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ABSTRACT

Niobium (Nb), Zirconium (Zr) and Zr-Nb alloys are commonly used as the structural material
in nuclear reactors. Niobium is a rare, soft, malleable, ductile, grey-white metal transition
element. Due to superior creep properties and low neutron cross section, Zr-Nb are used for
the manufacturing of pressure tubes and fuel cladding in nuclear reactors. Additionally, is used
in alloys for nuclear reactors, jets, missiles, cutting tools, pipelines, welding rods and super
magnets. On addition of Nb in Zr makes significant improvement in certain properties of Zr
like corrosion and creep resistance. In this project molecular dynamics-based simulations were
used to study the effect of the irradiation induced microstructural changes in these nuclear
materials. Due to time and spatial scale involved in irradiation induced damage, experiments
are not feasible, hence atomistic simulations are emerging as viable alternative. In this report,
simulations were performed to study the effect of tilt grain boundaries on the point defect
formation energies in a bi-crystal of Nb. In order to study the effect of grain boundary
configuration on defect formation energies, tilt grain boundaries were generated in the
simulation box containing either symmetrical or asymmetrical boundaries between the two
crystals of Nb. All the tilt grain boundaries were generated along the [0001] as the tilt axis with
different mis-orientation angles. Grain boundary energies were estimated for each mis-
orientation angle and a relation is derived between the distance from the grain boundary and
defect formation energy. The defect migration energy was also calculated for both symmetrical
and asymmetrical tilt grain boundaries. It has been concluded from this part of research project
that defect formation energies reduce significantly in vicinity of grain boundaries, which makes
these configuration as sink for the radiation induced defects. The results obtained were
validated with the help of data available in literature.



TABLE OF CONTENTS

Candidate’s DeClaration .............oouiiiuiiiitt i i e i
ACKNOWIEAZEMENL ....o.eit e il
N 1] 3 o1 v
LISt Of FIQUIES .ot vii
TS 0 721 o) T S S X
ADDIEVIALIONS. . . ittt et e e e e e Xi
1. INTRODGUETIQN s 8.5 5. .. A g, e R 1-18
1.1 Concept of Radiation Damage .........ccceivieiiiiiiiee st iae e 2
1 2 DiSplcement Cascadefg. » ~o0 L. gla gl .. 0 e 00 R 3
1.3.Charaeterizing TEChmIQUES =n...0famerm .. L B i ey ool 5
1.4 Modelling techniques for Nb.............coooi i 6
1.4.1 Molecular DynamicCs..........o.oieiitiiiuinii it 7
1.4.2 Molecular Mechanics...........cveviiiiiiiiiiiiiiii el 8
1 47§ MO @Gaald;  Mee. Y. 200 Dol I ettt T L 9
1.55teratomic' ROteltal M, 08 KT e . B . R 9
1. FulBBairfotential. . . M i e TR T RN M YT 9
in6 2 ToS@E polemtial.... .0 .......0 T .. a5 ... ey 2 10
18,3 BAM potellialfi e, . oo oen oo mop il Blla™. ... ol .. ... 10
1.5.4 Empirical potential............cooiiiiiiiiiiiiiii e 11
1.5.5 Semi-empirical potential........co.co.ooiiiiiiiiiiii 11
L.O Ensemble. ... 12
1.6.1 Type of ensembles.........ccooviiiiiiiiiiiiiiii e 12
1.7 Niobium properties and applications.............ccevveiiiiieiieenneennn... 13
1.8 Definition of problem..............ooiiiiiiiiii 17



1.9 Brief description of the work...............ooooiii i

LITERATURE REVIEW . ...,

SIMULATION DETAILS ...

3.1. Single crystal of NiODIUM...........ccovoiiiiiiice e

3.2. Niobium bi-crystal simulations................ccccoceeveeeieiieeieeeeieeeee

3.3. Defect generation and VFE calculation......................c...oooeini

4. RESULT AND DISCUSSION . ...ttt e

4.1 Variation of VFE with distance from GB..............o i,

4.2 Variation of IFE with distance from GB........ ... it

4.3 Variation of min. VFE and GB energy..............ccooviiieniiininiinans.

4.4 Variation of VFE with mis-orientation angle..........................oo...

4.5 Vacancy Migration Energy.........ccoooviiiiiiiiiiiiiiiiiiiiiii e,

5. Conclusion and fUtUre @SPeCtS. ........oouiiriiii i

References

Vi

17

19-30

31-34

31

32

34



LIST OF FIGURES

Figure No Figure Name Page No
1 Evolution of displacement cascade over time 3
2 Three stages of a displacement cascade (a) Initiation (b) 4
thermal spike (c) relaxation.

3 Evolution of displacement cascade and re-arrangement of 5
atoms over layers

4 Zirconium crystal bar, Niobium, Zr-Nb alloy tubes 13

5 Rods of steel-niobium alloy. 15

6 Fuel-rod cladding in nuclear powerplants 15

7 Jet engine blades made of Nb based alloy 15

8 High pressure tubes made up of Nb based alloy 16

9 Magnetic Resonance Imaging machine 16

10 Activated slip planes at the onset of plasticity in 19
simulations performed with different PKA energy level.

11 Stress-strain response captured with altered PKA energies 20
at a temperature of 10K.

12 Stress-strain response captured with altered PKA velocity 20
vectors at a temperature of 10°K.

13 Frenkel pairs generated in MD based simulation with 21
respect to (a) simulation box temperature (b) PKA energy

14 Frenkel pair generated with respect to PKA velocity vector 21
aligned with various crystal orientation

15 Distribution of vacancy (blue atoms) and interstitials (red 22
atoms) in simulation box with respect to simulation box
temperatures, PKA energy and PKA velocity vector

16 Asymmetrical tilt grain boundary energies at mis- 23
orientation angle of 36.86°as a function of inclination angle
(D)

17 Deviation in GB energy with respect to mis-orientation 23

angle along <{100) tilt axis.

Vi



https://www.sciencedirect.com/topics/engineering/interstitials
https://www.sciencedirect.com/topics/engineering/simulation-box

18

Stress-strain curve for 36.86° and 53.13° mis-orientation

angle with {100 ) tilt axis at (a) 300K (b) 1 K

24

19

Dislocation nucleation and growth in STGB for 6 = 36.86°
mis-orientation angle at 1 K and 300 K (as, a2) Before yield
(b1, b2) At yield (c1, c2) After yield.

24

20

Dislocation nucleation and growth in ATGB for 6 = 36.86°
and @=26.57° at 1 K and 300K (a1, a2) Before yield (b,
b2) At yield (ci, c2) After yield.

25

21

Variation in VFE as a function of misorientation angle, and
the distance from GB for [0 0 0 1] as tilt axis. (The VFE for
an asymmetrical GB (@ = 10°) is also plotted.)

26

22

The variation in IFE as a function of misorientation angle
and distance from GB for [0 00 1] as tilt axis. (IFE for an
asymmetrical GB (© = 10°) is also graphed.)

27

23

The trend of VFE as a function of misorientation angle
along tilt axes aligned with [0 0 0 1]. The values specified
next to data points correspond to the GB energies at

specific misorientation angle.

27

24

The trend of the IFE as a function of misorientation angle
along the tilt axes aligned with [0 0 O 1]. The values
specified next to data points correspond to GB energies at

certain misorientation angle.

28

45

Diagram of generation of symmetric tilt grain boundaries
(STGB) and asymmetric tilt grain boundaries (ATGB)

32

26

STGB structures with [0001] as the tilt axis containing mis-
orientation angles (a) 25.06° (b) 43.6° (¢) 53.13° (d) 67.38
(e) 73.73

35

27

Variation in STGB energy with respect to mis-orientation

angle along [0001] tilt axis.

37

28

ATGB structures with misorientation angle (20) of 36.86°
along the [0001] tilt axis and inclination angles (@) of (a)
30.96° (b) 36.86° (c) 43.6° (d) 53.13°

38

viii



https://www.sciencedirect.com/topics/materials-science/strain
https://www.sciencedirect.com/topics/materials-science/nucleation
https://www.sciencedirect.com/topics/materials-science/nucleation

29

Asymmetrical tilt GB energies at mis-orientation angle of

36.86°as a function of inclination angle (9).

39

30

Variation of VFE as a function of mis-orientation angle,
and distance from grain boundary for STGB with [0001] as

the tilt axis.

