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Abstract. Deformation and fracture processes in pre-cracked graphene sheets are examined by
molecular dynamics simulations. Thin and thick pre-existent cracks in graphene sheets are
considered which are generated through removal of one and two (neighboring) chains of carbon
atoms, respectively, from a pristine sheet. Tensile tests of graphene sheets with these cracks
oriented along zigzag directions were performed. Crack evolution/growth processes were ob-
served and described. Also, for each graphene sheet tested, we revealed stress-strain depen-
dence, maximum elastic strain, maximum plastic strain, and tensile strength.

1. INTRODUCTION

Graphene – a new 2D carbon material – exhibits
the excellent electronic, energy-storage, thermal and
mechanical properties; see, e.g., reviews [1-10]. For
example, in the experiment [11], it was shown that
pristine micron-sized graphene is characterized by
superior intrinsic strength of  130 GPa, maximum
elastic strain of 25% and huge Young modulus of
 1.0 TPa. These remarkable characteristics are of
crucial interest for structural applications of
graphene. In addition, lifetime of graphene-based
NEMS, nanoelectronic devices and sensors is criti-
cally sensitive to the mechanical properties of
graphene. Note that real free-standing graphene
sheets and graphene layers deposited on substrates
often contain defects like line grain boundaries, point
defects and cracks. Such defects can appear in
graphene during its fabrication and/or exploitation.

The presence of defects in graphene is capable of
dramatically affecting its mechanical properties;
see, e.g., [12-37]. In examinations of the effects of
defects on deformation and fracture processes in
graphene, many research efforts were focused on
the effects exerted by grain boundaries and point
defects; see, e.g., [12-29]. Besides, the mechani-
cal properties of pre-cracked graphene structures
were examined [30-36]. In doing so, the main atten-
tion has been devoted to sensitivity of their mechani-
cal characteristics to crack length, crack orienta-
tion and temperature. At the same time, in conven-
tional 3D solids containing pre-existent cracks, duc-
tility, fracture strength and toughness significantly
depends on crack thickness at its tip [38-41]. For
instance, high ductility and fracture toughness are
inherent to coarse-grained polycrystalline metals
where crack tips are effectively blunted so that crack
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growth is effectively hindered [38, 39]. In contrast,
cracks are typically sharp and thereby rapidly grow
in nanocrystalline metals [40, 41] which convention-
ally demonstrate low tensile ductility [42 - 44]. In
the context discussed, it is highly interesting to un-
derstand the role of crack thickness in crack growth
processes in graphene. The main aim of this paper
is to examine by molecular dynamics (MD) simula-
tions both deformation and crack growth processes
in pre-cracked graphene sheets with a special at-
tention being paid to the effects of crack thickness
and chirality on the mechanical characteristics
(stress-strain dependence, elastic limit, strain-to-
failure and tensile strength) exhibited by these free-
standing sheets.

2. SIMULATION METHOD

In description of deformation and fracture pro-
cesses in pre-cracked graphene sheets, we used
the Large-scale Atomic/Molecular Massively Par-
allel Simulator MD simulation package. In order to
specify interatomic bonds, the adaptive intermo-
lecular reactive bond order (AIREBO) potential [45]
is utilized. The initial simulation cell has a square-
like shape with sizes 10 nm x 10 nm and is char-
acterized by periodic boundary conditions along
directions parallel to its edges. The distance be-

tween carbon atoms in graphene in its initial state
is taken as 1.42 Å.

At the first stage of the pre-simulation proce-
dure, we created two graphene sheets each con-
taining a crack that has length of around 5 nm and
is located in the central area of the sheet. The cracks
are parallel to the crystallographic zigzag direction
of graphene hexagonal lattice (Figs. 1a and 2a), and
they are created by removal of i monatomic chains
of carbon atoms from a pristine graphene sheet,
where i = 1, 2.

At the second stage of the pre-simulation pro-
cedure, the initial pre-cracked graphene sheets were
relaxed through simulations involving 1,000,000
iteration steps in Nose-Hoover thermostat at room
temperature (300 K). As a result of the relaxation
procedure, the this crack specified by i = 1 trans-
forms into a chain of 8-disclinations (8-membered
rings of carbon atoms) terminated by 5-disclinations
(5-membered rings of carbon atoms) (Fig. 1b). That
is, due to the relaxation, interatomic bonds between
atoms belonging to opposite sides of the crack are
enhanced. The thick crack specified by i = 2 slightly
expands, that is, distances between atoms belong-
ing to opposite sides of the crack slightly increase
(Fig. 2b).

Then the tensile strain was applied to a graphene
sheet along the crystallographic armchair direction

Fig. 1. Graphene sheet containing a thin crack. (a) Initial configuration. (b) Configuration after relaxation.

a) b)
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a) b)
Fig. 2. Graphene sheet containing a thick crack. (a) Initial configuration. (b) Configuration after relaxation.

perpendicular to crack line with a strain rate of 0.001
ps-1. Evolution of the pre-cracked graphene struc-
tures under tensile deformation will be considered
in detail in next section.

3. DEFORMATION AND FRACTURE
PROCESSES IN PRE-CRACKED
GRAPHENE SHEETS

Following our simulations, evolution of the graphene
sheet containing the thin crack under tension oc-
curs as follows. When the tensile load is applied to
the graphene sheet, it is elastically strained at a
rather extended stage. Then, a very short fracture
stage occurs. First, several voids are generated at
the site of the pre-existent thin crack (Fig. 3a). In
doing so, the damaged region as by practice the
same length as the pre-existent crack. The voids
under discussion rapidly grow and converge form-
ing one large void (Fig. 3b). Very fast growth of the
large void results in complete failure of the graphene
sheet, that is, its separation into two isolated pieces.

