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ABSTRACT
Theoretical and experimental research of polymer and other composites, up to now, have shown that carbon
nanotubes as a reinforcement significantly improve the mechanical properties of aforementioned composites
(Tserpes et al, 2008, Li & Chou, 2006), thanks to its extremely high tensile strength and modulus of elasticity.
However, different defects within nanotube structure such as vacancy defects, or waved shape of the nanotube,
can greatly influence the mechanical properties of carbon nanotube and thus, decrease the final mechanical
properties of carbon nanotube reinforced composites (Motamedi et al, 2012, Farsadi et al, 2013). In this paper,
the properties of straight and waved carbon nanotubes are investigated and compared using finite element
method. Also, different vacancy defects are considered and presented on straight and waved carbon nanotubes,
armchair and zig-zag pattern.
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1. INTRODUCTION
After the paper presented by (Iijima, 1991), carbon
nanotubes (CNTs) have attracted a lot of attention in
many theoretical and experimental researches, with
main goal primarily to find out their properties and
characteristics. So far, common conclusion is that
CNTs possess extraordinary mechanical, as well as
thermal and electric properties. Because of that, they
are, among other, a logical choice as a reinforcement
in composite materials, either to improve mechanical
properties of composite, due to their extremely high
tensile strength and elasticity modulus (Tserpes et al,
2008), or to improve electrical conductivity
(Murarescu et al, 2011). Due to their nano size, it is
very difficult to conduct experimental studies,
therefore the computer multiscale modelling and
numerical methods emerges as a logical solution in
investigating the properties of CNTs and
nanocomposites. When considering numerical
approaches, nanotubes have been modelled
separately in two different systems of mechanics,
molecular dynamics (Yakobson et al, 1997, Iijima et
al, 1996, Chang & Gao, 2003, Liew et al, 2006, Zhang
& Huang, 2008) and structural mechanics. Modelling
in latter system is based on the substitution of
covalent bonds between the atoms with nodes and
beam finite elements (Brcic et al, 2009, Brcic et al.,
2013, Brcic, Canadija & Brnic, 2013).

Initially, the researches of CNTs properties were
conducted on ideal model of nanotube (Fisher et al,
2002, Fisher et al, 2003, Bradshaw et al, 2003,
Charlier, 2002). But more detailed studies of CNTs
revealed that CNTs rarely come in ideal form and
without any defects. They are usually waved,
regardless of the manner of production control
Ebbesen & Takada, 1995, Shokrieh & Rafiee, 2010).
Studies have shown that the waviness of the
nanotube has an influence on the final mechanical
properties of nanocomposite materials (Jiang et al,
2006, Tan et al, 2007, Qian et al, 2002).. Also, a
common problem in nanotube structure is
appearance of various vacancy defects (Shaffer &
Windle, 1999, Vigolo et al, 2000), which can occur
either naturally or artificially. Thus, it is very interesting
to study the impact of defects and waviness of CNTs
on their mechanical properties, specifically on the
elastic modulus, since it eventually leads to decrease
of final mechanical properties of nanocomposites.
Change of elastic moduli of the CNTs is given in this
paper, shown on straight and several waved CNTs,
armchair and zig-zag pattern, with different vacancy
defects.

2. IMPEREFECTIONS
2.1. Waviness
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CNTs are basically a large molecule consisting of a
carbon atoms, arranged in hexagonal mesh and rolled
up to form a tube. Depending by the number of those
tube-like structures, CNTs can be classified as single,
double or multi walled CNTs, with length in order of
micrometers and diameter in order of nanometers.
Thus, CNTs aspect ratio (diameter/length ratio) is
very high. Several experiments have shown that
CNTS within nanocomposite are mainly waved
(Shaffer & Windle, 1999, Vigolo et al, 2000). This can
be explained with the already mentioned high aspect
ratio of CNTs, which leads to very small bending
stiffness, and waved shape of CNTs. In literature, the
waviness of nanotubes is defined with the waviness
ratio w (Farsadi et al, 2012):

