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REVIEW
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ABSTRACT
Elastomers are materials showing exceptional elasticity and are used
for numerous applications. However, their low stiffness as well as their
insulating behavior can be limiting so the incorporation of graphene-
based materials can help and improve drastically their properties. With
high Young’s modulus, high electrical and thermal conductivities,
graphene and graphene-like fillers seem ideal fillers to effectively tune
elastomers properties. With low graphene-like loadings, most elasticity
properties of elastomers could be preserved while increasing or
adding new properties to the composites to enable new applications.
Herein, we focus on the effects of “graphene” incorporation into
elastomers and we will highlight the key parameters to effectively
monitor the changes.
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1. Introduction

Much research interest has been focused on graphene since the attribution of a Nobel Prize
in Physics to Andre Geim and Konstantin Novoselov from Manchester University (UK) in
2010.1–4 Indeed, graphene is of great scientific interest due to its outstanding properties in
comparison with other common fillers such as silica, clays, and carbon nanotubes. Indeed, a
single graphene sheet has a Young’s modulus of 1 TPa and a yield strength of 130 GPa which
makes it the toughest material ever measured.2 Besides, graphene has a thermal conductivity
of 5000 W/m.K, about 12 times higher than copper and its electrical conductivity properties
are also outstanding with 128 S/m2 and charge mobility around 200 S.m2/C, hence
45,000 times higher than copper. In addition, due to its 2D dimension, graphene has a very
high theoretical specific surface area (2,630 m2/g) as well as a very low permeability to most
gases including helium. Thus, even if helium has a small kinetic diameter of 2.6 A

�
, graphene

has an even lower pore diameter as well as a high penetration energy barrier of 18.8 eV
(compared to 18.6 eV kinetic energy for a helium atom).3 In addition, graphene is a flexible,
tough material exhibiting good optical transparency properties.4 The expectations about the
exceptional theoretical properties of this material have led many researchers to work upon
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isolation of single graphene sheets. Nowadays industrial production of graphene-based
materials (GBMs) is developing with many start-up companies appearing on the market.
Yet, many efforts are still to be made for large quantities of defect-free graphene sheets to be
produced at reasonable costs.5–15

Applications of this material are wide and include electronics, photovoltaics, and energy
storage as well as high-performance composites. For the latter, polymers have shown to be
of great interest to produce easily processable materials with enhanced thermal or mechan-
ical properties for instance. GBMs could be used as additional fillers or as a replacement of
traditional reinforcing fillers such as carbon black (CB). Besides, they are expected to
enhance properties such as thermal and electrical conductivities even at a very low loading
(< 1 wt%). Regardless of the application it is necessary to ensure appropriate dispersion of
this filler in a polymer matrix because its small dimension as a single layer is of great inter-
est since large surface areas are available to interact with the matrix. However, the strong
p-p stacking interactions cause the combination of graphene layers. To avoid such phe-
nomenon, many functionalization strategies have been developed over the past years.16,17

They include non-covalent18–27 and covalent28–46 attachment. Non-covalent modification
of graphene sheets is an efficient way to tune its properties while preserving its conjugated
structure. It includes p-p interactions, hydrophobic attraction between a surfactant and
graphene sheets, and hydrogen bonding.47,48 For example, poly-aromatic hydrocarbons
such as naphthalene, anthracene, and pyrene functionalized with side chains were effec-
tive.49,50 Moreover, surfactants and ionic liquids were used for wrapping graphene
sheets.52,53

However, covalent functionalization through the use of the redox method is most
widely reported since the presence of oxygen functional groups on the surface and edges
of an oxidized form of graphene sheets allows for very diverse chemical reactions to
take place and then opens a wide range of available routes for functionalization.54–78 In
addition, through several reduction treatments, the graphene oxide sheets can be con-
verted back to a GBM.79–103 This oxidation/reduction method is of considerable interest
for the industry as it might open the way for large production of GBMs at low costs.
Hence, while defect-free graphene layers can be prepared through expensive chemical
vapor deposition (CVD) process,104 the redox method is mostly a chemical process
using low-cost graphite as a starting material. However, these fillers, having a lateral
dimension/thickness less than 100 nm and often called graphite nanoplatelets (GNPs),
show inferior performances in terms of several performances such as electrical conduc-
tivity. These GNPs anyhow enable the development of polymer nanocomposites. Even if
they show lower properties than defect-free graphene, they however retain the ability to
enhance mechanical properties, electrical and thermal conductivities as well as barrier
properties of polymer composites. Among common polymers, elastomers are amorphous
polymers with very flexible chains, thus possessing glass transition temperatures below
ambient temperatures. In their current uses, they are therefore in the rubbery state and
exhibit a soft solid-like behavior with high deformability. However, to be able to with-
stand large deformations and recover their original configuration when the stress is
removed, i.e., to exhibit rubber elasticity, elastomers have to be crosslinked. Rubbers are
widely used for their exceptional elasticity and damping properties.105 Current elasto-
mers are used in their crosslinked form, and are then referred to as vulcanizates. For
clarity, in this review, the term elastomer will be preferred to refer to the polymer
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matrix, whereas rubber will more generally indicate the crosslinked material, except
when naming the elastomers according to the common nomenclature and abbreviations
(for example, NR, which stands for natural rubber, i.e., natural polyisoprene). Some
polymeric systems exhibit similar hyperelastic properties while not requesting crosslink-
ing. They are copolymers or blends in which a physical network exists and reversibly
vanishes upon heating, allowing the same processing routes as thermoplastics. Therefore,
these materials are called thermoplastic elastomers or TPEs. They are often reinforced
with low cost CB to enhance mechanical properties such as tensile strength.106–109 How-
ever, it is usually necessary to use high loadings (>25 wt%) leading thus to important
reduction in strain at break. The use of graphene sheets, and more generally of GBMs
could enable an increase in tensile strength while preserving strain at break of the elas-
tomers. Besides, electrical and thermal conductivities could be induced, still with a low
loading. Eventually, due to their platelet structure, GBMs have a great potential in
increasing barrier properties of elastomers.

2. Preparation of elastomer-based composites

2.1 Filler dispersion: Mechanisms and difficulties

To be efficient, fillers need to be well dispersed in the elastomer and so they require good
filler matrix compatibility. They need to interact with the polymer matrix through physical
and or chemical linkages. Those interactions depend upon various parameters such as filler
morphology, size, and surface activity. To be well reinforcing, they need to be of small size
to form a colloidal suspension within the matrix.110 It is known that large particles (>5 mm)
tend to degrade elastomeric properties, creating local heterogeneities that are often the start-
ing points for cracks. Smaller particles (between 1 and 5 mm) are reported to be compatible
with elastomers without being able to strongly reinforce the material. Thus, particle sizes
smaller than 1 mm are often looked for.106 A well-dispersed nanosized filler would be of
great interest since it would provide a large interfacial area and would lower the average dis-
tance between particles in a composite. These properties allow for a lower loading and so
enable to reduce weight and keep high elasticity.111

Elastomers are highly viscous materials that need to be well mixed to be able to obtain an
adequate dispersion of the filler in the matrix, in order to reach the desired properties for the
final compound.

This means that through the mixing process large agglomerates (up to 1 mm for carbon
black) need to be broken.106 Mixing of elastomers is often reported to occur in three main
stages: incorporation of the additives, a dispersive mixing step, and a distributive mixing
step.112 Figure 1 shows the difference between a dispersive and a distributive mixing for CB.