40

31

Variation of VFE as a function of the mis-orientation angle,
and the distance from the grain boundary for ATGB with
[0001] as the tilt axis.

40

32

Variation of VFE as a function of mis-orientation angle,
and distance from grain boundary for STGB with [0001] as

the tilt axis.

41

33

Variation of VFE as a function of mis-orientation angle,
and distance from grain boundary for ASTGB with [0001]
as the tilt axis.

42

34

The trend of min. VFE as a function of GB energy for
asymmetrical tilt GB with [0001] as the tilt axis.

43

35

Trend of VFE as a function of mis-orientation angle for
symmetrical tilt grain boundary tilted along the axis aligned
with [0001].

43

36

Trend of VFE as a function of mis-orientation angle for
asymmetrical tilt grain boundary tilted along the axis
aligned with [0001].

44

37

Minimum vacancy migration path in a bi-crystal of Nb
containing a STGB with mis-orientation angle of 36.86 and
inclination angle 36.86°.

45

38

Minimum vacancy migration path in a bi-crystal of Nb
containing a ATGB with mis-orientation angle of 36.86 and

inclination angle 36.86°.

45

39

Minimum vacancy migration path in a bi-crystal of Nb
containing a ATGB with mis-orientation angle of 36.86 and

inclination angle 36.86°.

46




LIST OF TABLES

Table No Table Description Page No

1 Various ensembles used in MD and MC 12

2 Configuration details of symmetric tilt grain boundaries 33
tilted along <0 0 1> axis.

3 Configuration details for asymmetric tilt GBs tilted along 33
<0 0 1> for 36.86° mis-orientation angle.

4 Variation in GB energy with respect to mis-orientation 36
angle

5 ATGB energies with changing inclination angle and a 39

constant mis-orientation angle of 36.86°




ABBREVIATIONS

SIA Self-interstitial atoms

PKA Primary knock-on atom

FEM Finite Element Method

MM Molecular Mechanics

MC Monte Carlo

EAM Embedded atom method

Nb Niobium

Zr Zirconium

STGB Symmetrical tilt grain boundary
ATGB Asymmetrical tilt grain boundary
NEB Nudged elastic band

VME Vacancy migration energy

CNA Common neighbor analysis
VFE Vacancy formation energy

IFE Interstitial formation energy

dpa Displacements per atom

GB Grain Boundary

LAMMPS | Large Scale Atomic/Molecular Massively Parallel Simulator
OVITO Open Visualization Tool

CG Conjugate Gradient

Xi




CHAPTER 1

INTRODUCTION

The nuclear power is one of the clean source of energy, emerged in the past few years. The
nuclear materials are the structural materials for the nuclear powerplants and they play a vibrant
role in fabrication of various components in the nuclear industries. The various nuclear
materials possess several unique properties which make them suitable for the number of
applications in the various fields. The presence of properties like high ductility, corrosion
resistance, hardness and low nuclear cross section makes Zirconium and Niobium based alloys
an important constituent element of nuclear industries. Niobium has a variety of applications
in the structural component material in nuclear reactors. The use of Niobium in alloys such as
Zr-Nb alloy, makes the structure to perform with higher efficiency as compared to the single
element structure. The high melting point temperature of the Niobium makes it an important
element for the high temperature applications and even to enhance the properties of several
other elements by combining with them in the alloy form. Niobium based superalloys are
widely used to enhance the operating temperature of the turbine blades. Nb has emerged as a
promising candidate to be alloyed with the various materials to enhance their properties. Zr-
Nb alloys have a wide use in the fuel rod cladding as well as in pressure tubes of the nuclear
reactors. “Gum metal” an alloy of titanium and niobium, exhibit a unique deformation
behavior. A significant amount of work has been done by the researchers to study the various
defects induced in the nuclear materials and their failure mechanism during their operation. As
compared to the single crystal, polycrystalline materials have greater resistance to radiation-
induced defects. When the irradiation phenomenon takes place in the nuclear materials, they
induce certain defects in the material such as vacancy or interstitial. These point defects lead
to decrease in the strength of the material due to the microstructural changes taking place at the
atomic level. Even though the time frame required to induce the micro-structural changes in
nuclear materials takes time of weeks to years, the primary irradiation damage events leading
to such microstructural changes last only for couple of picoseconds. There are several
limitations associated with the experimental techniques to study these irradiation effects such
as time, cost and even hostile environmental conditions. In such cases, computational approach

becomes the only way to handle materials undeostile and extreme conditions that can never be



reached in a laboratory having high pressures and temperatures, presence of toxic substances
or nuclear radiation. So, currently researchers are widely using the computational techniques
to investigate such problems. Molecular Dynamics (MD) based atomistic modelling is one such
computational method being used now-a-days on a wide scale to investigate irradiation induced
micro structural changes at such short spatial and time scales. Such MD based simulations have
been used by scientists to examine the effect of radiation damage on materials like Iron,

Copper, Zirconium etc.

1.1 Concept of radiation damage:

Radiation damage is associated with ionizing radiation, which tends to be increasingly

damaging in following order of molecular formation:

o Metallic bond (least damaged)
e lonic bond

o Covalent bond (most damaged)

It is a significant contemplation while designing nuclear reactors (where radiation levels are

pretty high), and also is one of distressing effects of nuclear weapons.

One of the major consequences of interaction of high energy particles (electrons, neutrons, ions
and photons) with crystalline materials is creation of lattice defects. Figure 1, shows damage
creation procedure in a displacement cascade activated by an anion or a neutron. The damage
(along its evolution with time) governs macroscopic response of material to radiation, and
hence is important to apprehend. Broadly, damage production can be divided into two
categories: primary damage that is formed instantly after neutron/ion/electron impact by atomic
collision processes far from thermodynamic equilibrium, and long-time scale (nanoseconds to
years) damage evolution caused by thermally activated processes. The damage creation and its

evolution with time as shown in figure.1 can be elucidated as follows:

1. High energy particle incident on the surface and interacting with the lattice atom.
2. The kinetic energy is transferred to lattice atom and it generates a PKA (primary knock-
on atom).

3. Displacement of atom from its lattice position.



4. This PKA collides with other atoms in the lattice and it leads to the generation of
additional knock-on atoms and further a displacement cascade is formed.

5. The relaxation phase in which several atoms with very high energy return to their lattice
positions due to instability. In this phase, a high energy region is formed known as
thermal spike.

6. Some atoms get permanently displaced from their lattice sites, leading to the generation

of defects.

Energy (eV)

Figure 1: Evolution of displacement cascade over time. [1]

1.2 Displacement Cascade:

The displacement cascade in a solid (inside a solid structure) occurs when an atom in material
is displaced from its site by an incident damaging particle and moves throughout material
domain producing surplus displacements. It is used either to calculate an exposure parameter
such as displacements per atom (dpa) as a method of comparing diverse irradiations and as a

radiation induced defect source term in modelling effect of radiation.

3



Whenever a high energy particle (like neutron) hits an atom, it imparts a part of its energy to
this atom, displacing it from its lattice site. Such an atom is known as PKA (this being the
initiation stage). This particle further collides with other atom, transferring a part of its energy
and so on. A lot of atoms have been displaced from their respective lattice site and the energy
of the system increases. This shown by the second stage, i.e., the thermal spike. After this stage,
the atoms start to lose relax and return back to their original site. This is relaxation stage. After
this stage, only the stable defects remain in the cascade. These defects called as primary defects
are the self-interstitial atoms (SIAs) and the vacancies. These form a Frenkel pair. When there
is no dislocation or grain boundary present in the system, like in case of a single crystal the

number of SIAs will be equal to the number of vacancies.

(@) (b) ©

Figure 2: Three stages of a displacement cascade (a) Initiation (b) thermal spike (c) relaxation.

[1]

Initiation phase: In the initiation phase of the displacement cascade, a high energy particle
strikes the surface of the material and penetrates a significant distance through it before
displacing the target atom from its lattice position. The target atom which is displaced from the

lattice site due to the transfer of energy from the high energy particle is known as PKA.

Thermal spike: This is the second stage following the initiation phase. In this phase the PKA
collides with the other atoms in the material and a cascade is formed. The cascade energy gets
distributed among the atoms in that region. Thus, a hot region is formed in the material that is

called as thermal spike.

