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Abstract The application of hetero-junction carbon nan-
otubes (CNTSs) is increasing continuously due to their out-
standing properties in nano-mechanical systems. Several in-
vestigations have been conducted to study the behavior of
CNTs. In this paper, straight hetero-junctions and their con-
stituent CNTs (armchair and zigzag) were simulated by
a commercial finite element package. Then, the buckling
behavior of CNTs was evaluated by comparing the criti-
cal buckling load of each straight hetero-junction and its
constituent CNTs. Both obtained, i.e. analytical calcula-
tions and computational, results were compared. The in-
vestigations showed that, first, the behavior of homoge-
neous CNTs under cantilevered boundary conditions fol-
lows the assumption of the classical Euler equation. Second,
the analytical solutions are in good agreement with the fi-
nite element simulation results. In addition, it was shown
that the first critical buckling load of hetero-junctions lies
within the value of the fundamental homogeneous CNT
range. It was also concluded that the buckling load of
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straight hetero-junctions and their fundamental CNTs in-
creases by increasing the chiral number of both armchair
and zigzag CNTs. The current study provides a better insight
towards the prediction of straight hetero-junction CNTs be-
havior.

1 Introduction

The industrialized world requires new and sophisticated
technologies, for example, from bio-science to aerospace.
As other breakthroughs in science, these new technolo-
gies desire new devices constructed from novel materials.
Due to some of their outstanding properties, these struc-
tures are quite crucial to industry. Carbon nanotubes (CNTs)
are hollow cylinders, built by hexagonal unit cells, shaped
by carbon atoms which were found by lijima in 1991 [1].
Their important mechanical, electrical and thermal proper-
ties made these nanostructures distinctive and consequently
made them very interesting for a large number of advanced
applications as either stand-alone nanomaterials or rein-
forced composite materials. An increasing attention in the
scientific and industrial community has been drawn because
of the special mechanical and physical properties of CNTs
such as lightness, strength, and their wide potential applica-
tion in nano-engineering. Several investigations have been
applied on finding and improving the properties of CNTs.
Prediction of Young’s modulus (of about 1 TPa) and ten-
sile strength (of up to 63 GPa) for CNTs were of the most
important objectives of these studies [2]. These investiga-
tions can be divided into two groups of experimental and
computational approaches. Molecular dynamics (MD) and
continuum mechanics procedures such as the finite element
method (FEM) have been the most prevalent and predom-
inant computational approaches to evaluate the behavior

@ Springer


mailto:Imani.sd@gmail.com
mailto:Mj.akbarzade@gmail.com
mailto:Andreas.Oechsner@gmail.com

1336

S. Imani Yengejeh et al.

of CNTs [3, 4]. The investigation on buckling behavior of
CNTs is crucially important due to their plentiful applica-
tion in various mechanical aspects for which several related
studies are presented in the following.

