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Abstract. The deformation behavior of nanocrystalline graphene sheets is investigated by molecular dy-
namics (MD) simulation by coupling the effects of the temperature and strain rate. Mechanical deformation
of graphene sheets, which is dominated by the competition between bond breaking and rotation, is essen-
tially an atomic behavior. Similar to single-crystal graphene sheets, nanocrystalline graphene sheets usually
exhibit bond breaking induced brittle fracture along grain boundaries after large elastic deformation. The
elastic modulus decreases slightly with temperature as a result of softening but does not depend on the
strain rate. A brittle-plastic transition by bond rotation and rearrangement under stress appears to occur
at high temperature above 1000 K, but the ductility is unexpectedly reduced due to accelerated bond
breaking. At small strain rates, it is easier for bonds to rearrange, vacancies to coalesce, and cracks to
propagate in grain boundaries and plastic deformation with a larger activation volume occurs. However,
at large strain rates, the relaxation time is too short for atomic bonds to rotate and rearrange under
stress. Therefore, bond elongation and brittle fracture with a smaller activation volume takes place. The
results demonstrate that the atomic behavior in grain boundaries is crucial to mechanical deformation in

nanocrystalline graphene sheets, which is temperature and strain rate sensitive.

1 Introduction

Graphene is a single layer of sp? hybridized carbon atoms
in a honeycomb two-dimensional (2D) lattice in which
each carbon atom is bonded to three adjacent atoms via
C-C covalent bonds. The left P, orbits perpendicular to
sp? counterparts lead to the delocalized = bonds. As a
result, graphene possesses the unique properties of ultra-
low resistivity down to 1.0 1 © cm [1], high carrier mobility
in excess of 200000 cm?/(V's) [2], high thermal conduc-
tivity over 5000 W/(m K) at room temperature [3], high
strength [4,5], excellent flexibility [6,7], and high visible-
light transmittance [8] thereby spurring many new ap-
plications pertaining to field effect transistors [9], fold-
able displays [10], touchscreens [11] and flexible energy
storage devices [12]. The stability and reliability of the
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devices are closely related to the mechanical properties
of graphene sheets. It has been illustrated that graphene
sheets have large in-plane Young’s modulus of 1.0 TPa
and intrinsic tensile strength of 130 GPa [4,5]. Further-
more, graphene sheets exhibit a reversible hexagonal-to-
orthorhombic phase transformation via lattice shearing
when they are subjected to tensile loading and unload-
ing along some directions, resulting in excellent ductility
with a strain up to 35% [13]. High strength and excellent
toughness, which are normally two conflicting mechani-
cal properties of conventional materials, may be achieved
from this 2D system [14]. Graphene is also believed to be
an ideal reinforcing component in composite materials [15]
and so it is fundamentally important to study the defor-
mation behaviors and mechanical properties in addition
to the popular optical and electronic properties.

Grantab et al. [16] have found that graphene with
large-angle tilt grain boundaries is as strong as the pris-
tine one and unexpectedly much stronger than that with
low-angle grain boundaries, because the large-angle grain
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boundaries can better accommodate the strained carbon
rings by in-plane bond rotation. This is impossible in bulk
metals thus indicating a special deformation mechanism
in the 2D materials. In essence, deformation of graphene
sheets is dominated by the competition between bond
breaking and bond rotation [17], which are completely
atomic and sensitive to the temperature and strain rate.
The tensile fracture strain varies linearly with tempera-
ture but logarithmically with the strain rate as predicted
by the transition state theory [18]. The tensile strength of
armchair graphene nanoribbons decreases from 95 GPa to
40 GPa by 58% when the temperature rises from 300 K
to 2400 K [19], whereas the shear strength diminishes
from 60 GPa to 20 GPa by 67% as the temperature
goes up from 100 K to 2000 K [20]. Most of the pre-
vious investigations of the temperature effects focus on
the ideal models of single-crystal or bi-crystal graphene
sheets. In practice, graphene sheets are usually polycrys-
talline, as confirmed by high-resolution transmission mi-
croscopy (HR-TEM) and scanning tunneling microscopy
(STM) [21-23] and the randomly distributed grain bound-
aries render the deformation behavior more complicated,
especially in nanocrystalline sheets. Grain boundaries in
graphene sheets are considered as an array of Stone-Wales
(SW) topological defects and the carbon atoms are con-
nected by strong covalent bonds [22,24]. Hence, deforma-
tion is dominated by the breaking, rotation, and rear-
rangement of covalent bonds rather than the plane slip
and rotation of grains in nanocrystalline metals. In a pre-
vious work, it is found that the grain boundaries (GBs)
become a principal component in two-dimensional mate-
rials with nano-grains, and the nanocrystalline graphene
can be considered as a composite structure with grain do-
mains and GBs as the two component phases. The bond
length in GBs tends to be homogeneously distributed un-
der tensile loading. This is almost the same for all the
samples. Hence, the fracture stress and strain are almost
size independent. The GBs have lower elastic modulus due
to longer bond length and the GBs increase with reduc-
ing grain size. As a result, the elastic modulus decreases
with grain size. The size-independent fracture strength
and size-dependent elastic modulus are completely differ-
ent from those evidenced in nanocrystalline metals. The
difference can be ascribed to the remarkable atomic behav-
iors in the grain boundaries of nanocrystalline graphene
sheets. The atomic behaviors should be sensitive to the
strain rate and temperature. To this end, the strain rate
and temperature sensitivity is studied in this paper.

