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A B S T R A C T

The properties of graphene have made it a promising material for the development of polymer nanocomposites,
and graphene functionalization has gained popularity due to its ability to improve dispersion between the
phases. For thermosetting matrices, nanomaterials can affect curing, and rheological studies provide crucial
information about this process. This study was undertaken to investigate the impact of graphene functionali-
zation on the curing kinetics and morphology of epoxy nanocomposites. For that, graphene (G), graphene
functionalized with surfactant sodium dodecyl sulfate (G-SDS), graphene oxide (GO), and graphene oxide
functionalized with amine groups (GON) were used as nanofillers. Rheological studies showed that the addition
of graphene to the resin resulted in a slower curing reaction in comparison to the neat epoxy at temperatures of
60 and 70 ◦C. G-SDS did not affect the curing kinetics of the epoxy resin, while the addition of GO and GON to the
resin accelerated the curing kinetics and reduced the reaction activation energy. The most significant im-
provements were observed for GON, with a reduction in gelation time at 60 ◦C from approximately 40 min to 17
min, and at 80 ◦C from 11 min to 6 min, compared to the neat epoxy. The functionalization also resulted in a
significant increase in the dynamic storage (E′) and loss (E″) moduli, indicating that functionalization of graphene
enhances its interfacial interaction with the epoxy matrix. Specifically, GON yielded a 70 % increase in E′ and a
28 % increase in E″ compared to the neat epoxy.

1. Introduction

The increasing demand for efficient, lightweight, and cost-effective
materials has led to significant interest in polymer nanocomposites.
These composites improve the matrix properties by combining it with
nanomaterial reinforcements. Even at low filler concentrations, these
reinforcements offer enhancements due to their high surface area [1,2].
Epoxy, a widely used thermosetting polymer, possesses excellent adhe-
sion, chemical and thermal resistance, low shrinkage, and strong me-
chanical properties. Because of these qualities, epoxy is well-suited for
high-performance composites in structural adhesives, automotive,
aerospace, and coating [3,4].

Graphene is an outstanding option for reinforcing nanocomposites.

Its two-dimensional structure, composed of sp2-hybridized carbon
atoms, grants graphene a high surface area along with exceptional me-
chanical, electrical, and thermal properties [5]. Additionally, few-layer
graphene (FLG) (comprising 6–10 layers) produced from the exfoliation
of natural graphite represents an economical alternative for
industrial-scale production [6].

When using graphene to improve the mechanical properties of an
epoxy, it is important to ensure that it is well dispersed and evenly
distributed throughout the matrix. This is crucial to avoid stress con-
centration and fractures caused by large agglomerates [7,8]. Therefore,
different dispersion strategies have been investigated in the literature
[9]. One of the strategies to disperse nanofillers involves modifying their
surface by adding different functional groups. These groups are selected
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to enhance compatibility between the polymer and the nanofiller by
decreasing polar disparity, or forming chemical bonds [10].

The curing reaction is a crucial step in processing thermosetting
polymers. It involves mixing a curing agent with the polymer to create a
highly cross-linked network by opening the epoxy rings of the monomer.
This process transforms the material from a liquid into a solid, resulting
in a strong three-dimensional structure. Faster curing systems are
essential for improving application efficiency and speeding up produc-
tion. These systems are important for a variety of uses, including anti-
corrosive inner for vessels maintenance [11], adhesives for electronic
components [12], and the fabrication of automotive parts [13,14]. Their
implementation is vital for enabling high-throughput manufacturing
and enhancing overall production efficiency.

Various factors have a significant impact on the kinetics of the
nanocomposite cure reaction, such as temperature, functional groups,
and dispersion, as well as mobility of the nanomaterials [15,16].
Therefore, it is imperative to investigate the effect of different conditions
on the curing time to gain a better understanding of the curing process.

Several studies have used differential scanning calorimetry (DSC)
and Fourier-transform infrared spectroscopy (FTIR) techniques to
investigate the cure kinetics of graphene/epoxy composites. In addition,
various researchers have observed the effects of different nanofillers on
the curing process. These studies are summarized in Table 1.

