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Influence of odd and even number of Stone—Wales defects on the fracture behaviour of an
armchair single-walled carbon nanotube under axial and torsional strain

K. Talukdar and A.K. Mitra*

Department of Physics, National Institute of Technology, Durgapur 713209, India
(Received 14 September 2009; final version received 4 December 2009)

Using Brenner’s bond-order potential to represent the interaction of the in-plane C—C bond, an armchair (8,8) single-walled
carbon nanotube is investigated by molecular dynamics simulation under axial loading and twist, both for perfect and
imperfect lattices introducing an increasing number of Stone—Wales (SW) defects. The Young modulus, shear modulus,
tensile strength, shear strength, ductility, stiffness and toughness are computed. All the mechanical characteristics are found
to change appreciably by the inclusion of SW defects. Two distinct patterns of fracture mode are observed with odd and even
numbers of defects. A clear evidence of the defect—defect interaction is observed when more than one defect is included.
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1. Introduction

Extremely fascinating mechanical properties of carbon
nanotube (CNT) have attracted the attention of many
researchers since the discovery of these high-strength,
highly stiff and ductile substances by Iijima [1].
Subsequently, many theoretical studies [2—7] were carried
out to explore their mechanical behaviour. A range of
Young’s modulus values for CNTs from 0.2 to 5.5 TPa,
and tensile strength values from 5 to 150GPa, were
calculated by different authors. The mechanical charac-
teristics varied extensively depending on the method of
calculation, the chiralities of the nanotubes considered and
the interatomic potential functions employed to represent
the C—C bond in the plane of the graphene sheet.
However, almost all the calculations confirmed that CNTs
possessed extraordinarily high tensile strength of the order
of TPa, which was at least an order of magnitude higher
than the measured values of their tensile strength.
Experimental work [8—11] was, however, inadequate
owing to the difficulty in setting up an appropriate
experimental arrangement to make measurements in the
nanoscale. Falvo et al. [10] showed experimentally how a
CNT bundle bent or buckled under large strains. The
experiments established that the measured lower values of
Young’s modulus and tensile strength of CNTs were
mainly due to the presence of imperfections in them, in
particular the Stone—Wales (SW) defects [12]. The
presence of topological defects such as the SW defects
was verified in the work of Ebbesen and Takada [13] and
Miyamoto et al. [14]. The role of vacancy defects in the

mechanical properties of CNTs was studied in many
theoretical investigations [15—18] and the investigators
observed a considerable reduction in strength due to the
presence of vacancy defects. Belytschko et al. [19] studied
the effect of missing atoms and SW defects using
molecular mechanics (MM) and molecular dynamics
(MD) simulations.

Decreasing effects on failure stress and failure strain
along with the scattering of stress values were reported by
Troya et al. [20] for the introduction of one, two and five
SW defects that were situated diagonally. A 30-50%
reduction in stiffness was found by Chandra et al. [21]. To
explore the nucleation of SW defects in single-walled
carbon nanotubes (SWCNTSs), Lu and Bhattacharya [22]
observed the effects of two, four and six defects which
were found to change the mechanical properties such as
stiffness, strength, etc. of a (6,6) CNT considerably. The
effects of odd number of defects were not mentioned in
their study. Nardelli et al. [23] found the presence of SW
transformation at small strains causing a necking
phenomenon and changing the fracture pattern. A hybrid
atomistic continuum model was developed by Song et al.
[24] to show that the bond breakage precedes the initiation
of SW transformation at a strain value of 13%, i.e. much
below the inflection occurring at about 30% strain with
Brenner’s potential. The progressive fracture model of
Tserpes and Papanikos [25] used the pairwise modified
Morse potential to come to the conclusion that SW defects
served as the nucleation site for fracture. They also
observed variable reduction in failure stress and failure
strain for different types of nanotube, where armchair
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nanotubes exhibited the largest reduction in failure stress
of 18—25% with a reduction in failure strain of 30—41%.
The Tersoff—Brenner potential was used by Pozrikidis
[26], where the effects of circumferential as well as
inclined SW defects were examined extensively for three
types of CNT. In the study by Tunvir et al. [27], the
interaction of two neighbouring SW defects was
investigated. This interaction was found to reduce the
failure strength and failure strain by 34 and 70%,
respectively. More recently, fracture and progressive
failure of graphene sheets and CNTs were predicted by
Xiao et al. [28] by the atomistic finite bond element model.

