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Abstract. Graphene nano-platelets (GNPs) can substantially improve the performance of epoxy resin, but improving effects
are highly dependent on GNP dispersion uniformity in the matrix. The aim of the current study is to explore the influence
of matrix viscosity on the dispersion of GNPs. Thus, epoxy matrix with three disparate viscosities was reinforced with GNPs
varying from 0 to 3 wt%, and the influence of matrix viscosity on dispersion uniformity and thus properties of composites
were identified. Significant differences in rheological and electrical percolation thresholds were found with a change in the
matrix viscosity. The lowest rheological percolation threshold (0.3 vol%) and electrical percolation threshold (0.53 vol%)
were always observed in specimens based on a low viscosity matrix. X-ray Diffraction (XRD) results also showed that lower
viscosity resulted in better GNPs distribution. The visual state of GNPs dispersion with a change in matrix viscosity was
also evaluated through Scanning Electron Microscopy (SEM) and optical microscopy. Optical microscopy images confirmed
that while the GNP agglomeration diameter is 42.3 pm in high-viscosity resin, it markedly decreased to 15.1 um by using
low viscosity resin. Transmission Electron Microscopy (TEM) quantitative measurements pertaining to the number of GNP
stacked layers also showed that when a low viscosity matrix was used, only 11 layers stack on each other and form thinner
clusters compared to 13 and 39 layers in medium and high ones.
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1. Introduction generally used to improve the properties of epoxy,
Epoxy polymers, as one of the highly cross-linked but many commonly used fillers are often detrimen-
thermoset materials, are extensively used in various  tal to the mechanical and thermal performance of
applications, including the automotive industry, aecro-  epoxy [1]. Micro fillers can adversely affect the
space, shipbuilding, and electronic devices. Howev-  processability of polymers into composites as well as
er, this kind of material is quite brittle, which conse-  the mechanical properties of the resulting final prod-
quently restricts applications where high tensile uct [2]. On the other hand, the incorporation of nano-
strength and impact resistance are required. Hence, particles can lead to a significant enhancement in the
it is of great interest among researchers to enhance  mechanical and thermal properties of polymers. It
the mechanical properties of epoxy, mainly by using  has been reported that nanoparticles such as nanoclay
fillers. The main challenge is to improve properties  [3], nanosilica [4, 5], carbon nanotubes [6, 7], and
without sacrificing other characteristics such as ther-  nanographene [8, 9] can substantially enhance the
mo-mechanical performance and modulus. Fillersare = mechanical and functional properties of epoxy.
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Among the aforementioned nanoparticles, GNPs are
carbon-based nanofillers with a two-dimensional
structure, having a higher surface area in comparison
with any other material of this kind, which results in
substantial interactions when incorporated into the
polymer matrix. Several researchers have reported the
superior performance of GNPs in enhancing the me-
chanical and thermal properties of epoxy composites
in comparison to other carbon-based fillers such as
carbon black and carbon nanotubes [8, 10-11].
Nonetheless, before exploiting GNPs, there are some
challenging issues with their processing that need to
be overcome. Foremost, the strong van der Waals
forces between the sheets of as-received graphene
contribute to the formation of severe agglomerations
once incorporated into the polymer matrix [13] that
will decrease the efficiency of load transfer from the
matrix to the sheet [14]. It is hypothesized that opti-
mum electrical and mechanical properties will only
be achieved when the graphene particles are fully
dispersed (achieving separately layered graphene in
the final composite). It should also be considered that
the uniform dispersion of GNPs throughout the poly-
mer matrix is dependent not only on processing con-
ditions and functional groups in the polymer chain
and GNPs surfaces but also on the characteristics of
the polymer itself. Thus, it can be deduced that ap-
plying a proper processing method, creating func-
tional groups on the surfaces of nanosheets as well
as examining polymer pivotal characteristics all help
to achieve GNP uniform dispersion in the final
nanocomposites. These factors do play paramount
roles in determining the improvement rate in macro-
scopic properties of the resulting nanocomposites.
Of all factors, the first and second ones have been
extensively investigated and reported in the literature
[2, 12-15].

