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Abstract: The elastic properties of armchair and zigzag multiwalled carbon nanotubes were
investigated under tensile, bending, and torsion loading conditions. A simplified finite element model
of the multiwalled carbon nanotubes, without taking into account the van der Waals interactions
between layers, was used to assess their tensile, bending, and torsional rigidities and, subsequently,
Young’s and shear moduli. Relationships between the tensile rigidity and the squares of the diameters
of the outer and inner layers in multiwalled carbon nanotubes, and between the bending and torsional
rigidities with the fourth powers of the diameters of the outer and inner layers, were established.
These relationships result in two consistent methods, one for assessment to the Young’s modulus of
armchair and zigzag multiwalled carbon nanotubes, based on tensile and bending rigidities, and the
other to evaluate shear modulus using tensile, bending, and torsional rigidities. This study provides
a benchmark regarding the determination of the mechanical properties of nonchiral multiwalled
carbon nanotubes by nanoscale continuum modeling approach.
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1. Introduction

Multiwalled carbon nanotubes (MWCNTs) are structures composed of concentric single-walled
carbon nanotubes (SWCNTs), the number of which can be comprised between 3 and 50. The interlayer
spacing is commonly considered equal or close to the interlayer spacing of graphene, 0.34 nm, and the
diameter of the MWCNTs can attain 100 nm, which contrasts with typical SWCNTs, whose diameters
are between 0.7 and 2.0 nm [1].

Multiwalled and single-walled nanotubes have comparable properties, although the former have
higher level of their commercialization [2] and some relative advantages [1]. For example, due to
the multilayer structure of MWCNTs, the outer layers of nanotubes can protect the inner layers from
external chemical interactions [3,4]. It is also worth to notice that, in last decade, MWCNTs with small
diameters, containing only a few walls, have attracted the research attention (see, e.g., [5-7]), for making
their functionalization possible, modifying only the outer layer of the MWCNTs and keeping the inner
layers unchanged [8]. Multiwalled carbon nanotubes have been used for the development of novel
electronic devices (see, e.g., [9-12]) and nanoelectromechanical systems [13-16].

Since the deformation influences the electron transport behavior of MWCNTs [17],
the understanding of their mechanical properties is of great interest in the perspective of using
nanotubes as constituents of electronic devices and nanoelectromechanical systems. From the point
of view of reinforcement in composite materials, the MWCNTs, relatively abundant and widely
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commercialized, are good candidates for strengthening components. The correct design of these
composites also demands knowing of the MWCNTs” mechanical properties. MWCNTs’ exceptional
mechanical properties, which can be advantageous for the enhancement of structural composites and
the building of nanomechanical systems, have recently placed them in the focus of research interest.

Although plenty of experimental studies have been evidenced the outstanding mechanical
properties of carbon nanotubes (CNTs), there is inconsistency in the experimental results reported
in the literature, due to the complexity of characterizing nanomaterials at the atomic scale. As the
experimental results concerning the mechanical properties of CNTs available in the literature show a
wide scatter of their values, modelling and computer simulation studies have been established as the
main approaches for the mechanical characterization of CNTs (both types of structure, SWCNTs and
MWCNTs). There are three main groups of methodologies for modelling the mechanical behavior
of CNTs: the atomistic, which comprises the molecular dynamic (MD) and ab initio approaches,
the continuum mechanics (CM), and the nanoscale continuum mechanics (NCM). The NCM approach,
which consists of replacing of each carbon—carbon (C-C) bond by a continuum element (such as a beam),
whose behavior is described by the elasticity theory, has been recognized as the most appropriate for
effective computational simulations and successfully used for simulation of the mechanical behavior
of SWCNTs (see, [18-20]). Relatively few research efforts have been focused on building an adequate
numerical model for the correct assessment to the mechanical properties of MWCNTs, which have
more complex structure than SWCNTs. The main challenge when moving from SWCNTs to MWCNTs
simulations is to take into account, in the simulation of the latter, the weak van der Waals (vdW)
noncovalent force. This involves substantial modelling and computing efforts.

Although most studies on the evaluation of the MWCNTs elastic properties were carried out
with simulations that use the NCM approach, some works employing other methodologies and even
analytical approaches can be found in the literature. Hwang et al. [21] performed MD simulations
resorting to empirical Tersoff three-body potential model, to study the mechanical behavior of
double-walled and triple-walled carbon nanotubes (DWCNTs and TWCNTs). Santosh et al. [22]
evaluated elastic moduli of DWCNTs using a generic force field approach in MD simulations. In these
studies, the MD approach permitted to simulate covalent (carbon—carbon (C-C) bonds) and noncovalent
(vdW forces) interactions between carbon atoms in the MWCNT structure. Tu and Ou-Yang [23] used
the CM approach to describe the deformation behavior of single-walled and multiwalled CNTs. In their
analytical study regarding the influence of the number of layers on the MWCNTs Young’s modulus,
Tu and Ou-Yang [23] used the classic shell theory and considered MWCNT as a group of SWCNTs with
a common central axis. The presence of van der Walls forces was not considered in this CM modelling.
It was found that the Young’s modulus of MWCNTs with up to 100 SWCNTs layers is a function of the
number of layers, strongly decreasing with the increase of this number in the MWCNT structure.

Among the studies that adopt the NCM approach, the first nonlinear truss rod model, taking
into account the weak van der Waals noncovalent force, was developed by Li and Chou [24] in their
study on the elastic behavior of MWCNTs with up to four layers under tension and torsion. Li and
Chou [24] introduced complex mesh of the truss rods in addition to the beam element mesh for the
simulation of each SWCNT composing the MWCNT. The studies that followed this work pursued to
reduce the modelling efforts. With this purpose, Kalmakarov et al. [25] suggested a massless nonlinear
spring element to simulate the van der Waals interactions. Later, a number of MWCNT’s models with
up to five layers, employing spring elements to describe the van der Waals forces, were developed
by Rahmandoust and Ochsner [26] and Ghavamian et al. [27,28]. Rahmandoust and Ochsner [26]
showed that, in the case of uniaxial tensile test, the MWCNT’s models, taking into account the van der
Waals force or not, lead to similar Young’s modulus results. However, for the case of the torsion test,
a difference in shear modulus values of about 9.0% was reported between the results obtained with and
without the van der Waals interactions. Consequently, Rahmandoust and Ochsner [26] determined
that the modelling of the van der Waals interactions between atoms of neighbor layers (SWCNTs) of
MWCNTs is not required in the case of tensile test. Rouhi et al. [29] reached a similar conclusion in
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their study on the elastic properties of double-walled and triple-walled nanotubes composed of carbon
and boron nitride layers. Comparing the results of two finite element models generated with and
without spring elements representing the van der Waals interactions, Rouhi et al. [29] found a small
(less than 0.75%) difference in the Young’s modulus values.

In their FE model of DWCNTs and TWCNTs, Fan et al. [30] proposed the use of pressure between
layers to model the van der Waals interactions, which helped to save the computing effort and led
to results in reasonable agreement with those in literature. Aside from springs, other elements were
employed to model the van der Waals forces, as in the work of Nahas and Abd-Rabou [31], in which
beam elements were used to simulate the covalent carbon—carbon (C-C) bonds and the vdW force
between layers, in DWCNTs and TWCNTs. In a recent study of Almagableh et al. [32], the finite element
(FE) model of DWCNTs was developed, considering pseudorectangular beam elements, for simulating
the covalent carbon—carbon (C—C) bonds, and nonlinear solid elements, whose stress—strain response
was with the vdW interactions. This approach resulted in a complex nonlinear model, which permits
accurate simulation of vdW interactions.

The aforementioned works provided the values of Young’s and shear moduli taken directly from
numerical simulation analysis or calculated analytically. The numerical simulation studies related
to MWCNTs rigidities, at our knowledge, are infrequent in the literature. In the work of Sakharova
et al. [33], the tensile and bending rigidities were studied as a function of the outer layer diameter
for nonchiral MWCNTs with up to 10 layers. In their work, Sakharova et al. [33] tested a simplified
finite element model of MWCNTs without taking into account the van der Waals forces, but with
boundary conditions that impose the simultaneous deformation of all the SWCNTs that constitute the
MWCNT. A good agreement was found between the Young’s modulus values obtained from tensile
and bending tests in this work [33], for nonchiral MWCNTs with up to 10 layers, with the results
available in the literature.

