POLITECNICO DI TORINO
Repository ISTITUZIONALE

Acceleration of Coarse Grain Molecular Dynamics on GPU Architectures

Original

Acceleration of Coarse Grain Molecular Dynamics on GPU Architectures / Shkurti, Ardita; Mario, Orsi; Macii, Enrico;
Ficarra, Elisa; Acquaviva, Andrea. - In: JOURNAL OF COMPUTATIONAL CHEMISTRY. - ISSN 0192-8651. - STAMPA. -
34:10(2013), pp. 803-818. [10.1002/jcc.23183]

Availability:
This version is available at: 11583/2503345 since:

Publisher:
John Wiley & Sons Limited:1 Oldlands Way, Bognor Regis, P022 9SA United Kingdom:011 44 1243 779777,

Published
DOI:10.1002/jcc.23183

Terms of use:

This article is made available under terms and conditions as specified in the corresponding bibliographic description in
the repository

Publisher copyright

(Article begins on next page)

07 August 2024



Multi-Scale Analysis of Thermoelastic Properties of Graphene
Foam/Polymer Composites

Sajedeh Khosravani®, Mohammad Homayoune Sadr®*, Erasmo Carrera®, Alfonso Paganib, and
Alberto Racionero Sanchez-Majano®

“Department of Aerospace Engineering, Amirkabir University of Technology (Tehran Polytechnic), Tehran, Iran
bDepartment of Mechanical and Aerospace Engineering, Politecnico di Torino, Turin, Italy

Abstract

In macroscopic applications, the production of graphene foam (GF) can be an attractive way to
utilize the combined advantages of graphene sheets and porous materials. The porosity level
significantly affects mechanical and thermal properties by changing the specific surface area. In
this study, a multi-scale method is used to calculate the coefficient of thermal expansion (CTE)
and heat capacity of GF/polymer composites. Molecular dynamics have calculated the properties
of 3D GFs. In particular, four types of GF with increasing mass density and decreasing poros-
ity are investigated. The thermoelastic properties are calculated as temperature-dependent for
all groups of GF. Mechanics of structure genome (MSG) based on Carrera unified formulation
(CUF) is used to calculate the effective properties of the GF/polymer composites. It was found
that the composite consisting of GF with the highest density and lowest porosity has the mini-
mum CTE. Also, the heat capacity of the composite depends not only on the heat capacity of the
components but also on their Young modulus, CTE, and geometry.

Keywords:
Graphene foam, CTE, Specific heat, LAMMPS software, CUF micro-thermoelastic model,
Multi-scale modeling.

