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plane. The deformation by slip observed at low strains is interesting as the slip is not observed
in perfect <100> nanowire. This indicates that the presence of {100} twist boundary or initial
dislocations in <100> BCC Fe nanowire changes the deformation mode from twinning to slip.
The <110> BCC Fe nanowire containing a {110} twist boundary deforms by slip at all strains

similar to that in perfect <110> nanowire.

CHAPTER 8 : Conclusions and future directions

This is the final chapter of the thesis. It outlines the important findings and observations on
the deformation behaviour of BCC Fe nanowires/nanopillars. For further understanding of the
deformation behaviour of BCC nanowires a few recommendations have been suggested for

future studies.
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ing a square cross-section width (d) of 8.5 nm has been created. Then the pillar is divided into
two equal parts, lower and upper along the axis. Following this, the TBs were introduced by
rotating one part of the crystal with respect to other by 180° around <112> axis. Using the
same procedure, BCC Fe nanopillars containing one, two, three and five TBs perpendicular to
the nanowire axis (<112>) have been created. This resulted in a twin boundary (TB) spacing
of 8.5, 5.7, 4.2 and 2.8 nm, respectively. The MD simulation results at 10 K indicate that the
TBs in BCC Fe nanopillars play a contrasting role under tension and compression. The de-
formation under tensile loading of perfect <112> as well as twinned BCC Fe nanopillars was
dominated mainly by twinning mechanism with minor activity of full dislocations, while the
compressive deformation was dominated by the slip of full dislocations. During the tensile de-
formation of twinned nanopillars, the twin-twin interactions produces mainly the <021> type
twin intersections. It has been observed that the edge of the curved TB can acts as a source
for the nucleation of full dislocations. The dislocation-TB interactions under the compressive
loading revealed that the dislocations can either directly pass through the TB without any de-
viation in slip plane or it can transmit to a symmetrical slip plane in the neighbouring grain.
The yield stress of twinned nanopillars under tensile loading is much lower than the perfect
nanopillar and it varies marginally with TB spacing. On the other hand, the yield stress of
twinned nanopillars under compressive loading is comparable to that of a perfect nanopillar
and decreases with increasing TB spacing. This contrasting behaviour in yield stress is due to
the repulsive force offered by TBs. Since the deformation under tensile loading is dominated
by twinning, the TB offers negligible repulsive force on twinning partials. As a result, the yield
stress varies marginally with TB spacing under tensile loading. In case of compressive loading,
the TBs offers a strong repulsive force on full dislocations leading to significant variation of

yield stress with TB spacing.

The role of {100} and {110} twist boundaries on the tensile deformation of BCC
Fe nanowires has been studied at 10 K. Twist boundaries have been obtained by dividing the
nanowire into two grains along the length and rotating the upper and lower grains by an angle
of +2° and -2¢ around the axis in both <100> and <110> orientations. This resulted in {100}
twist boundary in < 100> nanowire and {110} twist boundary in <110> nanowire. Following
equilibration of this nanowires, a screw dislocations network formed at the boundary. The
dislocation network at {100} twist boundary had a square structure and contains a junctions
formed by four <100> type dislocation segments. On the other hand, the dislocation network
at {110} twist boundary had a hexagonal structure and contains a junctions formed by two
1/2<111> dislocations and one < 100> dislocation. The MD simulations results on the tensile
deformation of <100> BCC Fe nanowire containing a {100} twist boundary indicate that
the deformation proceeds by slip at low plastic strains followed by twinning at high strains.

Further, the nanowire doesn’t undergo full reorientation and fail by shear along the {112}
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The results indicate that the <111> BCC Fe nanowires exhibit ductile to brittle tran-
sition (DBT) with decreasing temperature. The nanowires with d = 8.5 nm, yield through the
nucleation of a sharp crack and fails in brittle manner at low temperatures (10-375 K). On the
other hand, nucleation of multiple 1/2<111> dislocations followed by significant plastic de-
formation leading to ductile failure has been observed at high temperatures (450-1000 K). At
the intermediate temperature of 400 K, the nanowire yields through the nucleation of crack,
but fails in ductile manner. The accumulated plastic strain is negligible at low temperatures
followed by a sharp increases in the temperature range 375-500 K. Beyond 500 K, it remains
nearly constant. These results indicate that <111> BCC Fe nanowires undergo DBT at 400 K.
Further, it has been observed that the transition temperature is sensitive to nanowire shape, size
and strain rate. The simulations performed on nanowire of circular cross-section with diameter
of 8.5 nm shows DBT at 550 K, which is higher than that observed for the square cross-section
nanowire. Similarly, the simulations carried out on small (d = 2.85 nm) and large (17.13 nm)
size nanowires indicates that the transition temperature increases with increasing size. For
nanowire with d = 2.85 nm, the transition has been observed at 350 K, whereas for nanowire
with d = 17.13 nm, it has been observed at 450 K. By performing simulations at a higher strain
rate of 1 x10° s~! for nanowire size of 8.5 nm, it has been observed that the DBTT increases
to 400 K. The DBTT and it’s change with respect to size, shape and strain rate in BCC Fe
nanowires has been explained based on the relative variations in yield and fracture stresses as a

function of temperature.

CHAPTER 7 : Influence of twin and twist boundaries on deformation behaviour of BCC

Fe nanopillars

The grain boundaries play an important role in controlling the strength and deformation be-
haviour of polycrystalline materials. It has been shown that the FCC nanopillars containing se-
ries of twin boundaries (TBs) exhibit higher strength and ductility as compared to their perfect
counterparts. As a result, the twinned FCC nanopillars have attracted considerable attention for
research and significant progress has been made in this direction. However, little attention has
been paid towards understanding the role of TBs in BCC nanopillars. In view of high stack-
ing fault energy of BCC metals, it is difficult to grow twinned nanopillars using experimental
techniques. In the present study, an attempt has been made to examine the deformation be-
haviour of BCC Fe nanopillars containing twin boundaries. In addition, the role of different

twist boundaries in BCC Fe nanowires has been investigated.

Twinned BCC Fe nanopillars have been created by the following procedure. Initially,

BCC Fe nanopillar oriented in < 112> axial direction with {110} and {111} side surfaces hav-
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sizes followed by saturation at larger sizes. Contrary to this, flow stress at different strains dis-
played a rapid decrease with increase in size for small size nanowires followed by saturation at

larger sizes.

CHAPTER 5 : Twinning to slip transition and formation of pentagonal atomic chains in

ultrathin <100> BCC Fe nanowires

This chapter deals with the combined influence of size and temperature on deformation and fail-
ure behaviour of ultrathin <100> BCC Fe nanowires. MD simulations have been performed
on different nanowire size in the range 0.404-3.634 nm at temperatures ranging from 10 to 900
K. It has been observed that nanowires with cross-section width (d) less than 3.23 nm deform
by twinning at low temperatures, while full dislocation slip has been observed at high temper-
atures. The deformation mechanisms map separating the two different regions of twinning and
slip modes of deformation with respect to size and temperature has been obtained. It indicates
that the temperature at which the nanowires show twinning to slip transition increases with in-
crease in nanowire size. In other words, at each temperature, there is a critical size below which
twinning cannot occur. Above d = 3.23 nm, <100> BCC Fe nanowires deform by twinning ir-
respective of temperature. The different modes of deformation are also reflected appropriately
in the respective stress-strain behaviour of the nanowires. Interestingly, at high temperatures
where the nanowire deform by dislocation slip, the formation of pentagonal atomic chains
(PAC) have been observed in the necking region. The pentagonal atomic chains were found to
be highly stable over large plastic strains and contribute to high ductility in <100> BCC Fe
nanowires. In small size nanowires with d = 0.404 and 0.807 nm, the complete transformation
to the pentagonal structure has been observed at high temperatures. The formation of PACs is
not been observed in nanowires that deform by twinning. The formation of pentagonal atomic
chains in BCC Fe nanowires is interesting because it exhibits a five-fold symmetry with respect

to the nanowire axis.

CHAPTER 6 : Ductile-Brittle transition in <111> BCC Fe nanowires

It is well known that BCC materials are generally difficult to deform at low temperatures lead-
ing to brittle fracture, whereas at high temperature, they fail by ductile manner. As a result,
most of the BCC materials show a ductile to brittle transition with respect to temperature. In
this context, it is important to examine the possibility of ductile to brittle transition temperature
(DBTT) in BCC Fe nanowires. In order to investigate the DBTT, the tensile deformation and
failure behaviour of <111> BCC Fe nanowires has been studied as a function of temperature
in the range 10-1000 K for nanowires with d = 2.85, 8.5 and 17.13 nm.
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derstanding of size effects in BCC Fe nanowires. MD simulations have been performed at 10 K
on <100> and <110> nanowires with cross-section width (d) varying from 1.42 to 24.27 nm.
These two orientations have been chosen mainly because, the <100> and <110> nanowires
represent two different modes of deformation i.e. twinning and dislocation plasticity, respec-

tively.

MD simulation results on <100> BCC Fe nanowires indicated that the deformation
is dominated by twinning mechanism irrespective of size. However, with increasing size, few
important differences have been observed with respect to defect nucleation and twin growth.
In small size nanowires with d < 11.42 nm, the nucleation of a single twin embryo has been
observed. Following this, the twin embryo grows systematically along the nanowire axis and
completely sweeps the nanowire leading to reorientation from initial <100> to <110> orien-
tation. With increasing strain, the reoriented nanowire again undergo an elastic deformation
which results in the occurrence of a second elastic peak in the stress-strain curves. Interest-
ingly, the plastic deformation in the reoriented nanowire occurs by the slip of 1/2<111> full
dislocations till its failure by ductile mode. On the other hand, in nanowires with d > 11.42
nm, the yielding occurs by the nucleation of multiple twin embryos on different {112} planes.
With increasing deformation, the growth of multiple twins facilitate the twin-twin interactions
thereby restricting the the twin growth process in large size nanowires. As a result, the large
size nanowires are not able to undergo reorientation. With increasing strain, the twin-twin in-
teractions leads to crack nucleation and the nanowires fail by cleavage along {112} plane. The
absence of reorientation and failure by cleavage in large size nanowires results in low ductil-
ity compared to small size nanowires. The values of Young’s modulus, yield stress and twin
propagation stress also exhibit a transition at d = 11.42 nm. The values decreases rapidly with
increasing size up to 11.42 nm followed by gradual decrease approaching towards saturation at

larger sizes.

Contrary to deformation of <100> nanowires, the simulation results on <110> ori-
entation indicated that the deformation is governed by the slip of 1/2<111> full dislocations
irrespective of nanowire size. The yielding in all the nanowires occurred by the collective
nucleation of dislocations loops followed by accumulation of large number of straight screw
dislocations. However, few important differences have been noticed in large and small size
nanowires. In large size nanowires of d > 11.42 nm, slip steps having curved profile have been
observed thus providing an evidence for cross-slip. On the other hand, curved slip steps have
not been observed in nanowires with d < 11.42 nm. Further, an increase in number of slip
steps and slip bands has been observed with increasing size. Following plastic deformation, all
the nanowires fail by ductile mode. Unlike <100> BCC Fe nanowires, Young’s modulus and

yield strength in <110> nanowires exhibited a rapid increase with increasing size for small
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compressive loading has been applied for <100> and <110> orientations. All the nanowires

had a cross-section of width (d) = 8.5 nm.

The elastic deformation of nanowires of different orientations has been analysed using
the radial distribution function (RDF) as a function of strain. It has been observed that during
elastic deformation, the peaks in the RDF get split into two independent secondary peaks and
with increasing elastic strain, one peak shift towards higher distances and other towards lower
distance. At the onset of plastic deformation, all the secondary peaks merged with primary
peaks. Following elastic deformation, the plastic deformation mechanisms vary significantly
with crystal orientation. Under tensile loading, the <100>, <112> and <102> nanowires de-
formed predominantly by twinning, whereas <110> and <111> nanowires deformed by slip
of dislocations. The deformation by twinning in nanowires has led to reorientation within the
twinned region. The orientation dependent deformation behaviour has been explained by the
twinning-antitwinning asymmetry of 1/6<111> partial dislocations on {112} planes. Based
on this results, a simple model of twin nucleation and growth has been presented. BCC Fe with
<100> orientation exhibits the lowest Young’s modulus (164 GPa) and yield strength (12.3
GPa), while the <111> orientation showed the highest modulus (288 GPa) and yield strength
(27.2 GPa). The modulus and yield strength of other orientations fall in between of these two
orientations. In general, the orientations that deform by twinning exhibit lower values of yield
strength than the nanowires that deform by slip. The compressive loading applied on <100>
and <110> orientations indicated that the <100> nanowire (which deformed by twinning un-
der tensile loading) deform by dislocation slip, while the <110> nanowire (which deformed
by dislocation slip under tensile loading) deformed by twinning. No significant influence of
loading mode on Young’s modulus has been noticed. The yield strength of <100> orientation
has been observed to be higher in compression than tension, while <110> orientation showed
higher strength in tension than in compression. These results indicate that <100> and <110>
orientations display opposite tension-compression asymmetry in deformation mechanisms as

well as yield strength.

CHAPTER 4 : Size dependent deformation and failure behaviour of <100> and <110>

BCC Fe nanowires

Size plays an important role on the mechanical properties and the associated deformation mech-
anisms of materials at nanoscale. A thorough literature survey indicates that most of the studies
with respect to size effects were focussed mainly on FCC nanowires such as Au, Ag and Cu,
while no attention has been paid to BCC nanowires. However, a few experimental studies exist

in Mo, W and Nb micropillars. In this backdrop, the present chapter provides the detailed un-
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CHAPTER 1 : Introduction

In introduction, a brief overview of the nanowires and their applications, fundamentals of me-
chanical properties such as strength and modulus, plastic deformation mechanisms like slip,
twinning and dislocations and fracture behaviour are presented. The literature status with re-
spect to deformation and failure mechanisms of FCC/BCC nanowires from experimental as
well as simulations point of view is reviewed. Following this, the motivation and scope of the

thesis have been brought out.

CHAPTER 2 : Molecular dynamics simulations : Methodology and post-processing

In this chapter, the details of computational and analytical techniques used in the present study
have been presented. Theory of MD simulations and the embedded atom method (EAM) po-
tentials for BCC Fe have been introduced. The details of integration algorithms, thermostats
or ensemble, and boundary conditions used in MD simulations have been presented. The dif-
ferent loading procedures followed in the present study along with the calculation of stress
have been described. The defect analysis using different parameters such as radial distribution
function (RDF), centro-symmetry parameter (CSP) and common neighbour analysis (CNA)
are reviewed. Finally, the details of LAMMPS package used to carry out MD simulations and
pre-and post-processing packages such as Atomsk, AtomEye, OVITO, and DXA have been

discussed.

In this thesis, the nanowires have been simulated by choosing the periodic bound-
ary conditions along the axis direction, while other two directions were kept free. In case
of nanopillars, no periodic boundary conditions have been used in any direction. All the
nanowires/nanopillars had a square cross-section with length (1) twice the cross-section width
(d). A constant engineering strain rate of 1 x10% s~! along the nanowire length (z) direction

was applied in all the simulations.

CHAPTER 3 : Influence of orientation and mode of loading on deformation behaviour of

BCC Fe nanowires

Crystal orientation plays an important role on the strength and deformation mechanisms of
single crystals. Although this problem has been well understood in bulk scale and also in
FCC nanowires, it is poorly addressed in BCC nanowires. In the present chapter, the effect
of orientation on the deformation behaviour of BCC Fe nanowires has been investigated at 10
K. BCC Fe nanowires with <100>, <110>, <111>, <112> and <102> orientations have

been considered under tensile loading. IN order to examine the influence of loading mode, the



Synopsis

Nanowires are special class of quasi one-dimensional nanostructures with lateral dimensions
much smaller than their length. In recent years, metallic nanowires have attracted a consid-
erable attention due to their unique properties and potential applications in future nano/micro
electro-mechanical systems (NEMS/MEMS). Due to high surface area and controlled defect
density, nanowires exhibit superior electrical, optical, and mechanical properties compared
to their bulk counterparts. In particular, body centered cubic (BCC) Fe nanowires, which
possesses good magnetic properties, find applications in data/memory storage devices, high-
density recording media, permanent magnets, spin electronics, magnetic field sensing, enhance-
ment agents for magnetic resonance imaging (MRI), medical sensors and other smart devices.
Improving the durability and reliability of these devices requires fundamental understanding of

mechanical properties and associated deformation mechanisms.

Designing and performing mechanical testing of nanowires at different sample sizes,
temperatures, and strain rates require sophisticated and innovative testing methods. There-
fore, there is a need to explore the alternative theoretical or computational methods. With
rapid progress of computational capability and the availability of reliable inter-atomic poten-
tials, molecular dynamics (MD) simulations have become a major tool to probe the mechanical
properties and associated deformation mechanisms of nanowires. In the last decade, many MD
simulation studies have been provided valuable and reliable information about the deformation
behaviour of face centered cubic (FCC) nanowires. However, there is a lack of understanding
in BCC nanowires from both experimental as well as atomistic simulations. In this context, the
present thesis focuses towards understanding the deformation behaviour of BCC Fe nanowires
using MD simulations. The influence of various factors such as the crystallographic orientation,
nanowire size, cross-section shape, mode of loading (tension/compression), temperature, strain
rate and the presence of twist and twin boundaries have been investigated. The highlights of
the thesis are tension-compression asymmetry in deformation mechanisms, reorientation of the
nanowires below certain size, formation of pentagonal atomic chains in ultrathin sizes, ductile-
to-brittle transition, absence of twinning in presence of dislocations and strengthening due to
twin boundaries. The thesis comprises of eight chapters and the content of each chapter is

described briefly in the following;
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- 7 and brown - 6. Except misty rose, all other atoms are defect atoms.
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Figure 3.10 The atomic snapshots showing deformation behaviour of <100> ori-

Figure 3.11
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Figure 1.13 The deformation behaviour under compressive loading of (a) <100>
and, (b) <111>, Al nanopillars with the diameter of 16 nm and aspect
ratio of 2:1 [26]. The atoms are coloured according the common neigh-
bour analysis and for clarity, perfect atoms were not shown. . . . . . ..

Figure 1.14 (a) The sequential TEM images during tensile deformation of the Au
nanopillars revealing the domination of twinning [27]. (b) TEM and
MD simulation results showing the nucleation of dislocation loops and
subsequent slip during the compressive loading of Au nanopillars [27].
The orange arrows in (b) show the slip steps, while the yellow arrow

Figure 1.15 The standard stereographic triangle showing two different regions, one
with a7 > 1 and other with oy < 1 under compressive loading [30]. The
black solid line represent a boundary with o, = 1. For tensile loading,
this two regions becomes opposite. Here, the parameter, o, is defined
as the ratio of Schmid factors of leading and trailing partial dislocations
under compressive loading. . . . . .. ... Lo

Figure 1.16 The relative contribution of partial dislocations including twinning (blue
line) and full dislocation slip (red line) to the total plastic deformation
as a function of size in Cu nanowires [33]. The transition can be seen at
DgDMP ~150nm. ..

Figure 1.17 Yield strength as a function of nanowire diameters for pure Cu [46]. . . .

Figure 1.18 Strain rate dependent deformation mechanisms in <100> Cu nanowires
[50]. (a) Perfect nanowire, (b-d) plastic deformation by dislocation slip
at a strain rate of 1 x 10° s™!, and (e-g) plastic deformation by phase
transformation from initial FCC to BCC followed by HCP, at a relatively
higher strainrate of 4 x 101051 . ...

Figure 1.19 Deformation mechanisms map in <100> Cu nanowires as a function of
strain rate and temperature [50]. Different regions are shown in different
colours. . . ..o

Figure 1.20 A special dislocation multiplication mechanism aided by surfaces in
BCC nanowires [52]. . . . . . . . . . ..

Figure 1.21 Different transitions in the glide of screw dislocation as a function of
shear stress and temperature [55], (a) the average screw dislocation ve-
locities (m/s) at different temperature and stress conditions. Based on
this velocities, different regions have been identified. A screw dislo-
cation motion by (b) smooth kink-pair mechanism, (c) jerky and rough
behaviour along with large amount of debris, and (d) rwin initiation and

Figure 1.22 The deformation by twinning in BCC W nanowire [63] under (a-b) com-
pressive loading along < 110> orientation, and (b) tensile loading along
<100> orientation. . . . . . . . . ..o

XX1

14

15

20
21

22



List of Figures

Figure 1.1

Figure 1.2

Figure 1.3

Figure 1.4

Figure 1.5

Figure 1.6

Figure 1.7

Figure 1.8

Figure 1.9

Characterization of electro-deposited Fe nanowires [8] using scanning
electron microscope (SEM) (a) micrograph showing anodized aluminium
oxide templates filled with Fe nanowires, (b) an array of free-standing
electroplated Fe nanowires after the removal of a template, and (c) SEM
image of Fe nanowires with a diameter of 115 nm and length of 1 um.
Slip of atomic planes (solid lines) during compressive deformation of a
crystal [12]. . . . . o e
Hard sphere model of a slip and dissociation of a 1/2<110> perfect
dislocation in FCC crystals shown (a) in FCC unit cell, (b) on {111}
close packed planes and (c) using dislocation lines. . . . . . . ... ...
The packing of BCC crystals as a stacking sequence of six {112} planes
[14], (a) two unit cells showing positions of atoms in (112) planes, and
(b) traces of the {112} planes on a (110) projection. In (b), the atom
sites marked as circles lie in the plane of the paper and those marked by
squares lie above and below thisplane. . . . . . ... ... ... ....
(a) The arrangement of three {110} and three {112} planes having the
same zone axis <111>. (b)-(d) The possible ways of dissociation of
1/72<111> screw dislocation in BCC system. . . . . . .. ... .. ...
The tension-compression asymmetry in the movement of a screw dislo-
cation in BCCsystem. . . . . . . . . .. ... L o o
Shifting of atomic planes leading to twinning, (a) perfect lattice and (b)
twinned region in perfect lattice along with twin boundaries. Twinned

lattice is a mirror reflection of parent lattice with respect to twin boundary. 9

The sequence of shifting during the movement of 1/6<111> partial dis-
location in twinning and antitwinning directions. . . . . . . . . .. . ..
Two possible twin boundary structures in BCC system [21], (a) con-
ventional reflection twin with a sharp twin boundary and, (b) displaced
boundary, where the atoms at the twin boundary form an isosceles trian-
gles, thus breaking the mirror symmetry. . . . . ... ... ... ....

Figure 1.10 Illustrating the slip plane and slip direction in a typical single crystal

under uni-axial loading. . . . . . .. ... .. L L oL

Figure 1.11 HRTEM images showing deformation by (a) slip in <100> and (b) twin-

ning in <110> Au nanocrystal under tensile loading [25]. In (a), the
surface steps produced by slip are indicated by arrowheads and twins
are indicated by double arrowheadsin(b). . . ... .. ... ... ...

XX



signed 1/6<<111> as the Burgers vector of partial/twinning dislocations in BCC Fe.
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allel computers. Further, LAMMPS can be used to create some simple geometries like BCC,
FCC and HCP lattices. In the present thesis, all the molecular dynamics simulations have been
carried out in LAMMPS package installed in 134 Node HPC cluster at IGCAR. The maximum

size of the system employed in the present thesis contains close to 2.5 million atoms.

In order to visualize the defects by implementing the above mentioned techniques,
Ju Li [102] has developed a visualization tool known as AtomEye. It is a free atomistic 3D
visualization software and it shows the atoms as spheres and bonds as tubes/cylinders. The
main functions of the AtomEye are 3D navigation with parallel and perspective projections,
coordination number calculations, colour-coding of atoms according to user-defined parame-
ters such as CNA or CSP, cutting of planes for clear defect visualization and calculating the
distance/angle between any two/three atoms. It produces high quality JPEG, PNG and EPS
images and also supports animation scripting. AtomEye can handle more than one million
atoms on a simple desktop computer. In the present work, the AtomEye package has been
extensively used for the visualization of atomic snapshots. However, the AtomEye is not ca-
pable of determining the type of defects i.e., dislocation, vacancy, grain boundary, etc. or any
quantitative information like density of defects or the Burgers vector of a dislocation. In this
backdrop, Stukowski [103] developed a Open Visualization Tool (OVITO) which extract dis-
location lines and their Burgers vectors, and calculates dislocation density, stacking fault and
twin boundary densities. Like AtomEye, OVITO is also a 3D visualization open-source soft-
ware with graphical user interface. OVITO post-processes the simulations data using various
analysis techniques. OVITO analyses for dislocations according to dislocation extraction al-
gorithm (DXA) [104]. In addition to dislocation analyses, the main functions of OVITO are
calculation and visualization of displacement vectors obtained from the differences between
two states of the system, slicing and cutting of atomic structures, selects atoms based on de-
fined criteria, perform common neighbour analysis, coordination number analysis, calculate

radial distribution function and other atomic level strain tensors.

In the present work, the Burgers vectors of full dislocations were determined using
Dislocation extraction algorithm (DXA) as implemented in OVITO. However, the identifica-
tion of Burgers vector of partial/twinning dislocations gliding on the twin boundary in BCC
system is challenging. This is mainly because the Burgers circuit of twinning dislocation passes
through the twin boundary at which the crystal orientation changes. Due to this difficulty, the
DXA or OVITO packages failed to detect the Burgers vectors of partial dislocations and the

type of dislocation intersections. Based on the experimental observations [105], we have as-
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Figure 2.8: (a) A typical inversion symmetry of an atom in a periodic lattice and (b) vectors
connecting the pair of atoms to their reference atom in BCC lattice.

measures the departure from inversion symmetry and practically, it can be computed for every
atom in a system. For an atom in a perfect lattice, the value of CSP is 0 and it still lies close
to zero 0 even for small thermal fluctuations [101]. However, in the presence of a defect,
the symmetry is broken, and the value of CSP is a positive quantity. Depending on the crystal
structure, the CSP has distinct values for dislocations, stacking faults, point defects and surfaces
[101]. Therefore, using an imaging software that colours the atoms according to their CSP
values, the different defects can be visualized more clearly, while hiding the atoms having the
CSP values close to zero. Thus, the CSP can be used to identify a local lattice disorder around
an atom. In the present work, the CSP has been used to detect point defects, partial/twinning
dislocations, full dislocations, twin boundaries and other grain boundaries observed during the

deformation of BCC Fe nanowires.

2.9 LAMMPS, AtomEye and OVITO

In order to carry out molecular dynamics simulations, there exist many open source software
packages such as GROMACS, DL_POLY and LAMMPS. The most widely used package for
performing molecular dynamics simulations of solid state systems is LAMMPS, stands for
Large scale Atomic/Molecular Massively Parallel simulator developed by Plimpton [94] at

Sandia national lab. It is an open-source code developed to run efficiently on single or par-
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The CNA parameter is sensitive to the cut-off distance. If we chose high cut-off dis-
tance, it increases the computation time and small cut-off distance may not enclose sufficient
neighbours. Therefore, the cut-off distance must be chosen in such a way that the appropriate
nearest neighbours should be found within this distance. Generally within the selected cut-off
distance, 12 nearest neighbours should be found for FCC and HCP structures, while for BCC
structure, 14 nearest neighbours should be present. For this purpose, the cut-off distance should
lie halfway between the first and second shells of for the FCC lattice , whereas for BCC, it falls
between the second and third shell. Accordingly, the formulas used to obtain a good cut-off

distance (r.) for calculating CNA parameter are as follows [94]

1 /2
Jfee _ — ~
e =3 (—2 + 1>a 0.85364, (2.29)
1
=3 (\/5 + 1)a ~ 1.207a, (2.30)

where a is lattice parameter of a respective FCC/BCC lattice.

In the present analysis, CNA pattern has been used to distinguish the atoms in crys-
talline, non-crystalline and pentagonal or icosahedral environment. Since the CNA parameter
distinguishes the atoms of different crystalline structures, it can be used to identify the stacking

faults in FCC lattice and also the twin boundaries in BCC lattice.

2.8.3 Centro-symmetry parameter

In order to identify the defects with even more precision, Kelchner et al. [101] proposed a
parameter based on the inversion symmetry of an atom (Figure 2.8a). In a centro-symmetric
lattice such as BCC/FCC, each atom has a pair of equal and opposite bonds with its nearest
neighbours. Under homogeneous elastic deformation, these bonds may change direction and/or
length, but they remain equal and opposite. However, when a defect is present, this relation no
longer holds good. Kelchner et al. [101] defined centro-symmetry parameter (CSP) for each
atom as follows w2

csP=Y |R; +Ri+%|2, (2.31)
i=1

where R; and R; Ly are the vectors or bonds from the central atom to a particular pair of nearest
neighbours and N is the coordination number. The vectors of a pair of atoms from the central

atoms is shown in Figure 2.8b for a typical BCC lattice. For any given atom, this parameter
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of common neighbours for a pair of atoms can be summarized in a triplet i jk, where i represents
the number of common neighbours of a pair, j indicates the number of possible geometrical
bonds among the common neighbours and, k represents the number of bonds in the longest
continuous chain of bonds which can be formed from these common neighbours [98,99]. The

combination of all triplets is called signature and represents a certain geometric structure.

As an example, the common neighbour analysis of bulk FCC structure is illustrated
in Figure 2.7. It can be seen that any atom in perfect FCC structure (for example red atom in
Figure 2.7a) has 12 nearest neighbours (green atoms). With each of nearest neighbours, the red
atom shares 4 common neighbours, i.e. the neighbours common to pair of atoms containing the
original red atom within this shell (e.g. pair of red atoms in Figure 2.7b and c¢) and , therefore
i =4. Out of this four common neighbours, only two geometrical bonds are possible i.e. j
= 2. This two bonds are the longest possible chains among the common neighbours and the
number of bonds in this chains is one, i.e. k = 1. Therefore, an atom in bulk FCC structure has
a signature of 421. Since all 12 bonds of each atom are the same, a local environment with 12
nearest neighbours and signature of 421 can be identified as FCC structure. Similarly, an atom
in a BCC crystal has 8 bonds with 666 signature (first shell) and 6 bonds with 444 signature
(2nd shell). In a pentagonal chains, a central atom has 12 bonds with a signature of 555. The

complete list of signatures for different structures and their surfaces can be found in the work

of Cleveland et al. [100].
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Figure 2.7: Methodology of common neighbour analysis in FCC structure [99]: (a) two adja-
cent FCC unit cells, where a reference atom is marked in red and its 12 nearest
neighbours in green, (b) a typical pair with reference atom (red) with their four
common neighbours coloured in green, and (c) another pair with a reference atom
(red) and their common neighbours (green).
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Figure 2.6: Colour coding of atoms in nanowire according to their coordination number. (a)
cross-sectional view and (b) side view of a nanowire. It can be seen that the surface
and corner atoms have a different coordination number as compared to the per-
fect interior atoms. Similarly, in (b) the surfaces of different orientation also have
different coordination number.

