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ABSTRACT

The microstructure and mechanisms of reinforcement have been investigated in
nanocomposites consisting of graphene nanoplatelets (GNPs) in natural rubber
(NR). Nanocomposites with four different loadings of three different sized
GNPs were prepared and were bench-marked against nanocomposites loaded
with N330 carbon black. The microstructure of the nanocomposites was char-
acterised through a combination of scanning electron microscopy, polarised
Raman spectroscopy and X-ray computed tomography (CT), where it was
shown that the GNPs were well dispersed with a preferred orientation parallel
to the surface of the nanocomposite sheets. The mechanical properties of the
nanocomposites were evaluated using tensile testing, and it was shown that, for
a given loading, there was a three times greater increase in stiffness for the
GNPs than for the carbon black. Stress transfer from the NR to the GNPs was
evaluated from stress-induced Raman bands shifts indicating that the effective
Young’s modulus of the GNPs in the NR was of the order of 100 MPa, similar to
the value evaluated using the rule of mixtures from the stress—strain data.
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reinforce elastomers such as natural rubber for more
than 100 years, giving rise to improvements in

Introduction

Elastomers are used widely for various applications
in many engineering sectors including automotive,
aerospace, packaging and healthcare among others.
This is based upon their wide range of attributes that
include their ease of deformation at ambient tem-
peratures, heat resistance and exceptional elongation
and flexibility before breaking. Carbon-based nano-
materials such as carbon black have been used to

properties such as stiffness, strength and wear resis-
tance [1-3]. More recently, high-performance elas-
tomeric nanocomposites have been produced
through the incorporation of other different types of
inorganic fillers such as silica nanoparticles, layered
silicates, multi-walled carbon nanotubes and other
nanomaterials [4-11].
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There is currently a great deal of interest in the
properties of graphene and other 2D materials
[12-14]. It is well established that the Young’'s mod-
ulus of graphene is more than 1 TPa and it also has
the highest level of strength ever measured for a
material of over 130 GPa [15]. It is therefore not
surprising that once graphene-based materials, such
as graphene oxide and graphene nanoplatelets,
became available in bulk, they would be considered
for use in nanocomposites [16-21], with elastomers
being obvious candidates as matrix materials. There
are a number of reports of the reinforcement of dif-
ferent types of elastomer through the addition of
graphene-based materials [22—40] that have recently
been reviewed in detail by Papageorgiou et al. [41].
Although significant improvements in mechanical
properties have been reported for graphene-rein-
forced elastomers, the mechanisms of reinforcement
are still not yet fully understood.

In this present study, we have undertaken a
detailed study of the mechanisms of reinforcement of
natural rubber by graphene nanoplatelets. This has
been undertaken by compounding natural rubber
with different loadings of nanoplatelets of three dif-
ferent lateral dimensions and bench-marking these
materials against natural rubber with different load-
ings of carbon black. The microstructure of the
nanocomposites has been analysed using a range of
state-of-the-art techniques such as polarised Raman
spectroscopy [42, 43] and X-ray computed tomogra-
phy [44-46] to give a unique insight into the
microstructure of the materials. The effect of the
different loadings of the nanomaterials upon the
mechanical properties of the natural rubber has been
evaluated. Stress transfer from the natural rubber
matrix to the nanoplatelets has also been followed
from stress-induced Raman band shifts during in situ
deformation. This, along with the detailed
microstructural analysis, has now enabled the
mechanisms of reinforcement to be analysed in detail.

Experimental
Materials

The XG graphene nanoplatelets (termed GNPs) were
purchased from XG Sciences Inc. Lansing, Michigan,
USA, and used as received. Three types of Grade-M
particles were employed with lateral diameters of
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5 pm, 15 pm and 25 pm (designated as M5, M15 and
M25, respectively). The thicknesses of all the flakes
were quoted by the manufacturer to be in the range
6-8 nm (i.e. around 20 graphene layers). A carbon-
based nanomaterial often used to reinforce elas-
tomers, high-abrasion furnace HAF N330 carbon
black (CB) supplied by the Berwin Polymer Process-
ing Group, Duckinfield, UK, was employed for
comparison with the GNPs.

