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Traction-separation laws of graphene grain boundaries†

Md. Imrul Reza Shishir,a and Alireza Tabarraei∗a

Molecular dynamics simulations are used to extract the traction–separation laws (TSLs) of symmetric
grain boundaries of graphene. Grain boundaries with realistic atomic structures are constructed using
different types of dislocations. The TSLs of grain boundaries are extracted by using cohesive zone
volume elements (CZVEs) ahead of the crack tip. The traction and separation of each cohesive
zone volume element are calculated during the crack growth. The traction and separation values
obtained for the cohesive elements predict that the TSLs of grain boundaries have a bilinear form.
The areas under the traction–separation curves are used to calculate the separation energy of the
grain boundaries. The results show that as the grain boundary misorientation angle increases the
separation energy of the grain boundaries decreases. The impact of temperature on the traction
separation laws is studied. The results show that by increase of the temperature from 0.1 K to 300
K, the separation energy first increases to reach its peak at around 25 K and then slightly decreases.

1 Introduction
Graphene, a monolayer of carbon atoms packed together in a
honeycomb lattice structure, has drawn remarkable attention due
to its extraordinary properties which make it a suitable mate-
rial for a wide range of technological applications1–6. Various
techniques such as exfoliation7, reduction of graphene oxide8,
sublimation of silicon carbide9 and chemical vapor deposition
(CVD)10,11 have been proposed to produce or isolate graphene
sheets. Among these techniques, CVD is the most widely used
method for the creation of large graphene sheets. Graphene films
prepared by chemical vapor deposition (CVD) are polycrystalline
sheets composed of grains of varying orientation and size joined
together by grain boundaries. Grain boundaries act as defects and
alter the mechanical properties of graphene. It has been reported
that pristine graphene is the strongest material with Young’s mod-
ulus of 1.0 ± 0.1 TPa and strength of 130 GPa3. However, in-
clusion of grain boundaries reduces the Young’s modulus to 600
GPa. The strength of polycrystalline graphene can also be 50%
less than that of pristine monolayer graphene6,12. The results
of nanoindentation test have shown that the failure behavior of
graphene depends on the indentation site including grain center,
grain boundaries, triple junctions and holes13.

Reliable use of polycrystalline graphene sheet in industrial ap-
plication necessitates fundamental understanding of the effect
of grain size and grain boundaries orientation on the mechan-
ical and fracture properties of graphene. The high resolution
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transmission electron microscopy images and molecular dynam-
ics simulations indicate that grain boundaries (GBs) of graphene
are composed of periodic and aperiodic sequences of pentagon–
heptagon defects which act as dislocation cores.14–18. Graphene
grain boundaries have distinct mechanical19–21, chemical20–22,
electronic20,23, and magnetic20,24 properties that depends on
their atomic arrangement.

Since grain boundaries act as the main defects in polycrys-
talline graphene sheets, it is necessary to include them in the
models used for predicting fracture and failure properties of CVD
graphene. Industries are interested in using large polycrystalline
graphene sheets in the order of meter25,26, however, due to the
limitations associated with using atomic level simulations model-
ing fracture of large graphene sheets using molecular dynamics
(MD) is not possible. Modeling the behavior of such large scale
polycrystalline sheets requires other techniques such as finite el-
ement method27 which can also incorporate the effect of grain
boundaries28,29.

One way to model crack initiation and growth using finite el-
ement method is to use cohesive zone models (CZM). By using
CZM the stress singularity at the crack tip is removed by adding a
cohesive zone of vanishing thickness ahead of the crack tip30. At
the cohesive zone, the virtual cohesive surfaces are held together
by a cohesive traction. The constitutive law of the cohesive zone
is defined by prescribing a traction–separation law (TSL), also
known as cohesive law, which defines the cohesive traction across
the surfaces as a function of their separation distance. The crack
growth occurs when the separation displacement of the cohesive
surfaces at the physical crack tip reaches its critical value which
corresponds to a zero traction across the surfaces.

