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Recent experimental studies have identified a number of topological reconstructions of point defects in
graphene, however, their influence on fracture strength has not been studied. From a weakest-link per-
spective, each of these defects are potentially strength-limiting features, necessitating investigation of
their effects on mechanical properties. In the present study, molecular dynamics tensile simulations
are performed to quantify the strengths of single and divacancy topological reconstructions with consid-
eration of temperature and strain rate effects. Fracture strengths in the range of 92–101 GPa are obtained
for the topological reconstructions at 300 K and a strain rate of 109/s. This range shifts to 81–95 GPa when
the loading rate is decreased to 5 � 106/s, highlighting the significant influence of kinetic factors on frac-
ture strength. Similarly, an increase in temperature causes appreciable strength reductions, resulting in
fracture strengths of 87–97 GPa at 450 K and a 109/s strain rate. In order to provide a meaningful com-
parison to the limited experimental data available, the energy barriers for fracture are determined from
thermal activation theory. Analytical calculations predict fracture strengths in the range of 50–79 GPa at
300 K and 100/s, which agrees well with experimental reports. Surprisingly, the topological point recon-
structions with under-coordinated atoms and highest potential energies are found to be the strongest
defects. Physically, under-coordinated atoms are observed to undergo bond rotations, enabling a defor-
mation accommodation mechanism that suppress brittle fracture and leads to improved flaw tolerance.
This finding is supported by Quantized Fracture Mechanics calculations.

� 2014 Elsevier B.V. All rights reserved.
1. Introduction

Large-scale synthesis of graphene, e.g. by chemical vapor deposi-
tion [1–5], is well known to introduce a number of imperfections
such as point [6] and line defects [7,8] into its topological structure.
Typically, defects are ubiquitous in bulk materials and represent
structural flaws that compromise mechanical properties by leading
to premature failure. In 2D systems, such defects transcend the
entire material thickness, raising significant concerns regarding
their impact on strength. Unlike metallic crystals, graphene pos-
sesses a number of different observed topological point defects
which are formed as reconstructions from bond rotations [9,10],
and single [9,10] and divacancies [10]. These topological structures
possess low formation energies in the range of 4.5–7.9 eV [11] and
represent the energy minimized structures of vacancy defects,
which are expected to reconstruct spontaneously during material
service. Atomic-scale studies of graphene and conventional graphite
have shown that single vacancy (SV) defects reconstruct into a pen-
tagon–nonagon pair [9,10,12], whereas the divacancy (DV) defect
may reorganize into several geometric allotropes [11,13]. Previous
investigations have identified two different critical low energy
DV allotropes, namely, the pentagon–octagon–pentagon (DV1)
[10,14,15] and the quad-pentagon–hexagon–quad-heptagon (DV2)
[10] topological reconstructions.

Currently, mechanical testing of graphene membranes is largely
restricted to atomic force microscopy (AFM) nanoindentation stud-
ies [16–20]. Experimental investigations of the impact of point
defects on mechanical properties is limited to a study of strength
deterioration resulting from oxygenation and pore formation of
plasma-etched graphene membranes [20]. However, the topologi-
cal structure of defects in this study was not reported. In lieu of
direct experiments, atomistic simulations of defects in graphene
have witnessed significant research attention, with a number of
recent studies aimed at predicting the mechanical properties of
defective structures. For example, the Stone–Wales defect is a well
known topological point reconstruction in graphene that has been
shown in a number of rigorous computational studies to have a rel-
atively minor impact on mechanical strength [21–27].
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Fig. 1. A typical MD simulation cell used in tensile deformation of the recon-
structed SV defect, which was positioned near the centre of the cell. The color
mapping indicates per atom potential energies. The loading direction for MD tensile
simulations is also indicated. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
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Although insightful, atomistic studies have typically been uti-
lized to quantify intrinsic mechanical properties, making compari-
sons to experimental data notably difficult. Molecular dynamics
(MD) studies, for example, are often limited to mechanical testing
at very large strain rates. The influence of kinetic factors are there-
fore notably difficult to quantify using direct atomistic approaches.
In order to circumvent the limitations of atomistic studies, thermal
activation theory [28] may be used in combination with atomistic
simulations to provide more accurate comparisons to experimental
data. With the implications of strain rate sensitivity in mind, a
number of researchers have used atomistic simulations to investi-
gate the influence of elliptical nano-cracks on fracture strength
[25,29,30] and the energy barriers resisting fracture in the Stone–
Wales defect [25,27], as well as fracture propagation in graphene
with edge cracks [31]. Additionally, investigators have examined
strain rate sensitivity in graphene tilt boundaries [32–34]. These
works show a significant strength decrease in pristine graphene
resulting from the presence of atom-scale flaws, with the degree
of weakening found to increase as strain rates approach experimen-
tal ranges [34]. This highlights the influence thermally activated
deformation processes can have on strength, motivating a thorough
examination of the coordinated point reconstructions.

