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Abstract

Graphene foam is a three-dimensional and interconnected network of graphene. Graphene sheets,
when bonded together in three dimensions, create a very lightweight porous structure with re-
markable mechanical, thermal, and electrical properties. Nanocomposites made using this struc-
ture have far higher properties than conventional nanocomposites containing two-dimensional
graphene sheets. In this work, randomly three-dimensional graphene foam (RGF) is synthesized
from the chemical reduction of graphene oxide solution in the self-assembly method. RGF/epoxy
composite is then obtained by the RTM method. Tensile test of the resulting RGF/epoxy com-
posite samples highlight the effect of different foam preparation conditions and show a 169%
and 48% increase in Young modulus and tensile strength compared to neat epoxy. Experimental
results are subsequently validated using simulations based on molecular dynamics and advanced
continuous micro-mechanics. In this regard, using LAMMPS, a new method is employed to
obtain the initial structure of the RGF and carry out the tensile test. Also, a numerical method
(CUF) based on finite element analysis of the representative unit cell is performed to obtain the
mechanical properties of the RGF/epoxy composite material. The results extracted by simula-
tions and the numerical method for composites have a good agreement with the experimental
outcomings that their difference is about 1.3%.

Keywords:
Graphene foam, Mechanical properties, Molecular Dynamics, 3-D graphene modeling, CUF,
Multiscale

1. INTRODUCTION

In recent years, nanotechnology has become one of the most significant areas of research in
new technologies. This knowledge understands the unique properties and behavior of particles
smaller than 100 nm. This knowledge pursues four main objectives by using various sciences:
the synthesis of nanostructures, the study of the relationship between the properties of materials
and their nanometer dimensions, the design and fabrication of nanodevices, and the creation of
new structures using nanomaterials [1]. Therefore, considering the properties that nanomaterials
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have, the use of this technology has made research in nanotechnology a scientific and industrial
challenge for researchers.
Due to the exceptional properties of two-dimensional graphene, researchers have considered it in
recent years, and a wide range of possibilities for the synthesis of graphene-based materials has
been proposed [2]]. Experimental data show that the graphene monolayer has a Young modulus of
about 1000 GPa and intrinsic tensile strength of about 130 GPa, making it 100 times more potent
than steel with an average density of only 2 g/cm3 [3]]. Using graphene sheets and graphene-
based materials in composite materials is one way to apply these properties to applications.
In the last few years, graphene sheets have been widely applied as reinforcements in polymer
nanocomposites. A wide range of polymer matrices has been used for various functional materi-
als. One of the most important of them is epoxy, which is a type of thermoset polymer [4].
In situ polymerization and solution mixing methods are used for the synthesis of most graphene
/polymer composites; still, graphene or graphene oxide sheets accumulate [5] due to strong van
der Waals forces, which reduce the networking. Consequently, the dispersion of the reinforce-
ment in the polymer matrix and the expected properties are not achieved, and graphene has been
challenged for use in the macro dimension. There are many methods such as surface function-
alization of graphene sheets or polymer matrix chains, graphene surface modification, graphene
alignment in polymer, and exfoliation of graphene sheets to improve the dispersion of graphene
sheets within the matrix [6| [7]. However, none of these methods can still significantly improve
the agglomeration problem, and some of these methods alter the inherent properties of graphene.
On the other hand, in recent years, an efficient way of dispersing graphene sheets in the poly-
mer matrix in the form of three-dimensional graphene hydrogel, graphene aerogel and thin-film
plates [8, 9] have been introduced for this dispersion problem.
Three-dimensional graphene is an excellent way to reduce two-dimensional graphene prob-
lems. These three-dimensional graphene materials have advanced a lot due to their high per-
formance, such as open porosity, high pore connection, large surface area, remarkable strength,
etc. [10]. Graphene foam is one of the carbon foam structures that consists of several nano-
shaped graphene sheets, and many pores are formed in the connection. Although graphene foam
(sometimes called 3D monolayer graphene or sponge graphene) is a new material introduced in
2011 [[L1], its manufacturing methods vary, and research is up-to-date. In laboratory methods
for synthesizing graphene hydrogels and graphene foam, the principle is to remove the force
between the graphene sheets in the graphite and separate them from obtaining graphene and
graphene oxide monolayers. However, for the synthesis of graphene foam, there are methods
such as template directing, cross-linking method, chemical vapor deposition , and in situ reduc-
tion assembly [12]. In the following, a brief history of graphene foam reinforced composites is
presented.
Li et al. [13] used the polymer vacuum injection technique in graphene foam to produce highly
conductive composites for practical applications such as electronic devices, sensors, actuators,
and electromagnetic shields. Bong et al. [14] used graphene foams as a filter to separate lig-
uids such as water, oil, and so on. This measure is necessary to prevent possible environmental
pollution and malfunctions of equipment or facilities in the oil industry. Ni et al. [15] produced
graphene foam-reinforced polymer-based composites using resin molding and transfer. In their
method, the most significant challenge is the dispersion of graphene sheets in the composite.
The process of synthesizing graphene is through self-assembly. The diffusion of graphene sheets
in epoxy has increased mechanical properties and the very high thermal stability of the com-
posite. Zhao et al. [16] the effect of carbon fiber on the mechanical and thermal properties of
graphene foam/polymer composites with a meager volume fraction of carbon fiber achieved good
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properties, which was illustrated using scanning electron microscope (SEM) images. Zhang et
al. [17] investigated the thermal behavior of a polymer composite filled with graphene foam
using the finite element method. Due to the interconnected structure of graphene foam, which
forms effective thermal pathways, the polymer composite reinforced with graphene foam has
superior thermal properties. Chen et al. [18] in the assembly of graphene foam showed how
to produce solid porous materials lighter than air. They showed that these solid materials could
use for applications such as helium replacement to fill an incapacitated balloon in critical situ-
ations. Pedrielli et al. [19] performed computational research using molecular dynamics with
reactive potentials and normal function on the mechanical properties and thermal conductivity
of graphene foams/carbon nanotube. Their study obtained graphene foams using simulations
same as a topology experimentally by growing graphene on nickel nanoparticles. Rahmani et al.
[20] a model of graphene foam using simulated polycrystalline copper is presented in Molecular
Dynamics software, which is used as a membrane to separate gases.

