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In this study, we propose a new approach for the homogeneous liquid-phase transfer of graphene oxide (GO) into
epoxy resin. This makes the process more efficient, while achieving fully uniform distribution of GO flakes
within the epoxy matrix. Introduction of as little as 0.4% and 0.6% GO drastically increases the viscosity of the
compositions, pointing at the highly exfoliated condition of GO in the resin. A significant accelerating effect of
GO on the curing reaction is attributed to reactive groups on the GO surface. The study of the thermo-mechanical
properties revealed that the introduction of relatively small amount of GO (0.2wt%) into the epoxy matrix

results in the increase of the storage modulus by 25.4% (3035 MPa) relative to the neat epoxy polymer
(2420 MPa). The use of the high-temperature curing agent affords the composites with significantly higher glass
transition temperatures, compared to the low-temperature curing agent, broadening the scope of their potential

applications.

1. Introduction

Epoxy resin is one of the most broadly used thermosetting polymers
in the production of advanced composites due to its excellent proper-
ties, including stiffness, durability, light weight, low toxicity and low
cost [1,2]. Epoxy resins are used in various industrial fields, such as
automotive and aerospace. However, the limitation of epoxy resins is
that their stiffness is highly dependent on the crosslinking density,
while too high crosslink density can lead to brittle fracture at very low
deformations [3]. One of the ways of increasing the strength and the
fracture toughness of epoxy resins without compromising their rigidity
is the use of various nanofillers.

Nanomaterials in the composite system play an important role in
modifying their properties, such as electrical, optical, thermal, and
mechanical. Of particular interest are carbon-based nanomaterials such
as graphitized carbon, carbon nanotubes, graphene, and graphene na-
noribbons [4-7]. Single-layer graphene possesses the highest measured
modulus and break strength [8] and the Young's modulus of E = 1.0
terapascals [9]. However, graphitic nanomaterials tend to aggregate in
the polymer matrix, especially at high concentrations, which leads to
the degradation of the polymers' properties [5,10]. Unlike most of the
carbon nanomaterials, graphene oxide comprises numerous oxygen
functional groups, which render it soluble in water and some organic
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solvents, and provide an excellent affinity toward epoxy resin [8,11].

The incorporation of GO into epoxy matrix enhances toughness and
stiffness of the epoxy resins. Thus, only 0.1 wt% GO was found to in-
crease the fracture toughness of pristine epoxy by 75% [12]. Liu et al.
[13] showed that the introduction of GO has not demonstrated obvious
effect on the thermal stability. The researchers emphasize that addition
of 0.5wt% GO provides an increase in the storage modulus by 12%
(2061.6 MPa) compared to neat epoxy [14].

As was mentioned above, the critical point in fabricating composites
is the uniformity of the nanofiller distribution in the polymer matrix
[7]. Concerning the GO/epoxy system, the most important factors in
achieving uniform distribution are the choice of the solvent and the
method of GO transfer to the resin. In most of the studies, water [4],
acetone [8,12-15], ethanol [5,11,16] and curing agent [17] were used
as the solvents for preparing GO dispersions. The ability of GO to form
dispersions in various solvents and the stability of these solutions have
been investigated, and it was found that the dispersions of GO in
acetone and ethanol were unstable [18]. At the same time, when the
aqueous dispersion of GO is mixed with the resin, it is difficult to
achieve the complete transfer of GO into the resin, and to completely
remove water from the resin, which leads to the production of poor
quality epoxy/GO composites. To overcome these shortcomings, we
have recently developed a new method for the liquid-phase
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homogeneous transfer of GO into epoxy resin which affords uniform
distribution and highly exfoliated condition of GO in the resin [19].
This leads to preparation of the epoxy/GO composites with improved
mechanical properties compared to the neat resin [19]. However, in
that work, we did not attain the optimal curing regimes, and thus failed
to demonstrate full advantage of the homogeneous transfer method.

In this study, we propose a new peculiar approach for the method of
transferring GO into epoxy matrix. This makes the procedure more
simple, and allows to further improve the uniformity of the GO dis-
tribution in the matrix, and to increase the GO content up to 0.6 wt%,
while maintaining nearly fully exfoliated condition of GO in the matrix.
A newly used high-temperature amine curing agent allowed to develop
the optimal curing regime. The influence of the GO content on the
curing reaction and on the rheological properties of the resin was stu-
died. Thermo-mechanical properties of epoxy-GO composites with dif-
ferent GO contents were also evaluated.