Generally while calculating the coordination number of an atom, only the first nearest
neighbour shell is taken into account. However, in BCC lattice the next or second nearest
neighbour shell is at distance of ’a’ from the reference atom, which is only a little away from
the first nearest neighbour shell (a — 0.866a = 0.134a). For this reason, sometimes the second
nearest neighbours were also included while calculating the coordination number of an atom
in BCC lattice. This makes the new coordination number of an atom in BCC lattice to 14. In
the present study, the coordination number of an atom in BCC lattice has been taken as 14.
This problem doesn’t arise in FCC lattice because the second nearest neighbours shell is at a
distance of ’a’, which is significantly away from the first nearest neighbours shell. Therefore,

the coordination number of an FCC lattice is always 12.

However, the analysis of coordination number cannot distinguish the difference be-
tween FCC and HCP phases, and thereby the stacking faults in FCC lattice. This is mainly
because both FCC and HCP have the same coordination number of 12. Similarly, the twin
boundaries in BCC lattice were also indistinguishable from the perfect atoms. This warrants

the need of a new parameter.

2.8.2 Common neighbour analysis

The common neighbour analysis (CNA) is useful parameter for obtaining local crystal structure
around an atom. This parameter is obtained based on the detailed geometric analysis of a set of

common neighbours of two atoms within a specific cut-off distance [98]. The analysis of a set
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2.8 Post-processing

Molecular dynamics simulations generates vast amount of data which needs to be processed
in order to make meaningful conclusions. The data processing ranges from individual atoms
to the group of atoms. Various techniques have been developed and reported in the literature
to distinguish the atoms sitting on the perfect lattice from that on the defect regions. Differ-
ent parameters such as potential energy, coordination number, centro-symmetry parameter and
common neighbour analysis have been utilised in post-processing techniques. These param-
eters basically separates the defects such as vacancies, dislocations, stacking faults, surfaces
and other structural features from the perfect regions. In the present work, mainly the coordi-
nation number, centro-symmetry parameter and common neighbour analysis have been used.

The basic principle behind each of these techniques is briefly described in the following;

2.8.1 Coordination number

In any periodic lattice, the coordination number for particular atom is defined as the number
of nearest neighbours in all directions. In BCC lattice, each atom is bonded to eight nearest
neighbours at a distance of \/§a /2 or 0.866a, where a is the lattice parameter. Therefore,
the coordination number of an atom in BCC lattice is 8. Similarly, in FCC lattice each atom
is surrounded by 12 nearest neighbours at a distance of a//2 or 0.707a, thereby having a

coordination number of 12. The atoms in HCP lattice have a coordination number of 12.

The atoms with coordination number that deviates from the perfect lattice are gen-
erally considered as defects or surfaces. Therefore, by colour-coding the atoms according to
their coordination number, the defects can be distinguished from the perfect lattice and also the
BCC phase from FCC or HCP phase. Further, the coordination number can also be used to
differentiate between the surfaces of different orientations. As an example, Figure 2.6a shows
a cross-sectional view of a BCC Fe nanowire, where atoms are colour coded according their
coordination number. It can be seen that the surface and corner atoms have a different coordina-
tion number compared to the perfect interior atoms. Similarly, Figure 2.6b shows the side view
of a nanowire, which has a side surfaces of {110} and {112} orientation coloured as green and
grey, respectively. This indicates that the coordination number colouring clearly distinguishes
the surfaces of different orientations. In the present work, the coordination number colouring
has been extensively used to identify the changes in surface structure of the nanowires during

tensile/compressive deformation.
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imposes an inherent limitations on time-step. As discussed earlier, the typical time-steps used
in MD simulations is in the range of 1-5 fs. With these time steps, the physical time scales
accessible in MD simulations is in the order of few hundred nanoseconds (~ 10° — 107 MD
steps) [93]. Like experiments, if we use a strain rate of 1073 s~ it takes unrealistically large
MD steps (~ 10'°) even to produce a small strain of 0.001. At such large MD steps, the numer-
ical trajectory of MD simulations may not follow the true trajectory of the system (numerical
instability). Therefore, at present the experimental strain rates are not accessible in MD sim-
ulations. To induce an appreciable strain without any divergence in the trajectories, the strain
rate should be in the range of 0.000001 - 1 ps~! i.e 107 — 10'? s~!. In the present investigation,

all the simulations have been carried out at a constant strain rate of 1 x 108 s~!,

2.7 Definition of stress and strain

Stress and strain are two important parameters in order to understand the materials deformation
behaviour. In continuum mechanics, stress is defined as the force acting per unit area. In
atomistic systems, the stress (o) is calculated using the Virial definition, which takes the form

[96,97]
1 N N

1 B al B
Oap =y, EZ Fi(frij—zmivzq Vi | (2.27)
i A i

where N is the total number of atoms, V is the volume of the nanowire or simulation cell, rg.
is the distance between atoms i and j along the direction 3, Fl?‘ is the force between atoms i
and j along the direction &, m; and v; are the mass and velocity of particle 7, and the indices
and B denote the Cartesian components and takes the values of x, y and z. The first term in the
above equation is due to the inter-atomic force (potential energy) and the second term is due
to thermal vibrations (kinetic energy), which becomes important with increasing temperature.

This atomistic definition of stress is equivalent to the continuum Cauchy stress.

The strain (€) has been obtained as the relative change in the length of the nanowire

which gives
e =1

lo

; (2.28)

where [ is the instantaneous length of the nanowire and /; is the initial length. This definition
of stress and strain has been used in the present work to determine the stress-strain response of

the nanowires under different loading conditions.
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remapped into the simulation box, whenever the box dimensions got changed. For compressive
loading, the box dimensions have to be reduced and this can be achieved by reversing the sign

of strain rate (¢) in Equation 2.26.

Method-2 : In this method, the simulation box is divided into three regions, two fixed regions
acts like grips, and one active region as shown in Figure 2.5. Following this, the deformation is
applied by fixing one end of the nanowire (mostly the bottom) and then moving the other end
(top region) at a constant velocity. To catch the velocity of top region, the atoms in the active
region have been given a ramp velocity profile that varied linearly from zero at the bottom
region to a maximum value at the top region as clearly shown in Figure 2.5. The effective
strain rate in this procedure can be obtained by the dividing the maximum velocity with the
original box length. This process closely follows the experimental procedure in which the wire

is clamped at two points and pulled apart.

Acfive region

Position along loading axis

S R -
&=

Figure 2.5: Displacement controlled loading of a nanopillar. The tensile/compressive loading
is implemented by fixing the bottom region of the nanowire and then moving the
top region at a constant velocity. The velocity profile of atoms in different re-
gions/groups of the nanowire is provided as a function of their positions.

The important difference between the above two methods are, in method -1, only the
atomic coordinates are remapped without altering the velocities, while in method-2, the moving

boundaries can add a velocity component to the atoms.

Irrespective of loading methods, the strain rates used in MD simulations are extremely

high (~ 10° — 10'2 s~1). This is mainly because the integration algorithms in MD simulations
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system is ready to carry out loading simulations. The simulations at each temperature have
been repeated five times, with a different random number seed for velocity distribution each

time.

2.6 Tensile/compressive loading and strain rates

In molecular dynamics simulations, there are different methods of performing tensile or com-

pression tests. The methods used in the present work are described below
Method-1: In this method, the simulation box length is changed uniformly along the loading
axis as shown in Figure 2.4. The box length (L;) as a function of time is varied as

Li([) = Li()(l + éf), (2.26)

where i = x or y or z, Ljp is the original box length along the direction i, £ is the strain rate and
t is the elapsed time. It indicates that the box length changes linearly from initial value to a
specified final value and this results in deforming the box at a constant engineering strain rate

(¢). If one dimension of the box is increased according to Equation 2.26, then the length in

&

i
v

Figure 2.4: Applying the tensile/compressive deformation by uniformly deforming or changing
the simulation box dimensions at constant volume

other two directions is varied in such a way that the simulation box volume remains constant

during the simulations (Figure 2.4). Further, the coordinates of atomic positions have been
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be generated. In order to maintain the continuity across the periodic boundary conditions, the
care must be taken such that the size of the nanowire in any direction is an integer multiple of
lattice spacing in that particular direction. In the present study, single crystal nanowires have
been generated using the LAMMPS package [94] and also recently developed pre-processing
software, Atomsk [95]. LAMMPS allows the user to directly define three crystal directions to

align with the global simulation coordinate system.

In order to generate a twist or twin boundary, the nanowire has been divided into two
parts lower and upper, along its axis. Following this, the specified boundary has been created
by rotating one part of the crystal with respect to other by a required angle around a specific
axis. This operations has been performed using Atomsk software. Similarly, a polycrystalline

materials with random grain boundaries can be generated using Voronoi tessellation.

2.5 Equilibration

The created initial structure of the system may not be in a minimum energy configuration, i.e.
the atoms may be too close to each other, for example at grain boundaries. Therefore, we need
to obtain a system which is a minimum energy configuration. The minimum energy configura-
tion can be obtained by adjusting the atomic coordinates from their original position and then
calculating the total energy of the system. This process has been repeated iteratively until we
get a minimum energy state. Therefore, the objective function to be minimized is the total po-
tential energy of the system as a function of atomic coordinates. In the present investigation, the
energy minimization was performed by a conjugate gradient (CG) method to obtain a relaxed
structure with equilibration atomic positions corresponding to the nanowire/nanopillar. The
minimization has been carried out until the energy change between two successive iterations

divided by the initial energy is less than 107 (stopping criterion).

Following energy equilibration, we need to perform thermal equilibration in order
to prepare the system at a required temperature. For this purpose, all the atoms have been
assigned initial velocities according to the Gaussian distribution. Following this, the system
was thermally equilibrated to a required temperature for 125 ps. The temperature is controlled
with Nose-Hoover thermostat with a damping constant of 500 fs for all temperatures. This
value of damping constant has ensured that the temperature fluctuations are always lower than

1% during simulations irrespective of test temperature. Following thermal equilibration, the
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strained dimensions can be simulated by choosing the periodic boundary conditions along that
particular dimension. Therefore, the conditions of a nanowire have been simulated by choosing
periodic boundary conditions along the length, while the remaining directions have been kept
free (Figure 2.3a), which mimics the surfaces. Similarly, choosing the free boundary conditions
in all three directions simulates the conditions of a nanopillar which has / ~ d (Figure 2.3b).
The nanofilm has negligible thickness compared to other two dimensions and this geometry
can be simulated by imposing the free boundary conditions along the thickness direction, while

keeping the periodic boundary conditions in other two directions (Figure 2.3c).
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Figure 2.3: Boundary conditions used for different geometries with free surfaces (a) nanowire geome-
try, (b) nanopillar geometry and, (c) nanofilm geometry.

2.4 Pre-processing

In order to perform MD simulations on the required system (in the present case nanowires), the
atomic positions of the system needs to be known. To obtain the atomic coordinates, different
parameters such as lattice constant, lattice type, and lattice orientations are needed. The single
crystal nanowires are the easiest and simplest to generate. Once the atomic positions of a basic
unit cell are known, the unit cell can be duplicated in all directions to get the nanowire of

required size. Similarly by rotating this basic unit cell, the nanowire of required orientation can
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minimum image convention. According to this convention, any atom interacts with surrounding
atoms which fall within the virtual box centered at that particular atom. It is known that the
largest contribution to potential comes from the nearest neighbours, the potential can be trun-

cated above certain cut-off distance (r,). The cut-off distance must not be greater than %L for

consistency with minimum image convention [68].

o—»¢o—» o— |,
e—» A

L 4 L 4 L 4
'Y 'Y 'Y
Figure 2.2: A two dimensional periodic system. Shaded region represents the original simula-
tion box and all other boxes are its replicas.

Free boundary conditions: Applying this boundary conditions makes the box non-periodic
so that particles do not interact across the boundary and do not move from one side of the box
to the other [68]. This boundary conditions are used in order to simulate the effects associ-
ated with surfaces. However, using free boundary conditions may result in loss of atoms and
this can be avoided by choosing the shrink-wrapped boundary conditions. In shrink-wrapped
boundary conditions, even-though the boundary is free, but the position of the face is set so as

to encompass the atoms.

Boundary conditions for nanowire, nanopillar and nanofilm: The boundary conditions have
to be chosen depending on the system that has to be simulated. Using the periodic boundary
conditions may not be the case always. When system of interest contains surfaces, necessar-
ily free boundary conditions have to be chosen. Since the focus of the present thesis is on
nanowires and nanopillars, where the role of surfaces becomes important, the shrink-wrapped
boundary conditions have been chosen to simulate the nanowire surfaces. Figure 2.3 shows the
boundary conditions used in three different directions for nanowires, nanopillars and nanofilms.
It has been known that the nanowires are quasi one-dimensional structures with lateral dimen-

sions (d) much smaller than their length (/) i.e. length is unconstrained (/ >>> d). The uncon-
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sary to assign initial velocities to the atoms. This velocities have been given according to the

Maxwell-Boltzmann distribution which can written as

2

m; n;v:
N _mivi 224
PO =\ s P ( 2kBT> (2.24)

For simplicity, this can be written as a Gaussian function as below

1 _
V(X))o = \/ﬁexp [ — (xz—o'éw] , (2.25)

ksT
m; °

with gt =0, x=v;, and 0 = A Gaussian random number x generated with zero mean
(= 0 and unit variance (¢ = 1) can be transformed to a random number x’ of another normal
distribution with ' and o’ by the transformation, X' = u’ + ¢’x. Since ' = 0, we can obtain

starting velocity distribution by scaling with ¢’ = 4 /szz_,-T' In simulations, the velocities to each
kgT

particles were given separately according to v; = 4/ =E-ug, where ug is random number, usually
1
generated from Gaussian random number generator. This description has been given in detail

in ref. [88].

2.3.4 Boundary conditions

Molecular dynamics simulations are usually performed on a system with limited number of
atoms. The size of the system is limited by computational speed and storage and also by the
execution speed of the algorithm. However, we don’t need to simulate a large system all the
time. Choosing a small system and replicating it in all three directions may be enough to
represent the actual system [68]. This can be achieved by choosing an appropriate periodic or

non-periodic (free surface) boundary conditions as described below

Periodic boundary conditions: Applying this boundary condition replicate and translate the
system in all three directions to fill the space. As an illustration, Figure 2.2 shows a 2-
dimensional system with periodic boundary conditions. The shaded box represents the actual
system, while the surrounding boxes are its exact replicas. Whenever an atom leaves the simu-
lation cell, it is replaced by another atom with exactly same velocity, entering from the opposite
face. Thus, the atoms in original box and its periodic images behave in exactly the same man-
ner. However, calculating the interaction of a particular atom with remaining atoms in a system

with periodic boundary conditions may include its own images. This can be avoided using the
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The thermodynamic friction coefficient { evolves in time according to a first-order equation as
given by

. o2 N2 keT N p? Im;
gzé(zzp—’;li——gg )zv%{—):’glf;;m —11:v%[%—1]. (2.20)

Here vy is a relaxation rate for thermal fluctuations, 7 stands for the instantaneous temperature.
The dynamics of the real system depends on the variable { and the dynamics of { depends on
the difference between the present and desired temperature. If T > 7, i.e. the system is hot,
accordingly ¢ will increase and after reaching a positive value, the system will begin to cool
down. If the system is too cold, the reverse happens, and the { may become negative, tending

to heat up the system again [93]. In terms of velocities the Equation 2.19 can be written as
F.
vi=——Cv;. (2.21)
m;

Therefore, the Nose-Hoover thermostat is implemented by adjusting the velocities of every
particle according to {. Similarly, the barostat (controlling pressure) can be implemented by

adding a dynamic variables coupled to the simulation box dimensions or box volume.

In canonical ensemble (constant NVT), the temperature has a specified average value
(T), while the instantaneous total energy of the system can fluctuate. At equilibrium, the root
mean square fluctuations og of the Hamiltonian around its average value E are related to the

system isochoric heat capacity, cy through [68]
2 2 2 2,
O — <H">nyr — <H>NVT = kBT Ccy. (222)

Similarly, the fluctuations in instantaneous temperature 7 in a canonical ensemble are given
by [68]

OF = <T*>nyr — <T>yr = 2T% /8. (2.23)

Here g is number of degrees of freedom in the system. For a system of N particles with N,
constraints, g = 3N — N,. In general, N >> N, = g ~ 3N. Therefore the Equation 2.23 shows
that the fluctuations in the instantaneous temperature are inversely proportional to the number
of particles (N) and vanish in the limit of a macroscopic system (N — o). Similarly at large T

(high temperatures), the fluctuations are non-negligible.

In order to perform constant temperature molecular dynamics simulations, it is neces-
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stant pressure (P). Therefore, the equations of motion have to be modified with the purpose
of maintaining the constant temperature. Different approaches have been proposed to conduct
constant temperature molecular dynamics simulations. All this techniques essentially rely on
the equipartition theorem, where the temperature is directly proportional to kinetic energy of
the system i.e. the particle velocities. Therefore by adjusting the particle velocities according
to the desired kinetic energy, the temperature of the system can be controlled. Similarly, the

pressure can be controlled by adjusting the volume of the system.

One simplest method to control the temperature is periodically rescaling the atomic
velocities, known as velocity rescaling. However using this method violates the conservation
of energy. Therefore, different thermostat algorithms have been proposed to carry out con-
stant temperature molecular dynamics simulations such as Nose-Hoover thermostat [89-91]
and Berensden thermostat [92]. In the present thesis, Nose-Hoover thermostat has been used
in a canonical ensemble (constant NVT) to carry out constant temperature MD simulations.
Generally, the Noose-Hoover thermostat is implemented by introducing an additional degrees

of freedom coupled to the particle velocities of the system as described below.

According to Nose [89], the Lagrangian in constant temperature ensemble can be writ-
ten as

N
1
Liose = 5 3 mis’i* = U (r) + 05” — gksT Ins, (2.17)
i

| =

where m; is mass of particle i, s is the additional degree of freedom, g is the number of degrees
of freedom of a system, Q is a parameter which acts like an effective mass for the degree of
freedom s and determines the time scale of the temperature fluctuation, kg is the Boltzmann
constant and 7 is externally set temperature. Here, the parameter s works like a heat reservoir
and acts as a friction coefficient to draw back the current temperature to desired temperature.

The kinetic energy term —%Qs‘z is introduced in order to construct a dynamic equation for s.

For this extended system, the Hamiltonian becomes [89]

N2 p?
H = : U =+ gkpT'1 2.18
Lo TV + 55 +gksTIns, (2.18)

where p; and pg are momenta conjugate to r; and s, respectively. By introducing the variable

§ = ps/ 0, Hoover [91] eliminated the variable s and p, from the equations of motion as follows

pi=F—Cpi. (2.19)
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2.3.2 Time step

In the integration schemes of molecular dynamics discussed above, it is necessary to choose an
appropriate time step Az. As the truncation error (e;) in atomic positions and velocities varies
in power-law proportion to the time-step i.e. e, o (Af)", choosing the large time step leads
to divergent unphysical trajectory and also violates conservation of energy and momentum.
Similarly, choosing a too small time step makes the calculations inefficient and take very long
time. However, there are no reliable methods to calculate the appropriate time step in molec-
ular dynamics simulations. It must be chosen by a balance between the correct trajectory and
spanning sufficient phase space. Table 2.2 presents the different values of time-steps used in
MD simulations for different systems. In practise, the time step is limited by the fastest process
expected to happen during the simulations. Generally, the distance travelled by the atoms in
one time step should not be larger than 1/20 of the inter-atomic distance and also it should be
smaller than the 1/10 of the period of a bond oscillation [88]. However, the ultimate choice of
time step should be based on the conservation of energy. For each new system, new potential,
new process and new condition, one must test the suitability of the time step in terms of energy
conservation. In the present study, the time steps ranging from 1 - 5 fs have been used in all the

simulations.

Table 2.2: Typical values of time-steps used in MD simulations [88].

System (fastest motion) Time step (1 fs = 10~ 13s)

Molecules (bond vibrations) 0.5-1.0fs
Molecules, rigit bonds (angle bending) 2.0 fs
Atoms (translations) 1-10fs

2.3.3 Ensembles, temperature control and initial velocities

Performing molecular dynamics simulations using the standard equations of motion imple-
ments micro-canonical ensemble by default i.e. the simulations will be performed at constant
energy (E), with fixed volume (V) and number of particles (N) (constant NVE). In this micro-
canonical ensemble, there is no control over temperature (T) and pressure (P). If the system
is at equilibrium, then T and P fluctuate about their mean value. In a non-equilibrium simula-
tions, these quantities may undergo a systematic drift. However to mimic the real experimental

conditions, the simulations often have to be carried out at constant temperature (T) and/or con-
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first order central difference method as

(A —r(t—Ar)

V(1) = A . (2.12)

It shows that to calculate the velocities at present time ¢, the positions at later time ¢ + At
needs to be known. Further, the velocity has a 2nd order accuracy compared to the 4th order
accuracy of position (Equation 2.10), which introduces some numerical imprecision in particle
trajectories [68]. In order to overcome these disadvantages, Verlet algorithm has been modified
by incorporating the explicit velocities of high accuracy, known as velocity Verlet algorithm.
In the present study, the velocity Verlet algorithm has been used in to integrate the equations of

motion. This velocity Verlet algorithm takes the form

r(t+ A1) = r(t) +v(t)Ar + %a(t)Atz (2.13)

and  v(t 4+ Af) = v(t) + %Az[a(z) Falt+A), (2.14)

This is generally implemented in three steps
1. First positions at time ¢t 4+ At are calculated using Equation 2.13.

2. Then, the velocities at the mid-step are calculated using

v(t+ %) =v(t)+ %a(t)At (2.15)

3. From the equations of motion, the the acceleration a(z + At) is calculated and then the

new velocities v(¢ + Ar) are obtained as

At 1
v(t+Ar) = v(t+7)+§a(t+At)At (2.16)

Here, the new velocity is obtained based on previous velocity and current force or acceleration.
Further, the accuracy of velocity is also improved and it is in the order of O(A%). Like Verlet,
this algorithm is also time reversible and therefore conserves the energy if the system being

studied is Hamiltonian.
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is an improved version of Verlet algorithm has been used [87]. In the following, the Verlet and

velocity Verlet algorithms have been described in detail.

2.3.1 Verlet and velocity Verlet algorithm

The basic idea in Verlet algorithm [87] is that writing a Taylor expansion for position r(z), one

forward and one backward in time.

r(t+ A1) = r(t) +7 (1) Ar + %r”(r)Atz + ér’” ()AP +0(Arh), (2.6)
r(t—Af) =r(t) —r (1) Ar + %r”(t)At2 — ér”’(t)At3 +O(ArY). (2.7)

By defining 7/ (¢) as velocity v(z) and r”’(r) as acceleration a() and combining the above two

equations leads to

r(t+Ar) +r(t — Ar) = 2r(t) + a(t)Ar> + O(Ar) (2.8)

—  r(t+A) =2r(t) — r(t — A1)+ a(t) A2 + O(A?) (2.9)
Using the Equation 2.5, the above equation can be written as
Foo 4
r(t+Ar) =2r(t) — r(t — At) + — A + O(Ar™). (2.10)
m

This relation predicts the position of atom at time ¢ 4+ Ar using the position at current time ¢,
and previous time ¢ — Ar along with acceleration (force) at time z. This algorithm is known as

Verlet algorithm [87]. In simple form, the Verlet algorithm can be summarized as [88]
{r(t),a(t),r(t— At} — {r(t + At),a(t + Ar)}. (2.11)

Verlet algorithm possesses high numerical stability, accuracy and conserves energy and linear
momentum. It is also time reversible because of the symmetric usage of (¢ +Ar) and r(t — At).
However, this algorithm performs calculations without using the velocities, which are necessary

to calculate kinetic energy and temperature. The velocities have to be calculated separately by
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also used this potential for studying the deformation behaviour of Fe nanopillars. The results
obtained in this thesis using Mendelev EAM potentials are in qualitative agreement with either

experimental or DFT studies.

2.3 Molecular dynamics

Molecular dynamics is an atomistic simulations technique, where the atoms are assumed to be
the building blocks of matter and interacts via a well known inter-atomic potentials [68, 85].
Following this, the time evolution of the system can be obtained by solving the classical New-
ton’s equations of motion for every atom of the system. This is equivalent of saying, advance
the system by small time At, calculate the forces and velocities, and then repeat this process
iteratively. If the time-step (At) is small enough, this produces an acceptable approximate so-
lution to continuous motion. Initially, it has been questioned that how a classical equation
can describe a system of atoms involving coupled behaviour of electrons and nuclei. How-
ever, the foundation of using classical equation of motion in MD simulation lies in the Born-
Oppenheimer approximation [86]. It is well known that the nuclei are much heavier than the
electrons, and move on a time scale three orders of magnitude longer than that of electrons.
The Born-Oppenheimer approximation says that movement of electrons can be reasonably ne-
glected and the movement of atoms involves the motion of nucleus only, which obeys classical
Newton’s equations of motion. Therefore, the Newton’s equations are plausible and can be
used to get a phase space trajectory of a system. For a system of N particles interacting through

the potential U, the equation of motion for any atom i of mass m; can be written as
— =F=-VU(#,h....7y), i=12,..N (2.5)

where r; is the position of atom i, and F; is the force acting on this atom due to all other atoms in
the system. Once the initial conditions (positions and velocities) and the inter-atomic potential

are defined, the equations of motion can be solved numerically to get the phase space trajectory.

For a system of particles/atoms, it is difficult to get a closed form solution [68]. This
problem can be overcomed by descretising the equations of motion in time and integrating them
by using the finite difference methods. There are many different finite difference methods such
as Predictor-Corrector algorithm, Leap-frog algorithm, Verlet and velocity Verlet algorithms.

More details can be found in ref. [68]. In the present study, the velocity Verlet algorithm which
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range of properties in crystalline and liquid structure.

In clear advancement to the existing potentials, Mendelev et al. [75] developed the
potential for BCC Fe based on the Finnis-Sinclair [70] type many body potentials, where the
form of the embedding function is chosen as a combination of ,/p and p?. Precisely, F(p;)
is chosen as —,/p + a?p?, where a? is the parameter to be fitted. The detailed functional
form of a pair term and other parameter set can be found in ref. [75]. The fitting procedure
of Mendelev potential uses a large set of experimental and Ab-initio data in liquid as well as
solid phase. In view of this, the Mendelev EAM potential accurately reproduce many defect
properties such as self diffusion [76], self interstitial diffusion [77], mobility of edge and screw
dislocations [78,79] and six-fold symmetry of screw dislocation core [80]. Further, this is the
only potential which predicts a non-degenerate core structure for screw dislocations [81] and
is in good agreement with density functional theory (DFT) calculations [82]. The prediction of
screw dislocation core is important in order to correctly reproduce the dislocation behaviour in
BCC Fe, where screw dislocations dominates the deformation. In contrast, all other potentials

predict a degenerate core structure for screw dislocations.

To simulate the deformation behaviour of nanowires, special attention should be paid
towards surface energies and also the generalized stacking fault energy (GSFE). As shown
in Table 2.1 the surface energies obtained using the Mendelev EAM potentials are in good
agreement with DFT calculations and experimental values [83, 84]. Similarly, Cao [61] has
shown that Mendelev potential outperforms all other potentials in predicting the different fault
energies such as generalized stacking fault energies and twin fault energies of BCC Fe, in

agreement with DFT calculations.

Table 2.1: Surface energies (in J/m?) of different surfaces in BCC Fe

Method {100} | {110} | {111}
Mendelev 2461 | 2352 | 2.653
DFT [83] 247 | 237 | 258
Experiments [84] 2.41

In view of the above superiorities of Mendelev EAM potential for predicting the defect
properties, dislocation mobilities, screw dislocation core structure, surface energies and GSFE,
this potential has been used in the present study for modelling deformation behaviour of BCC

Fe nanowires/nanopillars. In the past, Healy and Ackland [62] and Amlan Dutta [56] have

36



Finnis-Sinclair chose F[p;] to be /p., which comes from the second moment tight binding

approximation.

The second interpretation to Equation 2.3 is given by Daw and Baskes, known as
embedded atom method (EAM) [69]. In this interpretation, the attractive second term is the
energy change one gets by placing an atom in a uniform electron gas. F[p;] is an embedding
functional representing the energy due to embedding an atom in an electron gas of density p.
The charge density (p;) at site i is calculated from a superposition of atomic charge densities
due to atoms within a short range of the atom in question. In this interpretation, the electron

density p; is defined as

pi =Y. p(rij). 24)
J7i

It may be noted that j # i i.e. the electron density at atom i is contributed by neighbouring

atoms except the atom i.

However, it must be note that both the FS and EAM interpretations result in a similar
functional form for the potential. The only difference being that F(p;) was set as \/p, in FS
interpretation, while in EAM it was kept as a function to be fitted. Because of this similarity,
sometimes both the class of potentials are termed as EAM. Finally, it must be note that these
potentials are suited mainly for metals, while different forms are used for strongly covalent

materials such as oxides and glasses.

