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mechanical properties of single layer and bi-layer graphene
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The present study reports a comprehensive molecular dynamics simulation of the effect of a)
temperature (300-1073 K at intervals of every 100 K) and b) point defect on the mechanical
behaviour of single (armchair and zigzag direction) and bilayer layer graphene (AA and AB
stacking). Adaptive intermolecular reactive bond order (AIREBO) potential function was used
to describe the many-body short-range interatomic interactions for the single layer graphene
sheet. Moreover, Lennard Jones model was considered for bilayer graphene to incorporate the
van der Waals interactions among the interlayers of graphene. The effect of temperature on the
strain energy of single layer and bilayer graphene was studied in order to understand the
difference in mechanical behaviour of the two systems. The strength of the pristine single layer
graphene was found to be higher as compared to bilayer AA stacked graphene at all
temperatures. It was observed at 1073 K and in the presence of vacancy defect the strength for
single layer armchair sheet falls by 30% and for bilayer armchair sheet by 33% as compared to
the pristine sheets at 300 K. The AB stacked graphene sheet was found to have a two-step
rupture process. The strength of pristine AB sheet was found to decrease by 22 % on increase
of temperature from 300K to 1073K.

Keywords: Single layer graphene sheet, AA and AB stacked graphene sheet, Molecular

Dynamics simulation, Temperature effect, Point defect effect.

1. Introduction

Graphene has attracted enormous interest among the researchers since its discovery [1-23], due
to its amazing mechanical and electrical properties. This makes it a potential material for a
wide range of applications. Experiments on the mechanical behaviour of graphene are restricted
owing to the practical complications in designing experiments at nanoscale [3, 15-16].
Therefore, atomistic methods such as MD have been extensively used to study the mechanics

of graphene [11, 17-23].



However, previous studies have focussed on the mechanical properties of single layer graphene
(SLG) [11, 19-23] and little has been explored about the mechanical properties of bilayer
graphene (BLG) [24-26] and its variation with temperature. Since defects play a key role in
determining the mechanical properties of graphene [27-30], understanding the variation of
strength of the BLG with temperature both in pristine condition as well as in presence of the
defects (e.g. vacancies) is a prerequisite for its successful application at higher temperatures.
Different experimental methods reported for synthesis of graphene show that generally the final
product contains a mix of single layer and bilayer graphene [31-32]. Moreover, in most of the
large scale techniques, it is common to find few layered graphene (up to ten layers) in the final
products [33-34]. However, no literature exists to the best of the author’s knowledge in this
direction. A detailed and systematic investigation has been carried out in this paper at various
temperatures (300-1073K, at intervals of 100 K) and in presence of point defect to determine
the strength of SLG and BLG both in zigzag and armchair direction and for different stacking
conditions (AA and AB for bilayer graphene).

2. Simulation Model and Method

The primary objective of the present study is to understand the effect of temperature on the
strength of single-crystal graphene, which is an uprising material especially for electronic
applications. Grain boundaries (GB) in graphene decreases both the electrical and mechanical
quality of graphene films [35-36] and hence several efforts have been made towards enlarging
the sizes of single-crystal graphene (single layer and bilayer) domains experimentally to
millimetre and even centimetre scale [37-43]. Graphene single crystals exert great advantages
over polycrystalline graphene especially in high mobility graphene-based nano-electronics, due
to the absence of GBs. The GBs act as defects resulting in higher surface chemical activity,
[44] and changes the sp2 -bonding nature of graphene. GBs has been found to be detrimental
to the carrier transport properties as they act as the scattering centres for charge transport.
Hexagonal graphene single crystals grown on a Cu surface greatly decreases the defect density,
resulting in a largely improved FET performance with carrier mobility higher than 1900 cm?
V —1s —1 [45].

Here, Molecular dynamics (MD) simulations were carried out using LAMMPS [46] with the
AIREBO potential [47] for the analysis of single and bilayer pristine graphene sheet at
temperatures between 300K — 1073 K at the intervals of 100 K and also in the presence of

vacancy defect as detailed in Table 1. The aim of this simulation is to calculate the force acting



