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W
ith its extraordinary mechanical
and electronic properties, gra-
phene holds great promise for a

variety of applications.1,2 Stiffness and
strength are the key factors in determining
the stability and lifetime ofmany devices. As
one of the strongest materials, pristine graph-
ene possesses an ultrahigh Young's mod-
ulus of ∼1 TPa and an intrinsic fracture
strength of∼130 GPa.3 However, in realistic
graphene materials there are always some
structural defects.1,4�6 It was found that iso-
lated defects, such as monovacancies and
Stone�Walesdislocations,7 slits,8,9 andholes,9

would affect the mechanical properties of
graphene. For instance, Young's modulus of
amonolayergraphene sheetdecreases slowly
with vacancy concentration,8 while inclusion
of large slits or holes reduces drastically the
fracture strength of graphene sheets to
30�40 GPa.8,9

In addition to the isolated defects, ex-
tended one-dimensional (1D) defects such
as grain boundaries (GBs) are frequently
observed in graphene.6,10�16 Especially, in
the experimental fabrication of large-scale
graphene using the chemical vapor deposi-
tion (CVD) method, obtaining a polycrystal-
line flake composed of many single-crystal
domains separated by GBs is almost inevi-
table. The existence of GBs would affect the
mechanical and electronic properties of
graphene and consequently have signifi-
cant impact on their device applications.
Recently, the structures, stability, and

electronic properties of graphene GBs have
been intensively studied,11�22 but less is
known about their mechanical properties.
AFMmeasurement of polycrystalline graph-
ene by Huang et al. demonstrated that GBs
can severely weaken the mechanical
strength of graphene membranes; namely,
the fracture load decreased by an order of
magnitude.14 For selected symmetric GBs,

Grantab et al.23 simulated the ultimate
strengths and found that a graphene sheet
with large misorientation angles and high
densities of defects can be nearly as strong
as pristine graphene, while the failure
strength is much smaller for some GBs with
small misorientation angles. However, little
is known about the mechanical properties
of more general (nonsymmetric graphene)
GBs. In this work, we systematically explored
the intrinsic strengths and failure behaviors
of 20 representative graphene GBs (both
symmetric and nonsymmetric) under ten-
sile strains. We found that the intrinsic
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ABSTRACT

As one-dimension line defects, grain boundaries (GBs) can affect many intrinsic properties of

graphene. In this paper, the mechanical properties of 20 representative graphene grain

boundaries were studied using density functional theory and molecular dynamics. With

different arrangements of the pentagonal and heptagonal rings, the grain boundary may

remain flat or become inflected up to 72�. For the flat GBs, the intrinsic tensile strength
decreases linearly with the formation energy with a maximum value of 93 GPa, close to that of

a perfect graphene. The intrinsic tensile strength of the inflected GBs is found to generally

decrease with increasing inflection angle. Stone�Wales transformation is identified as the

major failure mechanism of graphene GBs at high temperatures, whereas the initial fracture

site can be either on the boundary line or inside the domain. These theoretical results

constitute a useful picture of the grain boundary effect on the mechanical properties of

polycrystalline graphene.

KEYWORDS: graphene . grain boundary . defects . tensile strain .
intrinsic strength
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strength of a graphene GB depends mainly on its
inflection angle rather than other geometry parameters.
We also found that the fracture failure of a graphene GB
can initiate from either the grain boundary or inside the
domain, dependingon thedefect arrangement aswell as
the lattice orientation of the graphene domains.

RESULTS AND DISCUSSION

Structures and Formation Energy. A graphene GB can be
described by the two periodic translation vectors (nL,
mL) and (nR, mR) of left and right domains along the
defect line as (nL,mL)|(nR,mR).

18 For an infinite GB with
periodically arranged defects, the period along the GB
for the two domains are given by LL = |nLaB1þmLaB2| =
a0(nL

2 þ nLmL þ mL
2)1/2 and LR = |nRaB1 þ mRaB2| =

a0(nR
2þ nRmRþmR

2)1/2, respectively, where a0 = |aB1| =
|aB2| = 0.246 nm is the unit vector length of the
graphene lattice. The misorientation angle between
the two domains is given by θ = tan�1[

√
3mL/(mL þ

2nL)] þ tan�1 [
√
3mR/(mR þ 2nR)].

