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Abstract The transversely isotropic response of pristine as well as defective boron nitride nanotubes (BNNTs)
containing Stone–Wales (SW) defects was comprehensively studied via molecular dynamic simulations with
a three-body Tersoff force field. The elastic properties and the failure behavior of BNNTs were studied under
the transversely isotropic loading conditions, namely uniaxial tension, twisting moment, in-plane shear and
in-plane biaxial tension. The effect of chirality, diameter and SW defect density was taken into consideration.
The failure mechanism of BNNTs under each loading condition was explained in detail. Our study reveals
that the elastic moduli of zigzag BNNTs are higher than for armchair tubes and decrease as the diameter of
the tube increases. The effect of SW defects is found to be higher on the elastic properties of smaller diameter
BNNTs than for larger diameter tubes, regardless of chirality. The higher defect density reduces the axial
Young’s modulus, shear, plane strain bulk and in-plane shear moduli by 11%, 18%, 9% and 7%, respectively.
The SW defects affect the (1) longitudinal shear moduli of BNNTs more profoundly irrespective of chirality
and (2) the mechanical behavior of zigzag BNNTs stronger compared to armchair ones. It is also found that the
mechanical properties of BNNTs are functions of chirality and diameter, especially for small diameter tubes.

1 Introduction
After the theoretical discovery of BNNTs in 1994 by Rubio et al. [1], numerous efforts have been made
to improve the synthesizing processes to obtain pristine single- and multi-walled BNNTs. Owing to their
excellent physical and chemical properties, BNNTs have become promising candidates for nanotechnological
applications under extreme environmental conditions. This is attributed to their unique properties such as the
promising antioxidation ability [2] and structural stability [3], good mechanical properties [4,5], high thermal
conductivity [6] and constant band gap. These versatile features of BNNTs attract prodigious attention for their
use as reinforcing fillers in advanced nanocomposite structures with desired properties for specific applications.
Although these applications are similar to carbon nanotubes (CNTs) [7], close analogues of BNNTs, the latter
possess other multi-functional features like piezoelectricity [8] and white color, which differentiate them
from the former. These unique features allow the fabrication of boron nitride (BN)-based high-strength and
lightweight piezoelectric nanocomposites in a variety of colors or even transparent. Characterization of BNNTs
in terms of mechanical response or fracture behavior is essential for their reliable application as well as to
understand their deformation mechanics under the different loading conditions.
BNNT structures can contain various types of defects due to the inherent issues of their fabrication techniques, and they are often considered while developing BNNT-based composites and structures. These defects
include mono- and multi-vacancies [9], 5–7 defects [10], substitutional impurities [11], pentagon–octagon
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adatoms [10], impurities and Thrower–Stone–Wales (SW) defects [12]. To control the performance of nanomaterials, “defect engineering” is widely employed for many materials: cubic BN [13], diamonds [14], graphene
sheets [15], CNTs [16–18] and metals [19]. Defects also provide routes to alter the properties of BNNTs for
their applications in diversified areas such as hydrogen storage, ion separation and water desalination [20].
For instance, defects were introduced to enhance the dissociation of hydrogen in BNNTs [21]. Li et al. [22]
investigated the formation energies of SW defects and their effect on the electronic properties and hydrogen
storage capacity of BNNTs. They observed that the electronic properties and hydrogen capacity of defective
BNNTs are higher than in pristine ones. Due to the application of defected BNNTs in diversified fields, many
efforts have been made to introduce controlled topological defects via irradiation with energetic particles and
chemical processes [23]. The conventional synthesizing processes also promote the presence of topological
defects in BNNTs due to the limitations of fabrication processes. Obviously, these defects affect the properties
of BNNTs. Additionally, defects play a critical role in their fracture behavior. Relatively few studies have been
performed so far to analyze the mechanical behavior of defective BNNTs and their geometrical parameters
such as size and chirality of BNNTs. An earlier attempt was made by Griebel et al. [24] to study the effect of
vacancies and functionalization on the elastic properties of BNNTs via molecular dynamic simulations (MDS)
using a three-body Tersoff potential force field. They reported that Young’s modulus of defected tube reduces
up to 40% compared to the pristine tube and this decrement is more significant when the number of vacancies increases. Song et al. [12] showed that the SW transformation occurs in BNNTs under uniaxial tension
at a particular value of strain using the hybrid atomistic continuum model. Shokuhfar and Ebrahimi-Nejad
[25] examined the buckling of pristine and defective armchair BNNTs with three types of vacancy defects
using MDS. Their results showed significant differences between the buckling strength of BNNTs, and they
observed lower buckling strength for defective BNNTs. Sarma et al. [26] studied the effect of the presence of
line, point and SW defects on the tensile behavior of BNNTs using MDS. Krishnan and Ghosh [27] examined
the effect of SW and vacancy defects on the failure behavior of BNNTs under uniaxial tension using MDS.
They reported that the armchair and zigzag BNNTs undergo brittle failure, and the effect of vacancy defects
on the failure strength is more pronounced than SW defects. Roohi and Jahantab [28] investigated the effect
of SW defects on the mechanical behavior of BNNTs under uniaxial tension and reported that their band gap
increases with defects, while the fracture strength reduces. Zeighampour and Beni et al. [29] studied the axial
buckling of a vacancy-defected BNNTs using MDS. Their study revealed that the vacancy defect reduces
the critical buckling angle of the BNNT. Nguyen et al. [30] studied the effect of SW defects on the buckling
behavior of BNNTs using atomistic simulations. Their study reported that the bending behavior of BNNTs
depends on the location of the SW defects and such defects reduce the critical bending angle.
The strain engineering technique is widely used to alter the electronic properties of BNNTs. For instance,
Azevedo et al. [31] reported a significant improvement in the band gap of deformed BNNTs. So far, several
investigations have been carried out to study the isotropic elastic properties of pristine and defected BNNTs
using different techniques such as ab initio calculation [32], tight binding [33], MDS [4,5] continuum modeling
[34], a first-principles DFT study and molecular mechanics approach [35]. It is to be noted that only a few studies
reported the torsional loading behavior and shear modulus of pristine and defected BNNTs. For example, Li and
chou [36] and Santosh et al. [37] studied the shear modulus and torsional behavior of BNNTs. Recently, MDS
performed by Choyal et al. [4,38] has shown that the elastic moduli of BNNTs are functions of diameter and
chirality of tubes, and vacancy defects affect their mechanical behavior. Moreover, BNNTs show transversely
isotropic behavior under different loading conditions.
BNNTs are ideal reinforcements for nanocomposite structures because of their high strength and stiffness
as well as high aspect ratio and low mass density. For example, Li et al. [39] fabricated BNNT-reinforced
polyurethane composite and reported a 38% enhancement in its elastic modulus by adding only 2% BNNTs
compared to pure polyurethane. In another effort, Trivedi et al. [40] observed, 20% to 55% enhancement of
Young’s moduli of BNNT-based composites. BNNTs are also used as reinforcing bioactive ceramics for bone
repair [41]. Zhang et al. [42] performed MDS to analyze the interfacial strength of BNNT-reinforced nanocomposites using the pullout test. Their results showed that the presence of BNNTs improves the interfacial shear
strength of nanocomposites. Cong and Lee [43] reported that a small fraction of BNNTs improves the mechanical behavior of an aluminum metal matrix composite. Note that to study the BNNT-based nanocomposite as
discussed above, defect-free BNNTs were considered. For design and development of BNNT-based nanocomposites and structures, the existence of inherent defects must be considered and this necessitates a thorough
understating of the transversely isotropic behavior of BNNTs containing SW defects.
The literature review clearly indicates that the transversely isotropic behavior of BNNTs with SW defects
has not been studied yet. It is a well-known fact that BNNTs show transversely isotropic behavior when
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subjected to different loading conditions [4]. For the use of BNNTs in NEMS and nanocomposites, knowledge
of their transversely isotropic behavior is essentially required and they cannot be considered as isotropic
material. To the best of our knowledge, the transversely isotropic elastic properties and failure behavior of SWdefected BNNTs are not studied yet. These interesting and crucial issues have motivated our current efforts.
Therefore, the comprehensive MDS were performed in the current work to study the transversely isotropic
elastic properties and failure behavior of BNNTs. A particular emphasis was placed on the effect of SW defects
on both armchair and zigzag BNNTs with different diameters.