2. Experimental
2.1. Materials

The epoxy resin (NPEL-128, epoxy value 22.6, epoxide equivalent
weight is 186.2 g eq. '), which is manufactured from bisphenol-A and
epichlorohydrin, was obtained from the “Rus Chemicals Group”
(Russia). The 4,4’-diaminodiphenylmethane (DDM) curing agent was
supplied by Sigma-Aldrich. Isopropyl alcohol (IPA) and graphite GL-1
were obtained from “TatKhimProduct” LLC (Russia). All reagents and
solvents were purchased from commercial suppliers and used as re-
ceived.

2.2. Preparation of GO

GO was prepared as described in our previous reports [20-22].
Graphite flakes were dispersed in 96% sulfuric acid at room tempera-
ture using a mechanical stirrer. After a 10-min stirring, 4 wt equiv. of
KMnO, were iteratively added. After the complete consumption of
KMnOy,, the reaction was quenched with ice water, and the 30% H,0,
was added until the color change. The resulting mixture was cen-
trifuged; the separated GO precipitate was redispersed in DI water, and
centrifuged again. Such cycles of GO purification were repeated five
more times. The 3% HCI was used instead of water during the last three
washing cycles. The GO precipitate was air dried after the last wash.

2.3. Preparation of dispersion of GO in IPA

To prepare the GO solution in IPA (GO-IPA), 100 ml of an aqueous
2wt% GO solution were mixed with 100 ml of IPA. After the mixture
was stirred for 1 h, it was centrifuged for 40 min at 8900 rpm. The clear
supernatant was discarded. The precipitated gel was mixed with a fresh
portion of IPA, bringing the volume up to 200 ml, stirred for 1 h and
centrifuged under the same conditions until GO separates from the
supernatant. This procedure was repeated five more times. This se-
quence of operations resulted in the gradual replacement of water by
IPA [19]. The solution remained transparent and resistant to pre-
cipitation at all the stages of operation. After the last centrifugation, a
GO-IPA gel with the GO content of 2.36 wt% was obtained. According
to the dilution factor, this gel should contain 0.048 wt% water. The
actual water content was not determined.

2.4. Preparation of the liquid GO/epoxy formulations

In our previous study [19], GO was introduced into the resin di-
rectly in the form of the GO-IPA gel with GO content ~2.36%. In this
gel, GO might comprise a small fraction of the not fully exfoliated
sheets due to the details of the water-to-IPA transfer procedure. In this
work, the GO-IPA gel was first diluted with IPA to achieve higher
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exfoliation degree of GO in IPA, and potentially in the epoxy resin. The
Epoxy/GO formulations were prepared as the following. The portions of
0.21g, 0.42g, 0.84g, 1.69g, and 2.54 g of the 2.36 wt% GO-IPA gel
were dissolved in 10 g of isopropanol, using an ultrasonic disperser.
Then each solution was blended with 10.0 g of epoxy resin in an ul-
trasonic bath for 30 min. Upon standing, the mixtures were separated
into two phases: epoxy resin with GO on the bottom, and colorless IPA
on the top, indicating that all the GO has transferred into the resin. The
top IPA portion was decanted, and the GO-epoxy composition was
agitated with the over-head stirrer for 18 hat the rate of 500 rpm at
80 °C for complete removal of all the traces of IPA. Thus, the epoxy/GO
formulations were obtained with the GO content of 0.05 wt%, 0.1 wt%,
0.2 wt%, 0.4 wt%, and 0.6 wt%, which we will refer to as Epoxy/0.05-
GO, Epoxy/0.10-GO, Epoxy/0.20-GO, Epoxy/0.40-GO and Epoxy/0.60-
GO, respectively.