The curing kinetics of a thermoset resin can also be evaluated using
rheological measurements [24]. Rheology offers an advantage over
other methods by enabling the direct measurement of gelation time, an
essential factor in thermoset processing. Beyond this stage, the material
transitions into a solid state, making further molding impossible, as the
process becomes irreversible. This measurement is accomplished by
monitoring the viscoelastic properties of the composite over time while
keeping the temperature constant [25]. Despite the importance of this
information, the use of rheology to investigate the curing process of

epoxy resins to which graphene has been added is still limited. In this
study, rheological tests were employed to examine the curing behavior
of epoxy and graphene nanocomposites. To enhance the dispersion be-
tween the matrix and the filler, several functionalization methods were
used. These include non-covalent functionalization with the surfactant
sodium dodecyl sulfate (G-SDS) and covalent functionalization with
oxygenated groups (GO) and amine groups (GON). Non-covalent func-
tionalization relies on physical forces of attraction, which is less
aggressive and helps preserve the graphene structure. In contrast, co-
valent functionalization involves chemical reactions. Although this
method is more aggressive, the introduction of amine and oxygenated
groups can create strong interactions with the epoxy rings in the resin.
Therefore, this study aims to investigate the dispersion of various
nanofillers in the epoxy resin and their influence on curing kinetics.

2. Methodology

2.1. Materials

Diglycidyl ether of bisphenol A (DGEBA) resin Epon 828 (Hexion
Inc.) and amidoamine curing agent Epikure 3015 (Hexion Inc.) were
purchased from Miller-Stephenson Chemicals.

Few-layer Graphene Black™ 3X was provided by NanoXplore. It can
present a carbon content of >91 at.% and approximately 7 at.% oxygen,
0.5 at.% sulfur, and 2 at.% metallic impurities. The average particle size
(D50) is 38 μm and the number of layers ranges from 6 to 10. Addi-
tionally, powdered graphite (99 % A.P., Smith), sulfuric acid (98 % A.P.,
Dinâmica), potassium permanganate (99 % A.P., Química Nova),
hydrogen peroxide (37 % A.P., Química Nova), hydrochloric acid (37 %
A.P., NEON Química) ethylene glycol (99 % A.P., NEON Química),
diethylenetriamine (99 % A.P., Sigma-Aldrich), ethanol (99 % A.P.,
NEON Química), and dodecyl sulfate sodium (99 % A.P., Neon Química)
were used.

2.2. Methods

2.2.1. Preparation and characterization of nanomaterials
Graphene, provided by NanoXplore, was functionalized with Sodium

dodecyl sulfate surfactant (SDS). For this, a 60 mmol/L SDS solution was
prepared and mixed with 10 g of graphene. Then, to remove excess un-
adsorbed surfactant, the modified graphene was washed with distilled
water and ethanol [26].

Graphite oxide (GrO) was obtained using the modified Hummers’
method. First, 1 g of graphite and 25 mL of sulfuric acid were placed in
an ice bath at a temperature of 0 ◦C and stirred for 10min. Subsequently,
3 g of potassium permanganate were slowly added to avoid sudden in-
crease of temperature. After the addition, the ice bath was removed, and
the system was kept at 35 ◦C for 3 h. To stop the reaction, 150 mL of
water and 33 mL of hydrogen peroxide were added, and the material
was washed with hydrochloric acid and distilled water to remove im-
purities [27,28].

To functionalize with amine groups, the aqueous graphite oxide
suspension was subjected to an ultrasound bath for 1 h to exfoliate the
layers and obtain graphene oxide (GO). Then, 1 g of GO was mixed with
3 g of sodium acetate and 100 mL of ethylene glycol. The mixture was
stirred magnetically and heated on a hotplate up to 180 ◦C. Subse-
quently, 35 mL of diethylenetriamine was added, and the system was
agitated and recirculated for 6 h in a sealed reactor, at 180 ◦C. After-
wards, the agitation and the heater were turned off, and the content was
allowed to cool to room temperature. The material, then, was washed
with ethanol and distilled water to remove any unreacted portion [29].

Fig. 1 illustrates the chemical structures of DGEBA (epoxy) and the
curing agent, SDS and DETE reagents for functionalization, as well as G,
G-SDS, GO, and GON.

Finally, each material underwent a 1-h ultrasonic bath to exfoliate
the layers. The Fisher Scientific Ultrasonic Bath 2.8L CPXH Series,

Table 1
Effect of nanofillers on curing reaction.

Filler wt
%

Method Effect on
curing
rate

Explanation Ref.

GNPs 1 DSC Low T:
decrease
High T:
increase

Low T: steric
hindrance effect
High T: high thermal
conductivity of GNPs
reduced the steric
hindrance effect.

