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ABSTRACT: Graphene oxide (GO) has been widely studied as a nanofiller for
epoxy resins due to its excellent mechanical, thermal, and interfacial properties. In
this study, GO was synthesized via electrochemical exfoliation and characterized
using FTIR, XRD, TGA, and SEM. GO was incorporated into an epoxy matrix
(Litestone 3200 resin with 2131H hardener) at different weight percentages (0.10%,
0.13%, 0.20%, and 0.50%), and the curing behavior was analyzed through differen-
tial scanning calorimetry (DSC). The cure kinetics were evaluated using the Kissing-
er and Ozawa methods. The results indicated that the activation energy increased at
0.13% GO but decreased at higher concentrations. TGA analysis showed that the
addition of GO improved thermal stability, particularly at 0.10% GO. FTIR con-
firmed the presence of oxygenated functional groups in GO, XRD indicated partial
exfoliation and structural disorder, and SEM revealed sheet-like morphology. These
results were consistent and complementary, supporting the successful incorporation
of GO into the epoxy network. The addition of GO slightly improved the mechani-
cal modulus without significantly altering the glass transition temperature (Tg).

Keywords: Graphene oxide, Epoxy resin, Curing kinetics, Mechanical properties,
Thermal stability

1. INTRODUCTION

Epoxy composites have gained prominence in the industry due to their excel-
lent mechanical, thermal, and chemical properties, making them widely used in
construction, aerospace, automotive, and electronic applications [1, 2]. However,
the growing demand for high-performance materials with reduced environmental
impact has driven the development of novel composites, particularly those rein-
forced with nanostructured materials such as graphene oxide (GO).

To better contextualize this approach, we highlight below the properties and
previous studies involving GO-epoxy composites. Graphene oxide (GO) has
emerged as a promising nanofiller for epoxy resins due to its high surface area, ox-
ygen-containing functional groups, and good compatibility with polar matrices.
These characteristics enhance interfacial adhesion and facilitate improved mechan-
ical and thermal properties in epoxy-based nanocomposites [3,4]. The hydroxyl,
epoxy, and carboxyl groups on the GO surface interact with the epoxy matrix during
curing, promoting stronger interfacial bonding and potential changes in the cure
kinetics [S].

Several studies have demonstrated that incorporating GO into epoxy resins,
even at low concentrations, can enhance both thermal and mechanical performance.
Zhang et al. [6] reported increased tensile strength and decomposition temperature
in GO/epoxy systems at 0.1-0.3 wt%. Similarly, Liu et al. [7] found that GO pro-
moted faster curing and improved crosslink density due to its functionalized surface
acting as a catalyst and nucleation agent. These studies support the use of GO as an
effective modifier for multifunctional epoxy composites.
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While GO is widely studied, fewer investigations focus specif-
ically on electrochemically exfoliated GO and its effect on epoxy
systems. Compared to the Hummers’ method, electrochemical
exfoliation offers GO with fewer impurities, thinner sheets, and
higher functionalization [8]. These characteristics may enhance
its interaction with the resin matrix. Therefore, this study aims to
evaluate how different concentrations of electrochemically exfoli-
ated GO influence the curing kinetics, glass transition temperature
(Tg), thermal stability, and mechanical behavior of epoxy compos-
ites.

GO, a derivative of graphene, exhibits unique characteristics,
including a high surface area-to-volume ratio, the presence of ox-
ygen-containing functional groups, and good dispersibility in pol-
ymeric matrices [9,10]. These properties make GO an excellent
modifier for epoxy matrices, potentially enhancing their mechan-
ical strength, thermal stability, and even imparting new function-
alities, such as electrical conductivity and improved chemical re-
sistance [11].

