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1. Introduction

Tremendous research motivation has been observed in the composite science and
technology since the discovery of carbon nanotubes by Sumio lijima (Iijima, 1991). Carbon
nanotubes are highly crystallized tubular allotropes of carbon with hexagonal pattern
repeating itself in space. The in-plane C-C bond is strong covalent o bond. In contrary, there
exists a weak m bond out of plane which acts in between the shells of a multi-wall carbon
nanotube or in between different single-wall carbon nanotubes in a bundle. The
combination of the high strength and high elastic modulus along the axial direction and the
low density with high aspect ratio of the tubes has imparted in them excellent mechanical
properties such that they may be used as reinforcing fibers in a polymer matrix to prepare
low weight, high strength structural composites. As a component of a fiber-filled composite,
the exact knowledge of the mechanical characteristics of the carbon nanotubes is necessary
to tailor them for specific use. However, the proper strength and failure behavior of the
nano materials can only perfectly be understood by atomistic simulation. In the nano
regime, the continuum mechanics is inadequate and an atomistic description of the system
is necessary. Moreover the carbon nanotubes are found to consist of various types of defects.
Defects present inside their structure often result in some very complex phenomena in their
failure process in the atomic scale which can be handled only by atomistic simulation. Here
the power of molecular dynamics simulation technique is exploited in investigating the
mechanical characteristics of various types of defect-free as well as defective tubes with a
varying number of Stone-Wales defects with different combinations. The effect of interlayer
interaction between different single-wall tubes in a bundle and the role of potential
functions in the mechanical behavior of different carbon nanotubes are also investigated
here.

2. Theoretical predictions and experimental observations

Nanoelectromechanical systems or super strong composite materials, which are of great
interest in the present days, can be realized in practice by fabrication of materials using
carbon nanotubes (CNTs). The choice of CNTs in these fields is found to be very much
beneficial for their tremendous high strength and low density. Young’s modulus of a solid
depends on the nature of the chemical bonding of the constituent atoms. Due to the
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presence of strong covalent o bond the axial Young’s modulus should be equal to the in
plane elastic modulus of graphite (1.04 TPa). Measurements with HRTEM or AFM reveal
that CNTs have high Young’s modulus which is close to 1 TPa, i.e. 100 times that of steel. All
experimental observations (Krishnan et al., 1998; Salvetat et al., 1999a, 1999b; Treacy et al.,
1996;) predict such high stiffness of the CNTs or their bundles. Very high Young’s modulus
of 2.8-3.6 TPa, for SWCNT and 1.7-2.4 TPa for MWCNT have also been observed in some
studies (Lourie et al., 1998). Y value of 1.28 + 0.59 TPa was found in one investigation (Wong
et al., 1997). Scanning electron microscopy was used by Yu et al. (Yu et al., 1999a, 2000b,
2000c) for direct measurement of the tensile properties. Young’s modulus obtained ranges
from 0.32-1.47 TPa with a mean of 1.002 TPa for single- wall carbon nanotubes (SWCNTs)
and 0.27-0.95 TPa for multi-wall carbon nanotubes (MWCNTs).

But the prediction of their mechanical properties (Batra & Sears, 2007; Belytschko et al., 2002;
Chou, et al., 2010; Coluci et al., 2007; Dereli & Ozdogan, 2003; Liew et al., 2004; Yakobson et
al., 1996) often ends with some uncertainties especially due to some unavoidable defects
produced in them during their production, purification or functionalization. Stone-

Wales (SW) defects (Stone & Wales, 1986), vacancies, pentagons, heptagons, lattice-trapped
states, ad-dimers etc. are many types of defects that can appear in the CNT structure.
Influence of defects can be observed in the mechanical properties of CNTs as well as in their
electronic or magnetic properties. However, the effect of Stone-Wales defects has been
investigated by many researchers (Belytschko et al., 2002; Chandra et al., 2004; Nardelli et
al., 1998; Pozrikidis, 2009; Song et al., 2006; Troya et al., 2003; Tunvir et al., 2008) to obtain
widely varying results. Such type of defect is produced by 90° rotation of a C-C bond and
thus producing two pentagons and two heptagons by conversion from four hexagons of
carbon atoms. No matter what the process or potential adopted, reduction of failure
strength and ductility has been reported by most of the authors. Some authors observed that
chemical reactiivities were enhanced for a defective zigzag SWCNT compared to and planar
graphene ( Picozzi et al., 2004). The role of vacancy defects or holes on the mechanical
properties of CNTs was studied in many theoretical investigations such as that of Mielke et
al.(Mielke et al., 2004), Xiao & Hou (Hou & Xiao, 2007) and Wang et al. (Wang et al., 2007).
Decreasing effects on the failure stress and failure strain along with the scattering of stress
values were reported by Troya et al.(Troya et al., 2003) for the introduction of 1, 2 and 5
adjacent and diagonal defects. Semiempirical quantum mechanical calculations of Troya
included MSINDO and PM3 methods. They used 2nd generation Brenner potential for
simulation. Mielke et al. (Mielke et al., 2004) performed MD simulation in three different
approaches- DFT on the plane wave basis, PM3 approach and MTBG2. They took pristine as
well as defective CNTs with one and two atom vacancies.

The role of defects on carbon nanotube elastic moduli and failure behavior was studied by
tight binding molecular dynamics simulation by Haskins et al. (Haskins et al., 2007).
Molecular simulation was used by Yang et al. (Yang et al., 2007) to determine the fracture
strength of single-wall carbon nanotubes containing different concentrations of randomly
distributed point defects. Another attempt to explain the discrepancies between the
theoretical and the experimental results in predicting the mechanical properties of CNTs
was made by Huq et al. (Hugq et al., 2008). Shtogun and Woods (Shtogun & Woods, 2010)
has calculated the mechanical properties of radially deformed defective single-wall carbon
nanotube by first principle density functional theory calculations. Two different modes of
formation of SW defects (mode 1 and mode 2, also referred as SW-A and SW-B) were

www.intechopen.com



Molecular Dynamics Simulation Study on the Mechanical
Properties and Fracture Behavior of Single-Wall Carbon Nanotubes 293

considered by molecular mechanics model. Pozrikidis (Pozrikidis, 2009) has shown that
inclined, axial and circumferential defect orientations have a strong influence on the
mechanical response of zigzag and armchair SWCNTs. An attempt to explain the reason of
scattering in data of the mechanical properties of CNTs was made by Tunvir et al (Tunvir et
al., 2008) with Morse potential. To investigate the interference effect of spatial arrangements
between two neighboring vacancy and SW defects with respect to the loading direction,
their relative distances as well as their local orientations ware varied and the results were
compared. But they considered the defects in the middle of a (10, 10) SWCNT and the
defects were considered in only one side of the tube.

In 1995 Ebbensen & Takada (Ebbesen & Takada, 1995) got an experimental evidence of
topological defects such as Stone-Wales defects in CNTs. Miyamoto et al. (Miyamoto et al.,
2004) made an experimental identification of SW defects in CNT samples. Thus the
experiments established the facts that the lower values of Young’'s modulus and tensile
strength of CNTs originated because of the presence of defects in them, in particular the SW
defects.

The enhancement in the mechanical performance of materials is reported in the literature
(Dalton et al., 2003; Koizol et al, 2007; Mora et al., 2009; ) while preparing composites using
CNTs as reinforcing agents. Based on finite element method, MD simulation study
(Kuronuma et al., 2010) has been done to explore the fracture behavior of cracked carbon
nanotube based polymer composites. Seo et al. (Seo et al, 2010) concluded that the
MWCNTs were the good and appropriate materials to improve elastic behavior of the
composites with a large increase in their flexural strength and Young’s modulus in the tune
of about 60%. In spite of so much research attempts discussed above, there still exists
enough scope of investigation about the mechanical properties of the CNTs and an elaborate
study can only lead to better design of high-strength CNT-composites.

