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Abstract. Carbon nanotubes are drawing wide attention of research communities and several industries due to their versatile
capabilities covering mechanical and other multi-physical properties. However, owing to extreme operating conditions of the
synthesis process of these nanostructures, they are often imposed with certain inevitable structural deformities such as single
vacancy and nanopore defects. These random irregularities limit the intended functionalities of carbon nanotubes severely. In
this article, we investigate the mechanical behaviour of double-wall carbon nanotubes (DWCNT) under the influence of
arbitrarily distributed single vacancy and nanopore defects in the outer wall, inner wall, and both the walls. Large-scale
molecular simulations reveal that the nanopore defects have more detrimental effects on the mechanical behaviour of DWCNTS,
while the defects in the inner wall of DWCNTs make the nanostructures more vulnerable to withstand high longitudinal
deformation. From a different perspective, to exploit the mechanics of damage for achieving defect-induced shape modulation
and region-wise deformation control, we have further explored the localized longitudinal and transverse spatial effects of
DWCNT by designing the defects for their regional distribution. The comprehensive numerical results of the present study
would lead to the characterization of the critical mechanical properties of DWCNTSs under the presence of inevitable intrinsic
defects along with the aspect of defect-induced spatial modulation of shapes for prospective applications in a range of nano-
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electromechanical systems and devices.
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1. Introduction

Carbon nanotubes (CNTs) are widely regarded as
revolutionary nanostructures due to their versatile
capabilities covering mechanical and other multi-physical
properties, which have been attracting immense attention
from the research community over the last few decades
along with a range of other nano-scale derivatives of carbon
(Rao et al. 2018, Mukhopadhyay et al. 2017, 2020, Omer et
al. 2020, Mukherjee et al. 2014, Farshad et al. 2020, Gupta
et al. 2023, Saumya et al. 2023). lijima (1991) synthesized
the first one-dimensional needle-like carbon structures,
which triggered extensive research into CNTs and their
applications in various fields of science and engineering due
to their exceptional promise of applications in a range of
nano-electromechanical systems and devices. Carbon
nanotubes are reported as one of the strongest and stiffest
materials discovered so far. In this paper, we embark on
characterizing the effect of intrinsic defects on the
mechanical and spatial geometric properties along with the
aspect of defect-induced shape modulation.

Numerous studies have been conducted to understand
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the mechanical behaviour of CNTs (Gaillard et al. 2005, Fu
et al. 2007, Yao et al. 2001, Sun et al. 2002, Chandra et al.
2022, Liu et al. 2011, Dilrukshi et al. 2015, Haiquan et al.
2021, Tao et al. 2021). The exceptional multi-physical
properties of these carbon-based nanostructures have made
them a promising candidate for a variety of engineering
applications, including use as a reinforcement agent in high-
performance composites (Chowdhury et al. 2007, Li et al.
2019, Chawla et al. 2017, Merino et al. 2017), fabrication
of nanosensors, antennas and nano-resonators (Qian et al.
2014, EI-Sherbiny et al. 2013, Dong et al. 2018, Eichler et
al. 2011, Wang et al. 2014), electronic transistors (Liu et al.
2020, Jinkins et al. 2019), nano-composites (Kinloch et al.
2018, Khan et al. 2016), and so on. The extreme mechanical
and physical properties of CNT, such as high thermal
conductivity, high strength, and stiffness, have made it an
ideal nano-material for the development of nanocomposites.
The previous research reports an extensive mechanical
characterization of carbon nanotubes by experimental and
theoretical studies. For instance, Demczyk et al. (2002)
used transmission electron microscopy (TEM) to examine
the mechanical behaviour of CNTs. They conducted nano-
scale tensile and bending tests and discovered that carbon
nanotubes could withstand extreme loads and store
significant amounts of energy. Using catalytic decomposition
of hydrocarbons, Li et al. (2000) fabricated a single-walled
carbon nanotube (SWCNT) of 20 mm in ength and
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conducted tensile tests to calculate the failure stress of the
SWCNT. Xie et al. (2000) used chemical vapour deposition
(CVvD) to create long multi-walled carbon nanotubes
(MWCNTSs) and characterized the structures by using an
energy dispersive X-ray system (EDX) and high-resolution
experimental microscopes. Salvetat et al. (1999) predicted
the mechanical characteristics of MWCNTSs with the help of
atomic force microscopy (AFM) and reported that the
modulus of elasticity of MWCNTs depends upon the
structural order within the tube walls. Yu et al. (2000)
measured the mechanical characteristics of multiwalled
CNT (MWCNT) utilizing a transmission electron micro-
scope (TEM), while Treacy et al. (1996) calculated the
modulus of elasticity of isolated SWCNT using a similar
method. With the recent advancements in computational
technologies, the research community has begun to prefer
computational methods such as finite element method
(FEM), molecular dynamics (MD) simulation, and density
functional theory (DFT) for the characterization of complex
nanomaterials. For instance, Rao et al. (2015) estimated the
armchair, zigzag, and chiral-dependent mechanical properties
of SWCNT by utilizing the finite element method. Farazin
et al. (2020) used MD simulation to examine the diameter-
dependent mechanical properties of SWCNTs. Mielke et al.
(2004) adopted DFT and molecular mechanics to establish
the mechanical properties of CNTs. Ogata and Shibutani
(2003) analyzed the ideal tensile strength, modulus of
elasticity, and band-gap of SWCNTs using DFT and the
tight-binding method. Fu et al. (2007) performed MD
simulations using Brenner potential to explain the atomic
interaction in SWCNTSs. Yazdani et al. (2017) conducted a
series of MD simulations on CNTSs to examine the influence
of chirality, size, aspect ratio, and slenderness ratio on
mechanical properties. They also discovered that CNTs with
larger diameters fail at lower tensile stress and strain rate.
Similarly, Yang et al. (2007) calculated the fracture strength
of the defected SWCNT by using MD simulation and
established the correlation between the length of SWCNT
and corresponding fracture strengths. The MWCNT can be
perceived as multiple concentric carbon nanotubes nested
inside one another. The inter-wall spacing of the MWCNT
depends on the chirality indices of the constituent nanotubes
(Qian et al. 2002).