2.2.3 Potential for BCC Fe

Iron (Fe) exhibits distinct polymorphic nature, where it exists in three different solid phases
in two different crystal structures, BCC and FCC. The BCC or a phase is stable up to the
temperature of about 1184 K, where it transforms to FCC structure (y phase) and this structure
remains stable up to 1665 K. Above this temperature, it again transforms back to BCC structure
(0 phase), which is stable up to a melting point of 1809 K. Due to this complex polymorphic
nature, developing a potential for Fe is challenging. Generally, the potentials are designed and
parametrised by fitting to available experimental data such as lattice parameter, density, cohe-
sive energy, melting temperature, thermal expansion coefficient, elastic constants, vibrational
frequencies, etc. In the past, numerous potentials have been developed for modelling the dif-
ferent properties of BCC iron [71-73]. Malebra et al. [74] reviewed the capability of different

potentials for BCC Fe. However, none of this potentials are satisfactory in describing it’s wide
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potential is given by

ULs(r) =4e [(g) e (g>61 ; (2.2)
r r
where ¢ and € are material parameters. The term +1/r!? is the repulsion term acting at very
small distances. The negative term — 1 /7% dominates at large distance and constitute the attrac-
tive part of the system. This part also describes the van der Waals forces, which are responsible
for bonding in closed-shell systems, such as inert gases. In view of this, L-J potential describes

the inert gases most effectively. However, this potential fails to describe the interaction between

the atoms when the covalent or metallic bonding is present [68].

The advantage of pair potentials is that, they are computationally efficient for large
scale simulations because of the simple description of potential energy. In view of this, L-
J potential is often used in simulations where the objective is to model the general effects
rather than the specific ones. However, the disadvantage of L-J potential is low accuracy, fails
to describe the anisotropy of elastic constants, overestimates the melting point, and it cannot
distinguish between vacancy formation energy and binding energy. These limitations can be

overcomed using semi-empirical potentials.

2.2.2 Semi-empirical potentials

The functional form of a semi-empirical potential consist of many body term in addition to
the pair term. The many body term takes care of all higher order interactions other than the
pairwise interactions. The framework of this potential is partly based on quantum mechanics,
while some parameters are determined empirically. In this framework, the total potential energy

can be written as

1
Usor = 5 3.V (rij) + 2 Fpi]. (2.3)
ij i

Here, V (r;;) is purely repulsive pair potential and F [p;] is many body term. In many body term,
the material dependency has been introduced through the electron density p. The functional
form of F[p;] is deduced primarily by semi-empirical methods and partly through fitting. There
are mainly two different interpretations for above potential, the embedded atom method (EAM)

interpretation by Daw and Baskes [69] and Finnis-Sinclair (FS) [70] interpretation.

The FS interpretation [70] is based on the tight binding model. In this interpretation,
the second term in Equation 2.3 is a band energy that results in bonding and the repulsive

pair term is the interaction between atomic cores consisting of nuclei and valence electrons.

34



The real potentials are the combination of many terms and hence, it is difficult to
obtain their precise functional form. However, for simple cases, the pair potentials serve as a
reasonable approximation for the inter-atomic interactions. Further, the pair potentials can be
parametrised or an extra empirical terms can be added to reproduce the many body interactions.
The goal of the potential development is to obtain the approximate functional form and the
material specific set of parameters. Depending on the complexity of a material, the potential
function may contain several parameters. In the following, the basic potential functions such
as pair potentials followed by complex many-body potentials, which is of more importance for

the representation of metals have been described briefly.

The potential function of a particular system can be obtained in three different ways.
In first a functional form is assumed and then the parameters are obtained to reproduce the
experimental data. The potentials obtained in this method are known as empirical potential.
The potentials functions such as Lennard-Jones, Morse, and Born-Mayer potentials falls in this
category. Second method is to calculate the electronic wave function for fixed atomic posi-
tions and using different quantum-mechanical arguments, an analytic form for the potential is
derived. These potentials are known as semi-empirical potentials. The potentials such as Em-
bedded Atom Method (EAM), Modified EAM, Finnis-Sinclair (FS), Stillinger-Weber (SW),
bond order potentials (BoP) falls under this category. Third way is by performing the quan-
tum mechanics based electronic structure calculations of forces, a method known as Ab-initio
or first principle calculations. However, the first principle calculations are computationally
expensive and hence their utility is limited to a system with few hundred atoms or less. As
a result, most large-scale and long-time simulations are performed using empirical or semi-
empirical potentials. In the following, the empirical and semi-empirical potentials are briefly

described.

2.2.1 Empirical potentials

In empirical potentials, the inter-atomic interactions are represented by a simple function of
distance between the atoms (r), and the parameters in the function are determined empirically
to reproduce the experimental results of interest, for example, lattice constant, elastic constants
etc. There are many well known empirical potentials such as hard sphere, soft sphere, square
well, Buckingham, Morse and Lennard-Jones potentials. The functional form of different po-

tentials are described in Ref. [68]. As an example, the functional form of Lennard-Jones (L-J)
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repulsive terms [67, 68]. It can be seen that the potential has a well defined “well” around
its minimum. The inter-atomic distance corresponding to the minimum of this well, Ey is
equilibrium separation rg. The magnitude of Ey and ry vary from material to material and
dictates many important properties of materials. For example, the materials having large Ey
have high melting point. Similarly, the elastic modulus depends strongly on the the shape of

the curve, particularly around ry [67].
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Figure 2.1: The typical shape of an inter-atomic potential as a function of inter-atomic separa-
tion [67].

The general functional form of any inter-atomic potential for a system of N particles

can be written as [68]

U(r) =Y Ui(r) + Y. Us(rij)+ Y Us(rijg) + -ooooen (2.1
i ij iyjk
The term Uj is a one-body term and it is due to an external field. The second term U, is
a typical two-body term known as pair potential, where the interaction of any pair of atoms
depends only on their spacing and is not affected by the presence of other atoms. The third
term Us is a three-body term and it arises when the interaction of a pair of atoms is modified by
the presence of a third atom. In practice, the external field term, U; is usually ignored. Based
on the type of interactions, the potentials have been separated into two main classes: (1) pair
potentials, where only U, is present, and (2) many-body potentials which includes Uz and all

other higher order terms in addition to the pair term.
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Chapter 2

Molecular dynamics simulations :
Methodology and post-processing

2.1 Introduction

In the present work, the classical molecular dynamics simulations have been used to investigate
the mechanical properties and deformation behaviour of BCC Fe nanowires. It has been known
that the inter-atomic potentials plays an important role on the reliability of MD simulation
results. This chapter provides a brief overview of different inter-atomic potentials and the
basics of molecular dynamics simulations. The method of implementing tensile/compressive
loading in MD simulations, pre-processing methods to create the required configurations of
nanowire/nanopillars and the post-processing techniques used for the visualization of various
defects have been described in detail. Following this, a short description about the LAMMPS
package used for MD simulations has been given. Visualization packages such as AtomEye

and OVITO have been described.

2.2 Inter-atomic potentials

In solid, the inter-atomic forces binds the atoms together and it is responsible for the structural
stability. Many properties of a material can be predicted based on the knowledge of inter-
atomic forces. At large inter-atomic distances, the interactions are negligible and at the same
time, the atoms cannot come too close to each other. Therefore, the inter-atomic potential
contains an attractive term, so that the atoms bond together, and repulsive term giving rise to
a state of equilibrium separation. Figure 2.1 shows the form of a typical inter-atomic potential

as a function of inter-atomic separation between two atoms clearly showing the attractive and
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3.8 Conclusions

Molecular dynamics simulations performed on BCC Fe nanowires indicated that the defor-
mation behaviour strongly depends on orientation and loading mode. Under tensile loading,
the <100>, <112> and <102> nanowires deformed by twinning on <111>/{112} twin sys-
tem, while the deformation in nanowires with <110> and <111> orientations was dominated
by the slip of 1/2<111> full dislocations. Under compressive loading, the <100> oriented
nanowire deformed by full dislocation slip, while twinning was observed in <110> nanowire.
The deformation by twinning in BCC Fe nanowires has led to reorientation within the twinned
region. Based on the observed results on deformation twinning, a simple twin nucleation and
growth model applicable to BCC Fe nanowires was presented. A good agreement between the
operative deformation mechanisms with respect to nanowire orientation and those reported for
the bulk single crystal counterparts based on experimental results was observed. Both <100>
and <110> oriented nanowires displayed opposite tension-compression asymmetry. The ori-
entation dependent deformation behaviour and the opposite tension-compression asymmetry
in deformation mechanisms in BCC Fe nanowires has been explained in terms of twinning-

antitwinning asymmetry of 1/6<111> partial dislocations on {112} planes.
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3.16, which is equivalent to the motion of a single 1/6<111> partial dislocation in Figure 3.14.
Initially, the 1/12<111> partials lie on adjacent planes {112} planes marked 1 and 3 in Figure
3.16a. With continuous glide, annihilation and nucleation of these partials on adjacent planes,
the twin grows along the nanowire axis by a layer by layer by growth process. Each nucleation,
glide and annihilation of twinning partial dislocation removes one inter-planer spacing from

the parent lattice and adds to the twinned lattice (Figure 3.16a-d).

Matrix
1/12<111> partials
f L
Yoo ]
Twin
(b)

Figure 3.15: The structure of twin boundary in BCC Fe nanowire using Mendelev EAM poten-
tial.
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Figure 3.16: The atomistic process of twin growth in BCC Fe nanowires. The twin growth pro-
ceeds by repeated initiation and glide of 1/6 <111> (= 1/12<111> + 1/12<111>)
partial dislocations on adjacent {112} planes. The blue atoms represents the
{112} twin boundary and arrow marks on twin boundary show the 1/12<111>
partial dislocations. The twin boundary layers are marked with 1, 2, 3 and 4..
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3.7.4 Twin nucleation and growth and twin boundary structure

Several twin nucleation and growth model have been proposed in single crystal bulk BCC met-
als [116]. Based on the results obtained in the present study (Figures 3.6, 3.7, and 3.11), a
simple model of twin nucleation and growth in BCC Fe nanowires has been presented in Fig-
ure 3.14. It can be seen that the 1/6<111> partial dislocation nucleates from the corner of the
nanowire (i.e. the stress concentration site) with a stacking fault behind in Figure 3.14a. In de-
fect free nanowire, the stress required for the nucleation of 1/6<111> partial dislocation is in
the order of theoretical stress. The nucleation of twin embryo corresponds to the onset of yield-
ing in the nanowire and this leads to an abrupt drop in flow stress. With increasing deformation,
the initially nucleated 1/6<111> partial dislocation glides further in <111> direction (Figure
3.14b) and an additional 1/6<111> partial dislocations nucleates from the intersection of the
surface and stacking fault as shown in Figure 3.14b and c. Eventually, the twin front reaches the
opposite surface and becomes twin lamella enclosed by {112} twin boundaries (Figure 3.14d).
Following this, the twin lamella grows along the nanowire axis by the successive nucleation

and glide of 1/6< 111> partial dislocations on adjacent {112} planes.

Twin like {112} TB__\L
stacking fault

L
-y —

\ B v

1/6<111> partial

dislocation 1/6<111> twinning

Twin embryo .
Twin front partials
(d)

(a) (b) (c)

Figure 3.14: The schematic diagram showing the nucleation and growth of a twin in BCC Fe
nanowire.

The structure of the twin boundary in BCC Fe nanowires observed in the present inves-
tigation using Mendelev EAM potential is typically shown in Figure 3.15a. It can be seen that
the twin boundary does not have a mirror image structure and is similar to a displaced bound-
ary (Section 1.2.5) as observed by Bristowe and Crocker [19] and Yamaguchi and Vitek [20].
Unlike a sharp twin boundary which consists of 1/6<111> partial dislocation, the displaced
twin boundary comprises of two 1/12<111> partial dislocations lying in the adjacent {112}
planes [20], as shown schematically in Figure 3.15b. In the case of a displaced boundary, the

twin grows by the collective motion of two 1/12< 111> partial dislocations as shown in Figure
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Figure 3.13: The standard stereographic triangle showing the regions of twinning and antitwin-
ning sense of 1/6<<111> partials during tensile deformation. Under compression,
this twinning-antitwinning sense is reversed. Here ) is defined as the angle of
maximum resolved shear stress plane (MRSSP) with respect to (101) plane in
BCC Fe.

3.7.3 Tension-compression asymmetry

The stress-strain behaviour of BCC Fe nanowires under tensile and compressive loading (Figure
3.4) indicated that the <100> and <110> orientations display opposite tension-compression
asymmetry in yield stress. Under tensile loading, the <110> orientation showed higher yield
strength than in compression, while the <100> orientation exhibited higher yield strength in
compressive loading than in tension. The opposite tension-compression asymmetry observed
in BCC Fe nanowires is in agreement with the reported experimental observations on BCC
Mo nanowires [113]. The observed opposite tension-compression asymmetry in <100> and
<110> nanowires results mainly from the different yielding mechanisms under tensile and
compressive loadings. The yielding in <100> nanowire under tensile loading occurred by the
nucleation of a twin embryo, while the nucleation of full dislocation loop has been observed un-
der compressive loading. This is consistent with the yielding behaviour reported by Healy and
Ackland [62]. In <110> orientation, the yielding under tensile loading occurred due to the nu-
cleation of full dislocation loops, while the nucleation of a twin embryo has been observed un-
der compressive loading. The opposite tension-compression asymmetry in <100> and <110>
BCC Fe nanowires can be ascribed as a consequence of opposite twinning-antitwinning sense

of 1/6< 111> partial dislocations.
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the orientation and loading mode dependent deformation behaviour of BCC Fe nanowires based
on the twinning-antitwinning asymmetry of 1/6<111> partial dislocations on {112} planes
(Section 1.2.4). In BCC systems, the full dislocations can be regarded as leading 1/6<111>
partial and trailing 1/3<111> partial dislocations, and the twinning can be considered as re-
peated initiation and glide of 1/6<111> partial dislocations on adjacent {112} planes [60].
Once the 1/6<111> partial dislocation nucleates from the corners of the nanowires, the mode
of deformation is determined by the nucleation of subsequent partial dislocation. If the sub-
sequent partial dislocation is of 1/6<111> type, the deformation occurs by twinning [60]. In
case, the next partial dislocation is of 1/3<111> type, the deformation occurs by full disloca-
tion slip [60]. It can be seen that in both slip and twinning cases, the first partial that nucleates
is 1/6<111>. However, the glide of these 1/6<111> partial dislocations is allowed only in one
direction (twinning sense) and the glide in opposite direction (antitwinning direction) creates
an unstable stacking fault which is not a twin plane (Section 1.2.4). By defining ) to be an
angle between maximum resolved shear stress plane (MRSSP) and (101) plane, a boundary
separating the twinning-antitwinning sense of 1/6<111> partial dislocation can be drawn at
x =0[113-115] as shown in Figure 3.13. The orientations with positive and negative ) values
are not equivalent. Under tensile loading, the 1/6<111> partial dislocation glides in twin-
ning sense on {112} planes for the orientations where y < 0 [114]. Because of this twinning
sense, it would be easier for the initial and subsequent nucleation of 1/6<111> partial dislo-
cations (1/6<111> partials have lower critical resolved shear stress in twinning sense), which
facilitates deformation by twinning rather than the full dislocation slip in <100>, <102> and
< 112> orientations. On the other hand, the 1/6<111> partial dislocation glides in antitwin-
ning sense for the orientations where ¥ > 0 [114]. Due to this antitwinning sense for y > 0,
it would be difficult for the nucleation of 1/6<111> partial dislocations (1/6<111> partials
have high critical resolved shear stress in anti-twinning sense) and this hinders the occurrence

of twinning in <110> and <111> orientations leading to deformation by full dislocation slip.

Under compressive loading, the twinning-antitwinning sense of 1/6<111> partial dis-
locations is reversed (Figure 3.13), i.e., for ¥ < O orientations, the 1/6<<111> partial disloca-
tions move in antitwinning sense, and this leads to deformation by slip under the compressive
loading of <100> nanowire. Similarly for ¥ > O orientations, the 1/6<111> partial dislo-
cations move in twinning sense leading to deformation by twinning under the compressive

loading of <110> nanowire.
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tion twinning for <100>-tension, <110> and <111>-compression, while dislocation slip is
observed for <112>-tension and compression. In agreement with this experimental study, the
present results shows deformation twinning for <100>-tension and <110>-compression. The
orientation dependence of twinning in BCC Fe nanowires observed in the present study along
with that reported in bulk single crystals by Harding is shown in Figure 3.12. In bulk sin-
gle crystals, a boundary at an angle of 37°from <100> orientation separating the orientations
favourable for twinning and those not favourable is shown as dashed contour. It can be seen
that the nanowire orientations exhibiting twinning fall within the contour defined by Harding.
However, the main difference between the two studies is that the twinning is observed along
with slip in bulk single crystals [106], whereas in BCC Fe nanowires, the deformation is solely

dominated by twinning without major slip events.

A /\ - BCC Fe nanowire [1 1 1]

(Present investigation)

® O ® - Bulk BCC Fe single crystal [2]

e |
[ | % 1A ]
[102]

[100] [110]

Figure 3.12: The standard stereographic triangle showing the orientation dependence of twin-
ning in BCC Fe nanowires. The symbols A and A denote the presence and ab-
sence of twinning, respectively, in BCC Fe nanowires. The twinning behaviour
with respect to orientation (e - extensive twinning, o - no twinning and & - with
few twins) reported for bulk BCC Fe single crystals at room temperature and at
dynamic strain rates is superimposed [ 106].

The orientation dependent deformation behaviour in FCC nanowires has been ex-
plained by the Schmid factor analysis (Section 1.3.1). In BCC nanowires, presence of non-
Schmid stresses makes the slip to violate the Schmid law and therefore, the Schmid law cannot
be used. The deformation by slip or twinning in FCC/BCC nanowires can also be understood by
calculating the generalised planer fault energies [60,61]. However, this method cannot explain

loading mode dependence of deformation behaviour. Here, we provide a clear explanation for
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3.7 Discussion

3.7.1 Non-linear elastic deformation

In atomistic simulation studies, the elastic deformation of many metallic nanowires have been
observed to be non-linear under different loading conditions [22,23]. The non-linear elastic
deformation observed at large strains in the present investigations can be attributed to the nature
of inter-atomic forces in BCC Fe nanowires. For small displacements about equilibrium, the
inter-atomic forces vary linearly with inter-atomic distance and this leads to linear relation
between stress and strain at small strains [16,67]. However, at higher inter-atomic distances,
the inter-atomic force varies non-linearly and this leads to the non-linear elastic deformation at
large strains. Due to negligible defect density and high surface effects, the defect nucleation
in the pristine nanowires requires high stress, and as a result, the nanowires display enhanced
elastic deformation (i.e., higher elastic strains) compared to their bulk counterparts. As a result,
the non-linear elastic deformation is observed mainly in materials at nanoscale. The observed
non-linearity in elastic deformation of BCC Fe nanowires (Figure 3.3) results as a consequence

of the ability of the nanowires to undergo large elastic deformation.

3.7.2 Effect of orientation on deformation mechanisms

The yield strength dependence on orientation is associated with the defect nucleation in a pris-
tine nanowire. It has been observed that the <100>, <102> and <112> BCC Fe nanowires
yield by the nucleation of a twin embryo and exhibit lower yield strength than the yield strength
values of <110> and <111> nanowires deformed by dislocation slip mode. The high yield
strength in <110> and <111> nanowires results from the higher stress required for nucleation
of high energy full dislocations responsible for slip mechanism [112]. Contrary to this, lower
stress is needed for the initiation of relatively low energy partial dislocations responsible for
twinning [112] and this result in the low yield strengths in <100>, <102> and <112> ori-
entations. The occurrence of twinning in <100>, <102> and <112> oriented nanowires and
its absence in <110> and <111> orientations is similar to their bulk single crystal counter-

parts [106].

The deformation mechanisms observed in the present investigation on Fe nanowires
are quite close to the experimental observations in BCC W nanopillars [63]. Using in-situ

transmission electron microscopy in BCC W nanopillars, Wang et al. [63] predicted deforma-
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Figure 3.10: The atomic snapshots showing deformation behaviour of <100> oriented BCC
Fe nanowire under compressive loading. Nucleation of full dislocations in (a) and
dislocation interactions along with bulging at the surfaces in (b-c) can be seen.
The atoms are coloured according to the centro-symmetry parameter (CSP). The
perfect BCC atoms and front surfaces are removed for clarity.
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Figure 3.11: The atomic snapshots showing (a) nucleation and (b) growth of twin embryo, (c)
formation of a full twin plate and (d) reorientation within the twinned region dur-
ing the compressive deformation of <110> nanowire. The atoms are coloured
according to the centro-symmetry parameter (CSP). The perfect BCC atoms and
front surfaces are removed in (a-c) for clarity. Only front surface is removed in

(d).
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3.6 Deformation behaviour under compression

In order to examine the influence of loading mode, additional MD simulations were performed
under compressive loading on <100> and <110> oriented BCC Fe nanowires. The deforma-

tion behaviour under compression in both <100> and <110> nanowires is presented below:

3.6.1 Deformation by slip

Figure 3.10 shows the atomic configurations during compressive deformation of <100> BCC
Fe nanowire. The plastic deformation initiated by the nucleation of 1/2<111> full dislocations
from the corner of the nanowire can be seen in Figure 3.10a. The <100> nanowire under
compression yielded at a significantly higher strain of 19.7% than under tension (Figure 3.4).
With increasing strain, the deformation spread uniformly across the nanowire by the dislocation
motion, and large number of dislocations arising from continuous dislocation nucleation and
interactions can be seen in Figures 3.10b and c. Significant bulging on the side surfaces can also
be seen in Figures 3.10b and c. Like tensile deformation in <100> nanowire, twinning was not
observed during compressive loading and the deformation was dominated by dislocation slip

mechanism.

3.6.2 Deformation by twinning

In Section 3.5.2, it has been shown that the <110> oriented BCC Fe nanowire deform by
dislocation slip mechanisms under tensile loading (Figure 3.8). The atomic configurations at
various stages of deformation during the compressive loading of <110> nanowire are shown
in Figure 3.11. The yielding under compressive loading occurred by the nucleation of a twin
embryo from the corner of the nanowire (Figure 3.11a) causing an abrupt drop in flow stress.
The propagation of initially nucleated twin embryo towards the opposite surface can be seen in
Figure 3.11b. The twin embryo consisted of 1/6<111> partial dislocations along with ’twin’
like stacking faults on {112} planes (Figure 3.11a and b). With increasing deformation, the
propagation of the leading edge of the twin embryo, i.e. the twin front to the opposite surface
results in the full twin enclosed by twin boundaries on {112} planes as shown in Figure 3.11c.
With further increase in deformation, the twin grows by the motion of twin boundary along
the nanowire axis (Figure 3.11c and d). The transformation of <110> nanowire into <100>
nanowire with {100} lateral surfaces due to twinning induced reorientation in the twinned

region can be seen in Figure 3.11d.
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Straight screw |
dislocations

(a) strain = 14.6% (b) strain = 17% (c) strain = 20% (d) strain = 40%

Figure 3.8: The atomic snapshots showing (a) nucleation of dislocation loops, (b) accumulation
of straight screw dislocations, (c) slip steps formed due to dislocation escape and (d)
neck formation during the tensile deformation of <110> nanowire. The atoms are
coloured according to the centro-symmetry parameter (CSP). Perfect BCC atoms
and front surfaces are removed for clarity in (a) and (b).

strain -

=24.58%  (b) strain = 24.6%

(c) strain = 24.7 (d) strain = 24.8%

Figure 3.9: The atomic snapshots showing (a) nucleation of crack, (b-d) rapid growth of crack
leading to sudden failure during tensile deformation of <111> BCC Fe nanowire.
Bottom row figures shows the axial view of the nanowire. The atoms are coloured
according to the coordination number in top row and centro-symmetry parameter
in bottom.
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the reoriented <100> nanowire again transform to <110> orientation as observed in Figure
3.6. With increasing deformation, it has been observed that these reoriented <100> nanowire
deforms by twinning, however, further reorientation of this nanowire is not observed due to

minor dislocation activity, which disrupts the reorientation process [59].

3.5.2 Deformation by dislocation slip

The BCC Fe nanowires with <110> and <111> orientations deforms by dislocations slip
under tensile loading. The deformation behaviour of <110> oriented nanowire at different
strain values is presented in Figure 3.8. In <110> nanowire, the yielding occurred at a strain
level of 14.4% by the nucleation of multiple 1/2< 111> dislocation loops from the corner of the
nanowire (Figure 3.8a). The yielding resulted in large stress drop from 22.72 GPa to 2.2 GPa.
In absence of obstacles in the nanowire, dislocations loops once nucleated easily expand in
multiple directions. With increasing strain, the accumulation of large number of straight screw
dislocations can be seen in Figure 3.8b. It is known that the edge dislocations have higher
mobility than the screw dislocations in BCC metals [111]. As a result, the edge components
easily escape to surface, and this leads to pile-up of screw dislocations in the nanowire. The
annihilation of edge components at the surface also leaves slip steps as seen clearly in Figure
3.8c. With increasing strain, the activation of multiple slip leads to the formation of a neck
in the nanowire (Figure 3.8d). Similarly, the deformation in <111> BCC Fe nanowire is also
dominated by dislocation slip. However, the deformation is slightly different than <110>

nanowire.

Figure 3.9 shows the deformation behaviour during the tensile loading of <111>
nanowire. The nanowire yielded at a strain level of 24.58% by the nucleation of a crack from
the corner (Figure 3.9a). With increasing strain, the crack grows rapidly along the direction at
45°angle with the loading axis (Figures 3.9b and c¢). During crack growth, a few 1/2<111> in
the vicinity of crack tip can be seen in the bottom figures (Figures 3.9b and c). The growing
crack reaches the opposite surface within a short strain interval and the nanowire fails abruptly
without showing significant plastic deformation (Figure 3.9d). These observations clearly sug-
gest that the <111> nanowire undergo deformation by crack nucleation and growth with few
dislocations at the crack tip. Since few dislocations have been observed without any twinning,

the deformation behaviour in this nanowire is considered as deformation by slip.
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(a) strain = 8% (b) strain = 15% (c) strain = 20% (d) strain = 30%

Figure 3.6: The atomic snapshots showing (a) nucleation of a twin embryo, (b) full twin en-
closed by two twin boundaries, (b-c) twin boundary motion and (d) the reorienta-
tion within the twinned region during the tensile deformation of <100> nanowire.
The atoms are coloured according to the centro-symmetry parameter (CSP). The
perfect BCC atoms and the front surfaces are removed for clarity in (a-c), while
only front surface was removed in (d).

(a) strain = 20% (b) strain = 30% (c) strain = 25%

Figure 3.7: The atomic snapshots showing (a) full twin with small dislocation activity and (b)
reorientation within the twinned region in <112> orientation and, (c) reorientation
within the twinned region in < 102> orientation during tensile deformation of BCC
Fe nanowires. The atoms are coloured according to the centro-symmetry parameter
(CSP). The perfect BCC atoms and the front surfaces are removed in (a) for clarity.
Only front surfaces are removed in (b) and (c).
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3.5 Deformation behaviour under tensile loading

The evolution of atomic configurations at various stages of tensile deformation were analysed
for all the orientations using centro-symmetry parameter (CSP) [101]. Based on this analy-
sis, the deformation mechanisms under the tensile loading of BCC Fe nanowires with various

orientations were classified into twinning and dislocation slip as described in the following:

3.5.1 Deformation by twinning

The BCC Fe nanowires with <100>, <112>, and <102> orientations deforms mainly by
twinning mechanisms under tensile loading. The atomic snapshots at various strain levels dur-
ing tensile deformation of <100> oriented nanowire are shown in Figure 3.6. The yielding in
<100> nanowire by the nucleation of a twin embryo on {112} planes can be seen in Figure
3.6a. Similar yielding mechanism was observed in <112> and <102> orientations. The yield-
ing in the nanowires resulted in a sharp drop in flow stress from a peak value to a low stress
value (Figure 3.3). With increasing strain, the twin embryo grows into full twin enclosed by
two {112} twin boundaries consisting of 1/6<<111> twinning partial dislocations as depicted
in Figure 3.6b. The repeated nucleation and glide of 1/6<111> twinning partial dislocations
leads to twin growth along the nanowire axis (Figure 3.6b and c). The observed constant and
low flow stress during plastic deformation of <100>, <112> and <102> nanowires result
mainly from the twin boundary motion along the nanowire axis. Based on the surface structure
analysis, it has been observed that the twinning in <100> oriented nanowire with {100} sur-
faces leads to reorientation to <110> nanowire with {111} and {112} lateral surfaces in the

twinned region (Figure 3.6d).

The atomic configurations during the tensile deformation of <112> and <102> nanowire
is presented in Figure 3.7. Like <100> orientation, the <112> and <102> nanowires also
deforms by twinning mechanism. However, in <112> oriented nanowire, the minor dislo-
cation activity in both the twinned region and the original lattice has been observed (Figure
3.7a). With further increase in deformation, these dislocations move to the surface and the twin
grows along the nanowire axis. Due to deformation twinning, the original <112> nanowire
with {111} and {110} surfaces transforms to <100> nanowire with {100} lateral surfaces
(Figure 3.7b). Similarly, the <102> nanowire with {100} and {102} lateral surfaces also
transforms to <111> nanowire with {110} and {112} side surfaces (Figure 3.7c). Since the

< 112> nanowire is reoriented to <100> orientation, it would be interesting to see whether
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Figure 3.5: The radial distribution function (RDF) at various strains during the elastic deforma-
tion of (a) <100>, (b) <110>, and (c) <111> oriented BCC Fe nanowires under
tensile loading at 10 K.