Knowledge of the dependence of various mechanical
characteristics of SWCNT on the increasing number of
SW defects is useful for the exploitation of CNTs in
engineering applications such as high-strength fibre
composites. We have carried out MD simulation studies
to investigate the dependence of the mechanical
characteristics of an armchair (8,8) SWCNT on an
increasing number of SW defects both for axial and
torsional deformation. It is noteworthy that the modified
Morse potential fails to describe the bond breakage as it
does not include multibody interactions, although many
authors have adopted this potential to describe the fracture
mechanism. We have taken the Tersoff—Brenner potential
and observed a definite dependence of elastic modulus,
tensile/shear strength, failure strain, etc. on the number
(one to six) of SW defects. Also, two distinct fracture
patterns were observed with odd and even number of
defects introduced in the nanotube. The presence of odd
number of SW defects has a more pronounced effect on the
mechanical characteristics than the presence of even
number of defects. This could be explained with the help
of the correlation effect between pairs of SW defects.

2. Potential function used

We have used the interatomic potential function developed
by Brenner [29] for hydrocarbons, known as the Tersoff—
Brenner potential which is of the form

1
E = ZE,' = QZZV(FU)’

i i
where

V(ry) = ferp)VR(ry) + by VAl

Here, E is the total energy which is decomposed into a site
energy E; which is a function of the bond energy V(r;),
where f.(r;) is a cut-off function that reduces to zero
interaction beyond 2.0 A. VR(r,j) is a pairwise term that
models the core—core and electron—electron repulsive
interactions and VA(rij) is a pairwise term that models
core—electron attractive interactions, where r; is the

distance between the nearest neighbour atoms i and j,
and b;; is a many-body, bond-order term that depends on
the number and type of neighbours and bond angles.
Although this potential lacks the inclusion of a long-range
intermolecular interaction, it enables us to simulate a wide
range of deformations of a SWCNT under external loads.

3. Method of calculation

Using the Tersoff—Brenner potential, MD simulation of an
(8,8) SWCNT was carried out for increasing axial strain
values both for a perfect lattice and with the inclusion of a
gradually increasing number of SW defects at some
specified locations. The temperature was fixed at 300 K by
the Berendsen thermostat. By stretching the tube in small
strain increments, the equilibrium potential energy was
calculated by the simulation. The force in the lateral
dimension was made equal to zero such that the tube was
not constrained laterally. We took an (8,8) SWCNT of
length 49.19 A and radius 5.242 A containing 20 unit cells
with 640 atoms. Keeping one end fixed, the other end of
the tube was stretched gradually from the unstretched
condition. No angular rotation was applied to study the
exact influence of the axial strain.

Stress was calculated from the energy—strain curve as
o = 1/V(dE/de), where o is the longitudinal stress; V, the
volume of the tube; &, the strain and E, the strain energy of
the tube. The volume of the tube is found as V = 27rérl,
where r is the inner radius of the tube; ér, its wall thickness
and /, the length of the tube. We have taken 6r as 0.34 nm,
which has been the standard value used by most of the
authors. To calculate stress from the energy—strain curve,
we have used a linear relationship for the elastic region and
appropriate nonlinear equations for the segments of high-
strain deformation regions. Young’s modulus was found
from the slope of the linear portion of the stress—strain
curve. Toughness of the sample was calculated by finding
the area under the stress—strain curve. Length-dependent
stiffness was calculated following Xiao and Liao [30],
defined as C = 1/S(d*E/de?), where S is the surface area
of the nanotube. The effect of torsion is also studied in our
work, considering the same defects in the same tube. The
tube is subjected to shear strain & which is related to the
torsion angle 0 as & = (r6)/l. Shear stress or torque is
calculated using the formula F = 1/(2wh)?/r® dE/d6.
Shear modulus is found from the torque—strain response.

4. Results and discussion

A perfect (8,8) SWCNT in our calculation shows an
energy—strain curve as in Figure 1. We have taken into
consideration the small changes in the energy—strain curve
due to a slight change in the temperature or time step for
writing the coordinate file. MD simulation has been
performed with five values of temperature (280, 290, 300,
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Figure 1. Energy-strain curve for a perfect (8,8) SWCNT.
Error bars are indicated by the vertical lines on the graph.

