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Analysis of Crack Propagation in
Fixed-Free Single-Walled Carbon
Nanotube Under Tensile Loading
Using XFEM
Fracture mechanics at the nanoscale level is a very complex phenomenon, whereas the
macroscale fracture mechanics approach can be employed for nanoscale to simulate the
effect of fracture in single-walled carbon nanotubes (SWCNTs). In this study, an extended
finite element method is used to simulate crack propagation in carbon nanotubes. The
concept of the model is based on the assumption that carbon nanotubes, when loaded,
behave like space frame structures. The nanostructure is analyzed using the finite element
method, and the modified Morse interatomic potential is used to simulate the nonlinear
force field of the C–C bonds. The model has been applied to single-walled zigzag, arm-
chair, and chiral nanotubes subjected to axial tension. The contour integral method is
used for the calculation of the J-integral and stress intensity factors (SIFs) at various
crack locations and dimensions of nanotubes under tensile loading. A comparative study
of results shows the behavior of cracks in carbon nanotubes. It is observed that for the
smaller length of nanotube, as the diameter increased, the stress intensity factor is lin-
early varied while for the longer nanotube, the variation in stress intensity factor is
nonlinear. It is also observed that as the crack is oriented closer to the loading end, the
stress intensity factor shows higher sensitivity to smaller lengths, which indicates more
chances for crack propagation and carbon nanotube breakage. The SIF is found to vary
nonlinearly with the diameter of the SWCNT. Also, it is found that the predicted crack
evolution, failure stresses, and failure strains of the nanotubes correlate very well with
molecular mechanics simulations from literature. �DOI: 10.1115/1.4002417�

Keywords: XFEM, carbon nanotubes, contour integral method
Introduction
Carbon nanotubes �CNTs� with their unique structures have

een the most interesting nanostructures ever introduced due to
heir exceptionally superior mechanical, thermal, electrical, and
ptical properties. The properties of CNTs have strong depen-
ency on their structural configurations �i.e., armchair, zigzag, and
hiral�, the number of their concentric inner shells �i.e., single-
alled, double-walled, and multiwalled�, and their structural de-

ects and impurities. The hybrid molecular nanoscale structures
ith their tunable functionality are excellent candidates in a wide

ange of applications, which have been investigated and examined
1–3�.

CNTs have superior properties compared with traditional engi-
eering materials. However, these properties hold only for the
deal case of carbon nanotubes, where these are made of perfect
exagonal graphite honeycomb lattice of mono-atomic layer
hickness. The advantages or disadvantages of the presence of
efects in carbon nanotubes depend on their applications. Struc-
ural defects may increase the adhesion of other atoms and mol-
cules to carbon nanotubes. The possibility of connecting two
anotubes with different chiralities by introducing heptagon and
entagon in the perfect hexagonal graphite lattice was addressed
y Dunlap �4�. Recently, it has been shown that a wavy CNT with
nd without attached mass shows periodic and different nonlinear
ehaviors as mass is attached at different positions along the
ength �5�. Also, the effect of pinhole defects and the atomic va-
ancies on the dynamic behavior of single-walled carbon nano-

Manuscript received June 11, 2010; final manuscript received August 18, 2010;

ublished online October 22, 2010. Editor: Vijay K. Varadan.

ournal of Nanotechnology in Engineering and Medicine
Copyright © 20

aded 14 Jan 2011 to 140.116.210.6. Redistribution subject to ASME
tube �SWCNT� based mass sensors have been examined �6,7�.
Further, it has been reported that SWCNT based mass sensors
exhibit superharmonic and subharmonic responses with different
levels of mass �8�. It has been observed �9� that with the increase
in the attached mass on the CNT, the vibration spectra of CNT
show a dense signature near the peak of excitation, which appears
to have a chaotic nature with reduced vibration amplitude.

Experimental observations have revealed that topological de-
fects, such as the Stone–Wales defect and vacancy defects, are
commonly present in CNTs �10�. Defects degrade the mechanical
performance of CNTs since they alter not only their inelastic prop-
erties but also the elastic properties such as the Young’s modulus
and Poisson’s ratio. The longitudinal and transverse stiffnesses as
well as the flexural rigidity in tension, torsion, and bending are,
consequently, being altered. For example, Chandra et al. �11�
showed that the presence of the Stone–Wales defect reduces the
stiffness of the defected area by about 30–50%, resulting in the
reduction of the nanotube Young’s modulus.

