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Molecular Dynamics Study on
the Effect of Defects upon
Shear Properties of Graphene

Akihiko Ito and Shingo Okamoto

Abstract—We investigated the shear properties of graphene
containing point defects, such as vacancies, nitrogen atoms, and
interlayer sp® carbons via molecular dynamics (MD)
simulations. In the MD simulation, we used three types of
potential functions: the second-generation reactive empirical
bond order (REBO) potential for covalent C-C bonds, the
Tersoff potential for covalent C-N bonds, and the
Lennard-Jones potential for interlayer interactions in bilayer
graphene. It was found that graphene is more sensitive to
vacancy than sp® carbon or nitrogen atom unless these defects
cluster in graphene.

Index Terms—graphene, molecular dynamics, nitrogen, sp®
carbon, shear strength

I. INTRODUCTION

ODAY humankind faces crucial problems, such as the
globalwarming and the exhaustion of fossil fuels. Carbon
fibers are being investigated as potential candidates toward
solving these problems owing to theirsuperior mechanicaland
electrical properties. Graphene, which is basic structure in
carbon fibers, have been found to have excellent tensile
strength (~130 GPa) and the same Young’s modulus (~1 TPa)
as that of diamond. However the tensile strength ofreal carbon
fibers is less than 5% of that of graphene. This decrease in the
strength appears to be caused by various types of defects.
Recently, many studies have been conducted on defects such
as vacancies [1], [2], heteroatoms [3], sp*-type defects [2],
dislocations [4], and grain boundaries (GBs) [5] in carbon
materials. Our goal is to clarify the relation between
atomic-scale structures and mechanical properties of carbon
fibers using molecular dynamics (MD) simulations. In the
previous paper, we have clarified the tensile properties of
graphene containing vacancies [6].
Carbon fibers derived from raw materials, such as
polyacrylonitrile  (PAN), pitch, and rayon, often contain
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impurities such as oxygen, nitrogen, or hydrogen atoms. Then
these impurities may affect the mechanical and electronic
properties of the carbon fibers. Recently, Shen et al. [7]
investigated the effects of nitrogen (N) doping on the
mechanical properties of ultrananocrystalline diamond
(UNCD) films, using MD simulations. We performed the MD
simulations on tensile loading of N-containing graphene in
orderto investigate the effect of N-atoms on tensile properties
of graphene in our previous paper [8]. It was found that
N-atoms had little effect on the tensile properties of graphene
except when two nitrogen atoms adjoined each other in
graphene. The tensile properties of bilayer graphene coupled
by sp® carbons were investigated by Zhang et al using MD
simulations [9]. The shear properties of pristine graphene were
estimated by Min et al [10]. However, the shear properties of
graphene with N-atoms and sp® carbons have not been
clarified so far. In our previous work, we estimated the shear
properties of graphene containing both N-atoms and
vacancies, via MD simulations [11]. In addition, we clarified
the shear properties of bilayer graphene containing both
N-atoms and interlayer sp® carbons using MD simulations. In
this study, we also clarified the effects of adjoining N-atoms
on the shear properties of graphene.

Il. METHOD

A. Potential Function

In the present study, we used three types of interatomic
potentials: the second-generation reactive empirical bond
order (2" REBO) [12], Tersoff [13], [14], and Lennard-Jones
potentials. The 2" REBO potential for covalent C-C bonds is
given by (1):

Ereso = ZZ[VR (rij ) - BEVA (rij )J ' @)

TS

The terms Vg(rj) and Va(ry) denote the pair-additive
interactions that reflect interatomic repulsions and attractions,
respectively. The B; denotes the bond-order term.

The Tersoff potential for covalent C-N bonds is given by

2:
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where the parameter by is the bond-orderterm that depends on
the local environment.
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where 6y is the angle between bonds ijand ik.

The parameters Ay, By, A, and x;; depend on the atom type,
namely, carbon or nitrogen. For atoms i and j (of different
types), these parameters are

Aj:(AXAj;’ Bij:(BiXBj)% ©)
3 ﬂ,+/1j)’ ,uij=('ui+'uj)v ™

where the parameters with a single index represent the
interaction between atoms of the same type.

