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Because of the relatively high specific mechanical properties of LY556 epoxy resin, is often
used as an important matrix for structural composites in high-performance applications. In
the current study, an atomistic simulation based on molecular dynamics was performed to
characterize the mechanical properties of LY556 epoxy (EP) nanocomposites reinforced
with graphene oxide (GO) nanoparticles. The stiffness matrix and elastic properties such as
Young’s modulus, shear modulus, and Poisson’s ratio for the pure EP and EP/GO
nanocomposites were estimated using the constant-strain method. Three distribution
methods including ultrasonic with a probe, mechanical mixing with an ultrasonic cleaner,
and a high-shear turbo mixer with an ultrasonic cleaner were employed. The role of the
distribution method on the tensile behavior of epoxy reinforced with varying percentages
of GO nanoparticles (0.3 and 0.5 wt. %) was investigated. In addition, X-ray diffraction
(XRD) and field emission scanning electron microscopy (FESEM) were employed to
investigate the quality of GO distribution in nanocomposites. In the M3 method (the
optimal method) the tensile strength of the EP/GO nanocomposite was increased about
15% (76 MPa) at 0.3 wt% and 22% (80 MPa) at 0.5 wt%. Moreover, the toughness of the
EP/GO nanocomposite was improved by around 34% (1.37 J.m-3) and 50% (1.53 J.m-3) at
0.3 and 0.5 wt% respectively.

© 2025 The Author(s). Mechanics of Advanced Composite Structures published by Semnan University Press.
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1. Introduction

In many of today's engineering applications,
the combination of material properties to meet
the needs of various industries is becoming
more demanding. For example, aerospace
industries demand materials with high strength,
low density, high abrasion resistance, high UV
resistance, and resistance to withstand high
service temperatures. Nanocomposite materials
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have many of the needed
characteristics/properties required by
advancing industries. Moreover, in
nanocomposites, unlike conventional

composites, the improvement of one property
does not mean a loss/degradation in other
properties. In many cases, several properties can
be improved simultaneously with the addition of
nano reinforcements to the matrix material [1].
Due to the numerous advantageous properties
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such as high stiffness, strength, and corrosion
resistance exhibited by composite materials,
they have swiftly secured a distinctive position
in various industries. The remarkable strength-
to-weight ratio of polymer matrix composites
(PMCs) frequently leads to their widespread
utilization [2]. Graphene nanoplatelets (GNP),
carbon nanotubes (CNT), graphite, graphene
oxide, and other carbon-based nanoparticles
represent the new generation of materials that
impart exceptional mechanical, thermal,
electrical, and wear properties to composites [3,
4]. Graphene, a crucial member of carbon
nanomaterials, consists of carbon atoms
arranged in a two-dimensional (2D) hexagonal
network. Each atom forms a strong covalent
bond with three other carbon atoms, with an
average bond length of 1.42 A. [5].

The application of GNP, as a dispersed phase,
is restricted by its severe hydrophobicity and
gravity forces, which can contribute to the
deposition of the G sheets in water-based fluids
and cause these kinds of nanofluids (NF) to
rarely have high stability. Stability is the most
prominent feature that can limit the applications
of nanofluids. So, many researchers try to
improve the stability of NFs by using physical
methods like ultrasonic and chemical methods
[6]. GNP is the innovation of carbon-based
nanoparticles that impart good thermal,
mechanical, electrical, and best wear properties.
It has a lower production cost than carbon
nanotubes (CNT) [7, 8]. These characteristics
have been reported by several researchers.
Khodadadi et al. [1] investigated the possibility
of improving the properties of nanocomposite
using functionalization and hybridization of
nanofillers in nanocomposite using molecular
dynamics simulation. Takary et al. [9] performed
molecular dynamics simulation to determine the
interaction energy  between Si02-Ti02
nanoparticles and EP resin using MD simulation.
In this research, in addition to finding the
appropriate interaction of each nanoparticle
individually, the performance of hybrid
nanoparticles was investigated, and numerical
and analytical results showed that the presence
of a small amount of silica next to titanium
creates a strong interaction between fillers and
epoxy resin. Haghigi et al. [10] experimentally
investigated the effects of filler content and the
use of hybrid nanofillers on the aggregation and
mechanical properties of nanocomposites such
as elastic modulus, ultimate strength, and
elongation to failure. In addition, two-phase and
hybrid nanocomposites based on thermosetting
epoxy were also simulated using multi-scale
modeling techniques. The results showed that in
two-phase nanocomposites, the elastic modulus
and ultimate strength increase, while the
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elongation to failure of the nanocomposite
decreases with the weight fraction of the
reinforcement.

