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Abstract
The extraordinary properties of graphene have made it an elite candidate for a broad range of
emerging applications since its discovery. However, the introduction of structural defects during
graphene production often compromises the theoretically predicted performance of graphene-based
technologies to a great extent. In this study, a counterintuitive defect enlargement strategy to recover
from defect-induced mechanical degradation is explored, of which the realization may lead to an
enhanced operating efficiency and manufacturing feasibility. Our molecular-dynamics simulation
results show that the enlargement of a preexisting defect to an elliptical shape can potentially recover
from the mechanical degradation that the very defect has caused. For a defective graphene sheet
having a failure strain of 48% of the pristine graphene sheet, enlarging the defect can enhance the
failure strain up to 80% of the pristine graphene sheet. The mechanism of degradation recovery lies
in a reduced change in curvature during deformation, which is further solidified by theoretical
quantification and stress-field analysis. This theory can also predict and pinpoint the location of the
initiation of the fracture—where the curvature changes most significantly during the deformation. In
addition, the influence of an elliptical defect on the mechanical properties of a graphene sheet is
systematically studied, which is not well understood today. Finally, the degradation recovery
potential of defect of various sizes is examined, showing that the initial defect that can create the
highest degree of geometric asymmetry has the best potential for degradation recovery. This study
investigates the recovery from defect-induced mechanical degradation and the influence of elliptical
defects on the mechanical properties of a graphene sheet, which widens our understanding of the
possibility of fine-tuning mechanical properties via defect engineering and has the potential to
improve materials for emerging technologies such as supercapacitor devices.
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1. Introduction

The discovery of graphene [1] has profoundly boosted the
development of scientific research and a broad range of engi-
neering applications due to its extraordinary electronic [2–4],
thermal [5, 6], and mechanical [7–11] properties. Despite being
a one-atom thick 2D material, monolayer graphene possesses an
exceptional combination of mechanical properties including an
ultrahigh Young’s modulus of ∼1 TPa [7] and an unsurpassed
intrinsic tensile strength of 130 GPa [7]. These mechanical
properties not only make graphene ideal for advanced ultra-
strong nanocomposites [12–15], but also make it an elite

candidate for cutting-edge technologies such as micro-/nano-
electromechanical systems (M-/N-EMS) [16, 17], super-
capacitor devices [18, 19], stretchable electronics [20, 21],
among others. The superlative mechanical properties of gra-
phene and the rapid development of experimental and numer-
ical approaches have given rise to the advances in graphene
mechanics [15, 22–25]. For example, scientific communities are
becoming more and more interested and knowledgeable in the
3D behavior of the 2D material. Due to the atomic-thin nature,
graphene possesses an ultra-low bending rigidity, which enables
a vast tuning space of out-of-plane behavior such as rippling
[26–28] and 3D folding [29–31].
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Another area of interest is the mechanics of defective
graphene. During the graphene production processes such as
mechanical exfoliation [32, 33] and chemical vapor deposition
(CVD) [34, 35], it is not uncommon that a variety of structural
defects can be introduced including point defects, dislocations,
and grain boundaries, which strongly affect the electronic,
thermal, and mechanical properties of graphene. Also, the
mobile nature of defects profoundly enriches the roles that these
defects can play. Defect behavior in graphene has received great
attention in the recent years [24]. The influences of vacancies,
charged impurities, and local distortions on the electronic
properties of mechanically strained graphene sheets have been
systematically discussed by researchers, showing that electronic
properties such as the electronic density of states are highly
sensitive to (and therefore tunable by) these defects [36–38]. A
recent study proposed a concept of graphene straintronics to
induce a large electronic bandgap by tensile and shear strains,
which may contribute to a sizeable and robust electronic energy
gap in nanoelectronic devices [39]. On many occasions, the
realization of the full potential of graphene requires it to be in a
state that is defect-free or defect-scarce. It is because the pre-
sence of defects can compromise the theoretically predicted or
lab-measured properties to a great extent, resulting in the
deteriorated operating efficiency of graphene-based applica-
tions. A few theoretical and numerical endeavors have explored
the influence of defects on the mechanical properties of gra-
phene, showing that strength and stiffness losses are generally
proportional to the defect size and concentration, and are also
affected by temperature and chirality [40–43]. Zandiatashbar
et al studied the effect of various types of defects on the strength
and stiffness of graphene, showing that although the mechanical
properties of graphene can exhibit a significant drop in the
presence of vacancies, strength and stiffness show little degra-
dation when graphene bears sp3-type defects [44]. However,
these types of defects are intrinsically different from each other
and therefore have a fundamentally different impact on the
mechanical properties of graphene. Is it possible to recover from
defect-induced mechanical degradation by counterintuitively
enlarging the defect (instead of miniaturizing the defect) and
without changing the type of defect? A positive answer to this
question has at least two constructive indications. For one,
degradation recovery by enlarging the defect reduces the
number of atoms in the system while improving the perfor-
mance, which tremendously enhances the efficiency as a result.
For another, enlarging the defect does not involve switching the
type of defect and removes material instead of adding to the
material, which makes it possible to modify the defective gra-
phene as it is rather than remaking graphene from scratch again.

