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Graphene nanoplatelets/epoxy nanocomposites were prepared using a high shear toroidal
mixer as dispersion technique. Suitable dispersions were obtained. Several graphene nano-
platelets, with different thickness and lateral dimensions, were added in order to analyze
the influence of these parameters in the final properties. An important nanofiller concen-
tration gradient was found from the top to the bottom in nanocomposites reinforced with
large nanoplatelets due to a natural deposition by gravity. This phenomenon is not appre-
ciable when the nanoplatelets size decreased. However, the small nanoplatelets have a
greater tendency to agglomerate in packages of several parallel particles. In general, graph-
ene nanoplatelets addition caused an increment in glass transition temperature, stiffness
and thermal stability compared to the epoxy resin. However, it was also found that graph-
ene nanoplatelets dimensions significantly affect to these enhancements. Nanocomposites
reinforced with larger and thicker nanoplatelets presented lower glass transition temper-
ature, higher modulus and higher decomposition temperature.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Graphene is a two-dimensional material consisting of
sp2-hybridized carbon atoms arranged in a honeycomb
structure. When this material is constituted by a unique
hexagonal atoms plane, it is named graphene sheet, while
graphene nanoplatelets refer to particles with a nanomet-
ric thickness, in the range of 3–100 nm (GNPs) [1]. The car-
bon atoms are strongly bonded in a hexagonal plane but
weakly bonded normal to the plane. Nowadays, the use
of these materials as polymer fillers is being widely studied
[2–4]. It is expected that graphene reinforced polymer
composites show important improvements in their
mechanical properties, electrical and thermal conductivity
and other thermophysical properties [5,6]. Another advan-
tage is that the 2-dimensional nanoplatelet can increase
the gas permeation resistance of polymer composites [7].
These improvements can be maximized when graphene
is exfoliated in an isolated layer and the morphology of
the composites is tailored as dispersed and stretched par-
ticles in order to obtain the highest aspect ratio.

Great efforts have been made in processing of graph-
ene/polymer composites. The van der Waals forces are
the main problem of graphene dispersion and, conse-
quently, the p–p inter-planar stacking. Most of the pro-
cessing techniques are based on graphene solutions or
dispersions, either in water or organic solvent [8]. How-
ever, one of the main challenges to achieve the large-scale
potential for technological and engineering applications is
to homogeneously disperse thin graphene nanoplatelets
within the polymer matrix. Micro-mechanical dispersion
and exfoliation can help to motivate research towards a
scalable procedure without using intercalants. Following
the developed methodology for manufacturing carbon
nanotube reinforced polymers, calandering technique
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using the three-roll mill has been used in graphene/poly-
mer composites processing [9]. Suitable dispersions have
been reported for composites with epoxy matrices [10–
12]. Another technique, less studied than the previous
one but also based on shear micromechanical forces, is
the high shear-speed mixing. No research has been found
about the use of this technique in the manufacturing of
graphene/epoxy composites. Its main advantage is its
capability of being industrially scaled up. Also, it is probed
that it allows obtaining nanofillers homogeneous disper-
sions, as in the case of carbon nanotubes [14,15]. Both of
the techniques are based on applying high shear forces
and therefore, it is necessary to carry out a deep study of
the composites morphology, determining the final thick-
ness and exfoliation degree of graphene nanofillers, their
spatial arrangement (wrinkling or stretched) and the mor-
phology of the composite, elucidating that way the disper-
sion and distribution of nanoplatelets (stacked or
agglomerated).