Previous research on nano-scale carbon materials such
as graphene and CNT suggests that their exceptional multi-
physical properties are due to the consistent and ideal
topology. Even minor structural and topological modifications
cause a dramatic change in the properties of pristine nano-
materials. These unavoidable structural defects are either
formed during synthesis or intentionally induced to regulate
the properties of the nano-materials. The possible defects in
CNTs comprise single vacancy defects, nanopore defects,
Stone-Wales defects, and single adatom defects that arise
during the fabrication process. A single vacancy defect
(Zhang et al. 2021) is formed when a single carbon atom is
missing from the hexagonal carbon ring. The nanopore
defects (Gupta et al. 2020) can be realized due to absence of
an entire hexagonal ring of carbon atoms from the structure.
Stone-Wales (SW) defects are a form of crystallographic
defect that affects the electrical, chemical, and mechanical

properties of carbon-based nanomaterials. There is no
involvement of any removal or addition of carbon atoms in
the case of SW defect. Here four hexagons are transformed
into two pentagons and two heptagons by rotating one of
the C—C bonds by 90 (Bedi et al. 2022). When an
additional carbon atom is covalently bonded to two
neighboring carbon atoms, it generates the interstitial defect
known as single adatom defect. Here, two adjacent
hexagonal rings are converted to two heptagonal rings (Lv
et al. 2017). There are several methods to experimentally
synthesize CNT, but one most common method of large-
scale commercial production of CNT is chemical vapor
deposition (CVD). The CVD process takes place under a
very harsh environment which involves elevated
temperature and foreign elements in terms of precursors
which results in the inclusion of defects in the pristine
structure. The most common defects that are produced in
the CVD process are single vacancy defect and nanopore
defect. In the current paper, we would focus on these two
forms of defects. Previously, many researchers accounted for
the experimental realization of these structural defects
(Robertson et al. 2013, Robertson et al. 2012, Wang et al.
2017, Yin et al. 2012). With this understanding, several
groups of researchers have investigated the effect of
irregularities on the mechanical performance of such carbon
nanomaterials. For example, Gupta et al. (2020, 2021) used
MD simulations to explore the combined influence of
defects and foreign elements on the mechanical
characteristics of graphene. They discovered that the
fracture and elastic behaviour of graphene shows a drastic
decline with the increase in nanopore defect concentration
compared to the Stone-Wales defect concentration. It was
also observed that the combined influence of these defects
reveals a sort of intermediate effect. Randomness in the
concentration of individual defects also plays a significant
role in the physical characteristics of such materials. In this
context, a few research groups performed probabilistic
defect modelling and analysis. For instance, Gupta et al.
(2021) presented the stochastic variation in single vacancy
concentrations and silicon dopant concentrations to map the
uncertain mechanical performance of monolayer graphene
in armchair and zigzag edge configuration. Rafiee and
Pourazizi (2014) utilized the nanoscale continuum approach
to report the influence of randomly applied structural
defects on the mechanical behaviour of CNT. Esbati and
Irani (2018) investigated the structural reliability of CNT by
utilizing stochastic finite element method. They revealed
that the reliability of the CNTs greatly relies on the critical
defect density. Saxena and Lal (2012) investigated the
impact of Stone-Wales and single vacancy defects on the
mechanical characteristics of SWCNT by performing the
MD simulations. Roy et al. (2021) explored the combined
influence of single vacancy and nanopore defect on the
mechanical performance of SWCNT. They reported that the
SWCNT imposed with nanopore defect is more vulnerable
as comparison to a single-vacancy defect. Rafiee and
Pourazizi (2014) employed the finite element analysis
technique to explore the impact of structural irregularities
on the mechanical performance of SWCNT. They
accounted that with a 2% concentration of vacancy defect,
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Young’s modulus of SWCNT reduces by 12%. Yaun et al.
(2012) studied the structural irregularities in CNTs and
suggested that incorporating a metal catalyst can heal the
structural irregularities profoundly. Ehyaei et al. (2017)
estimated the natural frequencies of DWCNT with initial
imperfections in them. Roy et al. (2022) investigated the
temperature-dependent vibrational properties of various
heterogeneous nanotubes. Etesami et al. (2022) reviewed
the capabilities and applications of 3D CNT-graphene
hybrid structures in different energy-related devices such as
batteries and supercapacitors. Jyoti and Singh (2021)
reviewed the 3D CNT-graphene structures in terms of their
capabilities in producing polymer composites with uniform
dispersion in the reinforcement materials. Kuznetsov et al.
(2014) conducted Raman spectroscopy to investigate
defects in MWCNTs and graphene flakes deposited on
MWCNTs. Ghavamain et al. (2012) used finite element
analysis to obtain the mechanical characteristics of
defective SWCNTs and MWCNTSs. They observed that any
irregularities in the pristine structures result in reduced
stiffness and lower Young’s modulus values. Eftekhari et al.
(2013) performed a series of MD simulations to explore the
buckling behaviour of pristine and defective SWCNTs and
MWCNTSs. Their study revealed that imperfection in nano-
structures largely reduces the buckling stress compared to
pristine structures. Seifoori et al. (2020) predicted the
impact behaviour of MWCNT in the MD environment and
observed that, with an increase in the number of walls of
MWCNT, the local deformation reduces. Fan et al. (2010)
used the low-energy ultrasonic treatment on CNTs in hot
concentrated hydrochloric acid to make MWCNTSs, and
further TEM was used to examine the surface morphology.

