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Abstract

Stress arising from structural or thermal misfit impacts the reliability of graphene-related
devices. The deformation behaviour of graphene nanoribbons (GNRs) with Stone—-Wales
defects under stress studied by molecular dynamics shows that nearly all the SW defects
annihilate via inverse rotation of C-C bonds. The fracture stress of defective GNRs is
comparable to that of perfect ones and similar to mechanical annealing observed from bulk
metals. It is a competition between bond rotation and fracture and depends on the strain rate
and temperature. At a lower strain rate, such as 10~° ps~, the rotation velocity of C—C bonds
of 4.2 A ps~1 is three orders of magnitude larger than the velocity of the collective movement
of atoms (1.2 x 103 Aps~1). There is enough time for the C-C bond rotation to respond to
the external load, but it becomes more difficult at higher strain rates. This stress-induced SW
defect annihilation can be enhanced at higher temperatures because of enhanced exchange of
atomic momentum and energy. The results reveal the dominant influence of SW defects on the
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mechanical properties of two-dimensional materials.

(Some figures may appear in colour only in the online journal)

1. Introduction

Graphene possesses outstanding physical properties, such
as higher electron mobility [1], higher thermal conductivity
[2,3] and excellent mechanical strength [4], and is a
potential candidate to replace silicon in next-generation
microelectronics. In practical applications, the ultra-thin
two-dimensional (2D) materials, with a thickness of only
one monolayer, should be attached to some heterogeneous
substrates. The structural and thermal misfit may induce
stress, which can compromise the reliability and stability
of the devices [5,6]. Hence, the mechanical behaviour of
graphene is crucial and although much experimental and
theoretical work is being conducted, most of it focuses on
perfect crystals. However, defects are ubiquitous in graphene
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fabricated by chemical vapour deposition (CVD) [7,8] or
thermal decomposition of 6H-SiC [9, 10]. The typical ones are
Stone-Wales (SW) topological defects which are pairs of five-
and seven-membered carbon rings formed by the rotation of
C-Cbonds by 90°. Grain boundaries, which can be considered
to be an array of SW defects, have been observed by annular
dark-field scanning transmission electron microscopy [11].
The effects of these defects on the mechanical behaviour
of graphene are still not well understood. It is generally
agreed that the mechanical behaviour and strength of bulk
metals are dominated by the multiplication, movement, as well
as annihilation of dislocations. Since SW defects resemble
dislocations in topology, they are expected to be crucial to the
deformation of this 2D system.

Based on molecular dynamics simulation of the in-plane
tensile loading process, Grantab et al [12] found that graphene
with large-angle tilt boundaries is as strong as the pristine
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Figure 1. Schematic model of SW topological defects and grain
boundary in graphene.

one and unexpectedly much stronger than that with low-
angle boundaries. In general, the large-angle boundaries are
stronger because they can better accommodate the strained
rings through in-plane bond rotation. Huang et al [11]
fabricated single-layer graphene on copper foils by CVD and
evaluated the mechanical strength by AFM indentation. It was
demonstrated that the graphene broke along the large-angle
grain boundaries at loads of ~100nN, which was an order
of magnitude lower than the typical fracture loads of 1.7 uN
for single-crystal exfoliated graphene. The results appear to
be inconsistent with Grantab’s model. On the one hand, the
loading mode is different. The loading in the model is along
the in-plane direction, whereas the loading in the experiment is
along the out-of-plane direction in which the activation of in-
plane bond rotation is difficult. On the other hand, the loading
strain rate used in the simulation is several orders of magnitude
larger than that adopted in the AFM indentation process. If
the different mechanical properties are indeed caused by the
difference in the loading mode as well as loading conditions,
it is critical to clarify the dominant effects of these factors on
the evolution of SW defects under stress.

