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Abstract. In this study, effects of aspect ratio and perforation on the buckling response of 
graphene nanosheet (GNS)-embedded aluminum (Al) nanocomposite plate are studied using 
molecular dynamics (MD) simulations. The periodic system of GS-Al nanocomposite plate is 
built and simulated using molecular dynamics (MD) based software LAMMPS (Large-scale 
Atomic/Molecular Massively Parallel Simulator). Embedded atom method (EAM) and 
Adaptive Intermolecular Reactive Empirical Bond Order (AIREBO) potentials are employed 
to model the interactions between the atoms of Al and carbon atoms, respectively. It is 
observed that the buckling strength of square GNS-Al nanocomposite plate deteriorates 
drastically due to perforation and the same is also true for plates of higher aspect ratio.  
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1. Introduction   
Two-dimensional (2-D) honeycomb lattice structure of sp2-hybridized carbon (C) atoms, 
Graphene nanosheet (GNS) with extraordinary mechanical properties [1] has been 
theoretically analysed for more than seven decades [2,3]. Though, these nanosheets were 
observed as the integral part of 3-D materials, but it was assumed that GNSs were unstable 
with respect to the formation of curved carbon nanostructures such as fullerenes and 
nanotubes [4]. In 2004, Novoselov et al. [5] reported naturally-occurring GNSs by 
experimentation and opened a new window of nanoscience for researchers around the world. 
Stiffness and failure properties of GNSs are found to be approximately the same as that of 
carbon nanotubes (CNTs) [6]. However, the high aspect ratio, surface area and thermal 
conductivity and low production cost, GNSs are favoured over CNTs as a nanofiller 
reinforcing agent. With the reinforcement of only a small percentage (by weight/volume) of 
GNSs in polymers, the mechanical properties of the resulting nanocomposite enhances 
substantially [7].  

GNSs have higher surface area than CNTs and can interact with the matrix at its both 
upper and lower surfaces. The 2-D shape of GNS has improved interlocking with the matrix 
material and demonstrates a larger interfacial region at GNS–matrix interface than  
CNT–matrix interface, which leads to better mechanical properties of GNS-reinforced 
nanocomposite material [8,9]. For example, for 3% reinforcement of GS by weight, the tensile 
strength and elastic modulus of polyethene (PE) are enhanced by approximately 77% and 
87%, respectively. On the other hand, addition of the same weight fraction of CNTs in PE 
increases the tensile strength and elastic modulus of PE by only 58% and 57%,  
respectively [10].   
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Compressive mechanical response of carbon (C) nanofillers are analyzed by various 
researchers experimentally [11], analytically [12] and through numerical experiments 
including molecular simulations [13–15]. With continuous improvement and development of 
less empirical force fields, molecular dynamics (MD) simulations are playing a crucial role in 
studying the mechanical response of nanofillers. Zhang et al. [16] employed the reactive 
empirical bond order (REBO) force-field along with Lennard-Jones (LJ) potential to define 
the interaction between C atoms, similarly, Wang [17] utilized the condensed-phased 
optimized molecular potential for atomistic simulation studies (COMPASS). Buckling failure 
behavior of defective CNTs have been examined by Hao et al. [18] with Morse potential 
integrated with LJ potential.  
 The extraordinary stiffness and failure properties of GNSs and therefore, enhanced 
mechanical responses of GNS-reinforced nanocomposites further requires the study of widely 
used plate-like structures along with the GNS-reinforcement [19]. The load carrying capacity 
of these GNS-nanostructures subjected to in-plane compression/shear or thermal load is a 
current area of intense study. For example, the post-buckling response of functionally graded 
(FG) GNS-reinforced nanocomposite plate under to thermal loading was examined by  
Shen et al. [20]. In 2018, Srivastava & Kumar [21] have studied the post-buckling behavior of 
GNS-reinforced nanocomposite plate including the effect of interfacial region. Very recently, 
Yang et al.[22] have looked into the nonlinear in-plane equilibrium, buckling and post-
buckling responses of FG-GNS reinforced fixed and pinned arches subjected to central point 
load. All these studies are majorly focused on continuum mechanics based study of 
nanocomposite plate. In order to better understand the buckling or post-buckling response of 
nanocomposite plate, it is necessary to take care of material response at various loading 
stages. To capture the response of nanomaterial at nano-level, it is important to employ the 
molecular simulations while studying the buckling and post-buckling response of  
GNS-reinforced nanocomposite plate. 

In the present study, MD simulations are performed to study the non-linear in-plane 
instability of nanocomposite plate. Widely used, economical and lightweight metal, aluminum 
(Al), is chosen as matrix material. Adaptive Intermolecular Reactive Empirical Bond Order 
Potential function (AIREBO) and Embedded atom method (EAM) are employed, 
respectively, between the C-C and Al-Al atoms to study the effect of bonded and non-bonded 
interactions. The effects of aspect ratio and perforation on the buckling and post-buckling 
responses of nanocomposite plate are also highlighted.   
 