In the past five years, the concept of creating electrical
circuits out of the fundamental building blocks of
materials—molecules—has experienced a resurgence. This
concept is a significant part of nanotechnology. The
connections between switches and other active devices play
an increasingly significant role in every electronic circuit,
but especially so when circuit dimensions approach to the
nanoscale. Their spatial shape morphing ability makes
CNTs an ideal candidate for connections in molecular
electronics, they have been demonstrated as switches
themselves (Dequesnes et al. 2004, Yousif et al. 2008).
Other applications of shape morphing are in flexible
electronic devices (Sun et al. 2011), thermoelectric devices
(Nakai et al. 2014, Esfarjani et al. 2006), and mechanical
strain sensors (Yilmazoglu et al. 2012, Cullinan et al.
2010). The prospective modulation of different physical
properties other than the mechanical attributes are
conductance, LDOS (localization of the density of state),
current and electronic energy band gap (Ohnishi et al.
2016).

As discussed in the preceding paragraphs, owing to
extreme operating conditions of the synthesis process of
carbon nanostructures, they are often imposed with certain
inevitable structural deformities such as single vacancy and
nanopore defects. These random irregularities limit the
intended functionalities of carbon nanotubes significantly.
As concisely presented in this section, the physical and
mechanical performances of pristine and defective carbon

nanostructures have been widely explored over the last few
years. However, even though a combined occurrence of
different types of random defects is inevitable and their
influence could be more critical compared to the individual
effects, the mechanical characteristics of DWCNT under the
influence of such combined random defects are not
sufficiently explored. Further, there exists a strong rationale
to explore the aspect of defect-induced property
modulation, wherein localized longitudinal and transverse
spatial effects of regionally distributed defects may be
exploited for functional shape modulation. A detailed
understanding of the mechanical behaviour of defective
DWCNTs is critical for their potential applications in a
range of nanoscale devices. Hence, in the current research,
we would perform a series of MD simulations to
extensively probe the combined influence of the nanopore
and single vacancy defect on the spatio-mechanical
characteristics of DWCNTSs.

2. Modelling and simulation

In the present study, atomic-level simulations are used to
investigate mechanical features of different nano-tubular
structures such as fracture strength, failure strain, Young’s
modulus, and their post-elastic behaviour. The accuracy of
the responses derived from the MD simulations depends on
the use of proper force fields. The Tersoff force field is
found to be extensively used in literature to characterize
carbon-based nanomaterials such as graphene and CNTs
(Gupta et al. 2020, 2021, Roy et al. 2021). Hence, in the
present study, the Tersoff force field is utilized to model
pristine and defective MWCNT. The nanotubes’ mechanical
behaviour is assessed by enforcing an iso-strain approach
while performing the MD simulations. The approach
adopted for modelling and simulation of the structures is
explained systematically in the following paragraphs.

The uniaxial deformation of different nano-tubular
structures is simulated in the LAMMPS (Plimpton 1995)
atmosphere. The inter-atomic interactions between the
carbon atoms are catered by the Tersoff force field (Tersoff
1988), wherein the potential energy between two
neighboring carbon atoms can be depicted as

F=30,0.Vs W

T JEi
where
Uij = Fe(rip) [Fr(rij) + bijFy(rij)] (2)

Uj; refers to the potential energy between the carbon atoms.
Fr and Fa represent the repulsive and attractive couple
potentials, while F¢refers to the cut-off function. Egs. 1 and
2 together represents the potential energy of adjacent atom
(j) of atom i in the range of the cut-off radius. The
interspace between the adjacent atoms i and | are
represented by rjj;, and bj is the bond-order coefficient,
while Fr and Fa can be expressed as

Fr=Ae™ (3)
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Fy=—-Be™ 4)

Here A, B, 41, and /1, are the variables used for the
interaction of two bodies (Plimpton 1995).