In the present study, due to the unique structure of graphene foam and its exceptional properties,
the RGF is synthesized and added to epoxy as a reinforcer. The term random used in graphene
foam in this work is due to creating a completely random network, both experimentally and
numerically. Distributing random graphene sheets in numerical graphene foam brings it closer
to laboratory methods and produces more reliable results. RGF is prepared by hydrothermal
method combined with the chemical reduction of graphene oxide solution and self-assembly
method called HCS in this study. The synthesis method of RGF in this work, compared to
other methods, requires relatively inexpensive equipment, low process temperature, low energy
consumption, and full compatibility with the environment. The resin transfer molding (RTM)
method was used to fill the porous structure of RGF with epoxy. This work expects the ag-
glomeration phenomenon to be minimized by creating RGF, and the necessary tests have been
performed to show this issue. A novel molecular dynamics method is used to simulate RGF, in
which the mechanical properties of RGF are numerically studied using a tensile test to confirm
experiments. Finally, micro-mechanics simulations based on Carrera unified formulation (CUF)
finite elements and mechanics of structure genome (MSG) are employed to obtain the mechanical
properties of the RGF/epoxy composite.

2. SYNTHESIS METHODOLOGY

2.1. Materials

Graphene oxide powder 99% with 3.4-7 nanometers is provided by US Research Nanoma-
terials, Inc. Ammonia solution 35%, Hydroxide acid (HI) 57%, Acros, deionized water (DI)
and Acetone were purchased from Swiss-composite.ch. The goal is to convert graphene oxide
to graphene hydrogel using reducers such as hydroxide acid, paraffin diamine, ethylenediamine,
and ascorbic acid. Epoxy Araldite LY 5052 and Aradur 5052 in a weight ratio of 100 to 38
respectively were prepared from HUNTSMAN chemical company and used in this work.