Relaxation: In this last phase after the thermal spike, certain displaced atoms with the very

high energy get back to their original lattice positions i.e. a process of recombination of



vacancies and interstitials takes place. Thus, this region is also known as the thermal spike

cooling phase and it lasts only for few picoseconds.

@) 0.1ps (b) 0.5ps (©) 11.0 ps (d) 101.0 ps

W

.,
\

|
a éS-Vac cluster

Figure 3: (a-d) shows the evolution of displacement cascade over time and (e-h)

shows the rearrangement of atoms over different layers. [2]

The radiation has effects on the mechanical properties (including microstructural
characteristics) includes changes in ductility and strength. Furthermore, the radiation can alter
the electrical properties of material. Figure 3, also shows the process of initiation and evolution
of displacement cascade over time along with how the atoms get re-arranged during this whole
process over the different layers in the material.

MD based numerical simulations have comprehensively been employed by the scientists to
explore the phenomenon of displacement cascades in metals such as iron [3], copper [4],
tungsten [5] and Zr [6-7].

1.3 Characterizing Techniques:

The characterizing techniques may be either experimental or computational and have
associated limitations with each of them. Computational techniques are considered less
accurate as compared with experiments. Because experimental techniques involve large cost
and time, and even some of them involve the hostile environmental conditions, that’s why

researchers are opting for atomistic simulation techniques to find new research directions.

5



There are various computational techniques which make use of FEM to investigate the defect
generation and its effects, while some other methods make use of the classical mechanics.

Generally, FEM based approach is used for the pure materials without any primary damage
and the classical mechanics is employed for the damaged materials i.e. materials with defects
like vacancy and interstitial. One such computational technique based on atomistic simulation
called Molecular Dynamics (MD) is used for the materials involving the certain defects such

as vacancy and interstitial.

Characterising Techniques

EXPERIMENTAL COMPUTATIONAL

¥ Spatialand time scale concerns.

k.

X CLASSICAL
¥ Hazardous post irradiation FEM MECHANICS
examination of damaged

materials

¥ For pure materials
without any primary
damage

¥ For damaged materials
¥ Cost of design and execution of [with vacancies, interstials)

reactor Irradiation.

1.4 Modelling Techniques for Niobium:

There are various mathematical modelling techniques which have evolved in the last few years
as an efficient tool to simulate the various problems and validate the theoretical results with
the experimental results. These modelling techniques play an important role and are very
effective in the study of various properties at the macroscopic level. These modelling
techniques involve atomistic level modelling i.e. the main emphasis of the simulation work is
at the atomic level. As a result, these techniques help us to analyse and understand the position
and variation of each atom in the particular material. These modelling techniques can be

classified as:



e Molecular Dynamics (MD)
e Molecular Mechanics (MM)

e Monte Carlo (MC)

1.4.1 Molecular Dynamics:

MD takes into consideration, the atoms as the basic interacting particles and neglects electrons
or nuclei. As a result, the system can be well defined by using the Newton’s equation of motion
which involves the easy differential equations for atoms interaction only. Molecular Dynamics
is a computer-based technique which involves the atomistic simulation of atoms or molecules
(in the context of N-body systems). Molecular systems carry a large number of particles which
makes it impaossible to evaluate properties of such complex systems analytically; but MD
circumvent this difficulty by using numerical methods. In MD, atoms are treated as classical
particles. In these MD simulations, the atomic forces are calculated by utilising the atomic
position and potential energy of system which is further used in Newton’s equation of motion.
The position, velocity and acceleration of each atom in system, is updated by using the
relationship derived from Newton’s motion equation at several time steps. Below mentioned

equation is solved in various molecular dynamics based simulations:

ma(der :_au(rl,rz, ...... rN)_f a=1,..... ,N

dt?

Where, N is total number of atoms; m,, r, and F, are mass, position and time dependent force

acting on it due to external agents, respectively.

The potential energy ‘E’ is sub-divided into two parts i.e. internal part (E™) and an external
part (E®). The internal part describes the interaction between the atoms and the external part

takes into account the constraints and the external fields.

MD simulations are carried out under diverse types of ‘Ensembles’ which is a collection of all
possible different microstates of a system having an identical macroscopic state. Micro-
canonical (NVE), canonical (NVT) and isobaric-isothermal (NPT) are the most frequently used

ensembles.


https://en.wikipedia.org/wiki/Complex_systems
https://en.wikipedia.org/wiki/Numerical_analysis

MD simulation involves definition of a potential function (description of the terms by which
particles in the simulation will interact). Mostly, the interatomic potentials employed in MD
are either derived or developed empirically with help of higher fidelity numerical simulations
or experiments. Interatomic potentials are mathematical expressions for estimating the
potential energy of system of atoms. Frequently used interatomic potentials are empirical
potentials, pair potentials versus many-body potentials, embedded atom method (EAM), semi-

empirical potentials, polarizable potentials, etc.

Advantages of MD simulations:

e This method gives the better approximations to the results of the simulation as
compared to the other methods like FEM etc. because it involves the computation at
the atomic level and we very well know that the most of the system properties are
dependent on the atomic arrangement in the structure.

e The values obtained after the computation are comparable with the experimentally
obtained values.

e This method involves the use of only one mathematical equation i.e. the Newton’s
second law of motion, F = ma, and using this equation all the results of computation

can be derived.

Limitations of MD simulations:

e The potentials used during the simulation are very limited and generally need to be
driven empirically for multicomponent systems.

e Electromagnetic properties still cannot be obtained using the MD simulations.

1.4.2 Molecular Mechanics (MM):

This mathematical modelling technique makes use of classical mechanics to model the
molecular systems. This technique can be used to study the molecular systems ranging in size
from the very small to large material assemblies involving thousand to millions of atoms.

Molecular mechanics have several areas of application, like in the field of Molecular


https://en.wikipedia.org/wiki/Function_(mathematics)

Dynamics, it uses the force field to calculate the force on the different atoms and also for

modelling of particle or system dynamics and predict their trajectories.

1.4.3 Monte Carlo (MC) method:

This method of computation involves various computational algorithms which make the use of
stochastic sampling of the data to obtain the results of the system. MC method are mostly used
for probability distribution questions, optimization problems and numerical integration
problems. In the industrial problems like failure prediction, cost estimation etc., this method
proves to better than the other soft methods. This method finds the application in various other
fields like physical sciences, engineering, computational biology, computer graphics, applied

statistics, artificial intelligence, design and visuals, law, finance and business etc.

1.5 Interatomic potential:

Interatomic potential is a potential function which is used to describe the interaction between
the particles and simulate them. These interatomic potentials are developed empirically by
using numerical simulations or experimentally. There are various types of potentials used in

the MD simulations as:

e Embedded atom method (EAM) potential
e Empirical potentials

e Pair potentials & many-body potentials

e Semi-empirical potentials

e Polarizable potentials etc.

1.5.1 Pair potentials:

In a system consisting of N number of atoms, an atom i interacts with all other atoms at same

time (i.e. there are interactions of two-atoms, three-atoms, and so forth at any instant).

U= Zﬁv<j U, (ri'rj) + Zliv<j<k Us (Ti:Tj »Tk) +oe [8]



Pair potentials are simplest form of a potential that considers only these two-atom interactions
and neglects all others. A typical example is the Lennard—Jones potential (Lennard—Jones

1924), U (1), expressed in terms of interatomic distance, r.

1.5.2 Tersoff potential:

This potential is used for the covalent solids, which are less closely packed and have very

strong directional bonds. For example, diamond and zincblende structures have a bond angle

of ~109.47°and bonds of the hybridisation sp®. The general form of the Tersoff potential is:

1 1
Urersorr = 5 2ixj UR (rij) + > Zixj Bij Ua (13) [8]

where, Ur and Ua represent repulsive and attractive potentials and Bij is bond order between
atoms i and j. The bond order for the bond between two atoms is a decreasing function of co-

ordination number, Ncoor .

1
Bij - vNcoor [8]

1.5.3 EAM potential:

EAM potential is an approximation relating energy between atoms and interatomic potential.
The energy is a function of a sum of functions of separation between an atom and its

neighbours.