In addition to Tersoff’s force field, researchers have
used other force fields in the past; for example, Jesen et al.
(2015) used Chenoweth C/H/O parameterized ReaxFF to
perform MD simulations and explore the mechanical
performance of carbon materials such as diamond,
graphene, and CNT. Similarly, Diao et al. (2017) used
ReaxFF to run MD simulations to estimate the thermal
conductivities of graphene and CNT. UFF (Genoese et al.
2020), COMPASS (Savin et al. 2020), and AIREBO
(Sharma et al. 2013) have also been used to characterize
carbon nanoparticles in the past. However, the literature
review suggests that AIREBO and Tersoff are the most
widely employed interatomic potentials for simulating
carbon nanostructures. As a result, the Tersoff interatomic
potential is used to model the various MWCNT structures
in the present study. However, a few investigations have
suggested that using the Tersoff’s original interatomic
potential embellishes the mechanical characteristics of
carbon-based nanomaterials. Consequently, Lindsay and
Broido (2010) developed the optimized Tersoff potential by
applying slight alteration in the two variables (h and B) and
calculated the phonon scattering data of SWCNTs and
graphene. Mortazavi et al. (2016) obtained the mechanical
characteristics of amorphized graphene by altering the value
of the cut-off function of the optimized Tersoff to 0.2nm. In
another study, Rajsekaran et al. (2016) suggested a
modified Tersoff by merging the alteration communicated
by Lindsay and Broido (2010) and Mortazavi et al. (2016).
To remove the inconsistency of the fracture properties of
graphene, they proposed a Tersoff interatomic force field
with a modified value of cut-off distance. They concluded
that the accuracy of the modified Tersoff potential is
enhanced with a fixed value of cut-off distance. To explore
the uncertainties associated with the Tersoff force field
parameters in terms of fracture strength of graphene, Gupta
et al. (2021) carried out a large-scale data-driven analysis.
In the current study, we have opted for optimized Tersoff
potential, suggested by Rajsekaran et al. (2016), instead of
original Tersoff potential.

The inter-wall interaction between the walls of
MWCNT is characterized by Lennard-Jones potential
(Jones 1924). The global uniaxial stress developed in the
nano-tubular structures due to the uniaxial strain rate is
determined as the virial component in the LAMMPS
environment (Gupta et al. 2020, Gupta et al. 2021). The
virial stresses derived from the simulation in LAMMPS are
the product of pressure and volume; hence, the resulting
virial stress values are divided by the system’s total volume.
In this regard, the instantaneous volume is determined as
Vo(1+ ¢), where Vyis the system’s initial volume, and ¢ is
the instantaneous strain (Gupta et al. 2020). The initial
volume of the nanotubes is determined by chirality indices
(m,n), wherein the relationship between chirality (m,n) and
nanotube diameter is provided by (Roy et al. 2021)

avm? + mn + n? (5)

VA

d=

Table 1 Validation of MD simulation results with the
literature

Fracture strength  Failure

(GPa) strain Y (TPa)
Talukdar et al. (2012)
MD-REBO 168.24 031 0.79
Chen et al. (2008)
MD-TERSOFF i i 1019
Liew et al. (2004)
MD-REBO 168 0.281 1.161
Barber et al. (2005) AFM 110 - -
Wong et al. (1997) AFM - - 1.28
Demczyk et al. (2002) TEM 150 0.102 0.9
Peng et al. (2008) TEM 101.7+£7.2 1.047
Present Study (MD-Tersoff) 177.2 0.1828 1.46

Here a (=1.42 A) denotes the bond length between carbon
atoms. The volume of CNT with the length | and the
thickness t (= 3.33 A) can be deduced as

V, = mdlt (6)

For the critical fracture and elastic details, the stress-
strain behaviour of the considered system is investigated.
The VMD (Visual Molecular Dynamics) program is used to
model various nano-tubular structures (with lengths of 10
nm) (Humphrey et al. 1996). Avogadro (Hanwell et al.
2012) software is used to perform random and strategic
positioning of single vacancy and nanopore defects in
pristine structures. As previously stated, the systems’
uniaxial deformation is carried out in the LAMMPS
environment, where the loading direction (z-direction) is
enforced with a periodic boundary condition. Before
running the simulations, the energy of the modelled
structures is minimized using the conjugate gradient method
to ensure the stable state of the system. The potential energy
of the structure is minimized to relax the structure before
performing the nanotubes’ tensile deformation. The results
were extracted at an iteration time of 1fs (femtoseconds).
The energy minimization of structures is performed for 100
picoseconds, wherein the system’s potential energy keeps
adjusting the atomic coordinates until it reaches the
minimum value. Once the structure is relaxed, the MWCNT
is subjected to deformation at the temperature of 300K by
enforcing the strain rate of 0.001/picoseconds (ps) in the z-
direction. The value of strain rate is selected by observing
the strain rate-dependent results reported by Gupta et al.
(2022). The global stress and strain values are recorded at
an interval of 100 timesteps, while the complete simulation
is performed for 650 ps, leading to the rupture of pristine
MWCNT. The atomic trajectories of the uniaxial
deformation of the MWCNTSs are visualized using the
OVITO (Stukowski et al. 2009).

