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Commercially useful rubber products viz. gloves, condoms, tyres, and rubber hoses used in high tem-
perature environments, etc., require efficient thermal conductivity, which increases the lifetime of these
products. Graphene can fetch this property, if it is effectively incorporated into the rubber matrix. The
great challenge in preparing graphene-rubber nanocomposites is formulating a scalable method to
produce defect free graphene and its homogeneous dispersion into polymer matrices through an
aqueous medium. Here, we used a simple method to produce defect free few layer (2e5) graphene,
which can be easily dispersed into natural rubber (NR) latex without adversely affecting its colloidal
stability. The resulting new composite showed large increase in thermal conductivity (480e980%) along
with 40% increase in tensile properties and 60% improvement in electrical conductivity. This study
provides a novel and generalized approach for the preparation of graphene based thermally conductive
rubber nanocomposites.
© 2017 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Efficient heat dissipation in rubber based products is a desirable
property, which will enhance the product durability and lifecycle.
In the case of products such as gloves, condoms and footwear,
effective heat dissipation could reduce the sweating and enhance
the comfort levels as well as delay the product failure due to heat
induced degradation of the rubber.

Conventionally, the target thermal conductivity values (>1 W/
mK) can be achieved by dispersing high loadings (50e80 vol%) of
the thermally conductive micron-size fillers in thermally insulating
polymers (< 0.2 W/mK) [1]. However, such high filler loadings
resulted in high density and expensive composites with poor me-
chanical properties all of which combined to limit their practical
applications.

Graphene, a sp2 hybridized two dimensional material, exhibits
several unique properties such as (a) superior thermal conductivity
(~5000 W/mK), (b) high modulus (~1100 GPa) (c) elasticity (20% of
ail.com (L. Ragupathy).
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its initial length) and (d) high electrical conductivity (mobility of
charge carriers 200,000 cm2 V�1 s�1) [2e5]. These properties have
motivated the researchers to explore and develop new materials
based on graphene for numerous applications ranging from
advanced composites, semiconductor materials to biomedical de-
vices [6,7].

In recent years, several methods have been reported for the
preparation of defect free, monolayer to few and multiple layers
graphene, graphene oxide (GO), reduced GO (rGO) as well as
functionalized graphenes [8e11]. These diversities in graphene
enable efficient modulation of interfacial adhesion and enhance its
compatibility with number of polymers [12e19] such as polyani-
line, polylactic acid, polycaprolactone, PEG etc. In general, graphene
production methods can be categorized as two a) bottom-up
methods (e.g. chemical vapour deposition and SiC) and b) top-
down methods (e.g. high shear mixing, chemical exfoliation etc.)
[20]. Bottom-up methods yield high quality of graphene with low
number of defects and could be useful for electronic applications,
however, they are expensive and difficult to produce in large scale
[21]. On the contrary, top-down methods are scalable, less expen-
sive and could be employed for the large scale applications such as
conductive inks, fillers in composites, sensors and batteries. Thus,
under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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several top-down methods viz. chemical exfoliation of graphite
based on the Hummersmethod, solvent- and/or surfactant-assisted
liquid-phase exfoliation, graphite intercalated compounds, elec-
trochemical expansion and ball milling with triazine derivatives
have been reported [11,22e26]. The later method could be
employed to produce defect free few layers graphene that is suit-
able for preparing graphene-NR latex composites, because, it is easy
to practice, environment friendly, inexpensive and the ingredients
used do not adversely affect the NR latex colloidal stability. In this
ball milling method, Leon et al. [11] tried five triazine derivatives as
exfoliating agents to produce few layers graphene and found that
2,4,6-triamino-1,3,5-triazine (melamine) exhibited the best per-
formance. However, it should be noted that this process may need
modifications for taking the resulting graphene into the applica-
tions. No paper discusses an appropriate method to use this few
layers graphene as a reinforcing material especially for NR latex.