3. The aim of this study

All types of carbon nanotubes can be used for low weight structural composites. NASA is
developing materials using CNTs for space applications, where weight driven cost is the
major concern (Despres et al., 1995, lijima et al., 1996). Sufficient improvement in the
research work in this field has been achieved to enhance the adhesion of the CNTs with the
host to build composite materials for various purposes (Andrews et al., 1999; Chae et al,,
2006; Kearns and Shambaugh, 2002). During processing or purification, different chemical
groups are attached with the CNTs either via “end and defect-site” or by “sidewall
functionalization” process. The chemical attachment of the less curved sidewalls usually
requires the presence of sidewall defects such as Stone-Wales defects (Balasubramanian &
Burghard, 2005; Banerjee et al., 2005). For better bonding of carbon nanotubes with polymer
matrix in a CNT-polymer composite, suitable functionalization of the CNTs is essential.
Different types of chemical functional groups can be attached (Kang et al., 2010; Qi et al,,
2003) in these processes without hampering nanotube properties. So the presence of defects
in the CNT structure is not always degrading.

Using monochromatic light or electron beam, suitable number of defects can be produced
in the CNT structure for specific applications. A review (Krasheninnikov & Banhart, 2007)
on the engineering of CNTs and other carbon materials with electron ion beams discus the
recent advancements in this respect. Defects can serve the purpose of grafting functional
groups directly at the defect site (Canto et al., 2011). Addition reaction is most favorable in
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the position of Stone-Wales defects at the carbon-carbon double bond. Again attaching
functional groups to the CNTs is necessary to achieve proper adhesion of them with the
polymer matrix while forming composites. Electron beam exposure at high temperatures
induces structural defects in CNTs which promote the joining of tubes via cross-linking of
dangling bonds and thus producing Y or T junctions. This fact is both experimentally and
theoretically proved by Terrones et al. (Terrones et al., 2002). Defect-induced junctions
between single- wall, double-wall carbon nanotubes and also between metal crystals are
possible (Manzo et al., 2010) as electron irradiation produces structural transformation in
the CNTs and metal atoms (Banhart, 1999). Fusion of two (5, 5) SWCNTs into a (10, 10)
tube via a zipper mechanism by SW transformation is also reported by Yoon et al. under
HRTEM (Yoon et al., 2004). Under electron irradiation, the experimental and theoretical
evidence of the change of CNT’s diameter is also another consequence of the artificial
production of defects (Ajayan et al., 1998). So production of defects in certain amount and
in specific positions of a CNT is not a difficult task with the newly developed
experimental techniques.

Defects were previously thought to be only unwanted, but now it is shown that they can be
controllably produced for preparing novel nanodevices. So the need to identify and quantify
them is also required. Measurements done by polarization dependent scanning transmission
X-ray microscopy (Felten et al., 2010) or Raman spectroscopy (Miyata et al, 2011) can now
identify and quantify defects. Defect spacing can further be varied by varying the synthesis
technique (Fan et al., 2005).

Observing the new trends in the progress in the defect-controlled manipulation of the
nanotube properties in various fields of science and technology, we have critically
investigated their mechanical properties involving two major defects, mainly SW defects. As
the SWCNTs have cylindrical geometry, defects may arise on its surface anywhere. Thus
defects may appear not only in one side but they may be situated opposite to each other.
Keeping this in mind, more than one defect are considered at different positions of a zigzag
(10, 0), chiral (5, 3) and armchair (5, 5) SWNTs with varying separating distances and with
different separating angles to simulate them in atomic scale. Also 2nd generation Tersoff-
Brenner (Brenner et al., 2002) potential is incorporated in our study which can explain nicely
the creation and destruction of bonds in a CNT structure. Defects are distributed in all parts
of the tube and moreover, diagonal, overlapping and neighboring defects are taken along
with many other possible arrangements. Fracture modes are modeled and compared with a
detailed study of the mechanical response of the tubes viz, young’'s modulus, failure
strength and ductility.

Experimental data (Yu et al., 2000c) for a single-wall carbon nanotube bundle under tensile
load show that the Young’'s modulus can be as high as 1.47 TPa and tensile strength may
range from 13-53 GPa. In spite of so many attempts to explain the discrepancies between the
theoretical and experimental data regarding the mechanical properties of SWCNTs, some
observed discrepancies between theory and experiment are still unanswered. SWCNTs have
a natural tendency to form bundles and thus in the most of the experiments undertaken by
various investigators, SWCNT bundles have been used as samples. So we must take into
account the influence of bundle formation in our calculations of mechanical properties of
SWCNTs. In this work, we have compared the observed mechanical properties of three
different types of SWCNTs separately and also the bundles of each type and a bundle of
their mixture. The results are explained with the overlapping of density of states (DOS) of
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the CNTs in a bundle. So this is an attempt to carry out more realistic theoretical
investigations to facilitate comparison with experimental data. 2nd generation reactive
empirical bond order potential (Brenner et al., 2002) is adopted for simulation. For this study
we have restricted the potential to be smoothed-off at the cut-off region. Lennard-Jones 6-12
potential (Lennard-Jones, 1924) function is adopted for interlayer interaction.

To explain the above discrepancies, different types of SWCNTs are simulated using three
different potential functions and the results are compared.

4. Atomistic modeling and simulation

By atomistic modeling one can understand the interaction between the constituent
molecules of a material and thus the behavior of the material with various external
constraints, their deformation and failure process can also be understood. Starting from the
simple laws of Physics to describe the position and momentum of each atom in a material
and solving the equations of motion of the system of atoms or molecules, one can obtain the
dynamic behavior of all the particles of the system. Thermodynamical behavior of gases and
liquids (Alder & Wainwright, 1957; Alder & Wainwright, 1959; Allen & Tildesly, 1989;
Rahman, 1964) was the first, where molecular dynamics simulation was performed. Later,
this process has been used to find the mechanical behavior of solids. The failure process of
solids is associated with so many computational complexities that modeling and simulation
have now become a very exciting area of research. At first, a mathematical model is to be
developed for a physical problem. Then the equations resulting from that model building
(Ashby, 1996) are to be solved. The model should be such that it should be able to capture
the physical features of the problem. Sidney Yip of MIT (Yip, 2005) has stated that modeling
is the physicalization of a concept, simulation its computational realization. Modeling
requires the knowledge about the physics of the system i.e. about its constituents or the
behavior of the particles. Simulation requires the technique to solve enormous numerical
equations related to the complicated systems. The behavior of cracks, dislocations, grain
boundary processes can be very successfully investigated by atomistic modeling (Buehler,
2008). In modern materials modeling this process has gained immense importance. Any
complex problem can be solved by knowing Newton’s laws and the nature of interaction of
the atoms. In the present work mechanical properties of the CNTs are investigated by
modeling and simulation. Nowadays, researchers have considered the computer as a tool to
do experiment, similar as experimentalists do in their laboratory. Computational
experiments thus need to build a suitable model of a physical problem, set up some
equations to represent the problem, run simulation and to interpret the results of the
simulation process.

4.1 Molecular dynamics simulation

Molecular dynamics simulation is a form of computer simulation in which atoms and
molecules are allowed to interact for a period of time by approximations of known physics,
giving a view of the motion of the particles. Position and momentum of each particle is
updated using a suitable algorithm. In materials science, this is a very effective process. We
call molecular dynamics simulation a computer simulation technique where the time
evolution of a set of interacting atoms is followed by integrating their equations of motion.
Material behavior and their deformation are described in atomistic modeling. The purpose
of molecular dynamics simulation is to understand the properties of assemblies of molecules
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in terms of their structure and the microscopic interactions between them. Something new,
which cannot be found in other ways, can be learnt by simulation.