GO is thought to be an ideal nanofiller for
epoxy, the most important thermosetting resin,
which is widely used in adhesives, coatings, and
carbon-fiber-reinforced composites in the
aerospace and aviation industries [11, 12].
Because the oxygen-containing groups of GO, i.e.,
the hydroxyl and epoxide groups spreading
across the basal planes and the carboxyl and
carbonyl groups existing at edge sites [13],
facilitate the dispersion and exfoliation of GO in
epoxy. They can also participate in the curing
reaction of epoxy and form covalent bonds with
epoxy networks. Epoxy/GO nanocomposites
exhibit greatly improved fatigue characteristics
and toughness [14-16]. Li et al. [17] reported
effective reinforcement of GO for epoxy
nanocomposites. The average tensile strength
and Young’ s modulus were increased by
approximately 11% and 24%, respectively, at a
filler loading of only 0.5 wt%, without any
corresponding reduction in the strain to failure.
Yang et al. [18] prepared epoxy/GO
nanocomposites by transferring GO from an
aqueous dispersion to a DIGLYCIDYL ETHER of
bisphenol-A (DGEBA)-type epoxy resin through
two-phase extraction generated by lengthy
vigorous stirring and heating. The compressive
failure strength and toughness of the epoxy/GO
nanocomposites have been greatly increased by
the addition of 0.0375 wt% of GO nanosheets to
the epoxy matrix. Further functionalization of
GO by attaching various functional molecules or
polymers provides GO with better solubility in
organic solvents and augments the miscibility
with hydrophobic polymers and thus improves
the dispersion of GO (or rGO) and the interfacial
interaction between the nanosheets and the
matrices [19-24]. Such modifications have
resulted in very good reinforcement of different
types of polymers. For example, Wan et al. [25]
grafted DGEBA to GO nanosheets and prepared
epoxy nanocomposites with both unmodified GO
and functionalized GO (DGEBA-{-GO)
nanosheets. Improved dispersion and exfoliation
of the DGEBA-f-GO nanosheets in the epoxy
matrix were observed. Amino-functionalized GO
was also prepared and exhibited -effective
reinforcement of epoxy resin because of
covalent bonding between the amine groups of
GO and the epoxy networks during the curing
process [26, 27].

Achieving the best properties required for
products relies on the homogeneous dispersion
of nanofillers [25].

Sergio et al. [28] presented a method to
fabricate nanocomposites from an epoxy resin
reinforced with  graphene oxide (GO)
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nanoparticles. proposed a scalable and
sustainable fabrication process, based on a
solvent-free method, to achieve a high level of
GO dispersion, while maintaining matrix
performance. The results of the three-point
bending tests show a 39% increase in the
compressive  elastic  modulus of the
nanocomposite with the addition of 0.3% by
weight of GO. Yang et al. [18] reported a two-
phase extraction method to prepare graphene-
oxide/epoxy nanocomposites from a GO/H20
dispersion. Remarkable enhancements in
compressive strength and toughness were
reported, even with the incorporation of only
0.0375 wt% of GO. In another report, Wang and
co-workers [11] revealed both improved
thermal conductivity and low coefficients of
thermal expansion (CTEs) in epoxy composites
filled with 1 wt% and 5 wt% GO. The effect of GO
on the epoxide curing kinetics was discussed by
Bortz et al. [16] in 2011, while significant
toughness and fatigue life improvements were
also achieved through the addition of GO sheets.
Most studies have focused on functionalized or
reduced forms of GO regardless of its intrinsic
behavior in epoxy composites.

The improvements in mechanical properties
of nanocomposites such as flexural strength,
stiffness, toughness as well and failure strain can
only be achieved by a homogeneous dispersion
of nanoparticles in polymeric matrices [29].
Various techniques such as shear mixing [30],
mechanical stirring [29], acoustic cavitation
[31], and direct incorporation/in-situ
polymerization [32] have been utilized for the
dispersion of nanoparticles in polymer matrices.

In this paper, the effects of distribution
methods of graphene oxide in epoxy resin on the
mechanical properties of nanocomposites, such
as elastic modulus and ultimate tensile strength,
are experimentally investigated. Subsequently,
molecular dynamics (MD) simulation was used
due to the high reliability in predicting the
reaction between different materials and
comparing it with the results of experimental
work based on polymer-nanoparticle interaction
energy. In this mode, the distribution of
graphene oxide nanoparticles will be explored
using various methods, including ultrasonic
probe, mechanical mixing with an ultrasonic
cleaner, and high shear turbo mixer with an
ultrasonic cleaner. In this research, 0.3 and 0.5
wt% of graphene oxide nanoparticles are added
to epoxy resin, the extracted tensile strength is
compared by numerical solution, and the results
are reported. In this article, the effects of three
different methods of experimental distribution
in nanocomposites on the mechanical properties
were simultaneously investigated, and based on
the results optimum method was presented.
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2. Molecular Dynamics Method

Molecular dynamics is a method by which the
movement of a system of N particles can be
obtained by numerical calculations of Newton's
equations of motion, for a specific interatomic
potential, with known initial conditions and
known boundary conditions. Consider a system
of N atoms in volume Q. The internal energy of
this system is E=K+U, where K is the Kkinetic
energy in the system [33].