A critical aspect of developing GO-reinforced epoxy compos-
ites is understanding the cure kinetics of the system. The curing
process directly influences the final properties of the material, and
its investigation allows for the optimization of processing condi-
tions and material performance. Kinetic analysis can be performed
using various models, such as the Kissinger, Ozawa, and Flynn-
Wall-Ozawa (FWO) methods, which enable the determination
of Arrhenius parameters, including activation energy (E) and
pre-exponential factor (A0) [12]. The Kissinger method is one
of the most widely used approaches and is based on the following
equation:

In (%) +in (%)

where fis the heating rate, Tp is the peak transition temperature,

E
RTp

(1)

R is the universal gas constant, and Eis the activation energy [13].
This method allows for the calculation of the activation energy by
plotting in (%) versus ,,.i , from which the slope can be used to
determine E. "

The Ozawa method provides an alternative analysis by utilizing the

equation:

Ing=-——Ink (2)

The FWO method, a model-free isoconversional method, is given
by:
1.051 F
RTp

Ing=— 3)

+C

where C is a constant for a given conversion level. This method
enables the estimation of the activation energy at different
degrees of conversion without presuming a particular kinetic
model [14]. Together, these methods provide a comprehensive
understanding of the cure kinetics, crucial for tailoring the thermal
and mechanical properties of GO-reinforced epoxy composites.
Thus, this study aims to investigate the cure kinetics of an epoxy
resin modified with GO by employing different thermal analysis
methods to determine the kinetic parameters. The obtained
results will enable the evaluation of how GO incorporation affects
the resin’s reactivity, contributing to the development of novel
epoxy-based composites with enhanced properties and improved
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processing efficiency. The expected outcomes include a detailed
understanding of the effect of GO on the cure kinetics of epoxy
resins, facilitating the optimization of processing parameters and
broadening their technological applications.

2. MATERIALS AND METHODS

Graphene oxide (GO) used in this work was prepared as re-
ported in a previous article. The materials used were commercial
graphite 4390 6B, KOHNOOR HARDTMUTH and concentrat-
ed sulfuric acid purchased from NEON Commercial Analytical
Reagents LTDA, Brazil. For the fabrication of the composites,
Litestone 3200E epoxy resin with Litestone 213H hardener was
used. The characteristic data of the Resin and Hardener are pre-
sented in Table 1.

Table 1. Characteristic data of Epoxy Resin and Hardener.

P " Epoxy Resin Hardener Litestone
roperties Litestone 3200E  21331h

Viscosity at 25°C [mPas]

ASTM D445 11000 to 14000  75-1S50

Density at 25°C [g/cm?]

ASTM D0452 1.1-12 1.1-1.2

Shelflife (months) 24 12

The product’s technical sheet reports that curing is carried
out for one hour at 90°C, followed by two hours at 140°C. Table 2
presents the properties of the resin after curing.

Table 2. Properties of the cured system.

Properties Value
Tg (°C/min) DSC, midpoint, 10K/min 130-140
Tensile Strength [MPa] ASTM D638 90
Young's Modulus [GPa] ASTM D638 32
Elongation at peak [%] ASTM D638 52
Flexural Strength [MPa] ASTM D790 114
Flexural Modulus [GPa] ASTM D790 2.2

GO was prepared by the electrochemical exfoliation of graphite
using an anodic method. The electrolytic cell consisted of graphite
block electrodes as the anode and cathode and 0.5 M H,SO, as
electrolyte and intercalant. Exfoliation occurred by applying a di-
rect current voltage of +3 V for 10 min, using an Instrutherm pow-
er supply, model FA-3005 digital, single channel, voltage up to 32
V, current up to S A. Then, the voltage was increased to +5 V for 5
min and subsequently increased to +7 V for another 5 min.