Under certain conditions, nonlinear behavior was observed during the deformation of nanotubes.
Although most work on this behavior is dealing with SWNCTs (see, e.g. (see, e.g., [34], where the
buckling behavior of SWCNTs under bending was studied), several works were dedicated to MWCNTs,
mainly the typical buckling mode, which makes the nanotube to curve when subjected to a compressive
load greater than a certain critical load [35-38]. Chang et al. [36], based on a molecular mechanics
model, pointed out two possible MWCNTs buckling modes: (i) the buckling occurring only on the
outer wall (for MWCNTs with larger outer diameters) and (ii) the buckling occurring simultaneously
on all individual layers (for MWCNTs with smaller outer diameters), depending on the values of the
critical buckling strain, in each mode. They concluded that the van der Waals forces, between the
layers of MWCNTs, have little effect on the critical buckling strain, in the case of DWCNT. Ru [37],
using a simple shell model, also concluded that the van der Waals forces do not influence the critical
buckling load of DWCNT. Yao et al. [39], who used continuum shell theory to investigate the buckling
behavior of DWCNTs and MWCNTs up to five layers, under bending deformation, concluded that
the greater the number of individual layers in the MWCNTs, the greater the required buckling load.
Ghavamian and Ochsner [38] in their work on the buckling behavior of perfect and defective MWCNTs
of up to five layers, based on the NCM approach, concluded that the buckling strength of MWCNTs
significantly increases with increasing number of layers.

The present study aims to explore a simplified model of finite element MWCNTs without taking
into account the van der Waals forces, in order to conduct a systematic study on the elastic properties
of nonchiral (armchair and zigzag) MWCNTs, with up to 20 walls. The consideration of this number of
walls brings the model closer to the real cases of MWCNTs. The work intends to contribute towards
the understanding of the elastic behavior of MWCNTs under tensile, bending, and torsion loading
conditions, focusing on the respective rigidities, and Young’s and shear moduli. The NCM approach,
employing beam elements, was used to simulate individual layers, i.e., each SWCNT composing the
MWCNTs [20,33]. A comprehensive study of the influence of the nanotube geometrical characteristics
(the inner and outer layers diameters and the number of the constituent layers) on the tensile, bending,
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and torsional rigidities was carried out. Robust methods allow to easily characterize the elastic
properties of nonchiral MWCNTs, whatever the diameter and the number of layers, without recourse
to numerical simulation, are recommended for the first time. This can be useful, particularly for
understanding and modelling the mechanical behavior of MWCNT reinforced composites. In addition,
the present work provides a benchmark in relation to establishing the mechanical properties of
nonchiral MWCNTs by nanoscale continuum models. In present analysis, the buckling effects were
not considered, as the buckling did not occur for the strain values used.

2. Geometric Definition

The cylindrical structure of SWCNTs, whose surface is composed of carbon atoms in an hexagonal
pattern, can be defined by the chiral vector, Cy,, or the chiral angle, 8, between the chiral vector Cj, and
the direction (1, 0) (see e.g., [40]):

Cy, = nay + may 1

1 V3m
2VRZ + nm + 2

where (n,m) is a pair of integers that represents the lattice translation indices and a; and a, are the
unit vectors of the graphene hexagonal lattice. The length of the unit vector a is defined as a = V3ac_c
with the equilibrium carbon—carbon (C—C) covalent bond length ac_¢ = 0.1421 nm. In this context,
zigzag (m = 0, 0 = 0°), armchair (n = m, 0 = 30°), and chiral (n # m, 0° < 0 < 30°) nanotubes are the
possible configurations of CNTs.

The SWCNT diameter is assessed as follows:

_avn?+nm+m?

Tt

0 = sin~
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D ®)

Since MWCNTs comprise two or more coaxial SWCNTs (layers), their structure is characterized
by a sequence of SWCNTs with pairs of chiral indices increasing from inside to outside so that the
distance between layers is equal. For example, armchair MWCNT is described by the sequence
(n1,mq)(np, my)...(nN, my), where N is the number of layers and n = m. Similarly, zigzag MWCNT
is represented as (11,0)(n2, 0) ... (nN, 0), where N is the number of layers. The distance between
layers in MWCNTs is generally considered similar to the interlayer spacing of graphene, 0.34 nm.
Interlayer distance close to this value in the ranges of 0.32-0.35 nm and 0.342-0.375 nm was reported
by Kharissova and Kharisov [41] and Kiang et al. [42], respectively.

3. Numerical Simulation and Analysis

3.1. Configurations and FE Modelling of MWCNT

The NCM approach that replaces the carbon—carbon bonds of CNT by equivalent beam elements
was used for modelling each layer of MWCNTs, although, for the sake of simplicity, it does not consider
van der Waals interactions between the layers. The finite element (FE) model uses the coordinates of
the carbon atoms for generating the nodes and their suitable connection creates the beam elements.
The links established between the interatomic potential energies of the molecular structure and the
strain energies of the equivalent continuum structure, consisting of beams undergoing axial, bending,
and torsional loading conditions, are at the basis of the application of continuum mechanics in the
analysis of the mechanical behavior of CNT [24]. The input data for the FE model are given in Table 1.

The meshes of the MWCNTs structures, to be used in the FE analyses, were constructed
using the CoNTub 1.0 software [43]. This code generates ASCII files, describing atom positions,
which can be entered as input in available commercial and in-house FE codes to perform the
simulation of mechanical tests. To convert the ASCII files, obtained from the CoNTub 1.0 software,
into the format usable by the commercial FE code ABAQUS®, an in-house application previously
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developed, designated InterfaceNanotubes [20], was used. The geometrical characteristics of the
armchair and zigzag MWCNTs used in the present FE analyses are summarized in Tables 2 and 3,
respectively. The multiwalled structures with different inner layer diameters and the same outer
diameter were considered in order to clarify the influence of the geometrical characteristics of
inner SWCNT on MWCNTs mechanical properties. In case of armchair MWCNTs, the structures
with different inner layers, (10, 10) SWCNT with diameter D;,, = 1.356 nm, and (35, 35) SWCNT
with diameter D;, = 4.746 nm were studied (see, Table 2). The outer diameter for both cases was
Doyt = 14238 nm. The sequences of pairs of chiral indices for armchair MWCNT structures are
given by (10+5(N—-1), 10+5(N—-1)),2 <N <20,and (35+5(N—-1), 35+5(N-1)),2 <N <15,
where N is the number of layers. In case of zigzag MWCNTs, the inner layers of the multiwalled
structures under study were (14, 0) SWCNT with D;,, = 1.096 nm and (59, 0) SWCNTs with
D;;, = 4.619 nm, and the outer layers had the same diameter of D,,; = 14.483 nm (see, Table 3).
The sequences of pairs of chiral indices for zigzag MWCNTs are given by (14 + 9(N - 1), 0),2 < N < 20,
and (59 +9(N -1), 0),2 < N < 15. The interlayer spacing, d;,,;, of these MWCNT structures is close
to the interlayer spacing of graphene, 0.34 nm, i.e., 0.339 nm and 0.352 nm for armchair and zigzag
MWCNTs5, respectively. The length of the nanotubes used in the numerical simulations was about
30 times bigger than the outer diameter, such that the mechanical behavior can be independent of
the length.

Table 1. Input parameters for finite element (FE) simulations of the layers (single-walled carbon
nanotubes, SWCNTs) of multiwalled carbon nanotubes: material and geometric properties of
beam element.

Parameter Value Formulation
Bond stretching force constant, k, [44] 6.52 x 1077 N nm~! -
Bond bending force constant, kg [44] 8.76 x 10719 N-nm-rad 2 -
Torsional resistance force constant, k; [44,45] 2.78 x 10710 N-nm-rad 2 -
Carbon—carbon (C—-C) bond/beam length 0.1421 nm 3
(I =ac-c)
Diameter (d) 0.147 nm d=4+kg/ks
Cross section area, A, 0.01688 nm? Ap = nd?/4
Moment of inertia, I 2.269 X 107> nm* I, = nd*/ 64
Polar moment of inertia, Jj 4.537 x 1075 -nm* Jp = md*/32
Young’s modulus, Ej, 5488 GPa E, = K21/ 41tk
Shear modulus, Gy 870.7 GPa Gy = k2k.1/ 87'(k§)
Rigidity, E, Ay 92.65 nN EyAp = kil [24]
Rigidity, E, I, 0.1245 nN-nm? Epl, = kol [24]

Rigidity, Gy, 0.0395 nN-nm? Gyl = k.1 [24]
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Table 2. Geometrical characteristics of armchair multiwalled carbon nanotubes (MWCNTs), under study.