N 1 . ,
K= Smilu(©l M
i=1
and U is the potential energy of the system:
U=U(xN0) (2)
x3N(t) represents the location in three

dimensions of the collection of all atoms. E is a
constant quantity, meaning that if the system is
properly isolated, it has a constant value over
time. In a molecular dynamics simulation, five
elements should be considered, including
boundary conditions, initial conditions, force
calculation, integral and system properties
calculation [33].

Two methods are used to calculate the elastic
coefficients in the numerical solution the
molecular dynamics method, which is the static
method or constant strain, and the dynamic
method [34]. In the static method, by applying
small amounts of strain to the cell, the structure
is deformed. At the same time, other strains are
kept at zero. Then the unstable system is
brought to equilibrium, and when the system
reaches equilibrium, the stress corresponding to
it is calculated by viral theory, and the stiffness
matrix C; of the system is obtained as the

derivative ~ of  stress  concerning  the
corresponding strain [35].
AO'l' (3)
ij = Aa
Agj

In this equation, oy is calculated through the
following equation.

_1 -
o= V_O(Z 1iifij

i<j

(4)

In the above equation, ri; and fi represent
the atomic distance and the corresponding
interaction force between the two atoms that are
in the distance of the cutoff radius, respectively.
Vo represents the total volume of the
representative volumetric element.

The stiffness matrix coefficients obtained for
homogeneous materials have a similar pattern
to the following matrix coefficients [36].

Because of the random orientation of GOs,
the material was almost isotropic, for which the
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elastic stiffness matrix follows a particular
pattern, as shown in Eq. (5):

A+ 2u A A 0 0 0
A A+ 2u A 0 0 O

_| 2 A A+2u 0 0 O (5)
0 0 0 pw 00
0 0 O 0 u O
0 0 O 0 0 u

Thus, the stress-strain relations can be

completely described by two Lame constants, 4
and u, calculated from the stiffness constants.

1

A= E(Cu + Ci3 + Cy1 + Co3 + C34 + C3p) (6)
1

p=3 (Caq + Cs5 + Cop) (7)

Finally, the engineering elastic constants can
be described in terms of the Lame constants,
according to the following equations:

 uGA+2u)
E="0vn )
G=u )
2
K=1+on (10)
——A 11
2w (11)

E, K, and G represent Young's modulus, Bulk
modulus, and shear modulus, respectively, and v
represents Poisson's ratio [36]. Applying the
above-mentioned procedure, the mechanical
properties of pure EP and EP/GO samples were
calculated and averaged over all wvalid
configurations.

The constant strain method has been used to
extract mechanical properties in numerical

solution.
2.1. Construction of Crosslinked
DGEBA/MTHPA Models
The process of simulating molecular

dynamics in modeling and optimization of
nanocomposite in the Materials Studio
simulation software is as follows:

The molecular structure of DGEBA is shown
in Figure 1. Considering that the actual average
degree of polymerization (DP), n, is in the range
of 0.1-0.2 in experimental research[37], 0 DP is a
reasonable approximation. We set the DP of
DGEBA to 0 when modeling the molecular
model. The model-building process is as follows:
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Construct the monomer molecular models
of DGEBA, MTHPA, and DGEBA-MTHPA;
optimize the geometric structures of the
monomer molecules under the COMPASS force
field; obtain the molecular models as shown in
Figure 2.

The actual reaction molar ratio of DEGBA to
MTHPA is about 1:2. Accordingly, construct 10
models with 10% crosslinking density in which
each model contains 40 DGEBA molecules, 90
MTHPA molecules, and 10 DGEBA-MTHPA, and
10 uncrossinked models containing 50 DGEBA
molecules and 100 MTHPA molecules,
respectively. The temperature was set to 600 K,
and the initial density of models was 0.6 g/cm3.
After geometric structure optimization, the
models with the lowest energy were selected for
further simulation [38].

After the crosslinking process, the
DGEBA/MTHPA models with crosslinking
densities of 15%, 34%, 51%, 67%, 82%, and
96% were structurally optimized according to
the energy minimum principle in the COMPASS
force field. It can be concluded that the number
of crosslinked bonds increases with the
increasing crosslinking density, and the
crosslinking reaction occurs continuously [38].

In the simulation process, after minimizing
the energy of the system, to achieve a stable
molecular  structure for the graphene
oxide/epoxy nanocomposite, the system is
respectively under NVT conditions (denoting the
constant number of atoms, volume, and
temperature in the simulation process) and NPT
(denoting the constant number of atoms,
pressure, and temperature in the simulation
process) is placed [35].

Geometry  optimization and  energy
minimization were applied to the molecular
structures using a smart algorithm which is a
combined algorithm of the steepest descent,
adopted-basis Newton-Raphson (ABNR), and
quasi-Newton methods to reach the nearest
local minimum with convergence tolerance of
0.0001 (kcal/mol) [39].