In this study, the possibility of recovering from defect-
induced mechanical degradation by enlarging the defect is
explored via molecular dynamics (MD) simulations. Graphene
sheets centered on a circular defect of variable radius are used as
the initial defective graphene sheets. Enlargement modifications
are made onto the preexisting circular defect aiming to achieve
degradation recovery. Mechanical properties of interest include
failure stress, failure strain, and mode of fracture initiation.
These properties of initial defective graphene sheets and various
modified graphene sheets are calculated and compared against a

pristine graphene sheet to evaluate the recovery effect. Defor-
mation characteristics of effective recovery are examined to
shed light on the counterintuitive recovery mechanism. The
influence of elliptical defects on the mechanical properties of
graphene sheets is systematically studied, which has not been
adequately discussed in the literature thus far. Finally, the
degradation recovery potential with respect to various defect
sizes is discussed to obtain an estimation of expected recovery
given the information of preexisting defects. The investigation
of mechanical degradation recovery by counterintuitive defect
enlargement may open up new defect engineering possibilities
to improve the performance and manufacturing feasibility of 2D
material-based nanotechnologies.

2. System description and MD simulation setup

Because in real-world applications graphene-based materials
may be subject to mechanical loadings in random directions,
when studying in-plane mechanical properties of graphene, it is
crucial to take into account both the zigzag and armchair
directions based on which random loadings can be decomposed.
To this end, the square-shaped monolayer graphene sheet is
chosen to study for comparison between the two orthogonal
directions. A schematic of the pristine graphene sheet is provided
in figure 1(a) with tensile loading directions being illustrated.
The graphene sheet has a side length of L 110 Å and consists of
4966 atoms when no defect is present. It has been shown that
when the diagonal length of graphene sheet is over 5 nm, the
size effect of the model size can be largely neglected [45]. The
length of covalent C–C bond in the initial configuration is
1.421 Å. Based on a deformation-control manner, in-plane ten-
sile loading is applied by assigning displacement at a constant
speed to a 3 Å wide stripe at one end (shaded area in
figure 1(a)), while a 3 Å wide stripe at the other end is held
immobile in all three dimensions. A strain rate of -10 s9 1 is used
in all loading scenarios [45]. The defects studied in this paper are
circular and elliptical porous defects representing vacancy clus-
ters of various sizes and shapes. To simplify the problem, defects
are located at the center of the graphene sheet. Graphene sheets
with a centered elliptical defect of various sizes and shapes are
shown in figure 1(b), parametrized by the length of semi-axis in
the zigzag direction a and the length of the semi-axis in armchair
direction b. As a special case, the elliptical defect degenerates to
a circular defect when = =a b R, where R is the defect radius.