In addition to the first and second factors, some stud-
ies have investigated the effects of polymer matrix
physical characteristics, such as viscosity, in the field
of polymer nanocomposites. Dong and Bhattacharyya
[16] examined the dispersion of nanoclay in poly-
propylene (PP) with different viscosities. They found
that PP viscosity played the most significant role in
nanoparticle dispersion and consequently in properties
improvement. Indeed, the uniform dispersion of
organoclay sheets more easily achieved in the PP with
a lower viscosity resulted in better mechanical per-
formance. Ha et al. [ 17] also observed that the disper-
sion of multiwalled carbon nanotubes (MWCNTSs) in
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both polycarbonate (PC) and PP became less uni-
form as matrix viscosity increased. Their findings
showed that a high viscosity matrix significantly re-
stricted the mobility of nanoparticles, which conse-
quently hindered them from separating from each
other and eventually leading to the formation of clus-
ters. Hermant et al. [18] also showed that upon using
low viscosity polystyrene and poly (methylmethacry-
late) as polymer matrices in CNTs reinforced com-
posites, the percolation threshold of electrical conduc-
tivity shifted to lower values, which is an indication
of uniformly dispersed nanoparticles.

In order to gain quantitative insight into the disper-
sion of nanofillers in a polymer matrix, indirect meas-
urements based on dynamic rheological analysis and
electrical conductivity can be used efficiently [19-
24]. This is mainly due to the fact that the dispersion
quality of nanoparticles is greatly correlated with rhe-
ological and electrical properties. In addition, be-
cause of significant distinctions between the physical
characteristics of GNPs and a polymer matrix, incor-
poration of GNPs can bring about substantial en-
hancements in physical, particularly in rheological
and electrical properties of a polymer, when GNP
percentage exceeds a specific point. The dramatic
changes in the physical characteristics of polymeric
nanocomposites can be evaluated by percolation the-
ory because the particles of dispersed phase com-
mence forming a continuous network in the matrix
at a specific volume fraction known as the percola-
tion threshold, which is governed by different fac-
tors, including the level of GNP dispersion [25],
GNPs/matrix interaction [26] and matrix viscosity
[27]. Thus, the influence of these factors can be ex-
amined through percolation threshold theory to ob-
serve how they affect the quality of the final nano-
composite.

Additionally, many other studies have investigated
the effect of either graphene modification or differ-
ent processing methods on GNP dispersion, and sub-
sequently, the properties of GNPs reinforced epoxy
matrix. Nevertheless, to the best of the author’s
knowledge, no study has been conducted on exam-
ining the effect of various viscosities on GNP dis-
persion in epoxy. The intention of this work was to
establish a correlation between the viscosity of the
matrix with GNP distribution. Therefore, GNPs of
different contents were incorporated into the epoxy
matrix of three disparate viscosities, and the status
of dispersion was evaluated with various techniques.
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The change in GNP dispersion with viscosity alter-
ation was evaluated with the percolation threshold
of rheological and electrical properties. Morpholog-
ical techniques such as XRD, TEM, SEM, and opti-
cal microscopy were also employed to provide a far
more clear view of how GNP dispersion status alters
in epoxy with different viscosities.

2. Materials and procedures

2.1. Materials

Three different Diglycidyl ether of bisphenol A
(DGEBA) epoxy resins (the molecular weight of
340 g/mole), including 105 West System, ADR 230,
and ADH 230, with polyamine curing agents (mole-
cular weight of 103.17 g/mole) were supplied by Ad-
hesive Technologies Ltd. in New Zealand. The re-
quired amount of hardener for the curing process was
considered according to the manufacturer’s data sheet
and calculated based on the molecular weight of
amine, the number of available hydrogens per mole-
cule, and epoxy equivalent weight. The typical chem-
ical structures of epoxy resin and polyamine harden-
er are shown in Figure 1. Commercial graphene
nano-platelets (GNPs) with an average thickness of
5 nm, width of 5 um and density of 2.2 g/cm® were
supplied by EMFUTUR, Spain. Table 1 shows the
details of the epoxies used in this study.

