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Molecular dynamics (MD) simulations were carried out with a three-body Tersoff potential force field to predict
the transversely isotropic elastic properties of pristine and defected BNNTs. This is accomplished by imposing
uniaxial tension, twisting moment, in-plane shear and in-plane biaxial tension to the BNNTs. Effects of various
factors such as chirality and diameter of BNNTs, vacancy concentration, and distribution of vacancy pores along
the length and circumference of BNNTs were critically examined. Our study reveals that the elastic coefficients
of BNNTs decrease as their diameter increase, except axial Young’s modulus. Young’s modulus of BNNT increases
with the diameter and reaches its maximum value when the tube diameter is ∼14 Å and then it starts decreasing.
We also found that the axial Young’s modulus of a BNNT increases as its aspect ratio increases and stabilizes at a
particular value of aspect ratio (L/D ∼ 15). The vacancies greatly affect the elastic properties of BNNTs; for
instance, the vacancy concentration of 2% in (10, 10) BNNT reduce its axial Young’s, shear, plane strain bulk and
in-plane shear moduli by 14%, 25%, 14% and 18%, respectively. Furthermore, we studied the electronic
properties of pristine and defective BNNTs under four transversely isotropic loading conditions using the strain
effective method. The results reveal that the electronic properties of BNNTs can be altered via different routes:
loadings conditions, diameter and vacancy concentration. Our fundamental study highlights the critical role
played by vacancy defected BNNTs in determining their elastic and electronic properties as they are vastly being
used in multifarious applications such as nano-electronic devices and reinforcements in multifunctional nanocomposites.

1. Introduction
The landmark research of carbon nanotubes (CNTs) by Iijima [1]
and their extraordinary mechanical [2–5], thermal [2,6] and electrical
[7] properties were encouraged the study of another types of nanotubes. Boron nitride (BN) has similar lattice structures that of carbonbased nanostructures [8] and boron nitride nanotubes (BNNTs) can be
obtained as the result of rolling up a 2D hexagonal BN (h-BN) sheets.
BNNTs were first theoretically predicted by Rubio et al. [9] and synthesized by Chopra et al. [10]. Experimental and theoretical studies
showed that BNNTs are constant band gap materials (5.5 eV) regardless
of the tube chirality and morphology [11,12] and are thermally as well
as chemically more stable than the CNTs [13]. On the other hand,
BNNTs display a comparable mechanical properties (Young’s modulus
1.1–1.3 TPa [14]) to CNTs (Young’s modulus 1.3–1.8 TPa [4,15]), while
former’s failure resistance may surpass the latter’s [16]. The extraordinary properties make BNNTs a suitable candidate for many multifunctional applications such as composite materials [17–19], hydrogen
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storage [20,21], transistors, optoelectronic, optical devices, gas sensors
and biological probes [22,23]. With the rapid use of BNNTs in nanocomposite structures, it becomes essential to investigate the mechanical
and electronic properties of BNNTs.
BNNTs are being fabricated by using well known techniques such
arc discharge [10] and laser ablation [24]. These synthesizing processes
promote the presence of topological defects like atom vacancies, antisites, doping [25] and Thrower-Stone-Wales (TSW) [26] due to the
inherent limitations of the fabrication and purification processes
[16,27]. On the other hand, defects in BNNTs are controllably introduced by irradiation with energetics particles [28,29] for the purpose of tailoring their properties to suit the requirements of the specific
application. Obviously, these defects may influence the unique properties of BNNTs. For instance, Griebel et al. [27] studied the effect of
vacancies on (6, m) BNNTs using Tersoff potential via molecular dynamics (MD) simulations. Their study indicated that Young’s modulus
of BNNTs significantly reduced, from 1.2 to 0.7 TPa, as the vacancy
defects increases. Stone-Wales transformations in BNNTs were
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investigated by Song et al. [26] using hybrid atomistic/continuum
model. A study by Li et al. [30] showed that the topological defects play
a critical role in the electronic structures of BNNTs and their nanocomposites. An atomistic study by Sarma et al. [31] revealed that
Young’s modulus of (10, 0) BNNT significantly reduced due to the
presence of point, line and TSW defects.
There have been numerous studies conducted to determine the
isotropic elastic properties of BNNTs. For example, tight-binding [16],
MD simulations [32–34], ab-initio [35], a first principle study [36,37],
continuum modeling [38,39] and molecular mechanics [40,41] approaches were used to evaluate the isotropic elastic properties of pristine armchair or zigzag BNNTs under uniaxial loading. Only few studies
investigated the mechanical behavior of BNNTs under torsional
loading. For instance, Li and Chou [42] and Santosh et al. [40] studied
the torsional properties of BNNTs using the molecular mechanics approach. Krishnan and Ghosh [43] studied the chirality dependent
elastic properties under uniaxial and torsional loadings using MD simulations.
Apart from their mechanical properties, electronic properties of
BNNTs are found to be sensitive to defects, owing to interference effects
and quantum mechanisms [44,45]. Deformed or strain induced BNNTs
have found the major applications in nano-electronic devices. Therefore, the electronic properties of BNNTs are being altered by means of
strain and defect engineering [34,46]. Theoretical studies by Kinoshita
and Ohno [36] and Kim et al. [47] showed that the deformation of
BNNTs alters their energy gaps. Mashapa et al. [48] used first principle
calculations to study the effect of boron (B) and nitrogen (N) vacancies
in (8, 0) and (8, 8) BNNTs on their heats of formation, and structural
and electronic properties. They reported that the band gap for B and N
vacancy defected BNNTs are improved. A MD study by Paura et al. [49]
revealed that the vacancy defects influence the electronic structures of
BNNTs. Roohi et al. [50] studied the effect of TSW defects on the
electronic and structural properties of BNNTs and revealed that the
band gap energy of a (6, 0) BNNT increases when it is under axial
compression and decreases in case of axial tension. Wang et al. [45]
studied the stiffness, intrinsic strength and failure strain of BNNTs
containing TSW and vacancy defects via density functional theory
(DFT) calculations. Their study revealed that the vacancy defects show
a significant change in the mechanical properties of BNNTs compared
to TSW defects and both the types of defects reduce their band gap
under axial deformation.
Use of BNNTs as reinforcements to fabricate nanocomposites for
electronic applications with desirable mechanical and electronic properties necessitates a thorough understanding of behavior of defective
BNNTs under various loading conditions. In the literature, BNNTs are
considered as isotropic for determining their mechanical properties.
Moreover, the influence of defects was studied on the mechanical and
electronic behaviors of isotropic BNNTs only. A BNNT cannot be considered as isotropic material because the hexagonal distribution of BeN
atoms on its surface makes the surface property isotropic, but in the
transverse direction the stiffness is substantially softer due to its hollow
nature. As a result the elastic properties of BNNTs are transversely
isotropic, with five independent elastic constants. The existing studies
reported only the isotropic elastic properties of pristine and defective
BNNTs. To the best of current authors’ knowledge, the estimation of
elastic and electronic properties of transversely isotopic BNNTs as well
as the effect of vacancies on their behavior are not studied yet. This
indeed provided the motivation for the current work. In this study, MD
simulations were performed to investigate the mechanical behavior of
armchair and zigzag BNNTs under uniaxial, torsional, in-plane and out
of plane loadings. A particular emphasis was placed on the effect of
vacancies on the transversely isotropic elastic properties and fracture
behavior of BNNTs. Moreover, the electronic properties of pristine and
defective BNNTs under transversely isotropic loading conditions are
also studied using the strain effective method.