During the dispersive step, large components undergo size reduction by separation
through erosion and rupture of the agglomerates in smaller fragments that are then sepa-
rated in the matrix.113,114 The last step distributes the small fragments in the matrix without
affecting their physical form.114 These two last phases however do not necessarily happen
one after another but most likely happen rather simultaneously.

Dispersion mechanisms of CB agglomerates are reported to occur through (i) rupture, a
sudden fracture of the pellets into a few fragments and (ii) erosion, a progressive mechanism
where small fragments are continuously detached from the periphery of the agglomerate.113,114
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Rupture occurs above a critical shear stress when hydrodynamic forces exceed cohesive forces,
which depend on the CB pellet size. Erosion, on the contrary, proceeds through the detach-
ment of a fixed eroded volume per strain unit and is driven by the applied shear stress and
strain. It is a local mechanism whose rate depends on the CB properties. Hence, faster erosion
has been reported for CB with high structures.113

Lamellar nanofillers dispersion occurs through different mechanisms. Ideal dispersion of
platelets-like fillers requires complete exfoliation, which means that all layers should be apart
from each other. The main problem to achieve such dispersion is the strong interlayer inter-
actions that need to be overcome in order to separate the layers. Clays such as montmoril-
lonite (MMT) have attracted much research attention over the past few years and the
exfoliation mechanisms of these materials have been studied. A major breakthrough in
MMT dispersion was the development of intercalation techniques to enable a reduction
in the interlayer interactions and thus to facilitate exfoliation. Another main development in
MMT exfoliation in a polymer matrix was based on MMT surface modification to lower sur-
face energy and to enhance filler-matrix interactions.118

Less work has been reported on GNPs dispersion. However, the similarities in morphol-
ogy with MMT led many groups to apply similar procedures. The use of intercalated and
expanded compounds has thus been reported as well as chemical modification of the gra-
phene sheets surface to decrease the strong p-p interactions between layers.119 Naming the
resulting GBMs needs to be developed to avoid misunderstandings between the scientific
community so that Bianco et al.13 and Wick et al.120 described various derivatives of gra-
phene and a classification grid for the different graphene forms according to their number
of graphene layers, their average lateral dimension, and their atomic carbon/oxygen ratio
was established (Fig. 2a).

Moreover, few-layer graphene (FLG) corresponds to the 2–5 sheet material while the
multi-layer graphene (MLG) one consists of 6–10 stacked graphene layers.119 On the other
hand, graphene oxide refers to a monolayer of a chemically modified graphene sheet pre-
pared by oxidation and exfoliation while graphite oxide (GO acronym, herein) is a bulk solid
material made by oxidation of graphite (Fig. 2a).

Figure 2b is a representation of stacked, expanded, and exfoliated graphite platelets in an
elastomeric matrix. Exfoliation of GNPs into an elastomer is desired to enhance the proper-
ties of the final material. Most exfoliation processes are performed in suspension rather than
during bulk processing, during which, high shear is reported to break the platelets rather
than to exfoliate them.119

Figure 1. Representation of dispersive and distributive mixing processes for CB in elastomers.

406 A. PAZAT ET AL.



2.2 Mixing techniques

2.2.1 Solution blending
Solution blending, which consists in dissolving the elastomer in an appropriate solvent and
adding all fillers and additives in the mixture, is very common for research purposes.6,121–123

It is often observed to lead to homogeneous dispersion of the fillers, added in suspension in
a solvent in the dissolved polymer. However, it requires long time (several hours) to dissolve
the elastomer and the use of large quantities of toxic organic solvents such as toluene, which
have to be fully evaporated to recover the solid compound: this is not desirable in industry.
Besides, a less described process is the synthesis of the elastomer in the presence of the

Figure 2. (a) Classification grid for the different graphene forms according to their number of graphene
layers, their average lateral dimension, and their atomic carbon/oxygen ratio. The different materials
drawn at the six corners of the box represent the ideal cases. Reproduced with permission from120 Copy-
right 2014, Wiley. (b) Dispersion states of graphite fillers in an elastomer matrix.
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fillers.6 This is however mainly applicable for research studies. Other techniques such as in
situ polymerization have also been reported and will not be detailed here.

2.2.2 Bulk mixing
Industrially, elastomers are mostly processed through so-called “direct blending.” Com-
pounding is carried out in an internal mixer consisting in a bi-cylindrical chamber closed by
a ram and containing tangential or interpenetrating rotors. In a second step, the mix is dis-
charged on a two-roll mill for further homogenization and cooling. Processing equipment is
shown in Fig. 3.

In an internal mixer, gum and additives are fed from the hopper and the ram comes down
to close the chamber containing the rotors.124 The mix is then discharged at the bottom of
the equipment. In a two-roll mill, the elastomer sticks to one roll and forms a bead between
the two counter-rotative rolls. A sheet can be formed, which will be then transformed in
bands or preforms to feed the process giving its final shape to the product, prior to crosslink-
ing. However, this process is often reported to lead to less homogenous dispersion and distri-
bution of graphite nanofillers inside an elastomeric matrix than solution-blending technique.
Moreover, high shear forces usually applied to overcome the high viscosity of the elastomeric
matrix can lead to the breakage of the graphene sheets.119

2.2.3 Latex compounding
Mixing of elastomers in latex phase is also commonly used in the industry. Natural rubber
(NR) exists naturally in latex form (30–40 wt% solid content) and nitrile butadiene rubber
(NBR) can be synthesized in latex form. Through the use of appropriate equipment such as
a high-shear mixer, it is possible to disperse fillers and other additives in an elastomeric
matrix in the aqueous phase. At a laboratory scale, it is often done by adding an aqueous sus-
pension of the filler in a latex under mechanical stirring, sonication, or the use of a

Figure 3. Bulk mixing apparatus: (a) internal mixer and (b) two-roll mill.
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high-shear mixer. At an industrial scale, high speed units are used and do not always require
mechanical stirring of the latex with the filler, as shown in Fig. 4.125

A Cabot Corporation patent describes a process to mix an elastomer latex with CB and
additives.125 First, an aqueous suspension of CB (“slurry”) is prepared and homogenized in
several mixing units. A latex is slowly fed (1.5 m.s¡1) in the coagulum reactor at about atmo-
spheric pressure. Additives are discharged in the latex, then the carbon black slurry is pushed
into this medium at high speed (150 m.s¡1) and under high pressure (70 bars). Spontaneous
coagulation of the latex occurs. In many processes, addition of an aqueous acid or salt solu-
tions is often reported to be necessary to coagulate the latex mix. In a last step, the coagulum
is dried in an extruder to remove water and it is finally compacted into bales.

Other processes involving coagulation of the latex after shaping the product (“dipping
process,” for example) are also common in the industry, for gloves manufacturing, for
example.

3. Properties of elastomer/graphene-based composites

3.1 Barrier properties

3.1.1 Permeability
Rubber nanocomposites can be of great interest for sealing and tightness applications, for
example, in tires, buildings, and hydraulic systems. Elastomers contain a large free volume
and so are highly permeable to most gases.

Transport properties of small molecules such as gases through elastomers usually occur in
three main steps: (i) adsorption of molecules onto the upstream side of the polymer mem-
brane, (ii) dissolution and diffusion of the permeant inside the matrix, and (iii) desorption
of gas molecules from the downstream side of the membrane (Fig. 5).126,127

Transport properties thus depend on the affinity of the diffusion molecule for the elasto-
mer membrane as well as the mobility of the permeant inside the matrix. Adsorption and
desorption of the gas molecules onto and from the surface are considered very fast and the
rate-limiting step in transport of gas molecules though a matrix is the dissolution-diffusion
step.128 The driving force for the diffusion of gas molecules into an elastomer is the presence
of a concentration gradient in gas molecules between the two surfaces of an elastomer mem-
brane. Gas molecules diffuse from areas of high concentrations to areas of low concentration
until equilibrium is reached. The diffusion phenomenon is often described by Fick’s law

Figure 4. Equipment for latex processing. Adapted from125.
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(Eq. 1), describing the linear diffusion of a molecule through a membrane.126

J D ¡D
@c
@x

(1)

where J is the flow in diffusing molecules by unit of time and area (cm3
STP.cm

¡2.s¡1), c is the
local volume concentration in diffusing molecules (cm3

STP), and D is the diffusion coefficient
(cm2.s¡1) with STP standing for standard temperature and pressure.

