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Abstract
Buckling is the major failure modes of boron nitride nanotube,

piezoelectricity in nanotubes significantly affected by an electric field. In
this work, boron nitride nanotube (BNNTS) is taken as an example to
investigate issues based on molecular dynamics simulation. Three-body
tersoff potential force field is used to see buckling effect and piezoelectric
response of BNNTs.Furtherto formulate the piezoelectric coefficient of
boron nitride nanotubes integrated computational method is used in this
method for formulation of mathematical relationship genetic programming
and molecular dynamics simulation is used for the piezoelectric
coefficient of BNNTs.The results show that critical buckling is majorly
affected by the electric field. In zigzag BNNTSs increase in electric field
buckling strain decreases and for armchair BNNTS increase in the electric
field no significant change in buckling strain.For (0, 17) zigzag BNNTSs
piezoelectric coefficient 0.3125 C/m2 is reported. Our results reveal that
the vacancy defect significantly influences the buckling stress and
piezoelectric properties. by generating 1% random vacancies in BNNTs
the buckling stress reduces to 59%, buckling strain reduces to 35%, and
the piezoelectricity coefficient reduces to 11%. for stone-wales defect
buckling stress in decreases but a change in piezoelectric coefficient is not
significant. The results show that buckling can be controlled by applying

the electric field.
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Chapter 1 Introduction

1.1 Nanotechnology
Nanotechnology is the study of matter on a molecular and atomic

level. It is usually supposed to deal with devices, material, and other
structures in the size range of less than 100 nm. This is a distinct field of
completely new approaches, extending from traditional instrument physics
based on molecular self-assembly. Testing new materials with dimensions
at the nanoscale to see if we can directly control matter at the atomic level.
The main field of nanotechnology involves researchers from many
different disciplines, including biologists, chemistry, physicists, and
engineering. Various research work and development is going on in the

field fo cancer detection and treatment[1].

1.2 Nanotubes
The formation of the nanotube is done by rolling a 2-D sheet into a

cylindrical form of particular atoms. The size of nanotubes is in
nanometers to 100 micrometers. Different material based nanotube
making possible by material like carbon- and boron-nitrogen. distinctive
properties of this nanotubes attract researchers' attention to recent years.

Figure 1 showsanexample of the boron-nitride nanotube.
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Figure 1 A boron nitride nanotube model

© 0

g o0

Nanotubes are very toughest in nature. They have varies distinctive

properties like high thermal resistance, mechanical strong, stable, and



electromechanical properties, and these properties depend on which

nanotube you have taken.

1.3 Nanomechanics

Nanomechancis

Model
| |
| 1 1
Ab-initio Sempi-empirical Modified
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Figure 2: Nanomechanical model

At nanoscale fundamental studies like thermal, kinetic, and elastic
properties were studied by using nanomechanics. for structure if any one
dimension is less than 100 nm is called a nanostructure. current
experimental studies at the nanometer scale are very costly also take a
very long time to execute the experiments that why theoretical studies play
a very important role in nanotechnology. we can subdivide models of
nanomechanics which are ab-initio, semiempirical, and modified
continuum models shown in Figure 2. The first principle which is also
called ab-initio methods such as density function theory [2]and Haetree-
fock[3] method usually gives more accurate results reason for this because
the ab-initio is start with basic equation for the whole system.ab-initio
method is not suitable for large nanostructure systems such as boron
nitride sheets or carbon sheets. Molecular dynamics comes under the

semi-empirical method. This approach is taking less time also done in



veryless cost as compare to the ab-initio approach and give competitive
results. In the semi-empirical method molecular dynamics is the most
popular approach in this interaction between molecules is define by using

molecular level force fields.

1.4 Boron Nitride Nanotubes
The Boron nitride nanotubes (BNNTS) grab the researcher's attention after

discovered in 1994 [4]. Boron nitride and carbon-based nanostructure
have similar lattice structures and BNNTs can be created by rolling of
two-dimensional boron nitride nanosheets (h-BNNSs).

The BNNTs have large bandgap (5.60eV), thermally and
chemically more stable, good piezoelectric and flexoelectric properties,
and greater hardness than the carbon-based counterpart [5][6]. Also,
thermal oxidation resistance is greater in BNNTs as compare to carbon
nanotubes (CNTs) which make BNNTs more suitable for aerospace
activities. Furthermore, BNNTs are stable up to 850°C in the normal
atmosphere [7] in the dissimilarity of CNTs starts to oxidize at 300°C
under similar conditions. BNNTs have excellent radiation shielding
properties. Also, BNNTs are proven to be the best applicants for
emphasizing metal-ceramic, and matrix composite, which is usually
manufactured at high temperatures [5]. Outstanding properties of BNNTSs
make it more suitable for many multifunctional applications like hydrogen
storage [8][9], optoelectronics and transistors, and composite material
[10].