Similar to previous researches about carbon nanotubes
reinforced composites, the effect of numerous experimen-
tal conditions on the morphology and behavior when using
graphene as nanofiller is not clear. Different results, even
conflicting, have been published [2–4]. These differences
may be associated to differences in the source and produc-
tion of graphene nanofillers, e.g. mechanical milling of
graphite, thermal or chemical reduction of graphene oxide,
and differences in the nanocomposite manufacturing tech-
nique used. In this work, in addition to the effectiveness of
the manufacturing technique, the effect of GNPs size and
thickness is studied, by using nanofillers from the same
source. This research is complementary to other previous
published works [13,16,17].
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2. Experimental

2.1. Materials

Three different types of GNPs (manufactured by Chem-
ical Reduction) were purchased in Graphene Supermarket
[18] and their main featured are shown in Table 1. The
epoxy matrix is based on a monomer called Araldite
LY556, which is cured with an aromatic amine Araldite
XB3473 in a 100:23 M ratio. The epoxy monomer is based
on diglycidyl ether of bisphenol A (DGEBA) and the amine
hardener is based on aromatic amines. Both components
were provided by Huntsman.
2.2. Fabrication of composites

The composites were manufactured by applying high
shear mixing (Dispermat AE). The experimental procedure
Table 1
Main features of graphene nanoplatelets.

Graphenic
nanoplatelets type

Purity
(%)

Specific surface area
(m/g2)

Average flake
thickness (nm)

A02 99.9 100 8
A03 99.2 80 12
A04 98.5 <15 60
consisted of mixing GNPs into the neat epoxy monomer by
a high-speed mixer at 6000 rpm for 15 min, reaching the
optimum Doughnut effect. By reaching this Doughnut ef-
fect, the mixture flows moving downwards and upwards
to the disc in a circular path. This movement provokes
the appearance of areas with high and low stress what is
advantageous in the way mixture is subjected to different
efforts and the agglomerates are dispersed. Another advan-
tage of the employed method is its scalability to industrial
applications. Afterwards, the dispersed mixture was de-
gassed in vacuum at 80 �C for 15 min and a stoichiometric
ratio of the amine curing agent was then added at 80 �C.
The applied curing treatment was carried out at 140 �C
for 8 h. The cured samples were allowed to cool slowly to
room temperature inside the oven. Composites with a
0.5 wt% GNPs content were produced.
2.3. Characterization

The commercial GNPs were characterized by X-ray dif-
fraction (XRD), Scanning and Transmission Electron
Microscopy (SEM and TEM) and Raman spectroscopy.
XRD patterns were captured with a X’Pert PRO difractomer
from Panalytical, using Cu Ka (k = 1.5406 Å) radiation
source operating at a voltage of 45 kV and 300 mA of elec-
tric current. The scanning was taken from 10� to 80� (2h).
SEM micrographs were obtained in a Hitachi S-3400-N
microscope. A Phillips TEM Tecnai 20 microscope of
200 kV was used for TEM characterization. Raman spectra
were recorded with Horiba Jobin–Yvon HR 800 UV and
the excitation wavenumber was 632.8 nm from a He–Ne
laser.

Morphology of composites was studied at different
magnification levels using several microscopes: Optical
(MO), Field Emission Gun Electron Scanning (FEG-SEM,
Nova NanoSEM FEI 230) and Transmission Electron
Microscopy (TEM, Phillips Tecnai 20). Optical microscopic
analysis was carried out in a Leica DMR Optical Micros-
copy. Images were treated with a RGB mask ‘‘white on
black’’ in order to enhance contrast between filler and ma-
trix, using Image-Pro Plus software. For electron micros-
copy, samples were cut by cryomicrotomy. In addition,
the obtained film was coated with a thin layer (5–10 nm)
of Au (Pd) for FEG–SEM observation. The experimental
conditions of the sputtering were 30 mA for 120 s (Bal-
tec, SCD-005 sputter).

Thermal and thermomechanical behavior of compos-
ites was studied by differential scanning calorimetry
(DSC), dynamic mechanical thermal analysis (DMTA)
and Thermogravimetry analysis (TGA). DSC measure-
ments were carried out in a Mettler Toledo mod. 821
apparatus, calibrated with indium and zinc. DSC test
Number of
layers

Average particle lateral
dimension (nm)