In 2003, Wang et al. [5] conducted the simulation of
the compression deformation of single-walled carbon nan-
otubes (SWCNTs) applying the Tersoff-Brenner potential
to depict the interactions of atoms in CNTs. Their inves-
tigations revealed that by increasing the radius of CNTs,
the Young’s modulus of CNTs decreases. Moreover, there
is a considerable difference between the Young’s modulus
of zigzag CNT and the armchair type. Their results also
showed that there are two different buckling modes for
SWCNTs. Studying the differences between the buckling
behavior at microscopic scale and that at nano-scale was an-
other aspect of their investigations. Then in 2004, Tserpes
and Papanikos [6] proposed a three-dimensional finite ele-
ment (FE) model for armchair, zigzag and chiral SWCNTs.
In their suggested models, nodes are placed at the location
of carbon atoms and the bonds between them are modeled
using three-dimensional elastic beam elements. Their results
obtained the dependence of elastic moduli on diameter and
chirality of the nanotubes. Moreover, it was proven that the
elastic moduli of the SWCNTSs increase while the tube diam-
eter is increased. Finally, they showed that the Young’s mod-
ulus of chiral SWCNTs is found to be larger than that of the
armchair and zigzag SWCNTSs. In 2004, Xiao et al. [7] de-
veloped a model for the prediction of mechanical properties
of defect-free CNTs, applying the modified Morse potential
with an analytical molecular structural model. Their results
indicated that the tube diameter and helicity are two fac-
tors correlated with Young’s modulus of CNTs. In addition,
Young’s moduli of both armchair and zigzag CNTs increase
monotonically and approach Young’s modulus of graphite
when the tube diameter is increased. Afterwards, Chang
et al. [8] obtained the analytical solution for the critical
buckling strain of single-walled achiral CNTs under axial
compression based on a mechanic molecular model. Their
results revealed the fact that zigzag tubes are more stable
than the armchair tubes with the same diameter. Moreover,
they found that the van der Waals interaction has little effect
on the critical buckling strain for double-walled carbon nan-
otubes (DWCNTSs). Yao et al. [9] investigated the bending
buckling behavior of SWCNTs, DWCNTSs, and multi-walled
carbon nanotubes (MWCNTs) in 2007. They applied a mod-
ified FE method, at which the simulations were performed
to examine the buckling behavior of CNTs under bending
deformation. The simulation results proved that a clear rela-
tionship between the critical bending curvature and the di-
ameter of CNTs can be established. Parvaneh et al. [10] con-
ducted a study on the impact of various vacancy defects on
the critical buckling loads and strains in CNTs under axial
compression in 2008. They performed their investigation by
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applying a new structural model in a commercial FE code
(Abaqus). The model used in their research was a combi-
nation of other structural models designed to eliminate the
deficiencies inherent in individual approaches. Their results
indicated that vacancy defects in the CNTs can most likely
be modeled as cut-outs of the shells. They finally compared
their results of the structural model with those from MD
simulations in which the outputs got along well with the
present model. In 2010, Kang et al. [11] investigated the
buckling behavior of intramolecular junctions (IMJs) under
axial compression by conducting FE analysis and MD simu-
lations. After studying the strain rate effects in the MD simu-
lation, they concluded that there was no sensitive connection
between the critical compressive strain and the strain rate of
relatively low range. Nevertheless, the critical compressive
strain is highly dependent upon the strain rate under high
speed compression. Consequently, the results revealed that
despite chirality of the IMJs, the critical compressive strain
is dependent upon the length and radial dimension of the
IMJs. Then in 2011, Wong and Vijayaraghavan [12] stud-
ied the buckling characteristics of several SWCNTs with
curved axes (imperfectly straight) performing MD simu-
lations. They concluded that the load-carrying capacity of
curved CNTs is significantly lower compared to their per-
fectly straight counterparts. Recently in 2012, Fakhrabadi
et al. [13] investigated the buckling behavior of CNTs with
different dimensions. In order to study the mentioned prop-
erties of these nanostructures, they applied a molecular me-
chanics based FE method. They finally came to the conclu-
sion that there is an opposite correlation between the length
and apex angle of CNTs and the elastic and critical compres-
sive force. The effect of defects on the buckling behavior
of SWCNTs and MWCNTs was investigated by Ghavamian
and Ochsner [14] in 2012 as well. Their study was as well
based on the FE method. In detail, they constructed two fun-
damental CNTs in their perfect form; then the buckling be-
havior of CNTs was evaluated by comparing their critical
loads obtained from the simulation and analytical calcula-
tions. As a result, their findings indicated that the existence
of any curvature in the structure of nanotube decreases their
buckling strength. Li et al. [15] continued the study on the
MD simulation performed to inspect the compressive behav-
ior of IMJs. Their findings showed that there is a direct cor-
relation between increasing the critical strain and loading
rate. Moreover, with increasing the tune length, the instabil-
ity mode of the IMJ transfers from shell buckling to column
buckling.

Although the mentioned reviews on previous investiga-
tions have been comprehensive and substantial progress in
the study of the mechanical properties of CNTs has been
obtained, the investigation of hetero-junction CNTs is only
rarely addressed. Hetero-junction CNTs are connections of
two dissimilar tubes where pentagon-heptagon pair defects



On the buckling behavior of connected carbon nanotubes with parallel longitudinal axes 1337

play an important role in the transition region. The ba-
sic shape of hetero-junction CNTs is constructed when a
pair of heptagon and pentagon is introduced to the per-
fect hexagonal graphite lattice after connecting two nan-
otubes with different chiralities. These specific CNTs are
crucially important based on their significant characteris-
tics. Although extensive investigations have been done to
study the atomic structure as well as electrical properties
of IMJs and great achievements have been accomplished,
mechanical responses of IMJs, buckling behavior in partic-
ular, which could be effective on developing their electronic
properties and electric conductance, are still not fully ex-
plored [11, 16]. The aim of the actual research is to con-
tinue and broaden the previous investigations, and to study
the buckling behavior of CNTs, straight hetero-junctions in
particular. Moreover, comparison between the mechanical
properties (especially the buckling behavior) of homoge-
neous CNTs and straight hetero-junctions has been taken
under special consideration. Within this work, buckling is
understood as a structural instability which results in the
sudden failure of a mechanical component. This instability
is characterized by the loss of structural stiffness and is sus-
ceptible for slender and thin-walled structures as in the case
of the considered CNTs.