Because of the remarkable properties of graphene and its di-
versities as well as possibilities for functionalization (both cova-
lently and non-covalently), polymer-graphene nanocomposites
have been extensively studied and reviewed [27e30]. However,
only few studies are available on NR latex-graphene nano-
composites [31e37]. The general approach to fabricate graphene-
NR Latex nanocomposites involves dispersing GO into NR latex,
in-situ reduction using reducing agents (e.g. hydrazine hydrate),
followed by coagulation, and compounding using a two roll mill
[31e37]. However, this manner of preparation adversely impacts
the colloidal stability of NR latex and cannot be used for producing
dipped products. Moreover, the resulting composites showed only
marginal increment in the thermal conductivity i.e. 13 and 40% of
increment at 2 and 5 wt% rGO, respectively [33,35]. This may be
because of the structural defects in rGO and its ability to aggregate
during the in-situ reduction process. Furthermore, the unreduced
oxygen functionalities in rGOmay not interact well with the rubber
matrix affecting a decrease in compatibility between the rubber
and rGO. Recently, Iliut et al. [38] reported the fabrication of 0.08wt
% GO and ex-situ reduced GO incorporated NR latex nano-
composites. GO incorporated dip molded nanocomposite showed
3 MPa increase in tensile strength whereas rGO incorporated NR
latex displayed a decrease in ultimate tensile strength.

In this paper, we report a simple and scalable method for pro-
ducing defect free few (2e5) layers graphene dispersions and its NR
latex nanocomposites for the first time. The obtained nano-
composites showed a significant improvement in thermal con-
ductivity as well as substantial enhancement of mechanical
properties and electrical conductivity.

2. Experimental

2.1. Materials

Graphite was purchased from Sigma Aldrich (No: 282863) and
used without further purification. Melamine was procured from
Sigma Aldrich (No: M2659). Distilled water was used for the
preparation of graphene dispersions. Three different Carbon Blacks
[high abrasion furnace (HAF 330), super abrasion furnace (SAF 220)
and semi reinforcing filler (SRF)] were supplied by Philips Carbon
Black Limited, India. Vulcanizing agent i.e. sulphur was purchased
from Associates Chemicals, Kochi, India. Accelerator (dithio carba-
mates) and dispersing agents (Darvan-I and II) were procured from
Vanderbilt, USA. Antioxidant (Wingstay e L) was purchased from
Environ Chemicals, Mumbai. Casein was bought from Casein India,
Mumbai, India. Double centrifuged natural rubber latex with 60%
dry rubber content was obtained from St. Mary's Rubbers Pvt. Ltd.,
Kanjirappally, Kerala, India. The detailed procedure of latex com-
pounding is provided in the supporting information.
2.2. Exfoliation of graphite using planetary ball milling and
fabrication of graphene reinforced NR latex nanocomposites

Planetary ball millingwas performed using a Fritsch Pulverisette
5 Classic Line with 4 grinding bowl fasteners using Ytrria stabilized
zirconia jars and zirconia grinding balls. In a typical experiment, the
exfoliating agent melamine was ground with graphite (at a ratio of
3:1) at 100 rpm for 1 h (successive grinding for 1 h with 15 min
grinding and 15 min pause). To provide a better stability for the
aqueous dispersion, 12.5 wt% of Darvan-I, was also added during
grinding. The ball milled material was then made as 30 wt%
aqueous dispersion and probe sonicated (SONICS, 750 W for
2 min at 25% amplitude) to obtain defect free few layers graphene
dispersion.

The graphene dispersion obtained as above was incorporated
into compounded NR latex at different concentrations i.e. 0.3 [0.29],
0.7 [0.66], 1.5 [1.43], 3 [2.85] and 5 [4.75] parts per hundred gram of
rubber (phr) [wt.%]. For proper mixing of graphene and NR latex,
probe sonication was employed (750 W for 3 min at 20% ampli-
tude). A lab model dipping machine was then used to fabricate the
graphene reinforced NR latex nanocomposites thin films using two
step dipping procedure and vulcanized in hot air oven at 80 �C for
45 min. The vulcanized samples were stripped out from the glass
mold using silica powder. Then, they were kept at room tempera-
ture for 2e3 days for maturation and cut as ring samples (thick-
ness: 40e60 mm) for tensile analysis.