The grade of natural rubber (NR) used was SMR
CV60 (Standard Malaysian Rubber, Mooney-Viscos-
ity ML (1 + 4, 100 °C) of 60). It was purchased from
Astlett Rubber Inc., Oakville, Ontario, Canada, and
used as received. All the additives involved in the
rubber processing, zinc oxide, stearic acid, CBS
accelerator and sulphur, were of analytical grade and
used as received.

Preparation of GNP and CB natural rubber
nanocomposites

The rubber mastication was conducted with a Bridge
two-roll mill (manufactured by David Bridge & Co.
Ltd) using the formulations listed in Table 1. Nomi-
nal loadings of 0, 5, 10, 15, 20 phr of the three dif-
ferent types of GNP and N330 CB were incorporated
into the natural rubber matrix. Before the mixing,
pieces of the rubber were pre-heated at 60 °C in an
oven for 30 min to enable decrystallisation. The two-
roll mill was set to a speed of 22 rpm with a friction
ratio of 1.5:1 and a nip gap of 1 mm. For each batch of
material, 200 g natural rubber was put in the two-roll
mill and formed a sheet adhering to the surface of
one of the rolls. When the rubber sheets became
warm and sticky under rolling compaction, zinc
oxide, stearic acid and CBS accelerator were added
on to the rubber sheet. This was followed by mixing

Table 1 Formulation of the rubber compounds

Materials Loading (phr®)
SMR CV60 100

Sulphur 3

CBS accelerator 1

Zinc oxide 3

Stearic acid 2.5

GNP and N330 5, 10, 15, 20

? ‘phr’ is a preferred used unit in the rubber industry, abbreviation
for “parts per hundred rubber”
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for 10 min, during which time the rubber sheet was
cut from one side and folded to the other side to
achieve a good dispersion. Subsequently, the GNP or
CB powder was gradually incorporated into the
compound and followed by a similar mixing proce-
dure for a time depending on the amount of additive.
Finally, the sulphur was blended into the compound,
with further mixing to achieve a uniform dispersion
of all the additives in the natural rubber matrix and
the mixing time was controlled to avoid the occur-
rence of premature vulcanisation.

The compounds were then cut into amounts cor-
responding to the designed mould dimensions and
hot pressed in a metal mould into sheets (~2.5 mm
thick) in a Collin platen press (Platenpress P 300
P/M). The vulcanisation proceeded at a temperature
of 160 °C for 10 min under a hydraulic pressure of
30 bar.

Thermogravimetric analysis (TGA)

The actual fractions of GNP and CB in all the
nanocomposites were determined by thermogravi-
metric analysis (TGA) in a TA Instruments Q500
TGA. The temperature range was set from room
temperature to 800 °C using a heating rate of 40 °C/
min in an atmosphere of nitrogen. The amounts of
processing additives were presumed to be identical
in the pure natural rubber and all the nanocompos-
ites in determination of the mass fractions of the
GNPs and CB in the rubber.

Scanning electron microscopy

The scanning electron microscopy (SEM) images of
the GNPs and rubber nanocomposites were acquired
using an EVO60 VPSEM (Zeiss) operated at 8-10 kV.
The GNP particles and N330 CB were sprinkled on
aluminium stubs before examination. SEM images of
carbon black were obtained using a higher resolution
XL 30 FEG Philips operated at 10 kV, the samples
being coated with Au/Pd alloy before analysis. The
microstructure of the nanocomposites was evaluated
from low-temperature fracture surfaces. The samples
were immersed into liquid nitrogen and broken by
hand to produce well-defined brittle fracture sur-
faces. They were subsequently coated with Au/Pd
alloy to render them conductive before being exam-
ined in the SEM.
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Raman spectroscopy

Raman spectra were obtained from the materials
using a Renishaw 2000 of Raman spectrometer with a
laser length of 633 nm and a x50 objective lens in the
microscope, giving a spot size of the order of 2 um.
The GNP and N330 CB particles were characterised
from small clusters on glass slides. Raman spectra
were also obtained from the low-temperature frac-
ture surfaces of the nanocomposites.