[17]

GO 0.5 DSC Increase Oxygenated groups
can react with resin
epoxy ring

[18]

GO 0.1 DSC Decrease Steric hindrance
effect

[19]

GrO 0.5 DSC Decrease Oxygenated groups
can react with curing
agent

[20]

GO 1 DSC Decrease Oxygenated groups
can react with curing
agent

[21]

GO 2 DSC
FTIR

- Oxygenated groups
can react with curing
agent

[22]

GO-DETE
GO-PEHE

0.1 DSC Increase High dispersion,
reaction with resin
epoxy ring

[19]

pDop-rGO 0.5 DSC Increase High dispersion,
reaction with resin
epoxy ring

[23]

GO -
hexamethylene
diamine

1 DSC Increase High dispersion,
reaction with resin
epoxy ring

[21]

GrO -poly
(oxypropylene)
diamine

0.5 DSC Decrease Increment of
viscosity and steric
hindrance effect

[20]
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operating at 40 kHz and room temperature, was used for this process.
The nanomaterials were characterized via X-ray photoelectron

spectroscopy (XPS), thermogravimetric analysis (TGA), Raman spec-
troscopy, X-ray diffraction (XRD), and scanning electron microscopy
(SEM). Before conducting the tests, the samples were dried in a vacuum
oven for 24 h. The XPS analysis was performed on a VG ESCALAB 250Xi,
equipped with a Mono Al Kα source and a 1486.68 eV pass energy. The
Advantage v6.5 software was used to analyze the spectra. This involved
fitting all high-resolution peak components using symmetrical Lor-
entzian/Gaussian peak functions, except for the C1s peak component
related to sp2 graphitic carbon, which is asymmetrical. To ensure
consistent results of carbon-oxygen, nitrogen, sodium, and sulfate spe-
cies, asymmetry parameters were optimized from C1s, O1, N1s, Na1s

and S2p. TGA was performed using a PerkinElmer Pyris Diamond TGA/
DTA in N2 atmosphere. Approximately 10 mg of the sample was placed
in an aluminum pan. The analysis was carried out at a heating rate of
10 ◦C⋅min− 1 over a temperature range of 40–600 ◦C. Raman spectros-
copy was performed using a confocal Raman spectrometer WITec UHTS
300. The samples were analyzed in several locations by a laser excitation
source with a wavelength of 532 nm and a power of 1.5 mw. The data
were analyzed using the WITEC Project software. The XRD method was
performed using a XRD diffractometer X’Pert³ Panalytical with a copper
monochromator (CuKα = 1.54 Å). Values of 2θ between 3.5◦ and 70◦

were used, with Δ2θ = 0.01, a voltage of 45 kV and a current of 40 mA.
The SEM was performed in a scanning electron microscope Hitachi TM
3000, at an accelerating voltage of 15 kV.
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Fig. 1. Schematic representation of (a) DGEBA, (b) curing agent, (c) SDS, (d) DETE, (e) G, (f) G-SDS, (g) GO and (h) GON.
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2.2.2. Preparation of composites
The nanocomposites were prepared using the solution mixing

method. The DGEBA and the nanomaterial in the aqueous solution were
mixed by magnetic stirring. The system was maintained at 60 ◦C for 15 h
to allowwater to evaporate, which was confirmed by thermogravimetric
analysis (TGA). Finally, the curing agent was added and manually stir-
red for 1 min. The weight ratio of the nanomaterial, DGEBA, and curing
agent was 1 : 68.3: 30.7, respectively.

After preparation, the mixture was placed in a vacuum oven at 40 ◦C
for 15 min for degassing. Finally, the samples were promptly transferred
to the rheometer for kinetic testing. Additionally, specimens were pre-
pared by pouring the mixture into molds, which were then placed in an
oven at 80 ◦C for 3 h until fully cured, in accordance with the manu-
facturer’s specifications.

2.2.3. Composites characterization

a) Rheological analyses

To investigate the cure kinetics, samples of the neat epoxy (E) and
epoxy composites reinforced with graphene (G/E), graphene-SDS (G-
SDS/E), graphene oxide (GO/E) and graphene oxide functionalized with
amine groups (GON/E) were prepared right before the testing. The cure
of these materials was investigated using a rotational rheometer. For
that, the materials were subjected to small amplitude oscillatory shear at
a constant amplitude, frequency and temperature, in the linear visco-
elastic regime previously determined. This method allows for verifying
the flow properties of the materials as a function of time.