For thermal conductivity measurements, 1.5 phr graphene-NR
latex nanocomposite thin films along with control sample were
cast on a glass plate surface with a final thickness of ~70 mm and
with dimension 15 cm � 10 cm. The electrical conductivity mea-
surements were performed on 1 mm thick sheets of control sample
and 1.5 phr graphene-NR latex nanocomposite casted on the glass
plate.

2.3. Characterization of graphene and graphene-NR latex
nanocomposites

WAXS measurements were carried out on XEUSS SAXS/WAXS
system using a Genix micro source from Xenocs operated at 50 kV
and 0.6 mA. The Cu Ka radiation (1.54 Å) was collimated with
FOX2D mirror and two pairs of scatter less slits from Xenocs. The
2D-patterns were recorded on a Mar345 image plate and processed
using Fit2D software. All the measurements were made in the
transmission mode.

Raman spectroscopy analysis was performed to both graphite
and milled sample [graphite/melamine/darvan (G/M/D)] using
Horiba Scientific LabRAM-HR Raman microscope. A 514 nm exci-
tation laser and 1800 g/mm grating were used. Spectra were
recorded with a 100£ lens. Aqueous dispersion of G/M/D was drop
casted on a glass plate and allowed to dry at 70 �C. Then, the glass
plate (G/M/D) is carefully dipped in hot water (60e70 �C) for 5
times to remove the melamine and dried at 70 �C.

Transmission electron microscopy (TEM) was also used to
investigate the produced graphenes. TEM specimen was prepared
by drop casting the graphene dispersion onto a standard TEM grid.
A JEOL JEM-2010 was used to analyze the samples at 200 kV. In the
case of composite thin film samples, cryomicrotoming was
employed to prepare the samples required for TEM analysis. The
samples were first cooled to around�70 �C to reach below the Tg of
natural rubber and microtomed and placed on the TEM grids.

Tensile testing of the ring samples was done on a Shimadzu
AGX-10 universal testing machine (UTM) at a cross head speed of
500 mm/min and load cell 500 N according to ASTM D412
(circumference mean ¼ 100 mm, width of the ring ¼ 20 mm). The
strain rate was calculated as 1666%min�1 [(cross head speed/gauge
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length i.e. 30 mm) � 100]. For each set, 20e25 samples
(thickness ~ 40e60 mm) were tested to obtain good uniform results
with standard deviation.

Thermal conductivity of graphene-NR nanocomposites was
measured using a HOT-DISK TPS 2500S Thermal Constants
Analyzer. The thermal conductivity studies were performed in a
muffle furnace, where the sample/sensor is put in a vertical set up
and a weight with fixed mass (200/500 g) can be reproducibly
placed on top of this stack. Each sample was allowed to reach a
density in equilibriumwith the applied load and themeasurements
were taken.

Electrical Conductivity of graphene-NR latex nanocomposites
was measured using Hioki 3532-50 LCR Hitester using the two
probe method. Round samples with 10 mm diameter, 1 mm
thickness and coated with silver paste (silver in isoamyl acetate) to
obtain good uniform contact with the electrodes were used. The
analysis was performed in the frequency range 50 Hz to 5 MHz.

3. Results and discussion

3.1. Production of defect free few layers graphene by planetary ball
milling

Shear induced chemical exfoliation of graphite to form few layer
graphene appears to be a simple, scalable and low cost method.
Accordingly graphite and melamine in 1:3 ratio was subjected to
ball milling along with 12.5 wt% of Darvan-I (Sodium
Fig. 1. Characterization of graphene samples produced using melamine as the exfoliating age
D dispersion in water showing sheet like structure, (d) SAED pattern of the graphene she
wrinkles, (f) SAED pattern of the edge of the graphene flakes and (g) Graphene fringes obs
figure can be viewed online.)
polynaphthalene sulphonate), an anionic surfactant, which helps to
disperse the produced graphene in water. The ground mixture was
then dispersed in water using a probe sonicator to obtain a stable
dispersion, which was characterized by XRD, Raman spectroscopy
and TEM. The dispersions were found to be stable at room tem-
perature for as long as 6 weeks.