Based on the relative shift of secondary peak positions in RDF, the atomic level tensile
or compressive strain (e) in various coordination shells has been calculated as e = (dg — dy) /do,
where d; is position of the peak in RDF at strain €, and dj is the original position of the peak
at zero strain. The microscopic or atomic level tensile and compressive strains have been eval-
uated in the first four nearest neighbour shells for <100>, <110>, and <111> orientations.
In <100> orientation, the microscopic tensile strain in second shell has been found to be equal
to the overall macroscopic strain, while in <110> and <111> orientations, the microscopic

tensile strains in third and first shells, respectively represented the overall macroscopic strain.
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of <100> nanowire, the second, third and fourth peaks in RDF splits into two independent
secondary peaks at low elastic strain of 0.024 (Figure 3.5a). With increasing strain, one of
the secondary peaks shifts towards higher distances, while other move towards lower distance
with respect to original RDF peaks. At the atomic level, this splitting of peaks indicates that
during elastic deformation of <100> BCC Fe nanowire, the second, third and fourth nearest
neighbour shells gets divided into two independent secondary shells. With increasing strain,
one secondary shell radius increases, while the other shell radius decreases. In addition to
shifting of secondary peaks, recombination of one of the secondary peaks originating from the
fourth peak with the fifth peak can be clearly seen at the elastic strain levels of 0.050 and 0.075
(Figure 3.5a). This suggests that the coordination shells gets dissociated and reorganized con-
tinuously during elastic deformation of BCC Fe. It is important to mention that the position
and amplitude of the first peak remains constant during elastic deformation of <100> BCC Fe
nanowire. This indicates that there is no change in the radius (2.47 A) and number of atoms of
the first nearest neighbour shell. Following transition from elastic to plastic deformation, the
peak positions in radial distribution function falls back to original positions as observed for zero
strain (e.g., plastic strain of 0.085 in Figure 3.5a). All the secondary peaks, which originates
during elastic deformation gets quickly merged with the primary peaks at the onset of plastic
deformation. This can be clearly seen between the strain levels of 0.080 and 0.085 in Figure
3.5a. Further, a general broadening of peaks has been observed during the plastic deformation
(e.g., at strain level of 0.085 in Figure 3.5a). Unlike elastic deformation, the peak shifting or

peak splitting has not been observed during plastic deformation of BCC Fe nanowires.

Splitting of primary RDF peaks into secondary peaks followed by shifting of sec-
ondary peaks has also been observed during elastic deformation of <110> and <111> BCC
Fe nanowires (Figures 3.5b-c). In these two orientations, multiple splitting of fourth peak cen-
tered at the distance of 4.74 A with increase in elastic strain leading to multiple secondary
peaks can be seen in Figure 3.5b-c. Higher number of splitting and formation of multiple sec-
ondary peaks results in the wavy appearance of RDF in <110> oriented BCC Fe nanowire
(Figure 3.5b). Like <100> orientation, both <110> and <111> displayed recombination of
secondary peaks with increase in elastic strain. Further, at the onset of plastic deformation, all
the secondary peaks merged with the primary peaks (e.g., at the strain levels of 0.148 in Figure
3.5b and 0.248 in Figure 3.5c). Similar to the present study, the peak splitting and shifting
of secondary peaks have been reported during the elastic deformation of <100> Au [108],
<100> Mo [109] and <100> Pd-Pt [110] nanowires.

64



Table 3.1: Variation of Young’s modulus, yield strength and strain to yielding with respect to
orientation and loading mode in BCC Fe nanowires. The values of Young’s modulus
and yield strength available in literature on BCC Fe [16, 107] are given in small

brackets.

Orientation Loading Young’s modulus, GPa Yield strength, GPa  Strain to yielding

<100> Tension 164 (155 [107]) 12.3 (12.6 [107]) 8%
Compression 162 31.8 19.4 %

<110> Tension 195 (210 [16]) 18.5 14.6%
Compression 198 22.72 9%

<111> Tension 288 (285 [107]) 27.2 (27.3[107]) 24.5%

<112> Tension 212 (227 [16]) 17.05 13.4%

<102> Tension 186 15.10 8.7%

Under tensile loading, BCC Fe with <100> orientation exhibited the lowest yield
strength of 12.3 GPa, while the <111> orientation showed the highest yield strength of 27.2
GPa. The yield strength values for other orientations fall between these two values. A good
agreement between the yield strength values obtained for <100> and <111> orientations
with those reported for the respective orientations based on Ab-initio calculations by Friak et
al. [107] can be seen in Table 3.1. The variations in strain to yielding followed a trend similar to
that observed for yield strength. For <100> orientation, significantly higher yield strength and
strain to yielding under compressive loading than tensile loading has been observed (Figure 3.4
and Table 3.1). Contrary to this, the <110> nanowire displayed lower strength and strain to
yielding under compression than tensile loading. This indicated opposite tension-compression

asymmetry in yield strength for <100> and <110> orientations.

3.4 RDF analysis of elastic deformation

In order to examine the atomic rearrangements and structural correlations, the radial distri-
bution function (RDF) has been calculated at various macroscopic strains during the elastic
deformation of BCC Fe nanowires with <100>, <110> and <111> orientations (Figure 3.5).
In all the orientations, the radial distribution function at zero applied strain (i.e., without ex-
ternal load) display peaks at 2.47, 2.855, 4.04, 4.74 and 4.95 A. These peaks corresponds to
first nearest neighbour shell at a distance of V3a /2, second shell at a distance of a, third shell
at a distance of \/Ea, fourth shell at a distance of \/ﬁa /2 and fifth nearest neighbour shell at

a distance of v/3a with respect to an arbitrary atom in BCC Fe. During elastic deformation
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Figure 3.4: Stress-strain behaviour of <100> and <110> BCC Fe nanowires under tensile and
compressive loadings at 10 K.

under compression than tension.

The peak value obtained at the end of elastic deformation has been taken as the yield
strength of defect free nanowires, and the corresponding strain at which the abrupt stress drop
occurred has been considered as strain to yielding. In view of the occurrence of non-linearity,
the values of Young’s modulus for different orientations have been evaluated from the slope
of initial linear elastic regime. The measured values of the Young’s modulus, yield strength
and strain to yielding under tensile and compressive loadings for various orientations are pre-
sented in Table 3.1. The relevant data for Young’s modulus and yield strength available in
literature on BCC Fe [16, 107] are also given in small brackets. The <100> orientation ex-
hibited minimum Young’s modulus of 164 GPa followed by an increase in the order <102>,
<110>, <112>, and <111>. The <111> orientation displayed the highest modulus of 288
GPa. No significant influence of loading mode, i.e., tension and compression on Young’s mod-
ulus has been noticed. Further, a reasonable agreement between the values of Young’s modulus
evaluated in the present study and those obtained using elastic constants [16] and Ab-initio cal-
culations [107] can be seen in Table 3.1. The large variations in Young’s modulus with respect
to orientation indicate the presence of high elastic anisotropy in BCC Fe nanowires. The orien-
tation dependence of Young’s modulus arises from the inter-atomic forces that vary differently

in different directions of a single crystal.
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Figure 3.3: Stress-strain behaviour of BCC Fe nanowires with different orientations under ten-
sile loading at 10 K.

regime in terms of both stress and strain followed by increase in the order of <102>, <112>,
<110> and <111>. The <111> nanowire displayed the highest elastic regime. In addition
to above, all the nanowires show non-linear behaviour at high elastic strains (Figure 3.3). The
non-linearity in <100> and <102> orientations occurred only at the end of elastic deforma-
tion and an increased non-linearity can be seen for <110> nanowire. The <112> and <111>
nanowires exhibited large non-linearity in terms of higher deviations from the initial elastic
regime. Following elastic deformation, the abrupt drop in stress indicated the occurrence of
yielding in all the nanowires. After yield drops, <100>, <112> and <102> nanowires ex-
hibited nearly constant stress response, while the <110> nanowire displayed small flow stress
oscillations during plastic deformation. The flow stress dropping abruptly to zero immediately

after the yielding can be seen for <111> oriented nanowire (Figure 3.3).

In order to examine the influence of loading mode on deformation behaviour of BCC
Fe nanowires, the stress-strain curves under tensile and compressive loadings for <100> and
< 110> orientations are shown in Figure 3.4. The nanowires in compression undergo an elastic
deformation up to peak stress followed by yielding and progressive plastic deformation at low
stresses. Unlike tensile deformation, insignificant non-linearity in the elastic deformation under
compressive loading can be seen in Figure 3.4 for both the orientations. For <100> orientation,
a significantly higher elastic deformation regime in terms of both stress and strain ranges has

been observed. Contrary to this, the <110> nanowire displayed reduced elastic deformation
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The realistic atomistic simulations were limited in size and time scale, however, the
careful choice of size can be used to obtain the important insights into the deformation mecha-
nisms. All the nanowires in the present study have an initial dimensions of 8.5 x 8.5 x 17 nm?
(30a x 30a x 60a, where a = 2.855 A is lattice parameter of BCC Fe). Correspondingly, the
simulation box contains about 110000 Fe atoms arranged in BCC lattice. Periodic boundary
conditions were chosen only along the wire axis, while the other directions were kept free in
order to mimic an infinitely long nanowire. Following the initial construction of the nanowire,
energy minimization was performed by conjugate gradient (CG) method. The stable structure
thus obtained was thermally equilibrated to a required temperature of 10 K in canonical en-
semble (constant NVT). Working at low temperature of 10 K provide several advantages in
terms of comparison with Ab-initio data, stress calculation, minimal temperature fluctuations
and post-processing of simulation data. Velocity Verlet algorithm was used to integrate the
equation of motion with a time step of 5 fs. Upon completion of the equilibration process, the
deformation is carried out at constant strain rate of 1 x 108 s™!. The tensile loading was ap-
plied by constantly deforming the box along the nanowire axis (Method -1, Section 2.6) for all
the five orientations i.e. <100>, <110>, <I111>, <112> and <102>. In order to study the
influence of loading mode on the deformation behaviour, MD simulations were also performed
with compressive loading applied along the nanowire axis for <100> and < 110> orientations.
During the loading, the atomic system was allowed to deform naturally at a constant strain rate
without imposing any stress constraints in the other two directions. The stress was calculated
from the Virial expression of stress as given in Equation 2.27, which is equivalent to a Cauchy’s
stress in an average sense. The RDF analysis has been carried out in OVITO [103]. AtomEye
package [102] was used for the visualisation of atomic snapshots with coordination number,

centro-symmetry parameter and common neighbour analysis (Section 2.8).

3.3 Stress-strain behaviour

The stress-strain curves under tensile loading of BCC Fe nanowires with <100>, <110>,
<111>, <112> and <102> orientations at 10 K are shown in Figure 3.3. In general, the
stress-strain behaviour of all the nanowires is characterised by initial elastic deformation up to
peak stress followed by large and abrupt stress drop and then progressive plastic deformation
at low stresses. However, the elastic regime has shown significant differences with respect to

orientation. The nanowire with <100> orientation showed the smallest elastic deformation
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Finnis-Sinclair (FS) type many body potential. The potential was fitted to the properties ob-
tained using first-principles calculations in a model liquid configuration and also to other ex-
perimentally obtained material properties of solid BCC Fe. Further, the use of Mendelev EAM
potential is strengthened by the fact that with this potential the deformation in <100> BCC Fe
nanowires proceeds by twinning [60—62] and this is in agreement with the reported observa-

tions in <100> BCC W nanowire [63].

In order to examine the orientation dependence of deformation mechanism in BCC
Fe nanowires, different axial orientations of <100>, <110>, <111>, <112> and <102>
have been considered. Figure 3.2 shows the initial orientations and surface structure of the
nanowires. For <100> orientation, all four surfaces were of {100} type (Figure 3.2a). The
< 110> oriented nanowire was enclosed by two {112} and two {111} surfaces (Figure 3.2b),
while <111> oriented nanowire contained two {112} and two {110} as its side surfaces (Fig-
ure 3.2¢). Similarly, the <112> oriented nanowire was enclosed by two {111} and two {110}
surfaces (Figure 3.2d), while the <102> oriented nanowire has two {102} and two {100} side
surfaces (Figure 3.2e). The structures of all these surfaces are in good agreement with those
reported by Blonski and Kiejna [83] using density functional theory calculations. At the atomic
scale, the surface structures become important for determining the orientation of the reoriented

regions due to deformation twinning.

<100> <110> <111> <112> <102>

A

001 [110] l 4 [117] A1 172] [102)
[010] iz [110] 111 ‘ (20 1]
[10?)] [1711]

L1z [110] o

Figure 3.2: The initial orientations and surface structures of the nanowires considered in this
study are shown for (a) <100>, (b) <110>, (c) <111>, (d) <112>, and (e)
< 102> axial orientations. The atoms are coloured according to their number of
coordination number. The insets in figures show the basic unit cell of the atomic
arrangement at the surface of nanowire.
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has chosen different orientations on the standard stereographic triangle. It has been shown
that at room temperature and conventional strain rates, the plastic deformation occurs by dis-
location slip, irrespective of the single crystal orientation. Whereas, increase in strain rate
and/or, decrease in temperature promoted deformation twinning and the extent of twinning de-
pends strongly on crystal orientation (Figure 3.1). The orientations close to <001> tensile
axis show extensive twinning, whereas the orientations near <110> and <111> tensile axes
do not display any twinning (Figure 3.1). In order to compare the nanowire results with their
bulk counterparts, five different orientations, <100>, <110>, <I111>, <112> and <102>
of BCC Fe nanowires falling on different regions of standard stereographic triangle have been
chosen in this study. Based on the obtained results, for first time, we show that the orientation
dependent deformation under the tensile and compressive loading of BCC Fe nanowires can be
explained based on the twinning-antitwinning asymmetry of 1/6<111> partial dislocations on
{112} planes. Further, the radial distribution function (RDF) analysis has been performed to

examine the elastic deformation of BCC Fe nanowires with respect to orientation.

|
|
[001] * [ T % I \-i g?ﬂo [Gll]

Figure 3.1: Orientation dependence of twinning behaviour in bulk iron single crystals at room
temperature and dynamic strain rate of 1 x 103 s~! [106]. e - twinned specimen, o
- untwinned specimen and & - specimens with very few twins.

3.2 Simulation details

Molecular dynamics (MD) simulations have been carried out in LAMMPS package [94] em-
ploying an embedded atom method (EAM) potential for BCC Fe given by Mendelev and co-

workers [75]. As discussed in Section 2.2.3, this potential is based on the framework of a
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Chapter 3

Influence of orientation and mode of
loading on deformation behaviour of BCC
Fe nanowires

3.1 Introduction

In FCC metals, the slip occurs on {111} planes in <110> directions and the planar nature
of the dislocation cores makes slip on these planes relatively easy. Further, FCC materials
obey Schmid’s law and there have been many experimental and atomistic simulation studies
pertaining to the deformation behaviour of FCC nanowires [10, 11,25-27]. All these studies
have concluded that the orientation dependent deformation behaviour in FCC nanowires can
be explained based on the Schmid factor analysis (Section 1.3.1). In BCC metals, slip occurs
in <111> direction on {110}, {112} and {123} planes, and the non-planar nature of screw
dislocation core makes the slip more complex. The core of 1/2<111> screw dislocations in
BCC metals spreads into several non-parallel planes of <111>. As aresult, the glide of a screw
dislocation depends on the shear stress in slip direction along with the stress perpendicular to
the slip direction (called as non-glide or non-Schmid stresses). Due to this non-glide stresses,
the dislocation motion in BCC metals do not obey the Schmid’s law (Section 1.3.2). As a result,
the orientation dependence of deformation behaviour in Fe or any other BCC nanowires has not
been understood completely. Further only two or three orientations have been investigated in
previous studies [57,59-63]. In view of this, the tensile and compressive deformation of BCC

Fe nanowires has been examined for five different orientations in the present study.

In the past, Harding [106] studied the orientation dependent deformation behaviour
of bulk high purity iron single crystals at different temperatures ranging from 77 K to 300 K

and two different strain rates of 1 x 10~ s~! (conventional) and 1 x 103 s~! (dynamic). He
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4.5 Conclusions

Molecular dynamics simulations have been performed to examine the size effects in <100>
and <110> BCC Fe nanowires. Investigations on <100> BCC Fe nanowires indicated the
presence of two different behaviours as a function of size. The small size nanowires up to d
= 11.42 nm deform by twinning at low strains followed by reorientation due to the activation
of single twin system. Following the reorientation, the deformation mode shifts from twinning
to slip at higher strains and this results in high ductility and failure by necking. On the other
hand, the large size nanowires beyond 11.42 nm, deforms by twinning on multiple twin sys-
tems, which disrupts the reorientation process. The twin-twin interaction leads to early crack
nucleation and cleavage failure resulting in lower ductility in large size nanowires. The twin
growth occurs by the repeated initiation and glide of 1/6<111> twinning partial dislocations
along the adjacent {112} planes. The variations in twin propagation stress indicated that twin

growth is easier in large size nanowires as compared to that in small size nanowires.

Contrary to <100> nanowires, the size effects on <110> BCC Fe nanowires were
minimal. The yielding in all the nanowires occurred through the collective emission of disloca-
tions followed by the slip of 1/2<111> full dislocations. With increasing plastic deformation,
the accumulation of large number of straight screw dislocations has been observed irrespective
of the nanowire size. Further in large size nanowires, the cross-slip has been noticed in the
form of curved slip steps on the nanowire surface. However, the cross slip was not observed in

small size nanowires. Finally, all the <110> BCC Fe nanowires failed in ductile manner.

The variations in Young’s modulus and yield strength with respect to size in <100>
and <110> BCC Fe nanowires show contrasting behaviour. The Young’s modulus and yield
stress in <100> orientation undergoing twinning mode of deformation decreases rapidly with
increase in nanowire size up to 11.42 nm followed by gradual decrease towards saturation
at larger sizes. On the other hand in <110> orientation displaying deformation by slip, the
Young’s modulus and yield strength exhibited a rapid increase with increase in size for small
size nanowires followed by saturation at larger sizes. The variations in yield strength has been
explained based on the effects associated with surface stress, surface energy and number of

defect nucleation sites.
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total surface area of the nanowire (i.e. 4 x length X cross-section width) [59, 83, 136]. It can be
seen that, like yield strength, the surface energy also increases rapidly in small size nanowires
followed by saturation at larger sizes. The low surface energy in small size nanowires facilitates
easy defect nucleation and results in lower yield strength values. On the other hand, the high
surface energy in large size nanowires makes the defect nucleation more difficult and leads to

higher yield strength.
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Figure 4.17: Variation of surface energy as a function of cross section width (d) for
<110>/{111}{112} BCC Fe nanowires at 10 K.

Depending on the surface orientations, the surface energy may increase or, decrease
or, it may remains constant with increasing size or thickness [59, 83, 136]. In BCC Fe, it has
been shown that the surface energy of {111} surfaces increases with increase in film thickness
followed by saturation, while the surface energy of {112} surfaces vary insignificantly with
respect to film thickness [83]. This justifies the observed increase in surface energy of <110>
BCC Fe nanowire, which is enclosed by {111} and {112} surfaces. Contrary to {111} and
{112} surfaces, the surface energy of {100} BCC Fe surfaces decreases with increasing thick-
ness, and thus results in “smaller is stronger” trend in <100> BCC Fe nanowires (Figure 4.2b),
which is enclosed by all {100} surfaces. Therefore, the observed variations in yield strength

can be attributed to the variations in surface energy of BCC Fe nanowires.
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4.4.3 Dislocation cross-slip in large size nanowires

The observed increase in number of slip steps and slip bands with increasing size indicates
higher dislocation activity in large size nanowires (Figure 4.14). Further, the presence of the
curved nature of slip steps in large size nanowires signifies the occurrence of cross slip (Figure
4.14c). The occurrence of cross slip in large size nanowires and its absence in small size
nanowires can be explained by the mobility of screw dislocations in BCC nanopillars [132]. It
has been suggested that the mobility of screw dislocations increases with increase in surface
area to volume ratio, and may approach towards the mobility of edge dislocations [132]. Due
to high mobility and less travel distance, the dislocations in small nanowires may easily escape
to the surface without undergoing cross slip. Further, the dislocations in small size nanowires
deviate from pure screw character thereby hindering their ability to cross-slip [111]. In contrast,
the dislocations in large size nanowires travel higher distances, thereby by increasing their
probability to cross-slip. In addition to this, the low mobility screw dislocations facilitates the
pile-up and this increases the tendency to cross-slip in the large size nanowires. Similar to
the present study, Kim et al. [113] demonstrated the size effect in terms of the occurrence of

parallel slip lines in small size nanopillars and wavy slip lines in the large size Mo nanopillars.

4.4.4 Size dependent strength of <110> nanowires

Generally, the yield strength of metallic nanowires decreases with increasing size, thereby
showing the “smaller is stronger” trend. However, the observed reverse trend of “smaller is
weaker” in the present investigation is interesting. Similar trend has been reported in <110>
and <111> BCC Mo nanowires [130]. This indicates that all the <110> BCC nanowires may
show similar behaviour in yield strength. The smaller is weaker trend has also been observed
in HCP Ti and FCC Au nanopillars [133—135] and this has been explained based on the vari-
ations in surface energy with nanopillar size in HCP Ti [135]. In general, the energy required
to nucleate a dislocation (U) is the sum of unstable stacking fault energy (Uygsr) and surface
energy (Us) i.e., U = Uysp + Us [59]. However, the Uy gr doesn’t change with size. Therefore,
the energy required to nucleate a dislocation from the surface is directly proportional to surface
energy. The surface energy of <110> BCC Fe nanowires as a function their size has been
evaluated and presented in Figure 4.17. Here, the surface energy (Us) has been evaluated as
Us = (Ey — Eg)/A, where Ey is the potential energy of the nanowire (periodic only along the

length), Ep is the potential energy of the bulk sample (periodic in all directions) and A is the
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Figure 4.15: The sequential process of screw dislocation motion in large size <110> BCC Fe
nanowires (d = 17.13 nm) showing cross-slip of dislocation from {110} plane to
{112} plane. Creation of large number of point defects can be seen in (e-i).

{a} Strain =25% (b) lrain = 50% (c) Strain = 88 %

Figure 4.16: The plastic deformation behaviour in <110> BCC Fe nanowire width d = 8.5 nm
as a function of strain: (a) 25%, (b) 50% and (c) 88%. The slip steps due to escape
of dislocations can be seen in (a). The intersecting slip lines due to the activation
of multiple slip can be seen in (b). Failure by necking can be seen in (c). The
atoms are coloured according to their coordination number.
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(a)d = 4.28 nm (b)d =8.5 nm (c)d=17.13nm

Figure 4.14: The deformation behaviour in <110> BCC Fe nanowires as a function cross-
section width (a) d = 4.28, (b) 8.5 and (¢) 17.13 nm at 20% strain. Increased
number of slip steps (ST) and slip bands (SB) with increase in the nanowire size
can be seen. Curved slip steps at large size nanowire can be seen in (c). The atoms
are coloured according to their coordination number.

slip in large size nanowires. Slip steps having curved profile were not observed in small size
nanowires (Figure 4.14a and b). The occurrence of cross-slip in large size nanowires is shown
using sequential snapshots displaying the glide of a screw dislocation in Figure 4.15. The
initial glide of screw dislocation on {110} plane can be seen in Figure 4.15a-c. With increasing
deformation, the cross-slip of dislocation onto {112} plane can be seen through Figure 4.15d-
i. The trace of cross-slip of dislocation from {110} to {112} plane is explicitly presented in
Figure 4.151. The cross slip of screw dislocation creates a curved/non-straight slip steps on
the surface as shown in Figure 4.14c. Presence of jogs and kinks on screw dislocation can
also be seen in Figure 4.15. Since, the jogs on screw dislocation have an edge orientation, the
only way the screw dislocation can move along with jogs is by non-conservative motion. The
non-conservative motion of dislocations leads to the creation of point defects such as vacancies
and/or, interstitials. The formation of large number of point defects can be seen in Figure
4.15d-1. Similar mechanism of dislocation motion by leaving many point defects behind has
been observed in BCC Fe at high stress levels in the range 0.6-1.8 GPa and it has been termed
as rough and jerky motion [55]. Localisation of multiple slip events leads to gradual reduction
in cross-sectional area and the early onset of necking with increase in deformation (Figures
4.16a and b). Further deformation in localized neck region results in the pronounced necking

and failure as shown in Figure 4.16c¢.
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(a) Strain = 14.2% (b) Strain = 14.6% (c) Strain = 17%

Figure 4.12: The yielding and subsequent plastic deformation behaviour in <110> BCC Fe
nanowire having cross section width d = 8.5 nm. The yielding through the collec-
tive emission of dislocation loops from the corner of the nanowire can be seen in
(a). Subsequent glide of dislocations loops and the pile up of straight screw dislo-
cations can be seen in (b) and (c), respectively. The atoms are coloured according
to the centro-symmetry parameter (CSP). The perfect BCC atoms and the front
surface were removed for clarity.
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Figure 4.13: The plastic deformation in <110> BCC Fe nanowire having cross-section width
d = 8.5 nm. The formation of straight screw dislocation can be seen in (a-f).
The perfect BCC atoms are removed for clarity and the blue arrows indicate the
Burgers vector.
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4.4.2 Deformation and failure behaviour

The deformation behaviour in <110> BCC Fe nanowires was governed by dislocation slip
mechanism irrespective of nanowire size in the range 1.42-24.27 nm. The atomic config-
urations following yielding and subsequent plastic deformation are typically shown for the
nanowire cross section width, d = 8.5 nm in Figure 4.12. The onset of yielding is characterised
by the nucleation of collective dislocation loops originating from the corner of the nanowires
(Figure 4.12a). Since, there are no obstacles in the early stage of plastic deformation, avalanche
of dislocations loops easily expand in multiple directions as shown in Figure 4.12b. With in-
crease in deformation, accumulation of large number of straight screw dislocations can be seen
in Figure 4.12c. The process of the accumulation of straight screw dislocations is typically
shown by considering a single dislocation loop in Figure 4.13. The dislocation loops initially
nucleate from the corner consist of edge as well as screw components. The blue arrow indicat-
ing the Burgers vector shown in Figure 4.13 distinguishes the edge and screw components of
the dislocation loop. The dislocation analysis [ 104] indicated that the loop has a Burgers vector
1/2<111> describing full dislocations in BCC system. With increasing strain, the growth of
dislocation loop leads to increase in the length of screw component (i.e., the straight region)
as shown in Figure 4.13b-e. Since, edge dislocations in BCC metals inherently exhibit higher
mobility than the screw dislocations, the edge component of mixed dislocations easily escapes
to the surface. During the expansion of dislocation loop, the edge component approaching
towards the surface and its annihilation at the surface can be seen in Figure 4.13e and f, re-
spectively. As a result, only screw component of a dislocation loop remains in the nanowire
(Figure 4.13f). The accumulation of screw dislocations as seen in Figure 4.12c results from
this process in <110> BCC Fe nanowires. The accumulation of straight screw dislocations
observed in <110> BCC Fe nanowires is in agreement with those reported in Mo and Ta
nanopillars [111, 113]. In BCC nanopillars, the accumulation of straight screw dislocations has
been described using mesoscopic model by Groger and Vitek [131] and kinetic pile up model

by Kaufmann et al. [111].

The surface morphology displaying the presence of slip steps (ST) and slip bands (SB)
for different nanowire sizes are shown in Figure 4.14. A significant increase in the number of
slip steps and slip bands with increasing size can be seen. In addition to above, slip steps
having curved profile can also be seen in Figure 4.14c in nanowires with d > 11.42 nm. The

presence of slip steps with curved profile provides an evidence for the occurrence of cross-
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different behaviour of modulus in <100> and <110> directions has been attributed to the
individual contributions of edges, surfaces and core to total elasticity [117]. The saturation
value of Young’s Modulus (203 GPa) at large sizes (Figure 4.11a) compares favourably with
210 GPa obtained using elastic constants in <110> direction of BCC Fe [16]. Similar to
Young’s modulus, the size dependence of yield stress in <110> nanowires also shows a rapid
increase in small size nanowires followed by saturation at larger sizes (Figure 4.11b). The
variation of yield strength as a function of size is in agreement with those reported recently in

<110> and <111> BCC Mo nanowires [130].
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Figure 4.11: Variation of (a) Young’s modulus and (b) yield strength as a function of cross
section width (d) in <110> BCC Fe nanowire at 10 K.
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The deformation mechanisms analysed for different nanowire sizes have been presented.

4.4.1 Stress-strain behaviour

The stress-strain curves of <110> BCC Fe nanowires with cross-section width (d) ranging
from 1.42 to 24.27 nm are presented in Figure 4.10. The stress-strain behaviour of all the
nanowires is characterized by initial elastic deformation up to peak stress followed by an abrupt
drop to low values of stress, indicating yielding in the nanowires. The abrupt yield drop occurs
at a constant strain value 14.2%, irrespective of the nanowires size. The yielding is followed by
a progressive plastic deformation leading to gradual decrease in flow stress till failure. Further,
a general decrease in strain to failure (ductility) with increase in nanowire size can be seen
in Figure 4.10. Unlike <100> nanowires, the stress-strain curves of <110> nanowires show

similar behaviour independent of nanowire size in the range 1.42 to 24.27 nm.
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Figure 4.10: Stress-strain behaviour of <110> BCC Fe nanowires of cross-section width (d)
in the range 1.42-24.27 nm at 10 K.

The variation of Young’s modulus (E) with the cross-section width (d) of <110>
BCC Fe nanowires is shown in Figure 4.11a. It can be seen that for small nanowires sizes, the
Young’s modulus increases rapidly with increase in size followed by saturation at larger sizes.
The size dependence of Young’s modulus in <110> nanowires is in contrast to that observed
for <100> nanowire (Figure 4.2a). The variation of Young’s modulus in <100> and <110>
directions is consistent with that reported by Olsson et al. [117] in BCC Fe nanobeams. The

91



<100>/{100} BCC Fe

4}
o
O 3F
@
w
g
® 2F
©
£

1k

0 " 1 " 1 " 1 L 1 i

0 5 10 15 20 25

Nanowire cross section width (d), nm

Figure 4.9: Variation of initial stress as a function of cross section width (d) for <100> BCC
Fe nanowires at 10 K.

while in small size nanowires the yielding occurs only on one system. This clearly suggests
that fewer sites are available for defect nucleation in small size nanowires compared to large
size nanowires. The large size nanowires provide higher number of nucleation sites for twin
embryos resulting in the lower values of yield strength compared to small size nanowires. The
strength reduction by higher number of nucleation sites arises from the effects associated with
the higher nucleation attempts and decrease in activation energy for the nucleation process with
increase in the nanowire size [127, 129]. In initially defect free nanowires, the defect nucle-
ation from the surface is preferred, and the number of nucleation sites is directly proportional
to the nanowire surface area d”, where d is the cross section width. However, due to energy
considerations, the dislocations are not expected to nucleate from all corners in a slip plane.
Dislocations nucleate at the corners where the energy per-unit-length of the dislocation hap-
pens to be minimum [129]. Removing one dimension from d? leads to a scaling of the order
d [127], and this provides justification for the obtained inverse correlation between the yield

strength and the nanowire cross section width (Figure 4.2b).

