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Abstract of Ph.D Thesis

The reduced activation ferritic/martensitic steels are proposed structural materials for future
nuclear reactors due to their better void swelling resistance over austenitic steels. For these
materials, bcc Fe and FeCr alloy are used as model systems in computer simulation as well
as ion irradiation experiments. Solute-defect interactions play a crucial role in deciding
materials properties. In this regard, present thesis addresses the O interactions with defects
in Fe and the influence of Cr on O interaction with defects in FeCr alloy. A combined
analysis of ion channeling and positron annihilation experiments along with DFT
calculations makes this study possible with complete understanding. Oxygen isotope (O'®)
ion is implanted around a depth of 280 nm in Fe and FeCr single crystals. The Lattice
location of O'® is measured using the out-coming a-particle from O'(p,o0)N" nuclear
reaction and channeling analysis. The dislocation loop density and vacancy concentration
are also studied by ion channeling and slow positron Doppler broadening spectroscopy. In
0'® jon implanted Fe crystal, the O' is found at tetrahedral interstitial site. Similar lattice
location of O, comparable to experiment is obtained for O interaction with interstitial
dislocation loops by DFT calculations, which implies that O is trapped in interstitial
dislocation loops. In another Fe crystal where excess vacancy defects are introduced at O'®
depth by self-ion implantation, 0" is found to be displaced 1.1 A along <111> from
octahedral interstitial site. Upon increasing vacancy concentration by further self-ion
implantation, O'® shifts to another site which is displaced 0.6 A along <100> from
octahedral interstitial site. DFT calculation predicts similar displacement of O along <111>
for /2 <111> vacancy dislocation loops and along <100> for <100> dislocation loops from
octahedral interstitial site. Combined analysis show that the O is initially trapped at %
<111> vacancy dislocation loops and the %2 <111> loops transform to <100> vacancy loops
during further self ion implantation. In O'® jon implanted Fel5at%Cr single crystal alloy,
0'® is found to be trapped in vacancy dislocation loops which is in contrast to Fe where o'
is trapped in interstitial dislocation loops at the same experimental condition. The Cr
segregation is found to suppress the O interaction with interstitial dislocation loop and
promote the O interaction with vacancy dislocation loops. These results show that lattice
position of impurity depends on its interaction with type of defects as well as their
concentration. This thesis gives strong evidence of competing interactions of solutes with
defects and its effect on the microstructure.
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Chapter 1

Introduction

The structural materials in nuclear reactor are exposed to extreme conditions, high
temperature and high radiation of neutron flux, which deforms the structural materials and
affects material performance. The vacancy and interstitial defects are produced during
irradiation of neutrons in structural materials. These defects migrate at high temperature and
form defect clusters (dislocation loops and voids) and result in swelling of structural
materials (see Fig. 1.1). Ferritic steel is one of the proposed structural materials for future
nuclear reactors owing to the better void swelling resistance. The body centered cubic iron
(bee Fe) and iron-chromium alloys (bcc FeCr) are model systems for ferritic steel. To better
understand the defect evolution and effect of solute on the radiation induced microstructure
of ferritic steels, solute-defect interactions in bee Fe and FeCr system have been studied by
using experiment as well as theoretical calculations. This is a current topic of interest for

many research groups worldwide [1-10].

Unirradiated Iradiated

Figure 1.1  Photograph of 20% cold-worked 316 stainless steel rods before (left) and
after (right) irradiation at 533°C to a fluence of 1.5x10* neutrons m” in the EBR-11
reactor [9].

Generally light elements (H, C, N, O and He) occupy interstitial sites and heavy elements

(Mn, Cr, Cu etc.) occupy substitutional sites in bcc Fe. The interactions of different solutes
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present in the structural materials are driving the vacancy and interstitial cluster evolution
during irradiation. The presence of C in bce Fe reduces the mobility of vacancies by forming
the V,-C,, clusters which also reduces the formation of large size V,-Hey, clusters [11]. The
formation of Al,V, clusters (with m, n ~ 0-4) is predicted in bcc Fe which have strong
influence on mechanical properties [12]. The C, He, O and N solutes form clusters with
vacancies and other substitutional solutes in bee Fe and bee Fe-X (X=Cr, Mn, Cu, Ni) alloys
[13]. Among these solutes, oxygen (O) plays a crucial role on the radiation induced
microstructure in iron based structural materials [10, 14]. In this regard, understanding the
interaction of O with radiation induced defects is important to improve radiation tolerance of
iron based structural materials. In this thesis, the interaction of oxygen with interstitial and
vacancy defects in beec Fe and FeCr crystal is studied in detailed manner by experiment as
well as density functional theory (DFT) calculations. In this chapter a brief literature review

is given on radiation induced defects in Fe and its interactions with solute/impurity atoms.

1.1. Radiation induced defects in iron

Fastneutron ®.®.® © © © ¢ 060 00 00 0 0 0
® 0 060 00 00 00 00 00 O
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Figure 1.2  Displacement cascade produced by fast neutrons in crystalline materials.

The consequences of radiation in structural materials include change in shape and volume,
increased hardness and embrittlement. A firm understanding of radiation effect in materials
is essential to design a new radiation resistant materials and for safe operation of existing

components. The form of radiation could be neutron, electron, ions and gamma rays. The
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schematic of damage produced during neutron irradiation is shown in Fig. 1.2 and the time
scale for the radiation effects are shown in Table 1.1. When a high energy neutron enters
into material, it displaces an atom from its equilibrium lattice position and the displaced
atom is called as primary knock-on atom (PKA). If PKA has sufficient energy, it displaces
the other lattice atoms (secondary knock-on atoms). In this way high energy neutrons
produce displacement cascade where self interstitial atom (SIA) and vacancy (V) defects are
present [15]. The PKA stops as an interstitial in the material. This is the primary damage
process. The surviving vacancy and SIA defects during primary radiation damage migrate

by thermal energy and subsequent effect of these are radiation damage effects which include

defect clustering, defect dissociation, impurity defect interactions etc.

Table 1.1 Time-scale for the production of defects in irradiated metals [15].
Time (s) Event Results
107° Energy transfer from the Creation of a PKA
incident particle
10" Displacement of lattice atoms Displacement cascade
by PKA
10" Energy dissipation, spontaneous | Stable Frenkel pairs (SIA and
recombination and clustering V) and defect clusters
>10° Defect reactions SIA and vacancy
by thermal migration recombination, clustering,
trapping, defect emission

The measure of primary radiation damage is generally described by displacement per atom

(dpa) which is defined as,

Ny
dpa = —=
P N

m

N, - Number of displaced atoms in a volume, N, - Number of lattice atoms in the same

volume. The dpa can also be calculated as [15],

o
dpa = JS(ZEl JCD
d
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4M M,

where y =———2—
(M +M,)

, E;-energy of incident particle, E;-displacement energy of atom
in the material, @ -particle fluence and o -scattering cross section.

Defects produced by ion irradiation in Fe have been studied by many authors [16-20].
Formation of vacancy and interstitial dislocation loops are observed (Fig. 1.3 (a) [16-18]) in
irradiated iron (~1 dpa) by transmission electron microscopy (TEM) analysis. In case of

super saturation of vacancies, void formation is observed as shown in Fig. 1.3 (b) [19,20].

()

Figure 1.3  (a) Microstructure of ultra-high purity iron irradiated with Fe' ions to the
dose of 1 dpa at 673 K [18]. (b) A bright field TEM micrograph of an electron-transparent
region from an EK-164 cladding specimen irradiated to 87 dpa at a time-averaged
temperature of 490 °C [20].

1.2. Structure of radiation induced defects in iron

The formation of interstitial and vacancy clusters are observed as the radiation damage
effects in materials. However, characterizing the structure of defects is also important for
understanding microstructural evolution of materials under such radiation. DFT
calculations, molecular static (MS) and molecular dynamic (MD) simulations have been
used to study atomistic structure of small interstitial and vacancy defect clusters in iron.
Schematic of various SIA clusters is shown in Fig. 1.4. By considering the structure of SIA

defect in bee Fe, the <110> dumbbell defect is reported to be most stable mono interstitial
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by DFT calculations [21-24]. In <110> dumbbell configuration, a lattice point is shared by

two Fe atoms displaced along <110> direction.

Cluster size

I
1 2 3

o=
LI

" 1 . o-a8-0
v o2 . o2

Figure 1.4  Schematic representation of the various families of SIA clusters in bcc iron.
Upper panel: parallel dumbbells aligned either in the <110> direction (up to 4 SIAs) or in
the <111> direction (5 SIAs or more). Middle panel: ring-like structures (triangle or
hexagons). Lower panel: C15-type clusters. The vacancies are represented by dark-blue
cubes and the SIA by colored spheres [23].

There are many defect structures proposed for small SIA clusters, (i) parallel dumbbell
configurations, which are bundles of <110> dumbbells up to 4 SIA. Above 5 SIA cluster,
the <111> parallel dumbbells are found to be stable [21], (ii) planar defect structures, where
interstitial atoms are arranged in a triangle/hexagonal fashion in {111} plane [22,23], and
(iii)) C15 Laves phase structures. These Laves phase structures are MgCu, (spacegroup-
Fd-3m) type where interstitial atom occupies Cu sites and half of the Mg sites occupied by

vacancies while remaining occupied by Fe atoms [24] (shown in Fig. 1.4). Among them,
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the parallel dumbbell defect structures are highly mobile. The planar defect structure is
found to be unfaulted to <110> parallel configuration during migration [24]. However, DFT
calculations predict that the di- and tri-interstitials with planar defect structures are more
stable than that of other defect structures and they are regarded as the building blocks for

large size clusters [22,23].

In case of small vacancy clusters, various possible structures are proposed as shown in
Fig. 1.5. Structures shown in Fig. 1.5 (b), 1.5 (e) and 1.5 (f) are reported to be most stable

structures for di-, tri-, tetra-vacancy clusters respectively from DFT calculations [25].

a)

Figure 1.5  Configurations containing two (INN (1% nearest neighbor) (a), 2NN (b),
3NN (c) and 4NN (b)), three (e) and four ((f) and (g)) vacancies in bcc Fe investigated by
ab initio calculations. Fe atoms are shown as light brown spheres and vacancies as grey
spheres [25].

By considering the defect structure of interstitial/vacancy dislocation loops, Burgers vector
b =1 <111> and <100> loops are observed with interstitial/vacancy type. The schematics
of vacancy and interstitial type dislocation loops are shown in Fig. 1.6. The schematics of 2
<111> interstitial type dislocation loops are shown in Fig. 1.7. For interstitial type
dislocation loops extra layers of atoms are added without disturbing the staking sequence.
For 2 <111> interstitial dislocation loop, three layers of atoms within certain radius are

added along <111> direction, hence {111} stacking sequence in bcc Fe is ‘ABC’ along the
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(111) direction. For the case of <100> loop, two layers of atoms are added hence, the {100}
staking along <100> direction is ‘AB’. Similarly plane of atoms are removed for the case of
vacancy type dislocation loops [26,27]. Depending on implantation dose and annealing
conditions, the change in type, size, density and ratio of 2 <111> to <100> structure of
loops are reported by TEM analysis. Masters et al. reported observation of both Y2 <111>
and <100> interstitial dislocation loops [28] and English et al. [29] reported the formation

of vacancy type dislocation loops in heavy ion irradiated iron.

Interstitial Vacancy

Figure 1.6  Schematics of <100> vacancy (right) and interstitial (left) dislocation loops
in iron [26].
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Figure 1.7  Structure of <100> (a) and 2 <111> (b) interstitial type dislocation loops in
iron [27].
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1.3. Kinetics of radiation induced defects in bee iron

The defect clusters (voids or dislocation loops) are observed due to irradiation in iron.
However, the defect properties like migration and clustering should be clearly understood
for materials design. Defect kinetics refers the study of motion of defects and its causes.
Defect kinetic studies are reported by resistivity recovery experiments in irradiated iron. In
resistivity recovery experiments the irradiated sample recovers its defect-free resistivity as it
is annealed with raise in temperature [30]. During isochronal annealing of electron irradiated
iron various migration/dissociation mechanisms come into play in the order of increasing
activation energies. From resultant resistivity recovery measurements, kinetics of the
vacancy and interstitial defect could be studied. Takaki et al., have reported the resistivity
recovery experiments in high-purity electron-irradiated iron with irradiation doses in the

range ~2x107° to ~200x 107 dpa [31].

Stage (ID2)
'up0
Stage (IE)
Correlated -'r\‘
recombination Stage (Il
Yi 0
Uncorrelated b
~=._  rfecombination \ Stage (Il
5 Dintersiital | O
= N P4 migration \ Stage (IV)
2 Vacaricy = f
— /, migration g:b'
\.

— Vacancy cluster
™ / dissociation

L
.

Temperature

Figure 1.8  Schematic representations of the different recovery stages as a function of
increasing temperature and associated mechanisms as proposed in electron-irradiated iron
[30,31]. The labels I, I, and squares represent mono- and di-interstitials and vacancies
respectively.




Chapter 1 Kinetics of radiation induced defects in bcc iron

The derivative of the resistivity with respect to temperature shows peaks and they are

referred as recovery stages. From the change-of-slope technique the effective activation

energy for the recovery mechanism observed could be deduced.

Schematic of resistivity recovery stages after electron irradiation in iron is shown in

Fig. 1.8, according to Takaki et al. [31] and the following interpretation was proposed.

>

The first stages, between 23 K and 101 K, are due to the recombination of close I~V

bound pairs with specific geometries.

Stage (ID2), observed at 107.5 K, is related to the recombination of correlated defects
(unbound /-V pairs belonging to the same Frenkel pair) by free migration of the

interstitial.

Stage (IE) (in the range 123-144 K for the irradiation doses considered) is attributed to
the recombination of I and V belonging to different Frenkel pairs, as a result of I

migration with migration energy E,(I) =0.27 £ 0.04 eV.

Stage (II) (164—-185 K) is proposed to result from I, (di-interstitial) migration, with

Enm(l) = 0.42 + 0.03 eV.

Stage (III) (220278 K) is suggested to result from V migration, with

Em(V) =0.55+ 0.03 eV.

An extra stage (520-550 K) observed at high doses and often named stage (IV), is

attributed to the dissociation of defect clusters formed at stage (III).

The kinetics of large size vacancy and interstitial clusters has been studied by experiments

as well as simulations. Especially the formation mechanism of <100> dislocation loops,

which is not observed in other bcc metals, has been investigated by experiments as well as

computer simulations. From the work of Yao et al. [32] a transition from Y2 <111>

interstitial dislocation loops to <100> is reported when heating from 300 °C to 500 °C in the
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microstructure of heavy-ion irradiated Fe. There are TEM observations that the dislocation
loop evolve from interstitial type to vacancy type during annealing in iron [33]. There are
experimental observations, which show increase in dislocation size by coalescence of small
loops with same [34] and different Burgers vector [35]. Marian et al. [36] have reported the
mechanism of <100> dislocation loops formation in iron by reactions between dislocation

loops with Burgers vectors b = 2 <111> according to /2 <111>+ ' <111> = <100> by MD

simulations (shown in Fig. 1.9.).
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Figure 1.9  Snapshots at different times during the transformation process using
Wigner-Seitz analysis. Spheres are atoms and boxes are vacant lattice sites. The lines
indicate the vector between each atom and the closest lattice site. The colors indicate the
orientation of individual interstitial from blue (<111>) to red (<100>). (a) Initial
configuration. (b) Formation of a sessile junction. (c) Configuration after ~0.2
microseconds. (d) Partial [100] orientation. (e) Propagation of [100] orientation. (f)

Complete [100] loop formed [36].