The XRD patterns of graphite and G/M/D dispersions (with a
1:3:0.125 wt ratio) before and aftermilling are shown in Fig.1a. The
sharp graphitic (002) reflection at around 27� clearly decreases
after ball milling of graphite with melamine, indicating the exfoli-
ation of graphite to graphene. The other small peaks at around 13,
15, 22, 27 and 30� are due to melamine. These observations are in
good agreement with that of Leon et al. [11,26].

Raman spectroscopic analysis was also performed for G/M/D
sample (Fig. 1b). Both graphite and graphene exhibit G and 2D
peaks at 1580 and 2700 cm�1, respectively. In addition, when gra-
phene has defects, additional Raman peaks appear at 1345 cm�1 (D
band) and 1626 cm�1 (D0 band). The latter appears as a shoulder on
the G band and is characteristic of few layers graphene [11,39e43].
Graphite exhibits sharp and intense 2D band at 2700 cm�1,
whereas, for graphene the 2D band is shifted and appears as a
broad peak. The deconvolution of 2D band results in four Lor-
entzian peaks, which are signatures of bi-layer graphene [11,41,42].

The nature of defects (e.g. sp3, vacancy and edge) have also been
determined using the intensity ratios between D and D0 bands (ID/
ID0). ID/ID0 is ~13 for sp3 type defects, decreases to ~7 for vacancy-like
defects and reaches the minimum for boundary-like or edge like
nt. (a) XRD, (b) Raman Spectra with deconvolution of 2D band, (c) TEM images of G/M/
et, (e) TEM images of G/M/D dispersion in water showing large graphene flakes with
erved in G/M/D sample with varying number of layers (3e5). (A colour version of this
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defects [11,44,45]. The observed ID/ID0 values are much low ranging
from 0.86 to 1.16 (Table S1), which indicates that the graphenes
have only edge or boundary like defects and confirming that the
milling process has not introduced any new vacancy or basal plane
defects.

The TEM images clearly show the presence of both sheet like
structures (Fig. 1c) as well as large flakes of graphene that form
wrinkles (Fig. 1e), which may be due to their high flexibility [11,26].
In Fig. 1d, SAED pattern of the sheet like structure of graphene
(Fig. 1c) shows one set of symmetric 6-fold diffraction spots. The
outer group of diffraction spots is from equivalent planes (1e210),
and is showing higher intensity than the inner set (1e100) and
indicates a key factor for A�B stacking bilayer graphene [46e48]. In
Fig. 1f, SAED pattern of the wrinkled flakes of graphene (given in
Fig. 1e) show that most regions of the graphene film has a hexag-
onal diffraction pattern, indicating the crystalline nature of the film.
The multiple sets of diffraction in this SAED pattern signpost the
presence of few layer graphene [46e48]. In addition, the graphene
fringes (Fig. 1g) corresponding to 3 and 5 layers graphene is also
clearly visible. Based on the Raman and TEM analysis, we claim that
the produced graphene in this study as few (2e5) layers defect free
graphene. The lengths of the graphene sheets are observed to be
~220e450 nm.