2.2. Sample preparation

Initially, the designated amount of GNPs (0, 0.5, 1,
1.5,2,2.5 & 3 wt% of the resulting nanocomposites)
was weighed and mixed with ethanol (100 ml/0.1 gr
GNPs) in a magnetic stirrer for 45 minutes. Then,
epoxy was added, and the achieved solution was
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Figure 1. Typical chemical structure of epoxy and hardener
used in this study.

Table 1. Details of epoxy used in this study.

mixed by a shear mixer at the rotor speed of 2000 rpm
for 90 minutes. It should be mentioned that ethanol
was not soluble in epoxy. The mixture of epoxy and
GNPs (without hardener) was subsequently heated
at the temperature of 80 °C under shear mixing with
a low rotor speed (200 rpm) for 8 hours to remove
the residual ethanol and was cooled down to room
temperature. Next, it was degassed in the vacuum
chamber at 21 °C to remove the bubbles following
the addition of the hardener and manual stirring for
1-2 minutes with a resin-to-hardener weight ratio pro-
vided by the manufacturer. The solution was then
poured into a silicon rubber mold and cured on the
basis of datasheets. The cured samples were used for
different analyses, including XRD, TEM, SEM, and
electrical conductivity.

2.3. Characterisation

X-ray diffraction (XRD) analysis of composite sam-
ples was carried out with a D2 Phaser Bruker Dif-
fractometer (USA) by using a Cu Ka radiation source
at the wavelength of A = 1.5406 A, a voltage of 45 kV
and electric current of 300 mA. The range of 20
scanning was from 10 to 60° and with the scanning
rate of 5°/min. The dispersion status of uncured GNP
reinforced epoxy was viewed using an optical micro-
scope (LEICA DM 2500, USA) under a bright field.
In addition, for ultramicrotomy, the resin strip was
cut down to a 10 mm x 3 mm block, and one end was
trimmed to a 1 mm X 1 mm face. A Leica EM UC6
ultramicrotome (Leica Microsystems, USA) equipped
with a 45 degree diamond knife (Diatome) was used
to cut 100 nm sections that were collected onto
200 mesh copper specimen grids. Then, to observe the
GNP networks in the epoxy matrix, the samples were
viewed using a Philips TEM. The morphology of
samples was analyzed using a scanning electron mi-
croscope (SEM, FEI Quanta 200F, USA). The sam-
ples were coated with platinum before SEM analy-
sis. DC electrical measurements were performed
using a Keithley 220 electrometer, UK. Rheological

Epoxy type noml?l)l(;;(:ture Vi[sccl())ss]ity Hardener [partl;I :Z(lj'el?:;(;j:(iioiesin]
(L;\?JSV\Zecitsngfsltf::in) LVR 430 Extra slow hardener 209 11.4
(Mediun[? \]?ifs{czzi?y Resin) MVR 1160 ADH 230 106
(High \[?i]s)ciszi?}?Resin) HVR 2830 ADH 240 10.0
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properties of uncured resin were measured using a
Physica UDS 200 (Austria) that has the parallel plate
geometry with an oscillation frequency growing
from 0.1 to 100 rad/s, at room temperature and strain
of 1%. Dynamic mechanical properties of epoxy com-
posites were recorded using a DMA Q800 (USA) in
the tensile mode at the frequency of 1 Hz, a dynamic
strain of 0.1% in the temperature ranging from 20 °C
to 200 °C and the heating rate of 3 °C/min.