2.5. Curing the liquid GO/epoxy formulations and obtaining solid
composites

In our previous report [19], we used the polyethylene polyamine
(PEPA) curing agent and the curing regime, which lead to a relatively
broad sample-to-sample variation in mechanical properties. The com-
plete curing was probably not achieved, and therefore it was not pos-
sible to demonstrate all the advantages of the homogeneous liquid-
phase transfer method, despite achieving very high GO exfoliation de-
grees. In this study, we optimized the curing process by using a new
hardener DDM, which contributes to the improvement of thermo-me-
chanical properties. After preparation of GO dispersions in the resin,
DDM was added and the mixture was kept with occasional stirring at
80 °C for 40 min. Then, the mixture was poured into a silicone molds
and cured 2hat 80°C, 2hat 150 °C, and post-cured for 1 hat 180 °C.
This resulted in Epoxy/GO composites with GO content of 0.05 wt%,
0.1 wt%, 0.2wt%, 0.4 wt% and 0.6 wt%, which we will refer to as
Epoxy/0.05-GO-c (c-composite), Epoxy/0.10-GO-c, Epoxy/0.20-GO-c,
Epoxy/0.40-GO-c and Epoxy/0.60-GO-c, respectively. Before testing
the cured samples, they were conditioned at 23 + 2°C at a relative
humidity of 50 = 5% for at least 48 h.

2.6. Characterization of GO and GO-epoxy composites

In this work, we refrain from detailed discussion of the GO char-
acterization as that having no direct relation to the main topic. We
prepare GO by the protocol developed in our labs and repetitively
conducted in the highly reproducible manner with almost no batch-to-
batch variation [19-23]. For the detailed characterization and discus-
sion of the GO chemical structure we refer interested readers to our
previous publications [20-23]. The same batch of GO as in ref. [19] was
used in this work. The important property of our GO with respect to this
study is its oxidation level, allowing complete exfoliation to the single-
atomic-layer sheets upon gentle agitation in water, which was repeti-
tively demonstrated befor-e [19-23].

The viscosity of uncured epoxy resin and epoxy/GO blends was
examined by the parallel plate rheometer DHR-2 (TA Instruments) in
the flow-sweep mode. The samples were tested at 25 °C and shear rate
varied between 0.1 and 1000 s~ ! with the plate diameter 40 mm.

The measurement of the gel point of the liquid Epoxy/GO-DDM
formulations was investigated using a parallel plate rheometer DHR-2
(TA Instruments) in the oscillation-step time mode. The samples were
tested at 80 °C with the stress of 5% at the frequency of 1 Hz with the
plate diameter of 40 mm.

The uniformity of GO distribution in the epoxy matrix was inspected
with a BIOLAM M-1 (LOMO, Russia) optical microscope.

Dynamic curing profile of specimens was examined with DSC 214
Polyma (NETZCH Instruments). Freshly prepared uncured sample
weighing 5-7 mg was heated at the ramping rate of 5°C/min in N,
environment from ambient temperature to 300 °C.
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Dynamic mechanical measurements of the epoxy composite samples
with the geometry 60 X 12 X 3.2mm were carried out using the DMA
242 analyzer (NETZCH Instruments) in the 3-point bending mode, with
a span length of 50 mm. Samples were tested from 30 to 220 °C at the
heating rate of 3 °C/min with frequency of 1 Hz at dynamic load 10 N.
Each measurement was repeated at least three times.

Flexural measurements of the neat epoxy resin were carried out
with flat bar samples according to the ASTM D 790 protocol with the
5882 universal testing machine (Instron) at 25 °C with a span length of
64 mm and crosshead speed of 2 mm/min. Five specimens of each
composite were tested to obtain the standard deviation.

3. Results and discussion
3.1. Dispersion of GO in epoxy systems

The mechanical characteristics of epoxy resin composites are highly
dependent on the uniformity of the nanofiller distribution in the matrix
[17]. Normally, nanofillers in a highly dispersed state increase the
strength and the fracture toughness of the epoxy nanocomposites, as
opposed to the poorly dispersed conditions [16]. It is known that GO
sheets in a highly dispersed state have different orientations within the
matrix that allows GO particles to bind with emerging matrix cracks,
the effect that usually is not observed with other types of fillers [8]. It is
also noteworthy that the oxygen-containing groups on the GO surface
facilitate dispersibility, and enhance the interfacial interaction with the
polymer matrix.