4.4 Size effects on dislocation slip - <110> nanowire

In this section, the influence of size on the stress-strain behaviour and deformation mechanisms
in <110> BCC Fe nanowire have been presented. The variations in Young’s modulus and yield

stress are presented as a function of size and explained based on the surface energy calculations.

90



as a result of convergence towards the bulk value. The size dependence of twin propagation
stress can be ascribed to the effects associated with decrease in the surface energy difference
between the reoriented {112} and the original {100} surfaces with increasing nanowire size
[122]. Small size nanowires require higher stresses for the propagation of twin boundaries due
to high surface energy difference between the original <100> and the reorientated <110>
nanowires. With increasing nanowire size, this surface energy difference between the original
and the reoriented region decreases thereby resulting in decrease in twin propagation stress at

larger sizes.

4.3.4 Size dependent strength of <100> nanowires

The size dependence of yield strength in nanomaterials can be explained based on the effects
associated with surface stress induced by the broken bonds and defect nucleation sites at free
surfaces [124—127]. The effect of surface stress (f) on the strength of nanowires can be esti-
mated by obtaining the initial residual stress (r) present in the nanowire, as they are related by a
simple relation r = -4f/d, where d is the nanowire width/diameter [124, 125]. The surface stress
arises due to the broken bonds on the surface and results in the presence of residual stress in
the nanowire core or interior. At equilibrium, the surface stress and residual stress balance each
other [125]. In the present study, the presence of intrinsic residual stresses has been observed
and this has been shown as the variation in initial stress with nanowire size in Figure 4.9. The
initial stress has been taken as the stress in the nanowire at zero strain or before the application
of any load. It can be seen that the magnitude of the initial stresses is in the order of GPa and
exhibits a rapid decrease in small size nanowires followed by a gradual decrease towards zero
at large nanowire sizes. In order to initiate the deformation, the applied stress must overcome
the residual stresses present in the nanowires. High residual stresses contribute significantly
towards higher yield stress in small size nanowires. However, in large size nanowires, such
a contribution appears to be either small or negligible. Koh and Lee [128] and Sutrakar and
Mahapatra [41] also observed a similar presence of initial stress in FCC metallic nanowires.
These observations suggest that the contribution of surfaces to the strength of the nanowires is

significant.

The other important factor, which influences the yield strength is the number of po-
tential nucleation sites for defects [126, 127]. As observed in Figure 4.3, the yielding in large

size nanowires (d > 11.42 nm) is associated with the nucleation of multiple twin embryos,
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BCC Fe has a displaced structure, as a result each 1/6<111> partial dislocation in Figure 4.6
and 4.7 dissociates into two 1/12< 111> partial dislocations lying on adjacent {112} planes as

discussed in Chapter 3, Section 3.7.4.

The observed flow stress plateaus in the stress-strain curves results mainly from the
twin growth/twin boundary migration along the nanowire axis. Therefore, the average value
of the stress during the plateau regime between the strains of 0.1-0.6/0.7 in Figure 4.1a can be
considered as the twin propagation stress [122]. The variation in twin propagation stress with
nanowire cross section width (d) is shown in Figure 4.8. The twin propagation stress for the
smallest size nanowire (d = 1.42 nm) was not considered due to very large stress fluctuations
in the stress-strain curve. It can be seen that the twin propagation stress decreases rapidly with
increasing size in the small size range (d < 11.42 nm) followed by saturation at larger sizes
(Figure 4.8). This suggests that, once the twin nucleates, the twin growth remains easier in large
size nanowires compared to that in small size nanowires. Similar variations in twin propagation

stress have been observed in Au, Pd and AuPd nanowires [122]. Using the observed values of
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Figure 4.8: Variation of twin propagation stress as a function of cross section width (d) for
<100> BCC Fe nanowires at 10 K.

twin propagation stress, the corresponding resolved shear stress for twin propagation on {112}
planes has been evaluated. A systematic decrease in the resolved shear stress from 565 MPa
for the nanowire with d = 2.85 nm to 146 MPa for the nanowire with d = 24.27 nm has been
obtained. Experimentally, Patriarca et al. [123] reported the resolved shear stress of 114 MPa
for the twin boundary migration in a considerably large size FeCr single crystal. Therefore, the

observed saturation in the twin propagation stress at larger nanowire sizes can be considered
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Figure 4.6: Dislocation activity along the twin boundaries in <100> BCC Fe (a) small size
nanowire with d = 8.5 nm and (b) large size nanowire with d = 17.13 nm. The
gliding of only one twinning partial on each twin boundary in small size nanowires
and multiple twinning partials in large nanowires can be seen.

Figure 4.7: The repeated initiation and glide of 1/6<111> twinning partial dislocations along
the {112} planes in small size nanowire with d = 8.5 nm showing (a) nucleation
of 1/6<111> twinning partial dislocation from the nanowire corner (b) glide of
twinning partial along twin boundary (c) annihilation at the opposite surface and
(d) nucleation and glide of next twinning partial dislocation on adjacent {112}
plane. The atoms are coloured according to centro-symmetry parameter (CSP) and
the perfect BCC atoms and surfaces are removed for clarity. Blue atoms represent
twin boundaries ({112} planes), red atoms are nanowire corners and pink atoms
represent twinning partial dislocation. Pink arrow represents <111> direction.
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tems in large size nanowires restricts the twin growth and reorientation process leading to
low failure strains or ductility. The activation of multiple twin systems at the same time in
large size <100> nanowires is expected because of identical Schmid factor of 0.471 on four
<111>/{112} twin systems. However, the activation of only one twin system in small size
nanowires is interesting and it may arise due to source truncation/source limitation as proposed
in FCC nanowires [47-49]. Due to the activation of only one system in small size nanowires,
the twin boundaries do not face any barriers in their movement and were able to sweep across
the nanowire length, thus reorienting the initial <100> nanowire into a <110> nanowire.
This reorientation facilitate the occurrence of second elastic peak and further deformation by

slip leading to high values of ductility in excess of 100% in small size nanowires.

4.3.3 Twin growth and twin propagation stress

Figure 4.6 shows the glide of 1/6<111> twinning partial dislocations on twin boundaries in
small and large size nanowires. The small size nanowire consist of two twin boundaries each
accompanied with one 1/6<111> partial dislocation (Figure 4.6a). On the other hand the large
size nanowires show multiple twin boundaries, each comprising of numerous twinning partial
dislocations (Figure 4.6b). Further, the twin boundaries in large size nanowires becomes inco-
herent and defective due to twin-twin interactions. The incoherent and defective twin bound-
aries obstruct the glide of 1/6<<111> partials dislocations, thus affecting the twin growth and

reorientation process in large size nanowires.

The absence of obstacles and coherent structure of twin boundaries in small size
nanowires makes it effective to understand the twin growth process. Figure 4.7 shows the
process of twin growth in small size (d = 8.5 nm) <100> BCC Fe nanowire. It can be seen
that, once the 1/6<111> twinning partial nucleates from the nanowire corner (Figure 4.7a), it
propagates further on the twin boundary and gets annihilated at the opposite surface (Figure
4.7b-c). Following the annihilation, the 1/6<<111> twinning partial dislocation again nucleates
from the nanowire corner but on adjacent plane (Figure 4.7d) and this process repeats until the
twinning partials /twin boundaries faces an obstacles. Since there are no obstacles/barriers in
small size nanowire (Figure 4.6a), the twin growth process continue till the nanowire gets re-
orientated. Whereas in large size nanowires, there are many obstacles in the form of incoherent
steps, other twin boundaries and point defects (Figure 4.6b), which disturbs the twin growth

process leading to crack nucleation. Finally, it is important to note that the twin boundary in
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The deformation and failure behaviour of <100> BCC Fe nanowires of size (d) =
17.13 nm representing large size nanowires in the range 12.84 - 24.27 nm is shown Figure 4.5.
It can be seen that among many twin embryos (Figure 4.3b and 4.5a), only one of them grows
into a full twin (Figure 4.5b). However, unlike the small size nanowire, the twin boundaries
were not able to sweep across the length due to the interactions of multiple twins (Figure 4.5b).
This twin-twin interactions results in the nucleation of a crack as shown Figure 4.5¢. In BCC
metals, it is known that twin-twin interactions leads to crack nucleation [116, 120]. Following
crack nucleation, the propagation of crack along the twin boundary leads to decrease in flow
stress and final failure by cleavage mechanism along {112} plane (Figure 4.5d). Generally in
BCC metals, the {100} planes are the most likely to cleave, but it has been shown that at low

temperatures, the {112} planes also cleave [121].

il

(a) Strain = 8% (b) Strain = 10% (c) Sirain = 30% (d) Strain = 60%

Figure 4.5: Deformation behaviour in large size <100> BCC Fe nanowires with cross section
width d = 17.13 nm showing (a) yielding by nucleation of multiple twin embryos
(b) growth of twin embryo into full twin plate (c) crack initiation due to twin-
twin interactions (d) cleavage failure. The colour is according to the coordination
number of atoms: Misty rose - 14 (perfect BCC), blue - 13, green - 10, magenta - 9
(surface), grey - 8, purple - 7 and brown - 6. Except misty rose, all other atoms are
defect atoms.

The above MD simulation results shows that the activation of multiple twin sys-
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Figure 4.4: Deformation behaviour in small size <100> BCC Fe nanowire with cross section
width d = 8.5 nm showing (a) yielding by nucleation of a twin embryo (b) growth
of twin embryo into full twin plate (c) reorientation from <100> tensile axis to
<110> (d) yielding through full dislocation in reoriented nanowire and (e) failure
by necking. The colour is according to the coordination number of atoms: Misty
rose - 14 (perfect BCC), blue - 13, green - 10, magenta - 9 (surface), grey - 8, purple
- 7 and brown - 6. Except misty rose, all other atoms are defect atoms.

enclosed by two twin boundaries forms in the nanowire. This twin formation results in the
reorientation of twinned region, which is reflected as a change in surface coordination (Figure
4.4b). With increasing deformation, the continuous growth of twin makes the twin bound-
aries to sweep across the nanowire length and transforms the initial <100> nanowire into a
completely new configured nanowire with <110> tensile axis (Figure 4.4c). Due to this re-
orientation, the cross-section of the nanowire changes from square to rhombic shape (Figure
4.4b-c). With further deformation, the reoriented nanowires again undergo an elastic defor-
mation resulting in the occurrence of a second peaks in the stress—strain curves (Figure 4.1a).
Following the elastic deformation, the reoriented nanowire yields by emitting a full dislocation
(Figure 4.4d) with a corresponding drop in flow stress. Further deformation in the reoriented
nanowire till failure occurs by dislocation slip resulting in the formation of slip steps as seen
in Figure 4.4d. Finally, the activation of slip in multiple directions leads to neck formation and

failure as shown in Figure 4.4e.
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Figure 4.2: Variation of (a) Young’s modulus and (b) yield strength as a function of cross sec-
tion width (d) in <100> BCC Fe nanowire at 10 K.

strain behaviour (Figure 4.1). In a defect free Fe nanowire, the side corners act as the stress
concentration sites and facilitate defect nucleation. This single and multiple defect nucleations
in small and large size nanowires has resulted in different deformation behaviour as presented

in the following;

Yielding on
single system '

Yielding on

multiple systems

L%

(a) d=8.5nm (b) d=17.13 nm

Figure 4.3: Yielding in <100> BCC Fe nanowires by the nucleation of (a) twin embryo on a
single twin system in small size nanowire with d = 8.5 nm and (b) multiple twin
embryos on different twin systems in large size nanowire with d = 17.13 nm.

Figure 4.4 shows the deformation and failure behaviour of <100> BCC Fe nanowires
of size (d) = 8.5 nm, representing the small size nanowires in the range 1.42-11.42 nm. Fol-

lowing nucleation of twin embryo from the nanowire corner (Figures 4.3a and 4.4a), a full twin
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Figure 4.1: Stress-strain behaviour of <100> BCC Fe nanowires of cross-section width (d) in
the range (a) 1.42-11.42 nm, and (b) 12.84-24.27 nm at 10 K.

ther, the saturated Young’s modulus value of 162 GPa at larger sizes is close to the bulk value
of 155 GPa reported for BCC Fe single crystal in <100> direction [16]. This suggests that
with increasing size the elastic properties of BCC Fe nanowires approach towards that of bulk
BCC Fe. Olsson et al. [117] revealed that the size dependence of Young’s modulus arises as
a consequence of the deviating elastic properties of surfaces and edges prevalent in small size
nanowires. Following elastic deformation, the peak value in the stress-strain curve has been
considered as the yield strength of the defect-free BCC Fe nanowire. Figure 4.2b shows the
yield stress values as a function of size for <100> BCC Fe nanowires. The yield stress shows a
rapid decrease with size up to d = 11.42 nm followed by a gradual decrease towards saturation
at large sizes. The saturation value of yield strength is close to the reported theoretical strength
of 12.6 GPa for BCC Fe in <100> direction [107, 118]. Similar decrease in yield strength
followed by saturation at large size has been observed in gold nanowires by Gall et al. [119].
The decrease in yield strength (oy) in BCC Fe nanowires has been correlated with cross section

width (d) as oy = 11.57 4 8.764~" (Figure 4.2b).

4.3.2 Single and multiple twin dominated deformation

The defect nucleation leading to yielding in perfect <100> BCC Fe nanowires of size (d) =
8.5 nm representing the small size nanowires and d = 17.13 nm representing the large size
nanowires is shown in Figure 4.3. It can be seen that in small size nanowires, the yielding
occurs by the nucleation of single twin embryo (Figure 4.3a), while the nucleation of multiple
twin embryos has been observed in large size nanowires (Figure 4.3b). The nucleation of twin

embryos from the nanowire corners results in abrupt stress drop as observed in the stress-
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4.3 Size effects on twinning - <100> nanowire

In this section, the influence of size on the stress-strain behaviour and deformation mechanisms
in <100> BCC Fe nanowire have been presented. The variations in Young’s modulus, yield
stress and twin propagation stress obtained from stress-strain behaviour are presented as func-
tion of size and explained based on the observed deformation mechanisms. The deformation
mechanisms such as yielding, number of twin systems and twin growth in different nanowire

sizes have been analysed and discussed.

4.3.1 Stress-strain behaviour

The stress-strain behaviour of <100> BCC Fe nanowires of different cross-section width (d)
in the range 1.42 to 24.27 nm are shown in Figure 4.1. It can be seen that irrespective of
size, all the nanowires undergo an initial elastic deformation up to a peak stress followed by
abrupt large drop in flow stress. Following this abrupt drop, the stress-strain behaviour of the
nanowires depends strongly on the cross-section width or size. For nanowires in the small
size range 1.42-11.42 nm, the flow stress exhibits uniform oscillations about a constant mean
value over a wide strain range (Figure 4.1a). A noticeable decrease in the amplitude of flow
stress oscillations with increase in nanowire size can also be seen in Figure 4.1a. With further
increase in strain, the small size nanowires exhibited the occurrence of second linear elastic
peaks followed by large stress drop and then a continuous decrease in the stress up to failure
(Figure 4.1a). Contrary to this, the second elastic peaks were absent and only marginal and non-
uniform flow stress oscillations occurred for large size nanowires in the range 12.84 - 24.27 nm
(Figure 4.1b). Further, the large size nanowires displayed significantly lower strain to failure
i.e. ductility compared to small size nanowires (Figures 4.1a and b). The significant difference
in stress-strain behaviour suggests that different mechanisms are operative in small and large

size <100> BCC Fe nanowires at 10 K.

The linear portion of the stress-strain curve represents the elastic deformation of nanowires
and therefore, it has been used to obtain the elastic modulus (Young’s modulus) of BCC
nanowires as a function of size. The Young’s modulus values obtained from the slope of linear
stress-strain region are presented in Figure 4.2a as a function of size. A moderate change in
slope towards the end region of elastic deformation has been ignored in this calculation. It can
be seen that the Young’s modulus exhibited a rapid decrease with increase in size for small size

range followed by gradual decrease towards saturation at large nanowires (Figure 4.2a). Fur-
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4.2 Simulation details

Molecular dynamics (MD) simulations have been carried out in LAMMPS package [94] em-
ploying an embedded atom method (EAM) potential for BCC Fe given by Mendelev and co-
workers [75]. Mendelev EAM potential predicts a non-degenerate core structure for screw
dislocations [81], which is in good agreement with density functional theory (DFT) calcula-
tions [82]. The prediction of screw dislocation core is important in order to accurately repro-
duce the dislocation behaviour in BCC Fe, where screw dislocations dominates the deforma-

tion.

The size effects have been studied in <100> and <110> orientations of BCC Fe
nanowires. These two orientations have been chosen mainly because, the <100> and <110>
nanowires represent the size effects on two different modes of deformation i.e. twinning and
dislocation plasticity, respectively (Chapter 3). The <100> nanowire is enclosed by {100}
side surfaces, while the <110> nanowire has {111} and {112} as side surfaces. In both the
orientations, the cross-section width (d) has been varied from 1.42 to 24.27 nm at a fixed
aspect ratio of 2:1 (length : diameter). This corresponds to simulating the number of atoms
in the range 600 — 2.4 x 10°. Periodic boundary conditions were chosen along the nanowire
length direction, while the other directions were kept free in order to mimic an infinitely long

nanowire.

Following the initial construction of the nanowire, energy minimization was performed
by conjugate gradient (CG) method. The stable structure thus obtained was thermally equili-
brated to a required temperature of 10 K in canonical ensemble (constant NVT). Velocity Verlet
algorithm was used to integrate the equation of motion with a time step of 5 fs. Upon comple-
tion of the equilibration process, the deformation is carried out at constant strain rate of 1 x 108
s~!. The tensile loading was applied by constantly deforming the box along the nanowire axis
as described in Method -1, Section 2.6. During the loading, the atomic system was allowed to
deform naturally at a constant strain rate without imposing any stress constraints in the other
two directions. The stress was calculated from the Virial expression of stress (Equation 2.27),
which is equivalent to a Cauchy’s stress in an average sense. AtomEye package [102] was used
for the visualisation of atomic snapshots with coordination number, centro-symmetry parame-

ter and common neighbour analysis (Section 2.8).
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Chapter 4

Size dependent deformation and failure
behaviour of <100> and <110> BCC Fe
nanowires

4.1 Introduction

Nanowires inherently possesses high surface area to volume ratio, as a result many properties of
nanowires exhibit strong size effects. Size effects on deformation behaviour of FCC nanowires
have been documented as a part of literature review in Section 1.3.1, where it has been shown
that the size influences the modulus [31], strength [32], nucleation and character of disloca-
tions [33], deformation mechanisms [33], defect interactions and failure behaviour [34,35]. As
the sample diameter decreases below certain size, the stress becomes so high that the deforma-
tion twinning takes over as a dominant mode of plastic deformation. However, no systematic
study exists pertaining to size effects in BCC Fe nanowires. In view of this, an attempt has been
made to understand the influence of size on the deformation behaviour of BCC Fe nanowires.
The size effects have been studied in two different orientations, one deforming by twinning i.e.
< 100> orientation and the other by slip i.e. <110> orientation, thus revealing the influence
of size on deformation twinning and dislocation plasticity in BCC Fe nanowires. In both the
orientations, the tensile deformation and fracture behaviour as a function of cross section width
(d) ranging from 1.42 to 24.27 nm has been examined. The variations in Young’s modulus,
yield strength and ductility as a function of nanowire size have been presented. The size de-

pendent deformation mechanism and fracture mode have been discussed.
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tion twinning dominates at all temperatures. Further, when the nanowire deform by dislocation
slip mechanism, the formation of pentagonal atomic chains have been observed in the necking
region of the nanowires. In nanowires with d = 0.404 and 0.807 nm, the complete transforma-
tion to the pentagonal structures has been observed at higher temperatures. The formation of
pentagonal atomic chains have not been observed in nanowires that deform by twinning mech-
anism. Finally, the twinning to slip transition has been attributed to the coordinated nature of

twinning phenomenon, which may get disturbed at small sizes and high temperatures.
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tions having the same Burgers vector on adjacent parallel planes. This coordinated or coherent
phenomenon of twinning may get disturbed in nanowires of less than a critical size, where the
number of surface atoms remains higher than the core atoms. As a result, the twinning is not
observed in ultra-thin nanowires. Similarly, increasing the temperature have the same effect as
that of decreasing the nanowire size, i.e., the high temperature may also disturb the coordinated
behaviour of twinning phenomenon in ultra-thin nanowires. The size dependence of twinning
has also been observed in nanocrystalline materials [143]. Below certain grain size, it has been

reported that the propensity for deformation twinning decreases with decreasing grain size.

The formation of pentagonal atomic chains in BCC Fe nanowires is one of the inter-
esting observations as it exhibits a five-fold symmetry with respect to the nanowire axis and
does not correspond to any of the 14 Bravais lattices. Generally, the pentagonal structure is
not observed in 2-dimensional or 3-dimensional structures as it is incompatible with the trans-
lational symmetry. However, the strong evidence of pentagonal structures have been found
experimentally in 1-dimensional structures such as ultra-thin Cu nanowires [42]. In agreement
with experimental observations, many atomistic simulation studies have also shown the forma-
tion of pentagonal atomic chains in Cu [41, 144, 145], Al [145], Ni [145, 146], and Au [44,147].
The pentagonal structures have also been observed in HCP Mg nanowires during the atomistic
simulations studies [148, 149]. The initial transformation of the nanowire into non-crystalline
structure can be understood in terms of internal atomic rearrangements to maximize the over-
all atomic coordination leading to an increase in cohesive energy [145]. Following disordered
state, the pentagonal unit cell nucleates out of this to minimize the surface energy and grows all
along the nanowire leading to long and stable pentagonal nanowire. The observed long pentag-
onal atomic chains remain stable during the deformation and contribute to large failure strains

in small size nanowires.

5.6 Conclusions

Extensive molecular dynamics simulations have been carried out on the tensile deformation
behaviour of ultra-thin <100> BCC Fe nanowires of different sizes and temperatures. The
simulation results indicated that BCC Fe nanowires with cross-section width less than 3.23
nm deform by twinning mechanisms at low temperatures, while dislocation slip dominated the
deformation behaviour at high temperatures. The temperature at which the nanowires show

twinning to slip transition, increases with increasing size, and above d = 3.23 nm, deforma-
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Figure 5.9: Typical stress-strain behaviour of BCC Fe nanowires with d = 1.615 exhibiting the
formation of pentagonal chain at 600 K.

axis leads to constant flow stress plateau as observed in the strain range 0.77-1.47 (Figure 5.9).
Thus, the formation and growth of pentagonal atomic chains facilitates high ductility in ultra-

thin BCC Fe nanowires.

5.5 Discussion

All the previous studies have reported that the <100> BCC nanowires including Fe deform
predominantly by twinning mechanism [59-61, 63]. Therefore, the observed twinning to slip
transition with respect to temperature and size in ultrathin <100> BCC Fe nanowires is inter-
esting. Similar twinning to slip transition has been reported in Ti micro-crystals [33]. This size
dependence of twinning in Ti has been explained based on the simulated slip model. It has been
suggested that a pole of screw dislocation perpendicular to the slip plane acts as a promoter for
twin nucleation. Below certain critical size, the dislocations are not high enough to activate
twinning and as a result, the twinning is not observed in sample size lower than 1 pum [33]. Due
to the absence of initial dislocations, the same model cannot be used to explain the observed
twinning to slip transition in the present investigation. However, the size dependence of twin-
ning in ultra-thin pristine nanowires may arise due to highly coordinated nature of twinning

mechanism. It is well known that the twin grows by the systematic glide of twinning disloca-
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Figure 5.8: The complete transformation of BCC Fe nanowire with d = 0.807 nm into long
pentagonal nanowire at 600 K: (a) Initial BCC structure, (b) the disordered struc-
ture along with nucleation of pentagonal atomic chain, (c) growth of pentagonal
atomic chain (d) completely transformed into pentagonal atomic chains and (e) on-
set of necking and failure. The atoms are coloured according to CNA. The blue
colour indicates the atoms in BCC structure, the red colour indicates the atoms in
disordered structure including surfaces and light green colour indicates the atoms
in pentagonal or icosahedral symmetry.

pared to 13 rings in large size nanowire with d = 1.615 nm. The combination of size and tem-
perature resulting in complete transformation into pentagonal atomic chains have been marked
as red colour filled pentagons in Figure 5.7. It can be seen that the complete transformation has
been observed mainly for nanowires with d = 0.404 and 0.807 nm at high temperatures (Figure
5.7).

Typical stress-strain behaviour of BCC Fe nanowires exhibiting the formation of pen-
tagonal chain is shown in Figure 5.9 for the case of nanowire with d = 1.615 nm at 600 K. The
large flow stress oscillations in terms of sharp peaks and drops due to the continuous plastic
deformation by dislocation slip can be seen up to a strain of 0.77. Each flow stress peak and
drop corresponds to dislocation nucleation, propagation and annihilation. Once neck forms in

the nanowire, the nucleation of pentagonal atomic structure and its growth along the nanowire
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The formation of pentagonal atomic chains as a function of size and temperature is
summarized in Figure 5.7. It can be seen that the pentagonal chains were observed only in
conditions that are favourable for slip. However, the Figure 5.7 shows that all the nanowires
that deform by slip need not exhibit the formation of pentagonal chains. The pentagonal atomic
chains were not observed when the nanowire deform by twinning mechanism. Further, signifi-
cant differences have been observed between the pentagonal chains formed in small and large
size nanowires. In large size nanowires, the formation of pentagonal atomic chains remains
limited to necking regions as observed for nanowire with d = 1.615 nm in Figure 5.6. For
small sizes with d = 0.404 and 0.807 nm and at relatively higher temperatures, the nanowire
completely gets transformed to pentagonal atomic chains. This is typically shown in Figure
5.8a-e for the case of nanowire with d = 0.807 nm at 600 K. With increasing strain, the progres-
sive plastic deformation results in complete transformation of the nanowire into non-crystalline
state (Figure 5.8b) followed by the nucleation of pentagonal structure out of the non-crystalline
atoms (Figures 5.8c). The complete transformation of the nanowire into pentagonal atomic
chains and subsequent failure at large strains are shown in Figures 5.8d and e, respectively.

Further, the long pentagonal atomic chain consisted of as many as 25 pentagonal rings com-
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Figure 5.7: The plot highlighting the the combinations of size and temperature in which the
pentagonal atomic chains were formed in BCC Fe nanowires. The symbol O in-
dicates the observation of pentagonal atomic chain and red color filled © indicates
the complete transformation of the nanowire to a pentagonal atomic chain.

110



Figure 5.6: The formation of pentagonal atomic chain in the necking region of BCC Fe
nanowire with d = 1.615 nm during tensile deformation at 600 K. The atoms are
coloured according to CNA. The blue colour indicates the atoms in BCC structure,
the red colour indicates the atoms in disordered structure including surfaces and
light green colour indicates the atoms in pentagonal or icosahedral symmetry.

Table 5.1: Comparison of inter-atomic distances and the bond angles in the pentagonal unit cell
of small (d =0.807 nm) and large (d = 1.615 nm) size nanowires at 600 K with those
reported based on first principles calculations. d;; indicates the distance between
the atoms i and j in Figure 5.6g and Zi jk indicates the bond angle between the 1i,j,k
atoms.

Nanowire din di3 di  die 4314 Z315 /316 /317 /364

Small (d = 0.87 nm) 240 250 262 272 62.17 11038 6552 111.62 57.29
Large size (d=1.42nm) 237 256 275 274 65.15 1164 66.16 119.8 58.74
First principles [142] 2.16 231 239 251 624 1142 658 1175 57.00
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Figure 5.5: The stress-strain behaviour of <100> BCC Fe nanowires with (a) d = 0.404 and
(b) d = 3.634 nm at different temperatures ranging from 10-900 K. The inset in (a)
shows the relative slip between the two adjacent planes, without any dislocations
during the deformation of the smallest size nanowire.

shown in Figure 5.6b. When the cross-section width of the neck region is close to few atomic
spacings, some of the disordered atoms rearrange themselves and forms a pentagonal unit cell
as shown in Figure 5.6¢c. Following this formation, the five atom rings are added successively
to this structure unit by unit at the expense of disordered atoms in the necking region (Figure
5.6d). This process continue to occur until failure leading to formation of long pentagonal
atomic chain at the necking region as shown in Figure 5.6e-f. The maximum length of this pen-
tagonal atomic chain is found to be 3.2 nm and consist of 13 pentagonal rings. The formation
of long pentagonal chains indicates their stability at high strains and this contributes to large
plastic deformation and high ductility in ultra-thin BCC Fe nanowires. In order to obtain the
detailed understanding of structural aspects of pentagonal atomic chain, a single unit cell of the
long chain is analysed and presented in Figure 5.6g. It can be seen that the pentagonal chain
consist of a central atom having a coordination of 10 atoms enclosed by two pentagonal rings
L and L. Thus, the long atomic atomic chain has a 1-5-1-5 stacking sequence with successive
pentagonal rings L; and L, rotated by /5 (Figure 5.6h). This structure is known as staggered
pentagon and has 12 atoms in each unit cell. The stability of staggered pentagonal structure in
Fe is confirmed by Sen et al. [142] using first principle calculations. The relevant inter-atomic
distances and bond angles in pentagonal unit cell of small (d = 0.807 nm) and large size (d =
1.615 nm) nanowire at 600 K are listed in Table 5.1. It can seen that the values obtained in the
present investigation are in close agreement with those calculated by Sen et al. [142] for free

pentagonal nanowires.
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Figure 5.4: The deformation mechanisms map showing the regions dominated by twinning and
slip with respect to nanowires size and temperature.

terms of the jerky flow behaviour during plastic deformation (Figure 5.5a). In all other sizes,
where slip dominates, 1/2<111> full dislocations have been observed as shown in the bottom
row in Figure 5.3. For nanowire size of 3.23 nm and above, twinning to slip transition has
not been observed, and deformation by twinning has been noticed irrespective of temperature.
This is also reflected in the flow stress plateaus and occurrence of second elastic peak following
reorientation in stress-strain behaviour typically shown in Figure 5.5b for d = 3.634 nm in the
temperature range 10-900 K . The analysis of atomic configurations for nanowire size with d =

3.634 nm also indicated the dominance of twinning at all temperatures examined.