The spatial orientation of graphene in rubber
compound was determined as described before
[42, 43]. In the orientation test, the Raman laser was
aligned perpendicular to one surface of the rubber
(either along the X or the Z axis as in Fig. 1), with the
incident and scattered radiations polarised parallel to
each other. The rotation angle in X and Z axis are
denote as ®x and @y, respectively. The Raman G
band of graphene was recorded, and its intensity as
the function of the rotation angle ®x or @ is shown
in Fig. 1. On the basis of the parameters determined
from the orientation study, the orientation distribu-
tion function (ODF) of graphene in the rubber can be
estimated. The angle between the surface normal of
each graphene flake and the reference normal of the
rubber piece is defined as 0, as illustrated in Fig. 2 in
Ref. [43]. For example, if a graphene flake is in the
plane of the rubber sheet, then 0 = 0.

The shifts of the Raman 2D band in the GNP/NR
nanocomposites with strain were determined for the
highest loadings (20 phr) of each type of GNP. This
was undertaken using a tensile rig to clamp the
rubber strip specimens and provide a static tensile
force. The strain was determined from the change in
separation of the grips. A VN laser polarisation
configuration (vertically-polarised incident light and
unpolarised scattered light) was used and the laser
beam focused on individual flakes exposed on the
surface of each specimen. Spectra were obtained at
static strains of 0, 30, 40, 60, 80, 90, 120 and 160%. At
least 8 different specimens were tested for each of the
GNP/NR materials.

X-ray computed tomography

Samples for X-ray CT were prepared using a Leica
Ultracut UC6 Ultramicrotome. Sections of the moul-
ded sheets were sandwiched between two alu-
minium plates for cutting and were microtomed at an
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Figure 1 Experimental arrangement for the study of GNP orien-
tation using Raman spectroscopy.

angle along three directions, leaving the moulded
surface face intact.

Nanoscale X-ray CT data were acquired on a Zeiss
Xradia Ultra 810 instrument, which employs a fixed
energy of 5.5 keV (Cr target). Projections for each
sample were acquired in phase contrast and ‘large
field of view’ mode with a 30 s exposure time, 801
projections and a pixel size of 128 nm. The series
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were reconstructed with a filtered back projection
reconstruction through the Zeiss XMReconstructor
software (version 9.1.12862).

All visualisation and thresholding was performed
in the Avizo software package (version 9.1.1). Seg-
mentation was performed through global thresh-
olding (at different intensity values for each
reconstruction), followed by removal of ‘islands’ of
volume less than 500 pixels. The surface area and
the orientation of each flake were calculated through
use of the Avizo ‘Label Measures’. To calculate the
orientation of each flake, the angles corresponding
to the ‘length’, the longest flake dimension (calcu-
lated over 91 angles in 3D), and the ‘breadth’, the
longest flake dimension perpendicular to the
‘length’ (calculated over 90 angles in the plane
perpendicular to the length), were first obtained.
The polar angles of the direction perpendicular to
the ‘length’ and ‘breadth’, corresponding to the
direction normal to the flake’, was calculated by
taking the cross-product of unit vectors at the angles
corresponding the ‘length’ and ‘breadth’ for each
flake. The angle between the normal to the flake and
the normal to the pressed surface was obtained by
calculating the dot-product of the unit vector cor-
responding to each direction.

Figure 2 SEM micrographs of the particles, a M5, b, M15, ¢ M25 and d N330 carbon black.
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Mechanical testing

Tensile testing was undertaken using an Instron-1122
universal testing machine. The specimens were pre-
pared by cutting the 2.5-mm-thick sheets into a
dumbbell shape with a gauge length of 25 mm and a
width of 4 mm. Prior to testing, the specimens were
conditioned by being placed in a climate-controlled
laboratory for 24 h at a temperature of 23.0 & 0.1 °C
and a relative humidity of 50 £ 5%. For each for-
mulation, five specimens were tested and deformed
at a crosshead speed of 500 mm/min until fracture.
The strain was measured from the change in grip
separation.

Hardness testing

The hardness tests were conducted using a Shore A
durometer (Duratool 59-500-000 Durometer Shore
‘A’ Scale, manufactured to the standards DIN
53505/ASTM D2240). The durometer was held in a
vertical position with the indenter point at least
12 mm from the specimen edge, followed by the
pressure foot being applied to the specimen as
rapidly as possible, without shock. The hardness
values were obtained from the stop hand retained at
the hardness reading. The tests were undertaken at
23°C £ 2°C, and 5 specimens were measured for
each composition using the procedure detailed
above.