ID/IG
Raman

20–30 550 (150–3000) 0.3319
30–50 4500 (1500–10000) 0.0334
150–250 3000–7000 0.1421
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was carried out following the corresponding standard
ISO 11357-2. Two scans were carried out at a heating
rate of 10 �C/min from 20 to 300 �C. The amount of
sample is in the range of 5–10 mg. Glass transition tem-
perature (Tg) was taken at the middle point of the heat
capacity change. DMTA was performed following the
standard D5418-01, in dual cantilever bending mode
using a DMTA Q800 V7.1 from TA Instruments. All the
experiments were carried at 1 Hz frequency, by bending
deformation, scanning from 20 to 250 �C using a heating
rate of 2 �C/min. The dimensions of samples were
35 � 12 � 1.5 mm3. The maximum of tan d vs. tempera-
ture plots was used to identify the a-relaxation associ-
ated to the glass transition. Finally, TGA measurements
were made in Mettler Toledo TGA/DSC, following the
standard UNE-EN ISO 11358, scanning from 20 to
550 �C using a heating rate of 10 �C/min, with an
amount of sample in the range of 10–15 mg.
3. Results

3.1. Characterization of graphene nanoplatelets

The main goal of this work is to determine the effect of
size and thickness of graphene nanoplatelets on the pro-
cessing, morphology and performance of GNP/epoxy nano-
composites. For this reason, three different commercial
GNPs powders were selected. All these powders were man-
ufactured using the same source and production method-
ology. The difference between them is their morphology,
lateral size and thickness. Table 1 collects their principal
characteristics, supplied by the manufacturer [18]. The
nanoplatelets present different thickness from 8 to
60 nm, which means that the number of graphitic layers
that constitutes each nanoparticle ranges from 20 to 250
layers. In addition, the size of graphitic plane varies from
550 nm to 7 lm. Both features induce changes in the
specific surface area.
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Fig. 1. DRX patterns of graphene powders. E
XRD patterns of the original powders were made in or-
der to confirm their purity and crystalline structure. Fig. 1
shows mentioned XRD patterns, where diffraction peaks
indexing is presented. The high purity of commercial pow-
ders is confirmed. The full width at half maximum (FWHM)
of the peak gives information about the out of plane crys-
talline thickness by making use of the Scherrer equation
[12]. As it is expected, the breadth of (002) peak increases
from AO2 to AO4, indicating a higher number of graphitic
layers per each crystalline nanoplatelet. Representative
micrographs of SEM and TEM are shown in Fig. 2, in order
to confirm differences in lateral dimensions and thickness
of GNPs powders. AO3 and AO4 present similar surface
area in plane while AO2 is smaller. Finally, the thickness
of nanoplatelets is determined by TEM, where it is con-
firmed that AO4 are much thicker than AO2 and AO3.

Finally, the samples were analyzed by Raman spectros-
copy that is a powerful tool to evaluate the crystalline,
nanocrystalline and amorphous degree of graphitic based
materials. Fig. 3 shows the spectra of AO2, AO3 and AO4.
The vibration of sp2-bonded carbon in a 2-dimensional
hexagonal lattice results in a peak at 1590 cm�1 (G-band)
that can be assigned to an E2g mode of graphene
[4,10,18–21]. While vibration of carbon atoms with dan-
gling bond in plane terminations of disordered graphene
is associated to the D-band at 1340 cm�1 (sp3-hybridized
carbons). This band is generally correlated with defects
on graphitic structures derived from vacancies, hepta-
gon–pentagon pairs, kinks, grain boundaries, amorphous
carbon species and presence of heteroatoms [10]. The pres-
ence of D-band is attributed to defects in the disorder-in-
duced modes. Table 1 collects the ID/IG ratio for all used
nanoplatelets. This ratio is very low for AO3 powders,
whose value is 0.033, increasing one order of magnitude,
up 0.1–0.3, for AO2 and AO4, respectively. The high inten-
sity and low peak width of G-band implies regular graph-
ene structures. D-band intensity increases by two main
reasons. The first one is the increase of dangling bonds per-
centage in plane terminations, which occurs in the
60 80

