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a b s t r a c t
Thermally-exfoliated graphite oxide (TEGO) is a graphene-based material that has been previously shown
to disperse effectively into thermoplastic polymers by melt processing. In this work, dispersion of TEGO
into natural rubber (NR) directly on a two-roll mill did not result in substantial property enhancement.
However, by pre-mixing the TEGO with NR latex by an ultrasonically-assisted latex co-coagulation procedure followed by two-roll milling, the properties were improved substantially over the TEGO/NR nanocomposites mixed only on the mill. Quantitative analysis of TEM micrographs suggested the difference in
properties was primarily the result of improved dispersion, as fewer multi-layer tactoids and platelets of
overall smaller dimensions were observed in the nanocomposites pre-mixed by latex co-coagulation. NR
ﬁlled with carbon black showed comparable property enhancement to TEGO/NR mixed on the two-roll
mill but much smaller property changes than the latex pre-mixed TEGO/NR nanocomposites.
Ó 2012 Elsevier Ltd. All rights reserved.

1. Introduction
The exceptional physical properties and high aspect ratio structure of graphene-based materials offer great potential for multifunctional property enhancement of polymer materials [1]. A
continuing challenge in this rapidly-growing ﬁeld is to ﬁnd effective methods for dispersion of graphene platelets into polymers.
To date, however, relatively little work has been done on mixing
of graphene-based materials into non-polar rubbers such as natural rubber (NR) that are widely used for critical applications, e.g.,
tires [2,3].
Graphite oxide (GO) is the typical precursor to graphene-based
materials [4]. GO can be exfoliated in water into single-layer
graphene oxide platelets and subsequently reduced (i.e., deoxygenated) to yield a colloidal suspension of graphene-like platelets. GO
can also be exfoliated by heating—the resulting material, called
thermally-exfoliated graphite oxide (TEGO), resembles graphene
on a local scale but contains defects such as holes. TEGO is produced by heating GO to high enough temperatures (300 °C or higher [5]) to drive off interlamellar water and initiate decomposition
of surface functional groups, which generates internal pressure
sufﬁcient to push the layers apart and expand the material into
an accordion-like structure of loosely-stacked platelets [6]. Microwave irradiation or mechanical shock of GO can also produce
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materials similar to TEGO [7]. Fig. 1 illustrates the relationship between GO and these graphene-based materials.
From Fig. 1, it is helpful to distinguish two distinct classes of
graphene-based materials. One consists of TEGO and microwaveexfoliated graphite oxide (MEGO) which are produced by thermal
exfoliation and in bulk form are dry, ﬂuffy powders with a low bulk
density. The other includes reduced graphene oxide and other
chemically modiﬁed graphene materials, which are generally handled in colloidal suspensions. Previous work suggests that the class
of graphene-based material has implications for the relative effectiveness of the typical nanocomposite dispersion method(s) [1].
For instance, colloidal suspensions of graphene platelets can be
agglomerated to yield dry powders and subsequently mixed with
a polymer via melt processing [8,9], but attempts to disperse
graphene platelets in this manner have yielded poor results
[2,10] to date despite melt processing being highly effective for
dispersion of TEGO. Conversely, it is apparently difﬁcult to form
homogeneous colloidal suspensions of TEGO in solvents, affording
a relatively poor dispersion if mixed into polymers by solution
blending processes [11].
Recently, we reported on the formation of reduced graphene
oxide (RG-O)/NR nanocomposites by co-coagulation of RG-O
colloidal suspensions and NR latex, which resulted in exceptional
multifunctional property enhancement of the NR [12]. In this work,
we sought to evaluate the effectiveness of a ‘‘melt’’ compounding
approach, using conventional rubber processing equipment, for
dispersing TEGO into NR. This problem is of industrial signiﬁcance
as ﬁllers such as carbon black are generally dispersed into
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Fig. 1. Schematic showing production routes for graphene-based materials from graphite oxide (GO).