Results

Characterisation of the GNPs and carbon
black

Scanning electron microscopy (SEM)

Scanning electron micrographs of the three differ-
ent types of GNPs and of the N330 carbon black
are shown in Fig. 2. It can be seen that the GNPs
have a high aspect ratio with a systematic increase
in flake size going from M5 to M15 to M25. The
morphology of the N330 is, however, quite differ-
ent consisting of agglomerates of nano-sized par-
ticles of the order of 30-35 nm in diameter, near to
the resolution limit of the scanning electron
microscope.
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Raman spectroscopy

Representative Raman spectra of the three types of
GNPs, carbon black and natural rubber are presented
in Fig. 3a. It can be seen that the GNPs all show a
weak D band and well-defined G and 2D bands
indicative of a graphitic structure. In contrast, the
N330 carbon black has two very broad and overlap-
ping D and G bands and no 2D band, consistent with
a highly-disordered amorphous carbon structure. No
well-defined Raman spectrum can be obtained from
the natural rubber, and it shows only a very broad
peak resulting from background fluorescence. Raman
spectra for the NR filled with 20 phr of the three
different types of GNPs are shown in Fig. 3b. It can
be seen that they appear similar to the spectra for the
GNPs in Fig. 3a, but the relative intensity of the D
band is slightly higher than in the spectra of the
GNPs before processing. There is also a fluorescent
background from the rubber matrix. The spectrum
obtained from the carbon black in the natural rubber
was similar to that for the carbon black alone, but had
broader D and G bands.

Characterisation of the nanocomposites
Thermogravimetric analysis (TGA)

Thermogravimetric analysis was undertaken to
determine the actual compositions of the natural rub-
ber nanocomposites since the processing method
employed inevitably involves some loss of filler
material. In addition, there were also other additives
in the rubber (see Table 1) that needed to be taken into
account. The mass fractions of the GNPs and carbon
black in the natural rubber determined from TGA are
summarised in Table 2. The volume fractions, calcu-
lated using the appropriate densities of the rubber,
filler and additives are also given in the Table.

Scanning electron microscopy

The distribution and orientation of the GNPs and
carbon black in the natural rubber was evaluated
firstly using SEM of samples of the fractured rubber
sheets after immersion in liquid nitrogen. Examples
of the fracture surfaces for the materials loaded with
15phr of the fillers are given in Fig. 4. Flakes of the
GNPs can clearly be seen to be well distributed in the
natural rubber matrix and protruding from the surfaces
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Figure 3 Raman spectra of (a) . . : (b) : : :
the materials studied. G 2D 20 phr
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Table 2 Mass fractions of the GNPs and carbon black in the
natural rubber determined from thermogravimetric analysis, along
with the estimated volume fractions

Material Mass fraction (%) Volume fraction (%)
NR 0 0

MS5 5 phr 3.55 +£0.35 1.57 £ 0.15
MS5 10 phr 7.10 £ 0.41 3.22 + 0.18
M5 15 phr 10.64 £+ 0.35 492 + 0.15
M35 20 phr 14.19 + 0.06 6.71 + 0.03
MI15 5 phr 3.18 £ 0.19 1.41 + 0.08
M15 10 phr 7.34 + 0.32 333 +0.14
M15 15 phr 10.76 £+ 0.17 4.98 £+ 0.07
M15 20 phr 13.31 £ 0.58 6.26 + 0.25
M25 5 phr 3.70 &+ 0.14 1.64 + 0.06
M25 10 phr 6.88 + 0.30 3.11 £ 0.13
M25 15 phr 10.21 £ 0.24 471 £ 0.10
M25 20 phr 13.21 + 0.09 6.21 + 0.04
CB 5 phr 3.64 +0.14 1.97 £+ 0.08
CB 10 phr 7.44 £ 0.18 4.10 + 0.10
CB 15 phr 11.27 £ 0.12 6.32 &+ 0.06
CB 20 phr 14.67 + 0.08 8.38 &+ 0.04

for the M5, M15 and M25 materials, whereas the frac-
ture surface for the sample containing the N330 NBR is
much smoother and sub-micron-sized clusters of car-
bon black agglomerates can just about be resolved in
the surface features. Preferred alignment of the GNPs
in the plane of the sheets (horizontal) can also be seen in
Fig. 4a—c. Representative fracture surfaces of the unfil-
led rubber and 5, 10 and 20 phr of the GNPs and carbon
black showing similar characteristics are also presented
in the Supplementary Information.