In principle, there are many possibilities for the
periodic lengths and the defect arrangements along a
boundary line. However, to form a physically realistic GB,
its formation energy has to be reasonably low. Indeed,
the formation energy of a GB originates from two con-
tributions: the mismatch energy due to the difference
between theperiodic lengthsof the twodomains and the
defect energy due to the inclusion of nonhexagonal
rings. For symmetric GBs the latticemismatch part is zero
as LL = LR. For a nonsymmetric GBwith LL 6¼ LR, too large a
mismatch between LL and LR results in very high forma-
tion energy. To achieve stable GBs with small deforma-
tions and reasonable formation energies, herewe filtered
GBs with a threshold mismatch of 5% (with a maximum
formation energy of 5.6 eV/nm) and considered 20
combinations of (nL, mL) and (nR, mR) up to a periodic
length of 1.7 nm along the grain boundary direction.

Along theGB line defect rings of quadrilaterals, octagons,
or nonagons were ruled out since they are usually
thermodynamically unstable and are seldom observed
in experiments.12,14 It is noteworthy that some complex
and large-scale distortions (likewrapping and scrolling)24

could be induced due to lattice mismatch in a realistic
graphene sample with a grain boundary; however these
defect are nonperiodic along the defects line, thus
beyond the scope of our investigation.

All 20 GBs explored here are shown in Figure 2.
According to the arrangement of pentagons and hep-
tagons, these GBs can be categorized into four classes:
(I) pentagon�heptagonpairs periodically separated by
one or more hexagons, (II) two or more adjacent
pentagon�heptagon pairs separated by one or more
hexagons, (III) isolated pentagons or heptagons on the
boundary with or without pentagon�heptagon pairs,
(IV) periodically repeated pentagon�heptagon pairs
constituting an entire boundary. Isomers with the
same misorientation angle or translation vector (nL,
mL)|(nR, mR) but with different arrangement of the
defect rings are labeled (nL, mL)|(nR, mR)-iN (N = 1,
2, ...), as shown in Figure 2.

Thermodynamic stability of a GB can be measured
in terms of the formation energy per unit length (Eform)
calculated by

Eform ¼ (EGB � N� Egraphene)=2L (1)

where EGB stands for the energy of the entire GB
supercell, Egraphene is the energy per carbon atom for
the pristine graphene, N is the number of carbon atom
in the supercell, L is the periodic length along the GB,
and the factor 2 accounts for two GBs in one supercell.
All of the theoretical data (inflection angles, misorien-
tation angles, periodic lengths, formation energies,
critical failure strains, and intrinsic strengths) of the
20 GBs explored are summarized in Table 2. The
formation energies and periodic lengths agree well
with previous theoretical results from DFT,18,19 DFTB,20

and empirical molecular dynamics (MD)21 calculations.
The formation energy for GBs ranges between 2.5 and
6.0 eV/nm, lower than that of the bare graphene edges
(∼10 eV/nm).25 GBs with the same misorientation
angle but different defect configurations are found to
have similar formation energy and thus have similar
probability during the formation process. For example,
the difference in formation energy between (4, 1)|(4, 1)-i1
and (4, 1)|(4, 1)-i2 isΔE = 0.6 eV/nm, and the difference
between (5, 2)|(6, 1)-i1 and (5, 2)|(6, 1)-i2 is 0.33 eV/nm.
This suggests that the formation energy is dominated
by the lattice mismatch, not the defect configuration.
This explains why some GBs with high defect density
(e.g., the (3, 1)|(3, 1)-i2 GB in Figure 2) do not necessarily
possess high formation energy if the defect rings are
appropriately arranged to accommodate the tension
energy.