on individual atoms via atom-atom interaction potential and further calculate atomic trajectory,
acceleration & velocity using Newtonian -mechanics equations. These MD simulations have
been extensively used by researchers to analyse deformation nature at non level in different
materials. The prime factor is to identify the ideal atomic potential function for accurate results.
The AIREBO potential primarily has three sub potentials, which are the REBO, Lennard—
Jones, and torsional potentials. The REBO potential provides the energy stored in atomic
bonds, while Lennard—Jones potential considers the non-bonded interactions between atoms,
and the torsional potential includes the energy from torsional interactions between atoms.
Brenner and co-workers provided the AIREBO parameters for the carbon-hydrogen system,
with two cut off distances of C-C bonding (D; and D,) as 1.7 A and 2.0 A. Authors of [48]
have stated that there exist some differences (~20%) in Young’s modulus of graphene obtained
by DFT calculations as compared to MD simulations. The differences arise due to the fact that
the study of the elastic deformation of finite graphene sheets by DFT discussed in [48] has been
based on Brenner potential whereas the present study has been based on AIREBO potential.
Brenner potential does not consider the dispersion and repulsion terms and hence is less
suitable for a system having significant intermolecular interactions. AIREBO potential on the
other hand has been shown to exactly capture the bond-bond interaction between carbon atoms
as well as bond breaking and bond re-forming [49]. A cut-off function has been also used in
the simulations carried on here in order to supress the high bond forces that can arise with
nonphysical explanations. The cut-off parameter is set to be 2.0 A for the REBO part of the
potential, as suggested in ref [49], which is an acceptable approximation for the near fracture

regime. The MD calculations indicate that the Young’s modulus Y is 1.01 + 0.03 TPa that

matches to the experimental results of Lee et al [6].

The graphene sample used in this simulation is 5 nm x 5 nm sheet with each time step
equivalent to 1 ps & consists of 1008 carbon atoms for single layer and 2016 carbon atoms for
bilayer model with interlayer distance of 3.4 A. In the present study, velocity-verlet time
integrating scheme was applied to graphene with a time step of 0.0005 ps and the system was
maintained at equilibrium for 30 ps to ensure that equilibrium thermodynamic state was
reached where the temperature was controlled by using Nose-Hoover thermostat. Uniaxial
tensile loading was subsequently applied strain rate of 0.001/ ps. The results were also validated
with that of literature [6, 10, 21, 24-25, 53-55] which confirmed that the graphene sheet was in

the state of thermodynamic equilibrium before the onset of tensile testing using MD simulation.



The interlayer cohesion in bilayer sheet was maintained by van der Waals force and is

characterized by the 12-6 Lennard-Jones potential [50]:
g g
V(T) = 48[(;)12 - (;)6] ............ (1)

r is the distance between a pair of atoms while ¢ i.e. the depth of the potential well is = 2.84
meV and o, the finite distance for zero inter-particle potential which here is = 0.340 nm. The
directions in a bilayer sheet of graphene, i.e., AA stacked graphene has either armchair-
armchair type orientation or zigzag-zigzag type and AB stacked graphene sheet has armchair
orientation as one layer and zigzag in the other layer [51, 52].

The convention for direction as used in the present study for loading of graphene sheet is shown

in Figure 1.

Table 1: Graphene test conditions with varying orientations and defect morphology

Test condition of graphene

Structure Defect type Orientations sheet

1. Pristine (SLG-Pr-A)
Single Layer o 2. Vacancy (SLG-V-A)
(SLG) e Pristine (Pr) e Armchair (A) 3. Pristine (SLG-Pr-Z)

4. Vacancy (SLG-V-7)

5. Pristine (BLG-AA-Pr-A)

6. Vacancy (BLG-AA-V-
Bi-Layer AA o 7i 7 A). .
(BLG) e Vacancy igzag  (Z) Pristine (BLG-AA-Pr-Z)

Vacancy (BLG-AA-V-Z)
Pristine (BLG-AB-Pr)
0. Vacancy (BLG-AB-V)

V)

AB

= o~

Zigrag mode

Armchair mode

Figure 1 Conventions used for (a) single layer graphene sheet, (b) AA stacked bilayer graphene
model and (c) AB stacked graphene sheet.



3. Results and Discussion
3.1. Validation of the models
The models used for the present study has been validated by comparing the fracture stress and

strain with that of the literature [6, 10, 21, 24-25, 53-55]. The nominal fracture strengths of the
SLG were determined to be 90 GPa at 0.14 and 102 GPa at 0.22 fracture strain, respectively
for armchair and zigzag mode, which is in the range of reported values [6, 10, 53-55]. The
tensile strength variation of armchair pristine sheet with increasing temperature were also
found to be at par with the literature [11, 21], thereby validating the present model. The stress
and strain at fracture for the AA stacked armchair and zigzag pristine BLG sheet was found to
be 88 GPa at 0.14 and 100 GPa at 0.2 strain respectively at room temperature, which was found
to be consistent with the previously reported values [24-25].

