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ABSTRACT
Molecular dynamics(MD) simulations are carried out to characterize the mechanical
properties and failure behavior of van der Waals heterostructures composed of
graphene and hexagonal boron nitride(hBN) single layer sheets. The graphene–hBN
and hBN–graphene–hBN heterostructures simulations are carried out under tensile
and shear deformation. Accordingly, stress versus strain curves of each system
are plotted and various properties of heterostructures, namely elastic modulus
and shear modulus as well as failure stress and failure strain, are evaluated
and compared with one another as well as with the pristine graphene and hBN
sheets. Subsequently, the failure mechanism/characterization of each sheet in the
heterostructures is described. Alternatively, the elastic and shear modulus of each
heterostructure are computed by means of rule of mixture(ROM) which are in good
agreement with results that are obtained from MD simulations.
Keywords: Mechanical properties; graphene; hexagonal boron nitride; van der Waals
heterostructures; molecular dynamics

1. Introduction
In the last couple of years, researches on two-dimensional atomic crystals have attracted great attention as a result of their extraordinary electrical, mechanical and
optical properties. Recently, another outstanding topic that has emerged is van der
Waals (vdW) heterostructures. These kinds of materials are made by assembling different 2D materials on top of each other [1]. By means of this approach, researchers
can achieve materials with arbitrary properties. A kind of vdW heterostructures made
of graphene and hexagonal boron nitride achieve a great deal of attention among 2D
heterostructures in that they possess unique optical and electrical properties. The outstanding mechanical properties of graphene that made of carbon atoms in honeycomb
lattice structure are reported in previous articles [2, 3]. Structural lattice of hexagonal boron nitride has a similar arrangement with boron and nitrogen atoms and both
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of them have strong sp2 bonds [4]. There is a slight mismatch between the lattice
constants of hBN and graphene sheets (about 1.8%), which has caused the moir pattern to form [5, 6]. This pattern has led to some fascinating characteristics in these
vdW heterostructures [7, 8]. HBN is a high-quality substrate for graphene layer which
could lead to the development of high-performance graphene devices [6]. Moreover,
encapsulating a graphene sheet between hBN layers, i.e. hBN/graphene/hBN, could
keep graphene and prevent its properties from declining under ambient conditions [9].
Moreover, this heterostructure could be utilized in field effect transistors to greatly
improve radio-frequency applications [10]. Thus, the investigation of heterostructures
mechanical properties as well as studying their chemical and electrical characteristics
have a crucial role for proper use of these novel kinds of materials.
In this research the properties of hBN/graphene, i.e.(BG), and hBN/graphene/hBN,
i.e.(BGB), vdW heterostructures under shear and tensile loads have been investigated.
Molecular dynamics(MD) approach is used to study these heterostructures and the
results are compared with single layer graphene and hBN sheets. MD simulations
of heterostructures and single layers are performed by Large-scale Atomic/Molecular
Massively Parallel Simulator (LAMMPS) [11] and visualization is carried out with
OVITO [12] software.

2. Simulation Models and Method
In atomistic simulations, the selection of proper force-field which simulates the characteristics of a desired system accurately and completely is of paramount importance.
The adaptive intermolecular reactive empirical bond order (AIREBO) potential [13] is
a force-field which is widely employed [14, 15] to describe interactions between carbon
atoms in graphene sheets, and it is utilized to model the formation and breakage of
links between carbon atoms in this study. AIREBO potential consists of three covalent,
torsional and Lennard-Jones terms and the equation is

E AIREBO =
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REBO is the REBO term which
Where E AIREBO is the total energy of the system; Eij
T ORSION is the torsional part
describes potential between covalently bonded atoms; Eijkl
LJ is the Lennard-jones term
of the potential which depends on dihedral angle and Eij
which represents the intermolecular van der waals interactions and also, i, j, k and
l are the indices for atoms. The 2Ȧ cut-off distance is applied in AIREBO potential
in order to avoid nonphysical strain-hardening effect [16]. In this research, Tersoff
[17] potential is used for modeling interactions between boron and nitrogen atoms
in hBN. The cut-off distance for this force-field also should be modified to eliminate
the overestimation of stress for breakage of the sheet. Accordingly, the minimum cutoff distance is considered equal to the maximum one. Moreover, interactions between
graphene sheet and hBN sheet are described by non-bonded van der Waals force which
is modeled by means of Lennard-Jones 12-6 potential as
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Figure 1.. Structure of graphene-boron nitride heterostructure(BG).