The studies that considered such effect and, therefore, gave
information about the mechanical performance of CNTs were the
simulations of Belytschko et al. �12�, Mielke et al. �13�, and Liew
et al. �14� as well as the measures of stress and strain at the atomic
scale of Chandra et al. �11�. Belytschko et al. �12� studied the
fracture of CNTs under axial tension by molecular mechanics
�MM� simulations. They found that the fracture behavior is almost
independent of the separation energy and dependent on the inflec-
tion point of the interatomic potential. The failure strain of a zig-
zag nanotube was predicted to be between 10% and 15%, which
compares reasonably well with the experimental results. Contrary
to failure strain, the failure stresses were found to be 65–93 GPa,

which are markedly higher than the experimental ones.

NOVEMBER 2010, Vol. 1 / 041008-1
10 by ASME

 license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



t
n
e
c
o
d

2

c
i
s
o
t
i
e
E
e

e
s

m
s
g
o
r
B
fl
a
c

c
t
t

a
W
d
e
s
t
s
c
t
x

0

Downlo
In this paper, a solid modeling technique is used for simulating
he crack propagation phenomena in CNT using the extended fi-
ite element method �XFEM� and other various fracture param-
ters, such as stress intensity factor �SIF� KI and J-integral, are
alculated using the contour integral method. This paper consists
f comparative study of various types of CNT configurations for
ifferent crack positions.

Fracture Mechanics
Experimental observations and theoretical elasticity helped to

reate the fundamental aspects of the theory of fracture mechan-
cs. Major differences between the theoretical prediction of tensile
trength and the experimentally measured one are the assumption
f existing minute flaws and defects, predicting drastic changes in
he distribution of the stress field around each flaw regardless of
ts actual size. The fundamental concepts of stress intensity factor,
nergy release rate, etc., are used to analyze a crack problem.
nergy based methods allow classical fracture mechanics to be
xtended to nonlinear problems.

J-integral is a powerful numerical tool �similar to the finite
lement method� to be used for efficiently determining the neces-
ary fields and variables �15�.

2.1 J-Integral. The J-integral is widely accepted as a fracture
echanics parameter for both linear and nonlinear material re-

ponses. It is related to the energy release associated with crack
rowth and is a measure of the intensity of deformation at a notch
r crack tip, especially for nonlinear materials. If the material
esponse is linear, it can be related to the stress intensity factors.
ecause of the importance of the J-integral in the assessment of
aws, its accurate numerical evaluation is vital to the practical
pplication of fracture mechanics in design calculations. In the
ontext of quasi-static analysis, the J-integral is given as

J = lim�→0�
�

n · H · q · d� �1�

As shown in Fig. 1, � is a contour beginning on the bottom
rack surface and ending on the top surface, q is a unit vector in
he virtual crack extension direction, and n is the outward normal
o �. H is given by

H = WI − � ·
�u

�x
�2�

For an elastic material behavior, W is the elastic strain energy,
nd for an elastic-plastic or elastic-viscoplastic material behavior,

is defined as the elastic strain energy density plus the plastic
issipation, thus representing the strain energy in an “equivalent
lastic material.” The J-integral can be extended to three dimen-
ions �as shown in Fig. 2� by considering a crack with a tangen-
ially continuous front. The local direction of virtual crack exten-
ion is, again, given by q, which is perpendicular to the local
rack front and lies in the crack plane. Asymptotically, as r→0,
he conditions for path independence apply on any contour in the

Fig. 1 J-integral in two dimensions
1−x2 plane, which is perpendicular to the crack front at s. Hence,
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the J-integral defined in this plane can be extended to represent
the pointwise energy release rate along the crack front as

J�s� = lim�→0�
�

n · H · q · d� �3�

For a virtual crack advance in the plane of a three-dimensional
crack, the energy release rate is given by

J̄ =�
L

J�s���s�ds, J̄ = lim�→0�
At

��s� · n · H · q · dA �4�

2.2 SIF. The stress intensity factors KI, KII, and KIII play an
important role in linear elastic fracture mechanics. They charac-
terize the influence of load or deformation on the magnitude of the
crack-tip stress and strain fields and measure the propensity for
crack propagation or the crack driving forces. Furthermore, the
stress intensity can be related to the energy release rate �the
J-integral� for a linear elastic material through

J =
1

8�
KT · B−1 · K �5�

where K= �KI ,KII ,KIII�T and B is called the prelogarithmic energy
factor matrix �16,17�. For homogeneous, isotropic materials, it is
diagonal and the above equation simplifies to

J =
1

Ē
�KI

2 + KII
2 � +

1

2G
KIII

2 �6�

where Ē=E for plane stress and Ē=E / �1−�2� for plane strain,
axisymmetry, and three dimensions.