In this investigation, a dynamic approach is
used to simulate the cross-linking process. The
process includes a cyclic set of minimization,
equilibration, and bonding to construct the final
crosslinked structure [40]. In the equilibrium
phase, the first NVT dynamics was conducted to
the molecular model at a temperature of 600 K
for a simulation time of 100 ps. The initial resin
density was assumed to be 0.6 g/cm3, to give a
large initial spacing between the molecules. The
system was subjected to 50 ps NPT dynamics
simulation at a temperature of 300 K at a
pressure of 1atm [40].

The stored structures undergo minor strains
in the NVT process following an initial energy
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minimization. The maximum amount of applied (

strain is 0.003, three pairs of tensile-
compressive strain and three pairs of pure shear
deformation are applied to the model separately. pe

This is while other strains are considered zero

and are applied in the form of a specific strain LYS6RepeatUnit  Aradur 317
pattern. After the system reaches equilibrium,
the mechanical properties are extracted by using
the relations mentioned above [35].

Pure epoxy simulation is formed from the
equivalent molecule of LY556 epoxy resin along
with the curing agent and the molecules are
randomly placed together and the polymer cell
is created in MD software. As shown in Figure 3,
the simulation of epoxy reinforced with
graphene oxide nanoparticles with 0.3 and 0.5
wt% is created using graphene oxide molecules
and polymer cells.

CHy CHz
II;O\QHC*CHClll—Cé:ﬂ;Q—i;@—O—CH;—CH\T/CHZ

Fig. 1. Molecular structure of DGEBA[38].

g

Fig. 3. Molecular structure and snapshots of created models

© (a) Chemical structures of LY556 with a curing agent; (b)
C Structure of graphene oxide molecule; (c) Cell made of pure
epoxy; (d) Cell made of epoxy with 0.3 wt% graphene Oxide;
(b) I (e) cell composed of epoxy with 0.5 wt% graphene oxide.
P O o... R u,c&,) The MD simulation box details are listed in
" Y Table 1 After creating and analyzing neat epoxy

models, Chainl was selected to create
nanocomposite models in Materials Studio
software. This selection aimed to model
nanocomposites considering the high aspect
ratio and lower computational costs. In other

o o words, nanocomposites, which comprised a 75%
e ﬁ:;g:‘-““—‘ W, "‘ i i resin cross-linking ratio reinforced with
8 nanofillers, were modeled using molecular
Fig. 2. Molecular models of (a) DGEBA, (b) MTHPA, (c) dynamics [39].
DGEBA-MTHPA. Gray, carbon; Red, oxygen; White,
hydrogen[38].
Table 1. MD simulations box details.
Simulation Box Number of Chain1 resin
0,
Sample Number of Molecules  wt (%) Dimensions () (75% crosslinking ratio)
Epoxy 21 100
42x42x41.7 33
GO 0 0
Epoxy 230 99.695
93.2x93.2x93.2 116
GO 1 0.305
Epoxy 280 99.499
99.6%x99.6x99.6 128
GO 2 0.501
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3. Materials and Research Method
3.1. Materials

Graphene oxide nanoparticle from FINE
NANO company, produced by an Indian
company (UNITED NANOTECH INNOVATIONS
PVT.LTD.) in the form of powder with a
thickness of 3-6 nanometers and lateral
dimensions of 5-10 micrometers, 8-10 layers,
density 0.42 g/cc and with a production purity
of about 99% was prepared and used as
reinforcing fillers in the present work. Epoxy
resin equivalent to LY556, curing agent HY917,
and accelerator DY0O70 were purchased from an
Indian company named HERENBA
INSTRUMENTS & ENGINEERS and used with a
combination of 100, 90, and 2 weight percent.
The desired resin was cured at 80°C for 4 hours
and post-cured at 120°C for 4 hours to achieve
the final mechanical properties of the resin. The
rate of reaching the mentioned temperatures
was 1.3°C/min.

3.2. Tests

In this research, three methods were used to
distribute graphene oxide nanoparticles in the
epoxy resin matrix and methyl ethyl ketone
(MEK) solvent was used to dilute the polymer.

The first method (M1) entails the use of an
ultrasonic probe. In this method, as shown in
Figure 4, by dissolving graphene oxide
nanoparticles in the solvent, the nanoparticles
were exposed to ultrasonic probe waves for 30
minutes with a power of 50 watts for
distribution. After that, epoxy resin was added to
the solution and distributed for another 30
minutes with the same power in the ultrasonic
probe device (Figure 7). The solvent was then
extracted using an evaporator device, followed
by the addition of the curing agent and
accelerator. The resulting mixture was
thoroughly mixed, and finally, samples were
prepared for the tensile test. The casting and
curing steps adhered to the ASTM D638
standard.