1.4. Solute interactions with radiation induced defects in iron

The vacancies and interstitials are produced in primary radiation damage. The defect
kinetics, defect structure and microstructure are drastically changes depending on solutes
present in the iron. To understand the effect of solutes on kinetics and structure of defects,

the solute-defect interactions have been studied by experiments as well as computational

10
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tools. DFT and MD simulations have been used to study the solute interactions with
radiation induced defects in iron. The interstitial solutes show strong attractive interactions
with vacancy and vacancy clusters. The strength of the binding energy with the point
defects increases according to the following order: H, C, N, He [37]. The interaction of
substitutional solute atoms with point defects (vacancy and self-interstitial atom) in the Fe
matrix has both elastic and chemical origins. For large size solutes, elastic effects are
predominant, whereas for solute atoms with different electronic structures (which have very
different number of d electrons) the chemical effects appear to be more important. For
similar size solutes and matrices (e.g. 3d elements in the bcc Fe matrix) chemical
interactions also seem to come into play strongly. It is shown that magnetic interactions
play an important role for the properties of the center series 3d elements, especially for the
antiferromagnetically coupling between V, Cr, and Mn impurities in Fe. For the 4d, 5d, and
remaining 3d transition metals the interaction with point defects is mainly governed by the
solute size factor. The solute-solute interaction is mostly repulsive with a few exceptions.
The solute interaction with vacancies (in most cases) is strong binding. The interactions of

Cr and Mn solute with interstitials are attractive with strong binding [38].

The trapping of interstitial solutes by defects have been reported by MD simulations in iron.
Anento et al. reported that the vacancy-carbon complex act as trap for self interstitial
clusters in irradiated microstructure in iron [39]. Helium could be trapped at dislocation
loops and He-dislocation loop defect cluster is formed in irradiated iron [40]. Terentyev et
al. reported the effect of chromium on iron hardening via segregation on dislocation loops
by atomic scale modeling. Results reveal that Cr atoms segregate at loop tensile strain

region [41].

The solute-defect interactions have been investigated by using various experimental

techniques also. The interactions of O and Y solute with vacancy defects in bcec Fe and

11
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FeCr system are studied by He et.al. using positron annihilation spectroscopy (PAS) and
secondary ion mass spectrometry (SIMS) techniques [42]. They also studied the V,-Y,-O,
cluster formation during ion implantation and post implantation annealing. Idczak et al.,
have studied the interaction of Os, Re, Mo, Cr solute interactions with vacancies in iron by
using Mossbauer and PAS techniques [43]. In agreement with theoretical findings attractive
interaction was found except Cr. Hu et al., have studied the He-V interactions by using
thermal helium desorption spectroscopy and PAS in He" ion implanted Fe single crystals

[44].

Defect-trapping of solutes in irradiated iron also studied by ion channeling and resistivity
recovery experiments. Benkaddour et al. [45], have studied the Cr trapping at interstitial
defects and Apostolopoulos et al. [46], have observed SIA defect trapping by C in electron
irradiated FeCr and FeCrC alloys using resistivity recovery experiments. Kijek et al. [47],
have observed 0.03 nm displacement of Mo solutes from their lattice site in He' ion
irradiated FeMo alloy, due to interaction of V and SIA defects, from ion channeling
experiments. Nuclear reaction analysis (NRA)/channeling technique has been used to study
Deuterium trapping at defects in iron by Myers et al. [48]. TEM results show that He atoms
reduce mobility of dislocation loops and act as nucleation sites for void formation [49].
Arakawa et al., have observed the one dimensional discrete motion of %4 <111> interstitial
dislocation loops due to trapping by C, N, O impurities in electron irradiated iron foils by

using in-situ high voltage TEM [50].

1.5. OQutline of the thesis

From the literature survey of solute-defect interactions in iron, it is clear that the
interactions of small interstitial and vacancy clusters with interstitial and substitutional
solutes have been widely reported by DFT calculations and solute interactions with

dislocation loops and voids are widely studied by MD simulations. TEM is widely used to

12



Chapter 1 Outline of the thesis

study dislocation loop defects in irradiated iron. The effect of solute (C, H, He, Cr etc)
concentration, irradiation dose and temperature on the radiation induced microstructure in
model Fe and FeCr has been reported. However still some of questions remain unclear,

which require detailed investigations for better understanding.

» What is the defect structure of solute-defect clusters formed in iron under radiation
damage?

» How does solute-defect cluster evolve during radiation damage?

» How does the defect concentration affect solute-defect structure?

> What is the lattice location of solute in solute-defect cluster formed?

The aim of this thesis is, to find the defect structure of O-, Cr-defect clusters formed in ion
implanted Fe and FeCr crystals which provide further understanding of solute interactions
with radiation induced defects in iron based structural materials. First, solutes (O and Cr)
and defects are introduced in Fe and FeCr crystals by ion implantation and post
implantation annealing is performed to form solute-defect clusters. The displacement of
solutes from its equilibrium site is measured by ion beam analysis based lattice location

measurements. This displacement is used as key parameter to find the defect structure.

)

() (b

Figure 1.10  (a) Oxygen at octahedral interstitial site and (b) O-V complex (O displaced
towards vacancy) in bce Fe. Small sphere, square represent O, V respectively.

For example DFT predicts that the octahedral interstitial site is the equilibrium position for

O in Fe. Due to the attractive interaction of O with a mono vacancy it forms O-V defect
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Outline of the thesis Chapter 1

complex where O displaced 0.02 nm towards vacancy centre as shown in Fig. 1.10 [51].
Similarly, the binding energy and lattice location of O and Cr in various O-V, O-SIA, Cr-
SIA and Cr-V defect clusters are studied by using DFT calculations, to find the defect
cluster which is responsible for the solute trapping. Slow positron Doppler broadening
spectroscopy (SPDBS) is used to study vacancy defects and ion beam dechanneling

measurement is used to study type of defects.

This first chapter on introduction is followed by chapter 2. The chapter 2 consists of
experimental (ion implantation, ion beam analysis, ion channeling and positron annihilation
spectroscopy) and computational tools (DFT) used for studying defect interactions and

defect structure in ion implanted Fe and FeCer.

Chapter 3 comprises the studies of O interactions with self interstitial defects in iron. The
O'® jons are implanted in beec Fe(110) single crystal and annealed at 400 °C. Lattice
location of O'® is studied by ion channeling technique. Self ions are implanted over the O'®
implanted profile and annealed. Lattice location is measured again to study effect of self ion
implantation. The range of defects and type of defect formed at O'* depth is also verified by
ion channeling technique. Positron annihilation spectroscopy technique is used to study
vacancy defects. Further, the O interactions with self interstitial defects are studied by using

DFT calculations and compared with experiments.

Chapter 4 deals with O interactions with vacancy defects in iron. The O' ions are
implanted in Fe(100) and self ions are intentionally implanted at twice the depth of O'®
concentration profile so that more vacancies (due to Ry/2 effect) will be present at O'® depth
profile. The ion implanted Fe(100) is annealed at 400 °C. The lattice location of 0" is
measured by ion channeling technique. With the aim of increasing vacancy concentration at
O'® depth self ions are implanted and annealed again. The lattice location of O'® is

measured again. The depth and type of defects are studied by ion channeling and SPDBS
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techniques. Oxygen interactions with various vacancy clusters are studied by using the DFT
calculations. The DFT predicted lattice location of O'® within various O'*-V clusters is

compared with experiments and the defect structure is identified.

In chapter 5, O and Cr interactions with defects in iron are studied. The Cr ions are
implanted in bee Fe(100) and annealed at 400 °C. Lattice location of Cr is identified. The
0'® jons are implanted over Cr depth profile and annealed to study Cr and O interactions
with interstitial defects in Fe. The lattice location of Cr as well as O'® is measured. The type
and depth of defect is studied by ion channeling and SPDBS measurements. The O and Cr
interactions with interstitial defects are studied by DFT calculations. The DFT predicted
lattice location of Cr and O are compared with experiment and the results are discussed in

the context of effect of low Cr concentration on O-defect cluster formed.

In chapter 6, the interaction of O with defects in iron-chromium alloy is studied. The 0"
ions are implanted in Fe15%Cr(100) single crystal alloy and annealed at 400 °C. The lattice
location of O'® is measured. The excess vacancy defects are introduced over O'® depth
profile by self ion implantation and annealing. The type and depth of defects (ion
channeling) and vacancy defects (positron annihilation spectroscopy technique) are studied.
The O and Cr interactions with vacancy defects are studied by DFT calculations and lattice
locations of O' in various configurations are compared with experiment. The resultant
defect structure is identified and results are discussed in the context of effect high Cr

concentration on O-defect clusters formed in FeCr alloy.

In chapter 7, all experimental and DFT results are summarized and the scope for future

works are given.
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Chapter 2

Experimental and computational methods

In this thesis the ion implantation, ion beam analysis and slow positron Doppler broadening
spectroscopy (SPDBS) experimental techniques are used. To interpret the experimental
results simulations of ion implantation, ion beam analysis and SPDBS are carried out by
SRIM, FLUX7 program and VEPFIT code respectively. In addition, DFT studies are
performed using Vienna Ab-initio Simulation Package (VASP) code. In this chapter, the
principle, instrument and experimental details of ion implantation, ion beam analysis and
SPDBS experiments are given. Theoretical background and details of ion channeling

simulations and DFT calculations are described.

2.1. TIon implantation

Before discussing ion implantation and ion beam analysis, it is good to mention the
interactions of energetic ions with crystalline solid. A schematic of ion-solid interaction is

shown in Fig. 2.1.
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Figure 2.1  Schematic illustration of ion beam interactions with a crystalline solid [52].
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Ion-solid interactions are mainly depending on energy and mass of incident ions. Low
energy ion (10-100 eV) comes to rest at surface of solids and forms epitaxial layers. Heavy
ions (with 1 keV) sputter the solid surface due to large energy transfer to target. At higher
energies (100-300 keV), ion comes to rest around 100 nm depth in a disordered lattice
created by its passage. The 1 MeV light ions are used for ion beam analysis of solid state

materials [52].

E Substrate
lon Beam e—
Zy, My Z,, M,
(a) M1 < M2 (b) M1 > MZ
c c
] kel
g g Re
C c
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Q [&]
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o] o)
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Figure 2.2  The depth distribution of implanted atoms in an amorphous target for the
cases in which the ion mass is (a) less than the mass of the substrate atoms or (b) greater
than the mass of the substrate atoms. The mean depth, R,, depends on ion mass, M;, and
incident energy, E, whereas the relative width, AR,/R,, of the distribution depends primarily
on the ratio between ion mass and the mass of the substrate ion, M;. (Adopted from [53])

In ion implantation process, high energy ions (hundreds of keV to few MeV energy) are
bombarded into a solid using an ion accelerator which results in the introduction of desired
atoms into the surface layer of a solid substrate. lon implantation is a non-equilibrium
process which is alternative method to equilibrium process of introducing dopant atoms into
the lattice. lon implantation also induces radiation damage in the solids as the case of
neutrons (neutron damage is described in section.1.1 of chapter.1.). Range distribution of
implanted ions in substrate is approximately Gaussian in shape and they are characterized

by projected range, R,, and a straggling, AR, about this mean value, which is pictured in
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Chapter 2 Accelerator used for ion implantation and ion beam analysis

Fig. 2.2. For simulation of ion and damage profiles of ion implanted Fe the Stopping and

Range of Ions in Matter (SRIM) software is used [54].

2.2. Accelerator used for ion implantation and ion beam analysis

In present work, 1.7 MV Tandetron accelerator (HVEE, The Netherlands) at Materials
Science Group, Indira Gandhi Centre for Atomic Research, Kalpakkam, is used for ion
implantation and ion beam analysis. lons of energy ranging from 200 keV to 15 MeV could
be obtained from this accelerator which depends on the terminal voltage (V) and charge
state (¢) of the ions. The photograph and parts of the accelerator are shown in the Fig. 2.3.
First, negative ions of desired atomic species are produced by ion source of the accelerator.
The 1.7 MV Tandetron accelerator has a high brightness duoplasmatron ion source which is
used for the production of H' or He" ions and a sputter ion source SNICS (Source of
Negative lons by Cesium Sputtering) for producing negative ions from solid targets. The
positive ion produced by duoplasmatron ion source is converted to negative ions by passing
through a charge exchange canal which is filled with lithium vapor. The singly charged
negative ions produced in the ion source are focused by electrostatic einzel lens into the
axis of a high resolution mass analyzing magnet. The magnet is used for selection of
required ions from the ion source and injected into the accelerating tube. The mass

resolution (M/AM) of the magnet is 190.

The Cockroft — Walton type capacitive coupled parallel-fed solid state power supply is used
for the generation of high voltage to the terminal (voltage from 100 kV to 1.7 MV with a
voltage stability of £100 V). The ions entering into the accelerating tube will gradually gain
energy due to the applied voltage in the power supply at the middle of the accelerating
column. The stripper canal present at the centre of the accelerating tube converts the
negative ions into positive ions with different charge states of the ions. The conversion of

ions is taken place by interacting with the inert gas filled in this canal. A turbo molecular
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pump powered by a motor generator at the canal has been installed for the recirculation of
the stripper gas. The voltage (V) is set at

. (E—Ep)
I+q

(2.1)
where E is the required energy, E, is pre-injection energy of the ion, g is the
charge state of the ion after post acceleration. The accelerating tube and power supply are
maintained with a base pressure of 1x10” mbar. The entire accelerating structure consisting
of the accelerating tube, the high voltage terminal and the power supply is

enclosed in a pressure vessel filled with SFs gas at 6 kg/cm2 for achieving high

voltage insulation.

Accelerating tube

_Sope; Bl .

Mass analyzing
magnet

Implantation
chamber

e

S W
\, Beam sweep

Electrostatic

) quadrupole

lon sources (SNICS and ' poyer supply focusing unit
Duoplasmatron) Control PC

Figure 2.3  Photograph of the 1.7 MV Tandetron accelerator at IGCAR Kalpakkam and
its various components.

The ions emerging on the high energy side of the machine are focused by electrostatic
quadrupole lens into the axis of the energy analysing magnet. The high energy analysing

magnet selects the ion beam according to the energy of the ions and switches the beam to
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the experimental ports located at £10° and +30° angular positions. An implantation beam
line with the beam sweep system, neutral trap, beam profile monitor and retractable slits for
beam collimation has been installed at the +10° port of the switching magnet. All the
controls of the accelerator are done from the PC connected to a Programmable Logic
Controller which in turn is connected to accelerator components through optical cables. The
number of implanted ions is given by the product of the ion flux (ion/em®.s) and the
implantation time, ¢. The flux of charged particles can be measured by a current integrator,
which is connected to the sample. The number of implanted ions can be calculated using the

following equation,

qu% 2.2)

where Q is the collected charge (measured by the current integrator), ¢ — is the charge

state of the ion and 4 — is the cross sectional area of ion beam.