2 Methodology
2.1 Geometric definition

Carbon nanotubes are presumed to be a hollow cylinder
shaped structure based on the major similarity between a
CNT and graphene atomic structure. Such a CNT can be
imagined by rolling a graphene sheet into a cylinder with
diameters ranging from 1 to 50 nm and lengths over 10um.
The atomic geometry of CNTs is defined by the chiral or
roll-up vector E‘h and the chiral angle 6. The chiral vector is
introduced by two unit vectors, @; and dz, and two integers,
m and n (steps along the unit vectors), as it is presented by
the following equation [17]:

Ch= a,+ a. (1)

The basic configuration of CNTs can be defined according
to the chiral vector or angle by which the sheet is rolled into
a cylinder, and categorized as armchair, zigzag, or chiral.
An armchair CNT is constructed in terms of chiral vector
(m = n) or in terms of chiral angle (6 = 30°). In the case of
(0 =0°) or (m = 0) the zigzag CNT is obtained, and finally
a chiral CNT is formed if (0° < 6 < 30°) or (m # n # 0) [3].

Based on the following equation, the diameter of the
CNT can be calculated:

dent = apV'm? + mn + n?/x, 2)

ln > m, chiral

@ =30°

(n = m, arm=chair)

Fig.1 (a) Schematic of a graphene sheet and definition of geometrical
parameters for describing a CNT. (b) Side view of the (6,6) CNT

where ag = +/3b and b = 0.142 nm is the length of the C-C
bond [17].

A homogeneous CNT can be viewed as a rolled graphene
sheet with specified width, as shown in Fig. 1, while a
hetero-junction CNT, treated as a wrapped graphene sheet
with specific geometry, is constructed by connecting two
CNTs through the introduction of a Stone—Wales defect
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(pentagon and heptagon defect) into the connecting region,
as illustrated in Fig. 2.

Hetero-junction CNTs are categorized based on the con-
figurations of their two fundamental CNTs. For instance,

Fig. 2 Pentagon-heptagon pair defects of (5,5)—(7,7) hetero-junction
carbon nanotube

Fig. 3 Simulation of an
SWCNT as a space-frame
structure, adapted from [6]

@ Springer

a hetero-junction CNT constructed by connecting a (5,5)
armchair CNT and a (7,7) armchair CNT is referred to as
a (5,5)—(7,7) hetero-junction CNT [15]. When investigat-
ing the mechanical properties, for example the buckling be-
havior, of straight hetero-junction CNTs, we also compare
them with those of their constituent CNTs. The geometry
of a hetero-junction CNT is more sophisticated as compared
with that of a CNT owing to the irregular structure of the
connecting region. The axis of the wider CNT is defined as
the reference axis of the junction due to the fact that the two
constituent CNTs of a hetero-junction are able to align on
a planar surface. The overall length of a hetero-junction is
defined as (see Fig. 3):

I = lihin + lconnecting + lwide 3)

where lthin, lconnecting, and lyiqe are the lengths of the thinner
tube, the connecting region and the wider tube, respectively.
By the geometries of the connected CNTs, the length of the
connecting region can be approximately obtained based on
the simplified geometry of a right-angled triangle as [18]:

3
lconnecting = 777 (dwide — dihin) €]

where dyide and dinin are the diameters of the wider and thin-
ner tubes, respectively (see Figs. 3 and 4).

As the junction may consist of two homogeneous CNTs
with different diameters, we define the diameter of junction
as the average diameter of both CNTs, i.e.,

- 1
d = 5 (dwide + dinin)- &)
The aspect ratio of the junction is defined as [15]
l
n== (6)

Another way to characterize a hetero-junction can be based
on the difference in carbon atoms per cross section. This

S

Carbon atom =3 FE node \
C-C bond => FE beam element
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difference is calculated by subtracting the number of carbon
atoms of the thinner tube’s cross section from those of the
wider tube’s cross section.