Intergranular fracture using finite elements can be modeled by
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Fig. 1 (a) Schematic of the bicrystalline graphene panel with a grain boundary along the x–direction. The bicrystalline sheet has an initial crack along
the grain boundary.(b) Hexagonal lattice structure of graphene. The unit cell is defined by the two basis vector a1 and a2 (red arrow) and contains
two carbon atoms. (c) Grains tilt angle θ1 and θ2. (d) Representation of the misorientation angle θM of the grain boundary (GB).

incorporating cohesive elements along the GBs. The first require-
ment in using cohesive zone models for modeling failure is the
availability of traction–separation laws (TSLs) which can accu-
rately relates traction across the cohesive surfaces to their sepa-
rations.

Extracting the cohesive laws using experimental work is chal-
lenging. In this paper, we use molecular dynamics method to
extract the TSL of symmetric grain boundaries of graphene. In
the last decade, atomistic simulations have dominated the studies
on the mechanical and fracture properties of nanomaterials31–43.
Molecular dynamic simulations that narrate the collective behav-
ior of hundreds of thousands of atoms are a powerful tool to
construct TSLs for graphene grain boundaries. Gall et al.44 and
Spearot et al.45 have used MD simulations to scrutinize the co-
hesive forces at the interface of bi-materials. Yamakov et al.46

proposed a methodology for using MD simulations to extract the

TSLs of aluminum sheets with preexisting crack along the GB sub-
jected to mode-I loading. A similar methodology was used by
Zhou et al.47 to extract the cohesive law for mixed mode load-
ing conditions. Guin et al.48 used this methodology with a dou-
ble cantilever beams under mode-I loading to extract the TSLs of
bicrystalline graphene. These studies considered only one or two
grain boundaries. To be able to use cohesive laws in modeling
behavior of polycrystalline graphene it is necessary to understand
the TSLs of different grain boundaries with different atomic struc-
ture.

In this paper, we use molecular dynamics simulations to ex-
tract the TSLs of graphene grain boundaries using the method-
ology proposed by Yamakov et al.46.Molecular dynamics simula-
tions are conducted on bicrystalline graphene sheets as shown in
Fig. 1(a). The TSLs are used to extract the work of separation
or fracture energy of grain boundaries. We also investigate the
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Fig. 2 Dislocation structures. (a) (1,0) dislocations, (b) (1,0) + (0,1) dislocations, and (c) (1,0) and (1,0) + (0,1) dislocations (modified
(1,0)+(1,0)+(1,0) dislocations). The Burgers vector of each dislocation is shown in green.

traction-separation laws at different temperature to understand
the effect of temperature on the work of separation at different
misorientation angles.

2 Atomic structure of grain boundary (GB) and
bicrystalline graphene

Graphene has a honeycomb lattice structure of sp2 hybridized
carbon atoms. The carbon-carbon bond length of graphene is
a0 ≈ 0.142 nm which is the average bond distance of single and
double covalent carbon-carbon bond. Its unit cell with lattice
vectors a1 = a

2 (3,
√

3) and a2 = a
2 (3,−

√
3) consists of two carbon

atoms as shown in Fig. 1(b).

The grain boundaries of graphene can be identified using two
angles θ1 and θ2. These two angles define the angle between
the normal vector of grain boundary with the zigzag direction in
each grain, as shown in Fig. 1(c)–(d). The misorientation angle
θM = θ1+θ2 represents the mutual orientation of the two pristine
grains with respect to each other. Due to the six-fold rotational
symmetry of graphene lattice 0◦ ≤ θ1, θ2 < π/3 and θM ∈ (0◦,60◦).
Another parameter, θL = |θ1−θ2|, [θL ∈ (0◦,θM)] describes the in-
clination of the grain boundary line with respect to symmetric
configuration (θL = 0◦). Due to the presence of two high symme-
try directions in graphene, i.e. armchair and zigzag directions,
the misorientation angles close to 0◦ and 60◦ are considered as
low–angle grain boundaries along these directions, respectively.