After electrochemical exfoliation, the product was kept in an
ultrasonic bath using a Cristofoli ultrasonic cleaner at a frequency
of 42 kHz for four hours. Finally, simple filtration was performed
and washed with distilled water until reaching neutral pH. The
product was dried in a Venticell oven for 24 hours with forced air
circulation at a temperature of 100°C. Epoxy resin - graphene ox-
ide composite (ER-GO) was prepared by adding graphene oxide
in amounts of 0 wt%, 0.10 wt%, 0.13 wt%, 0.20 wt%, and 0.50 wt%
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to the weight of the epoxy resin. The mixed content was stirred for
10 min and then the hardener was added in a ratio of 100:92, 100
parts resin to 92 parts hardener. The beaker contents were poured
into silicone molds and cured following the manufacturer's recom-
mendations, one hour at 90°C followed by two hours at 140°C.

For the characterization of graphene oxide and ER-GO com-
posite, various techniques were used: Thermogravimetric Analysis
(TGA), X-Ray Diffraction (XRD), Differential Scanning Calorim-
etry (DSC), Fourier Transform Infrared Spectroscopy (FTIR),
Scanning Electron Microscopy (SEM) and Mechanical Testing.

Fourier Transform Infrared - Attenuated Total Reflectance
(FTIR-ATR) was used to obtain information about the chemical
structure of all samples. The spectra were recorded in the wavenum-
ber range of 650 to 4000 cm~! at 22°C. The analysis was performed
using a Shimadzu IRTracer-100 spectrometer, with an average
of 32 scans per spectrum and a resolution of 8cm-'. The micro-
structure of the GO powder was characterized by X-ray diffraction
(XRD). The diffraction patterns were collected using a Malvern
Panalytical X’Pert PRO diffractometer equipped with CuK radia-
tion (A=1.5406°A) and a graphite monochromator. The scanning
range 20 was set between 5° and 70° with intervals of 0.02° and a
scanning speed of 5.0 s per step. The morphology of all samples
was examined using scanning electron microscopy (SEM). A Zeiss
EVO MA 15 SEM was used, operating with an acceleration voltage of
15 kV and a working distance (WD) of 16-19mm. The samples were
fixed on double-sided carbon tape and were not gold-coated be-
fore analysis. TGA measurements were carried out using a TGA-
60, Shimadzu, at a constant heating rate of 10°C min~! from 25 to
1000°C under a nitrogen atmosphere (50 mL.min-!). A Shimadzu
Model DSC 60 was used to study the cure kinetics of epoxy anhy-
dride systems and to determine the glass transition temperature
(Tg) of ER-GO composite networks. Studies on curing kinetics of
epoxy resin and GO were carried out by dynamic scans, samples
(Smg) were sealed in aluminum pans, and heated between 25 to
250°C at rates of 5°C/min, 10°C/min, 15°C/min and 20°C/min.
Glass transition temperatures were investigated in ER-GO com-
posites previously cured. Tg was defined by the onset temperature
of the change in specific heat was determined during a subsequent
scan at 10°C/min. Mechanical testing was performed by a univer-
sal testing machine, EMIC model DL 3000, with a 5.0 kN load
cell at 50% relative humidity and 23°C. Tensile properties of ER-
GO composites were studied by compressive strength following
ASTM 695 standard at 1.0mm/min using cylindrical specimens
10 + 0.2mm long with 12 + 0.2mm diameters. The reported values
were averaged from measurements of at least five specimens.

3. RESULT AND DISCUSSION

In Figure 1, we present the FTIR spectrum of graphene oxide
(GO). The FTIR spectrum shows a broad band between 3740
cm” and 3500 cm”, indicating the presence of O-H carboxyl or
oxygen functional groups. [15].The vibration band at 1737 cm™!
is assigned to the C=O stretching of the carboxyl group (COOH),
located at the edges of GO. The stretching vibration at 1076 cm!
corresponds to C-O bond of the hydroxyl and epoxide groups on
the basal planes. The vibration band at 1564 cm-! is attributed to
C=C bonds of the graphene skeleton [16]. Figure 2 shows the
X-ray diffraction plot of graphene oxide obtained in this work. The
XDR pattern found is comparable to that reported for the GO ob-
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Figure 1. FTIR spectrum of GO.
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Figure 2. XRD pattern of the obtained GO.

tained by electrochemical exfoliation of graphite [17]. The XRD
reveals impurities of graphite (20=26.5°) and the presence of two
carbon forms in the GO: one with high (26= 9.5°) and the other
with low (20=24.5°), concentrations of functional groups.