MD simulations are conducted using the open-source MD
package LAMMPS (Large-scale Atomic/Molecular Massively
Parallel Simulator) [46]. To capture the bond-breaking and
reforming behaviors that play a pivotal role in the material
failure process, an Adaptive Intermolecular Reactive Empirical
Bond Order (AIREBO) potential [47] is used to compute the
interactions between pairs of carbon atoms. Consisting of a
REBO term to model short-ranged interaction and a Lennard-
Jones (LJ) term to model long-ranged interaction, the AIREBO
potential can be formulated as

åå= +
¹

E E E
1

2
1

i j i
ij ij
REBO LJ( ) ( )

2
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where E is the total potential energy contributed by all atomic
interactions, and E ,ij

REBO Eij
LJ represent the REBO potential and

the LJ potential between atoms i and j, respectively. The REBO
term has two cutoff distances in the switching function that
controls the bond-breaking behavior, which are1.7 Å and 2.0 Å,
respectively, by default [47]. Here, the smaller cutoff distance is

changed to 1.92 Å to simulate the mechanical behavior of gra-
phene more accurately with benchmarking density functional
theory calculations, a modification which has been used and
validated by many previous studies [48–51]. The cutoff distance
of the long-ranged LJ term is set to 6.8 Å. The integration time
step is set as 1 fs. Periodic boundary conditions are used in two
in-plane dimensions and a fixed boundary condition is applied to
the perpendicular out-of-plane dimension. An ensemble of ran-
dom velocity corresponding to the temperature =T 300 K is
firstly generated throughout the system. Then an equilibrium is
realized by running a simulation in the isothermal-isobaric (NPT,
where the number (N) of particles, system pressure (P) and
temperature (T) are maintained as constants) ensemble with a
Nose–Hoover thermostat [52] at the same temperature for 50 ps,
where the maximum out-of-plane fluctuation is ∼2Å. The
loading scenario is simulated in the canonical (NVT, where the
number (N) of particles, system volume (V) and temperature
(T) are maintained as constants) ensemble at =T 300 K. The
method of stress calculation is described below. The stress tensor
aSij for atom α is firstly calculated by the following equation:

å= +a a a a

b
ab ab

=

S m v v r f
1

2
2ij i j

n
j i

1

( )

where i and j take on x, y, or z to generate the six components of
the symmetric tensor; am and av are the mass and velocity of
atom a; abr and abf are the distance and force between atoms a
and b. After the calculation of stress tensor on each individual
atom, the equivalent stress s of a graphene sheet is calculated
based on von Mises stress

where

ås =
g

g

=V
S

1
ij

n

ij
0 1

where =V L t0
2

e is the initial volume, and =t 3.35 Åe is the
equivalent thickness of monolayer graphene [53].

3. Results and discussion

Firstly, MD simulations are conducted to investigate the
mechanical properties of the following graphene sheets in the
zigzag direction as a set of demonstrative examples: (a) pristine
graphene sheet as a benchmark, (b) graphene sheet with a
circular defect with a radius =R L0.1 as a representative
defective graphene sheet, and (c) graphene sheet with an
elliptical defect with a parameter pair =a b L L, 0.45 , 0.1( ) ( )
representing an enlarged circular defect in the zigzag direction
only with the purpose of degradation recovery. The vacancy
concentration of the representative defective graphene with a
circular defect is∼3%, which closely resembles graphene in an
experimental setting [54], as well as other simulation studies
[41, 55]. Here, the mechanical properties of interest are failure

Figure 1. Schematic of pristine and defective graphene sheets used for MD simulation. (a) Square pristine graphene sheet and illustration of
tensile loading directions. Arrows with ‘Z’ and ‘A’ represent tensile loading in the zigzag and armchair directions, respectively. (b) Square
graphene sheets with an elliptical defect of various sizes and shapes.

s s s s s s s s s s= - + - + - + + +
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stress, failure strain, and mode of fracture initiation. The cal-
culated stress–strain curves of the above three graphene sheets
subject to loading in the zigzag direction are presented in
figure 2(a). Comparing a graphene sheet with a circular defect
with a pristine graphene sheet, failure stress and failure strain
are lowered, suggesting mechanical degradation. However, a
graphene sheet with an elliptical defect, despite bearing a larger
defect compared to the circular defect, possesses a much higher
failure stress and failure strain, suggesting a profound recovery
effect. The mechanical properties of the above three graphene
sheets are summarized below. Failure stress can be recovered
from 56.4%–73.6% σP and failure strain can be recovered from
47.9%–79.3% εP, where s = 134.6 GPaP and e = 0.235P are
the failure stress and failure strain of a pristine graphene sheet,
respectively. The modes of fracture initiation of the three
graphene sheets are provided in figure 2(b). For a pristine
graphene sheet, fracture initiates at the edge close to the loaded
region; for a graphene sheet with circular defects, fracture
occurs in the middle part of the arc; for graphene with elliptical
defects, fracture initiates from along the arc close to the vertex
of the defect where the most dramatic change in curvature
happens during the deformation process. These differences in
failure mode may provide valuable insights into the mech-
anism of degradation recovery.