Grain boundaries in graphene consists of an array of disloca-
tions, each of which is represented by pentagon–heptagon pairs.
In this paper, we study the fracture properties of symmetric
grain boundaries with θ1 = θ2. Symmetric grain boundaries of
graphene can be constructed by aligning (1,0) dislocations along
the grain boundary line. This leads to a discrete set of misorien-
tation angles given by

θM = 2sin−1 |b(1,0)|
2d(1,0)

(1)

where b(1,0) is the Burgers vector of the dislocation as shown in
Fig. 2(a) and d(1,0) is the distance between the dislocation cores.
As the misorientation angle of grain boundary increase, the dis-

Fig. 3 The graphene GBs composed of (1,0) dislocations. (1,0) disloca-
tions for different θM : (a) 10.99◦, (b) 13.17◦, (c) 15.18◦, (d) 16.43◦, (e)
17.99◦, (f) 18.73◦, and (g) 21.79◦.

tance between the dislocations reduces as shown in Fig. 3(a)–(g).
The closest pack between the dislocations lead to a misorienta-
tion angle of 21.79◦ where the dislocations are separated from
each other by only a hexagon ring.

Dislocation pairs of (1,0)+ (0,1), shown in Fig. 2(b), can also
be used to construct grain boundaries with misorientation angles
between 32.20◦ and 60◦ 49. The grain boundaries constructed us-
ing pairs of (1,0) and (0,1) dislocations are shown in Fig. 4(a)–
(g). Similar to the previous case, when the misorientation an-
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Fig. 4 Graphene grain boundaries composed of (1,0)+(0,1) dislocations.
(a) 33.13◦, (b) 35.57◦, (c) 38.12◦, (d) 41.44◦, (e) 44.88◦, (f) 46.83◦, and
(g) 48.37◦.

gle between the two grain boundaries increases (θM approaching
32.20◦), the distance between the dislocation pairs reduces until
no spacing is available between dislocations at θM = 32.20◦.

To construct grain boundaries with misorientation angles be-
tween 21.79◦ and 32.20◦, a combination of (1,0) and (1,0)+(0,1)
dislocations can be used49. The grain boundaries constructed in
this transition zone are shown in Fig. 5(a)–(g).

The grain boundaries shown in Fig. 3–Fig. 5 are constructed
using the Voroni based algorithm proposed by Shekhawat et
al.17,18,50. In this approach, first the triangular lattice dual to the
graphene lattice of each grain is generated and the Voronoi dia-
gram associated with each triangular lattice is constructed. This
generates the honeycomb structure of graphene away from the
grain boundary. To obtain pentagon–heptagon pairs along the
grain boundary, Lioyd’s algorithm17,51 is employed to construct
the centoridal Voronoi tessellation (CVT) associated with the tri-
angular points close to the grain boundary while the location of
the triangular lattice points away from the grain boundary are
kept fixed. Finally, the conjugate gradient method is used to min-
imize the energy of the system which fine tunes the positions of
the atoms.

3 Cohesive zone model
Cohesive zone models (CZM) are widely used in finite element
modeling to describe local fracture processes52,53. The concept

Fig. 5 Graphene grain boundaries composed of (1,0) and (1,0)+ (0,1)
dislocations. (a) 22.77◦, (b) 23.71◦, (c) 24.443◦, (d) 26.01◦, (e) 27.80◦,
(f) 29.41◦, and (g) 30.17◦.

of cohesive zone model was first introduced by Barenblatt54 and
Dugdale55 by using the traction on zones near the crack tip to
model cohesive forces. Cohesive zone models are comprised of
a region with vanishing thickness ahead of the physical crack tip
including two cohesive surface subjected to cohesive traction as
shown in Fig. 6(a). The displacement across the cohesive zone is
discontinuous and the traction acting on the cohesive surfaces is a
function of the displacement jump across the cohesive zones. The
cohesive traction acting on the cohesive surfaces can be described
as a function of the separation between the surfaces by a traction–
separation law also known as cohesive law. A typical TSL is shown
in Fig. 6(b). The relation between the traction and separation of
a cohesive zone can be written as

t = tm f
(

δ

δc

)
, (2)