Interlay. Inner Layer Outer Layer

Spacing, Diameter, D;,, N, Number of Layers (ng, my)... (nN,my) Diameter,
d;yi[nm] [nm] Doyt [nm]

2 (10,10) (15,15) 2.034

3 (10,10) (15,15) (20,20) 2.713

4 (10,10) (15,15) ... (25,25) 3.390

5 (10,10) (15,15) ... (30,30) 4.068

6 (10,10) (15,15) ... (35,35) 4.746

7 S (10,10) (15,15) ... (40,40) 5424

8 2 (10,10) (15,15) ... (45,45) 6.101

9 G (10,10) (15,15) ... (50,50) 6.780

10 i (10,10) (15,15) ... (55,55) 7.457

11 ; (10,10) (15,15) ... (60,60) 8.136

1.356 12 “; (10,10) (15,15) ... (65,65) 8.814

13 % (10,10) (15,15) ... (70,70) 9.492

14 :I\ (10,10) (15,15) ... (75,75) 10.170

2 15 §, (10,10) (15,15) ... (80,80) 10.848

S 16 ; (10,10) (15,15) ... (85,85) 11.526

17 < (10,10) (15,15) ... (90,90) 12.204

18 (10,10) (15,15) ... (95,95) 12.882

19 (10,10) (15,15) ... (100,100) 13.560

20 (10,10) (15,15) ... (105,105) 14.238

2 (35,35) (40,40) 5.424

3 (35,35) (40,40) (45,45) 6.102

4 % (35,35) (40,40) ... (50,50) 6.780

5 ﬁ (35,35) (40,40) ... (55,55) 7.458

6 ? (35,35) (40,40) ... (60,60) 8.136

7 ? (35,35) (40,40) ... (65,65) 8.814

4.746 8 % (35,35) (40,40) ... (70,70) 9.492

9 :; (35,35) (40,40) ... (75,75) 10.170

10 “ (35,35) (40,40) ... (80,80) 10.848

11 D (35,35) (40,40) ... (85,85) 11.526

12 %’ (35,35) (40,40) ... (90,90) 12.204

13 % (35,35) (40,40) ... (95,95) 12.882

14 - (35,35) (40,40) ... (100,100) 13.560

15 (35,35) (40,40) ... (105,105) 14.238
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Interlay. Inner Layer Outer Layer
Spacing, Diameter, D;, N, Number of Layers (111,0). .. (nn,0) Diameter,
d;yi[nm] [nm] Doyt [nm]

2 (14,0) (23,0) 1.802

3 (14,0 (23,0) (32,0 2.507

4 (14,0) (23,0) ... (41,0) 3212

5 (14,0) (23,0) ... (50,0) 3.916

6 (14,0) (23,0) ... (59,0) 4618

7 5 (14,0) (23,0) ... (68,0) 5.323

8 ;9. (14,0) (23,0) ... (77,0) 6.027

9 é (14,0 (23,0) ... (36,0) 6.732

1.096 10 i (14,0) (23,0) ... (95,0 7.436

11 N (14,0) (23,0) ... (104,0) 8.142

12 § (14,0) (23,0) ... (113,0) 8.847

13 4 (14,0) (23,0) ... (122,0) 9.551

14 < (14,0) (23,0) ... (131,0) 10.256

" 15 (14,0) (23,0) ... (140,0) 10.960

e 16 (14,0) (23,0) ... (149,0) 11.665

17 (14,0) (23,0) ... (158,0) 12.370

18 (14,0) (23,0) ... (167,0) 13.074

19 (14,0) (23,0) ... (176,0) 13.779

20 (14,0) (23,0) ... (185,0) 14.483

2 (59,0) (68,0) 5.324

3 (59,0) (68,0) (77,0) 6.028

4 (59,0) (68,0) ... (86,0) 6.733

5 ”‘—; (59,0) (68,0) ... (95,0 7.437

6 ~ (59,0) (68,0) ... (104,0) 8.142

7 é (59,0) (68,0) ... (113,0) 8.847

4619 8 i (59,0) (68,0) ... (122,0) 9.551

9 i (59,0) (68,0) ... (131,0) 10.256

10 § (59,0) (68,0) ... (140,0) 10.960

11 ; (59,0) (68,0) ... (149,0) 11.665

12 = (59,0) (68,0) ... (158,0) 12.370

13 (59,0) (68,0) ... (167,0) 13.074

14 (59,0) (68,0) ... (176,0) 13.779

15 (59,0) (68,0) ... (185,0) 14.483

3.2. Loading Conditions

The mechanical behavior of MWCNTs was studied by numerical simulation using the commercial
FE code ABAQUS® of conventional tensile, bending, and torsion tests. The boundary and loading

conditions are shown in Figure 1.
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(b)

Figure 1. Loading and boundary conditions for the (10,10) (15,15) (20,20) (25,25) armchair multiwalled
carbon nanotube (MWCNT): (a) tension, (b) bending, and (c) torsion.

In the tensile test, an axial displacement, uy, is applied to all nodes of one MWCNT end, leaving
the other end fixed. The tensile rigidity of the nanotube, EA, is determined as:

pa=bl, (4)
Ux

where L is the nanotube length and F is an axial force, taken from the FE analysis.
In the bending test, a transverse displacement, uy, is applied to all nodes of one MWCNT end,

leaving the other end fixed. The bending rigidity of the nanotube, EI, is determined as:

F,L3
_ (5)

El = ,
Buy
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where F is the transverse force, taken from the FE analysis.

In the torsion test, a torsional moment, T, is applied at one MWCNT end, forcing the atoms of
that end to the same rotation and leaving the atoms of the other end fixed. The torsional rigidity, GJ,
is determined as:

_TL

G , 6
I(p (6)

where @ is the twist angle, taken from the FE analysis.

3.3. Elastic Moduli of MWCNTs

The Young’s modulus of MWCNTs was calculated using the following expression that takes into
account the rigidity in tension, EA, calculated from Equation (4):

EA
E=—, 7
where A is the cross-sectional area.
In addition, the Young’s modulus of MWCNTs was calculated taking into account the rigidity in

bending, EI, calculated from Equation (5):
_H .
I (
The shear modulus of MWCNTs was calculated using the following expression that takes into
account the rigidity in torsion, GJ, calculated from Equation (5):

_dl
==

E

G )
where | is the polar moment of inertia.

MWCNTs with the inner layer diameter, D;,, the outer layer diameter, Dy, and the thickness of
layers, t, (see Figure 2), have the cross-sectional area, the moment of inertia, and the polar moment of
inertia of the equivalent hollow cylinder given by, respectively:

A= g[(Dout + tn)z - (Din - tn)z]r (10)
I = 614[(Dout + tn)4 - (Din - tn)4]r (11)
] - 312[(Dout + tn)4 - (Din - tn)4]- (12)

Figure 2. Schematic representations of the MWCNT profile.
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Assigning D= (Djy, + Dout) /2 as the average diameter of MWCNT and AD = Dy — Dj, as the
difference between the diameters of the outermost and innermost layers, the Equations (10)—(12) can
be modified as follows:

A= gﬁ(AD +2ty), (13)

I = ZD(AD +24,)[2D" = DouDiy + ta(8D +1,)], (14)
— —2

J= gD(AD + Ztn)'[ZD = DoutDin + tn (AD + tn)]' (15)

Adopting an analysis similar to that followed for in a previous study for SWCNTs [20],
using Equations (13) and (14) is now possible to write:

—2
% = %[ZD = DoutDiy + tn(AD + tn)] =

_ (16)
D = L= \J8(&) + [DowtDin — ta(AD + 1,)].

Consequently, the Young’s modulus of MWCNTs can be calculated from Equations (7), (13),
and (16):

E=EA EA . (17)
R(AD + 2tn) \/(%) + %[DoutDin - tn(AD + tn)]
The shear modulus of MWCNTs can be calculated from Equations (8), (14), and (15):
G = Gl = GJ (18)

I (£ (8D +2t) J(E)+ §DoueDin— ta(AD +1)]

The value of the nanotube wall thickness to be considered is t, = 0.34 nm, as very commonly
used [18,20,26,27].

4. Results and Discussion

4.1. Rigidities of MWCNT5

The values of the tensile, EApw, bending, Elyw, and torsional, G/, rigidities of the MWCNTs,
numerically obtained and using Equations (4)—(6), are represented as a function of the difference
between the outer and the inner layers diameters, AD = D, — Dy, in the Figure 3a—c, respectively.
For each nanotube type, the evolutions of tensile rigidity, EApw, are clearly separated, depending on
the diameter of the inner layer of the MWCNTs: (i) for the smallest inner layer, D;;, = 1.356 nm for
(10+5(N-1), 10+ 5(N — 1)) armchair and D;,, = 1.096 nm for (14 + 9(N — 1), 0) zigzag structures
and (ii) for the largest inner layer diameter, D;, = 4.746 nm for (35 + 5(N —1), 35+ 5(N — 1)) armchair
and Dj, = 4.619 nm for (59 +9(N — 1), 0) zigzag MWCNTs. The same is true for the evolutions of the
bending, Elpw, and torsional, GJsw, rigidities with AD = Dyt — Djy,.

