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ABSTRACT 

 
      Nowadays carbon nanotubes (CNTs) have earned an 
important place in various fields of science and technology. 
The presence of the CNT fibers in the matrix can enhance the 
strength and quality of the composite materials to a large 
extent. So the exact knowledge of the mechanical properties 
of the fibers is very much important in building up of 
composite materials for specific use.  As the CNTs have a 
natural tendency to form bundles or ropes or appear in the 
form of MWCNTs, we have studied the mechanical 
characteristics of a four membered single- wall carbon 
nanotube bundle and a four walled MWCNT in defect free 
condition and also with several Stone-Wales defects 
introduced into them. The interlayer interaction in the two 
cases behaves differently giving different nature of tensile and 
compressive properties. Their breaking and buckling modes 
are also different. 
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1 INTRODUCTION 
 

      Experimental data [1] for a singlewalled carbon nanotube 
(SWCNT) 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. Also maximum strain can vary from 
10-13%. Falvo et al. [2] showed experimentally how a 
SWCNT bundle bent or buckled under large strains. A 
transition of the cross section of the tubes in a singlewalled 
carbon nanotube (SWCNT) bundle as well as the change of 
the bulk elastic properties is reported by Liu et al [3]. The 
experiments established that the measured lower values of 
Young’s modulus and tensile strength of CNTs were mainly 
due to the presence of imperfections in them. The role of 
vacancy defects in the mechanical properties of the CNTs was 
studied in many theoretical investigations [4-7] and the 
investigators observed a considerable reduction in strength 
due to the presence of vacancy defects. The effect of Stone 
Wales (SW) [8] defects was also investigated extensively by 
many researchers. [9-14]. Recently in a study by the present 
authors [15] it was revealed that the failure stress is reduced 
from 158.26 GPa to 111.25 GPa and failure strain from 30% 
to 22% due to the presence of one SW defect in a (8, 8) 

singlewalled carbon nanotube (SWCNT). Another study by 
the same authors [16] reported the mechanical properties of 
a (5, 0) SWCNT using two different interatomic potential 
functions. The breaking of the lattice rotation symmetry at 
low energy for bilayer graphene was well analyzed by 
Vafek and Yang [17] which disclosed some unrevealed 
facts about the behavior of SWCNT bundles. Mechanical 
deformation of CNTs was analyzed by quantum mechanical 
and quasicontinuum approach by Park et. al.[18]. 
        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 it is essential to  take into account the influence of 
bundle formation in our calculations of mechanical 
properties of SWCNTs. Bundles of SWCNTs and 
MWCNTs have many applications as reinforcements of 
composite materials. In this work, we have compared the 
observed mechanical properties of three different types of 
SWCNTs separately and also the cases of a bundle of four 
SWCNTs and a four-walled MWCNT. The results can be 
explained by considering the overlapping of density of 
states (DOS) of the CNTs in a bundle which has been 
confirmed  in a number of experimental studies. So this is 
an attempt to carry out a more realistic theoretical 
investigation to facilitate a better comparison with 
experimental data. 2nd generation reactive empirical bond 
order (REBO) potential is adopted for simulation. 
  

2 THEORETICAL MODEL 
 

      Molecular dynamics (MD) simulation is performed on a 
SWCNT bundle made up with four (5, 5) SWCNTs and on 
an armchair MWCNT taking Brenner’s 2nd generation 
reactive empirical bond order potential. The interlayer 
interaction in the SWCNT bundle or the MWCNT is 
modeled by Lennard-Jones potential. Keeping one end of 
the tube fixed, tensile as well as compressive stress is 
applied on the other end separately. All the tubes are 
stretched equally either in a bundle or in the MWCNT. 
Equilibrium energy of the system is found in each case and 
mechanical properties are calculated. Such work has rarely 
been reported in the literature and this is an attempt to 
investigate the difference in the effect of interlayer 
interaction in between the component tubes in a bundle and 
in between the coaxial shells in a MWCNT.  
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3   RESULTS AND DISCUSSIONS 
 
3.1 Mechanical properties of a defect-free 
        (5, 5) SWCNT 
 
      The tensile stress-strain curve shows a highest tensile 
strength of 196.3 TPa for a single (5, 5) SWCNT with a very 
high failure strain of 32% [Fig 1]. 
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Figure 1: Tensile stress-strain curve for a perfect (5, 5)      
SWCNT     

      The compressive stress-strain curve for the perfect (5, 5) 
SWCNT is shown in Fig 2. It exhibits a maximum 
compressive stress of 73.7 GPa and critical buckling strain of 
6%.  However, the Young’s modulus of 0.8 TPa for 
elongation is less than that of the compressive modulus of 1.2 
TPa. 
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Figure 2: Compressive stress-strain curve for a perfect  

          (5, 5) SWCNT 
 
      The average value of the Young’s modulus is in 
agreement with the experimental observations [19, 20]. 

Failure strain of the bundle with defect is close to that 
obtained by Yu et al. [1] and the failure stress can be 
matched with the observations of Demczyk et al. [21]. The 
results are given in the following figures.  
 