1.5 Classification of Boron nitride nanotubes

1.5.1 Single wall boron nitride nanotubes

single wall boron nitride nanotube isformedbyasingle sheet of boron and
nitrogen, its diameter dimension is close to 1 nm, and the length
dimension is various from 10 nanometers to 100 micrometers[10]. rolling

of BN sheet is depend on indices vector (n, m). n and m are miller indices



a number of unitvectoralong two-directional in the hexagonal crystal
lattice in boron nitrogen sheet. according to n and m, three types of the
nanotube is possible zigzag, armchair, and chiral nanotube
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Figure 3: Single-wall boron nitride nanotube

1.5.2 Multi-wall boron nitride nanotubes (MBNNTYS)

Multi-wall boron nitride nanotube (MWBNNT) formed by rolling multiple
boron nitride sheets.The distance between two nanotubes which is called
interlayer distance in multi-wall boron nitride nanotube is 3.34 A [11].
Due to relative diameter limitation and geometry probability of the
singular tube, The whole multi-wall nanotube has a zero-gap metal.there
properties and morphology are similar to single wall nanotube but
MWBNNT shows very good resistance to chemicals which will add up

more properties in boron nitride nanotubes.



Figure 4: Multi-wall boron nitride nanotube.

1.6 Chirality
Chirality is used for defining the geometry and type of structure using

chirality. it has been found that three types of nanotube which are zigzag,
armchair, and chiral boron nitride nanotube. Here we only studied the
zigzag and armchair nanotube. The rapping of the boron nitride sheet is
done by using chiral indices (n, m) where n and m are chiral roll-up vector
[12]. Figure 5 shows the chiral vectors [13]. Chiral vector Cn can be

represented as follows:
C, = ma, + ma, (1)

Where a: and apare the unit vector in the boron nitride sheet and n, m are

miller indices.

Using Miller indices we can calculate the diameter of the nanotube as

follows

d= %\/(nz + m? + mn) (2)

Where ao = 1.446 A( Bond length )



We can define the type of nanotube by Miller indices n, m as follows if n
and m are equal than nanotube is called armchair nanotube and chiral
angle is 30°, if m is equal to zero value than nanotube is called zigzag
nanotube with a chiral angle equal to 0°, and if m is not equal to zero than
nanotube is called chiral nanotube with chiral angle value lie between 0°
and 30°.

To see the structure of the different types of BNNT Figure 5 shows the BN
sheet and nanotube of zigzag and armchair chirality[12].

Chiral Armchair

K 2
:0
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\_J
Oa!

armchair zigzag chiral

Figure 5: Representation of chirality in sheet and nanotube

1.7 Defects
Defects in nanotube play a very important role in defining the material

properties of nanotube. rearrangement of molecules or absent of molecules

from there position causes the defects in nanotube [14]. if defects are



present in nanotube these defects weaker the structure which causes a
reduction in buckling and tensile strength. various defects present in
nanotube are dislocation defect, vacancy defect, and Stone-wales defect
these defects present in nanotube reduce the thermal, electronic, and
mechanical properties [14].

1.8 Types of defects in BNNTs
Various types of defects present in BNNTSs describe below

1.8.1 Vacancy defects (Point defects)

From pristine BNNTS, if boron or nitrogen atom is not present in there
position [15]. this type of defect is called vacancy defect. These defects
are introducing in BNNTSs during the manufacturing process these defects
alter the properties of BNNTSs. vacancy defects reduce the mechanical,
electrical, and thermal properties of BNNTs [16]. Figure 6 shows the
vacancy defected nanotube. In the present work randomly generated
vacancy is considered in vacancy concentration form. in the computational
model, we can generate the defects. the vacancy concentration percentage

is calculated using the following formula

B sum of removed atoms o
~ sum of all atom in BNNTs before defect

p 100 (3)

Figure 6: Vacancy defect concentration



1.8.2 Stone-Wales defects (Topological defects)
First of all stone-wales defect is investigated by Song et al [17].

Experimental results and simulations are shows the stone-wales defect. in
this defect, two pi bond rotate 90° from there midpoint of the bond, and it
will convert two hexa- structures to one penta- and one hepta- structure in
nanotube [17]. This is called stone-wales transformation, this defect
generates two unfavorable homoelement which is B-B and N-N. this
defect affects the mechanical and electrical properties of the BNNTs. The

figure shows the stone-wales defect.

Figure 7: Stone-wales defect

1.9 BNNTSs Applications
The Boron nitride nanotubes (BNNTSs) grab researchers' attention after

discovered in 1994. Boron nitride and carbon-based nanostructure have
similar lattice structures and BNNTs can be created by rolling of two-
dimensional boron nitride nanosheets (h-BNNs). The BNNTs have large
bandgap, thermally and chemically more stable, good piezoelectric and
flexoelectric properties, and greater hardness than the carbon-based
counterpart. Also, thermal oxidation resistance [18] is greater in BNNTS

as compare to carbon nanotubes (CNTs) which make BNNTs more



suitable for aerospace activities.. Furthermore, BNNTSs are stable up to
850°C in the normal atmosphere in the dissimilarity of CNTs start to
oxidize at 300°C under similar conditions. BNNTs have excellent
radiation shielding properties. Also, BNNTs are proven to be the best
applicants for emphasizing metal-ceramic, and matrix composite, which is
usually manufactured at high temperatures. Outstanding properties of
BNNTs make it more suitable for many multifunctional applications like

hydrogen storage, optoelectronics and transistors, and composite material.

1.10 Synthesis Methods of Boron Nitride Nanotubes
There are various methods used for synthesis boron nitride nanotubes few

of them are discussed below.