2. Atomistic Modeling 
In the current study, a square GNS of sides 250 Å is selected as reinforcing nanofiller and Al 
is taken as matrix material to model a simplified nanocomposite plate. Open source code, 
Visual Molecular Dynamics (VMD) is utilized to generate the structure of GNS. The data file 
generated by VMD was utilized along with the face centered structure of Al atoms, generated 
in LAMMPS (Large-scale Atomic/Molecular Massively Parallel Simulator) input code. The 
thickness of nanocomposite plate is taken as 15 Å, thus the width to thickness ratio (i.e., 𝑤𝑤 ℎ⁄ ) 
of nanocomposite plate is 16.67 ( > 20) and will behave as thick plate. 
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Fig. 1. Simplified GNS-reinforced Al nanocomposite plate subjected to biaxial compressive 

loading 
 

The interaction potentials that act between the covalently bonded C atoms of GNS are 
evaluated by AIREBO (Adaptive Intermolecular Reactive Empirical Bond Order) potential 
function. On the other hand, widely employed Embedded Atom Method (EAM) is utilized to 
model the pair-wise interactions between Al atoms by EAM/ALLOY potential, which 
describes the interactions between metals and metal-alloy. The Lennard-Jones (L-J) 12-6 
interaction potential (Eq. 1), is also utilized to take care of the non-bonded interactions 
between GNS and Al matrix material.   
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where, 𝑟𝑟𝑐𝑐 is the L-J cutoff radius, beyond which van-der-Waals (vdW) interaction becomes 
very weak and therefore neglected. 𝑟𝑟𝑐𝑐 is taken as 2.5 σ (i.e. 7.83125 Å). The potential 
parameter 𝜀𝜀 represents the coefficient of well depth energy and σ represents the equilibrium 
distance between C and Al atoms. The potential parameters for the interactions between C and 
Al atoms are calculated by widely employed Lorentz-Bertholet (L-B) rule [23]. The potential 
parameters for individual Al and C atoms are given in Table 1 and thus for interaction zone 
these are σ = 3.1325 Å and ε = 0.003457 eV. 
 
Table 1. L-J pair potential parameters for C and Al atoms 
L-J Potential parameters Carbon, C Aluminum, Al 
σ [Å] 3.41500 2.8500 
ε [eV] 0.00239 0.0050 
 
3. Simulation Procedure 
After modeling the initial structure of the nanocomposite plate, initially the periodic boundary 
condition is employed in all the three directions of nanocomposite plate. The potential energy 
of nanostructure is minimized by conjugate gradient (CG) approach as shown in Fig. 2. 
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Thereafter, nanostructure was equilibrated by using isothermal–isobaric (i.e., NPT) ensemble 
at the temperature of 300 K, so that the potential energy and volume of the nanostructure 
remain relaxed and stable. After the equilibrium process, to observe and analyze the buckling 
and post-buckling response of nanocomposite plate, the periodic boundary condition in z-
direction (i.e., out-of-plane) is replaced with non-periodic shrink-wrapped boundary 
condition. Therefore, the out-of-plane deformation of nanocomposite plate is accommodated 
within the system boundary. All edges of the structure are clamped by fixing the forces on 
them to zero. Thereafter, a constant strain rate of 0.005/picosecond is applied on the x- and y-
boundaries of the equilibrated nanostructure. 
 
4. Present Study  

Validation. In this section, the MD based approach, utilized to characterize the 
nanocomposite material and study the buckling and post-buckling response of nanocomposite, 
is verified with the Rule of mixtures (ROM). An equilibrated dimension of nanocomposite 
plate is shown in Fig. 2 and corresponding stress-strain diagram in armchair and zigzag 
direction of GNS is plotted in Fig. 3. The modulus and thickness of interphase zone are taken 
from literature Srivastava & Kumar [24]. It can be observed from Table 2 that, results are in 
good comparison with that of analytical solution obtained by ROM. 
 

 
Fig. 2. Equilibrated structure of nanocomposite plate 
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Fig. 3. Stress-strain diagram of nanocomposite material 

 
Table 2. Comparison of Young's modulus for Al -GS aligned nanocomposite 

Molecular Dynamics ROM % Difference Armchair Zigzag Average 
201.7705 275.6492 238.7099 248.9351 4.1101 

 
Results and Discussion. In this section, initially the post-buckling response of pure Al 

plate is compared with the results obtained from FEM based software ANSYS. All plates 
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considered for study are subjected to bi-axial compressive loading and all edges of the plates 
are clamped. The bi-axial compressive load (N) and the maximum transverse deflection 
(𝑤𝑤𝑚𝑚𝑚𝑚𝑚𝑚) of the Al plate are normalized as follows  
𝜆𝜆 = 𝑁𝑁𝑏𝑏2

𝐸𝐸𝑚𝑚ℎ3
   (with N = Nx = Ny for bi-axial loading); 

W∗ = 𝑤𝑤𝑚𝑚𝑚𝑚𝑚𝑚
ℎ

,       (2) 
where Em represents the elastic modulus of Al matrix material, b and h are the side and 
thickness of the Al plate. 