elastomers without the use of solvents, using mixing equipment
such as an internal (Banbury-type) mixer or, for smaller compounding operations, a two-roll mill [13].
However, our preliminary measurements on nanocomposites
produced by direct milling of TEGO into NR showed small property
enhancements relative to our recent work with RG-O/NR nanocomposites. In an attempt to improve properties further, we used
ultrasound-assisted latex compounding to mix master batches of
TEGO and NR prior to two-roll milling to break down the TEGO particles prior to milling. In this paper, we evaluate the effectiveness
of these processing approaches by comparing the morphology
and properties of the two sets of TEGO/NR nanocomposites to each
other and to NR ﬁlled with carbon black.

the TEGO was compressed by hand into pellets that were charged
into the mill. After addition of ﬁller, the nanocomposite was cut
from the mill and weighed to ensure that the mass had increased
by the required amount. Portions of the 5 phr masterbatches were
diluted with neat NR to achieve lower loading levels; at this stage
DCP was added at a concentration of 1 phr. Milling time for dilution and DCP incorporation was approximately 10 min, for a total
milling time of 20 min. 5 phr nanocomposites and neat NR batches
were also milled for a total of 20 min. The nanocomposites were
molded and cured in a Wabash hot press at 150 °C for 50 min under a 40 kip load.

2. Experimental

Transmission electron microscopy (TEM), scanning electron
microscopy (SEM), and wide angle X-ray scattering (WAXS) were
used to characterize ﬁller or nanocomposite morphology. For
TEM imaging, thin sections (70 nm) of composite were prepared
using a cryo-ultramicrotome (Leica Inst., DiATOME cryo 35° diamond blade) with a 120 °C chamber temperature and a knife
temperature of 95 °C. The thin sections were collected onto 300
mesh Gilder grids from Ted Pella. TEM digital micrographs were
acquired using a JEOL 2010F at 200 kV. SEM images were obtained
using an FEI Quanta-600 FEG Environmental SEM at 20 kV and
106 torr. X-ray scattering was performed on a Philips X-PERT diffractometer using Cu Ka radiation, a generating voltage of 40 kV, a
current of 30 mA, and a 2 s dwell time.

2.1. Filler preparation, nanocomposite production and processing
GO was produced using a modiﬁed Hummers method [9,12]. To
produce TEGO, GO was added into a 1 L beaker covered with aluminum foil on a hot plate set at 400 °C; this caused rapid expansion of
the GO to yield a ﬂuffy, black powder. The powder was collected
from the beaker and dried for at least 24 h in a vacuum oven at
40 °C prior to use. Carbon black (CB) from Alfa Aesar was used in
this study, with a speciﬁc surface area of 50 m2/g according to
the manufacturer. Natural rubber (NR) latex was provided by
Goodyear Tire & Rubber Company. Dicumyl peroxide (DCP, 98%)
was used as-received from Aldrich. NR latex was coagulated with
5 vol.% formic acid (Aldrich) and dried for use in milling experiments. Latex ‘‘pre-mixing’’ was achieved by adding TEGO powder
to water (approximately 1 g in 1 L), treating on an ultrasonic bath
for 20 min with stirring, addition of NR latex and stirring/sonicating for 20 min, followed by co-coagulation with formic acid.
A two-roll prep mill (400  800 rolls, CW Brabender Instruments)
was used for the mixing of ﬁller and curing agent. The rolls were
set to a temperature of approximately 60 °C, a speed of 15 RPM
with a friction ratio of 1.3:1, and a nip gap of 1 mm. For each 5 part
per hundred rubber (phr) masterbatch, a sufﬁcient quantity of NR
or composite was used to allow complete banding on the roll
(>50 g). A total milling time of 10 min was used for dispersion of
ﬁller into NR (10 min was also used for the pre-mixed nanocomposites). It should be noted that the low bulk density of TEGO
makes it susceptible to becoming airborne and ﬂying away from
the mill rather than mixing into the rubber. To address this issue,