2 Computational modeling of BNNTs
MDS is the most frequently used modeling technique for the simulation and characterization of nanomaterials at
atomic-scale level. MDS allows a comprehensive study of interatomic interactions of different atoms/molecules
at atomic scale using Newtonian mechanics with a time integration approach. The fundamental advantage of
the MD approach over classical models is that it can be used to study the different properties of nanostructures such as transport coefficients, responses to perturbations, rheological properties and spectra, and
thermo-mechanical properties. Therefore, MDS were performed in the current study using LAMMPS [44].
The interatomic interaction energy of atoms were calculated using the three-body Tersoff-type potential force
field [45], and the parameters were adopted from Ref. [46]. Note that the Tersoff potential force field has been
successfully applied to study the mechanical response of BNNTs in the literature ([4,5] and Refs. therein).
To study the transversely isotropic elastic properties of BNNTs, the following four loading conditions
were considered: the uniaxial tension for axial Young’s modulus (E 1 ) and major Poisson’s ratio (ν12 ), constant
torsional loading for longitudinal shear modulus (G 12 ), in-plane biaxial tension for plane strain bulk modulus
(K 23 ) and in-plane shear for in-plane shear modulus (G 23 ). The strain energy and strain effective method were
used to calculate the five independent elastic moduli of tubes. BNNTs were modeled as hollow cylindrical
shells considering an effective
 wall thickness of 3.4 Å [5]. The cross-sectional area and volume of BNNTs
were calculated as A = π Do2 −Di2 /4 and V = Al, respectively, where Di and Do are the outer and inner
diameters of the BNNT and l is its length. To evaluate the elastic moduli, the continuum-based elasticity theory
was used. During the deformation process in the simulation, the potential energy (PE) of the structure was
calculated as the summation of interatomic interactions of neighboring atoms. This PE is equal to the strain
energy density of the assumed continuum substance as a nanostructure. Accordingly, the relations between the
strain energy of the equivalent continuum solid were obtained. This method has been widely used by several
researchers for graphene, BN sheets, CNTs and BNNTs [4,47–49], and moreover, they also validated their
results with those obtained by different methods.
MD simulations. First, the initial structures of the BNNTs were created. Then the simulations were performed
to minimize the energy of the BNNT structures using the conjugate gradient minimization method to obtain
their optimized structures. The minimized structure of a BNNT was treated as optimized when the difference
in its total PE between the consequent steps was less than 1.0 × 10−10 kcal/mol [4,17,18]. After the energy
minimization, the loading conditions were applied to determine the five independent transversely isotropic
elastic coefficients of BNNTs. In order to remove the effect of free edges and to satisfy the uniform axial
stress conditions, the periodic boundary conditions were applied along the BNNT axis (z) [50]. During the
MDS, the BNNT was allowed to relax for a period of 50 ps in the NVT ensemble over a time step of 0.5 fs for
equilibration, and the velocity Verlet algorithm was used to integrate Newton’s equations of motions. During
the relaxation period, the constant pressure zero was maintained using the NPT ensemble. The Nosé–Hoover
thermostat was used to control the pressure and temperature which prevented the physical thermal expansion
of the BNNTs [50].
The SW defects in the BNNT were formed by rotating one of the B–N bonds (see Fig. 1) by 90◦ from
the pristine tube. This results in a pentagon–heptagon–heptagon–pentagon (5–7–7–5) ring comprised of two
unfavorable homonuclear N–N and B–B bonds. The density and position of SW defects play a critical role
on the properties of BNNTs. Moon and Hwang [51] investigated the formation energy of SW defects in a
BNNT and observed that they are located nearly parallel or perpendicular to the tube axis. A study by Azadi
et al. [52] also observed that the orientation of SW defects in a CNT exists in the axial and circumferential
directions. Therefore, the SW defects were considered in the axial or circumferential directions for both
armchair and zigzag BNNTs. In this work, SW-defected BNNTs were constructed with two different defect
densities (i.e., SW1 and SW2) uniformly throughout the structure; each defect was created uniformly over the
axial and circumferential directions at distances of 35 Å and 25 Å, respectively, as shown in Fig. 1. This figure
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Fig. 1 Pristine and SW-defected BNNTs: a armchair (10, 10) and b zigzag (17, 0)

