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Abstract The influence of graphene nanoplatelets 
(GNPs) on the curing of an epoxy resin based on diglycidyl 
ether of bisphenol A (DGEBA) and cross-linked with 4,4'-
diaminodiphenylmethane (DDM) was studied. Dynamic 
mechanical properties and tensile properties of the corre
sponding graphene/epoxy nanocomposites were obtained. 
Two compositions 1 and 5 mass% of GNPs were studied. 
The cross-linking reaction of the epoxy resin is accelerated 
in dispersions with 5 mass% GNPs. In the presence of 
GNPs, the curing reaction becomes less exothermic, 
obtaining less perfect epoxy networks compared to neat 
epoxy (DGEBA-DDM) thermoset. Accordingly, the glass 
transition temperatures (Tg) of the nanocomposites are 
lower than that of the neat epoxy thermoset. This effect is 
not detected for low content of graphene (1 mass%). Pro
tocol of curing having two isothermal steps leads to more 
perfect networks than the dynamic curing in the DSC. The 
Tg reduction is minimized in the samples cured through 
two isothermal steps. The storage moduli of the 
nanocomposite containing 5 mass% graphene, both in the 
glassy (T < Tg) and the rubbery (T > Tg) states, are higher 
than the ones of neat epoxy thermoset, being most pro
nounced this effect at T > Tg. Tensile tests confirmed the 
higher elastic moduli of the nanocomposites; however, a 
decrease in strain at break and tensile strength was 
observed for the nanocomposite containing 5 mass% of 

GNPs. This brittle behavior is consistent with the mor
phology of the samples studied by scanning electron 
microscopy. 
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Introduction 

Epoxy thermosets have characteristics such as high 
chemical and solvent resistance, creep resistance, heat 
resistance, low shrinkage on curing, good mechanical 
properties and excellent adhesion to metals and ceramics, 
so they are widely used in many applications such as 
adhesives, coatings and composite matrices. 

Since the discovery of graphene, its use as nanorein-
forcement of polymers to form nanocomposites has 
attracted great interest. Graphene nanoplatelets (GNPs) 
dispersed in a polymer matrix can lead to significant 
improvements in the properties and even give new features. 
Specifically, graphene/polymer nanocomposites may 
achieve high thermal and electrical conductivity and high 
thermal and hydrothermal resistance, increase the 
hydrophobicity and microwave absorption and decrease 
gas permeation [1, 2]. Moreover, using graphene nano
platelets as polymer reinforcement has the advantage of its 
low cost compared to carbon nanotubes. 

Many studies of graphene/polymer nanocomposites 
focus on processing methods of these composites to obtain 
well-dispersed nanoplatelets in the polymer matrix ensur
ing the best properties of the composites [3-6]. For ther
mosetting matrices, such as epoxy, the most common 
method is "in situ polymerization" which consists in 
mixing the graphene with the monomer or pre-polymer to 



form a well-dispersed mixture that is later polymerized by 
adding the curing agent at suitable temperature [2]. 

Regarding the properties of composites with epoxy 
matrix, it is known that the curing process is critical in 
defining the properties of the composites [7, 8]. It is 
therefore interesting to explore the influence that GNPs can 
cause in curing of graphene/epoxy dispersions and the 
influence of different curing protocols on the properties of 
the GNP/epoxy nanocomposites. In this work, the curing of 
dispersions of GNPs in an epoxy resin and the mechanical 
properties of the nanocomposites obtained after curing are 
studied, in order to clarify the effect of GNPs in the curing 
reaction and in the nanocomposite properties. 

Experimental 

Materials 

Graphene was supplied by XG Science, under the trade 
name of M25, has higher purity of 99.5 % by mass and 
consists of nanoparticles with an average thickness of 6 nm 
lateral and average size 25 um. These data provided by the 
manufacturer match the characterization performed in 
previous works [3, 4]. 