2. MD modeling of BNNTs
MD simulation is one of the most widely used techniques in the
study of nanostructures. MD approach accounts the time-dependent
behaviour of molecular systems and permits accurate predictions of
interactions between atoms and molecules at the atomic level with the
integration of the corresponding Newton’s equation of motion step-bystep [27]. This serves a complement to conventional experiments with
cheaper and faster simulations. MD simulations have an advantage over
classical models as it provides a route to dynamical properties of the
molecular system such as time-dependent responses to perturbations,
transport coefficients, thermo-mechanical properties, rheological
properties and spectra, and many more characteristics of the system.
Therefore, the MD simulations were performed in the current study
using an open source software, LAMMPS [51], and molecular interactions in BNNTs were modeled in terms of a three-body Tersoff-type
potential force field [52].
The investigation of transversely isotropic elastic properties of
BNNTs and change in their band gaps were accomplished by using the
strain energy density-elastic constant relations and strain effective
method, respectively. The equivalent continuum BNNT structure was
assumed to be an annular cylinder by considering its wall thickness of
3.4 Å [34,39,40]. The cross-sectional area and volume of a BNNT were
calculated as A = (D2o D2i )t/4 and V = Al , respectively, where Do and
Di are the outer and inner diameters, l is the length of a BNNT and t is
it's wall thickness. In the present work, the load was applied to a BNNT
and then the energy was computed as the result of interatomic interactions of neighbouring atoms. A direct transformation to continuum
properties was then made by assuming that the potential energy (PE)
density of discrete atomic interactions of neighbouring atoms is equal to
the strain energy density of the continuous substance occupying a
BNNT volume. This approach has been widely used by numerous researchers for single walled carbon nanotubes and BNNTs [53–60] and
they validated their results with those predicted by other approaches.
The systematic steps followed in the MD simulations are as follows.
First, the intial structures of BNNTs were prepared. Then, simulations
were carried out with an energy minimization using a conjugate gradient method to obtain the optimized structures of BNNTs. A BNNT was
considered as optimized structure when the total PE between the adjacent steps was less than 1.0 × 10−10 kcal/mol [61–63]. Simulation in
each case was performed in the constant temperature and volume ensemble (NVT) using a time step of 0.5 fs with the total time of 50 ps to
equilibrate the BNNT structures, where the velocity Verlet algorithm
was used to integrate Newton’s classical equations of motion.
The irradiation process of solids with energetic particles such as
electron or ion to create atomic defects in the material and alter their
properties is a well-known technique [28,29]. In this work, other types
of vacancy defects such as mono-vacancies and di-vacancies can be
considered as special cases of vacancy concentration in a BNNT. They
often occur randomly during synthesizing of BNNTs and we intend to
give a measure of how BeN vacancy concentration may influence the
properties of BNNTs. The vacancy concentration ( ) is calculated using
the following relation [4,6,27]:

=

Nv
× 100%
N

(1)

where Nv is the number of removed BeN atoms and N is the total
number of atoms in the pristine BNNT. To create a vacancy defect,
unless otherwise mentioned, the equal number of B and N atoms from
the middle segment of BNNT was removed, as shown in Fig. 1. This
figure shows the pristine and defective (5, 5) armchair and (0, 9) zigzag
BNNTs with 1% and 2% vacancy concentrations, respectively. The selection of different chiral BNNTs was based on the fact that they have
almost same diameters. For each type of BNNT, three cases were considered: ρ = 0% (pristine), 1% and 2% vacancy concentrations. Four
types of armchair BNNTs were considered: (5, 5), (10, 10), (15, 15) and
333

Computational Materials Science 156 (2019) 332–345

V. Choyal et al.

= 0%

= 1%

= 2%

(b)

(a)

Fig. 1. Pristine and vacancy defected BNNTs: (a) (5, 5) armchair and (b) (0, 9) zigzag.