𝑤=

𝑎
𝑙

,

Wales (SW) defects, are commonly present in CNTs
and randomly distributed, thus altering the elastic
properties of CNTs. (Chandra et al., 2004) report that
5-7-7-5 defects significantly reduce the Elastic moduli
of single walled CNT. 5-7-7-5 defects are composed
from two pentagons and two heptagons, and are
formed by rotating one carbon bond by 90°, Figure 2.
The rotation of the bond leads to the elongation of the
tube along the axis connecting the pentagons and
shrinking of the tube in perpendicular direction,
according to atomistic simulations. This defect is not
thermodynamically stable at lower strains, so it rarely
occurs naturally.

(1)

where a represents wave amplitude and l wavelength,
as shown in Figure 1.

Figure 2 Stone – Wales (5-7-7-5) defect in CNT structure.

Figure 1 Definition of the CNT waviness.

2.2. Vacancies and 5-7-7-5 defects
Apart of waviness, the mechanical properties of CNTs
are influenced by various defects within nanotube
structure, which can occur either naturally or
artificially. The defects can be classified in four
different groups (Charlier, 2002, Ebbesen & Takada,
1995): topological, rehybridization (carbon atoms
hybridizing between sp2 and sp3 hybrid orbitals),
incomplete bonding defects (vacancies and
dislocations) and doping with other atoms than
carbon. Topological defects imply that instead of
hexagons in nanotube structure, other mesh form like
heptagons, pentagons can occur, or sometimes even
triangles, octagons and similar. In this paper, focus
will be on topological and incomplete bonding defects.
As stated above, defects can occur naturally, but can
also be introduced artificially. Some authors report
that bending stiffness can increase due to presence
of defects (Hou & Xiao, 2007), or can help to create
interlayer bonds between carbon sheets (Banhart,
2004).
Experimental results (Ebbesen & Takada, 1995) have
shown that topological 5-7-7-5 defects, or Stone –

Incomplete bonding defects, or vacancies can
appear, for example during a purification process or
by irradiation. In ionic radiation, carbon atoms in CNT
structure are “knocked out” from the hexagonal mesh,
and thus leaving a dangling bonds and carbon atoms
that are bonded to only two neighboring atoms,
instead of three. This kind of configuration is known
as unrelaxed configuration, and is not energetically
stable, so often new bonds tend to appear and create
pentagons in CNT structure (relaxed configuration).
Authors (Sammalkorpi et al, 2004) report that relaxed
CNT configuration obtains much higher tensile
strength than an unrelaxed CNT configuration,
supporting the fact that vacancy defect also affect the
mechanical properties of CNTs.

3. CNT EXAMPLES
Influence of imperfections, i.e. waviness, 5-7-7-5 and
vacancy defects, on elastic modulus of CNTs in this
paper is shown on finite element model of single
walled CNT, armchair (5,5) and zig-zag (9,0) pattern.
The selected sizes of CNTs have similar diameter;
armchair (5, 5) = 0,678 nm, zig-zag (9, 0) = 0,695 nm,
and aspect ratio (length/diameter) around 20,2. The
CNTs are modelled as a space frame structure, where
the atoms are replaced by nodes, and covalent bonds
with the beam finite elements (Brcic et al, 2009, Brcic
et al., 2013, Brcic, Canadija & Brnic, 2013). There are
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1130 nodes and 1685 beam elements in defect free
armchair nanotube model, and 1188 nodes and 1773
beam finite elements in defect free zig-zag nanotube
model. To determine the elastic modulus, an axially
loaded nanotube model was used, with 1 nN axial
force used in all examples. The longitudinal elastic
modulus was obtained using classical term:

𝐸=

𝐹∙𝑙
𝐴∙∆𝑙

,

(2)

where l represents nanotube length (13,77 – 13,93
nm for armchair; 13,92 – 14 nm for zig-zag pattern),
∆l the elongation calculated by finite element method.
Five models of CNTs have been prepared for each
nanotube pattern, with different waviness ratio,
according to (1), i.e. four waved nanotubes and one
straight, as shown in Figure 3. To prepare the waved
shape of the nanotube, eigenvalue analysis of a CNT
was performed, with different eigenvalue parameters.