GO with a high concentration of functional groups exhibits a
characteristic peak at the [002] crystalline plane at 9.5°, indicat-
ing an increase in interplanar distance due to the introduction of
oxygenated groups, such as hydroxyls and epoxides, between the
graphene layers. This increased interlayer spacing suggests a higher
oxygen content, a characteristic expected in highly oxidized GO
samples [18].

On the other hand, GO with a low concentration of functional
groups is identified by the broadening of the peak base between
20°and 30°, centered at 24.5° indicating less distance between
graphene layers. The two-dimensional (10) reflection exhibits two
diffraction peaks at 20 = 42.5°and 44.5°, related to short-range or-
der in stacked graphene layers. The characteristic peak at the [002]
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Table 3. Interplanar distance and crystallite size of GO.

20(°) B(rad) d(nm) H(nm) n D(nm)
9,5 0,016 0,93 8,58 9 8,96
24,5 0,017 0,37 1,32 4 -

265 0016 034 878 75 ;

42,5 0,010 0,21 - 29,07
44,5 0,027 0,20 - 11,19

Signal A = SE1
Mag= 10.00KX 1CE-

EHT = 15.00 kV
~ WD= 8.5mm

Figure 3. SEM of GO.

2 um
—

nifei

crystalline plane at 26.5°is assigned to the graphitic structure, indi-
cating that some regions still retain the crystalline organization of
graphite [18]. For the calculation of interplanar distance, we used
Bragg’s law [ 19]. The characteristic [002] reflection was used to es-
timate the graphene flake thicknesses or average height of stacking
layers (H) by the Scherrer equation, using a constant equal to 0.9.
The average layer numbers (n) can be obtained by the division of
the thickness (H) by the interlayer distance (d):

-0

To estimate the average diameter of stacking layers (D), the
Scherrer equation was used with the Warren constant of 1.84 in
the diffraction peak related to the two-dimensional (10) reflection
[20]. The results obtained for all peaks are presented in Table 3.

Therefore, as we already said, the GO obtained by electro-
chemical exfoliation of graphite consists of a mixture of different
graphene oxides. Nanostructures stacking with an average layer
number between 4 to 9 and average diameter between 29.07 nm
to 11.19 nm, having impurities of graphite.

Table 3 shows that the interplanar distance for the highly oxi-
dized phase (0.93 nm) was significantly greater than that of the less
oxidized phase (0.37 nm), with these values being consistent with
those found in the literature [21].

In Figure 3, we present an SEM image of the GO obtained in
this study. The presence of GO sheets is observed, indicating that
the exfoliation method used was effective. The micrograph reveals
wrinkled surfaces at the edges of the sheets, suggesting different
degrees of stacking [22].
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Figure 5. FTIR spectrum of bisphenol A diglycidyl ether polymer
(epoxy resin), tetrahydromethylphthalic anhydride (hardener),
and cured epoxy resin.

Figure 4 presents the TGA/DTG curves of the GO. The
DTG curve shows the peaks of maximum temperature of mass
loss. The peaks below 100°C are related to water elimination,
and those between 100°C to 500°C are due to the loss of oxygen
[23]. The TGA curve shows that the sum of all losses between
100°C to 500°C corresponds to 10% of the mass of GO. This
result shows the low oxidation level of GO obtained in this work
by the electrochemical exfoliation method, using H,SO, 0.5 M as
electrolyte. In electrochemical exfoliation, higher oxidation levels
have been achieved only atlow electrolyte concentrations, near 0.2
M [24]. The major loss represents 54.6% of the mass and can be
associated with the pyrolysis of the carbon framework [25].