(20, 20). To investigate the effect of chirality, four types of zigzag
BNNTs such as (0, 9), (0, 17), (0, 26) and (0, 35) were also considered
which are having the nearest diameters to that of selected armchair
BNNTs.

To investigate the five independent elastic moduli, four loading
conditions i.e., uniaxial tension for axial Young’s modulus (E1) and
major Poisson’s ratio ( 12 ), torsional moment for axial-shear modulus
(G12 ), in-plane biaxial tension for plane strain bulk modulus (K23), and
in-plane shear for in-plane shear modulus (G23) were applied to the
BNNTs. Schematics of these loading conditions are demonstrated in
Fig. 2.
The equations written underneath the figures indicate the respective
strain energy densities (U) stored in the BNNTs due to the applied loads.
Defined strain increments of 0.05% were applied to the BNNTs followed
by the PE minimization process. We deformed a BNNT in small strain
increments (∼0.05%) to equilibrate its deformed state over an interval
of 25 ps to reduce the effect of interatomic fluctuations. The time interval of 25 ps is quite adequate to equilibrate the deformed state of a
BNNT in MD simulations [4]. Note that the BNNT system was considered to reach equilibrium condition when the fluctuations in the
temperature and PE profiles are less than 1% after about 5 ps in NVT
ensemble. The temperature of the system was maintained at 300 K
using Nose-Hoover thermostat [64]. The loading steps were repeated
until the BNNT structure was reached to the failure state and subsequently, the true response was captured. Under such deformations, the
potential energies of BNNT were recorded throughout the simulation
systematically.

12

1 dE
V d

1
E1 ¯ 2
2

(5)

2.1.2. Longitudinal shear modulus (G12 )
In case of a BNNT subjected to the twisting moment, the atoms at its
bottom end were fixed and at the top end, the constant rotation was
applied for a time period of 442.08 ps with a time step of 0.5 fs, i.e.,
0.81°/ps. The mechanical test for the deformation of a BNNT subjected
to the twisting is more complex than that of uniaxial tension. All atoms
were constrained radially in the transverse plane to maintain them on
the cylindrical surface of a BNNT to simulate the pure twisting condition. The strain energy density of a BNNT can be expressed as

U=

G12 2 J
2l

(6)

in which ϕ is the angle of twist of a BNNT and J is the polar moment of
inertia; viz,

J=

32

[Do 4 Di 4]

(7)

2.1.3. Plane strain bulk modulus (K23 )
A BNNT was subjected to the two-dimensional plane strain condition. In addition, to satisfy the plane strain condition, two ends of a
BNNT were constrained in the axial direction so that its length remains
unchanged. The plane strain bulk modulus (K23 ) of a BNNT can be
obtained using the following definition [4,5],

(2)

(8)

U = 2K23 ¯22

where σaxial and ε are the longitudinal stress and strain in a BNNT; V is
the volume of a BNNT; and E is the stored strain energy in a BNNT.
Accordingly, the strain energy density of a BNNT can be expressed as

U=

¯22
¯11

=

where ¯22 = S/S is the circumferential strain of a BNNT.

2.1.1. Axial Young’s modulus (E1) and major poisson's ratio ( 12 )
In case of uniaxial tension, BNNT’s bottom end in axial (z) direction
was fully constrained while at the top end a constant speed of 0.05 Å/ps
was applied to simulate an incremental displacement. Young’s modulus
of a BNNT was calculated from the initial slope of the stress-strain curve
and using the deformation energy density-elastic constant relation. The
axial stress in a BNNT was determined by assuming a uniform tensile
stress distribution along its cross-sectional area (A); as follows:

=

(4)

where E is the increment of the PE, A is the cross-sectional area of a
BNNT, ¯ = l/l is the axial strain of a BNNT, and l is the increment of
a BNNT length. It may be noted that the BNNTs are assumed as thin
cylindrical shells, except (5, 5) and (0, 9) BNNTs which were considered
as solid cylinders.
The concept of modeling of a BNNT molecular structure as an effective “stick-spiral” system was used to determine the Poisson’s ratio
( 12 ) and the detailed methodology can be found in Refs. [65,66]. Using
the following definition, the major Poisson’s ratio ( 12 ) of a BNNT can
be obtained:

2.1. Elastic properties of BNNTs

axial

E
Al

U=

2.1.4. In-plane shear modulus (G23)
A BNNT was subjected to in-plane pure shear at small strains in such
way that its circular cross-sectional shape deforms into an elliptical
shape, which is described as follows:

(3)

r = R(1 + ¯)cos i + R(1 ¯)cos j

in which U is the strain energy per unit volume and is given by,
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Fig. 2. Loading conditions applied to BNNTs: (a) Uniaxial tension, (b) twisting, (c) in-plane bi-axial tension, and (d) in-plane shear.