2.2. Morphological characterization

2.3. Stress–strain testing and dynamic mechanical analysis
Uniaxial tensile testing was performed at room temperature
with an MTS machine equipped with a 25 lb Honeywell load cell
and spring-loaded clamps to prevent specimen slippage. Data
was acquired using LabVIEW. Samples were ‘‘dog-bone’’ shaped
with approximate test section dimensions of 20  4  1 mm.
Milled samples were stretched at least ﬁve times to an elongation
of 200% prior to testing to correct for stress softening (Mullins effect [14]). The strain rate for all tests was 500 mm/min. Dynamic
mechanical analysis (DMA) was performed using a TA Instruments
Q800 DMA. All tests were conducted at 10 Hz from 100 °C to
50 °C with a ramp rate of 3 °C/min, a strain of 0.1%, and a static preload of 0.01 N. Samples had dimensions of approximately
15  5  1 mm.
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2.4. Thermal and electrical conductivity testing
Electrical conductivity measurements were made using a HIOKI
Ultramega ohmmeter (SM-8220) with a HIOKI SM-8000 series
electrode and enclosure; samples were disk-shaped and 1 mm
thick with a surface area (of one face) of at least 1 cm2. The inplane thermal conductivity was measured by Goodyear Tire &
Rubber Company using a transient hot disk method; samples measured 51 mm  51 mm  6.4 mm. The thermal conductivity was
calculated from the measured density, speciﬁc heat, and thermal
diffusivity.
2.5. Filler analysis
XPS analysis was performed using a Kratos AXIS Ultra DLD spectrometer (monochromated Al K emission at 1486.6 eV with an
operating power of 150 W). Determination of speciﬁc surface area
using the Brunauer–Emmett–Teller (BET) equation was carried out
on a Quantachrome Instruments Nova 2000 using nitrogen as the
adsorbent at 77 K.
3. Results and discussion
3.1. Properties of TEGO
Fig. 2 shows SEM micrographs of TEGO particles, revealing the
‘‘accordion-like’’ structure of the material consisting of highly
wrinkled and exfoliated graphene-like platelets loosely stacked together. The TEGO material used in this study had a BET surface area
of 454 m2/g and a C:O ratio of 4:1, as determined by X-ray photoelectron spectroscopy (see Fig. A1). This C:O ratio is lower than reported elsewhere for TEGO and may be due to the exfoliation
temperature of 400 °C used in this study, as many other reports
use temperatures of 1000 °C or more to produce TEGO [6,15].
The lower processing temperature was chosen for more rapid production of larger quantities (10 g) of TEGO in a glass beaker compared with tube furnace exfoliation and annealing at higher
temperature. The lower processing temperature may have facilitated dispersion of TEGO into water during the latex pre-mixing
step, but the relatively high oxygen content on this TEGO may have
also been detrimental to the nanocomposite properties as NR is a
non-polar polymer.
3.2. Nanocomposite properties
The high modulus and high aspect ratio of graphene-based
materials confers signiﬁcant modulus and strength improvements

to polymers if properly dispersed. Several previous studies have
demonstrated the effective dispersion of TEGO [8] and related
materials [9] into various polymer matrices by melt compounding.
Moreover, recent work has reported on the effective dispersion of
layered silicates into NR by two roll mill processing [16]. In light
of these results and the presumed thermodynamic compatibility
between graphene-based materials and NR [3,12], it was hoped
that two-roll mill processing would lead to excellent dispersion
of TEGO. However, the expected property improvements were
not realized by this dispersion method alone. On the other hand,
signiﬁcant increases in modulus and strength were observed in
TEGO/NR nanocomposites subjected to a latex ‘‘pre-mixing’’ step
(henceforth, L-TEGO/NR). Fig. 3 shows stress–strain curves from
the two types of TEGO/NR nanocomposites.
Fig. 4 summarizes mechanical property data over the range of
loadings tested. The modulus at 100% elongation (M100) and at
300% elongation (M300) of the TEGO/NR nanocomposites decreased relative to neat NR at 2 phr and 3 phr loading, with small
increases over neat NR with 4 and 5 phr TEGO. Conversely, at just 2
phr, M100 of the L-TEGO/NR nanocomposites was 38% higher than
the M100 of the 5 phr TEGO/NR nanocomposites. Differences in
M300 enhancement were particularly pronounced between the
two types of nanocomposites. Mirroring the trends observed in
RG-O/NR nanocomposites [12], the L-TEGO/NR nanocomposites
showed increasing tensile strength but decreasing strain at break
with increasing TEGO loading.
The enhancement of electrical conductivity in polymer nanocomposites is strongly dependent upon the ﬁller morphology;
the formation of percolating pathways between ﬁller particles is
necessary to render an insulating polymer such as NR electrically
conductive [17]. Previously, our work with RG-O/NR nanocomposites showed maximum enhancement in conductivity not when the
ﬁller was homogeneously dispersed, but rather arranged into a
connected ‘‘web-like’’ structure of platelets [12]. In this study, both
processing approaches led to homogeneous ﬁller dispersions, and
consequently the electrical conductivity of these TEGO nanocomposites was lower than in our previous work. For homogeneous
dispersions as produced by mill processing [12], more well-exfoliated platelets should result in maximum conductivity enhancement [18]. As shown in Fig. 5, the L-TEGO/NR nanocomposites
exhibited higher conductivity both in and out of the sample plane,
suggesting a better dispersion or higher average aspect ratio of the
dispersed platelets compared with the TEGO/NR nanocomposites.
Fig. 6 shows Mooney–Rivlin plots of reduced stress r⁄ versus reciprocal extension ratio a based on the selected stress–strain
curves presented in Fig. 3. The upturn in r⁄ shifts to lower 1/a values with higher loading as a result of promotion of strain-induced
crystallization by the presence of the ﬁller [2,3]; this trend is