The parameter y; in (3) takes into account the strengthening
orweakening of the heteropolarbonds. There is no data for the
determination of y; for C-N interaction at present. In our model,
this y; is set to 0.8833to obtain the lattice constants a and b of
the graphitic-C;N, orthorhombic structure as 4.10 and 4.70 A,
respectively similarto the previous work [8]. From discussions
on the N-N interaction, we knowthat the N molecule does not
interact with other atoms, because of its high binding energy
(9.8 eV) and that it diffuses through the crystal and exits the
surface. In our model, to keep the nitrogen molecule stable
inside the crystalline structure, yy.y is set to zero [7], [14].

In this work, the cutoff length R.,;, in the cutoff function fc(r),
given by (8) ofboth the 2" REBO and the Tersoff potentials is
setto 2.1 A to avoid the dramatic increase in interatomic forces
similar to the method in our previous paper [8].

1, r< Rmin
f.(r)= { 1+cos{”(r_Rm‘”)} }/2, Run <F <R~ (©)
Rmax - Rmin
0, r>R..

The Lennard-Jones potential for the interlayer interaction in
the bilayer graphene model is expressed as

vy = 4{[“)]12 _[rOﬂ, ©)
R

The 2" REBO potential and the Lennard-Jones potential are
switched according to the interatomic distance and bond order
[15]. The value of ¢ is set to 0.00284 eV and r, is set to 3.2786 A
so that the interplanar spacing of graphite at 300 K is 3.35 A,
which is a known experimental value [16].

B. Analysis model

The analysis model of pristine graphene employed under
the shearloading of armchair direction consists of 588 carbon
atoms with dimensions identical to those of a real crystallite in
typical carbon fibers [17], as shown in Fig. 1.

The analysis model of bilayer graphene under shear loading
of armchair direction consists of 1,176 carbon atoms. That
modelis constructed by two layers of graphene sheet with the
same size as the model shown in Fig. 1.

The example of graphene model containing randomly
distributed vacancies and N-atoms under the shear loading is
shown in Fig. 2. Vacancies were generated by randomly
removing carbon atoms fromthe graphene modelshown in Fig.
1. Then, N-atoms were generated by randomly replacing
carbon atoms with nitrogen atoms. The positions of vacancies
were set so that the vacancies could not cluster in graphene.
The positions of N-atoms were also set in the same way. Three
cases with constant vacancy-density of 4 % and differing
N-contents, namely, 1 %, 2 %, and 4 %, were investigated. In
addition, three cases with constant N-content of 4 % and
differing vacancy-densities, namely, 1 %, 2 %, and 4 %, were
investigated.

The example of bilayer graphene model containing
randomly distributed interlayer sp® carbons and N-atoms
under the shear loading is shown in Fig. 3. The interlayer sp®
carbons were generated by vertically moving two atoms with
the same plane coordinates (one in the upper layer and the
other in the lower one) so that the distance between the two
atoms could be 1.65 A. Then, N-atoms were generated in the
same way as the above mentioned one. Three cases with
constant sp® carbon density of 5% and differing N-contents,
namely, 0 %, 1 %, and 4 %, were investigated. Furthermore,
three cases with constant N-content of 4 % and differing sp®
carbon densities, namely, 0%, 1%, and 5%, were investigated.
Forreferences, three cases with constant N-content of 0% and
differing sp® carbon densities, namely, 0%, 1 %, and 5 %, were
investigated.

For all the models, the periodic boundary condition is
imposed in only the Y direction in the calculations of shear
loading. The analysis models consist of two parts. One part is
referred to as the active zone, in which the atoms move

according to their interactions with neighboring atoms. The
| |
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Fig. 1. Configuration of pristine graphene used under shear loading
| |

@ : Nitrogen atom

9 X
Fig. 2. Configuration of graphene containing vacancies and N-atoms
used under shear loading.
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@ : Nitrogen atom
(a) Viewed in the Z direction

@ : Nitrogen atom
(b) Viewed in the Y direction
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Fig. 3. Analysis models for graphene containing interlayer sp®
carbons and N-atoms

otherpart enclosed by the boxes as shown in Figs. 1, 2 and 3 is
referred to as the boundary zone, in which the atoms are
restrained. The thickness | of the boundary zone is 1.5 % /3a,
where a is the length of C=C bond of graphene.