1. Introduction

Recently, graphene has attracted a great deal of attention in thermal applications. In the
last decade, there has been a lot of use of graphite and graphene sheets as reinforcements for
polymer composites. Graphene sheets tend to accumulate due to strong van der Waals forces.
Therefore, by dispersion them in polymer matrices, the phenomenon of agglomeration occurs,
and the synergistic effects are not achieved. This is why the use of graphene in macro dimen-
sions is always a challenge. Researchers have proposed many solutions to solve the problem
of graphene dispersion in polymer matrices. Meanwhile, among them, the best solution is to
create a three-dimensional (3D) bond between the graphene sheets and use it as a 3D graphene
foam (GF) [[1]. GF is one of the carbon foam structures that consists of nanosheets of graphene
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and a large number of pores. Due to its networked structure, this material has properties such
as a high specific surface area, lightweight, high-temperature stability, excellent electrical and
thermal conductivity, and high mechanical properties. For this reason, many different methods
have been used to calculate the properties of this type of material in research work. Lin et al. [2]
conducted a study on thermal diffusivity suspended GF using the transient electro heat method.
The results of their research express that the inherent thermal conductivity (TC) of suspended
GF is lower than those presented for single-layer graphene. GF structural defects observed by
them explained the significant reduction in TC. Jia et al. [3]] produced GF/epoxy nanocomposites
using the chemical vapor deposition method. They found in experiments that 3D GF grids act as
fast carriers for load transfer. Li et al. [4] showed that thermal properties of GFs increase with
a temperature above 25 °C. Their study marked a significant increase in TC and thermal diffu-
sivity for GF. Zhao et al. [5] fabricated polymer composites consisting of GF, graphene sheets,
and Polydimethylsiloxane (PDMS) and analyzed their TC and the coefficient of thermal expan-
sion (CTE). They compared GF/PDMS thermal properties with composites containing graphene
sheets and proved the superiority of GF composite. Zhao et al. [6] investigated the effect of
carbon fiber on the mechanical and thermal properties of GF/carbon fiber/PDMS composites
through the different volume fractions of GF in the PDMS matrix. Zhang et al. [7] studied the
thermal behavior of a polymer composite filled with GF using finite element method (FEM). It
has been shown that the thermal conductance of interfacial between GF and the PDMS matrix
has a minimal effect on the TC of the composite. Sadr and Vahedi [8] calculated the TC of
graphene/hexagonal-boron nitride structures; in the first step by simulating molecular dynamics
(MD), they examined the polycrystalline film with nano-sized particles at the atomic scale. Then,
using the atomic scale results, they developed a model by FEM for the macro-scale material to
determine heat conduction. Menci and Kirka [9]] scrutinized the thermal properties of GFs with
and without fullerene by performing reverse non-equilibrium molecular dynamics (RNEMD)
simulations. On the other hand, achieving the GF properties with the MD approach, although it
can fully simulate atomic interactions, the results can only be compared with nanoscale results.
Therefore, a multi-scale approach is ideal for GFs, which have an intrinsic multi-scale property
due to their micron-sized pores. In the new simulation techniques, the major challenge in the
problems is various scales, which can be remarkably reduced by using multi-scale modeling
techniques. In multi-scale processes, properties can be related to different scales by several com-
putational steps. Micromechanical modeling methods are effective tools for understanding how
the reinforcement affects the macroscopic composite. In this field of research, several analytical
and numerical methods have been presented, such as mathematical homogeneity theories (MHT)
[LO], finite element approaches using analysis of representative volume element (RVE) [L1], and
many others. In the present study, mechanics of structure genome (MSG) [12] is used to solve
the repeating unit cell (RUC) problem using a new 1D approach. Also, Carrera unified formu-
lation (CUF) [13] is employed as a high-precision tool to reduce 3D structural problems to 1D
models [14] or 2D models [[15]]. From this perspective, the limitations of the classical theories of
beams and plates/shells are removed using the desired kinematic correction and expression of the
governing equations in a hierarchical manner. Using these capabilities, the RUC can be modeled
using beam elements along the fiber direction and non-local expansion of unknown variables in
the other two directions [16]. The effective thermal properties of composites are influenced by
parameters such as volume fraction, topology, and properties of components. In addition, the
use of temperature-dependent thermoelastic properties such as CTE, TC, Young modulus, and
Poisson ratio based on CUF, increases the accuracy of calculations [[17]. It is worth noting that
calculating thermal properties such as CTE and specific heat as temperature-dependent values are
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essential for electronics and heating systems applications which is calculated in this work. The
present work is organized as follows: First, the atomic modeling of the GF structures and calcu-
lation of CTE and specific heat through the MD approach is described in[section 2} Then |[section|
B] explains the micro-thermoelastic CUF approach for the computation of effective properties.
Finally; in[section 4]and [section 3] the result and conclusions are presented, respectively.

