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a b s t r a c t

Molecular Dynamics simulations revealed the phenomena of self healing of cracks which were generated
in graphene on application of tensile load exceeding its ultimate tensile strength. The phenomenon of self
healing was observed when the system was studied at a very slow rate of 0.05 ps. Cracks initiated in the
graphene sheet was allowed to propagate till it reached a critical length following which the load was
removed and the sheet was relaxed. The study revealed that self healing of cracks took place within a crit-
ical crack opening displacement range of 0.3–0.5 nm in absence of any external stimulus. However, the
self healing phenomenon was found to be independent of crack length. This self healing phenomenon
occurred not only in pristine graphene sheet, but also in presence of pre-existing vacancies. The mecha-
nism of self healing has been explained by detailed bond length/angle distribution analysis.

� 2015 Published by Elsevier B.V.

1. Introduction

The exceptional band structure of graphene bestows it with
extraordinary electrical transport properties, owing to which it is
believed to be an immensely potential candidate for next generation
electronics [1–9]. Unlike two-dimensional electron layers in semi-
conductors,where the charge carriers become immobile at lowden-
sities, the carrier mobility in graphene can remain high, even when
their density vanishes at the Dirac point [10]. The ultra-high mobil-
ity and large saturation velocity of graphene makes it a promising
candidate for low power consumption and high speed electronics
[11–14]. However, one of themajor challenges in application of gra-
phene for low power electronics is imposed by the presence of
defects in graphene fabricated real time such as cracks, vacancies
and Stone–Wales defects [15–17]. Defects in graphene, especially
cracks have shown to affect both themechanical and electrical prop-
erties of graphene significantly [18]. This has led to numerous stud-
ies on understanding the fracture behaviour of graphene [19–24].
The fracture toughness of graphene as reported by several research-
ers both from experimental and theoretical studies is found to be as
low as 4.0 ± 0.6 MPa
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[24] and hence forms a critical hurdle in its
all-round application. In this regard self healing of defects in gra-
phene holds great significance and thus has received lot of attention
by the researchers [25–32].

Formerly, it has been reported both from experimental studies
and also by Molecular Dynamics simulations that graphene can

heal its vacancy defects and other topological defects with the
aid of metal doping [25–32]. However ‘self healing of cracks’ has
not been reported till date to the best of the authors’ knowledge
perhaps because the healing of crack takes place so fast (�few pico
seconds) that it cannot be captured even by the high-end micro-
scopes. We hereby report for the first time the phenomenon of self
healing of cracks in graphene without the presence of any external
stimulus at room temperature.

The convention used in the present study for direction of gra-
phene sheet is shown in Fig. 1(A). Longitudinal mode (LM): tensile
load is parallel to C–C bond direction. Transverse mode (TM): load
is normal to C–C bond direction. Fig. 1(B) shows a typical crack in
graphene sheet with crack length and crack opening displacement
labeled.

The cracks in graphene sheet can be referred to as cracks which
have been generated in the graphene sheet during application of
tensile load. In our study, self-healing phenomenon has been
reported for cracks. Moreover, self healing phenomenon has been
found to hold true even in presence of defects like single vacancy
in the graphene sheet. The cracks which propagated throughout
the width of the graphene sheet also healed once the load was
relaxed.

2. Methods

2.1. Atomistic modelling

The MD simulations in the present study were performed using
LAMMPS [33] (Large-scale Atomic/Molecular Massively parallel
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simulator). We used AIREBO (Adaptive inter-molecular reactive
Bond order potential) to define force field to our simulation model
which originated from Tersoff–Berner potential, which defines
bond–bond interactions, bond breaking, bond reforming, inter
molecular interactions between non-bonded atoms, as well as tor-
sion angles formed by the sequence of three bonds [34,35]. In order
to limit the many body bond-order potential to nearest neighbour
interactions, a cut-off function was used. In fracture studies, this
plays a crucial role, inducing high bond order forces resulting in
deviation from physical behaviour. In the present study, we had
set the cut-off to 2 Å, eliminating non-physical ductile behaviour
in stretching process and to get accurate fracture behaviour.

We implemented quantized fracture mechanics (QFM) modified
Griffith’s model. Based on QFM modelling, the fracture strength is
largely related to crack tip radius and crack length and is accurate
in studying fracture behaviour, previously proved by [36,37]. The
quantised fracture strength is given by the following equation:

rf ðl;qÞ ¼ rc
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where rc is fracture strength of pristine sheet, q is crack tip radius, l
is crack length, L0 is minimum propagation distance of the crack.
The simulations were performed on (5 � 5 nm) graphene sheet
which contained 1008 carbon atoms with PBC boundary conditions
in two in-plane directions and a vacuum space of 100 nm was
considered alongz-direction to avoid edge effects. All simulations
were performed at 300 K room temperature by Nose–Hoover ther-
mostat. The Velocity-Verlet time integrating scheme was applied
with a time step of 0.0005 ps and held at equilibrium for 30 ps.
After equilibrium was attained, tensile test had been carried out
by deformation control method by applying strain loading with
an increment of 0.001/ps till the ultimate tensile strength of the
material was reached. In order to study self-healing phenomenon,
all the forces acting on the deformed graphene sheet were removed
and the sheet was allowed to relax for a period of 150 ps.