In comparison to the Stone–Wales defect, investigation of the SV
and DV topological reconstructions is somewhat limited in the
literature. Ansari et al. [26] studied the mechanical properties of
the SV defect using direct MD simulations. In this work, the inves-
tigators show that the SV defect has a relatively minor impact on
pristine strength. Similar behavior was reported in a separate com-
putational study of SV defects in graphene [23,25]. The scope and
applicability of these findings to experimental data are limited,
however, as strain rate effects were not considered. With respect
to the DV reconstructions, Dettori et al. [35] studied the effect of
defect concentration on the elastic modulus of DV1 defective graph-
ene membranes. Additionally, the electronic structure and vacancy
migration of behavior of DV defects have been examined [36,37].
Fracture strengths of the DV1 and DV2 reconstructions, however,
have not been reported so far despite being observed experimen-
tally alongside the SV defect [9,10] and having formation energies
comparable to the SV reconstruction [11]. From a weakest-link per-
spective, both the SV and DV reconstructions may be expected to
cause premature failure in graphene. A comparative mechanical
study of the common topological point reconstructions is therefore
critical to understanding the mechanical limitations of defective
graphene. In order to provide a meaningful comparison of the topo-
logical reconstructions, the influence of strain rate effects on
mechanical strength must also be considered. The purpose of the
current work is therefore to perform a comparative mechanical
analysis of the SV, DV1, and DV2 defects. MD tensile simulations
are used to determine fracture strength of defective graphene sam-
ples and kinetic effects are quantified by varying strain rates and
temperature. The physical phenomena underpinning measure-
ments of strength are investigated through a detailed examination
of evolving crack morphologies during fracture.
Fig. 2. Atomic topologies of the (a) SV, (b) DV1, and (c) DV2 reconstructions. The
colormap indicates per atom potential energies. The DV2 structure had the lowest
potential energy of all the topological point reconstructions. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version
of this article.)
2. Computational modeling

MD tensile simulations were performed using LAMMPS [38]
and interatomic interactions were modeled using the AIREBO
[39] potential with a bond cut-off radius of 1.92 Å. This cut-off dis-
tance has been previously validated with density functional theory
tensile simulations of graphene [40]. Graphene samples measuring
64 nm2 were created for MD testing under periodic boundary con-
ditions. A schematic of the MD simulation cell is provided in Fig. 1.
Each of the reconstructions were created by injecting the required
number of vacancies into the graphene sheet and then rotating
existing bonds into their reconstructed topologies. Fig. 2 provides
the topologies of the SV, DV1, and DV2 defects which were analyzed
in this study. As shown in the figure, the SV reconstruction
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possessed atoms with the highest potential energies in the defect
core, in part from the presence of an under-coordinated atom in
the irregular-nonagon. Although fully coordinated under zero load,
the DV1 defect was composed of a number of higher energy atoms
due to the large bond angle within the octagon. In general, the high
energy atoms in the SV and DV1 defects were susceptible to
bond-breakage and subsequent under-coordination during tensile
simulation. In contrast to the SV and DV1 structures, the DV2 recon-
struction was comprised of a fully coordinated topology with low
energy bond pairings.