Figure 3 Examples of waved CNTs.

The first case studied in this paper was example with
randomly
selected
percentage
of
missing
atoms/nodes in CNTs, i.e. given percentage of nodes
(0,1%, 0,5%, 1%, 2%, 5% and 10%) were removed
from the nanotube structure. Vacancies are obtained
by deleting one node and corresponding three beam
elements from CNT structure. This was done for both
patterns of CNTs, and for all waved shapes.
Since vacancies are one of the reason for CNT
waviness, the second vacancy defects case was
prepared and presented, in which 1 to 8 atoms were
removed from the position with the maximum
curvature at the internal side of the CNT, Figure 4.
The remaining part of the CNT is defect free. This
defect case was implemented only on armchair and
zig-zag CNT with the waviness ratio 0,02.
The last vacancy defect case was 5-7-7-5 defects,
which were created by rotating the corresponding
beam element by 90° and scaled down to 75%, as
suggested in the literature. The beam elements were
redefined with the nodes at the new positions. The
latter defect case was implemented on armchair and

zig-zag nanotube with the waviness ratio 0,05, with 2,
4, 6, 8 and 10 of those 5-7-7-5 defect per each CNT,
respectively.

Figure 4 Marked position of 1 to 8 vacancy defects in waved
nanotube.

4. RESULTS
Obtained results for longitudinal elastic modulus are
given in following tables and figures, for
corresponding vacancy case. As expected, there is a
noticeable drop of longitudinal elastic modulus with
the increase of the waviness ratio of the nanotube,
regardless of the CNT pattern. Also, within the same
waviness ratio of the CNT, the value of elastic
modulus also decreases with the increase of the
vacancies (from 0,1% to 10%), but is practically
unaffected when percentage of defects is less than
1%. Obtained results for elastic modulus of defect free
CNT, both armchair and zig-zag pattern, 1048 GPa
and 1030 GPa respectively, coincide well with the
result given in the literature (Chandra et al., 2004,
Kalamkarov et al, 2006).
Results for second vacancy case, when 1 to 8 nodes
were removed from the position with the maximum
curvature at the internal side of CNT, are depicted in
Figure 5. Decrease of the elastic modulus with the
increase of the number of removed nodes is
noticeable. Similar trend, i.e. elastic modulus
decrease with the increase of the defects number, is
visible for third vacancy (5-7-7-5) case, Figure 6.
Table 1 Results for first vacancy case, armchair nanotube
Longitudinal elastic modulus E, GPa (Armchair nanotube)
Waviness ratio, w:
Vacancy %:

0

0,02

0,03

0,05

No defects

1048,76

526,22

341,58

135,09

0,08
74,27

0,1%

1008,82

526,38

335,58

132,74

72,96

0,5%

979,79

511,43

316,59

127,16

71,98

1%

667,74

456,06

313,61

126,50

69,89

2%

796,56

434,06

285,31

117,67

60,25

5%

662,10

331,67

219,99

76,94

47,99

10%

146,87

57,89

74,42

59,98

13,91
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Table 2 Results for first vacancy case, zig-zag nanotube
Longitudinal elastic modulus E, GPa (Zig-zag nanotube)
Waviness ratio, w:
Vacancy %:

0

0,02

0,03

0,05

No defects

1030,99

533,16

349,11

139,97

77,45

0,1%

987,36

533,14

342,38

138,77

73,05

0,5%

918,42

523,70

328,33

129,49

74,78

1%

848,07

516,36

310,91

124,27

73,59

2%

818,34

421,74

299,12

97,38

56,66

5%

446,47

246,32

87,64

103,91

47,93

10%

282,99

88,98

60,26

36,85

18,77

0,08

analysed in this paper, on finite element model of
armchair and zig-zag CNTs, with different waviness
ratio and various vacancy defects. Common
conclusion is that CNTs are quality choice as a
reinforcement in the nanocomposite materials, due to
their excellent mechanical properties, but as it is
shown,
various
defects
and
geometrical
characteristics can affect their mechanical properties.
The longitudinal elastic modulus of carbon nanotube
decreases with the increase of the waviness ratio,
which is most pronounced in the nanotubes without
defects (armchair from 1048 GPa to 74 GPa, 93%;
zig-zag from 1030 GPa to 77 GPa, 92,5%). Decrease
of the elastic modulus is noticeable from Tables 1 and
2, with the increase of the vacancies in the nanotubes
with the same waviness ratio. That decrease is more
pronounced as the waviness ratio increases. Some
irregularities in values of elastic modulus in Tables 1
and 2 can be attributed to randomly positioned
vacancies in each particular analysis.

ACKNOWLEDGEMENTS
This work has been financially supported by the
University of Rijeka under the project 13.09.1.1.01,
and by Croatian Science Foundation under the project
no. 6876 – Assessment of structural behavior in limit
state operating conditions. This support is gratefully
acknowledged.
Figure 5 Results for second vacancy case, for 1 to 8 vacancies.

REFERENCES
Tserpes K.I., Papanikos, P., Labeas, G., Pantelakis,
S.G. (2008). Multi – scale modeling of tensile
behaviour of carbon nanotube reinforced
composites. Theoretical and Applied Fracture
Mechanics, 49, 51-60.
Li C., Chou, T.W. (2006). Multiscale modeling of
compressive behaviour of carbon nanotube/polymer
composites. Composites Science and Technology,
66, 2409-2414.

Figure 6 The dependence of longitudinal modulus on 5-7-7-5 type
of defects.

5. CONCLUSIONS
The influence of the various imperfections of the
carbon nanotubes on basic mechanical properties,
i.e. longitudinal elastic modulus, is shown and

Motamedi M., Eskandari M., Yeganeh M. (2012).
Effect of straight and wavy carbon nanotube on the
reinforcement modulus in nonlinear elastic matrix
nanocomposites. Materials and Design, 34, 603608.
Farsadi M., Öchsner A., Rahmandoust M. (2013).
Numerical investigation of composite materials
reinforced with wavy carbon nanotubes. Journal of
Composite Materials, 47, 1425-1434.
Iijima S. (1991). Helical microtubules of graphitic
carbon. Nature 354, 56.

5

Murarescu M., Dima D., Andrei G., Circiumaru A.
(2011). Influence of MWCNT dispersion on electric
properties of nanocomposites with polyester matrix.
Annals of DAAAM for 2011 & Proceedings of 22nd
International DAAAM Symposium, 22, 925-926.
Yakobson B.I., Campbell M.P., Brabec C.J., Bernholc
J. (1997). High Strain Rate Fracture and C – Chain
Unraveling in Carbon Nanotubes. Computational
Materials Science, 8, 341-348.
Iijima S., Brabec C., Maiti A., Bernholc J. (1996).
Structural Flexibility of Carbon Nanotubes. Journal
of Chemical Physics, 104, 2089-2092.
Chang T., Gao H. (2003). Size – dependent Elastic
Properties of a Single – Walled Carbon Nanotube
Via a Molecular Mechanics Model. Journal of the
Mechanics and Physics of Solids, 51, 1059-1074.
Liew K.M., Wong C.H., Tan M.J. (2006). Tensile and
Compressive Properties of Carbon Nanotube
Bundles. Acta Materialia 54, 225-231.
Zhang Y., Huang H. (2008). Stability of Single – Wall
Silicon Carbide Nanotubes – Molecular Dynamics
Simulation. Computational Materials Science, 43,
664-669.
Brcic M., Canadija M., Brnic J. (2009). FE modeling of
a multi-walled carbon nanotubes. Estonian Journal
of Engineering, 15, 79-86.
Brcic M., Canadija M., Brnic J. (2013). A finite element
model for thermal dilatation of carbon nanotubes.
Review on Advanced Materials Science, 33, 1-6.
Brcic M., Canadija M., Brnic J. (2013). Estimation of
material properties of nanocomposite structures.
Meccanica, 48, 2209-2220.
Fisher F. T. et al. (2002). Effects of nanotube
waviness on the modulus of nanotube – reinforced
polymers. Applied Physics Letters, 80, 4647-4649.
Fisher F.T., Bradshaw R.D., Brinson L.C. (2003).
Fiber waviness in nanotube-reinforced polymer
composites-i: Modulus predictions using effective
nanotube properties. Composites Science and
Technology, 63, 1689–1703.
Bradshaw R.D., Fisher F.T., Brinson L.C. (2003).
Fiber waviness in nanotube-reinforced polymer
composites-ii:
Modeling
via
numerical
approximation of the dilute strain concentration
tensor. Composites Science and Technology, 63,
1705–1722.
Charlier J. (2002). Defects in carbon nanotubes.
Accounts of Chemical Research, 35, 1063–1069.