1.10.1 Arc-Discharge Methods

The first technique for synthesis for carbon as well as boron nitride
nanotubes isthearc discharge method. In this method, for arc-discharge
reactants are used, and electrodes are applied between these
electrodes.Figure 8 shows the schematic representation of this method.
500 Torr pressure is maintained inside the chamber and 20-40 V and 150
A current maintained for performing this method. thegap between the two
electrodes is maintained low as 1mm. during this method,thetemperature
reachesupto 4000K. consumption of electrode is done by anode reason for
this is electron from the arc-discharge is accelerated and strike towards the

anode.deposition of nanotubes are done at the cathode.
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Figure 8: Arc discharge method

1.10.2 Laser Ablation Method
In this method, a continuous beam is sent to target (for boron nitride

nanotube target is a source of boron) this set up is present inside a furnace.
thereaction of boron is happening with nitrogen source gas. In
vary,theshort-time temperature reaches to few hundreds of Kalvin by
laser. from the furnace a carrier gas is passed during laser ablation. this

carried gas collect the nanotube on the cold metal trap[19].

1.10.3 Ball Milling & Annealing Method

This method complete in a two-step. first of all, at room temperature, a
ball milling is carried out, and then annealing is performed. A stainless
steel cell is used to load the source of boron. there are several steel balls
inside the cell. gas like NHsz or N2 is filled inside the milling chamber
which actsasasource of nitrogen. then this chamber starts to rotate and
balls start to collide with boron source powder. after performing the first
step we go for the second step in which boron powder is put into a furnace
and anneal with nitrogen source gas up to 10000C. this method is used for

synthesis large quantity at low cost.



Chapter 2 Literature review
BNNTSs show his outstanding properties that’s attracts a lot of researchers

who have been working on the synthesis and perform a computational
study of MWBNNTS.

Recent years of extraordinary properties of nanotube attract lots of
researchers' attention. The superior study of carbon nanotubes (CNTSs) by
lijima[20]and their electrical[21],thermal[20], [22]-[25], and mechanical
[20], [23]-[25]properties were encouraged the other type of

nanotube.Boron nitride nanotube shows more distinct properties.

Numerous researchers are doing work to find mechanical and
electrical properties by both experimental techniques and computational
methods.Axial compression and buckling behaviour of CNTs was
studied.Liew et al. [26] studied that increasing the diameter of nanotube
results in an increase in buckling load. Kang et al. [27]studied the carbon
nanotube subjected to compression nanotube-based intermolecular
junction using finite element analysis and molecular dynamics (MD)
simulation. Yan et al. [28] studied the buckling of multi-wall CNTs under
temperature field using nonlocal elastic shell theory and there study shows
that the critical compression load is shown inverse relation with
temperature. Liew and Yuan [29] studied the structural performance using
the computational modeling approach at high temperature and
compression of double-wall BNNT and their results show that thermal
stability and compressive strength of BNNTs are superior to CNTSs.
Shokuhfar et al. [30] used MD simulation to study the buckling strength of
BNNTSs at different temperatures. They found that at higher temperature
buckling strength decreases. Furthermore, with increasing the length of
BNNTs the buckling resistance decreases. Ebrahimi-Nejad and
Shokufar[31]. studied the buckling strength of BNNTs for hydrogen
storage. The literature review discussed above shows that buckling

strength is depend mainly on chirality, various defects, temperature, and



system size. Therefore for the effective study of piezoelectric properties,
we need to consider all these points in our work.

Khojin et al. [32] studied the buckling and electro-
thermomechanical loading of BNNTS reinforced piezoelectric polymeric
composite and they found that buckling resistance enhanced by
piezoelectric matrix, and the elastic medium is depending on the direction
in which electric field is applied. Jafari et al. [33]studied the mechanical
and electrical properties of nanostructures using a continuum mechanics
approach. Zhang et al. [34] studied the effect of electric field on the
buckling and fracture of the GaN nanowires and there study shows that as
we increase the electric field the critical buckling strain decrease and
tensile strain increases. Yamakov et al. [35] used MD simulations to
investigate the piezoelectric of BNNTs subjected to twist and tensile
forces and they found that polarization of BNNTs depends on their
geometrical configurations. Yamakov et al. [36] investigate the multi-
walled BNNTSs piezoelectric and elastic response using a classical MD
simulation and their study shows that electromechanical properties depend
on the diameter of BNNTs. And they also found that change size
significantly affects the piezoelectric properties especially polarization
decreases as we increase the diameter of BNNTSs. It is also reported that
the zigzag BNNTs show higher axial piezoelectric coefficients the
armchair tubes [37][38].

BNNTSs are being synthesized by using various techniques such as
laser ablation [39], arc discharge [40] this manufacturing processes
promote the presence of different topological defects such as antisites,
Thrower-Stone-Wales (TSW) [17], doping [15], vacancies due to inherent
limitation of the fabrication and purification processes. Apart from
mechanical properties these defects also influence the electronic properties
of BNNTs. Song et al. [17] study the effect of Stone-Wales defect of
BNNTSs using atomistic/continuum model. Li et al.[41]investigate how the

electronic structure of BNNTs and their nanocomposites affect by the



topological defects. Griebel et al. [42] investigated the BNNTs using
tersoff potential and see the effect of vacancies using molecular dynamics
simulations and there study shows that elastic modulus of BNNTSs
significantly decreases as we increase the vacancy defects. Paura et al.
[43] studied the vacancy defect of BNNTs and found that electronic
structure of BNNTS is strongly influenced by vacancy defects.Wang et al.
[44] investigate the strength, failure, and stiffness of BNNTSs containing
vacancy and TSW defects using DFT. They found that vacancy defect
shows a more change in the mechanical properties as compared to stone-
wales defects under axial deformation. Choyal et al.[45]studied the effect
of vacancy defect on the electronic and elastic properties of transversely
isotropic BNNTs using MD simulation. They found that as vacancy
concentration increases the transversely isotropic elastic constant of
BNNTs decreases. Zeighampour et al. [46] investigate the buckling
analysis with the defect and without defected BNNTs using MD
simulation their study shows that as we increase the defect buckling
decreases.