2.3. Ion beam Analysis

Target element < Y ( a, b X v) Z— Final element

Incident particle Emitted particle
And/or ray

Ion Beam Analysis )
. X-ray

o Ya.bX)Y
PIXE

Y(a.b)Z
NRA

a Y(a, by)Z
Y(a a)Y
RBS rray

Figure 2.4  Schematic of ion-atom interactions and correspond ion beam analysis

techniques [55,56].
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Ion Beam Analysis (IBA) techniques are based on the ion-atom interactions. When a high
energy charged particle strikes a target material, it interacts with the electrons and nuclei of
the target atoms, slows down at some depth of the material. This ion-atom interaction can
lead to the emission of particles or radiation whose energy is characteristic of the elements
which constitute the target. By detecting and analyzing this emitting particle/radiation, the
materials properties are studied by various ion beam analysis methods. The basic process of

ion-atom interaction is described in Fig. 2.4.

PIXE: When an ion interacts with an atom, it ionizes by knocking out a electron from inner
shell. These inner shell vacancies are filled by outer shell electrons with emission of
characteristic X-rays of elements. This is the principle of particle induced X-ray emission
(PIXE) technique where characteristic X-rays from the atomic fluorescence (Y (a,a'X) Y) is
detected and analyzed to study concentration of elements present in a target material. At
good experimental conditions a detection limit of ~1 parts per million (ppm) for thin foils
and ~10 ppm for thick samples can be achieved. Sensitivity for detecting light element is

lowere in PIXE.

PIGE: In particle induced gamma-ray emission (PIGE) technique, characteristic gamma-ray
coming from nuclear reaction (Y (a,by) Z) is detected. PIGE is particularly useful for

detecting light elements such as F or Na which are inaccessible by PIXE.

NRA: Ion beams can also induce a particular nuclear reaction of an isotope present in a
solid material. By detecting the particles emitted from the nuclear reaction (Y (a,b) Z),
depth profiling of particular isotope could be done. This nuclear reaction analysis technique

is useful for profiling light elements in materials consisting of heavy elements.

RBS: In Rutherford backscattering spectrometry (RBS), high energy ions scattered from the

target material, based on nuclear scattering (Y (a,a) Y), are detected. From the electronic
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energy loss and nuclear scattering theories, the depth profile and concentration profile of

elements are quantified. This method is mainly useful in thin film analysis.

Elastic Recoil Detection Analysis (ERDA) and Non-Rutherford backscattering

spectrometry (NRBS) have also been used to some extent for the detection of light elements

(C, N, O) in heavy matrixes. The applications and other useful parameters of ion beam

based analytical techniques are given in Table 2.1.

Table 2.1 Methods and applications of ion beam analysis [57].
Technique Typical Applications Elements | Depth Depth lateral Detection Quanti- Depth
detected probed resolution | resolution | limit tative profiling

RBS +thin film composition B-U 1-2pm 20-2004 0.5-Imm 1-10 at.% Yes Yes
and thickness Z=20
simpurity profiles 0.01-1 at.%
+thin film interactions and 0.01-
interdiffusions 0.001at.%

Z=70

PIXE +element identification AlLT up to poor 0.5-1mm 0.001 at.% Yes No
simpurity analysis 10pm

HFS shydrogen or deuterium H.d 1pm 5004 2-3mm 0.01 at.% Yes Yes
in thin films

non-RBS +Composition of thin B.C,N up to 2004 05-1mm | 0.1at% Yes Yes
oxide, nitride, carbide 0, 8i 10pum
films

NRA sprofiling of light B.C, Li, up fo a 300- 0.5-1lmm 0.001-1 at.% Yes Yes
elements in heavy matrix | N, O, F few pm 10004

Channeling | +crvstalline quality of thin | B-U 1-2pm 20-2004 0.5-Imm 0.0001 at.% Yes Yes
films
+lattice location of
impurity in single crvstal
+strains in psendomorphic
thin films
simplantation damage
analysis

2.4. Rutherford backscattering spectrometry- experimental details

RBS technique is widely used in ion beam analysis of thin films and bulk materials because
of its non-destructive, rapid and capability for quantitative analysis without standards. It
provides depth distribution of the impurities present in the near surface region (few pm) and
thereby stoichiometry of composition in the sample. It also provides depth information of
the defects present in the single crystal samples in channeling conditions. In RBS, MeV ion
beam (He'/H") is directed on to the sample and the energy and yield of the backscattered

ions are detected. The detected energy and yield depend on the mass of the atoms in the
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sample and the depth distribution of the atoms in the sample. The material composition can

be determined from simulation of RBS spectrum when it compared with experiments.

The schematic diagram of experimental set up of RBS is shown in Fig. 2.5. The incident
probe is a mono-energetic light ion beam, typically MeV He/H" ions. The scattered He'/H"
particles from the target are detected and energy analyzed by a solid state particle detector
positioned at a backscattered angle of 165 ° with respect to the incident ion beam. The Si
surface barrier detector (with energy resolution of 20 keV) is used in our experiments. The
detected particle energy and corresponding signal voltage are processed by preamplifier and
spectroscopic amplifier. Finally a multi channel analyzer (MCA) is used to convert the
amplified detector signals into RBS spectrum. The energy per channel number of MCA also
can be measured for the particular voltage gain, which is used to convert the channel

number into energy.

= Spectroscopic
Preamplifier e o= VICA
amplifier

Figure 2.5  Schematic diagram of RBS experimental set up.
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Figure 2.6  Typical RBS spectrum taken by 2 MeV He ions in bce Fe.

Applying the principles of conservation of energy and momentum in the binary elastic

collision model, the energy (E;) of the scattered particle is,

2
(M} _M127 sin” 9)!/2 +M , cosf

E E,,
M,+M,

N

2.3)

where E;, is energy of the incident ion and the quantity in the bracket is called as kinematic
factor (K factor) which depends on the target (M,) and projectile (M,) masses and the
scattered angle (6). Since the projectile mass and scattering angle are constant, the K factor

highly depends on the masses present in the target. The backscattering yield is,

YZQXZ—ngxtxAQ (2.4)

: . . do . . . : . :
where Qis the incident ion flux, d—le the differential scattering cross section, N is the

atomic density of target, ¢ is the thickness and AQ is the detector solid angle. The scattering
cross section can be calculated using the Coulomb repulsion force between the projectile
and target nuclei as long as the distance of closest approach is large compared to nuclear
dimensions, but small compared to the Bohr radius ag = 0.53 A. Under this assumption, the

differential scattering cross section can be written as (in laboratory frame of reference),
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2.5)

do [zpz,esz( 4 j[[l—((Mp/Mt)siné’)z]l/z+cos6’2]2
aQ

= . 4 . 241/2

4E sin” @ [1-((M,/M,)sin6)"]
where Z,, Z, are the atomic numbers of projectile and target atoms, 6 is the scattering angle.
Since the scattering cross section is proportional to square of the atomic number, RBS is

highly sensitive to high Z elements in a low Z matrix.

A typical RBS spectrum obtained in Fe(110) crystal at random direction is shown in
Fig. 2.6. The depth information of atoms in the host matrix can be estimated by using the
energy loss of the projectile inside the matrix. The energy loss depends on the stopping

power of the matrix. The stopping power /S/ can be written as,

s1- 2 () v 6
cos@,\ dx ), cos@,, \dx),,

out

where 6,,, 6,,; are the incident and scattering angle of the projectile, (Z,—E) is energy loss
X Jin

of the incident projectile in the matrix and (‘;—EJ is the energy loss of the scattered
X J out

projectile in the matrix. The depth (Ax) of the Fe / impurity in the matrix can be obtained
from the following relation,

Ay = % 2.7)

where AE is the energy width found from the RBS spectrum.
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2.5. Nuclear reaction analysis — experimental details
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Figure 2.7  Cross section of o' 8(p, a)N" nuclear reaction adopted from reference [58].

Our experimental and theoretical studies focus on O interactions with defects in bcc Fe
crystals. If we introduce O ions in to bce Fe crystals, O signals will be overlapped with Fe
signals in the RBS spectrum. Getting O signal is very difficult due to its low atomic number
as well as low concentration giving raise to small backscattering yield. To overcome these
difficulties the NRA technique is used to get O signal. The O'® isotope is introduced instead
of O. The 0" signal is obtained by detecting the out coming a-particle yield from the well-
known O’ 8(p, a)N'® nuclear reaction which has a broad resonance width at 820 keV (shown

in Fig. 2.7) and Q-value of 3.981 MeV [50].

The schematic diagram of NRA experimental set up is shown in Fig. 2.8 which is similar to
RBS set up. The same Si-surface barrier detector was used for NRA analysis also.
However, RBS and NRA spectra are collected separately. During NRA a 12 pm thick
Mylar window is inserted in front of the detector to suppress the backscattered protons, by
turning a rotary drive without breaking the vacuum. During RBS the Mylar window is
removed using same rotary drive. The thickness of the Mylar foil is chosen such that proton

signal from Fe surface as well as NRA signal from O' is well resolved in the MCA
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spectrum. Figure 2.9 shows the NRA spectrum from the nuclear reaction O'(p,a)N"’
reaction obtained with 850 keV protons when the Mylar foil is introduced before the
detector. SRIM calculations show that 12 pm Mylar foil can stop protons of energy up to
700 keV and a-particles up to 2.75 MeV. But the backscattered protons are not completely
stopped and the tailing signal below channel number 130 is coming from the high energy
backscattered protons which are not absorbed completely. The alpha particle yield observed
in the channel range 150-350 is clearly seen. Oxygen concentration depth profile is
determined experimentally by taking the NRA data at various incident proton energies from
830 to 890 keV. The proton energy of 850 keV has shown the maximum o-yield and it is

chosen for all NRA analysis.

12 micron aluminized
Mylar foil

Spectroscopic
e s VICA
amplifier

Figure 2.8  Schematic of NRA experimental set up.
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Particle induced X-ray emission - experimental details
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Figure 2.9  NRA spectrum obtained after introducing Mylar foil in front of detector.
2.6.

Particle induced X-ray emission — experimental details

Jonbeam. .| /
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PIXE Mylar foil

Spectroscopic

amplifier

Figure 2.10 Schematic diagram of PIXE experimental set up.

Aim of this thesis is to study O and Cr interactions with defects in bee Fe crystals. In RBS

spectrum Cr signals cannot be identified from Fe signals since Fe and Cr have closer mass
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numbers. To overcome these difficulties, PIXE technique is used to identify Cr signals from

Fe matrix signal. The schematic diagram of PIXE experimental set up is shown in Fig. 2.10.

Fe-Ka

Yield

200 400 600 800
Channel No

Figure 2.11 The PIXE spectrum taken in Cr implanted and annealed bcc Fe crystal.

The PIXE measurement is performed with 890 keV protons in Cr ion implanted Fe(100).
The distance between the sample center and the beryllium (Be) window of Si(Li) detector is
10 cm and the angle between the detector head and the beam direction is 135°. A 100 pm
Mylar absorber is kept in front of the detector to reduce the dominant low energy X-ray
peaks and bremstrahlung. A typical PIXE spectrum obtained in Cr implanted bcc Fe is

shown in Fig. 2.11. The Cr-K,, and Cr-Kg signals are clearly seen in addition to Fe signals.

2.7. Ton channeling

Ion atom interaction depends on the impact parameter of incident ion which is related to
how much close an ion approaches nucleus (shown in Fig. 2.12). For small impact
parameter, comparable to nuclear size, ion loses its large energy (~100 keV) by binary
collision with nucleus and deflected at a large scattering angle. For smaller impact

parameter, ion loses energy in the range of 1-100 eV due to interactions with inner
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electrons. For large impact parameters, ion losses its energy due to interactions with

valence electrons.

T T LS O
ANT
Impact b g™ Closest
parameter approach

Figure 2.12  lon deflections by an atom (b - Impact parameter, r,,;, — distance of closest

approach, @ - scattering angle).

In a single crystalline material, atoms are arranged in a periodic manner. Correlated small
scattering angle deflections of ions by a row of atoms in crystalline solid steer the ions
away from the atomic row. This is the channeling of ions in crystalline solid as shown in
Fig. 2.13. The ion follow wave like trajectories with few 10 nm of wavelength inside the
crystal. The characteristics of ion channeling has been observed in many experiments for
example (i) backscattering ion channeling [59] (ii) transmission ion channeling [60], (iii)
emission channeling [59] etc. The backscattering ion channeling in combination with NRA
and PIXE experiments are used in this thesis. The RBS yield of a crystalline matrix is
considerably reduced due to channeling effect which can be seen in Fig. 2.14., where
backscattering yield at <100> axis of bcc Fe single crystal is reduced compared to the

random spectrum.
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Figure 2.13  Trajectory of ions scattered at surface as well as inside crystal where
channeling occurs [52].
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Figure 2.14 RBS spectra at random and <100> axial directions of the bcc Fe(100)
crystal recorded with 2 MeV He" incident ions.

Another important experimental observation of channeling effect is the tilt angular scan
where close encounter probability (small impact parameter) of ions are measured with small
tilt angles around an axis/plane of a crystal. Schematic of a tilt angular scan is shown in
Fig. 2.15. The parameters y,;, is given by yield at axial direction normalized to random
level. The half angle of full width at half maximum of tilt angular scan (here onwards this
will be called as width) %), depends on the crystallography of material. The relation
between the crystallographic parameters and tilt angular scan parameters are obtained in

literature by numerically fitting the experimental data, which are presented in Eq. (2.8) and

Eq. (2.9) [52].
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Z,Z
W12 < ﬁ (2.8)
Zmin = Ndn(QQui +a?) (2.9)

where Z;, E - atomic number, energy of ion, E, d- average atomic number and lattice
spacing of crystal, N - atomic density of crystal, d - atomic spacing in the atomic row, u; -

thermal vibration amplitude, a- Thomas Fermi screening radius (which will be discussed

later).
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Figure 2.15 Schematic of a tilt angular scan.

2.8. Ion channeling — experimental set up

The ion channeling experimental set up is shown in Fig. 2.16. The ion beam, detector and a
sample manipulator are the main parts of experiment. With the use of sample manipulator
(five axes goniometer), crystallographic direction of the sample is aligned with beam

direction and RBS, NRA and PIXE experiments are done in channeling directions.
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Figure 2.16 Ion channeling experimental set up.
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Figure 2.17 In-house developed virtual instrument based automation set up of
RBS/channeling experiment [61].

Goniometer consists of X, Y, Z position adjustments which can be done manually and
azhimuthal angle (@) and tilt angle (6) are controlled by two computer controlled stepper
motors. The @ can be adjustable from 0-360° in steps of 0.001° and & can be varied £180°

in steps of 0.01°. For determining the crystallographic direction, sample is tilted by 5° from
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the normal, backscattering yield of a small window in the high energy side of RBS
spectrum using a single channel analyzer (SCA), is taken at various azimuthal angles from
0-360° in steps of 2° for a fixed incident flux using in-house developed virtual instrument
based automation set up [61] (schematic diagram as shown in Fig. 2.17). A measured
@-scan from the system is shown in Fig. 2.18 which used for manipulate the crystal
orientations. Angular positions of the planar dips shown in Fig. 2.18 are plotted in a polar
plot. The points in diagonally opposite direction corresponding to same planes are joined

with straight line. The point of intersection of these lines corresponds to axial direction.