3. Results and discussion
3.1. Morphology and microstructure of GNP
reinforced epoxy
3.1.1. X-ray diffraction
Figure 2 demonstrates XRD patterns of epoxy with
different viscosities reinforced with 1 wt% of GNPs.
This analysis was conducted to examine the degree
of GNP intercalation in different matrix viscosities.
As seen, a wide diffraction pattern from 10 to 30°
with a peak at 18° appears in XRD patterns, which re-
sults from the scattering of cured epoxy molecules,
indicating its amorphous nature [28]. Furthermore,
the peak that appeared at 26.4° is related to the (002)
graphitic plane of GNPs [29]. More importantly, there
is a distinct difference between the intensities of stud-
ied composites despite the fact that all contain the
same amount of GNPs. Generally, widening or any
alteration in intensity is regarded as an indication of
intercalation or exfoliation [30]. The decline in peak
intensity or broadening of peaks in XRD patterns in-
dicates that nanoparticles have better distribution
and become more intercalated [31, 32]. As observed,
the intensity of graphitic peaks in the X-ray patterns
of the sample made from LVR declines significantly,
implying that GNPs have better distribution in this
specimen and become more intercalated. Indeed, the
decline of (002) peak intensity at 20 = 26.4° for the
specimen based on LVR indicates that the thickness
of GNPs is reduced, and nanosheets with quite a few
numbers of graphitic layers have formed. Subse-
quently, the intensity of graphitic peak for the com-
posites based on MVR is higher than that with LVR
exemplifying the retention of thicker graphene lay-
ers. The composite specimen manufactured with HVR
has the highest peak indicating the formation of more
agglomerations in comparison with those based on
MVR and LVR. It should also be mentioned that a
complete exfoliation has not been achieved in any
composite samples since the original graphitic peak
did not disappear.
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Figure 2. XRD patterns of epoxy with different viscosities
reinforced with 1 wt% of GNPs.

3.1.2. Scanning electron microscopy (SEM)

The morphology of pure epoxy and its composites
reinforced with 1 wt% of GNPs were examined
through SEM and depicted in Figure 3. As seen, while
plain epoxy shows a river-like surface, the incorpo-
ration of GNPs makes the smooth surface of epoxy
much bumpy, which is an indication of interaction
between nanosheets and polymer chains. More im-
portantly, GNPs have distinctively located in com-
posite manufactured with different viscosities. In
composite made from LVR, GNPs are sparsely lo-
cated, no severe agglomeration is observed, and nano-
sheets are homogenously dispersed (see the selected
parts and blown-out images). On the other hand, the
GNPs agglomerations become visible, and more
sheets stack to each other when matrix viscosity in-
creases. In HVR, the poorly dispersed GNPs can
vividly be observed, which indicates that the status
of nanosheets dispersion in the polymer matrix is not
uniform, and they hardly separate from each other.
It is worth noting that poorly dispersed GNPs in the
epoxy matrix will act as stress concentration leading
to a localized weakness and thus reducing properties
of composites.

3.1.3. Transmission electron microscopy (TEM)

Figure 4 also summarises the TEM morphological
observation of epoxy composites with three different
viscosities reinforced with 1 wt% of GNPs. From
these images, it is clearly observable that with an in-
crease in matrix viscosity, more nanosheets stack to
each other, and consequently, separating layers be-
comes much more challenging. In samples made
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20 um

Figure 3. SEM image of a) plain epoxy, and epoxy composites reinforced with 1 wt% of GNPs based on b) LVR, ¢) MVR

and d) HVR.

from LVR, folded and quite separated GNPs are seen
while thicker clusters of nanosheets have formed in
one made from MVR. In HVR, much thicker nano-
sheets (darker areas) can be observed, which exem-
plify forming severe agglomerations in these com-
posites. Additionally, the magnified TEM images also
demonstrate the most common thickness of GNPs
observed in the samples. Considering the fact that
graphite interlayer distance is 0.335 nm, the number
of dispersed GNPs in the epoxy matrix with different
viscosities can be quantified. In the case of LVR, the
thickness is 3.7 nm, which means the dispersed GNPs
encompass about 11 graphene layers. In MVR, the
common thickness is 6.2 nm indicating nearly 19
stacked layers, and finally, HVR with the thickness
of 13.1 nm had about 39 layers. Thus, the TEM find-
ings also confirm that using more viscous resin re-
sults in bigger agglomerations, which is in accordance
with SEM results. In XRD results shown in Figure 2,
a significant divergence between the intensities of
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composites based on LVR, MVR, and HVR at 20 =
26.4° was observed. The lowest peak intensity per-
tained to composites based on LVR thanks to the re-
duction in platelet thickness that also was substanti-
ated in TEM findings.