Potential employed to represent the atomic interaction is whole solely responsible for the
accuracy of the MD based simulation. The force matched (EAM) potential proposed by
Fellinger et al. [9] has been utilized in this scrutiny. EAM potential has been well-established
for use in atomistic simulations of metals and alloys. This potential consists of two terms: a
many body term representing interaction between atom and electron cloud of surrounding
atoms, and a pair wise interaction term representing the interaction between atom and its

neighbours (see equation 1 for mathematical representation): [10]
E=YFi(n)+Xicj0i(rij) 1)

10
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Here, E is overall potential energy of an atom, nj is electron density, Fi is embedding energy
and @i is component representing pair wise interaction. In EAM potential proposed in the
thesis, three functional forms (Fi, ni and @ij) were estimated by using the density functional
theory, in which parameters were optimised to a well converged set of forces, stresses and
energies. These models prove to be the promising candidate for metallic systems. EAM are

widely used in MD simulations.

At higher energies, columbic interaction also become dominant. Modification is done in
equation of EAM potential for accounting strong repulsive interaction, which not represented

by EAM that would occur as a result of close approach between atoms.

Researchers have extensively employed the simulations of molecular dynamics to study
various phenomenon occurring in the different materials at the micro structural level. In
molecular dynamics we have to empirically generate interacting potential between the atoms.
This potential is totally responsible for the results obtained for potential energy, forces etc.

Several researches have been made till now using the molecular dynamics-based simulations
to investigate various properties of different elements like Zr, Fe, W, etc. Various researches
in the field of nuclear industries which were carried out previously by the researches using the
molecular dynamics-based simulations have given remarkable outputs which are in accordance

with the experimental results.

1.5.4 Empirical potential:

The empirical potential are generally the force fields in the chemistry, while these are called
the interatomic potentials in the materials physics. The force field in chemistry commonly
employ the bonding interaction between the atoms to find out the energy of the bonded
interaction and is not used for the modelling of the bond breaking and reactions explicitly.
These potentials represent the quantum mechanical effects and they also contain certain free

parameters like atomic radius, elastic constants, lattice parameters etc.

1.5.5 Semi-empirical potential:

The semi-empirical potential involves the use of the matrix representation in the quantum

mechanics. Values of matrix elements are calculated with the help of the empirical formulae to
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evaluate degree of overlap of the atomic orbitals. Further, diagonalization of the matrix is done
to find out occupancy of different atomic orbitals. The energy contribution made by the orbitals

is also calculated using the empirical formulae only.

1.6 Ensemble:

An ensemble is a collection of all possible microstates of the system, in which each atom moves
and behaves differently but still have the same macroscopic or thermodynamic properties. So,
in a MD simulation, we get a large set of atomic configurations which together makes an

ensemble.

1.6.1 Types of ensembles:

The table shows the various types of ensembles used in the MD simulations with different fixed

variables:

Table 1: Various ensembles used in MD and MC. [8]
Ensembles Fixed variables Remarks
Microcanonical N,V,E Isolated system

Very common in MD
S=kln QNVE
Canonical N,V,T Very common in MC
Common in MD
F= —k Tln QNVT
Isobaric-isothermal N,P, T G =—kT In Qxpr
Grand canonical y,V, T Rarely in MD, more in MC

= kT n Quer/N

e Microcanonical ensemble (NVE):

In microcanonical ensemble, the number of moles (N), volume (V), and energy (E)
remains unchanged for the system. It resembles an adiabatic process and can be treated
as an exchange between the kinetic and potential energy, while the total energy remains
conserved. In a N particle system, having co-ordinates A and velocities V, the
Newtonian expressions of the following first order differential equation will be; [11]

F(A) = —VU(A) = MV (t)

V() = A(t)
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The potential energy U(A) is the function of the particle co-ordinates A.

e Canonical ensemble (NVT):

In this ensemble, the number of moles (N), volume (V), and temperature (T) does not
vary for the system. In this ensemble a thermostat is used to exchange the energy
between the endothermic and exothermic processes. This ensemble is also called the
constant temperature molecular dynamics (CTMD) ensemble. [11] There are various
methods to control the temperature like velocity rescaling, Berendsen thermostat, etc.
Here, in this work the Nose-Hoover thermostat is used to control temperature to a

constant value.

e |sobaric-Isothermal ensemble (NPT):

In NPT ensemble, as name suggests, the number of moles (N), pressure (P) and
temperature (T) remains conserved for the system. This means that along with the
temperature, the pressure is also controlled. To control the pressure a barostat is also

used.

e Grand canonical ensemble (u\VT):

In this ensemble, volume (V), temperature (T) of the system remains unchanged, similar
to the microcanonical ensemble except the amount of substance that may vary in this
case different from the NVT ensemble.

1.7 Niobium: Properties and applications:

Niobium, earlier known to be columbium, is a chemical element with symbol Nb (earlier Cb)
and atomic number 41. It is a grey, soft, crystalline, ductile transition metal. Presence of
properties like high ductility, corrosion resistance, hardness and low nuclear cross section
makes Nb an important constituent element of the nuclear industry. It has low density and high
melting point temperature, it is widely used in the alloy making and high temperature

applications.

13


https://en.wikipedia.org/wiki/Chemical_element
https://en.wikipedia.org/wiki/Atomic_number
https://en.wikipedia.org/wiki/Ductile
https://en.wikipedia.org/wiki/Transition_metal

Figure 4: Zirconium crystal bar, Niobium, Zr-Nb alloy tubes [12,13,14]

It is widely used as the structural material in the nuclear powerplants. For example, in the
pressure tube cladding of the fuel rods etc. It is also used with Zr to enhance its properties like

high temperature stability, corrosion resistance etc.

1.7.1 Properties:

The various properties of Nb which makes it of great use in the various fields are: [15]

Poisson’s ratio () 0.4

Thermal conductivity (p) 53.7 WmK?
Bulk modulus (K) 170 GPa
Shear modulus (G) 38 GPa
Young’s modulus (E) 105 GPa
Melting point temperature 2468° C

Some other properties of Nb which were estimated with the help of the Molecular dynamics
and validated with the experimental values are as follows: [15]

Lattice constant 3.308 A

Cohesive energy 7.09 eV/atom

1.7.2 Applications:

Nb is an important constituent element of the nuclear industry and it has a number of

applications both in elemental form as well as alloys. It enhances the properties of the other
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nuclear materials when combined in an appropriate amount. Some of the important applications
of the Nb are as follows:

1. Niobium is an important alloying element for steel, with which it forms niobium
carbide and niobium nitride. These compounds increase grain refining, and retard

recrystallization and precipitation hardening. [15]

Figure 5: Rods of steel-niobium alloy. [26]
2. Due to its high melting point temperature, Nb based alloys are widely used in the high

temperature applications like fuel rod cladding in nuclear powerplants.

Grain
boundary

Crack

Cladding

Pellet gap

Figure 6: Fuel-rod cladding in nuclear powerplants. [27]

3. Apart from the nuclear industry, the Nb based alloys are also used in the aerospace

industry such as jet engines and rockets.
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Figure 7: Jet engine blades made of Nb based alloy. [28]

4. ltisalso used in the architectural designs such as beams and girders.
5. Due to its high pressure stability, Nb and its alloys also find application in the oil and

gas pipelines, pressure tubes in the nuclear reactors.

Figure 8: High pressure tubes made up of Nb based alloy. [29]

6. In field of electronics, it acts as very important element for the superconducting
materials, cell phones, pagers, laptops etc. It also has application in the optics,
numismatics (making of coins) and design of jewellery.

7. “Gum metal” is an alloy of the Ti and substantial amount of the Nb and it possesses
very unique deformation behaviour and remarkable properties. It is also called as
multifunctional alloy due to its large number of application in aerospace industry,
automobile parts, robot parts, sports equipments etc.

8. It primarily enhances the strength of the high-strength-low-alloy steels, when used as
an alloying element.

9. Itis also used in the automobile exhaust systems and Nb-Ti alloys which in turn are

used to build the MRI (Magnetic Resonance Imaging) magnets.
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Figure 9: Magnetic Resonance Imaging machine. [30]

10. Nb is also mixed with the glass to get a higher refractive index value. This helps to

obtain the thinner and lighter corrective glasses. [15]

1.8 Definition of problem:

Now-a-days the conventional energy resources are depleting day by day, so, there is a need for
some unconventional energy resources like the nuclear materials. The use of these nuclear
materials as a source of energy is still under research. These nuclear materials are also being
used as the structural materials in the nuclear industries. During their operation, these materials
are posed several radiation induced defects. It is of great necessity to study that how these
defects and their distribution affect the properties of the nuclear material. Experimentally, it is
very difficult to study these irradiation induced phenomenon due the hazardous environmental
conditions in nuclear industries. So, in this dissertation work, efforts have been made to study

these effects computationally by utilizing the MD based simulations.