2. Atomistic Modeling and Simulation Details

In this study, irregular GF is simulated using dispersion graphene sheets in a polycrys-
talline substrate by the large-scale atomic/molecular massively parallel simulator (LAMMPS)
package[18]. The MD simulation process is briefly shown in Fig. [T} First, a polycrystalline
box of the face-centred cubic (FCC) Au (lattice size equal to 0.4065 nm) is grained by Atomsk
software [19]], and some grains are removed randomly, Fig. and Then a graphene
monolayer with a length along x and y equal to 0.5 nm is simulated. The simulated monolay-
ers are randomly distributed among the polycrystalline grains by developing a python code, Fig
The mass density of GF simulated depends on the number of polycrystalline grains that
remained in the box and the number of graphene monolayers dispersed among them. Next, the
AIREBO potential [20] is adjusted between carbon atoms by simulating in atomic phase and
periodic boundary conditions. It should be noted that there is no chemical bond between the
graphene sheets and the Au atoms, and they are connected using a Lennard-Jones (L-J) poten-
tial. Finally, GF is formed under the following conditions: a simulation box consisting of 24,000
carbon atoms in the form of graphene sheets placed among Au polycrystals. The carbon-carbon
bond length in this simulation is 0.1418 nm. L-J parameters are calculated between carbon and
Au atoms using the Lorentz-Berthelot mixing rules [21]. The simulation box pressure increases
from 1 atm to 1000 atm under a temperature of 300 K and uses the isothermal-isobaric NPT
ensemble and stabilized at a pressure of 1000 atm. Also, the temperature increased from 300 K
to 3000 K, and then its equilibrium at 3000 K by applying the canonical NVT ensemble. Then
the temperature decreases again from 3000 K to 300 K, and this heating and cooling cycle is
repeated four times so that the carbon atoms have enough time to form a bond. The size of the
simulation boxes in the three directions x, y, and z is equal to 80 x 80 x 80 A3, This simulation
is performed in each stage for 100 ps with a time step of 0.001 ps. The stable structure of GF is
achieved by removing the polycrystal grains and equilibrating it, shown in Fig. [I(d)] Molecular
visualization in this work is represented by the OVITO package [22].

2.1. Coefficient of Thermal Expansion

The CTE, which measures the change in length, area, or volume of a material with increasing
temperature, is an essential parameter for many applications. Although the design of materials
with a controlled CTE is crucial today, there is no precise approach to achieving this parameter
in GF materials.

In this study, MD simulations are performed in order to calculate the CTE of GF by defining
carbon atoms in a cubic region. The AIREBO potential has been used to express the interactions
of carbon atoms. The periodic boundary condition is applied in all three directions, and the time
step for the simulation is set to 0.001 ps. As the first step, the system temperature is equilibrated
under the NVT ensemble at 300 K in 100 ps. In the next step, under constant pressure, the
system’s temperature is increased from 300 K to 700 K and by using the NPT ensemble equili-
brated at 700 K. The simulation is repeated 6 million times by selecting the appropriate damping
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Figure 1: The simulation steps for generated GF, (a) The polycrystalline metal lattice is shown to
be regular, (b) Several polycrystalline grains by randomization have been removed, (c) Graphene
sheets are distributed among the polycrystalline grains and removed if they are too close to the
polycrystalline atoms, (d) After heating and cooling cycles, polycrystalline grains are removed
and created GF.

parameter in each stage. The whole system’s pressure, temperature, and energy parameters are
controlled during this process. Finally, the axial CTE of GFs for each temperature is calculated
using the following formulation.

dL 1

ol) = -7 1
where the expression dL/dT is equal to the slope of variation of length with increasing temper-
ature, and L is the initial length of the simulation box in different directions. It should be noted
that the initial length L of the simulation box is at a temperature of 300 K. In order to calculate
the CTE, the heating temperature of the system has been converted to linear intervals. In other
words, the temperature range between 300 K to 700 K is divided into 20 temperature ranges of
20 K. During the simulation, by heating the system, the length of the simulation box is measured
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at different temperatures in three directions X, y, and z.

2.2. Specific Heat

Several methods of calculating specific heat exist, some of which have an independent tem-
perature and others dependent. In the present study, the calculation of specific heat of GF has
been investigated using a formula based on statistical mechanics [23]. Calculating specific heat
is the same as calculating the CTE, except that the specific heat is calculated in thermal equi-
librium cycles at different temperatures. The NVT ensemble and Nose-Hoover thermostat are
applied to achieve equilibrium of simulated GF in the specific heat measurement in the MD plat-
form. Internal energy, enthalpy, temperature, and system’s pressure continuously are measured
during the simulation. It is worth mentioning that the specific heat in this simulation is specific
heat of isochoric (¢, = (AU/dT)y). The isochoric specific heat can be calculated as:

<U?>-<U>?
o= 7 @
kBT m
in which U, T, and m are the system’s internal energy, temperature, and total mass. kp is Boltz-
mann constant, and < ... > represents the mean of the variable [24]. There is no doubt that by

multiplying the density by the specific heat, heat capacity is obtained.