The rheological test allows also determining the gelation time, which
corresponds to the liquid-rubber transition and is an irreversible process
[30]. In the literature, the gelation time has been identified through
oscillatory rheological testing using different criteria. Most studies
determine the gel point by identifying the crossover of G′ and G″,
marking the transition from liquid-like to solid-like behavior in the
material [31,32] for one experiment performed at one frequency.
Although straightforward and widely used, this method can suffer from
inaccuracy as the result will depend on the frequency (ω) of the applied
oscillation. An alternative criterion, proposed by Winter–Chambon,
defines the gel time as the point at which G’ and G” exhibit the same
scaling law [33,34]. Consequently, the gel point, which is a
frequency-independent phenomenon, is indicated as the intersection
point of the loss factors obtained at different frequencies [34–36]. More
details about the justification for the use of this lengthier method can be
found in the original manuscript. Within the present work, the Winter-
–Chambon criterion was utilized.

Tests were carried out using an Anton Paar Physica MCR 501
rheometer with a disposable parallel plate geometry. This setup
included a disposable upper plate with a diameter of 25 mm and a lower
disposable fixed plate with a diameter of 50 mm. Time sweep tests were
performed using a strain amplitude of 2% and angular frequencies of 10,
20 30 and 40 rad/s. These tests were carried out at constant tempera-
tures of 60 ◦C, 70 ◦C, and 80 ◦C and 1.5 mL of the sample was used in
each test.

Using the data of gelation time as a function of temperature, it was
possible to evaluate the activation energy for the curing reaction. This
was achieved using the kinetic model for the curing process combined
with the Arrhenius equation, according to Equation (1) [37].

ln
(
tgel

)
= c+

Ea
R

1
T

(1)

Where tgel is the gelation time, Ea is the activation energy, R is the gas
constant, and T is the temperature, and c is a constant.

b) Chemical analyses

In order to identify the functional groups formed during the curing
reaction, an investigation was conducted on the epoxy and its composite
samples using Fourier-transform infrared spectroscopy (FTIR) at
different intervals during the curing process at 60 ◦C. The samples were
subjected to controlled conditions, being placed in an oven at 60 ◦C,
removed after specified intervals, and frozen for subsequent character-
ization. The analyses were carried out utilizing a PerkinElmer Spectrum
100 FTIR spectrometer coupled with an Attenuated Total Reflectance
(ATR) crystal, with speed of 10 kHz, and a temperature and humidity
below 21 ◦C and 60 %, respectively.

The degree of conversion of the epoxy rings (α) for the epoxy and its
composites was calculated using the area under the peak at wavenumber
915 cm⁻1 (A915), normalized by the area under the peak at wavenumber
1608 cm⁻1 as a reference (A1608), at different times (t), according to
Equation (2) [38].

α=1 −
(A915 / A1608)t
(A915 / A1608)0

(2)

c) Mechanical analyses

Dynamical mechanical analysis (DMA) was used to evaluate the
mechanical properties of the composite and indirectly exam the inter-
facial interaction between filler and matrix. The test was carried out on
using an Anton Paar MCR 702 rheometer equipped with a three-point
bending linear device. The test specimens were fully cured in oven at
100 ◦C for 2h, and had dimensions of 70 mm (length) × 10 mm (width)
× 4 mm (thickness). Measurements were carried out from 25 ◦C to
175 ◦C at a heating rate of 5 ◦C/min, a frequency of 1 Hz and a strain of
0.1 %.

The morphology of the composites was investigated by scanning
electron microscopy (SEM). The specimens were cryogenically fractured
in liquid nitrogen and sputter coated with a thin layer of platinum. Then,
they were analyzed in a field emission gun scanning electron microscope
Hitachi SU 8230, at an accelerating voltage of 5 kV.

Optical microscopy was also employed to investigate the samples of
epoxy and its composites before the curing process. The analysis was
performed using an Olympus BX51 Fluorescence Microscope. For that, a
drop of the material was placed between twomicroscope slides to form a
thin layer.

3. Results

3.1. Nanomaterials characterization

The composition of modified graphene was analyzed using X-ray
photoelectron spectroscopy (XPS). High-resolution spectra of C1s, O1s,
N1s, Na1s, and S2p3 are shown in Fig. 2, while Table S1 displays the
compositions of each group present.

The C1s spectrum of graphene oxide revealed peaks centered at
289.2, 287.8, 287, 285.2, and 284.5 eV, which correspond respectively
to the ester and carboxyl (O––C–O), carbonyl (C––O), hydroxyl (C–OH)
groups, C–C resulting from sp3 hybridization and C––C resulting from
sp2 hybridization [39]. The O1s spectrum also confirmed the presence of
oxygenated groups, with peaks centered at 532, 532.8, and 533.6 eV,
corresponding to C––O or O––C–O bonds and the C–OH group [40].