In this work, the in-plane deformation behaviour of
graphene nanoribbons (GNRs) with SW defect arrays by
atomic-scale simulation is studied. We mainly focus on
the evolution of the SW defects under stress as well as the
dependence on the strain rate and temperature. The mechanical
properties of this 2D system are determined in order to gain an
insight into the device design.

2. Simulation mode

The simulation model of zigzag graphene nanoribbons
(ZGNRs) 150 x 150 A in feature size is built up with 8540
atoms. The SW defects are introduced by 90° rotation of
C-C bonds [13] and there are usually two types of SW defect
arrangements, as schematically indicated in figure 1. In the
first case, the SW defect is formed by the clockwise rotation
of A-B bonds by 90°. A grain boundary will appear if a
series of such C-C bond rotations takes place transforming
the original crystalline direction from armchair into zigzag by
inserting two perpendicular wedges up and down. The Burgers
vector b can be expressed as b = ndy + ma, = ndy, Where
dyo = (3d/2 4 +/3d/2) is the nearest neighbour interatomic

distance and d = 1.42. The period of SW defects distributed
along a grain boundary is 2.54 = 3.57 A. In the second case,
the SW defects are formed by counter-clockwise rotation of
C-Dbonds. The lattice Burgers vector b = ma, and the period
along the grain boundary is 54 = 7.13 A that is two times larger
than that of the former case. It isequal to inserting two inclined
wedges as indicated by the red dotted lines. In both cases, the
grain boundaries are perpendicular to the edges of graphene
ribbons. In order to guarantee the same ribbon width in these
two systems, they consist of 13 and 6 pairs of SW defects,
respectively, along the grain boundaries. A uniaxial stress is
applied onto the side atoms indicated by the semitransparent
green colour along the zigzag direction.

In the MD simulation implemented in the software
package LAMMPS [14], the interaction between carbon atoms
is described by the adaptive intermolecular reactive bond
order (AIREBO) potential, which can accurately capture the
interactions between carbon atoms as well as bond breaking
and re-forming [15, 16]. The cutoff parameter describing the
short-ranged C—C interactions is chosen to be 2.0 A in order
to avoid spuriously high bond forces and nonphysical results
at large deformation [17,18]. Before dynamics simulation,
all the graphene sheets with periodic conditions in the two
in-plane directions are relaxed to an equilibrium state in the
isothermal-isobaric (NPT) ensembles at a certain temperature
for 600000 MD steps with a time step of 1fs. GNRs are
then created by deleting atoms outside the nanoribbons, and a
vacuum region with 15 A in width is added perpendicular to the
zigzag direction so that the atoms near one edge of the GNRs
do not interact with those near the opposite edge. The MD
simulation of uniaxial tensile stress loaded along the zigzag
direction is performed in the canonical (NVT) ensemble using
a deformation-control method. Five strain rates (¢) of 1071,
102, 1073, 10~* and 10~° ps~* are used. Temperature in the
range from 1000 to 2500 K is applied using the Nose—Hoover
thermostat, and the fracture stress and strain are calculated
according to [19]. The layer separation of graphite, 3.4 A, is
taken as the effective thickness of the graphene monolayer [19]
and Poisson’s ratio is chosen to be 0.165 [20].

3. Results and discussion

The stress—strain curves of the graphene nanoribbons with
defects (DGNRs) are similar to those previously observed from
perfect ZGNRs. That is, the stress changes linearly with strain
initially and then non-linear elasticity begins. Finally, the
stress is reduced sharply at a certain strain corresponding to
fracture (figure 2(a)). Figure 2(b) displays the fracture stress
as a function of strain rates at typical temperatures of 1000,
1500, 2000 and 2500 K. The results of perfect ZGNRs are also
shown for comparison. Obviously, the fracture stress increases
with increasing strain rates but decreases with increasing
temperature for both ZGNRs and DGNRs. The maximum
fracture stress of ZGNRs is about 140 GPa at 1000K and a
strain rate of 10~% ps~* and it is consistent with the previously
obtained values of 130 4= 10 GPa [4, 19]. The fracture stress is
hardly affected due to the existence of SW defects, particularly
at a lower strain rate and a higher temperature.