Polarised Raman spectroscopy

Since the fracture surfaces of the GNPs nanocom-
posites showed preferred alignment of the GNPs,

E
Raman wavenumber (cm™)

polarised Raman spectroscopy was employed to
quantify the level of orientation of the GNPs in the
nanocomposites. The results of this analysis are
shown in Fig. 5 where the measurements of the
intensity of the G band as a function of orientation
rotating each specimen around the Z and X axes are
presented for the natural rubber with 20 phr of the
three different GNPs. It can be seen that in each case
there is no change in intensity during rotation of the
specimen about the Z axis (perpendicular to the
sheet), implying no preferred orientation of the GNPs
in the X or Y directions (illustrated in Fig. 1). In
contrast, it can be seen that in each case the intensity
of the G band decreases with increasing angle of
rotation when the specimens were rotated about the
X axis (similar behaviour was found for rotation
about the Y axis). This implies that GNPs tend to be
aligned in-plane within the natural rubber sheets. It is
possible to quantify this level of orientation from the
values of (P,( cos 0)) and (P4( cos 0)) [42] fitted to the
data in Fig. 5, and they are also given on the plots. It
can be seen that (P»( cos 0)) and (P4( cos 0))decrease
going from M5 to M15 to M25 implying a lower
degree of orientation for the larger GNPs, possibly as
a result of the presence of folds and loops in the
larger particles (see next). It should be pointed out
that (P»( cos 0)) =1 for perfect alignment and (P
(cos 6)) = 0 for random orientation [43]. The value
of (P( cos 0)) was found to be in the range 0.2-0.7 for
all the 12 GNP nanocomposite samples studied (5, 10,
15 and 20 phr of M5, M15 and M25 GNPs), showing a
general preferred in-plane alignment of the nano-
platelets. No systematic trend could, however, be
found with either the level of loading or particle size.
This is most likely due to the fact that the size of the
Raman laser spot (~2 um) is of the same order of
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Figure 4 SEM micrographs of fracture surfaces of the nanocomposites at 15 phr loading.

magnitude as the lateral size of the GNPs. A large
number of orientation measurements would there-
fore have to be made on each sample to obtain sta-
tistically significant results.

X-ray computed tomography

X-ray computer nanotomography was also used to
characterise the distribution and orientation of the
GNPs in the nanocomposites as shown in Fig. 6. It can
be seen that the GNPs are well distributed within the
rubber matrix with preferential alignment, as seen in
the SEM micrographs. Moreover, the nanotomogra-
phy technique gives unprecedented detail of the
morphology of the GNPs showing that many are bent
into loops, although their overall dimensions are
consistent with their nominal size specifications. More
detail of the distributions of the GNPs throughout the
samples can be seen in stills, and in the movies of the
slices through the nanocomposites in the Supplemen-
tary Information, along with volume rendered images.

Mechanical properties
Stress—strain behaviour

Stress strain curves for all the materials studied are
given in Fig. 7. Five stress-strain curves were
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obtained for each loading level for each type of filler,
and representative ones are presented. Overall the
addition of the GNPs and carbon black can be seen to
increase the stiffness of the materials significantly.
Natural rubber has a relatively high inherent
strength, because of its tendency to strain crystallise,
and none of the fillers appear to increase its strength.
The strength of the natural rubber appears to be
maintained for the M5 and CB fillers but decreases
somewhat in the case of the addition of the larger
M15 and M25 GNPs. It may be possible, however, to
the increase strength using functionalised fillers that
improve the strength of the rubber-filler interface. In
all cases, the strain at failure appears to be reduced
by the addition of the different types of filler.

Modulus values

The effect of the addition of the different fillers upon
the stiffness of the rubber is shown in detail in Fig. 8.
Although there does not appear to be large difference
in the overall stress—strain curves between the GNPs
and CB fillers in Figs. 7, 8a shows that for the 20 phr
loading the shapes of the stress—strain curves are
quite different at low strain (<300%). The addition of
the GNPs leads to a significantly higher initial slope
for the stress—strain curve than for the rubber rein-
forced with carbon black, so that the modulus at
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Figure 5 Polarised Raman measurements of the intensity of the G
band as a function of orientation around the Z and X axes for the
natural rubber with 20 phr of a M5, b M15 and ¢ M25 GNPs.