where tm is the maximum cohesive traction, δc is the critical sep-
aration, and f is a dimensionless function that describe the shape
of the traction–separation curve. The maximum cohesive trac-
tion tm is the cohesive strength and occurs at δm which represents
the separation distance where the irreversible failure process initi-
ates48. The critical displacement δc represents the separation dis-
tance where no cohesive traction exists between the two surfaces.
The cohesive energy density Se represents the work of separation
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Fig. 6 (a) Schematic view of cohesive zone ahead of crack where cohesive
traction t associated with the to the crack openings δ . (b) Characteristic
profile of a TSL in the CZM. (c) Typical bilinear TSL.

per unit area of cohesive surfaces and is obtained by

Se =
∫

δc

0
t (δ )dδ (3)

The work of separation per unit area of cohesive surfaces is the
area under the traction-separation curve and correspond to the
energy absorbed by the fracture process per unit crack surface
growth. To be consistent with Griffith energetic approach, the
fracture energy Gc should be equal to the work of separation per
unit area of cohesive surfaces Se.

Different forms of cohesive laws including bilinear, trapezoid,
sinusoidal and exponential have been proposed and used to
model crack initiation and growth52–59. As an example, the bilin-
ear cohesive law which can mathematically be represented as

t =


tm
δm

δ 0≤ δ ≤ δm
tm

δc−δm
(δc−δ ) δm ≤ δ ≤ δc

0 δ ≥ δc

(4)

is shown in Fig. 6(c). For this model, the separation energy can

be obtained using

Se =
1
2

tmδc. (5)

4 Computational method

4.1 Description of molecular dynamics simulations

Molecular dynamics (MD) simulations are used to extract the
TSLs of the grain boundaries shown in Figs. 3 to 5. MD sim-
ulations are conducted using the freely available Large-scale
Atomic/Molecular Massively Parallel Simulator (LAMMPS)60.
Second–generation empirical reactive bond–order (REBO2)61 in-
teratomic potential with an environment–dependent modified
cutoff scheme (REBO2+S) of Pastewka et al.62 is used to model
the interaction between the carbon atoms. The REBO2+S po-
tential can model the C–C bond-breaking events62–64 and accu-
rately predict the mechanical properties and fracture properties
of graphene21,65,66.

The bicrystalline graphene sheets used in this study have a
width of 35 nm and length of 140 nm with grain boundaries
in the x–direction. An initial crack of length 5 nm ∼ 5.5 nm is
defined along the grain boundaries by removing a few layers of
atoms. Two reflective walls are defined at a distance of 0.3 nm
in the z–direction parallel to the panel to constrain the out–of–
plane movement while the local motions of the atoms remain 3D.
These constraints do not affect the quantitative observations of
simulations or qualitative response of the fracture process of the
bi-material interface.

The equations of motion are integrated using the velocity Ver-
let scheme employing an integration time step of 1 femtosecond.
The initial configuration of the system are obtained by minimiz-
ing the potential energy of the system using the conjugate gradi-
ent method to remove any initial internal stress. After the mini-
mization, the Berendsen thermostat is used in a micro canonical
ensemble (NVE) for 50 ps to raise the system temperature to the
desired temperature. Finally, to stabilize the system, the model
is equilibrated in a canonical ensemble (NVT) for 50 ps at the
temperature of 0.1 K.

After the equilibration stages, the model is subjected to tensile
loading in an NVT ensemble by elongating the domain width in
the y–direction at a strain rate of 2.5× 108 s−1 while the domain
can relax in the lateral directions. Previous studies have shown
that a strain rate less than 2×109 s−1 has negligible impact on the
fracture properties of graphene–like 2D materials43, therefore the
strain rate used in our simulations is not expected to significantly
affect the results. During the elongation process, the y and z–
component of the forces acting on a strip of atoms at the top and
bottom edges of the panel are set to zero to prevent them from
moving in these directions while they are free to move in the x–
direction.