3.1.1 Effect of Temperature on the mechanical properties of pristine single layer and
bilayer (AA stacked) graphene sheet

The stress-strain plots indicating the mechanical behaviour of the single and bi-layer graphene
at various temperatures ranging from 300K-1073 K at the intervals of 100 K is shown in the
Figure 2. The ultimate tensile strength of single and bi-layer graphene in pristine condition and
in the presence of vacancy at different temperatures is given in Table 2. The fracture strength
and fracture strain decreases significantly with the increase in temperature both for single and
bi-layer graphene. The fracture strength at 1073 K for single layer armchair and zigzag
graphene sheet is 23% and 25% less respectively compared to that at room temperature whereas
for bilayer AA armchair and zigzag graphene sheet the reduction of strength is nearly 25% and
28%.

Table 2: Tensile strength of Graphene at different temperatures with varying
orientations and defect

SI. | Test Ultimate Tensile strength (GPa) at different temperatures

No | conditions 300K [ 400K | S00K | 600K | 700K | 800K |900K |1073K
1. | SLG-Pr-A 90 86.2 | 82.5 81 80.6 77.1 74.3 69
2. | SLG-Pr-Z 102 96 94 90.6 88 85.8 81 77
3 SLG-V-A 76 745 | 72 70.3 68.5 67 65 63
4. | SLG-V-Z 82 80 79.1 77.9 76.5 75.2 73 70
5. | BLG-AA-Pr-A | 88 87.1 | 86 84 79 75.2 73 66
6. | BLG-AA-Pr-Z | 100 97 93.5 90 85 83.1 77.2 72
7. | BLG-AA-V-A | 73 71.6 | 69 67.9 65 62.3 61.4 59
8. | BLG-AA-V-Z |75 74 73.4 72.9 71.7 71.1 70 69
9. | BLG-AB-Pr 87 85.6 | 82.6 79.3 76.2 74.9 72.6 68
10. | BLG-AB-V 72 69.1 | 68.3 66.6 64.6 62.9 59.7 55




The tensile strength of BLG is always less than the corresponding SLG sheet (3-7%) and the
difference increases with the rise in temperature (from 2GPa at 300K to ~5GPa at 1073K)
which is graphically depicted in Fig. 2- I & II. Tensile strength of SLG was found to be higher
by 4% in armchair & 6.4% zigzag direction at 1073K as compared to BLG with AA stacking.
The pristine graphene sheets in both cases fail by homogeneous nucleation of defects followed

by growth and coalescence of defects.
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Figure 2-1: Nominal Stress vs. Strain plot for pristine sheet in Armchair direction for
(a) SLG and (b) BLG — AA stacking.
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Figure 2-1I: Nominal Stress vs. Strain plot for pristine sheet in Zigzag direction for
(b) SLG and (d) BLG — AA stacking.

3.1.2 Critical strain energy of the carbon atoms at fracture: correlation with the fracture
behaviour of single and bilayer graphene (AA stacking)

As highlighted in the previous sections, the UTS for SLG is greater than BLG by a minimum
value of 2GPa. To understand the reason behind the difference in UTS of SLG and BLG, the
strain energy of the atoms of SLG and BLG was determined at different strain levels. Figure
3 shows the plot of strain energy per atom vs. strain for SLG and BLG at room temperature
and at 1073 K. The strain energy is determined as the difference in total energy per atom of the
strained and unstrained graphene sheets on application of uniaxial tensile loading using the

AIREBO potential function. As shown in Figure 3, the critical strain energy before fracture for



the atoms of SLG is much higher than that of BLG. Hence, the presence of van der Waals force
in between the graphene layers in BLG have an effect on the nature and magnitude of the

interatomic bonds in graphene and affects the critical strain energy of the carbon atoms.
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Figure 3: Strain energy per atom of the single and AA stacked bilayer graphene sheet oriented
in armchair direction at 300 K and 1073 K
The decrease in strength of bilayer sheet as compared to single layer sheet is consistent with

the total energy calculation using AIREBO potential [47], which is given as:

_1! REBO L] tors
E=32 3 [EP0+ B+ 5 B B e @)

k#ij
Where E REif Orepresents the covalent bonding (REBO) interactions, E Z] represents the LJ terms,

tors : . 3 . tors -
and E; j1 represents the torsion interactions respectively. In our case E Jijl 18 kept zero as only

the covalent and interlayer cohesive forces are considered in the simulation and no torsional

REBO

interactions are considered. The term E i that represents the covalent bonding (REBO

potential) is given as:

REBO _ ,R A
E ij = Vi]' + bijVL'j ............................... (3)

The functions V=and V*are pair-additive interactions that represent all interatomic repulsions