310 and 320 K) and five values of time step (0.1, 0.3, 0.5,
0.7 and 1.0ps). The mean of all energies is found to
correspond to each strain and error bars are plotted on the
mean curve by finding the standard deviation. The result is
susceptible neither to small changes in temperature nor to
the changes in time steps especially at small strains.
For large strains, a slight fluctuation in the energy values is
observed but the results are within the error bars as plotted
in Figure 1. Our result is compared with the result of
Treister and Pozrikidis [31], who also used Brenner’s
interatomic potential in the energy minimisation process.
As evident from Figure 2, our result shows a very good
agreement with their data, and thus our MD simulation
calculation is validated. A rapid fall in energy is observed at
about 30% axial strain where the fracture occurs. Figure 3

5.4 -
_5_6 _-
5.8 -
~6.0 1
_6_2 _-
—6.4 1
_6_6 _-
-6.8 -
~7.0 1
_7_2 _-
~7.4 1

Treister and Pozrikidis

//

Present
work

Energy (eV)

==l

T T T T T T T
0.00 0.05 0.10 0.15 0.20 0.25 0.30
Strain

Figure 2. Comparison of our energy—strain curve with that of
Treister and Pozrikidis.
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Figure 3. Stress—strain curve for a perfect (8,8) SWCNT.

shows the stress—strain curve of an ideal (defect-free) (8,8)
SWCNT under axial loading. The linear elastic region
extends up to 6% strain, beyond which the nature of the
curve changes to nonlinearity. The tube shows remarkable
ductility and fracture begins at a strain value of 30%. It
shows the breaking stress to be 158 GPa and the fracture is
brittle. The Y-value is calculated from the linear portion of
the stress—strain curve and is 0.827 TPa. When the strain
reaches 30%, the stress decreases rapidly indicating the
onset of rupture in the tube. This result shows a large
variation from the experimental work of Yu et al. [32] who
observed 10-13% maximum strain and failure stress
between 13 and 52 GPa though the experiments were
performed with multi-walled carbon nanotubes
(MWCNTs), where the individual MWCNT was mounted
in between two opposing AFM tips fixed on two cantilever
beams and tensile loading is done by moving the upper
beam. However, the calculated failure stress is close to the
experimental values of Demczyk [33], which is
15045 GPa for MWCNTs. The DFT calculation of
Ogata and Shibutani [34] obtained failure stress for an (8,8)
SWCNT as 115GPa and failure strain as 29.5% with its
Young’s modulus of 1.01 TPa. For a (5,5) SWCNT, Mielke
et al. [15] obtained tensile strength as 135 GPa and strain as
30% in the PM3 [35] approach, 105 GPa and 30% failure
strength and failure strain, respectively, with the modified
Tersoff—Brenner potential and 110GPa and 30% with
DFT. In all calculations, the maximum strain matches
exactly with our calculated value. Jeng et al. [36] obtained
these values as 152 GPa and 26% for a (6,6) armchair
SWCNT in the tight-binding calculation. Their tensile
strength is in very good agreement with our value of
158 GPa. In the MSINDO method [37], Troya et al. [20]
obtained a result of 27.9% failure strain and 163 GPa
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strength, while, by the PM3 method, 130 GPa of failure
stress was reported by them. The Y-value as obtained by us
is somewhat lower than that of the experimental values of
Treacy et al. [8], Wong et al. [9] and Treister and Pozrikidis
[31] but matches well with the calculated values of Lu and
Bhattacharya [22] (0.851 TPa) for the modified Morse
potential, and Troya et al. [20] for the Tersoff—Brenner
(0.82TPa) and modified Tersoff—Brenner (0.82TPa)
potentials. We have studied how an increasing number of
the SW defect changes the overall mechanical response of a
SWNT. We have taken the Tersoff—Brenner potential for
the reason stated earlier. Fracture modes of the CNT with
and without defects are also studied elaborately to obtain
conclusive results. Such extensive studies were not carried
out by earlier authors with this potential. The resistance
(stiffness) of 302 J/m? is applied by the bulk tube against the
applied force. An energy (toughness) of 2.45J/m’ is
absorbed by the tube during the whole straining process
before failure.