(004)101)
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nlargement of diffraction peak (002).
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Fig. 2. SEM and TEM micrographs of graphene nanoplatelets: AO2 (a and b); AO3 (c and d) and AO4 (e and f).
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smallest nanoparticles, AO2, where the sp2/sp3 carbon ra-
tio is the highest. Another reason is related to the oxidation
degree or the purity quality. Therefore, AO4 presents the
highest number of defects on the structure. The shift of
G-band at higher wavenumbers observed by AO3 and
AO4 and the asymmetry of 2-D-peak shape is associated
to the higher thickness of these GNPs powders, being far
from a single-layer graphene [19–21].
3.2. Morphology of GNP/epoxy composites

Fig. 4 shows treated optical micrographs of the top and
the bottom sides of the GNP/epoxy nanocomposites plates.
Fig. 4 also presents an optical micrograph and its corre-
sponding treated image, in order to can observe the effect
of the applied mask.
It can be clearly observed that the epoxy resin rein-
forced with AO4 is not homogeneous, presenting a nano-
filler stratification. There is a variation of the nanofillers
concentration from the top to the bottom of the sample.
This effect is scarcely observed in the other nanocompos-
ites, those reinforced with AO2 and AO3. Yasmin et al.
[22] have already observed this phenomenon in compos-
ites reinforced with large graphene particles due to the
influence of gravity. The stratification of AO4 is associated
to its high size (thickness and flake dimensions) and there-
fore to the high weight of particles. This stratification effect
as a function of the geometry of the graphene nanoplat-
elets must be always considered and studied in each
GNP/epoxy system because the composites with decanted
nanoplateles are not homogeneous and probably present
an anisotropic behavior. In order to study in depth this ef-
fect, samples with 4 mm of thickness were studied at the
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Fig. 3. Raman spectra of commercial graphene powders.

(a) (b)

(c) (d)

(e) (f)

Fig. 4. Treated optical micrographs of graphene/epoxy composites reinforced with AO2, top (a) and bottom, (b), and AO4, top, (c) and bottom, (d). Fig. 4e
and f shows a conventional optical micrograph of the composite and (e) and its corresponding treated image (f).
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Fig. 5. XRD patterns of graphene/epoxy composites at the top and the bottom of the samples.
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top and the bottom by XRD (Fig. 5). The wide diffraction
from 10� to 28� is caused by scattering of cured epoxy mol-
ecules while the tiny shoulder peak found at 26.6� corre-
sponds to the (002) graphitic plane of graphene
nanoparticles [18]. Taking into account that this last peak
corresponds to the interlayer distance of 3.35 Å, which is
characteristic of pristine graphitic planes, its shift, widen-
ing or even modification of intensity is usually used as an
indicative of intercalation or exfoliation. However, as evi-
denced in this work, since the diffraction intensity varies
with the concentration of the crystalline features, some
morphological information may be missed. In particular,
Fig. 5 shows great differences in the diffraction intensity
of the shoulder corresponding to (002) larger graphene
nanoplatelets, AO4. It is worthy to note that the commonly
used DRX analysis of GNP/epoxy composites at the top side
of the samples could give misinformation about their real
morphology.

The increase in size of graphene nanoparticles induces a
strong decantation and that way major concentration of
particles is deposited at the bottom side of the composites.
Consequently, as it was observed by MO (Fig. 4), the resin
filled with nanoplatelets AO4, with a high thickness and
area in plane shows a high stratification degree, having
most of the nanofillers at the bottom. Due to this reason,
the (002) diffraction peak presents high intensity at the
bottom and disappears at the top of the composite. This
phenomenon is less noticeable in composites with smaller
nanoparticles. AO3 is the studied nanoplatelet with an
intermediate size and decantation is scarcely appreciated.
The intensity of graphitic plane diffraction shoulder de-
creases from bottom to top. Finally, AO2, which is the
smallest nanoplatelet used, with the smallest thickness
and lowest flake dimensions, does not seem to present this
effect. In this case, the diffraction intensity of the (002)
peak is not modified along the composite thickness. There-
fore, the main conclusion is that GNP/epoxy composites
can present nanoparticles decantation and this phenome-
non is strongly dependent on nanoparticles size, resulting
in a nanofiller concentration gradient from top to bottom
of the sample in composites with large and thick graphene
nanoparticles. Also, XRD could give misinformation due to
the concentration gradient of crystalline nanoplatelets
along thickness.

