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SUMMARY 
When the graphite was employed as reinforcement in composites, it may 

aggregate in the form of graphite flakes (containing several graphite nanoplatelets) or 
exfoliate into single graphite layers (graphene). Results obtained from molecular 
dynamics (MD) simulation indicated that the graphene exhibit higher moduli than the 
graphic flakes.  
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1. INTRODUCTION 
With the characteristics of high strength and stiffness, the graphite has been used 

as reinforcements in composite materials [1]. The natural graphite is constructed by 
numbers of graphene layers with interlayer spacing of around 3.4Å. Through chemical 
oxidation in the environment of sulfuric and nitric acid, the acid intercalant can be 
intercalated into the graphite galleries to form an intercalated graphite compound.  
Subsequently, by applying rapid heating because of the vaporization of the acid 
intercalant in the graphite galleries, the interacted graphite was significantly expanded 
along the thickness direction and converted into the expanded graphite (EG). After a 
mechanical mixer together with sonication process, the expanded graphite was 
dispersed and exfoliated into the polymer matrix to form graphite-reinforced 
nanocomposites. The synthesizing process for manufacturing the nanocomposites was 
discussed in detail in the literatures [2, 3].  However, the stacked graphene structures (so 
called graphite flakes) are commonly observed in TEM micrographs and XRD 
examination [4], and it is a challenging task to fully exfoliate the aggregated graphene 
sheets.  In fact, graphite flakes together with graphene layers are commonly observed in 
graphite nanocomposites and it is important to clarify if the two atomistic configurations 
of the graphite, i.e., graphite flakes and single graphene layer, would have the same 
mechanical properties. Moreover, in order to accurately characterize the mechanical 
properties of the graphite-reinforced nanocomposites, an exploration of the fundamental 
properties of the graphite associated with different microstructures is required.  

Cho et al. [5] performed a molecular structural analysis to calculate the graphite’s 
elastic constants. The in-plane properties of graphite were derived by considering the 
geometric deformation of a single graphene sheet subjected to in-plane loading.  
However, for the out-of-plane properties, they modeled the graphic as graphic flake 



with multi graphene layers, the non-bonded atomistic interactions of which were 
described using Lennard-Jones potential function. By using MD simulation, Bao et al. 
[6] investigated the variations of Young’s modulus of graphite, which contains different 
numbers of graphene layers (one to five layers). Results indicated that there is no 
considerable difference in Young’s modulus between the single layer of graphene and 
graphite flakes with five layers of graphene. Reddy et al. [7] modeled the elastic 
properties of a finite-sized graphene sheet using continuum mechanics approach based 
on Brenner’s potential [8]. The computed elastic constants of the graphene sheet are 
found to follow the orthotropic material behaviors.  In light of the forgoing, most studies 
characterize the elastic properties of the graphite based on the behavior of a single 
graphene sheet; the mutual influences of the adjacent graphene layers on the mechanical 
responses in the graphite flakes are rarely taken into account. As previously mentioned, 
both the graphene layer and the graphite flakes were commonly found in the 
nanocomposites, so it is not adequate to utilize the properties of the graphene sheet 
instead of the graphite flakes in the modeling of graphite-reinforced nanocomposites. 

In this study, the mechanical properties of the graphite flakes and the graphene 
were systematically characterized using MD simulation. Both bonded and non-bonded 
interactions were accounted for in the description of the atomistic graphite structures.  
By applying uniaxial tensile loading on the atomistic graphite structures, the Young’s 
modulus and Poisson’s ratio were determined from the strain field in the deformed 
configuration. In the same manner, the shear modulus was predicted from the shear 
deformation associated with the applied shear stress. The properties of the single 
graphene layer were then compared to those of the graphite flakes with multi-layers of 
graphene. 

 

2. MOLECULAR DYNAMICS SIMULATION  
 

2.1 Construction of atomistic structures of graphite 
Graphite structure is constructed by the carbon layers where the carbon atoms are 

arranged in a hexagonal pattern. The interatomistic distance between the adjacent 
carbon atoms is 1.42Å, and the associated atomistic interaction is covalently bonded by 
sp2 hybridized electrons, the bond angle of which is 120 degree to each other.  In 
naturally occurring or high quality synthetic graphite, the carbon layers are attacked 
along the thickness direction in AB type sequence with interlayer spacing of 
approximately 3.4Å. Hereafter, the graphite with several carbon layers lumped together 
is referred to as graphite flakes.  Because the adjacent carbon layers are held together by 
the weak van der Waals force, after proper processing [2, 3], the stacked carbon layers 
can be dispersed and separated into a single layer that is usually called graphene sheet 
or graphene layer.  