3. Electronic properties of BNNTs

where the unknown ¯ characterizes the deformation from a circle of
outer radius R to an ellipse with longer and shorter semi-axes (R(1 + ¯)
and R(1 ¯) ), and i and j are the unit vectors along the longer and
shorter axes, respectively.
In-plane pure shear condition can be achieved by constraining the
two ends of a BNNT axially. Then, following the similar steps as
adopted in case of plane strain bulk modulus, the in-plane shear modulus can be determined using the following relation [4,5]:

The electronic properties of BNNTs under axial loads are found to
change significantly [36,45,69]. Moreover, the current study deals with
the mechanics of vacancy defected BNNTs under various loading conditions; therefore, the effect of four transversely isotropic loading
conditions and defects on the band gaps of BNNTs is also investigated in
the elastic range of BNNTs using the dispersion relations [70], which
provide the band gap of CNTs induced by a broken bond symmetry in a
graphene sheet. Note that BN structure is analogues of graphene [71]
and the same dispersion relations were used by several researchers
[72–74] to investigate the electronic properties of BN structures. The
dispersion relation in case of BNNT can be written as follows:

(10)

U = 2G23 ¯22

Note that the step-by-step deformations of a BNNT subjected to four
loading conditions in MD simulations are shown in Video 1 in supplementary information.

Video 1.

Transverse Young’s modulus (E2 ) and minor Poisson’s ( 23) ratio are
dependent elastic constants and can be calculated using all other independent elastic constants [67,68]; such that

4G23 K23
E2 = E3 =
K23 + G23

(11)

K23 G23
K23 + G23

(12)

23

=

=1+

2
4K23 21

E1

Eg = (Eg)0 +

ab 3
9ab
(¯22 ¯11 )(n m)(2n2 + 5nm + 2m2)
nm(n + m)
4Ch3
4c3h
(14)

Experimental and theoretical studies proved that BNNTs are constant band gap of 5.5 eV materials regardless of the tube chirality and
morphology [11,12]. Using Eq. (14), the change in band gap of BNNTs
can be expressed as follows:

Eg =

ab 3
9ab
(¯22 ¯11 )(n m)(2n2 + 5nm + 2m2)
nm(n + m)
4Ch3
4c3h
(15)

(13)
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Table 1
Comparison of engineering constants of pristine BNNTs.
Chirality

Diameter (Å)

(5, 5)
(10, 10)
(15, 15)
(20, 20)

6.781
13.563
20.344
27.125

E1(TPa)
Present

Ref. [34]

Present

Ref. [41]

Present

Ref. [34]

Ref. [43]

0.98
1.065
1.050
1.035

0.98
1.065
1.035
1.036

0.219
0.199
0.16
0.15

0.22
0.215
0.213
0.212

0.899
0.661
0.5695
0.50

0.889 0.841
–
–
0.507

0.889
–
–
–

The relation for calculating the change in band gap in the form
chiral angle for BNNTs can be written as follows:

Eg =

ab 3
ab 3
(¯22 ¯11)sin(3 )
cos(3 )
2
2

attributed to the fact that the larger diameter BNNT has more volume
which eventually stores more PE. It may also be observed that the
armchair BNNTs are fractured compared to that of zigzag tubes at
higher strain values, which we found in agreement with the results
reported in Refs. [45,75].
Fig. 4 shows the stress-strain plots of different armchair and zigzag
BNNTs. At the same axial strain, axial stress is higher in case of armchair BNNT than that in zigzag one. In case of former, the maximum
stress is reached up to 93 GPa at the strain range of 0.48–0.50. In case of
latter, maximum stress reached up to 80 GPa at the strain of 0.46–0.48.
The sets of energy-strain and stress-strain curves shown in Figs. 3 and 4
are found to be in good agreement with those obtained for pristine
BNNTs in the MD study by Nguyen [76]. In Fig. 4, the inset figures show
the linear stress-strain curves within elastic limit of BNNTs from which
their Young’s moduli were obtained. It may be observed that the stressstrain curves for both types of cases coincide till the strain value reaches
up to 0.25 and suddenly the stress drops in case of zigzag BNNT due to
the BeN bond break. This is well explained by Fig. 5 in which the initial
bond (bond z1') brakes but such BeN bond braking does not occur in
armchair direction that connect two hexagons in case of armchair tube.
The (10, 10) armchair and (0, 17) zigzag BNNTs which have the almost
same diameters were selected to describe the mechanics behind the
difference between their mechanical behavior. Fig. 5 shows four types
of deformed BeN bonds: (i) bonds a1 and z1 along or slightly inclined
with the tube axis, and (ii) bonds a2 and z2 are normal or slightly inclined to the normal to the tube axis. Under uniaxial deformation, the
bonds a1 and a2 are under tension and compression, respectively; while
bonds z1 and z2 are under tension. Out of these four bonds, the bonds z1
and z2 act as the stress-bearing bonds which carries more axial load
than the bond a1. Therefore, higher elastic stiffness is exhibited by the
zigzag BNNTs compared to armchair ones. The values of Young’s
moduli of BNNTs using stress-stain data from insets of Fig. 4 are plotted
in Fig. 6.
Fig. 6 demonstrates that Young’s modulus of BNNT increases as its
diameter increases and reaches its maximum values around 1.06 and
1.08 TPa for armchair and zigzag BNNTs, respectively, when the tube
diameter (d) is ∼13.5 Å. The values of Young’s moduli are found to
decrease for larger diameter BNNTs (d > 13.5 Å) irrespective of their
chirality. This is attributed to the variation of included angles of two
adjacent B–N bonds of a tube with its radius. When a BN sheet forms
nanotube structure, the lengths and spatial relations of BeN bonds
change obviously and drastically. Therefore, the influence of included
angles of BNNTs decreases as their diameter increase, and Young’s
moduli of larger BNNTs become closer to that of BN sheet. We also
investigated the influence of vacancies on the mechanical behaviour of
BNNTs considering the same vacancy concentration irrespective of their
geometrical configurations, as shown in Figs. 4 and 6. As expected,
from Fig. 4 it may be observed that the defected BNNTs are fractured at
lower strain levels than pristine ones due to the weakening effect by
vacancies in them. Larger the vacancy concentration, the additional
stress shared by all BeN bonds increase that leads to initiate the crack.
Fig. 6 also demonstrates the effect of vacancies on the axial Young’s
modulus (E1) of BNNTs. As the vacancy concentration increases, the
value of E1 of the smaller diameter BNNTs decreases more rapidly in
comparison with the larger ones. The decrease in the values of E1 of