The epoxy resin used in this study was diglycidyl ether 
of bisphenol A (DGEBA) (Araldite F, Ciba) with an 
epoxide equivalent mass of 187 g equiv-1. The curing 
agent was 4,4'-diaminodiphenylmethane (DDM) (Acros 
Organics). All samples were prepared using a stoichio
metric ratio of DGEBA-DDM. Frekote (Loctite, Spain) 
was employed as mold release product. 

Preparation of the dispersions and nanocomposites 

Dispersions of graphene nanoplatelets in the epoxy resin 
were obtained through mechanical stirring followed by 
sonication. In a previous work [4], it was found that son-
ication produced good dispersion of the nanoparticles, 
although delamination in individual nanoplatelets was not 
completely achieved. Dispersions were prepared with two 
concentrations of GNPs, 1 and 5 mass%. First GNP-
DGEBA dispersions were maintained at 80 °C with stirring 
at 300 rpm during 30 min, and then they were sonicated 
60 min using a horn and a sonicator UP400S Hielscher: 
0.5 s cycles with a power of 400 W and amplitude of 
50 %. The temperature did not exceed 80 °C. After that, 
the dispersions were degassed under vacuum (40 mbar, 
15 min). 

Once the dispersions were obtained, the curing agent 
(DDM) was added at 80-85 °C and mixed for 5 min. These 
samples were studied by differential scanning calorimetry 
(DSC) in order to investigate the curing reaction. 

Moreover, specimens for dynamic mechanical thermal 
analysis (DMTA) and for tensile tests were prepared. For 
this purpose, after adding the DDM to the dispersions, they 
were poured in aluminum molds of suitable dimensions 
and cured in an oven following the protocol: 2 h at 
120 °C + 1 h at 180 °C under atmospheric pressure. 

Differential scanning calorimetry (DSC) 

A Mettler Toledo mod.822e differential scanning 
calorimeter was used to measure the glass transition tem
peratures and heats of reaction. The instrument was cali
brated with indium and zinc, and measurements were taken 
under a nitrogen atmosphere. All samples were scanned 
three times in the DSC instrument. The exothermic peak 
temperature (Tv) and the reaction enthalpy (AH) were 
obtained from the first scan (—50 to 320 °C). For each 
composition, several first scans were done at different 
heating rates from 5 to 30 °C min -1 in order to obtain the 
apparent activation energy of the curing reaction (Ea). The 
second and third scans were performed in the temperature 
range 25-250 °C at 10 °C min"1 to obtain the Tg of the 
nanocomposite formed during the first scan. A similar 
procedure was followed to study the unreinforced system: 
DGEBA-DDM. Samples of 10-20 mg were weighted in 
aluminum pans. The Tgs were taken at the midpoint of the 
heat capacity change. Two to three samples corresponding 
to the same composition were measured for each heating 
rate. 

Dynamic mechanical thermal analysis (DMTA) 

Dynamic mechanical thermal analysis (DMTA) of cured 
samples was performed in dual cantilever bending mode 
using a DMTA V Rheometric Scientific instrument. Mea
surements were taken at 1, 2, 5, 10 and 50 Hz, with tem
perature increasing from 30 to 220 °C at a heating rate of 
2 °C min - . Specimen dimensions were 35 x 10 x 
1.8 mm . Two to three specimens were prepared for each 
composition. The elastic or storage modulus (£'), the loss 
modulus (E") and loss tangent (tan<5) were recorded for 
each frequency as a function of temperature. The maxima 
in tan<5-temperature curves were determined to identify the 
a-relaxations associated with the glass transitions. 

Tensile tests 

The tensile mechanical properties of the nanocomposites 
were determined with a MTS machine model QTest 2L 
with a load cell of 2 kN, using an MTS extensometer model 
63411F-54. Experiments were performed at room temper
ature (22 °C). The specimens (140 x 10 x 1.8 mm ) were 
charged at a constant speed of 1 mm min -1 until fracture. 