The literature review indicated that lots of studies carried out for
buckling and piezoelectric response of BNNTsTo the best of the current
author's knowledge, there is no single study exists which shows buckling
analysis of BNNTs under electric field effect and piezoelectric response.
also see the effect on vacancy and stone-wales defect in BNNts
mechanical and piezoelectric properties.Also, stabilized the relationship
for length and vacancy defect with the piezoelectric coefficient using

genetic programming.



2.2 Motivation
molecular dynamics are widely used for computational work because or

less time consuming and cost-effectiveness. boron nitride nanotubes have
a wide range of thermal, mechanical, and electrical properties also BNNTSs
have a large bandgap and it shoes excellent piezoelectric properties.
during the manufacturing process, different types of defects occur in
nanotubes like a topological defect, vacancy defect, stone-wales defects,
etc. the influence of these defects is very large in properties of BNNTS. the
electric field also affects the mechanical strength of BNNTS.

2.3 Research objectives
e Computational study of Piezoelectric response of zigzag and

armchair BNNTS, to develop a computational model for predicting
critical buckling stress of BNNTS.

e To investigate the electric field effect on buckling Finding
piezoelectric response of BNNTSs subjected to the electric field and
compressive strain.

e Determine the critical stress, piezoelectric response, and see effects
of vacancy and stone-wales defected BNNTSs via MDS.

e Integrated MD based Al simulation technique (Genetic Algorithm)
for formulating the relation using data obtained from MD

simulation



Chapter 3 Methodology

3.1 Computational Methods
computational simulation is the method to study the mathematical model it

is a modern tool for numerical study and sees complex system behaviour
by this mathematic model in the form of computer simulation. Molecular
dynamics is a widely used computational method, this method is cost-
effective also takesasmall time in simulation as compare to others. in
molecular dynamics it computes the motion of every molecule, and uses
newton's law of motions. which gives momentum and position of
molecules. by using molecular dynamics we can simulate the system in
every environment without any experiments which save our time and cost
[47].

3.2 Molecular Dynamics Simulation
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— e
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Figure 9: Graphical representation of MD process




Molecular dynamics is a simulation method in which we analyze the
movement of molecules and atom. this is achieved by integrating their
equation of motion. and integration is achieved by solving newton's
equation of motion. thepotential force field is used to define the interaction
between two atoms. Molecular dynamics is less time consuming and cost-
effective method. Also, we can generate a natural environment in
molecular dynamics by thermodynamics ensembles in present work we
use LAMMPS (large-scale atomic/molecular massively parallel simulator)

which is open-source software.

3.4 Integration Algorithms
Integration algorithm is used for finding initial value problem in molecular

dynamics simulation we have a position of atoms, potential energy is the
function of this position. these functions are very complex [48]. this
equation is solved numerically. various integration method is available but
velocity verlet algorithm is an efficient method in our study we use
velocity verlet algorithm. asuitable environment for velocity verlet
algorithm is it requires one energy evaluation, it should be fast, small
computer memory allocation requires, require low time step, shows

conservation of energy.

3.4.1 The Velocity Verlet Algorithm
integration of newton's equation of motion is done by using velocity verlet

algorithm. in one-time step, atoms are allowed to move and accelerate.
The new position of an atom is obtaining by using this acceleration data
and integration of motion equation which is velocity verlat algorithm.

below shows the velocity verlat algorithm.,

v (t,, + %) — V(L) +a(t,) % @)

At

r(t,, +?> =r(t,) + V(to +¥) At (5)



% (to + E) =V (to + E) + a(t,)At (6)

Where,
r = position of the atom,
V = Velocity of the atom,
a = acceleration of the atom.
To = initial time,
At = time step,

Variation of position, velocity and time step is showm in figure
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Figure 10: Change in position of an atom with respect to time

Creating a natural environment in simulation control of pressure and
temperature is necessary for the system. molecular dynamics simulations
are carried out in constant pressure and constant temperature this is
achieved by controlling there velocity and size of the simulation box.

controlling of these properties is discussed below.

3.5 Statistical Ensembles
The constant energy surface of the system is studied by integrating

newton's equation of motion. various natural system process occurs under
different pressure and temperature condition system transfer heat to the

environment or absorbs heat from environment therefore total energy of



the system is not conserved that's for simulation purpose we need
thermodynamics condition for maintaining a natural environment which is

discussed below.

3.5.1 Micro-canonical Ensemble (NVE)
NVE is a thermodynamic ensemble in which the number of atoms of

system, volume of the system, and energy of the system remain constant
[49]. this is obtained by solving newton's equation of motion. this is an
adiabatic ensemble therefor energy is conserved during the process but
there is a possibility of some truncation and rounding error.

3.5.2 Canonical Ensemble (NVT)
NVT is a thermodynamic ensemble in which the number of atoms of

system, volume of the system, and Temperature of the system remain
constant [49]. this is also called conical ensemble and some time referred
to as constant temperature molecular dynamics simulation. In this method
energy of the exothermic and endothermic process is exchange. This is
suitable when we carried out our simulation is without boundary condition

and in a vacuum.