4.2 Present method of simulation

We have performed MD simulation using the software ‘Brenner code” which is an open
source code and which has been customized and modified as necessitated by our scheme of
work. The coordinates of a carbon nanotube generated in the program can be used for
simulation. The programs are all written in FORTRAN language. All programs are to be
compiled separately to run the main program. Microsoft developer studio is used as the
platform of manipulating programs. Time step of 0.5 fs is chosen for the molecular dynamics
simulation presented here. We have tested that slight changes in the time step affect the
simulation result negligibly. Also The evolution of the system energy with respect to time is
noticed and it is observed that 30000-50000 time steps are required to achieve convergence
in energy minimization and hence to get equilibrium condition. However, simulation can be
run using other software also, like TINKER, LAMMPS etc.

A thermostat is required to lead a system to a desired temperature i.e. to enable a NVT or
NPT ensemble. To modify the equations of motion to obtain a specific thermodynamical
ensemble, the velocities of the atoms are rescaled by a scaling factor. We have used
Berendsen thermostat (Berendsen et al., 1984) in this study to maintain a fixed temperature.
In this thermostat, velocity is rescaled by a factor A=V(To/ T (t)

In each step velocity is rescaled so that the rate of increase of temperature is proportional to
the difference in temperature; dT(t)/dt= 1/t (To- T(t))

So the scale factor is given by, A = [1+ At/t (T/To-1)] 1/2

when At is the time step and t is a coupling constant. It is called rise time which gives the
strength of the coupling of the system with the hypothetical heat bath at temperature To.

5. Verification of the dependence of mechanical response of single walled
carbon nanotubes with the position and arrangement of stone- wales defects

5.1 Theoretical method

The two pentagons and two heptagons that are produced by the 90%rotation of a C-C bond
in the honeycomb structure of a SWCNT may be oriented in different manner. The tube
symmetry and the inclination of the axis joining the pentagons or heptagons with the tube
axis decide whether the excess strain of formation of defect is released or not while straining
the tube. Three different SWCNTSs are taken and analyzed in our study. The zigzag, chiral
and armchair tubes are 42.5, 59.6 and 49.19 A long respectively with aspect ratios 10.9,
21.75 and 14.5. The zigzag and armchair tubes contain 400 atoms and the chiral tube
contains 392 atoms as a whole. Berendsen thermostat is used to allow small changes in the
velocities of the atoms such that temperature of the system reaches a value close to 300K.
The tubes are stretched in the axial direction keeping other end fixed. By stretching the tubes
in small strain increments, the equilibrium potential energy were calculated by simulation at
first in absence of any defect and then with 1, 2, 3 and 4 defects at different positions of the
tubes. Stretch is applied along the axis of the tubes. No other constraint is there in other
directions and force is zero in any other direction.

Stress is 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.
Volume of the tube is found as V=2mrdrl where r is the inner radius of the tube, Or its wall
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thickness and | the length of the tube. We have taken &r 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 non-linear
equations for the segments of high strain deformation regions. Young’s modulus is found
from the slope of the linear portion of the stress-strain curve. By changing the (z, r, 6) values,
defects are created at different positions of the same tube. 0 is changed by 900 from its first
value to form two oppositely directed defects. To produced two diagonal defects 0 is
changed by 45 and z is adjusted to the desired value.

5.2 Characteristics of defect free tubes
With Brenner’s 2nd generation REBO potential an armchair SWCNT shows remarkable

ductility of 32% and tensile strength of 196.3 GPa [Fig 1]. A chiral tube breaks at 30% strain
while its failure stress is calculated to be 149.88 GPa. The ductility and failure stress of a
zigzag tube, in contrary, are much less and that are 18% and 115.4 GPa respectively. Linear
elastic region extends upto 7% strain, beyond which the nature of the curve changes to non-
linearity. Young’s modulus is found for the pristine tube as 1.06 TPa for a zigzag tube, 0.891
for a chiral tube and 0.814 for an armchair tube. Our calculation matches with the
experimental values of failure stress by Demczyk (Demczyk et al., 2002) which is 150+45
GPa. Young’s modulus value is also close to the experimental value of 1.28 TPa by Wong et
al. (Wong, 1997) and 1.25 TPa by Krishan et al. (Krishnan et al., 1998). Maximum strain can
be compared with the results of quantum mechanical calculations (Ozaki et al., 2000; Troya
et al.,, 2003) though 10-13% maximum strain and failure stress between 13-52 GPa were
observed by Yu et al. (Yu et al., 2000c) experimentally. Fracture of a zigzag SWNT [Fig 2(a)]
is found to be brittle in our calculation. As shown in Fig 2(b) and 2(c), failure patterns are
not so sharp for a chiral and an armchair tube.
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Fig. 1. Stress-Strain curves for defect free SWCNTs
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Fig. 2. Fracture patterns of a defect free (a) zigzag (10, 0) (b) Chiral (5, 3) and (c) Armchair (5,
5) SWCNTs

5.3 Modeling of defects

A 5/7/7/5 defect is realised theoretically by rotation of a C-C bond by 90° and thus
converting two pair of hexagons to two pentagons and two heptagons. Single defect is
created in any desired place by adjusting (z, r, 0) values. For more than one defect z values
are changed to produce separated defects and orientation between two defects or oppositely
situated defects are produced by changing 0. Symmetric defects mean that they are situated
symmetrically on both sides of z=0 position. Same 6 for a number of defects produces some
defects on the same line. Where 6 varies by 1800, oppositely situated defects are produced.
Thus, for four different combinations of z, r and 0 as (-4.26,3.91,90), (-12.78,3.91,90),
(4.26,3.91,-90), (12.78,3.91,-90), four symmetrical but oppositely situated defects are
produced. Fig 3 shows a (8, 8) SWCNT with two defects at different positions.

Fig. 3. Two SW-defects shown in a (8, 8) SWCNT

5.4 Variation of tube properties with defects

5.4.1 Effect of a single defect

With only one defect an SWCNT shows a scattering of data for all mechanical characteristics
for different position of its formation. The variation is most pronounced for an armchair
tube. Fig 4 shows the stress-strain curves for a (5, 5) SWCNT with a single defect at different
positions. The curves for z=-15 and z=-20 show completely different nature. A defect at the
edge which is opposite to the loading side and is oriented parallel to the axis of the tube is
shown by the pink line in Fig 4. The different nature of the curve proves such defect does
not affect the mechanical behavior in a considerable amount. The defect energy (Eq) for a
defect near that edge (z=15.98 or 19.17) is greater than that of other defects for small strains
but lower for large strains. While straining the tube with such defects at the far end, excess
strain due to the formation of the defect is released irrespective of its orientation. However,
Eq is always lower for a pristine tube compared to others at small strains but higher for large
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strains. Tabulated results for the variation of the mechanical properties of the three types of
tubes are given in Table 2, 3 and 4. Mechanical responses of the chiral and zigzag tubes
show some variation. Maximum reduction of Young’s modulus is observed with a single
defect for a (5,5) tube with a defect situated near the edge and the reduction is 29%.
However, the maximum reductions of Y values are 24% and 16% for a (10,0) and a (5,3) tube
respectively. Ductility of a zigzag tube is not influenced by any defect present in its
structure. But whatever is the position of the defect, breaking starts from the defect site. Fig
5 reveals that breaking of a chiral or armchair tube is brittle in nature. Necking is observed
in case of a zigzag tube For a pristine tube we have observed that the applied force results
in many SW rotations after 10% strain as reported by Zhang et al. (Zhang et al., 1998). Stress-
strain curves [Fig 4] show the variation of the mechanical behavior of the tube mainly in the
non-linear portion after inclusion of a single defect at different places.

o >z/— 20
140 >/
Z=ES_
120 S =-5
—=—F—8%—9~2=-0
100 J\‘\<Z=5
z=20

STRESS IN GPa

L)
0.10 0.15 0.20 0.25 0.30
STRAIN

Fig. 4. Stress-strain curves for a (5, 5) SWCNT with a single defect at different positions

For a chiral tube tensile strength reduces by 34% and strain by 23% [Table 3] and the
reductions are 45.6% and 25% respectively for an armchair tube [Table 4]. Eq for defects
situated near the edge in case of the chiral and zigzag tubes are higher than that situated in
the mid position like a zigzag tube. As the bond between two pentagons is very week, the
tube with such SW defect where pentagons oriented along the loading direction breaks
easily. Where pentagons are inclined with the axis, the tube offers more resistance before
breaking.