Prior to tensile loading, defective graphene sheets were sub-
jected to conjugate gradient minimization and relaxation to ensure
a ground-state system energy and near-zero pressure. In order to
understand strain rate effects, uniaxial tensile testing was per-
formed at strain rates in the range of 5 � 106 to 109/s. Uniaxial
loading was applied along the zigzag direction (see Fig. 1) and sys-
tem temperature (T) was maintained using the Nose–Hoover iso-
thermal–isochoric ensemble available in LAMMPS. In order to
obtain stochastic information of the configurational space, statisti-
cal data was collected by initializing the system using the Gaussian
seed method, wherein initial atomic trajectories were selected at
random from the Boltzmann distribution. Five simulation repeti-
tions were performed at each testing condition, resulting in a rea-
sonable sampling of statistical scatter (see Section 3.2). Stress was
calculated as the spatial and temporal average of the per atom val-
ues using the virial theorem and strain (�) was defined in engineer-
ing terms. For conversion to 3D stress values, the thickness of the
graphene sheet was assumed to be 3.35 Å [16,17]. All simulations
were conducted with a 1 fs timestep. This computational approach
as well as simulation cell size has been validated through a com-
parative study against existing computational reports of pristine
graphene strength [40,41]. Visualization of atomic topologies was
achieved using the AtomEye atomistic configuration viewer [42].
3. Results and discussion

3.1. Quasi-intrinsic strength of defective graphene sheets

Although the failure initiation in defective graphene is ther-
mally activated, tensile simulations conducted under very high
strain rates may be considered to measure quasi-intrinsic strength
at the prescribed temperature. Here we report the quasi-intrinsic
tensile behavior of the topological point reconstructions through
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Fig. 3. MD tensile results for the topological point reconstructions at 300 K and a
109/s strain rate. Fracture strength (rf ) was considered here to be the maximum
measured stress, as indicated in the figure. The fracture strength of pristine
graphene loaded in the zigzag orientation is provided for comparison [41].
MD simulations and compare results against existing modeling
data. Fig. 3 provides representative stress–strain curves for MD
tensile simulations performed at 300 K and a strain rate ( _�) of
109/s. Material failure was identified by a sudden drop in tensile
stress and the fracture strength (rf ) was then taken to be the max-
imum stress measured in the loading curve, as indicated in Fig. 3.
Under these testing conditions, the SV defect was found to have
the highest strength, whereas the DV2 topological reconstruction
was the weakest. This result is somewhat counterintuitive, as the
SV and DV1 reconstructions possessed higher potential energies
in the defect core relative to the coordinated DV2 structure. Fur-
thermore, previous computational studies of polycrystalline graph-
ene have shown that defective structures possessing a high density
of heptagon–pentagon dipoles (as in the DV2 case) exhibit near-
pristine strength [34,40,43]. However, the periodic arrangement
of dipoles in polycrystalline graphene imposes complementary
tensile and compressive stress fields along grain boundaries [40].
Isolated heptagon–pentagon point defects do not experience the
same lattice relaxation from overlapping stress fields as in line
defects, which is likely the cause of the observed strength reduc-
tion in the DV2 reconstruction.

Examination of the collected statistical results showed average
fracture strengths of 100.5 � 1.9, 95.7 � 1.1, and 92.1 � 1.5 GPa for
the SV, DV1, and DV2 reconstructions respectively (see Fig. 4b), rep-
resenting a decrease of 8–16% when compared to the fracture
strength of pristine graphene (109 GPa) [41]. Error margins are
reported here as 95% confidence intervals. Experimental atomic
force microscopy nanoindentation tests as well as first-principles
density functional theory calculations have placed the fracture
strength of pristine graphene in the range of 100–130 GPa
[16,17,40]. However, the loading configurations as well as the tem-
perature and strain-rate conditions for these investigations were
not consistent with the current study. The estimate in Ref. [41]
was collected under identical loading conditions, and therefore
served as the most direct comparison to the point reconstruction
data. The influence of kinetic factors on weakening in defective
graphene samples as well as the physical morphology of fracture
processes are examined in subsequent sections.