Before studying the effect of GO on the cure kinetics of epoxy
resin, we performed spectroscopy by FTIR characterization of the
epoxy resin and hardener. In Figure 5, the FTIR spectra of the epoxy
resin, hardener, and cured epoxy resin can be observed.

In the FTIR spectrum of the epoxy resin, the bands at 2968cm™
and 2873cm™ are due to methyl group C-H stretching vibration,
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and at 2924cm™ for methylene C—H stretching. The low-intensity
band at 3052cm™ is attributed to C—H stretching vibration for
sp*-hybridized carbon. The C-H in-plane bending asymmetrical
vibration of methyl is observed at 1456cm™. The characteristic
bands of C=C stretching of the benzene ring are observed at
1601cm™, 1583cm™, and 1510cm™. The peaks at 1235cm™ and
1028cm™! correspond to the C-O stretching. The characteristic
absorption of C—O-C for the epoxy group is observed at 914cm™
[26].

In the FTIR spectrum of the hardener, the bands at 3035cm™,
2930cm™, and 2856cm™ are assigned to C-H stretching vibrations
of sp? hybridized carbon, methylene, and methyl, respectively.
The bands at 1854cm™ and 1773cm™ correspond to out-of-phase
C=0 stretching. The C=C stretching was observed at 1698cm™.
At 1465cm™, the C-H in-plane bending vibration of methyl
is observed. The bands at 121lcm™ correspond to the C-O
stretching [27].

The cure reaction is confirmed in the FTIR spectrum of the
cured epoxy resin by the disappearance of bands of out-of-phase
C=0 stretching of the hardener and the absorption band of C-O-C
for the epoxy group, and the appearance of the C=O stretching
vibration band of the ester functional group (R-CO-OR) at
1715cm™ [ 28].

Figure 6 presents the DSC curves at heating rates of 5°C/min,
10°C/min, 15°C/min, and 20°C/min for the resin studied in this
research. From these data, the absolute exothermic peak temperature
was obtained for each heating rate.

140 T T T T
120 4 .
} ——5°C/min |
100 -
. ——10°C/min ]
80 —— 15°C/min B
— ] ———20°C/min ]
s %0 ]
E 4] ]
8 4
8 20—_ ]
0 .
-20 4
-40 4 .
-60 T T T T
50 100 150 200 250
T(°C)

Figure 6. DSC curves for curing at different heating rates for the
resin.

Table 4. Absolute temperature for each heating rate.

¢(°C/min) T (°C)
S 134.18
10 150.23
15 159.20
20 167.01
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Figure 7. Values of In(¢/T?) as a function of T~', according to
the equation proposed by Kissinger.
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Figure 8. Values of In(¢) as a function of T, according to the
equation proposed by Ozawa.

Table 4 presents the absolute temperature values correspond-
ing to each heating rate. Based on these values and by applying the
methods proposed by Kissinger and Ozawa, the activation ener-
gies for the resin analyzed in this study were determined to be Ea =
56.362 kJ/mol and Ea = 63.391 kJ/mol, respectively, as illustrated
in Figures 7 and 8.

The activation energy values calculated for the studied system
are close to those reported in the literature for the epoxy-anhydride
system. Literature confirms that the anhydride used in this study,
tetrahydromethylphthalic anhydride (ATHMF), exhibits high-
er activity, resulting in a lower activation energy for the epoxy/
ATHMEF curing process. The activity depends on the molecular
structure of the anhydride; ATHMF contains unsaturated alicyclic
side groups that enhance intermolecular interactions and restrict
mobility, making it an active anhydride in the epoxy resin curing

J.Appl.Mat. and Tech. 2025, 7(1), 11-21



Applied Materials and Technology

e
Q
Q
c
8
€
w
c
I
= —ER
70 ——ER-G0 0.10 % A
-~ ER-GO0.13 %
——ER-GO 0.20 % -
—— ER-GO 0.50 %
60 L 1 " 1 " 1 L 1 " 1 " 1 n 1 " 1

1800 1650 1500 1350 1200 1050 900 750

Wavenumber (cm™)

Figure 9. Comparative FTIR spectrum of EP-GO composites
cured.

