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Abstract
Perfect carbon nanotubes are exceptionally strong nanostructures with fascinating mechanical characteris-
tics. But the presence of crystal defects like Stone–Wales defects or vacancies degrade their mechanical
properties to a large extent. The effects of the presence of a single Stone–Wales defect or a single vacancy
defect on the elastic properties and the fracture pattern of a single-walled carbon nanotube (SWCNT) are
investigated by molecular dynamics (MD) simulation. We considered three samples of SWCNT, one each
of chiral, armchair and zigzag type. In all the three samples, significant changes are observed compared to
a defect-free tube. A defective chiral (10,6) tube shows more stability under stretched condition compared
to the armchair (7,7) or the zigzag (10,0) tube as revealed from the energy differences between defective
and defect-free tubes at different stages of deformation. Fluctuation of energy differences for higher strain
values for the same defect orientation is observed to be most pronounced in the case of a zigzag tube and
hence shows a less stable configuration than the other two tubes. The fracture pattern in each case is mod-
elled and shows that defects play a major role in the breaking mechanism of a SWCNT. Also the differences
in fracture modes of chiral and achiral tubes prove the dependence of their mechanical behavior on chirality.
© Koninklijke Brill NV, Leiden, 2011
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1. Introduction

Using carbon nanotubes (CNTs) as reinforcing agents to design and fabricate strong
composites with desirable mechanical properties needs thorough understanding of
the mechanical behavior of such nanotubes. Topological defects such as Stone–
Wales (SW) [1] defects or vacancies that are inherently present in the CNTs or
introduced into them in the manufacturing process greatly degrade their mechanical
properties. Although many theoretical and experimental studies have been carried
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out to explore the mechanical behavior of carbon nanotubes, a wide variation in
their results has been reported so far showing the theoretical values to be generally
higher than the experimental ones. Theoretical studies [2–7] show a wide range of
Young’s modulus values from 0.1 to 5.5 TPa, while the calculated tensile strength
varies from 5 to 150 GPa, depending on the method of calculation, CNT chiralities
and the potentials employed to define the C–C bond in the plane of the graphene
sheet. The bending and buckling of CNTs under large strains are shown in the ex-
perimental work of Falvo et al. [8]. Theoretically overestimated values of nanotube
properties can be attributed to the presence of various defects in the CNT struc-
tures.

The role of vacancy defects or holes on the mechanical properties of CNTs was
studied in many theoretical investigations such as by Mielke et al. [9], Lee et al.
[10], Xiao and Hou [11] and Wang et al. [12]. In the Molecular Mechanics (MM)
and Molecular Dynamics (MD) study of Belytschko et al. [13], the effects of miss-
ing atoms and SW defects on the failure pattern were studied. In their study, Young’s
modulus showed very little dependence on the presence of SW defects. Their re-
sults were in good agreement with the experimental observations of Yu et al. [14]
for Morse potential but not for Brenner potential. Somewhat higher values than the
observations of Yu et al. were obtained by Mielke et al. [9] who observed a 20–30%
reduction of strain values by MM calculation and 14–27% reduction by Quantum
Mechanical (QM) calculation for vacancy defects. Troya et al. [15], Chandra et
al. [16] and Lu and Bhattacharya [17], observed in their calculations the effects
of SW defects on the stiffness and maximum strain. Tserpes and Papanikos [18]
used pairwise modified Morse potential to come to the conclusion that SW defects
served as nucleation site for fracture. They also observed reduction in failure stress
and strain for different types of nanotubes where armchair nanotubes exhibited the
largest reduction of failure stress of 18–25% with reduction in failure strain value
of 30–41%. Tight Binding MD simulation was carried out by Richard et al. [19]
who studied the effects of various defects including SW defects. Recently, using
Tersoff–Brenner potential, Pozrikidis [20] has studied the effects of circumferential
as well as inclined SW defects. Necking phenomenon was reported by them and the
fracture of the tube in each case was found to be brittle.

As Stone–Wales defect and vacancy defect are the two major kinds of defects
in SWCNTs, their effects are investigated and compared in our study using the
bond order potential. Most of the earlier authors used the modified Morse poten-
tial in their simulation study; but the whole process of straining can be studied
properly only with the bond order potential. In the present work, three different
types of SWCNTs are subjected to increasing axial strain and various mechani-
cal characteristics are computed and their fracture mechanisms modeled, with and
without defects. As the CNTs can serve as reinforcing agents for making strong
composites, the detailed study of their mechanical strength and fracture behavior is
essential.
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2. Method of Calculation

We have used the interatomic potential function developed by Brenner [21] for hy-
drocarbons, known as the Tersoff–Brenner bond order potential. Though it does
not include long range molecular interaction, it enables us to simulate a wide
range of deformations of a CNT under external loads. Due to the presence of a
cut-off function, this pair potential includes the contribution of the near neighbors
only.