Graphene oxide comprises carbon in the sp2 hybridization (C––C–C)
and carbon in the sp3 hybridization (C–C), indicating that the func-
tionalization of graphite with oxygenated groups leads to a modification
of the hybridization of the carbons present in the basal plane. With the
amino functionalization of graphene oxide, significant changes in the
spectra were observed. Compared to GO, GON showed an increase in sp3

hybridization carbons, confirming the higher level of disorder in the
structure due to functionalization. A contribution at 285.9 eV in the C1s
spectrum of GON is attributed to the C–N bond [41]. Moreover, the
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peaks at 398.4 and 399.7 eV on N1s spectrum confirmed the presence of
amine groups.

For G-SDS, a peak was observed at 1071.7 eV in the Na1s spectrum,
and another peak at 168.7 eV in the S2p spectrum, corresponding to
sodium and sulfate from the addition of the surfactant. Moreover, it
showed a small percentage of oxygenated groups and a higher content of
carbon in sp2 hybridization, indicating that most of the structure of
graphene has not undergone major alterations.

TGA shown in Fig. 3 demonstrates different thermal characteristics
of the nanomaterials. Considering that XPS is a surface analysis tech-
nique, TGA can provide insight into the functionalization content of the
entire bulk sample, as it evaluates changes in weight related to the
degradation of functional groups throughout the material. Graphene
displayed a slight weight loss of 1.59 %, mainly attributed to moisture,
leftover oxygenated groups, or impurities. G-SDS, in contrast, showed a
10 % weight loss in the temperature range of 250–300 ◦C due to

Fig. 2. High resolution center-level XPS spectra C1s, O1s, N1s, S2p and Na1s of GO (a), GO-N (b) and G-SDS (c).

Z.S. Bandeira de Souza et al. Polymer 320 (2025) 128067 

5 



surfactant degradation, which reflects the weight content of the func-
tionalization on the graphene surface [42]. For the GO, two major
weight loss ranges were observed: a 12 % loss between 30 and 130 ◦C
due to moisture removal, and a 25% loss between 150 and 350 ◦C linked
to the degradation of oxygenated groups. This 25 % loss reflects the
oxidation level of graphene oxide [43]. Above 350 ◦C, a mild additional
loss occurred, resulting in a total weight loss of 53 %. GON displayed a
weight loss of 2.8 % between 30 and 130 ◦C. In the 150–350 ◦C range, a
lower weight loss of 10 % was observed, and the reduction in com-
paration of the GO is linked to the partial reduction of oxygenated
groups due to the functionalization process. A gradual loss above 300 ◦C
was attributed to the degradation of nitrogen groups, with a total weight
loss of 34 %, which corresponds to the level of functionalization of GON
with amine groups [44].

The complementary characterization of nanomaterials (XRD, Raman
spectroscopy and SEM) is provided in the supplementary material
(Figs. S1 and S2).

3.2. Curing kinetics

Fig. 4 presents a typical time sweep behavior for the samples studied
in this work. In this case it is shown the storage and loss moduli for the
epoxy and its composites, subjected to time sweep at a frequency of 10
rad/s, and a temperature of 60 ◦C. Similar behavior was observed for all
the samples studied here for every frequency. Initially, the loss modulus
(G”) was higher than the storage modulus (G’) because the mixture was
in the liquid state and the mobility of the molecules was high. As the

curing reaction proceeded, cross-links were formed between the poly-
mer chains, which restricted their movement. Consequently, the storage
modulus increased significantly, surpassing the loss modulus.

• Gelation Time

Fig. 5 shows the time sweep of the epoxy and the composite graphene
oxide amine functionalized/epoxy at the different frequencies tested in
this work. The plots display the storage modulus (G’), loss modulus (G”),
and tan δ as functions of time. The Winter-Chambon criterion was
applied in this work to determine the gel point, which defines the gel
point as the moment when tan δ becomes independent of frequency. The
gelation time values are summarized in Table 2.

For the test conducted at 60 ◦C, the neat epoxy resin exhibited a
gelation time of 40.5 min (±0.6). The addition of graphene resulted in a
slightly increased gelation time of 44.2 min (±0.4), indicating a minor
retardation effect caused by the graphene. Due to its non-polar nature,
graphene tends to disperse poorly in the epoxy matrix and consequently
form more agglomerates. The agglomerates can act as a physical barrier
and prevent the polymer chains from forming a three-dimensional
network [45]. As the temperature increased to 70 ◦C, similar behavior
was observed. At a temperature of 80 ◦C, it was noticed that the gra-
phene gelation time was the same as that of the pure polymer. This
means that the steric effect of graphene was reduced because the poly-
mer chains had greater mobility at higher temperatures.