(@) (b) ©)
Fig. 5. Breaking patterns of a (a) (10,0) SWNT with 1 defect at (z, r, 0) position (15.98, 3.87, 9)
(b) Chiral tube with a defect at (0.61, 2.65, 92) (c) armchair tube with a defect at (15.37,
3.37,90)
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5.4.2 Effect of a couple of defects
More variation of result is obtained after the inclusion of 2 defects [Fig 6]. But tensile

strength and Y value are higher than the result of inclusion of one defect except for two
diagonally situated defects and when the defects are situated on the same line separated by
a distance. Thus for the combinations (-1.06, 3.87, -9), (1.06, 3.87, 27) and (-3.19, 3.87, 27),
(3.19, 3.87, 27) the reduction of tensile strength is 41.9% and 39.4% for the (10, 0) tube. When
the two defects are not on the same line, rather situated opposite to each other with z
position 0 and 8.52, the defects can not reduce the strength. In each case the nature of defect-
defect interference is different. The stress-strain curves are shown in Fig 6 which
distinguishes between different defect separation and orientation. A defect can be
represented by an edge dislocation which produces gliding motion .The glide is
accompanied with attachment or breaking of bonds when atoms move together and the
changes are observed for the atoms in the line of glide motion. The atoms and bonds below
and above the defect change. So attraction or repulsion between defects is possible
according to their distance of separation and orientation (Samsonidze et al., 2002). 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 repulsive interaction acts
between the defects. So repulsive interference occur for the above two combinations and for
the defects at (0, 3.91, 90) and (8.52, 3.91, -90) attraction takes place. Here, the two glide
motion moves opposite to each other. The orientation angle i.e. the angle between the lines
joining the two pentagons of the two defects takes a major part in defect- defect correlation.
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Fig. 6. Stress-strain curves for a (10,0) SWCNT with 2 defects at different positions

For a chiral tube, two diagonal defects and two oppositely situated defects at the mid
position reduce its strength by considerable amounts. The striking fact is that, the two
overlapping defects situated side by side have no such remarkable influence on the strength.
The stress-strain curves of a chiral and armchair SWCNT with 2 defects at different
positions are depicted in Fig 7 and Fig 8.
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Remarkable differences are observed for an armchair tube. Diagonal defects no longer
change the stress-strain curve [Fig 7] compared to the defect free tube. The armchair
symmetry helps attractive correlation between two diagonal defects while evidence of
repulsive correlation is clear in case of the chiral tube. Repulsive correlation is much weaker
for a zigzag tube in case of diagonal defects.

Breaking of a (10, 0) tube with 2 defects is accompanied with deformation of the tube in
different places as shown in Fig 9(a). Other two tubes sometimes get twisted before fracture,
especially for diagonal defects [Fig 9(c)]. It is surprising to note that breaking of a chiral tube
[Fig 9(b)] with two defects at (4.56, 2.65, 59) and (-4.72, 2.70, 53) does not initiates from any
defect site. Ruther, the tube breaks at a position near the edge of the tube. The interaction of
the chiral symmetry with the orientations of the defects as well as the angle between the
pentagons of the defects serves a crucial role in the fracture of an SWCNT.
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Fig. 7. Stress-strain curves of a (5, 3) SWNT with 2 defects at different positions
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Fig. 8. Stress-strain curves of a (5, 5) SWNT with 2 defects at different positions
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.
(@) (b) (©)

Fig. 9. Breaking of a (a) (10,0) SWCNT with two defects at (-1.06,3.87,-9) and (1.06,3.87,27) (b)

(5,3) SWCNT with two defects at (4.56, 2.65, 59) and (-4.72, 2.70, 53) (c) (5, 5) SWCNT with

two defects at (-0.61,3.37,90) and (0.61, 3.37,126)

5.4.3 Influence of three defects

Different combinations of three defects are taken to study the effect of odd number of
defects. An aggregation of three diagonal defects in a zigzag tube reduces the strength of the
tube to 89.58 GPa[Fig 10]. Reduction of strength is also remarkable when the defects are
close and almost on the same line (orientation of one defect differs only by 99). Like two
defects on the same line, three such defects exactly on the same line have no such
pronounced effect on the tensile strength of the tube. The middle defect here is influenced
complicatedly by the other two defects. In each case different results are obtained. For the
defects that are oriented by some angle with respect to each other, curvature plays a
significant role in decreasing the strength. For defects on the same line, mainly the
separation between the defects is important. In our study maximum strain is less hampered
by the inclusion of defects for a zigzag tube.

It is revealed from our study that accumulation of a number of defects has no extra influence
on the mechanical response of a zigzag SWCNT. Eq4increases with the increase of number of
defect. But ultimately interference between defects leads to adjustment of equilibrium
energy leaving some changes in stiffness and maximum tensile capacity but ultimate strain
reduces only from 18% to 17% in some cases and sometimes it is fixed to 18%. The defects
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Fig. 10. Stress-strain curves for a (10, 0) SWCNT with 3 defects at different positions
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created on equal distances and symmetrically on either side of the Z=0 position interact
among themselves in such a manner that the stiffness increases than the value when the
defects are asymmetric but on the same line. The observation seems to resemble with the
observations of Tunvir et al. (Tunvir et al., 2008). The result of inclusion of 3 defects for a (5,
3) and (5, 5) tubes are shown in Fig 11 and 12 below. Three overlapping defects in case of a
(5, 5) SWCNT change the pattern of the stress-strain curve [Fig 12] significantly. Failure
stress is dropped to 85.79 GPa from 196.3 GPa and maximum strain from 32% to 26% in this
case. But maximum strain is reduced mostly for 3 oppositely situated asymmetrical defects
[Table 4]. In contrary, maximum stress increased to 148.2 GPa.
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Fig. 12. Stress-strain curves for a (5, 5) SWNT with 3 defects at different positions

Breaking of a tube with three symmetrical defects on the same line often originates from the
middle defect. But sometimes, for example for 3 overlapping defects in a zigzag tube
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breaking [Fig 13(a)] is not so sharp. It includes maximum bond breaking with necking. Fig
13(b) shows the fracture of a chiral tube with 3 defects while Fig 13(c) is the same picture for
an armchair tube. As stated earlier, twisting of the tube in Fig 13(b) is prominent.

(@) (b) ©)

Fig. 13. Breaking of a (a) (10, 0) SWCNT with 3 defects at (0.00,3.91,90), (4.26,3.91,126), (3.91,
3.87,171), (b) chiral SWCNT with 3 defects at (0.00,3.91,90), (-8.52,3.91,-90), (-17.04.3.89,90)
and (c) an armchair SWCNT with 3 defects at .(-5.53,3.37,-90),(0.61,3.37,90), (5.53,3.37,-90)

5.4.4 Results of inclusion of 4 defects at different positions

When four SW defects are introduced in the three different SWCNTSs, an armchair tube is
found to be influenced greatly by it [Table 4]. Tensile strain of an armchair SWCNT is
dropped by 53%. The maximum strain of a chiral SWCNT [Table 3]is greatly influenced by
the inclusion of 4 defects while such change is not observed for a zigzag tube [Fig 14, Table
2]. Two pairs of diagonal defects reduce the ductility of a chiral tube by 46%. 16% failure
strain in this case is close to the experimental result of M. F. Yu (Yu et al, 2000c). Sharp
breakings are observed for a chiral [Fig 15(b)] and an armchair [Fig 15(c)]tubes where
breaking of a zigzag tube [Fig 15(a)] is not always so sharp.
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Fig. 14. Stress-Strain curves of a (10, 0) SWNT with 4 defects at different positions
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(a) (b) ©