In order to investigate the mechanical properties of the graphite flakes and the 
graphene layer, the atomistic structures have to be constructed in conjunction with the 
appropriately specified atomistic interaction. In the description of graphite structure, 
two kinds of atomistic interactions are normally taken in account; one is bonded 
interaction, such as the covalent bond, and the other is the non-bonded interaction, i.e., 
van der Waals and electrostatic forces.  Among the atomistic interactions, the covalent 



bond between two neighboring carbon atoms that provides the building block of the 
primary structure of the graphite may play an essential role in the mechanical responses.  
Such bonded interaction can be described using the potential energy that consists of 
bond stretching, bond angle bending, torsion, and inversion [9]. Therefore, the total 
potential energy of the graphite contributed from the covalent bond is given as 

 

∑∑∑∑ ωφθ +++= UUUUU rgraphite    (1) 

 

where rU  is a bond stretching potential; θU  is a bond angle bending potential; φU  is a 
dihedral angle torsional potential; and ωU  is an inversion potential. For graphite 
structures under in-plane deformation, the atomistic interaction is mainly governed by 
the bond stretching and bond angle bending therefore, the dihedral torsion and inversion 
potentials that are related to the out-of-plane deformation were disregarded in the 
modeling. The explicit form for the bond stretching and bond angle bending can be 
approximated in terms of elastic springs as [10] 
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where rk  and θk  are the bond stretching force constant and angle bending force 

constant, respectively.  The constants 2r nmmole
kcal93800k
⋅

=  and 2radmole
kcal126k
⋅

=θ  

selected from AMBER force field for carbon-carbon atomic-interaction [11] was 
employed in our molecular simulation.  The parameters 0r  and 0θ  represent bond length 
and bond angle in equilibrium position, which are assumed to be 1.42 Å and 120o, 
respectively, for the graphite atomistic structures.  

In addition to the bonded interaction, the non-bonded interaction between the 
carbon atoms was regarded as the van der Waals force, which can be characterized 
using the Lennard-Jones (L-J) potential as 
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where ijr  is the distance between the non-bonded pair of atoms.  For the hexagonal 
graphite, the parameters u = 0.0556 kcal/mole and r0 = 3.40 Å suggested in the literature 
[12] were adopted in the modeling.  Moreover, the cutoff distance for the van der Waals 
force is assigned to be 10Ǻ, which means that beyond this distance, there are no more 
van der Waals interactions taking place. 

 In order to model the material properties of graphite flakes and the graphene 
sheet, the simulation box suitable for representing the corresponding atomistic 
structures has to be established.  Fig. 1 shows the schematic of the simulation box for 
graphite flakes and the graphene sheet as well. A periodic boundary condition was 
implemented on all surfaces to demonstrate the infinite graphite structures. It is noted in 
the graphene sheet that the dimension of the simulation box in the thickness direction is 
set to be large enough that the van der Waals interaction between the neighboring layers 
can not be attained.  This especial design of the simulation box is intended to simulate 
the exfoliated graphene sheets. The NPT ensemble [13] with temperature at 0K and 
pressure equal to 0 was conducted to achieve the stress-free configuration. The MD 
simulation was carried out under the DL-POLY package originally developed by 
Daresbury Laboratory [14] in conjunction with the homemade subroutine for post-
processing.   

 

2.2 Characterizing the Young’s modulus and Poisson’s ratio of the graphite 
The methodology developed to evaluate the mechanical properties of the 

atomistic structures was motivated from the technique commonly used in the continuum 
solid. For continuum solids, the Young’s modulus and Poisson’s ratio are measured 
from the simple tension test. The same concept was extended and applied to the 
atomistic structures by means of a modified NPT ensemble in MD simulation with the 
characteristics of varying a simulation box in shape and size [15]. In other words, axial 
stresses can be implemented on both sides of the simulation box with other faces’ being 
traction free as shown in Fig. 2. Again, after the energy minimization process, the 
equilibrated graphite atomistic structure under axial loading was obtained, and the 
Young’s modulus and Poisson’s ratio was defined in the continuum manner as  

 

1

E
ε
σ

=      (5) 

 

1

2
12 ε

ε
−=ν      (6) 

 

where 1ε  is the strain component measured in the loading direction, and 2ε  is the strain 
component measured in the lateral direction. As is noted in equation (5), σ  should be 
the stress directly acting on the graphite structure. However, for the case of graphene 
sheet as shown in Fig. 2(a), because the dimension of the graphene sheet in thickness 
direction is not compatible to the size of the simulation box, the stress in the graphene 



sheet has to be converted from the stress acting on the simulation box, boxσ , in terms of 
the geometric parameters as 

 

t
hboxσ

=σ      (7) 

 

where h is the height of the simulation box, and t is the thickness of the graphene sheet, 
which is equal to 3.4Å. The Young’s modulus and Poisson’s ratio obtained from MD 
simulation for the graphite flakes and graphene sheet are presented, respectively, in 
Table 1.  