Using the above potential interatomic interaction, MD simulation is carried out
on an armchair (7,7), a zigzag (10,0) and a chiral (10,6) single-walled carbon nan-
otube (SWCNT) with aspect ratios of 10.36, 10.88 and 10.88, respectively. Keeping
one end fixed, axial tensile force is applied on the other end of the tube. A Berend-
sen thermostat is used to allow small changes in the velocities of the atoms such
that the temperature of the system reaches a preassigned equilibrium value. Tem-
perature is controlled by the thermostat and set at 300 K. At first, the defect-free
tubes are stretched up to failure. Then one vacancy defect and one SW defect are
separately introduced into them at z = 0. The force in the lateral direction is set
equal to zero while the tube is strained longitudinally. Stress is calculated from
the energy–strain curve according to the relation σ = 1/A(dE/dε), where σ is the
stress, A is the area of the annular cross-section of the tube and (dE/dε) is the slope
of the energy–strain curve, where ε represents the strain. Area of the annular cross-
section of the tube is found as A = 2πrδr , where r is the radius of the tube and δr

is its wall thickness, taken as 0.34 nm which has now become the standard value
for SWCNT. Young’s modulus (Y) is found from the slope of the linear portion of
the curve.

3. Results and Discussion

We first considered the defect-free tubes and stretched them up to failure. Strain is
defined as ε = (L − L0)/L0, where L0 and L are the initial and stretched length
of the tube. The strain energy for a defect free (7,7) SWCNT drops sharply at 32%
strain (Fig. 1) giving a tensile strength of 161.2 GPa. Our interest is in the room
temperature behavior of the samples where the distribution of kinetic energy of the
atoms follows the Boltzmann distribution law; so at that temperature some bonds
may be stretched beyond the point of maximum stress. The black line in Fig. 1
shows this very well where the maximum sustainable strain goes up to 32%, which
is the actual failure strain. Before that the tube shows some ductility. Young’s mod-
ulus for a perfect (7,7) tube is found to be 0.893 TPa. This Young’s modulus value
is slightly lower than the experimentally obtained average value of 1.5 TPa for
SWCNTs by Krishnan et al. [22]. Our results are close to the experimental results
of Wong et al. [23] and Treacy et al. [24] also. Failure stress values can be com-
pared with the experimental values of 150 ± 45 GPa obtained by Demczyk [25].
Quantum mechanical calculations [7, 15, 26] have also given the failure stress val-
ues of more than 100 GPa and predicted the maximum strain values between 20%
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Figure 1. Stress–strain curves for a (7,7) SWCNT. This figure is published in color on http://www.
ingentaconnect.com/content/vsp/acm

to 30%, which are comparable to our results. In computer simulation, large values
of maximum strain are usually obtained as in the straining procedure; the system
does not get sufficient time to come back to a relaxed state.

Introduction of one SW defect at the mid-position changes the tube structure
locally where pentagons, created by 90◦ rotation of the bond, orient themselves
along the stretching direction. Reduction of maximum strain is 18.75% (Fig. 1) as
armchair symmetry reduces the strain energy of the defective tube by elongation of
length along the direction where pentagons are formed, which is also the direction
of the force. The presence of a single vacancy however reduces the maximum strain
by 15.6% (Fig. 1). For the same reason, for armchair symmetry, the difference in
energy between the tube with SW defect and without any defect, shows stability for
larger strains (Fig. 2). Less stable bonds are observed due to vacancy defect where
the said difference drops after 14% strain. The armchair defect-free tube breaks
near the end where the force is applied (Fig. 3(a)). This part is axially displaced due
to the application of the force and most of the bonds of that part are broken. For
defective tubes, breaking starts from the defect sites (Fig. 3(b) and 3(c)).