With the addition of G-SDS, there were only minor differences in
gelation time compared to the neat epoxy. The surfactant may have
improved material dispersion, eliminating steric effects of graphene.

By adding GO and GON, there was a significant reduction in reaction
times, especially for GON. The hydroxyl and carbonyl groups in GO may
have reacted with epoxy groups present in the resin. Similarly, amine
groups are also capable of triggering epoxy resin ring-opening reactions.
Furthermore, the longer chain length of DETAmay facilitate the reaction
by further reducing the gelation time.

• Activation Energy

The activation energy was calculated as the slope of the plot of ln
(tgel) vs. 1/T, since R is a constant. The results are presented in Fig. 6.
The activation energy supported the observed gel time trend. It was
found that the presence of graphene increased the activation energy
compared to pure epoxy, indicating that the filler acts as a barrier that
hinders the reaction. Additionally, the functionalization with surfactant
reduced the steric effect and lowered the activation energy. The analysis
also revealed a significant decrease in the curing reaction’s activation
energy with the use of GO and GON. Thus, it can be concluded that these
materials facilitated the reaction [46].

• Chemical analyses

Fig. 7 shows the FTIR spectra for neat epoxy (Epon 828 DGEBA/Epikure
3015 system curing agent) at different times after the addition of the
curing agent for an experiment carried out at 60 ◦C. The characteristic
peaks are described in Table 3. Among the peaks, the following are
particularly noteworthy: a broad band at 3350 cm⁻1, attributed to the
O–H stretching of hydroxyl groups; a peak at 1608 cm⁻1, related to the
C––C stretching of aromatic rings; and a peak at 915 cm⁻1, associated
with the C–O stretching of epoxy groups. Since the curing agent is
composed of amidoamine, peaks related to nitrogen-containing groups
can also be observed [47–49]. The peak at wavenumber 1608 is widely
used as a reference peak [38], as aromatic rings are chemically more
stable and do not participate in the curing reaction. Thus, the obtained
curves were normalized by the transmittance of this peak.

As seen in Fig. 7, with the increase in curing time, there was a
reduction in the peak at 915 cm⁻1, indicating that the epoxy group is
being consumed. Due to its cyclic configuration, the epoxy group is

Fig. 3. TGA curves of G, G-SDS, GO, and GON.

Fig. 4. Evolution of storage and loss moduli for epoxy resin and composites (G/
E, G-SDS/E, GO/E, GO/N) at 60 ◦C. Conditions: frequency = 10 rad/s, ampli-
tude = 0.2 %, LVR.
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highly reactive and susceptible to nucleophilic attack via an SN2
nucleophilic addition reaction. In this reaction, the proton is transferred
from the nucleophile to the epoxy group, resulting in ring opening. The
primary and secondary amines of the curing agent are capable of
reacting with the epoxy groups, resulting in the formation of a tertiary
amine and a hydroxyl group. This was confirmed by the increase in the
broad band at 3350 cm⁻1. The schematics of those reactions are pre-
sented in Fig. 8a-b. Additionally, an increase in the peak at 1036 cm⁻1

over time was observed, which is associated with the ether group. This
indicates that homopolymerization is occurring, as the epoxy group
reacts with the hydroxyl group, as illustrated in the schematic in Fig. 8c
[50,51].

The FTIR spectra for the different composites exhibited similar
behavior as the neat epoxy, as can be seeing in Fig. 7b. In the case of GO,
XPS analysis confirmed the presence of carboxyl and hydroxyl groups.
These groups are nucleophilic and react with the epoxy ring to form
ether and ester groups (Fig. 8a-b). Additionally, GON contains primary
and secondary amine groups, as well as the oxygenated groups that were
not fully reduced during functionalization. Therefore, the reaction with
the epoxy ring can occur via four different pathways (Fig. 8a-d). Finally,
for the G-SDS/E spectrum (Fig. 7b), no new peaks were added, indi-
cating that the presence of sulfhydryl groups did not contribute to the
epoxy ring opening reaction.

The degree of conversion (α) for epoxy and its nanocomposties are
shown in Fig. 9. At equivalent reaction times, G/E exhibited lower
conversion rates compared to neat epoxy, reaching the maximum degree
of conversion more slowly. In contrast, G-SDS/E displayed conversion
rates nearly identical to neat epoxy, while GO/E and GON/E

Fig. 5. Determination of the gelation time at 80 ◦C, amplitude = 0.2 % for E (a) and GON/E (b): crossover of storage and loss moduli (marked by triangles) and the
point where tan δ is frequency-independent (indicated by squares).