The stress-strain curves were recorded for six or more 
samples of each composition. The average values of 
mechanical properties tensile modulus, tensile strength and 
strain to failure were calculated for each composition. 

Scanning electron microscopy 

Morphology of composites was studied using scanning 
electron microscopy. A Philips XL30 instrument and a 
Nova NanoSEM 230 FEI (FEG) instrument were employed 
with beam energy of 3-30 kV. The samples were cryo-
genically fractured, and the fracture surfaces of the samples 
were coated with a thin layer (5-10 nm) of Au (Pd). 

Results and discussion 

Dynamic curing of GNP/epoxy dispersions by DSC 

The DSC curves of neat epoxy (DGEBA-DDM), 1 mass% 
graphene/epoxy dispersion and 5 mass% graphene/epoxy 
dispersion measured at the heating rate of 10 °C min~ are 
shown in Fig. 1. All curves exhibit a single exothermic peak 
corresponding to the epoxy-amine curing reaction that 
occurs during the DSC scan. Table 1 shows the DSC results 
for the two GNP dispersions in DGEBA-DDM and for neat 
DGEBA-DDM mixture. It can be observed that rpeak 

increases with increasing heating rate. Lower heating rates 
offer longer time for chemical groups to react, and faster 
heating rates offer less time for the reaction. Therefore, the 
DSC curves shift to a higher temperature as the heating rate 
increases, to compensate for the reduced time. 

As it can be seen in Table 1, T^ak values for 5 mass% 
GNP/DGEBA-DDM are lower than the corresponding 
values of DGEBA-DDM; this means that the curing 
reaction is accelerated in the presence of graphene. A 
similar catalytic behavior has also been reported for carbon 

5 mass% GNP/DGEBA-
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Table 1 DSC results: rpeak and AH obtained from the first DSC scan 
at different heating rates (ft) for neat DGEBA-DDM and GNP dis
persions in DGEBA-DDM 

Sample [il0C mfrr1 

From 1st scan 

-* peak' *— -A// /J g 
epoxy -

DGEBA-DDM 5 143 470 

10 163 450 

15 174 430 

20 183 445 

25 190 450 

30 197 410 

1 mass% GNP/ 5 146 432 
DGEBA-DDM 10 166 440 

15 178 410 

20 186 410 

25 195 412 

30 202 406 

5 mass% GNP/ 5 136 420 
DGEBA-DDM 10 154 425 

15 165 415 

20 174 394 

25 180 392 

30 186 392 

Fig. 1 DSC curves of DGEBA-DDM and of 1 mass% GNP/ 
DGEBA-DDM and 5 mass% GNP/DGEBA-DDM dispersions at 
10 °C mfrr1 

a Estimated error ± 1 °C 

Estimated error ± 20 J g~ 

nanotubes/epoxy nanocomposites [9-11]. However, this 
catalytic effect is not detected in samples with very low 
graphene content (1 mass%). Although the differences 
between rpeak of neat epoxy and rpeak of 1 mass% GNP/ 
DGEBA-DDM are close to the experimental error, rpeak of 
1 mass% GNP/DGEBA-DDM is slightly higher than rpeak 

of neat epoxy. Two opposite effects have to be considered 
in the curing of graphene dispersions, the steric hindrance 
of GNPs that impedes the mobility of the reactants 
increasing rpeak [12] and the high thermal conductivity of 
GNPs that can explain the accelerating effect for high GNP 
contents [10, 11]. The behavior of 5 mass% GNPs (rpeak is 
clearly located at lower temperature) can be attributed to 
the higher thermal conductivity of this sample [13]. 