Fig. 15. Breaking of (a) a (10,0) SWCNT with 4 defects at (z, 1, 0) positions ( -4.26,3.91,90),
(12.78,3.91,90), (4.26,3.91,90), (-12.78,3.91,90) (b) (5,3) SWCNT with 4 defects at (-5.02,
2.73,97), (0.61, 2.65, 92), (3.04, 2.65, 99), (7.45, 2.70,90) (c) (5,5) SWCNT with 4 defects at (-
4.3,3.37,90), (-1.84,3.37,126), (5.53,3.37,90) and (6.76,3.37,126)

5.4.5 Comparison between the three tubes considering the same defects inside

The difference between the mechanical responses of the three types of SWCNTs is studied
and they are tabulated in Table 2, 3 and 4. When the three tubes are considered with the
same defective condition, large variations are observed. For example, Fig 16 and Fig 17 are
the stress strain curves of three tubes with 2 diagonal defects [Fig 16] and four symmetrical
defects on the same line [Fig 17] respectively. Nature of the curves is completely changed in
the two cases. That proves the symmetry dependent characteristics of single-wall carbon
nanotubes when their mechanical properties are concerned. From Table 1, a summary of the
results can be obtained.

200 -
180 -
160 - .

140 - ~“Armchair (5,5) SWCNT
120 at

100 ] __a="2igzag (10,0) SWCNT

o —©0-¢
60 ] Chiral (5,3 ) SWCNT
60 -] s
40 {:/.

T |
20 7 FZ
0 4 ®

.
(/./

STRESS IN GPa
.\.

ML L L T T 14 7 T T 1T 7 LI L LI T T T
-0.02.000.020.040.060.080.100.120.140.160.180.200.220.240.260.280.30
STRAIN

Fig. 16. Comparison of the strain-strain curves of the three tubes for 2 diagonal defects

The above study reveals that the structure of a CNT has special effect on its mechanical
behavior. Zigzag symmetry has less influence on the ductility, where chiral and zigzag
symmetry affect the ductility greatly. So the ductility of a zigzag SWCNT is not influenced
by the presence of SW defects in its structure. A chiral tube shows less stability with
increasing number of defects. Neighboring defects, especially overlapping defects reduce
the strength of a zigzag and armchair tubes mostly but for chiral tube effect of overlapping
defects is not so pronounced. For a cylindrical geometry of a CNT, their mechanical
response is thus can be influenced by the position, arrangement and orientation of the
defects as well as by the symmetry of the tube. Table 1 gives the comparison in tabulated
form.
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Fig. 17. Comparison of the stress-strain curves of the three tubes for 4 symmetric defects on
the same line

SWCNT Maximum reduction of Maximum reduction of Maximum reduction of
Y value and (z, 1, 0) failure stress ductility and
position and (z, r, 0) position (z, r, 0) position
Zigzag: 23% for 4 defects at 41.9% for 2 defects at No significant
(10, 0) (0.00,3.91,90),(4.26,3.91,90) (-1.06,3.87,-9), (1.06,3.87,27) reduction
(-4.26,3.91,90),(7.45,3.87,99)
Chiral: 10.4% for 3 defects at 42.9% for three defects at 46.7% for 4 defects at
(5, 3) (-21.15,2.73,94), (0.61,2.65,92), (-19.93,2.7,97), (0.46,2.73,24),  (-6.24,2.7,94),(-2.59, 2.73,105)
(21.15,2.7,86) (19.93,2.73,83) (0.61, 2.65, 92), (3.8, 2.73, 79)
Armchair: 29.7% for 1 defect at 56.3% for three defects at 31.25% for 4 defects at
(5, 5) (-19.06, 3.37, 36) (-1.84,3.37,90),(0.61,3.37,90), (-4.3,3.37,90), (1.84,3.37,126)
(3.07,3.37,90) (5.53,3.37,90),(6.76,3.37,126)

Table 1. Maximum reduction of Young’s modulus, failure stress and ductility for the zigzag,
chiral and armchair SWCNTs and the corresponding (z, 1, 0) values

Unlike the bulk materials, defects of various kinds are not always degrading the material
properties, but they may also be beneficial for fixing up the point of chemical
functionalization, charge injection and symmetry breaking effects and and also may
facilitate spectroscopic characterization process. Defect controlled future applications of
CNTs have now been paid attention and efforts are made to successfully create suitable
type and quantity of defects in their structure for specific purposes without compromising
their other excellent properties. Production of Y or T junction for producing electronic
devices or functionalization with different chemical groups at the defect sites to enhance
cohesion of the CNT fibers with the matrix element are some of the common uses of
defect sites.

The calculated result showing the interaction between SW defects however is still to be
proved experimentally. But the sites of SW defects are used for functionalisation of chemical
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Position of defect/ defects Young's Failure Maximum
(Z,1,09) modulus (TPa)  Stress(GPa) Strain
Single defect: 1 (0,3.91,18) 0.832 105.34 17%
2 (9.58,3.87,99) 0.859 104.66 18%
3 (-9.58, 3.87, 99) 0.847 103.59 17%
4. (15.98, 3.87,9) 0.824 116.67 18%
5 (-15.98,3.87,9) 0.846 104.14 17%
6. (19.17,3.91, 36) 0.821 127.71 18%
7 (-19.17, 3.91, 36) 0.829 106.67 17%
2 defects :1. (-4.26,3.91,54), (4.26,3.91,54) 0.891 109.44 17%
2. (-4.26,3.91,90), (4.26,3.91,-90) 0.873 116.38 18%
3. (0,3.91,90), (8.52,3.91,-90) 1.00 141.7 18%
4. (-1.06,3.87,-9), (1.06,3.87,27) 0.849 82.31 18%
5. (2.13.3.91,0), (0.00,3.91,90) 0.893 113.5 18%
6. (0.00,3.91,-18), (0.00,3.91,162) 0.900 116.58 18%
7. (-3.19,3.87,27), (3.19,3.87,27) 0.832 85.87 18%
3 defects  :1. (-4.26,3.91,99), (0.00,3.91,90), 0.904 92.19 18%
(4.26,3.91,90)
2.(0.00,3.91,90), (-4.26,3.91,90), 0.865 111.41 17%
(8.52,3.91,90)
3. (-4.26,3.91,-90), (4.26,3.91,90), 0.95 117.02 18%
(17.04,3.91,90)
4. (0.00,3.91,90), (-8.52,3.91,-90), 0.94 115.6 18%
(-17.04.3.89,90)
5. (0.00,3.91,90), (-8.52,3.91,90), 0.924 110.36 17%
(-17.04,3.91,90)
6. (0.00,3.91,90), (8.52,3.91,90), 0.946 111.28 17%
(17.04,3.91,90)
7. (0.00,3.91,90), (4.26,3.91,126), 0.892 89.58 17%
(3.91,3.87,171)
8. (0.00,3.91,90), (3.91,3.87,99), 0.898 109.28 18%
(7.45,3.87,99)
4 defects :1.(-4.26,3.91,90), (12.78,3.91,90),  0.941 104.5 18%
(4.26,3.91,90), (-12.78,3.91,90)
2. (-4.26,3.91,90), (-12.78,3.91,90),  0.859 109.88 17%
(4.26,3.91,-90), (12.78,3.91,-90)
3. (-4.26,3.91,90), (12.78,3.91,90), 0.868 1155 18%
(4.26,3.91,-90), (-12.78,3.91,-90)
4. (-8.52,3.91,90), (-4.26,3.91,90), 0.871 89.6 18%
(0.00,3.91,90), (4.26,3.91,90)
5. (0.00,3.91,90), (4.26,3.91,90) 0.814 112.17 18%

(-4.26,3.91,90), (7.45,3.87,99)

Table 2. Mechanical behavior of a (10,0) SWCNT with one, two, three and four defects at
different positions

groups, mainly carboxylic group which in turn, is exploited for better adhesion between
CNT and matrix in the composite materials. Composites made up of CNT as reinforcements
have many potential applications, e.g. for making of spacecrafts, sports goods etc. Y or T
junctions may be prepared utilizing the presence of defects which can be used for preparing
nano transistor. The functionining of those devices may be influenced by the presence of
odd or even number of defects. Also, several such junctions can be produced and linked up
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for building up of mesh like architectural construction. The interaction between the odd and
even number of defects may be exploited to strengthen such structure. The extraordinary
mechanical, electrical and thermal properties of the CNTs have been exploited in biological
applications also, basically in drug delivery system.