To cast light on the mechanism of the degradation recovery
via counterintuitive defect enlargement, the maximum defor-
mation before the fracture is examined. To this end, morphol-
ogies of the surrounding areas of circular with a radius

=R L0.1 and elliptical defects with =a b L L, 0.45 , 0.1( ) ( )
right before failure are shown in figure 3(a) to present the
maximum deformation with the red arcs representing the defect
rims in unloaded conditions. As can be observed, graphene with
a circular defect, though having a lower failure strain, shows a

much more drastic deformation at the defect rim compared to
graphene with an elliptical defect before the onset of fracture,
which can be characterized by a change in curvature on the
defect rim. It is hypothesized that enlarging the circular defect to
an elliptical shape reduces the change in curvature when the
graphene sheet is loaded to a certain amount of strain, which
leads to a mediated deformation process and a postponed onset
of fracture, and ultimately results in enhanced failure strain. In
addition, failure initiates from the point on the defect rim having
the maximum change in curvature. To test the hypothesis
quantitatively, the curvature at any given stretching strain is
formulated as follows. The lengths of both semi-axes of the
elliptical defect are subject to change as the graphene sheet is
stretched, which can be expressed as e e= +a a 10( ) ( ) and
e ne= -b b 1 .0( ) ( ) Here, a0 and b0 are the prescribed lengths

of the semi-axes of the elliptical defect in the zigzag and arm-
chair directions in the unloaded graphene. n is defined as the
ratio of the amount of shrinkage of the elliptical defect trans-
versely to the loading to the amount of lengthening in the
loading direction, similar to the concept of Poisson’s ratio. n is
assumed to be independent of strain e and ranges from 0–1. The
curvature k at a certain point on the defect rim a t b tcos , sin( )
at any moment during the loading process can be expressed as

k e e e
e ne e

ne

= +

= + - +

´ + -

-

-

t a b a t b t

a b a

t b t

, sin cos

1 1 1

sin 1 cos . 4

2 2 2 2

0 0 0
2 2

2
0
2 2 2

3
2

3
2

( ) ( ) ( )( )
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The curvature on defect rim in the unloaded state k0 can be
expressed as

k = + -t a b a t b tsin cos . 50 0 0 0
2 2

0
2 2 3

2( ) ( ) ( )

Figure 2.Demonstration of degradation recovery by enlarging the preexisting defect to an elliptical shape. (a) Calculated stress–strain curves,
and (b) unloaded and failure morphologies of a pristine graphene sheet, graphene sheet with a circular defect, and graphene sheet with an
elliptical defect for degradation recovery.
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Note that the tear-like deformation that results in the failure
around the defect in fact corresponds to a decrease in curvature.
Therefore, we inverse the sign of the change in curvature to be

k e k e k

e ne

e ne

D = - - =

+ - + -

´ + + -

-

-

t t t a b a t

b t

a t b t

, , sin

cos 1 1

1 sin 1 cos .
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We use the approximation ne- »1 1. Now equation (6)
becomes
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Because of the symmetry of the defect geometry, only the
range p t0 2/ is considered. For the circular and elliptical
defects in figure 3(a), results based on equation (7) can not only
demonstrate the reduction of the maximum change in curvature
by the defect enlargement, but it can also predict and pinpoint
the location of the onset of failure in both cases. Plugging in
equation (7) = =a b L0.10 0 for the circular defect and