demonstrates the pristine and defective armchair (10, 10) and zigzag (17, 0) BNNTs with SW1 and SW2,
respectively. Six types of BNNTs were considered to study the effect of SW defects: armchair (10, 10), (15,
15) and (20,20) and zigzag (17, 0), (26, 0) and (35, 0). The selection of these BNNTs was based on the fact
that the corresponding diameters of armchair and zigzag tubes are almost the same.
In order to understand the failure mechanics of pristine and defective BNNTs, the stress–strain distribution
was obtained during their deformation process under the uniaxial tension, torsional moment, in-plane biaxial
tension and in-plane shear, as schematically shown in Fig. 2. The gradual deformation was applied during
each loading. During the deformation, the induced stresses were obtained in each direction at each time step
using the virial definition of stress. These virial stresses were averaged over the time and position, and the
components of a stress tensor at r = rAB were calculated using the following relation:
⎡
⎤
N
N
N



1
1
∂∅ (r ) ri r j ⎦
,
(1)
−m A v A,i v A, j +
σi j = ⎣
V
2
∂r
r
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A=1 B=1,B = A

where V is the volume of tube, N is the number of atoms in tube, ∅ is the interatomic potential force, ri and
r j are the position vectors, r AB is the relative position of atom B with respect to atom A, and m A and v A are
the mass and velocity of atom A, respectively. The stress tensor for each atom of BNNTs was computed. The
spatial distribution of the stress during deformation of tube under all loading conditions was calculated using
the von Mises stress, defined as:
σs =

(σx x − σ yy )2 + (σ yy − σzz )2 + (σzz − σx x )2 + 6((σx y )2 + (σ yz )2 + (σzx )2
.
2

(2)