3.2. Strain rate effects on the strength of defective graphene samples

Fig. 4a presents representative MD tensile results for the DV2

defect at strain rates of 107 and 109/s. The fracture strength of
the DV2 samples was observed to decrease from 94 to 82 GPa, rep-
resenting a strength drop of approximately 13% over the presented
strain rate range. The collected statistics for strength measure-
ments of the topological point reconstructions at each strain rate
condition are presented in Fig. 4b. All MD data presented here
was collected at a temperature of 300 K. While differences in frac-
ture strengths were relatively minor at _� = 109/s (approximately
8 GPa), this range almost doubled to around 14 GPa at _� = 5 �
106/s, where averaged values of 94.8 � 1.2 (SV), 87.2 � 2.5 (DV1),
and 80.7 � 1.9 GPa (DV2) were measured. The DV2 defect was
therefore found to be the most sensitive to strain rate effects,
whereas the SV reconstruction was the most tolerant. The effect
of strain rate on fracture stress in the sampled topological point
reconstructions is qualitatively comparable to results reported by
Sun et al. [21] for graphene nanoribbons with Stone–Wales defects.
MD testing at strain rates lower than 5 � 106/s is not practical due
to current limitations on computational power. It is expected that
this trend in weakening continues to widen as strain rates
approach magnitudes typical in experimental investigations of
graphene. For instance, AFM nanoindentation is typically per-
formed at strain rates of �100/s [18].

The thermal activation theory of Eyring et al. [28] and the
Arrhenius relationship may be extended to analytically predict



Table 1
The energy barriers and activation volumes to fracture in defective and pristine
graphene samples.

Defect Eeff (eV) Va (Å3)

SV 2.50 3.83
DV1 1.59 2.47
DV2 1.25 1.99
Pristine 4.93 [47] 8.49 [29]
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Fig. 4. (a) Representative MD tensile results for the DV2 defect at strain rates of 107

and 109/s. Eq. (2) is overlaid with the MD data using a = 82.89 GPa and b = 13.65. (b)
The collected strengths of topological point reconstructions across all strain rate
conditions. These results were fit to Eq. (3) yielding the energy barriers and
activation volumes provided in Table 1. Based on Eq. (3), the predicted strengths of
the topological point reconstructions were calculated and overlaid with the MD
data, showing excellent agreement. The presented MD tensile data were collected at
300 K. Error bars represent a 95% confidence interval (n = 5).
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the effects of strain rate on strength in defective systems over large
timescales. The average lifetime to failure s of a sample under
stress r and at temperature T undergoing N state transitions (i.e.
failure propagation) is given by:

s ¼ Nso

ns
exp

Eeff � Var
kbT

 !
ð1Þ

where so � 0:1 ps is the period of crystal vibrations [25,29],
N=ns � 1 is the ratio of state transitions to the number of sites avail-
able to undergo activation, Eeff is the average energy barrier resist-
ing the fracture event, Va is the activation volume, and kb is the
Boltzmann constant. In this weakest-link formulation, Eeff implicitly
captures the effect of stress fields imposed by defects, which would
lower the energy barrier of the fracture event as long as failure is
observed to occur at the defect site. This approach has been vali-
dated in previous studies of defective graphene and carbon nano-
tubes [34,44]. Other analytical techniques such as Quantized
Fracture Mechanics (QFM) [45] may also be implemented in energy
barrier analysis of defective graphene. However, this formulation
requires precise knowledge of crack evolution geometry, as in the
case of nano-cracks [25,29,30], and is therefore ideally suited for
the analysis of single state transitions (see Section 3.5). Since frac-
ture strengths were measured in a relatively narrow statistical
range at each strain rate condition (Fig. 4b), Eeff nonetheless ade-
quately captures the path-independent energy barrier.