4.2 Extraction of the traction–separation laws

We follow the methodology proposed by Yamakov et al.46 to ex-
tract the traction–separation laws (TSLs) of grain boundaries. In
this technique, a strip of atoms in front of the crack tip along the
crack propagation path is used to extract TSL. Since in this study
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Fig. 7 Cohesive zone volume element (CZVE) used along the grain boundary at the vicinity of crack tip. The atoms shown in red are used to calculate
the separation distance.

Fig. 8 The crack propagation mechanism along a GB with misorientation angle of θM = 21.79◦ comprised of (1,0) dislocations. The contour plots
represent the von Mises stress of atomic stress.

the crack path is along the grain boundary, the strip of atoms
is centered at the grain boundary line and has a height of Ly.
The strip is divided into N = 50 cohesive zone volume elements
(CZVE) with a width of Lx as shown in Fig. 7. The atoms located
within a CZVE in the reference configuration are assigned to that
CZVE.

The virial formulation67 can be used to compute the stresses in

the CZVE

σ
α
i j =−

1
V α

mα
ν

α
i ν

α
j +

1
2 ∑

β∈Nk

rαβ

i f αβ

i

 , (6)

where i and j define the axis of the coordinate system and take
values of 1, 2, and 3, σα

i j is the stress of atom α, mα is the mass
of atom α, νννα is the relative velocity of atom α with respect to
macroscopic motion of the system, rαβ = rα − rβ is the displace-
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Fig. 9 The crack propagation mechanism along a GB with misorientation angle of θM = 33.13◦ comprised of (1,0)+(0,1) dislocations. The contour
plots represent the von Mises stress of atomic stress.

ment vector between atoms α and β , fαβ is the interatomic force
between atom α and β , and V α is the volume of atom α in the
current configuration. The volume of atoms is approximated us-
ing their volume in the pristine honeycomb graphene lattice as

V hon
0 =

3
√

3
4

a2t (7)

with a≈ 0.142nm is the interatomic distance of C-C bond, and t is
the thickness of graphene which is taken equal to 0.335nm.

The virial stress is the microscopic definition of the Cauchy
stress for discrete systems68,69. The virial stress obtained from
the molecular dynamics simulation should be averaged over time
in order for it to be equivalent to the continuum Cauchy stress.
The Cauchy stress of the kth cohesive element is obtained by both
time and space averaging of atomic virial stresses over the volume
of the CZVE

σ
k
i j =

1
NtV k

Nt

∑
t=1

∑
α∈Ak

V α
σ

α
i j (t), (8)

where Ak is the set of atoms located within the kth CZVE, Nt =

2500 is the number of time steps t in the time interval of 2.5ps
over which the time averaging is conducted, and V k is the vol-
ume of the kth CZVE and computed as the number of atoms in
the kth CZVE times the volume of carbon atom V hon

0 . The calcu-

lation of V k neglects the effect of change in atom volumes dues
to the tensile strain and inhomogeneities in the atoms volume
introduced by the pentagon-heptagon defect as well as the high
strains at the crack tip. The cohesive traction of each CZVE acting
on the crack processing zone ahead of the crack tip is equal to the
y–component of the Cauchy stress σyy calculated from Eq. (8).

The separation distance of the kth CZVE is calculated as the
average distance between the centroids of the upper and lower
portions of this CZVE. The separation distance δ = d−d0 where d
and d0 are the y–component of distance between the centroids of
the upper and lower portion of the CZVEs in the initial and final
configurations, respectively. Similar to traction, the distance d is
calculated by time averaging over 0.25 ps using 2500 time steps.