In a Fickian diffusion process, the main parameters affecting transport properties of small
molecules through a membrane are related according to Eq. (2).

P D D£ S (2)

where P is the permeability coefficient (cm3
STP.cm.cm2.s.cmHg or also expressed in mol.m.

m2.s¡1.Pa¡1), D is the diffusion coefficient (cm2.s¡1), and S is the solubility coefficient
(cm3

STP.cm
¡3.cmHg).

The permeability coefficient P characterizes the ability of the gas molecules to go through
an elastomeric membrane when a pressure gradient is applied (Eq. 3).

P D e £ J
p1¡ p2ð Þ (3)

where e is the thickness (cm, considered constant), p1 is the upstream partial pressure
(cmHg), and p2 is the downstream partial pressure (cmHg).

The diffusion coefficient characterizes the ability of the permeant to go through the matrix
and the solubility coefficient is related to the affinity of the permeant for the matrix. Several fac-
tors influence transport of gas molecules through an elastomeric membrane such as (i)

Figure 5. Schematic representation of steps in molecular transport through a membrane. Adapted from.128
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environmental factors such as temperature, pressure, concentration, (ii) intrinsic properties of
the elastomer such as free volume and glass transition temperature (related to the chain mobil-
ity), (iii) the presence of plasticizers, and (iv) the affinity of gas molecules for the elastomer.127,128

3.1.2 Permeability mechanisms and models in nanocomposites
The addition of impermeable fillers can enhance the barrier properties of the elastomer matrix.
Defect-free graphene is impermeable to all gases including helium and it is thus an ideal candi-
date to effectively reduce permeability of rubber composites.129–135 While GBMs are not fully
impermeable to gases, they however retain elevated barrier properties to most gases. For exam-
ple, Ha et al.136 reported a 35% decrease in permeability toward nitrogen, oxygen, hydrogen,
methane, and carbon dioxide gases for graphite oxide/polydimethysiloxane-based composites
at a 1 wt% GO content. Many parameters such as filler shape, size, orientation, and dispersion
in the host matrix play a significant role in barrier properties of nanocomposites. Platelet-like
nanofillers are the most promising since they are able to form a tortuous path to effectively
slow down the diffusion of gas molecules inside the material, as illustrated in Fig. 6.

Hence, at 5 phr (weight parts per hundred parts of the polymer matrix) loading in sty-
rene-butadiene rubber (SBR), Song et al.130 reported a 35% decrease in permeability of com-
posites containing low defect graphene (exhibiting a platelet morphology), as compared to
composites with CB, whose aspect ratio is much lower.

Several models can be used to describe permeability as a function of the filler con-
tent.3,123,137–143 Nielsen’s model138 is the most common one and it is also referred to as “clas-
sic tortuosity model.” It assumes that impermeable flakes with a certain aspect ratio
associated with their cross-section are uniformly dispersed in a permeable matrix.3 Nielsen’s
model can be written according to Eq. (4).

P
P0

D 1¡F

1C t
(4)

where P is the gas permeability of the composite, P0 is the gas permeability of the pure poly-
mer matrix, F is the volume fraction of the filler, and t is the tortuosity factor. P/P0 is called
the relative permeability. This model assumes random orientation of the fillers in the matrix,
ignoring the significantly different behavior of aligned platelets.

According to the model used, the tortuosity factor will have a different expression. In
Nielsen’s classical model, it is expressed as Eq. (5).

t D a

2
F (5)

with a the aspect ratio of the filler.138

Figure 6. Gas diffusion path inside the material. Adapted from3.
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Cussler et al.142 proposed a model similar to Nielsen’s in which two different tortuosity
factors were added: one for random alignment of the fillers and another one for perfectly
aligned fillers.123,142 Another attempt to include filler orientation in the composite has been
done by Bharadwaj139 who included S, an orientation parameter equal to a value of ¡0.5 for
parallel orientation (no tortuosity), 0 for random orientation and 1 for perpendicular align-
ment of the platelets in the material, as shown in Fig. 7.

Bharadwaj’s equation with tortuosity factor can then be expressed as Eq. (6).

P
P0

D 1¡Fð Þ
1C a

2F C 2
3 S C 1

2

� �
F

(6)

It is very similar to Nielsen’s model but is more versatile as it takes into account more
parameters to fit the system. From Fig. 7, it is suggested that alignment of the platelets per-
pendicular to the flow will create greater tortuosity and thus will increase the diffusion length
of the permeant in the composite.

Other models such as Gusev-Lusti,140 and Fredrickson and Bicerano141 also exist but they
will not be extensively presented here. It was shown by Dunkerley and Schmidt143 that most
models provide similar results at low filler content (<10 vol%). With most studies on graphitic
fillers being performed at low loadings (under 10 vol%), any of these models can be used.

3.1.3 Influence of filler size, shape, and aspect ratio
A high aspect ratio of the filler is of significant importance since large fillers will divert more
the diffusion path and so will increase the total path length, as shown in Fig. 6. This leads to
reduced permeability of the material. It was shown by Ozbas et al.122 that increased surface
area of thermally reduced graphene oxide flakes (referred to as “functionalized graphene

Figure 7. Filler orientations according to the Bharadwaj model. Adapted from3.
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sheets,” FGS) led to more efficient barrier properties of polydimethylsiloxane (PDMS)-based
composites as displayed in Fig. 8.

The FGS sample with the highest aspect ratio provides the lowest permeability. These
plots show the decrease in air permeability of PDMS-FGS composites with increasing filler
loading, with FGS fillers exhibiting different specific surface area, associated with different
aspect ratios of the particles (L/W).122 60% and 80% decrease in air permeability were
reached for FGS exhibiting a specific surface area of 320 m2/g and 525 m2/g, respectively, at
5 wt% loading in PDMS matrix. This emphasizes the significant effect of filler aspect ratio
on the barrier properties of the corresponding composites. Besides, Ozbas et al.122 observed
a fine fit of Nielsen’s curve with their experimental values. Moreover, Yoo et al.3 investigated
the effect of aspect ratio, orientation and aggregation of graphene or GO over the oxygen
permeability. The calculations confirmed that a high aspect ratio is preferred to decrease the
permeability of the composites, as shown in Fig. 9.