2.1 Elastic properties of BNNTs
An initial strain increment was applied to the BNNT according to the boundary condition followed by the PE
minimization process. The strain rate and time step used were 109 s−1 and 0.5 fs, respectively. The small strain
increments were applied gradually to obtain uniform deformation of the BNNT structures. To overcome the
interatomic fluctuations in nanostructures, the deformed structure of the BNNT was allowed for equilibration
in each time step for 50 ps. The period of 50 ps in each step was observed to be sufficient to equilibrate the
deformed BNNTs during MDS and this value agrees well with the existing studies ([4] and refs. therein).
If variations in temperature and PE of the BNNTs are < 1% after ~5 ps in the NVT ensemble, then their
structures can be considered as equilibrated. The loading steps were applied until fracture occurred in pristine
and defected BNNT structures, and the PE and stresses were calculated across the whole deformation process
(i.e., up to the fracture point).
Axial Young’s modulus (E 1 ) and major Poisson’s ratio (ν12 ): In uniaxial tension loading condition (Fig. 2a),
one end of the BNNT in axial (z) direction was restrained, while at the other end, a constant strain rate (109 s−1 )
was imposed to obtain the axial Young’s modulus and major Poisson’s ratio. Averaged axial Young’s moduli of
pristine and defective BNNTs were obtained using the deformation energy density–elastic constant relations
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(a)

(c)

(b)
(d)

Fig. 2 Schematics of transversely isotropic loading conditions applied to BNNTs: a axial tension, b torsion, c in-plane biaxial
tension and d in-plane shear

in the elastic region. The strain energy density of a tube can be represented in the form of strain energy per
unit volume (U) and is expressed by using the following relations [48]:
1
2
,
E 1 ε̄11
2
Se
,
U =
Al

U =

(3)
(4)

where Se is the change in PE, ε̄11 =l/l is the axial strain of the tube and l is the change in the length of
the tube.
We obtained the Poisson’s ratio of the BNNT by considering it as an effective “stick–spiral” system [53,54].
Accordingly, the major Poisson’s ratio (ν12 ) can be obtained using the following relation:
ν12 = −

ε̄22
,
ε̄11

(5)

where ε̄22l = C/C is the average circumferential strain of the BNNT.
Longitudinal shear modulus (G 12 ): In the torsional loading (Fig. 2b), the atoms of the BNNT structure at its
one end were constrained, and at the other end, a constant rotation of 0.81◦ /ps was applied for a constant
time interval of 450 ps with a time step of 0.5 fs to simulate the pure torsion condition and determine the
longitudinal shear modulus. The longitudinal shear deformation of the BNNT during the torsional loading is
more complicated than the uniaxial tension test as it needs to be restrained in the radial direction to maintain
the perfect cylindrical surface to simulate the absolute twisting condition. The strain energy density of the
BNNT can be obtained as [48]
U=

G 12 φ 2 J
,
2l

(6)

where φ and J are the torsional angle and second polar moment of area of the tube, respectively. The second
polar moment of area can be obtained using the following relation:
J=

π
D 4 −Di4 .
32 o

(7)

Plane strain bulk modulus (K 23 ): In the in-plane biaxial tension condition (Fig. 2c), the two-dimensional plane
strain condition was used to determine the plane strain bulk modulus of BNNTs. To meet the pure plane strain
condition, both ends of BNNT were restrained in the z-direction so that the strain in a longitudinal direction
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remains zero during the loading. The plane strain bulk modulus (K 23 ) of BNNT can be evaluated using the
following relation [48]:
2
U = 2K 23 ε̄22
.

(8)

In-plane shear modulus (G 23 ): In the in-plane shear condition, the tension–compression loading (Fig. 2d) was
applied to obtain the in-plane shear modulus of the BNNTs. The small strain in radial direction is applied in
such a manner that the circular cross-sectional of the tube deforms into an elliptical form by keeping zero
strain in the axial direction, such as
r = Rn (1+ε̄22 ) cosθi +Rn (1−ε̄22 ) cosθ j θ ∈ [0, 2π],

(9)

where ε̄22 characterizes the deformation strain from a circle of outer radius Rn to an elliptical shape with the
major axis Rn (1+ε̄22 ) and minor axis Rn (1−ε̄22 ), in which i and j are the normal unit vectors along the xand y-directions, respectively.
Then, the procedure adopted in case of plane strain bulk modulus was employed to calculate the in-plane
shear modulus (G 23 ). The in-plane shear modulus was evaluated using the following relation [48]:
2
U = 2G 23 ε̄22
.