In order to clarify the trends shown in Figure 3a—c, the values of the tensile rigidity, EAmw,
are plotted as a function of (Doyt + ifn)2 — (D, — tn)z, and the values of the bending, EIywy, and torsional,
GJsw, rigidities are plotted as a function of (Do + tn)4 —(Djy — tn)4, in Figure 4a—c. These plots are
inspired by the expressions 10, 11, and 12 of the area and the moments of inertia of the MWCNTs.
Figure 4a—c show that, for this representation, for each type of nanotube, the results follow the same
straight line, regardless of the diameter of the inner nanotube. Furthermore, the results are only slightly
influenced by the type of nanotube, i.e., armchair or zigzag MWCNTs. This small difference in the
rigidity behavior of the two types of MWCNTs can be attributed to the different interlayer spacing
of these structures: armchair (d;;; = 0.339 nm) and zigzag (d;;; = 0.352 nm). The straight lines in
Figure 4a—c can be expressed as follows:



Materials 2020, 13, 4283 11 of 25

EApw = aMW[(Dout =+ tn)z - (Din - tn)z]/ (19)
Elvw = Baaw|(Dout + ta)* = (Din = ta)*], (20)
Glmw = ymw| (Dout + tn)* = (Din = ta)*]- (21)

The fitting parameters for armchair and zigzag MWCNTs are given in Table 4. The mean difference
between the values of the EApw, EIvw, and GJgyy rigidities calculated with Equations (19)-(21) and
the values obtained directly from FE analysis are, respectively, 0.10%, 1.23%, and 0.45% for armchair
nanotubes and 0.35%, 0.97%, and 0.31% for zigzag nanotubes.

Table 4. Fitting parameters apmw, fpw, and yaw for the armchair and zigzag MWCNTs.

Type of MWCNT Parameter
apw (AN-nm~2) Byw (nN-nm~2) YMW (nN-nm~2)
Armchair 827.24 52.34 48.02
Zigzag 796.91 50.37 46.44
S
2:5x10% [y armchair (35+5(N-1),35+5(N-1)), 2sN<15
O zigzag (59+9(N-1),0), 2sN<15
2.0x10° I ¢ armchair (10+5(N-1), 10+5(N-1)), 2<N<20
— ozigzag (14+9(N-1),0), 2sN<20 40
S 1.5x105 } 0 *o
‘; ' 0 €0
= 40 40
= ‘Dco 0000
5
1.0x10 ® ®
® 40
®© %
5.0x10% | 00 ©
©
0% 0%
]
0 _‘j . 1 1 1 1
0 3 6 9 12 15
AD=Doul - Dln (nm]
(a)

Figure 3. Cont.
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Figure 3. Evolution of rigidity as a function of the difference between the diameters of the outer and
inner layers, AD, for armchair and zigzag MWCNTs, in: (a) tension, EApry, (b) bending, Elpmwy, and (c)

torsion, GJgp.



Materials 2020, 13, 4283

2.0x10%
¢armchair  Ozigzag ,%0
—~ 1.5x 105 - ”g”
= %
! 40
z R 2
< 1.0x105 | 0
= g
JQ
50x10¢ [ .@f
0 ./ . . . .
0 50 100 150 200 250
(Dout+tn)2' (Din'tn)2 (an)
(a)
2.5x106 |
®armchair  Ozigzag P .8
—_ 2.0x10¢ [ -8
& o
= ,g
Z 15x10¢ [ L
E »
2 7
= 1.0x10% [ 4»,”
= 6'0
5.0x105 | ®
&
0 1.0x10%* 2.0x10% 3.0x10% 4.0x10% 5.0x10*
(Dout+tn)4' (Din'tn)4 (nm“)
(b)
e °
2.0x106 @ armchair  Ozigzag ’,;,"'
- Rl
E 1.5x106 | e
z 7
C) 99
<106 27
_; 1.0x10 o
] 'Q’
5.0x10° .'0
L J
0 1.0x10% 2.0x104 3.0x10% 4.0x10% 5.0x10%
(D01|l+tn)4' (Dln'tn)4 (nm4)
(0)

13 of 25

Figure 4. Evolutions of rigidities as a function of: (a) (Dout + tn)2 — (Dy, — tn)z, for the tensile rigidity,
EApw; (b) (Dout + tn)4 — (D, — t‘n)4 for bending rigidity, EIymw; and (¢) (Dout + tn)4 —(Djy, — tn)4 for

torsional rigidity, GJsw. The results are represented by symbols and fitting trends by lines.
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4.2. Young’s and Shear Moduli of MWCNTs

The Young’s and shear moduli of the (10 +5(N —1), 10+ 5(N —1)), 2 < N < 20, armchair and
(14+9(N-1), 0),2 < N <20, zigzag MWCNTs structures are analyzed in this subsection.

The MWCNTs Young’s modulus values can be calculated by Equation (7) or Equation (8) using the
results of the numerical tensile and bending tests, respectively, and Equation (17), which uses the results
of numerical tensile and bending tests. The values of the MWCNTs shear modulus can be calculated by
Equation (9), using only the numerical torsional test results, and Equation (18), which uses the results
of numerical tensile, bending, and torsional tests.

Equation (17) and relationships (19)—(21) as well as the knowledge of the values of the parameters
ayw, Pmw, and yaw in Table 4 allow the easy determination of the Young’s modulus of the MWCNTs,
as a function of the outer layer diameter, D, and the inner layer diameter, D;,,, without resorting to
the numerical simulation as follows:

E — anw (Dout + Djy) ‘ 22)
D2+ D2 + 24, (AD + t)] + & [DowtDin — ta(AD + 1))

apMW out

In the same way, but using the Equation (18) and relationships (19)—(21), the shear modulus of the
MWCNTs can be calculated as follows:

VMW(Dout + Din)
Zn ﬁMW ﬁMW +D? +2t,(AD + tn)] + §[DoutDin — tu(AD + t,)]

aMW aMW out

(23)

Figure 5 compares the Young’s and shear modulus results as a function of the difference between
outer and inner layers diameters, AD (Figure 5a,c), and the number of layers, N, (Figure 5b,d) in the
MWCNT structure, for armchair and zigzag nanotubes. The Young’s and shear modulus values were
obtained by Equation (7) (Equation (8) leads to results with a relative difference of 0.9%, on average)
and (17) and by Equations (9) and (18), respectively, using numerical simulation results. The evolutions
of the E and G values, calculated analytically by Equations (22) and (23), respectively, are also plotted
for armchair and zigzag structures.

For both types, armchair and zigzag MWCNTs, the evolutions of the Young’s modulus, E,
and shear modulus, G, are similar, regardless of the equation (used for its calculation (Equation (7) or
Equation (17), for the Young’s modulus, and Equation (9) or Equation (18), for the shear modulus).
Moreover, Equation (22) permits accurate analytical prediction of the value of the Young’s modulus of
MWCNTs as well as Equation (23) for the shear modulus value.

The mean difference between the Young’s moduli calculated, e.g., from Equation (17),
using numerical results, and those evaluated with Equation (22) is 0.32% and 0.53% for structures of
armchair and zigzag, respectively. For the shear modulus, the mean difference between its values
calculated by Equation (18) and those evaluated with Equation (23) is 1.55% and 1.62% for armchair
and zigzag structures, respectively.

It can be seen from Figure 5 that the Young’s modulus values of the armchair structure are slightly
higher (in average 3.8%) than those for the zigzag structure. In the case of shear modulus, its values for
armchair structure are in average 1.5% higher than those for the zigzag structure. The Young’s and shear
modulus values of the armchair MWCNTs is about the same regardless the value of AD = D, — Dj,
(Figure 5a,c) or the number of layers, N (Figure 5b,d) constituting the MWCNT. In the case of zigzag
MWCNT5, a slight decrease of the Young’s modulus value (at about 2.50%) and shear modulus value (at
about 2.08%) is observed when the difference between outer and inner layers’ diameters (Figure 5a,c) or
the number of layers (Figure 5b,d) increase. As pointed out above in relation to rigidity, the differences
between the Young’s modulus of the armchair and zigzag MWCNTs are also certainly related with the
different interlayer spacing for armchair and zigzag structures. The same is true for the differences
between the shear moduli of the armchair and zigzag MWCNTs.
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Figure 5. Evolutions of the Young’s modulus of MWCNTs with: (a) the difference between outer and
inner layers diameters, AD, and (b) the number of layers, N, constituting the MWCNT and evolutions
of the shear modulus of MWCNTs with: (¢) AD and (d) N. The Young’s moduli of MWCNTs were
evaluated by Equations (7) and (17), from the numerical simulations results, and analytically by
Equation (22). The shear moduli of MWCNTs were evaluated by Equations (9) and (18), from the
numerical simulations results, and analytically by Equation (23).