To investigate the uniformity of the GO distribution in the resin, i.e.
the potential presence of any aggregates in liquid formulations, they
were investigated with an optical microscope. Fig. 1 shows the optical
image of Epoxy/0.40-GO as compared to that for neat resin. The optical
image does not show any visible agglomerates of GO, which indicates a
high degree of GO dispersion even at high loading (0.4 wt%). Note, the
darker color of Epoxy/0.40-GO as compared to neat epoxy confirms
that GO is still there. Importantly, in our previous study [19] we ob-
served several well-visible flakes, which were mistakenly interpreted as
single-layer flakes. Now, we realize that those flakes were most likely
few-layered, while the single-layer flakes in epoxy matrix are probably
not distinguishable with the optical microscope, as it is evident from
Fig. 1b. Thus, with the newly-modified transfer method we have at-
tained the higher degree of exfoliation, most likely the fully exfoliated
condition.

In most of the literature methods, used to transfer GO into the epoxy
matrix, including the chemical modification of GO, degradation of the
GO sheets can occur due to specificity of the transfer procedures; this
results in an increase in the stress transfer at the GO/epoxy interface,
and as a result in the formation of agglomerates, causing poor me-
chanical properties of the finished composites [24]. The liquid-phase
transfer method, used in this work, is softer and retains a highly
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Fig. 2. Non-isothermal DSC thermograms (a), and gel-point measurements (b)
for Epoxy/GO/DDM systems.

dispersed state of GO, as shown in Fig. 1.

3.2. Effects of GO on the curing behavior and rheological properties

Next, we investigate the effect of GO on the kinetics of the curing
reaction in the Epoxy/DDM system by Differential Scanning
Calorimetry (DSC) in the non-isothermal mode [8]. The addition of GO
to the resin can exhibit a catalytic effect on the ring-opening reaction
due to the presence of reactive hydrogen atoms in hydroxyl and car-
boxyl groups on the GO surface. This leads to a decrease of the initial
and peak temperatures on the DSC thermograms. Another story is the
epoxy groups of GO itself, which can participate in the same ring-
opening reactions as the epoxides of the resin. When compared with
neat epoxy, the peaks of the curing curves become broader and lower
(Fig. 2a) with increasing the GO content. Such changes in the curves

Fig. 1. Optical micrographs of (a) neat epoxy and (b) Epoxy/0.40-GO. A thin layer of liquid formulations was sandwiched between a microscope glass and a

coverslip; acquired in the transmitted light mode.
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Table 1

DSC curing parameters of neat epoxy resin and Epoxy/GO compositions.
Samples Tonset (°C) Tpeax (°C) Tena(°C) AH (J/g)
Neat epoxy 115.6 145.3 174.6 348.9
Epoxy/0.05-GO 114.5 144.9 174.6 338.4
Epoxy/0.10-GO 114.7 144.3 175.9 346.8
Epoxy/0.20-GO 108.4 140.3 172.5 341.3
Epoxy/0.40-GO 96.9 136.9 178.3 258.2
Epoxy/0.60-GO 94.7 136.0 185.6 205.9

Onset temperature of curing (Tonser), peak exothermic temperature (Tpeax), end
temperature of curing (Te,q) and total heat of cross-link reaction (AH), as
measured by DSC for neat epoxy and Epoxy/GO compositions.

point at a less uniform network due to the accelerating effect of the
reaction [25]. In addition to the GO functional groups, the curing re-
action can be also accelerated by residual water at GO surface [26].

Epoxy/0.60-GO, with the highest content of reactive groups, ex-
pectedly shows the strongest accelerating effect on the curing reaction.
The heat of the curing reaction decreases with increasing the GO con-
centration, especially for Epoxy/0.40-GO and Epoxy/0.60-GO, the
samples with the highest GO content (Table 1). In Ref. [27], this was
explained by a decrease in the degree of conversion of epoxide groups
during the reaction [27].

Introduction of 0.6 wt% GO reduces the enthalpy of reaction from
348.9 J/g to 205.9 J/g. The enthalpy reduction can be attributed to the
fact that GO reacts with amine groups of DDM, and, such a modified GO
can participate in the curing reaction. Epoxy resin units, bound to GO,
or simply situated at the GO interface, possess lower mobility, which
leads to a decrease in the conversion of epoxy groups. With the increase
in GO content, the number of DDM molecules reacting with GO in-
creases, causing a significant steric effect on the curing reaction
[17,28]. At the same time, the curing reaction might partially progress
already during the preparation step, i.e. 40 min stirring at 80 °C to
dissolve DDM, due to the accelerating effect of GO, thus the part of the
reaction heat might be not registered in the DSC thermograms. To check
this hypothesis, we measured the gel points of the liquid Epoxy/GO/
DDM formulations and compared them to that for neat Epoxy/DDM
(Fig. 2b). Indeed, the gel points decreased from 85 min for neat epoxy
through 81 min for Epoxy/0.20-GO, and 72min for Epoxy/0.40-GO.
This confirms the hypothesis made above.