3. Results and discussion
Before conducting comprehensive molecular simulations

considering various configurations of DWCNT, we have
first validated the fracture and elastic properties of pristine
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DWCNT with the values published in the literature. In this
regard, the uniaxial tensile deformation of a 10 nm long
DWCNT (chirality indices of the inner wall (IW): 5, 5; and
outer wall (OW): 10, 10) is carried out at 300K temperature
under a strain rate of 0.001/ps following the methodology
described in the preceding section (Fan et al. 2010). The
optimized Tersoff force field (Sharma et al. 2013) is used to
model the interatomic potential between C-C atoms, while
the Lennard-Jones potential (¢ = 2.4,and € = 0.00239) is
used to describe the Vander-Waals force between the two
walls of DWCNT. The required quantities of interest, such
as fracture and elastic characteristics, are found to be
consistent with the findings reported in the literature for
similar nano-structures (refer to Table 1).

Once enough confidence is gained in the results derived
by the MD simulation, we have performed the further
analyses presented in the following subsections, wherein the
number of walls, temperature, and strain rate dependent
fracture and elastic behaviour of DWCNTSs is characterized.
Further, the DWCNTs are subjected to different scenarios of
defect (single vacancy and nanopore) concentration and
spatial distribution to assess their influence on the fracture
and elastic behaviour of DWCNTs. Along with the
influence of individual defect concentration, the present
study also illustrates the mechanical behaviour of DWCNTSs

subjected to combined defect concentrations imposed in
both of its walls to comprehensively characterize the
vulnerabilities of DWCNTs subjected to uniaxial
deformation.

3.1 Uniaxial tensile deformation of perfect MWCNTs

This subsection reports the influence of the number of
walls, temperature, and strain rate on the considered nano-
tubular structures in a pristine condition. First, the
variations in fracture and elastic behaviour of carbon
nanotubes are observed with respect to the increase in the
number of walls. The CNTs with different numbers of walls
(1, 2, 3, 4, and 5) are modelled and uniaxial tensile
deformation is performed at room temperature (= 300K)
with a strain rate of 0.001/ps. Figure 1(A-C) depicts the
variation in the mechanical characteristics of MWCNTs
with the increase in the number of walls. The findings
reveal a significant increase in the tensile strength (=207%)
and Young’s modulus (=213%) of MWCNT, with an
increase in the number of walls from one to five. The failure
strains corresponding to an increase in the number of walls,
on the other hand, do not vary much. Similar trends may
also be seen in the stress-strain plots (shown in Fig. 1(C)).
Further, a temperature-dependent analysis is performed,
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wherein the DWCNT is uniaxially deformed with the
tensile strain rate of 0.001/ps at different temperatures
(100K, 300K, 600K, 900K, and 1200K). The observations
derived from the temperature-dependent analysis are
illustrated in Fig. 2. The temperature-dependent analysis is
performed for both chirality conditions of DWCNT, with
the chirality indices for the armchair edge condition set to
10, 10, and 5, 5 for the outer and inner walls, respectively.
Similarly, for the zigzag edge conditions, the chirality
indices for the outer and inner walls are chosen to be 0, 15,

and 0, 10, respectively. The observations drawn from the
temperature-dependent analysis reveal that increasing the
temperature from 100K to 1200K drastically reduces the
mechanical characteristics of DWCNT, regardless of the
edge conditions (armchair or zigzag). The variation plots
depicted in Fig. 2 (A and B) display that increasing the
temperature reduces fracture strength and failure strain by
39.7 % and 55 %, respectively, whereas Young’s modulus
of DWCNTSs shows a little variation (reduced by 1.7%), for
the armchair configuration. In the case of a zigzag edge
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for the zigzag direction (D) Variation in elastic behaviour for the zigzag direction (E) Strain rate-dependent stress-strain
behaviour of DWCNTSs in the armchair direction (F) Strain rate-dependent stress-strain behaviour of DWCNTSs in the

zigzag direction

condition, the fracture strength, failure strain, and Young’s
modulus are reduced by 30.2 %, 37.15 %, and 5%,
respectively (refer to Fig. 2(C-D)). Similar trends can be
deduced from the stress-strain behaviour plotted in Fig.
2(E-F).