3. Micro-Thermoelastic CUF Method

This work employs an efficient thermoelastic micromechanical model for the prediction of
purely elastic properties (Young modulus and Poisson ratio), as well as thermal properties, such
as CTE and specific heat at constant volume. The proposed model assumes that the arrangement
of the constituents follows a periodic pattern named RUC, which represents the minimum geo-
metrical building block that can be repeated over the space to shape the material’s higher scales,
Fig.[2] Additionally, the following two assumptions are made:

e The local solutions have an average value over the RUC volume that is equal to the global
solution of the larger scales problem. Applying this to a field ¢, this assumption reads as:

- 1
P(x) = v f P(x;y)dV 3)
Vv

in which x and y denote the global and RUC’s local reference system, respectively.

o The effective material properties obtained from the RUC analyses do not depend on the
loading and boundary conditions nor the geometry of the higher scales problem.

Once considered these hypotheses, the MSG is depicted. MSG, first introduced by Yu [12],
exploits the variational asymptotic method (VAM) [25]] for solving problems that involve smaller
parameters. MSG proposes that the solution of the stationary value problem is obtained by
minimising the difference between the strain energy of the heterogeneous material and that of
the homogenised material. It is expressed in the following functional:

1 e\ 1( . . _ . .6
D = §<Cijkleij8kl + 2,8,']'8,']'9 + CVFO> — 5 (Cijklsijekl + 2ﬁij8ij0 + CVT_O) %)
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Figure 2: Coordinate reference systems of a periodic heterogeneous material and its RUC.

where () denotes the volume average. The first term of the functional is the strain energy of the
heterogeneous material represented by the RUC, whereas the second is that of the equivalent ho-
mogenised material. C;ji is the fourth-order elastic tensor, &;; and §;; are the second-order strain
and thermal stress tensors, respectively; ¢, is the heat capacity; T is the reference temperature at
which the constituent material is stress-free, and 6 represents the difference between the current
temperature and the reference temperature.

For the sake of brevity, the derivation of how fluctuation variables (y) are considered and how
they are used for the derivation of the functional that is minimised is omitted in this manuscript,
but it can be found in the works by Yu and Tang [26]], de Miguel et al.[27], and Sanchez-Majano
et al. [28]]. Finally, the functional that MSG minimises is:

.1 _ i} _ 6
O = (Cijua [ + X | (B + ] + 2B &1 + x| 0+ €0 o)
2 T

in which &; = (g;;), and y( j are the derivatives of the i fluctuation component with respect
to the j coordinate of the RUC’s local reference system y. For further insight, the reader is
referred to the aforementioned references.

The MSG problem is solved by means of the well-known CUF. Classically, CUF has been
used to solve structural problems by expressing the field of displacement in terms of arbitrary
expansion functions (F;) and generalised displacements, commonly denoted as u,. Neverthe-
less, the field of displacements can be substituted by the fluctuation unknowns with no further
implications as follows:

XX y1,y2,y3) = Fr(y2, yax.(x5y1) 7=1,..M (6)

in which 7 denotes summation, and M is the number of expansion terms assumed in the kine-
matic model. In this work, hierarchical Legendre expansions (HLE) [29] are used as expansion
functions and are coupled with the blending function method in order to achieve a geometrically
exact representation of the RUC, as presented in [27,[30]]. Finally, FEM is used to write the gen-
eralised fluctuation unknowns y, in terms of the Lagrange shape functions N; on the y; direction
as:

XX y) =Ny (x) i=1,..,N (7

where y_;(x) is the nodal unknown vector and N is the total number of beam nodes. The geomet-
rical relations can be written as:
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e=&+Dy (3)

in which D is the differential operator that relates strains and displacements. Then, substituting
Eq. ) in the functional from Eq. (3)), one gets the following expression for the functional:

o=
2 Jy

Then, introducing Eq. (7) into Eq. (6), and the latter in Eq. (9), the functional ®* reads in
CUF form as:

2
(E+Dy) C(E+Dy) + 28 +Dy)o + cvi—]dv )
0

1 . 5 a
' = E(XSTJ.ETW i T 2X D)8 + 8 Dy + 2 D)0 + 28" Doyl + D%T) (10)
0

where

B = [ [wanny epinpiadan o= [ [dwnny caay,

D.. = f Cdv D))= f ﬂD(FTNiI))TBdeyl D, = f BdV Dy = f evdV
14 QJl 14 14

I is the 3x3 identity matrix. On one side, E™"/, DZ{; , DZ{; are the fundamental nuclei of the RUC
problem, containing all the structural model information. On the other side, D, Do and Dgy
are the averaged stiffness matrix, averaged thermal stiffness matrix and averaged heat capacity
of the material, respectively. Clearly, C represents the 6xX6 material matrix condensed from the
fourth-order elastic tensor C;j;, and B = —Ca is the 6x1 column condensed matrix from g;; and
a is the 6X1 array containing the CTEs. Finally, the fluctuation unknowns that minimise the
previous functional can be calculated by solving the linear system:

(1)

Ex = —-Dj.& — D0 (12)
Besides, assuming that the fluctuation is linearly proportional to & and 6, i.e.:
X = Xo€ + X0 (13)

and substituting it in Eq. (T2)), one can write this linear system:

Ex) = -Dj.
14
{ Exy =D 14

Finally, substituting Eq. (I3) in the functional from Eq. (I0), one can calculate:

P* I‘TC*8+5~T[30+ 1. & (15)
= — —Cy—
2 27T,

with
.1 7 PO LIPS T N
C = 5(,\’0 Dy, +D.) p= a E(Dhg/\/g +Xo D) + Deg| ¢, = 5[/\’9 DTy + Dgo] (16)
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Figure 3: (a) SEM image of GF [21]], (b) Schematic model of the UC consists of GF (gray parts)
and matrix (light gray parts).

in which C* is the effective elastic coefficients matrix of the equivalent material, 8 comprises the
thermal stress coefficients and ¢, is the effective heat capacity. It is clear that the effective thermal
expansion coeficients can be computed as: @ = —C*~'3. The similarities of the repeating com-
ponents in the Scanning electron microscope (SEM) images of synthesized GF [21]] allows the
selection of a micro-scale unit cell (UC) with the characteristics of the whole GF. The proposed
UC should have a general shape that can find itself or similar cells in any part of the synthesized
GF. The cell size is unit, and its properties are obtained from MD simulation. It should be noted
that the dimensions of the RUC at this stage are completely dependent on the density and volume
fraction of GF. SEM image in comparison with the RUC model simulated is shown in Fig. 3] The
red lines in Fig. 3(a)]demonstrate the boundaries of the proposed UC. Due to SEM images being
2D, the extracted borders are only on one surface of the cubic UC. Hence, the prepared surface
is extruded in the third direction to create a cubic shape. And Fig. [3(b)] shows the proposed UC
consists of two components: matrix and GF. The RUC of GF/polymer composite is considered
with a volume fraction of 8.1% of GF and periodic boundary conditions.

4. Result and discussion

This study uses a multi-scale method to achieve the elastic and thermoelastic properties of
GF reinforced composites. In this regard, four types of GF with different densities and porosity
percentages are simulated to calculate their properties, see Table I} The validity of the initial
structures obtained from GF is ensured using criteria of density, radial distribution functions
(RDF), number of carbon-carbon (C-C) bonds, and pore size distribution (PSD). Figure
shows the RDF diagram for the simulated GFs at the end of three heating and cooling cycles
plus the pre-heating and cooling cycle. As illustrated, the first peak occurred at 1.42 A, ie., the
C-C bond length in the graphene sheets. This peak intensity increases with each cycle which
can also be seen in the C-C bond diagram. Figure (b)] shows the actual number of C-C bonds
per the number of atoms in each cycle. This bond number increases as the cycles increase to
approximately converge with the number of bonds in ideal graphene (i.e., 1.5 per atom). In this
study, distance criterion for two carbon atoms is lower than 1.6 A for calculating the number of
covalent bonds.
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Figure 4: (a) Radial distribution functions related to heating/cooling cycles of the system, (b)
The total number of covalent bonds per number of atoms at the end of each cycle, and (c) Pore
size distribution for all groups of GF.