6000
2 MeV He in Fe(100) single crystal
4000 -
=
=
b
2000 -
{100} {100} {100}
{110} {110} {110}
0 T T T
0 90 180 270 360

Azhimuthal angle (degree)

Figure 2.18 Azhimuthal angular (@) scan measured in bce Fe(100) crystal.

2.9. Dechanneling by defects

Experimental observation of channeling effects in real crystals is different from ideal
crystals due to presence of defects. A part of channeled ions is deflected from the
channeling trajectory due to presence of defects as shown in Fig. 2.19. This dechanneling
effect depends on type of defects and on energy of incident ions, whereas the direct
scattering mechanism is energy independent. The dechanneling parameter (DP) due to
defects can be measured by using RBS/channeling experiments. The experimentally

measured dechanneling parameter is given by,
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DP = —1{1_&} (2.10)
1=y

where yp - ymin Of pristine yp - ymin of defective crystal. The type of defects at a

particular depth can be determined by energy dependence of the dechanneling parameter
(DP) [52]. The DP of point defects, stacking faults, dislocations show energy dependence of

E* E° E*? respectively as shown in Fig. 2.20. Theoretically the DP is related to the defect

density (np ) and dechanneling factor of defect (o)) by,

d
—(DP)=npo) (2.11)
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Figure 2.19 Pictorial representation of dechanneling by defects [52].
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Figure 2.20 Energy dependence of dechanneling parameter for different type of defects

[52].

Dislocation loops are also one of the observed defects in ion implanted iron. Theoretical
framework reported by Kudo is extensively used for the analysis of dislocation loops [54].
Energy dependance of dechanneling behavior of dislocation loops is same as dislocation
defects, when the o, (dechanneling factor) is less than the dislocation loop radius R. When
the dechanneling width is comparable to loop radius R the dechanneling factor changes to
energy independent. The energy at which the dechanneling factor changes from energy
dependent to independent is called transition energy (£;). The transition energy and

dislocation loop radius is related by.
E, =aR? (2.12)

a =0.8853a,(Z\'? + Z}/?)?/3
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where ais Thomas Fermi screening radius (0.142A for iron) which is derived from the

Thomas Fermi screened coulomb potential of atomic string, a,- Bohr radius of 0.528 A.

The R is in units of Burgers vector and E; in units of keV.

The dislocation loop density at depth z can be calculated by using the expression,

nD(Z):Li(Dp):M (2.13)
op dz op
o, =K Jab (2.14)

v,

2212282
= 221727 2.15
¥ Ed ( )

where E is ion energy, o, is dechanneling factor, K is a constant = 0.471, ais Thomas
Fermi screening radius (0.142A for iron), b is Burgers vector, and the slope value is
measured from E'7 vs d/dz(DP) plot. The w is the critical angle of channeling, d is atomic

spacing of atomic rows, Z; and Z; are atomic numbers of ion and target respectively.

2.10. FLUXY7 program

One of important applications of ion channeling is to find lattice location of impurities
relative to host crystal from the shape of the tilt angular scans. For that, the tilt angular
scans of host atom as well as impurity atom signals are measured. By simulating the tilt
angular scan of impurity by placing at various sites of host crystal and comparing with
experimental tilt angular scan, lattice location of impurities can be identified with a
precision of 0.1 A. For affirmative confirmation of lattice location we performed ion

channeling experiments along two different axes/planes.
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For simulations of random and aligned RBS spectrum and tilt angular scans of both host
atom as well as impurities, Monte Carlo program FLUX?7 is used. The FLUX7 program is
developed and maintained by Prof. P.J.M Smulders and co-workers [63,64]. In this
simulation, both binary collision model as well as multi string potential approximations are
included to correctly predict the channeling experiments. The impact parameter dependent
interactions, thermal vibration of the lattice, a disordered surface layer and angular spread of
the incoming beam are also included. The program follows trajectories of fast ions on their
path along an axial channeling or near axial channeling direction. The depth integrated
particle flux as function of x and y direction is calculated during simulation. The flux
distribution along channeling/near channeling directions are weighted with impurity profile
and the close encounter scattering yields of impurity atoms are calculated to find lattice
location of impurity. The close-encounter yield of lattice atom, average energy loss and
average energy straggling are also can be extracted as a function of depth. To obtain tilt
angular scans of host as well as impurity atoms, the simulation is repeated with various tilt
angles along an axis with number of ion trajectories. The host tilt angular scan is obtained
by extracting close encounter probability with each tilt angle. For impurity tilt angular scan
the convolution of flux distribution with impurity position distribution is used with each tilt
angle. The impurity distribution could be varied and corresponding tilt angular scan can be
generated. By fitting the simulated tilt angular scans with experiment the lattice location of

impurities can be found.
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Figure 2.21 Projections of diamond lattice along <100>, <110> and <111> axis.
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In FLUX?7 program, the x-y plane perpendicular to an axis is divided into rectangular cells
each containing one atom row. These unit cells can be repeated by translation or reflection
to form real atomic projections in the plan. For example the projection of diamond lattice
along <100>, <110> and <111> axis are shown in Fig. 2.21. The unit cell containing one
atom is marked as a rectangle. In this program the atom in the unit cell will be treated by
binary collision and the surrounding atomic strings are treated within multi string
approximation. The force field derived from the surrounding strings is already stored in the
program. The ion leaving the unit cell is put back to its equivalent position in the same unit
cell to account the depth dependent channeling phenomenon. At each time the particle
position and velocity are updated by taking the following factors into account:
a) A binary collision approximation is applied for the central atom and its atomic
position is sampled from the thermal distribution.
b) The deflection of ions from the thermally modified continuum string potential is
accounted for the surrounding atomic strings.
c) The energy loss and angular scattering due to interactions with electrons are updated
at each layer.
The change in the transverse momentum in a binary collision with impact parameter b is

given in the impulse approximation by,

Ap,(b)=[F dt

0
+00
= l J-FJ_dZ
V—oo
:—_1% [y (=2 +67 )iz (2.16)
Vv

where v is velocity of ion. This approximation is valid if £ > Z; Z, 300 eV. The V(1) is

screened coulomb potential which is expressed as,
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_ ZyZ,e?

7

V(r) P(r/a) (2.17)

For the screening function ¢(r/ a), a variety of alternatives have been in use,

(a) The Moliere approximation to the Thomas-Fermi potential (TFM potential)

#(r/a)=> a;exp(~p;r/a) (2.18)

with @ = {0.1, 0.55, 0.3}, £ = {6.0, 1.2, 0.3} and a =0.8853a,(Z'? + Z}/*)3 is

Firsov’s screening radius.

(b) The Lindhard screening function:

d(rla)=1-{1+3a>/r*}7V? (2.19)

with Bohr’s screening radius a = 0.8853410(Z12/3 + Z§/3 )72,

(©) The “universal potential” or “Ziegler, Biersack and Littmark — ZBL” which has
same potential form as Moliere potential with 4 terms in summation:

o; = {0.1818, 0.5099, 0.2802, 0.02817}, B = {3.2, 0.9423, 0.4029, 0.2106} and
a =0.8853a, /(Z)* + 2% .

(d) The potential derived from spherically symmetric atomic charge distribution p»(7),
obtained from Hartee-Fock calculations. Considering the moving ion is a point charge the
screening function is then,

P Pinax
o(r) = ZL{ I 4”7’2p2d’” -r J.4m’p2dr} (2.20)
2 r

;
Here p; is electrons per unit volume. The value of p, is assumed to be constant beyond half

the distance between atoms and 7,y is chosen such that the first integral is equal to Z, for

r = 0. For charge distribution of moving ion is accounted with effective point charge Z;.

In the continuum potential approximation, the potential of the individual atom is smeared

out in direction parallel to the string. The atom vibration due to thermal energy is
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considered as Gaussian distribution around their equilibrium positions and the thermal
vibration amplitude is derived from Debye model. Convolution of continuum string
potential with this Gaussian distribution leads to thermally modified continuum string
potential. The energy loss due to collisions of incident ion with nuclei of lattice atoms is
treated by binary collision model. The energy loss due to inner electrons and valence
electrons are separately accounted in the program. For the case of lattice atom yield
calculations, the close encounter probability is calculated and updated in each depth
interval. For the case of impurity yield, the weighted flux is calculated for the impurity
depth profile and depending on the lattice location of impurities the yield is calculated.

More details of FLUX7 can be found in reference [63,64].

2.11. Ion channeling — simulation details

The thermal vibrations from Debye model, crystallographic information (lattice constant of
bee Fe — 2.87A) and ion beam details are the input parameters. In the present thesis, the
ZBL potential is used for all ion channeling simulations. The lateral beam divergence of
0.01° is used for all simulations irrespective of ion species. The Debye temperature of 470
K is used for Fe, Cr host atoms and O'® solute which corresponds to thermal vibration

amplitude of 0.08 A, 0.09 A and 0.1 A respectively.

For Fel5%Cr alloy, 15% of Cr is substituted in bcc Fe lattice site (lattice constant of
2.86 A). The depth range of host atoms and distribution of impurities are given as input in
the simulations. For simulation of RBS spectrum at aligned and random directions, the
experimental parameters (i) incident ion energy, (ii) scattering angle, (iii) incoming angle,
(iv) out going angle, (v) detector resolution, (vi) energy per channel (keV/channel) and (vii)
energy of 0" channel obtained from energy calibration and (viii) last channel number
obtained from experimental RBS spectrum are given as inputs. The various RBS spectra

with different detector resolution are fitted with experiment and detector resolution was
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found to be 20 keV. From the FLUX7 simulated RBS spectrum, the channel number is
converted to equivalent energy and depth which are used for measuring DP and range of

defects in crystals.

The simulations of RBS, NRA and PIXE/channeling tilt angular curves are carried out with
FLUX7 program. For simulations of NRA and PIXE tilt angular scans, the NRA cross
section and PIXE cross sections are used respectively. The simulated tilt angular scans are
fitted with experiment to quantitatively measure the lattice location and fraction of O'¥/Cr.
During the fitting of simulated scans with experiment, the calculated O'® yield is corrected

for additional random fraction of incident beam [65], which is given by,

2= 1 ) @2

s 2B O 2E )
R — calc
-z (0) (2.22)

where 4°“"(y) is simulated O'®/Cr yield after random correction used for fitting

calc(

experimental yield, y“““(y) is as calculated o' yield, y -angle of incidence, fr is the

fraction of channeled beam that has become dechanneled due to host defects, ;(;’;p(O),

754%(0) are experimental and theoretical Xmin Of Fe at aligned direction. All the

simulations are performed for 50000 incident ions.

2.12. Slow Positron Doppler Broadening Spectroscopy

Slow positron Doppler broadening spectroscopy (SPDBS) is used to study vacancy defect in
ion implanted Fe and FeCr crystals. The positron is the antiparticle of the electron. The

source used in our experiment is the Na? (10 pCi) radioactive nuclei which is enclosed
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between few um thick Ni foil. The half life of source is 2.6 years and decays as given in

Eq. (2.23).

2 Na—iaNe+et +y (2.23)

Since the half life of e is short (3.7 ps) the emission of y-ray (1274 keV) is considered as
emission of positron due to its long half-life. When emitted positrons incident on a solid
surface, most of the positrons will be implanted in to the sample and some of them will be
backscattered. The implanted positrons will penetrate to solid and lose their energy until
thermal equilibrium energy is reached. This is termed as thermalization process [66]. The
penetration depth or implantation depth of positrons follows a probability distribution with a
mean depth z. The distribution of positrons or implantation profile P(zE,) is well

approximated by Makhov which is given in Eq. (2.24) [67]. A simple analytical expression

for calculating mean implantation depth is also given in Eq. (2.25).

m—1 m
P E)="" exp{— (Z—H (2.24)
ZO Z()
n
- AE 1
pr(l + j
m
_ n
z= Ai (nm) (2.25)

widely used empirical values are m = 2, n = 1.6 and 4 = 4.0 pg.cm?keV™". A model
representation of implanted depth profile in a material is shown in Fig. 2.22 and it shows

that the mean implantation depth increases with increasing energy.
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Implantation profile P(z,E) for Silicon
for different positran energles
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Figure 2.22  Positron implantation depth profile in a solid [68].

After thermalization, positrons start to diffuse randomly through the lattice. The positron
diffusion can be approximated by a steady state one dimensional diffusion equation which is

given as [67],

o*n D.e

0 n(z)
- Ty 5(5(2)”(2))_1_1“40 (2)=0 (2.26)

where n(z) is the positron probability density, D, is the positron diffusion coefficient, T is
the temperature, ¢(z) is the electric field, e is the positron charge and ny(z) is the positron

stopping rate at depth z. The positron diffusion length L. is defined as,

L, =+Jt,D, (2.27)

where 7, is life time of positron in the defect free bulk sample

The positron could be trapped in vacancy type of defects, thereby diffusion can be confined
due to attractive potential caused by the missing positive charge of the atom core. The
positron trapping rate k describes how fast positron is trapped to a defect d,

k= ,udCd (228)

where p, is the trapping coefficient, C, is concentration of defects
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The thermalized positron annihilates with an electron with emission of dominantly two
511 keV vy-rays nearly in opposite directions. The Doppler effect is observed in the y-rays
due to the annihilating positron-electron pair acting as a moving source having momentum
component in the direction of gamma rays [66]. The frequency of the photons is shifted due
to Doppler effect. This causes a shift in the energy (or momentum) of the gamma rays
described by AE =1/2(p.c)where p. is the momentum parallel to the direction of
annihilation gamma and c is speed of light. This Doppler broadening is the characteristic of
the defect sites. In defect site, the fraction of valence electrons involved in the annihilation

process increases compared with that of core electrons.

= material containing cpen volume defects
= defect free material

Intensity

503 505 507 509 511 513 515 517 519
Energy / kel

Figure 2.23  Schematic Doppler broadening spectra from a defect free crystal and in the
presence of vacancies in the crystal [68].

The broadening in the annihilation peak is studied by line-shape parameters called S (shape
or valence electron annihilation parameter) and W (wing or core-electron annihilation

parameter) which are defined as [67],

511-E,
[ N(E)dE
g Ay _ U4, (2.29)
4, [N(E)E '
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511-E,, S14+E,,
[N(EYIE + [ N(E)dE
A _
woAw _ 511-E,, 5114E,, (2.30)
A, j N(E)dE

where E;, E,;, and E,,, represents shift in peak region typically +1 keV, lower shift in wing
region typically 2.5 keV and larger shift in wing region typically 5 keV respectively. N(E)
represents the Doppler broadened spectrum and thus the denominator in each expression
represents total counts in the spectrum. Fig. 2.23 shows a typical schematic diagram of
Doppler broadening spectra. The S and W parameters are sensitive to the momentum
distribution of valence and core electrons respectively at annihilation site. The S and W

parameters are characteristic of open volume defects.