=a L0.45 ,0 =b L0.10 for the elliptical defect and set the
stretching strain e = 0.1, the change in curvature at any point
on the rim of the defect can be obtained, as is shown in
figure 3(b). For the circular defect, the maximum change in

curvature occurs at the vertex on the semi-axis transverse to the
loading ( p=t 2/ ), while for the elliptical defect, the location of
the maximum change in curvature moves toward the vertex
perpendicular to the loading ( p= ´t 0.17 2/ ). These pre-
dicted locations are in good agreement with the initiation of
failure presented in figure 2(b). Additionally, the maximum
change in curvature is substantially lowered by expanding the
circular defect to an elliptical shape. The curves shown in
figure 3(b) also capture the portion of the defect rim that
exhibits tear-like deformation ( kD > 0), the portion that
exhibits contraction-like deformation ( kD < 0), and the point
on the rim not subject to any change in curvature ( kD = 0).

To further validate the proposed degradation recovery
mechanism based on the change in curvature, a graphene
sheet with a rectangular defect of the same dimensions in the
zigzag and armchair directions as the elliptical defect is
simulated. A rectangular defect produces an even smaller
change in curvature compared to an elliptical defect and
should therefore have higher failure strain. Figure 3(c) pre-
sents the stress–stress curves of graphene sheets with an
elliptical and rectangular defect, which confirms the hypoth-
esis by showing that the graphene sheet with a rectangular
defect has a higher failure stress and strain. It is also note-
worthy in figure 3(d) that for a graphene sheet with a rec-
tangular defect, fracture initiates at one of the vertices where
the curvature changes more significantly than at any other

Figure 3. Illustration of proposed recovery mechanism and its validation. (a) Morphologies of surrounding areas of circular and elliptical
defects right before fracture. Red arcs show the defect rims before the loading. (b) Change in curvature at any point on the rim of the circular
and the elliptical defect, where the arrows point to the maximum changes in curvature in the two cases. (c) Stress–strain curves of graphene
sheets with the elliptical defect and the rectangular defect of the same dimensions in the zigzag and armchair directions. (d) Mode of fracture
initiation of graphene sheets with the rectangular defect.
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point along the defect, which again supports the proposed
mechanism. This observation also adequately explains the
fracture initiation mode of a pristine graphene sheet: fracture
initiates at the edge close to the loaded region where the
curvature changes fastest. To further solidify the proposed
theory related to the change in curvature, stress distributions
during the failure process of pristine graphene sheet, graphene
sheets with circular and elliptical defects are supplemented, as
is shown in figure 4. To illustrate the stress concentration
more clearly, stress that is over 80% of the maximum stress
smax of the individual case is colored red. As can be seen, for
graphene with a circular defect, stress over s0.8 max is dis-
tributed in a more localized fashion compared to graphene
with an elliptical defect. This phenomenon indicates that the
latter utilizes a graphene sheet in a more efficient way where
atoms are better involved in the deformation during the
loading process, thus having a higher failure stress and strain.
Furthermore, it is notable that fracture initiates in the area
with high stress which is also associated with the maximum
change in curvature on the defect rim. Hence, this observation
is consistent with and solidifies the proposed mechanism.

Following the demonstration and reasoning of the
degradation recovery capability by forming an enlarged
elliptical defect, the influences of how long the defect is
lengthened in the examined direction and the possible dif-
ference between the examined directions are discussed. In the
discussion below, defects are lengthened in either the zigzag

or armchair direction starting from a centered circular defect
with a radius =R L0.1 . Figures 5(a) and (b) show the failure
stress when the defect is lengthened in the examined direction
with the perpendicular dimension fixed. As can be seen, both
failure stress and failure strain are enhanced as the length of
the elliptical defect in the examined direction increases, and
no fundamental difference is shown when the zigzag or
armchair direction is examined. The stable growth can be
associated with the proposed recovery mechanism, where the
change in curvature is gradually reduced as the dimension of
the defect in the examined direction increases. Because gra-
phene is an intrinsically anisotropic material, it is interesting
to look at the influence of 1D lengthening on the mechanical
anisotropy of a graphene sheet by examining mechanical
properties in the zigzag and armchair directions at the same
time. A 2D e eln F,Z F,A( )/ -versus- s sln F,Z F,A( )/ anisotropy
graph is proposed to quantify the anisotropic property of the
graphene sheet with respect to both failure stress and failure
strain. The evolutionary paths in figure 5(c) show that the
mechanical anisotropy of graphene sheets can be concretely
intensified going from a circular to an elliptical defect in both
the zigzag and armchair directions.