For an interfacial crack between two dissimilar isotropic mate-
rials with Young’s moduli E1 and E2, Poisson’s ratio �1 and �2,
and shear moduli G1=E1 /2�1+�1� and G2=E2 /2�1+�2�,

J =
1 − �2

E�
�KI

2 + KII
2 � +

1

2G�
KIII

2 �7�

where

1

E�
=

1

2
� 1

E1
+

1

E2
�,

1

G�
=

1

2
� 1

G1
+

1

G2
� ,

� =
G1�k2 − 1� − G2�k1 − 1�
G1�k2 − 1� + G2�k1 − 1�

where k= �3−4�� for plane strain and k= �3−�� / �1+�� for plane
stress.

3 XFEM
Traditional finite element methods are difficult to implement in

a crack propagation problem due to the problem of remeshing it as
the crack progresses. Moreover, the approximation of the crack-tip
singularity should be accurate. XFEM is a numerical method to

Fig. 2 J-integral in three dimensions
model internal �or external� boundaries, such as holes, inclusions,
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r cracks, without requiring the mesh to conform to these bound-
ries. It is based on a standard Galerkin procedure and uses the
oncept of partition of unity �18,19� to accommodate the internal
oundaries in the discrete model. XFEM presents a method for
nriching finite element approximations so that crack growth
roblems can be solved with minimal remeshing �20–22�. Later,
n enrichment technique that includes the asymptotic near tip field
nd a Heaviside function H�x� can be used for the three-
imensional static crack modeling �23�.

3.1 Crack-Tip Enrichment. Extended finite element method
nd generalized finite element method �24–27� belong to the class
f partition of unity methods and add discontinuous enrichment
unctions to the finite element approximation using the partition of
nity,

u�x� = �
i=1

n

Ni�x�	ui + �
j=1

ne�i�

ajiFj�r,��
 �8�

here �r ,�� is a polar coordinate system with an origin at the
rack tip and Ni�x� are the standard finite element shape functions.
he enrichment coefficient aji is associated with nodes, and ne�i�

s the number of coefficients for node I.
The crack-tip enrichment functions in isotropic elasticity

i�r ,�� are obtained from the asymptotic displacement fields,

�Fj�r,��� j−1
4 =

�r sin��

2
�

�r cos��

2
�

�r sin��

2
�sin���

�r cos��

2
�sin���

� �9�

3.2 Heaviside Function. The Heaviside jump function is a
iscontinuous function across the crack surface and is constant on
ach side of the crack +1 on one side and −1 on the other. After
ntruding this jump function, the approximation will be changed to
he following:

U = �
i�I

uiNi + �
j�J

bjNjH�x� + �
k�K1

Nk	�
I=1

4

Ck
i1Fi

1�x�

+ �

k�K2

Nk	�
I=1

4

Ck
i2Fi

2�x�
 �10�

here Ni is the shape function associated to node i, I is the set of
ll nodes of the domain, J is the set of nodes whose shape func-
ion support is cut by a crack, K is the set of nodes whose shape
unction support contains the crack front, ui is the classical degree
f freedom �i.e., displacement� for node i, and bj accounts for the
ump in the displacement field across the crack at node j. If the
rack is aligned with the mesh, bj represents the opening of the
rack, H�x� is the Heaviside function, Ck

I is the additional degree
f freedom associated with the crack-tip enrichment functions,
nd Fl is an enrichment, which corresponds to the four asymptotic
unctions in the development expansion of the crack-tip displace-
ent field in a linear elastic solid.

3.3 LSM. The level set method �LSM� is a numerical scheme
28� to model the motion of interfaces. The principle of the
ethod is to represent an interface by the zero of a function called

he level set function. A significant advance of the XFEM method

s given by its coupling with LSMs. The LSM is used to represent

ournal of Nanotechnology in Engineering and Medicine
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the crack location, including the location of crack tips. The XFEM
is used to compute the stress and displacement fields necessary for
determining the rate of crack growth.

4 Glide Dislocations in Carbon Nanotubes
It has been shown �29� that the glide of the dislocations existing

in the carbon nanotubes leads to the formation of defects, such as
Stone–Wales and vacancies, which further lead to the fracture
propagation. The glide of dislocations can be differentiated into
two categories.