Keeping in mind that strain rate is a critical factor for
nano-scale uniaxial tensile deformation (Gupta et al. 2020,
2021a, b, Roy et al. 2021), to investigate the effect of
variation in strain rate on the fracture and elastic properties
of DWCNTSs, we have carried out a series of simulations
with strain rates varying from 0.0001 /ps to 0.005 /ps with

the temperature set at 300K. Similar to the temperature-
dependent analysis, the strain rate-dependent analysis is
also performed for both chiral edge conditions (armchair
and zigzag). The observations drawn from the strain rate
dependent analysis are illustrated in Fig. 3, which reveals
that regardless of the chiral edge conditions, the fracture
and elastic behaviour of DWCNT depict slight changes with
the increase in strain rate. For the armchair configuration,
the fracture strength, failure strain, and modulus of elasticity
vary in the range of 177.3-180.2 GPa, 0.183-0.1915, and
1450-1460 GPa, respectively, while for the zigzag



98

0.07

0.06

failure strain

of 0.05

Fracture strength (GPa)

60

50
0.1 0.2 0.3 0.4 0.5

Inner wall single vacancy conc. (%)

©)
0.08
105
g 0.078
5
=100 £
5 0.076 E
£ 5
£ e
S 95 0.074 2
s &
(-1
& 0.072
90
0.07
0.1 0.2 0.3 0.4 0.5

Outer wall single vacancy conc. (%)

(E)
Inner Wal.l SV conc. )
150} o154
= 0.2%
= - 0.3%
-
— 0.4%
100 gsv, .
w s
& ' L
=
W
50
0 . . s
0 0.05 0.1 0.15 0.2
Strain

A. Roy, K. K. Gupta, S. Dey and T. Mukhopadhyay

(B)
1500

1400

—
12
>
>

1200

Young's modulus (GPa)
=
=

1000

00
0.1 0.2 0.3 0.4 0.5
Inner wall single vacancy cone. (%)

(D)
1450

1400

Young's modulus (GPa)

1350
0.1 0.2 0.3 0.4 0.5

Quter wall single vacancy cone. (%)

(F)

Quter Wall SV conc.

150
=
[-»
©.100
z -

50F
0 A A A
0 0.05 0.1 0.15 0.2
Strain

Fig. 4 The effect of single vacancy defect concentrations on the mechanical behaviour of DWCNTSs. (A) Variation in
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configuration it varies in the range of 169.6-172.3 GPa,
0.1399-0.1435, and 1612-1617 GPa, respectively.

3.2 Fracture and elastic behaviour of single vacancy
defected DWCNT

3.2.1 Single vacancy concentrations in the inner wall

The impact of a single vacancy concentration in the
inner wall of the DWCNT on fracture and elastic behaviour
is discussed in this subsection. We induce various
proportions (0.1% - 0.5%) of single vacancy defects

(randomly distributed) in the inner wall of DWCNT to
investigate the effects of arbitrary atomic vacancy
placement on the mechanical properties of the material
(armchair edge condition with chirality indices OW: 10, 10;
IW: 5, 5). At a temperature of 300K and a strain rate of
0.001/ps, MD simulations of tensile deformation are carried
out. The defects are induced in the armchair edge configure-
ations of DWCNT because the zigzag edge configuration
follows the same trend as the armchair edge configurations
(as established in previous subsections). Fig. 4 (A, B and E)
depicts the variation in the characteristics of DWCNT
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Fig. 5 The effect of nanopore concentrations on the mechanical behaviour of DWCNTs. (A) Variation in fracture
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behaviour of DWCNT (NP in the outer wall). Here NP stands for nanopore defects

corresponding to the increase in defect concentration in the
inner wall. When compared to pristine DWCNT, an
increase in single vacancy concentrations in the inner wall
of DWCNT results in a substantial decrement in the
mechanical characteristics, with failure stress, failure strain,
and Young’s modulus decreasing by 68.5 %, 78.8 %, and
36.16 %, respectively.

3.2.2 Single vacancy concentrations in the outer walll

The observations pertaining to the influence of single
vacancy concentrations (0.1 % - 0.5 %) induced in the outer
wall of the DWCNT on its mechanical behaviour are

reported in this subsection. The findings of defective outer
wall-based mechanical behaviour are depicted in Fig. 4 (C,
D and F). It can be revealed by observing figure 4, that the
defective inner wall makes the DWCNT more vulnerable
than the defective outer wall. However, when compared to
pristine  DWCNT, an increase in single vacancy
concentrations in the outer wall of DWCNT results in a
significant reduction in fracture properties, with failure
stress, failure strain, and Young’s modulus decreasing by
50.2 %, 61.4 %, and 7.2 %, respectively. Note that, similar
to the cases of the defective inner wall, the single vacancy
defects in the outer wall are also placed randomly.
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3.3 Fracture and elastic behaviour of nanopore
defected DWCNT

3.3.1 Nanopore concentrations in the inner wall

This subsection outlines how nanopore defects in the
inner wall of DWCNT influence its mechanical behaviour.
To evaluate the corresponding tensile strength, failure
strain, and modulus of elasticity, the inner wall of the
DWCNT is subjected to the nanopore defects in the same
proportion (0.1% - 0.5%) as single vacancy defects. The
observations drawn from the defective inner wall-based
simulations are depicted in Fig. 5 (A, B and E). It is evident
from the results that the change of nanopore defect
concentrations (from 0.1% to 0.5%) causes a 78.8%, 85%,
and 30.5% decrease in failure stress, failure strain, and
modulus of elasticity, respectively.