5.4 Formation of pentagonal atomic chains

In ultra-thin nanowires that deform by dislocation slip mechanism (Figure 5.4) formation of
pentagonal atomic chains have been observed at the place of necking. As a representative, Fig-
ure 5.6 demonstrates the formation of pentagonal atomic chains during tensile deformation of
BCC Fe nanowire with d = 1.615 nm at 600 K. Initially, the nanowire undergoes yielding fol-
lowed by an extensive plastic deformation dominated by the slip of 1/2<111> full dislocations
(Figure 5.6a). With increasing strain, the plastic deformation occurs on multiple slip systems

and leads to the formation of necking with disordered or non-crystalline atomic structure as
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Figure 5.3: The deformation behaviour by dislocation slip under the tensile loading of <100>
BCC Fe nanowire with d = 1.615 nm at 300 K. The atoms are coloured according
to their coordination number. It can be seen that the surface orientation remains
same till failure. The bottom row is the view along the nanowire axis showing the
1/2<111> (green lines) and <100> dislocations (magenta lines).

5.4. The deformation mechanisms map separating the two different regions of twinning and
slip modes of deformation with respect to size and temperature are marked in Figure 5.4. It
can be clearly seen that the temperature at which the nanowires show twinning to slip transition
increases with increase in nanowire size. In other words, at each temperature, there is a critical
size below which twinning cannot occur. At low sizes and high temperatures, the slip mode
dominates, while at high sizes and low temperatures, deformation twinning is promoted. These
results clearly suggest that the BCC Fe nanowires with d < 3.23 nm undergoes twinning to slip
transition with increasing temperature. The different modes of deformation are also reflected
in respective stress-strain behaviour of the nanowires (Figure 5.1). In case of twinning mode
of deformation, a plateau in the flow stress is generally observed, and the occurrence of second
elastic peak suggests twinning followed by reorientation [59]. On the other hand, deformation
dominated by full dislocation slip results in continuous decrease in flow stress along with jerky
flow [59].

In the lowest nanowire size of d = 0.404 nm, even though the deformation by slip is
occurred at all temperature, but dislocations have not been observed. Instead of dislocations,
the relative slip between the two adjacent slip planes has been observed as shown in the inset

of Figure 5.5a. The deformation by slip has also been reflected in the stress-strain curves in
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Figure 5.2: The typical deformation behaviour by twinning mechanism under the tensile load-
ing of <100> BCC Fe nanowire with d = 1.615 nm at the lowest temperature of 10
K. The snapshots in the top row are coloured according to the atom’s coordination
number and indicates the changes in surface orientation due to deformation twin-
ning. In the bottom row, the colour is according to the common neighbour analysis
and it clearly shows the presence of twin boundaries.

Contrary to deformation by twinning at low temperatures, deformation dominated by
dislocation slip at relatively higher temperatures of 200 K and above is shown for 300 K in
Figure 5.3 as an example. The perfect nanowire (Figure 5.3a) yields by nucleation of 1/2<111>
full dislocations and with increasing strain, dislocations glide on their respective slip planes and
finally annihilate at the opposite surface. As a result of deformation by full dislocation slip,
the slip steps have been observed on the surface of the nanowire (Figure 5.3b-c). Absence of
surface reorientation clearly indicates that no twinning occurs at 200 K and above. The discrete
events of nucleation, glide and annihilation of dislocations is responsible for the observed jerky
flow in the stress-strain curve (Figure 5.1b). Following plastic deformation, the nanowire fails

by shear along the dominant slip plane at relatively lower values of strain (Figure 5.3d).

In order to demonstrate the combined influence of size and temperature on twinning
to slip transition in <100> BCC Fe nanowires, the results obtained for different sizes in the

range 0.404 to 3.634 nm and for temperatures ranging from 10 to 900 K are shown in Figure

105



25
(a) 10K ——

i d =1.615 nm 100 K
20 L Deformation by twinning

Stress, GPa

{

0 0.2 0.4 0.6 0.8 1 1.2
Strain
20
(b) 200 K
- d=1.615nm 400 K —
16 L Deformation by slip 500 K

Stress, GPa

Figure 5.1: The stress-strain behaviour of <100> BCC Fe nanowires with d = 1.615 nm at (a)
low (10-100 K) and (b) high (200 - 500 K) temperatures.

but fluctuating flow stress about a mean value in the strain range 0.1-0.4. Once the twin com-
pletely sweeps the <100> nanowires, orientation of the nanowire changes to <110> tensile
axis having {100} and {110} as side surfaces (Figure 5.2d). It can be clearly seen that the
new < 110> reoriented nanowire is completely defect free and with increasing deformation,
it undergoes an elastic deformation once again as reflected in the occurrence of second elastic
peak in the stress-strain curve (Figure 5.1a). Following the second elastic deformation, the re-
oriented nanowire deforms by full dislocation slip leading to neck formation and final failure
(Figure 5.2¢) at relatively higher values of strain to failure. For nanowires of size d = 1.615 nm,
similar stress-strain behaviour and deformation dominated by twinning mechanism have been

observed up to 150 K.
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performed at a constant strain rate of 1 x 10% s~! along the axis of the nanowire. At each size
and temperature conditions, five independent MD simulations with different random number
seeds have been performed to make statistically meaningful conclusions. The average stress
was calculated from the Virial expression (Section 2.7). The visualization of atomic config-
urations was performed using AtomEye [102] and OVITO [103] packages with coordination
number and common neighbour analysis (CNA). The CNA method has been used to distinguish

the atoms in crystalline, non-crystalline and pentagonal or icosahedral environment.

5.3 Twinning to slip transition

Figure 5.1 shows stress-strain behaviour of <100> BCC Fe nanowires with d = 1.615 nm at
different temperatures ranging from 10 to 500 K. It can be seen that at all temperatures, the
nanowires undergo an initial elastic deformation up to a peak stress followed by an abrupt drop
in flow stress due to yielding. Following yielding, the stress-strain behaviour of the nanowires
depends strongly on the temperature. At low temperatures of 10 and 100 K, the stress-strain
behaviour during plastic deformation exhibits uniform flow stress oscillations about a constant
mean value up to a strain of 0.4 (Figure 5.1a). Following this, the nanowires display second
elastic peak followed by stress drop and continuous decrease in stress till failure. On the other-
hand, at high temperatures i.e. at 200 K and above, the nanowires don’t show any second elastic
peak (Figure 5.1b). During plastic deformation, a continuous decrease in stress with large
fluctuations (jerky flow) till failure has been observed (Figure 5.1b). The observed significant
difference in the stress-strain behaviour clearly suggests that different deformation mechanisms
are operative at low (i.e. 10 and 100 K) and high (i.e., at 200 K and above) temperatures during

tensile deformation in < 100> BCC Fe nanowires.

In order to understand the difference in stress-strain behaviour, the atomic configura-
tions have been analysed as a function of strain at various temperatures. Figure 5.2 shows the
deformation behaviour of <100> BCC Fe nanowire with d = 1.615 nm at the lowest tempera-
ture of 10 K. It has been observed that the initially perfect nanowire (Figure 5.2a) yields by the
nucleation of a twin embryo, which is associated with an abrupt drop in flow stress. Following
this, the twin embryo becomes a full twin enclosed by two twin boundaries (Figure 5.2b). With
increasing strain, the twin grows along the axis of the nanowire (Figure 5.2¢) and progressively
reorients the nanowire within the twinned region. The growth of twins by repeated nucleation

and glide of 1/6<111> twinning partials on the twin boundaries is responsible for the constant
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(quanta of conductance), where e is the electron charge and 4 is the Planck’s constant [138].
The linear atomic chains have been observed experimentally during the stretching of Au and
Cu nanowires [138-140] and display conductance close to Gy. Similarly, Gonzalez et al. [42]
observed the formation of pentagonal chains during the stretching of Cu nanowires which ex-
hibited the conductance of 4.5Gy. During tensile deformation, the ultra-thin Au nanowires have
been found to exhibit a zigzag shape, which remains stable even if the load is relieved [141]. It
has been postulated that the competition between optimal internal packing and minimal surface
energy is the main driving force behind these morphological structures at ultra-thin sizes [43].
However, the deformation mechanisms and the associated morphological changes in ultra-thin
BCC nanowires have not been explored. For the first time, we report the formation of long
pentagonal atomic chains during the tensile deformation of ultra thin BCC Fe nanowires using
molecular dynamics simulations. Extensive MD simulations have been performed on <100>
BCC Fe nanowires with different cross section width varying from 0.404 to 3.634 nm at tem-
peratures ranging from 10 to 900 K. The range of nanowire size and temperatures over which

the pentagonal atomic chains have formed have been described.

5.2 Simulation details

Molecular dynamics (MD) simulations have been performed using LAMMPS package [94]
employing an embedded atom method (EAM) potential for BCC Fe given by Mendelev and
co-workers [75]. BCC Fe nanowires oriented in <100> axial direction with {110} as side
surfaces were considered in this study. MD simulations have been performed on nanowires
with cross-section width (d) ranging from 0.404 to 3.634 nm. For each nanowire cross section
width, the simulations have been performed at different temperatures ranging from 10 to 900 K.
In all nanowires, the length (1) was twice the cross- section width (d). Periodic boundary con-
ditions were chosen along the nanowire length direction, while the other directions were kept
free in order to mimic an infinitely long nanowire. After the initial construction of nanowire,
energy minimization was performed by conjugate gradient method to obtain a stable structure.
To put the sample at the required temperature, all the atoms have been assigned initial veloci-
ties according to the Gaussian distribution. Following this, the nanowire system was thermally
equilibrated to a required temperature for 125 ps in canonical ensemble using Nose-Hoover
thermostat. The velocity verlet algorithm was used to integrate the equations of motion with

a time step of 5 femto seconds. Following thermal equilibration, the tensile deformation was
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Chapter 5

Twinning to slip transition and formation
of pentagonal atomic chains in ultra-thin
<100> BCC Fe nanowires

5.1 Introduction

In bulk metals, the conventional understanding is that twinning occurs only at low temperatures,
while the plastic deformation is dominated by the slip of dislocations at high temperatures.
Molecular dynamics simulations studies [60—62] including the present work (Chapters 3 and
4) have shown that the <100> BCC Fe nanowires deforms by twinning mechanism at 10 K.
However, the temperature dependence of this twinning behaviour has not been investigated in
Fe or any other BCC nanowires. Further, previous studies on FCC nanowires have shown that
with decreasing size there exist a clear transition from full dislocation slip to twinning/partial
dislocations [33,36,37] (Section 1.3.1). Contrary to this, Yu et al. [ 137] demonstrated a reverse
transition from twinning at higher sizes to full dislocation slip at smaller sizes in HCP Ti. Using
in-situ experiments, deformation twinning has been observed in HCP Ti single crystal of size 1
wm and above. Below this size, twinning is entirely replaced by the slip of dislocations [137].
These observations strongly suggest that there is a size limit below which twinning does not
occur in HCP Ti. In this context, it is important to understand how the size and temperature

influences the twinning behaviour in BCC nanowires.

It has been shown that the deformation mechanisms in nanowires of cross-section
width in the order of few atomic spacing is different from thick nanowires. The formation
of linear, pentagonal, single shell, multi-shell and other weird atomic chains have been ob-
served during the deformation of ultra-thin FCC nanowires [41-45]. Further, the formation

of all these atomic chains has been associated with conductance in multiples of Gy = 2¢?/h
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<111> BCC Fe nanowires undergo ductile-brittle transition at 400 K. Below this temperature,
the nanowires yield through the nucleation of a sharp crack and fails in a brittle manner, whereas
at high temperatures, the nucleation of multiple 1/2< 111> dislocations associated with signif-
icant plastic deformation leads to ductile failure. At the transition temperature of 400 K, the
nanowire yields through the nucleation of crack, but fails in ductile manner due to disloca-
tion nucleations from crack tip. Further, it has been observed that the transition temperature

increases with increasing the nanowire size and strain rate.

The ductile-brittle transition in <111> BCC Fe nanowires results from the relative
variations of yield and fracture stresses as well as slip behaviour with respect to temperature.
Above the transition temperature of 400 K, the lower values of yield stress compared to fracture
stress facilitates yielding by the nucleation of dislocations and significant plastic deformation
before ductile failure. This is well supported by the occurrence of wavy glide and dislocation
multiplications at high temperatures. Below the transition temperature, the lower values of
fracture stress than the yield stress leads to yielding by crack nucleation and brittle failure
with negligible dislocation activity in the nanowires. Further, at high temperatures, it has been
observed that the nanowire surfaces aid in dislocation multiplication mechanism and also in

dissociation of immobile dislocations.
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nm, it has been observed at 450 K (Figure 6.10b). Similarly, the simulations performed with
the circular cross-section nanowire of 8.5 nm diameter yields a transition temperature of 550 K
(Figure 6.10c), which is higher than that observed for the square cross-section nanowire. These
results also indicate that the circular cross-section nanowires attains higher yield strength val-
ues, and as a result, the yield stress versus temperature curve in Figure 6.9 crosses the fracture
stress versus temperature curve at relatively higher temperature compared to the square cross-
section nanowire. However, it must be noted that the qualitative behaviour of the stress-strain
curve, defect nucleation and deformation mechanisms in circular cross-section nanowires is

same as that of the square cross-section nanowires.

(b) d =17.13 nm

( ! } g0
Y, 20

(c)d =8.5 nm

Figure 6.10: Defect nucleation in square cross-section nanowires of (a) low and (b) high size
with respect to temperature. Defect nucleation in circular cross-section nanowire
of d = 8.5 nm with respect to temperature is shown in (c). The transition temper-
ature in each case has been highlighted in red colour. The colour code details are
described in Figure 6.3 caption.

6.8 Conclusions

Temperature dependent deformation and failure behaviour of <111> BCC Fe nanowires has

been investigated by molecular dynamics simulations. The simulation results indicate that
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Figure 6.9: Variations of yield stress as a function of temperature along with fracture stresses
(o) approximated to E/10, E/13, and E/I5.

independent slip systems (Figure 6.4). On the other hand, when the nanowires show ductile
behaviour, the wavy glide is extensively observed as depicted in Figures 6.5 and 6.7. In the
case of wavy glide, the requirement of five independent slip systems is naturally met and this

induces significant plastic deformation leading to ductile fracture.

Finally, it is interesting to note that the ductile-brittle transition observed in the <111>
BCC Fe nanowire is absent in <100> and <110> nanowires (Chapter 3 and 4). The <100>
and <110> BCC Fe nanowires undergo significant plastic deformation and fails via ductile
mode even at the lowest temperature of 10 K. The activation of multiple slip systems satisfying
the von-Mises criterion even at 10 K in <110> BCC Fe nanowires lead to gross plastic de-
formation and high ductility. In <100> BCC Fe nanowire, different deformation mechanisms
of twinning and reorientation at 10 K results in high ductility. Apart from orientation, the
nanowire size and shape also play an important role on the deformation mechanisms. In order
to reveal the influence of size on the observed ductile-brittle transition, further MD simulations
have been carried out on two different nanowire sizes of 2.85 and 17.13 nm representing lower
and higher sizes, respectively. The results indicate that the ductile-brittle transition temperature
increases with increasing nanowire size. For the nanowire of cross-section width (d) = 2.85 nm,

the transition has been observed at 350 K (Figure 6.10a), whereas for nanowires with d = 17.13
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also been carried out at a strain rate of 1 x 10° s~'. A transition temperature of 450 K observed
for 1 x 107 s! clearly indicates that the ductile-brittle transition temperature (DBTT) increases
with increasing strain rate in the Fe nanowire. The higher transition temperatures than the bulk
counterparts observed in the present investigation can be ascribed as a consequence of high

strain rates used in MD simulations.

The ductile to brittle transition behaviour can be explained based on the relative vari-
ations of yield and fracture stresses with respect to temperature. It is known that Young’s
modulus (E) is related to the perfect or fracture strength 6 of a material through the relation
or = (Evy/ ao)l/ 2, where ¥, is surface energy of the fractured surfaces and aq is inter-atomic
spacing [13, 16]. By making a reasonable approximation of y; = Ea/20, a rough estimate of
strength in terms of Young’s modulus shows that o varies between E/4 and E/15 depending on
material and test conditions [13,16]. The variations of yield strength and ¢ (obtained by E/10,
E/13, and E/15) as a function of temperature are shown in Figure 6.9. It can be clearly seen
that oy is less sensitive to temperature compared to yield stress and as a result, all the three oy
curves cross over yield strength at different temperatures. The temperatures of cross-over for
E/10, E/13, and E/15 have been obtained as 40 K, 400 K, and 570 K, respectively (Figure 6.9).
The temperature at which the fracture stress crosses the yield strength is considered as brittle-
ductile transition temperature. Below the transition temperature, the fracture stress is either
lower or close to yield stress and this leads to fracture before yielding. Above the transition
temperature, fracture stress is much higher than the yield stress and this result in yielding, sig-
nificant plastic deformation, and ductile failure. From the above comparison, it is clear that o
values evaluated as E/13 crosses the yield strength at 400 K as observed in the MD simulations
(Figure 6.9). Therefore, 6y = E/13 can be assumed to represent the ductile to brittle transition

behaviour of <111> BCC Fe nanowire.

In a single phase BCC Fe-Co alloy, Johnston et al. [165] have shown that the change
in fracture behaviour is primarily associated with a change in slip behaviour and the yield stress
plays a secondary role. In the BCC Fe-Co alloy, it has been shown that when the deformation
is restricted to a planar glide, the alloy failed in brittle manner, whereas the wavy glide induces
the ductile behaviour [165]. This correlation has been ascribed to the requirement of at least
five independent slip systems to induce a small and homogeneous strain, that is, von-Mises
criterion. In the present study, it has been observed that when the nanowires failed in brittle

manner, a few dislocations present at the crack tip have been associated with only one or two
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nanowires and bulk single crystals [65]. In nanowires, yielding results from the nucleation of
defects, whereas movement of existing dislocations leads to yielding in the bulk single crystals.
The presence of a hump or concave down region in the yield stress-temperature curve at about
100 K (Figure 6.2b) is in agreement with the experimental observations reported for the pure
bulk single crystal of BCC Fe [158-161]. However, the occurrence of hump in the bulk single
crystal has been observed in the temperature range 200-250 K. Further, it has been shown that
this hump disappears in Fe specimens doped with a small amount of carbon atoms [158, 159].
These studies indicate that the hump is intrinsic to pure BCC Fe lattice. Guyot and Dorn [162]
have suggested that this hump in flow stress is due to the double hump shape of Peierls potential
in BCC lattice. Interestingly, the Mendelev EAM potential also shows the double hump Peierls
potential for BCC Fe [163]. Therefore, the hump in yield stress versus temperature curve
observed in the present investigation can be attributed to the double hump shape of the Peierls

potential.

6.7.2 Ductile-brittle transition

Influence of temperature on tensile deformation of<111> BCC Fe nanowire clearly indicated
that the nanowires yield through the nucleation of a sharp cracks and fail in brittle manner at
low temperatures (10-375 K), whereas nucleation of multiple dislocations at yielding followed
by significant plastic deformation leads to ductile failure at high temperatures (450-1000 K).
At 400 K, the nanowire yielded by crack nucleation and reasonable dislocation activity at the
crack tip resulted in ductile failure. The above failure behaviour with respect to temperature is
also reflected in the tensile ductility. BCC Fe nanowires displayed negligible plastic strain at
low temperatures (10-375 K) followed by a rapid increase in the accumulated plastic strain in
the temperature range 375-500 K and high but nearly constant plastic strain above 500 K. These
observations clearly suggest that BCC Fe nanowires display ductile-brittle transition at 400 K.
Similar ductile-brittle transition has been observed in bulk single crystal BCC Fe [150]. How-
ever, the transition temperature of 400 K observed in nanowires is significantly higher than 130
K reported for the strain rate 4.46 x 10~> s~! in bulk single crystal BCC Fe [150]. An increase
in transition temperature to 154 K with the increase in strain rate to 4.46 x 1073 s~! has also
been reported [150]. Based on the detailed investigation, the ductile to brittle transition in BCC
Fe has been successfully modeled as a function of strain rate [164]. A transition temperature of
320 K has been predicted for the strain rate 1 X 103 s~ in BCC Fe [164]. In order to examine

the strain rate dependence of ductile-brittle transition in Fe nanowires, MD simulations have
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Figure 6.8: Surface assisted formation and dissociation of <100> immobile dislocations
through two 1/2< 111> mobile dislocations at high temperatures. The green lines
indicate the dislocations with the Burgers vector 1/2<111> and the magenta lines
represent the dislocations with the Burgers vector <100>.

the dissociation of immobile dislocations in BCC nanowires.

6.7 Discussion

6.7.1 Temperature dependence of yield stress

In BCC/FCC metallic nanowires, the variations in yield stress (oy) with temperature (T) follow
either oy = A — BT or oy = A — B\/T relation depending upon the inter-atomic potential used
in MD simulations [10, 157]. In BCC Fe nanowires, it has been shown that the yield stress
follows oy = A — B\/T relation with Mendelev EAM potential [65]. In agreement with above
observation, the observed decrease in yield stress with the increase in temperature in the present
study followed the relation oy = 26.8 — 0.58+/T. It can be seen that the observed temperature
dependence of yield stress in BCC Fe nanowires (Figure 6.2b) is different from their bulk single
crystal counterparts. In bulk single crystals, the yield stress generally saturates above a critical
temperature [158—161]. In BCC Fe nanowires, saturation in yield stress has not been observed.

This difference in behaviour essentially arises from the difference in yielding events in BCC Fe
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dislocations (Section 1.3.2). Using dislocation dynamics simulations, it has been shown that the
surface controlled dislocation multiplication occurs only when the screw dislocation mobility is
much lower than that of edge dislocation. When the mobility of edge and screw dislocations is
equal, the complete dislocation gets annihilated at the surface and the dislocation multiplication

does not occur [53].

6.6 Dissociation of immobile dislocation

It has been observed that the deformation behaviour of <111> BCC Fe nanowires is dominated
by the slip of 1/2<111> mobile dislocations at high temperatures (450-1000 K). In addition
to 1/2< 111> dislocations, < 100> immobile dislocations have also been observed. The differ-
ent stages of the formation and dissociation of <100> immobile dislocation emanating from
the interactions of two 1/2<111> mobile dislocations are shown in Figure 6.8. Initially, two
1/2<111> dislocations nucleate from the nanowire surface and attract towards each other (Fig-
ure 6.8a). With increasing strain, part of these two dislocations combine and form a <100>
immobile dislocation (Figure 6.8b). Subsequent glide of these mobile dislocations at Y-junction
leads to a zipping process, which increases the length of the immobile dislocation (Figures 6.8c
and 6.8d). Following completion of zipping process, long <100> immobile dislocation is ob-
tained (Figures 6.8e and 6.8f). The formation of <100> dislocation has also been observed
during the compressive deformation of <100> BCC Fe nanopillars [56]. Generally, it is as-
sumed that <100> dislocation is highly stable and immobile and aids in the nucleation of
micro-cracks in BCC metals [16]. Contrary to this, it has been observed in the present study
that <100> dislocation is not stable during the deformation of nanowires and dissociates into
two mobile dislocations with Burgers vector 1/2< 111> as shown in Figures 6.8g- 6.8i. The dis-
sociation/unzipping process of <100> dislocations initiates from the surface of the nanowire
through the formation of two Y-junctions (Figure 6.8g) and with increasing deformation, one
of the Y-junction penetrates towards the other end of the dislocation (Figures 6.8h and 6.81).
According to Frank’s criterion, the dissociation of <100> dislocation is difficult to be observed
as this reaction leads to the increase in energy (i.e., b% < b% + b3, where by is the Burgers vec-
tor of immobile dislocation and b, and b3 are the Burgers vector of dissociated dislocations).
However, this dislocation reaction becomes feasible at high energy or stresses in the order of
GPa as observed in the present study. Since the nanowire surfaces can act as local stress raisers,

it is reasonable to conclude that the surfaces of the nanowires/nanopillars provide a source for
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It can be seen that when a mixed dislocation nucleates from the nanowire corner (Figure 6.7a),
it align itself to a straight screw configuration with further glide (Figure 6.7b). This straight
screw dislocation glides through the kink-pair mechanism, where the kinks nucleate from the
nanowire surfaces. When the kinks having different orientations nucleated from two different
surfaces move towards each other, a cusp develops at their intersection point on the straight
screw dislocation (Figure 6.7b and 6.7¢). With increasing deformation, the radius of curvature
of the cusp decreases (as observed from the nanowire axial direction, i.e., top view) and it ap-
pears like a dislocation loop as shown in Figure 6.7c. As the loop grows with strain, the edge
component of the loop reaches the nearby nanowire surface and this creates three independent

screw dislocations in the nanowire (Figures 6.7d and 6.7¢).

y Y

(a) (b) (c) (d)

Figure 6.7: A special dislocation multiplication mechanism observed in <111> Fe nanowires
at high temperatures in the range 450-1000 K. The green lines indicate dislocations
with Burgers vector 1/2<111>. The black regions indicate nanowire surfaces. The
arrow marks indicate the direction of dislocation motion.

The mechanism of kink nucleation and glide from the nanowire surface resulting in
dislocation multiplication into three independent dislocations has been shown in Mo nanopillars
by Weinberger and Cai [52] using a combination of MD and dislocation dynamics simulations
(Section 1.3.2, Figure 1.20). It has been suggested that a similar dislocation multiplication will
be operating in other BCC nanowires [10] as observed in the present study. This observation
further supports the applicability of Mendelev EAM potential for understanding deformation
behaviour in BCC Fe nanowires. For the operation of this special dislocation multiplication

mechanism, Lee et al. [53] laid down necessary conditions on the mobility of edge and screw
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corners glide with the increase in plastic deformation on their respective glide planes (mainly
{110} type) and eventually escape to the surface (Figures 6.5b and 6.5c). The continuous nu-
cleation and glide of dislocations on interacting glide planes leads to the formation of well
defined necking (Figure 6.5d) and the nanowires fail in ductile manner at significantly higher
plastic strains. Interestingly at high temperatures of 900 and 1000 K, it has been observed that
the disordered atoms in the neck region rearrange themselves and forms the pentagonal atomic
chain as shown in Figure 6.6. The atomic chain consists of a central atom sandwiched between
the two pentagonal rings, where each pentagonal ring consists of 5 atoms (Figure 6.6). The
formation of pentagonal atomic chains in <111> BCC Fe of cross-section width (d) as large
as 8.5 nm is interesting, because, in <100> BCC Fe nanowires the pentagonal atomic chains
have been observed only at very small sizes below 3.23 nm (Chapter 5). The transformation of
perfect BCC lattice into the pentagonal structure has been described in terms of energy mini-

mization [43] as discussed in Chapter 5.

(@) (b)

Figure 6.6: Formation of pentagonal atomic chain in the necking region during deformation of
<111> Fe nanowires with d = 8.5 nm at 900 K. The red colour represents perfect
BCC atoms, blue colour indicates the atoms in the non-crystalline structure, and
yellow indicates the atoms in five fold symmetry.

6.5 Dislocation multiplication at high temperatures

In bulk materials, the dislocations generally multiply by the well known Frank-Read mech-
anism. However, the Frank-read mechanism no longer operates when the size is reduced to
nanoscale. A special dislocation multiplication mechanism operating during plastic deforma-

tion of <111> BCC Fe nanowires at high temperatures (450-1000 K) is shown in Figure 6.7.
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Figure 6.4: Atomic snapshots as a function of total strain at 50 K representing deformation
behavior of <111> Fe nanowires at low temperatures in the range 10-375 K. The
colour code details are described in Figure 6.3 caption.
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Figure 6.5: Atomic snapshots as a function of total strain at 700 K representing deformation
behaviour of <111> Fe nanowires at high temperatures in the range 450-1000 K.
The colour code details are described in Figure 6.3 caption.
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Figure 6.3: Defect nucleation at yielding in <111> BCC Fe nanowires at different tempera-
tures. The green lines indicate the dislocations with the Burgers vector 1/2<111>,
the magenta lines represent the dislocations with the Burgers vector <100>, and
the dislocations with the unknown/unidentified Burgers vector are shown by red
lines. The black regions indicate defective surfaces such as cracks.

any plastic deformation (Figure 6.4). These observations clearly suggest that <111> BCC Fe
nanowires fail in brittle manner in the temperature range 10-350 K and the peak stress in the
stress-strain curves reflects the fracture strength of the nanowires. At 400 K, apart from yield-
ing through nucleation of crack, several mobile 1/2<111> and immobile <100> dislocations
near crack tip have been observed (Figure 6.3). With increasing deformation, the crack gets
blunted by dislocation activity and as a result, the nanowire at 400 K exhibits considerable

plastic deformation and fails in ductile manner at high strains.