At 1 vol% of graphene-based fillers, by increasing the aspect ratio (a) of the platelets from
30 to 3000, the relative permeability of the composites with respect to the neat matrix
decreased by 10 % and 90 %, respectively, showing the major effect of filler aspect ratio over
permeation properties (Fig. 9a). Figure 9b shows the decrease in permeability of the compo-
sites as a function of graphene loading for various numbers of layers (N). For perpendicular
orientation (S D 1, Figs. 7 and 9b), a single layer of graphene (N D 1) will provide a decrease
in permeability greater than 90 % while for a stack of 10 layers (N D 10, lower aspect ratio),
a value of only 60 % can be reached (Fig. 9b). While well exfoliated platelets create a very tor-
tuous path, stacks of nanosheets will significantly reduce the diffusion path. At the same vol-
ume fraction, the probability for a gas molecule to meet a graphene nanoplatelet will be
lowered if the stacking parameter (N, number of layers) is high.3

3.1.4 Influence of filler orientation
The influence of filler orientation on the permeability of the composites was also computed
by Yoo et al.3 Perpendicular orientation of the platelets (SD 1) showed superior permeability
reduction than the randomly oriented ones, as displayed in Fig. 9b. The former configuration
led to 60% decrease in oxygen permeability whereas the latter only reached 35% reduction
for 10 layer-nanoplatelets at 1 vol% loading, as compared to the pure polymer. The main

Figure 8. Reduction in air permeability as a function of functionalized graphite sheets (FGS) loading in
PDMS (as compared to neat PDMS). Solid lines represent Nielsen’s model predictions. L/W is the aspect
ratio (length/width) of the filler particles in the sample. Reproduced with permission from122 Copyright
2012, Wiley.
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factor in improving barrier properties is then tortuosity. For perpendicular orientation
(S D 1), tortuosity is maximized and, therefore, this configuration is the most effective one
in increasing the diffusion path of gas molecules inside the composite.

These studies have shown the effect of filler shape, size, and aspect ratio, on permeability.
Besides, filler orientation has proven to be of significant influence on permeability of the
composites. This feature is much related to processing. Several research groups thus investi-
gated the influence of processing conditions, and composites morphologies, on barrier prop-
erties of elastomer composites.

3.1.5 Influence of processing and functionalization
Table 1 highlights the main results in gas barrier properties comparing the processing meth-
ods, the GBMs loadings, and the elastomer matrix.

Kim et al.129 showed that the same TRG filler, dispersed according to three different
routes, resulted in three distinct behaviors in permeation. The main permeation results of
their study are shown in Fig. 10.

Figure 10 shows a decrease in relative permeability to nitrogen gas as a function of the
volume fraction of several GBMs in TPU composites. The influence of processing can be
seen. Hence, composites with 1.6 vol% of TRG prepared through direct melt mixing led to a
50% decrease in nitrogen gas permeability while in situ polymerized composites induced a
70% decrease. Solution-blended samples at the same loading were even more efficient (up to
80% permeability reduction).129 In addition, the effects of surface functionalization and
processing route obviously result in variations of the state of dispersion of the filler, which is
a key factor regarding the composite properties. Thus, morphologies of the composites pro-
vide some understanding of the permeability results. Figure 11 shows TEM images of TPU
composites containing GBMs.

Figure 11a shows the morphology of melt-compounded composites containing graphene-
based aggregates of at least 1.5 mm in length while the materials containing TRG (Figs. 11b

Figure 9. (a) Effect of graphene-based nanoplatelets aspect ratio on the O2 permeability of a polymer
matrix and (b) influence of the graphene-based nanoplatelets orientation and stacking on O2 permeability.
Adapted from3.
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and 11c) display a rather uniform distribution. TRG particles incorporated through solution
blending (Fig. 11d) or in situ polymerization (Figs. 11e and 11f) look slightly more uniformly
distributed in the matrix. The performance of the composite in permeation seems to be
directly related to the state of dispersion. Indeed, solution-blended TRG (Fig. 11d) are more
homogeneously dispersed in the TPU matrix and lead to better barrier properties of the
composites. In addition, the effect of surface functionalization was investigated by compar-
ing morphologies of composites containing pristine or modified GO. Images of GO-based
composites (Fig. 11i) and modified GO-based composites (Figs. 11g and 11h) reveal thinner
aggregates than TRG and suggest interconnection between fillers.129 Phenylisocyanate and
acetylphenyl isocyanate-functionalized GO appear to be rather uniformly dispersed in the
matrix. They also display the largest decrease of permeability (¡98% and ¡94%, respec-
tively). Thanks to its effect on dispersion, functionalization can thus be an efficient way to

Table 1. Short literature review of gas permeability data of GBMs/elastomer compositesa.

Filler Loading Matrix Processing Permeant

Relative reduction
(in comparison with
pristine polymer) Reference

Low defect graphene flakes 5 phr SBR Latex O2 ¡35% 122
rGO 4 phr NR Latex O2 ¡70% 123
rGO 4 phr NR Latex C two-roll mill O2 ¡30% 123
Graphite 1.6 vol% TPU Solution

Melt in situ
polymerization

N2 ¡5% 119

TRG 1.6 vol% TPU Melt mixing N2 ¡50% 119
TRG 1.6 vol% TPU In situ polymerization N2 ¡70% 119
TRG 1.6 vol% TPU Solution N2 ¡80% 119
GO 1.6 vol% TPU In situ polymerization N2 ¡60% 119
Phenyl isocyanate – GO 1.6 vol% TPU Solution N2 ¡98% 119
Acetyl phenyl isocyanate –GO 1.6 vol% TPU Solution N2 ¡94% 119
Exfoliated graphite (using

microwaves)
10 phr NR Latex C HAAKE C

two-roll-mill
N2 ¡38% 125

aAcronyms used: rGO (reduced graphite oxide); TRG (thermally reduced graphite oxide); SBR (styrene-butadiene rubber); NR
(natural rubber); TPU (thermoplastic polyurethane).

Figure 10. N2 permeability of TPU composites as a function of the GBMs content. Solid lines are predic-
tions according to the model of Lape et al.123 Adapted from129.
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enhance barrier properties of the composites. Such large decreases in permeability are not
widely reported in the literature for elastomer-based composites but it illustrates anyhow a
tendency. However, surprisingly, homogenous dispersion of the filler in the matrix does not
always lead to the best performance in permeation. Indeed, Yan et al.131 have reported that a
specifically segregated morphology obtained by the latex compounding method (LCM)
could lead to improved barrier efficiency as compared to homogeneously dispersed and
aligned platelets. Thus, Yan et al.131 prepared natural rubber composites containing 4 phr of
rGO through a latex co-coagulation method. Some samples were obtained directly from
compression molding the coagulated material while others were homogenized on a two-roll
mill prior to compression molding. Figure 12 shows the morphologies obtained with the two
compounding methods.

Figure 11. TEM micrographs of TPU composites filled with (a) 5 wt% (2.7 vol%) graphite, (b,c) 3 wt% (1.6
vol%) melt-processed TRG, (d) 3 wt% (1.6 vol%) solution blended TRG, (e,f) 3 wt% (1.6 vol%) in situ poly-
merized TRG, (g) 3 wt% (1.6 vol%) phenyl isocyanate-modified GO, (h) 3 wt% (1.6 vol%) acetyl phenyl iso-
cyanate-modified GO, and (i) 2.8 wt% (1.5 vol%) in situ polymerized GO. Reproduced with permission
from129 Copyright 2010, American chemical society.
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While Fig. 12a shows a segregated morphology, with the graphene-based nanosheets
being localized at the interfaces between latex particles, Fig. 12b displays a more homoge-
nous dispersion in the elastomer matrix. Oxygen permeability of the these composites was
also investigated (Fig. 13).

Both morphologies exhibited improved barrier properties of the composites in compari-
son with pristine NR but samples with a segregated structure showed greater permeability
reduction as compared to homogenized samples (70% toward 30% at 4 phr loading). These
results indicate that the connected network formed by rGO platelets is more efficient in
diverting the permeant path than homogeneously dispersed platelets. The segregated
morphology ensures a smaller inter-particle distance than homogenous distribution, thus
creating barrier zones able to divert and slow down the permeant diffusion to a greater
extent. Optimum dispersion for improvement of barrier properties is thus very dependent

Figure 12. Composites containing 4 phr of rGO in natural rubber (NR) matrix prepared through two meth-
ods: (a) latex compounding and (b) homogenization in a two-roll mill. Adapted from131.