Position of defect/ defects Young's Failure Maximum
(Z,1,0) modulus (TPa)  Stress(GPa) Strain
Single defect: 1. (0.61, 2.65, 92) 0.808 133.51 24%
2. (9.89,2.7,97) 0.752 115.25 23%
3. (-9.89,2.73, 83) 0.774 98.907 21%
4. (14.91, 2.65, 0) 0.743 111.09 23%
5. (-14.91,2.65,0) 0.81 121.41 22%
6. (20.24,2.7, 39) 0.78 114.57 21%
7. (-19.63, 2.73, 53) 0.809 111.47 22%
2 defects  :1. (-1.83,2.65,84), (0.61,2.65,92) 0.75 149.72 26%
2. (4.56,2.65,59), (-4.72,2.7,-53) 0.757 129.95 24%
3. (5.02,2.7,83), (-5.02,2.7,-83) 0.803 119.93 23%
4. (-1.22,2.65,-4), (1.22,2.654) 0.832 100.1 21%
5. (-19.93,2.7,97), (19.93,2.73,83)  0.791 113.73 26%
6. (0.61,2.65,92),(-0.61,2.65,-92) 0.821 96.76 20%
3 defects :1.(0.46,2.73,24), (3.04,2.65,119), 0.715 101.14 17%
(5.63,2.73,174)
2.(-0.76,2.7,20), (2.89,2.73,31), 0.742 108.26 23%
(6.09,2.65,18))
3. (-5.02,2.73,97), (0.61,2.65,92), 0.775 107.43 20%
(5.02,2.7,83)
4. (-15.52,2.65,88), (0.61,2.65,92), 0.809 130.23 26%
(14.3,2.65,88)
5. (-15.52,2.65,88), (0.46,2.73,24), 0.748 106.35 21%
(15.52,2.65,-88)
6. (-21.15,2.73,94), (0.61,2.65,92), 0.729 113.408 22%
(21.15,2.7,86)
7. (-19.93,2.7,97), (0.46,2.73,24), 0.758 85.57 26%
(19.93,2.73,83)
4 defects :1.(-5.02,2.73,97), (0.61, 2.65,92),  0.74 93.81 20%

(3.04, 2.65,99), (7.45, 2.7, 90)

2. (-15.52, 2.65, 88), (-7.45,2.73,90), 0.758 145.22 26%
(7.45,2.7,90), (14.30, 2.65, 88)

3. (-15.52, 2.65, 88), (-5.02,2.73,97), 0.756 88.09 18%
(5.02,2.73, -97), (15.52, 2.65, -88)

4. (-19.93,2.7,97), (-9.89,2.73,83),  0.792 98.92 20%
(0.00,3.91,90), (4.26,3.91,90)
5. (-6.24,2.7,94), (-2.59,2.73,105)  0.814 86.81 16%

(0.61, 2.65,92), (3.8, 2.73, 79)

Table 3. Mechanical behavior of a (5, 3) SWCNT with one, two, three and four defects at
different positions
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For hydrogen storage, the defect sites are responsible for better absorption. The interaction
between defects should be studied for the full exploitation of CNT properties, particularly in
composite materials for achieving the target of their possessing very high strength. While
functionalizing a CNT for making composite materials, the reduction of the strength of the
CNT due to defect-defect interaction may be controlled by functionalizing the CNTs at
proper defect positions.

Not only the number of defects, but their position and orientation are also important while
analyzing their effects on the mechanical properties of the carbon nanotubes. This
dependence varies with the symmetry of the tubes. Young’s modulus of a zigzag tube with
four defects placed symmetrically almost on the same line is reduced largely compared to a
defect free tube. Two diagonal and overlapping defects are found to have maximum
reducing effect on failure stress for the tube. The ductility of a zigzag tube is almost
insensitive to the presence of defects in its structure.

For a chiral tube, the maximum reduction of Y value is noticed for three well separated
symmetrically situated defects. The failure stress of a chiral tube is mostly influenced by
three well separated defects (symmetrically situated around z=0 position). 46.7% reduction
of failure strain is calculated for a chiral tube with four defects for some specific
combinations. For an armchair tube reduction of Y value is maximum for 1 defect near the
edge. 56.3% reduction of strength is reported for the tube with three defects on the same line
but asymmetrically placed about z=0. 31.25% reduction of failure strain is reported for an
armchair tube with four defects for some specific combinations.

There are many possibilities of the arrangement of different number of defects due to which
the strength and stiffness of the CNTs may vary differently. In our investigation, we have
observed the variation of these mechanical properties (strength and stiffness) for several
combinations of separating distances as well as different orientations of the defects in the
structure of the CNTs. In some cases, the reduction of these major properties is significant
whereas in some other cases it is less. Now, if we can functionalize the CNTs at those defect
sites where, the reduction of their strength or stiffness is negligible, then it may be possible
to fabricate composite materials with such functionalized CNTs without losing their
strength or stiffness much. For example, for two SW defects at (z, r, 0) positions of (0, 3.91,
90) and (8.52, 3.91,-90), the reduction of both the strength and stiffness of the zigzag SWCNT
(10, 0) is minimum. So, functionalizing the tube at those defect sites will not reduce much of
the strength of the composite material reinforced by them. Development of better
experimental technique to identify the suitable sites of defects for functionalization will help
the composite builders in this respect in near future.