Geometric analysis of GFs and their porosity are performed using the PoreBlazer code [31].
The pore size in GFs structure can be obtained using the PSD, which is the same as the rate of
absorption and desorption of gases in the laboratory method. PSD analysis provides a numerical
description of the pore size range in samples. The PSDs for GF types are shown in Fig. In
this work, the specific surface area of GF has been calculated in reference to its excellent surface
properties due to the 3D bonds. The PSD measurements provide a numerical description of
average pore dimension, porosity percentage, and specific surface area, which is given in Table
[T] for all groups of GFs. Indeed, as displayed by the PSD diagram, the pore size is approximately
in the range of 0.5 nm to 3 nm. The mass densities range for GFs is between 0.5 - 0.8 (g/cm?),
which is shown in Fig. [5(a)| the relation between it and average pore dimensions. And also,
Fig. shows the mass density graph versus the samples’ specific surface area. As can be
seen, both the pore size and the specific surface area decrease with increasing density. The
high specific surface area in the low mass creates enough space for electrochemical and thermal
reactions, which increases the capacity of electrical devices. With the decreasing porosity, the
specific surface area is reduced, too. Actually, in GFs, energy can be stored more efficiently due
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to their low mass and high specific surface area. The PSD diagrams of the simulated GFs are
compared with the experimental samples from references [211,[32]], and a good agreement can be
appreciated. Figure[f]shows a representative piece of the same size for each of the foam types that
the percentage of porosity decreases from Fig. 6(a) to Fig. 6(d), and the mass density increases.
The topology of the samples simulated in this study is similar to the SEM image shown in Fig[7]
Of course, it should be noted that the pore size in laboratory samples is much larger, about a few
micrometers.
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Figure 5: (a) The diagram of density versus average pore size and (b) Specific surface area for
the GF samples.

Table 1: Parameters describing the four groups of GF scrutinized in this study.

Sample Density (g/cm’®) Porosity (%) Avarage pore size (nm) Surface area (m?/g)

GF,; 0.513 78 1.52 1863
GF, 0.678 70 1.31 1818
GF; 0.708 66 1.11 1608
GF4 0.805 63 0.66 1445

Figure 6: A similar part of a UC taken from four types GF with different porosity (a) 78% (b)
70% (c) 66% (d) 63%.

The variation of CTE relative to temperature is plotted for all types of GF samples, and the
results are shown in Fig. [8] For sample types of GF at a temperature of 300 K, the CTE starts
10



Figure 7: SEM image of a 3D GF with a matching topology studied in this work [21]]
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Figure 8: The CTE as a function of temperature for all groups of GFs.

Table 2: The thermoelastic properties for GFs by MD simulations.

T=300K T=400K
Sample SH* Heat capacity CTE SH* Heat capacity CTE
J/gK) (10°J/m*.K) (107°K~1) J/gK) (10°J/m*.K) (107°K~1)
GF, 3.65 1.87 -8.08 3.78 1.94 333
GF, 3.02 2.04 -18.5 3.08 2.09 8.69
GF; 2.55 1.80 -5.13 2.69 1.90 2.62
GF4 2.33 1.87 -1.31 2.35 1.89 0.89

* In this table, SH is used instead of specific heat.

with a negative value, which agrees with the experimental results of references [33 [34]. In fact,
the CTE in GFs increases quickly at low temperatures, and gradually the rate decreases at higher
temperatures. In general, up to 700 K, there are still many changes in CTE with temperature.
This temperature is lower than the Debye temperature in graphene [35]. Increasing the temper-
ature increases the motion of carbon atoms in the simulation box and thus increases the CTE. It
is generally founded that as density increases, the CTE value decreases and tends to zero. The
behavior of CTE for GFs at different densities and porosity is various and depends on the temper-
ature and coordinate of carbon atoms. Further, the specific heat is calculated by computing the
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system’s internal energy for all types of GF samples. The values of the CTE, specific heat, and
heat capacity at 300 K and 400 K are presented in Table 2] It can be deduced that the value of
specific heat decreases for all samples with decreasing porosity. Additionally, it is clear that the
heat capacity value for each sample depends on mass density. At 300 K, the first type GF with the
lowest density has the maximum specific heat, and the fourth one with the highest density has the
minimum specific heat. Also, rising temperature causes the value of specific heat increases for
all samples. On the other hand, in the present numerical conditions, an attempt has been made to
use the potential that is most consistent with the experimental conditions, but because quantum
effects are not considered, it may cause a slight difference in the results with experimental condi-
tions. The high specific heat of GFs shows that with low mass and high porosity, these materials
are able to store high energy. Therefore, GFs are also used as batteries and energy storage in
addition to structural and thermal applications.