Table 5. Absolute temperature for each heating rate as a function
of GO concentration.

GO Concetration (%) ¢ (*C/min) T (°K)
S 407.67
10 423.84
0.10
15 429.31
20 440.17
S 408.35
10 422.69
0.13
15 423.34
20 428.84
S 408.11
10 420.58
0.20
15 433.17
20 432.24
5 405.63
10 420.73
0.50
15 430.66
20 438.99

Table 6. Activation energy for each GO concentration calculated
using the Kissinger and Ozawa methods.

GO (%)
0.10
0.13
0.20
0.50

E, (Kissinger) (kJ/mol)
56.362
89.094
66.232
54.879

E, (Kissinger) (kJ/mol)
63.391
96.038
73.228
61.887
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reaction [29]. The curing reaction mechanism between the epoxy
resin and the anhydride is well known in the literature [30]. This
reaction can be catalyzed; however, as the presence of a catalyst
in the hardener formulation is unknown, we present the proposed
uncatalyzed mechanism.

Epoxy resin—graphene oxide composite (ER-GO) at composi-
tions of Owt%, 0.10wt%, 0.13wt%, 0.20wt%, and 0.50wt% of GO
by weight of the epoxy resin were prepared, cured, and character-
ized. Figure 9 comparatively shows the FTIR spectra of the cured
resins containing different GO concentrations. No significant
differences in band vibrations are observed in the spectra, except
for the ester band near 1715cm™ in the pure cured resin, which,
in the composites, undergoes a hypsochromic shift to 1726cm™.
This suggests that the aromatic ring of GO, being near and adja-
cent to the carbonyl group, increases the conjugation of the C=0
bond. Therefore, there exists a molecular interaction between GO
obtained by electrochemical exfoliation and the epoxy resin—an-

_9‘0 1 I 1 1
n | |
= ER
= ER-GO0.10%
" ® ER-GOO0.13%
9,5 \ m ER-GO0.20% +
= ER-GO 0.50%
g
Z 10,04 4
10,5 ‘ i
1 I 1 1
0,00225 0,00230 0,00235 0,00240 0,00245
TYK")

Figure 10. Kissinger Equation adjustments for different GO pro-

portions.
1 1 T T
3,0+ u ® ER 7]
' = ER-GO 0.10%
. " ERGOO0.13%
\ ® ER-GO 0.20%
1 | 0,
25 ER-GO 0.50% |
=g
£
2,0 4
1,54 -
1 1 1 I
0,00225 0,00230 0,00235 0,00240 0,00245
TK™

Figure 11. Ozawa Equation adjustments for different GO pro-
portions.
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Figure 13. SEM micrograph of neat epoxy resin (a) and epoxy resin containing 0.13% GO (b).

6000

ER-GO 0.13%

5000

- 4000

)

Intensity (u.a
w
o
o
o

N
o
o
o

1000

30
20 (%)

40 50 60

Figure 12. XRD pattern of the ER-GO 0.13% sample cured at
room temperature.

hydride system.

The study of the cure kinetics of epoxy resin modified with
GO was performed by Differential Scanning Calorimetry (DSC)
to determine the kinetic parameters. DSC curves were obtained at
the same heating rates as for the pure resin: 5°C/min, 10°C/min,
15°C/min, and 20°C/min.

Table S presents the absolute temperature values at each heat-
ing rate as a function of GO concentration. Based on these values
and using the Kissinger and Ozawa equations, the activation ener-
gy corresponding to each GO concentration was determined.

Based on the values presented in Table S and applying the
Kissinger and Ozawa equations, the activation energy for each GO
concentration was determined. The calculated values are summa-
rized in Table 6. Figures 10 and 11 display the curve fittings based
on the Kissinger and Ozawa equations, which were used to deter-
mine the activation energies (Ea).