Figure 6 compares the Young’s modulus of the MWCNTs with the Young’s moduli of SWCNTs
corresponding to the inner and outer constituent layers, for selected armchair (Figure 6a) and zigzag
(Figure 6b) MWCNTs with 2, 5, 10, 15, and 20 layers. In this figure, the comparison of the MWCNTs’
shear modulus with the shear moduli of the inner and outer constituent SWCNTs is also shown for
armchair (Figure 6¢) and zigzag (Figure 6d) structures. The Young’s and shear modulus values obtained
by Equations (17) and (18), respectively, are used. The Young’s modulus values for the armchair
MWCNTs are very close to the values of E obtained for the inner and outer layers. The Young’s modulus
values for zigzag MWCNTs are lower than the Young’s moduli of the inner and outer constituent
layers. The same trends are observed for the shear modulus values.

In order to further test the methodology for analytical evaluation of the Young’s and shear moduli
of MWCNTs (Equations (22) and (23)), two sets of MWCNTs (armchair and zigzag), for which the
innermost nanotube layer is still smaller in diameter than those analyzed so far, were considered.
The configurations for both sets, armchair and zigzag, MWCNTs are shown in Table 5.

Figure 7 compares the Young’s and shear moduli values obtained by Equations (22) and
(23), in function of the difference between outer and inner layers diameters, AD, (Figure 7a,c),
and the number of layers, N, (Figure 7b,d) in the MWCNTS structure, for (8 +5(N-1), 84+5(N—-1))
(Table 5) and (10+5(N—-1), 10+5(N —1)) (Table 2) armchair and (10 +9(N —1), 0) (Table 5)
and (14 +9(N —1), 0) (Table 3) zigzag MWCNTs. The Young’'s modulus values obtained are similar
for two sets of armchair MWCNTs, as well as for two sets of zigzag MWCNTs. The same is true for
shear modulus values.
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Figure 6. Young’'s moduli of MWCNTs compared with the Young’s moduli of the innermost and
outermost constituent SWCNTs for nanotubes structures: (a) armchair and (b) zigzag; shear moduli of
MWCNTs compared with the shear moduli of the innermost and outermost constituent SWCNTs for:

(c) armchair and (d) zigzag structures.
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Evolutions of Young’s modulus with: (a) the difference between outer and inner

layers diameters, AD, and (b) the number of layers, N, constituting the MWCNT; evolutions
of the shear modulus of MWCNTs with: (¢) AD and (d) N, for (8+5(N-1), 8+5(N-1))
and (104+5(N-1), 10+ 5(N -1)) armchair and (10+9(N-1), 0) and (14+9(N -1), 0) zigzag
MWCNTs. The Young’s and shear modulus values were calculated by Equations (22) and
(23), respectively.
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Table 5. Geometrical characteristics of armchair and zigzag MWCNTs for testing the methodology proposed.

MWNTTP® bt Dy fmt N Nemberoftaess  CEN VG biamten Do o

2 (8,8) (13,13) 1.763

3 (8,8) (13,13) (18,18) 2.441

4 (8,8) (13,13) ... (23,23) 3.119

5 (8,8) (13,13) ... (28,28) 3.797

6 q (8,8) (13,13) ... (33,33) 4475

. 7 ﬁ (8,8) (13,13) ... (38,38) 5153
é 8 z (8,8) (13,13) ... (43,43) 5.831
gl,"? 9 = (8,8) (13,13) ... (48,48) 6509
. 1085 10 z (8,8) (13,13) ... (53,53) 7.187
g 11 + (8,8) (13,13) ... (58,58) 7.865
£ 12 ; (8,8) (13,13) ... (63,63) 8.543
g 13 é (8,8) (13,13) ... (68,68) 9.221
14 " (8,8) (13,13) ... (73,73) 9.899

15 e (8,8) (13,13) ... (78,78) 10.577

16 (8,8) (13,13) ... (83,83) 11.255

17 (8,8) (13,13) ... (88,88) 11.933

18 (8,8) (13,13) ... (93,93) 12.611

19 (8,8) (13,13) ... (98,98) 13.289

20 (8,8) (13,13) ... (103,103) 13.967

21 (8,8) (13,13) ... (108,108) 14.645

2 (10,0) (19,0) 1.487

3 (10,0) (19,0) (28,0) 2192

4 (10,0) (19,0) ... (37,0) 2.897

5 (10,0) (19,0) ... (46,0) 3.601

6 (10,0) (19,0) ... (55,0) 4306

7 S (10,0) (19,0) ... (64,0) 5.010

g 8 IS (10,0) (19,0) ... (73,0) 5.715
o 9 2 (10,0) (19,0) ... (82,0) 6.420
ﬁ: 0783 10 § (10,0) (19,0) ... (91,0) 7.124
& 11 i (10,0) (19,0) ... (100,0) 7.829
§ 12 3 (10,0) 19,0) ... (109,0) 8533
N 13 s (10,0) (19,0) ... (118,0) 9.238
14 = (10,0) (19,0) ... (127,0) 9.943
15 (10,0) (19,0) ... (136,0) 10.647

16 (10,0) (19,0) ... (145,0) 11.352

17 (10,0) (19,0) ... (154,0) 12.056

18 (10,0) (19,0) ... (163,0) 12.761

19 (10,0) (19,0) ... (172,0) 13.466

20 (10,0) (19,0) ... (181,0) 14.170

21 (10,0) (19,0) ... (190,0) 14.875

4.3. Comparison with Literature Results

Table 6 summarizes the current elastic moduli results of MWCNTs and those from literature,
which include numerical and experimental results.
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Table 6. Comparison of the current results of the elastic moduli results with those reported in the literature.

Approach for
Interlflyer the vd.W Max. Number Young’s Shear
Reference Method Spacing, Interactions MWCNT Type * of Lavers, N Modulus, Modulus,
djyy, nM between yers, TPa TPa
Layers
MD: empirical Empirical Armclhalir (51’5)1(10’10)’ 2 0.85-1.16
Hwang et al. Tersoff 0.339 Tersoff (10,10)(15,15) B
[21] three-body three-body Armchair 3 0.85-1.12
potential potential (5,5)(10,10)(15,15) ’ ’
Armchair (5,5)(10,10),
MD: force- g (7,7)(12,12),
Sa““[’;;] etal constant 0.340 Fogce Crzr;iifm (10,10)(15,15), 2 1.02 0.27
approach PP (15,15)(20,20),
(20,20)(25,25)
Tu and Ou-Yang  CM: classic shell 0340 _ B 100 1.70-1.05 B
[23] theory
Armchair
0.339 (3,3)(8:8)(13,13)(18,18) 1.05-1.10 0.33-0.48
Li and Chou [24] Truss rods - 4
Zigzag 2
0.352 (5,0)14,0)(23.0)(32,0) 1.05-1.12 0.33-0.36
Armchair
. 0.339 (5,5)(10,10)(15.15)(20.20) 1.00-1.45 0.44-0.47
Kalamkarov 5] . ; 4
etal. [25] £ 0.352 Springs Z‘gzago(i'sg)(éf' 03, 0.96-1.50 0.44-0.47
s ,
U .
z (5 0)(21‘%";33 0 1.007-1.011  0.430-0.398
0.352 Springs: 4 i ’
Fan et al, [30] interlayer (12,0)(21, 0)(30,0) 3 1.021-1.017  0.415-0.347
pressure (15,0)(24, 0)(33,0) 1.023-1.018  0.402-0.347
Nahas and _ Beams Armchair 3 0.98-1.02 _
Abd-Rabou [31] Zigzag 0.876-0.937
Armchair
0.339 (10,10)(15,15) .... 1.040-1.044
Ghavamian et al. Sori (30,30)
[27] prings Zi (14,0)(23,0) ° -
igzag (14, ,0) ...
0.352 1.030-1.035
NCM: beams (50,0)
Armchair
0.339 (10,10)(15,15) ...
Ghava[r;;gn etal. Springs (30,30) 5 _ 0.50
0352 Zigzag (14,0)(23,0) ...
’ (50,0)
NCM: pseudo- . Zigzag (5,0)(14,0),
Aht“alg"[‘f;*]’h rectangular 0.340 ?E’“}meart (9,0)(18,0), (12,0)(21,0), 2 0.65-0.2 -
etal. [ beams solid elements (21,0)(30.0)
TEM: amplitude
of intrinsic . g
Treacy et al. [46] thermal - - Unidentified type - 1.8+ 0.9 -
vibrations
Kashyap and TEM image . s
Patil [47] +analytical - - Unidentified type - 09
Armchair
0.339 B (10,10)(15,15) . .. 1.061-1.051  0.479-0.484
105,1
Current results NCM: beams (105,105) 20
Zigzag (14,0) (23,0)
0.352 .. (185,0) 1.069-1.012 0.475-0.471

* The MWCNTSs were produced starting from the smallest diameter layer (indicated in the table in the initial position)
by adding subsequent layers until maximum number of layers.