3.1.4. Dispersion level of GNPs in epoxy
nanocomposites

In order to investigate the effect of matrix viscosity
on GNP distribution uniformity, the uncured GNP/
epoxy samples were viewed using transmission op-
tical microscopy. Figure 5 presents microscopic im-
ages taken from composites at 1 wt% graphene made
from different matrix viscosities. At a fixed GNP
loading, the dispersion level of nanosheets in epoxy
matrix alters and agglomerations become more ap-
parent when matrix viscosity increases. In LVR based
composites, the particles have better distribution,
and few agglomerations can be observed, demon-
strating that the dispersion of GNPs in this matrix is
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c)

Figure 4. TEM image of a) LVR b) MVR and ¢) HVR nano-
composites containing 1 wt% of GNPs.

much better than in MVR and HVR ones. The for-
mation of thicker agglomerations is very clear for
higher viscosities due to the difficulty of GNP dis-
persion. In HVR, polymer chains confine GNPs, and
consequently, they hardly separate from each other.

c)

Figure 5. Dispersion of 1 wt% of GNPs in a) LVR b) MVR
and ¢) HVR.

Thus, it could be deduced that for dispersing graphene
sheets, the resin viscosity does play a pivotal role in
reducing agglomerations and achieving a more uni-
form distribution. Additionally, as Figure 6 shows,
an increase in graphene loading contributes to the
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Figure 6. Dispersion of a) 1 wt% b) 1.5 wt% and c) 2 wt%
of GNPs in LVR.

formation of more pronounced GNP clusters be-
cause, at higher contents, the separation of nano-
sheets becomes more challenging.

To investigate the effect of matrix viscosity on GNP
dispersion more precisely, the size (the surrounding
circle around each cluster) of 150 GNP agglomer-
ations out of the total number of agglomerations

100

Cont

0......,_,..\.,....,\‘\,,...,.
0 20 40 60 80

Diameter of agglomeration [um]

Figure 7. Size distribution of GNPs in epoxy with different
viscosities.

pictured in each composite sample was measured
using Image Analyser software. The results of this
analysis are shown in Figure 7. As observed, the av-
erage agglomeration diameter (dave) is markedly de-
pendent on matrix viscosity. The value of dyy. re-
duces as matrix viscosity shifts to lower values. The
agglomeration size distribution for HVR based com-
posite is broad, and with a reduction in matrix vis-
cosity, it becomes narrower and also djy. shifts to
lower values (from 42.3 to 15.1 pm). This also par-
allels XRD, SEM, and TEM findings substantiating
the better dispersion of GNPs in LVR.

3.2. Rheological properties

Rheological properties are useful indications for re-
alizing the dispersion level of nanoparticles in the
polymer matrix [21, 32]. Because the state of particle
dispersion and interactions between polymer/nano-
particles are closely integrated with rheological prop-
erties, this measurement provides another indication
to examine nanoparticles distribution throughout the
epoxy matrix. The higher storage modulus indicates
a better interaction of matrix with graphene sheets,
which is hypothesized to be the result of more uni-
form distribution of sheets and their entanglements
with polymer chains. Therefore, the effect of differ-
ent epoxy viscosities on GNP dispersion was inves-
tigated through rheological measurements. As seen
in Figure 8, the storage modulus of pure epoxy resin
shows a linear viscoelastic response like a liquid. Be-
sides, the storage modulus significantly increases
once GNPs are incorporated, and then it reaches a
stable plateau demonstrating non-terminal or solid-
like flow behavior. But, there is a distinct difference
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Figure 8. Storage modulus as a function of frequency for
nanocomposites made from a) LVR, b) MVR and
¢) HVR reinforced with different contents [wt%]
of GNPs.

in GNPs concentration in which the storage modulus
of composites nearly levels off. This phenomenon
happens at higher concentrations of GNPs as matrix
viscosity increases. Indeed, these results indicate the
formation of GNPs networks in the epoxy matrix in

548

lower concentrations when LVR is used. Further-
more, at a fixed graphene loading, samples manu-
factured with LVR possess a higher value of storage
modulus. When nanosheets are added to epoxy, an in-
terconnected network of particles is formed. The
stronger network, mainly originating from a more
uniform dispersion, results in further enhancement
of storage modulus [33-35]. As seen, LVR-based
composites show higher storage modulus, which is
an indication of the formation of a stronger, inter-
connected network of GNPs thanks to a more uni-
form GNP dispersion.