1.9 Brief description of the work:

In this dissertation work, the main focus of discussion is the effect of the radiation damage in
the Nb bi-crystal in conjunction with the asymmetric and symmetric tilt grain boundaries.
Initially, for single crystal of Nb, generation of the crystal was done using the MD (Molecular
Dynamics) modeling techniques and then the cohesive energy was calculated. Furthermore, the
point defects (i.e. vacancy and interstitial) were generated in the crystal and their formation

energies were estimated using MD. In case of the Nb bi-crystal, similar to the single crystal,
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two such crystals were generated and they were oriented at various mis-orientation angles w.r.t.
each other to generate the grain boundary. Further the grain boundary energies were calculated
for the different grain boundary structures generated. After this, similar to the single crystal,
the defect (vacancy) was generated in the bi-crystal, both in the bulk and near the grain
boundary and their formation energies were calculated using the molecular dynamics
simulations. The effect of these grain boundary structures was also studied on the defect
formation and distribution. Previous researches have established that the GB structures act as
the sink for the point defects. The eradication of the point defects by the grain boundary further
prevents clustering of these defects, which in turn avoids unfavorable microstructural changes
leading to the structural failures. The micro structure of these grain boundaries affects the

defect formation and the energy required for their formation to a large extent.

In the further work of the dissertation, the vacancy migration and its energy calculation has
been described by using the concept of NEB (Nudged Elastic Band), both for the STGB and
ATGB structures. In this study, the vacancy migration was considered in the form of several
replicas of the system which represent the various transition states. These transition states have

an energy barrier and the maximum of these is called as the VME (vacancy migration energy).
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CHAPTER 2
LITERATURE REVIEW

Niobium is an important constituent element of the nuclear industry as it is widely used as the
structural material in various components of the nuclear reactor. It is widely used as an alloying
element with Zirconium etc. to enhance its mechanical properties. Due to its wide applications
in nuclear powerplants, there is a need to study the effects of the atomic structure on the
radiation induced defects in bcc Nb. A number of studies have been made on the materials like

Zirconium, Iron, etc. but there is a very few literature available regarding the work on Niobium.

The experimental work performed by Tucker et al in 1969, [16] describes the creation of
dislocation channels in irradiated single crystal of Nb. These dislocation channels were created
as a result of the plastic deformation following the irradiation, which made the pathways
cleared of the defect clusters. In 2017, Avinash and Divya [10] performed studies about the
impact on tensile strength of single crystal of Nb by irradiation phenomenon. Their work shows
that the mechanical strength of Nb is governed to a large extent through the dislocation

channeling and it was in accordance with experimental work performed by Tucker et al. [16].

Figure 10: Activated slip planes at onset of plasticity in simulations accomplished with diverse
PKA energy level. [10]
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Figure 11: Stress-strain response captured with altered PKA energies at a temperature of 10
K.[10]
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Figure 12: Stress-strain response captured with altered PKA velocity vectors at a temperature
of 10 K. [10]

They, also discussed in their paper about the impact of temperature of the simulation box,
primary knock-on atom (PKA) energy and primary knock-on atom (PKA) velocity vector on
the number of Frenkel pairs generated. The plots (a) and (b) in the figure 8 and figure 9
respectively, represent the same. They also concluded that temperature heals the defects like
(vacancy and interstitial) produced due to irradiation. The displaced atoms settle down back to

their lattice positions due to this healing effect of the higher temperature.
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Figure 13: Frenkel pairs generated in MD based simulation with respect to (a) simulation box

temperature, and (b) PKA energy. [10]

Figure 13(a), depicts that the temperature affects the number of defects very slightly at the
equilibrium. At the initial lower temperature of 10° K the number of defects are maximum,
which decreases as the temperature of the simulation box increases to 600° K and obtains a
minimum level. In figure 13(b), there is a continuous rise in the number of defects with
increasing PKA energy. For this case, in the distribution of the vacancy, there are formations
of the small clusters of the vacancies, as compared to the vacancy distribution w.r.t.

temperature.

12

[112]
11

10

[100]
[111]

Frenkel Pairs
(e}

[135]

6

Figure 14: Frenkel pair generated with respect to PKA velocity vector aligned with various

crystal orientation. [10]
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From figure 14, we can clearly understand the variation of number of defects w.r.t. the PKA
velocity vectors along with the lattice directions [100], [135], [111] and [112] respectively. The
plot clearly depicts that, for the velocity vector aligned with lattice direction [112], the number
of defects are maximum. This was attributed to the fact that in bcc-crystal <112> plane is a
principle slip plane and thus increases the number of defects generated in a single crystal of
Nb.

The defect distribution (i.e. vacancies and interstitials) was also studied in this chapter and it
was concluded that the formation of vacancy was in small clusters and the interstitials were
scattered as compared to the vacancy in the simulation box., w.r.t. each simulation box
temperature, primary knock-on atom (PKA) energy and primary knock-on atom (PKA)

velocity vector.

VACANCY

INTERSTITIAL

Figure 15: Distribution of vacancy (blue atoms) and interstitials (red atoms) in simulation

box with respect to simulation box temperatures, PKA energy and PKA velocity vector. [10]

Their further work in 2017, [17] also explains the outcome of symmetrical and asymmetrical
tilt GB on tensile behavior of bcc Nb. In this work, they studied the outcome of GB structure
on mechanical response of the Nb bi-crystals. They concluded from their work that
symmetrical GB have comparatively stable atomistic configuration and lower energy as

compared to the asymmetrical tilt GBs.
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Figure 16: Asymmetrical tilt grain boundary energies at mis-orientation angle of 36.86° as a

function of inclination angle (@). [17]
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Figure 17: Deviation in GB energy with respect to mis-orientation angle along <100) tilt

axis. [17]

They also concluded that as the mis-orientation angle increases, the yield strength of bi-crystal

also increases.
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Figure 18: Stress-strain curve for 36.86° and 53.13° mis-orientation angle with {100 ) tilt
axis at (a) 300K, (b) 1 K. [17]

The deformation mechanism of the bi-crystal when it is subjected to the tensile loading, was
also discussed in the paper, both for asymmetrical and symmetrical tilt GBs. Figures 19 and 20

are showing the dislocation nucleation and growth for STGB and ATGB structures at two

different temperatures i.e. 1K and 300K.

1K 300K

Figure 19: Dislocation nucleation and growth in STGB for 6 =36.86° mis-orientation angle
at 1 K and 300 K (az, a2) Before yield (b1, b2) At yield (c1, c2) After yield. [17]

In figure 19, the snapshots of simulation box shows processes of dislocation nucleation and
growth in symmetrical tilt grain boundary (STGB) for the mis-orientation angle of 6 = 36.86°.
Common neighbour analysis (CNA) and Taylor’s work hardening expression was utilised
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during this study. CNA helps to identify the atoms not being in bcc lattice configuration, like
atoms at grain boundary. Here, evolution of dislocation is shown at three different stages i.e.
before, at and after yield. The density of dislocation nucleation is more for the simulation
performed at the 1K as compared to 300K. This entanglement of dislocations leads to increase

in the strength of the material.

300 K

. (by)

. (Cz)

Figure 20: Dislocation nucleation and growth in ATGB for 6 =36.86° and @ =26.57° at 1 K
and 300 K (a1, a2) Before yield (bz, b2) At yield (cy, c2) After yield. [17]

Similarly, the figure 15, shows the snapshots of simulation box representing dislocation
nucleation and growth for the asymmetrical tilt grain boundary (ATGB) for inclination of
0 =26.57°. Here, the distribution of the dislocation evolution is not symmetric about the grain
boundary. On one side of the grain boundary the dislocation density is very high as compared

to the other side, as can be seen in the figure 20 (c¢1) and (c2).