2 Models and simulation methods

According to atomic structures revealed by experi-
ments [21-23], the simulation models of nanocrystalline
graphene sheets with randomly distributed grain size and
orientation are constructed by Voronoi tessellation [20].
A Voronoi tessellation is a collection of convex poly-
gons isolated by planar cell walls perpendicular to the
lines connecting neighboring points. Each convex polygon
represents a grain domain in which both the nucleation
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Fig. 1. Simulation model of a nanocrystalline graphene sheet
under tensile loading.

center and crystal orientation are randomly selected and
the atoms are filled, accordingly. The atomically thick
layers adjacent to the planar cell walls are defined as
grain boundaries. The initial carbon-carbon bond length
is 1.42 A. Figure 1 displays one of the typical atomic
models of the nanocrystalline graphene sheets. The color
of the atoms is according to the potential energy and
grain boundaries with higher potential energies are evi-
dent. In each model, N x N (N = 3, 5, 9) grains are
in a graphene sheet with a constant simulation size of
18.5 nm x18.5 nm, corresponding to the average grain sizes
of 6.17 nm, 3.7 nm, 2.06 nm, respectively. For each tensile
test, three models are built to avoid accidental errors.

The simulation is conducted using the package
LAMMPS. The interactions between carbon atoms are de-
scribed by AIREBO potential which can accurately cap-
ture the interaction between carbon atoms as well as
bond breaking and bond reforming [25]. The cutoff pa-
rameter describing the short-range C-C interaction is se-
lected to be 2.0 A in order to avoid spuriously high bond
forces and nonphysical results at large deformation [26].
Prior to dynamic simulation, the nanocrystalline graphene
sheets are fully relaxed to an equilibrium state in the
isothermal-isobaric ensemble at a given temperature. Uni-
axial tensile loading is then applied along the x axis by
the deformation-control method and periodic boundary
conditions are adopted along the two in-plane directions.
The nominal strain ¢; and nominal stress o; (i = x,y) are
defined as [27]:

1 oU

= 19 _
0 = VO 851'7 (1)

&€ = )
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where [? is the initial length of the nanocrystalline
graphene sheets along the i (i = x,y) directions, I; is
the length under stress, U is the strain energy, and V0 is
the initial volume. The interlayer separation of graphite
of 3.4 A is taken as the effective thickness of the graphene
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Fig. 2. (a) Stress-strain curves of single-crystal graphene sheets loaded along zigzag (denoted as “zig”) and armchair (denoted
as “arm”) directions in the temperature range of 10 K-1500 K. (b)—(d) Elastic modulus, fracture strain, and fracture stress as

a function of temperature.

sheets and a Poisson’s ratio of 0.165 is used [28]. In the
MD simulation, the time step is 1 fs and for each step, a
strain increment of 107°~10~7 is applied corresponding to
a strain rate in the range of 10'°-10% s=!. The tempera-
ture is between 10 K and 1500 K and controlled by the
Nose’e-Hoover thermostat.

3 Results and discussion
3.1 Stress-strain curves of single-crystal graphene

Figure 2a shows the stress-strain curves of single-crystal
graphene sheets loaded along the zigzag and armchair di-
rections in the temperature range of 10 K to 1500 K.
They all exhibit temperature- and orientation-dependent
brittle fracture, and double-elastic deformation occurs in
the graphene sheet loaded along the zigzag direction at
10 K as observed previously [29]. Figures 2b—2d display
the elastic modulus, fracture strain, and fracture stress
of the graphene sheets. The elastic modulus is between
800 GPa and 900 GPa and varies slightly with tempera-
ture. The values along the armchair direction are larger
than those along the zigzag one similar to published re-
sults [13,23,30,31]. However, both the fracture stress and
fracture strain decrease with temperature. For example,
the fracture strain of the graphene sheets loaded along
the zigzag direction decreases from 35% at 10 K to 18%
at 1500 K by 49%, whereas the fracture stress drops from
160 GPa at 10 K to 90 GPa at 1500 K by 44%. The values

along the zigzag direction are larger than those along the
armchair direction, but the difference is reduced gradu-
ally with elevating temperature consistent with reported
results [4,22]. The results of the ideal graphene sheets thus
corroborate the calculation method as well as selected
parameters.