Figure 2.. Structure of boron nitride-graphene- boron nitride heterostructure(BGB).
where ε and σ are energy and distance parameters that are evaluated with Lorentz
combining rules [11] for interaction between atoms in graphene and hBN sheets.
Thus, Lennard-Jones parameters for van der Waals interactions between B(Boron),
C(Carbon) and N(Nitrogen) atoms are CB = 3.411Ȧ , CN = 3.667Ȧ, σCB =
3.311meV and σCN = 4.068meV and the distance between each layer of graphene
sheet with a layer of boron nitride sheet is considered as 3.4Ȧ so that the heterostructure has minimum vdW energy [8].
Lattice constant for graphene sheets is 1.42Ȧ and for hBN sheets is 1.446Ȧ and due
to this difference hBN and graphene single layers cannot completely match to each
other. Therefore, a graphene sheet and a hBN sheet should be integrated in a way that
they have smallest internal strain energy for vdW heterostructures [18] and the edges
of both hBN and graphene sheets match with the periodic boundary condition of the
system. For this purpose, the graphene and the hBN which are studied in this research
have dimension about 224Ȧ in zigzag direction and 254Ȧ in armchair direction. Thus,
the length alteration of 0.01Ȧ and 0.08Ȧ in zigzag and armchair direction is provided
respectively. The obtained BG vdW heterostructure and BGB heterostructure are
shown in Figures. 1 and 2 respectively, and in these figure moir pattern in hexagonal
shape and specific periodicity could be seen in BG and BGB layer.
At the beginning of each simulation, a system is optimized and then equilibrated
with NPT(isothermal-isobaric) ensemble under 300K temperature and zero pressure.
All of the simulations are performed by time step of 1f s with periodic boundary
condition(PBC). After equilibration, the tensile or shear load is applied with strain
rate of 0.001(P s)−1 by deformation control method which is previously utilized for
these kinds of modeling [19, 20].
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2.1. Tensile Test
In this section, the tensile test of graphene single layer and hBN sheets and also their
vdW heterostructures(i.e. BG and BGB) are investigated. The thickness of a single
layer hBN and a graphene sheet is considered as t = 3.4Ȧ, which is equal to the sheets
distance from each other in z direction due to the vdW interaction [8]. Stress-strain
curve of each sheet or heterostructure is extracted by means of NPT ensemble with
300K temperature while pressure on perpendicular directions to loading direction is
set to be zero in order to make the model stress free in other directions that are not
loaded. The stress tensor in molecular simulations, consisting of a virial term and a
kinetic term, describes the effect of temperature, pairs, bonds, angels and etc. [21].
The global stress tensor for a specific number of particles is computed by the formula
N

1 X
P = (
mi vi ⊗ vi + W (rN ))
V

(3)

i=1

Where P is the global stress tensor and V is the volume of N particles; mi and vi
are the velocity and mass of atom i, respectively. The global virial term is shown with
W which can be obtained by the expression

W (rN ) =

N
X

ri · Fi

(4)

i=1

Where ri is the position of ith atom. Fi is the total force on atom i which is resulted
from interactions between the atom i and other atoms.
The total volume of each single layer sheet is calculated with the 3.4Ȧ thickness.
Each system is loaded in both armchair and zigzag directions which are defined with
direction of load according to sheets edges(Figure. 3) and their stress-strain curves
are plotted. When fracture occurs in sheets or heterostructures, a drastic decrease is
observed in stress-strain curve.
The Young’s modulus (E) can be extracted from the initial linear slope of the stress-

Figure 3.. (a)Tensile test in armchair direction and(b) Tensile test in zigzag direction.
strain curve. The ultimate tensile strength(σult ) and failure strain(f ) can also be ob4
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tained from the peak point of the corresponding curve where one of the sheets(graphene
or hBN) is failed.
2.2. Shear Test
After minimization and equilibration of a system the shear load is applied by deformation control method. The deformation is applied by shear strain rate of 0.001(P s)−1
in armchair or zigzag directions as shown in Figure. 4. The system temperature is controlled in 300K with Nose-Hoover thermostat. For a specific strain, the corresponding
shear stress is computed through the application of Equation (3). The shear modulus(G) of graphene, hBN sheet and heterostructures is computed by evaluating the
initial linear slope of the shear stress-strain curve. The shear strength (σsf ) and the
shear fracture strain (sf ) correspond to the point where the first sudden decrease in
the curve is experienced.

Figure 4.. (a)Shear deformation in armchair direction and (b)Shear deformation in
zigzag direction.