In this paper, the cohesive zone volume elements (CZVE) have
a length of Lx = 0.89 nm in the x–direction. The size of the cohe-
sive zone elements is an important parameter which affects the
accuracy of the results. The cohesive zone elements should be
small enough to capture the high stress and strain gradients at
the crack tip and large enough to ensure that averaging the virial
stress over the CZVE is equivalent to the Cauchy stress. Using
Hillerborg et al.70 approach, the length of the cohesive zone in
front of a crack tip in graphene is estimated to be 2.6 nm48. By
choosing Lx = 0.89 nm, the cohesive zone is resolved by three co-
hesive elements which is enough to capture the stress and strain
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Fig. 10 The crack propagation mechanism along a GB with misorientation angle of θM = 26.01◦ comprised of (1,0) and (1,0)+(0,1) dislocations. The
contour plots represent the von Mises stress of atomic stress.

gradient ahead of the crack tip. The length of the cohesive zone
affect the value of maximum traction tm but does not impact the
value of separation energy Se. Since tm represents the strength
of the grain boundary before a crack initiates, the value of Lx

should be chosen such that tm matches with the grain boundary
strength before defect. Choosing Lx = 0.89 nm satisfies this con-
dition as well21,48,71. The size of the cohesive elements in the
y–direction is δy = 1 nm. This size is chosen large enough to en-
compass the prestressed fields generated by the grain boundary
heptagon–pentagon defects.

5 Results and discussion
We have used the methodology described in the previous section
to extract the traction–separation laws (TSLs) of high angle sym-
metric grain boundaries with misorientation angle (θM) between
10.99◦ ∼ 48.37◦ as shown in Figs. 3 to 5. For such grain bound-
aries, the crack propagation path remains along the grain bound-
ary. For low angle grain boundaries with θM near 0◦ and 60◦,
the crack does not grow along the grain boundary and kinks to
propagates along a zigzag direction in one of the grains. This
deviation in the crack path is due to the large separation of the
heptagon–pentagon defects with several hexagonal rings between
these defects. When the crack reaches the hexagonal rings it kinks
to grow along a zigzag path.

5.1 Crack propagation

The propagation path of cracks along the grain boundaries at dif-
ferent tensile strain loading are shown in Figs. 8 to 10. The crack
propagation mechanism along the grain boundary with misorien-
tation angle θM = 21.79◦ which is composed only of (1,0) dislo-
cations is shown in Fig. 8. As shown in Fig. 8, by increase in the
tensile strain, first the bond at the crack tip breaks. By further in-
crease in the strain, the C–C bond of the first heptagon ring ahead
of the crack tip breaks. This process is followed by the failure of
the bond connecting the pentagon–heptagon pairs and the C–C
bond of the next heptagon ring. This process repeats itself until
crack reaches the end of the panel.

Our MD results show that the crack growth along other grain
boundaries comprised of (1,0) dislocation follows a similar bond
breaking mechanism. For lower angle grain boundaries studied
in this paper, the crack growth was associated with the creation
of nanovoids between the pentagon–heptagon pairs ahead of the
crack tip as shown in Fig. 8.

The crack growth along the grain boundaries composed of only
(1,0) + (0,1) dislocations, or both (1,0) and (1,0) + (0,1) dislo-
cations are shown in Figs. 9 and 10. The crack growth along
these grain boundaries is associated with the failure of an inter-
face bond between the pentagon and heptagon defect. This bond
failure is not usually occurs at the crack tip and its failure leads
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Fig. 11 The traction–separation points obtained from the 50 CZVEs ahead of the crack tip along the grain boundaries composed of (1,0) dislocations.
A bilinear curve is fitted to the points.

Fig. 12 The traction–separation points obtained from the 50 CZVEs ahead of the crack tip along the grain boundaries composed of (1,0)+ (0,1)
dislocations. A bilinear curve is fitted to the points.

to the generation of nanovoids along the crack path. Further in-
crease in the tensile strain leads to the failure of bonds at the
crack tip which leads to the coalescence of the nanovoids and the
pre–existing crack and results in the crack growth.

5.2 Traction-separation law

The traction and separation values of all the CZVEs ahead of the
crack tip at different strain levels at a temperature of 0.1 K are

calculated and plotted in Figs. 11 to 13. It can be seen that the
traction separation law of all the grain boundaries have a bilinear
from; with increase in the separation displacement the cohesive
traction increases until reaching the maximum traction point tm
after that it decrease linearly unit it reaches a zero stress at the
critical separation δc. The traction–separation data points are fit-
ted using two lines, one before the maximum traction and the
other after it as shown in the Figs. 11 to 13. The intersection
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Fig. 13 The traction–separation points obtained from the 50 CZVEs ahead of the crack tip along the grain boundaries composed of (1,0) and
(1,0)+(0,1) dislocations. A bilinear curve is fitted to the points.