With a single defect at the (z, r, ) value of (—0.61, 5
and 34°), i.e. axially near the origin, the maximum strain
dropped to 22% (Figure 4), compared to the failure strain
of 30% for a perfect lattice. This lower failure strain may
occur due to the following mechanism of plastic
deformation and fracture. Straining the defective tube
beyond 22% may cause some atoms to be displaced from
their equilibrium positions in such a manner that the next
nearest neighbours move apart and the interatomic
coordination is very much reduced. The line joining the
pentagons for a single defect makes an acute angle with the
tube axis and thus with the straining direction. Generally,
the bond between the pentagons is stronger than the bonds
within the pentagons. While stretching the tube axially,
elongation of bonds occurs and ultimately the bonds

180 -
160 -
140 -
120 — );r‘
100 -
80 /’;/.?
60 -
40 -
0]
0
~20 1
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T v T v T T T T T T T T T J
0.00 0.05 0.10 0.15 0.20 0.25 0.30
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Figure 4. Stress—strain curves for an (8,8) SWCNT with one
(red), three (green) and five (blue) defects (colour online).

between the pentagons break before failure. The bonds
between the heptagons are also very weak and, in the
present configuration (Figure 5), these bonds can also
break quickly. A reduction of 28 and 26.6% in failure
stress and maximum strain, respectively, is observed by the
introduction of a single SW defect. The value of Young’s
modulus is calculated to be 0.785 TPa. With a SW defect,
Mielke et al. [15] obtained the failure stress value of
125 GPa compared to our value of 111.25 GPa and 22%
maximum strain, the same as obtained by us. The semi-
empirical PM3 approach was employed in their study. The
modified Morse potential was incorporated by Jiao et al. in
their finite element model and by Lu and Bhattacharya in
atomistic simulation to obtain Young’s modulus, failure
strain and failure stress as 0.793 TPa, 89.71 GPa and
8.69% for a (6,6) armchair SWNT, respectively. Tserpes
and Papanikos used the same potential in the progressive
fracture model and obtained, for (12,12), (5,5) and (18,18)
SWCNTs, a tensile strength of nearly about 100 GPa and a
maximum strain of about 12%. Failure stress and strain
values are lower than those obtained in our calculations
mostly due to the choice of the potential. Young’s modulus
obtained by us is almost the same as that obtained by Lu
and Bhattacharya [22] as, in the small strains, the modified
Morse potential resembles the Tersoff—Brenner potential.
Troya with a single SW defect obtained 24.4% strain in
MSINDO and 22.1% in PM3, which is in agreement with
our study.

On the contrary, maximum strain is again increased to
26% with two defects introduced in the positions (9.84,
5.38, 22) and (—9.84, 5.38, 22). Although Young’s
modulus is reduced to 0.779 TPa, a very marginal change
in tensile strength from the value of a perfect tube is
observed with two defects (Figure 6). However, reduction
in stiffness and toughness proves an overall degradation in
mechanical response. According to Lu and Bhattacharya,
two defects result in a Y-value equal to 0.771 TPa, whereas
we have obtained 0.779 TPa, 83.11 GPa and 7.2% failure
stress and failure strain which in their study are much

Figure 5. An (8,8) SWCNT with one SW defect.
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Figure 6. Stress—strain curves for an (8,8) SWCNT with
two (black line), four (red line) and six (green line) defects
(colour online).

lower than that obtained by us (Table 1). The reason for
this is the non-resemblance of the modified Morse
potential to the Tersoff—Brenner potential at high strain
where the former potential does not give a reasonable
result. Troya obtained 24.1% maximum strain with two
SW defects with MSINDO. In spite of some same kind of
works, none of the authors to our knowledge before us
have obtained such difference in the results for one and
two defects. The gradual degradation of the mechanical
properties was observed by Troya et al. [20] and Lu and
Bhattacharya [22]. The increase in maximum strain and
stress for two defects when compared with the values for
one defect clearly shows the defect—defect interaction
during the deformation process. According to Samsonidze
et al. [38], the defect—defect interaction energy may be
attractive or repulsive depending on the angular orientation
between the parallel defects. Actually, 5/7/7/5 is a source of
edge dislocation which can result in a dislocation glide.