Contrary to crack nucleation at low temperatures, the nanowires yield through the
nucleation of multiple 1/2<111> dislocations at high temperatures in the range 450-1000 K
(Figure 6.3). Therefore, the peak stresses in the stress-strain curves at high temperatures neces-
sarily indicate stress for the nucleation of dislocations in an otherwise perfect nanowire. At high
temperatures, yielding through dislocation nucleation followed by plastic deformation results
in flow stress drop to non-zero values (Figure 6.1b). The atomic configurations representing
typical yielding and plastic deformation of nanowires at high temperatures (450-1000 K) are
shown for 700 K in Figure 6.5. The yielding by the nucleation of dislocations from the nanowire

corner can be seen in Figure 6.5a. It can also be seen that the dislocations nucleated from the
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Figure 6.2: Variations of (a) Young’s modulus, (b) yield stress, and (c) accumulated plastic
strain as a function of temperature for <111> BCC Fe nanowires. Temperature (T)
dependence of yield stress oy obeying 6y = A — B\/T with A =26.8 and B = 0.58
is superimposed as the broken line in (b). The blue dashed region in (c) shows a
ductile to brittle transition regime. The center of this regime has been taken as the
transition temperature.

temperature of 400 K, the nanowire yields primarily through the nucleation of crack associated
with many mobile 1/2<111> and immobile <100> dislocations in the vicinity of the crack
(Figure 6.3). At temperatures higher than 400 K, the nanowires yielded only by the nucleation
of multiple 1/2<111> dislocations. In the temperature range 450-1000 K, no crack nucleation
has been observed. The atomic snapshots as function of strain at 50 K representing the defor-
mation behaviour of <111> BCC Fe nanowires at low temperatures is shown in Figure 6.4. It
can be seen that the crack nucleates from the corner of the nanowires without any dislocations
at the tip (Figure 6.4a) and grows rapidly along the direction at 45 angle with the loading axis
(Figures 6.4b and 6.4c). During crack growth, a few 1/2<111> and <100> dislocations in
the vicinity of crack tip can be seen in Figures 6.4b and 6.4c. The growing crack reaches the

opposite surface within a short strain interval and the nanowire fails abruptly without showing
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The variations in Young’s modulus, yield stress, and the accumulated plastic strain
before failure as function of temperature are shown in Figures 6.2a-6.2c. In the presence of
non-linear elastic deformation, the values of Young’s modulus at different temperatures have
been evaluated from the slope of initial linear elastic regime i.e. the slope of stress-strain curves
for € < 0.04. Below this strain, the stress-strain curve is nearly linear for all temperatures. The
non-linear portion at high elastic strains (¢ > 0.04) has been neglected for Young’s modulus
calculations. It can be seen that Young’s modulus decreases rapidly up to 400 K followed by
saturation at higher temperatures (Figure 6.2a). The variations in yield stress with respect to
temperature exhibited a rapid decrease in yield stress up to 100 K followed by a gradual de-
crease with the increase in temperature (Figure 6.2b). At about 100 K, a hump in yield stress or
a concave down region can be seen in Figure 6.2b. Temperature (T) dependence of yield stress
(oy) obeying oy = A — B\/T with A =26.8 and B =0.58 is superimposed as the broken line in
Figure 6.2b. The yield stress values at all temperatures have been observed to be consistently
lower than the theoretical strength of 27.6 GPa reported for <111> BCC Fe [107]. It is inter-
esting to observe that apart from insignificant flow stress (Figure 6.1a), the nanowires exhibit
a negligible plastic strain during tensile deformation at low temperatures in the range 10-375
K (Figure 6.2c). A significant increase in the accumulated plastic strain with the increase in
temperature from 375 to 500 K can be seen in Figure 6.2c. Beyond 500 K, the plastic strain
remains nearly constant. The accumulated plastic strain is obtained from stress-strain curves
as total strain to failure minus elastic strain (strain to yielding). The negligible amount of accu-
mulated plastic strain obtained at lower temperatures arises from crack nucleation and growth
till separation into two pieces. At higher temperatures, significant plastic deformation leading
to failure results in higher values of accumulated plastic strain. From the variations in accumu-
lated plastic strain before failure with temperature, it is clear that <111> BCC Fe nanowires

undergo ductile-brittle transition with 400 K as a transition temperature (Figure 6.2c).

6.4 Deformation behaviour and failure mechanisms

In order to understand the variations in stress-strain behaviour, the atomic configurations have
been analysed using OVITO as a function of strain at different temperatures. Figure 6.3 shows
the top view of nanowires during yielding at various temperatures. It can be seen that at low
temperatures (10-375 K), yielding in the nanowires occurs mainly through the nucleation of

a sharp crack with negligible dislocation activity at the crack tip (Figure 6.3). At transition
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may be due to the weird behaviour of surface atoms at low temperatures or it may arise from
the inter-atomic potential. Following elastic deformation up to peak stress, yielding results in
abrupt drop in flow stress in all the nanowires. The yield stress values have been obtained as
the values of peak stress in the stress-strain curve. Following yielding, the <111> BCC Fe
nanowires display two different behaviours during plastic deformation as shown for low (10-
375 K) and high (400-1000 K) temperatures in Figures 6.1a and 6.1b, respectively. At low
temperatures, the flow stress abruptly drops to zero indicating insignificant plastic deformation
and sudden failure in the nanowires (Figure 6.1a). On the other hand, the flow stress dropping
to non-zero value followed by jerky flow and gradual decrease in flow stress during plastic

deformation suggests ductile nature of nanowires at high temperatures (Figure 6.1b).
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Figure 6.1: Stress-strain behaviour of <111> BCC Fe nanowires at (a) low (10-375 K) and
(b) high (400-1000 K) temperatures. The failure locations have been marked by
arrows.
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6.2 Simulation details

MD simulations were performed in LAMMPS package [94] employing an EAM potential for
BCC Fe given by Mendelev and co-workers [75]. BCC Fe nanowires of square cross-section
width (d) = 8.5 nm and oriented in <111> axial direction with {110} and {112} side surfaces
were created by generating atomic positions corresponding to the bulk Fe. Correspondingly,
the simulation box contained about 110000 Fe atoms arranged in BCC lattice. The length (1)
was twice the cross section width (d) of the nanowire. Periodic boundary conditions were cho-
sen along the length direction, whereas the other two directions were kept free. After the initial
construction of the nanowire, the energy minimization was performed by a conjugate gradient
(CG) method to obtain a relaxed structure with equilibrium atomic positions corresponding to
the nanowire. The minimization has been carried out until the energy change between two
successive iterations divided by the initial energy is less than 107, To put the sample at the
required temperature, all the atoms have been assigned initial velocities according to the Gaus-
sian distribution. Following this, the nanowire system was thermally equilibrated to a required
temperature for 125 ps in canonical ensemble (constant NVT). The temperature is controlled
with Nose-Hoover thermostat with a damping constant of 500 fs for all temperatures. This
value of damping constant has ensured that the temperature fluctuations are always lower than
1% during simulation irrespective of test temperature. The velocity verlet algorithm has been

used to integrate the equations of motion with a time step of 5 fs.

Following thermal equilibration, the tensile deformation was performed at a constant
strain rate of 1x 10% s~! along the axis of the nanowire. In order to reveal the brittle to ductile
transition temperature, the atomistic simulations have been performed at different temperatures
in the range 10-1000 K. The simulations at each temperature have been repeated five times,
with a different random number seed for velocity distribution each time. The visualization of

atomic configurations was performed using OVITO [103].

6.3 Stress-strain behaviour

Figure 6.1 shows stress-strain behaviour of <111> BCC Fe nanowires at various temperatures
ranging from 10 to 1000 K. It can be seen that all the nanowires undergo an elastic deformation
and exhibit non-linear behaviour at high strains. Further, during elastic deformation at 10 and

50 K, a bump appears in the stress-strain curve at a strain value of 0.04-0.05. This bump
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Chapter 6

Ductile-brittle transition in <111> BCC
Fe nanowires

6.1 Introduction

It is well known that the BCC materials are generally difficult to deform at low temperatures
giving rise to brittle fracture, while at high temperature they deform easily and fail by ductile
mode. As a result, most of the BCC materials show a ductile to brittle transition (DBT) with
respect to temperature. For example, the bulk single crystal BCC Fe exhibits DBT with de-
creasing temperature [150]. The temperature for DBT in the bulk BCC Fe single crystal has
been found to vary in the range 130-154 K depending on the strain rate. In addition to sin-
gle crystal BCC Fe, Fe-9%Cr and Fe based ferritic steels also exhibit the DBT [151, 152]. At
nanoscale, the DBT with respect to temperature has been observed in semiconductor nanowires
such as GaN [153], ZnO [154], and Si [155]. Similar transition has also been reported in Cu
nanowires with respect to size [34,35] and Ag nanowires with respect to the strain rate [156].
In this context, it is important to examine the possibility of similar ductile to brittle transition
in BCC nanowires. In chapter 3, it has been shown that, among the five different orientations
of BCC Fe nanowires, the <100>, <110>, <112> and <102> orientations show significant
plastic deformation even at 10 K, while the <111> nanowire show negligible plastic deforma-
tion. In view of this, <111> orientation has been chosen to study the ductile-brittle transition
in BCC Fe nanowires. MD simulations have been performed on tensile deformation of <111>
BCC Fe nanowires at different temperatures ranging from 10 to 1000 K. Special attention has
been paid towards the amount of accumulated plastic strain, nature of yielding and final failure.
The influence of cross-section size, shape and applied strain rate on the DBT has also been

described in this chapter.
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the presence of dislocations in BCC Fe nanowire mainly influences the twinning mechanism.
The deformation by slip of dislocations is preferred over twinning in the presence of disloca-
tions. Further, the deformation in <100> nanowire with multiple twist boundaries indicated
that, increasing the dislocation density increases the contribution of slip and delays/prevents the
occurrence of twinning. The present study may explain the absence of deformation twinning

in bulk materials, which inherently contains many dislocations.

Molecular dynamics simulations performed on twinned BCC Fe nanopillars indicated
that the twin boundaries have a contrasting role under tensile and compressive loadings. Under
tensile loading, the yield stress has been almost independent of twin boundary spacing, while
under compressive loading, the yield stress showed strong dependence on twin boundary spac-
ing. This contrasting behaviour in yield stress has been explained by repulsive force offered by
the twin boundaries. Under tensile loading, deformation is dominated by the twin growth/twin
boundary migration, where the initial twin boundary offers negligible repulsive force on the
nucleation of twinning partials. Due to this, yield stress varies marginally as a function of twin
boundary spacing. In addition to twinning, minor activity of full dislocations and twin-twin
interactions of <021> type have been observed during tensile deformation. It has been found
that the edge of the curved twin boundary can acts as a source for the emission of full disloca-
tions. The deformation under compressive loading is dominated by the slip of full dislocations,
where the twin boundaries offer a strong repulsive force for the nucleation of full dislocations.
This leads to the observed strong dependence of yield stress on twin boundary spacing. The
dislocation-twin boundary interactions obtained under the compressive deformation of twinned
nanopillars revealed that the dislocation can either directly transmit without any deviation in

slip plane or it can transmit on symmetrical slip plane in the neighbouring grain.
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are comparable for small spacing (i.e. nanopillars having three and five twin boundaries) and
lower, for large spacing (Figure 7.8a-b). This difference in yield stress between perfect and
twinned nanopillars may arise mainly from the structure of twin boundary in BCC Fe. With
Mendelev EAM potential, the twin boundary in BCC Fe has a displaced or isosceles structure
[20, 21], where the upper grain is displaced with respect to the lower grain parallel to the
boundary plane by the vector 1/12<111>. In twinned nanopillars, this extra step can acts as a
nucleation site for a twin embryo, while in perfect nanopillars, the twin embryo nucleates from
the corner. Due to this extra step, the defect nucleation in the twinned nanopillars is easier
than in perfect nanopillar. Under compressive loading, the observed low yield stress values for
higher twin boundary spacing (i.e. nanopillars with one and two twin boundaries) can arise
from the presence of such step. Further, the observed yield stress values for low twin boundary
spacing (i.e. nanopillars with three and five twin boundaries) comparable to perfect nanopillar

can be ascribed to the combined effects associated with repulsive force and step.

The most important aspect of atomistic simulations is the reliability of inter-atomic
potential. Therefore, it is important to understand that up to what degree the predictions made
in the present investigation differ with potential. Cao [61] in his study on shape memory and
pseudo-elasticity of <100> BCC Fe nanowires has shown that under tensile deformation, the
qualitative stress-strain behaviour and deformation behaviour by twinning doesn’t vary signifi-
cantly with Mendelev [75] and Chamati [72] potentials. However, these two potentials predict
different values of yield stress [61]. On similar lines, the quantitative values of yield stress
predicted in the present investigation may vary with inter-atomic potential, but the qualitative

aspects may not change significantly.

7.3 Conclusions

Molecular dynamics simulations have been performed on the deformation behaviour of BCC
Fe nanowires containing twist and twin boundaries. The results indicate that the twist bound-
aries in BCC Fe contain a network of dislocations. In <100> nanowire dislocation network has
square shape, while in <110> nanowire it has hexagonal shape. The MD simulation results on
the tensile deformation of <100> BCC Fe nanowires containing twist boundary indicated that
the deformation proceeds through slip of dislocations at small strains followed by twinning at
higher strains. On the other hand, the deformation in <110> BCC Fe nanowires containing

twist boundary is dominated by the slip of dislocations at all strains. These results suggest that
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and subsequent plastic deformation mechanisms under tensile and compressive loadings. The
observed deformation mechanisms are summarised schematically in Figure 7.21. Since the de-
formation under tensile loading is dominated by the twinning partial dislocations (Figures 7.9
-7.12), the glide plane and the Burgers vector of this partials can either have an inclination or
parallel with respect to twin boundary (Figure 7.21a). In case of an inclination, the repulsive
force on the partial dislocations is smaller than that of full dislocations and as a result, the yield
stress under tensile loading exhibits weaker dependence on twin boundary spacing. In other
case, where the glide plane and the Burgers vector of partial dislocations are parallel to twin
boundaries (Figure 7.21a), the twin boundary spacing has a insignificant role on yield stress
due to negligible repulsive force [182, 196]. On the other hand, when the deformation is dom-
inated by full dislocations under compressive loading (Figures 7.14 and 7.15), the slip plane
and the Burgers vector of full dislocations have an inclination with respect to the twin boundary
(Figure 7.21b). This mode of deformation is known as hard mode in FCC nanopillars [182]. In
this mode, the twin boundaries exert strong repulsive force on full dislocations and also influ-
ence the resistance to dislocation slip. The repulsive force on the dislocations increases upon
decreasing twin boundary spacing and as a result, the yield stress increases with the decrease

in twin boundary spacing.
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Figure 7.21: Schematic of the observed deformation mechanisms under (a) tensile and (b) com-
pressive deformation of BCC Fe nanopillars.

The yield stress of twinned nanopillars under tensile loading is much lower than the

yield stress of perfect nanopillar (Figure 7.7a-b), while in compression the strength values

154



the neighbouring grain (Figure 7.19). In BCC metals, three {112} and three {110} planes
have the same <111> zone axis (Figure 7.20a). Interestingly, this arrangement of glide planes
remains same across the twin boundary (Figure 7.20b). In view of this similarity in slip planes,
dislocation once passes through the twin boundary can either glide on symmetrical plane or
can directly comes out in the neighbouring grain without any deviation in the glide plane. The
inserted atomic snapshots in Figure 7.20b shows that that the observed slip lines in Figures
7.18 and 7.19 are parallel to {112} planes. The geometrical arrangement of glide plane (Figure
7.20b) indicates that the observed dislocation-twin boundary interactions in the present study

are on expected lines in BCC metals.
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Figure 7.20: The arrangement of three {110} and three {112} planes having the same <111>
zone axis in (a) perfect and (b) across the twin boundary in twinned BCC crystals.

7.2.9 Effect of twin boundary spacing on yield stress

The yield stress as a function of twin boundary spacing exhibiting contrasting behaviour under
tensile and compressive loadings has been observed in BCC Fe nanopillars. During tensile
deformation, the yield stress displays negligible variation with respect to twin boundary spac-
ing (Figure 7.7b), while a significant decrease in yield strength with increasing twin boundary
spacing has been observed under compressive loading (Figure 7.8b). The observed variations
in yield stress with respect to twin boundary spacing under tensile and compressive loadings
are in agreement with those reported in twinned FCC nanopillars [183—186]. In twinned FCC
nanopillars, the strengthening and negligible influence of twin boundary spacing was explained
using the hard and soft modes of deformation [182, 196]. In BCC Fe nanopillars, this con-

trasting behaviour in the yield stress variations can arise mainly from the difference in yielding
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grows with deformation (Figure 7.18a). Once the part of the dislocations reaches the twin
boundary, the dislocation line becomes parallel to the intersection line of the glide plane and
twin boundary (Figure 7.18b). With increasing strain, this dislocation passes through the twin
boundary and glides on the plane parallel to the initial glide plane (Figure 7.18c). In addition
to full dislocation directly transmitting through the twin boundary (Figure 7.18), another oper-
ating mechanism of dislocation transmission across the twin boundary is shown in Figure 7.19.
In this case, the dislocation comes out of the twin boundary and glides on a plane symmetrical

to the initial glide plane (Figure 7.19a-c).

Figure 7.18: Dislocation-twin boundary interaction showing direct transmission of dislocation
across the twin boundary. The viewing direction is <111> and the atoms are
coloured according to the centro-symmetry parameter. The perfect BCC atoms
and the front surface are removed for clarity.

Figure 7.19: Dislocation-twin boundary interaction showing the symmetrical transmission of
dislocation across the twin boundary. The viewing direction is <111> and the
atoms are coloured according to the centro-symmetry parameter. The perfect BCC
atoms and the front surface are removed for clarity.

Dislocation-twin boundary interactions during the compressive deformation of BCC
Fe nanopillars reveal that the dislocation can either directly transmits through twin boundary

without any deviation in glide plane (Figure 7.18) or it can transmits to symmetrical plane in
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Figure 7.17: Process of full dislocation nucleation from the edge of curved twin boundary dur-
ing tensile deformation of twinned BCC Fe nanopillar. The atoms are coloured
according to the centro-symmetry parameter. The perfect BCC atoms and the
front surface are removed for clarity.

the edge of the twin boundary. The nucleation of dislocation from the edge of the curved twin
boundary is associated with the reduction in the thickness of twin (Figure 7.17a-f). The dislo-
cation nucleation from the edge of curved twin boundary observed in the present investigation
(Figure 7.17) is in agreement with those obtained experimentally by Hull [195] in bulk BCC
Fe. In BCC metals, the twin boundary or the twin-matrix interface can have different shapes
such as lenticular, flame-like structure and complicated fine structure of serrations [120]. The
edges or the serrations can acts as a stress concentration site. In order to relieve this localised
stress, full dislocation nucleates from the edges of the curved twin boundary and glide on {110}

plane [195].

7.2.8 Dislocation-twin interactions

As the deformation of twinned nanopillars under the compressive loading is dominated by the
full dislocations, it can offer an insight into dislocation-twin boundary interactions. In the
present investigation, the dislocation-twin interactions have been observed for all the nanopil-
lars under compressive loading. The direct transmission of 1/2<111> full dislocation across
the twin boundary without any deviation in glide plane is shown in Figure 7.18. Initially,

1/72<111> full dislocation loop nucleates from the corner of nanopillar during yielding and
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Figure 7.16: Twin-twin interaction under the tensile loading of twinned BCC Fe nanopillars.
The nucleated twin on [112] plane interacts with the initial twin boundary on
[112] plane and produces a <012> type twin-twin intersection. <012> twin-
twin intersection is obtained as the cross product of (112) and (1-1-2). The full
dislocation emission from the twin-twin interaction can be seen in (c¢) and (d).
The atoms are coloured according to the centro-symmetry parameter. The perfect
BCC atoms and the front surface are removed for clarity.

7.2.7 Twin boundary as a dislocation source

Under the tensile deformation of twinned BCC Fe nanopillars, it has been observed that the
nucleated twin boundary can often be of curved nature and edge of this curved twin boundary
can acts as a source for nucleation of full dislocations. Figure 7.17 shows pictorial view of full
dislocation emission from the curved twin boundary. Initially, 1/6<111> partial dislocation
labelled as ‘1’ nucleates and glides along the curved twin boundary (Figure 7.17a). The mo-
tion of this partial dislocation is prevented at the edge of the twin boundary, and at the same
time, another partial dislocation labelled as ‘2’ nucleates and approaches towards the edge of
twin boundary (Figure 7.17b). These two partial dislocations combine and form a 1/3<111>
partial dislocation labelled as ‘1 + 2’ in Figure 7.17c. With a small increase in strain, one more
1/6< 111> partial dislocation labelled as ‘3’ gets nucleated, and its subsequent glide and com-
bination with the existing combined 1/3<111> partial dislocation leads to the formation of
1/2<111> full dislocation as shown in Figure 7.17d. Thus, the nucleation of three successive
partial dislocations and their pile up at the edge of the twin boundary leads to the formation of

full dislocation. The 1/2 <111> full dislocation glide on {110} plane and moves away from
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three and five twin boundaries, accrual of comparatively smaller screw dislocations have been
noticed (Figure 7.15¢ and d). Furthermore, due to dislocation blockage by twin boundaries,
the formation of hairpin-like dislocations has been observed during compressive deformation
of twinned nanopillars with higher number of twin boundaries (Figure 7.15d). The disloca-
tions that glide in hairpin-like configuration are known as hairpin dislocations and this kind of

dislocations have also been observed in twinned FCC nanocrystalline materials [193].

7.2.6 Twin-twin interactions

As the deformation under tensile loading of twinned nanopillars is dominated by twinning
mechanism, it can offer an insight into twin-twin interactions. Figure 7.16 shows twin-twin
interactions under tensile loading of twinned nanopillars observed in the present study. Ini-
tially, the twin embryo consisting of many partial dislocations nucleates from the corner of
the nanopillar and propagates towards the initial twin boundary (Figure 7.16a). The nucleated
twin on [112] plane interacts with initial twin boundary on [112] plane and produces <012>
twin-twin intersection (Figure 7.16b). In all the nanopillars undergoing twinning, <012> type
twin-twin intersections have been observed. In BCC metals, the twin-twin interactions have
been classified based on their common line of intersection [194]. The observed <021> type
twin intersection is in agreement with the fact that in BCC metals, there are only five types of
probable twin-twin intersections, namely <011>, <012>, <113>, <I11> and <135> [194].
Among these five intersections, Ojha et al. [191] characterised <110>, <113> and <210>
type twin-twin intersections in BCC Fe using experiments and molecular dynamics simula-
tions. Due to twin-twin interaction, the formation of the twinning partials gliding along the
twin boundary can be seen in Figure 7.16b and c. The other possibility of twin-twin interac-
tions arise from the pile-ups and combination of twinning partial dislocations (Figure 7.16d).
During deformation, the gliding twinning partials along the nucleated twin boundary pile-up
against the initial twin boundary (Figure 7.16d). Following the pile-ups, three of twinning par-
tials combine and form a full dislocation (Figure 7.16¢). Upon increasing strain, the lattice near
the twin-twin intersection is highly distorted (Figure 7.16f). The full dislocations thus nucle-

ated, glide on the plane symmetrical with respect to the plane of nucleated deformation twin.
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(a) € = 0.08 (b) € = 0.082 (c) € = 0.084

Figure 7.14: Deformation behaviour of BCC Fe nanopillar containing two twin boundaries un-
der the compressive loading. The atoms are coloured according to the centro-
symmetry parameter. The perfect BCC atoms and the front surface are removed
for clarity.

tion motion. With increase in stress, the blocked dislocation penetrates the twin boundary and
comes out as a loop in the next grain (Figure 7.14c). During this process of nucleation and
propagation, the accumulation of large of number of straight screw dislocations can be seen
at higher strains in all the nanopillars (Figure 7.15a-d). The accumulation process of straight
screw dislocations in BCC nanowires has also been demonstrated in <110> BCC Fe nanowire
(Chapter 4). In nanopillars containing one and two twin boundaries, accumulation of long and

straight screw dislocations has been observed (Figure 7.15a and b), while nanopillars having
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Figure 7.15: Accumulation of straight screw dislocations in the twinned BCC Fe nanopillars
under the compressive loading. The atoms are coloured according to the centro-
symmetry parameter. The perfect BCC atoms and the front surface are removed
for clarity.
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7.2.5 Deformation behaviour under compression

In contrast to twinning under tensile loading, the deformation behaviour under compressive
loading of perfect and twinned BCC Fe nanopillars is dominated mainly by the slip of full
dislocations. Figure 7.13 shows the deformation behaviour of perfect BCC Fe nanopillar ori-
ented in <112> axis under compressive loading. It can be seen that the yielding occurs by the
nucleation of 1/2< 111> full dislocations from the corner of the nanopillar (Figure 7.13a). Fol-
lowing yielding, the plastic deformation is entirely dominated by the slip of full dislocations.
Due to glide of 1/2<111> screw dislocations, the straight and curved slip steps were observed
on surface of the nanopillar (Figure 7.13b). Furthermore, the formation of large number of
point defects can be seen in Figure 7.13b. The non-conservative motion of dislocations leads

to the creation of point defects such as vacancies and/or interstitials.

1/2<111> full
dislocation

(a) € = 0.05 | (b) € = 0.12

Figure 7.13: Deformation behaviour of perfect <112> BCC Fe nanopillar under compressive
loading. The atoms are coloured according to the centro-symmetry parameter.
The perfect BCC atoms and the front surface are removed for clarity.

The typical atomic configurations representing plastic deformation under compressive
loading of twinned nanopillars containing two twin boundaries are shown in Figure 7.14. The
onset of yielding is characterised by the nucleation of dislocation loop originating from the
corner of the nanopillar (Figure 7.14a). The DXA analysis [104] indicated that the dislocation
loop has a Burgers vector 1/2<111> representing full dislocations in BCC system. Following
nucleation, the dislocation loop expands in diameter and the part of the loop is annihilated at
the free surface, while the remaining part is blocked at twin boundary (Figure 7.14b). This

indicates that the twin boundaries in BCC Fe nanopillars are effective barriers for disloca-
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nanopillar axis (Figure 7.9d). Although, the overall deformation is dominated by twinning
mechanism (Figure 7.9d), minor activity of full dislocation slip is also observed in the neigh-
bouring grain (Figure 7.9c). However, this full dislocation slip contributes negligibly to the

overall strain.

Similar to nanopillar having a single twin boundary, deformation through twinning
has occurred in nanopillars containing higher number of twin boundaries (Figure 7.12). How-
ever, few important differences were noticed in nanopillars containing two, three and five twin
boundaries. It can be seen that in nanopillar containing two twin boundaries, the twinning oc-
curs only in two grains and no activity of slip is observed in any grain (Figure 7.12a). Moreover,
the operative twin systems in these two grains are symmetrical with respect to twin boundary. In
contrast, in nanopillars containing three and five twin boundaries, considerable activity of full
dislocations is also observed (Figure 7.12b and c). This full dislocation activity is aided mainly
by twin-twin interactions. Furthermore, the change in twin boundary spacing increases with
increase in the number of twin boundaries and in nanopillars containing five twin boundaries,
the twin boundary spacing has become uneven due to continuous glide of parallel twinning
partials (Figure 7.12c). Upon increasing strain, the deformation is mainly concentrated at the
twin boundaries in all the nanopillars, leading to the occurrence of necking close to one of the

twin boundaries (Figure 7.12).

Figure 7.12: Deformation behaviour of BCC Fe nanopillars containing (a) two, (b) three and (c)
five twin boundaries. The atoms are coloured according to the centro-symmetry
parameter. The perfect BCC atoms and the front surface are removed for clarity.
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location nucleates on {112} plane from the corner of the nanowire with a stacking fault behind
(Figure 7.10a). Upon increasing deformation, this partial dislocation glides further in <111>
direction (Figure 7.10b) and an additional 1/6<111> partial dislocations nucleates from the
intersection of the surface and stacking fault as shown in Figure 7.10b and c. When twin front
reaches the opposite surface, the twin embryo eventually becomes full twin enclosed by two
{112} twin boundaries (Figure 7.10d). Following this, the twin grows along the nanowire axis
by the successive nucleation and glide of 1/6<111> partial dislocations on adjacent {112}
planes. Figure 7.11 shows the migration of initial twin boundary due to glide of 1/6<111>
partial dislocations, which leads to change in twin boundary spacing. Each nucleation, glide
and annihilation of 1/6<111> partial dislocation displaces the twin boundary by one layer.

As a result of repeated nucleation and glide, the twin boundary migrates marginally along the
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Figure 7.10: The detail process of twin embryo nucleation to twin boundary formation. The
2-D view of twin nucleation and growth is shown schematically in lower figures.
The atoms are coloured according to the centro-symmetry parameter.
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Figure 7.11: Typical glide of partial dislocations along the existing twin boundary. The contin-
uous nucleation and glide of partial dislocations migrating the initial twin bound-
ary is shown. The atoms are coloured according to the centro-symmetry parame-
ter. The perfect BCC atoms and the front surface are removed for clarity.
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or marginally higher (with five twin boundaries) than that in the perfect nanopillar (Figure
7.8b). In general, under compressive loading, all the nanopillars displayed large oscillations

and gradual decrease in flow stress with progressive plastic deformation (Figure 7.8a).

7.2.4 Deformation behaviour under tensile loading

The evolution of atomic configurations at various stages of deformation during the tensile load-
ing of the <112> perfect and twinned BCC Fe nanopillars has been analysed using centro-
symmetry parameter. In Chapter 3, it has been shown that the deformation behaviour of perfect
<112> BCC Fe nanowires is dominated by the deformation twinning along with the minor ac-
tivity of dislocation slip. Similar to the perfect <112> nanopillar, the deformation in twinned
nanopillars is also dominated by the twinning and associated partial dislocation mechanism.
Figure 7.9 shows the deformation behaviour under the tensile loading of BCC Fe nanopillar
containing a single twin boundary. The nanopillar yields by the nucleation of a twin embryo
from the intersection of surface and the existing twin boundary (Figure 7.9a). Similar yield-
ing behaviour was observed in nanopillars containing higher number of twin boundaries. With
small increase in strain, the nucleation and glide of 1/6 <111> partial dislocation along the
initial twin boundary can be seen in Figure 7.9b. The glide of partial dislocation leads to the
migration of initial twin boundary and thereby changes the twin boundary spacing (Figure 7.9¢c
and d). The detailed mechanism of twin boundary formation and the migration of initial twin

boundary are shown in Figures 7.10 and 7.11 respectively. Initially the 1/6<111> partial dis-

“Twin embryo

Figure 7.9: The deformation behaviour of BCC Fe nanopillar containing single twin boundary
under tensile loading. The atoms are coloured according to the centro-symmetry
parameter. The perfect BCC atoms and the front surface are removed for clarity.
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linear elastic deformation, while the twinned nanopillars display linear elastic deformation at
small strains followed by non-linear elastic deformation at high strains. In addition to this, the
perfect nanopillar exhibited higher elastic modulus than those observed for twinned nanopil-
lars. Following elastic deformation, the nanopillars displayed yielding characterised by an
abrupt drop in flow stress. However, the drop in flow stress during yielding under compres-
sive loading (Figure 7.8a) has been significantly lower than those under tensile loading (Figure
7.7a). Under compressive deformation, decrease in yield stress in the presence of a single twin
boundary followed by an increase in yield stress with increase in the number of twin boundaries

has been observed. Finally, the yield stress attains a value closer (with three twin boundaries)
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Figure 7.8: (a) Compressive stress-strain behaviour of perfect <112> and twinned BCC Fe
nanopillars containing one, two, three and five twin boundaries. (b) Variation of
yield stress as a function of twin boundary (TB) spacing under compressive loading.
The yield stress of perfect <112> nanopillar is indicated by red line and the number
of twin boundaries is shown in brackets in (b).
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up to large strains. Contrary to this, the nanopillars containing one and two twin boundaries
displayed a gradual decrease in the flow stress with increase in plastic deformation. A rapid
decrease in flow stress with increase in plastic strain was observed for nanopillars having three
and five twin boundaries. Further, the nanopillars having three and five twin boundaries shows
higher flow stress with significant fluctuations at low plastic strains. A general decrease in

strain to failure has been obtained in the twinned nanopillars compared to that in the perfect

nanopillar.
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Figure 7.7: (a) Tensile stress-strain behaviour of perfect <112> and twinned BCC Fe nanopil-
lars containing one, two, three and five twin boundaries. (b) Variation of yield stress
as a function of twin boundary (TB) spacing in BCC Fe nanopillars under tensile
loading. The yield stress of perfect <112> nanopillar is indicated by red line and
the number of twin boundaries is shown in small brackets.