Fig. 2. SEM micrographs of TEGO particles produced by thermal expansion of GO, showing the presence of wrinkled platelets arranged into an accordion-like structure.
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Fig. 3. Representative stress–strain curves of (a) L-TEGO/NR nanocomposites and (b) TEGO/NR nanocomposites, each at various loadings.

Fig. 4. Summary of (a) modulus data and (b) strength and elongation data of the nanocomposites. M100 and M300 represent modulus at 100% elongation and 300%
elongation, respectively, as determined by ASTM D412.

particularly evident in the L-TEGO/NR Mooney–Rivlin curves. This
comparison is further evidence for a better dispersion of ﬁller in
the L-TEGO/NR samples as described in Section 3.3.

3.3. Nanocomposite morphological evaluation and composite theory
analysis

Fig. 5. Electrical conductivity of TEGO/NR and L-TEGO/NR nanocomposites as a
function of volume fraction of TEGO, /. Solid lines indicate volumetric conductivity
data (rv; through-plane) and dashed lines indicate sheet conductivity data (rs; inplane).

Based on the property measurements presented in Section 3.2,
it was expected that morphological characterization via WAXS
and TEM would reveal an improved dispersion in the L-TEGO/NR
nanocomposites compared with the TEGO/NR nanocomposites.
As shown in the Supporting Information (Fig. A2), no evidence of
a graphite or GO peak was observed in the WAXS spectra, suggesting an exfoliated morphology in both types of nanocomposites.

Fig. 6. Mooney–Rivlin plots of (a) TEGO/NR and (b) L-TEGO/NR nanocomposites (curves for 2 and 3 phr TEGO/NR nanocomposites not included for clarity).
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Fig. 7. TEM micrographs of (a), (b), and (c), TEGO/NR and (d), (e), and (f) L-TEGO/NR nanocomposites. Scale bar in image (a) is 200 nm.