We performed thermogravimetric analysis (TGA) to investigate
the insights into the composition of graphite, exfoliating agent and
surfactant after ball milling as well as how much the hot water
washing helps to purify the sample. Thus, ball milled sample (G/M/
D), graphite, melamine, Darvan-I and purified ball milled sample
using hot water (70 �C) were analyzed by TGA (Fig. S3). Graphite is
thermally stable when heated up to 900 �C under inert atmosphere.
Weight loss at 350 �C (73%) corresponds to the amount of melamine
used for ball milling. The amount of Darvan-I used is only 3%, a
corresponding weight loss at 500 �C in the milled sample is also
observed. Ball milled sample (G/M/D) show 24% of graphene, which
is equal to the amount of graphite employed in this study. There is
no additional loss taking place above or below this temperature,
showing that no oxidative defects have been produced around the
graphite flakes during grinding [11,26]. Furthermore, TGA indicates
that the hot water washing removes the melamine and produces
graphene with purity of ~95%.
Fig. 2. Production process of graphene reinforced NR latex nanocomposites (a) Sonication fo
in hot air oven. The produced NR latex control sample (e) was kept on a printed paper along
of both samples. (A colour version of this figure can be viewed online.)
3.2. Incorporation of graphene into NR latex and fabrication of
graphene-NR latex nanocomposite

Incorporation of graphene into NR latex without affecting its
colloidal stability is a significant challenge especially under high
shear. We used a probe sonication method for the preparation of
stable aqueous dispersions of graphene as well as to incorporate
the graphene dispersion into compounded NR latex. This method
provides a stable graphene incorporated NR latex and could be used
for the fabrication of both dip molded and dry rubber products.

To investigate the effect of graphene content on the NR latex,
different concentrations of graphene [0.3 (0.29), 0.7 (0.66), 1.5
(1.43), 3 (2.85) and 5 (4.75) phr (wt.%)] were incorporated into the
NR latex and nanocomposite thin films were produced (Fig. 2). Four
control samples based on NR latex were also made; (a) only com-
pounded NR latex (no graphene), (b) melamine (milled melamine/
Darvan-I), (c) graphite (onlymilled graphite) and (d) three different
carbon blacks (high abrasion furnace/semi-reinforced/super abra-
sion furnace).

Tensile properties of composite samples thus obtained i.e. ten-
sile strength (TS), tensile modulus (TM) and elongation at break
(EB) were determined and given in Fig. 3b and Table 1. Represen-
tative stress-strain curves of the control and composite samples are
shown in Fig. 3a. Compared to the control sample (a), a 0.3 phr
graphene incorporated composite shows 15% increment in TS (6%
increase of TM) while 0.7 phr graphene displays 37% rise in TS (6%
increase of TM). Further increasing the graphene content to 1.5 phr
results in a 40% increment of TS (25% increase of TM). At 0.3 and 0.7
phr graphene loading, the increment of TM is observed to be
minimum (6%) compared to control NR sample. At the same time,
compared to melamine control, there is no change in TM. This
suggests that >0.7 phr graphene may be required to reduce the
onset of strain induced crystallization [49], which could possibly
increase the tensile modulus. Interestingly, EB for the samples
produced (from 0.3 to 1.5 phr graphene) is 800e850%, which is
similar to the control sample (a). On further increasing the gra-
phene content i.e. 3 and 5 phr graphene, results in decrease of
tensile properties (Table 1) possibly a consequence of graphene
agglomeration. Tensile properties of other control samples (b), (c),
and (d) are similar to the tensile properties of the control sample
llowed by (b) first dipping of the mould, (c) second dipping and finally (d) vulcanization
with graphene-NR latex nanocomposites thin films (1.5 phr) (f) to test the transparency



Fig. 3. (a) Representative stress-strain curves of all the control samples and graphene-NR latex nanocomposite samples, b) Tensile properties of graphene reinforced NR latex
composites, (c), (d) and (e) TEM images of graphene-NR latex nanocomposite thin films (1.5 phr), (f) HRTEM image of 1.5 phr graphene-NR latex nanocomposite thin film (area
marked as green circle in Fig. 3e). (A colour version of this figure can be viewed online.)
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(a). This confirms the beneficial effect of graphene on the
improvement in the tensile properties of graphene-NR latex
composites.