The heat of reaction, AH, for each composition slightly 
decreases as the heating rate increases, but the changes are 
so small that it can be considered that AH is almost inde
pendent of the heating rate. It is apparent that the presence 
of graphene lowers AH, indicating that the epoxy matrix in 
the nanocomposites has lower cross-linking degree than in 
neat DGEBA-DDM. This can suggest that graphene hin
ders the reaction of epoxy-amine groups, leading to a less 
perfect network than neat DGEBA-DDM. This agrees with 
the Tg values of the cured samples that are lower for the 



Table 2 Tg of dynamic cured samples in the DSC ( -50 to 320 °C) 
and for samples cured in an oven (2 h 120 °C + 1 h at 180 °C), 
measured at 10 °C min~ 

Sample 

Epoxy (DGEBA-DDM) 

1 mass% GNP/DGEBA-DDM 

5 mass% GNP/DGEBA-DDM 

rg /°Ca 

Samples 
in DSC 

cured 
rg/°Cb 

Samples cured 
in an oven 

155 

144 

146 

162 

162 

158 

a Estimated error ± 1 °C 
b Estimated error ± 0.5 °C 

3.6 

3.0 -

2.4 

1.8 -

• DGEBA-DDM 
A 1 mass% GNP/DGEBA-DDM 
• 5 mass% GNP/DGEBA-DDM 

0.00216 0.00228 

T-VK-1 

0.00240 

Fig. 2 Linear plot of In/? versus T^eak for the curing of DGEBA-
DDM and for 1 mass% GNP/DGEBA-DDM and 5 mass% GNP/ 
DGEBA-DDM dispersions 

nanocomposites than for neat epoxy thermoset as it can be 
seen in Table 2. 

For better understanding the effect of graphene on epoxy 
curing, the apparent activation energy has been obtained 
from the variation of rpeak upon heating rate (/?) according 
to Ozawa's method [14]. Figure 2 illustrates the linear 
plots (In/? vs. X^ii) for DGEBA-DDM, 1 mass% GNP/ 
DGEBA-DDM and 5 mass% GNP/DGEBA-DDM. The 
correlation coefficients are in the range of 0.995-0.999. 
The apparent activation energy of the curing reaction (Ea) 
obtained from the slope of the lines (slope — —1.05 EJ 
K) was 52.3 ± 0.9, 52.9 ± 0.9 and 54.1 ± 0.6 kJ mol"1 

for neat DGEBA-DDM, 1 mass% GNP/DGEBA-DDM 
and 5 mass% GNP/DGEBA-DDM, respectively. These £ a 

values are in accordance with those reported in the litera
ture for DGEBA-DDM 40-60 kJ mol - 1 [15-17]. 

Although the linear fits are good, there is a risk that for 
the highest heating rates (25 and 30 °C min -1), the sam
ples have not reached the stated temperature at each time. 
Accordingly, Ea was also estimated using only the lowest 
heating rates (5, 10, 15 and 20 °C min - ) getting similar £ a 

results (differences lower than 4 %). Therefore, it can be 
concluded that there has not been found an undoubted 
dependence of Ea with the content of GNPs. 

The estimation of Ea by isoconversional methods yields 
values of Ea as a function of the conversion [18]. The 
method here used to evaluate E& is not isoconversional, so 
the results obtained are sound only if Ea does not vary with 
conversion. This is a reliable assumption because as it has 
been reported by Zvetkov el al. [16] for DGEBA-DDM, £ a 

is almost constant in the range of 30-80 % conversion and 
at 

Tpeat the conversion would be around 40—50 %. 
T% from DSC for cured GNP/epoxy nanocomposites 
and neat DGEBA-DDM thermoset 

Two types of samples have been studied: samples cured 
during the first scan (-50 to 320 °C) in the DSC and 
samples cured in an oven following the protocol: 2 h 
120 °C + 1 h at 180 °C. The Tgs were determined in the 
DSC instrument at 10 °C min - . Table 2 shows the 
obtained results. For samples cured during the first DSC 
scan, the heating rate used (5-30 °C min - ) has no 
influence on their Tg determined in subsequent DSC 
scans. It is worth noting that the Tg values obtained from 
second and third scans were coincident and the corre
sponding scans never showed any exothermic peak; thus, 
the reaction was completed. Comparing the Tgs of the 
samples cured in an oven with the Tgs of the samples 
cured during the first DSC scan, it can be concluded that 
the isothermal protocol of curing leads to more perfect 
network structures than the dynamic curing in the DSC. 
Therefore, the protocol of two isothermal steps (2 h 
120 °C + 1 h at 180 °C) can be seen as a main cure step 
followed by a postcuring that helps to reach the best 
physical characteristics of the epoxy network, such as 
ultimate cross-link density and higher Tg [9]. 