Figure 13. Oxygen permeability of NR-rGO composites as a function of rGO loading for the two types of
morphologies. Adapted from131.
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on processing conditions. Other impermeable fillers with appropriate platelet morphology
such as clays have also been used to increase barrier properties of polymers. However, gra-
phene-based nanofillers were shown to perform better in reducing, e.g., oxygen permeability
than clays at same concentrations,115 or to achieve same permeability reduction with
remarkably lower loadings, approximately 50–70 times less.116 Similarly, 0.001 wt% of gra-
phene oxide was reported to provide equivalent improvement of water vapor barrier proper-
ties in polyimide as 8 wt% of montmorillonite, which was attributed to the much larger
aspect ratio of GO platelets compared with the nanoclay.117 Moreover, graphene and its
derivatives have a significant advantage over clays as they can perform better in permeability
reduction while preserving good mechanical properties of the composites and providing at
the same time additional functional properties due to increased thermal and electrical con-
ductivity.3,119,137,144,145 Of course, as with nanofillers in general, graphene-based nanofillers
can fulfill these expectations only if they are well dispersed in the polymer matrix.

3.2 Mechanical properties

Single-layer graphene has outstanding mechanical properties: it is stiff, flexible and displays
a Young’s modulus of 1 TPa and an ultimate strength of 130 GPa. On the contrary, rubber-
based materials have low stiffness and break at relatively small stresses around 20 MPa. Due
to this important contrast, many attempts have been made to reinforce rubbers through
incorporation of GBMs in an elastomeric matrix.7,119,146–148

3.2.1 Tensile properties
Table 2 highlights the main results in tensile properties comparing the processing methods,
the GBMs loadings and the elastomer matrix. Many reports have shown improvement of
mechanical properties due to GBMs incorporation. Most studies deal with the incorporation
of small content of GBMs into a polymeric matrix through direct or solution mixing. They
mainly report an increase in Young’s modulus and in tensile strength, and a decrease in
elongation at break. However, these results appear to strongly depend upon the type of filler
(lateral size, thickness, surface chemistry) and the mixing procedure.

3.2.1.1 Influence of filler size, shape, and aspect ratio. Different carbon-based fillers have
been investigated by Schopp et al.149 They prepared SBR composites containing 25 phr load-
ing of, respectively, carbon black (CB), carbon nanotubes (CNTs), expanded graphite (EG),
multilayer graphene (MLG, < 10 layers), chemically reduced graphite oxide (CRGO), and
thermally reduced graphite oxide (TRGO). They used latex mixing followed by internal
mixer and two-roll mill mixing. Stress–strain plots in Fig. 14 clearly indicate that TRGO and
MLG lead to the most pronounced stiffening of the material with stress at 50% strain up to
14 times higher than pure SBR matrix.149

Tensile strength is also greatly increased (more than three times higher than neat SBR)
but elongation at break is strongly impacted and is decreased by a factor 3. CRGO and
CNTs lead to moderate increases in tensile strength ( £ 2) and stiffness ( £ 3) with a less
pronounced loss in strain at break. CB and EG did not bring much changes compared to
neat matrix properties, leading to a slight increase in stiffness and in tensile strength with no
impact on elongation at break. The stiffening effect of these carbon-based fillers could be
ranked the following way: TRGO>MLG>CRGO>CNTs>CB>EG. Hence, platelet-like
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carbon fillers with small thickness exhibited the highest reinforcing effect on the SBR matrix.
However, a strong reduction in strain at break is usually not desirable and CRGO filler might
be more satisfactory for most common rubber applications where ability to withstand large
deformations is required. Another feature, not investigated in this study, is the influence of
the filler over the crosslinking density of the elastomer. Hence, the filler may interact with
the curing system and lead to differences in crosslinking densities of the final composites,
thus affecting their mechanical properties.150 Similarly, Mao et al.151 compared the efficiency
of CB as compared to GO and observed that around 13 vol% (»32 phr) of CB (N330) were
necessary to reach the same tensile strength as SBR composites containing only 2 vol% of
GO.151 Similar results were reported by Ozbas et al.122 who showed that 1 wt% of TRGO in
NR lead to similar moduli values as composites containing as much as 16 wt% of CB. Thus,
GBMs show promising results for reinforcement of elastomers at low loading.

3.2.1.2 Influence of processing. Mechanical properties of elastomer composites are very
dependent upon many parameters linked to the process. As a matter of fact, filler dispersion
is strongly impacted by the processing technique and is of significant influence over the
behavior of the composite. Besides, the elastomeric matrix may undergo degradation such as
molar mass reduction during mixing. Another key feature is the nature and the amount of
crosslinks formed during the vulcanization process. However, the features of the vulcanized
network in the composites (crosslinking density and nature of crosslinks) compared to the
pristine matrix is seldom studied in the literature. The following section will thus focus on
process parameters affecting filler dispersion without taking into account any modification
of the crosslinked network in the presence of the filler. Potts et al.152,156 investigated the
preparation of TRGO/NR composites prepared either in bulk by two-roll mill mixing or
from latex via a latex mixing phase preceding twin-roll mill mixing. They observed a slight
decrease in modulus at 100% and 300% strain for bulk-compounded composites at 2 phr
loading of TRGO as compared to neat NR. On the contrary, latex-compounded composites
with 2 phr showed over 40% improvement in modulus at 100% strain, as compared to the
NR matrix.152 Moreover, it was observed by using both scanning electronic microscopy
(SEM) and transmission electronic microscopy that the latex pre-mixing step improved the
dispersion of rGO in NR, which improves the moduli of the corresponding composites.

Figure 14. Stress–strain curves of carbon-based fillers/SBR composites at 25 phr. Reproduced with permis-
sion from149 Copyright 2014, Wiley.
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Similarly, Yang et al.133 observed better dispersion for EG/NBR composites prepared
through latex compounding followed by internal mixing than for composites that underwent
no latex precompounding phase. For example, Fig. 15 shows SEM pictures of EG/NBR com-
posites with 5 phr loading of EG prepared either through direct bulk mixing or including a
predispersion in latex phase.123

It can be seen clearly that EG-based aggregates are much smaller (from 25 mm to less than
1 mm) in the composite prepared through a latex premixing method. Moreover, tensile
properties of EG/NBR composites prepared through latex mixing showed a significant
increase of stresses even at 3 phr loading. The authors achieved a three times higher tensile
strength at 10 phr loading than with unfilled NBR while they observed a strongly reduced
elongation at break (110% vs. 410% for pure NBR).133 The effect of latex compounding was
further investigated by Yan et al.131 Indeed, they dispersed rGO in NR latex using a latex co-
coagulation method with or without further homogenization on a twin-roll mill. As dis-
cussed before, they showed that samples prepared through a one-step latex mixing exhibited
a segregated morphology (Fig. 12) and performed better in permeability measurements.
Figure 16 shows stress–strain curves of pure NR and composites with 2 phr loading of rGO
with a segregated (not homogenized) or homogenous dispersion.

In Fig. 16, it can be observed that samples prepared through a one-step latex mixing (“not
homogenized”) exhibit higher modulus at both 100% and 300% elongation, higher tensile

Figure 15. SEM images of EG/NBR composites with 5 phr of EG prepared with (a) direct blending and (b)
latex compounding method. Adapted from133.