(10)

Noted that other dependent elastic coefficients such as transverse Young’s modulus (E 2 ) and minor Poisson’s
ratio (ν23 ) can be determined using the five independent elastic constants [55], such that
4G 23 K 23
,
K 23 +ψ G 23
K 23 −ψ G 23
ν23 =
,
K 23 +ψ G 23
2
4K 23 ν21
.
where ψ = 1 +
E1
E2 = E3=

(11)
(12)
(13)

3 Results and discussion
In this study, both armchair and zigzag types of BNNTs with almost same diameters having aspect ratio (AR)
~15 were considered. In order to validate the current result, first the MDS were performed on the pristine tubes
under the four loading conditions until they fractured. The stress–strain curves of pristine BNNTs under the
transverse loading conditions are shown in Fig. 3. Figures 3a–d show that the stress–strain curves follow the
same trends before the plastic failure of tubes, irrespective of the loading condition. Figure 3 shows that there
is no obvious yielding occurred during the deformation of BNNTs. As expected, it can be observed that the
BNNTs with larger diameter showed higher fracture strength regardless of their chirality. This is attributed
to the increase in curvature of circumferential B–N bonds of large diameter tubes that reduces their included
angles drastically. When a flat BN sheet is rolled to form a tube, the spatial relations and length of the B–N
bonds change, and therefore, the influence of included angles of the BNNT decreases as its diameter increases.
The elastic properties of pristine BNNTs were determined using the strain energy density–elastic constants
relations derived in the previous section. The obtained elastic moduli of pristine BNNTs were compared with
the existing results, as summarized in Table 1. Note that the deformation of BNNTs is not uniform due to
the hexagonal lattice structure; therefore, their elastic moduli were determined using the averaged axial and
radial deformations within the elastic limit. Our results shown in Table 1 are in reasonable agreement with
the existing results [4,5,35]. The stress–strain response plotted in Fig. 3a for a BNNT under uniaxial loading
is in good agreement with the available experimental and theoretical studies [56,57]. The elastic coefficients
of pristine BNNTs decrease as their diameter increase. This is attributed to the increase in included angles
between the two bonds of the BNNT as its diameter increases.
After the validation of current results, further simulations were performed on the defective BNNTs under
the transversely isotropic loading conditions until they fractured, and the stress–strain curves were obtained
(see Figs. 4, 7 9 and 11). The SW defects were introduced in such a way that the density of defects is the same
in each tube irrespective of its size and chirality. Figures 4, 7, 9 and 11 show that the SW-defected BNNTs
show lower fracture strength and strain than pristine ones and the larger SW defect density (SW2) affects the
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Table 1 Comparison of five independent elastic moduli of pristine BNNTs
Chirality

Diameter (Å)

Ref.

E 1 (TPa)

υ12

G 12 (TPa)

K 23 (TPa)

G 23 (TPa)

(10, 10)

13.563

(15, 15)

20.344

(20, 20)

27.125

(17, 0)

13.574

(26, 0)

20.740

(35, 0)

27.912

Present
[4,5,35]
Present
[4,5,35]
Present
[4,5,35]
Present
[4,5,35]
Present
[4,5,35]
Present
[4,5,35]

1.081
1.065
1.012
1.050
0.946
0.971
1.143
1.112
1.071
1.070
0.981
0.980

0.199
0.198
0.161
0.161
0.152
0.153
0.212
0.211
0.185
0.183
0.163
0.163

0.672
0.661
0.582
0.569
0.501
0.501
0.736
0.741
0.634
0.624
0.547
0.542

0.312
0.301
0.256
0.250
0.231
0.221
0.343
0.342
0.298
0.291
0.259
0.310

0.175
0.174
0.161
0.158
0.154
0.151
0.195
0.195
0.181
0.179
0.163
0.162

(a)

(b)

(c)

Stress (GPa)

250
200
150

(d)

(10, 10)
(15, 15)
(20, 20)
(17, 0)
(26, 0)
(35, 0)

100
50
0
0.0

0.1

0.2

0.3
Strain

0.4

0.5

0.6

Fig. 3 Stress–strain behavior of pristine BNNTs under: a uniaxial tension, b torsional moment, c in-plane biaxial tension and d
in-plane shear