Regarding the effect of graphene on Tg, it is obvious that 
in samples dynamically cured in the DSC, the presence of 
GNPs conduces to a lower Tg of the epoxy network. This 
agrees with the lower cross-linking degree for samples 
containing GNPs as it was deduced from AH results. 
However, the Tg reduction is minimized in the samples 
cured through two isothermal steps. 

DMTA of cured GNP/epoxy nanocomposites 
and neat DGEBA-DDM thermoset 

DMTA curves (^'-temperature and tan<5-temperature) for 
neat DGEBA-DDM thermoset, 1 mass% GNP/DGEBA-
DDM and 5 mass% GNP/DGEBA-DDM nanocomposites 
at 1 Hz are shown in Fig. 3. As it can be observed, the 
nanocomposite with 5 mass% of GNPs presents an 
increased storage modulus in the glassy (T < Tg) and 
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Fig. 3 E'-temperature and tanc5-temperature curves (1 Hz) for epoxy 
thermoset and for 1 mass% GNP/DGEBA-DDM and 5 mass% GNP/ 
DGEBA-DDM nanocomposites 

MJE' DGEBA-DDM at 
T = 50 °C (glassy region) and at T = 190 °C (rubbery region) and 
tam5max at 1 Hz for neat epoxy thermoset and GNP/epoxy 
nanocomposites 

rubbery region (T > Tg) with regard to neat epoxy resin 
[E'50„c (neat epoxy) — 1.3 ± 0.1 GPa, E'50„c (5 mass% 
GNP) = 1.7 ± 0.1 GPa and E'9(pc (neat epoxy) = 18 ± 
2 MPa, E'9QoC (5 mass% GNP) = 31 ± 3 MPa]. Table 3 
shows the values of the relative storage modulus: E'lel;itive = 
Sample/^DGEBA-DDM at T — 50°C (glassy region) and at 
T — 190 °C (rubbery region). The nanocomposite with 
5 mass% of GNPs presents increased glassy and rubbery 
moduli with regard to neat epoxy thermoset, being the 
increment 30 % at 50 °C and 70 % at 190 °C, respectively. 
However, for the nanocomposite containing 1 mass% of 
GNPs, the increase in E' is imperceptible, and the differ
ences with the corresponding values of the neat epoxy 
thermoset are within the experimental error [E'50°c (neat 
epoxy) = 1.30 ± 0.1 GPa E'50oC (1 mass% GNP) = 
1.36 ±0 .1 GPa]. These results agree with the previously 
reported for a nanocomposite containing 0.5 mass% of 
graphene using a different manufacturing technique [4]. 
Actually, higher increments on moduli would be expected 
on base of the very high modulus of graphene (~ 1 TPa); 
thus, these results may suggest a weak interphase between 
the nanofiller and the epoxy matrix. 

DGEBA-DDM 
1 mass% GNP/DGEBA-DDM 
5 mass% GNP/DGEBA-DDM 

0.00220 0.00222 0.00224 

r-VK-1 
0.00226 

Fig. 4 Arrhenius plot for the a-relaxation of epoxy thermoset and for 
1 mass% GNP/DGEBA-DDM and 5 mass% GNP/DGEBA-DDM 
nanocomposites 

Sample F' 
relative 

F' 
sample 

tan<5max/°C 
50 °C 190 °C 
(glassy) (rubbery) 