MEK+ Ultrasonic NPs+
Probe EP
50 watt Ultrasound
—_— —_—

30 min

l Jlf

Curing
agent NPs/EP
Casting
—_— —_—

Fig. 4. A view of the application of the first experimental
method for the distribution of nanoparticles.

Evaporation|
of MEK

60°C,1.5h
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The second method (M2) involves utilizing
mechanical mixing and an ultrasonic cleaner. In
this method, as shown in Figure 5, by dissolving
graphene oxide nanoparticles in the solvent and
adding epoxy resin, distribution was done with a
mechanical mixing for 30 minutes at a speed of
2000 rpm. Subsequently, an additional 30
minutes of distribution at a power of 50 watts
was carried out using an ultrasonic cleaner
(Figure 7). Following the mechanical mixing and
ultrasonic distribution, solvent extraction was
conducted wusing an evaporator device.
Subsequently, the curing agent and accelerator
were added, and the final mixing was performed.
Finally, to conduct the tensile test, the fabricated
samples were cast and subjected to the curing
process.

MEK+ Mechanical NPs+ 4
GO mixing EP

. Ultrasonic
# ¢ ¢ cleaner
‘/ 1,1

4
A’l

2000rpm
—
30 min

Ultrasound

dispersion

Curing
agent

Evaporation
of MEK

—
60°C,1.5h

Fig. 5. A view of applying the second experimental
method to distribute nanoparticles.

The third method (M3) involves the use of a
high-shear turbo mixer and an ultrasonic
cleaner. In this method, as shown in Figure 6, the
graphene oxide nanoparticles were dissolved in
the solvent, and epoxy resin was added. The
distribution process included 30 minutes of
mixing at a speed of 10,000 rpm using a high-
shear turbo mixer. Subsequently, an additional
30 minutes of distribution at a power of 50
watts was conducted in the ultrasonic cleaner
(Figure 7). After solvent extraction using the
evaporator device, the curing agent and
accelerator were added, followed by the final
mixing step. Ultimately, to conduct the tensile
test, the manufactured samples were cast and
subjected to the curing process.

MEK+ Turbo NPs+ ”/ Ultrasonic
GO Mixer EP ,/,/ 7 cleaner
b,

b’l

10000
rpm 50 watt
—

30 min

Ultrasound

30 min dispersion

Curing
agent

NPs/EP

Evaporation
P Casting

of MEK
L,

60°C,1.5h

Fig. 6. A view of applying the third experimental method for
the distribution of nanoparticles.
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3.3. Tensile Test Method

Tension rods were manufactured using
ASTM Type 1V standard with a thickness of 3.3
mm. Tensile properties were determined for all
formulations under ambient conditions, utilizing
ASTM D638 standards with a specimen
geometry of 16.5 cm length and 3.3 mm
thickness (ASTM Type 1V). The tests were
conducted on a mechanical testing machine
(SANTAM SAF-50), with a speed rate of 1
mm/min, as illustrated in Figure 8. The tensile
modulus was calculated from the initial linear
part of the stress-strain curve, and at least six
samples were tested for each test. Before the
test, the samples were placed for 2 hours at a
temperature of 23°C and a relative humidity of
50 percent.

Fig. 7. A view of (a) ultrasonic probe; (b) mechanical mixing;
(c) high shear turbo mixer; (d) ultrasonic cleaner.

Fig. 8. A view of (a) Tensile testing machine and
(b) Tensile test samples.

4. Results and Discussion
4.1. Tensile Test Results

Three molecular models were subjected to
uniaxial mechanical deformations simulated by
MD to predict their elastic mechanical
responses. The models were deformed with 5%
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uniaxial strains in tension and compression
along the x, y, and z axes throughout 2 ns.
Poisson contractions in transverse directions
were allowed for direct calculation of Young's
modulus and Poisson's ratio. The values of
Young's modulus in three orthogonal directions
(Ex, Ey, Ez), shear modulus (Gxy) in the x-y plane,
and Poisson's ratios for all three samples are
given in Table 2. As expected, the E; values are
much lower than the Ex and Ey values because of
the van der Waals dominance in that direction
and because the graphene oxide lies in the x-y
plane of a line.

Table 2. Elastic properties predicted from MD simulation
(modulus given in GPa)

Sample Ex Ey E: Gxy Uy Ux Uy
EP 1.79 1.81 1.78 0.7330.12 0.402 0.11
EP/GO
0.3Wt% 1.87 1.88 1.85 0.8310.13 0.4150.12
EP/GO
0.5wt% 193 194 191 0.9820.15 0.4320.13

A 3.8% increase in Young's modulus at 0.3
wt% and a 7.2% increase in Young's modulus at
0.5 wt% of graphene oxide can be seen
compared to the pure resin. This behavior refers
to the proper dispersion of nanoparticles in
lower weight ratios. However, for higher weight
ratios, the aggregation of nanoparticles prevents
significant  improvement of  mechanical
properties [41].