6. Variation of mechanical properties and fracture behavior of single wall
carbon nanotubes on bundle formation

Using the 2nd generation REBO potential with smoothing at cut-off region, MD simulation is
carried out for three different types of tubes. Then bundle of each type is taken containing
three of them in each bundle and then one bundle of the mixture of the three types is taken
and simulated separately. Lengths of the single zigzag, armchair and chiral tubes are 85.18
A 9858 A, 119.26 A respectively. As before, room temperature is maintained by Berendsen
thermostat. By stretching the tubes in small strain increments, the equilibrium potential
energy is calculated by simulation. Keeping one end fixed the other end of the bundle is
stretched gradually from the unstretched condition in such a way that all the tubes are
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Position of defect/ defects Young's Failure Maximum
(Z,1,0) modulus (TPa)  Stress(GPa) Strain
Single defect: 1. (0.61, 23.37, 90) 0.749 112.56 26%
2 (5.53,3.37,90) 0.749 111.05 26%
3 (-5.53, 3.37, 90) 0.741 141.42 27%
4. (15.37, 3.37,90) 0.749 119.44 26%
5 (-15.37,3.37,90) 0.741 120.26 24%
6 (19.06, 3.37, 90) 0.741 106.72 28%
7 (-1906, 3.37, 36) 0.572 178.16 28%
2 defects  : 1. (0.61, 3.37,90), (0.61,3.37, -90) 0.717 120.97 25%
2. (-56.53, 3.37, 90),(5.53,3.37, 90) 0.74 109.67 28%
3. (-5.53,3.37,90), (5.53,3.337,-90) 0.77 190.38 30%
4. (-15.37,3.37,90), (15.37,3.37,90)  0.672 103.09 20%
5. (-15.37,3.37,90),(15.37,3.37,-90))  0.744 103.97 27%
6. (-0.61,3.37,90), (0.61, 3.37,126) 0.711 190.32 27%
7.(-0.61,3.37, 90), (1.84,3.37,90) 0.678 106.01 26%
3 defects :1.(-5.53,3.37,90), (0.61, 3.37,90), 0.726 124.83 29%
(5.53, 3.37,90)
2.(-5.53,3.37,-90),(0.61,3.37,90), 0.714 99.78 24%
(5.53,3.37,-90)
3. (-20.29,3.37,90),(0.61,3.37,90) 0.726 103.42 27%
(20.29,3.37,90)
4. (-20.29,3.37,-90)(0.61,3.37,90), 0.766 103.18 28%
(20.29,3.37,-90)
5. (0.61,3.37,90),(6.76,3.37,90) 0.732 108 27%
(15.37,3.37,90)
6. (0.61,3.37,90), (6.67,3.37,-90) 0.76 148.3 24%
(15.37,3.37,-90)
7. (-1.84,3.37,90),(-0.61,3.37,126) 0.724 109.02 26%
(1.84,3.37,162)
8. (-1.84,3.37,90),(0.61,3.37,90) 0.625 85.79 26%
(3.07,3.37,90
4 defects : 1. (-11.68,337,90), (-4.3,3.37,90) 0.813 108.57 26%
(4.3,3.37,90),(11.68,3.37,90
2. (-11.68,3.37,-90),(-4.3,3.37,-90), 0.764 98.54 26%
(4.3,3.37,90), (11.68,3.37,90)
3. (-11.68,3.37,-90),(4.3,3.37,-90) 0.679 92.82 26%
(-4.3,3.37,90),(11.68,3.37,90)
4. (-4.3,3.37,90),(-1.84,3.37,126) 0.706 91.09 22%
(5.53,3.37,90),(6.76,3.37,126)
5. (-1.84,3.37,90),(0.61,3.37,90) 0.773 113.12 26%

(4.3,3.37,90),( 6.76,3.37,90)

Table 4. Mechanical behavior of a (5, 5) SWCNT with one, two, three and four defects at
different positions

stretched equally. Intertube interaction is modeled with Lennard-Jones potential. For a

SWCNT bundle, volume of each tube is calculated separately and then added to get the total
volume.
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6.1 Mechanical characteristics of isolated tubes

A zigzag SWCNT exhibits a high Young’s modulus value of 1.47 TPa with 16% ductility.
Calculated failure stress is 76.77 GPa. Stress strain curves of the three tubes are shown in Fig
8.1. For the (5, 0) tube, stress increases slowly upto 8% more or less linearly and then flattens
giving a yield point near 9% strain. On straining the tube beyond 12% strain for a zigzag
SWCNT, as reported by Zhang et al. (Zhang et al., 1998), we have observed SW rotation that
ultimately leads to rupture of the tube. After 18% strain, the tube breaks totally with the
formation of a series of SW rotations. The stress strain curves of isolated (5, 5) and (5, 3)
tubes [Fig 18] are somewhat different in nature. Also their failure stress and failure strain
values are different. The single (5, 5) tube has the highest fracture strain of 26% compared to
the other two. Table 5 gives the detailed picture of the failure stress and strain values.
However, the chiral SWCNT shows the maximum breaking stress of 115.65 GPa.
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Fig. 18. Stress-strain curves of three different types of isolated tubes.

Young's modulus values agree very well with the experimental data of Krishnan et al.
(Krishnan et al. 1998) Wong et al. (Wong et al., 1997), and Treacy et al. (Treacy et al., 1996).
Failure stress or strain of the single tubes does not match with the experimental findings of
Yu et al. (Yu et al., 2000c) which, we will show in the next part of this section, match with
experiment when mixture of bundles of nanotubes are formed. Yu et al. (Yu et al., 2000c)
observed 10-13% maximum strain for SWCNT bundle with failure stress varying in between
13- 52 GPa. For single tubes, our calculated values of failure stress matches with Mielke et al
(Mielke, 2004) and Troya et al. (Troya, 2003) with the same potential.

Failure of these tubes [Fig 19] does not show complete rupture of the tubes. Rather they
exhibit breaking of bonds all over the tubes at the breaking point.

Fig. 19. Breaking patterns of an isolated (a) zigzag (b) chiral (c) armchair SWCNT
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6.2 Characteristics of a bundle of three different types of SWCNTs

Single- wall carbon nanotubes that are grown by laser ablation, (Eklund et al., 2002; Guo et
al., 1995; Thess et al., 1996;) arc discharge (Bethune et al., 1993; Ebbesen & Ajayan, 1992;
lijima, 1991) or the most recent HiPCO method always occur in bundles. These bundles are
held together by weak interactions between the tubes. The bundles of SWCNTs are different
from the isolated tubes in two respects. A bundle contains nanotubes of different chirality
and slightly different diameters (Henrard et al, 2000). Bundling also changes their
properties by tube interaction. Surprisingly, Young’s modulus is noticeably increased to 1.60
TPa again and failure strain is reduced to 9% [Fig 20]. Failure stress is also reduced much
giving a value of 68.50 GPa. Fracture of a SWCNT bundle with three (5, 3) chiral tubes is
depicted in Fig 21 which are very much different in nature from the stress-strain curves of
isolated tubes [Fig 19]. Table 5 shows the results in tabulated form.
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Fig. 20. Stress-strain curves of bundles of different SWCNTs

Fig. 21. Failure of a bundle of three (5, 3) SWCNTs

This changed behavior may be explained by overlapping of energy bands in nanotube
bundles. Scanning tunneling spectroscopy (Wildoer et al., 1998), resonant Raman scattering
(Jorio et al., 2001) and optical absorption or emission measurements (Connell et al., 2002)
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confirmed the electronic DOS in carbon nanotubes. Ouyang et al (Ouyang et al., 2001)
experimentally found a pronounced dip in the electronic DOS of a (8, 8) SWCNT at Fermi
level inside a bundle, compared to an isolated tube. This is due to symmetry breaking by
other tubes in proximity. Not always a gap is produced, but gap may also be closed for such
a tube. Closing of band gap is observed for a (10, 0) tube in a bundle in (Reich et al., 2002).
Due to this type of overlapping of electronic bands, attraction or repulsion arises inside the
SWCNT bundle. All intermolecular/van der Waals forces are anisotropic which means that
they depend on the relative orientation of the molecules. The induction and dispersion
interactions are always attractive, irrespective of orientation, but the electrostatic interaction
changes sign upon rotation of the molecules. That is, the electrostatic force can be attractive
or repulsive, depending on the mutual orientation of the molecules giving rise to different
interaction between the tubes of a bundle.

In the low energy part of the band structure the bundling of the nanotubes changes the
electronic properties by symmetry breaking and by the intratube dispersion perpendicular
to K,.. That also holds good for larger electronic energies also. Again, when isolated tubes of
different symmetries are present, energy bands are strongly split. Reich et al. (Reich et al.,
2002) showed that in a high symmetry packing of (6, 6) nanotube the degenerate bands of
isolated tube remained degenerate by symmetry in the crystal. In their study, it was also
revealed that the dispersion of the electronic bands perpendicular to k, is less in a zigzag
(10, 0) tubes than a (6, 6) tubes. The first two valance states at the I' point of the brillouin
zone results in a strong dispersion in the corresponding states perpendicular to k, for
armchair tubes. Chiral tubes are likely to be more complicatedly influenced by symmetry
breaking and band splitting. The change of behavior of the curves for an isolated tube and
their bundles can thus be explained by the change of DOS which must be taken into account
while comparing a theoretical result with the experimental findings.

SWCNT Young's Failure stress  Failure strain
Modulus (TPa) (GPa)

Zigzag (5,0)

Single: 1.468 76.770 14%

Bundle: 1.013 105.008 15%

Armchair (5,5)

Single: 0.792 107.913 26%

Bundle : 0.867 112.032 21%

Chiral (5,3)

SBTr%éele 0.831 115.652 22%
' 0.729 101.017 18%

Mixture of three .