3.5.3 Isothermal-Isobaric (NPT) Ensemble
NVT is a thermodynamic ensemble in which the number of atoms of

system, pressure of the system, and Temperature of the system remain
constant [49]. the pressure is changed by a change in volume and
temperature is maintained constant by a change in velocity of atoms. this
method is taken when correct volume, density, and pressure are important
in simulation. this ensemble mainly used in the equilibrium process for

achieving stable conditions.
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3.6 Potential Fields
For any computational method potential field play a very important role in

simulation, this potential field is the mathematical expression of the
potential energy of atoms [50]. The parameters of potential fields mainly
obtain from experimental methods. in our work, we use three body tersoff

potential. we can express the potential field as

E total = E covalent + Enon covalent (7)

Where,
Etwtal = total energy

Ecovalent = COvValent energy



Enon-covalent = non'CovaIent enel’gy

We can further express no-covalent and covalent energy as,

Ecovalent = Ebond + Eangle + Edihedral + Eout—of—plane (8)

Enon covalent = Eelectrostatic + Evander Waals (9)

The Lennard Jones interactions or van der Waal’s interactions are given

by
a'.. 12 o' 6
aete|G) ()] oo

Here o is called equilibrium spacing parameter of the Lennar-Jones
potential and it was obtained as the arithmetic mean of the individual
parameters of the respective atom. andthegeometric mean of the value of
the respective atom types is called depth parameter €. distance between

two non bonding atom is r.
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bond rotation

Figure 13: Force field degree of freedom



3.7Flowchart for MD simulations
The figure is shown the MD simulation flow chart,
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Figure 14: Flow chart of molecular dynamics simulation

3.8 Atomistic modeling of BNNTs
molecular dynamics is a widely used computational approach for

simulation and characterization of the nanostructure because of there cost-
effectiveness and less time consuming as compared to the experimental
setup. MD forecast accurate interatomic interaction between molecules
and atom and this is time-dependent behaviour of the system. this is done
step by step by using the integration of newton's equation of motion[42].
MD simulation provides an edge over the continuum-based models and

experiments with cost-efficient simulations. The fundamental advantage of



MD simulation over classical models is that it delivers a path dynamical
property of the system such as transport coefficients, responses to
perturbations, mechanical, and thermal properties, etc. [51], [52].
Therefore, MD simulation was performed in our work to investigate the
buckling behaviour and piezoelectric response of defected and without
defected BNNTSs. In the present study, LAMMPS[53] simulator was used
to perform all simulations. The Tersoff potential force field has been
successfully used to study the piezoelectric and buckling behavior of
BNNTSs [45], [54], [55]. The Tersoff potential force field [56] was used to
describe the potential field coefficient of interatomic interaction between
boron-boron, nitrogen-nitrogen, and boron-nitrogen atoms of BNNTSs for

the present MD simulation. This potential energy is expressed as follows:

-1y

T =i
Vi = fe(ry)lfe(ri) + bisfa(r)](12)

1:7<R-D
):R—D<r<R+Du$
O:r>R+D

2 D

fe(r) = {=—=sin

1 1 (nr—R
2 2

fr(r) = Ae™17(14)
fa(r) = —Be~*27(15)

Where,

Vij = Bond energy

E = Energy of the system

rij = distance between atom i and j

bij = bond angle between atom | and j
fe(r) = cut-off function

fr(rij) = repulsive pair potential



fa(rij) = attractive pair potential

The axial virial stress (o) was averaged over time and position of all

atoms, as follows[57]:

N N
1 1 T | i
o= NZ 7 mvivi + EZ Er, |(16)
i=1 JEI!

where V;j is the volume of a tube, N is the number of atoms in a tube,FZij IS

the interatomic potential force between the atoms i and j, ri and r; are the

7 is the interatomic distance in the axial direction

position vectors, rZi
between the iandj atoms, and m; and v/} are the mass and velocity of atom

i, respectively.

The investigation of the buckling behaviour of BNNTs under the
influence of the electric field was accomplished by assuming the structure
of BNNTs is a hollow continue cylinder with a wall thickness of 3.4
A[58]-[60]. The cross-sectional area of BNNTS is given as,

A= (D3 - DP) 17
and volume (V),
V=Al (18)

where A is a cross-sectional area, D; is inner diameter and D, is outer
diameter, the thickness of BNNTs is t, the volume is represented as
V,thelength is | andthe Aspect ratio (L/D) was considered as 15[45]. The

engineering strain is calculated by,

£= — (19)



wherelp is the original length of nanosheet after minimization. Strain ¢ and
electric field E5 is applied along the axial direction of BNNTSs and force of
f; = q;E5 is generated, where g; charge of ionl (+2.6e for B%* and -2.6e
for N?%), is generated in BNNTs[34]. To applied E-field on BNNTSs

The molecular dynamics simulation was performed in the

following manner: First, the initial structure of BNNTs was prepared.
Then relaxed the initial configuration (50 ps was used) by using a
conjugate gradient method to minimize their energy from residual stresses.
to reach the equilibrium stage it is considered that if the potential energy
of the system is less than 1.0x107% kcal/mol. Here we use constant volume
and temperature ensemble (NVT) and take time step as 0.5 fs and total
time is 50 ps for reach equilibrium in BNNTs nanostructure. further
classical equation of motion is integrate using the velocity verlet
algorithm[61].
The defects occurred in BNNTs when it goes manufacturing process these
defects change properties of the nanostructure. here we consider two types
of defects stone-wales defect and vacancy defect. vacancy defect occurs
randomly in nanostructure there for we generate random vacancy defect
concentration. this concentration of vacancy defects affects the properties
of BNNTSs. The figure shows the vacancy defect concentration. following
relation is used to calculate the vacancy defect concentration (p),

N
p= W" x 100% (20)

where

Ny = number of atom removed,

N = Total number of atoms present in BNNT.