100% strain is more than twice that of the carbon
black loaded material. Similar behaviour was found
for the other levels of filler loading.

The tensile moduli at 100 and 200% strain are
plotted as a function of the volume fraction of fillers
(Table 2) in Fig. 8b, ¢, respectively. The higher levels
of reinforcement achieved with the addition of the
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Figure 6 Slices through CT reconstructed volumes (print—stills;
SI—videos) showing details of structure, distribution and orien-
tation of the GNPs in the natural rubber nanocomposites at 20 phr
loading for a M5, b, M15, ¢ M25. (The surface of the sheet is
horizontal, and the small white spots in the micrographs are from
the zinc oxide added to aid the vulcanization of the rubber).
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Figure 7 Stress—strain curves for the natural rubber containing 5, 10, 15 and 20 phr of a M5, b, M15, ¢ M25 and d N330 carbon black.

Figure 8 Mechanical
properties of the

(a)

nanocomposites.

a Comparison of the stress—
strain curves for the different
nano-fillers at 20 phr loading.
b Tensile modulus at 100%
strain as a function of filler

Stress (MPa)

volume fraction. ¢ Tensile
modulus at 200% strain as a
function of filler volume
fraction. d Shore A hardness
as a function of filler volume
fraction.

E,,, (MPa)
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Figure 9 Mechanical (a)

. Strength
properties of the 304
nanocomposite as a function of
filler volume fraction. E 25+
a Tensile strength and =
b ultimate strain. £ 201

g
= 154
(2}

10

1

T T T T T

GNPs compared with that obtained for the CB at a
given volume fraction can be clearly seen. There also
seems to be a slightly better reinforcement of the
rubber for the M5 GNPs compared with the M15 or
M25 fillers. Another way of looking at the data in
Fig. 8b, c is in terms of the volume fraction of filler
needed for a particular level of modulus. It can be
seen that for a particular modulus value, up to three
times the volume fraction of carbon black is needed
to match that of natural rubber reinforced with the
GNP materials.

Finally the Shore hardness of sheets of the natural
rubber and all materials with different filler loadings
was determined as shown in Fig. 8d and it can be
seen that the measured values of Shore hardness
mirror the dependence of the 100 and 200% modulus
values upon the type and loading of filler shown in
Fig. 8b, c.

Ultimate properties

It was pointed out earlier that since natural rubber
crystallises under stress, it is relatively strong. Fig-
ure 9a shows that the strength is unaffected by the
addition of the carbon black but tends to decrease
slightly on the addition of the GNPs, with the largest
particles giving rise to the highest level of strength
reduction. Figure 9b shows the effect of the addition
of GNPs and CB upon the ultimate failure strain of
the natural rubber. It decreases with filler loading,
with all three GNP materials showing the same
behaviour. In contrast, the addition of carbon black

T
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causes rather less reduction in failure strain, partic-
ularly for the higher volume fractions.

The effect of the different nano-fillers upon the
ultimate properties of the natural rubber appears to
be related to the size of the particles. This implies that
the particles act as defects in nucleating cracks.
Hence, the largest GNP particles, M15 and M25,
cause the highest decrease in strength with increasing
volume fraction (Fig. 9a), whereas the strength
appears to be maintained upon the addition of the
carbon black.

Stress-induced Raman band shifts

Shifts in the position of the 2D Raman band with
strain were determined for the NR filled with the
three different GNP materials, as shown in Fig. 10.
This was a particularly difficult experiment to
undertake as the 2D band is rather ill-defined in the
spectrum as a result of fluorescence from the NR
matrix, as found in Fig. 3b, and the shifts were rela-
tively small. Hence only the materials with the
highest loading of 20 phr of GNPs were employed as
they had the strongest 2D band. Additionally, as the
result of the small band shifts and scatter in the data,
the experiments were undertaken upon at least 8
different specimens for each composition and the
data points in Fig. 10 represent the mean values for
all the specimens used for each type of GNP.
Although there is considerable scatter in the data in
Fig. 10 and relatively large error bars, it appears that
there is a small but significant downshift in the
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Figure 10 Shift of the 2D Raman band with strain for the
nanocomposites with 20 phr of a M5, b M15 and ¢ M25.