The experimental set up of SPDBS is shown in Fig. 2.24. First, 545 keV positrons are
emitted from the *Na which cover penetration depth of few hundred micrometers. However
in the present thesis, the low energy ion implantation technique is used to introduce defects
which has range with one or two micrometer. To investigate defects in ion implanted
crystals, Doppler broadening measurements have been carried out as a function of incident
positron energy £ from 0.5 keV to 22 keV. To achieve this requirements, the energy of
emitted positron is moderated to low energy by using well annealed (2473 K to avoid
trapping site and improve surface quality) W (100) single crystal of thickness < Ipum which
is having efficiency in order of 10™ (i.e. 1 in 10° positrons get moderated). The fraction of
thermalized positron reaching surface of W(100) will be emitted with energy equal to the
negative work function of W (2.8 eV) [69]. These low energy positrons are transported
electrostatically into the transport region which also contains the velocity filter. The filter
can be a magnetic bend or electric field — magnetic field transverse combination (ExB filter)
which allows only positrons of specific energy to cross the filter [70]. The slow
monoenergetic positrons are separated from un-moderated fast positrons by transport

through 180° U-bend magnetic solenoid tube and slow positrons are allowed to reach the
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target. The filtered positrons are accelerated to the required energy by applying high
voltage, varying from 0.5 keV to 22 keV to implant them to different depths. The gamma
ray spectrum is recorded using high purity Germanium (HpGe) detector having energy
resolution of 1.40 keV at 662 keV gamma line of Cs-137 [71]. The analysis of S and
W parameter with function of controlled positron energy provides a powerful approach to

interpret the depth profiling of vacancy defects in ion implanted crystals.
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Figure 2.24 Experimental set up of slow positron Doppler broadening spectroscopy
(SPDBS).

The experimentally observed S parameter at a positron energy E can be approximately
written as,

S=JpSp+ fsSs + faSa (2.31)
where f;, f, fs represents fraction of positron annihilating in surface, bulk, and defected
layers respectively and S, S5, Sy represents S parameter of surface, bulk, and defected
layers respectively. Here, layer is referred to the depth from the surface. VEPFIT code [72]
is used to fit the experimental S vs. E data which gives the fraction of positrons annihilating
in various trapping centres as a function of depth in the sample. In VEPFIT code, the
positron diffusion equation is taken into account with positron diffusion, trapping and
annihilation in the sample. The diffusion length of positron is reduced due to trapping at
defect sites. The S parameter is increased due to the presence of open volume defects. The

S(E) is fitted by varying S parameter of sample and average diffusion length of positrons
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with different layers from surface by VEPFIT code. From the fitting, the S parameters and
diffusion lengths of modeled layers are obtained. This diffusion lengths and S parameters

are used to calculate the vacancy concentrations at each layer of sample.

2.13. Density functional theory — basics

Density functional theory is a quantum mechanical tool which is mainly used to investigate
the electronic structure of many-body systems, in particular molecules and the condensed
phases [73-75]. DFT is one of the most popular and versatile methods available in
computational condensed matter physics and computational chemistry. Conventional
methods in electronic band structure theory, in particular Hartree-Fock theory and its
descendants, are mainly based on the complicated many-electron wave function. The prime
objective of density functional theory is to replace the many-body electronic wave function
with the electronic density as the basic quantity. The many-body wave function is
dependent on 3N variables, three spatial variables for each of the N electrons. But, the
density is only a function of three variables and is a simpler quantity to deal with both

conceptually and practically.

Density functional theory has its conceptual roots in the Thomas-Fermi model and it was
not put on a firm theoretical footing until the Hohenberg-Kohn (HK) theorems. The first
theorem demonstrates the existence of a one-to-one mapping between the ground state
electron density and the ground state wave function of a many-particle system. Further, the
second HK theorem proves that the ground state density minimizes the total electronic
energy of the system. The original HK theorems held only for the ground state in the
absence of magnetic field, although they have since been generalized. The first Hohenberg-
Kohn theorem is only an existence theorem, stating that the mapping exists, but does not

provide any such exact mapping.
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The most common implementation of density functional theory is through the Kohn-Sham
(KS) method. Within the framework of Kohn-Sham DFT, the intractable many-body
problem of interacting electrons in a static external potential is reduced to a tractable
problem of non-interacting electrons moving in an effective potential. The effective
potential includes the external potential and the effects of the Coulomb interactions between
the electrons, e.g. the exchange and correlation interactions. Modeling the latter two

interactions becomes the difficulty within KS DFT.

The Thomas-Fermi model: The predecessor to density functional theory [73-75] was the

Thomas-Fermi model, developed by Thomas and Fermi in 1927. They calculated the energy
of an atom by representing its kinetic energy as a functional of the electron density,
combining this with the classical expressions for the nuclear-electron and electron-electron
interactions. Although this was an important first step, the Thomas-Fermi equation's
accuracy was limited because it did not attempt to represent the exchange energy of an atom
predicted by Hartree-Fock theory. Later, exchange energy functional was added by Dirac in
1928. However, the Thomas-Fermi-Dirac theory remained rather inaccurate for most
applications. The largest source of error was in the representation of the kinetic energy,
followed by the errors in the exchange energy due to the complete neglecting of electron

correlation.

Derivation and formalism: The ultimate goal of most approaches in solid state physics and

quantum chemistry is the solution of the time-independent, non-relativistic Schrodinger
equation,

HWi(xl,Xz, ...... XN;§15R25 ...... EM)=E,~!//,-()_C'1,)?Z, ...... XN;él,Ez, ...... EM) (232)
where H is the Hamiltonian for a system consisting of M nuclei and N electrons. So, the

Hamiltonian can be written into five terms i.e.

50



Chapter 2 Density functional theory - basics

2 2 2 2 ! 2
H=Y M p gy @ e 22 o5 2 (233)
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Here the first two terms describe the kinetic energy of the electrons and nuclei. The other
three terms represent the repulsive potential due to the electron-electron and nucleus-
nucleus interactions and attractive electrostatic interaction between the nuclei and the
electrons. It is not possible to separate Hamiltonian into electron and ion problem. Nuclei
move much slower than the electrons due to their masses and one can consider that
electrons are moving in the field of fixed nuclei (Born-Oppenheimer approximation). So,
the nuclear kinetic energy is zero and their potential energy is nearly a constant. Thus, the
electronic Hamiltonian reduces to,

h’ 1 e’
H :_ZEN@ = Ve (2.34)

2@#@' re =T

e

According to Hohenberg-Kohn theorems [76], Hamiltonian of the system and universal
function Fyk of energy can be determined from ground-state electron density. Using this
Hamiltonian, one can determine everything of the system. Based on the universal function,
the total energy of system of interacting electrons can be expressed for arbitrary external

potential as follows:

Eln(r)]=T[n(r)]+V  [n(r)]+ J.der (r)n(r) (2.35)
E[n(r)] = Fy + [drV,, (r)n(r) (2.36)
where Fy = TTn(r)]+V,, [n(r)]

However, for multi electron problem, this functional is completely mysterious. To keep
away from this ambiguity, one can use Kohn and Sham approach [77]. This approach
defines fictitious non-interacting system with the same electron density as the true

interacting system, but with different external potential. The orbitals of the non-interacting

system are called Kohn-Sham orbitals [77] which must be orthonormal and lead to same
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electron density. Universal functional as a functional of single Slater determinant of Kohn-
Sham orbitals are given below:

F[n]=T[n]+V,[n] (2.37)
Fu[n]=T[n]+ T [n]+V,[n] (2.38)
Here 7 is the kinetic energy of the non-interacting system and 7, is the difference between

kinetic energy of interacting and non-interacting system. Kinetic energy of non-interacting

term 7 expressed in terms of Kohn-Sham orbitals as follows,

7,(n)= T,y [n]] (2.39)
Tin=-3 X (v|v) (2.40)

the potential part V.. can be also separated into classical J and non-classical part V.,

Velnl=Jln]+ (2.41)

71 c

The classical Hartree energy J/n/ can be written through Kohn-Sham orbitals as follows:

Tt 1= far, L (|:2 i |(r1)"/" () (242)

So the functional of energy is expressed as follows,
E[n]=T[n]+J[n]+T.[n]+V, +J.dr V.. (r)n(r) (2.43)

The addition of term 7,/n] and term V. is E,. which called as exchange —correlation term.
This term, E,., contains hidden many difficult and unpleasant things. Due to this reason, to
get the solution of the above said Eq. (2.43) will be very tough, so it can only be
approximated. The term E,. is as follows,

E. =T.[n]+V,

nc

(2.44)

Using the variational principle, under the constraint of orthonormality of KS orbitals, the

functional E/n/] is written as,

Ze,,(t//, ly, )} (2.45)

5!//,
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By solving Eq. (2.45),

OE oNe (v v,
s o 5IdrVext(r)n(r) n ;eu <1//l [ ‘//z>
—+ + + on 7

I, |
Sy |don  on on oy oy

(2.46)

So instead of solving electron problem with Schrédinger Eq. (2.35), one can solve effective

Kohn-Sham equations:

H oy (r) =D e v, (1) (2.47)
iJj
Here Hgs is,
1o
H s =—§V +V () (2.48)
where,
Vi) =V () + Ve (r)+V,, (1) (2.49)

Finally, electron density is simply expressed by,
2
n(r) =3 [elv.(r,) (2.50)

Here g; is occupational numbers and integral over o means sum over spin. Kohn-Shan self-
consistent equations (Eq. (2.47)) are solved iteratively by following scheme (Fig. 2.25):
Initial guess is a random trial electron density,

(a) Solve the effective potential V;, Eq. (2.49)

(b) Solve Kohn-Sham equation, Eq. (2.47)

(c) Calculate new electron density

(d) Repeat until electron density convergence

(e) Finally calculate the properties using optimized parameters
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Figure 2.25 Flow chart of density functional theory calculations.

Approximations: The major problem with DFT is that the exact functional for exchange and

correlation are not known except for the free electron gas. However, approximations exist,
which permit the calculation of certain physical quantities quite accurately. The simplest
approximation is the local-density approximation (LDA), which is based upon exact

exchange energy for a uniform electron gas, which can be obtained from the Thomas-Fermi
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model, and from fits to the correlation energy for a uniform electron gas. In physics, the
most widely used approximation is the local-density approximation (LDA), where the

functional depends only on the density at the coordinate and the functional is evaluated as,
EXC[n]:IeXC (mn(r)d’r (2.51)

The local spin-density approximation (LSDA) is a straightforward generalization of the

LDA to include electron spin:

Exc[”m”J,]:_[exc (nT,nL)dSr (2.52)
Highly accurate formulae for the exchange-correlation energy density £y (1, m, ) have
been constructed from Quantum Monte Carlo simulations of a free-electron gas. Even
though generalized gradient approximations (GGA) are still local, however it also takes into
account the gradient of the density at the same coordinate:

Eyclny,n,]= e (ny,n,,Vn, ,Vn ) )d*r (2.53)

GGA gives very good results for molecular geometries and ground state energies compared
to LDA. In the present work, to study the total ground state energy of Fe, the generalized

gradient approximation (GGA) is chosen.

PAW pseudo-potentials: There are various types of pseudo-potentials (PPs) available such

as norm-conserving PPs, ultrasoft PPs, and projector-augmented wave PPs. In the present
work, the PAW potentials are used and these potentials are briefly mentioned below. PAW
potential was first proposed by Bloch (1994), later it was adopted by Kresse and Joubert
(1999). Aim of these pseudo-potentials is to predict the all electron potential with good
accuracy in the valence electron contribution. The wave function of PAW potential is

written in the following form,
Vpaw =Vinter T l//pcore TV e (254)
Here, the iy, , the valence part is represented with the PW expansion, while the v/,

core part is projected on a radial grid at the atom center. After the additive augmentation of
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these two terms, the overlapping party,,, is trimmed off to make the final wave function
W p4w Which is very close to the all electron wave function. Owing to the use of v, the

core part is well reproduced, and many PWs become unnecessary. Thus, the PAW potential
calculates results as accurate as the all electron full potential approach with much less
computational effort. One of the main advantages is that this method returns the all electron

charge density of valence orbitals which cannot be obtained by other standard potentials.

2.14. Density functional theory — computational details

For understanding the experimental results, DFT calculations are carried out for finding
solute lattice locations in the presence of defect structures in bce Fe matrix. To carry out the
calculations in bee Fe, the Vienna ab-initio simulation package (VASP) is used and it is a
code that implements the DFT using pseudopotentials [76-78]. Projected augmented wave
(PAW) approach [79] is used for all calculations. Spin-polarized approach and the
generalized gradient approximation GGA-PBE are used to describe the exchange and
correlation effects. The cutoff energy in the plane-wave basis set is 500 eV which is arrived
after performing the required convergence tests. Following the Monkhorst-pack scheme
[80], Brillouin zone integration is carried at 3x3x3 k point grids. A tolerance of 10° eV in
the total energy is used for the self-consistency criteria. For all defect studies, constant
volume (CV) (only ion positions are relaxed in a fixed equilibrium volume) calculations are
performed with 128+defects atom cell. In some defect structures, zero pressure (ZP) (both

ion positions and volume of cell is relaxed) calculations are also performed.

The incremental binding energy of defect complex is defined as [81],
E,f’b = E(defect — a) + E(defect —b) — E(defect —(a + b)) - Ef, (2.55)

Where E(defect—a), E(defect—b), E(defect—(a+b)) and Efp, are energy of cell

containing defect-a, defect-b, both defect-a and defect-b and defect free lattice respectively.
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In all the discussions positive binding energy indicates energy lowering attraction of

defects.

2.15. Conclusion

In this chapter, the experimental techniques based on ion beam analysis (RBS, NRA, PIXE
and ion channeling), SPDBS and theoretical technique (DFT calculations) have been
discussed. These techniques are used in this thesis to study solute-defect interactions. The

experimental and DFT results are given in forth coming working chapters.
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Chapter 3

Interaction of oxygen with interstitial defects in bee Fe

The interaction of oxygen with vacancy defects is widely studied in the literature by
simulations [51] as well as experiments [42]. But interaction of O with self interstitial defect
in Fe is rarely reported in the literature. However both self interstitial and vacancy defects
are formed in metals, during radiation damage produced by neutron or ion, can also interact
with O. Olson et al. studied (by DFT calculations) the interaction of O with <110>
dumbbell self interstitial defect by placing O at various octahedral sites, from short to long
distance [82]. The authors found that the O interaction is repulsive with short distances and
have small interactions (binding energy ~0.1 eV) at long distances. This suggests that O
could interact with self interstitial defects also. In experiments, the observable effect of
radiation damage is the formation of dislocation loops which can form either in cascade
itself or during thermal migration. At present, the interactions of O with self interstitial
clusters like interstitial dislocation loops are not understood well. Aim of this chapter is to
understand the oxygen interaction with interstitial defects and defect structure of O-defect
clusters formed in the presence of excess interstitial defects in bee Fe. First, O'® jons are
implanted into Fe(110) crystal. Lattice location of 0" is measured. Excess interstitial
defects are introduced by self ion implantation at the implanted depth of O'®. The lattice site
location of O'® is examined again. The O-SIA interactions and defect structure is studied by

combining DFT, dechanneling measurements and SPDBS measurements.