In 2008, Lewis with some other researchers performed the experimental studies on the
polycrystalline Nb to investigate the effect of dislocations in which the quasi-static tensile
loading was imposed on the polycrystalline Nb. [18]. In 1972, Szkopiak estimated the Hall-
Petch parameters of Niobium like Hall-Petch constant ‘K’ and friction stress value using the
extrapolation and grain size methods. [19]. In 2013, B. Joni et al. [20] studied the impact on
mechanical properties of Nb due to dislocation density and grain size, by employing the X-Ray

diffraction techniques.
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When the nuclear materials are exposed to the radiation in the nuclear power plant, they
develop certain point defects such as vacancies and interstitials, which are the results of the
displacement cascades. In previous researches, it has been found and stated that grain
boundaries act as the sink for such point defects (i.e. vacancies and interstitials). These extreme
irradiation phenomena lead to the swelling, embrittlement, stress and corrosion cracking in the

materials.

Recently in 2018, Divya and Avinash have considered the effect of symmetrical and
asymmetrical tilt GB on the formation and spatial distribution of radiation-induced point
defects in Zirconium (Zr). [21]. They determined from their work that grain boundary

structures have a substantial influence on creation and dispersal of the radiation-induced point

defects.
4
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Figure 21: Variation in VFE as a function of misorientation angle, and the distance from GB
for [0 00 1] as tilt axis. (The VFE for an asymmetrical GB (@ = 10°) is also plotted.) [21]

From the figure 16, it was concluded that the value of vacancy formation energy (VFE)
decreases as we approach the grain boundary and it is equal to zero at the grain boundary. This
can be attributed to the fact that near the grain boundary the atomic structure is more incoherent
as compared to the atomic structure away from the grain boundary. A similar variation for

interstitial formation energy (IFE) was also obtained in the paper.
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for [0 00 1] as tilt axis. (IFE for an asymmetrical GB (@ = 10°) is also graphed.)[21]

They also concluded that the point defect formation energies (i.e. VFE and IFE) does not
depend directly on the mis-orientation angle, but largely depend on the grain boundary
energies. The VFE and interstitial formation energy (IFE) with higher energy grain boundary

structures have lower values as related to the grain boundaries having the lower energies.
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Figure 23: The trend of VFE as a function of misorientation angle along tilt axes aligned with

[0 0 0 1]. The values specified next to data points correspond to the GB energies at specific

misorientation angle. [21]
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Figure 24: The trend of the IFE as a function of misorientation angle along the tilt axes aligned
with [0 0 0 1]. The values specified next to data points correspond to GB energies at certain

misorientation angle. [21]
The figure 18 and 19, in their work represent the trend of the VFE and IFE with respect to the

mis-orientation angle. The plots show that there is no particular trend of the variation of VFE

and IFE w.r.t. mis-orientation angle.

Some other works on MD based simulations, so far:

1. Rajesh Kumar and Avinash Parashar (2015): In this paper the MD based atomistic
simulations were accomplished to examine the failure or fracture mechanism of the BN

nanofillers for the mechanical properties.

2. G Rajasekaran, Rajesh Kumar and Avinash Parashar (2016): This article focuses on
the MD based stomistic simulations performed to improve accuracy of the Tersoff
potential. This helps to simulate the graphene in the MD environment. An interatomic
potential with some modification in the cut-off function for the Tersoff potential was

defined for the single sheet of graphene to predict its realistic behavior.
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3. G Rajasekaran and Avinash Parashar (2016): In this article, mechanical response and
failure behavior of the graphene is described. This describes the geometry dependency
of the mechanical properties and failure behavior of graphene. The author also suggests
the 5-7-7-5 (pentagon-heptagon-heptagon-pentagon) structure for the performance
enhancement. Their work suggests that with some modification in the structure of
graphene sheet, (like creating defects), there is enhancement in the electrical and
mechanical properties, as well as some new functionalities are also developed, which

are not found in the pristine graphene.

4. Rajesh Kumar and Avinash Parashar (2017): In this article atomistic simulations were
performed to find out the effect on the mode-I fracture toughness of the h-BN
nanosheets assisted with the dislocations. Different geometrical configurations of the
dislocation were used during the molecular dynamics-based simulations with a central
crack in the sheet. The dislocation assisted crack healing phenomenon was also

observed during the simulations.

5. Divya Singh, Avinash Parashar, Rajeev Kapoor, Apu Sarkar, A. Kedharnath
(2019): In this article, the studies were made on the effect of symmetrical and
asymmetrical tilt grain boundaries on the tensile deformation of the Zirconium bi-
crystal. To generate the tilt grain boundaries about the [0001] as the tilt axis, molecular
statics-based simulations were employed and to further study the effect of radiation
induced point defects w.r.t. deformation behavior and effect on grain grain boundary
structure, molecular dynamics-based simulations were used. They concluded from their
simulations that the main mechanisms leading to deformation were twinning, shift in
grain boundaries and formation of dislocation networks. Finally, the authors concluded
that the grain boundary structures are mainly responsible for the deformation behavior

of the bi-crystalline Zirconium.
6. Buchler etal. (2002): In this article, the author made the study to investigate the ductile

material failure using MD simulations. For the study, the author incorporated a huge

number of atoms in a simulation box.
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7. Namilae et al. (2002): MD simulations were used by the authors to investigate the grain
boundary formation and sliding in the bi-crystal of Aluminium (i.e. symmetric tilt
boundaries of Al and Mg doped Al).

8. Zheng and Zhang (2006): In this article, the mechanical deformation behavior of the

nano-crystalline copper was studied using the molecular dynamics-based simulations.

So far, the literature related to the grain boundary generation, estimation of the corresponding
grain boundary energies-and defect formation energies (VFE and IFE) and defect migration
energies (VME) in bi-crystals of Niobium with tilt axis aligned along the [0001] axis has been
almost non-existent. So, in this dissertation work, an attempt is made to study these defect
formations in the Nb bi-crystal, both with the symmetrical and asymmetrical grain boundaries
for tilt axis aligned with [0001]. The results of the energies are tabulated and plotted in the
chapter 4 of the report.
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CHAPTER 3

MODELLING DETAILS

In the present work, the MD based calculations were performed in the Large Scale
Atomic/Molecular Massively Parallel Simulator (LAMMPS) and further analysis of the dump
files was done in Open Visualization Tool (OVITO). Potential used for assessing the
interatomic forces totally governs the reliability and accuracy of any MD simulation. So,
Embedded Atom Method (EAM) potential suggested by Fellinger for Nb [9] was used in all

the simulations done during this work.

3.1 Single crystal of Nb:

Initially, for the single crystal of Nb, the crystal was generated using the atomistic modeling.
In this a simulation box was created by providing the dimensions and the boundary conditions
(BC) were imposed on simulation box. Periodic boundary conditions were imposed to avoid
any edge effect. This simulation box resembles the single crystal of Niobium. Further, the
interatomic potential was defined for the atomic interactions, using which the total potential
energy of system was calculated. Thereafter, cohesive energy (Econ) was calculated for the Nb
crystal by dividing the total potential energy by total number of atoms in Nb crystal. In the
further simulation work vacancy was created in the Nb crystal by deleting an atom and then
the system was minimized to obtain the minimum energy crystal structure. The vacancy

formation energy was then calculated using the equation
Evac o Ef' Ei + ECOh (2)

here, Evac = vacancy formation energy, E+= energy of the system after the formation of vacancy,

Ei= energy of the system before the formation of vacancy, Econ = system’s cohesive energy

Similarly, IFE was also estimated, with the difference that inplace of deleting, an extra atom
was included to the Nb crystal. The IFE for each configuration was estimated by using the

following equation:

Eint: Ef- Ei - Ecoh (3)
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3.2 Nb bi-crystal simulations:

In this work, for Nb bi-crystal simulations were executed in the two stages. In initial stage,
asymmetrical tilt grain boundaries (ATGB) and symmetrical tilt grain boundaries (STGB) were
produced along [0001] as the tilt axis and their corresponding GB energies were calculated.
The set of grain boundaries generated consists of 9 STGB and 5 ATGB along the [0001]. The
modelling details of the GBs are provided in the tables 2 and 3, for STGB and ATGB
respectively. Periodic boundary conditions were imposed on all the boundaries of simulation
box, to avoid edge effects. In order to circumvent any sort of image interaction between grain
boundaries, size of simulation box was kept large enough. GB planes for both the crystals
remain same in STGB while they differ in case of the ATGB. In this whole article, the

misorientation angle and the inclination angle is represented with 26 and ‘6’ respectively.