To create a vacancy defect, boron and nitrogen atoms are removed as
shown infigure 15,At present study considered: p=0% (pristine), 1%, 2%,

3% and 4% vacancy concentrations.
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Figure 15: Different concentration vacancy defect

A stone-wales defect is a defect in which connectivity of two n-bond is
changed and this m-bond rotates 90° with respect to there midpoint of their
bond.Andconverting the four adjacent six-member rings into two
pentagon/heptagon pairs. The stone-Wales defects are calculating the
number of n-bond here we consider O (pristine), 1, 2, and 4 stone-Wales
defects.

The piezoelectric constant is calculated using Maxwell equations [62],
[63]which is the negative slope of stress and electric field curve and given
as:

do
€33 = — 35, (21)

Where es33 is piezoelectric constant is compressive stress and Es is the
electric field along the length.

To investigate the effect of different chirality on piezoelectric constant.
The selection of different chiral BNNTs was based on the fact that they
have maintained L/D ratio as 15 and length constant. One type of (10, 10)

armchair BNNTSs were considered.
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Figure 16: Schematic representation of applied electric field on (a)

armchair and (b) zigzag BNNTs

3.9Genetic programming model
Genetic programming used for the symbolic regression problem.in our
study, we use molecular dynamics simulation data for forming a

relationship between length and vacancy effect with the output variable

piezoelectric coefficient.

The first initial population is generated by taking randomly element from
the function and terminal sets. this element is a mathematical operator in
the present work we are using two types of elements first one is arithmetic
operators (+,-,+,%), and the second one is non-linear elements like (sin,
cos, tan, exp, tanh, log).The elements of the terminal set are input process
variables and random constants. in our work, we use two input process
variable length and vacancy defect concentration.fitness function is used

to see the performance on the input variable, this fitness function is



compared of actual values and predicted values of the GP model. the
fitness function value minimum for getting better results. therefor we use

root mean square error (RMSE) is given by

N 1G. — A:|2
RMSE:\[ l_llzlv d (22)

whereG; is the predicted value for the ith data sample by the genetic
programming model, A; is the actual value of the ith data sample, and N is

the number of training samples.

initial population performance is checked using termination criteria, this
termination criteria is defined by the user and this is the threshold error of
the model. iftheinitial population not performing according to us then a
new population is generated by performing some genetic operations like
mutation, crossover. forthegenetic operations, tournament selection
method is used. and genetic diversity is maintained by this.The crossover
operation, namely, subtree crossover is used. Figure 17 shows the
functioning of a subtree crossover in which the branch of the two models

is chosen randomly and swapped.

subtree crossover method is used in the genetic programming Figure
shows the functioning of a subtree crossover. in this randomly two
branches select and exchange with each other. therandomly generated
subtree is replaced by the branch of the model and this is called subtree
mutation. inthepresent model reproduction probability rate is taken as
10%, the mutation probability rate is 5%, and the crossover probability
rate is 85%. this shows that a large number of the population comes from
crossover operation in the GP model.this whole process runsupto which
termination criteria reaches and selection of the best model is done using

minimum RMSE and this is performed using test data.
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Chapter 4 Results and discussion
To effect of the electric field (E1) on vacancies and stone wales defects

were considered to determine the axial piezoelectric coefficient of both
armchair (10, 10) and zigzag (0, 17)BNNTSs.First, the MDS was performed
on the pristine BNNTSs subjected to the electric field E; from -0.25kV/cm
to 0.25kV/cm. Figure 19 shows the relationship between axial
compressive stress-axial compressive strain relationship curve. In the
present From Figure 19 the compressive axial strain and axial stresswere
considered as positive. The stress-strain curve of zigzag BNNTs without
the effects of Eiwas tasted at the different stages as shown in Figure. 20.
Which were associated with points A,B, C on the positive compressive
stress-strain curve.Figure 20 shows stage A in which nanotube is
inarelaxed position, and buckling starts. at point B it reaches its critical
point this is the failure point of nanotube and stress associated with this
point is called critical stress and at point B strain value is called critical
buckling strain. as increasing strain after a point, B leads to a decrease in
stress drastically. The position is called stable equilibrium if critical strain
value is larger then axial average strain. if critical strain value is smaller
than axial strain then BNNTS are in an unstable position.Different steps of

buckling deformation of BNNTSs are shown in Figure 20.
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Figure 19: Axial compressive stress-strain curve for BNNTs
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Figure 21: Stress-strain curve of zigzag (0, 17) BNNTSs subjected to the
different electric field.