3.1. Introduction of O' and interstitial defects by ion implantation

First, a bce Fe(110) crystal with a chemical purity of 99.98% is implanted with 300 keV 0"

jons at a fluence of 5x10"° jons/cm” at room temperature followed by in-situ annealed in the
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vacuum of 2x10” mbar at 400 °C for 30 minutes. The annealing is restricted to 400 °C.
Higher temperature annealing leads to loss of implanted O' due to diffusion towards

surface.
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Figure 3.1 SRIM calculated range of ions and vacancies in Fe crystal produced by 750 keV
Fe ions and 300 keV O'® jons.

The projected range and straggling of 300 keV O' ions in Fe is 275 nm and 78 nm
respectively, which are obtained from SRIM [54]. For the ion fluence of 5x10" ions/cm?,
the O'® concentration is about 0.2% at peak position of O'® profile. The O'® ion implantation
produces interstitial and vacancy defects also. The simulated ion and vacancy profiles (from
SRIM) of 300 keV O ions in Fe are shown in Fig. 3.1. The estimated peak damage from
SRIM calculation is 3.5 dpa. Formation of dislocation loops is reported at this damage level
in the literature [28,29]. It is also pointed that the dislocation loops could be formed during
radiation damage cascade itself. The dislocation loop could be either vacancy or interstitial
type. Both interstitial and vacancy type dislocation loops could coexist at same depth. The
interstitial defects could be formed at higher depth than the vacancy defects. During O'® ion
implantation, interstitial defect concentration will be high at O'® depth which makes more

possibility of 0'® to interact with self interstitial defects in this experiment. With the aim of
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introducing excess interstitials to overlap with oxygen depth profile, 750 keV Fe' ions with
a projected range of 266 nm are introduced by subsequent implantation in Fe(110) with the
ion fluence of 1x10'° ions/cm” and annealed in-situ at 400 °C for 30 minutes. Total damage
produced by 300 keV O' and 750 keV Fe at O'® depth is 10.5 dpa after self ion
implantation. Here after the sample is denoted as Fel(0'®) and Fel (018+Fe@Rp). The O'®
and Fe@R, in the bracket represent 0" ion implantation and Fe' ion implantation at R, of

O'® respectively.

3.2. Range of defects by RBS/channeling

In presence of defects, the RBS spectrum taken in aligned direction should show increase in
the backscattering yield at the depth where defects are present. To check the defect depth,
RBS and channeling measurements are carried out in Fel ©' 8+Fe@Rp) sample.
Figure 3.2 (a) shows the 2 MeV He" RBS spectra after depth conversion using the FLUX7
program from pristine Fe(110) and Fel(O'8+F e@R,) along random and aligned directions.
The random and channeling spectra for ideal Fe(110) crystal, simulated using FLUX?7, are
also shown in Fig. 3.2 (a). The value yuin = Yuignea ! Yrandom taken at near surface region of
RBS scan is the measure of crystalline quality. For an ideal Fe crystal, it has to be 1.3%
along <100> and 1.83% along <110>. The measured y,;; at 50 nm depth is 7% of the virgin
sample; it increased to 11% after the implantation of 0" and Fe ions and post annealing,
which indicates that defects are not annealed out completely. Similar RBS spectra taken
with 3.5 MeV He?" ions are also shown in Fig. 3.2 (b). A clear dechanneling step is seen

from 200-500 nm depth due to the presence of defects.
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Chapter 3
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(a) RBS spectra taken with 2 MeV He' ions in pristine Fe(110) and

Fel (01 8+Fe@Rp) along random and <110> orientations, together with FLUX7-simulated
random spectrum and <110> channeling spectrum for ideal Fe(110). (b) RBS spectra taken
with 3.5 MeV He*" ions along random and <110> axis.
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3.3. Type of defects by energy dependant dechanneling measurement
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Experimental and simulated RBS spectra at <110> axial direction and

random direction of Fel(O' 8+Fe@Rp) taken with He'/He™" ions with the energy ranging
from (a) 1100 keV to (h) 3200 keV.
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The energy dependence of dechanneling parameter is measured to investigate the type of
defects formed at the O'® and self ion implanted depth. For this, RBS spectra are taken with
He'/He"" ions with the energy ranging from 1100 keV to 3500 keV along the normal axis
(<110>). Random and aligned RBS spectra are simulated using FLUX7 program for all
incident energies and are converted to corresponding spectra to yield vs depth, from which
variation of y,,;, with depth for pristine ( y;- ) and ion implanted ( yp ) samples are obtained.
The depth converted experimental and simulated RBS spectra at <110> axis aligned and

random direction of Fe(110) crystal are shown in Fig. 3.3 for He'/He"™ ion energies from

1100 keV to 3200 keV in steps of 300 keV.

o4
B %
:
A, 5 * B
Q :
0.5 ¢
- 1100keV. 5 00 keV
; : 1‘7‘33 te\V/ . 2900 keV
8 : 2000 keV . 3200 keV
’ €Y . 3500 keV
2300 keV
0.0 : .
0 5000 10000 15000
Depth (A)

Figure 3.4  The depth resolved DP with different He'/He"" ion energies from 1100 keV to
3500 keV in Fe1(018+Fe@Rp) along normal axis.
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Figure 3.5 (a) Energy dependence of dechanneling parameter (DP) measured along
normal axis around the depth of 250-300 nm. (b) Energy dependence of dechanneling
parameter per unit length measured from 200 nm to 400 nm of Fel (018+Fe@Rp).

The type of defects at a particular depth can be determined by energy dependence of the
dechanneling parameter (DP) which is given by Eq. (2.10) in section 2.9 of chapter 2. The
calculated DP up to the probing depth of helium ions with various incident energies are
shown in Fig. 3.4. The increase of dechanneling parameter is evident from 100 nm to
500 nm in Fig. 3.4. With linear fitting of experimental DP data shown in Fig. 3.4, around

0'® jon implanted depth, the value of d(DP)/dz is obtained.
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Figure 3.5 (a) shows the He ion energy dependence of dechanneling parameter (DP) along
the normal axis of Fel (018+Fe@Rp) at the implantation depth 250-300 nm. The point
defects, stacking faults and dislocations show energy dependence of E°°, E° and E°°
respectively [52]. The linear fit of experimental data points (DP) shows E™* dependence
which confirms the presence of dislocations. The dechanneling parameter per unit length in
the depth range of 200-400 nm (O'® ion range is 275+78 nm) versus E* is plotted in
Fig. 3.5 (b). It shows linear dependence with £*’, indicating the presence of dislocation
loops. The dechanneling parameter per unit length increases linearly up to transition energy

(E) and becomes constant at higher energies. From transition energy (£;), mean dislocation

loop radius (R) can be determined using Kudo’s analysis [62] from the relation £, = aRz,

where a is Thomas-Fermi screening distance (0.142 A). The measured transition energy
E; is 2900 keV. If one assumes the dislocation loops as 2 <111> loops, the obtained mean
radius from Kudo’s analysis is 20 nm. If the dislocation loops are <100> loops, the mean
radius is 40 nm. The defect density of dislocation loops is calculated from the slope of linear
fitting to d(DP)/dz data points (Fig. 3.5 (b)) using Eq. (2.13). The value of v/ is calculated
by using Eq. (2.15), for 2 MeV He" ions in bee Fe crystal. The y, value is 0.77° for <110>
axis. The Burgers vector of <100> loop is 2.87 A and Burgers vector for %4 <111> loop is
1.43 A in bee Fe. However, the present sample may have <111> and <100> loops. The
calculated dechanneling factor op is 22 A for <100> dislocation loops and 16 A for
%2 <111> dislocation loops which are calculated using Eq. (2.14). The observed defect
density is 2.8 x 10' dislocation loops/cm” for the case of <100> loops and 4 x 10"

dislocation loops/cm” for the case of %5 <111> loops.
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3.4. Lattice location of O'® in ion implanted Fe(110)
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Figure 3.6  Experimental and simulated Fe and 0" tilt angular scans of Fel (0'%) (a)
along <110> axis (b) along <100> axis.

To find the lattice location of O'® atom in Fel(0") sample, RBS and NRA spectra are

obtained around the <110> and <100> axes. From this, tilt angular scans of Fe and O"® yield
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are plotted. Figure 3.6 (a) and 3.6 (b) show the tilt angular scans of proton RBS yield of Fe
and NRA vyield of O'® around <110> and <100> axes respectively. The Fe signal shows a
dip while O'® signal shows a peak. Experimental y,.;, from Fe tilt angular scan is 0.12 and
0.3 along <110> and <100> respectively. The width (FWHM) of the experimental scan

along <110> axis is 0.6° which is comparable to the simulated value of 0.67°.

The observed peak of NRA signal at aligned angle is due to the presence of O'® at
interstitial site, as the channeled ion flux density is high around interstitial position
compared to near atomic rows in aligned angle (0 tilt angle). Same way the NRA scan
around <100> axis also shows a peak at aligned angle, indicating the O'® is at interstitial
position. In addition to the peak at the middle of the scan, tiny features on either side of the
peak are observed in <110> tilt angular scans of O'®. In bcc system, there are two high
symmetry interstitial sites (i) octahedral interstitial site and (ii) tetrahedral interstitial site

which are shown in Fig. 3.7.

Figure 3.7  Octahedral (O) and tetrahedral (7) interstitial position in bee Fe.

To identify the lattice location of O'®) tilt angular scans with O'® at tetrahedral and
octahedral interstitial site are simulated using FLUX7 and are shown as lines in Fig. 3.6 (a)
and 3.6 (b). The atomic projections of Fe and O'® and their multiplicity for the case of O'® at
octahedral as well as tetrahedral along <100> and <110> axes, which are given as inputs in

the FLUX7 program, are shown in Fig. 3.8. In the simulation, the random fraction ( f5 ) due
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to the dechanneling of ions from Fe matrix is also taken into account as in Eq. (2.21). The
calculated f% using Eq. (2.22) is 0.1 and 0.28 for <110> and <100> axes respectively. The
good fits for both <100> and <110> axial scans are obtained within error bar of NRA yield

for the case of O'® at tetrahedral interstitial position. No additional random is added for O'®

yield.

Octa

Figure 3.8  Projections of O'® (square) at tetrahedral and octahedral interstitial site along
<100> and <110> axes of bcc Fe. Circle represent Fe atom.

3.5. Lattice location of O' in O'® and self ion implanted Fe(110)

To check the stability of O'® at tetrahedral interstitial site, tilt angular scans of 0'® and Fe
signals are measured in Fel(O' 8+Fe@Rp) sample. The experimental and simulated tilt
angular scans of Fe and O'® yield along <110> and <100> axes of Fe1(018+Fe@RP) are
presented in Fig. 3.9 (a) and 3.9 (b) respectively. Experimental y,,;, of Fe tilt angular scan is
0.13 and 0.3 along <110> and <100> respectively. The width (FWHM) of the experimental

scan along <110> axis is 0.6° which is comparable to the simulated value of 0.67°.
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signal along (a) <110> (b) <100> axes of Fel (018+Fe@Rp). The simulated O'® signals are
shown for tetrahedral and displaced tetrahedral site (0.15 A displaced from tetrahedral
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The experimental tilt angular scans of O'® signal is simulated using the FLUX7 software. In

the simulation, the random fraction ( f ) due to the dechanneling of ions from Fe matrix is

also taken into account as in Eq. (2.21). The calculated f» using Eq. (2.22) is 0.1, 0.28 for
<110>, <100> axes respectively. First tilt angular scans are simulated for tetrahedral

interstitial site.

The simulated tilt angular scans of O'® at tetrahedral site (shown in the Fig. 3.9 (a) and 3.9
(b)) are matching within the error bar. However, small humps in either side of the central
peak, observed in experimental tilt angular scan along <100> is not matching with
tetrahedral site simulation. We also simulated O' tilt angular scans with various
displacements from tetrahedral interstitial site. Experimental scan along <100> is matching
with simulated curve corresponding to O'® with a displacement of 0.15 A from tetrahedral
towards octahedral interstitial site. The displaced tetrahedral site is shown in Fig. 3.10 and
the projections of O'® at tetrahedral and displaced tetrahedral interstitial sites are shown in
Fig. 3.11. No additional random contribution from O' is added during the fitting. Hence
0'® is found to be stable at the displaced tetrahedral interstitial position after self-ion

irradiation.

Displaced -T'
C\/(.\J_..;-;’_}_____ r)
J T ‘O N

Figure 3.10 Displaced tetrahedral site observed in O'® and self ion implanted Fe(110).
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Figure 3.11  Projection of O'® along <100> and <110> axis for tetrahedral and displaced
tetrahedral site.

3.6. Positron annihilation spectroscopy to study vacancy defects

The SPDBS measurements are done in Fel (018+Fe@Rp) sample. From SPDBS, the S
parameter is measured as a function of incident positron beam energy at room temperature.
The obtained S parameter of this sample at room temperature together with the pristine
reference sample is shown in Fig. 3.12 (a). The S parameter is sensitive to type of open
volume defects such as mono vacancies and vacancy clusters and the diffusion length is
sensitive to vacancy defect density where lower defect density has higher diffusion length.
Increase of S parameter is evident compared to reference sample for all energies. For
pristine reference sample, S(£) curve is analyzed and is fitted with single layer mode by
using VEPFIT code, which gives fitted S parameter of 0.487 and diffusion length of 130

nm.
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Figure 3.12 (a) The experimental and VEPFIT simulated S parameter as a function of

positron energy, (b) Depth resolved S parameter and diffusion lengths, (c) S vs W parameter
for reference Fe(110) and Fel (018+F e@R,).

In Fel (018+Fe@Rp), the S(E) curve is analyzed and is fitted using VEPFIT code by

assuming two layers. The depth resolved S parameter and diffusion length obtained is
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shown in Fig. 3.12 (b). The spectrum is fitted by assuming two layers, where first layer is
from surface to 120 nm depth and second layer is from 120 nm to 710 nm. The S parameter
for first layer is 0.537 which is slightly higher than the second layer value 0.52 and the
diffusion lengths in first and second layers are 68 nm and 115 nm respectively. The vacancy

concentration in the assumed layers is calculated using the relation [83],

L,
Ny =L 220 1 em™?) (3.1)
rT +.1

where p is the atomic number density (8.497x10* atoms/cm® for pure Fe), 1, is the
annihilation life time of positron in bulk (110 ps for defect free Fe) [84], y is the specific
positron trapping rate of mono vacancy (1x10" s™) [85], and L. and L, are the effective
diffusion lengths in defect free bulk and defected Fe layer, respectively. The calculated
vacancy concentration of first and second layer is 2.05x10"™ ecm™ and 2.15x10"7 cm?
respectively. High vacancy density is observed in first layer compared to second layer in
both irradiated samples. The increase of vacancy concentration in first layers is attributed to
the loss and trapping of interstitials at surfaces which induce an imbalance in vacancy with
respect to interstitials. These results in a high density of vacancies in surfaces compared to
bulk. Recent ab initio study of Aliaga et al. [86], strongly supports our observation. The
S-W plot is shown in Fig. 3.12 (¢). All data points show single linear fit for reference as well

as Fel (018+Fe@Rp) sample, which implies that the same type of vacancy defect is present

in the sample.