2.2. Preparation of Graphene Foam

In this work, macroscopic RGF is obtained using graphene oxide solution and a relatively
simple and cost-effective synthesis method, namely the hydrothermal method, which is combined
with the chemical reduction method of graphene oxide solution and the self-assembly method
(HCS). The purchased graphene oxide is in graphene oxide layers, which are black in color and
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Figure 1: Preparation of solution graphene oxide, graphene hydrogel, and graphene aerogel.

powder form. The following steps have been taken to convert graphene oxide to graphene hy-
drogel and then graphene aerogel, the so-called RGF. First, 99% graphene oxide is mixed with
DI for 10 minutes, then it is placed in an ultrasonic bath and centrifuged at 2000 rpm for 1 hour.
In the next step, a reducing agent of 1.2 in graphene oxide is added to the solution. The solution
is placed in an autoclave for 5 hours at a temperature of 120°C and under a certain pressure to
provide carbon atoms bonding conditions in the solution. The graphene hydrogel obtained in
DI is washed to remove all impurities. The resulting solution is stored in 14% ammonia for 24
hours at room temperature. After this step, as shown in Fig. [I] the three-dimensionally prepared
graphene is hydrogel graphene containing a large amount of water. It is placed in a freeze dryer
for 48 hours at a specific temperature and pressure to dry the graphene hydrogel. Temperature
and pressure in the drying stage have a significant effect on the final product. Finally, three types
of samples of RGF with different drying percentages are obtained, which are 100% dried, 95%
and 85% dried RGF, respectively. In the first type, graphene hydrogel was placed in a freeze
dryer at -55°C and 0.1 Torr for 48 h. Next, a vacuum furnace at a pressure of 0.06 MPa was
employed for one hour to minimize sample bubbles. The second type, it is placed in the freeze
dryer at -70°C and 0.075 Torr for 24 hours to dry. The vacuum is applied at a pressure of 0.07
MPa for 30 minutes. In the last type of RGF, graphene hydrogel was placed in the freeze dryer
at -45°C and 0.1 torr pressure for 24 hours. It must be mentioned, in this work, four samples of
each type of RGF are synthesis.

2.3. Fabrication of Epoxy Composites Reinforced by RGF

The matrix consists of two parts: Araldite LY 5052, a low viscosity epoxy resin, and Aradur
5052, a mixture of polyamines. Information for Araldite LY 5052: aspect (visual) clear liquid,
viscosity at 25°C (ISO 12058-1) 1000 — 1500 MPa, density at 25°C (ISO 1675) 1.17 g/cm?,
epoxide index (ISO 3001) 6.65 — 6.85 Eq/kg, and about Aradur 5052: aspect (visual) clear liquid,
viscosity at 25°C (ISO 12058-1) 40 — 60 MPa, density at 25°C (ISO 1675) 0.94 g/cm?, Amine
value (ISO 9702) 9.55 — 9.75 Eq/kg. Araldite and Aradur are combined in a weight ratio of 100
to 38.

In this work, the RTM method is used to fabricate the composite. The resin and epoxy are mixed
with the percentage of weights mentioned and placed in an ultrasonic bath for 10 minutes to
obliterate the epoxy bubbles. Next, the temperature of the solution is increased to 70°C, with a
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stirring time is 5 minutes. The synthesized RGF is inserted into the mold and injected with the
prepared epoxy into the mold. The samples are placed in a vacuum furnace pressure of 0.06 MPa
in two stages for 5 minutes to remove the bubbles and then hardened at room temperature for 24
hours. The size of the mold is according to the ASTM D638 standard [21]].