position of the 2D band with tensile strain. For each
type of filler, the data were fitted to non-linear
exponential curves that all show an increasing shift
rate as the strain increases.
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Discussion
Microstructure

In this study two techniques, polarised Raman spec-
troscopy and X-ray computed tomography, have
been employed for the first time to characterise the
microstructure of graphene-based nanocomposites.
They have given unprecedented levels of information
about the orientation and distribution of the GNPs in
natural rubber. Even though the individual GNPs are
only of the order of 6-8 nm thick it has been shown
that it is possible to visualise them individually
within the nanocomposites using X-ray CT through
Zernike phase contrast imaging. One feature that is
immediately revealed in the GNPs in Fig. 6 is their
folded and looped structures, as well as multiple
stacking. Overall it appears that the GNPs have not
been fragmented during processing and the align-
ment of the GNPs, approximately parallel to the
surface of the nanocomposite sheets, probably
induced by the hot pressing procedure, is clear. The
level of alignment is also apparent from the polarised
Raman spectroscopy analysis (Fig. 5) which we have
demonstrated can also be quantified in terms of ori-
entation distribution functions using this technique.

It will be shown next how the quantitative assess-
ment of the level of orientation can be used in the
interpretation of the mechanisms of deformation in
the nanocomposites.

Mechanisms of reinforcement

One of the simplest methods of evaluating the rein-
forcement achieved in nanocomposites is the ‘rule of
mixtures’ [47] whereby the Young’s modulus of the
nanocomposite E. is given by the relationship

Ec :Efvf+Emvm (1)

where E¢, E,, are the effective modulus of the filler
and the modulus of the matrix, while V¢ and V., are
the volume fractions of the filler and the natural
rubber matrix. The value of the effective modulus of
the fillers can be determined directly from the slopes
of the lines in Fig. 8c for the modulus values at 100%
strain. The derived values of E; for the different GNPs
and carbon black are given in Table 3, and it can be
seen that Ef is significantly higher for the GNPs than
the carbon black.
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Table 3 Modulus at 100%
strain for the natural rubber NR N330 M5 MI15 M25
ites f

and nanocomposites for a Eygo at Vs = 5% (MPa) 0.81 & 0.04 136 4 0.08 3.55+0.18 278 +£0.16 2.74 + 0.16
volume fraction of 5% filler
determined from Fig. 8¢ Er (MPa) B i 53 39 39

& o - - 0.825 0.725 0.670

E.ir (MPa) - - 67 + 15 54 + 11 58 + 12

E; is the modulus of the filler determined using the rule of mixtures, 7, is the Krenchel orientation

factor determined from the parameters in Fig. 5, and E. is the effective modulus of the graphene

determined using Eq. (2)
# Data for unfilled NR

Table 4 Shift of the 2D

Raman band determined for

each of the GNP
nanocomposites at 100% strain

M5 M15 M25
Band shift at 100% strain (cm™") —0.85 £ 0.29 —1.71 £ 0.58 —0.71 £ 0.24
E.¢r (MPa) 150 + 50 300 + 100 125 £ 40

As mentioned earlier, the orientation and size of a
platelet-like filler plays a major role in the reinforce-
ment, and for this reason a modified rule of mixtures
has been proposed [43]:

Ec = Eeffvf’/lonl + Emvm (2)

where E.¢ is now the effective modulus of the GNPs
and 7, is the Krenchel orientation factor which
depends on the average orientation of the filler with
respect to the applied stress. The parameter #; is the
length distribution factor and takes values between 0
and 1. It is possible to take into account the effect of
orientation to determine the effective modulus of the
GNPs by dividing E¢ by #, determined from the ori-
entation parameters in Fig. 5 [43] and the values of
Eo¢ determined (assuming at this stage #; = 1) are of
the order of 60 MPa as shown in Table 3.