Figure 1. Example of supercell used for our calculation.
Shown is the GB (4, 2)|(3, 3) structure with supercell param-
eter of 3.812 � 1.279 � 1.2 nm from (a) top view and (b)
side view.
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A GB can either be flat like pristine graphene or
cause an inflection angle R between the two

domains,20 as shown in Table 2. Our results demon-

strate that there is no clear correlation between the

inflection angle and the mismatch strain along the

boundary, and the inflection is mainly determined by

the arrangement of defects on the boundary. Figure 3

shows the formation energies and the intrinsic

strengths of the 20 GBs as functions of either inflection

angle R or misorientation angle θ, respectively. As

shown in Figure 3a, the formation energies of graph-
ene GBs show no clear dependence on R. Some

highly inflected GBs such as (5, 3)|(4, 4) or (4, 3)|(4, 3)

can be as stable as the flat ones. The average bond

Figure 2. Structures for the 20 GBs considered in this work. Depending on arrangements of the defects rings, the 20 GBs are
classified into four classes (I�IV).
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length (1.496 Å) of a heptagon and the bond angle
(109.32�) of a pentagon found in the (5, 3)|(4, 4) GB
suggest local sp3 hybridization. Similar results are
found for the (4, 3)|(4, 3) GB (bond length 1.497 Å
and bond angle 109.61�). Such local sp3 hybridization
associated with buckled GBs may compensate the
tension due to pentagon or heptagon rings and may
be responsible for the high chemical reactivity of the
boundary.16,20 The dependence of the lowest Eform on
the misorientation angle θ conforms roughly with the
previously proposed sin(3θ) function,17 as shown in
Figure 3c.

Intrinsic Strengths. From our DFT calculations, the
intrinsic strength (defined as the stress point beyond
which the stress decreases with strain) of a GB shows
no clear correlation with the misorientation angle θ
(Figure 3d), but exhibits interesting dependence on the
inflection angle R (Figure 3b). Generally speaking, the
buckled GBs possess lower strength (46�78 GPa) with
regard to the flat ones (71�93 GPa). As shown by the
dashed line of Figure 3b, the intrinsic strength (τ) of
those inflected GBs can be fitted into a linear function
empirically:

τ (inGPa) ¼ τ0 � 0:75R (indeg) (2)

where τ0 = 102 GPa is the calculated intrinsic strength
of graphene in the zigzag direction. In other words,
inflection of the grain boundary significantly decreases
the mechanical strength of a graphene flake.

For the flat GBs (R = 0�), an intrinsic strength as high
as 93 GPa can be achieved (see Figure 4). This is almost
comparable to thatof perfectgraphene (102or 113GPa).
A recent DFT study by Grantab et al.23 predicted
an intrinsic strength of ∼95 GPa for the flat sym-
metric (2, 1)|(2, 1) and (3, 1)|(3, 1) GBs, in agreement
with the present results. Moreover, as shown in the
inset graph of Figure 3b, the strength of flat GBs
correlates well with the formation energy; that is, a

GB with higher thermodynamic stability (lower Eform)
usually exhibits higher strength. In the flat GBs,
periodic pentagon�heptagon pairs dominate the
boundaries, and their ultimate strength is simply
determined by the C�C bond strength as measured
by the formation energy.

Among the flat boundaries explored, (3, 1)|(3, 1) and
(5, 0)|(3, 3) are type IV GBs and have the highest defect
concentrations, but their formation energies and in-
trinsic strengths are very different, i.e., 3.3 eV/nm and
93 GPa for (3, 1)|(3, 1) vs 5.1 eV/nm and 76 GPa for (5,
0)|(3, 3). As shown in Figure 6, the (3, 1)|(3, 1) GB exhibits
narrower distributions of bond length and bond angle.
Namely, the atomic structure of (3, 1)|(3, 1) deviates less
from the pristine graphene than (5, 0)|(3, 3); thus it is
thermodynamically more stable and possesses rela-
tively higher strength. In previous studies of carbon
nanotubes26 and nitride surfaces,27 it was revealed
that reduction of bond length can lower the binding
energy and affect the mechanical properties such as
strength and Young's modulus. All these results
clearly indicate that the intrinsic strength of a
graphene GB depends sensitively on the detailed

TABLE 1. Calculated Inflection Angles (r), Intrinsic

Strengths (τ), and Critical Failure Strains (δ) for Selected
GBs with Different Periodic Spacing d between the GBsa

GB d (nm) R (deg) τ (GPa) δ (%)

(4, 1)|(3, 2)-i1 1.188 31.8 78 14
1.417 31.5 79 15
1.698 31.3 79 14
1.926 31.3 79 14

(4, 2)|(3, 3) 1.238 50.8 71 19
1.460 50.2 70 19
1.683 50.2 68 19
1.906 50.3 68 19

(4, 1)|(4, 1)-i1 1.328 71.8 47 24
1.521 71.0 46 24
1.713 70.0 48 25
1.906 70.0 47 25

a Beyond 2 nm spacing, the calculate GB properties are independent of d (the
supercell size is 2d along the y axis..