Fig. 14 Work of separation (Se) and grain boundary energy (γ)49 versus
grain boundary misorientation angle.

point of the two fitted lines is considered as the maximum cohe-
sive traction tm which does no necessarily match with the data
point with the highest value of traction.

The work of separations calculated from the TSLs are plotted
as a function of grain boundaries misorientation angles in Fig. 14.
For the purpose of comparison the grain boundary energies49 are
plotted in the same graph. It can be seen that for low angle grain
boundaries the trend of the work of separation is reverse of that of
grain boundary energy; by increase in the grain boundary energy
the work of separation decreases. Such a relationship does not
exist between the work of separation and grain boundary energy
for high angle grain boundaries.

For the grain boundaries comprised of only (1,0) dislocations,

Fig. 15 Maximum cohesive traction and critical separation distance ver-
sus grain boundary misorientaion angle.

increasing the grain boundary misorientation angle leads to a re-
duction in the separation energy. On the other hand, for grain
boundaries comprised of (1,0)+(0,1) dislocations, as the misori-
entation angle approaches 60◦ the dislocation density decreases.
Hence for this types of grain boundaries, the work of separation
increases as the misorientation angle approaches 60◦. Finally, in
the transition zone where the grain boundaries are comprised of
(1,0) and (1,0) + (0,1), the separation energy does not change
significantly as the misorientation angle increases.

The maximum cohesive traction which represents the strength
of grain boundary and the critical separation distance of grain
boundaries are shown in Fig. 15. For the grain boundaries com-
prised of (1,0) or (1,0)+(0,1) dislocations, as a general trend, by
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Fig. 16 Effect of temperature on the work of separation on the bicrys-
talline graphene with θM = 21.79◦.

increase in the grain boundaries misorientation angle the grain
boundaries strength reduce and they fail at smaller separation
distances which leads to a lower work of separation for such
grain boundaries. For the grain boundaries composed of (1,0) and
(1,0)+(0,1) dislocations, the separation distance does not change
as the misorientation angle increases. For these grain boundaries,
the maximum cohesive traction first increases slightly and then
decreases.

5.3 Impact of temperature on the separation energy

The impact of temperature on the work of separation (Se) of
GBs is studied by obtaining the TSL at various temperatures in
the range of 0.1 K to 300 K. The separation energy of the grain
boundary with misorientation angle of θM = 21.79◦ as a function
of temperature is shown in Fig. 16. This graph indicates that with
an increase in the temperature, the separation energy increases
quickly from 14 N/m at 0.1 K to 21 N/m at 25 K. The separation
energy remains constant from 20 K to 50 K and then reduces to
18 N/m at the room temperature of 300 K.

The maximum cohesive traction tm and the critical separation
distance δc are plotted in Fig. 17. And it observed that the trend of
change of the maximum cohesive traction versus temperature is
opposite of that for the critical separation distance. Similar rela-
tions between maximum cohesive traction and critical separation
distance versus temperature has been observed for hydrogeneted
grain boundary of graphene21. The higher critical separation dis-
tance at higher temperature indicates that the fracture at higher
temperature is more ductile.

6 Conclusion
In this present study, MD simulations were used to study the
fracture properties of symmetric grain boundaries in graphene.
A bicrystalline graphene sheet with an existing crack were used
to extract the TSLs of the grain boundaries. The TSLs obtained
from the MD simulations have a bilinear form for all bicrystalline
graphene. The results indicated that the grain boundary with high

Fig. 17 Effect of temperature on the maximum cohesive traction and
critical separation distance on the bicrystalline graphene with θM = 21.79◦.

dislocations density have a smaller separation energy. The impact
of temperature on the work of separation of grain boundaries are
studied. The result showed that by increasing in the temperature
from 0.1 K to 300 K first the separation energy increases and then
reduces slightly.
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