The effective modulus of the graphene can be also
be estimated completely independently from the
stress-induced Raman band shifts shown in Fig. 10. It
is well established [17] that the 2D bands of a gra-
phene monolayer with a Young’s modulus 1050 GPa
[15] will undergo a shift of —60 cm™"' when deformed
to a strain of 1%. This observation allows the effective
modulus of any type of graphene under tensile stress
to be determined in a variety of microstructures,
including nanocomposites, from stress-induced shifts
of the 2D band. The effective modulus of the GNPs in
the nanocomposites is therefore given by

dsz 1050
EP—Y GPa (3)

Eett = —

where —dw,p/de is the shift rate of the 2D Raman
band in the nanocomposite in cm™'/ % strain. The
shift rates measured for the nanocomposites in this
present study were very small, as can be seen in
Fig. 10, typically around —1 cm™' for 100% strain
(Eegs ~ 175 MPa), indicating that the effective mod-
ulus of the GNPs in the NR is relatively small com-
pared with that of pristine graphene (1050 GPa). The
2D band shifts for the GNPs at 100% strain measured
for the nanocomposites with 20 phr of GNPs are lis-
ted in Table 4 and the values of E. calculated using
Eq. (3) are given in the Table. It can be seen that the
derived values of E.¢ are in the range 125-300 MPa,
but there is considerable scatter in the data.

It is interesting to consider why the Raman analysis
gives a higher value of effective Young’s modulus of
the GNPs in the NR than the mechanical testing data,
and why both values are many orders of magnitude
lower than the value of 1050 GPa for pristine gra-
phene [15]. The Raman measurements were made
upon individual exposed GNP flakes under stress in
the nanocomposites, whereas the mechanical data
were obtained for the deformation of the whole
nanocomposite. We have not so far taken into
account any length effects that will reduce the effec-
tiveness of the reinforcement by the GNPs (; < 1).
The difference between the values of E ¢ determined
using the two techniques could be rationalised
through using a value of #; of the order of 0.3 for the
values determined by mechanical testing.

@ Springer



9570

In any case, both effective modulus values are 4
orders of magnitude lower than that of the pristine
graphene. This indicates that although impressive
levels of reinforcement can be obtained through the
use of GNPs in NR, stress transfer from the NR to the
GNPs that takes place through the NR/GNP interface
by shear of the low modulus NR matrix [48] is rela-
tively inefficient. This means that the full potential of
reinforcement by the GNPs is difficult to achieve in
such soft systems.

Conclusions

A new insight has been found into the microstructure
and mechanisms of reinforcement in natural rubber
reinforced with graphene nanoplatelets. The use of
state-of-the-art techniques such as polarised Raman
spectroscopy and X-ray CT has enabled detailed
information to be obtained about the orientation and
microstructure of the GNPs in the nanocomposites.
Some of the GNPs were found to be in folded and
looped structures, and multiple stacking of the
nanoplatelets was sometimes observed. It has also
been found that the GNPs were not fragmented
during processing and that there was alignment of
the GNPs approximately parallel to the surface of the
nanocomposite sheets, probably as a result of the hot
pressing procedure employed during processing.

It has been demonstrated that for a given loading
of filler in natural rubber, the GNPs can give up to a
three times better increase in stiffness than N330
carbon black. Since natural rubber is a relatively
strong elastomer, its strength was not increased by
the addition of the GNPs. Stress transfer from the
natural rubber to the GNPs has been determined
from stress-induced Raman band shifts. Although
these shifts are relatively small, it has been shown
that the effective Young’s modulus of the graphene is
of the order of 100 MPa. This was shown to be con-
sistent with that determined from the analysis of the
stress—strain data from tensile testing. This value of
effective Young’s modulus is, however, four orders of
magnitude less than the generally accepted value of
1050 GPa for monolayer graphene. It has been pro-
posed that this discrepancy is primarily the result of
the inefficiency of stress transfer from the low mod-
ulus natural rubber matrix to the high-modulus filler
by shear at the GNP/NR interface.
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Supplementary information

Scanning Electron Microscopy (SEM): fracture surfaces
of the natural rubber, fracture surfaces of the
nanocomposites with different loadings of N330
carbon black, fracture surfaces of the nanocomposites
with different loadings of GNPs. X-ray Computed
Tomography: slices through CT reconstructed volumes
showing details of structure, distribution and orien-
tation of the GNPs, artificially coloured volume ren-
derings of the individual segmented GNP flakes,
videos of Fig. 6a—c.
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