Having investigated the effect of 1D lengthening of a
circular defect to an elliptical defect, the influence of size and
shape of elliptical defect on the mechanical properties of
graphene sheet are systematically discussed with 2D variable
parameter pair a b, .( ) Simulation results of ´ ´ =8 8 2 128

Figure 4. Stress distributions during the failure process of pristine graphene sheets and graphene sheets with circular and elliptical defects. To
illustrate the stress concentration more clearly, stress that is over 80% of the maximum stress smax of the individual case is colored red.
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instances of graphene sheets with elliptical defect in the
zigzag and armchair directions are conducted, where a L,/
b L/ Î 0.10, 0.15, , 0.45 .[ ] Figures 6(a) and (b) show the
influence of size and shape on failure stress in the zigzag and
armchair directions, and figures 6(c) and (d) show the influ-
ence on failure strain. The recovering effect and the weak-
ening effect of the defect dimension perpendicular to the
examined direction are illustrated with green and blue arrows
pointing to the direction of greater intensity. White lines
represent circular defects where =a b, of which the failure
stress and strain as a function of defect radius R are presented
in figures 6(e) and (f). Observations and corresponding con-
clusions based on these figures are provided as below.

i. In the zigzag direction, the maximum failure stress and
strain are achieved when the zigzag dimension a is large
and the armchair dimension b is small, while in the
armchair direction, failure stress and strain reach their
maximum in concord when the armchair dimension b is
large and the zigzag dimension a is small. Therefore,
for a graphene sheet with ellipse-shaped vacancy defect

cluster, the defective graphene sheet obtains its best
mechanical properties when the elliptical defect has a
long axis in the examined direction while having a short
axis perpendicular to the examined direction. This result
goes against the intuition that a smaller defect produces
higher strength and ductility.

ii. Although an elliptical defect with a long axis in the
examined direction and a short axis in the perpendicular
direction strengthens the examined direction best, this
configuration weakens the unexamined direction and
intensifies the mechanical anisotropy most, corresp-
onding to the discussion in figure 5(c).

iii. According to the parametric results of a circular defect
in figures 6(e) and (f), as the radius of the circular defect
increases, failure stresses in both directions decrease
monotonously, while failure strains change insignif-
icantly. In addition, no recovering effect is observed
with the defect being enlarged. Hence, it can be
concluded that the recovery effect of elliptical defects
is contributed by the geometric asymmetry of defect
clusters. Furthermore, this result strengthens the theory

Figure 5. The influence of 1D lengthening of a circular defect on the mechanical properties of graphene sheet. (a) Failure stress and (b) failure
strain of graphene sheet with a defect of increasingly lengthened dimension parallel to the loading and unchanged dimension in the
perpendicular direction. The failure stress and strain of a pristine graphene sheet are added on the figures for comparison, as are marked with
dashed-horizontal lines and the letter ‘P’. (c) Evolutionary path of data points on the 2D anisotropy graph as the axis of the elliptical defect in
the examined direction is lengthened, while the axis perpendicular to the examined direction is fixed.
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of change in curvature because enlarging the circular
defect does not change the curvature therefore no early
or postponed fracture initiation is caused. This suggests
a new design strategy of decoupling failure stress and
failure strain.