TEM micrographs of thin sections of the nanocomposites are
presented in Fig. 7 and show some clear differences in the dispersions. TEGO/NR micrographs revealed signiﬁcant variation in the
dispersion over the cross section—some regions showed highlyexfoliated, randomly-oriented platelets while others showed large
particles consisting of bundles of platelets (see Figs. 7a and Fig. A5).
Many platelets exhibited wrinkled conformations, consistent with
the disordered structure observed by SEM (Fig. 2) and other observations on TEGO and TEGO-ﬁlled polymers [6,7]. By comparison,
the L-TEGO/NR nanocomposites exhibited a more uniform dispersion state, with far fewer unexfoliated TEGO particles. In addition,
the platelets appeared less wrinkled in the L-TEGO/NR nanocomposites, perhaps because the dispersion of TEGO into pH 11 water
by sonication could ﬂatten out the corrugated platelets due to ionization of residual functional groups [19]. Evidently the ultrasonic
treatment, despite not achieving a stable suspension of individual
TEGO platelets, promotes breakup of large particles and facilitates
the dispersion of few-layer TEGO platelets into the NR matrix.
We sought to quantify the apparent improvement in dispersion
in terms of an average aspect ratio of platelets, Af. We recently presented a comprehensive discussion on dispersion quantiﬁcation of
graphene platelets in NR [12] and extended that analysis to this
work to determine Af of the two types of nanocomposites. Fig. 8
presents a histogram of Af values determined from several TEM
images at various magniﬁcations for both types of nanocomposites
at 5 phr loading (see Fig. A6 for an illustration of the procedure). As
with our previous work with RG-O/NR nanocomposites, the
amount of disorientation and platelet overlap made identiﬁcation
of individual platelets challenging, and thus the average Af values
may only represent a rough estimate [20]. Still, despite the tremendous dispersion enhancement suggested by the property measurements, similar average Af values were determined from TEM
analysis for the two types of nanocomposites—34 for TEGO/NR,
compared with 38 for L-TEGO/NR. Even in light of the challenges
in the procedure for quantifying dispersion [20], the small disparity in Af between the two types of nanocomposites suggests that
the stark difference in mechanical properties cannot simply be
attributed to more effective load bearing by higher aspect ratio
particles.

Fig. 8. Histogram showing Af values of TEGO platelets determined by image
analysis of representative TEM images of TEGO/NR and L-TEGO/NR
nanocomposites.

Indeed, closer inspection of the micrographs suggests that while
the particle/tactoid aspect ratios may be similar, the average lateral
and thickness dimensions of the individual platelets are not. The
average platelet thicknesses and lateral dimensions were 2.0 nm
and 77.6 nm for L-TEGO/NR, and 5.7 nm and 194 nm for TEGO/
NR, respectively. Calculations of surface area to volume ratio at a
ﬁxed volume show that, assuming a perfect dispersion, the amount
of interfacial surface area per unit volume is higher in the L-TEGO/
NR nanocomposites by a roughly a factor of 3. This difference is
likely greater as the presence of closely-spaced and overlapping
platelets required some platelets to be excluded from the analysis.
Tactoids consisting of many parallel, closely-spaced platelets
would lower the average Af if considered as a single particle, and
such a morphology would be less effective for reinforcement compared with well-exfoliated and homogeneously-dispersed platelets
as it would restrict the ability of the chains to adsorb onto the
platelet surface [20]. The impact of a higher amount of accessible
interfacial surface area on mechanical properties can be qualitatively understood using the concept of ‘‘bound rubber’’ in which
chains adsorbed onto the surface of TEGO platelets are immobilized and therefore increase the effective volume fraction of ﬁller
[3], enhancing the strain ampliﬁcation effect [21] of the ﬁller and
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Table 1
Aspect ratio predictions of composite models based upon experimental initial
modulus data.
Model

Af – TEGO/NR

Af – L-TEGO/NR

Guth equation
Modiﬁed Halpin–Tsai
Mori–Tanaka

22
18
33

39
47
90

promoting strain-induced crystallization at lower applied strains.
Thus while the average platelet Af of the two dispersions were similar, the larger amount of accessible interfacial surface area and
more uniform dispersion in the L-TEGO/NR nanocomposites could
be largely responsible for the difference in mechanical properties
between the two types of nanocomposites. Additionally, as
enhancement in conductivity is largely governed by percolation
of conductive platelets [17,18], the large gaps between tactoids
evident in, e.g., Fig. 8a, could be largely responsible for the differences in thermal and electrical conductivity between the two types
of nanocomposites.
The average Af determined by TEM analysis was compared with
composite models that exhibited close agreement with experimental data on RG-O/NR nanocomposites [12]; further details on the
calculations are provided in the Supporting Information. As shown
in Table 1, in this study good agreement between the Guth equation prediction and experimental modulus data was obtained
when taking the shape factor f equal to Af as determined from
TEM analysis. The Af of TEGO/NR nanocomposites determined by
TEM analysis was larger than the predictions of any of the models
investigated here, however. This could be due to the nature of the
dispersion, consisting of high aspect ratio platelets arranged in a
morphology roughly corresponding to an intercalated structure
[1].