3.7. DFT studies of O interaction with interstitial defects in Fe

The above experiments confirm the presence of dislocation loops and vacancy defects at O'®
depth. However the dislocation loops could be vacancy and interstitial type with 2 <111>
and <100> structure. When excess interstitial defects are introduced, the interstitial defects

and interstitial dislocation loops could be the dominant defects formed at o' depth. Lattice
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site position of O'® is found to be closer to tetrahedral interstitial site in Fel (018+Fe@Rp).
To elucidate the obtained experimental results, the interaction and lattice location of oxygen

with small self-interstitial clusters are studied in bcc Fe by using the DFT calculations.

Ferromagnetic state is found to be stable for defect free bcc Fe lattice by using spin
polarized calculations. DFT predicted the lattice constant of 2.831 A for bcc Fe and
magnetic moment per atom of 2.2 pg, which are comparable with the experimental values of
2.867 A and 2.2 pgrespectively. The octahedral interstitial site is predicted by DFT for O in
bee Fe [51]. For mono interstitial defect <110> dumbbell defect is found to be most stable
[21-23]. The self interstitial <110> dumbbell formation energy is calculated by using the
equation,

N+1
E ;(SIA) = E ., (defect) —( N

jE v (perfect) 3.2)

where Ey,(defect)is energy of cell containing a dumbbell defect and E, (perfect)is

energy of cell without any defect [13]. The calculated formation energy of <110> dumbbell
defect at constant volume condition is 4.08 eV which is comparable to the value of 4.02 eV

obtained by Olsson et al. [87].

To test the lattice site of oxygen in the presence of most stable <110> dumbbell SIA
configuration, DFT calculations are performed with 128 atom bcc Fe lattice with a oxygen
atom at nearby octahedral site of <110> self interstitial dumbbell. In all the relaxed
structures, oxygen is found around octahedral interstitial site with small displacements. In
one configuration which is shown in Fig. 3.13, where the initial site of oxygen is taken at
octahedral site (denoted as I), oxygen is found to be displaced away from octahedral site
(denoted as F1) towards <110> with a displacement of 0.48A. These predicted values do not
match with experiment (tetrahedral interstitial site). In a separate DFT calculation (GGA-
PW method, tetrahedron method of Brillion zone integration and PAW basis set with cut off

energy of 400 eV are used, while keeping other parameters same as earlier calculations),
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the interactions of oxygen (at I site) with <110> SIA dumbbell is studied in 128 atom bcc
Fe lattice. Oxygen is observed at tetrahedral site (shown in Fig. 3.13 as F2) after relaxation
of ions. However, repulsive binding energy (-0.3 eV) is observed for oxygen interaction

with <110> self interstitial dumbbell.

]

Figure 3.13  Defect structure of <110> dumbbell with oxygen (rectangle).

The O interactions with small interstitial clusters in the form of dislocation loops are also
studied to compare with experiment. The dislocation loops with few dumbbell (I) self
interstitial clusters are constructed. The %2 <111> and <100> interstitial type dislocation
loops consist of <111> and <100> self-interstitial dumbbells, respectively [88]. The cluster
of three <111> dumbbells (I5) for %2 <111> dislocation loop (/3-1/2<111>) is shown in Fig.
3.14 (a) and a cluster of four <100> dumbbell (I4) for <100> dislocation loop (I,-</00>) is
shown in Fig. 3.14 (b). These two defect configurations are considered for studying oxygen
interactions with interstitial dislocation loops. As oxygen is predicted at the octahedral
interstitial site in defect-free bcc Fe, it is placed at various octahedral interstitial sites of
these two interstitial clusters as marked as 1, 2, 3, 4 in Fig. 3.14 (a) and 3.14 (b). The
oxygen lattice site location is studied after atomic relaxation. The binding energy and lattice
location of oxygen in the defect structures containing oxygen and self interstitial clusters are

presented in Table 3.1.
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<111>

<100>
jmm3

Figure 3.14 The schematic of (a) 2 <111> loop structure containing three <111>
dumbbells, (b) <100> loop structure containing four <100> dumbbells. The initial lattice

location of oxygen is marked as 1, 2, 3, 4. The final oxygen lattice location is marked as 3f

for the case of oxygen at position 3.

The computed results show that the studied defect clusters containing (/3-1/2<111>)
dislocation loop and an O atom at four different configurations are found to be unstable
after relaxation. The defect clusters containing <100> dumbbells and an O atom,
1,-<100>-0(1) and 1,-<100>-0O(4) (the number within bracket is the oxygen site position
marked in Fig .3.14) are also found to be unstable. One of the considered ({,-</00>-0O(3))
defect structures shows that the oxygen atom is found to be displaced by 0.37 A from
tetrahedral position towards octahedral interstitial site, as shown in Fig. 3.14 (b), which is
closer to the experimentally observed 0.15 A displaced tetrahedral site. The calculated
binding energy of oxygen with the above (/,-<100>-0(3)) cluster is 0.24 eV. This suggests
that the oxygen has attractive interactions with interstitial clusters/loops. Hence the
observed displaced tetrahedral interstitial site could be due to trapping of oxygen at

interstitial dislocation loops.
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Table 3.1 DFT predicted binding energy and lattice location of oxygen within the
oxygen-self interstitial defect structures

Defect structure Lattice location of oxygen Binding energy of

oxygen

;-7 <111>-0(1) Octahedral -

;-7 <111>-0(2) Octahedral -

13- <111>-0(3) Octahedral -

13-, <111>-0(4) Octahedral -
1,-<100>-0(1) Octahedral -
1,-<100>-0(2) Octahedral -1.5 eV
1,-<100>-0(3) 0.37 A displaced from 0.24 eV

tetrahedral to octahedral
1,-<100>-0O(4) Octahedral -

Oxygen interactions with vacancy defects (mono- and di-vacancy) and vacancy dislocation
loops (both %2 <111> and <100> structure) are also studied which will be discussed in
chapter.4. The tetrahedral site of O is not observed in presence of vacancy dislocation loops

which is also in correlation with present findings.

3.8. Conclusion

The O" ion is implanted in bee Fe(110) crystal to study O interaction with interstitial
defects. During ion implantation, self interstitial defects could be formed at O'® implanted
depth. The lattice location of O'® is measured by ion channeling technique and O'® is found
around tetrahedral interstitial site. Excess interstitial defects are introduced over the O'®
depth to study the stability of tetrahedral interstitial site of O'®. The 0" is found to be stable
around the tetrahedral interstitial site with a displacement of 0.15 A from tetrahedral
interstitial position towards octahedral interstitial site. The presence of dislocation loops
with mean loop radius higher than 20 nm is confirmed by energy dependant dechanneling
parameter measurements. Presence of vacancy defects is also confirmed by SPDBS
measurements. However, experimentally observed displaced tetrahedral site of O'® is

predicted with displacement of 0.37 A by DFT calculations for the interaction of oxygen
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with <100> interstitial dislocation loop structure. These results suggest that the
experimentally observed displaced tetrahedral interstitial site of oxygen could be due to
trapping at interstitial dislocation loops and the oxygen is having attractive interaction with

interstitial dislocation loops.
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Chapter 4

Interactions of oxygen with vacancy defects in bee Fe

Vacancies (V) are produced in crystals during neutron damage or ion irradiation. The
solute-V interactions play a major role in formation of voids in structural materials. Small
amount of C, N, H, O impurities are present in the structural materials during its
preparation. The O-V clusters are found as a constituent of fine metal oxide clusters
dispersed in ODS alloys where O-V cluster can act as a sinks for radiation induced defects
[51,89]. In this regard, the O interaction with vacancy is studied using simulations as well as
experiments in literature. However, the visible defect during ion implantation in Fe is the
appearance of dislocation loops. Both interstitial and vacancy dislocation loops are formed
under ion implantation. In chapter 3, O'® ions are implanted in Fe(110) and self ions are also
implanted at same depth and the interactions of O with interstitial defects are studied. The
present chapter aims to understand interactions of O with vacancy defect and find the defect
structure of O-V clusters formed in ion implanted and annealed Fe crystal. To introduce

excess vacancy defects, self ion implantation is performed.

4.1. Introduction of O'® and vacancy defects by self ion implantation

Ion implantation produces collision cascades in the matrix which promotes the formation of
vacancies and self interstitials. The SRIM [54] simulated ion and vacancy profiles for
300 keV O'® jons and 1550 keV Fe' ions in Fe matrix are shown in Fig. 4.1. The projected

range (R,) and straggling of 300 keV O" ions in Fe is 275 nm and 78 nm respectively.
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Figure 4.1  SRIM calculated range of ions and vacancies in Fe crystal produced by
1550 keV Fe ions and 300 keV O ions.

The energy of Fe ion is chosen such that half of its projected range (R,/2) overlaps with R,
of O. It is known that higher vacancy concentration will be present at a depth equal to half
the projected range (R,/2) of implanted ions due to the forward recoil momentum of
displaced atoms and recombination of defects [90]. This R,/2 effect is utilized to introduce
additional vacancies overlapping with oxygen concentration depth profile, by implanting
Fe" ions with 1550 keV energy, which has a range of 540 nm. In this study, bcc Fe(100)
crystal with a chemical purity of 99.98% is first implanted with 1550 keV Fe' ions at a
fluence of 1x10' ions/cm® and sequentially implanted with 300 keV O'® ions with ion
fluence of 5x10'° jons/cm? at room temperature and in-situ annealed at 400 °C for 30 mins.
The estimated total damage produced by O'® and Fe' ion implantation is 9.3 dpa at O'®
depth. Here after, this sample is called as Fe2(O' 8+1Fe@2Rp). The O'® and IF. e@2R,, in the
bracket represent 0'® ion implantation and Fe' ion implantation at 2R, of 0'® with ion

fluence of 1x10'® ions/cm?.

After ion channeling measurements, the Fe(100) crystal is implanted again with 1550 keV

Fe' ions with the ion fluence of 1x10'® ions/cm® and annealed at 400 °C with the aim of
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increasing the vacancy defect concentration further. Now the estimated total damage at O'®
depth is increased to 15 dpa. Here after, this sample is called as Fe2(018+2Fe@2Rp). The
0'® and 2F e@2R, in the bracket represent O'® ion implantation and Fe* ion implantation at

2R, of 0"8 with total ion fluence of 2x10'® ions/cm?.

4.2. Range of defects by RBS/channeling
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Figure 4.2  (a) RBS spectra of pristine Fe(100) and Fe2(018+1Fe@2RP) taken with 2
MeV He' ions along <100> axis and random direction. Simulated RBS spectra of ideal
Fe(100) along random and <100> axial direction is given for comparison. (b) Same graph
with small scale showing a step in the aligned spectrum of Fe2(O'9+1F. e@2R,).
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The RBS and channeling measurements are carried out with 2 MeV He" ions to study range
of defects formed in Fe2(O' 8+1Fe@2RP). Figure 4.2 (a) shows the RBS spectra after depth
conversion using FLUX7 program from pristine Fe(100) and Fe2(018+1Fe@2Rp) along
random and aligned directions. The random and channeling spectra for ideal Fe(100)
crystal, simulated using FLUX7, are also shown in Fig. 4.2. The value yuin = Yaiignea! Yrandom
taken at near surface region of RBS scan is the measure of crystalline quality. For an ideal
Fe crystal, it has to be 1.3% along <100> and 1.83% along <110>. Measured y,» 1s 6.4% at
50 nm depth in pristine crystal, which is retained after ion implantation and annealing also.
In contrast to pristine channeling spectrum, a clear dechanneling step could be seen after
250-350 nm depth in implanted Fe(100) (Fig. 4.2 (b)). The dechanneling is high around o'
peak concentration (range 275 nm, straggling 78 nm) profile and it implies that defect

density is high at the O'® depth profile.

4.3. Type of defects by energy dependent dechanneling measurements

To study the type of defects present at O'® implanted depth, energy dependent channeling
measurements are carried out in Fe2(018+2Fe@2Rp). The RBS measurements are done
using He'/He"™" ion beam with energy varying from 1100 keV to 3500 keV at <100> axis
and random directions. The RBS spectra are simulated at random and <100> axial
directions using FLUX?7 program for all incident energies (from 1100 keV to 3500 keV).
The random experimental data is fitted with simulation and experimental spectra of random
and <100> axial direction are converted to depth vs yield. The depth converted experimental
and simulated RBS spectra at <100> axis aligned and random direction of
Fe2(0"+2F e@2R,) crystal are shown in Fig. 4.3 for He'/He ™" ion energies from 2000 keV

to 3500 keV in steps of 300 keV. From the depth resolved experimental and simulated RBS

spectra, the variation of y,,, with depth for pristine ( y;- ) and ion implanted ( yp ) samples

are obtained.
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The type of defects at a particular depth can be determined by energy dependence of the

dechanneling parameter (DP) which is given by Eq. (2.10) in section 2.9 of chapter 2. The

calculated DP up to the probing depth of He/He™ ions with various incident energies are

shown in Fig. 4.4. With linear fitting of experimental DP data shown in Fig. 4.4, around O'®

ion implanted depth, the value of d(DP)/dz is obtained.

2000 1500
(a) 2000 keV He (b) 2300 keV He
1500/ * Chan-exp
—— Chan-sim 1000-
o Ran-exp
. e
S 10001 — chan-sim 3
> -
500+
5004
e}
0 , , — 08 , , —
0 3000 6000 9000 12000 0 4000 8000 12000 16000
Depth (A) Depth (A)
1000 1000
(c) 2600 keV He (d) 2900 keV He
-] 4 4
s 500 % 500
> >
08 : : : 0L , : ———
0 4000 8000 12000 16000 0 5000 10000 15000 20000
Depth (A) Depth (A)
750 600
(e) 3200 keV He (f) 3500 keV He
500 400+
R/ =
9 2
> >
250+ 200+
r's
2 8]
0% , : : —om 0 4 , , : —am,
0 5000 10000 15000 20000 0 5000 10000 15000 20000 25000
Depth (A) Depth (A)
Figure 4.3

Depth converted experimental and simulated RBS spectra at random and
<100> axial direction of Fe2(O'*+2Fe@2R,) crystal performed with (a) 2000 keV, (b)
2300 keV, (c) 2600 keV, (d) 2900 keV, (e) 3200 keV and (f) 3500 keV of He'/He"™" ions.
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Figure 4.4  The depth resolved DP in Fe2(018+2Fe@2Rp) measured with various

helium ion energies.

The He' ion energy dependence of DP, along <100> axis of Fe2(018+2Fe@2Rp), around
the depth of 270-280 nm, is measured and presented in Fig. 4.5 (a). The linear fit of
experimental data points shows E°> dependence of DP which confirms the presence of
dislocations [52]. For the ion fluences and annealing temperatures used in this sample,
formation of dislocation loops is expected as reported in literature from TEM analysis
[28,29]. To verify the presence of dislocation loops, dechanneling parameter per unit length
in the depth range of 200-400 nm (O'® ion range is 275+78 nm) versus E” is plotted in
Fig. 4.5 (b). It shows linear dependence with £”’ up to maximum measured ion energy of
3500 keV indicating the presence of dislocation loops. For dislocation loops, the
dechanneling parameter per unit length increases linearly up to transition energy (E;) and

becomes constant at higher energies. From E;, mean dislocation loop radius (R) can be
determined using Kudo’s analysis [62] from the relation £ zaRz, where ais Thomas-

Fermi screening distance = 0.142 A. In the present sample E will be higher than 3500 keV.
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If one assumes the dislocation loops as /2 <111> loops, the obtained mean radius is greater
than 23 nm. If the dislocation loops are assumed as <100> loops the mean dislocation loop

radius will be greater than 45 nm.
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Figure 4.5  (a) Energy dependence of DP in FeZ(018+ZFe@2Rp) along normal axis
around the depth of 275 nm. (b) Energy dependence of dechanneling parameter per unit
length measured from 200 nm to 400 nm depth.