(16)

where a = 2.52 Å, is a lattice constant; b = 3.88 eV/Å, is the linear
change in the transfer integral due to deformation (Bhattacharya et al.,
2011); Ch = (n2 + nm + m2) , in which m and n are the integers; ξ is
the torsional strain; and α is the chiral angle (30° for armchair BNNTs).
4. Results and discussion
In order to verify the validity of current MD simulations, the five
independent elastic coefficients of pristine BNNTs determined by other
researchers using different techniques and approximations are considered. Note that several independent MD simulations were performed
to obtain the reliable elastic constants of BNNTs using their averaged
axial and radial deformations. Table 1 summarizes the outcome of this
comparison. Our results, in fact, are in good agreement, validating
current MD simulations; some of our results marginally differ due the
use of different techniques and approximations by other researchers.
For instance, Ansari et al. [75] used molecular mechanics model to
estimate the elastic properties of BNNTs.
4.1. Effect of vacancies on mechanical properties of BNNTs
From the way of rolling hB-N sheet, a BN tube can be identified as
an armchair or zigzag BNNT. In this study, both types of BNNTs with
almost same diameters were considered to study the effect of chirality
and dimeter on the elastic and electronic properties. First, we performed MD simulations on armchair and zigzag BNNTs under the uniaxial loading until they fractured. Variation of PE of BNNTs subjected to
uniaxial tension is shown in Fig. 3. It may be observed from Fig. 3 that
the larger diameter BNNTs show higher PE than smaller ones. This is
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12

0.2
0.3
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Fig. 3. The variation of PE of the armchair and zigzag BNNTs under uniaxial
loading.
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Fig. 4. Stress-strain curves for different pristine and defective BNNTs.

Fig. 5. Uniaxial deformation mechanics process in (a) (10, 10) armchair and (b) (0, 17) zigzag BNNTs.

(20, 20) and (0, 35) BNNTs are found to be 5 to 6% for 1% and 2%
vacancy concentrations, respectively. This is attributed to the decrease
in the included angles of two adjacent BeN bonds in BNNTs; as the tube
diameter increases, the fluctuation energy differences for the larger
diameter defective BNNTs are found to be marginal for the same vacancy concentration and hence show no significant degradation in the

values of E1. The findings of smaller diameter BNNTs containing vacancies are consistent with the previously reported results in the existing studies [27,45]. Using tensile loading, another elastic property of
interest is the major Poisson’s ratio, that is, determined for both pristine
and defective BNNTs, as shown in Fig. 7. It may be observed from Fig. 7
that the values of υ12 of BNNTs decrease as their diameters increase
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Fig. 6. Effect of vacancy defects on the axial Young’s moduli of BNNTs.
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Fig. 8. Variation of PE of (10, 10) armchair and (0, 17) zigzag BNNTs during
twisting.