Molecular Simulation 413

Diagonally situated parallel defects, which are situated
next to each other, are energetically most favourable. Both
attraction and repulsion are possible between two such
defects. If attraction occurs, the moving dislocations pile up
such that the energy of the system slowly decreases due to
the application of the external force. On the other hand, any
external force should bring the system to the minimum
energy state easily if the repulsive interaction acts between
the defects. However, we have defined two well-separated
defects randomly on the same line (Figure 7), where the line
joining the two pentagons is parallel to the tube axis. This
configuration helps an armchair SWCNT to release its
excess strain of formation of defects in the loading
direction. Formation energy of the SW defect is very high, a
few electron volts. By the application of axial strain, the
energy of the system comes down by breaking the bonds
within the pentagons which are parallel to the straining
direction as that needs less energy. However, the process is
comparatively slower than that of the single defect case.
Here, though the bonds within the pentagons break
first, the dislocation cores of the two defects cannot split
them sufficiently for the repulsive interaction between
them which is possible for the cylindrical geometry of the
tube, i.e. the curvature. Since the defects here are on the
same line, the curvature does not play a significant role in
their interaction. So, the dislocation dipoles prefer to merge
together to result in an attractive correlation. As a result, the
system shows larger failure strain or failure stress.

Thus, it can be concluded that, for one defect, the
reduction of mechanical properties is more pronounced as
there is no interference by other defects and the breaking
process shows that the defect site acts as a source of
initiation of the fracture of the tube. In the case of the
attraction between two interacting defects, the breaking of
the tube starts near one end where one of the defects is
located. The defect—defect correlation thus leads to such
results and also causes the increase in maximum strain or
failure stress in comparison with the one defect situation.

The existence of the correlation between the defects is
further established in another way when we put three
defects in the nanotube in positions (0, 5.38, 22), (15.99,
5.38, 45) and (—15.99, 5.38, 45). Young’s modulus is
increased to 0.821 TPa, and ductility and tensile strength

Table 1. Young’s modulus, tensile strength, maximum strain, stiffness and toughness at failure of an (8,8) SWCNT with increasing

number of defects.

Without defect One defect Two defects Three defects Four defects Five defects  Six defects

Young’s modulus (TPa) 0.827 0.785 0.779
Failure stress 158.26 111.25 151.2
(tensile strength; GPa)

Maximum strain (ductility) 30% 22% 26%
Stiffness (J/m?) 302 264.89 274

Toughness (J/m3 ) 2.76 1.43 2.07

0.821 0.739 0.744 0.747
122.39 149.57 122.14 122.1
24% 26% 24% 24%
274.1 247.82 248.68 258.92
1.74 2.01 1.69 1.7
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Figure 7. Two SW defects shown in an (8,8) SWCNT.

are also reduced by 20 and 22.7%, respectively (Figure 4).
Three defects have reduced the toughness to 1.74 J/m’
but could not change the stiffness from its previous value.
The breaking process for three defects (Figure 8(a)) is
similar to the case with one defect.

The effect of four defects in the z, r, 6 positions
(—9.84, 5.38, 22), (—20.91, 5.38, 45), (9.84, 5.38, 22)
and (20.91, 5.38, 45) resembles almost that of two defects.
The results of the inclusion of five (Figure 4) and six
(Figure 6) defects are more or less similar to the result of
three and four defects, respectively, with more complex
interaction between several defects. The results are

Three defects

(b)

Six defects

Figure 8. Modelling of fracture mechanisms of an (8,8)
SWCNT with odd and even number of defects.

tabulated in Table 1. The relation of the strain energy (E)
and the number of defect (n) for small strain (up to 4%) is

E=a+bn+ cn?,

where a, b and ¢ are constant terms.

For the higher strain values, the relation is more
complicated and includes fifth- or sixth-order terms. For
four defects, Young’s modulus, failure stress and failure
strain of 0.738 TPa, 76.29 GPa and 5.5%, respectively, are
noticed by Lu and Bhattacharya and, for six defects, these
values are 0.716 TPa, 74.56 GPa and 4.94%. In Troya’s
calculation, failure strains are 26.6% with MSINDO and
21.4% with PM3 with five SW defects. It can be said that
when the tube is stretched, the energies of the pristine and
defective tubes are increased at small strains (Figure 9).
On increasing the strain, many bonds are broken gradually,
atoms are displaced with necking of the tube and
ultimately the tube breaks. The odd and even number of
defects shows two different patterns of fracture modes.
The fractures in all cases are brittle in nature. For the odd
number of defects, as in Figure 8(a), the necking is sharp
and fracture occurs at smaller strains than that with the
even number of defects as shown in Figure 8(b). This
proves the positive correlation between more than one
collinear defect. The dislocation cores of the defects merge
together resulting in such phenomena.