3.2 Temperature effects

In nanocrystalline graphene sheets, the randomly-oriented
grain domains may weaken the orientation dependence
of the mechanical properties. A large number of grain
boundaries with disordered and sparse atomic configu-
ration will certainly enhance the activity of atoms and
consequently, the mechanical behaviors become more sen-
sitive to the temperature. Figures 3a—3c depict the stress-
strain curves of the nanocrystalline graphene sheets with
grain sizes of 6.17 nm, 3.7 nm and 2.06 nm, respec-
tively and temperature dependent stress-strain curves
are demonstrated. As shown in Figure 3d, the elastic
modulus decreases with temperature due to the soften-
ing effect, but the reduction is less than 8%. It is con-
siderable at temperature above 500 K and consistent
with previous results [1]. Unexpectedly, the elastic modu-
lus diminishes as the grain size decreases, but the frac-
ture strain and fracture stress are almost independent
of the grain size. This is completely different from the
case found in nanocrystalline metals in which mechanical
strength rather than elastic modulus is size dependent.
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Fig. 3. Stress-strain curves of nanocrystalline graphene sheets with grain sizes of (a) 6.17 nm, (b) 3.70 nm, and (c) 2.06 nm
tensile loaded at 10 K, 500 K, 1000 K, and 1500 K, respectively. (d)—(f) Elastic modulus, fracture strain, and fracture stress of

the nanocrystalline graphene sheets.

Structurally, the grain boundaries become a principal
component in the nanocrystalline graphene sheets and the
individual behavior of atomic bonds in the grain bound-
aries dominates mechanical deformation. It is well known
that grain boundaries can better accommodate bond ro-
tation and reforming, thus leading to homogeneous bond
length distributions. It is almost the same for all the sam-
ples and the fracture stress and fracture strain are size
independent. However, the grain boundaries, as a low-
elastic-modulus component, increase as the grain size de-
creases thereby resulting in reduced elastic modulus.

As shown in Figures 3a—3c, the stress at lower tem-
perature increases with strain gradually initially but de-
creases sharply after a maximum stress indicative of brittle
fracture in the nanocrystalline graphene sheets. However,

above a critical temperature, the stress decreases from the
maximum value gradually rather than abruptly. Plastic
deformation seems to take place in the nanocrystalline
graphene sheets at higher temperature. The smaller the
grain size, the lower is the critical temperature. For ex-
ample, the transition temperature is about 1500 K in the
nanocrystalline graphene sheets with a grain size of 3.7 nm
(Fig. 3b) but drops to 1000 K in the nanocrystalline
graphene sheets with a grain size of 2.06 nm (Fig. 3c).
Similar brittle-to-plastic transition is observed when the
coverage of defects exceeds a critical value in graphene [32]
and it is ascribed to a structural transition from crys-
talline to amorphous in the void content between 8% and
10% [33]. The results indicate that the brittle-to-plastic
transition in the graphene sheets is closely related to the
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Fig. 4. Structure evolution of nanocrystalline graphene sheets: (a) grain size of 6.17 nm and loaded under a strain rate of
1.0 x 107 ps~! at 1500 K, (b) grain size of 2.06 nm and loaded under a strain rate of 1.0 x 10~* ps~! at 1500 K, and (c) grain
size of 2.06 nm and loaded under a strain rate of 1.0 x 10™* ps~! at 10 K.

disordered and sparse configuration of atoms locally. They
can better accommodate bond rotation under stress and
suppress collective bond breaking. It is more significant at
high temperature because of increased structural disorder
in the grain boundaries and hence, brittle fracture changes
to plastic deformation above a critical temperature.