A zigzag (10,0) SWCNT without defect exhibits a maximum tensile strength of
115.4 GPa and the maximum strain of 18% (Fig. 4). Reduction of maximum strain
is observed with a single vacancy. Stress–strain curves for defect-free and defective
tubes are shown in Fig. 4. Zigzag symmetry does not help the tube to release the
excess strain in the loading direction as the two pentagons formed are not in the
loading direction, but inclined with the tube axis. So, maximum strain for the same
tube with a SW defect is 17% (Fig. 4). Greater resistance to the applied force is
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Figure 2. Difference of energy between a defect-free (7,7) tube and a tube with 1 SW defect or 1 va-
cancy defect at different strains. This figure is published in color on http://www.ingentaconnect.com/
content/vsp/acm

(a) (b) (c)

Figure 3. Fracture pattern of a defect-free (7,7) SWCNT (a), with 1 SW defect (b) and with one
vacancy defect (c).

given by the tube in the axial direction. The energy differences between the perfect
and imperfect tubes for increasing strains (Fig. 5) are different in character from
those in Fig. 2. Fluctuation starts from 14% strain, which increases for large strain.
So, a zigzag tube is less stable under defective condition. As stress–strain curves
show sudden drops after the inflection points, the fracture in all cases can be said to
be brittle. Rapid breaking of bonds is observed from Fig. 6.

The inflection point occurs at 24% strain for a perfect (10,6) SWCNT (Fig. 7).
Maximum strain undergoes very little change by the inclusion of SW defect, but
with vacancy defect, no such change is observed (Table 1). The more stable con-
figuration of (10,6) SWCNT compared to the other two tubes (Fig. 8) is observed

D
ow

nl
oa

de
d 

by
 [

Si
au

liu
 U

ni
ve

rs
ity

 L
ib

ra
ry

] 
at

 0
6:

49
 1

7 
Fe

br
ua

ry
 2

01
3 



34 K. Talukdar, A. K. Mitra / Advanced Composite Materials 20 (2011) 29–38

Figure 4. Stress–strain curves for a (10,0) SWCNT. This figure is published in color on http://www.
ingentaconnect.com/content/vsp/acm

Figure 5. Difference of energy between a defect-free (10,0) tube and a tube with 1 SW defect or 1 va-
cancy defect for different strains. This figure is published in color on http://www.ingentaconnect.com/
content/vsp/acm

when the defects are introduced into it. The pristine tube breaks at the end (Fig. 9(a))
while the defective tubes break from the defective region. But looking at Fig. 9 it
can be concluded that fracture of defective tubes are not brittle in character but cer-
tainly stretching is not possible beyond the maximum strain as several bonds are
displaced from their proper position and also many bonds are broken.
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(a) (b) (c)

Figure 6. Breaking behaviors of a defect-free (10,0) SWCNT (a), with 1 SW defect (b) and with one
vacancy defect (c).

Figure 7. Stress–strain curves for a (10,6) SWCNT. This figure is published in color on http://www.
ingentaconnect.com/content/vsp/acm

Table 1.
Variation of the calculated values of the mechanical characteristics of the SWCNT with and without
defects

SWCNT Without defect 1 SW defect 1 vacancy defect

∗Y.M. T.S. M.S. Y.M. T.S. M.S. Y.M. T.S. M.S.
(TPa) (GPa) (%) (TPa) (GPa) (%) (TPa) (GPa) (%)

Armchair (7,7) 0.893 161.2 32 0.75 150.2 26 0.764 114.4 27
Zigzag (10,0) 0.895 115.4 18 0.832 105.3 17 0.845 97.8 16
Chiral (10,6) 0.809 152.4 24 0.799 117 22 0.69 132.7 24

∗Y.M. — Young’s modulus, T.S. — tensile strength, M.S. — maximum strain.
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Figure 8. Difference of energy between a defect-free tube (10,6) and tubes with 1 SW defect and 1
vacancy defect for different strains. This figure is published in color on http://www.ingentaconnect.
com/content/vsp/acm

(a) (b) (c)

Figure 9. Fracture behavior of a defect-free (10,6) SWCNT (a), with 1 SW defect (b) and with one
vacancy defect (c).

4. Conclusions

By MD simulation analysis of the three types of SWCNTs without defect and with
a single SW defect or a single vacancy defect, we have obtained an overall picture
of the degradation of all mechanical properties of the SWCNTs with the inclusion
of defects. An armchair tube with a vacancy and a chiral tube with one SW defect
show 29.3% and 23.2% reduction in tensile strength, respectively. In spite of this a
chiral tube with defects shows maximum stability while straining. Young’s moduli
of the tubes are also affected by 16% for an armchair tube with 1 SW defect and by
14% for a chiral tube with a vacancy defect. Remarkable changes in ductility are
observed for an armchair tube where 18.75% and 15.65% reductions are noticed
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with a SW defect and vacancy defect, respectively. But in our calculation very little
change in ductility is observed for the other two tubes. Fracture is brittle for the
armchair and zigzag tubes but for a chiral tube the fracture is not so prominent.
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