Fig. 9. Dynamic mechanical analysis plots from temperature scans on the
nanocomposites.

with CB could thus provide greater reinforcement and electrical
conductivity enhancement (as higher aspect ratio promotes ﬁller
percolation), at the cost of relatively smaller thermal conductivity
enhancement.
Fig. 9 shows results from DMA temperature scans on the nanocomposites. TEGO, L-TEGO, and CB-ﬁlled NR all showed similar
average values of glassy modulus (approximately 3.8 GPa) and
similar average glass transition temperature (Tg) values (44 to
46 °C), with the L-TEGO/NR samples showing the largest modulus
in the rubbery region above Tg. All nanocomposites showed a
decreased tan d peak height and breadth versus neat NR, suggesting
strong interfacial bonding between the matrix and ﬁller [25].
L-TEGO/NR nanocomposites exhibited the smallest tan d peak,
reﬂecting the better dispersion of ﬁller and higher accessible interfacial surface area in those samples.

3.4. Comparison of TEGO and carbon black-ﬁlled NR
4. Conclusions
What advantage, if any, do graphene-based ﬁllers provide over
carbon black, the most widely-used reinforcing ﬁller material?
Table 2 summarizes the properties of TEGO and CB-ﬁlled NR nanocomposites at 5 phr loading. Properties of RG-O/NR nanocomposites produced by latex co-coagulation [12], subjected to a similar
milling procedure and cured with 1 phr DCP, are also presented
for reference. Clearly, despite the dramatic property enhancement
conferred by the latex pre-mixing procedure, the mechanical
property improvements of the L-TEGO/NR nanocomposites were
considerably smaller than achieved with the RG-O/NR nanocomposites. Mechanical property enhancements with CB were comparable to, if not better than, TEGO when dispersed into NR directly
on a two-roll mill. CB also provided larger enhancement in thermal
conductivity than any of the graphene-based ﬁllers, although it
provided the lowest enhancement in electrical conductivity. This
result may be explained in part by observations that the thermal
conductivity decreases with increasing modulus contrast between
the matrix and ﬁller, due to increasing Kapitza resistance [22–24].
The greater modulus and aspect ratio of TEGO platelets compared

Two-roll mill processing was used to disperse thermally expanded graphite oxide (TEGO) into natural rubber (NR). Property
improvements achieved by direct milling of TEGO into NR were
small and comparable to those provided by carbon black; however,
by pre-mixing TEGO with NR latex followed by milling, substantial
property enhancements were achieved. As quantitative TEM analysis suggested a small difference in dispersion in terms of an average platelet aspect ratio, we attributed the large property
improvements in the L-TEGO/NR nanocomposites to a more uniform dispersion of TEGO platelets, coupled with a larger accessible
interfacial surface area.
While ultrasonic treatment of TEGO in water does not produce a
stable suspension of exfoliated TEGO platelets, it does serve to
break down the particles and facilitates the dispersion of high aspect ratio platelets into the NR matrix during milling. These results
suggest that effective dispersion of TEGO into NR using conventional rubber processing equipment, without the use of solvents
or pre-mixing with latex, could pose a signiﬁcant challenge.

Table 2
Property comparison of NR-matrix nanocomposites with different ﬁllers at ﬁve phr loading. (Standard error of measurements omitted for clarity. Thermal conductivity
represented by k, rv represents volumetric conductivity, and rs represents sheet conductivity. RG-O platelets were dispersed into NR by a latex co-coagulation method.)
Filler

M100 (MPa)

M300 (MPa)

rt (MPa)

Strain at break

k (W/m K)

rv (S/m)

rs (S/m)

TEGO
L-TEGO
CB
RG-O
Neat NR

0.43
1.07
0.51
1.59
0.41

1.28
5.19
1.19
9.01
0.84

6.05
10.90
6.28
10.18
5.15

8.96
5.03
8.34
3.19
8.44

0.166
0.180
0.228
0.190
0.157

4.50  1011
1.32  109
6.73  1012
5.10  106
6.72  1016

3.41  109
9.69  109
5.36  1010
7.91  107
1.97  1013
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