Ebbesen T., Takada T. (1995). Topological and {SP3}
defect structures in nanotubes. Carbon, 33, 973 –
978.
Shokrieh M.M., Rafiee R. (2010). On the tensile
behavior of an embedded carbon nanotube in
polymer matrix with non-bonded interphase region.
Composite Structures, 92(3), 647–652.
Jiang L.Y., Huang Y., Jiang H., Ravichandran G., Gao
H., Hwang K.C. et al. (2006). A cohesive law for
carbon nanotube/polymer interfaces based on the
van der waals force. Journal of the Mechanics and
Physics of Solids, 54(11), 2436–2452.
Tan H., Jiang L.Y., Huang Y., Liu B., Hwang K.C.
(2007). The effect of van der waals-based interface
cohesive law on carbon nanotubereinforced
composite materials. Composites Science and
Technology, 67(14), 2941–2946.
Qian D. et al. (2002). Mechanics of Carbon nanotube.
Appl. Mech. Rev., 55, 495-533.
Shaffer M.S.P., Windle A.H. (1999). Fabrication and
Characterization of Carbon Nanotube / Poly (vinyl
alcohol) Composites. Adv. Mater., 11, 937-941.
Vigolo B. et al. (2000). Macroscopic Fibers and
Ribbons of oriented Carbon Nanotubes. Science,
290, 1331-1334.
Farsadi M. et al. (2012). Numerical investigation of
composite materials reinforced with waved carbon
nanotubes, Journal of Composite Materials, 0, 1-10.
Hou, W., Xiao, S. (2007). Mechanical behaviors of
carbon nanotubes with randomly located vacancy
defects.
Journal
of
Nanoscience
and
Nanotechnology, 7(12), 4478–4485.
Banhart, F. (2004). Formation and transformation of
carbon nanoparticles under electron irradiation.
Philosophical Transactions of the Royal Society A:
Mathematical, Physical and Engineering Sciences,
362(1823), 2205–2222.
Chandra, N., Namilae, S., Shet, C. (2004). Local
elastic properties of carbon nanotubes in the
presence of Stone-Wales defects. Physical Review,
69.
Sammalkorpi, M., Krasheninnikov, A., Kuronen, A.,
Nordlund, K., Kaski, K. (2004). Mechanical
properties of carbon nanotubes with vacancies and
related defects. Physical Review B - Condensed
Matter and Materials Physics, 70(24), 1–8.
Kalamkarov, A.L., Georgiades A.V., Rokkam S.K.,
Veedu V.P., Ghasemi-Nejhad M.N. (2006).
Analytical and numerical techniques to predict

6

carbon nanotubes properties. International Journal
of Solids and Structures, 43, 6832-6854.