3. Results and Discussion
At the beginning of the simulation, the structure of each vdW heterostructure in
the LAMMPS is optimized(i.e. the enrgy of the system is minimized) in order to
relax the structure. After optimization, the moire pattern periodicity could be seen
for the out of plane deformation(δ) of the heterostructures. The wavelength of moire
pattern(L) is measured about 13Ȧ for hBN-graphene heterostructure which is in a
good agreement with the previous measurement [7]. This pattern is formed in order
to provide a minimum energy in the heterostructure with minimizing the mismatch
between layers. Therefore, some regions of the sheet are stretched and some other
parts are compressed. In Figure. 5 the nondimentional out of plane deformation(δ/t)
of graphene and hBN sheets in the BG and BGB heterostructures is shown. The moir
pattern can be clearly seen in these pictures. At this stage, the structure has become
ready for the equilibration action to be carried out.
Subsequent to the appropriate equilibration, the tensile simulation of graphene and
hBN single layer sheets as well as their heterostructures are carried out in both armchair and zigzag directions. Figure. 6 represents the stress versus strain curve for a
5
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Figure 5.. out of plane deformation of (a) graphene, (b) hBN sheet in BG heterostructure and (c) graphene sheet, (d) one of the hBN sheet and (e) another hBN sheet in
BGB heterostructure.
graphene and a hexagonal boron nitride single layer sheet. In the same figure, BG
and BGB heterostructures under tensile load in both armchair and zigzag direction
are also presented. The failure of both BG and BGB heterostructures in both armchair and zigzag directions begins with graphene rupture but hBN sheets endure the
load(for 1-3Ps) until they collapse. The fractured graphene and hBN sheet in BG construction are shown in Figure. 7. The similar fractured individual sheets in the BGB
construction are shown in Figure. 8.
As presented in Figures. 7 and 8 , the crack propagation in graphene single layer
sheets occurs along zigzag direction while the loading is in armchair direction. However,
the crack spreads in diagonal directions in the case of zigzag loading. This happens
due to graphenes tendency to fail along the zigzag direction since the armchair edge
has a higher edge energy level [14]. The hBN sheets failure pattern is also similar to
the pattern that has been reported in ref [22], which applies Seviks modification on
Tersoff potential. Similar to that reported in ref [22] with respect to hBN, due to its
ductile fracture, some chains are formed in failure region.
The young’s modulus and σult also f , that correspond to graphene and hBN single
layer, are shown in Tables 1. and 2. The results are in good agreement with previous
researches [14, 22, 23, 24]. The discrepancy between the results of this research and
other references is due to the difference between size of the sheet and the temperature
of the system which is resulted to more ripples existence with larger amplitude. It is
expected that the youngs modulus and fracture strength and strain of graphene and
hBN sheet decrease with the increase in temperature [20]. Moreover, it should be

6
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Figure 6.. stress-strain curve for (a) Graphene sheet, (b) hBN sheet, (c) BG heterostructure and (d) BGB heterostructure under tensile load.
Table 1.. Elastic modulus, ultimate strength and failure strain of a graphene sheet.
E(Gpa)

E(GPa)
refrences

σult (GPA)

σult (GPa)
refrences

f

Armchair

911

1112 [14],
1000100 [23]

88.7

88.5 [14],
13010[23]

0.138

Zigzag

808

897 [14]

106.9

105.5 [14]

0.203

Table 2.. Elastic modulus and ultimate strength and failure strain of a hBN sheet.
E(Gpa)

E(GPa)
refrences

σult (GPA)

σult (GPa)
refrences

f

Armchair

641

630 [24],
723 [22]

100.5

104[24],
94.1 [22]

0.221

Zigzag

655

733 [22]

99.9

100.3 [22]

0.206

considered that most of the pervious tensile tests are implemented on square shape
sheets but in this article the layers are rectangular in order to be integrated properly.
Mechanical properties of BG and BGB heterostructures have been obtained from
stress-strain curves of Figure. 6 and they are represented in Table 3. It is demonstrated
that elastic modulus of BG and BGB has a value between elastic modulus of hBN and
graphene single layer sheets while f for both heterostructures is lower than fracture
strain of each single layer sheet individually. This might have occurred due to the size

7
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Figure 7.. Failure of single layers in BG heterostructure (a) graphene and (b) hBN
in armchair tensile test, (c) graphene and (d) hBN in zigzag tensile test.
Table 3.. Elastic modulus and ultimate strength and failure strain of BG and BGB
heterostructure
Direction
Armchair
Zigzag