Our modeling approach follows the idea first proposed
in [19] where the theory of classical structural mechanics
was extended into the modeling of carbon nanotubes: In
a carbon nanotube, carbon atoms are bonded together by
covalent bonds which have their characteristic lengths and
angles in a three-dimensional space. It was then assumed
that carbon nanotubes, when subjected to loading, behave
like space-frame structures. Thus, the bonds between car-
bon atoms are considered as connecting load-carrying gen-
eralized beam members, while the carbon atoms act as joints
of the members. This idea is illustrated in Fig. 3.

In this study, the models of hetero-junction CNTs were
constructed by the CoNTub software [20, 21], a computer
program for determining the coordinates of hetero-junctions
between two arbitrary carbon nanotubes. Defining the chi-
rality and the length of the tubes, the spatial coordinates
of the C-atoms and the corresponding connectivities (i.e.
the primary bonds between two nearest-neighboring atoms)
were calculated. Then the gathered data was transferred to a
commercial finite element package, where C—C bonds were
modeled as circular beam elements [11]. These elements are
based on Timoshenko’s beam theory with shear deformation
effects included and the ability of torsional deformations
around the longitudinal axis. Afterwards the FE analyses
were conducted and buckling behavior of different straight
hetero-junction CNTs was taken under special investigation.
In order to have a precise and plausible conclusion, we ex-
amined various types of straight hetero-junctions with dif-
ferent chirality as illustrated in Fig. 4.

The phenomenon of buckling is in its simplest form a
specific kind of elastic instability in a slender structure that
occurs under certain compressive loads. In the basic theory
of elasticity, the critical buckling load of a structure, as pre-
sented in Eq. (7), i.e. the famous Euler formula of buck-
ling load, depends on its shape and geometry, as well as its
boundary conditions [22]:

_ n’mlEl
~ (KL)?

where P is the critical buckling load, K is the effective
length constant, E is the Young’s modulus of the material,
and L is the length of the tube. In the above equation, n
represents the buckling mode and [ is the structure’s second
moment of area. As the classical structure of CNTs is mostly
presented by a hollow cylinder, Eq. (8) can be used to obtain
analytical results for straight CNTs as:

@)

cr

I=n[(d+1)"—d—1)*]/64, ®)

in which ¢ is the thickness of the tube’s shell and d repre-
sents the diameter of the pertaining tube [22]. It should be

Fig. 4 Different types of straight hetero-junctions: (a) (3,3)—(5,5);
(b) (5,5)-(7,7); (¢) (5,5)—(10,10); (d) (9,0)-(12,0); (e) (7,7)-(9,9);
® (12,00-(16,0); (g) (11,00-(12,0); (h) (9,9)-(11,11); (i) (14,14)-
(16,16)

noted that different assumptions for the shell thickness ¢ can
be found in literature, see for example [19, 23] and a de-
tailed discussion of this problem in [24]. We assign here the
same value as in [19, 23] where the thickness of a single-
walled carbon nanotube was assumed to be the same as the
interlayer spacing of graphite (0.34 nm).

2.2 Material parameters and boundary conditions

In this paper, we investigate buckling properties of hetero-
junction CNTs under cantilevered boundary conditions in
which one end is fully fixed and the other end is completely
free and exposed to a compressive axial load. Figure 5 il-
lustrates hetero-junction CNTs under two different types of
cantilevered boundary conditions. For one case, the wider
tube is completed fixed at one side and for the other case,
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Original shape

Buckled shape

Original shape

Buckled shape

b

Fig. 5 (5,5)—(7,7) straight hetero-junction CNT’s first mode under
buckling load in original and buckled form with two different types of
cantilevered boundary conditions: (a) wider tube fixed, and (b) thinner
tube fixed

@ Springer

the thinner tube is completely fixed. Considering these two
different cases, we are able to obtain a wider spectrum of
results.