3.2 Modelling of defects 
 
      After investigating the properties of the defect-free four 
walled MWCNT and the four membered SWCNT bundle, 
we have introduced SW defects in each tube randomly at 
different places such that each tube contains at least one 
defect. The defects are randomly oriented with no preferred 
separating distances.   
 
3.3 Mechanical  behavior of SWCNT bundles  

and MWCNTs with and wthout defect 

     Different effects of interlayer interaction are observed 
for the two cases. Highest tensile strength of 196.3 TPa is 
observed for a single (5, 5) SWCNT which decreases both 
for MWCNT (170.8 GPa without defect) and SWCNT 
bundle (106.8 GPa without defect). The failure strain 
decreases in both the cases. Minimum failure strain of 16% 
is obtained for a bundle with several SW defects. The 
perfect 4-walled MWCNT exhibits greater compressive 
stress (111.4 GPa) than that of a perfect SWCNT (73.7 
GPa). But the bundle with defects shows the lowest 
compressive stress of 60 GPa. The Young’s modulus of the 
MWCNT is greater than that of a SWCNT but less than that 
of their bundle. The tensile stress-strain response of the 
bundle and the multi-walled tube are shown in Fig 3, 
whereas Fig 4 contains the stress-strain response under 
compressive force. 
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Figure 3: Tensile stress-strain curves of the MWCNT and 
                the SWCNT bundle              
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Figure 4: Compressive stress-strain curves of the MWCNT 
                 and the SWCNT bundle  
 
       Single- walled carbon nanotubes that are grown by laser 
ablation, arc discharge 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 [22] Bundling also changes their properties by 
intertube interaction. 
       This changed behavior may be explained by overlapping 
of energy bands in nanotube bundles. Scanning tunneling 
spectroscopy [23] resonant Raman scattering [24] and optical 
absorption or emission measurements [25] confirmed the 
electronic density of states (DOS) in carbon nanotubes. 
Ouyang et al [26] 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 [27]. Due 
to this type of overlapping of electronic bands, attraction or 
repulsion arise 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 Kz. 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. [27] 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 kz is less in a zigzag (10, 0) tube than a (6, 
6) tube. The first two valance states at the Γ point of the 
brillouin zone results in a strong dispersion in the 
corresponding states perpendicular to kz 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 structure 
which must be taken into account while comparing a 
theoretical result with the experimental findings.  
      The breaking and buckling behavior of the CNTs are 
depicted in Fig 5. 
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Figure 5: (a) Breaking of a 4- membered SWCNT bundle 
without defect (b) Breaking of a 4- membered SWCNT 
bundle with defect (c) Buckling of the SWCNT bundle with 
SW defects (d) Breaking of the inner tube of a 4- walled 
MWCNT without defect (e) Buckling of the MWCNT with 
SW defects  
 
      The pristine MWCNTs break in such a manner that the 
outermost shell breaks  first and then the breakage proceeds 
to the inner layers. Maximum bonds of the outer shell of the 
four tubes is broken before complete rupture and the 
innermost tube is least affected. The innermost tube breaks 
on complete failure. Due to the presence of van der Waals 
force in between the layers of a MWCNT, different shells 
of an MWCNT are buckled as a single unit; otherwise, they 
would buckle in different manner. The buckling of a 
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DWCNT in the absence of van der Wals force is shown by 
Sears and Batra [19]. But for defective MWCNTs breaking of 
the innermost shell is observed first and then the other walls 
break. Kinks are formed at the position of the defects and the 
sharpness of the kinks increase with the increase of 
compressive force. Table 1 gives the summarised  results of 
our calculations. 
 

CNTs 
(5, 5) 

F.T.S. 
(GPa) 

F.C.S. 
(GPa) 

 

F.T.Sr 
(%) 

C.B.Sr 
(%) 

Pristine 
SWCNT 

196.3 73.7 32 6 

Pristine 
SWCNT 
bundle 

 

106.8 70.7 20 9 

SWCNT
Bundle 
with SW 
defect 

 

95.2 59.6 16 7 

Pristine 
MWCNT 

 

170.8 111.4 27 10 

MWCNT 
with SW 
defect 

124.4 62.9 24 8 

Table 1: Mechanical properties of a (5,5) SWCNT, SWCNT 
bundle and an armchair MWCNT 
 
F.T.S.- Failure tensile stress, F.C.S.- Failure compressive 
stress, F.T.Sr.- Failure tensile strain, C.B.Sr.- Criticl buckling 
strain 

 
4. CONCLUSIONS 

In conclusion it can be inferred that one of the  main 
reasons of the dicrepancy between theoretical calculations and 
experimentally obtained values of the mechanical properies of  
CNTs is the interlayer interaction which acts between the 
members of an SWCNT bundle or in between the layers of an 
MWCNT.  Minimum failure stress of 95.2 GPa is obtained for 
a bundle of 4 armchair SW-defective tubes which proves the 
fact that defects also play an important role in governing their 
mechaical characteristics. Defects may bring some beneficial 
effects like grafting different functional groups at the defect 
sites so that better adhesion of the CNTs with the matrix can 
be achieved while making composites. So  the study of the 
defect-controlled behavior of the nanotube properties is 
important in fabricating composites for specific purposes.   
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