When a graphene-NR latex nanocomposite is prepared using GO
followed by chemical reduction route, significantly larger increase
in tensile modulus compared to tensile strength is observed
[31e37,50]. The oxygen functionalities in rGO (CeO, C]O and
Table 1
Tensile properties of graphene reinforced NR latex nanocomposites along with the contr

Category Sample Tensile strength

Controls NR Latex 25.0 ± 1.5
Melamine Control 25.8 ± 2.0
Control (0.7 phr Graphite) 25.9 ± 2.0
1.5 phr Carbon black (HAF 330) 26.1 ± 1.6
1.5 phr Carbon black (SAF 220) 27.4 ± 1.7
1.5 phr Carbon black (SRF) 25.2 ± 1.5

G/M/D 0.3 phr Graphene 28.8 ± 1.7
0.7 phr Graphene 34.3 ± 2.0
1.5 phr Graphene 34.9 ± 2.0
3 phr Graphene 27.4 ± 1.6
5 phr Graphene 26.2 ± 1.5
OeC]O) have a strong influence on the NR-latex vulcanization
kinetics and increases the crosslinking density [36,51]. This may not
be happening in the present study as we are using the defect free
few layer graphene for the composite fabrication. Therefore, a
noteworthy increase in tensile strength and modest increment in
modulus without any adverse impact on elongation are observed.
These properties could be useful to make the products for skin
ol samples.

(MPa) Tensile Modulus (MPa) Elongation at break (%)

1.6 ± 0.03 869
1.7 ± 0.02 865
1.5 ± 0.02 856
1.4 ± 0.02 861
1.5 ± 0.02 860
1.4 ± 0.02 854
1.7 ± 0.03 807
1.7 ± 0.03 834
2.0 ± 0.04 820
1.8 ± 0.03 850
1.8 ± 0.03 851
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contact applications.
A thin film made from NR-latex is transparent, which is a

desirable property to make condoms, gloves, balloons etc. Trans-
parency of polymer composites depends on the size and volume of
the reinforcing particles (causes structural and compositional het-
erogeneities) as well as its homogeneous distribution into polymer
matrix [52]. Graphene is a 2-dimensional material and has huge
surface area, when it is incorporated into NR latex, it provides an
opportunity to increase the mechanical, thermal and electrical
properties at lower volumes without compromising the auxiliary
characteristics such as optical transparency. Therefore, the pro-
duced 1.5 phr graphene incorporated thin films of the composites
are observed to be transparent (Fig. 2f) and nearly similar to the
control NR latex sample (Fig. 2e). By increasing the amount of
graphene to 3 and 5 phr, the transparency is observed to be reduced
(Fig. S7). In contrary, transparency of 1.5 phr carbon black incor-
porated NR latex thin film (Fig. S7) is observed as very low, which
could be due to the combination effects of higher particle size,
aggregation and inhomogeneous distribution of the carbon black.

The TEM images of 1.5 phr graphene-NR latex nanocomposite
films are shown in Fig. 3cee. The images exhibit network like
graphene structures. The incorporated graphene appears predom-
inantly in an exfoliated form. TEM images clearly show that few
layers of graphene (marked as white arrows) are evenly and uni-
formly distributed into the NR latex matrix. Stacked graphene
(~>10 layers) is also observed and marked as red arrows. The blue
circles correspond to agglomerated graphene, which is seen even at
1.5 phr graphene incorporated NR latex. However, above 1.5 phr
graphene content, the degree of agglomeration is detected as very
high. This may be due to the strong forces of attraction between
individual graphene layers/sheets [50]. The HR-TEM image (Fig. 3f)
of the green circled portion in Fig. 3e reveals the presence of
exfoliated graphene in NR latexmatrix with thickness ranging from
2 to 3 nm.