4.1 Glide of Dislocation by Bond Rotation. By studying the
energetics of a pair of edge dislocations in a CNT under axial
loading using both MM and XFEM, it is found that the edge
dislocation pair is generated by creating a Stone–Wales defect, as
shown in Fig. 3�a�. Ding et al. �30� suggested a glide mechanism
in CNTs; the side bond of one of the heptagons of the Stone–
Wales defect was rotated by 90 deg, and the bonds were recon-
structed so that two separated 5–7 defect pairs were generated, as
shown in Fig. 3�b�. As this process repeats, the tube diameter
shrinks as the length increases.

4.2 Climb of Dislocation by Atom Removal. Considering
the climb of dislocation pairs due to the removal of atom pairs
from the CNT lattice, it was proposed by Ding et al. �30� that the
loss of mass observed during experiments performed on CNTs
was mainly due to the removal of atom pairs, which leads to the
climb motion of a prismatic dislocation �31�. As shown in Fig. 4,
a two-atom vacancy can be viewed as a dislocation pair. The
removal of pairs of atoms followed by the reconstruction of bonds
induces the separation of the dislocation dipole.

Moreover, Ding et al. �30� showed that the results using XFEM
matched the molecular mechanics calculations quite well; the en-
ergy increased at all the strains with dislocation climb. Thus,
XFEM model calculations agree closely with MM models in pre-
dicting the climb motion of dislocation.

Fig. 3 „a… Stone–Wales defect can be seen as a pair of dislo-
cations, where each 5–7 pair represents a dislocation and „b…
5–7 pairs are gliding away from each other due to bond recon-
structions †29‡

Fig. 4 Climb motion of dislocation due to sequential removal

of two atom pairs „circled atoms… †29‡

NOVEMBER 2010, Vol. 1 / 041008-3
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Carbon Nanotube Modeling and Simulation
As explained by Belytschko et al. �12�, the fracture strength of

NTs depends primarily on the inflection point of the interatomic
nergy and is almost independent of the dissociation energy.
herefore, since the inflection strain occurs substantially before

he strain associated with bond breaking, where the formation of
ther bonds is expected, the independence of fracture strength to
he dissociation energy provides some confidence that the modi-
ed Morse potential can give a correct picture of nanotube frac-

ure in cases of moderate temperatures �0–500 K�. It has also been
eported �32� that for carbon nanotubes, the force-strain relation is
ighly nonlinear at the attraction region, especially at large strains,
nd inflection point �peak force� occurs at 19% strain. The repul-
ive force increases rapidly as the bond length shortens from the
quilibrium length with less nonlinearity than the attractive force.

For the modeling of the C–C bonds, the carbon nanotube is
onsidered as a space frame structure, and the 3D elastic ANSYS
EAM4 element is used to represent the covalent bond existing
etween the C–C atoms in the nanotube. The nonlinear behavior
f the C–C bonds is assigned to the beam elements using the
tepwise procedure of fracture modeling �32�.

Experimental observations have revealed that topological and
acancy defects introduced during the synthesis process are com-
only present in CNTs. The large differences between the theo-

etical predictions and experimental measurements of the Young’s
odulus and the tensile strength of CNTs may be a measure of the

mount of defects present. Although little is known about the
ypes of defects that might be introduced during the synthesis
rocess, vacancy defects are likely candidates.

The current model used has the ability to consider any type of
opological and vacancy defects. The modeling of defects is per-
ormed during the creation of the finite element mesh, where the
ecessary modifications in the nanotube lattice are made. The au-
hors have considered two types of initial defects.

• Type I: Initial defect comprising of 10% weakening of one
bond �element�.

• Type II: The removal of one atom and the three bonds re-
lated to it, i.e., creating a vacancy.

Both defects are positioned at the center of the tubes. The mo-
ivation for weakening one bond is that the nanotube is a multi-
tom molecule, and only few defects are known that could serve
s a nucleation site for fracture except for Stone–Wales disloca-
ion. The objective for weakening one bond by Belytschko et al.

Fig. 6 Comparison of stress-strain curves

sponding theoretical †12‡ and experimental †3

41008-4 / Vol. 1, NOVEMBER 2010
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�12� is to ascertain room temperature behavior, where the veloci-
ties of the atoms are random and nonzero. As the potential energy
nears the inflection point due to the applied force, some bonds will
be stretched beyond the point of maximum force by the kinetic
energy. The intent of the 10% imperfection is to model the effect
of random velocities on the behavior at nonzero temperatures.