Firstly, the symmetrical tilt grain boundary (STGB) was created by rotating lower half and
upper half of Nb bi-crystal in the clockwise and anti-clockwise directions respectively about
[0001] tilt axis with an angle of rotation equal to tilt angle. The overlapping atoms were then
deleted by using the appropriate deletion criterion. Further, the GB structure was minimized
by utilizing the conjugate gradient (CG) algorithm until steady state in system was achieved

with minimum energy, at 0 K.

CRYSTAL 1

CRYSTAL 2

STGB

Figure 25: Diagram of generation of symmetric tilt grain boundaries (STGB) and asymmetric
tilt grain boundaries (ATGB)
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Table 2: Configuration particulars of STGB tilted along <0 0 1> axis.

S.No. GB plane (hkl) Mis-orientation Simulation box
angle (20) dimensions (A)
1. (100 Q° 330.2 x 198.48 x 16.51
2. G10 22.61° 165.1 x 198.48 x 33.02
3. 920) 25.06° 132.08 x 198.12 x 66.04
4, (310 36.86° 138.68 x 330.8 x 33.02
5. 520 43.6° 141.98 x 198.12 x 33.02
6. 210 53pl &’ 141.98 x 198.12 x 66.04
7. (320) 67.38° 161.79 x 198.48 x 33.02
8 (430) 73.73° 330.2 x 198.12 x 33.02
9. (110 90° 330.2 x 198.48 x 16.51

Table 3: Configuration details for ATGB tilted along <0 0 1> for 36.86° mis-orientation

angle.
S.No. Inclination GB plane(s) Simulation box dimensions
angle (@) (hk1)1/(hkl)2 A)
1. 30.96 (670)/(920) 128.77 x 330.2 x 99.06
2. 33.69 (340)/(1130) 181.61 x 330.2 x 66.04
3. 36.86 G70)/(310) 158.49 x 330.2 x 66.04
4. 43.6 590)/(1150) 181.61 x 330.8 x 66.04
5. 53.13 (130)/(750) 191.52 x 330.2 x 66.04

In order to achieve the minimum energy GB structure, further volume relaxation perpendicular
to the GB plane was performed. Several deletion criteria were used to obtain the stable grain
boundary structure with the minimum energy and structure with most coherent configuration
was then selected as final grain boundary. To calculate the GB energy, the following equation
(4) was used: [21]
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Ecs = (Et- EB)/(2 X Area) (4)

where, Ecg = GB energy, Et = total minimum potential energy of system calculated through

MD, Eg = total cohesive energy of system and Area = area of GB.

ATGBs were generated by rotating the lower and upper half of symmetric bi-crystals either in
clockwise or anti-clockwise direction. This rotation of the two halves was performed with an
angle equal to inclination angle. By doing so, asymmetry is introduced in the bi-crystal and the
misorientation is also maintained. For ATGB, to get a perfect crystal we tune the simulation

box with several number of iterations while it is comparatively easier to generate a STGB.

3.3 Defect generation and VFE calculation:

In the next stage, calculation of VFE and IFE was carried out for both STGB and ATGB
developed along [0001] tilt axis. To calculate the (VFE), a vacancy was created in Nb bi-crystal
by deleting an atom, one near the GB and another at some distance (i.e. in the bulk). Further,
by using a CG algorithm, the system was relaxed and the energy increased due to the formation
of a vacancy was calculated. The VFE for each configuration was calculated by using the
equation (5):

Evac= Ef- Ei+ Econ ()

here, Evac= vacancy formation energy, E+= energy of the system after the formation of vacancy,

Ei=energy of the system before the formation of vacancy, Econ = cohesive energy of the system

In the same way, the IFE can also be estimated, with the difference that in place of deleting, an
extra atom was included to Nb bi-crystal. IFE for each configuration will be calculated by using

the equation (6):

Eint=Ef- Ei- Econ (6)
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CHAPTER 4

RESULTS AND DISCUSSION

As, discussed in the previous chapter, various molecular dynamics based simulations were
carried out during the studies and the results obtained are discussed in the current chapter. The

snapshots of the grain boundaries, their corresponding energies and their trend obtained is

plotted in this chapter.

Figure 26: STGB structures with [0001] as the tilt axis containing mis-orientation angles (a)

25.06° (b) 43.6° (¢) 53.13° (d) 67.38 (e) 73.73 (blue and green atoms correspond to perfect bcc
35

crystal and GB atoms respectively- repetitive GB structures are encircled)



Figure 26, shows the snapshots of the STGB structures with [0001] as tilt axis for the various
mis-orientation angles. The green atoms in the snapshots represent the grain boundary atoms
which are not in the perfect bcc crystal form. The encircled atoms represent the repetitive grain

boundary structures. The blue atoms here, corresponds to the perfect bcc crystal.

Table 4: Variation in GB energy with respect to mis-orientation angle

S.No. Mis-orientation angle STGB energy
(20) (mJ/m?)
1. 0 0
2 22.61 1281.689
. 25.06 1299.782
4, 36.86 1334.094
o 43.6 1270
6. 53.13 1305.517
7. 67.38 1246.205
8. 73.73 1123.662
9. 90 0

From the above table we can see that the grain boundary energy at the mis-orientation angles
of 0° and 90° is zero. This is attributed to the fact that at both these angles, there is no grain
boundary formation or we can say that we get a structure like the single crystal. We can also
infer that the there is a sharp increase in the grain boundary energy at 22.61° and after that the

GB energy variation is very little.
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Figure 27: Variation in STGB energy with respect to mis-orientation angle along [0001] tilt

axis.

Figure 26, shows the STGB structures with [0001] as tilt axis and their corresponding grain
boundary energies are plotted in the figure 27. In figure 26, the first few snapshots represent
the low angle tilt GBs with the misorientation angles in the range from 22.61° to 67.38°,
whereas the other snapshots represent the high angle grain boundary structures. In figure 26(d),
we can see the small formation of dislocation cores and it can be clearly seen in the figure
26(e), whereas in low angle grain boundaries, these dislocation cores are not visible because
they merge into each other. From figure 27, it can be concluded that at lower tilt angles the
increase in the grain boundary energy is more substantial and as there is increase in the tilt
angle, it becomes almost saturated after 22.61°. Due to the four-fold symmetry of bcc crystal
structure about [0001] as the tilt axis, the crystal structures at misorientation angles of 0° and
90° are in co-incidence and as a result, the GB energy reduces to zero. The GB energy at the
misorientation angle of 36.86° is maximum and at 73.73° is minimum. This can be attributed
to the fact that at 36.86° the GB structure is more incoherent than the GB structure at 73.73°.

In addition to the STGB, ATGB structures with misorientation angle of 36.86° along [0001] tilt
axis are also shown in the figure 28. To generate the ATGB structures, two crystals on either
side of them with a given mis-orientation angle were rotated with an inclination angle (&) in a
clockwise direction. Due to this rotation the mis-orientation angle between the two crystals is
also maintained. The variation of ASTGB energies for a constant mis-orientation angle of
36.86° and with the inclination angles (&) is shown in the figure 29.
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Figure 28: ATGB structures with misorientation angle (20) of 36.86° along the [0001] tilt axis
and inclination angles (@) of (a) 30.96° (b) 36.86° (c) 43.6° (d) 53.13°

Figure 28, clearly depicts the snapshots of the ATGB structures with mis-orientation angle of
36.86° along the [0001] as the tilt axis with various inclination angles. From the figure, we can
clearly say that the asymmetrical grain boundary structures are more disordered as compared
to the symmetrical grain boundary structures. The green atoms in the snapshots represent the
grain boundary atoms and the encircled atoms depict the repetitive grain boundary structures.
The grain boundary atoms (green) does not follow the perfect bcc crystal structure while the
other (blue) atoms does. The dis-orderliness in the GB structure is the result of the asymmetric

orientation of the two crystals of the bcc Nb.

In table 5, the ATGB energies and their corresponding STGB energies are tabulated. We can
see from the table 5, that the ATGB energy is maximum for the inclination angle of 30.96°.
This is attributed to the most dis-ordered GB structure at this inclination angle, which is clearly

visible in the figure 28 (a).
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Table 5: ATGB energies with changing inclination angle and a constant mis-orientation angle
of 36.86°

S.No. Inclination angle ATGB energy Corresponding
(D) (mJ/m?) STGB energy
(mJ/m?)
1. 30.96 1415.663 1334.094
2 33.69 1384.184 1334.094
3 36.86 1366.21 1334.094
4, 43.60 1393.893 1334.094
5. 53.13 1413.452 1334.094
2500
&> 2000
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o)
O 500

30.96 33.69 36.86 436 53.13
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Figure 29: Asymmetrical tilt GB energies at mis-orientation angle of 36.86° as a function of

inclination angle (9).