17

As shown in Table 6, there are no significant differences be-
tween the Ea determined by both kinetic methods. The low GO
content of 0.10% by weight showed no difference compared to
pure resin; however, the sample with 0.13% showed a significant
increase in Ea. According to the literature, the presence of GO
blocks molecular diffusion, hindering the curing reaction. The
blockage is proportional to the GO particle size, increasing the
curing reaction Ea [31].

We suggest that the decrease in Ea observed in samples con-
taining 0.20% and 0.50% is a consequence of the segregation of
stacked GO sheets. Due to the mixing process used in this work
(physical mixing), only the GO fraction soluble in the resin affects
the epoxy resin curing reaction. The insoluble fraction does not di-
rectly influence curing and, therefore, does not affect the curing
kinetics. The observed effect is the opposite: the higher the GO
content, the greater the decrease in Ea.

However, studies indicate a catalytic effect of GO at the be-
ginning of the curing reaction, leading to a decrease in activation
energy [32]. Thus, the reduction in Ea in the sample with 0.50%
GO may be attributed to this catalytic effect.

The microstructural study by XDR was realized on the sample
ER-GO 0.13% to check the interaction between the epoxy resin
and the GO sheets. The XDR pattern of ER-GO 0.13% is shown
in Figure 12.

The XRD pattern of neat epoxy is characterized by a broad
peak at 20 near 18°, related to amorphous ordering of the polymer
chains [33]. The XDR pattern of ER-GO 0.13% observed in Figure
13 is represented by a synergistic response showing different re-
flection peaks within of broad peak. The different reflection peaks
can be attributed to the formation of several structures of GO in-
tercalated between the epoxy polymer chains [34]. This result was
confirmed by the higher activation energy of the ER-GO 0.13%
sample during the cure reaction of epoxy resin.

Figure 13 shows comparatively the SEM image of the surface
after mechanical fracture, of ER and ER-GO 0.13% samples. The
image of ER matrix revels ripple surface. The image of ER-GO
0.13% shows a homogeneous surface with a greater number of rip-
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Table 7. Tg values of the composites.

DSC Tg (°C)
ER 130.70
ER +0.10 GO 131.40
ER+0.13 GO 130.00
ER +0.20 GO 131.20
ER +0.50 GO 131.19

20 Tg=1307°C
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Figure 14. SEM micrograph of neat epoxy resin (a) and epoxy res-
in containing 0.13% GO (bs

ples, not observed phase segregation. This result agrees with XDR
pattern of ER-GO 0.13%. Also, the absence of any voids suggests
good adhesion between epoxy matrix and GO. The glass-rubber
transition (Tg) did not change significantly with the presence of
GO, as seen in Figure 14 and Table 7.

According to the literature, the Tg of epoxy matrix composite
systems depends on the synergy between curing reaction conver-
sion and molecular confinement [35]. There is a close relationship
between the degree of curing of epoxy resin and Tg. In this work, a
higher Tg value was observed in the epoxy-anhydride system with
higher activation energy for the cure reaction. This suggests better
mixing levels between epoxy polymer chain and GO sheets in the
EP-GO 0.13% sample, consequently higher confinement of GO
and higher Tg. Differently, higher GO concentrations do not al-
low full confinement of GO, resulting in Tg values similar to epoxy
resin.

Figure 15 presents the comparison of the TGA curves of the
neat epoxy resin and the composites containing different pro-
portions of GO. It is observed that the epoxy resin exhibits lower
thermal stability compared to the composites. Among the sam-
ples analyzed, the one containing 0.1% GO showed the highest
thermal stability, indicating that this concentration contributes
most effectively to the preservation of the material’s thermal prop-
erties. The ER-GO 0.2 and ER-GO 0.5% show higher thermal
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Figure 15. Comparison of the TGA results of the epoxy resin and
those with different proportions of GO. The TGA analysis shows
that the epoxy resin is thermally less stable than the compositesin
containing 0.13% GO (b).
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Figure 16. Young’s Modulus graph of the CPs.

stability at S00°C. This region corresponds with the pyrolysis of
the carbon framework of GO, as seen in Figure 4. Therefore, low
concentration of GO shows higher mixing level with epoxy resin
and higher initial thermal stability. Differently, higher concentra-
tion of GO shows a minor mixing level with epoxy resin, smaller
initial thermal stabilization and higher end thermal stabilization.
Compression tests were conducted using an Emic machine, model
DL3000, and the obtained values are presented in Figure 16.