In the present paper, as shown in the Fig. 5, a space frame
model of a fixed-free zigzag �20,0� carbon nanotube subjected to
axial incremental tensile loading is chosen. The choice of the
nanotubes was made for verification purposes as both theoretical
predictions and experimental measurements exist in literature.

Yu et al. �33� performed tensile experiments using arc grown
multiwalled CNTs. As the multiwalled CNTs failed in a sheathlike
pattern with typically only the outer nanotube failing, it was only
necessary to model the outer nanotube. In that way, any interac-
tions of the outer nanotube with the inner tubes were neglected.

The numerical results obtained from the above mentioned
model are compared with both the experimental measurements of
Yu et al. �33� and the MM simulations of Belytschko et al. �12�.

Considering the validation of the current space frame model
using the experimental �33� and theoretical results �12�, the stress
intensity factors and J-integrals are calculated for various combi-
nations of the CNT model and the crack location. The modulus of
elasticity, the max tensile stress, and the density of CNT for mod-
eling are taken as 1.16 TPa, 63,000 MPa, and 1330 kg /m3, re-
spectively.

The simulation tests have been carried out for different combi-
nations of length, diameter, and crack positions. Length variations
take place from 6 nm to 10 nm, whereas the outer diameter of the
fixed-free SWCNT varied from 0.8 nm to 1.5 nm. These combi-
nations are simulated for crack positions �a /L� from 0.1 to 0.9.
The initial crack orientation is taken along the periphery. During
the numerical solution for the stress intensity factor and the

edicted for the „20,0… tube with the corre-

Fig. 5 Space frame model of a fixed-free carbon nanotube
subjected to axial tension
pr

3‡ curves from literature
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-integral for above combinations, the half crack length to diam-
ter ratio is kept constant. CNT is subjected to a tensile loading.

Results

6.1 Stress-Strain Curve. Figure 6 showed the comparison of
tress-strain curves predicted by the current model for the �20,0�
ube with those obtained by the MM simulations of Chandra et al.
11� and the experiments of Yu et al. �33�.

Yu et al. �33� performed several experiments whose stress-
train curves showed very large dispersion. As the comparison
ith the whole number of the curves would be valueless, three of

ig. 7 Half CNT crack model with a /L=0.5 indicating crack
ropagation in atomic structure †12‡
Fig. 8 „„a…–„e…… Progressive fracture

ournal of Nanotechnology in Engineering and Medicine
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those, which show the best correlation, have been included in the
above figure. Curves that concern both types of initial defects are
displayed.

It is observed that the model used here significantly overesti-
mates the Young’s modulus and strength of CNTs. The most pos-
sible cause for this discrepancy was the defects of unknown type
and amount that appeared in the nanotubes tested by Yu et al. �33�.
Mielke et al. �13� found that approximately large circular holes,
which would be consistent with damage resulting from harsh oxi-
dative purification processes, may substantially reduce the failure
stresses and failure strains of CNTs, providing a likely explanation
for the discrepancy. Specifically, Mielke et al. �13� found that the
one- and two-atom vacancy defects reduced the failure stresses by
as much as 26%, thus approaching the experimental failure
stresses. Another possible cause, as stated by Belytschko et al.
�12�, is the slippage that possibly occurred at the attachments for
the high strain cases reported in Yu et al. �33�, resulting in a
decrease in the measured values of nanotube Young’s modulus.

A very good agreement is achieved for the results obtained by
the current model and the MM simulations �12�. The curves ob-
tained by the two methods for both types of initial defects coin-
cide up to 6% strain, giving the same Young’s modulus for the
models of SWCNT using XFEM

NOVEMBER 2010, Vol. 1 / 041008-5
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anotubes. For strains larger than 6%, the current model predicts
igher Young’s modulus than MM simulations. This difference is
uch smaller in the case of type II defect since the analyses of

oth models stop at around 9.5–10% strain. Regarding failure
train, in the case of type II defect, the fracture strain predicted by
he current model agrees very well with the one reported by Be-
ytschko et al. �12�, while in the case of the type I defect, it shows
considerable difference �13.12% against 16%�. Nevertheless, the

racture strain predicted by the model in this case �13.12%� was
qual to the one obtained by two different experiments of Yu et al.
33�. These results show that the current model explained above
an be used for further investigation using XFEM.