3. NUMERICAL MODEL

3.1. Full Atomic Models of the RGF

In this work, the structure of RGF and its mechanical properties by the Large-scale Atomic-
Molecular Massively Parallel Simulator Molecular Dynamics (LAMMPS MD) package [22]] are
evaluated. Here a three-dimensional porous structure is obtained by the fusion graphene sheets
around a metal template at high temperature that is in agreement with the works of Quin [18],
Rahmani [20] and experimental in this study. A four-step method has been used to generate the
structure of RGF.
In the first step, a metal polycrystalline structure is used for the formation pattern of RGF. A
random polycrystalline box with dimensions of 100 x 100 x 100 A3 consisting of 150 grains of
FFC Au (lattice size=4.065 A) is created using Atomsk software [23]]. In the second step, the
polycrystalline structure is divided into different grains, and some grains are removed randomly.
It should be noted that the final foam density can be controlled by removing the desired num-
ber of polycrystalline grains, changing the size of the polycrystals and the size of the graphene
sheets. Developing a Python code, a random number is selected that removes 135 grains from the
150 grains in the polycrystalline box. In the third step, the one-layer graphene sheet made with
graphene edge type in armchair and length along x and y equal to 0.5 nm is distributed among
the polycrystalline grains according to the final foam density. Fig. [2(a)] shows a schematic of
the graphene/Au template structure before the graphene sheet connection. In the fourth step,
a carbon-carbon interaction force is used by developing a LAMMPS MD code for connection
between graphene sheets. The LAMMPS MD code for the generation of RGF in detail is as
follows:
1000 single-layer graphene, each layer has 24 carbon atoms and a band length of 1.42 A, ran-
domly distributed among the Au polycrystalline grains. Carbon atoms less than 7.5 A away from
Au atoms are removed from the simulation box. At the start of the simulation, the system pres-
sure increases from 1 atm to 1000 atm at a temperature of 300 K by adjusting the Nose-Hoover
barostat and the isothermal-isobaric (NPT) ensemble. At the second step, applying the canonical
(NVT) ensemble for stabilizes at the pressure of 1000 atm and increasing the temperature from
300 K to 3000 K by setting Nose-Hoover thermostat. In the third step, NVT is used to keep
the volume and temperature constant at 3,000 K. In the fourth step, the system’s temperature
under the same ensemble decreased to 300 K. In the last step, the system’s temperature with
the same ensemble balanced at 300 K. The graphene flake is compressed from the gas state to
the solid-state by repeating this 5-step cycle. Each simulation step is performed for 50 ps with
a time step of 0.25 ps. In this simulation, there are physical bonds between the Au atoms and
the graphene sheets. It should be noted that the adaptive intermolecular reactive empirical bond
order (AIREBO) [24] potential describes all interactions between carbon atoms in graphene, and
boundary conditions are considered periodic in 3 directions.
By using Lennard-Jones (L-J) parameters for carbon-carbon and Au-Au atoms can be calculated
these parameters for carbon-Au atoms with the formula Lorentz-Berthelot mixing role [25]:

oij=(oii+0;)/2 (D
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Figure 2: (a) Schematic of the graphene/Au template structure before graphene sheets connec-
tion, (b) Final foam after remove Au grains .

&= VEi X &) 2)
Where in Eq. (]I[), Eq. (IZ[) o; and g; are the L-J parameters of carbons atoms [20]], o jjand g;;
are the L-J parameters for Au atoms [26], and o ; and g;; are L-J parameters obtained between
Au and carbon atoms, which are equal to 3.023 A and 0.0316 eV, respectively. Fig. shows
that in the simulation box, after forming all the bonds and going through the heating/cooling
cycles, the Au atoms are removed, and the final foam is obtained. The number of carbon-carbon
bonds and the system density are measured at the end of each heating and cooling cycle.
The topology of RGF in this study is close to growing RGF on metal polycrystals in the labora-
tory and is different from the method presented in the reference [19].

3.2. Numerical Model of RGF/Epoxy Composite Based on CUF-UC Micromechanical Model

In order to validate the experimental analysis, a high-efficient micromechanical model based
on CUF finite elements is used. This micromechanics model acts as an efficient tool for cal-
culating the effective stiffness matrix of other properties of periodic heterogeneous composite
structures.

CUF has been developed for beams, plates, and shells. Although 1D models are used in the
present research as they have been demonstrated to provide the same accuracy as conventional
solid elements with reduced computational efforts, see 28]]. Accordingly, the main direction
of the micro-scale constituents (e.g., the fiber direction in the case of fiber-reinforced polymers or
inclusions) is discretized employing one-dimensional finite elements whereas the cross-section
is hierarchically enriched with a set of Legendre-based polynomials with non-local capabilities.
In addition, the implementation of a non-isoparametric mapping technique permits the represen-
tation of the exact geometry of the constituents with no additional costs [29].