Figure 16. Stress–strain curves of pure NR and of rGO/NR composites with 2 phr loading of rGO, homoge-
nized or not. Reproduced with permission from131 Copyright 2014, Elsevier.
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strength (27 MPa vs. 19 MPa for homogenized samples) as well as a small decrease in elon-
gation at break. These improved performances for segregated composites may be related to
the formation of a stronger rGO network.131

3.2.1.3 Influence of graphene-based platelets functionalization. Influence of graphene-
based platelets functionalization over mechanical properties was investigated by Zhao
et al.153 First, they functionalized GO using triethoxyvinylsilane (TEVS) followed by a in situ
polymerization of liquid silicone rubber (LSR) in presence of TEVS-grafted GO. They also
prepared un-functionalized composites with the same method and investigated mechanical
properties of the composites at different filler contents. Figure 17 shows the tensile proper-
ties of the corresponding LSR-based composites.

Composites containing 0.3 wt% of functionalized GO showed slightly greater tensile
strength (2 MPa vs. 1.5 MPa) as well as comparable strain at break (46% vs. 40%). These
changes are anyhow very small and the functionalization did not bring significant enhance-
ment in tensile properties of LSR composites.

Wang et al.154 also investigated the effect of GO functionalization on tensile properties.
They grafted octadecylamine onto GO and prepared SBR-based composites through melt
compounding, with the filler being incorporated as a “paste” with ethanol, and by ensuring
subsequent evaporation of the solvent during mixing on a twin-roll mill. Figure 18 shows
stress–strain curves of SBR-based composites containing 3 wt% of modified and neat GO.

The composites containing the modified fillers exhibited higher tensile strength but lower
stiffness than pristine GO. Both fillers led to increases in tensile strength, stresses at 100% and
300% elongation as well as strain at break compared to the pure SBR matrix. In this study, func-
tionalization did not bring much improvement in tensile properties of the composites at low
loading (3 phr). Thus, functionalization can be a means to improve filler dispersion but does
not always lead to improved mechanical properties. Intrinsic filler parameters such as size,
shape, and aspect ratio have shown to be of greater influence over properties of the composites.

3.2.2 Viscoelastic properties
Studying viscoelastic properties of the composites by dynamic mechanical analysis (DMA)
provides information regarding molecular mobility of the polymer chains and about the

Figure 17. Mechanical properties of LSR-based composites (a) tensile strength and (b) elongation at break.
Adapted from.153
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composite structure. The a relaxation temperature, Ta, associated with the glass transition
temperature is obtained from tandmaximum in a temperature sweep. It is related to molecu-
lar mobility which may be affected by strong interactions between elastomer chains and fill-
ers. Reinforcement of the matrix due to filler incorporation can be observed through an
increase in the storage modulus. Figure 19 shows a typical example of the evolutions of the
storage modulus and tand with temperature for EG/NBR composites.155 The samples
referred to as “micro-composites” are prepared through simple twin-roll mill mixing while
“nanocomposites” are prepared with previous latex mixing dispersion stage. These names
refer to the final size of the particles in the composites, which result from the efficiency of
the mixing process.

The measurements were recorded under a tension mode at a frequency of 1 Hz with a
strain amplitude of 0.1% in the temperature range from ¡50�C to C 80�C. The heating rate
was 3�C/min.

From Fig. 19a, an increase in the storage modulus (E’) in the rubbery state (above Ta) can
be observed for all composites due to some reinforcing effect which is more pronounced for
“nanocomposites” that underwent a latex pre-dispersion step, than for “micro-composites”
that were prepared through direct twin-roll mill mixing. Due to poor dispersion and distri-
bution, “micro-composites” exhibit a very weak reinforcement, whereas the increase of E’
for “nanocomposites” can be attributed to a better dispersion state.156,157 Elastomer-filler
and filler-filler interactions (“filler networks”) lead to a significant increase in E’. Besides, the
effect of the filler loading can be observed. The increase in filler loading from 5 phr to 10 phr
leads to doubling the storage modulus at 60�C (from 1 £ 107 Pa to 2 £ 107 Pa). On Fig. 19b,
the loss factor (tand) is represented as a function of temperature. Upon incorporation of EG,
no effect is observed for “micro-composites” as compared to neat NBR, while a broadening
and a decrease in tand peaks after Ta is observed for “nanocomposites.” According to the
authors, the decreased volume fraction of elastomer in these “nanocomposites” associated
with filler–matrix interactions are responsible for more heterogenous behavior of NBR mole-
cules (broadening) and a decrease of intramolecular hysteresis in the Ta region. The authors

Figure 18. Stress–strain curves of pure SBR, GO/SBR, and GO-ODA/SBR composites at 3 phr loading.
Reproduced with permission from154 Copyright 2016, Wiley.
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point out a slight increase of tand beyond Ta, which they attribute to enhanced hysteretic
mechanisms (friction between polymer chains, filler–matrix, and filler–filler interactions)
when the filler volume fraction increases. However, it can be noted that this effect is very
small (inset of Fig. 19b).

The viscoelastic behavior of filled elastomers typically exhibit enhanced non-linearity,
known as the Payne effect. It is characterized by a drop of the storage modulus and the
occurrence of a maximum of the loss modulus when strain is increased. It occurs at low
strain, whereas unfilled elastomers exhibit non-linearity at larger strains without any peak
on the loss modulus plot. Hence, unfilled rubbers show a linear behavior up to quite large
strains while the elastic modulus of a filled rubber decreases with strain. It can be explained
by adsorption and desorption of polymer chains on the filler surface under mechanical solic-
itation, leading to network collapse.158,159

Wang et al.154 studied the behavior of SBR composites containing octadecylamine
(ODA)-modified GO. Figure 20 shows plots of the storage modulus as a function of strain
amplitude for various GO-ODA contents.

In Fig. 20, it can be observed that all compounds exhibit linear viscoelastic behavior at low
strain amplitude and non-linear viscoelastic behavior at high strain rates. At 1 phr and 2 phr

Figure 19. (a) Storage modulus of EG/NBR composites containing 5 phr and 10 phr of EG and (b) tand val-
ues. Reproduced with permission from155 Copyright 2012, Elsevier.
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loadings, composites containing GO-ODA filler show slightly greater storage modulus than
GO-filled samples suggesting a small reinforcement effect that may be attributed to a stron-
ger interface due to ODA grafting onto GO.154 Figure 20d shows that increased GO-ODA
loading (5 phr) led to a narrower linear domain which can be attributed to the formation of
a weak filler network which is more strain-sensitive. It can be pointed out though, that the
influence of functionalization on viscoelastic properties of GO/SBR composites is very lim-
ited in this study. The numerous studies on graphene incorporation into elastomers to
enhance mechanical properties reveal the strong potential of this nanofiller that might be
used as a partial replacement of the very common CB filler in the future.

3.3 Thermal properties

3.3.1 Thermal stability
Graphene sheets are thermally stable up to more than 1,000�C and can thus increase the
thermal stability of polymer composites. Nevertheless, most studies deal with the introduc-
tion of rGO, GNPs, or EG in elastomers, rather than single graphene sheets. Kim et al.160

thus reported increased thermal stability of SBR/MLG composites at 1 wt% loading. In addi-
tion, some groups also observed an enhanced thermal stability for composites containing
GO whereas GO is quite thermally unstable. Hence, Gan et al.132 reported an increase of
44�C in the onset degradation temperature of liquid silicone rubber composites filled with
1 wt% loading of GO, as shown in Fig. 21.

Figure 20. Storage modulus as a function of strain amplitude for crosslinked SBR-based composites with a
filler content of (a) 1 phr, (b) 2 phr, (c) 3 phr, and (d) various GO-ODA content recorded at 1 Hz at 60�C.
Reproduced with permission from154 Copyright 2016, Wiley.
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Therefore, incorporation of GBMs can be a good means to enhance thermal stability of
elastomer composites.