3. Results

We performed Molecular Dynamics simulations for the
mechanical properties of defect free graphene assuming it’s thick-
ness to be 3.4 Å [38]. Nominal fracture strengths are identified as
89 GPa at 0.14 and 105 GPa at 0.215 fracture strain, respectively
for longitudinal mode and transverse mode, which is exactly at

par with previous studies and in agreement with experimental
results [38–42] thereby validating the accuracy of our model.

In order to study the self-healing of cracks in graphene sheet
(5 � 5 nm) we have classified this present work into four different
categories i.e. (a) pristine condition, longitudinal loading direction,
(b) pristine condition, transverse loading direction and (c) presence
of single vacancy defect, longitudinal loading direction [43,44]. The
simulations have been carried out at constant room temperature
T = 300 K, in the canonical ensemble (NVT), where amount of
substance (N), volume (V) and temperature (T). To reach the
equilibrium thermodynamic state at this constant temperature,
the Nose–Hoover thermostat with Velocity-Verlet integration
algorithm is also implemented. Applying this thermostat method
produces lesser instabilities in the system throughout the temper-
ature stabilization process. Periodic Boundary Conditions are
imposed on the system and allowed to relax for a period of
30 ps. The cracks are formed and are propagated in the pristine
sheets by uniaxial loading with constant strain rate of 0.001/ps
after reaching the ultimate tensile strength.

Once the graphene sheet completely fails it is then relaxed for a
period 30 ps by removing all forces acting on it at room tempera-
ture. The simulation as listed above were repeated for different
crack lengths and crack opening displacements in order to deter-
mine the critical value in each case and it was observed that when
the crack opening displacement is within a range of 0.3–0.5 nm,
the cracks heals thyself. The results obtained in each case are
detailed as follows.

The phenomenon of self healing of cracks in graphene was ver-
ified in both pristine and defected graphene sheet. Fig. 2A–D shows
the different stages of self healing for pristine sheet in longitudinal
mode. Bond angle and bond length distribution analysis was done
to get a clear picture in each case at different stages of the self heal-
ing phenomenon represented in Fig. 2E–L. Self-healing of cracks
was also observed for pristine sheet under transverse mode of
loading and the different stages of self healing is shown in
Fig. 3A–D. The bond angle and bond length distribution analysis
for this case is given in Fig. 3E–L.

In the third case, a graphene sheet containing a vacancy had
been used as a starting material and tensile load was applied to
the sheet. Once the ultimate tensile strength of the material was
exceeded, the cracks nucleated in the region of the vacancy and
extended throughout the sheet as shown in Fig. 4A–E. Once the
load was relaxed, the cracks were found to heal in 5.6 ps and
only the vacancy defect created initially remained as unaltered.
This is due to the fact that the vacancy defect was created by

Fig. 1. (A) Conventions used for loading of graphene sheet and bond length bond angle for pristine sheet. (B) Crack length and crack opening displacement.
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deleting atoms in the graphene sheet. Moreover, the canonical
ensemble did not contain any extra atoms which could fill in
the vacancy.

It was further observed that in some cases, the healed sheet of
graphene contained some Stone Wales defect formed as a result of

the atomic rearrangement occurring during the healing stage. The
healed sheet of graphene containing Stone Wales defect is shown
in Fig. 5. Fig. 5A shows the resultant sheet for the case of pristine
sheet loaded longitudinally and Fig. 5B showed the resultant sheet
for the case of graphene sheet focused near a vacancy defect.

Fig. 2. (A–D) Shows the different stages of self-healing for pristine sheet in longitudinal mode. (E–H) Bond length distribution analysis for different stages of self-healing for
pristine sheet in longitudinal mode. (I–L) Bond angle distribution analysis for different stages of self-healing for pristine sheet in longitudinal mode.
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4. Discussion

4.1. Understanding the phenomenon of self-healing of cracks in

graphene

In case of pristine graphene sheet loaded in longitudinal direc-
tion at relaxation time t = 0 ps (Fig. 2A) i.e. at the point of removal

of loads and relaxation of the sheet, it was perceived that 91% of
the bond lengths were found to be elongated in the range of
1.43–1.78 Å and 51% of bond angles were in the range of 130–
180�, as compared to the bond length of 1.42 Å and bond angle
of 120� of pristine graphene. The scattering of bonds length/angles
at different stages of self healing has been shown in Fig. 2E–L. At
around t = 0.05 ps after relaxation, 74% of the bond lengths were

Fig. 3. (A–D) Shows the different stages of self-healing for pristine sheet in transverse mode. (E–H) Bond length distribution analysis for different stages of self-healing for
pristine sheet in transverse mode. (I–L) Bond angle distribution analysis for different stages of self-healing for pristine sheet in transverse mode.
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reduced to the range of 1.3–1.4 Å and 66% of angles reduced to the
range of 70–110�.