3.3.2 Nanopore concentrations in the outer wall

Fig. 5 (C, D and F) depicts the observations corresponding
to the nanopore defective outer wall DWCNTS. The nano-
pore concentrations in the outer wall of DWCNT are less

detrimental when compared to the defective inner wall,
similar to the single vacancy defects in the outer wall. The
presence of nanopores in the outer wall of DWCNT, on the
contrary, indicates a significant drop in mechanical
characteristics of DWCNT when compared to its pristine
form. When the nanopore defect concentration is altered
from 0.1 % to 0.5 %, the failure stress, failure strain, and
modulus of elasticity are reduced by 65.7 %, 73.79 %, and
18.42 %, respectively, compared to the pristine DWCNT. In
general, Fig. 5 reveals that increasing concentrations of
nanopore defects substantially reduce the mechanical
properties of DWCNT compared to single vacancy defects.
The significant decrease in the fracture properties of
DWCNT can be attributed to the sense that nanopore defect
behaves as a stress riser which propagates the fracture and
leads to early failure of nanotubes.

3.3.3 Mechanical behaviour of DWCNT subjected to
compound defects

As discussed in the preceding sections, the occurrence
of defects is a result of the CNT synthesis process in most
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cases. Hence, the synthesized DWCNT may be naturally
induced with the single vacancy and nanopore defects in
both walls. To investigate the critical combined influence of
single vacancy and nanopore defects, a 0.5% concentration
of compound defects is first imposed in the inner and outer
wall of the DWCNT separately, followed by a 0.25%
concentration of compound defects in both walls of the
DWCNT. We have also performed a reproducibility
analysis for this individual study by running ten individual
simulations and observing deviations in predicted results
(see Fig. 6(D)). The observations in Fig. 6 reveal that the
mechanical behaviour of DWCNT imposed with compound
defects in the outer wall is less affected compared to the
cases of the inner wall and both walls. The stress-strain
relationship confirms the same trend (refer to Fig. 6(C)).

3.4 Spatial modulation of DWCNTSs subjected to the
region-wise distribution of single vacancy defects

In the preceding sections, we examined the mechanical
responses of various cases of DWCNTS in the presence of a
random distribution of single vacancy, nanopore defects,
and both defects. When compared to single vacancy defects,
nanopore defects are found to be more detrimental to the
mechanical quantities of interest such as failure stress,
failure strain, and Young’s modulus. In our previous studies
(Gupta et al. 2020, Roy et al. 2021), the influence of
spatially localized positioning of defects is reported on the
mechanical performance of carbon-based nanomaterials
such as graphene/CNT. The same concentration of defects
is intentionally placed at different regions such as top edge,
bottom edge or middle of the CNT. It is reported that the
nanopore defects at the center of nanotubes cause the most
reduction in fracture and elastic properties of SWCNT,
followed by the bottom edge, top edge and random
distributions, respectively. Thus, it establishes that in
addition to defect concentration, the spatial location of
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defects also influences the mechanical properties of
SWCNT. Hence, we further explore the possibility of
spatial shape modulation of DWCNTSs, as a result of the
artificially engineered region-wise distribution of single
vacancy defect. The spatial shape  modulation
(Mukhopadhaya et al. 2020) can be realized when the
defective nano-structures are uniaxially stretched and
compressed. An axial strain rate of 0.001/ps is employed,
and the length of two angstroms on both ends of DWCNT is
fixed. The defects are imposed region-wise in the outer wall
with two different concentrations, single-atom vacancy and
0.5% concentration of single vacancy.

Prior to exploring the defective DWCNTSs, the prospect
of shape modulation in the pristine DWCNT is analyzed
(refer to Fig. 7). The atomic trajectories at different strain

percentages reflect the shape modulation of DWCNT
during compression, as shown in Figure 7(A). However, the
extent (at a particular strain) and location of bulging cannot
be controlled in pristine nanotubes, as evident from the
figures. Note that the extent of shape changes can be
modulated as a function of strain. The cases of tensile
deformation of pristine DWCNT do not depict any visual
shape alterations laterally, hence the center of mass of
atoms with respect to the length of the DWCNT, in the
perpendicular directions of the stretching is reported (refer
to Fig. 7(B)).

3.4.1 Defective DWCNTs under compression
Under compression, the DWCNT structure reveals
localized bulging, primarily at the center of the structure.
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To control and modulate the location of the structural shape,
the entire length of the tubular structure is divided into five
regions of 20-angstrom length each (refer to Fig. 8(K)). The
single-atom vacancy is created simultaneously in each
region, and structural shape alterations (due to compression)
are observed prior to the failure of the structure. The
simulations reveal that, aside from the central bulging of the
structure, a small amount of spatial change becomes visible

in the defective regions (refer to Fig. 8 (A-E)). Considering
the small shape modulations in the defected regions of
DWCNT structures, in the next step, the concentration of
single vacancy defects are increased from single atomic
vacancy to 0.5% of vacancy concentrations. It is noteworthy
to mention that the increase in the vacancy concentration
results in the more controlled phenomenon of shape
modulation. The localized shape alteration in the nano-
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structure becomes more profound in the cases with
increased vacancy concentration (refer to Fig. 8(F-J)).