The mechanical properties of the
experimental test samples produced were
investigated in terms of tensile properties for
different weight percentages of graphene oxide
in epoxy resin. The results are presented in
Table 3 The stress-strain curve for 0.3 wt% of
graphene oxide in epoxy resin, in different states
of distribution, is shown in Figure O.
Additionally, the stress-strain curve for 0.5 wt%
of graphene oxide in epoxy resin, in different
states of distribution, is shown in Figure 10. As
depicted in Figure 11, the greatest improvement
in tensile and strain properties is observed at 0.5
wt% and M3, while the highest tensile modulus
is achieved at 0.5 wt% and M2.

If the amount of nanoparticles dispersed in
the polymer field is appropriate, the presence of
these nanoparticles reduces the movement of
the polymer matrix on the common surface
between the nanoparticles and the matrix, and
as a result, increases the strength of the
nanocomposite [42].

The continuous increase of the elastic
modulus by increasing the weight percentage of
nanoparticles occurs due to the proper
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dispersion of nanoparticles inside the polymer
matrix. The increase in the number of
nanoparticles along with the proper dispersion
of these particles increases the bonding and
adhesion between the surface of nanoparticles
and the polymer matrix, which limits the
movement of polymer chains during loading.
The result of this is an increase in the elastic
modulus of the nanocomposite [43].

Table 3. Tensile test results of produced
experimental test samples

Stress(Mpa)

— EP

75 w= w= = M1-EP/GO 0.3 wt%
= s m M2-EP/GO 0.3 wt%

= M3-EP/GO 0.3 wt%

60

45

30

T S S S S S .

R T B I Y R R R Ty R B P R

v b b b s b 18 )

TenSile Ten?ile TeHSile 00 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04
Model Sample Stress Strain Modulus Strain(mm/mm)
MP. mm/mm) (MP
(MPa) ( / ) (MPa) Fig. 9. Axial stress-strain curves for 0.3 wt% of nanoparticles
in epoxy matrix in different distribution methods.
MO EP 65.69 0.0312 2105.5
EP-GO [ e -
0.3 Wit% 39.00 0.017 2294.1 - ST D dok A
. [ == === M3-EP/GO0.5wt% s |
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0 3'5\2% 5848  0.026 2249.2 E I I
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M2 £l I
EP-GO [ |
1. .02 2295. i
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EP-GO : :
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0.3 wt% 76.03 0.036 21119 0 ooos o001 o0ts 002 0025 o003 0035 004
M3 Strain(mm/mm)
EP-GO Fig. 10. Axial stress-strain curves for 0.5 wt% of
0.5 wt% 80.59 0.038 21208 nanoparticles in epoxy matrix in different
distribution methods.
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Table 2 shows the results of the elastic
modulus of pure resin epoxy and
nanocomposites, which were determined based
on different multi-scale modeling approaches in
this research. The experimental results are also
listed in Table 3 for comparison. It should be
noted that the percentage of improvements
observed in the experimental measurements
should be compared with the predicted
properties. Therefore, the presented properties
cannot be directly compared because the
experimentally determined modulus of pure
resin is lower than that predicted by multiscale
models. For this reason, it was tried to make a
comparison after normalization of the results
which are presented in Figure 12. The difference
between the experimental and predicted
modulus for the pure resin and nanocomposites
can be due to impurities, defects, and
uncertainty in the exact chemical formula and
cross-linking ratio of the resin [10].

In M3, which obtained the best properties, a
0.96% decrease (21119 MPa) in Young's
modulus at 0.3 wt% and a 1.76% increase
(2120.8 MPa) in Young's modulus at 0.5 wt% of
graphene oxide compared to pure resin can be
seen. The tensile strength of EP/GO
nanocomposite increased by 15.7% (76.03 MPa)
at 0.3 wt% and 22.7% (80.59 MPa) at 0.5 wt%
compared to pure epoxy.

The mechanical properties, including
strength, strain, modulus, and tensile toughness,
of neat epoxy and nanocomposites with GO
content in different methods are presented in
Figure 11, and the values are summarized in
Table 3 The greatest improvement in tensile
properties (80 MPa, approximately a 22%
increase), strain (about a 20.7% increase), and
toughness (1.53 J.m3, approximately a 50%
increase) is observed at 0.5 wt% in M3.

The highest tensile modulus (2296 MPa,
about a 9% increase) is obtained at 0.5 wt% in
M1 in the experimental mode. According to
Table 2 in the MD method, the highest modulus
is obtained at 0.5 wt% (1940 MPa, about a 7.1%
increase). Figs. 12 and 13 depict a graph of
normalized elastic modulus and normalized
toughness, respectively. Fig. 12 displays the
normalized elastic modulus values obtained
from experimental and molecular dynamics
methods. The obtained results were compared
with other research to verify the agreement of
trends as Haghighi et al.[10] and Khodadadi et
al.[39] which conducted experimental and
molecular dynamics studies for the investigation
of Young's modulus of CNT, GNP, and CNP
nanoparticles in epoxy resin. In this diagram, the
M3 method exhibits more tough behavior
compared to the other methods, due to lower
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amounts of normalized modulus as a result of a
more uniform distribution of GO nanoparticles
(see 4.3. Distribution Study).