With regard to experimental evaluations, in the work of Treacy et al. [46], the MWCNT Young's
modulus was obtained by measuring the amplitude of the nanotube intrinsic thermal vibrations
by transition electron microscopy (TEM). Kashyap and Patil [47] evaluated the Young’s modulus of
MWCNT from TEM bright field image of CNT/Al composite.

The Young’s shear moduli were calculated from the numerical results of the conventional
tensile [21,24,25,27,30-32] and torsion [22,24,25,28,30] tests, respectively, using the respective definitions
from the classical theory of elasticity. Santosh et al. [22] evaluated the MWCNTs’ Young’s modulus
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from the numerical results of conventional compression test. With regard to the boundary conditions,
the simulation of the MWCNT'’s tensile test, in the works of [24,25,32], was achieved by subjecting all
nodes at one end to the same axial force, while all nodes at the other end were fixed. In the simulation
of torsion tests, Kalmakarov et al. [25], Fan et al. [30], and Santosh et al. [22] applied a torsional moment
to all end nodes of multiwalled nanotube, but in the study of Li and Chou [24] only the outer layer of
MWCNT was subjected to torsion. Ghavamian et al. [27,28], in tensile and torsion tests, Nahas and
Abd-Rabou [31] and Hwang et al. [21], in tensile tests, and Santosh et al. [22], in compression tests,
applied displacements, instead of forces or moments, to all nodes at one end of the MWCNT, leaving
the other end fixed.

In order to facilitate the comparison of the current results with those available in the literature,
the Young’s and shear moduli were represented as a function of the outer layer diameter, Doy,
of the MWCNT and the number of layers, N, constituting the MWCNT structure, as shown in
Figure 8 (please see, designations in Table 6). MWCNTs with Dy, up to 4.068 nm were considered.
This diameter corresponds to multiwalled structures containing up to five layers. The results from the
works [21,23-25,27,30,31], which permit appropriate comparison of the Young’s modulus evolution
with N, were considered in the figures.

Most aforementioned studies share the same modelling approach for the simulation of the
MWCNT structure, i.e., a NCM approach employing 3D beam elements [24,25,27,30-32], although
Almagableh et al. [32] used rectangular cross-section beams instead of circular ones. Regarding the
simulation of the noncovalent van der Waals interactions between layers, truss rod elements [24], spring
elements [25,27,31], nonlinear solid elements [32], and beam elements [31] were used. The model
proposed by Tu and Ou-Yang [23] does not take into account the van der Waals forces, and in the
works of Hwang et al. [21] and Santosh et al. [22], the vdW forces were modelled in a frame of MD
approaches used.

Some authors [22,24,27,30] pointed out that Young’s modulus of MWCNTs did not change
significantly with the increase of the outer layer diameter, Do, and the number of layers, N, composing
the MWCNT structure. A substantial increase of the Young’s modulus with the increase of the
outer layer diameter or the number of layers was reported by Kalmakarov et al. [25]. Nahas and
Ab-Rabou [31] noted slight increase of the Young’s modulus values with the number of layers for
DWCNTs and TWCNTs. A considerable decrease of the Young’s modulus with the increase of the
outer layer diameter was reported by Almagableh et al. [32] for zigzag DWCNTs, and Hwang et al. [21]
reported slight reduction of the Young’s modulus upon transition from armchair DWCNT (N = 2) to
TWCNT (N = 3). Tu and Ou-Yang [23] predicted a substantial reduction in Young’s modulus (from
4.70 TPa for SWCNT to 1.05 TPa for MWCNT with N = 100) with the increase of the number of layers
in the MWCNT structure. Some authors [24,30,31] pointed out that Young’s modulus of MWCNTs is
slightly higher than that SWCNTs, but Young’s modulus values for MWCNTs, which are very close to
the values obtained for SWCNTs constituting the MWCNT, were also reported [27].

The current results show particularly good agreement with the results of: (i) Fan et al. [30]
(Figure 8a,b), for zigzag MWCNTs; (ii) Ghavamian et al. [27] (Figure 8a,b), for armchair and zigzag
MWCNTs, where the spring elements for simulation of the vdW interactions were considered; (iii) Li
and Chou [24] (Figure 8a,b), for armchair MWCNTs, who used the truss rod elements for simulation of
the van der Waals forces; (iv) Santosh et al. [22] (Figure 8b) for armchair DWCNTs; and (v) Hwang
etal. [21] (Figure 8a,b), for armchair DWCNTs and TWCNTs, where both covalent and vdW interactions
between carbon atoms were modelled with recourse of MD approach. The smallest difference of
0.79% occurs for the Young’s modulus calculation performed by Fan et al. [30] for (15, 0)(24, 0)(33,
0) zigzag TWCNTs with D,,; = 2.584 nm. Differences of 1.39% and 1.62% occur for the results of
Ghavamian et al. [27] for armchair and zigzag MWCNTs, respectively. The comparison with the results
reported by Li and Chou [24] shows differences of 1.41% and 8.48% for armchair and zigzag MWCNTs,
respectively. The Young’s modulus values obtained by Nahas and Abd-Rabou [31] (Figure 8b) show
differences of 3.4% and 9.5% for armchair and zigzag MWCNTTs, respectively, when compared with the
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current results. The Young’s modulus calculated by Nahas and Abd-Rabou [31] is also lower than
those obtained in the other studies [21-25,27,30]. Differences of 3.54% and 4.82% were observed with
the results of Santosh et al. [22] for armchair DWCNTs with D,,¢ up to 3.390 nm and Hwang et al. [21]
for armchair TWCNTs with Dy, = 2.034 nm, respectively.
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Figure 8. Comparison of the current results of the Young’s modulus with those reported in the
literature as a function of: (a) outer layer diameter, Dy, and (b) the number of layers, N, of the
constituting MWCNT.

Substantial differences (36.9% for armchair and 46.0% for zigzag MWCNTs with N = 4)
were found with the Young’s modulus results predicted by Kalamkarov et al. [25] (Figure 8b).
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The biggest differences, in the range of 39.2% for (5, 0)(14, 0) DWCNTs with Dy, = 1.096 nm to
50.70% for (21, 0)(30,0) DWCNT with Dy = 2.349 nm, were observed with the results obtained by
Almagableh et al. [32] (Figure 8a) and from 60.17% (for MWCNT with N = 2) to 16.45% (for MWCNT
with N = 5) with the Young’s modulus values calculated by Tu and Ou-Yang [23] (Figure 8b).

Figure 9 compares current results of the shear modulus in function of the outer layer diameter,
Doyt (Figure 9a) and the number of layers, N, constituting the MWCNTs (Figure 9b), with the results
available in the literature (see, Table 6). As in the case of the Young’s modulus, MWCNTs with D, up
to 4.068 nm, which corresponds to up to five layers in the structure, were considered [22,24,25,28,30].

Kalmakarov et al. [25] observed a substantial increase of the shear modulus with the increase of
the outer layer diameter or the number of layers, and Santosh et al. [22] and Ghavamian et al. [28]
pointed out an almost constant shear modulus with the increase of D, and N. Li and Chou [24] and
Fan et al. [30] reported lower shear modulus values for MWCNT than for SWCNTs, and in both studies,
a decreasing trend was observed for the shear modulus with the increase of the outer layer diameter or
the number of layers.

When compared with current results of the shear modulus, the smallest differences of 2.85% and
2.57% occur for the results of Ghavamian et al. [28] for armchair and zigzag MWCNTs, respectively.
The comparison with the results reported by Li and Chou [24] shows substantial differences of 23.27%
and 19.85% for armchair and zigzag MWCNTs, respectively. The differences of 22.28% for armchair
and 30.75% for zigzag structures with current results are observed for shear modulus values calculated
by Kalmakarov et al. [25]. The shear modulus obtained by Fan et al. [30] for (15,0)(24,0)(33,0) TWCNT
with Doyt = 2.584 nm shows the difference of 29.18% when compared with current results. The biggest
difference of 44.42% is observed with the results of Santosh et al. [22] evaluated for armchair DWCNTs.
The shear modulus calculated by Santosh et al. [22] is also lower than those obtained in the other
studies [24,25,28,31].