In order to utilize Eq. (1) with strain-rate controlled MD tensile
data, a time-dependent analytical expression for the stress–strain
response of graphene was required. Following the methodology
developed by Zhao and Aluru [29], the non-linear elastic response
of graphene was captured using the following logarithmic relation:

rðtÞ ¼ a lnðb _�t þ 1Þ ð2Þ

where a and b are constants fit from MD tensile data, and t is the
time of the simulation. Least squares fitting of Eq. (2) to MD tensile
data yielded a = 82.89 GPa and b = 13.65. As described in [29],
Eq. (2) may be shown to reduce to a first-order form of r � ab�,
whereby the product ab yields 1.13 TPa, in good agreement with
the experimentally measured first-order elastic modulus reported
in [16]. Using the fitted values of a and b, Eq. (2) is overlaid with
MD tensile data in Fig. 4a, showing excellent agreement. Since each
of the topological point reconstructions represented a small area
fraction of the MD simulation cell and therefore had only a marginal
impact on elastic properties, a singular fit was used to describe the
stress–strain response of all vacancy defects considered. Setting
r ¼ rf , Eq. (2) may be substituted into Eq. (1) and application of
the Bailey criterion [46] yields an explicit expression for the
strain-rate sensitivity of the fracture process in the form of:

rf ¼
akbT

Vaaþ kbT
Eeff

kbT
þ ln

Nb _�so

ns

Vaa
kbT
þ 1

� �� �( )
ð3Þ

Further explanation and derivation of this formulation may be
found in [29]. Fitting of the collected MD data presented in
Fig. 4b yielded effective energy barriers and activation volumes
(see Table 1) in the range of 1.25–2.5 eV and 2–3.8 Å3, respectively,
for each of the topological point reconstructions. In order to con-
textualize these results, the fitted values presented in Table 1 were
compared to known parameters for pristine graphene, which may
be considered as upper bound estimates for these variables. As pre-
viously reported, 4.93 eV [47] and 8.49 Å3 [29] are the energy bar-
rier and activation volume for fracture in pristine graphene. With
respect to the pristine values, Eeff and Va should be lower for defec-
tive systems as stresses arising from topological irregularities both
reduce the required energy for crack formation and confine the
fracture process to specific critical bonds. The calculated values
of Eeff and Va for the topological point reconstructions were substi-
tuted into Eq. (3) and the results are overlaid with MD data at
300 K in Figure 4b, showing excellent agreement.

In order to validate the fitted values for Eeff and Va, Eq. (3) may
be extended to analytically predict strengths at experimental
strain rates (e.g. �100/s). Fig. 5 presents an extension of Eq. (3)
for the topological point reconstructions to laboratory loading
conditions. Due to strain rate effects, fracture strengths were
found to substantially decrease across all the topological point
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reconstructions (T = 300 K). Specifically, the SV, DV1, and DV2

defects were calculated to weaken by 22% (101–79 GPa), 35%
(97–63 GPa), and 46% (93–50 GPa), respectively, from strain rates
of 109 to 100/s. Furthermore, the range in strengths between the
SV and DV2 reconstructions was found to widen considerably from
8 GPa at 109/s to 29 GPa at 100/s. From a weakest-link perspective,
the DV2 reconstructions are therefore expected to dictate the frac-
ture strength of defective graphene at realistic loading conditions.
Although a direct comparison to experimental measurements is
not currently available, predictions from Eq. (3) provide a reason-
able comparison to experimental studies of strength in polycrystal-
line graphene. For example, Rasool et al. [18] reported strengths of
48–83 GPa, which spans the range predicted by the current MD
study and corroborates the results presented herein. It should be
noted, however, that although point defects such as the DV2 recon-
struction are topologically similar to the heptagon–pentagon
disclination dipoles which populate grain boundaries in polycrys-
talline graphene [8], their fracture strengths may only be approxi-
mately compared.