3.3.2 Thermal conductivity
GBMs are very often reported to be efficient in increasing thermal conductivity of elasto-
mers. A single graphene sheet displays a very high thermal conductivity and, if well dis-
persed in a matrix, it can lead to strong enhancements in thermal conductivities of rubbers.
Its platelet morphology is moreover well adapted for thermal conduction, providing low
interfacial resistance. Typical increase in thermal conductivity upon addition of GNPs is rep-
resented in Fig. 22 for SBR-based composites.

As shown in Fig. 22, an enhancement in thermal conductivity from 0.17 W/m.K for pris-
tine SBR to 0.27 W/m.K upon addition of 5 vol% of GNPs was achieved by Araby et al.161

They used a solution-blending technique followed by two-roll-mill mixing for the

Figure 21. TGA data of silicone rubber (SR-H) composites filled with GO at 0.5 and 1 wt% . Adapted
from.132

Figure 22. Thermal conductivity of SBR-based composites as a function of GNPs loading (using a thermal
conductivity tester HC-110 according to ASTM C 518. The temperatures at the top and bottom molds
were set at 50�C and 30�C with a sample size ø 51 mm � 6 mm). Adapted from.161
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preparation of the composites and a thermal conductivity as high as 0.48 W/m.K was
reached at 24 vol% of GNPs content.161 However, such a high loading of GNPs may strongly
impact strain at break of the composites and will lead to high costs.

3.3.2.1 Influence of processing on thermal conductivity. Good contact between fillers is
necessary for thermal conductivity enhancement. The final conductivity will thus depend
on the dispersion quality, which results from filler geometry as well as the mixing pro-
cess. To investigate the latter, Mu et al.162 dispersed EG in silicon rubber at various load-
ings according to two methods: solution blending and direct melt mixing. Figure 23
shows the increase in thermal conductivity of these silicon-based composites as a func-
tion of the filler content.

Pure silicon matrix exhibited a 0.17 W/m.K thermal conductivity that was increased to
0.24 W/m.K and 0.32 W/m.K for melt-processed and solution-processed samples, respec-
tively, at 9 phr loading. The authors observed enhanced thermal conductivities for all com-
posites compared to the pristine silicon matrix, with a greater effect for solution-blended
samples which exhibited better dispersion. They reported that the EG network was disrupted
in the melt-blended composites while the solution process preserved the graphite network
structure. By this method, more exfoliation and intercalation of elastomer chains between
graphene layers can be achieved.162 The authors suggested a structural interpretation for the
origin of the higher thermal conductivity of solution-processed samples, as shown in Fig. 24.

Figure 24a represents large EG particles whose shapes and dimensions were not affected
by the solution mixing. However, Fig. 24b shows particles that are much smaller and whose
shape changed drastically under shear during melt mixing. The surface-to-volume ratio is
then largely reduced and so higher loadings are necessary to achieve elevated thermal con-
ductivity compared to solution-processed samples, in which the EG particles possess a
higher aspect ratio.162

3.3.2.2 Influence of functionalization on thermal conductivity. Phonons are known to be
responsible for the heat conduction in materials and to maximize their action, scattering

Figure 23. Thermal conductivity of EG/PDMS composites at various EG loadings. Reproduced with permis-
sion from162 Copyright 2007, Elsevier.
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should be minimized. One method is to modify the graphene-based fillers by covalent cou-
pling to the matrix to enhance filler–matrix interactions. Zhao et al.153 introduced pristine
and modified GO in liquid silicon rubber and observed that thermal conductivity was
enhanced from 0.19 (pristine elastomer) to up to 0.38 W/m.K upon addition of modified
GO at 0.3 wt% loading. Figure 25 shows the increase in thermal conductivity as a function
of the filler content.

Both fillers increase thermal conductivity but the effect is more pronounced for TEVS-
modified GO. A relative enhancement of up to 42% for TEVS-GO as compared to pristine
GO/LSR composites was calculated at around 30 wt% loading. GBMs have thus proven to be
effective in enhancing thermal stability and conductivity of elastomeric matrices. However,
the increase in thermal conductivity is often limited by high interfacial thermal resistance
between nanosheets and rubber. This phenomenon is known as Kapitza resistance163,164 and
is due to poor thermal coupling between GNPs and the elastomeric matrix.162 Functionaliza-
tion can thus be a means to improve this coupling by favoring the interfacial interaction
between the graphitic filler and the elastomeric matrix.

Figure 24. Schematic morphologies of EG/silicon composites prepared by (a) solution-processing and (b)
melt-processing. Reproduced with permission from162 Copyright 2007, Elsevier.

Figure 25. Thermal conductivity of silicon rubber (LSR) composites containing GO and TEVS-GO. Repro-
duced with permission from153 Copyright 2015, Wiley.
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3.4 Electrical properties

Table 3 highlights the main results in electrical properties comparing the processing meth-
ods, the GBMs loadings, and the elastomer matrix.

Elastomers are electrically insulating and the addition of conductive fillers (CB, carbon
fibers, CNTs, GBMs…) can make them electrically conductive. This electrical conductivity
is dependent on the filler electrical properties, its loading, size, and dispersion state in the
host matrix. CB is commonly used to achieve electrical conductivity in elastomers. However,
high loadings are usually necessary, impacting some other properties of the material, as fail-
ure properties. Carbon-based nanofillers are promising alternatives to carbon blacks in this
application since their intrinsic electrical properties are some orders of magnitude higher,
which offer the possibility to produce conductive elastomers at much lower filler loading.165

CNTs have been reported to be very efficient in increasing electrical conductivity of poly-
mers at a very low content (less than 1 vol%) so that GBMs also appear to be very promising
for this application.

3.4.1 Electrical percolation concept
A major challenge when dealing with electrical conductivity is to ensure the creation of a
conducting path inside the material. When filler loading is substantially low, the average dis-
tance between filler particles is greater than their size range and the fillers form individual
particles rather than a conducting network. When a critical loading is reached, conduction
can take place by a tunneling effect through the polymer layers surrounding the filler and
electrical conductivity increases quickly. This critical concentration is called “percolation
threshold.”166 It depends upon the filler content, size, morphology, and the state of disper-
sion and distribution in the material. The “ideal” dispersion of the filler in the matrix to
increase electrical conductivity might not be the uniform dispersion needed for good
mechanical properties, but rather a partial segregation that would create conductive paths.
Close wrapping of the matrix on fillers would act negatively on electrical conductivity.119

Araby et al.161 investigated electrical properties of SBR filled with GNPs. They measured the
electrical volume resistivity of these composites and observed a slight decrease below 5 vol%
and a pronounced drop from 5 to 7 vol% (Fig. 26).

They interpreted these results using percolation theory. At low volume fraction, fillers
cannot connect with each other and at a critical concentration (about 5 vol% in this study),
the filler volume fraction is high enough to enable formation of conductive paths and so, to
rapidly decrease electrical volume resistivity.

Table 3. Short literature review of electrical properties of graphene-rubber composites.