Having systematically studied the influence of size and
shape of an elliptical defect as well as the degenerated sce-
nario of a circular defect, the potential of recovery from
defect-induced mechanical degradation by circular defects of
various sizes is discussed. The failure strains of pristine

Figure 6. The influence of size and shape of an elliptical defect on the mechanical properties of graphene sheet. Failure stress maps of
graphene sheet with elliptical defects of various sizes and shapes in the (a) zigzag and (b) armchair directions. Failure strain maps of a
graphene sheet with elliptical defects of various sizes and shapes in the (c) zigzag and (d) armchair directions. Recovering effect and the
weakening effect of the defect dimension perpendicular to the examined direction are illustrated with green and blue arrows pointing to the
direction of greater intensity. White lines represent circular defects. The influence of circular defects on (e) failure stress and (f) failure strain
of graphene sheet. The failure stresses and strains of pristine graphene sheet are added on the figures for comparison, as are marked with
dashed-horizontal lines and the letter ‘P’.
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graphene in the zigzag and armchair directions are used as a
benchmark to normalize the failure strains of circular and
elliptical defects. An evaluation of the recovery potential of
failure stress and strain with a variable radius of circular
defects is provided in figure 7, where in the examined direction
the axis is lengthened to ´ L2 0.45 . It is observed that the
recovery potential decreases as the circular defect becomes
larger and that the recovery effect is in general closed when the
diameter reaches L0.4 . This phenomenon can be explained by
the fact that the maximum geometric asymmetry of the defect
is reduced by the size of the defect. Comparing the results in
figure 7, failure strain has a higher recovery capability than
failure stress and the effect on the zigzag and armchair direc-
tions are similar. To investigate the opening of a recovery
effect, we create the smallest vacancy in graphene by removing
one atom at the center and also create a line defect with a
length of L0.5 extended from the one-atom vacancy. Figure 8
shows that the 1D enlargement of the one-atom vacancy
exhibits a recovery effect, suggesting that there appears to be
no threshold for opening a recovery effect.

To address the issue of strengthening one direction at the
expense of weakening the other, the prescribed circular defect
is expanded to a square shape to pursue enhanced mechanical

performance in both the zigzag and armchair directions. The
diameter of the circular defect and the side length of the
square defect are both chosen as L0.15 . Stress–strain relations
of the above defective graphene in two directions are pre-
sented in figure 9. As is shown, by expanding the circular
defect to the smallest square defect, the mechanical properties
in both directions can be enhanced.

4. Concluding remarks

In this paper, the possibility of recovering from defect-
induced mechanical degradation by enlarging the defect is
explored via MD simulation. It is shown that the enlargement
of the preexisting defect to an elliptical shape has a coun-
terintuitive potential to recover from the mechanical degra-
dation that the very defect has caused. The significance of this
finding has two main implications. Firstly, degradation
recovery by enlarging the defect reduces the atoms of the
system while improving the performances, which tre-
mendously enhances the efficiency. Secondly, enlarging the
defect does not involve switching the type of defect and
removes material instead of adding, thus increasing the

Figure 7. Evaluation of recovery potential with respect to variable size of a circular defect. Failure stress in the (a) zigzag and (b) armchair
directions. Failure strain in the (c) zigzag and (d) armchair directions.
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Figure 8. Graphene sheets containing one-atom vacancy and its corresponding line defect. Geometries of graphene with (a) the one-atom
vacancy and (b) the line defect. (c) Stress–strain relations of above two defective graphene sheets.

Figure 9. Stress–strain relations of graphene with a circular defect (diameter=0.15L) and graphene with a square defect (side
length=0.15L) in the (a) zigzag and (b) armchair directions.
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feasibility of modifying and enhancing the defective graphene
as it is. The mechanism of degradation recovery lies in a
reduced change in curvature during deformation, which is
further solidified by theoretical quantification and stress-field
analysis. This theory can also predict and pinpoint the loca-
tion of the initiation of the fracture—where the curvature
changes most significantly during the deformation. In addi-
tion, the influence of an elliptical defect on the mechanical
properties of a graphene sheet is systematically studied.
Finally, the degradation recovery potential of defects of var-
ious sizes is examined, showing that the initial defect that can
create the highest degree of geometric asymmetry has the best
potential for degradation recovery. This research, which
investigates the recovery from defect-induced mechanical
degradation and the influence of elliptical defect on the in-
plane mechanical properties of a graphene sheet, sheds light
on the new possibility of fine-tuning mechanical properties
via defect engineering. The potential of mechanical degra-
dation recovery via defect enlargement for other 2D materials
as well as the recovery of out-of-plane mechanical properties
will be covered in future work.
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