On the other hand, in order to analyze the efficiency of
the dispersion technique, samples were observed by FEG-
SEM (Fig. 6). The presented micrographs corroborate that
the nanoplatelets were not exfoliated or intercalated.
Without considering the AO4 decantation, a suitable dis-
persion of nanoparticles into the epoxy matrix is observed.
In general, graphene nanoplateles are homogenously dis-
persed with a similar distance between each other, con-
firming the efficiency of the dispersion technique.
However, packaging of parallel nanoplatelets were found
for composites reinforced with the smallest graphene
nanoparticles, AO2 (Fig. 6b). This stacking is associated to
the large aspect ratio of the nanofiller [20]. It can be also
observed a preferential orientation of the platelets
(Fig. 6d), flakes are directed parallel to the axis x–y. Addi-
tionally, for all the studied composites, it is interesting to
observe that all the nanoplatelets, even the thickest ones,
are stretched, without wrinkling and rolling effects
(Figs. 6b and d). As well, a weak interface is observed
(Fig. 6b and d) due to the fact that the added nanofillers
are not functionalized. Both phenomena will have to be
studied in future researchers.
3.3. Thermal and thermo-mechanical behavior of GNP/epoxy
composites

In order to study the influence of the graphene nano-
platelets addition on the behavior of the epoxy resin, the
composites were analyzed by DSC, TGA and DMTA. Due
to the concentration gradient of nanoplatelets explained
in the previous section, the presented results are average
values of the measurements that have been carried out at
the top and the bottom of the samples. The obtained re-
sults are collected in Table 2 and the experimental curves
are collected in Fig. 7.



a b

c d

Fig. 6. High magnification FEG-SEM images of graphene/epoxy composites reinforced with AO2 (a and b) and AO4 (c and d).

Table 2
Thermal and dynamo-mechanical results of neat epoxy resin and composites reinforced with graphene nanoplatelets.

DSC TGA DMTA

T1
g (�C) T2

g (�C) Td (�C) Degradation rate (mg/�C) E0G (GPa) E0R (MPa) Ta (�C)

Neat epoxy 152 158 415 0.441 2.34 20.00 163
AO2 162 165 417 0.352 2.19 33.56 171
AO3 155 157 419 0.327 1.34/2.18 16.80 169/158
AO4 148 156 422 0.309 2.30 29.10 160

T1
g : Glass transition temperature measured in first DSC scan.

T2
g : Glass transition temperature measured in second DSC scan.

Td: Degradation temperature measured by TGA.
E0G : Storage modulus in glassy state at 30 �C measured by DMTA.
Ta: a-relaxation temperature measured by DMTA as maximum of tand peak.
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The size of graphene nanoplatelets, as it has been also
reported by Thanh et al. [23], plays an important role in
Tg values measured by both techniques, DSC and DMTA
(Table 2). The Tg of composites reinforced with the smallest
studied nanofiller, AO2, is 10 �C higher than that one of the
pristine resin. This result is promising regard to clay/epoxy
composites, where an important decrease of Tg is measured
by addition of this 2-D inorganic nanofiller [24]. In general,
a Tg increase in any polymeric system reinforced with
nanofillers is associated with restriction in molecular mo-
tion and reduction in the free volume, impeding polymer
chain mobility [25,26]. The increase of Tg indicates an
effective arrangement of graphene nanoplatelets in the
epoxy matrix so that the nanometer particle size can con-
strain the segmental motion of cross-links. A major thick-
ness and flake size of nanoparticles induces a decrease of
Tg improvement. In fact, composite reinforced with AO3
presents a Tg value similar to that one of the neat epoxy re-
sin while the Tg of composites reinforced with AO4 is even
lower. It is known [27,28] that there are numerous factors
that can affect Tg, such as dispersion degree, homogeneity,
spacing between particles, as well as size of nanoparticles.
Several authors have confirmed that the addition of rela-
tive large particles has no influence on the Tg of the com-
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posite polymers [28]. In addition, it has been demonstrated
that thermal conductivity of graphene nanoplatelets and,
therefore their corresponding composites, is proportionally
reduced with the layer size [16].
Defect-free graphene is the stiffest material (E � 1 TPa)
ever reported in nature. Because of this, the storage modu-
lus increase, measured in the glassy region, of the corre-
sponding composites is evident. In fact, the light increase
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measured in the manufactured composites must be associ-
ated with a weak interface, limiting the load transfer be-
tween matrix and nanoplatelets. The stiffness
enhancement increases with the GNPs size, being higher
for the composites with larger nanoplatelets. AO3 and
AO4 present a higher flake size. These results are in full
agreement with the work published by Coleman and
coworkers [29]. They found that for a given loading of
graphene, the reinforcement effect decreases as the graph-
ene flake size diminishes. This is consistent with the find-
ings of Gong et al. [30] who conclude the need to have
large lateral graphene flake dimensions in order to have a
suitable reinforcement.