In summary, the current results show that reliable values of the Young’s and shear moduli were
obtained when compared with several of the literature results.

5. Conclusions

A simplified finite element model of multiwalled carbon nanotubes, disregarding the van der
Waals forces that act between layers, was used in order to carry out a systematic evaluation of the
tensile, bending and torsional rigidities and, subsequently, of the Young and shear moduli of nonchiral
(armchair and zigzag) MWCNT structures with up to 20 constituent SWCNTs, which approaches the
present modelling to actual cases of MWCNTs.

The main conclusions of this comprehensive study are as follows:

e  Alinear relationship was established between the tensile rigidity of MWCNTs and the squares
of the diameters of the outer and inner layers; Also, a linear relationship relates the bending
and torsional rigidities of MWCNTs with the fourth powers of the diameters of the outer and
inner layers.

e  These linear relationships allow to obtain equations for easy analytical evaluation of the Young’s
and shear moduli of armchair and zigzag MWCNT structures.

e Equations (22) and (23) offer two robust methods suitable for low-resource assessment to the
Young’s and shear moduli of armchair and zigzag MWCNTs. They allow easily characterize the
elastic moduli of nonchiral MWCNTs, whatever their inner and outer diameters, and the number
of walls. This can be particularly useful, when understanding and modelling the mechanical
behavior of MWCNT reinforced materials and MWCNT-based complex structures.

e The Young’s and shear moduli of armchair and zigzag MWCNTs are approximately constant
with increasing difference between diameters of the outer and inner layers and, consequently,
the number of layers. The Young’s and shear moduli of the zigzag structures are lower than for
the armchair structures.
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e  The current values of the Young’s and shear moduli are in good agreement with various results
available in the literature, obtained taking into account the van der Waals interactions between
layers. This point out an appropriateness of using of the simplified model for evaluation of the
elastic properties of the MWCNT structures.
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Figure 9. Comparison of the current results of the shear modulus with those reported in the literature as
a function of: (a) outer layer diameter, Dy, and (b) the number of layers, N, of the constituting MWCNT.

Author Contributions: Numerical simulations, N.A.S. and A EG.P, with the support of ]. M.A.; formal analysis,
N.AS,, J.VF, AEGP, and ]. M. A ; writing—original manuscript, N.A.S.; writing—review and editing, all the
authors. All authors have read and agreed to the published version of the manuscript.



Materials 2020, 13, 4283 23 of 25

Funding: This research is sponsored by FEDER funds through the program COMPETE—Programa Operacional
Factores de Competitividade—and by national funds through FCT, Fundagao para a Ciéncia e a Tecnologia, under
the project UID/EMS/00285/2020.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or in the decision to
publish the results.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Iijima, S.; Ichihashi, T. Single-shell carbon nanotubes of 1-nm diameter. Nature 1993, 363, 603-605.

Kurita, H.; Estili, M.; Kwon, H.; Miyazaki, T.; Zhou, W.; Silvain, ].E,; Kawasaki, A. Load-bearing contribution
of multi-walled carbon nanotubes on tensile response of aluminium. Compos. Part A Appl. Sci. Manuf. 2015,
68, 133-139. [CrossRef]

WanderWal, R.L. Carbon nanotube synthesis in a flame using laser ablation for in situ catalyst generation.
Appl. Phys. A Mater. Sci. Process. 2003, 77, 885-889. [CrossRef]

Eatemadi, A.; Daraee, H.; Karimkhanloo, H.; Kouhi, M.; Zarghami, N.; Akbarzadeh, A.; Abasi, M.;
Hanifehpour, Y.; Joo, S.W. Carbon nanotubes: Properties, synthesis, purification, and medical applications.
Nanoscale Res. Lett. 2014, 9, 393. [CrossRef] [PubMed]

Nam, LW.; Souri, H.; Lee, H.K. Percolation threshold and piezoresistive response of multi-wall carbon
nanotube/cement composites. Smart Struct. Syst. 2016, 18, 217-231. [CrossRef]

Hajnayeb, A.; Khadem, S.E. An analytical study on the nonlinear vibration of a double walled carbon
nanotube. Struct. Eng. Mech. 2015, 54, 987-998. [CrossRef]

Rakrak, K.; Zidour, M.; Heireche, H.; Bousahla, A.A.; Chemi, A. Free vibration analysis of chiral double-walled
carbon nanotube using non-local elasticity theory. Adv. Nano Res. 2016, 4, 31. [CrossRef]

Bouilly, D.; Cabana, J.; Meunier, F.; Desjardins-Carriere, M.; Lapointe, F.; Gagnon, P.; Larouche, FL.;
Adam, E.; Paillet, M.; Martel, R. Wall-selective probing of double-walled carbon nanotubes using covalent
functionalization RID G-7589-2011. ACS Nano 2011, 5, 4927-4934. [CrossRef]

Green, A.A.; Hersam, M.C. Properties and application of double-walled carbon nanotubes sorted by
outer-wall electronic type. ACS Nano 2011, 5, 1459-1467. [CrossRef]

Morimoto, T.; Kuno, A.; Yajima, S.; Ishibashi, K.; Tsuchiya, K.; Yajima, H. Effective energy gap of the
double-walled carbon nanotubes with field effect transistors ambipolar characteristics. Appl. Phys. Lett. 2012,
100, 043107. [CrossRef]

Dong, X.; Fu, D.; Xu, Y.; Wei, J.; Shi, Y.; Chen, P; Li, L.J. Label-free electronic detection of DNA using simple
double-walled carbon nanotube resistors. J. Phys. Chem. C 2008, 112, 9891-9895. [CrossRef]

Li, S; Yu, Z,; Yen, S.-F,; Tang, W.C.; Burke, P.J. Carbon nanotube transistor operation at 2.6 GHz. Nano Lett.
2004, 4, 753-756. [CrossRef]

Meunier, V.; Buongiorno Nardelli, M.; Roland, C.; Bernholc, J. Structural and electronic properties of carbon
nanotube tapers. J. Phys. Rev. B 2001, 64, 195419. [CrossRef]

Lassagne, B.; Bachtold, A. Carbon nanotube electromechanical resonator for ultrasensitive mass/force sensing.
C. R. Phys. 2010, 11, 355-361. [CrossRef]

Hierold, C.; Jungen, A.; Stampfer, C.; Helbling, T. Nano electromechanical sensors based on carbon nanotubes.
Sens. Actuat. A 2007, 136, 51-61. [CrossRef]

Sani, A.; Darbari, S.; Abdi, Y.; Arzi, E. Using bent carbon nanotubes for the fabrication of electromechanical
switches. Carbon 2012, 50, 3635-3640. [CrossRef]

Pantano, A. Effects of mechanical deformation on electronic transport through multiwall carbon nanotubes.
Int. J. Solids Struct. 2017, 122, 33-41. [CrossRef]

Li, C.; Chou, T.W. A structural mechanics approach for the analysis of carbon nanotubes. Int. J. Solids Struct.
2003, 40, 2487-2499. [CrossRef]

Tserpes, K.I.; Papanikos, P. Finite element modeling of single-walled carbon nanotubes. Compos. Part B Eng.
2005, 36, 468-477. [CrossRef]

Sakharova, N.A.; Pereira, A.EG.; Antunes, ].M.; Brett, C.M.A.; Fernandes, ].V. Mechanical characterization
of single-walled carbon nanotubes. Numerical simulation study. Compos. Part B Eng. 2015, 75, 73-85.
[CrossRef]


http://dx.doi.org/10.1016/j.compositesa.2014.09.014
http://dx.doi.org/10.1007/s00339-003-2196-3
http://dx.doi.org/10.1186/1556-276X-9-393
http://www.ncbi.nlm.nih.gov/pubmed/25170330
http://dx.doi.org/10.12989/sss.2016.18.2.217
http://dx.doi.org/10.12989/sem.2015.54.5.987
http://dx.doi.org/10.12989/anr.2016.4.1.031
http://dx.doi.org/10.1021/nn201024u
http://dx.doi.org/10.1021/nn103263b
http://dx.doi.org/10.1063/1.3679639
http://dx.doi.org/10.1021/jp7121714
http://dx.doi.org/10.1021/nl0498740
http://dx.doi.org/10.1103/PhysRevB.64.195419
http://dx.doi.org/10.1016/j.crhy.2010.06.006
http://dx.doi.org/10.1016/j.sna.2007.02.007
http://dx.doi.org/10.1016/j.carbon.2012.03.035
http://dx.doi.org/10.1016/j.ijsolstr.2017.05.041
http://dx.doi.org/10.1016/S0020-7683(03)00056-8
http://dx.doi.org/10.1016/j.compositesb.2004.10.003
http://dx.doi.org/10.1016/j.compositesb.2015.01.014

Materials 2020, 13, 4283 24 of 25

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.
41.