3.3. Influence of temperature on the fracture strength of defective
graphene samples

The impact of temperature on the mechanical properties of
defective graphene samples was examined in order to verify the
comparative strengths observed in rate-controlled MD testing.
Fig. 6 presents the results of MD simulations at temperatures of
1, 150, 300 and 450 K under a loading rate of 109/s. The strength
of the SV reconstruction was found to decrease by 12% from
109.3 � 0.2 to 96.6 � 0.6 GPa at temperatures of 1 and 450 K
respectively. Similarly, the DV1 and DV2 structures were
observed to decrease by 15% (105.4 � 1.2–89.5 � 1.5 GPa) and
16% (103.7 � 0.6–87.0 � 2.5 GPa) respectively, over the same tem-
perature range. The hierarchy of defect strength observed in the
rate-controlled MD testing was therefore preserved when varying
system temperature and weakening appears to follow a linear rela-
tionship across temperature space. This proportional behavior is
expected from thermal activation theory and is captured analyti-
cally in the exponent of Eq. (1). The impact of temperature was
not as drastic as the analytical predictions of strain rate effects
on the mechanical properties of defective graphene. Additionally,
each topological point reconstruction exhibited a similar degree
of strength loss. Nonetheless, weakening is expected to be exacer-
bated when measured across larger temperature ranges and when
sampled in combination with lower strain rates.

3.4. Crack morphology and progressive failure in defective graphene
samples

From the presented MD studies and analytical considerations,
the SV defect was found to be the strongest of the studied topolog-
ical point reconstructions. This result is somewhat counterintuitive
since the DV2 defect appeared to be the lowest energy (as shown in
Fig. 2). In order to understand the physical rationale underpinning
failure phenomena, the evolution of crack morphology during
deformation was examined. The presented atomic snapshots of
failure were collected for tensile simulations performed at 300 K
and a strain rate of 109/s. The mechanisms illustrated in the subse-
quent section were observed at all testing conditions considered in
this study. Fig. 7 presents representative snapshots of the SV recon-
struction undergoing progressive failure. It was observed that dur-
ing heating in MD testing the bond shared between the pentagon
and irregular-nonagon spontaneously cleaved without applied
loading, forming a irregular-dodecagon. This topology is illustrated
in Fig. 7a. After this initial break, the SV defect remained stable
until approximately 15% strain, where an under-coordinated atom
experienced bond rotation, subsequently creating an additional
pentagon defect (Fig. 7b). Further loading led to a multiplicity of
topological defects, creating another pentagon reconstruction
(Fig. 7c) and ultimately causing fracture in the surrounding hexag-
onal graphene lattice (Fig. 7d). Once the crack propagated into the
surrounding graphene, brittle fracture was observed to occur rap-
idly. The progression of the critical crack was observed to occur
over approximately 4% strain in the SV reconstruction, which is
somewhat surprising for a brittle material. This finding is in con-
trast to a previous computational report of supersonic crack prop-
agation in pristine graphene [48]. One interpretation is that
multiple bond rotations allow a degree of deformation accommo-
dation in the SV reconstruction, whereby atomic-scale movements
are facilitated by the high mobility of under-coordinated atoms in
the defect core. The multiplicity of pentagon defects hinders crack
growth and permits material survival at increased loadings.
Conversely, the fully- coordinated pristine hexagonal unit cell
may not easily undergo bond rotations, leading instead to crack



Fig. 8. Snapshots of failure in the DV1 reconstruction (T = 300 K, _� = 109/s). At
� = 0.12 (a), the DV1 defect possessed four under-coordinated atoms which
permitted bond rotations at � = 0.125 (b), 0.135, and 0.15 to accommodate
deformation. In this manner, bond rotations served as a competing deformation
mechanism to brittle fracture, delaying material failure until a critical crack
initiated in the hexagonal graphene lattice just prior to � = 0.166 (e). The colormap
shows per atom stress. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