C. MD simulation

All the MD calculations employ the velocity Verlet method
to calculate the time integral of the equations of motion of
atoms. The velocities ofall atoms are adjusted simultaneously
using the velocity scaling method [18] in order to control the
temperature of the analysis models by the preset temperature
Tset. The mass of carbon atoms, mc, and the mass of N-atoms,
my, are 1.9927 x 10 kg and 2.3253 x 10 kg, respectively. The
time step is 0.2 fs.

The atomic stress acting on each atom is calculated to
obtain the stress—strain curves during the shear loadings. The
atomic stress o', which is acomponentin the J direction in the
I-plane is given by calculating the kinetic energies of, the
interatomic force acting on, and the volume occupied by atom
i,as given in (10):

o'y :é(mVHV‘HI‘F‘J), (10)
where, €' denotes the volume occupied by atom i, which is
referred to as the atomic volume. This volume is calculated by
averaging the volume of all atoms in the initial structure of
each system. The mcan be either mc ormy. The F'; denotes the
interatomic force acting on atom i from the neighbouring
atoms. The globalstress of an analysis model is calculated by
averaging over all atoms in each system.

First, the initial positions of the atoms are given such that
the analysis model could become identical to the crystal
structure of graphene at 300 K. Nex, vacancies, nitrogen
atoms, and interlayer sp® carbons are generated in the analysis
model. Then, the atoms of the analysis model are relaxed until
the stresses are stabilized for 14,000 MD simulation steps. The

atoms in the active zone are relaxed in all the directions. The
atoms in the left-hand side boundary zone are relaxed in only
the Y direction. The atoms in the right-hand side boundary
zone are relaxed in only the Xand Y directions. After the atoms
are relaxed, constant displacements are applied to the atoms in
the boundary zones to simulate shear loading in the Y direction.
The atoms in the boundary zones are restrained in all the
directions. The atoms in the active zone of the analysis model
are relaxed forallthe directions for 7,000 MD simulation steps.
The shear strain increment 4 y, is 0.0023. The shear moduli are
obtained from the slopes of the straight lines in the range,
where the relation between the stress and strain is linear, and
shear strengths are given by the peak of the nominal
stress—nominal strain curves.

Ill. ResuLTs AND DISCUSSION

A. Shear properties of graphene containing vacancies

and nitrogen atoms

MD simulations on shear loadings were performed in order
to estimate the shear properties of graphene containing both
vacancies and N-atoms. In all the MD calculations, the shear
loadings were applied in the armchair direction using the
analysis model as shown in Fig. 2. BExamples of the
stress-strain curves of graphene containing randomly
distributed vacancies and N-atoms without adjoining N-atoms
are shown in Figs.4and 5. The calculated shear strengths and
moduli are listed in Tables I and 1l. On the other hand, the
calculated shearstrengths and moduli of graphene containing
randomly distributed vacancies and N-atoms with two
adjoining N-atoms are listed in Tables Ill and IV.
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Fig. 4. Stress-strain curves of graphene containing randomly
distributed 4 % vacancies and N-atoms without adjoining
N-atoms.

TABLE |
SHEAR PROPERTIES OF GRAPHENE CONTAINING RANDOMLY
DISTRIBUTED 4 % VACANCIES AND N- ATOMS WITHOUT ADJOINING

N-ATOMS
Nitrogen  Vacancy Shear Shear
content density strength modulus
(%) (%) (GPa) (GPa)
0 4 27 290
1 4 26 300
2 4 30 299
4 4 29 301
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The relation between the shear properties and N-content is
shown in Figs. 6 and 7. Then, the relation between the shear
properties and the density of vacancies is shown in Figs. 8 and
9. Theerror bars denote the range between two values for the
results of two cases which have an individual distribution of
vacancies or N-atoms.