Hence once the tensile stresses were removed, the graphene
sheet contracted by virtue of its elastic behaviour [45,46] and the
C atoms moved closer to each other. Hexagonal rings of C atom
were distorted as evident by the reduction in the bond angle. At
t = 0.1 ps, 19% of the bond lengths were back in the range of
1.43–1.48 Å and 34% of angles were in the range of 120–130� indi-
cating a relaxation from the stage of compression. In this stage the
re-bonding of the dangling bonds was observed resulting in the
formation of pentagonal defects. These defects then coalesced
forming longer C chains in 0.05 ps, and the original hexagonal ring
structure of carbon atoms as present in pristine sheet was obtained
after 0.2 ps. This finally led to selfhealing of crack in graphene
sheet. However the rearrangement of atomic bonds continued in
the graphene sheet leading to the formation of Stone Wales defects
in the sheet (Fig. 5) as observed after t = 0.75 ps. In order to confirm
healing occurred in the pristine graphene sheet, tensile testing of
the healed graphene sheet was carried on, and the fracture
strength observed was 75 GPa i.e. about 16% less as compared to
the pristine graphene sheet. The reduction in the value of fracture
stress is owing to the formation of StoneWales defect in the healed
sheet. This proves that the graphene sheet can be reused repeti-
tively but with certain degradation in the quality of the sheet.

The bond angle/length distribution analysis for transverse mode
of loading also showed similar behaviour wherein the sheet got
compressed initially on releasing load and then self-healing of
crack took place. Finally the atomic rearrangements in the gra-
phene sheet lead to the formation of Stone Wales defect on reach-
ing the equilibrium state. In this case approximately 90% of the
bond length were elongated in the range of 1.43–1.78 Å and bond

angles were stretched almost 35% between 120� and 180� leading
to the cracked structure shown in Fig. 3E–L. At final stage, within
nearly a time period 0.25 ps all the crack were healed (Fig. 3D) with
almost 21% of the bond lengths in the range of 1.43–1.48 Å and 30%
bond angles between 120� and 130�.

4.2. Effect of pre-existing vacancy on self-healing of cracks

The case of graphene sheet containing single vacancy defect is
shown in Fig. 4. The cracks nucleated from the region of the
pre-existing defect on application of tensile loading. On relieving
the load, the cracks were found to self-heal with time in a similar
way as discussed above for the case of pristine sheet of graphene.
However, the time taken to heal the crack is more in case of a
pre-existing defect than in case of a pristine sheet.

4.3. Critical crack opening displacement

In all of the cases discussed above, the study was repeated with
different values of crack length and crack opening displacement so
as to arrive at the critical crack length and crack opening displace-
ment required for self healing to occur. The results indicated that
the phenomenon of self-healing was independent of the length of
the crack hence cracks of any length would be healed once the load
is relaxed and thus defining critical crack length is not needed.
However, the critical crack opening displacement was found to
0.3–0.5 nm i.e. the distance between the crack surfaces should be
within 0.5 nm for the cracks to be healed. If the crack opening dis-
placement exceeded 0.5 nm, self healing of the cracks would not
take place.

Fig. 4. (A–E) Different stages of self-healing for graphene sheet with single vacancy defect in longitudinal mode.

Fig. 5. Stone Wales defect formed in the healed sheet of graphene in (A) pristine sheet and (B) in surroundings of a vacancy defect.
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5. Conclusion

Molecular Dynamics simulation was carried on to study
self-healing of cracks in graphene in pristine condition and in pres-
ence of pre-existing vacancy defect. Detailed analyses of the defor-
mation present in the sheet were done using bond length and bond
angle distribution analysis. The findings of the study are summa-
rized as follows:

(a) Cracks nucleated in graphene sheet on application of uniax-
ial tensile load exceeding its ultimate tensile strength self-
heal on removal of all loads acting on it.

(b) The phenomenon of self-healing has been found to be inde-
pendent of crack length i.e. long cracks propagating through-
out the graphene sheet has been found to heal on relaxation
of load. Critical crack opening displacement range of 0.3–
0.5 nm needs to be met for self healing to occur. If crack
opening displacement exceeds this limit no healing is found
to occur.

(c) Bond length and bond angle distribution analysis revealed
that healing took place due to the elastic nature of graphene.

(d) The resultant sheets of graphene post self healing of cracks
were found to contain some Stone Wales defects.
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