According to CUF, the 3D displacement field of the continuum can be expressed as follows:

u = N, F(x, D)uy 3)

Where N; is the 1D shape functions, F; is arbitrary cross-sectional polynomials which char-
acterize the model kinematics, and u,; is the generalized unknowns. Repeated indexes denote
6
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Figure 3: Coordinate reference systems of a periodic heterogeneous material and its RUC.

summation [30]. CUF-based refined beam theories are employed here to model the repeating
unit cell (RUC) of RGF/epoxy composite and the MSG [31] for deriving the governing equa-
tions. MSG exploits the variational asymptotic method (VAM) to solve mechanical problems
that involve smaller parameters and has been successfully applied to provide efficient solutions
for composite problems, see [32,33]]. VAM can be used to carry out an asymptotic analysis of the
RUC problem and obtain the effective properties and the local solutions of periodically hetero-
geneous materials [34] with great accuracy and efficiency. Interested readers can refer to [30]] for
more information. For representative purposes, Fig. [3]shows the RUC of the RGF/epoxy com-
posite under consideration with 8.1% volume fraction of graphene in RGF and periodic boundary
conditions.

In MSG, solving the stationary value problem by minimizing the difference between the
strain energies of the heterogeneous structure and the equivalent homogeneous materials is ex-
pressed as follows:

Mm=1 fv CijueijendV — %ijkléijékz “4)

where the first expression of the system energy I1 is related to the strain energy of the hetero-
geneous structure, indicated by the RUC, and the second is related to the homogeneous material.
Ciju s a fourth-order elastic tensor and &;; is a second-order strain tensor, both of which refer to
global solutions [27].

4. RESULTS AND DISCUSSION

4.1. Characterization Methods and Morphology

The synthesized RGF has a black color, porous structure, and 0.84 g/cm® density. Raman
spectroscopy and SEM techniques are used to determine the characteristics of synthesized RGF.
Graphene oxide and RGF were analyzed by Raman spectroscopy to determine the chemical
properties. Raman spectroscopy with specifications (Teksam/model: Tekram) and YAG (CW)
laser with a wavelength of 532 nm were used in all experiments. The range of spectroscopy in
Raman shift is 530 to 700 and from 0 to 4400 in cm™".

Raman spectroscopy was applied to evaluate the transform from graphene oxide to RGF. Fig.

shows that a strong peak (G-band) and a weak peak (D-band) occur in the Raman spectra. The

Raman G band is activated in sp2 carbon hybridization of the base material and indicates in-

plane vibration mode. The D band is activated when defects in the Raman scattering resonance
7
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Figure 4: Raman spectroscopy of graphene oxide and RGF.

occur near the K point in the Brillouin region and show sp3-hybridized carbon. Therefore, the
peak intensity ratio from D to G, which is often used to estimate the sp2 domain size of carbon,
ie., Ip\Ilg , increases from 0.752 to 0.896 after converting graphene oxide to RGF. This ratio
shows the primary oxygen-containing groups removed from the graphene oxide sheets and the
sp2 regenerated carbon structure. In addition, the increase in the G-band peak indicates the
reconstruction of a hexagonal lattice of carbon atoms.

Also, the morphology of RGF was observed by the scanning electron microscope (MIRA
TESCON). Fig. [5] shows a piece of RGF with SEM images at various magnifications of 200
pum, 20 um, 1 um, and 500 nm, respectively. RGFs have a three-dimensional porous network
with interconnected pores. From SEM images, RGF has pore sizes in the range of 500 nm
to 20 um in diameter can be seen. The porous structure with many wrinkles is observed with
different magnifications, indicating the formation of a three-dimensional RGF structure through
the accumulation and binding of reduced graphene oxide sheets. The magnification image shows
that graphene has an entirely rough surface. SEM images and Raman spectroscopy approve the
formation of RGF.

4.2. Characterization of the Numerical Morphology

There are criteria for validating the structure of simulated RGF, which can be used to ensure
the simulated form, such as experimental methods. Based on these criteria for generating RGF,
the heating/cooling cycle is repeated in five-times. Each cycle increased the system temperature
from 300 K to 3000 K in 250 ps and equilibrated at 300 K. Repetition of heating and cooling
cycles allows a condensed structure to be generated. At the end of each cycle, the radial distribu-
tion function (RDF) diagram, density, and the number of C-C bands are measured. The density
of RGF converges to 0.813 g/cm? at the end of the heating and cooling cycles, which is approx-
imately equal to the density of the experimental samples in this study.