For macroscopic space frame structures in the scope of
classical structural mechanics, the material properties (e.g.
Young’s and shear moduli) and element sectional parameters
(e.g. second moment of area) can be easily obtained from ba-
sic material tests and calculated based on the given dimen-
sions of the cross-sectional area. However, for the carbon—
carbon bonds of carbon nanotubes, no such classical tests
or geometric derivations are available to define the proper-
ties of the equivalent beam elements. Therefore, we assume
the same values for the equivalent beam elements as in the
approach proposed in [19, 23, 25]. These effective material
and geometrical properties were obtained in the mentioned
references based on a molecular mechanics approach where
carbon nanotubes were regarded as a large molecule consist-
ing of carbon atoms with atomic nuclei treated as material
points. Their motions are regulated by a force field, which
is generated by electron—nucleus interactions and nucleus—
nucleus interactions, and usually expressed in the form of
steric potential energy. This steric potential energy is in gen-
eral the sum of contributions from bond stretch interaction,
bond angle bending, dihedral angle torsion, improper (out-
of-plane) torsion, and a non-bonded van der Waals interac-
tion in the case of multi-walled tubes, see Fig. 6. Li et al.
applied in [19] the harmonic approximation and used fur-
ther simplification to derive the energy expressions. These
remaining energy expressions were equated with the corre-
sponding energy expressions for a beam obtained from clas-
sical structural mechanics, see Fig. 6. As a result, the stift-
ness parameters of the beam for elongation, bending and tor-
sion were obtained as function of three force field constants
(available in literature) for stretching, bond angle bending
and torsional resistance [26].

These introduced constants and the element properties
are listed in Table 1.

3 Results and discussion

We investigated the buckling properties of straight hetero-
junctions and their constituent homogeneous CNTs, by ob-
taining their critical load (to be more precise, the first posi-
tive buckling mode since this is in practical applications the
most critical one) analytically and computationally applying
an FE approach. Afterwards, both methods were compared
in the case of the homogeneous CNTs in order to have some
kind of validation of the FE approach. For the FE method,
first, homogeneous zigzag and armchair CNTs with lengths
of 15 and 15.4 nm, respectively, were simulated by a com-
mercial finite element package (MSC.Marc). Then, by in-
troducing arbitrary compressive point loads to one of the
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Fig. 6 Equivalence of m e e e e Em o Em 7 e e e e e o o = e
molecular mechanics and re Ar

structural mechanicsfor | @ @ e :

covalent and non-covalent H """ ‘ P <__ ----- — P

interactions between carbon
atoms. Molecular mechanics
model (left) and structural
mechanics model (right),
adapted from [25]

A¢

Table 1 Material and geometric
bonds [27]

properties of C-C covalent

k, =651.97 nN/nm
kg = 0.8758 nN nm/rad?
kg =0.2780nN nm/rad?

Corresponding force field
constants

= Young’s modulus = A2 5.484 x 1076 N/nm?
E = Young’s mo ulus = 0 . X /nm
G = shear modulus = £ 2.159 x 1076 N/nm?

0.0733 nm
2.2661 x 1075 nm*

R}, = bond radius =2,/ ’]z_f)

Lix =1y =
second moments of erea =
TR}
b
4

CNT’s end, the buckling behavior of the CNTs was investi-
gated for two types of cantilevered boundary condition (one
end fixed and the other end free). Finally, the computations
yielded the critical buckling loads of the CNTs. In the sec-
ond approach, the homogeneous CNTs were presumed to be
hollow cylinders, so that by using Eq. (7) their critical loads
were evaluated as an analytical solution. In this equation we
considered K = 2 for the cantilevered case. The simulated

bond stretching
(covalent)

bond bending (covalent)

bond torsion (covalent)

van der Waals force
(non-covalent)

pure bending of beam

pure torsion of beam

nonlinear spring

homogeneous CNTs and their characteristics are presented
in Table 2.

The next stage was to simulate the hetero-junction CNTs,
and then compare their FE results with those of constituent
homogeneous CNTs. We believe that the critical buckling
load of hetero-junction CNTs was supposed to be some-
thing between the critical buckling loads of their funda-
mental homogeneous CNTs. Figure 7 illustrates three differ-
ent CNTs (two homogeneous and one hetero-junction CNT)
which were compared with respect to their buckling loads.
The buckling behavior of the middle hetero-junction CNT is
evaluated for two types of boundary conditions. For the first
condition, the wider tube is fixed, and for the second type
the thinner tube is fixed.

The investigated straight hetero-junctions and their char-
acteristics are listed in Table 3.