mechanical behavior of BNNTs significantly. The sets of stress–strain curves plotted in the current study are
found to be in good agreement with those obtained for pristine BNNTs in the existing MD studies [4,57]. As
expected, the larger diameter BNNTs show higher strength than smaller ones. It can also be observed that the
armchair and zigzag BNNTs with different diameters show almost similar trends till they fracture, and the
marginal difference is due to the change in diameter of both types of tubes. For the sake of brevity, only the
stress–strain curves for armchair (15, 15) and zigzag (26, 0) BNNTs are shown here to examine the effect of
SW defects on their failure behavior.
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Figure 4 shows the stress–strain curves of pristine and defective armchair and zigzag BNNTs under tensile
loading. This figure shows that the stress–strain curves of armchair and zigzag BNNTs are almost identical up
to the respective strain values of 0.30 and 0.25, and after that, the stress-bearing capacity of defective tubes
increases and then decreases. It is observed that the BNNTs show different failure behaviors. To get more insight
into these discrepancies, the atomic stress distributions in pristine and defected the BNNTs are demonstrated
in Fig. 5. Before the application of axial load to defective BNNTs, the tensile and compressive stresses exist
in the SW defect vicinity due to the disturbed B–N bond rearrangement in the BNNT and this is clearly shown
in Fig. 5b when ε̄ = 0. Compressive stress was developed in the bonds which connect two pentagon rings. On
the other hand, maximum stress was developed in the bonds which connect heptagon–hexagon rings. Figure 5
shows that the bond breaking and reforming take place around the SW defect during uniaxial loading. The
phenomenon is clearly shown in Fig. 6. The failure mechanics can be further explained with the help of Fig. 6
which shows that there are two types of B–N bonds in the pristine armchair and zigzag BNNTs: bonds a1 and
a2 in armchair and z 1 and z 2 in zigzag BNNTs. The orientation and description of bonds clearly depict that
the different types of bonds can be found around the SW defect. This arrangement creates concentrated stress
at the middle of B–N bond, and therefore, this causes a bond to collapse (see Fig. 5). Figure 6 shows that
the zigzag BNNTs are stiffer than armchair ones. The failure strain of armchair BNNTs is lower than that of
zigzag ones, but show higher strength as a result of strain hardening. In case of the zigzag BNNT, z 1 bonds
exist along its axis (see Fig. 4b), and these bonds bear more stress than that of inclined a1 bonds in armchair
tubes. Figure 4b shows that the stress suddenly drops at a strain value of 0.25 due to the fracture of axial B–N
(z 1 ) bonds. This initial bond breaking in the zigzag tube resulted from a newly formed ten-member ring that
reduces the stress concentration and the tube carries more load; therefore, the failure strain of zigzag BNNTs
is higher than that of armchair ones. Figures 3a and 4a show that the stress slightly drops at a strain value
of 0.32 in case of the armchair tube due to the fracture of bonds a1 (see Figs. 5a and 6a). This initial bond
breaking results in the formation of rectangular voids that reduces the stress concentration and the tube carries
more load, and its stress-bearing capacity increases up to the strain value of 0.45 (see Figs. 4a and 5a). The
sudden peak in the stress–strain behavior occurs due to the fracture of more bonds a1 in the tube at the strain
value of 0.45 (see Figs. 4a and 5a) and further loading induces the high stresses in the tube, and complete
fracture suddenly occurs at a strain value of 0.50. During the deformation of the armchair BNNT, a1 bonds
carry tensile loads while a2 bonds remain unchanged, while in case of zigzag BNNTs, z 1 and z 2 bonds are in
tension and compression, respectively. This suggests that the a1 and z 1 bonds act as the stress-bearing bonds
during the uniaxial deformation of pristine BNNTs. The stress-bearing bonds (a1 ) in the armchair tube are
higher than bonds (z 1 ) in the zigzag tube, and therefore, the former can bear more load. In the armchair SWdefected BNNT, the s bonds are under compression which are aligned with the loading direction and the b and
n bonds are stress-bearing bonds which are inclined with the loading direction. During deformation, s bonds
release the compressive stresses, while b and n bonds carry more tensile stresses which eventually lead to their
fracture at a very low strain value. On the other hand, in case of the zigzag BNNT s bonds carry the maximum
compression stresses which are at 90°with the loading direction, and therefore, b and n bonds break earlier
than the armchair tube as clearly shown in Fig. 5. The b and n bond breaking results in the formation of twelve
member rings at a very low strain value which eventually distorts the tube. Twelve-member ring formation
leads to dissipation of energy and releases stress. Due to this, the stress-bearing capacity of defective armchair
and zigzag BNNTs under uniaxial tension is higher than the pristine one at strain values of 0.35 and 0.29,
respectively (see Fig. 4). It can be concluded that the defective tubes carry more loads due to largely strained
5–7–7–5 rings than pristine ones. Figure 6 demonstrates that the fracture of tube under uniaxial deformation
starts from the n bond (N–N) between the pentagon and heptagon followed by the b bond (B–B) between the
pentagon and heptagon, and then, the breaking of B–N bond of heptagon occurs which propagates fracture
circumferentially in the vicinity SW defect zone. A crack starts from the defect zone and its propagation is
found to be inclined at 45°with the loading direction of a zigzag BNNT, and in case of the armchair BNNT,
the crack propagates in the axial direction (see Fig. 6b).
Figure 7 shows the stress–strain behavior of armchair and zigzag BNNTs under torsional loading. It can
be observed that the trends are nearly same, but the failure of the zigzag tube starts before the armchair tube,
and the latter shows higher failure strength. It is also observed that the larger diameter BNNTs show higher
strength and all BNNTs, regardless of their diameter and chirality, show four different stress–strain regimes
(see Fig. 7a). In the first regime, at a low value of twisting angle, the stress–strain curve shows uneven behavior
and this is due to the induced compressive force along the tube because the movement of atoms is constrained in
its axial direction to simulate the pure torsion loading. In the second regime, the tube distorts in such a manner
that its each cross section twisted in the transverse plane without changing the circular shape. To understand
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Fig. 4 Stress–strain curves of pristine and defective BNNTs under uniaxial tension