TABLE 2. Structural, Energetic, andMechanical Properties

of the 20 GBs Calculateda

GB R (deg) θ (deg) L (nm) Eform (eV/nm) δ (%) class τ (GPa)

graphene(ZZ) 0 0 0.246 0 19 102
graphene(AC) 0 0 0.246 0 23 113
(3, 1)|(3, 1) 0 32.2 0.889 3.3 11 IV 93

2.819 ∼9523

(2, 1)|(2, 1) 0 21.8 0.654 3.4 14 I 89
0.6519 3.4,19 4.0,17 4.321 ∼9323

(6, 0)|(4, 3) 0 34.7 1.481 4.9 12 II 84
(5, 0)|(3, 3) 0 30.0 1.239 5.1 10 IV 76

1.25019 5.019

(6, 1)|(6, 1)-i1 0 44.8 1.622 5.0 12 I 71
(4, 1)|(3, 2)-i1 31.80 31.8 1.095 5.6 14 II 78
(4, 1)|(4, 1)-i2 37.00 38.2 1.127 4.1 15 II 72

∼5723

(7, 0)|(5, 3) 40.00 38.2 1.709 4.8 13 II 74
(3, 1)|(2, 2) 42.00 16.1 0.868 5.1 16 I 74
(3, 2)|(3, 2) 45.85 13.2 1.065 3.6 19 I 72
(5, 3)|(4, 4) 46.70 8.2 1.690 2.8 13 I 68
(4, 2)|(3, 3) 50.80 10.9 1.279 3.4 16 I 71
(4, 3)|(4, 3) 51.30 9.4 1.483 3.0 18 I 72
(5, 2)|(6, 1)-i2 52.70 36.3 1.540 4.8 17 II 66
(4, 1)|(3, 2)-i2 53.80 25.7 1.111 4.7 21 I 63
(5, 2)|(5, 2) 57.50 27.8 1.529 4.7 19 III 51
(6, 1)|(6, 1)-i2 61.40 44.8 1.578 3.8 20 III 50
(5, 2)|(6, 1)-i1 64.04 36.3 1.506 5.1 17 III 49
(4, 1)|(4, 1)-i1 71.67 38.2 1.117 4.7 24 III 47
(5, 1)|(5, 1) 72.22 42.1 1.355 4.4 23 III 46

∼4923

aR is for inflection angle, θ the misorientation angle, L the periodic length along
the GB, Eform the formation energy per unit length,δ the critical failure strain, and τ
the intrinsic strength. “ZZ” and “AC” stand for pristine zig-zag and armchair
graphene. Some values of periodic length, formation energies, and intrinsic strength
from previous calculations17,19,21,23 are also listed for comparison..
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bonding environment, e.g., arrangement of the pen-
tagon/heptagon defect rings.

For the inflected GBs, especially for those with large
R, pentagon and heptagon defect rings are usually
distributed separately from each other along the
boundary line. The isolated pentagons or heptagons
induce large off-plane local distortions similar to nano-
cone or nanopringle17 and, thus, significantly re-
duce the strength of a graphene sheet. As shown in
Figure 5, the strength of buckled GBs is much lower
than that of the pristine graphene and generally
decreases with the inflection angle, from 78 GPa
for R = 31.8� to 46 GPa for R = 72.2�. We note that
of the 20 low-energy GB studies, most type I and III GBs

possess larger inflection angle and weaker intrinsic
strength, with the exceptions of type I GBs (2, 1)|(2, 1)
and (6, 1)|(6, 1)-i1.