The maximum strain graphene sheets can sustain
(Fig. 3e) and corresponding fracture stress (Fig. 3f) de-
crease with temperature indicating deteriorating ductility
at high temperature, which is unexpected from nanocrys-
talline metals. This can be ascribed to the different de-
formation mechanisms. Plastic deformation in nanocrys-
talline metals is dominated by slipping and rotation of
grains, which can be easily activated at a high tempera-
ture and so plastic deformation is enhanced [27,34]. How-
ever, fracture in graphene is dominated by the compe-
tition between breaking and rotation of covalent bonds.
A high temperature accelerates bond breaking, leading
to the reduced fracture strain and fracture stress. Fig-
ures 4a and 4b display the snapshots of the nanocrys-
talline graphene with grain sizes of 6.17 nm and 2.06 nm
loaded at a strain rate of 1.0 x 10™* ps—! at 1500 K. The
strain applied to the nanocrystalline graphene sheets is
relaxed by the formation of voids in the grain boundaries
and cracks are initiated there. In the graphene sheets with
a larger grain size but a smaller volume of grain bound-
aries (Fig. 4a), the pre-existing voids grow larger and then
expand along the weakest boundaries quickly, resulting in

brittle fracture. On the other hand, in the graphene sheets
with a smaller grain size but a larger volume of grain
boundaries (Fig. 4b), the cracks bifurcate along different
directions thus increasing the lifetime of the fracture. The
carbon chains across the cracks in the grain boundaries
are beneficial to the brittle-to-plastic transition. Figure 4c
displays the snapshots of the graphene sheets 2.06 nm in
grain size tensile loaded at 10 K for comparison showing
the color distribution of the Von Mises shear strain. The
shear strain is mainly localized at the grain boundaries in
which the formation and growth of voids occur and brittle
fracture ensues.

3.3 Strain rate effects

It has been reported that the strength of graphene sheets
with tilt grain boundaries increases slightly with strain
rate [35] and the tensile fracture strain varies linearly
with the activation energy and temperature [18] and it
can be quantitatively described by the Arrhenius-Zhurkov
law [36]. Herein, by taking nanocrystalline graphene sheets
with an average grain size of 2.06 nm as an example,
the strain rate effects on the mechanical properties are
studied. Figure 5 displays the stress-strain curves of the
graphene sheets loaded at 10 K, 500 K, 1000 K, and
1500 K. The applied strain rates are 1.0 x 10~% ps~!,
5.0 x 107 ps~!, 1.0 x 1073 ps™', 2.5 x 1072 ps ',


http://www.epj.org

Page 6 of 8
160
(a) —0.01ps” 0.0075 ps™ 10K
140 - e 0.005 ps' =——0.0025 ps’'
1 1

120l 0.001 ps i 0.0005 ps

ps w—().0001 ps

jul

& 100

e 80

&

g 60

D 4

20

0 5 10 15 20 25 30 35
Strain (%)

(C) 120 - -
—().01ps’ =—0.0075 ps 1 OOOK

100} =—0.005 ps" ——0.0025 ps”

= 0.001 ps” =—0.0005 ps”

——0.0001 ps”

= 8of
o
€ w
(2]
o
£ 40
n

20

0 5 10 15 20
Strain (%)

Eur. Phys. J. B (2015) 88: 135

140
(b) —001ps’ ——00075ps’ HOO0K
120 F e 0,005 ps' =——0.0025 ps"
——0.001 ps' =——0.0005ps’'

100 | P e
—_ e 0.0001 ps
@
) 80
9 60
B
1) 40

20

5 i :
0 5 10 15 20 25

Strain (%)

(d) — —0.01ps” 0.0075 ps”
(0,005 ps”' ==—0.0025 ps” 1500K
80 F ——0.001 ps' =——0.0005 ps’’

—),0001 ps’'

Stress (GPa)

Strain (%)

Fig. 5. Stress-strain curves of nanocrystalline graphene sheets with a grain size of 2.06 nm at (a) 10 K, (b) 500 K, (c¢) 1000 K

and (d) 1500 K. The applied strain rate is between 1.0 x 1072

7.5x 1072 ps~!, and 1.0 x 1072 ps—!. The elastic modu-
lus at low temperatures is nearly constant independent
of the strain rate but decreases slightly with reducing
stain rate at high temperature (Fig. 6a). As shown in
Figure 5d, whether the nanocrystalline graphene sheets
are plastic or brittle also depends on the strain rate. At
small strain rates, bond rotation and rearrangement are
easier thus benefiting flowing deformation and the afore-
mentioned plastic deformation occurs. However, when the
strain rate is increased, the relaxation time is too short
for atomic bonds to rotate and rearrange under stress and
hence, bond elongation and brittle fracture take place in-
stead. This result in a plastic-to-brittle transition at a
high strain rate, for instance, 2.5 x 1073 ps~! at 1500 K.
Similar behavior has been observed from nanocrystalline
Au thin films and CNTs [14,37]. The grain boundary me-
diated process becomes dominant at high temperature.
Figures 6b and 6¢ show the fracture strain and stress as a
function of strain rate. In the temperature range between
10 K and 500 K, both the fracture strain and fracture
stress change slightly with strain rate, but it is differ-
ent at above 1000 K when the fracture stress is strain
rate independent. As addressed in the above section, at a
low temperature, bond-breaking-induced brittle fracture
dominates and depends only on bond elongation and it is
thus insensitive to the strain rate. As the temperature
rises above 1000 K, bond-rotation and rearrangement-
dominant plastic deformation become possible and the
synergistic effects of atoms are important. Hence, the me-

ps *tand 1.0 x 107 ps™ L.