3.3. Thermal conductivity of graphene-NR nanocomposite thin films

Following samples were used for thermal conductivity studies
using TPS 2500 S Hot Disk Thermal Constants Analyzer; film made
from (i) NR latex and (ii) 1.5 phr (1.43 wt%) G/M/D incorporated NR
latex (G/M/D-NR). Experiments were performed at two different
temperatures i.e. 23 and 37 �C (Table 2). During the analysis, 200 g
weight was applied at 23 �C whereas two different weights (200
and 500 g) were exerted at 37 �C. For the applications like gloves,
condoms, footwear etc., require human contact where the different
forces are applied during usage. Hence, at 37 �C, 200 and 500 g
weights were applied to investigate the influence of different
weights on thermal conductivity. Compared to the NR latex control
sample (0.065 W/mK), G/M/D-NR (0.379 W/mK) shows 480%
increment at 23 �C. At 37 �C, G/M/D-NR displays 490% (Control:
0.073 W/mK and G/M/D-NR: 0.428 W/mK) and 980% (Control:
0.084W/mK and G/M/D-NR: 0.910W/mK) increment with 200 and
500 g weights, respectively. The values reported herein, a
Table 2
Thermal conductivity values of graphene reinforced NR latex nanocomposites.

Thermal Conductivity
in W/mK at 23 �C

Thermal
Conductivity in
W/mK at 37 �C

200 g 200 g 500 g

NR latex thin film 0.065 0.073 0.084
1.5 phr G/M/D incorporated

NR latex thin film
0.379 0.428 0.910

% increment 483 486 983
500e1000% increase in thermal conductivity is far superior to what
has been previously reported with graphene-NR nanocomposites
prepared using rGO [33,35]. Achieving higher thermal conductivity
in graphene-polymer nanocomposites is often limited by mainly
two parameters: (i) quality of graphene (isotopes, defects, impu-
rities or vacancies) and (2) the large interfacial thermal resistance
between the polymer mediated graphene boundaries. Conse-
quently, previous studies employed high loading of graphene (up to
25 wt%) into polymer matrix to achieve a considerable increase in
thermal conductivity [53]. In the present work, substantial im-
provements in thermal conductivity of the composites have been
achieved without loss of physical properties of the components.
3.4. Electrical conductivity of graphene-NR nanocomposite

To evaluate the electrical conductivity of graphene reinforced
[1.5 phr (1.43 wt%)] NR latex nanocomposite sample, two probe
method was employed since it is frequently employed for NR latex
based composites [33,54]. Graphene reinforced NR latex nano-
composite (1.5 phr) shows 60% increment in electrical conductivity
(S/m) at 5 MHz frequency compared to that of the control sample
(Control ¼ 4.56 � 10�4 S/m and 1.5 phr GMD ¼ 7.31 � 10�4 S/m)
(Fig. 4). Earlier studies have reported good thermal and electrical
properties for graphene reinforced composites owing to well
organized microstructures [55]. The reported electrical conductiv-
ity of rGO-NR latex nanocomposites varies from 66% (at 3 wt%)
to ~ 5 orders of magnitude increment, which largely depends on
how the rGO forms interconnected networks within the rubber
matrix [35,56,57] and the processing conditions. This is the first
report of electrical conductivity of defect free few layers graphene-
NR latex nanocomposite.
4. Conclusions

A simple and scalable method to produce defect free few layers
graphene that is highly suitable to prepare graphene-NR latex
nanocomposites is demonstrated. Using probe sonication, the
graphene-aqueous dispersion was successfully incorporated into
NR latex without affecting its colloidal stability. The graphene-NR
latex nanocomposite showed enhanced thermal conductivity
(480e980%) along with 40% increase in tensile strength and 60%
rise in electrical conductivity. To the best of our knowledge such a
Fig. 4. Effect of graphene content on the conductivity of graphene reinforced NR latex
nanocomposites as a function of log frequency. (A colour version of this figure can be
viewed online.)
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combination of properties in graphene-NR nanocomposites is un-
precedented in the literature. Our studies established compre-
hensively the “proof of principle” that well dispersed and stable
aqueous dispersions of few layer graphene-NR latex nano-
composites is a desirable precursor for producing new generation
of rubber-graphene composites for numerous applications.
Furthermore, this concept can be adopted to produce a range of
defect free few layer graphene-synthetic latexes/emulsions/poly-
mer dispersions based nanocomposites to significantly enhance its
physical, mechanical, thermal and electrical properties.
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