The Young's modulus results reveal that the increase of me-
chanical properties of the ER-GO composite is statistically signif-
icant at concentrations of 0.2% and 0.5% of graphene oxide in the
polymer matrix. Observing the error bars, we can conclude that
there is no significant difference between the elastic modulus of
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EP-GO 0.2% respect to EP-GO 0.5%. An increase in the elastic
modulus of the epoxy matrix containing GO has been reported in
the literature [36]. This behavior is often attributed to the effective
dispersion and interaction between GO and the polymer matrix,
especially when functionalized or doped forms of GO are used.

The results obtained from studying cured resin composites
with different GO concentrations revealed significant effects on
activation energy, thermal behavior, and mechanical properties.
Kinetic analysis demonstrated that the activation energy varied
with GO content, showing an initial increase at 0.13% GO, fol-
lowed by a decrease at higher concentrations, likely due to particle
segregation and possible catalytic effects. Thermal analysis indicat-
ed that the glass transition temperature (Tg) remained relatively
stable across all compositions, suggesting a balance between mo-
lecular confinement and cure conversion effects. Mechanical tests
showed a slight improvement in Young’s modulus for the compos-
ite containing 0.20% and 0.5% GO, aligning with literature reports
on reinforcement effects. Overall, the results suggest that the in-
corporation of GO influences the curing kinetics and mechanical
performance of the epoxy matrix, with potential applications in
optimizing composite formulations.

4. CONCLUSION

In The electrochemical exfoliation of graphite to obtain GO
was successfully performed, as confirmed by FTIR, XRD, and
SEM characterizations. FTIR spectra revealed the presence of
C-0 and C=O0 functional groups, while XRD analysis showed the
characteristic diffraction peak of GO, with an interplanar spacing
of 0.93 nm and an average of nine stacked layers. XRD also indi-
cated the presence of residual graphite. The average stacking di-
ameter of the GO phases was approximately 29.07 nm and 11.19
nm. SEM images revealed a wrinkled morphology, characteristic
of stacked GO sheets, supporting the structural features expected
in exfoliated GO. Spectroscopic characterization of the resin and
hardener confirmed that the studied system consisted of DGEBA
and ATHMEF. The curing of the DGEBA-ATHME system was ver-
ified by FTIR, where the appearance of an ester band at 1715 cm™
indicated successful crosslinking. A hypsochromic shift to 1726
cm’ in the ER-GO composites suggested molecular interaction
between the electrochemically exfoliated GO and the epoxy—anhy-
dride matrix.

Dynamic curing studies showed that the Ea of the pure resin
was influenced by the addition of GO. At low GO concentrations,
Ea increased, likely due to the blocking effect of GO on the reac-
tions between hydroxyl-anhydride and carboxylic acid-epoxy
functional groups. Conversely, at higher GO concentrations, a
decrease in Ea was observed, possibly resulting from stacked GO
sheet segregation and/or the catalytic effect of GO on the curing
reaction. The glass transition temperature (Tg) of the composites
did not exhibit significant variation compared to the pure resin.
However, an increase in the elastic modulus was observed in the
ER-GO composites, indicating a reinforcing effect of GO in the
epoxy matrix. Among the tested samples, the one containing 0.1%
GO demonstrated the highest thermal stability, suggesting that
this concentration most effectively contributes to preserving the
material's thermal performance.
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