The axial compressive stress and strain relationship for zigzag (0, 17) and
armchair (10, 10) with different E1 are plotted in Figures 21 and 22. As
shown from Figure 21 (zigzag BNNTS) that the applied E; increases form



-0.5x10° kV/cm - 0.5x10° kV/cm and the critical buckling stress for
different Ezwas found to be constant thatis around 6.7 GPa with variation
less than £1%. the reduction of critical buckling strain occurs almost 68%
in this process as shown in Figure 21. the reason for piezoelectricity in
BNNTSs is because B and N atom are distributed along with the tube axis
layer by layer which causes spontaneous polarization and produces
piezoelectricity properties44], [79].

5
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Figure 22: Stress-strain curve of Armchair (10, 10) BNNTSs subjected
to the different electric field

Similarly, as seen from Figure 22 that the armchair (10, 10)
BNNTSs, the applied E; increases form -0.25x10° kV/cm to 0.25x10°
kV/cm the critical buckling stress was identified around 4.1 GPa with a
variation of £9% at the critical buckling strain 0.032 with a variation of
+7% this occurs due to their unit cell structure of BNNTs[64] before
reached the buckling stage at axial compressive stress and strain is almost
same for all three E; this was identified in armchair BNNTsbecause along

the tube axis at each layer B and N are in same numbers, Therefore it will



not show any effect due to change in the E; and also, this is cause null
value of spontaneous polarization, therefore, no piezoelectricity found.

In the previous sets of results, it was identified that only zigzag
BNNTSs shows the piezoelectric effect and piezoelectric effect was not to
be identified from armchair BNNTSs. Therefore, the piezoelectric effect of
zigzag (0, 17) BNNTSs were considered to determine the axial compressive
stress vs E1 curve as shown in Figure. 23. It can be observed from Figure.
6 that compressive stress and E: follow the linear relationship due to the
converse piezoelectric effect. The piezoelectric coefficient was calculated
using the Maxwell relation, and it was equal to the negative slope of the
stress- electric field E1 curve. The current predictions of piezoelectric

coefficients of zigzag BNNTs were found to be 0.32 C/m?,
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Figure 23: Variation ofstresses in pristine (0, 17) BNNTs with the
Electric field.
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Figure 24: Schematic representation of vacancy concentration of 0%o,
1% and 2% for zigzag (0, 17) BNNTSs.

Table. 1 Buckling stress and buckling strain of different vacancy defected

BNNTSs.
Vacancy defect 0% 1% 2% 3% 4%
concentration
Buckling stress 6.71 4.24 3.63 3.09 2.76
(GPa)
Buckling strain 0.042 0.031 0.030 0.029 0.028
Piezoelectric 0.31 0.28 0.25 0.23 0.21

coefficient (C/m?)

Figure 25 shows the axial compressive stress-strain plot of vacancy
defected zigzag (0, 17) BNNTSs subjected to the different E1. The vacancy




defect was generated randomly and the concentration of vacancy was
considered as percentages wise such as 0% (pristine), 1%, 2%, 3%, and
4% as shown in Figure. 25. For pristine BNNTs when strain reaches 0.042
the critical buckling stress obtain is 6.7 GPa. In the case of 1% vacancy,
the buckling stress and strain were reduced up to 4.2 GPa and 0.031,
almost 59%, and 35% reduction was identifiedin buckling stress and
strain. All 4 cases are shown in Table 1.From Table 1 it was identified that
as increasesthe concentration of vacancy defect buckling stress and strain
value decreases linearly. The matter of fact was identified that the initial
structure is maintaining the symmetrical structure for buckling and it will
require more amount of energy as compared to defected BNNT. In the
case of vacancy defected BNNTS, the boron nitrogen bond was broken an
atom is absent from their position therefore it will not maintain symmetry
and it will require less amount of energy to break the first bond and reach

the buckling stage.
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Figure 25: The stress-strain curve with vacancy defect zigzag BNNTS.



Among all other properties, the polarization of BNNTs was found to be
very sensitive to vacancy defects, in the real case, due to the vacancy atom
is absent from their location randomly. Therefore, further MD simulation
was performed to investigate the effect of vacancies on the piezoelectric
properties of BNNTS by creating vacancies in such a way that randomness
is maintained. Figure 26 shows the stress-electric field curve of different
vacancy concentrations of BNNTSs. The piezoelectric coefficient is
calculated by considering the negative slope of the stress-electric field
curve and as vacancy concentration changes from 0% to 4%, the slop was
decreased. Therefore, the value of the piezoelectric coefficient decreases
from 0.31 C/m? to 0.21 C/m?.
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Figure 26: Stress-electric field curve vacancy defected zigzag BNNTS.



4.2 Stone-wales defect effect
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Figure 27: Schematic representation of stone wales defects by rotating
B-N bonds 0, 1, and 2 for zigzag (0, 17) BNNTSs.

Table.2 Buckling stress and buckling strain of different stone wales

defected BNNTSs

Stone-wales 0 1 2 4
defect

Buckling stress | 6.71 3.35 3.86 3.91
(Gpa)

Buckling strain | 0.042 0.022 0.025 0.026
Piezoelectric 0.312 0.308 0.308 0.306
coefficient

(CIm?)

The SW defect creates when a boron nitrogen bond considering in

between two hexagons and this boron nitrogen bond rotates by 90° about




an axis. After transformation, these B-N bonds converted into N-N and B-
B bonds. Four hexagonal cells as shown in Figure. 1 atom then transform
into two pair of heptagonal and pentagonal 7/5/5/7, respectively [65]. In
the present study considered zigzag (0, 17) BNNT subjected to different
electric field -2.5 to 2.5 kV/cm. The Schematic representationofstone
wales defects considered as rotating 1, 2, and 4 boron nitrogen bonds as
shown in Figure 28.
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Figure 28: The stress-strain curve with stone-wales defect zigzag
BNNTSs.