During the tensile loading of a graphene GB viaDFT
relaxations at each strain, breaking of a 7�6 bond
(shared by a heptagon and hexagon) is the first sign of
failure. After the 7�6 bond is broken, complete failure
would occur rapidly along the boundary, and the
theoretical stress would drop sharply. Mulliken pop-
ulation analysis28 further revealed that there is
moderate reduction of bond population (by about
5%) on this critical 7�6 bond with regard to a
standard C�C bond in pristine graphene, which
may weaken the C�C bond strength and facilitate
the failure. The dependence of intrinsic strength on
inflection angle can be related to the effective pro-
jected length of the critical 7�6 bond along the
direction perpendicular to the boundary. For exam-
ple, the projected length of such a 7�6 bond for the
unstressed GB structure increases from 1.32 Å for
(4, 1)|(3, 2)-i1 (R = 31.8�) to 1.47 Å for (5, 1)|(5, 1) (R =
72.2�). The elongation of the critical 7�6 bond length
corresponds to larger prestrain and, thus, reduces
the intrinsic strength of the graphene sheet.23

The boundary-induced degradation of mechanical
strength can be related to previous empirical simula-
tions of graphene sheets with a finite 1D crack mod-
eled by slits of different lengths.8,9 At room temper-
ature, Zhao and Aluru found that the fracture strength
decreases with crack length, from 87 GPa for pristine

Figure 3. (a) Formation energy of a graphene GB as a function of the inflection angle R. (b) Intrinsic strength of a GB as a
function of the inflection angle R: open triangles for flat GBs, open circles for inflected GBs, filled triangles for pristine
graphene. The dashed line is a linear fit for those inflected GBs: τ (in GPa) = τ0 � 0.75R (τ0 = 102 GPa). The inset graph is the
intrinsic strength versus the formation energy for the flat GBs, showing a correlation between the two. (c) GB formation
energy as a function of the misorientation angle θ. Dashed line is the sin(3θ) function. (d) Intrinsic strength versus
misorientation angle θ, showing no clear correlation.

Figure 4. Stress�strain curves of flat GBs. The intrinsic
strength is defined as the stress point beyond which the
stress decreases with strain.
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graphene to∼40 GPa for a graphene sheet containing
a 2 nm slit.8

Fracture Behavior. The failure behaviors of GBs have
been investigated using MD simulations. As represen-
tatives, the failure processes of (4, 1)|(3, 2)-i1 and
(5, 0)|(3, 3) graphene GBs from empirical MD simulation
are shown in Figure 7. For most GBs considered,
fracture starts with the Stone�Wales (S�W) transfor-
mation of a 7�6 bond (shared by a heptagon and
hexagon) on the boundary (see Figure 7). This fracture
behavior resembles the “hot”mechanism for formation

of S�W defects (i.e., dislocation dipoles) in carbon
nanotubes at high temperature.29 As the tensile strain
further increases, several fracture sites emerge simul-
taneously. The system eventually breaks up along the
boundary at sufficiently large strain. However, for the
class IV GBswith high defect density, i.e., (3, 1)|(3, 1) and
(5, 0)|(3, 3), the condensed arrangement of pentagons
and heptagonsmakes the C�Cbonds on the boundary
stronger; thus the S�W transformation occurs in the
domain region away from the boundary (Figure 7). In
particular, the two parts for GB (5, 0)|(3, 3) are zigzag-
and armchair-oriented graphene domains. The differ-
ence of intrinsic strengths between zigzag (102 GPa)
and armchair (113 GPa) directions of graphene makes
the initial fracture occur in the zigzag domain. In short,
the failure behavior of a graphene GB also depends on
the arrangement of defect rings and the lattice orien-
tation of graphene in the two sides, and the fracture
does not necessarily initiate from the boundary. In
previous MD simulations using the NVE ensemble by
Grantab et al.,23 they also observed that the initial
fracture sites can be either on the boundary or inside
the domain. However, instead of a S�W transforma-
tion, they found that the failure started with bond
breaking, which we also observe in the relaxation
process. Such a difference might be attributed to the
high temperature (1500 K) used in our MD simulation
within the NVT ensemble, whereas the MD simulation
within the NVE ensemble23 corresponds to low-
temperature situations.