Different tubes 1.602 68.500 9%

Table 5. Young’s modulus, tensile strength and ductility of different SWCNT types and their
bundles

6.3 Effect of the number of tubes in the SWCNT bundle on their mechanical behavior
We have investigated the influence of an increasing number of tubes in an armchair (5, 5)
single-wall carbon nanotube bundle on their mechanical properties under tensile and
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compressive loading by molecular dynamics simulation. 2nd generation Brenner bond order
potential is adopted for energy minimization in the simulation process.
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Fig. 23. Compressive stress vs. strain curves of bundles of (5, 5) SWCNTs with different

number of tubes

From the stress-strain curves of the bundles [Fig 22 and 23] it can be inferred that with the
increase of the number of tubes in the bundle, the bundle becomes more stiff and strong.
Resemblance of the curves is noticed for 4 and 6 membered bundles in Fig 8.9. The same
Figure also shows the resemblance of the curves for 3 and 5 membered bundles. The
Young's modulus decreases while the compressive modulus increases with the number of
tubes in a bundle [Fig 24]. But, overall increase of tensile and compressive stress [Fig 25] is
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reported in this study. The maximum Young's modulus of 0.73 TPa and maximum
compressive modulus of 1.00 TPa are obtained in our calculation for a bundle of three tubes.
These are within the range of the experimental findings of Yu et al. (Yu et al., 2000c) and
Treacy et al. (Treacy, 1996) Failure strength of about 100 GPa can be matched with the
observations by Demczyk et al. (Demczyk et al., 2002) Ductility, tensile and compressive
strengths agree well with the experimental results as well as with other MD simulation
calculations.
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Fig. 25. The variation of strength with the number of tubes in a bundle

When the fracture of these bundles is modeled, it is observed that the bundle consisting of a
fewer number of tubes breaks completely at the maximum stain value where all of its
members break equally. On the other hand, only one or two tubes of a bundle with a larger
number of tubes break completely at the same strain value. Compression produces kinks in
the structure of the SWCNT bundles. They show complete collapse from the position of kink
formation at a certain strain. The cross section of the tubes in a bundle of the carbon
nanotube changes on the application of force from circular to oblate and more deformed
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shape appears on the increase of strain. The breaking and buckling of the bundles are
depicted in Fig 26 (a-j).

()

Fig. 26. (a) Breaking of a 3 membered bundle (b) A bundle of 4 tubes (c) breaking of a 5
membered bundle. It breaks from the middle portion. (d) A six membered bundle breaks
near the end (not all the tubes are broken at a time) (e) buckling of a bundle of 3 tubes (f)
buckling with 4 tubes (g) buckling with 5 tubes (tubes are distorted near the loading edge
(h) buckling of a six membered bundle (i) Distortion of the cross section of the tubes in a
bundle of three SWCNTSs under pressure. (j) Distortion of the cross section is more for a
bundle of five SWCNTs. Different cross-sectional changes are observed for different tubes in
the same bundle

Comparing the MD simulation results of different SWCNTs and their bundles, it can be
concluded that a major reason of non-compatibility of the theoretical results with the
experimentally obtained low values of failure strain and failure stress is the existence of the
SWCNTs in the form of bundles where different types of tubes may be present. While
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forming the bundles, the zigzag tube resists the external force strongly and the armchair
tube breaks symmetrically on the application of the tensile force. 25% reduction of
maximum strain is observed for a bundle of three chiral SWCNTs compared to a single tube.
The reduction is maximum for a bundle of the mixture of three types and we get 43.75%
decrease of the strain from the lowest strain of 16% for a single zigzag tube. Overlapping of
density of states is responsible for the changed behavior of the bundle of nanotubes. Also
the number of tubes in a SWCNT bundle affects their mechanical properties in a great
extent.

7. Dependence of the mechanical properties of SWCNTs on the choice of
interatomic potential functions

The choice of potential function in explaining the mechanical properties of CNTs is a vital
factor. In Fig 1, we have already shown the stress-strain curves of three different types of
defect-free SWCNTs with 2nd generation REBO potential. An armchair (5, 5), a chiral (5, 3)
and a zigzag (5, 0) SWCNT exhibit stress-strain curves as shown in Fig 27 with tight binding
potential. In a (5, 0) SWCNT the plastic flow region contains a plateau after which, the stress
increases to 161.00 GPa. The armchair and the chiral tubes show lesser tensile strength of
141.52 GPa and 125.61 GPa respectively. But their failure strain values are same as 26%. In
tight binding approximation, the (5, 5) and the (5, 3) tubes show some ductility before
failure.
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Fig. 27. Stress-strain curves of three different types of SWCNTSs with tight binding potential

For three different types of defect-free tubes, the mechanical characteristics are tabulated
below (Table 6). Results for the smoothed off REBO potential are taken from Fig 18.

From Table 5, we can conclude that reasonable results are obtained for REBO potential with
smoothed off cut-off function. For the (5, 0) tube failure strength of 76.77 GPa and failure
strain of 14% are much less than the values with other potentials. Other tubes also show
much lower values of the mechanical characteristics with the former potential with respect
to the others. So, the 2nd generation REBO potential with smoothed off cut-off function gives
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more reasonable values with respect to the experimental values (Yu et al., 2000c). The
discrepancies, still present may be due to the availability of the experimental samples in the
form of bundles or due to the presence of defects in the samples.

Tight Binding 2nd generation REBO Smoothed off REBO
Swans Y.M. E.S. FSr Y.M. E.S. FSr Y.M. ES. FSr
(TPa) | (GPa) | (TPa) | (GPa) | (TPa) | (GPa) [

5, 0) 1.13 161.00 | 18% 1.44 144.70 | 20% 1.47 76.77 | 14%
5, 5) 0.81 141.52 | 26% 0.81 196.30 | 32% 0.79 | 107.91 | 26%
5, 3) 1.00 125.61 | 26% 0.89 149.88 | 30% 0.83 | 115.65 | 22%

Table 6. Comparison of the results obtained for three different potentials for defect-free
tubes

8. Conclusions

The dependence of mechanical properties of SWCNTs on various factors is discussed in this
chapter. So by the quantitative investigation it can be concluded that for engineering
interest, the mechanical properties of the CNTs can be tailored by introducing suitable
number of defects in suitable positions and orientations. In the present situation, the
designing of composites with desired properties is a challenging job which depends on
more understanding of the properties of these reinforcing agents.

A striking change in the mechanical properties of a SWCNT is noticed when some of them
form a bundle. Though we have obtained the Young’s modulus and failure stress values in
the experimentally specified range, the failure strain is higher than that of the experimental
values for a single tube. An armchair, a zigzag and a chiral SWCNTs show higher failure
strain than their bundles. Due to the overlapping of density of states a bundle of their
mixture shows a drastic reduction of the failure strain (from 18% for a defect-free tube to 9%
on bundle formation). Repulsive interaction between these tubes is observed in this study.
Breaking of symmetry of a tube in proximity of the others is the possible reason of such
changes. When we increased the number of tubes in a bundle of an armchair SWCNT, the
bundle becomes stronger and stiffer. With more tubes, a bundle possesses high buckling
strength also. The cross section of the tubes in a bundle deform under pressure. The cross
section changes from circular to oval under the application of pressure. More deformation is
observed with the increase of compressive force.

We have tried to increase the acceptability of the results obtained in the simulation
procedure by choosing different potentials, in particular the Tersoff-Brenner potential and
tight binding potential. Tight binding potential is used as it is.

But we have carried out simulation with 2nd generation REBO potential and also with
smoothed off 2nd generation REBO potential to avoid the sudden hike of energy near the
cut-off region. More reasonable results are obtained for a smoothed-off REBO potential at
the cut-off region.
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