Epoxy (DGEBA-DDM) 1.0 1.0 172 1 1 mass% GNP/DGEBA- 1.0 1.0 171 1 
DDM b 

5 mass% GNP/DGEBA- 1.3 1.7 168 
DDM 

60 

40 

20 
Neat epoxy 
1 mass% GNP/epoxy 
5 mass% GNP/epoxy 

— i — 

3 

e/% 

Fig. 5 Stress-strain curves for epoxy thermoset and for 1 mass% GNP/ 
DGEBA-DDM and 5 mass% GNP/DGEBA-DDM nanocomposites 

The temperature of tan<5max at 1 Hz (a-relaxation asso
ciated with the glass transition) for the neat epoxy ther
moset and for the nanocomposites is also included in 
Table 3. These values are in agreement with those deter
mined from DSC (see Table 2). As usual, the Tgs from 
tan<5max at 1 Hz are higher than the Tgs from DSC. The 
lower values of the temperature of tan<5max in the 
nanocomposites, in relation to neat epoxy thermoset, 
indicate a lower cross-linking density and a higher mobility 
of the polymer chains in the nanocomposites. 

The activation energy of the glass transition relaxation 
(EaGT) is the energy barrier that must overcome the 
occurrence of molecular motions causing the transition. 
Although it is known that the glass transition follows a 



Table 4 Stress-strain results for epoxy thermoset and GNP/epoxy nanocomposites 

Sample 

Epoxy (DGEBA-DDM) 

1 mass% GNP/DGEBA-DDM 

5 mass% GNP/DGEBA-DDM 

Young's Tensile Strain at Toughness from 
modulus/GPa strength/MPa break/% tensile curve/MJ m 

2.50 ± 0.08 69 ± 2 4.4 ± 0.4 2.3 ± 0.5 

2.74 ± 0.06 71 ± 2 4.5 ± 0.5 2.0 ± 0.4 

3.20 ± 0.15 42 ± 5 2.0 ± 0.4 0.60 ± 0.1 

Fig. 6 SEM micrographs of 5 mass% GNP/DGEBA-DDM nanocomposite at different magnifications 

Vogel-Fulcher-Tammann-Hesse behavior [19], Arrhe-
nius equation could be used in the range of frequencies 
studied to evaluate the apparent value of E&GT. As 
expected, the Tgs determined by tan<5max increase as a 
function of frequency (v). Figure 4 shows the plot of In v 
versus T7l for the neat epoxy thermoset and for the 

nanocomposites containing 1 and 5 mass% of GNP. 
From the slopes, the activation energy was calculated: 
670 ± 20, 670 ± 20 and 680 ± 20 kJ mol"1 for neat 
DGEBA-DDM, 1 mass% GNP/DGEBA-DDM and 
5 mass% GNP/DGEBA-DDM, respectively. Therefore, 
the activation energy of the glass transition relaxation 



does not depend on the graphene content at least in the 
studied concentration range. 

Mechanical tensile properties of GNP/epoxy 
nanocomposites 

The tensile properties of nanocomposites were determined 
by stress-strain measurements in tensile loading. Figure 5 
shows the stress-strain curves for neat DGEBA-DDM 
thermoset and for 1 and 5 mass% GNP/DGEBA-DDM 
nanocomposites. As it can be seen, the three compositions 
show linear behavior only at low strain. The stress-strain 
curves evidence that the samples exhibit fragile behavior. 
The values of tensile modulus (£), tensile strength (stress 
at break), strain at break and area under stress-strain 
curves, which is a measure of the toughness, were cal
culated from the stress-strain curves. The tensile test 
results which represent average values from six test 
samples are given in Table 4. It is worth noting that, as 
usual, the values of tensile modulus are higher than the 
values of the storage modulus [20], but the trends are 
similar. The data reveal that increasing GNPs content 
increases the modulus of the nanocomposites: 10 % 
increment for 1 mass% GNP and 28 % increment for 
5 mass% GNP, which agrees with the DMTA results 
above discussed. Similar behavior has been reported for 
others graphene/epoxy nanocomposites [21]. 