Figure 13 clearly illustrates that in the M1
method, a decrease in the elastic modulus is
observed at 0.5% by weight due to the
accumulation and breakage of graphene oxide
sheets. In comparison with the M1 and M2
methods, the distribution method M3
demonstrates better performance in epoxy
hardening.
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Fig. 12. A view of the normalized modulus improvement for
graphene oxide content (%wt)
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Fig. 13. A view of the normalized toughness improvement,
relative to the content of graphene oxide (%wt)

4.2. Gallery Space Inspection

To comprehend the structural features of
EP/GO as the base material for the multilayers
produced in this research, pure graphene oxide
and nanocomposites containing 0.3 and 0.5 wt%
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of graphene oxide were evaluated through X-ray
diffraction tests, as shown in Figures. 14 and 15.

The information obtained from the X-ray
diffraction of pure graphene oxide indicates the
presence of a sharp diffraction peak at the
separation angle 26=13.39° corresponding to
the interlayer distance d=6.61 A.

Towards the end of the diagram, peaks with
lower intensity are evident at specific layer
distances, as indicated in Table 4 In the X-ray
diffraction  analysis of  nanocomposites
containing 0.3 and 0.5 wt% of graphene oxide
with different distribution methods, the broad
diffraction peaks are observed at various
separation angles and corresponding interlayer
distances, as detailed in Table 4 Increasing the
interlayer distance compared to the pure
nanoparticle state allows the epoxy molecules to
penetrate between the nanoparticle layers,
which leads to a more appropriate orientation of
the epoxy between these layers, and by creating
a repeating regular structure, it will naturally
lead to an increase in mechanical properties
[44].

Certainly, the presence of a peak in the X-ray
diffraction diagram of the nanocomposite
containing 0.5 wt% of graphene oxide (Figure
15) suggests that the nanoparticles have formed
an interlayer structure in the epoxy background
without reaching a complete sheet state.
Moreover, the shift in the peak position
compared to pure graphene oxide indicates
structural changes in the polymer network.

GO

M1-EP/GO 0.3wt%
M2-EP/GO 0.3wt%
M3-EP/GO 0.3wt%
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Fig. 14. X-ray diffraction curves of epoxy/graphene oxide in
different distribution methods with 0.3% wt.
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Fig. 15. X-ray diffraction curves of epoxy/graphene oxide in
different distribution methods with 0.5% wt.

Table 4. Measured interplanar spacings converted to lattice constants, dispersion,
and semi-quantitative analysis for all models

Model Sample Pos. [20] Height [cts] FWHM [260] d[A] Rel.l. [%]
13.39(1) 537 2.64 6.61 100
MO - 26.41(2) 187 0.98 3.37 34.82
42.55(1) 181 0.56 2.12 33.67
77.65(2) 82 0.4 1.23 15.35
7.15 741.14 11.97 12.35 99.56
EP-GO 0.3% wt 16.91 744.41 3.86 5.24 100
M1 4351 295.11 9.86 2.08 39.64
7.22 520.87 5.55 12.23 77.03
EP-GO 0.5% w 17.39 676.21 5.12 5.09 100
43.98 137.08 6.69 2.06 20.27
8.02 815.45 13.37 13.78 99.56
EP-GO 0.3% wt 17.89 819.05 445 5.96 100
M2 46.7 324.82 11.04 2.49 39.66
8.67 573.25 6.41 13.76 77.04
EP-GO 0.5% wt 18.41 744.13 5.93 5.90 100
46.05 151.09 7.66 2.56 20.30
8.85 897.49 15.20 15.66 99.56
EP-GO 0.3% wt 19.58 901.45 5.39 7.06 100
51.36 357.80 12.65 3.23 39.69
M3 9.04 630.88 7.35 15.43 77.05
EP-GO 0.5% wt 20.00 818.84 6.82 6.79 100
51.64 166.50 8.73 3.12 20.33
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As a general rule, considering the increase in
viscosity in higher percentages of nanoparticles
and the possibility of clumping, the interlayer
distances in high percentages of graphene oxide
are typically smaller than those in samples
containing lower percentages of graphene oxide.
The removal of the peak related to the
crystalline region of graphene oxide in the
diffraction pattern of samples of different states
indicates the optimal amount of nanoparticles in
these nanocomposites. In general, the absence of
a peak in the diffraction pattern is a sign of the
complete sheeting of graphene oxide, the
creation of a layer-by-layer structure in the
epoxy field, and the optimal distribution of
nanoparticles during the mixing process.