We now consider deformation and fracture pro-
cesses occurring in the graphene sheet containing
the thick crack under tension. In this case, the elastic
deformation stage is by practice absent. When the
tensile load is applied to the pre-cracked graphene
sheet, the thick crack increases its length through

elementary events of plastic deformation and frac-
ture in the vicinity of its tip (in the area where exter-
nal stress concentration effectively comes into play)
(Fig. 4a). Elementary events of plastic deformation
in graphene are rearrangements of interatomic C-C
bonds. They typically lead to the formation of n-
disclinations (n-membered rings of carbon atoms),
where n = 3, 4, 5 and 7. Elementary events of frac-
ture are breaks of interatomic C-C bonds. Such
events typically result in the formation of crack/void-
like n-cells, that is, n-membered rings of carbon
atoms, where n > 7 (for details, see a discussion in
Ref. [46]).

The plastic deformation stage realized via elemen-
tary deformation events and accompanied by
elementary fracture events continues giving rise to
further elongation of the crack (Fig. 4b). Finally, the
crack growth results in complete failure of the
graphene sheet.

Fig. 5 presents strain-stress dependences
characterizing tension of pre-cracked graphene
sheets. The strain-stress dependence for the
graphene sheet with the thin crack (Fig. 5a) has an
extended elastic deformation stage terminated by
fracture reflected as an abrupt fall of the stress-strain
curve. The strain-stress dependence for the graphene
sheet containing the thick crack (Fig. 5b) by prac-
tice does not have an elastic deformation stage.
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The plastic deformation stage starts to occur at the
tension onset. The plastic deformation stage is rather
extended and contains many bursts each is asso-
ciated with either rearrangement or break of an in-
teratomic C-C bond, that is, with either plastic de-

formation event or fracture event, respectively. The
plastic deformation stage is terminated by fracture
reflected as an abrupt fall of the stress-strain curve.

We now consider mechanical characteristics
(derived from strain-stress dependences in Fig. 5)

a) b)
Fig. 3. Evolution of mechanically loaded graphene containing a thin crack at (a) the onset of fracture, and
(b) the pre-final stage of fracture (for a detailed description, see the main text).

a) b)
Fig. 4. Evolution of mechanically loaded graphene containing a thick crack at (a) the onset of plastic
deformation, and (b) the intermediate stage of plastic deformation (for a detailed description, see the main
text).
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of pre-cracked graphene sheets. In the situation with
the thin crack, the maximum elastic strain 

el
 14%,

the plastic strain 
pl
 0%, and the tensile strength


t
 70 GPa. In the situation with the thick crack,

the elastic strain 
el

 0%, the maximum plastic
strain 

pl
 11%, and the tensile strength 

t
 42

GPa.
Thus, the graphene sheet initially containing the

thin crack exhibits the brittle behavior with the ex-
tended elastic deformation stage terminated by cata-
strophic fracture. The tensile strength of this pre-
cracked graphene specimen has value of 

t
 70

GPa. The value in question is smaller than the ten-
sile strength (

pr-armchair 
= 100 GPa; see computer

simulations [25]) that specifies pristine graphene in
tension along the armchair direction.

The graphene sheet initially containing the thick
crack is characterized by the absence of the elas-
tic deformation stage and shows functional plastic-
ity with the maximum plastic strain 

pl
 11%. The

tensile strength of the graphene specimen with the
pre-existent thick crack has value of 

t
 42 GPa.

This value is smaller than that (70 GPa) of its coun-
terpart in the case of the thin crack and significantly
smaller than the tensile strength (

pr-armchair 
= 100

GPa; see computer simulations [25]) that specifies
pristine graphene in tension along the armchair di-
rection.

4. CONCLUDING REMARKS

To summarize, with MD simulations, we have ex-
amined deformation and fracture processes in pre-

Fig. 5. Strain-stress dependences that characterize deformation and fracture processes in graphene sheets
containing thin and thick cracks: (a) and (b), respectively.

a) b)

cracked graphene sheets under tensile load. Thin
and thick pre-existent cracks in graphene sheets
were considered which are generated through re-
moval of one and two (neighboring) chains of car-
bon atoms, respectively, from a pristine sheet (Figs.
1a and 2b, respectively). Tensile tests of graphene
sheets with these cracks oriented along zigzag di-
rections were performed. The graphene sheet ini-
tially containing the thin crack shows the brittle
behavior with the extended elastic deformation stage
terminated by catastrophic fracture. The tensile
strength of this pre-cracked graphene specimen has
value of 

t
 70 GPa The graphene sheet initially

containing the thick crack is characterized by the
absence of the elastic deformation stage and dem-
onstrates functional plasticity with the maximum
plastic strain 

pl
 11%.

During the extended plastic deformation stage,
the thick crack increases its length through elemen-
tary events of plastic deformation and fracture in
the vicinity of its tip (Fig. 4a). Elementary events of
plastic deformation in graphene are rearrangements
of interatomic C-C bonds. Elementary fracture events
are breaks of interatomic C-C bonds. The plastic
deformation stage realized via elementary deforma-
tion events and accompanied by elementary frac-
ture events continues giving rise to further elonga-
tion of the crack (Fig. 4b). Finally, the crack growth
results in complete failure of the graphene sheet.
The tensile strength of the graphene specimen with
the pre-existent thick crack has value (

t
 42 GPa)

which is smaller than that (70 GPa) of its counter-
part in the case of the thin crack and significantly



29Deformation and fracture processes in pre-cracked graphene

smaller than the tensile strength (
pr-armchair 

= 100
GPa) that specifies pristine graphene in tension
along the armchair direction. Thus, in the examined
cases, the tensile strength of a pre-cracked
graphene specimen decreases with rising the crack
thickness.
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