It was found that the shear strength and modulus decrease
greatly when graphene contains vacancies at the density of
4% as shown in Fig. 4. However, the shear strength and the
modulus do not change much with a change in the N-content.
On the other hand, the shear properties decreased greatly as
the density of vacancies increased as shown in Figs. 5, 8, and
9.
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Fig. 5. Stress-strain curves of graphene containing randomly

distributed vacancies with each density and 4 % N-atoms
without adjoining N-atoms.

TABLE Il

SHEAR PROPERTIES OF GRAPHENE CONTAINING RANDOMLY
DISTRIBUTED VACANCIES AND 4 % N- ATOMS WITHOUT ADJOINING

N-ATOMS
Vacancy  Nitrogen Shear Shear
density content strength modulus
(%) (%) (GPa) (GPa)
0 4 50 466
1 4 39 413
2 4 35 371
4 4 29 301
TABLE IlI

SHEAR PROPERTIES OF GRAPHENE CONTAINING RANDOMLY
DISTRIBUTED 4 % VACANCIES AND N- ATOMS WITH TWO ADJOINING

N-ATOMS
Nitrogen  Vacancy Shear Shear
content density strength modulus
(%) (%) (GPa) (GPa)
0 4 27 290
1 4 27 291
2 4 27 295
4 4 27 298
TABLE IV

SHEAR PROPERTIES OF GRAPHENE CONTAINING RANDOMLY
DISTRIBUTED VACANCIES AND 4 % N- ATOMS WITH TWO ADJOINING

N-ATOMS
Vacancy  Nitrogen Shear Shear
density content strength modulus
(%) () (GPa) (GPa)
0 4 42 440
1 4 38 411
2 4 32 374
4 4 27 298

Nitrogen content (%)

Fig. 6. Shear moduli with N-content in graphene containing N-atoms

and 4 % vacancies.
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Fig. 7. Shear strengths with N-content in graphene containing
N-atoms and 4 % vacancies.
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Fig. 8. Shear moduli with density of vacancies in graphene containing

vacancies and 4 % N-atoms.

60
<
[a
e
=
i)
<
e
@
5
& 10} —&— Without adjoining N-atoms
--&- With two adjoining N-atoms
0 ‘ ‘ ‘ ‘
0 1 2 3 4 5
Density of vacancies (%)
Fig. 9. Shear strengths with density of vacancies in graphene

containing vacancies and 4 % N-atoms.
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In addition, there is hardly a difference between shear
moduli in the two cases, namely, with and without adjoining
N-atoms. Howeverthe shear strength in the case of containing
adjoining N-atoms is slightly smaller than that without
adjoining ones.

Snapshots taken during the shear loadings are shown in
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Fig. 10. Atomic structures before shear loading and after fracture for
pristine graphene ((a-1)-(a-3)) and graphene with 4 %

vacancies ((b-1)—(b-3)).
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Fig. 11. Atomic structures before shear loading and after fracture for
graphene containing 4 % N-atoms without adjoining
N-atoms ((a-1)—(a-3)) and graphene containing 4 %
vacancies and 4 % N-atoms without adjoining N-atoms

((b-1)—~(b-3)).

Figs.10,11, and 12. In the case of not containing vacancies
(see Figs. 10 ((a-1)-(a-3)), 11 ((a-1)-(a-3)), and 12 ((a-1)-(a-3))),
fractures progress in the zigzag direction. In addition, in the
case of containing two adjoining N-atoms, a fracture begins at
the adjoining N-atoms. On the other hand, in the case of
containing vacancies (see Figs. 10 ((b-1)-(b-3)), 11
((b-1)-(b-3)), and 12 ((b-1)-(b-3))), fractures began around
vacancies and progressed in random directions.
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Fig. 12. Atomic structures before shear loading and after fracture for
graphene with 4 % N-atoms, and two adjoining N-atoms
((a-1)—(a-3)) and graphene with 4 % vacancies, 4 % N-atoms,
and two adjoining N-atoms ((b-1)—(b-3)).
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Fig. 13. Stress-strain curves of bilayer graphene containing randomly
distributed 5 % sp* carbons and N-atoms with each density.
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TABLE V
SHEAR PROPERTIES OF GRAPHENE CONTAINING RANDOMLY
DISTRIBUTED 5 % SP® CARBONS AND N- ATOMS