In rheological measurements, the moduli at low-fre-
quency values can demonstrate some information
about the status of GNPs dispersion [19]. The stor-
age modulus of composites receives a significant in-
crease by GNP incorporation, especially at low fre-
quencies, which is an indication of non-terminal or
solid-like behavior [19]. As mentioned, the storage
modulus in all composite specimens shows an up-
ward trend, then reaches a plateau and becomes
more independent of angular frequency as the
amount of GNPs incorporated increases. Because
storage modulus values are sensitive to percolation
of GNP networks, the data of G" at a frequency of
0.1 rad/sec was fitted with a power-law (Equa-
tion (1)) to determine the percolation threshold of
storage modulus in the studied composites made
from of matrices with different viscosities:

b

Xou(¢ —¢.) M
where X represents storage modulus, ¢ is the vol-
ume fraction of GNPs, ¢ is the critical volume frac-
tion at the percolation threshold, and ‘b’ is the critical
scaling exponent used to determine the mechanism
of GNPs network formation [36]. The visual concep-
tion of the percolation threshold can be found in the
literature [37]. The rheological percolation threshold
of composites was determined from Figure 9, and
the contour plots are shown in Figure 10. Contour
plots represent the relationship among three numeric
variables in two or three dimensions. The areas with
the same color indicate a constant value of the re-
sponding variable. Not surprisingly, the percolation
threshold for composites made from LVR is lower
(¢.=0.3 vol%) in comparison with MVR (¢, =
0.6 vol%) and HVR (¢, =0.8 vol%), because the
percolation threshold of rheological parameters all
is influenced by the formation of GNP networks
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Figure 9. Storage modulus of epoxy nanocomposites, at fre-
quency of 0.1 rad/s, as a function of GNPs loading
for a) LVR, b) MVR and c¢) HVR. Inset demon-
strated log-log plots of G’ against (¢ — ).

[19]. In other words, the lower percolation threshold
is attributed to the uniform dispersion of GNPs in
the composites [19], which is in agreement with the
previously discussed results.

Likewise, in the double logarithmic graphs of G’ ver-
sus ¢ — O and the fitted line along with b values
prove that dispersion of GNPs plays a pivotal role in
b values. Indeed, b value is inversely proportional to

2830 9———w—w
Storage modulus [Pa]
<100

M 100-220

W 220-340

W 340-460

M 460-580

| >580

0.8

Viscosity [cps]

1160 »

430 R
0 02 04 06 08 10 12 14

Graphene content [vol%]

Figure 10. Contour plot showing the role of GNP content
and viscosity variation in storage modulus of
composites at a frequency of 0.1 rad/s.

GNPs agglomeration [38], which is in agreement
with results quantified in TEM. The adjusted corre-
lation coefficient, R?, also shows the acceptability of
fitted values.

3.3. Electrical conductivity

The changes in electrical conductivity of composites
with GNPs addition were determined and depicted
in Figure 11. It is quite evident that electrical con-
ductivity is highly dependent on GNPs content. As
seen, GNPs could be considered as a useful filler in
enhancing the electrical conductivity of epoxy resin.
All epoxies showed an upward trend and became
more conductive by the incorporation of GNPs. At
the same time, the samples based on LVR depicted
more enhancement in conductivity in comparison
with others. This phenomenon is attributed to the
better GNPs dispersion in the LVR, since a more uni-
form dispersion effectively increases the formation
of a conductive network [39]. It has been widely ac-
cepted that individual sheets of GNP can be linked
to wrinkled sheets and consequently heighten the
electrical conductivity. According to Alig et al. [40],
the conductive network consists of myriads few-lay-
ered graphene sheets, and thin stacks of sheets
bridged by crumpled GNPs. Hence, this network is
regarded as a network composed of GNPs which are
separated by regions while polymer chains exist in-
between [40].