Fig. 5 Stress distribution in armchair (15, 15) and zigzag (26, 0) BNNTs under uniaxial loading

the failure mechanics, snapshots of failure behavior of pristine and defective BNNTs under torsional loading
with incremental angles are illustrated in Fig. 8. It is observed that the armchair and zigzag tubes first twist
with flatting effect which starts after the angles of 140◦ and 160◦ , respectively, as illustrated in Fig. 8a and
b. In the third regime, the tube buckles as the twisting moment increases, and then, its cross section becomes
non-circular. The third regime also indicates that the twisting resistance of the zigzag tube is lower as it is
clearly shown in Fig. 7 and it buckles well before the armchair tube. In the fourth regime, a complete rupture
of the tube was observed. Figure 7 shows that the tensile and compressive stresses are induced in the defect
vicinity of the tube during deformation due to the disturbed bond rearrangement while introducing the SW
defect. Figure 8a and b shows that the bond breaking and reforming take place around the SW defect during
twisting. In case of armchair defective tubes, the b bonds are in tension on the loading which are inclined
with the loading direction. During deformation, the b bonds carry more loads which eventually leads to their
fracture at an angle of 130◦ . In case of zigzag tubes, the Z 2 bonds carry the maximum load which connect the
heptagon–hexagon rings and they fracture at 124◦ .
Figure 9 shows the variation of stress in BNNTs with radial strain due to the in-plane biaxial loading. The
armchair and zigzag BNNTs show different behaviors. To get more insight into these discrepancies between
the failure mechanics, the atomic stress distributions in BNNTs are demonstrated in Fig. 10. The a1 and z 2
bonds of armchair and zigzag BNNTs are in tension during the loading, respectively. The failure of pristine
armchair and zigzag BNNTs occurs due the fracture of a2 and z 1 bonds, respectively, because they carry more
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Fig. 6 Deformation mechanics of pristine and defective BNNTs under tension: a armchair (15, 15) and b zigzag (26, 0)
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Fig. 7 Shear stress–shear curves of BNNTs subjected to twisting moment: a armchair (15, 15) and b zigzag (26, 0)
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Fig. 8 Snapshots of failure of pristine and defective BNNTs subjected to twisting moment: a armchair (15, 15) and b zigzag (26,
0)

circumferential stresses. The four z 1 bonds carry the circumferential tensile load in case of zigzag tube under
the in-plane biaxial loading; however, in case of the armchair tube, only two a2 bonds carry the circumferential
stresses (see Fig. 10). Therefore, the stress-bearing bonds are higher in case of the zigzag tube than for the
armchair one, and thus, the plane strain bulk modulus and fracture strength of the former are slightly higher.
Figure 9 shows that the trend of stress–strain curves of pristine and defective BNNTs are the same up to the
strain values of 0.18 and 0.15 for armchair and zigzag BNNTs, respectively. Then, the sudden drop can be
observed in case of defective BNNTs due to the early breaking of A2 and s bonds followed by the a2 and z 1
bonds.
During the in-plane shear loading condition, the circular cross section of the BNNT deforms into an elliptical
form and the bonds get aligned to the major and minor axes. The bonds nearing the major and minor axes bear
the maximum tensile and compressive loads, respectively. Figure 11 shows the variation of stress in BNNTs
with radial strain under the in-plane shear loading. It is observed from this figure that the fracture strength of
zigzag BNNTs is higher than the armchair ones, while failure strength is lower. To analyze the differences
between the failure mechanics, the atomic stress distributions in BNNTs are demonstrated in Fig. 12. The a2
and z 2 bonds of armchair and zigzag BNNTs are under tension at minor axis, respectively, whereas the a2 and
z 2 bonds are under compression at the major axis. The number of high-tension–compression stress-bearing z 2
bonds is higher in per unit hexagon ring of tube than the a2 bonds, and therefore, the zigzag BNNT fails before
the armchair tube. Figure 11 shows that the trend of stress–strain curves of pristine and defective BNNTs
are the same up to the strain value of 0.10, irrespective of chirality. The stress-bearing capacity of defective
armchair and zigzag BNNTs decreases with the strain and their failure occurs due to the fracture of A2 and
Z 2 bonds, respectively.
The same modeling procedure was adopted to determine the elastic properties of pristine and defective
BNNTs as explained in the preceding section and the obtained elastic constants are summarized in Table 2.
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Fig. 9 Stress–strain curves of pristine and defective BNNTs under the in-plane biaxial loading: a armchair (15, 15) and b zigzag
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Fig. 10 Failure behavior of pristine and defective BNNTs under in-plane biaxial loading: a armchair (15, 15) and b zigzag (26,
0)