Fig. 9(e) and (j). The observed twisting deformation mechanics are in
good agreement with study by Wernik and Meguid [78].
Fig. 10 illustrates the variation of the PE with the radial strain applied to the BNNTs. Once again, it is found that zigzag BNNTs store
more PE than armchair ones. Unlike the trends found in Figs. 3 and 8,
the variation of PE of BNNTs under in-plane bi-axial tension occurs in
two stages: preliminary and secondary. This is well explained with the
help of deformation mechanisms of BeN bonds as shown in Fig. 11. Due
to the biaxial deformation, the bond lengths a1 and a2 are increased in
case of (10, 10) BNNT. On the other hand, bond length z2 increases and
z1 remains unchanged in case of (0, 17) BNNT. Fig. 11(b) clearly indicates that (10, 10) BNNT consists of six stress bearing bonds per unit
cell, while four stress bearing bond exist in (0, 17) BNNT. It may be
noted from Figs. 10 and 11 that the preliminary failure stage ends at
ε = 0.31 and =0.30 for armchair and zigzag BNNTs, respectively.
Secondary stage starts with further application of strain and this result
in the high PE storage in the BNNTs at lower strain range. However,
failure of z2 leads to the formation of a large ring in the zigzag BNNT
that can again sustain a load up to the strain value of 0.42. On the other
hand, the failure of bond a2 leads to early failure of armchair BNNT at
the strain value of 0.40. The marginal differences are attributed to the
deformation mechanisms and failure of bonds (a1, a2, z1 and z2) in
BNNTs.
Next, we applied the in-plane shear load to the BNNTs (see Fig. 12).
During the deformation, circular BNNT takes the form of an ellipse and
the bonds aligned to the x- and y- axes bear the maximum tension and
compression, respectively. Note that a tube is aligned along the z-axis.
Under in-plane shear, every bond in the unit cell bears the stress but the
maximum stress bearing bonds are a2 and z2. An armchair BNNT fails
first because the a2 bond undergoes a large deformation compared to
that of z2 bond in case of zigzag tube for the same in-plane shear load.
Using the strain energy density-elastic constant relations, we determined the values of G12, K23 and G23 of different pristine and defected BNNTs, as shown in Figs. 13, 14 and 15, respectively. The elastic
coefficients of the BNNTs decrease as their diameter increase. This is
attributed to the influence of the included angles of two adjacent BeN
bonds of BNNT with its radius, as explained earlier in case of E1. Fig. 13
demonstrates the values of G12 for different diameters of BNNTs, but in
this case the effect of vacancies is seen to be more pronounced. For
example, the values of G12 of (10, 10) BNNT are reduced by 12% and
25% for 1% and 2% vacancy concentrations, respectively, compared to
the pristine (10, 10) BNNT. Fig. 14 illustrates the effect of vacancies on
the values of K23 of BNNTs. It may be observed from Fig. 14 that the
vacancies significantly affect the values of K23 and their influence

Fig. 7. Effect of vacancy defects on the major Poisson’s ratios of BNNTs.

irrespective of the chirality. The trends of values of υ12 are also found to
be in good agreement with the existing studies [34,77].
Subsequently, we performed MD simulations on pristine and vacancy defected BNNTs under the torsional loading, in-plane bi-axial
tension and in-plane shear until they fractured. Fig. 8 illustrates the
variation of the PE with the rotational angle (θ). The variation of PE of
all BNNTs shows almost same trends but armchair BNNTs store less PE
than zigzag ones. To better visualize the effect of torsional loading on
the mechanical behaviour, snapshots of BNNTs at different angles are
shown in Fig. 9. This figure shows that armchair and zigzag BNNTs first
twist with a flattening effect start at approximate angles of 150° and
208°, respectively, as demonstrated in Fig. 9(b) and (g). All other
snapshots demonstrate the systematic steps of failure or collapse of
BNNTs at different values of θ. In particular, Fig. 9(k) and (l) show the
initiation of localized failure of BeN bonds in the respective armchair
and zigzag BNNTs. The torsional stresses were borne by the line BeN
bond and whole BN ring during the initiation of fracture of bonds in the
armchair and zigzag tubes, respectively. The PE levels are shown in
different colours in the right-hand panel of Fig. 9. The BN ring resists
the early failure of zigzag tube and therefore, it exhibits higher resistance to torsional deformation over that of armchair tubes. Failure of
the bonds start at the respective critical angles of approximately 398°
and 425° along the spiral fashion in the armchair and zigzag tubes and
bonds entirely break at angles of 541° and 572°, as illustrated in
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Fig. 9. Snapshot of failure of (10, 10) and (0, 17) BNNTs under torsional deformation.

stabilized for a particular value of L/D (∼15) irrespective of tube
chirality. This behaviour can be attributed to the reduction in the effect
of loaded boundaries of a BNNT (both ends) with an increase in its
length. According to Saint Venant’s principle, the effect of applied
forces on the system is negligible at some finite distance from the sections where they are applied. Hence, the mechanical behaviour of short
BNNTs is influenced by the chirality, while the mechanical behaviour of
long BNNTs in the region away from the boundaries (both ends) remains insensitive to the chirality. Note that the trends found in Fig. 16
are in good agreement with the existing study by Krishnan and Ghosh
[43].
4.1.1. Effect of distribution of vacancy pores on mechanical properties of
BNNTs
In the previous sets of results, the elastic properties of defective
BNNTs were determined considering vacancy pores in their middle
portions. However, this may not be the real situation found in bulk
production of BNNTs and the distribution of vacancy pores along the
length as well as circumference of a BNNT may influence its elastic
properties. Therefore, the effect of distribution of vacancy pores along
the length and circumference of BNNTs on their mechanical properties
were studied keeping the constant vacancy concentration as 1%. Fig. 17
demonstrates the schematics of the distribution of vacancy pores in
BNNTs. We considered three cases: (i) single vacancy pore at the middle
portion of a BNNT (ρ = 1%), (ii) two vacancy pores (each ρ = 0.5%)
along the length of a BNNT, and (iii) two vacancy pores (each
ρ = 0.5%) along the circumference (180° apart) of a BNNT.
Variation of PE of armchair and zigzag BNNTs, with different distributions of vacancy pores, subjected to uniaxial tension is shown in
Fig. 18. It may be observed from Fig. 18 that the values of PE of both
armchair and zigzag BNNTs are slightly higher when the vacancy pore
exists in their middle portions (case 1) as compared to all other distributions of vacancy pores (cases 2 and 3). The maximum values of PE