In addition, at a specific volume content of GNPs,
the electrical conductivity of composites rose rapidly
and from that point onward remained nearly un-
changed. The volume fraction of GNPs in which elec-
trical conductivity demonstrates a substantial upward
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Figure 11. Electrical Conductivity of epoxy nanocomposites
as a function of GNP loading for a) LVR b) MVR
c) HVR. Inset demonstrated log-log plots of ¢
against ( ¢ - ¢ o)

trend is known as the electrical percolation threshold.
The point at which the electrical percolation thresh-
old occurs was disparate for each category of com-
posite specimens. This value can be determined from
power law according to Equation (2) [41]:

o =0,(0— ) )

2830 -
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Figure 12. Contour plot showing the role of GNP content
and viscosity variation in electrical conductivity
of composites.

where oy is GNPs conductivity, ® is the volume
fraction of GNPs, (I)C is the critical volume fraction
at percolation threshold and ‘b’ is the scaling critical
exponent used to determine the mechanism of GNPs
network formation. It was shown, Figure 11a that a
percolation threshold appeared for the samples man-
ufactured from LVR at 0.53 vol%, from MVR at
0.72 vol%, and from HVR at 0.93 vol% (see also
contour plot in Figure 12). Thus, the lowest GNPs
content at which percolation threshold occurred was
in LVR composites, while in MVR and HVR, much
larger amounts of GNPs were needed to obtain a re-
markably conductive composite. Furthermore, based
on experimental data depicted in Figure 11, the dou-
ble logarithmic graph of ¢ versus (¢ - ¢c) and the
fitted line along with ¢ values are presented in insets.
As seen, b values differ remarkably for LVR, MVR,
and HVR composites. It should be mentioned that
the extent of dispersion does play a pivotal role in
determining b values [38]. The smaller value of b ex-
emplifies more homogenous GNPs dispersion and
thinner structure of GNPs in the epoxy matrix [38].
Thus, the reduction in b values with a decrease of
matrix viscosity, which is seen in the result of the
power-law model, substantiates the better dispersion
of GNPs in LVR. This is in total agreement with rhe-
ological and XRD results and those visualized by
SEM, TEM, and optical microscopy images.

3.4. Dynamic mechanical properties
Dynamic mechanical properties of epoxy compos-
ites with different viscosities reinforced with 1 wt%
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Figure 13. Storage moduli versus temperature for compos-
ites reinforced with 1 wt% of GNPs.

of GNPs are illustrated in Figure 13. Generally,
nanoparticles like GNPs are expected to enhance the
storage modulus of epoxy because once they are in-
corporated into the polymer matrix, the interaction be-
tween polymer chains and nanosheets will increase.
The more uniform dispersion of GNP will undoubt-
edly bring about a more significant enhancement in
storage modulus. As seen, despite the fact that there
is not a huge difference between storage modulus of
different composites, one made from LVR still shows
a slightly higher modulus compared to those made
from MVR and HVR, which is a result of more uni-
form dispersion of GNPs and thus the restricted mo-
bility of polymer chains.

4. Conclusions
Among the various factors affecting the properties
of graphene nanocomposites, the effect of matrix
viscosity on the dispersion uniformity of graphene
nano-platelets (GNPs) has been least studied. This
study presented the results obtained by examination
of the GNP dispersion within the epoxy matrix of
various viscosities using morphological analysis and
electrical percolation threshold theory. The follow-
ing conclusions can be drawn:

1. The lowest intensity of graphitic peaks, at a fixed
GNPs content, was found in reinforced compos-
ites based on LVR, indicating better intercalation
of nanosheets compared to MVR and HVR.

2. SEM images demonstrated that at a higher resin
viscosity, more agglomerations existed since much
more nanosheets stacked to each other and formed
thicker clusters.
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3. The quantitative analysis conducted by TEM and
optical microscopy also confirmed that agglom-
erations formed in LVR, compared to MVR and
HVR, compromised of a fewer number of nano-
sheets.

4. The incorporation of GNPs enhanced rheological
and electrical properties, while percolation thresh-
olds were found to be lower when composites
were made from LVR, substantiating better GNP
dispersion.

This study not only investigated the effect of GNP
dispersion in resin with different viscosities, but also
concluded the composites made from low-viscosity
resin, in spite of probable re-stacking of GNPs, have
a more uniform dispersion than composites made
form medium-viscosity and high-viscosity resins. It
is envisaged that the findings from this study can
provide a guideline for selecting proper matrix vis-
cosity to maximize the performance of the GNP/
epoxy nanocomposites.
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