Due to the high aspect ratio of graphene
oxide layers, the state of complete lamination
leads to the creation of more contact surfaces
between polymer chains and nanoparticle
layers, which will naturally be associated with a
significant  improvement in  mechanical
properties [45].

4.3. Distribution Study

SEM images of the tensile test specimens’
fracture surfaces were taken to show the
dispersion quality of the GOs into the epoxy
resin. Fig. 16 shows FESEM images of the
fracture surface of nanocomposite samples in
the first method (M1) with graphene oxide
nanosheets reinforced with 0.3 wt% (Figure
16a) and graphene oxide nanosheets reinforced
with 0.5 wt% (Figure 16b). By comparing these
images, it can be concluded that the intensity of
ultrasonic power with a probe increases the
specific surface fracture of graphene oxide
nanoparticle sheets. On the other hand, as can be
seen, the background phase contains fewer
graphene oxide nanosheets, which shows the
distribution of nanoparticles, but the fracture of
the specific surface of the sheets reduces the
strength of the polymer nanocomposite. Fig. 17
shows FESEM images of nanocomposite samples
in the second method (M2) with graphene oxide
nanosheets reinforced with 0.3 wt% (Figure
17a) and graphene oxide nanosheets reinforced
with 0.5 wt% (Figure 17b). Clumps of graphene
oxide nanosheets are formed due to the
unfavorable distribution of the mechanical
mixing in the epoxy background, which leads to
stress concentration and loss of mechanical
properties. Fig. 18 shows FESEM images of
nanocomposite samples in the second method
(M3) with graphene oxide nanosheets
reinforced with 0.3 wt% (Figure 18a) and
graphene oxide nanosheets reinforced with 0.5
wt% (Figure 18b). As it is known, the high speed
of the mixing has caused a favorable distribution
and the ultrasonic bath has caused the absence

of lumps in the graphene oxide nanosheets and a
favorable distribution in the epoxy background,
which leads to an increase in mechanical
properties.
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Fig. 16. A view of the fracture surface of GO nanoparticles in
the first method of distribution (a) with 0.3 wt% and (b)
with 0.5 wt%

Fig. 17. A view of the agglomeration of GO nanoparticles in
the second method of distribution (a) with 0.3 wt% and (b)
with 0.5 wt%
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Fig. 18. A view of the optimal distribution of GO
nanoparticles in the third distribution method
(a) with 0.3 wt% and (b) with 0.5 wt%

5. Conclusions

Considering the high reliability in predicting
the reaction between different materials and
comparing it with the results of the
experimental work, which is based on the
polymer-nanoparticle interaction energy,
molecular dynamics (MD) simulation was used,
and acceptable results were obtained by
comparing the experimental solution.

In this study, the tensile behavior of epoxy
reinforced with different percentages of
graphene oxide nanoparticles 0.3 wt% and 0.5
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wt% with three distribution methods (ultrasonic
with probe, mechanical mixing with an
ultrasonic cleaner, and a high shear turbo mixer
with an ultrasonic cleaner) was investigated. In
addition, X-ray diffraction (XRD) and field
emission scanning electron microscopy (FESEM)
were used to investigate the quantity and
distribution of graphene oxide inside the
nanocomposites.

A large number of tensile specimens were
fabricated and tested under uniform tensile
loading until failure. The research findings can
be summarized as follows:

To distribute graphene oxide nanoparticles
in epoxy resin, only using the probe ultrasonic
(first method), at least 30 minutes of
ultrasonication at 50 watts was performed.
According to the fracture surface of nanoparticle
plates shown in the FESEM, the tensile strength
of EP/GO nanocomposite decreased by 40.6% in
0.3 wt% and 37% in 0.5 wt% compared to pure
epoxy. In the second method, mechanical mixing
was used with an ultrasonic bath for at least 30
minutes at a speed of 2000 rpm and ultrasound
at 50 watts to distribute graphene oxide
nanoparticles in epoxy resin. According to the
agglomeration of graphene oxide nanoparticles
shown in the FESEM, the tensile strength of
EP/GO nanocomposite decreased by 11.1% in
0.3 wt% and 5.6% in 0.5 wt% compared to pure
epoxy. In the third method, a high-shear turbo
mixer was used with an ultrasonic bath for at
least 30 minutes at a speed of 10,000 rpm and
ultrasound at 50 watts to distribute graphene
oxide nanoparticles in epoxy resin. According to
the optimal distribution of graphene oxide
nanoparticles shown in the scanning electron
microscope, the tensile strength of the EP/GO
nanocomposite at 0.3 wt% is 15.7%, and at 0.5
wt% is 22.7%, and the toughness of the EP/GO
nanocomposite at 0.3 wt% is 35.2%, And at 0.5
wt%, it increased by 47.9% compared to pure
€poxy.

For proper distribution, without surface
modification of nanoparticles, the higher the
mixing speed with turbo baffled mixers, the
more suitable distribution and the amount of
tensile strength in different percentages of
nanoparticles will be improved.
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