Figure 5. Stress�strain curves of inflected GBs with different ranges of inflection angle R: (a) 31.8�42�; (b) 45.85�51.3�;
(c) 52.7�61.4�; (d) 64.04�72.22�.

Figure 6. Distributions of the bond length (left) and the
bond angle (right) for (3, 1)|(3, 1) (solid line) and (5, 0)|(3, 3)
(dashed line) GBs. Even though both GBs have a high
concentration of defects (see Figure 2), the narrower bond
distribution in the former is correlated with its lower
formation energy and higher intrinsic strength.
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CONCLUSIONS
To summarize, using the first-principles calculations

and empirical molecular dynamics simulations we
investigated the mechanical properties of graphene
grain boundaries under tensile strains. In contrast to
the sin(3θ) dependence of the formation energy on the
misorientation angle θ, there is no simple correlation
between the intrinsic strength and misorientation
angle. Instead, the intrinsic strength of a graphene

GB depends linearly on its inflection angleR. It is found
that GBs with high thermodynamic stability can be
nearly as strong as pristine graphene, while the in-
flected GBs have a significantly reduced intrinsic
strength due to buckling along the GBs. The fracture
of graphene GBs was found to initiate from the
Stone�Wales bond rotations at high temperatures,
which can occur either on the boundary line or inside
the domain.

COMPUTATIONAL METHODS
The structures and mechanical properties of graphene GBs

were computed using the density functional theory (DFT) and
projector-augmented wave method (PAW)30 implemented in
the VASP code.31 The PW91 functional32 was used to describe
the exchange-correction interaction term, and the plane-wave
basis was expanded up to a cutoff energy of 400 eV. An example
of the simulation supercell is shown in Figure 1. A vacuumspaceof
1.2 nm thickness was added to the direction perpendicular to the
graphene sheet. For each GB configuration, the atomic coordi-
nates and the in-plane supercell parameters were fully relaxed.
Starting from the equilibrium geometry, a series of uniaxial

tensile strains are gradually applied with 1% increment

perpendicular to the boundary line, while the atomic coordi-
nates are fully relaxed at each strain step. At each strain, the
stress was computed directly for the simulation supercell
using the stress theorem33 and then rescaled by a factor of
Z/d0 to obtain the equivalent stress on the graphene sheet,
where Z = 1.2 nm is the thickness of vacuum space and d0 =
0.334 nm stands for the van der Waals thickness of the
graphene sheet (which is derived from the equilibrium inter-
layer spacing of graphite).34 The theoretical stress�strain
curves are plotted, and the intrinsic tensile strengths were
determined by the stress values at the critical failure strains,
where the stress�strain curves dramatically drop. The de-
pendence of the calculated results on the distance between

Figure 7. Failure processes of (4, 1)|(3, 2)-i1 (left) and (5, 0)|(3, 3) (right) graphene GBs. The atoms with Stone�Wales
transformation are highlighted in blue (in the upper four graphs). The boundary lines for eachGB structure are highlighted by
red dashed lines as a guide for the eye. For the (4, 1)|(3, 2)-i1 GB, failure starts at the boundary, while failure initiates inside the
domain for (5, 0)|(3, 3) GB.
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the GBs (which is half of the supercell size perpendicular to
the GB direction) was investigated, with examples of result
shown in Table 1. Further increasing the supersize cell leads
to only minor changes of the computational results. For
pristine graphene, the calculated fracture strengths are
102 GPa in the zigzag direction and 113 GPa in the armchair
direction, respectively, which are comparable to previous
theoretical values.8,34�36

The failure behaviors of these GBs were further simulated by
molecular dynamics with a reactive empirical bond order
potential.37 All MD simulations were performed on a graphene
monolayer of 600�1000 atoms within an NVT ensemble at
1500 K. The supercell size was about 6 � 3 � 2 nm. Within the
graphene plane, tensile strains perpendicular to the boundary
line were gradually applied in 1% increment until complete
failure of the graphene GBs. At each strain, the system was fully
relaxed for 1 ns with a MD time step of 2 fs.
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