Table 2
Gelation time of the epoxy resin and its composites.

Material Gelation time (min) (±standard deviation)

60 ◦C 70 ◦C 80 ◦C

E 40.5 (±0.6) 21.5 (±0.2) 11.2 (±0.7)
G/E 44.2 (±0.4) 23.5 (±0.6) 11.5 (±0.7)
G-SDS/E 35.5 (±0.6) 18.5 (±0.5) 10.5 (±0.8)
GO/E 26.0 (±0.8) 16.2 (±0.8) 8.50 (±0.7)
GON/E 17.0 (±0.4) 10.5 (±0.6) 6.17 (±0.6)

Fig. 6. Activation Energy of the epoxy and its composites.
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demonstrated higher conversion rates, achieving 100 % conversion
more rapidly under the same conditions. Those results align with the
rheological results at 60 ◦C, highlighting the accelerating effect of the
GO and GON.

3.2.1. Dynamic mechanical analysis
Fig. 10 shows the variations in storage modulus (E′) and loss modulus

(E″) with temperature for the epoxy and its nanocomposites. The values
of E’, E” and Tg are reported in Table 4.

All nanocomposites showed increases in E′, which can be attributed
to two factors: (1) the higher modulus of the fillers compared to epoxy,
and (2) the creation of a filler-matrix interface, which contributes to the
dissipation of external stresses and results in a reinforcing effect. Thus,
the more significant increase for G-SDS/E compared to G/E indicates
that this functionalization enhanced the interface between the matrix
and the filler [52].

This increase in E′was even more pronounced for GO/E and GON/E,
with E′ increasing by 60 % and 70 %, respectively. This occurs due to the
functional groups present in the nanomaterials, which can react cova-
lently with the epoxy resin, thereby restricting the mobility of the
polymer chains. Furthermore, the greater compatibility of epoxy with
the amine groups of GON enhances dispersion within the matrix,
resulting in a more significant restrictive effect [53,54] as can be seen
Fig. 11, which shows a comparison of the morphologies of the different
composites studied in this work. In the literature, studies on the func-
tionalization of graphene with amine groups have also reported en-
hancements in the E’ compared to neat epoxy, with improvements of
approximately 17 % [55], 22 % [56], and 25 % [57], for samples

Fig. 7. FTIR spectra during the isothermal curing at 60 ◦C: (a) epoxy at different curing times; (b) epoxy and its composites 15 min after curing started (*curves offset
along the y-axis for clarity).

Table 3
Caracteristic bands of DGEBA and curing agent.

Contribution Wavenumber
(cm− 1)

Functional
group

Vibration type

DGEBA 3350 O–H Stretching of hydroxyl
groups

3050 C–H stretching of the oxirane
ring

2970–2873 C–H stretching of CH2 and CH
aromatic and aliphatic

1608 C––C stretching of the
aromatic rings

1505 C–C stretching of aromatic
1384 -CH3 symmetric deformation

of the carbon chain
1036 C–O–C stretching of the ether

group
915 C–O stretching of the oxirane

group
830 C–O–C stretching of the oxirane

group
772 CH2 rocking

Amidoamine
curing agent

1582 N–H stretching of the
secondary amine group

1657 N–H, C––O stretching of the
secondary amides

1122 C–N bond stretching
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containing 1.03 vol%, 1 wt%, and 0.125 wt% amine-functionalized
graphene, respectively.

An increase in E″ and a peak shift were also observed, especially for
the GO/E and GON/E. This behavior indicates that the system has

become more flexible, due to the greater tendency to dissipate energy.
The peak temperature of E” is also used to obtain Tg. As a result, there
was an increase in Tg for the GO and GON reinforcements, indicating an
increase in the crosslink density of the epoxy matrix [58].

The Optical Microscopy (MO) analysis (Fig. 12) confirmed the
findings from the scanning electron microscopy (SEM) observations. The
G/E samples exhibited larger agglomerates, while the G-SDS/E samples
showed a slight reduced agglomerate sizes. In contrast, the GO/E and
GON/E samples displayed a more uniform dispersion that nearly
covered the entire epoxy region, with only a few isolated areas of pure
epoxy and some larger agglomerates present.

Fig. 8. – Schematics of epoxy group reactions with primary amine (a), secundary amine (b), hydroxyl group (c), and carboxyl group (d).

Fig. 9. Degree of conversion of epoxy rings for the epoxy and its composites at
different times during isothermal curing at 60 ◦C.