Clearly, we find two different types of breaking
mechanisms. With the odd number of defects, the tube
breaks in the middle where one defect is situated. But with
the even number of defects, the fracture originates near the
end at one defect site. Certainly, the defect—defect positive
interaction, i.e. attraction, has occurred for the even
number of defects leading to such a result. For the odd
number of defects, it seems that the defect situated in the
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Figure 9. Variation of strain energy with increasing number of
defects.
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Figure 10. Variation of tensile strength, maximum strain and toughness of an (8,8) SWCNT with the number of defects.

Table 2. Shear modulus, maximum shear stress and maximum shear strain of an (8,8) SWCNT with increasing number of defects.

Without defect One defect Two defects Three defects Four defects Five defects  Six defects

Shear modulus (TPa) 0.532 0.51 0.53 0.524 0.487 0.522 0.495
Maximum shear stress (GPa) 33.6 28.5 32.23 30.13 28.5 30.2 28.8
Maximum shear strain 6% 5% 5% 6% 5% 5% 5%

middle was acted upon by other defects situated at both
sides and thus its fracture behaviour was different.
Figure 10 shows that the nature of variation of tensile

. ) . 35 Without defect
strength, maximum strain and toughness with the number -—
of defects is more or less similar, showing higher values 30 - T Hhree defects
for the even number of defects. Fluctuation of the values — A
$ 25 1 0
decreases for a larger number of defects. S Five defects
The effect of torsion is also studied in our work. Shear @ 20
strain is applied on the tube without defects and also with % " oOne defect
defects introduced into them. Gradually, the tube is twisted 5
. . . . . @
and energy is minimised in each step of twist applied. & 10
The shear modulus of a perfect (8,8) CNT is calculated as
0.532TPa (Table 2). A single defect reduces the strength °
and maximum shear stress considerably. An increase 0 -
in these values is observed in the case of two defects. L B I T UL
The stress—strain responses with odd and even number of -5 0 5 10 15 20 25 30 35 40 45
defects are shown in Figures 11 and 12. From these figures, Angle (deg.)

it is clear that the results of one and five defects are similar Figure 11. Shear stress—strain response of an (8,8) SWCNT
and also the results of two and four defects resemble with one, three and five defects.
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Figure 12. Shear stress—strain response of an (8,8) SWCNT
with two, four and six defects.

each other. The value of the shear modulus is closer to
0.45 TPa, calculated by Lu [39] using an empirical force
constant model. The result is also in proximity of the
results of Wang et al. [40] by the MD simulation and Xiao
et al. [41] by the MM calculation. The deformation of the
tube on application of twist is shown in Figure 13(a). Twist
can be applied up to an angle of 31° for a perfect tube and,
for defective tubes, the angle is 26°. Figure 13(b) shows
that twisting the tube by a large angle deforms into a shape
that prevents further twisting.

(b)

Figure 13. Deformation of an (8,8) SWCNT with shear strain
for (a) a small angle and (b) a comparatively large angle.

In the case of two or more number of defects being
present in the tube, the influence of defects on the
mechanical properties of the tube is less pronounced than
in the presence of a single defect, due to the interaction and
correlation between the defects. Although a slight increase
in the maximum shear stress in the case of five defects is
observed, most of the results of torsion show the difference
in results between the odd and even number of defects for
at least up to three defects. However, the breaking of the
tube is not so sharp with torsion and no remarkable change
in the maximum failure strain is observed with increasing
number of defects. Here, shear strain changes the nature of
the correlation between the defects in a complicated
manner for a larger number of defects.

5. Conclusions

By the above study on the role of SW defects in the
mechanical properties of an armchair (8,8) SWCNT, we
may conclude that the SW defects change the overall
pattern of mechanical behaviour of SWCNTs in a
significant manner. The failure stresses and failure strains
are substantially changed both in the case of axial stretch
and twist. For axial strain, the effect of one defect is
maximum giving a failure strain value of 22%, i.e. the
failure strain value is reduced by 26.6% from the value of a
perfect tube. The tensile strength is reduced by a maximum
of 47.01 GPa as compared with that of the perfect tube, i.e.
the reduction is 30%. The Y-value is changed only by an
amount of 5% for one defect, 5.8% for two defects, 7% for
three defects, 10.6% for four defects and 10 and 9.6% for
five and six defects, respectively. For twist, the maximum
stress reduces by 15.17% for one defect and 4 and 8.5% for
two and three defects, respectively. Thus, the influence of
the correlation between the defects in SWCNTs is
established for both axial and angular strain.
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