The viscosity is a very informative characteristics of epoxy resins
with various nanofillers [29,30]. Fig. 3 demonstrates the viscoelastic
properties for the Epoxy/GO formulations.

The viscosity decreases with increasing the shear rate, and increases
with the content of GO in the resin (Fig. 3a). Epoxy/GO compositions
exhibit non-Newtonian or pseudoplastic fluid behavior [30,31], which
is associated with the formation of a GO network that remains intact at
rest. As the GO content increases, the viscosity value also increases,
which provides a more solid-phase behavior. At 0.1 1/s shear rate, the
viscosity of Epoxy/0.6-GO is about 100-fold with respect to that for
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neat resin. The high viscosity of the Epoxy/GO formulations is in-
dicative of the degree of GO exfoliation, as it is observed in aqueous
solutions [30,31].

The shear-thinning indicates the destruction of the GO network
[32-38]. GO can form liquid crystals also in some polar organic sol-
vents, and the transition from isotropic to nematic phase occurs at the
same GO concentration as it occurs in water, at about 0.1 wt% [38].
This is why formation of a nematic phase in epoxy resin is also not
surprising. The rheological properties of the Epoxy/GO systems with
GO in a highly exfoliated state [19] are very different from those in
which GO is not fully exfoliated and/or forms agglomerates [33]. The
high viscosity of our Epoxy/GO formulations (Fig. 3) point at the highly
exfoliated condition of GO in the uncured resin. GO sheets having a
large number of oxygen-containing groups form a uniform dispersion,
which effectively affects the viscoelasticity.

3.3. Optimization of curing modes

Before the Epoxy/GO composites were fabricated, the optimal
temperature-time curing mode for the neat epoxy was selected. The
purpose of this optimization was to achieve the uniform and the
highest, at the given conditions, crosslinking density. This was needed
to minimize the sample-to-sample variation, the problem that we faced
in our previous report [19]. The curing procedure constitutes three
steps: 1) pre-curing, to fully homogenize the curing agent in the epoxy
matrix, 2) curing, where the main reaction occurs, and 3) post-curing to
ensure complete reaction. Based on the DSC curve for the curing of neat
epoxy (presented on Fig. S1), the three temperature-time curing modes
were selected for testing: Epoxy-DDM-1: 2hat 60 °C, 1 hat 120 °C and
1 h post-curing at 180 °C; Epoxy-DDM-2: 2hat 70 °C, 2h at 150 °C and
1 h post-curing at 180 °C; Epoxy-DDM-3: 2hat 80 °C, 1 hat 150 °C and
1 h post-curing at 180 °C. The purpose of the first step at 60-80 °C is to
uniformly dissolve DDM in the Epoxy/GO matrix. The temperature fork
reflects the compromise between the difficulty to dissolve DDM at
temperatures below 80 °C from one side, and an attempt to impede the
curing process on this step, from another side. The lower temperatures
are also needed to keep the initial GO chemical structure intact, which
starts changing at ~70 °C. The second step, curing, occurs at 150 °C. At
the same time, massive decomposition of GO begins already at
~140°C, and the choice of 120°C was an attempt to keep GO from
decomposition during the curing reaction to possibly involve it in the
crosslinking. Flexural test of the neat epoxy polymers (Table 2) showed
that the best strength characteristics with the lowest standard deviation
were achieved by using the Epoxy-DDM-3 curing mode (Fig. S2). At
such difference in the flexural properties of the three epoxy resins,
obtained by the three tested modes, any potential gain from the possible
GO participation in the crosslinking would be probably obscured by the
loss, caused by the lower crosslinking density in the epoxy resin itself,
and by poor sample-to-sample variation. This is why, the Epoxy-DDM-3
curing regime was selected for the rest of the experiments.

(b)

100 4
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——0.60% GO

T T 1
10 100 1000
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Fig. 3. (a) Steady shear rate flow behavior of the Epoxy/GO compositions at different concentrations, (b) shear stress-shear rate curves. Measured at 25 °C.
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Table 2
Flexural properties of neat epoxy polymers obtained at different curing proce-
dures.