J. Phys. D: Appl. Phys. 45 (2012) 305303

Y JSunetal

Figure 2. (a) Stress—strain curves of typical DGNRs at 1000 K and (b) fracture stress as a function of strain rate and temperature. The
values are averages of five data points at each strain rate with error bars.

Figure 3. Atomic structure evolution of DGNRs as a function of
tensile strain at strain rates of (a) 1072 ps~, (») 10~2 ps~* and (c)
10~*ps~* at 1000 K. The tensile strain for 1, 2, 3, 4 and 5 panels is
0%, 5%, 10%, 15% and 20%.

Figure 3 presents the evolution of the atomic structure near
the grain boundaries. Generally, some SW defects annihilate
via inverse C-C bond rotation under an applied stress and
the grain boundaries become segmented by perfect hexagons

(figure 3). The annihilation number of SW defects increases
gradually with strain and depends on the strain rate and
temperature sensitively. The lower the strain rate (figure 4(a))
and the higher the temperature (figure 4(b)), the more quickly
defect annihilation takes place. The influence of temperature
is more significant and there is a competition between bond
rotation and bond fracture. For a given GNR with length
Lg, the velocity of the collective movement of atoms at a
strain rate of ¢ can be expressed as Vo = Lo - &. The
linear velocity corresponding to C-C bond rotation, Vi, can
be calculated as V; = Ly /8t in which L; is the displacement
of carbon atoms accompanying bond rotation and is set as the
bond length, 1.426 A. 51 is the annihilation time (0.34 ps) of
SW defects obtained according to the state transition theory
(TST) [21]. For the strain rate of ¢ = 1072ps~, we
have V; = 4.2Aps~t and Vo = 1.2Aps~t. If the strain
rate is reduced to 10~3ps~?t, Vo = 0.12Aps~?!, which is
one order of magnitude smaller than the velocity of bond
rotation. Hence, the atoms have enough time to rotate and
relax to the equilibrium state and so defect annihilation can
take place kinetically and will be improved if the strain rate
is reduced further. At a strain rate of 10~*ps~!, almost all
the defects disappear at a strain of 20% leading to perfect
GNRs (figure 3(c5)). Therefore, it is not difficult to image
that fracture should take place at the same stress for ZGNRs
and DGNRs. This also demonstrates the dominant effect
of the bond rotation defects on the mechanical behaviour of
graphene, as observed in a previous MD simulation [12]. The
stress-induced annihilation of SW defects can be treated as
mechanical annealing similar to the dislocation behaviour in
metals and alloys [22]. This annihilation process is accelerated
at higher temperatures because of the enhanced exchange
of atomic momentum and energy (figure 4(b)). However,
annihilation of SW defects will be suppressed at a temperature
below 1000 K.

Figure 5(a) shows the potential energy of DGNRs under
tensile loading at a strain rate of 103 ps~! at 1000K. As
indicated by the bold blue line, the average potential energy
of the entire DGNRs increases gradually from —7.30eV (at
an equilibrium state, consistent with the value of —7.39 eV for
the planar pristine graphene monolayer [23]) with increasing
strain. The average potential energy per atom near SW defects
(Eo), as indicated by the thin green line, also increases with
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Figure 4. (a) Annihilation fraction of SW defects as a function of strain for different strain rates at 1000 K and (b) for different temperatures

at a strain rate of 10~* ps~.