42.

43.

44.

45.

Hwang, C.C.; Wang, Y.C.; Kuo, Q.Y.; Lu, ]. M. Molecular dynamics study of multi-walled carbon nanotubes
under uniaxial loading. Phys. E Low Dimens. Syst. Nanostruct. 2010, 42, 775-778. [CrossRef]

Santosh, M.; Maiti, PK.; Sood, A K. Elastic properties of boron nitride nanotubes and their comparison with
carbon nanotubes. J. Nanosci. Nanotech. 2009, 9, 5425-5430. [CrossRef] [PubMed]

Tu, Z.; Ou-Yang, Z. Single-walled and multiwalled carbon nanotubes viewed as elastic tubes with the
effective Young’s moduli dependent on layer number. Phys. Rev. B 2002, 65, 233407. [CrossRef]

Li, C.; Chou, T.W. Elastic moduli of multi-walled carbon nanotubes and the effect of van der Waals forces.
Comp. Sci. Tech. 2003, 63, 1517-1524. [CrossRef]

Kalamkarov, A.L.; Georgiades, A.V.,; Rokkam, S.K.; Veedu, V.P; Ghasemi-Nejhad, M.N. Analytical and
numerical techniques to predict carbon nanotubes properties. Int. J. Solids Struct. 2006, 43, 6832-6854.
[CrossRef]

Rahmandoust, M.; Ochsner, A. On finite element modeling of single- and multi-walled carbon nanotubes.
J. Nanosci. Nanotechnol. 2012, 12, 8129-8136. [CrossRef] [PubMed]

Ghavamian, A.; Rahmandoust, M.; Ochsner, A. A numerical evaluation of the influence of defects on the
elastic modulus of single and multi-walled carbon nanotubes. Comp. Mater. Sci. 2012, 62, 110-116. [CrossRef]
Ghavamian, A.; Rahmandoust, M.; Ochsner, A. On the determination of the shear modulus of carbon
nanotubes. Compos. Part B Eng. 2013, 44, 52-59. [CrossRef]

Roubhi, S.; Nikkar, A.; Ansari, R. Finite element investigation of the elastic modulus of concentric boron
nitride and carbon multi-walled nanotubes. J. Braz. Soc. Mech. Sci. Eng. 2019, 41, 34. [CrossRef]

Fan, C.W.,; Liu, Y.Y.; Hwu, C. Finite element simulation for estimating the mechanical properties of
multi-walled carbon nanotubes. Appl. Phys. A 2009, 95, 819-831. [CrossRef]

Nahas, M.N.; Abd-Rabou, M. Finite element modeling of multi-walled carbon nanotubes. Int. J. Eng. Technol.
2010, 10, 63-71.

Almagableh, A.; Omari, M.A.; Sevostianov, I. Modeling of anisotropic elastic properties of multi-walled
zigzag carbon nanotubes. Int. J. Eng. Sci. 2019, 144, 103127. [CrossRef]

Sakharova, N.A.; Pereira, A.EG.; Antunes, C.M.A.; Fernandes, J.V. Numerical simulation on the mechanical
behaviour of the multi-walled carbon nanotubes. J. Nano Res. 2017, 47, 106-119. [CrossRef]

Wang, C.G.; Liu, Y.P.; Al-Ghalith, J.; Dumitica, T.; Wadee, M.K.; Tan, H.F. Buckling behavior of carbon
nanotubes under bending: From ripple to kink. Carbon 2016, 102, 224-235. [CrossRef]

Sarvestani, H.Y.; Naghashpour, A. Analytical and numerical investigations on buckling behavior of nanotube
structures. Acta Mech. 2015, 226, 3695-3705. [CrossRef]

Chang, T.; Li, G.; Guo, X. Elastic axial buckling of carbon nanotubes via a molecular mechanics model. Carbon
2005, 43, 287-294. [CrossRef]

Ru, C.Q. Effect of van der Waals forces on axial buckling of a double-walled carbon nanotube. J. Appl. Phys.
2000, 87, 7227-7231. [CrossRef]

Ghavamian, A.; Ochsner, A. Numerical investigation on the influence of defects on the buckling behavior
of single-and multi-walled carbon nanotubes. Phys. E Low Dimens. Syst. Nanostruct. 2012, 46, 241-249.
[CrossRef]

Yao, X.; Han, Q.; Xin, H. Bending buckling behaviors of single- and multi-walled carbon nanotubes.
Comp. Mater. Sci. 2008, 43, 579-590. [CrossRef]

Dresselhaus, M.S.; Dresselhaus, G.; Saito, R. Physics of carbon nanotubes. Carbon 1995, 33, 883-891. [CrossRef]
Kharissova, O.V.; Kharisov, B.I. Variations of interlayer spacing in carbon nanotubes. RSC Adv. 2014, 58,
30807-30815. [CrossRef]

Kiang, C.-H.; Endo, M.; Ajayan, PM.; Dresselhaus, G.; Dresselhaus, M.S. Size effects in carbon nanotubes.
Phys. Rev. Lett. 1998, 81, 1869-1872.

Melchor, S.; Dobado, J.A. CoNTub: An algorithm for connecting two arbitrary carbon nanotubes.
J. Chem. Inf. Comput. Sci. 2004, 44, 1639-1646. [PubMed]

Cornell, W.D,; Cieplak, P; Bayly, C.I.; Gould, L.R.; Merz, K.M.; Ferguson, D.M.; Spellmeyer, D.C.; Fox, T.;
Caldwell, ].W.; Kollman, P.A. A second generation force-field for the simulation of proteins, nucleic acids
and organic molecules. J. Am. Chem. Soc. 1995, 117, 5179-5197.

Jorgensen, W.L.; Severance, D.L. Aromatic-aromatic interactions—Free energy profiles for the benzene dimer
in water chloroform and liquid benzene. J. Am. Chem. Soc. 1990, 112, 4768-4774.


http://dx.doi.org/10.1016/j.physe.2009.10.064
http://dx.doi.org/10.1166/jnn.2009.1197
http://www.ncbi.nlm.nih.gov/pubmed/19928237
http://dx.doi.org/10.1103/PhysRevB.65.233407
http://dx.doi.org/10.1016/S0266-3538(03)00072-1
http://dx.doi.org/10.1016/j.ijsolstr.2006.02.009
http://dx.doi.org/10.1166/jnn.2012.4521
http://www.ncbi.nlm.nih.gov/pubmed/23421189
http://dx.doi.org/10.1016/j.commatsci.2012.05.003
http://dx.doi.org/10.1016/j.compositesb.2012.07.040
http://dx.doi.org/10.1007/s40430-018-1511-z
http://dx.doi.org/10.1007/s00339-009-5080-y
http://dx.doi.org/10.1016/j.ijengsci.2019.103127
http://dx.doi.org/10.4028/www.scientific.net/JNanoR.47.106
http://dx.doi.org/10.1016/j.carbon.2016.02.041
http://dx.doi.org/10.1007/s00707-015-1434-z
http://dx.doi.org/10.1016/j.carbon.2004.09.012
http://dx.doi.org/10.1063/1.372973
http://dx.doi.org/10.1016/j.physe.2012.08.002
http://dx.doi.org/10.1016/j.commatsci.2007.12.019
http://dx.doi.org/10.1016/0008-6223(95)00017-8
http://dx.doi.org/10.1039/C4RA04201H
http://www.ncbi.nlm.nih.gov/pubmed/15446821

Materials 2020, 13, 4283 25 of 25

46. Treacy, M.; Ebbesen, T.; Gibson, J. Exceptionally high Young’s modulus observed for individual carbon
nanotubes. Nature 1996, 381, 678-680.

47. Kashyap, K.T,; Patil, R.G. On Young’s modulus of multi-walled carbon nanotubes. Bull. Mater. Sci. 2008, 31,
185-187.

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).



http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Geometric Definition 
	Numerical Simulation and Analysis 
	Configurations and FE Modelling of MWCNT 
	Loading Conditions 
	Elastic Moduli of MWCNTs 

	Results and Discussion 
	Rigidities of MWCNTs 
	Young’s and Shear Moduli of MWCNTs 
	Comparison with Literature Results 

	Conclusions 
	References