Figure 7.8a shows the stress-strain behaviour of perfect and twinned BCC Fe nanopil-

lars under compressive loading. It can be seen that the defect free nanopillar exhibits perfect
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different twin boundary spacings considered in this study along with perfect nanopillar are
shown in Figure 7.6. Upon completion of equilibrium process, the deformation under tensile
and compressive loadings was carried out in a displacement controlled mode at a constant strain
rate of 1 x 108 s~! by imposing displacements to atoms along the nanopillar length that varied

linearly from zero at the bottom to a maximum value at the top layer.

TBS =85 1M

TBS =5.7nm

Figure 7.6: The initial configuration of (a) perfect BCC Fe nanopillar and the nanopillar con-
sisting of (b) one (c) two (d) three and (e) five twin boundaries. The corresponding
twin boundary spacings (TBS) of 8.5, 5.7, 4.2 and 2.8 nm are shown. The atoms
are coloured according to the centro-symmetry parameter.

7.2.3 Stress-strain behaviour

The stress-strain behaviour of BCC Fe nanopillars under tensile loading containing one, two,
three and five twin boundaries along with the perfect nanopillar is shown in Figure 7.7a. All
the nanopillars exhibited linear elastic deformation at small strains followed by non-linearity at
higher strains, i.e. € > 0.05. The modulus evaluated from the linear elastic regime displayed
insignificant variations and this indicated that the elastic modulus is not influenced by the pres-
ence of twin boundaries. Following elastic deformation, the large and abrupt drop in flow stress
signifying the occurrence of yielding in the perfect and twinned nanopillars is seen in Figure
7.7a. In BCC Fe, introduction of twin boundaries resulted in the significant reduction in yield
stress compared to that in perfect nanopillar. Similarly, a decrease in the strain to yielding has
also been observed in the twinned nanopillars. The yield stress exhibited only marginal varia-
tion with respect to twin boundary spacing as shown in Figure 7.7b. For comparison, the yield
stress of perfect nanopillar is shown as horizontal line in Figure 7.7b. Following yielding, the

perfect nanopillar exhibited nearly a constant and low flow stress during plastic deformation
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the twin boundary in BCC system possesses higher energy than the corresponding twin bound-
ary in FCC system [18]. In view of different interface energies and twin boundary structures,
the effect of twin boundaries in BCC systems may be different than that in FCC systems. In
view of this, an attempt has been made in the present investigation to study the influence of
twin boundaries on the deformation behaviour under tensile and compressive loadings in BCC

nanopillars using atomistic simulations.

An examination of the deformation behaviour of twinned nanopillars also offers valu-
able insights into twin-twin and dislocation-twin interactions. In FCC metals, the dislocation-
twin boundary and twin-twin interactions are well understood, and can be described by the
notation of double Thompson tetrahedron [188, 189]. The absence of such simplified notation
and non-planer core of screw dislocations along with the presence of twinning-antitwinning
sense on {112} planes make it difficult to understand the dislocations-twin boundary interac-
tions in BCC metals. There are only a couple of studies pertaining to the dislocation-twin and
twin-twin interactions in BCC metals [190—-192]. In view of the above observations, the present
study is aimed at understanding the role of twin boundaries and the mechanisms responsible for
strengthening or softening behaviour in BCC Fe nanopillars. It is also aimed at characterising

the twin-twin and dislocation-twin interactions observed during the deformation.

7.2.2 Simulations details

In order to create twinned nanopillars, the following procedure was adopted. Initially, the
single crystal BCC Fe nanopillars of square cross section width (d) = 8.5 nm and consisting of
about 110,000 atoms oriented in <112> axial direction with {110} and {111} as side surfaces
was constructed. The nanopillar length (1) was twice the cross section width (d). Then, the
twin boundaries were introduced by rotating one part of the crystal with respect to other by
180 around <112> axis. Following the rotation, the twin boundary forms at their interface
on {112} plane. The formed twin boundary is equivalent to a twist boundary lying on {112}
plane with a twist angle of 180° (Figure 7.1). Similar procedure was followed to create more
number of twin boundaries. The model system was equilibrated to a temperature of 10 K
in NVT ensemble. In all the nanopillars, no periodic boundary conditions were used in any
direction. Following the relaxation, the twin boundary having displaced structure was observed
[20,21]. The nanopillars containing one, two, three and five twin boundaries resulted in the

twin boundary spacings of 8.5, 5.7, 4.2 and 2.8 nm, respectively. The BCC Fe nanopillars with
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7.2 Influence of twin boundaries

7.2.1 Introduction

In recent years, the twinned nanopillars or nanowires have attracted a considerable attention
in view of their superior physical properties as compared to perfect defect free nanowires.
The twinned nanopillars contain a series of twin boundaries with specified spacing between
the boundaries. Twin boundary possesses high symmetry and lowest interface energy among
all the grain boundaries. The low energy of twin boundaries results in a number of supe-
rior properties over conventional grain boundaries. For example, the twin boundaries enhance
the strength without loss of ductility [172—-174], improve fracture toughness and crack resis-
tance [175—177], and increase corrosion resistance and strain rate sensitivity [178]. Moreover,
the twin boundaries possess high thermal and mechanical stability [179,180] and high electrical
conductivity [181]. The superior mechanical properties of twinned nanopillars have been at-
tributed to unique deformation mechanisms operating in the presence of twin boundaries [ 182].
In view of this, the materials containing high density of twin boundaries have attracted huge

interest among materials scientists and engineers.

Several experimental and molecular dynamics (MD) simulation studies have been per-
formed to understand the influence of twin boundaries on the strength and deformation be-
haviour in FCC nanopillars/nanowires [183—187]. Using MD simulations, Cao et al. [183]
have shown that in FCC nanopillars, the twin boundaries serve as the strong obstacles for dis-
locations motion. As a result, the decrease in twin boundary spacing increases the yield strength
in orthogonally twinned Cu nanopillars. Apart from obstacle to dislocation motion, the twin
boundaries also serve as dislocation source once they lose their coherency at large plastic de-
formation [183]. This nature of twin boundaries as a dislocation source and also as a glide
plane contributes to the improvement in tensile ductility. In addition to orthogonally twinned
FCC nanopillars, the increase in yield stress is also observed in slanted and vertically twinned
FCC nanopillars [186, 187]. Using MD simulations and in-situ experiments, the deformation
mechanisms responsible for superior properties and the associated dislocation-twin boundary

interactions have been well characterised in FCC nanopillars.

Most of the studies reported in the literature have been performed on twinned FCC
nanopillars and little attention has been paid to characterise the mechanical behaviour of twinned

BCC nanowires/nanopillars. Because of the different atomic densities and stacking sequence,
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7.1.6 Deformation of <110> nanowire with twist boundary

The deformation behaviour of <110> BCC Fe nanowire containing twist grain boundary is
shown in Figure 7.5 at 10 K. It can be seen that the yielding in the nanowire occurs by the
nucleation of 1/2< 111> dislocation loops from the intersection of surface and dislocation net-
work (Figure 7.5a). The yielding by full dislocation nucleation causes a large drop in flow
stress and the subsequent plastic deformation is dominated by dislocation slip (Figure 7.5b).
With increasing deformation, the dislocations nucleated during the yielding interact with each
other and finally move to the surface (Figure 7.5c). Unlike the <100> nanowire with a twist
boundary, the <110> nanowire never becomes dislocation free and also, the twinning is not
observed at any strain. These results show that the deformation by slip in <110> nanowire with
a twist boundary is similar to that of perfect <110> BCC Fe nanowire (Chapter 3). Further,
the presence of initial dislocations in <110> nanowire has negligible effect on the deformation

behaviour.

Dislocation
nucleation
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Figure 7.5: The deformation behaviour of <110> BCC Fe nanowire containing twist boundary
(TWB) under tensile loading showing (a) yielding by dislocation nucleation and (b-
¢) subsequent plastic deformation by slip mode.
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peak of 96.6 nm at € = 0.051 (Figure 7.4b) to 37.5 nm at € = 0.08 (Figure 7.4c). The continu-
ous split and escape of dislocations leave the nanowire in a dislocation-free state (Figure 7.4d)
with a few point defects. At this stage, an increase in plastic strain makes the nanowire to un-
dergo second elastic deformation with peak stress value of 8.6 GPa followed by an abrupt drop.
This abrupt drop due to the yielding of dislocation-free nanowire takes place by the nucleation
of two-layer twin embryo from the slip step as shown in Figure 7.4e. With increasing plastic
deformation, the two layer twin embryo becomes a full twin enclosed by two twin boundaries
as shown in Figure 7.4f. This twin boundaries move away from each other (Figure 7.4g) by the
repeated initiation and glide of 1/6<111> twinning partial dislocations resulting in the con-
stant flow stress with some oscillations in the strain range 0.15-0.6 (Figure 7.3a). Due to the
presence of point defects generated by the movement of 1/2<111> dislocations during initial
deformation by slip mode, the twin boundary migration or twin growth process is impeded and
as a result, the nanowire does not undergo full reorientation and fails by shearing along the

{112} twin boundary plane (Figure 7.4h).

The above results indicate that the nanowire containing a twist boundary deforms by
slip at small strains (€ < 0.15) followed by twinning at large strains. The simulations per-
formed on <100> nanowire with multiple twist boundaries also indicated similar deformation
behaviour. However, in this case the deformation by slip mode has extended to large strains.
In Chapter 3, it has been demonstrated that the <100> BCC Fe nanowires deform by twin-
ning mechanism at all strains. Thus, the presence of initial dislocations has dominant effect on
twinning mechanism in nanowires. The deformation by slip of dislocations is preferred over
twinning in the presence of dislocations or dislocation networks. Further the deformation in
< 100> nanowire with multiple twist boundaries suggest that increasing the dislocation density
increases the contribution of slip and delays/prevents the occurrence of twinning. In qualitative
agreement with present study, recently Zepeda-Ruiz et al. [171], while the probing the limits
of plasticity, have shown the defect free Ta deforms purely by twinning mechanism, while the
same crystal with initial dislocation loops doesn’t show any twinning but deforms exclusively
through the slip of dislocations. Further, it has been shown that apart from initial dislocations
or initial micro-structure, temperature and strain rate also play an important role on deforma-
tion twinning in nanowires [171]. The present study also substantiates the absence of extensive
deformation twinning in bulk materials, which inherently contain very high density of disloca-

tions.
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Figure 7.4: Deformation behaviour of <100> BCC Fe nanowire containing twist boundary
(TWB) under tensile loading. In figures (a)-(d), only dislocations are shown using
OVITO. In figures (e)-(h), the atoms are coloured according to the centro-symmetry
parameter. The perfect BCC Fe atoms and surfaces are removed for clarity.

move away from the initial network (Figure 7.4b). The continuous splitting of <100> dislo-
cations increases the total length of 1/2<111> glissile dislocations from 10.1 nm at yielding
(€ =0.032) to 96.6 nm at € = 0.051 with corresponding decrease in the length of <100> ses-
sile dislocations. Energetically, the splitting of <100> dislocations is difficult to be observed
at low stresses due to increase in energy, i.e. a®> < 3a®/4 + 3a?/4, where a lattice parameter.
However, this dislocation reaction becomes feasible at high stresses typically in the order of
GPa as observed in the present study. The continuous splitting of <100> network dislocations
followed by glide of resultant dislocations and their escape to surface leads to small elastic
peaks and flow stress drops at low strains in the range 0.04-0.15 (Figure 7.3a). The presence of
high surface and image stresses aided by small size facilitates dislocations to escape from the

nanowire. As a result, the total length of 1/2<111> glissile dislocations also decreases from a
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Figure 7.3: Stress-strain behaviour of (a) <100> and (b) <110> BCC Fe nanowire with and
without twist boundary (TWB).

7.1.5 Deformation of <100> nanowire with twist boundary

The deformation behaviour of <100> BCC Fe nanowire with twist boundary is shown in Fig-
ure 7.4 at 10 K. During elastic deformation, no change has been observed in the structure of
initial dislocation network. Following the elastic deformation, the yielding in the nanowire oc-
curs by the splitting of <100> type screw dislocations into two 1/2< 111> dislocations (Figure
7.4a). As a result, the total length of <100> dislocations decreases from 68.7 to 64.7 nm at
the expense of 1/2< 111> dislocations (Figure 7.4a). The splitting of sessile screw dislocations
initiates from the surface of the nanowire and penetrates towards the dislocation junction. With

increasing plastic strain, more and more sessile dislocations splits into glissile dislocations and
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the tension at the triple nodes and the preference of 1/2<111> type segments to lie along the
potential valley parallel to <111> direction [166]. Similar hexagonal structure for {110} twist
grain boundaries has been reported in MD simulation studies [166, 168] and also observed ex-
perimentally using TEM by Ohr and Beshers [169]. A TEM observation made by Ohr and
Beshers [169] revealed that the small angle {110} TWGBs contains a hexagonal dislocation
network with three sets of dislocation segments. The burgers vector of a dislocations in a
hexagonal network satisfy the relation b| + b, = b3 at the junction. The dislocation networks at

the TWGBs were formed as a result of mismatch strain at the interface during relaxation [170].

7.1.4 Stress-strain behaviour

The stress-strain behaviour under the tensile loading of <100> and <110> BCC Fe nanowires
containing a twist boundary is shown in Figure 7.3a and 7.3b, respectively. The stress-strain
behaviour of the respective perfect and defect free nanowires has been superimposed. It can
be seen that both the <100> and <110> nanowires with twist boundary displayed lower yield
strength as compared to their perfect nanowires, but the difference is significant in the case of
<100> nanowire, while it is marginal for <110> nanowire. Following the elastic deformation,
< 100> nanowire yields with a corresponding flow stress drop from 5.3 GPa to 2.3 GPa (Figure
7.3a), whereas the yield drop was significant from 16.2 GPa to 4.1 GPa in <110> nanowire
(Figure 7.3b). However in perfect nanowires, the yield drop was significant for both the cases.
Therefore, the small yield drop of <100> nanowire with a twist boundary is different from the
corresponding perfect nanowire. Following the initial yielding, the two nanowires containing
a twist boundary exhibited contrasting flow behaviour during plastic deformation. The <100>
nanowire having a twist boundary exhibited large flow stress fluctuations at low strains in the
range 0.04 - 0.15 followed by a second elastic peak and large yield drop from 8.6 GPa to 1.7
GPa at € = 0.15 (Figure 7.3a). After the second yield drop, the flow stress was constant with
mean value of 1.8 GPa up to € = 0.50 followed by decrease in flow stress till failure. Con-
trary to this, the <110> nanowire with a twist boundary exhibit continuous decreases in flow
stress till failure (Figure 7.3b). Finally, the <100> nanowire with twist boundary has shown
significantly lower strain to failure than the perfect nanowire, while <110> case, no significant
difference in failure strain has been noticed. These results shows that the overall stress-strain
behaviour of <100> nanowire with a twist boundary is different from the corresponding per-

fect nanowire, while it is same for <110> orientation.
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randomly to all the atoms according to finite temperature Maxwell distribution and then the
system is equilibrated to a temperature of 10 K in canonical ensemble (constant NVT). The
velocity verlet algorithm was used to integrate the equation of motion with a time step of 5
fs. Upon completion of the equilibration process, the tensile deformation was carried out at
constant engineering strain rate of 1 x 103 s~! along the nanowire axis. The average stress is
calculated from the Virial expression (Section 2.7). The visualisation of atomic structure is

accomplished using AtomEye [102] and OVITO [103] packages.

7.1.3 Structure of twist boundaries

Figure 7.2 shows a dislocation network formed after relaxation at 10 K in <100> and <110>
BCC Fe nanowires. It can be seen that the dislocation network in <100> nanowire has square
structure (four fold symmetry) and contains a junctions formed by four <100> type sessile
screw dislocations (b1,b,,b3,b4 in Figure 7.2a). Similar square shape structure has been re-
ported by Hetherly et al. [167] in BCC Fe. The burger vectors of dislocations at the junction
satisfy the relation by + by = bz + bs. On the other hand, the dislocation network in <110>
nanowire has a hexagonal structure (three fold symmetry) and contains junctions formed by
two 1/2<111> glissile screw dislocations (b1, b, in Figure 7.2b) and one <100> sessile screw
dislocation (b3 in Figure 7.2b). Further, the 1/2<111> dislocation segments on {110} twist

grain boundary contain many kinks. These kinks arises as a result of the competition between

oy

(a) {100} TWGB (b) {110} TWGB

Figure 7.2: The structure of dislocations network in BCC Fe nanowires. (a) Square shape in
<100> and (b) hexagonal shape in <110> nanowire. The atoms are coloured
according to their centro-symmetry parameter. The perfect BCC atoms are removed
for clarity and only the defect atoms are shown.
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plasticity, respectively.

7.1.2 Simulation details

Molecular dynamics simulations have been carried out in LAMMPS package [94] employing
EAM potential for BCC Fe given by Mendelev and co-workers [75] has been chosen to describe
the interaction between Fe atoms. Initially, the single crystal BCC Fe nanowires of square
cross section width (d) = 8.5 nm and consisting of about 110, 000 atoms oriented in <100>
and <100> direction were considered. The length (1) was twice the cross section width (d).
Following this, the nanowires were divided into two equal grains, upper and lower (Figure 7.1).
In order to create a twist grain boundary (TWGB), the upper grain is rotated by an angle +2°
and lower grain by —2° around the nanowire axis (Figure 7.1), i.e. <100> axis for <100>
nanowire, and <110> axis for <100> nanowire. The procedure for creating the twist grain
boundaries is schematically shown in Figure 7.1. The twist angle of +2° has been chosen in
order to compare the structure of twist grain boundary with previous MD simulations [167,
168]. Upon relaxation, a screw dislocation network was spontaneously formed at the interface

(Figure 7.1).

Tensile axis
§ =2° )
£
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1))
: Upper
Upper ® grain
grain
— ]
T ‘TWGB
W
=
Lower = Lower
grain ok grain

Tensile axis

Figure 7.1: Schematic showing the creation of twist grain boundary(TWGB) in <100> and
<110> BCC Fe nanowires.

Following the creation of twist grain boundary , the initial velocities were assigned
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Chapter 7

Influence of twist and twin boundaries on
deformation behaviour of BCC Fe
nanowires

The last couple of chapters have been focussed on the deformation behaviour of perfect
or defect free BCC Fe nanowires. This chapter deals with the deformation behaviour of BCC
Fe nanowires following the introduction of two different types of grain boundaries, one is twist
boundaries and the other is twin boundaries. The influence of single and/or multiple boundaries

on the strength values and deformation mechanisms has been described.

7.1 Influence of twist boundaries

7.1.1 Introduction

In general, the plastic deformation of any material critically depends on the presence of dis-
locations/dislocation density. It is well known that the low angle twist boundaries consist of
a network of dislocations arranged in a specific structure [166]. Therefore, investigating the
deformation behaviour of nanowires consisting of low angle twist boundaries provide valuable
insights into how the presence of initial dislocations influences the deformation mechanisms
in nanowires. In Chapter 3, it has been shown that the <100>, <112> and <102> BCC Fe
nanowires deform by twinning mechanism. However, it is not clear whether the deformation by
twinning still continue to occur in the presence of initial dislocations in the nanowires. In view
of this, the present study is aimed at understanding the influence of twist boundary on defor-
mation behaviour of BCC Fe nanowires. The influence of twist boundary has been studied in
two different orientations, one deforming by twinning (< 100>) and the other by slip (<110>),

thereby revealing the influence of initial dislocations on deformation twinning and dislocation
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and {111} as side surfaces increases initially with increasing size and then saturates at
larger sizes. This has been attributed to the increase in surface energy of <110>/{111}{112}
nanowire. However, the surface energy of same <110> oriented nanowire with {110}
and {100} as side surfaces decreases with increasing size and this may result in differ-
ent variations in yield strength as a function of size. Therefore, the variation of yield
strength as a function of size in <110>/{110} {100} nanowire needs to be investigated.

This investigation is expected to bring out the role of side surfaces in BCC Fe nanowires.

It has been shown that the ultra-thin BCC Fe nanowires of size below 3.23 nm undergo
slip mode of deformation and exhibits the formation of pentagonal atomic chains under
tensile loading. The stability of such pentagonal atomic chains needs to be verified using

Ab-initio density functional theory calculations.

In the present study, the twin boundaries have been introduced perpendicular to the load-
ing axis i.e., transverse or orthogonal twin boundaries. The role of twin boundaries in-
troduced parallel to the loading axis (longitudinal) is to be examined for complete under-

standing.

The deformation behaviour of nanocrystalline BCC Fe at different grain sizes is another
interesting area of research, where there is a need to establish a critical grain size at
which the strength is maximum in nanocrystalline BCC Fe. These suggested investiga-
tion is expected to bring out the regimes of Hall-Petch and inverse Hall-Petch relations
of flow stress vs. grain size. However, this study requires large computational resources

particularly for large grain sizes.



Influence of twin boundaries: Molecular dynamics simulations performed on twinned BCC
Fe nanopillars indicated that the twin boundaries have a contrasting role under tensile and
compressive loadings (Chapter 7). Under tensile loading, the yield stress has been almost in-
dependent of twin boundary spacing, while under compressive loading, the yield stress showed
strong dependence on twin boundary spacing. This contrasting behaviour in yield stress has
been explained by repulsive force offered by the twin boundaries. Under tensile loading, de-
formation is dominated by the twinning mechanism, where the initial twin boundary offers
negligible repulsive force on the nucleation of twinning partials. Due to this, the yield stress
varies marginally as a function of twin boundary spacing. In addition to twinning, minor ac-
tivity of full dislocations and twin-twin interactions of <021> type have been observed during
tensile deformation. The observed <021> type twin intersection is in agreement with the fact
that in BCC metals, there are five types of probable twin-twin intersections, namely <011>,
<012>, <113>, <111>, and <135>. Further, it has been found that the edge of the curved
twin boundary can acts as a dislocation source. Contrary to tensile loading, deformation under
compressive loading was dominated by slip of full dislocations, where the twin boundaries of-
fer a strong repulsive force for the nucleation of full dislocations. This repulsive force results
in the strong dependence of yield stress on twin boundary spacing. The observed dislocation-
twin boundary interactions revealed that the dislocation can either directly transmit without any
deviation in slip plane or it can transmit on symmetrical slip plane in the neighbouring grain.
These two way transmission of dislocation have been explained in terms of the similarity in the

slip planes across the twin boundary in BCC system.

8.2 Future directions

Based on the understandine cained from the oresent work. it 1s suocgested that there is huoce



<111> BCC Fe nanowires undergo ductile-brittle transition at 400 K. Below this tempera-
ture, the nanowires yield through the nucleation of a sharp crack and fails in a brittle manner,
whereas at high temperatures, the nucleation of multiple 1/2<111> dislocations associated
with significant plastic deformation leads to ductile failure. This transition is also reflected in
the accumulated plastic strain. The plastic strain is negligible at low temperatures (10-375 K)
followed by a sharp increase in the temperature range 375-500 K. Beyond 500 K, the ductility
remained nearly constant. Further, the results have shown that the nanowire size, shape and
applied strain rate also influences the transition temperature. The nanowire with circular cross-
section shape has shown higher transition temperature than the square cross-section nanowire.
In nanowire with square cross-section, the transition temperature increases with increasing size
and strain rate. It has been demonstrated that the ductile-brittle transition in <111> BCC
Fe nanowires results mainly from the competition between the yield and fracture processes
with respect to temperature. Below the transition temperature of 400 K, the yield and fracture
stresses were nearly similar which resulted in sudden failure without yielding and significant
plastic deformation. On the other hand, above the transition temperature, the yield stress was
lower than the fracture stress, and thus facilitated easy yielding and significant plastic deforma-
tion before failure. It was observed that the ductile-brittle transition was absent in <100> and

< 110> orientations.

Influence of twist boundaries: MD simulation results indicated that the twist boundaries in
BCC Fe contain a network of dislocations. Therefore, the deformation behaviour of nanowires
consisting of low angle twist grain boundaries provide valuable insights into how the presence
of initial dislocations influences the deformation mechanisms in nanowires. The influence
twist boundary has been studied in two different orientations, one deforming by twinning i.e.

< 100> orientation, and the other by slip i.e. <110> orientation. The simulation results on



trasting behaviour. The Young’s modulus and yield stress in <100> nanowire decreases with
increasing size followed by saturation towards their respective bulk/theoretical value. On the
other hand in <110> nanowire, the Young’s modulus and yield strength exhibited an initial in-
crease followed by saturation towards their respective bulk/theoretical value. The yield strength
variations with respect to size in <100> BCC Fe nanowires has been explained based on the
presence of initial residual stress and the variations in the number of defect nucleation sites
with increasing size. Similarly, the variations in surface energy were found to be responsible

for the yield strength variations in <110> nanowire.

Influence of size and temperature on twinning: In order to understand the combined influ-
ence of size and temperature, extensive MD simulations have been carried out on ultra-thin
< 100> BCC Fe nanowires of different sizes and temperatures. The results indicated that BCC
Fe nanowires with cross-section width less than 3.23 nm deform by twinning mechanisms at
low temperatures, while dislocation slip dominated the deformation behaviour at high temper-
atures. The temperature at which the nanowires show twinning to slip transition, increases with
increasing size, and above 3.23 nm, deformation twinning prevailed at all temperatures. These
observations suggests that depending on the temperature, there is a size limit below which the
twinning does not occur in BCC Fe nanowires. The observed twinning to slip transition has
been attributed to the coordinated nature of twinning phenomenon, which may get disturbed
at small sizes and high temperatures. The different modes of deformation are also reflected in
respective stress-strain behaviour of the nanowires. Interestingly, when the nanowire deform
by dislocation slip mechanism, the formation of pentagonal atomic chains have been observed
in the necking region of nanowires. In nanowires with d = 0.404 and 0.807 nm, complete trans-
formation to pentagonal structures has been observed at relatively higher temperatures. The

formation of pentagonal atomic chains have not been observed in nanowires that deform by



under compressive loading. A good agreement between the deformation twinning in BCC Fe
nanowires and those reported experimentally for the bulk single crystal counterparts was ob-
tained. The <100> and <110> oriented nanowires displayed opposite tension-compression
asymmetry in deformation mechanisms. The <100> nanowire deform by twinning under ten-
sile loading, while slip is observed under the compressive loading. On the contrary, <110>
nanowire deform by slip under tensile loading, while twinning is observed under compres-
sive loading. The orientation dependent deformation behaviour and the opposite tension-
compression asymmetry in BCC Fe nanowires has been explained based on the twinning-

antitwinning asymmetry of 1/6<111> partial dislocations on {112} planes.

Size effects: The influence of nanowire size on the deformation behaviour under tensile loading
has been investigated on two different orientations, one deform by twinning i.e. <100>, and the
other by slip i.e. <110> orientation. These two orientations were chosen mainly to reveal the
influence of size on deformation twinning and dislocation plasticity in BCC Fe nanowires. The
investigations on <100> BCC Fe nanowires indicated the presence of two different behaviours
as a function of size. The small size nanowires up to d = 11.42 nm deform by twinning at low
strains (i.e. for € < 0.6) followed by reorientation due to the activation of only single twin sys-
tem. Following the reorientation, the deformation mode shifts from twinning to slip at higher
strains and this results in high ductility more than 100% and failure by necking. On the other
hand, the large size nanowires beyond d = 11.42 nm, deforms by twinning on multiple twin
systems, which disrupts the reorientation process. The twin-twin interaction leads to crack nu-
cleation and failure by cleavage resulting in lower ductility in large size nanowires. It has been
revealed that the twin growth occurs by the repeated initiation and glide of 1/6<111> twinning
partial dislocations along the adjacent {112} planes. The variations in twin propagation stress

indicated that twin growth is easier in large size nanowires as compared to that in small size



Chapter 8

Conclusions and future directions

8.1 Conclusions

Detailed molecular dynamics simulations have been performed to examine the influence of
orientation, nanowire size, cross-section shape, mode of loading (tension/compression) and
temperature on the deformation and failure behaviour of BCC Fe nanowires. In addition, the
influence of twist and twin boundaries on the deformation mechanisms of BCC Fe nanopil-
lars has been investigated. The important findings of the present study are described in the

following:

Influence of orientation and mode of loading: Molecular dynamics simulations performed
on BCC Fe nanowires with five different orientations revealed that the operative deformation
mechanisms depends strongly on the crystallographic orientation and mode of loading i.e. ten-
sion/compression. Under tensile loading, the <100>, <112> and <102> oriented nanowires

yield by the nucleation of twin embryos followed by subsequent plastic deformation domi-
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