However, the tensile strength values show a decrease 
with the increase in GNPs content. In a composite material, 
an increase in strength is expected when strong adhesion 
takes place between components and no defects are pre
sent; thus, the simultaneous decrease in tensile strength and 
increase in modulus of GNP/epoxy nanocomposites sug
gest the presence of defects due to the graphene load. The 
strain at break and toughness of epoxy are almost 
unchanged with the addition of 1 mass% of GNPs, but 
show a significant decrease with the addition of 5 mass% 
GNP. A decrease in toughness has been reported for low 
graphene (2 mass%) content in another graphene/epoxy 
nanocomposite [22]. 

The results here reported show that the presence of 
1 mass% GNP improves the mechanical behavior of the 
nanocomposite while increasing GNPs content up to 
5 mass% embrittles the epoxy thermoset. 

SEM of GNP/epoxy nanocomposite 

In order to analyze how the mechanical behavior of the 
5 mass% GNP/epoxy nanocomposite was observed by 
SEM (Fig. 6), in order to analyze whether there is a rela
tion between its morphology and mechanical behavior. A 
suitable dispersion of nanoparticles into the epoxy matrix is 
observed, and the graphene is homogenously dispersed 

(Fig. 6a). The micrographies at higher magnification evi
dence packaging of parallel nanoplatelets (Fig. 6c-e), thus 
corroborating that the graphene is not exfoliated or inter
calated according to previous work [4]. The packaging of 
the graphene nanoplatelets would explain that the increase 
in the Young's modulus is not as expected. It is interesting 
to note that some of the nanoplatelets are wrinkled 
(Fig. 6d) and are debonded from the matrix (Fig. 6b). The 
graphene nanoplatelets deflect crack propagation [23]. 
Unfortunately, this fracture mechanism does not induce 
toughening of these composites, probably due to the weak 
interface. In fact, some hollows or regions with poor 
adhesion can be observed in the micrographs (Fig. 6b, d) 
that can explain the brittle behavior of these samples. 

Conclusions 

The incorporation of 5 mass% of GNPs accelerates the 
curing reaction of DGEBA-DDM; however, this catalytic 
effect is not detected for low graphene content (1 mass%). 
1 mass% GNP/DGEBA-DDM dispersion presents 
exothermal peaks of reaction located at slightly higher 
temperatures than those of neat epoxy. The opposite effect 
detected for 5 mass% GNPs can be attributed to the higher 
thermal conductivity of this sample, which overcomes the 
delay effect of the GNPs steric hindrance. 

In the presence of GNPs, the curing reaction becomes 
less exothermic and the Tg of nanocomposites lowers. 
GNPs hinder the epoxy-amine reaction, leading to less 
perfect networks than neat DGEBA-DDM thermoset. The 
apparent activation energy does not show an undoubted 
dependence with the content of GNPs. 

The protocol of curing with two isothermal steps leads 
to more perfect network structures (higher Tg) than the 
dynamic curing protocol in the DSC. The Tg reduction is 
minimized in the samples cured through two isothermal 
steps. 

The nanocomposite with 5 mass% of GNPs presents 
increased storage moduli with regard to neat epoxy ther
moset, both in glassy and rubbery regions. The activation 
energy of the glass transition relaxation does not depend on 
the graphene content. 

The presence of 1 mass% of GNPs slightly improves the 
rigidity of the nanocomposite, as reveals the elastic mod
ulus, maintaining the other mechanical properties, tensile 
strength and strain at break. Increasing GNPs content to 
5 mass% increases the tensile modulus at room tempera
ture of the nanocomposite. Tensile strength decreases with 
the increase in GNPs content that suggests the presence of 
defects due to the GNPs addition. Strain at break and 
toughness are almost unchanged with the addition of 
1 mass% of GNPs, but show a significant decrease when 



the GNPs content increases up to 5 mass%. This behavior 
is corroborated by the morphology of the nanocomposite 
studied by SEM. 
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