RDF diagram at the end of three first cycles plus the pre-cooling and heating cycle is shown in
Fig. M RDF diagram shows that the first peak occurred at 1.42 /0%, i.e., the carbon-carbon
8



Figure 5: a) A piece of synthesized RGF and SEM images at magnification: b) 200 um, c) 20
um, d) 1 um, ) 500 nm.

bond length in graphene sheets. This peak intensity increases with each heating and cooling.
This increase in bonds per cycle can also be seen in the C-C bond diagram. Fig. [6(b)| shows the
actual number of C-C bonds in each heating/cooling cycle. In the first step, which is before the
heating and cooling of the system, the total number of C-C bonds is equal to 21390. After the
first heating and cooling cycle, this number reaches 23249 bonds, and similarly, in the second
and third cycles, this number increase 23357 and then 23462. After the third heating/cooling
cycle, a total of 23586 bands are observed in the system. The total number of C-C covalent
bonds per carbon atom is converged with the criterion of the number of carbon atoms in ideal
graphene (1.5 per carbon atom). In this work, the number of covalent bonds is calculated using
the distance criterion < 1.6 A for two carbon atoms.

80 24000

—Pre_Cycle ~ —— First_Cycle
70 ——Second_Cycle — Third_Cycle|
23500 -
60

23000 -

22500 -
22000 -
10 21500 -
0 L""" = : : 21000 . . t * * :
0 1 2 3 4 5 6 7 Pre  First Second Third Forth Fifth
r(A) Anneal_cycle
(a) (b)

g ()
5 g
Number of C-C bonds

Figure 6: (a) Radial distribution functions (RDF) related to heating/cooling cycles of the system,
(b) The total number of covalent bonds at the end of each heating/cooling cycle of the system.

After the heating and cooling cycles and removing the Au atoms, a stable structure of three-
dimensional RGF is obtained. Fig. [7|shows an SEM image of an experimental sample of RGF
compared to simulated RGF.

It should be noted that most graphene sheets in walls are adjacent to the junction of several
curved joints. Defects cause this curvature in the shape of a pentagon and a hexagon at the grain
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Figure 7: RGF simulated after relaxation stage in dimensions of 100 x 100 x 100 A3 compared
to the SEM image, Scale bar, 20 um .

boundary, which cause deformation outside the surface.
In this work, the OVITO package and VMD are used for molecular visualization [20].

4.3. RGF/Epoxy Composite Experimental Tensile Test

In order to evaluate the effect of RGF on the RGF/epoxy composite, tensile tests have been
performed. Fig. [§]shows the strain-stress curve for two composite samples reinforced with 100%
dried RGF and 95% dried RGF compared to neat epoxy. Adding only 0.63 wt% of graphene
in foam to the epoxy and making the RGF/epoxy composite, the Young modulus and tensile
strength, the maximum amount of stress in the strain-stress curve, has increased by approxi-
mately 169% and 48%, respectively, compared to neat epoxy. This increase indicates a network
in the reinforcement and stress transfer from the matrix to the RGF. This three-dimensional net-
work makes the transfer of stress and strain in the whole composite regular and uniform. The
synergetic effect of nanoparticles on epoxy is evident, and the Young modulus in the RGF/epoxy
composite increases.

The tensile test shows that the tensile strength of RGF/epoxy composite is increased by at least
twice that of neat epoxy and graphene/epoxy composites, indicating a three-dimensional bond
between the sheets. RGF acts as a barrier to the aggregation of graphene sheets in composites. In
addition, a neat epoxy sample for tensile strength was tested to investigate the synergistic effect
of RGF reinforced epoxy composites. In the present work, tensile tests were performed for three
RGF/epoxy composites. It should be noted that the composite fabrication conditions were the
same in all samples, but only the RGF synthesis method was different in the drying step in the
laboratory. In the first type of RGF/epoxy composite, RGF is 100% dry, and all viscous motion
is minimized; it has the highest resistance to tensile stress compared to the other two types. In
the second type, Young modulus and stress strength are weaker than the previous sample in the
second type. These foam samples are approximately 95% dry water. The viscoelastic behavior
of this type of material after exposure to room temperature causes insufficient mechanical prop-
erties compared to 100% dried samples. In the latest type of RGF, after exposure to ambient
temperature, cracks appear on the foam surface due to its incomplete drying. Therefore, the
sample failed a tensile test at a strain of 2%. The results of the tensile test with reference [13]]
are compared, that the behavior of composite reinforced with RGF compared to neat epoxy is

10
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Figure 8: (a) Tensile strain-stress curve of synthesized RGF/epoxy composites under various
laboratory conditions and neat epoxy.

correct. It can be noted that the method of synthesis of RGF in this work has better results than
the existing samples and can easily control the drying amount of RGF samples.