(core—core, etc.) and attraction from valence electrons. The quantity 7, s the distance between
pairs of nearest-neighbour atoms i and j, and b;; is a bond order between atoms i and j that is

derivable from Huckel or similar level electronic structure theory. The repulsive term has the
form:
Qi ~%jr
R _ i) i
Vij= Wl-]-(Tl-]-)[l + TU]AiJ-e R ()
The attractive pair interaction is given as

3 -ﬁ’.q.r..
Vi=—wyrpZ _ BPe UV (5)



The parameters Wi,Qyj AjppayjsBj and ,Bl-jare defined in [47]. For single layer graphene sheet

the REBO potential function is valid i.e. equation (4) and (5) Vf and Vl.jA are inserted in

equation (3) and then E REBOis inserted in equation (2). The rest of the terms are equal to zero.

REBO

In case of the BLG sheet the intralayer carbon atoms are bonded through E that includes

the functions Vin and VijA that represent all interatomic repulsions (core-core, etc.) and attraction

from valence electrons respectively and the interlayer carbon bonds are defined through V(r)
that represents the interlayer cohesion maintained by van der Waals force was characterized by
the 12-6 Lennard-Jones potential. Therefore inserting equations (4) and (5) in equation (3) in

order to obtain EREBO

and then equation (3) and equation (1) are inserted in equation (2) in
order to obtain the entire system energy vs. the interatomic distance. The values of all the
parameter are adopted from Stuart et al. [47].

The entire system energy for both single and bi-layer graphene as a function of interatomic
spacing is shown in Figure 4 (a). Figure 4 (b) shows the van der Waals forces acting in between

the layers of bilayer graphene.
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Figure 4 (a): Plot shows the attractive and repulsive pair terms as a function of the interatomic
distance for single and bilayer graphene sheet and (b) van der Waals force between interlayer
atoms.

As seen from Figure 4 (a), the attractive forces between the atoms in SLG are much higher as
compared to that of BLG. Higher interatomic attractions leads to more stability and hence
greater forces would be required to rupture the interatomic bonds, hence the UTS of SLG is
higher compared to the BLG. In case of BLG, the interatomic interaction is influenced by the
presence of van der Waals forces (as shown in Figure 4b) resulting in decrease in the strength

of inter atomic bonds (in plane) and hence lower UTS.



3.1.3. Effect of temperature and fracture mechanism of AB stacked bilayer graphene

sheet

AB-stacking system has attracted much attention, since it is stable as compared to the AA

stacked BLG and is used in common graphene-based devices [51]. The effect of temperature

on the stress-strain plot for the AB stacked pristine BLG sheet is shown in Figure 5.
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Fig. 5: Nominal Stress vs. Strain plot for AB stacked BLG sheet (a) Pristine & (b) Vacancy

defect

In the case of AB stacked bilayer graphene sheet, the initial drop in strength for 300 K was

observed at 0.14 strain where the strength of the sheet decreased from 87 GPa to an

intermediate value of 40 GPa which is consistent with the published reports [25]. Figure 7 (a)

indicates that at the strain of 0.14, the armchair constituent of the sheet failed. The zigzag

constituent was still intact and continued to carry the external load on the sheet upto a stress

value of 54 GPa following which the entire sheet failed. Increase of temperature to 1073K

reduced the strength of the AB stacked bilayer sheet to 68 GPa at 15 rupture point and 42 GPa

for the second rupture point which is 22% and 25 % less as compared to 300K. The result

shows that temperature has a profound effect on the mechanical properties of AB stacked

bilayer sheet.
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Figure 6: Graphene sheet with armchair and zigzag edges. A uniaxial tensile test in the
armchair direction refers to the figure on the left and for zigzag direction it is the figure on the

right.



Fracture occurred in the AB stacked bilayer graphene sheet by a step-by-step rupture process
due to the presence of mixed chirality as shown in Figure 1(c) and was independent of loading
direction. Applying classical mechanics theory, it can be explained that when uniaxial tensile
force F is applied to the armchair and zigzag direction of a graphene sheet at equilibrium
(Figure 6) the components of force in armchair and zigzag direction are as follows:

Armchair Direction

Fyom = F 4c05 @1 + Fycos@; = 2F 4COS @1 eevvurrinernnnnn(6)
Zigzag Direction
ing = F 4 cos ¢, + Fpcos 90° = F 4€0S @gucvviiiiinnnnnnnn, (7)

Inserting ¢, = 60 for armchair direction and @, = 30" for zigzag direction, we obtain:

Using the above equation (8), it was found that for the fracture to occur the critical stress for
Armchair: Zigzag = 1:1.15 and therefore the fracture strength of zigzag graphene is higher than
that of its armchair counterpart.