Samples Flexural modulus 0.2-1% (MPa) Flexural stress max (MPa)
Epoxy-DDM-1 3019 + 83 68 + 1.60
Epoxy-DDM-2 2863 + 276 66 + 4.05
Epoxy-DDM-3 3270 = 76 74 + 1.58

3.4. Thermo-mechanical properties

The mechanical properties of Epoxy-GO composites were evaluated
using dynamic mechanical analysis (DMA), which is considered to be a
convincing method for describing the interaction between GO and
epoxy matrix [5,6,8,13-16,28]. DMA provides information on the sto-
rage modulus, the loss modulus and tan delta (tan §) within the mea-
sured temperature range [15]. Fig. 4 demonstrates the three char-
acteristics of the neat epoxy and Epoxy/GO composites at varying GO
content.

The storage modulus reflects the elastic properties of materials. It
depends on the strength of the interfacial interaction between the filler
and the resin matrix, on the mechanical properties and geometric
parameters of the nanofiller, and on its concentration [17]. Fig. 4a
demonstrates that the storage modulus of neat resin and its composites
decreases with temperature due to the softening of the polymer chains.
Compared to neat epoxy, all Epoxy/GO composites show an increase in
the storage modulus in the glass transition area even at low GO content.
The increase of storage modulus is due to the fact that covalent bonding
between GO and epoxy matrix limits the mobility of the polymer
chains. This restriction is most evident for Epoxy/0.20-GO-c and
Epoxy/0.40-GO-c. An important contribution might be from GO itself,
which has a higher storage modulus than the epoxy matrix [11]. Highly
dispersed GO layers can create a strong interaction with the epoxy
matrix, resulting in an effective stress transfer at the interface, which
contributes to the growth of the storage modulus [6]. However, for the
0.60 wt% GO content, the storage modulus decreased, which may be
due to the not full conversion of the epoxy groups, and/or formation of
GO associates. Here under the word “associate” we mean the areas of
space where the previously exfoliated GO flakes are arranged

(a) Neat epoxy
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sufficiently close to each other with a thin epoxy layer still present
between them.

Wan et al. [15] prepared the GO-containing composites by mod-
ifying GO surface by DGEBA, which resulted in notably higher values
(16.2%) of the storage modulus at 0.25 wt% loading, as compared to
composites containing pristine GO, which was similar with neat epoxy.
Here, our Epoxy/GO composites demonstrate a larger increase in the
storage modulus 25.4% (3035 MPa), compared to the neat epoxy, at
only 0.2 wt% loading without any modification of GO. This is especially
impressive when compared to 2061.6 MPa (12% increase at 0.5%),
reported in ref. [14].

During the curing reaction, the GO functional groups readily react
with the diamine and can bind epoxy matrix units [13]. As a con-
sequence, this reaction results in a stronger interfacial interaction with
the epoxy matrix, changing the epoxy resin/DDM stoichiometry and
thus reducing the network density in the Epoxy/GO composites [11].
Evidently, if the number of reactive groups on GO surface is changed by
a chemical modification, the ratio of amine and epoxide groups will
also change [15,28]. The ratio of the loss modulus to the storage
modulus is called tan delta (tan8) (Fig. 4b). The temperature at the
maximum value of tan delta is often considered as the glass transition
temperature (Tg).

The loss modulus is related to the energy dissipated from the in-
ternal friction of the polymer chains. The addition of GO lowers the
beginning temperature of the highly elastic-to-glassy transition, and
increases the maximum value of the loss modulus (Fig. 4c). This, again,
suggests that GO participates in the curing reactions, thus reducing the
crosslink density of the epoxy resin [39,40]. On the other hand, the
inclusion of GO can provide additional internal friction between GO
and polymer chains [17].

All the characteristics shown on Fig. 4 and discussed above, are also
presented in Table 3.

All the Epoxy/GO composites up to 0.4% GO content show T, values
similar to that for neat epoxy (Fig. 4b, Table 3). This makes the Epoxy/
0.20-GO-c and Epoxy/0.40-GO-c the absolute champions with the
highest storage modulus at still high T, values. A sharp decrease in Ty is
observed for Epoxy/0.60-GO-c. In an epoxy matrix, a decrease in the T,
is normally associated with a decrease in the crosslink density
[3,15,41]. Subsequently, the observed decrease in T, can be explained

(b) Neat epoxy
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= 03
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Fig. 4. DMA mechanical properties of neat epoxy polymer and Epoxy/GO nanocomposites: (a) storage modulus, (b) tan 8, (c) loss modulus.
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Table 3
Dynamic mechanical properties of neat epoxy polymer and Epoxy/GO com-
posites.