In order to calculate the thermoelastic properties of the homogeneous GF/polymer compos-
ites by the micro-thermoelastic CUF model [27, 28], the heterogeneous UC information, includ-
ing GFs and PDMS (Sylgard 184) matrix, is presented. Table [3| provides the values of Young
modulus and Poisson ratio for the GF samples from the MD simulation in this study. The Young
modulus for each GFs type in this study at temperatures between 300 K and 400 K is assumed
to be constant, and the slight difference between them is ignored. Also, Poisson ratio for GFs
is considered temperature-independent. The properties of the PDMS matrix are listed in Table
E] using references [36} 137, 138]]. It should be noted that the PDMS is a cross-linked elastomer,
and its behavior is in contrast with thermoplastic polymers. The modulus of PDMS increases
with temperature because of the increased Brownian motion, leading to the stretched molecular
segments tugging at their anchor points and taking a more likely coiled-up shape [39]. PDMS’s
density is 0.97 g/cm?, and its Poisson ratio at all temperatures is 0.499.

Table 3: The elastic properties of GFs by MD simulations.

Material Young modulus (GPa) Poisson ratio
GF, 4 0.27
GF, 19 0.27
GF; 23 0.29
GF4 27 0.33

Table 4: Properties of PDMS matrix from references [36, 137, 38]].

Temperature  Young modulus  Specific heat Heat capacity CTE
(K) (MPa) J/g.K) 10%J/m*.K) (107°K~1)
300 14 1.45 1.40 285
400 2.2 1.65 1.60 275

Table [3]is presented to validate the MD method for GFs as well as the micro-thermoelastic
CUF model for the effective properties of the composite used in this work. For this purpose,
graphite and graphite/epoxy composite properties are calculated using the MD and micro-thermoelastic
CUF models, respectively. The results obtained by numerical methods are compared to those ob-
tained by the experimental procedure in reference [40]. These comparisons demonstrate that

numerical methods provide accurate results.
12



Table 5: The comparison of the MD and the micro-thermoelastic CUF methods outputs with
experimental results in ref. [40]

Material Method Young modulus  Poisson ratio  Specific heat CTE
(GPa) (J/g.K) (1070 K~
Graphite Experimental 5 0.23 1.57 5
Graphite MD 5.08 0.23 1.61 52
Epoxy Experimental 2.6 0.35 1.92 82
Graphite/epoxy Experimental 3 0.34 - 77
Graphite/epoxy CUF 3.01 0.334 1.85 78

In the next step, GF/PDMS composites with four types of GF are investigated by the micro-
thermoelastic CUF model at 300 K and 400 K. For all samples, GFs have a volume fraction of
8.1%. As reported in Table [6} at both 300 K and 400 K, the Young modulus of the resulting
composite increased as the density of the GF samples increased. Poisson ratio also increased
with decreasing percentage of reinforcement’s porosity.

Table 6: The elastic properties of GF/PDMS composites by the micro-thermoelastic CUF model.