The fracture strain obtained by using the homogeneous deformation Cauchy-Born rule [56]

also explains the two step rupture process that is given as:

3,00 = 201/, [(1 = 1) + (1 +1)cos 2)] ™ ovviiei i, 9)

where €, is the brittle breaking strain or fracture strain, (dl/l),, is the individual bond
elongation at the brittle breaking point, v is the Poisson’s ratio, and y is the chiral angle which
is equal to 0° for the armchair case and 30° for the zigzag case, it can be estimated that €,
armchair:g,,zigzag = 0.66:1.00. Therefore from fracture strength and fracture strain concepts

it is noticeable that the fracture initially occurs in the armchair component followed by the

zigzag counterpart leading to a two-step rupture process as shown in Figure 7.
t=250 ps

Figure 7(a): Failure of armchair component in the AB stacked sheet and (b) Failure of both
the armchair and the zigzag component in the AB stacked bilayer sheet

3.2.1 Effect of temperature and vacancy defect on single and bilayer sheet



The fracture strength of single and AA stacked bilayer graphene sheet in the presence of
vacancy was evaluated under uniaxial tensile load along the armchair and zigzag direction in
the temperature range of 300K—1073 K. The simulation model has one vacancy placed in the

centre of the sheet for the single layer. For bilayer graphene, the vacancy is inserted in the

centre of only one layer as shown in Figure 8.
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Figure 9 (a): Variation of fracture strength of graphene sheet w.r.t. temperature for SLG &
BLG in Armchair & Zigzag direction (a) vacancy defect & (b) pristine condition.

It was observed that one missing carbon atom reduced the strength of armchair and zigzag
single layer graphene sheet by 15% and 20% at 300 K temperature respectively, as compared
to the pristine sheet which is at par with literature [23] whereas for bilayer the reduction in
strength was 17% in armchair and 25% in zigzag direction at 300 K temperature. As evident
from Figure 9 (a), the severity increases with rise temperature where at 1073 K the strength
falls for single layer armchair sheet by 30% and bilayer armchair sheet by 33% as compared to
pristine sheets at 300K. Therefore, in atomic scale defect such as vacancy plays a critical role
in dictating the mechanical performance of graphene.

3.2.2. Vacancy defect in AB bilayer sheet



The effect of temperature on the stress-strain behaviour for AB stacked pristine bilayer
graphene sheet is shown in Figure 5 (b). The strength of AB stacked bilayer sheet with a
vacancy reduced by 24% for the first rupture point and 32 % for the second rupture step for the
increase in temperature from 300 K to 1073 K. Hence the mechanical properties of AB stacked

bilayer sheet decreases drastically by the synergistic effect of temperature and defect.

4. Conclusion
The effect of temperature and defects on the mechanical properties of single and bilayer
graphene were investigated by performing uniaxial tensile test in armchair and zigzag direction
and also for differently stacked bilayer graphene. The findings of the study are summarised as
follows:

1. The strength of the SLG is always higher compared to that of the BLG by 2-5 GPa.

2. The tensile strength for both single and bi-layer graphene reduces with increase in
the temperature from 300K-1073 K. The reduction is ~23 £+ 2 % for single layer
graphene and 25 + 3 % for bilayer graphene (AA and AB stacked). This is due to
the decrease in binding energy between carbon atoms and the elongation of C-C
bond-length with rise in temperature.

3. In presence of the defect, while increasing the temperature from 300K to 1073 K,
the strength of both single and bi-layer graphene falls upto 33%, with severity of
defect being more pronounced at lower temperatures.

4. The failure of the pristine graphene sheets in all cases occurred by homogeneous
nucleation of defects followed by growth and coalescence of defects.

5. AB stacked graphene sheet (both in pristine & defective) was found to have a two-
step failure process. The ultimate tensile strength of AB graphene at 1073 K was
found about 23% less than that of 300 K.
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Highlights

Strength of pristine single layer graphene at 1073 K is 4% higher for armchair
direction and 6.4 % for zigzag direction compared to bilayer AA stacked
armchair graphene.

The presence of a vacancy reduces the strength of single layer graphene sheet
by 15 + 5 % and bilayer graphene by 17+ 8 % at 300 K.

Strength of single and bilayer graphene falls by ~ 30 % on increasing
temperature to 1073 K and in presence of vacancy.

AB stacked graphene has two-step fracture. The sheet having armchair

orientation fails first followed by zigzag.

The ultimate tensile strength of AB graphene at 1073 K is 22% less than at
300 K.