Fig. 10. Variation of PE of (10, 10) and (0, 17) BNNTs during in-plane bi-axial
tension.

becomes more prominent for smaller diameter BNNTs. This is attributed to the steep included angles of BeN bonds in smaller diameter
BNNTs. Similar trends of results are obtained for the values of G23 as
demonstrated in Fig. 15.
In the previous sets of results, Young’s modulus and major Poisson’s
ratio of different BNNTs were determined by considering the aspect
ratio (L/D) as 15. However, the variation in length of BNNTs may influence their elastic properties; therefore, the values of L/D were varied
as 5, 10, 15 and 20 for the further analysis. The variation of values of E1
against the aspect ratio of BNNTs is shown in Fig. 16. This figure depicts
that the values of E1 are increased with the aspect ratio and they are
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(a) (10, 10), = 0.0

(d) (0, 17), = 0.0

(b) (10, 10), = 0.31

(e) (0, 17), = 0.30

(c) (10, 10), = 0.40

(f) (0, 17), = 0.42

Fig. 11. Failure behaviour of (10, 10) and (0, 17) BNNTs subjected to in-plane bi-axial tension.

for the armchair and zigzag BNNTs are found in the order of: case
1 > case 2 > case 3. It may also be observed that BNNTs having vacancy pores in their middle portions are fractured at higher strain values. The maximum values of failure strains for the respective armchair
and zigzag BNNTs are found in the order of: case 1 > case 2 > case 3
and case 1 > case 3 > case 2. This is attributed to the change of location of vacancy pore from the ends of a BNNT and the variation of
included angles of two adjacent B–N bonds at different sizes of vacancy
pores, which in turn influence the failure mechanisms of BNNTs.
Variation of PE of BNNTs, with different distributions of vacancy
pores, subjected to in-plane bi-axial tension is shown in Fig. 19. In this
case also the maximum values of PE of the armchair and zigzag BNNTs
are found in the order of: case 1 > case 2 > case 3. The maximum
values of failure strains for the respective armchair and zigzag BNNTs
are found in the order of: case 3 > case 1 > case 2; and case 1 > case
2 > case 3. Fig. 20 demonstrates that the values of maximum PE and
failure strain of armchair BNNT subjected to twist are significantly
higher when the vacancy pore is in its middle portion as compared to all
other distributions of vacancy pores. The maximum values of PE and
failure strain for the armchair and zigzag BNNTs are found in the same
order: case 1 > case 3 > case 2.
The work was further extended to study the effect of distribution of
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Fig. 13. Effect of vacancy defects on the axial shear moduli of BNNTs.
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Fig. 12. Failure behaviour of (10, 10) and (0, 17) BNNTs subjected to in-plane shear load.
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Fig. 14. Effect of vacancy defects on the plane strain bulk moduli BNNTs.
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Fig. 18. Variation of PE of (10, 10) and (0, 17) BNNTs with different distributions of vacancy pores during axial loading.
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Fig. 19. Variation of PE of (10, 10) and (0, 17) BNNTs with different distributions of vacancy pores during in-plane bi-axial tension.

Fig. 16. Effect of aspect ratio on Young’s modulus BNNTs.
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Fig. 20. Variation of PE of (10, 10) and (0, 17) BNNTs with different distributions of vacancy pores during twisting.
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Fig. 21. Variation of change in band gap of BNNTs for strain of 0.02 during
uniaxial loading.

Table 2
Comparison of elastic constants of defective BNNTs with different distributions
of vacancy pores.
Chirality

5

the change in band gap ( Eg ) in BNNTs under different strain value.
Usually the band gap of BNNTs decreased with the application of strain
to them. When strain applied to the BNNTs, the conduction band gap
minimum gets descended while the valence band maximum remains
unchanged with respect to the Fermi level under strain [36,45]. We
calculated the values of Eg of pristine (5, 5) BNNT around 0.20 eV for
2% of strain, which is in good agreement with the values reported in the
previous studies [45,81]. This is because of the π states on BNNTs shift
downward due to the steep curvature of smaller diameter BNNT which
eventually results in the hybridization between π and σ states. Subsequently, the values of Eg for different BNNTs were calculated accounting various vacancy concentrations.
As a first endeavor, we considered uniaxial loading condition to
investigate the electronic properties of BNNTs. In case of uniaxial
loading, the values of Eg for BNNTs can be obtained by substituting
¯22 = 0 and ξ = 0 in Eqs. (15) and (16). The values of Eg for different
BNNTs are shown in Fig. 21. It may be observed from Fig. 21 that the
change in band gap increases with diameter. This is attributed to the
larger radii of BNNTs that lead to the enhancement of π and σ

vacancy pores in BNNTs on their five independent elastic constants.
Table 2 summarizes the elastic constants of defective BNNTs with different distributions of vacancy pores. The comparison clearly reveals
that all elastic constants of BNNTs with vacancy pores in their middle
portions are lower as compared to all other distributions of vacancy
pores (cases 2 and 3). The values of elastic constants of armchair and
zigzag BNNTs are found in the order of: case 3 > case 2 > case 1. It
may be observed from Table 2 that except the values of E1 of both
armchair and zigzag BNNTs, all other elastic constants are affected by
the distribution of vacancy pores. This is due to the fact that the distribution of vacancy pores changes the axial and circumferential deformation mechanisms of BNNTs significantly, which in turn influences
their stiffnesses. Note that the deformation of a BNNT under axial
tension occurs both axially as well as circumferentially while it deforms
only circumferentially in case of all other types of loading conditions.
We may conclude that it is always better to use a BNNT having several
vacancy pores instead of having a single pore in it for the same total
vacancy concentration. These are significant findings in that they indicate the significance of distribution of vacancy pores along the length
and circumference of BNNTs on their elastic properties.