BG heterostructure
E(Gpa) σult (GPa)
f
787
80.3
0.129
740
103.6
0.202

BGB heterostructure
E(Gpa) σult (GPa)
f
741
74.2
0.120
714
100.7
0.194

difference between graphene and hBN sheets which has led to intrinsic strain energy
due to initial strain in layers. Thus, the graphene layer fails first in BG and BGB
heterostructures at lower strain than that for pristine graphene.
In another attemp, the shear test modeling is performed on single layer sheets and
heterostructures as discussed earlier. The shear stress-strain curve of graphene and
hBN single layer and also BG and BGB are depicted in Figure. 9. The failure of the
graphene sheet in BG and BGB heterostructures has occurred first. after some time8
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Figure 8.. Failure of each layers in BGB heterostructure (a) graphene, (b) one of the
hBN sheets and (c) another hBN sheets in armchair direction and also (d) graphene,
(e) one of the hBN layers and (f) another hBN sheets in zigzag direction
steps(20-80Ps), which take longer than those of the tensile test, the hBN sheets in
both of the heterostructures fracture. It occurs as a result of the hBN sheet having a
larger shear fracture strain and consequently withstanding higher shear strain in BG
and BGB heterostructures. Two intense decreases in stress are observed in the shear
stress-strain curve of BG and BGB heterostructure. The first one refers to the failure
of graphene sheet and the second one corresponds to hBN sheet(s) failure. The second
failure point varies between different heterostructures since after the fracture of the
graphene, systems do not have stable situation as the atoms of the ruptured sheets
move randomly in the simulation box. The shear modulus(G) and shear fracture stress
(σsf ) and shear fracture strain(sf ) of each sheet as well as those of heterostructures
are given in Table 4. The results are validated with some previous researches wherever
available. It is shown that G is almost the same in armchair and zigzag direction
but shear fracture stress has a lower value in armchair direction. In addition, both
shear modulus(G) and shear fracture stress(σsf ) have lower values in BG and BGB
heterostructures than pristine single layer sheets of graphene and hBN.
The expected elastic or shear modulus of BG and BGB heterostructures(Mhetero )
can be computed by using the graphene and hBN elastic modulus in Tables 1. and 2.
through the application of rule of mixture(ROM):
Mhetero = MG fG + MBN fBN

(5)

Where MG and MBN are elastic or shear modulus of a graphene single layer and
hBN sheet, respectively; fG and fBN are volume fraction of these single layer sheet in
the corresponding heterostructures, i.e., fG is equal to 21 in BG and 13 in BGB. The
9
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Figure 9.. Shear stress-strain curve of (a)graphene sheet, (b)hBN sheet, (c)BG heterostructure and (d)BGB heterostructure.
Table 4.. Mechanical properties of single layer sheets and heterostructures under
shear deformation
sheet
Graphene
hBN
BG
BGB

Direction

G(Gpa)

G(Gpa)
references

σsf (GPa)

sf

Armchair
Zigzag
Armchair
Zigzag
Armchair
Zigzag
Armchair
Zigzag

228
226
166
167
198
197
192
190

228 [25], 280 [26]
213 [25], 280 [26]
190 [27]
190[27]
-

52
55
55
56.5
46.5
50
44
48

0.26
0.30
0.36
0.35
0.25
0.28
0.25
0.28

elastic modulus and shear modulus of BG and BGB heterostructures, which have been
obtained from molecular dynamics simulation, and those computed by ROM method
are given in Table 5.
A very good agreement can be seen among the MD and ROM results. It is noted that
the MD elastic and shear modulus of both heterostructures either in armchair or zigzag
directions are slightly higher than those of ROM approach. This might have occurred
due to the existence of von der Waals interaction between graphene and hBN sheets
10
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Table 5.. Elastic modulus of BG and BGB heterostructures by MD and ROM method.
BG
heterostructure

BGB
heterostructure

BG
heterostructure

BGB
heterostructure

Direction

EROM
(GPa)

EM D
(GPa)

EROM
(GPa)

EM D
(GPa)

GROM
(GPa)

GM D
(GPa)

GROM
(GPa)

GM D
(GPa)

Armchair
Zigzag

776
732

787
740

731
706

741
714

197
196.5

198
197

187
187

192
190

in MD simulation. Similar outcome has also been reported in some previous studies
related to other heterostructers [18, 28].

4. Conclusions
The mechanical properties of BG and BGB heterostructures which consist of graphene
and hBN single layer sheets have been studied in this research. The stress-strain curve
of each single layer sheet and heterostructure has been plotted under shear and tensile
load in both armchair and zigzag direction. The modulus and the ultimate stress and
also the fracture strain of each single layer and heterostructure under tensile and shear
load have been obtained from stress-strain curves. The resulted young modulus and the
shear modulus of hBN sheet and graphene single layer have been in good agreement
with previous experimental and theoretical results. Therefore, it is assumed that the
BG and BGB heterostructures properties, which have been extracted by the same
approach as that of the single layers, are reliable. The failure scenario of BG and BGB
heterostructure is described in order to give some useful insights into proper application
of these systems. In addition, the elastic and shear modulus of heterostructure have
been computed with the implimentation of the rule of mixture which has rendered
smaller values than moduli that are computed by MD simulation due to the existence
of Lennard-jones forces between layers in MD. Thus, the ROM could be performed
to roughly predict the young modulus and the shear modulus of hBN and graphene
heterostructures.
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