It should be noted that all samples are fabricated of graphene with the same weight per-
centage, but different conditions in synthesizing RGF have a significant effect on the amount of
elastic modulus and tensile strength. Increasing Young modulus in RGF/epoxy composite sam-
ples means they are more brittle and more resistant to axial load than epoxy samples. Also, the
increase in tensile strength indicates that composite reinforced with a small weight percentage of
graphene sheets in the form of RGF samples can withstand higher loads than neat epoxy samples.

4.4. Tensile Response of Simulated RGF under Uniaxial Loading

To investigate the mechanical properties of RGF under different loading conditions, simula-
tions are performed using LAMMPS MD. The system is first stable under a temperature of 300
K and zero pressure using a Nose-Hoover barostat and the NPT ensemble. At this stage, with
a uniform velocity distribution, the system equilibrates at a time of 200 ps and a time step of
0.0001 ps. Fig. shows the structure before stretching and the equilibrated system. Using
the AIREBO potential and to fully describe the fracture regimes, the cuts-off parameter of the
potential was set to 2 A [33]. By converging the changes in temperature, stress, potential energy,
and energy of the whole system with respect to time to a specific value, the system’s stability
before the employment of the strain rate is guaranteed.

Next, by applying different strain rates, a controlled uniaxial tensile test of deformation was per-
formed in three structure directions. The strain increase was applied to the structure after each
time step with a time step of 0.0001 ps. Fig. [I0] shows the strain-stress curves of simulated
RGF under uniaxial tension in 0.0001, 0.0005, 0.001, and 0.01 ps‘1 strain rates, respectively.
Tensile tests are performed along the x, y, and z axes to ensure computational accuracy and the
isotropic behavior of RGF. It is observed that at 300 K, the increase in strain rate has no sig-
nificant effect on the linear Young modulus. As the strain rate increases, the tensile strength
11
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Figure 9: (a) Molecular dynamics simulation models of structure before tensile test, (b) Simula-
tion snapshot of the full atomic RGF structure in the tensile test.

increase. It should be noted that with decreasing strain rate, computational volume, and time
increase, so in this study, the average strain rate of 0.001 ps~! can show the most optimal results.
In particular, for each strain rate, two or three independent simulation tests are performed with
different initial configurations, and the calculations are repeated several times. Finally, Young
modulus and tensile stress for RGF are calculated. The strain parameter in the direction parallel
to the deformation is defined as € = L — Ly/Ly, where L and L are the initial lengths and the
simulation box’s current lengths in the direction of applying the strain rate. The pressure stress
tensor on each atom is calculated to determine the system stress [36]. Finally, the strain-stress
diagram is computed to estimate the Young modulus at each strain rate. In addition, Poisson ratio
is calculated by defining axial and lateral deformation.

Fig. [0(b)] shows a snapshot of the structure during the simulation that after the relaxation

step, the system is stretched in the direction of the x-axis with a time step of 0.0001 ps and a
strain rate of 0.001 ps~! in the plane strain conditions at a temperature of 300 K.
The Young modulus and tensile strength are equal to the value of about 50 GPa and 5.5 GPa,
respectively. The value of Young modulus RGF is compared to the average reported for armchair
and zigzag graphene with AIREBO potential in reference [37]]. Young modulus and Poisson ratio
for the epoxy matrix are used according to the experimental results performed in this work and
using the results of molecular dynamics in reference [38].