From figure 28, we can infer that the ATGB structures are comparatively more disordered than
the STGB structures. This disordered structure can be attributed to the fact that the rotation of
two crystals of the bi-crystal is in the same direction with the inclination angle (&). This
incoherent structure of the GB is the reason for the higher GB energies in ATGB structures as

compared to the STGB structures. Trend of ATGB energies is plotted in the figure 29.
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4.1 Variation of VFE:

The variation of vacancy formation energy as a function of distance from grain boundary is
plotted in the figure 30 and 31.
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Figure 30: Variation of VFE as a function of mis-orientation angle, and distance from grain
boundary for STGB with [0001] as the tilt axis.
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Figure 31: Variation of VFE as a function of the mis-orientation angle, and the distance from
the grain boundary for ATGB with [0001] as the tilt axis.
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From figures 30 and 31, it can be easily observed that the value of VFE decreases as we
approach the GB, for both STGB as well as ATGB structures and it is independent of the mis-
orientation angle. This can be attributed to the fact that at the grain boundary, the structure is
incoherent as compared to the structure in the bulk. It can also be inferred that the value of VFE
in the bulk, i.e. at a certain distance from the GB is approximately equal to 3.1 eV, which is
same as found out for the single crystal. The VFE in close proximity to the GB approaches to
zero, which is clearly visible from the plots. For the ATGB structures the VFE for most of the
inclination angles is closer to the zero, as can be seen in the plot. This is so because for the
ATGB structures the incoherency is more in GB structure, which means the GB energy is

higher and as a result of that the VFE required is less as compared to the STGB structures.

4.2 Variation of IFE:

The plots below shows the variation of interstitial formation energy with distance from the
grain boundary, both for the STGB and ATGB structures.

4.5 A A
4
3 i 02261
34 X 25.06
e 3 ©36.86
> 25
. 436
g
LL 2 +53.13
1.5 67.38
1 o " A73.73
wE 1
0.5 :53 :;
0
-30 -20 -10 0 10 20 30

Distance from GB (A)

Figure 32: Variation of VFE as a function of mis-orientation angle, and distance from grain
boundary for STGB with [0001] as the tilt axis.

41



4.5 I w

X A
X
3.5 H ©30.96
< 3
> m33.69
(5} <
~ 25
II:ILJ ©36.86
= 2 X
436
1.5
N - %53.13
1 A
(] Ejg ]
0.5 % o
0 RO
-30 -20 -10 0 10 20 30

Distance from GB(A)

Figure 33: Variation of VFE as a function of mis-orientation angle, and distance from grain
boundary for ASTGB with [0001] as the tilt axis.

From the figures 32 and 33, it can be inferred that the IFE keeps on decreasing as we move
closer and closer to the grain boundary. This is similar to the case of VFE, that due to the
presence of incoherency in the structure near the grain boundary, the IFE value decreases on
approaching the grain boundary. The difference is in the bulk values of the VFE and IFE. The
value of IFE in the bulk is more as compared to the VFE for the same GB structure.

4.3 Variation of VFE and GBE:

From the figure 34, it can be inferred that the minimum VFE for asymmetrical tilt grain
boundaries decreases with increase in the grain boundary energy. This can be attributed to the
fact that due to higher GB energy atoms are already in a higher energy state, thus the energy

required to displace an atom from its lattice position decreases with increase in the GB energy.
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Figure 34: The trend of min. VFE as a function of GB energy for asymmetrical tilt GB with
[0001] as the tilt axis.

4.4 Variation of VFE with mis-orientation angle:

Figure 35 and 36, represent the variation of VFE w.r.t. the mis-orientation angles for
symmetrical and asymmetrical tilt GBs respectively. From figure 35, we can infer that there is
no particular trend for the symmetrical tilt GBs while there is a decrease in the VFE with the

mis-orientation angle for the asymmetrical tilt GBs.
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Figure 35: Trend of VFE as a function of mis-orientation angle for symmetrical tilt grain

boundary tilted along the axis aligned with [0001].
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Figure 36: Trend of VFE as a function of mis-orientation angle for asymmetrical tilt grain

boundary tilted along the axis aligned with [0001].

4.5 Vacancy Migration Energy:

Vacancy migration energy is the energy required to move a vacancy created in Nb crystal from
one lattice position to another. This motion of vacancy is accomplished by using the nudged
elastic band (NEB) algorithm. NEB is a method which is used to find both atomic configuration
and energy barrier associated with the transition state. For example, when a atom moves from
its lattice position to the another lattice position in a co-ordinated fashion with the neighbouring
atoms, it requires to perform a diffusive hop to get through various energy basins. This
movement of atom describes a transition path. In NEB algorithm, the calculations are
performed by considering the multiple replicas of the system. The first and the last replicas are
end points of transition path. In order to calculate VME, a vacancy was created either in bulk
or near the GB. The position of the vacancy is defined as atomic coordinate for final replica.
In order to replicate migration of the vacancy, the nearest neighboring atom to the vacancy was
moved towards the vacancy, in step-wise fashion with the help of multiple replicas used in

between first and end replicas. The trend obtained for the VME is plotted in the graphs below.
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Figure 37: Minimum vacancy migration path in a bi-crystal of Nb containing a STGB with

mis-orientation angle of 36.86 and inclination angle 36.86°.
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Figure 38: Minimum vacancy migration path in a bi-crystal of Nb containing a ATGB with

mis-orientation angle of 36.86 and inclination angle 36.86°.

From the figures 37 and 38, it can be observed from the plots that the VME in close proximity
of the GB is lower as compared to bulk values. VME was estimated in STGB and ATGB
configuration, containing mis-orientation angle of 36.86° and minimum energy path is plotted
in Fig.38. The value of VME = 0.71eV estimated in bulk is validated with the literature, and is
same in STGB and ATGB configurations. We can infer from the plot in Fig.38 that VME
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values drastically decreases in the vicinity of GB plane, and this is independent to configuration
of GB. This is due to the fact that the atomic structure near the grain boundary is incoherent as
compared to bulk. The trend obtained with VME is similar to the trend obtained with VFE and
IFE.
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Figure 39: Minimum vacancy migration path in a bi-crystal of Nb containing a ATGB with

mis-orientation angle of 36.86 and inclination angle 36.86°.

Figure 39, is also representing the plot for the VME for the reaction co-ordinates taken on the
other side of the grain boundary. The trend is almost similar to that obtained in the figure 38,
with the difference that the VME for the vacancy near the GB has a much sharper decrease in
the figure 38. Also, in both the figures 38 & 39, the trend of VME for the vacancy created in

the bulk is almost similar.
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CHAPTER 5

CONCLUSION AND FUTURE ASPECTS

In this dissertation work, grain boundary structures were created along [0001] as the tilt axis
for the bi-crystal of Nb. Both the STGB and ATGB were created, and their effect on generated
radiation-induced point defects was studied. It is established from this thesis work that grain
boundary structures have a substantial impact on formation and distribution of the radiation-
induced point defects. The defect formation energy i.e. VFE is same in the bulk as the single
crystal but decreases on moving close to the grain boundary and it is in-accordance with the
experimental results obtained previously by the researchers. Various simulations were done to
study the interstitial formation energies (IFE) in conjunction with the grain boundary
configuration. The interstitial formation energy was also estimated through the simulations and
validated with the experimental results. Nudged elastic band algorithm was used to estimate
the vacancy migration energies (VME) in conjunction with different types of grain boundaries
configurations. This involved movement of vacancies in the form of several replicas, which

together make a transition path.

Molecular dynamics-based simulation eliminates the time and spatial scale and cost concerns
of experimental methods. Hence, Molecular dynamics-based approach is a viable alternative

for experiments to study the effects of radiation.
These MD based simulations can be further extended towards the following future aspects:

e These can be utilized to study the effects of irradiation damage in the alloys of the
metals like Zr-Nb alloy etc.

e MD based simulations can be used to study the phenomenon of fracture in the metals
and their alloys and estimate their fracture toughness values.

e The molecular dynamics-based simulations can also be utilized in the multiscale
modelling techniques to derive certain traction-displacement laws while studying the
fracture of the material.
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