3.4.2 Defective DWCNTSs under tension
Similar to compression, the regionally defective DWCNTSs
are axially stretched further to observe the localized shape

changes; but unlike the compression cases, the shape
modulations are not visually evident in the radial direction.
To explore it more thoroughly we capture the center of
mass of the atoms to extract the movement of atoms in the
lateral dimensions of loading with respect to the length of
the whole structure. It is evident from the results that the
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region in the vicinity of the fixed ends does not reveal
significant changes in the lateral movement of atoms(refer
to Figs. 9(A, E) and 10(A, E)), whereas in all the other
cases a considerable movement of atoms in x and y
direction is observed in the defective regions with the
increasing strain (refer to the Figs. 9 and 10). It is also
evident from the results of tensile deformation that the cases
with a 0.5% single vacancy concentration (Fig. 10) show
the movement of atoms with higher magnitudes than the
cases with a single atomic vacancy (Fig. 9).

Noteworthy here is that the location and degree of the
bulging can be controlled by the appropriate placement of
defects in both the cases of compressive and tensile loading.
For a particular defect configuration, it can further be
programmed (Sinha and Mukhopadhyay 2023) as a function
of applied far-field displacement. The proposed approach of
defect-engineering can be extended to create multiple
programmable bulges (leading to spatio-mechanical shape
morphing) by simultaneously introducing defects in
multiple regions of the nanotube with variable intensity.
Such artificial defect engineering could play a important
role in the development of nanomechanical devices and
systems for far-field actuation and control of various non-
uniform span-wise deformation components and transport
phenomena at the nanoscale.

4. Summary and perspective

Owing to extreme operating conditions of the synthesis
process of CNT nanostructures, they are often imposed with
certain inevitable structural deformities such as single
vacancy and nanopore defects. These random irregularities
limit the intended functionalities of carbon nanotubes
severely. In the present study, we have investigated the
spatio-mechanical behaviour of DWCNT under the
influence of inevitable random defects based on molecular
dynamics simulations.

Before investigating a range of scenarios of random
damages, we have first reported the number of walls,
temperature, strain rate dependent fracture, and elastic
behaviour of MWCNTs to characterize the critical
mechanical properties comprehensively. It is found that the
increase in the number of walls of MWCNTSs increases the
fracture strength. The temperature-dependent analysis
reveals that increasing the temperature from 100K to 1200K
drastically reduces the failure and elastic characteristics of
DWCNT, irrespective of the edge conditions (armchair or
zigzag). With respect to the strain rate dependent analysis, it
is concluded that irrespective of the chiral conditions, the
increase in strain rate has a minor effect on the failure and
elastic properties of DWCNT. Subsequently, to explore the
inevitable defects inclusion in the nano-structures, we have
considered different possible scenarios of randomly
distributed single vacancy and nanopore defects in the
DWCNT structure. The separate cases of the defective outer
wall, inner wall, and multiple walls are analyzed
comprehensively to portray the wall-specific vulnerabilities
of DWCNT. It is found that the randomly distributed
defects in the inner wall have a much more severe effect on
the mechanical behaviour of DWCNT in comparison with

the deformities with the same concentration in the outer
wall. Furthermore, to assess the compound effect of both
the defects on the failure and elastic characteristics of
DWCNT, a 0.5% concentration of compound defects is first
imposed in the inner and outer wall of the DWCNT
separately, followed by a 0.25% concentration of compound
defects in both walls of the DWCNT. The findings reveal
that the mechanical behaviour of DWCNT imposed with
compound defects in the outer wall is less critical than in
the case of the inner wall and both walls. In general, from
the extensive molecular simulations, it is established that
the nanopore defects have more detrimental effects on the
mechanical behaviour of DWCNT.

In the next stage of the analysis, we have explored the
idea of local shape modulation through defect-engineering
in the tubular structures under far-field actuation. The
DWCNT nanostructure is divided into multiple regions and
the defects are imposed region-wise in the outer wall with
two different concentrations for this purpose. It is observed
that a bulging-induced programmable shape change can be
realized as a function of the damage location and intensity
along with the possibility of non-uniform deformation
control along the longitudinal direction. This approach of
defect-engineering can further be extended to create
multiple programmable bulges (leading to spatio-
mechanical shape morphing) by simultaneously introducing
defects in multiple regions of the nanotube with variable
intensity. Such artificial defect engineering based on the
novel concept of correlating region-wise defects and
localized shape modulation could play a crucial role in the
development of nanomechanical devices and systems for
far-field actuation and control of various non-uniform span-
wise deformation components and transport phenomena at
the nanoscale.

5. Conclusions

This article investigates the spatio-mechanical behaviour
of DWCNT under the influence of inevitable random
defects based on molecular dynamics simulations. We have
addressed the dual aspect of characterizing the influence of
inevitable spatially random defects on a range of critical
mechanical properties of CNTs and prospective defect-
induced region-wise shape modulation and deformation
control (defect engineering). The presented comprehensive
numerical results here would lead to an improved
understanding of the spatio-mechanical response (/
programming) of CNTs for prospective applications in a
range of nanoelectromechanical systems and devices.
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