Figure 28 shows the stress-strain plot of Stone-Wales defected
zigzag (0, 17) BNNTs subjected to the different electric fields.The
different stone-wales defect is creating by rotating B-N bonds 90° and by
rotating 1,2, and 4 number of B-N Bonds. For pristine at 0.042 strain
value critical buckling stress is obtained is 6.7GPa in case of 1 stone-wales
defect BNNTSs buckling stress is reduced to 3.35 GPa and strain is reduced
to 0.022 All 4 cases are shown in table 2, from table 2 we can see that as
we increase stone-wales defect buckling stress value slightly increases

also buckling strain value increases. This is happening because of the



change in their initial structure. And if we see the piezoelectric effect of
BNNTSs subjected to stone-wales, as we increase the stone-wales defect
from 1 to 4 the piezoelectric coefficient is decreased but this change is
very small.Tosee the variation in the buckling process step-by-step
snapshots of the zigzagBNNT under uniaxial compression loadings are
shown in Figure. 12, respectively
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Figure 29: The snapshot of failure process in BNNTs under axial
compression loading of zigzag (0, 17) BNNT.
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Figure 30: The snapshot of the failure process of stone wales defected
BNNTSs under axial compression loading of zigzag (0, 17) BNNT.
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Figure 31: The snapshot of the failure process of vacancy defected
BNNTSs under axial compression loading of zigzag (0, 17) BNNT

4.3 Genetic programming
The data obtained from molecular dynamics simulation is used for the

genetic programming method to formulate a relationship between the
length of BNNTs (x1) and a number of vacancy defects (x2) and
piezoelectric coefficient (y) is used as output variable all this data is
obtained from MD simulation. learning of model is majorly dependent on
how we select the training sample that's why 70% of randomly chosen
data is used as a training sample and remaining data is used as testing
samples. this data feed into cluster we created using an integrated

computational model which is genetic programming model.

For creating the GP model we used python library GPlearn. this library is
used for implementation, evaluation, and other processes for the selection
of the piezoelectric coefficient of BNNTSs. for getting the best result from
the proposed model we use the trial and error method to adjust the setting
parameter you can see in Table 3. for the diversity of our model we choose

a wide range of mathematical elements. generation set and population size



are chosen according to the problem. the maximum number of genes and
dept is chosen 6 and 8 respectively according to data we have for BNNTSs.
The final proposed mathematical model obtained from the genetic
programming model is shown below.

y = sub(sub(sub(add(x1, Xo), mul(div(neg(0.769), neg(x1)), div(add(log(

abs(-0.100)), xo), inv(-0.519)))), mul(x1, max(xz, log(div(max(abs(mul(x
1, X1)), inv(-0.519)), x1))))), div(neg(0.776), add(x1, inv(-0.519))))

where,

y = piezoelectric coefficient,

x1 = length of BNNTS,

X2 = vacancy defects concentration in BNNTSs

Table 3: Descriptive statistics of the input and output process variables

obtained from MD simulations for BNNTSs

Statistical Length (x1) Number of Piezoelectric
parameter vacancy constant (y)
defects (x2)

Mean 181.666667 2.055556 0.227354

Standard error | 3.547069 0.337931 0.008711

Median 180.000000 2.000000 0.224965

Standard 15.048940 1.433721 0.036959

deviation

Variance 226.470588 2.055556 0.001366
Length (x1) Number of Piezoelectric




vacancy constant (y)
defects (x2)
Kurtosis -1.464024 -1.269737 0.217362
Skewness -0.084141 0.026336 0.666206
Minimum 160.000000 0.000000 0.175106
Maximum 200.000000 4.000000 0.313098

Table 4: Parameter settings for proposed MD based Al model

Parameters Values assigned
Population size 100

Number of generations 100
Tournament size 3

Max depth of tree 6

Max genes 8

Functional set (F)

(‘add’, 'sub’, 'mul’, ‘div', 'sqrt’, 'log’,

‘abs', 'neg’, 'inv', 'max’, 'min’)

Terminal set (T)

(X1, X2, [[1 1])

Crossover probability rate 0.85
Reproduction probability rate 0.10
Mutation probability rate 0.05




4.4 Conclusion:

As the first of its kind, we report the piezoelectric coefficient and buckling
analysis of BNNTs subjected to the electric field. Three-body tersoff
potential force field is used in molecular dynamics simulation for
investigating the effect of stone-wales defect and vacancy defect in
BNNTs also find the mathematical relationship between length and
vacancy defect with output variable piezoelectric coefficient, our results

match with the present study. Below is the summary of the results:

e The buckling strain strongly related to the electric field.
whentheelectric field increases the buckling strain decreases for
zigzag BNNTSs. and for armchair BNNTS, there is no significant
effect of the electric field in buckling strain.

e The change critical buckling stress is very less for armchair
BNNTs and almost negligible for zigzag BNNTSs.

e The buckling stress and piezoelectric coefficient is decreasing as
we increase the concentration of vacancy defect. because of here
change in structure.

e The buckling stress for the stone-wales defected BNNTs decreases
on the other hand very small change in the piezoelectric
coefficient.

e The mathematical model obtains form genetic programming shows
the good result with an R-square value of 0.99 which is very good

results.
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