Armchair, ρ = 0%

0.28

Armchair, ρ = 1%
Armchair, ρ = 2%
ZigZag, ρ = 0%

0.26

ZigZag, ρ = 1%

∆E g (eV)

ZigZag, ρ = 2%

4.2. Effect of vacancies on electronic properties of BNNTs

0.24
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0.20

One-dimensional BNNT has attracted a lot of attention in scientific
community for exploring its electronic and transport properties on the
nanoscale level. Among its numerous unique features, charge transport
was found to be sensitive to defects, owing to interference and quantum
mechanisms effects [44,45]. The modification of BNNT geometry and
chemical structure with defects allows mobility gap engineering
[79,80]. Therefore, further investigation is carried out to study the
band gap of BNNTs subjected to four transversely isotropic loading
conditions depicted in Fig. 2. We used Eqs. (15) and (16) to determine
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Fig. 22. Variation of change in band gap of BNNTs for strain 0.02 during
twisting.
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0.46
0.44
∆E g(eV)

values of Eg for different BNNTs under plane strain bulk condition are
shown in Fig. 24. Unlike the trends found in Figs. 21–23, the values of
Eg decrease as the diameter of BNNT increases. This is due to the
detraction of π and σ hybridizations and the increase in conduction
band minimum as the radius of BNNT increases. It may also be observed
from Fig. 24 that the vacancies significantly change the values of Eg of
BNNTs. The results shown in Figs. 21–24 are significant, which indicate
that the band gaps in BNNTs can be altered using different loading
conditions and introducing vacancies as per the application needs.
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5. Conclusions

0.36

As the first of its kind, we report the elastic and electronic properties
of transversely isotropic BNNTs. The effects of defects and chirality on
the elastic properties of different diameter BNNTs were investigated
within the framework of MD simulations using a three-body Tersoff
potential force field. The electronic properties of pristine and defective
BNNTs under four transversely isotropic loading conditions were studied by using the strain effective method. Good agreements between
the current results with that of existing results of isotropic BNNTs are
also found. The following is a summary of the significant findings:
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Fig. 23. Variation of change in band gap of BNNTs for strain 0.02 during inplane shear loading.
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Fig. 24. Variation of change in band gap of BNNTs for strain 0.02 during biaxial
loading.

•

hybridizations which eventually results in the decrease in conduction
band minimum. The same is true in case of torsional and in-plane shear
loadings on the BNNTs and converse is true in case of BNNT under
biaxial tension, as explained below with reference to Figs. 22–24. It
may be observed from Fig. 21 that the vacancies influence the values of
Eg of larger diameter BNNTs; on the other hand, vacancies do not
much affect the values of Eg of smaller diameter BNNTs. This finding
suggests that the existence of vacancies may not be an issue for nanoelectronic devices made of smaller diameter BNNTs. Next, we determined the values of Eg for BNNTs under twist and in-plane shear as
shown in Figs. 22 and 23, respectively. It can be observed from Fig. 22
that the change in band gap increases with diameter and the vacancies
do not much influence the values of Eg of BNNTs. Interestingly, the
electronic properties of pristine BNNTs ( = 0) changes slightly when
they are subjected to twists and this finding is in good agreement with
the results reported in Refs. [36,69]. This is attributed to the overlap of
charge densities and formation of electronic bonds between neighboring boron atoms during twisting of BNNTs. Fig. 23 demonstrates
that the change in band gap increases with BNNT diameter and the
vacancies significantly changes the values of Eg .
In case of in-plane biaxial tension, the values of Eg for BNNTs can
be obtained by substituting ¯11 = 0 and ξ = 0 in Eqs. (15) and (16). The

crease with the increase in diameter, while the strength and failure
properties were found to be relatively stable irrespective of chirality.
Zigzag BNNTs show slightly higher elastic properties compered to
armchair ones due to the different BeN bonds deformation mechanics.
Young’s moduli of BNNTs largely depend on their aspect ratios and
they become stable when the aspect ratio is greater than 15 irrespective of chirality. Young’s modulus of a BNNT increases with the
diameter and reaches its maximum value when the tube diameter is
∼14 Å. The values of Young’s moduli are found to decrease for the
larger diameter BNNTs (d > 14 Å) irrespective of their chirality.
The elastic constants of vacancy defected BNNTs decrease as the
vacancy concentration increases. The effect of atom vacancies becomes more prominent for the smaller diameter BNNTs.
The distribution of vacancy pores along the length and circumference of a BNNT influences its elastic properties. The elastic
constants of BNNTs with vacancy pores in their middle portions are
found to be lower than compared to all other distributions of vacancy pores.
Application of transversely isotropic loading conditions and introduction of vacancies are found to be effective techniques for modifying the
band gaps of BNNTs. Application of uniaxial tension, twisting moment
and in-plane shear results in the increase in the change in band gaps of
BNNTs and the reverse is true in case of in-plane biaxial tension. The
effect of vacancies is found to be more prominent when the BNNTs are
subjected to in-plane shear and biaxial loadings.
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