The relative difference between the analytical solution
and FEM result is defined by the following equation:

Relative difference in %

FEM result — analytical solution

©))

analytical solution
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Table 2 Characteristic of simulated homogeneous CNTs

CNTtype Chirality (n,m) Length (nm) Diameter (nm) Young’s modulus (TPa) Critical load Pe; (nN) Eﬁiﬁgﬁce -
Analytical solution ~ FEM result
Armchair  (3,3) 15 0.4039343 1.044 0.172 0.122 30.15
Armchair (5,5 15 0.6732238 1.042 0.594 0.549 7.52
Armchair  (7.7) 15 0.9425134 1.043 1.468 1.492 1.64
Armchair  (9,9) 15 1.2118029 1.042 2.981 3.152 573
Armchair  (10,10) 15 1.3464477 1.042 4.032 4312 6.95
Armchair  (11,11) 15 1.4810924 1.042 5312 5.682 6.97
Armchair  (14,14) 15 1.8850267 1.042 10.743 11.68 8.72
Armchair  (16,16) 15 2.1543163 1.023 15.92 17.3 8.67
Zigzag  (9.,0) 154 0.6996347 1.032 0.643 0.588 8.59
Zigzag  (11,0) 154 0.8551091 1.038 1.107 1.081 2.35
Zigzag  (12,0) 154 0.9328463 1.039 1.408 1.406 0.14
Zigzag  (16,0) 154 1.2437951 1.043 3.182 334 4.96

Table 3 Investigated straight

hetero-junctions and their Hetero-junction

Chirality (n,m)(n’,m’)

Difference in C-atoms Diameter of the

characteristics cf. Fig. 3 per cross section junction d (nm)

(a) (3,3)-(5.5) 4 0.539
(b) (5.5)-(7.7) 4 0.808
(©) (7,1-09.9) 4 1.707
(d) (5,5)—(10,10) 10 1.01

(e) 9.9)-(11,11) 4 1.346
® (9,0-(12,0) 3 0.816
(® (11,00-(12,0) 1 0.894
(h) (12,0)~(16,0) 4 1.088
() (14,14)—(16,16) 4 2.02

Fig. 7 Homogeneous (left- and right-hand side) and straight het-
ero-junction (middle) CNTs under buckling load

@ Springer

This difference is listed in Table 2 for each homogeneous
CNT. Based on the results, it can be concluded that the
analytical solutions are in good agreement with the com-
putational outcomes. Hence, the assumption of considering
hollow cylinders with the same length and wall thickness
as homogeneous CNTs is a plausible approach so that the
buckling behavior of CNTs could be well approximated.
Having a closer look on the results, it can be also con-
cluded that the buckling strength of hetero-junctions and
their constituent CNTs increases by increasing the chiral
number of both armchair and zigzag CNTs. Figure 8 sup-
ports that this claim is also applicable for hetero-junction
CNTs.

The comparison of the computational results of the crit-
ical buckling loads of straight hetero-junctions to their
constituent CNTs under different boundary conditions is
illustrated in Fig. 9. As it was already predicted, the
critical buckling load of hetero-junction CNTs lies be-
tween the critical buckling loads of their homogeneous
CNTs.
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Fig. 8 (a) Change in critical buckling load (Pc) for armchair het-
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ling load (P.) for armchair hetero-junctions with thinner tube fixed.
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with wider tube fixed. (d) Change in critical buckling load (P;) for
zigzag hetero-junctions with thinner tube fixed
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(11,11)
(12,0)
(12,0) (16,0)
(16,0)

(14,14)

(14,14) (16,16)
(16,16)

b Nanotubes

Fig. 9 Computational results of critical buckling load of CNTs with
(a) wider tube fixed, and (b) thinner tube fixed

4 Outlook

In this research, several straight hetero-junction carbon nan-
otubes and their constituent homogeneous CNTs were sim-
ulated by an FE approach, and their mechanical properties,
buckling behavior in particular, were evaluated through per-
forming several computational tests with different bound-
ary conditions. According to our investigations, the be-
havior of homogeneous CNTs under cantilevered bound-
ary conditions follows the assumption of the classical Eu-
ler equation and the analytical solutions are in good agree-
ment with the FE results. Towards achieving the most accu-
rate results, the buckling behavior of straight hetero-junction
CNTs was compared with those of their constituent homoge-
neous CNTs. It was shown that the critical buckling load of
straight hetero-junction CNTs lies within the range of crit-
ical buckling load of their fundamental CNTs. Moreover, it
can be also concluded that the buckling strength of straight
hetero-junctions and their fundamental CNTs increases by
increasing the chiral number of both armchair and zigzag
CNTs. The findings of this research may have significant
effects on further investigations of straight hetero-junction
CNTs. In addition, it should be noted that other physical
properties of hetero-junction CNTs should be investigated

@ Springer
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in

the future works, as the investigation of buckling behav-

ior in the presented paper was only the first step and more
investigations in this direction are required to complete the
characterization of hetero-junctions. There are other specific
configurations of hetero-junction CNTs, for example, kink
hetero-junctions, which we recommend for future research

as

well.
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