Fig. 7. Progressive failure in the SV reconstruction (T = 300 K, _� = 109/s). Snapshots
were taken at � = 0.14 (a), 0.154 (b), 0.185 (c), 0.191 (d), and 0.192 (e). Bond
rotations at under-coordinated atoms in the dodecagon irregular-dodecagon were
observed to accommodate deformation (b and c) and create new pentagon defects.
This behavior delayed critical cracking until bonds in the hexagonal lattice were
broken (d), leading to rapid fracture (e). The colormap shows per atom stress. (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)
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propagation and rapid fracture. Bond rotation in graphene has
been previously observed in computational studies of Stone–Wales
formation [25] as well as failure propagation in elliptical nano-
cracks [31], but has not been reported for the reconstructed point
defects.
In comparison to the SV defect, similar failure behavior was
observed in the DV1 reconstruction. Fig. 8 presents progressive
snapshots of failure in the DV1 defect. As with the SV defect, the
initial high-energy bonds shared by the pentagon and octagon
structures were cleaved by thermal effects to yield under-
coordinated atoms and the DV1 appeared as a nano-void in the
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form of a irregular-tetrakaidecagon. Upon further loading, bond
rotations created pentagon defects in a manner similar to the SV
reconstruction (Fig. 8b–d, effectively enlarging the nano-void until
rapid fracture occurred in the hexagonal graphene lattice (Fig. 8e).
With respect to the SV defect, the large void and stress concentra-
tions created by the tetrakaidecagon (as opposed to the dodecagon
in the SV reconstruction), encouraged failure initiation at a lower
stress. Conversely, the geometrically larger tetrakaidecagon pos-
sessed more under-coordinated atoms and thereby permitted
additional pentagon defects to form, potentially leading to
increased deformation accommodation relative to the SV structure.

In contrast to the SV and DV1 reconstructions, the DV2 defect
appeared to be much more sensitive to cracking and flaw initiation.
Fig. 9 presents snapshots of the DV2 during fracture. The DV2 defect
was observed to retain full coordination until approximately 15%
strain (Fig. 9a). This value is notably higher than the applied strain
for initial bond rotation of the DV1 defect. Upon crack initiation in
the DV2 reconstruction (Fig. 9b), rapid fracture followed almost
immediately (Fig. 9c). Therefore, although the DV2 defect survived
as a fully coordinated reconstruction to strain levels comparable to
the SV defect, it exhibited significantly lower flaw tolerance.

3.5. Flaw tolerance of the defective graphene samples

In order to quantify the degree of deformation accommodation
during failure progression in each of the topological point
reconstructions, the averaged flaw tolerances were calculated
and provided in Fig. 10 (T = 300 K, _� = 109/s). Flaw tolerance (�ft)
Fig. 9. Rapid fracture in the DV2 reconstruction (T = 300 K, _� = 109/s). A critical crack
initiated within the defect structure between � = 0.146 (a) and � = 0.147 (b).
Ultimate failure proceeded quickly, with fracture having progressed into the
hexagonal graphene lattice at � = 0.148 (c). The colormap shows per atom stress.
(For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
was defined in this context to be the difference between the strain
at ultimate failure (�f ) and the strain of the initial failure event
(�cb). Under this definition, �cb may represent the strain of critical
crack initiation in the DV2 defect as well as the first instance of
bond rotation in the SV and DV1 topological reconstructions. As
observed from the snapshots of graphene fracture, the DV1 recon-
struction was found to have the highest tolerance to cracking
(�ft = 0.037), but simultaneously the lowest �cb (0.129 � 0.004). In
comparison, the SV defect exhibits a similar degree of flaw toler-
ance (�ft = 0.026) and a larger �cb (0.158 � 0.005). On the other
hand, the DV2 possesses almost an insignificant amount of flaw
tolerance (�ft = 0.004).

Under the assumption of perfectly brittle fracture, QFM calcula-
tions were performed to further contextualize flaw tolerance in the
SV and DV1 topological reconstructions. Taking the deformed
topologies of the SV and DV1 defects prior to bond rotation as
nano-cracks (i.e. the topologies in Figs. 7a and 8a), QFM was imple-
mented to predict the instantaneous brittle fracture strength of
these specific topological states under Mode I loading. Assuming
that finite plate effects are minimized due to the relatively large
simulation cell size, the brittle fracture stress of a crack with radius
q and length 2a is described by the following relation:

rf ¼ rp

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ q=2ao

1þ 2a=ao

s
ð4Þ

where ao is the crack quantum (0.28 nm [30]), and rp is the fracture
strength of pristine graphene. The crack geometry parameters for
Fig. 11. The assumed crack geometry of the SV defect for QFM calculations of
fracture strength under Mode I loading. The geometric parameters are defined in
text (Section 3.5).
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the SV case are illustrated schematically in Fig. 11. Assuming a pris-
tine fracture strength of 109 GPa at 300 K, the fracture strength of
the SV (q � 0:12 nm, 2a � 0:43 nm) and DV1 (q � 0:12 nm,
2a � 0:71 nm) defects were calculated as 76 (� 0:7rp) and 65 GPa
(� 0:6rp), respectively. These predictions of rf are in agreement
with calculations performed by Dewapriya et al. [30] for zigzag
nano-cracks in graphene. Taking the _� = 109/s MD tensile data as
instantaneous, comparatively, the SV and DV1 were found to be
significantly stronger than QFM calculations (100.5 � 1.9 and
95.7 � 1.1, respectively). In this regard, bond rotation therefore per-
mitted flaw tolerance and enabled a deformation accommodation
mechanism that suppressed brittle fracture. An equivalent QFM cal-
culation cannot be directly performed for the DV2 topological
reconstruction as the defect is fully coordinated up to fracture.
However, consideration of the critical heptagon reconstruction
(Fig. 9b) as a pseudo nano-crack yielded a QFM Mode I brittle frac-
ture strength of �91 GPa. This value is in excellent agreement with
the collected MD fracture strength measurements (92.1 � 1.5 GPa)
and reinforces the observation of poor flaw tolerance in the DV2

topological reconstruction.
In a general sense, the differences observed between each of the

sampled topological point reconstructions were physically linked
to the number of deformation-accommodating bond rotations that
may be initiated within the flaw. The ability of atoms to undergo
bond rotations was found to be related to the presence of under-
coordinated atoms within the topological point reconstructions.
Under-coordination in the topological structure surrounding the
defect core permitted a less-constrained motion of atoms, which
served as a competing deformation mechanism to rapid brittle
fracture. One consequence of this observation is that, although
higher densities of defects (e.g. the SV reconstruction) may cause
weakening in pristine graphene, some configurations of these
reconstructions could hinder critical cracking and be beneficial to
material ductility. It should be noted, however, that the bond rota-
tion effects observed in this study were sensitive to loading config-
uration. MD tensile studies performed under armchair or biaxial
loadings may not engage the same deformation mechanisms as
the movement of undercoordinated atoms is more restricted under
some loading configurations. Additionally, recent MD studies have
highlighted the impact of defect density on the mechanical proper-
ties of graphene [23,49]. A detailed investigation of the interactions
of multiple defects undergoing bond rotations may therefore pro-
vide further insight into the deformation behavior of defective
graphene. In this regard, defect engineering may serve as a route
for tuning of the fracture toughness and ultimate failure strain in
graphene.

4. Conclusions

The comparative strengths of common topological point recon-
structions in graphene were examined with MD tensile simula-
tions. In order to provide a meaningful estimate of realistic
strengths at experimental loading rates and circumvent the tradi-
tional limitations on direct MD studies, strain rate effects were
considered through calculation of energy barriers resisting frac-
ture. Results indicated that, although the under-coordinated SV
and DV1 reconstructions possessed higher potential energies, they
were found to be stronger than the DV2 defect under all testing
protocols. Additionally, the DV2 structure was found to be more
sensitive to strain rate effects than the other topological recon-
structions. Defective graphene samples were observed to weaken
significantly when strength calculations were extended to experi-
mental loading rates. Analytical predictions of strength for the
topological point reconstructions at quasi-static strain rates were
found to agree well with available experimental reports. A similar
MD study with varied system temperature preserved the strength
trends established during analysis of strain rate effects. Physically,
the differences in strengths of the topological point reconstructions
were found to be a result of flaw tolerance in the underlying defect
structure. The DV2 defect was found to be very sensitive to critical
cracking, whereas the SV and DV1 reconstructions were found to
posses significant flaw tolerance. Specifically, the SV and DV1

reconstructions were observed to undergo a series of bond rota-
tions at the under-coordinated atoms prior to critical cracking,
which permitted a degree of deformation accommodation that
suppressed rapid fracture. Further investigations of the effects of
loading and defect density may provide additional insight into
the deformation behavior of defective graphene.
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