Samples Storage modulus at 30 °C (MPa) T, (°C) Intensity tan §
Neat epoxy 2420 170 0.58
Epoxy/0.05-GO-c 2750 (+13.6%) 172 0.38
Epoxy/0.10-GO-c 2855 (+18%) 170 0.50
Epoxy/0.20-GO-c 3035 (+25.4%) 172 0.43
Epoxy/0.40-GO-c 2985 (+23.3%) 169 0.43
Epoxy/0.60-GO-c 2860 (+18.2%) 137 0.38

Storage modulus at 30 °C and glass transition temperature (T,) as measured by
DMA for neat epoxy polymer and Epoxy/GO composites.

by the fact that GO reduces the crosslink density of the epoxy matrix.
Interestingly, this contradicts with the study reporting the T, growth
with an increase in the content of nanofiller in polymer composites
containing graphene [42].

As compared with neat epoxy polymer, the peak for tan delta of
Epoxy/GO composites, especially with 0.4 wt% and 0.6 wt% GO con-
tent, become lower and broader, as shown in Fig. 4b. This phenomenon
is associated with a wide range of relaxation temperatures in nano-
composites, since GO limits the mobility of neighboring epoxy chains
due to strong binding to the surface [41]. This causes the change in the
relaxation behavior on comparison to the chains located far from the
GO interface. T, is directly used as a conversion parameter for the
analysis of reaction kinetics, and there is a direct ratio between Ty and
the degree of curing [43]. The broadening of the tan delta peak may
also be due to the fact that a less uniform polymer network is formed
due to the excessive reaction rate [25]. Thereby, the introduction of GO
changes the epoxy matrix crosslink density and molecular dynamics,
thus decreasing T, and increasing the storage modulus of the resulted
composites.

In a separate experiment, we tried to further optimize the curing
conditions for the composition with 0.2% GO, which demonstrated the
best results, in an attempt to possibly obtain even better mechanical
properties. However, the newly prepared samples demonstrated lower
glass transition temperatures at almost similar storage modulus (see
Fig. S3 for details). This data signifies the importance of the fine tuning
of the curing modes.

4. Conclusions

In this work, we further developed the homogenous liquid phase
transfer method for introducing GO into epoxy resin. This makes the
transfer more efficient, while maintaining the nearly fully exfoliated
condition of GO in the matrix. The optical microscopy studies of the
liquid formulations point at the uniform distribution and the nearly
fully exfoliated condition of GO in the resin. The rheological studies of
Epoxy/GO compositions showed a dramatic increase in the viscosity of
Epoxy/0.40-GO and especially Epoxy/0.60-GO, indicating a high de-
gree of GO exfoliation.

We optimized the curing process of Epoxy-DDM systems to attain
full advantage of the homogeneous liquid phase transfer method. High
values of the flexural modulus were achieved with a minimum standard
deviation. The study of the NPEL-128 epoxy resin curing by DDM
showed that the introduction of GO into the epoxy resin exhibits the
accelerating effect on the curing reaction. This effect is more pro-
nounced in the systems with the GO concentration of 0.4 wt% and
0.6 wt%. The introduction of relatively small amount (0.2 wt%) of GO
into the epoxy matrix results in the increase in the storage modulus by
25.4% (3035 MPa) compared to the neat resin (2420 MPa). Such an
improvement in the mechanical properties of Epoxy/GO composites at
relatively low loading is due to the highly exfoliated condition of GO in
the matrix, and covalent bonding between GO flakes and epoxy matrix.

As compared to our previous work [19], in this study, we used the
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new aromatic amine curing agent DDM that allowed to prepare the
Epoxy/GO composites with significantly higher glass transition tem-
peratures, broadening the scope of their potential applications. We have
also achieved significantly better sample-to-sample variation. The
25.4% increase in the storage modulus due to the introduction of 0.2%
GO, additionally demonstrates the superiority of DDM compared to
PEPA [19].
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