Thereafter, a separate study is performed to highlight the effect of GNS-reinforcement, 
aspect ratio and perforation of nanocomposite plate. Since, to analyze the post-buckling 
response of nanocomposite plate, a constant strain rate is applied in both x- and y-directions, 
thus the results are also reported in terms of applied strain and W∗ (i.e., maximal value of out-
of-plane deformation/thickness) of plate.  
 

 
Fig. 4. Comparative diagram between MD and FEM model of plate of same dimension 
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Fig. 5. Comparative post-buckling response of pure Al plate with MD and FEM study 
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The schematic diagrams of MD and FEM models of nanocomposite plate with number 
of atoms and elements, respectively, are given in Fig. 4. All edges are taken as clamped in 
both of the models. The buckling and post-buckling responses of Al plate obtained in both of 
the methodologies are also given in Fig. 5. It can be observed from Fig. 5 that, using MD, the 
plate buckles far before than the results reported by the FEM based results. The reason for 
earlier buckling response is that, in MD simulations, the elastic-plastic behavior of material is 
taken care whereas, the FEM based study reported in Fig. 5 only considers the elastic 
response of plate. After, equilibrating the MD model, the plate never remains flat (in contrast 
to FEM model), and surface irregularity of the plate reduces the buckling strength of the plate, 
substantially.   
 

 
                                            (a)                                                          (b) 

Fig. 6. (a) Perforated GNS-Al nanocomposite plate, (b) GNS-Al nanocomposite plate with 
aspect ratio (a/b = 2) 

 
To visualize the effect of perforation and aspect ratio on the post-buckling response of 

nanocomposite plate, two different MD models of nanocomposite plate are modeled as shown 
in Fig. 6. Nanocomposite plate is perforated by a circular hole of 50 Å diameter, and to study 
the effect of aspect ratio, the width of model is divided by 2.  

Figure 7 shows a comparative study between, pure Al plate, GNS-Al nanocomposite 
plate, effect of perforation and aspect ratio. Results are shown in terms of Strain and 
normalized out-of-plane deformation of different plates. Buckling strains found from the 
results are shown in Table 3. It can be observed from Fig. 7 and Table 3, that,  
GNS-reinforcement enhances the buckling and post-buckling response of nanocomposite 
plate substantially. Whereas, the higher aspect ratio and perforation have the negative effect 
on both the buckling load and load carrying capacity of the plate beyond buckling point. By 
perforating the current plate by a circle of diameter 50 Å, its buckling strength reduces by 
36%.  

 
Table 3. Buckling strain for plates considered in the study 
S.N. Type of Plate Buckling Strain 
1 Pure Al 0.001 
2 GNS-Al plate  0.03 
3 GNS-Al plate with hole 0.019 
4 GNS-Al plate having aspect ratio, a/b = 2  0.016 
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Fig. 7. Post-buckling response of GNS-nanocomposite plate showing the effect of perforation 

and aspect ratio 
 
5. Concluding Remarks 
In the current study, a MD based simulation is performed to study the buckling and post-
buckling response of GNS-Al nanocomposite plate. The AIREBO and Embedded Atom 
Method (EAM) potential are utilized to represent the pair-wise interactions between C and Al 
atoms, respectively. Bi-axial loading is applied on the nanocomposite plate with the aid of 
constant strain rate and clamped boundary conditions are enforced on the all edges of plates. 
Based on the study performed to investigate the effects of GNS-reinforcement, aspect ratio 
and perforation on the buckling and post-buckling behavior of nanocomposite plate, and the 
following conclusions are reported:   

• GNS-reinforcement in Al matrix leads to substantial increase in the elastic properties of 
Al matrix material. This enhancement is further substantial in zigzag direction of GNS.  

• Enhanced stiffness properties of nanocomposite materials, further enhances the buckling 
and post-buckling strength of nanocomposite plate. 

• The plates having higher aspect ratios demonstrate lesser buckling and post-buckling 
strength than square plates. 

• Perforation reduces the buckling and post-buckling strength of nanocomposite plate. 
• It can be established that present approach offers more realistic results than continuum 

mechanics based studies, due to ability of MD-approach to capture the effect of inherent 
surface waviness of the plate and to trace the material response at different loading 
condition at higher geometric scale. 
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