6.2 Crack Propagation Using XFEM. Crack propagation in
he solid model of CNT is done using XFEM for the current space
rame model. Crack in SWCNT is orientated in the lateral direc-
ion. The half crack length to diameter ratio �c /D� is 0.02. Figure

shows a half CNT crack model with the crack position at a /L
0.5 in atomic structure. Level set method is used for the crack
ropagation in CNT.

Figure 8 shows progressive crack propagation in the solid
odel of CNT for a /L=0.5, length=6 nm, and diameter
1.2 nm. As crack progresses, stresses at the crack tip is found to

ncrease, and the value of the von Mises stress goes up to 3.2
105 pN /nm2. Stress intensity factors and J-integrals are calcu-

ated and specific patterns are found for various combinations of
he CNT model and the crack location. As the load condition
onsidered here is purely tensile, the stress intensity factor K1
lays a more significant role, whereas stress intensity factors K2
nd K3 are found nearly equal to zero and, hence, can be ignored.

Figure 9 shows the variation of the stress intensity factor K1

ig. 9 Variations in stress intensity factor with the changes in
ength and diameter for „a… a /L=0.1, „b… a /L=0.5, and „c… a /L
0.9
ith the crack location for various length combinations. Results

41008-6 / Vol. 1, NOVEMBER 2010
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show the effect of change in the stress intensity factor with the
change in the length and the diameter. It is observed that the
change in diameter has a greater impact on the stress intensity
factor as compared with the length. Also, for the same diameter
and different length conditions, K1 is dependent on location.

Figure 9�a� shows the variation of K1 for a /L=0.1. It is ob-
served that for the smaller length of nanotube, as the diameter
increased, the stress intensity factor is linearly varied while for the
longer nanotube, the variation in stress intensity factor is nonlin-
ear. Thus, it is very difficult to characterize the influence of load
or deformation on the magnitude of the crack-tip stress and strain
fields for longer carbon nanotubes. It is clear that the increase in
length leads to an increase in the stress intensity factor.

Figure 9�b� indicates that when the crack is at the center �a /L
=0.5�, the variation with length is nearly negligible. It can be
observed from Fig. 9�c� that as the crack is oriented closer to the
loading end �a /L=0.9�, the stress intensity factor shows higher
sensitivity to smaller lengths, which indicates more chances for
crack propagation and CNT breakage. The variation of the SIF is
found to be of nonlinear nature with the normal operating point
corresponding to a diameter of around 1.2 nm.

Figure 10 shows a more clear view of the effect of diameter
change for various values of a /L. The graph shows that if the
crack is at the loading end, then the change in the value of K1 with
diameter is exponential, whereas it shows constant increase for all
other locations. The J-integral also shows the same pattern as K1.

7 Conclusions
A summary of the main conclusions of this research are as

follows.

1. An atomistic-based model able to simulate the mechanical
performance of CNTs by taking into account initial topologi-
cal and vacancy defects is proposed. The model treats CNTs
as space frame structures.

2. The numerical results obtained are compared with MM
simulations and experimental measurements from literature.
The results agree very well with the corresponding results of
the MM simulations in all cases examined, contrary to fail-
ure strain, which shows a small discrepancy.

3. Regarding the comparison with the experimental measure-
ments, the model overestimates stiffness and strength of the
nanotubes. This discrepancy is also obtained by other theo-
retical models and is possibly due to the neglecting of de-
fects of unknown type and amount that are present in the
nanotubes tested.

4. This justification is supported by the findings of the current
work and other theoretical works that indicate that vacancy
defects, which are consistent with damage resulting from
harsh oxidative purification processes, significantly reduce
the strength of nanotubes. It was found that the presence of
type II initial vacancy defect reduces the tensile strength of

Fig. 10 SIF for different crack positions along the length of
SWCNT
the �20,0� tube with regard to type I defect by about 17%.
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5. XFEM is used for crack �fracture� propagation in CNT and
contour integral technique is used to calculate stress inten-
sity factors and J-integrals.

6. Crack propagation results show that the crack tends to
propagate in the same direction as the initial one. During the
entire analysis, the half crack length to diameter ratio �c /D�
is kept constant.

7. For the same length and diameter, the crack located toward
the higher loading end is the SIF and the J-integral. So, if the
CNT is having a crack near the loading end, the severity is
more, and there are more chances for crack propagation and
CNT breakage. The change in the diameter of CNT affects
the SIF as well as the J-integral.
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