T=300K T=400 K
Composite  Young modulus (GPa)  Poisson ratio Young modulus (GPa) Poisson ratio
GF,/PDMS 0.32 0.33 0.33 0.35
GF,/PDMS 1.55 0.30 1.56 0.31
GF;/PDMS 1.87 0.31 1.88 0.32
GF,4/PDMS 2.20 0.34 2.22 0.35

Likewise, Table [7] and [8] report the CTE and heat capacity of the resulting composites at
300 K and 400 K. Essentially, the CTE of composites increases with increasing porosity and
temperature. To put it differently, increasing the number of atoms in the simulation box in dense
GF samples diminishes the space of atom motion, resulting in a drop in CTE. At 300 K and 400
K, the composites reinforced with the fourth type of GFs have decreased CTE by 90% and 84%,
respectively, compared to the PDMS, which had the most significant reduction. GFs have high
stiffness and a very low CTE, which is very promising in applications requiring high dimensional
stability. This feature causes the movement limitation of polymer chains and reduces the CTE of
composites. Eventually, the CTE of the composites is validated with reference [3]]. Alternatively,
according to Eq[l16[in ¢,, effective heat capacity consists of two terms. The first term of this
relationship depends on Young modulus, Poisson ratio, CTE, and geometry. In fact, this model
concludes the effective CTE and heat capacity value by coupling the elastic and thermoelastic
parameters. These effects cause the heat capacity of the GFs to have the opposite effect on the
matrix and reduce the effective heat capacities in some samples. The second expression, which
acts as the rule of mixtures, is that the effective heat capacity value is an average value between
this parameter for the matrix and the fiber. In Table, [7] and [8] the parameters of effective heat
capacity calculated by the two methods rule of the mixture and micro-thermoelastic CUF are
presented at 300 K and 400 K. It is clear that the accuracy and impact of other parameters can be
seen in the micro-thermoelastic method. Finally, the accuracy of these calculations is compared
and confirmed with the output of the experimental measures[41]].
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Table 7: The thermoelastic properties for GF/PDMS composites at 300 K.

T=300K
Composite  Heat capacity (CUF) Heat capacity (rule of mixtures) CTE
(10 J/m3 .K) (10 J/m3 .K) (1076 K1)
GF,;/PDMS 1.410 1.438 210
GF,/PDMS 1.425 1.451 35
GF;/PDMS 1.400 1.432 30
GF,/PDMS 1.402 1.438 26

Table 8: The thermoelastic properties for GF/PDMS composites at 400 K.

T=400K
Composite  Heat capacity (CUF) Heat capacity (rule of mixtures) CTE
(10% J/m?.K) (108 J/m? .K) (107K 1)
GF,/PDMS 1.56 1.627 240
GF,/PDMS 1.58 1.639 86
GF;/PDMS 1.54 1.624 62
GF,/PDMS 1.55 1.623 42

5. Conclusions

In this study, the four types of GF simulated were examined in terms of CTE and specific
heat relative to temperature. Calculating temperature-dependent properties improves the accu-
racy of the computations. A lower average dispersion in CTE was found for the last of the four
GF groups with the maximal density and minimal porosity. Generally, GFs’ CTE increased with
temperature and porosity percentage. Calculating the specific heat of GFs uncovered that in-
creasing the temperature also increases the specific heat. By a slight change in mass density and
percentage of porosity at the nanometer scale, significant changes occur in the Young modulus
of GF samples, resulting in their mechanical and thermoelastic properties acting differently from
each other. It was found that at 300 K and 400 K, the maximum CTE belongs to the GF re-
inforced composite with the highest porosity percentage, and vice versa, the composite which
is reinforced with dense GF has the minimum CTE. The high specific heat of GFs makes them
an excellent energy storage material. It is worth noting that the specific heat of foams on the
nanoscale depends, in addition to temperature, on other parameters such as the internal energy
of the simulated box, which is proposed to be considered in future works. On the other hand,
the effective heat capacity of composite depends not only on the heat capacity but also on the
Young modulus, CTE, and geometry of its components. Finally, it was proved that the micro-
thermoelastic CUF model used in this study is a very efficient and accurate model for calculating
composites’ thermoelastic properties using their constituents’ properties. Furthermore, It was
found that GFs with the highest porosity has the most significant specific surface area. The spe-
cific surface area decreases with decreasing porosity percentage. It is predicted that GF with
random porosity and high specific surface area has the advantages such as fast ion diffusion
rate and high electrochemical performance. For this reason, future work will be related to the
computation of the electrochemical properties of these materials.
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