Table 2 shows that the larger defect density (SW2) affects the mechanical behavior of BNNTs significantly. As
the diameter of a tube increases, the effect of defects on the elastic constants reduces and this clearly suggest
that the elastic properties of larger diameter tubes are not much influenced by the topological defects. This is
due to the fact that the influence of included angles of two neighboring bonds in BNNTs decreases as their
diameter increase. Therefore, the fluctuations of PE of larger diameter are marginal. It is found that the values
of Young’s moduli of SW1 and SW2 armchair (10, 10) BNNTs are reduced by 8% and 11%, respectively;
in case of SW1 and SW2 armchair (20, 20) BNNTs, the respective reductions are 5% and 9%. Likewise, the
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Fig. 11 Stress–strain curves of pristine and defective BNNTs under in-plane shear: a armchair (15, 15) and b zigzag (26, 0)
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Fig. 12 Failure behavior of pristine and defective BNNTs under in-plane shear: a armchair (15, 15) and b zigzag (26, 0)

values of Young’s moduli of SW1 and SW2 zigzag (17, 0) BNNTs are reduced by 6% and 10%, respectively;
in case of SW1 and SW2 zigzag (35, 0) BNNTs, the respective reductions are 4% and 7%. This clearly indicate
that the larger diameter BNNTs, especially zigzag tubes, are less affected by the SW defects. Table 2 shows
that the SW defects affect the longitudinal shear moduli profoundly as compared to all other elastic constants.
For instance, the values of longitudinal shear moduli of SW1 and SW2 armchair (10, 10) BNNTs are reduced
by 15% and 18%, respectively. The values of plane strain bulk moduli of SW1 and SW2 armchair (10, 10)
BNNTs are reduced by 8% and 10.5%; in case of SW1 and SW2 armchair (20, 20) BNNTs, the respective
reductions are 7% and 9%. The effect of SW defects on the in-plane shear moduli of BNNTs is found to be
less as all the bonds are under tension or compression.
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Table 2 Elastic constants of pristine and defective BNNTs
Chirality Case E 1 (TPa) υ12
(10, 10) SW0 1.081
SW1 0.994
SW2 0.962
(15, 15) SW0 1.012
SW1 0.951
SW2 0.912
(20, 20) SW0 0.946
SW1 0.925
SW2 0.867

G 12 (Tpa) K 23 (Tpa) G 23 (Tpa) Chirality Case E 1 (TPa) υ12

0.199 0.672
0.190 0.571
0.188 0.551
0.161 0.582
0.157 0.506
0.154 0.483
0.152 0.501
0.149 0.446
1.471 0.426

0.312
0.287
0.277
0.256
0.240
0.230
0.231
0.220
0.206

0.175
0.166
0.161
0.161
0.154
0.149
0.154
0.147
0.146

(17, 0)
(26, 0)
(35, 0)

SW0 1.143
SW1 1.060
SW2 1.037
SW0 1.071
SW1 1.017
SW2 0.985
SW0 0.981
SW1 0.941
SW2 0.912

G 12 (TPa) K 23 (TPa) G 23 (TPa)

0.212 0.736
0.198 0.603
0.192 0.588
0.185 0.634
0.177 0.535
0.171 0.510
0.163 0.547
0.158 0.508
0.153 0.454

0.343
0.318
0.312
0.298
0.283
0.274
0.259
0.248
0.240

0.195
0.175
0.171
0.181
0.164
0.168
0.163
0.149
0.148

4 Conclusions
As the first of its kind, this study reports the transversely isotropic response of pristine and defective BNNTs
containing SW defects. Both armchair and zigzag BNNTs with different diameters were considered. The
comparison of elastic properties and failure mechanics of both types of pristine and defective BNNTs under
transversely isotropic loading conditions was comprehensively studied using MDS with the three-body Tersoff
potential force field. Moreover, the elastic properties of pristine BNNTs were compared and validated with
existing results, and a good agreement was found between the predictions. The following main conclusions
are drawn from the current study:
• Zigzag BNNTs show slightly higher elastic properties than armchair tubes due to the different B–N bond
configurations, and overall, the elastic, strength and failure properties of BNNTs decrease as their diameter
increases.
• The fracture strength of zigzag BNNTs is higher than for armchair tubes in case of uniaxial and twisting
loading conditions, while the reverse is true in case of in-plane biaxial tension and shear loadings.
• The failure strains of zigzag BNNTs are higher than those of armchair tubes in case of uniaxial and in-plane
biaxial tension loading conditions, and the reverse is true in case of twisting and in-plane shear loadings.
• The effect of SW defects is found to be higher on the elastic properties of smaller diameter BNNTs than
for larger diameter tubes irrespective of chirality, and such defects affect the longitudinal shear moduli of
BNNTs more profoundly than all other elastic moduli. On the other hand, the in-plane shear moduli are
found to be less affected due to the SW defects among all elastic moduli. Moreover, the influence of SW
defects on the elastic properties of zigzag BNNTs is found to be marginally less than for armchair tubes.
• The present work offers a theoretical framework for predicting the elastic properties of pristine and SWdefected BNNTs under different types of loading.
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