 

2.3. Characterization of Shear modulus 12G  

By following the same technique used in the early section, the shear modulus of 
the atomistic structure can be evaluated via the application of in-plane shear stress on 
the simulation box as shown in Fig. 3. This process is accomplished by conducting the 
modified NPT ensemble in MD simulation. After the energy minimization process, the 
deformed configuration of the simulation box was calculated from which the shear 
strain associated with the applied shear stress was determined. If the deformation is 
small, the shear modulus of the graphite can be defined based on the theory of linear 
elasticity as 

 

γ
τ
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where τ  is the applied shear stress, and γ  is the corresponding shear strain determined 
from MD simulation.  The shear moduli calculated with equation (8) for the graphite 
flakes and graphene sheet are also listed in Table 1.  

 

3. RESULTS AND DISCUSSION 
Results presented in Table 1 indicate that the single graphene sheet demonstrates 

higher Young’s modulus and shear modulus than the graphite flakes. Thus, it was 
suggested that to achieve better mechanical properties of nanocomposites, the 
aggregated graphite flakes need to be exfoliated in the form of graphene sheets and 
uniformly dispersed into the matrix systems. Moreover, according to the relationship 
between Young’s modulus, shear modulus, and Poisson’s ratio, it was found that both 
graphite flakes and graphene demonstrate isotropic in-plane properties. This isotropic 
property could be attributed to the hexagonal array of the carbon atoms. 

For the purposes of comparing, the calculated material properties of the graphite 
are listed together with other published predictions in Table 2. It was revealed that the 
moduli obtained from the current model are a little less than those listed in the literature 



although the discrepancy is not much. This difference could be resulting from the 
different potential functions employed in the modeling of the atomistic interaction of the 
carbon atoms. On the other hand, it should be indicated that most of the published 
values are calculated based on the graphene sheet except the one addressed by Bao et al. 
[6] who investigated the Young’s modulus of graphite with numbers of graphene layers 
(from one layer up to five layers). In their investigation, there is no significant 
difference in Young’s modulus between the single graphene layer and the graphite flake 
with five-layer graphene. It is possible that the dissimilarity may not be considerable 
just by comparing the single layer graphene with the five-layer graphene. On the 
contrary, our prediction considers the periodic boundary condition in the thickness 
direction and would be close to the behavior of the graphite flakes with numbers of 
graphene layers. This is the reason why in our simulation, the graphic flacks would 
exhibit different material properties from the single graphene sheet. In addition, for the 
sake of comparison, the experimental values for the graphite structures provided by 
Blakslee et al. [16] were added in Table 2. It shows that the values predicted based on 
the graphene sheet model have a better agreement with the experimental data. 

 

4. CONCLUSION 
The in-plane properties of graphene sheet and the graphite flakes were 

investigated using MD simulation by performing simple loading on the atomistic 
structures. Because of the hexagonal array of the carbon atoms, the in-plane shear 
modulus, Young’s modulus, and Poisson’s ratio of the graphite flakes and graphene 
sheet satisfy the isotropic properties. A comparison of in-plane properties of the 
graphene sheet and graphite flakes reveals that the single graphene sheet exhibits higher 
modulus than the graphite flakes; therefore, the exfoliation of the graphite flakes into 
graphene layers is essential in order to have better mechanical properties of graphite-
reinforced nanocomposites. 
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Table 1 Comparison of in-plane elastic constants of graphite flakes and graphene 

 E (TPa) ν G12 (TPa) 

Graphene 0.912 0.261 0.358 

Graphite flakes 0.795 0.272 0.318 

 

 

Table 2 Comparison of the predicted values with others listed in the literatures 

 Graphene Graphite 
flakes 

Cho et al 
[5] 

Bao et al 
[6] 

Reddy et al 
[7] 

Blakslee et al 
[22] 

E 
(TPa) 0.912 0.795 1.153 1.026 0.671 1.020 

ν 0.261 0.272 0.195 - 0.428 0.160 

G12 
(TPa) 0.358 0.318 0.482 - 0.384 0.440 
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Fig. 1. Schematic of atomistic model in the MD simulation for (a) graphene sheet and (b) 
graphite flakes 
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Fig. 2. Axial stress applied in (a) graphene sheet and (b) graphite flakes 

 

 

 

 

Fig. 3. In-plane shear stress applied in (a) graphene sheet and (b) graphite flakes 
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