Filler Loading Matrix Process
Percolation
threshold

Electrical
resistivity

Electrical
conductivity Reference

GNPs 17 vol% SBR Solution and twin-roll mill 5 vol% 5.106 V / cm 156
GNPs 25 vol% SBR Twin-roll mill 16.5 vol% 1017 V / cm 165
Graphite 13 vol% TPU melt 3 vol% 106 V / cm 119
TRG 2.2 vol% TPU melt 0.25 vol% 103 V / cm 119
TRG 1.5 vol% TPU In situ polymerization 0.25 vol% 103 V / cm 119
TRG 1.7 vol% TPU solution < 0.1 vol% 102 V / cm 119
rGO 1.78 vol% NR Latex mixing 0.62 vol% 0.03 V / cm 162
rGO 5 vol% NR Latex mixing and twin-roll

milling
4.62 vol% 0.04 V / cm 162
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3.4.2 Influence of processing on electrical conductivity
The effect of processing on electrical surface resistance of composites filled with TRG flakes
has been studied and the results are reported in Fig. 27.129

It appears that solution-blending is the most effective process in reaching low percolation
threshold, with a value lower than 0.1 vol%. In situ polymerized and melt-compounded sam-
ples show a similar percolation threshold of 0.25 vol% but the former show a faster decrease
in electrical surface resistance at higher loadings. The lowest resistance value (of around 102

V) was reached for TRG/TPU composites prepared from solution blending at around 1.7

Figure 26. Electrical volume resistivity of SBR composites as a function of GNPs volume fraction. Adapted
from.161

Figure 27. Surface resistance of GBMs/TPU composites prepared through different methods. Reproduced
with permission from129 Copyright 2010, American chemical society.

POLYMER REVIEWS 431



vol%. Another interesting feature in this work is the influence of filler size and specific sur-
face area on the electrical properties. Graphite used in this study has a specific surface area
of 29 m2/g while TRG has a much higher specific surface area of 800 m2/g. Graphite/TPU
composites prepared through melt mixing showed a decrease in electrical surface resistance
of about 5 orders of magnitude at more than 10 vol% while TRG/TPU composites achieved
values 8 orders of magnitude lower than the neat matrix at only 2.2 vol%. Despite these spec-
tacular results, it can be mentioned that surface resistance measurements are very sensitive
to surface defects of the samples, which can be caused by processing. Moreover, the surface
of a sample may not be much representative of the bulk (except for thin films). Therefore,
volume resistivity measurements would have been preferable to draw suitable conclusions
on the influence of processing. Influence of processing conditions upon the electrical con-
ductivity of rGO/NR latex composites has also been investigated by Zhan et al.167 They pre-
pared composites using several mixing procedures. Some samples were prepared through
direct latex coagulation, others were further homogenized on a twin-roll mill and others
were obtained through direct blending. The results from the electrical conductivity measure-
ments are shown in Fig. 28.

From these experiments, it appears clearly that samples prepared by direct melt mixing
(HM and TR) again did not significantly increase electrical conductivity even at 8 vol% con-
tent. However, samples combining a latex mixing step with a twin-roll mill homogenization
showed an increase in electrical conductivity of about 6 orders of magnitude with a percola-
tion threshold lower than 5 vol%. Besides, samples prepared by latex mixing only performed
best with an increase of about 7 orders of magnitude as compared to direct blended compo-
sites. They also showed a very low percolation threshold of less than 1 vol%. TEM pictures
presented in Fig. 29 help to understand this phenomenon.

Figure 29a shows samples prepared through latex assembly. Segregated morphology can
be observed with rGO platelets being arranged in circular shapes at the periphery of the elas-
tomer latex particles, forming a network. On the contrary, samples that have been homoge-
nized in a twin-roll mill show rather homogenous dispersion with orientation of the fillers
along the milling direction (Fig. 29b). The formation of a conductive path in the segregated

Figure 28. Electrical conductivity of rGO/NR composites prepared according to different methods. Latex:
direct latex blending, TR: twin-roll mill mixing, Latex-TR: latex blending followed by twin-roll mill homoge-
nization, and HM: HAAKE mixing. Adapted from.167
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morphology is responsible for the higher electrical conductivity of the corresponding com-
posites. Filler orientation also plays a significant role in reducing the percolation threshold
and increasing electrical conductivity of the resulting material.168–171 Higher electrical con-
ductivities are achieved when fillers are interconnected. Random dispersion is thus often
preferred to aligned platelets since there is a greater probability of platelets coming in contact
with one another. Functionalization of the fillers may also be a means to increase electrical
conductivity through improving dispersion and creating a stronger filler–matrix interface.172

Combining different conductive fillers is also sometimes reported in the literature.173 Out-
standing electrical properties of graphene are thus of great interest in creating electrically
conductive elastomer composites. Applications are numerous. Boland et al.,174 for example,
reported the use of graphene-rubber composites as strain sensors to monitor body motion.

3.4.3 Dielectric properties
Macromolecular dynamics can be studied through dielectric measurements. Hence, informa-
tion on intermolecular motion as well as dipolar rotations can be evidenced from the dielec-
tric relaxation spectrum. Most studies report an increase in dielectric permittivity of the
composite upon addition of conductive fillers. Romasanta et al.175 compared CNTs and rGO
sheets in a PDMS matrix and observed a six-fold and ten-fold increase in the dielectric con-
stant for reduced GO-based and CNTs-based composites, respectively. This difference may
be due to the presence of some functional groups on rGO surface that reduce polarization
process and thus improve the polymer–matrix interface. Several other groups performed
dielectric studies on GBMs/rubber composites. Parameters affecting dielectric properties
were found to be the loading, morphology, size, and dispersion state of the fillers, as for
most of the properties of such composites.176–181

4. Summary and perspectives

Graphene is a promising nanomaterial that shows outstanding mechanical, thermal, electri-
cal, and barrier properties. It is however hard to obtain perfect, defect-free graphene.

Figure 29. TEM images of rGO/NR composites prepared through (a) latex mixing and (b) latex assembly
followed by twin-roll mixing. Adapted from.167
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Methods such as chemical vapor deposition have proven to be efficient in growing single
layers of high-quality graphene on very small surfaces, thus limiting its applications to nano-
electronics and lab-scale research. Other techniques such as oxidation/reduction of graphite-
based fillers enable the production of much larger quantities of graphene-like sheets at lower
costs. However, the latter materials usually present many defects like disruption of the conju-
gated p system, leading to inferior electrical properties. Such GBMs anyhow retain some
interesting features of graphene such as relatively high mechanical and barrier properties
and can thus be of great interest for use as fillers in polymers. Due to differences of several
orders of magnitude in terms of mechanical, thermal, and electrical properties, significant
effect of these nanofillers upon incorporation in polymeric materials such as elastomers can
be expected. Several studies have shown the influence of the incorporation of GBMs in sev-
eral elastomers on mechanical, thermal, electrical, and barrier properties of the composites.
Several parameters affecting these enhancements were highlighted. Intrinsic characteristics
of GBMs such as size, shape, and aspect ratio were proven to be of significant impact as well
as processing conditions. Morphologies of the corresponding composites were observed to
be affected by the process. Moreover, filler orientation was shown to be a key issue in perme-
ability enhancement while the formation of a filler network inside the matrix was evidenced
to be of major importance for electrical conductivity issues. In future, one challenge will be
the production of inexpensive graphene-based composites at industrial scale from graphitic
fillers which will require new processing techniques able to prepare stacks of graphene sheets
with lower thicknesses and higher specific areas than the usual commercial graphitic fillers.
In that frame, homogenous dispersion of GBMs in elastomers is also crucial for obtaining
optimal thermal, electrical, and mechanical properties. Functionalization of graphene-based
sheets was proven to be of significant interest to improve the filler dispersion and exfoliation
in the matrix whereas they display inferior properties such as electrical conductivity. That is
why other efforts should be made to exploit GBMs at nanoscale by creating a structural orga-
nization of graphene sheets ensuring lower percolation threshold.
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