Fig. 10. Dynamic mechanical properties curves of the epoxy and its composites.

Table 4
Dynamic mechanical properties of epoxy and composites.

Material E’ (MPa) E" (MPa) Tg (◦C) E’ increase (%) E″ increase (%)

E 1125.6 196.4 58.29 – –
G/E 1327.4 213.1 59 +18 % +9 %
G-SDS/E 1450.2 224.2 59.23 +29 % +14 %
GO/E 1785.0 237.5 63.57 +60 % +21 %
GON/E 1917.2 252.0 75.51 +70 % +28 %

Z.S. Bandeira de Souza et al. Polymer 320 (2025) 128067 

9 



Fig. 11. SEM micrographs of G/E (a), G-SDS/E (b), GO/E (c), and GON/E (d) composites at scale of 50 μm and 10 μm.
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4. Discussion

Rheological tests indicate that when graphene was added to the
epoxy at low temperatures, the steric effect was predominant due to the
larger cluster sizes observed via SEM, as depicted in Fig. 13a. Conse-
quently, as observed by FTIR, G/E exhibited a lower conversion of the
epoxy rings compared to neat epoxy. However, this effect diminished at
80 ◦C due to increased chain mobility. A similar temperature-dependent

behavior was observed by S. Rehman et al. [17].
The presence of the surfactant was found to suppress the steric effect

at all temperatures, indicating improved dispersion, as shown in
Fig. 13b. Although the SEM micrograph did not show significant dif-
ferences in agglomeration size between G/E and G-SDS/E, further DMA
analysis showed an increase in E′, associated with strong interactions
between the functional groups and the matrix, enabling more efficient
load transfer.

Fig. 12. Optical microscopy images of G/E (a), G-SDS/E (b), GO/E (c) and GON/E (d) composites.

Fig. 13. Schematic representation of the curing of composites (a) graphene/epoxy at low temperature, (b) graphene-SDS/epoxy, (c) graphene oxide/epoxy and (d)
graphene oxide functionalized with amine groups/epoxy.
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For graphene oxide, different studies report both an accelerating
effect [18] and an inhibitory effect [21]. In our study, functionalizing
graphene with oxygenated and amine groups led to a reduction in
gelation time and an increase in epoxy group conversion. These func-
tionalizations introduce proton donors such as alcohols, carboxylic
acids, and amine groups. The presence of hydroxyl and carbonyl groups
in GO and amine groups in GON facilitates epoxy ring-opening re-
actions, as shown in the schematics in Fig. 8, thereby accelerating the
curing process. This effect was more pronounced for GON due to the
longer chain length of DETA, which likely enhanced the reaction rate, as
shown in the schematic in Fig. 13c,d.

Moreover, the changes observed for the addition of GO and GON
were obtained by the addition of 1 wt% of these nanomaterials, equiv-
alent to around 0.35 wt% of functional groups, according to XPS and
TGA. This amount is small compared to the combined mass of DGEBA
and curing agent (68.3 wt% and 30.7 wt%). It suggests that the added
portion has minimal impact on the reaction’s stoichiometry, indicating
that the nanomaterials might have acted as heterogeneous catalysts by
providing active surfaces that facilitate the chemical reaction.

5. Conclusion

The present study demonstrated that the functionalization technique
used for graphene reinforcement can significantly impact the curing of
epoxy composites. Graphene, graphene functionalized with SDS, gra-
phene oxide, and amino-functionalized graphene oxide were evaluated
as fillers for the epoxy matrix. To achieve this, isothermal rheological
tests in the oscillatory regime were conducted to assess the viscoelastic
properties of the material over time. Additionally, the evolution of the
chemical structures of the epoxy as a function of time was also evaluated
by FTIR.

By examining the rheological and FTIR results, it was found that the
addition of graphene resulted in a delay of curing at lower temperatures
due to the steric hindrance, but this effect disappeared at higher tem-
peratures, due to the higher mobility of the polymer’s chains. G-SDS
didn’t interfere in the curing reaction in all studied temperatures,
indicating the surfactant helped to enhance the dispersion and reduce
the hindrance effect. Concomitantly, GO and GON accelerated curing
and reduced activation energy, since the functional groups were able to
form covalent bonds with the epoxy resin. Moreover, the microscopy
images and the improvements in the mechanical dynamical properties
showed that GO and GON were efficient in improving the dispersion.
Thus, functionalized graphene enhances curing efficiency, which is vital
for reducing processing times, increasing production capacity, and
streamlining maintenance processes. This makes it valuable for indus-
trial applications that require rapid curing and high-performance
materials.
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