Figure5. Variation of potential energy per atom («) and (») and atomic structure evolution (¢)—(g) of SW defects at 1000 K and strain rate
of 10~3 ps~. In (a), the red dotted line presents the potential energy of SW defects, the green line indicates the average value and the blue
line is the average of the whole system. The magnification of the region in which the potential energy changes sharply is displayed in ().
E, is the average potential energy fitted from the green line, E* is the maximum potential energy of atoms in the SW defects and E\,; is the

energy barrier for the annihilation of SW defects.

strain, but is 0.5eV higher than that of the whole system.
When the tensile strain is increased to 12.4%, the averaged
potential energy, Ey, increasesto a peak value ofabout —4.1 eV
(E*) and then decreases sharply to the average value of the
whole DGNRs (figures 5(a) and (b)). In fact, this process
corresponds to annihilation of SW defects as a result of inverse
rotation of C—-C bonds. The energy barrier can be calculated
as Enyy = E* — Eg and is about 1.9 eV. The detailed structure
evolution is illustrated in figures 5(c)—(g). The potential
energy per atom of the C—C bond denoted by a red circle
at the centre of an SW defect has the lowest value at the
atomic configuration of figure 5(c) and increases gradually
accompanied by increased bond lengths from 1.39 to 1.70 A
(figure 5(d)). As the strain is further increased, a triangle
transition structure (figure 5(e)) appears as a result of C-C
bond rotation by 45°. The potential energy peak is reached
and meanwhile, the upper SW defect disappears. Afterwards,
one bond of this triangular structure ruptures to form the
hexagonal lattice and promotes annihilation of the SW defects
(figures 5(f) and (g)). The potential energy is significantly
reduced to the level of the whole GNRs (figure 5()). This

two-step process can considerably reduce the energy barrier
required for the annihilation of SW defects. It is equal to
the reverse process of SW defect formation [24]. However,
the energy barrier obtained is two or three times less than
that required for defect formation and it may be due to the
mechanical stress-induced transition triangular structure. This
stress-induced annihilation of SW defects is not found in the
case of a mixed grain boundary (right-hand side of figure 1)
even at the lowest strain rate of 10~° ps—2, as shown in figure 6.
In fact, rotation of the bonds at the centre of the SW defects
is required for annihilation. Unfortunately, in the mixed grain
boundary, these bonds are parallel to the applied stress and
so there is no effective moment of force. Consequently,
it is difficult for the bonds to rotate to annihilate the SW
defects. Although the SW topological defects in graphene
resemble the dislocations in three-dimensional (3D) metals,
their annihilation mechanisms are absolutely different from
each other. For the dislocations in 3D metals, they annihilate
through slipping out of the surface, and thus the smaller the
material size, the easier the dislocations disappear. But for the
SW topological defects in graphene, they annihilate through
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Figure 6. Atomic structure evolution of DGNRs with a mixed grain
boundary as shown on the right-hand side of figure 1 at a strain rate
of 10~%pst.

the rotation of local C—C bonds instead of slipping and depend
only on the potential energy barrier in the bond rotation. It is
environment sensitive but not size dependent. It may be one
of the differences between 3D and 2D materials.

4. Conclusions

Graphene, which possesses excellent electronic properties,
should be attached to some heterogeneous substrates in
applications.  There are structural and thermal misfits
between the graphene and substrates. They usually induce
considerable stress and undermine the reliability of devices.
The deformation behaviour of graphene with SW defects
under stress is studied by MD simulation. The fracture
stress increases with strain rates but decreases with increasing
temperature. Unexpectedly, the fracture stress of defective
graphene is almost the same as that of the perfect one because
nearly all SW defects can be annihilated via inverse C-C
bond rotation under mechanical loading. The stress-induced
defect annihilation depends on the strain rate and temperature.
At a lower strain rate, the velocity of atoms due to external
loading is several orders of magnitude smaller than that of
the velocity corresponding to C-C bond rotation. Hence,
defect annihilation is activated. If the strain rate is increased,
bond rotation cannot respond to the external deformation
in time. This annihilation process can be enhanced at
a higher temperature because of accelerated exchange of
atomic momentum and energy. Our results suggest that the
mechanical properties of monolayered graphene are extremely
sensitive to the loading conditions and environment.
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