4.5. CUF-based Micro-Scale Model of the RGF/Epoxy Composite

In this section, the RGF/epoxy composite tensile test analysis is performed using the CUF.
The Young modulus and the Poisson ratio of RGF were obtained by the molecular dynamics
method. Young modulus and Poisson ratio for the epoxy matrix are used according to the ex-
perimental results performed in this work and the results of molecular dynamics in references.
The results are shown in Table [I] In this table, E and v are the Young modulus and Poisson
ratio, Ep represents epoxy, and C represents RGF/epoxy composite. This table compares the
final Young modulus of RGF, epoxy, and RGF/epoxy composite from the experimental method
of this work and the MD method with the multi-scale approach, which has obtained acceptable
results. The difference between the numerical model and the experimental model is the existence

12



=

Stress (GPa)
w E w

S}
T

SR=0.0001 ps™!
—— X-direction
—— Y-direction
——— Z-direction

Strain

(2)

=N

. . . . . .
0.05 0.10 0.15 020 025 030 035

Stress (GPa)
[38] w £ W

SR=0.001 ps!
—— X-direction
—— Y-direction
——— Z-direction

Strain

(©

0
0.00 0.05 0.10 0.15 020 025 030 035

Stress (GPa)

(S}
T

Stress (GPa)

[S)
T

=N

w
T

o~
T

SR=0.0005 ps~!
—— X-direction
—— Y-direction
—— Z-~direction

. . . .
0.05 0.10 0.15 0.20

Strain

(W)

. .
025 030 035

=N

[
T

~
T

=

SR=0.01 ps~!
—— X-direction
—— Y-direction
—— Z-direction

0.00

0.05 0.10 0.15 0.20
Strain

()]

0.25 030 035

Figure 10: Strain-stress diagram of simulated RGF under tension along the X, y, and z axes strain
rate of (a) 0.0001 ps~', (b) 0.0005 ps~', (c) 0.001 ps~!, (d) 0.01 ps~'.

of some parameters in laboratory work that are still unknown in numerical methods. Also, some
simplifying assumptions in numerical methods can cause differences between numerical results

and experiments.

Table 1: Comparison of Young modulus and Poisson ratio of RGF, epoxy and RGF/epoxy com-
posite between experimental and numerical methods

Method
Property Experimental Numerical
Ergr (GPa)| - 50(MD)
VRGF -0.3<v<046[39] | 0.33(MD)
Eg,(GPa) | 2.6 2.6 (MD)
VEp 0.29 0.29(MD)
Ec(GPa) |12 7.3(CUF)

13



5. CONCLUSIONS

Due to the problem of dispersion graphene sheets in polymer-based composites, three-dimensional

graphene foam, RGF, is a way to limit agglomeration in polymers. In the present work, RGF
was synthesized using a straightforward and cost-effective HCS method. Then the RGF/epoxy
composite was fabricated by the RTM method. After performing validation tests of the foam
structure using Raman techniques and SEM images, the composite sample reinforced with RGF
was subjected to a tensile test. The tensile test results showed a significant increase in the Young
modulus and tensile strength of the RGF/epoxy composite. In RGF with 0.63 wt% by weight
filler, Young modulus and tensile strength of RGF/epoxy composites have increased by 169%
and 48% compared to neat epoxy, respectively.

In particular, after experimental tests of RGF reinforced polymer composite, using a new multi-
step method by molecular dynamics software, simulated the initial structure of RGF using graphene
and polycrystalline metal. The simulated RGF was confirmed in density, the number of carbon-
carbon bonds, and RDF diagrams with the experimental sample. For the numerical part, the po-
tential of AIREBO, which has high accuracy, has been used, for the subsequent works can also
be used of ReaxFF potentials. The RGF simulation added no chemical functional groups to the
graphene structure. In particular, simulated RGF was subjected to tensile testing using LAMMPS
MD at different strain rates. The numerical simulation results of RGF samples showed that the
Young linear modulus did not change significantly with increasing strain rate.

Finally, a high-performance micro-mechanical model based on finite element CUF was used to
confirm the experimental analysis. This micromechanical model acts as an efficient tool for cal-
culating the effective stiffness matrix of other properties of periodic heterogeneous composite
structures. Demonstrate accurate geometry of components by performing a non-isoparametric
mapping technique at no additional cost. CUF-based refined beam theories were also used to
model the RGF/epoxy composite RUCs with MSG to obtain suitable governing equations for
providing solutions.

As an essential result of this study, it can be found that RGF reinforced composites still do not
show significant properties compared to the properties of three-dimensional RGFs. this may be
due to some unknown parameters in experimental work or some parameters not considered in nu-
merical work that are very challenging for researchers. Due to the remarkable properties RGFs
and polymer composites reinforced with these foams, it is recommended to study the thermal
properties of this type of RGF.
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