chanical deformation is sensitive to the strain rate. From
the point of view of defects evolution, at a small strain
rate, the relaxation time is long enough to promote bond
rearrangement, vacancy coalescence, and crack propaga-
tion, thus giving rise to reduced fracture stress and frac-
ture strain [38]. However, these processes are suppressed
at a high strain rate and the defects tend to be homoge-
nously distributed resulting in increased fracture stress.
Brittle fracture dominates at above a critical strain rate
and the fracture stress becomes nearly strain rate inde-
pendent. This leads to the two stages of the strain rate
dependent behaviors as illustrated in Figures 6b and 6c.
Generally, in nanocrystalline metals, the strain-rate-
dependent mechanical behavior is determined by the dis-
location activity, grain boundary diffusion, and lattice dif-
fusion [39] as o = K£™, in which o is the yield strength,
¢ is the strain rate, K is a constant, and m is the strain rate
sensitivity exponent. This process can be extrapolated to
nanocrystalline graphene sheets but the yield strength
should be replaced by the fracture stress. As shown in
Figure 7, the m values are smaller than 0.03 at tempera-
ture lower than 500 K but are between 0.05 and 0.10 at
high temperature and also change with the temperature
considerably. This indicates that mechanical deformation
of the nanocrystalline graphene sheets is more sensitive
to the strain rate at high temperature. As stated in ref-
erence [31], 5-7 topological defects are similar to the edge
dislocations in metals. Hence, the concept “dislocation”
has been widely adopted to describe and interpret the
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ing the plastic-to-brittle deformation transformation.

plastic deformation in graphene and carbon nanotubes
(CNTs) [31,40,41]. So the deformation behaviors of the
nanocrystalline graphene sheets are discussed according
to the classic dislocation theory, in which the activation
volume V' can be calculated by [42]:

V = V3kT <8(;né), 2)

g
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Fig. 7. m exponent of nanocrystalline graphene sheets with
grain sizes of 6.17 nm, 3.70 nm and 2.06 nm as a function of
temperature.

where k is Boltzmann’s constant, T' is the absolute tem-
perature, o is the fracture stress, and ¢ is the strain rate.
The calculated activation volumes at 1500 K are 5.7153
and 3.45b3 for the nanocrystalline graphene sheets loaded
at a strain rate smaller than 1.0 x 103 ps—' and larger
than that value, respectively, in which b is the Burgers
vector of (1,0) dislocation [31] and [b| = 2.46 A. Appar-
ently, the activation volume is in the atomic scale, that
is, the deformation is dominated by the local atomic be-
havior in GBs. Moreover, the larger the strain rate is, the
smaller the activation volume is. This is consistent with
our conventional sense. All this indicates the validity of
the classic dislocation theory in studying the deformation
of graphene sheets, at least semi-quantitatively.

4 Conclusion

The deformation behavior and mechanical properties of
2D graphene systems are crucial to their applications to
flexible devices and composite materials. In nanocrys-
talline graphene sheets, there are many grain bound-
aries with disordered and sparse atomic configurations
and as a result, nanocrystalline graphene sheets are ex-
pected to possess temperature and strain-rate dependent
deformation behavior and mechanical properties. The phe-
nomenon is investigated by molecular dynamics simula-
tion. The elastic modulus decreases with temperature as
a result of softening, but the reduction is smaller than
8% nearly independent of the strain rate. Plastic deforma-
tion appears to take place in the nanocrystalline graphene
sheets at higher temperature but the ductility deteriorates
unexpectedly. This can be ascribed to accelerated bond
breaking. Whether the nanocrystalline graphene sheets
are plastic or brittle also depends on the strain rate. At low
strain rates, it is easier for bonds to rearrange, vacancies
to coalesce, and cracks to propagate in grain boundaries
and plastic deformation with a larger activation volume
occurs. However, when the strain rate is increased, the
relaxation time is too short for atomic bonds to rotate
and rearrange under stress and, bond elongation and brit-
tle fracture with a smaller activation volume takes place.
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This results in a plastic-to-brittle transition at a large
strain rate.
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