Not great differences are observed in the value of stor-
age modulus in the rubbery state at high temperature,
meaning that the crosslinking degree of the matrix is sim-
ilar in all studied composites.

Finally, the TGA results clarify that the incorporation of
graphene nanoplatelets induces a slight thermal stabiliza-
tion. This enhancement can be attributed to the so-called
‘‘tortuous’’ path effect, which delayed the escape of volatile
degradation products and also char formation [31,32]. The
graphene nanoplatelets prevent the emission of small gas-
eous molecules during thermal degradation and can also
disrupt the oxygen supply by forming charred layers on
the surface of the composites. This indicates that GNPs
can act as a good barrier to prevent degradation of poly-
mers. The variation of degradation temperature is not large
due to the fact that graphene nanoplatelets are not exfoli-
ated and therefore their specific surface area is not so high.
It is worthy to note that the addition of graphene induces a
double positive effect in the thermal behavior of epoxy re-
sin: an increase of the degradation temperature and a de-
crease of the degradation rate. Both parameters depend
on the flake size of nanoplatelets. The degradation temper-
ature increases while simultaneously the degradation rate
decreases as the flake size of nanoplatelets increases, due
to their higher efficiency to form tortuous paths.
4. Conclusions

GNP/epoxy nanocomposites were prepared using high-
shear toroidal mixer as dispersion technique. Its main
advantage is its simplicity, production rate, and easy
implementation at industrial scale, regard other more
common dispersion techniques, such as ultrasonication
or three roll mixer. The composites presented a suitable
dispersion of graphene nanoplatelets, with homogenous
space between particles. However, an important concen-
tration gradient was found from the top to the bottom of
the sample for composites with larger and thicker nano-
platelets. Therefore, the addition of thick graphene nano-
platelets implies the appearance of phenomenon of self-
decantation.

The epoxy composites reinforced with graphene nano-
platelets present enhanced mechanical and thermal prop-
erties, showing a simultaneous increase of several
parameters, such as the glass transition temperature, the
storage modulus at room temperature and the degradation
temperature.
Three different graphene nanoplatelets, with different
thickness and flake size, were added in order to analyze
the influence of the size of the nanofiller: thickness and lat-
eral dimensions. The main conclusions drawn can be sum-
marized in:

(a) The increase of nanoparticles weight, increasing
their thickness and flake size, induces an important
self-decantation phenomenon. The composites show
a concentration gradient along the composite thick-
ness due to the gravity effect, leading heterogeneous
and stratifying materials.

(b) The decrease of nanoparticles size enhances the
stacking of nanoplatelets due to the highest aspect
ratio and specific surface area.

(c) The increase of nanoparticles dimensions decreases
the enhancement of glass transition temperature
because larger filler cannot affect to local mobility
of polymeric segments between crosslinking knots.

(d) The increase of lateral dimensions of nanoplatelets
gives higher thermal stability to the corresponding
composites, increasing the degradation temperature
and decreasing the degradation rate.
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