TABLE VI
SHEAR PROPERTIES OF GRAPHENE CONTAINING RANDOMLY
DISTRIBUTED SP® CARBONS AND 4 % N- ATOMS

Nitrogen  Sp3-carbons Shear Shear Nitrogen  Sp*-carbon Shear Shear
content density strength modulus content density strength modulus
(%) (%) (GPa) (GPa) (%) (%) (GPa) (GPa)
0 0 53 440 0 0 53 440
0 5 41 437 0 1 47 427
1 5 40 454 0 5 41 437
4 5 41 492 4 0 48 472
4 1 43 481
4 5 41 492
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Fig. 14. Stress-strain curves of bilayer graphene containing randomly
distributed sp® carbons with each density and 4 % N-atoms.
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Fig. 15. Stress-strain curves of bilayer graphene containing randomly
distributed sp® carbons with each density and 0 % N-atoms.

B. Shear properties of bilayer graphene containing

interlayer sp® carbons and nitrogen atoms

MD simulations on shear loadings of bilayer graphene
containing interlayer sp® carbons and N-atoms were performed
in order to investigate the effect of sp* carbons and N-atoms
on the shear properties of graphene. Examples of the
stress-strain curves of bilayer graphene containing randomly
distributed sp® carbons and N-atoms are shown in Figs. 13,
14, and 15. The calculated shear strengths and moduli are
listed in Tables V and VI. The relation between the shear
properties and N-content is shown in Fig. 16. Then, the
relation between the shear properties and density of sp®
carbons is shown in Fig. 17.

It was found that the shear strength decreases greatly when
bilayer graphene contains sp® carbons at the density of 5% as

Nitrogen content (%)

Fig. 16. Shear modulus and strength with N-content in graphene
containing N-atoms and 5 % sp® carbons.
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Fig. 17. Shear modulus and strength with the density of sp® carbons in
graphene containing sp® carbons and 4 % N-atoms.

shown in Fig. 13.

However, the shear strength and modulus do not change
much with a change in the N-content as shown in Fig. 16.

Onthe other hand, the shear strength decreases slightly as
the density of sp® carbons increases as shown in Figs. 15 and
17. The decline in shear strength is around 15 % when the
density of sp® carbons is 5 %. The percentage of decline is
almost same as that obtained in the experiment (~ 14 %) [2].
Moreover, the shear modulus maintains a almost constant
value even if the density ofsp®carbons is large, and also is the
almost same as the experimental result.

Snapshots taken during the shear loadings of bilayer
graphene with 5% sp® carbons and 4 % N-atoms are shown in
Fig. 18. The case of pristine bilayer graphene is also shown for
a reference. In the case of pristine bilayer graphene
((a-1)-(a-3)), a fracture begins at the center of each layer and
progress in the zigzag direction. On the other hand, in the case
ofbilayer graphene with sp® carbons and N-atoms((b-1)—(b-3)),
a fracture begins at the other point.
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Fig. 18. Atomic structures before shear loading and after fracture for
pristine bilayer graphene ((a-1)—(a-3)) and bilayer graphene
with 5 % sp® carbons and 4 % N-atoms ((b-1)—(b-3)).

O :sp® carbon

i 3 :sp? carbon

(a) Before cleavage (b) After cleavage
Fig. 19. Cleavage of the bond between sp? and sp* carbons

The enlargement ofthe area circled in Fig. 19 (b-2) is shown
in Fig. 19. The atoms enclosed by blue and red circles denote
sp? and sp® carbons, respectively. It was found that the
fracture begin because of the cleavage of the bond between
sp?and sp® carbons

IV. CONCLUSION

We investigated the shear properties of graphene
containing point defects, such as vacancies, nitrogen atoms,
and interlayer sp® carbons using the MD simulations. It was
found that the effect on the shear strength of graphene
increases in the order of nitrogen atom, interlayer sp* carbon,
and vacancy unless these defects cluster in graphene.
Therefore, the fractures begin around vacancies in graphene
containing randomly distributed vacancies and nitrogen
atoms. The shear strength of graphene containing adjoining
N-atoms is smaller than that without adjoining ones.
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