The defect density of dislocation loops is calculated from the slope of linear fit shown in
Fig. 4.5 (b) using Eq. (2.13). The value of yis calculated by using Eq. (2.15), for 2 MeV
He" ions in bee Fe crystal. The w, value is 0.9° for <100> axis. The Burgers vector of

<100> loop is 2.87 A and Burgers vector for > <111> loop is 1.43 A in bce Fe. The
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calculated dechanneling factor op is 18 A for <100> dislocation loops and 13 A for Y
<111> dislocation loops which are calculated using Eq. (2.14). The observed defect density
is 6.9 x 10" dislocation loops/cm2 for the case of <100> loops and 9.8 x 10" dislocation

loops/cm” for the case of 12 <111> loops.

4.4. Lattice location of O'® in the presence of excess vacancy defects in

Fe(100)

The experimental tilt angular scans of Fe - RBS and O'® - NRA signal, taken around <100>
and <110> axes in F€2(018+1F€@2Rp) (self ion fluence of 1x10'® jons/cm?) with 850 keV
protons are presented in Fig. 4.6 (a) and 4.6 (b) respectively. Figure 4.6 (¢) and 4.6 (d) show
the tilt angular scans performed in F62(018+2Fe@2Rp) (total self ion fluence of 2x10'
ions/cm?). The shape of the tilt angular scans in Fig. 4.6 (c) and 4.6 (d) are different from
that of Fig. 4.6 (a) and 4.6 (b), indicating that oxygen position changes with increase in
concentration of vacancy defects. The experimental y,,;, obtained from the tilt angular scans
shown in Fig. 4.6 (a), 4.6 (b), 4.6 (c), and 4.6 (d) are 0.07, 0.1, 0.08, and 0.13 respectively.
The observed random dechanneling fraction of protons, for tilt angular scans given in
Fig. 4.6 (a), 4.6 (b), 4.6 (¢), and 4.6 (d) are 0.05, 0.1, 0.07, and 0.12 respectively, which are
calculated using Eq. (2.22). The experimental tilt angular width of the scans given in
Fig. 4.6 (a), 4.6 (b), 4.6 (c), 4.6 (d) are 0.78°, 0.6°, 0.78°, 0.57° respectively, which are

comparable with the simulated width of 0.8° for <100> and 0.67° for <110> axis.
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Lattice location of 018 in the presence of excess vacancy defects in Fe(100)
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Figure 46  Experimental and simulated Fe and O'" tilt angular scans

of

Fe2(0' 8+ZFe@2Rp) along (a) <100> (b) <110> axes. Experimental and simulated Fe and
0" tilt angular scans of F e2(0' 8+2Fe@2Rp) are given in (c) along <100>, (d) along <110>.

Figure 4.7

Lattice site locations of substitutional (), body centre (BC), octahedral (O)
interstitial, tetrahedral (7) interstitial, site 4 and site B in bee Fe lattice.
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Figure 48  FLUX7 simulated tilt angular scans of O'® signal along <100>, <110> axis
with 850 keV protons. In the simulated scans the lattice site of O' is shifted from
substitutional to nearest octahedral (S-</00>-0), substitutional to second nearest
octahedral (S-<110>-0) and substitutional to body centre (S-<111>BC).

To identify the O'® site, the tilt angular scans along <100> and <110> axes with O'® at
standard sites; substitutional (S), body centre (BC), octahedral (O) and tetrahedral (7)
interstitial sites (shown in Fig. 4.7) are simulated. The tilt angular scans of 0" signal along
<100> and <110> axes are also simulated by varying O'® position from S to nearest
octahedral site along <100> direction (S-</00>-0), S to second nearest octahedral site
along <110> direction (S-</70>-0) and S to BC along <111> direction (S-</1/>-BC) as
marked in Fig. 4.7. The simulated tilt scans with the above positions of O'® are presented in

Fig. 4.8. Each of tilt angular scans is different for different positions of O'®.

All the simulated scans are compared with experimental scans, however, the best fit shown

in Fig. 4.6 (a) and 4.6 (b) is obtained for the site 4 which is displaced 1.2 A from lattice site
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along <111> direction. During fitting process, random fraction from Fe matrix is accounted
as in Eq. (2.21). In addition, 30 % random fraction of O'® is added which gives strong
evidence of 70 % of O'® at site 4. The best fit in Fig. 4.6 (c) and 4.6 (d) is obtained with
70% of O'® at site B which is displaced 0.85 A from lattice site to 1 nearest neighbor
octahedral interstitial site along <100> or in other words 0.62 A from octahedral along
<100>. During fitting process, random fraction from Fe matrix is accounted as in Eq. (2.21)
with addition of 30% random fraction of O'®. The projection of O'* at site 4 and site B is
shown in Fig. 4.9. It is obvious that O'® is shifting to a different lattice site position with
increase in density of vacancy defects. These positions may have correlation with trapping
of oxygen with 2<I11> and <100> dislocation loops which are expected for the ion
fluences used here. It is to be noted that the positions of oxygen observed here are much
different from the tetrahedral interstitial sites observed in the previous chapter with

implantation of O'® alone, as the defect structures are different.

Figure 49  Projection of Fe (circle), O'® (rectangle) at site 4 and site B along <100> and
<110> axis in bce Fe.
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4.5. Positron annihilation spectroscopy to study vacancy defects
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Figure 4.10  (a) The experimental and VEPFIT simulated S parameter as a function of
positron energy, (b) Depth resolved S parameter and diffusion lengths, (c) S vs W plot for
reference Fe(100) and Fe2(O'*+2Fe@2R,).
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The SPDBS measurements are done in FeZ(018+2Fe@2Rp) sample. The S parameter as a
function of incident positron beam energy from SPDBS measurements performed in this
sample at room temperature together with the pristine reference sample is shown in
Fig. 4.10 (a). The S parameter is sensitive to type of open volume defects such as mono
vacancies and vacancy clusters and the diffusion length is sensitive to vacancy defect
density where lower defect density has higher diffusion length. The S parameter has
increased when compared to reference sample for all energies. For pristine reference
sample, S(E) curve is analyzed and fitted with single layer model by using VEPFIT code,
which shows S parameter of 0.487 and diffusion length of 130 nm. The S parameter and
effective fitted diffusion length of Fe2(018+2Fe@2Rp) is obtained through VEPFIT code
with two layer fitting, and is shown in Fig. 4.10 (b). The first layer is from surface to 100
nm and the second layer is from 100 nm to 710 nm where there is O'® concentration depth
profile. The S parameter of first layer is 0.526 which is slightly higher than that of second

layer value 0.523 and respective diffusion lengths are 61 nm and 95 nm.

The vacancy concentration is calculated by using Eq. (3.1) (Section 3.6 of chapter 3). The
calculated vacancy concentration of first and second layer is 2.74x10"™ cm™ and
6.74x10'7 cm™ respectively. The high vacancy density in first layer is attributed to the loss
and trapping of interstitials at surfaces. The S vs W plot shows single linear fit of
experimental data points of reference as well as ion implanted sample (shown in Fig. 4.10

(c)). This implies that one type of vacancy cluster is present in the sample.

4.6. DFT study of O interactions with vacancy defects in Fe

The experimentally observed O'® lattice sites in the present chapter do not match with DFT
calculations performed for O interactions with interstitial defects in chapter 3. As the
vacancies are intentionally introduced at o' depth in this experiment, studying the

interaction of O with vacancy defects by DFT is important to understand the present
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experimental results. The DFT calculations are performed with vacancy defects in a 128

atom Fe cell. The vacancy formation energy of Fe is calculated by the equation,
N-1
E, (V)= Ey_(defect) - Y E (perfect) 4.1

where E_j(defect)is energy of cell containing a dumbbell defect and E (perfect)is

energy of cell without any defects [13]. The calculated formation energy of vacancy defect
at constant volume condition is 2.17 eV which is comparable to the value of 2.15 eV

obtained by Derlet ef a/.,[91] and to value of 2.07 obtained by Fu et al., [21].

(a)

(c)

Figure 4.11 Defect structure of '2 <111> dislocation loop with 4 vacancies (a), 7
vacancies (b), and structure of <100> loops with 3 vacancies (c), 5 vacancies (d). The solid
circle represents Fe, open circle represents vacancy and various oxygen positions 1, 2, 3, 4
and 5 are represented as solid rectangle.

To identify defect structure of O-V clusters, O interaction with mono and di vacancy defect
is studied by using DFT calculations. Oxygen is found to bind at octahedral interstitial site

in defect free bce Fe lattice and also in the presence of di-vacancy. In the presence of mono
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vacancy, O occupies first nearest neighbor octahedral positions with a displacement of
0.22 A. The binding energy of O with ¥ and V-O are 1.75 eV and 1.81 eV respectively. The
results of DFT calculations are in good agreement with the literature [51]. These
predications are not matching with the lattice position of oxygen in ion implanted Fe(100)
determined by channeling experiments. Since positron annihilation spectroscopy and ion
channeling experiments performed in ion implanted Fe(100) predict formation of vacancy
and dislocation loop defects respectively, the presence of vacancy dislocation loops would

be prominent at O'® depth.

These experimentally observed O'® lattice location is not matching with O-SIA clusters
studied in chapter 3 which also implies that the oxygen is not trapped by interstitial
dislocation loops. The vacancy dislocation loop structure can be either 2<111> or <100>
type. The trapping sites of oxygen in oxygen-vacancy loop clusters are studied by DFT

calculations in order to correlate the experimentally observed lattice sites.

In construction of % <111> and <100> vacancy loops many structures could be formed
depending on number of vacancies. However, in this chapter, small vacancy loops
containing few vacancies are used, due to size restriction of simulation cell. DFT
calculations are performed with two 2 <111> vacancy loop structures (Fig. 4.11 (a) and
Fig. 4.11 (b)) containing 4 vacancies (V4-%2<I111>) and 7 vacancies (V-%2<I111>) and two
<100> vacancy loop structure (Fig. 4.11 (c) and Fig. 4.11 (d)) containing 3 vacancies (V-
<100>) and 5 vacancies (V5-<1/00>). In order to study oxygen trapping sites in these
defects, oxygen atoms are introduced at various octahedral sites 1, 2, 3, 4 and 5 as marked
in Fig. 4.11 and the corresponding binding energy and lattice location of oxygen in relaxed
minimum energy states are determined by constant volume (CV) and zero pressure (ZP)

methods.
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The DFT predicted binding energy of oxygen with vacancy dislocation loops are presented
in Table 4.1 along with oxygen lattice position in relaxed structures. In case of V,-%2<I111>,
attractive interaction of oxygen is observed with binding energy up to 2.13 eV for CV and
CP methods. Oxygen binds at octahedral interstitial site in Vy-/2<I/11>-O(1) configuration
(the number within bracket is the oxygen site position marked in Fig .4.11), while in
Vi-<111>-0(2) and V,-4<111>-0(3) defect configurations, displacement of up to 0.3 A
is observed from octahedral towards <100> directions. The CV calculations on defect
structures containing similar oxygen sites in V7-/%2<I11> have been performed. Oxygen is
found at off-centered site, with displacement of 0.58 A, 0.45 A, 0.45 A along <111> from
substitutional site (S) for V,-%<I11>-O(1), V-%<I11>-0(3), V%<I11>-0O(4)
respectively. In V7-%<I11>-0O(2) defect structure, oxygen is found near octahedral
displaced 0.29 A along <100> from octahedral site. The binding energy of oxygen with
2 <111> vacancy loop structure is found to increase with increasing number of vacancies.
Out of the considered configurations in DFT calculations, interaction of oxygen in
V-%<111>-O(4) configuration gives the displacement of 1.16 A for oxygen from
substitutional site along <111> direction comparable to experimental observation of the
displacement of 1.2 A for oxygen from substitutional site along <111> direction (site 4) in

Fe(100).

In Fe2(018+2Fe@2Rp) crystal, channeling measurements show a displacement of 0.62 A
for O' from octahedral to substitutional site along <100>. Interaction of oxygen with
<100> wvacancy dislocation loop is considered. In case of O interaction in the defect
configuration V3-<100>-O(2), highest positive binding energy of 2.1 eV is observed and
oxygen is found at octahedral interstitial site. Oxygen is found to relax near octahedral for
the defect configuration V3-<I00>-O(4). For other defects configurations of V;-</00>-O
with oxygen at 1 and 3 positions, it is found to relax near octahedral site with maximum

displacement of 0.3 A along <100>. For the defect configurations of V5-</00>-O with
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oxygen at 1, 2 and 4 positions, oxygen is relaxed up to a maximum of 0.3 A along <100>
direction. Oxygen is displaced by 0.9 A along <111> from S for the defect configuration
Vs-<100>-0(5). In case of V5-<100>-O(3) defect structure, oxygen is found to be relaxed
0.46 A towards the vacancy cluster along <100> in both CV and CP calculations. Among all
the above studied defect configurations, Vs-<100>-O(3) gives the displacement of 0.46 A

towards the vacancy cluster along <100>, which is closer to the experimental observation of

0.62 A displacement from octahedral along <100> (site B) in F\ e2(0' 8+2Fe@2Rp).

Table 4.1

structures. The lattice location of oxygen in relaxed structures is presented with

displacement from octahedral (O) or substitutional (S) site

DFT calculated binding energy of oxygen with vacancy dislocation loop

Defect structure

Binding

energy in eV

O lattice site

cv zp cv zp
Vi e<d11>-0(1) 1.8 1.68 o o
Vi-%<111>-0(2) 2.0 1.87 0.24A displaced along <100> from O 0.23A displaced along <100> from O
Vi-%<111>-0(3) 2.13 2.01 0.3A displaced along <100> from O 0.31A displaced along <100> from O
Vi-e<l11>-0(4) 1.9 1.82 1.16A displaced along <111> from S 1.04A displaced along <111> from S
Vr-1a<111>-0(1) 2.5 - 0.58A displaced along <111> from S -
Vr-1a<111>-0(2) 1.92 - 0.29A displaced along <100> from O -
V-Y%<111>-0(3) 2.5 - 0.45A displaced along <111> from S -
V-Y<111>-0(4) 2.51 - 0.45A displaced along <111> from S -
V3-<100>-0(1) 1.87 1.86 0.23A displaced along <100> from O 0.25A displaced along <100> from O
V3-<100>-0(2) 2.11 2.1 o o
V5-<100>-0(3) 1.78 | 1.76 0.3A displaced along <100> from O 0.3A displaced along <100> from O
V3-<100>-0(4) 1.97 1.92 0.25A displaced along <100> from O 0.26A displaced along <100> from O
V5-<100>-0O(1) 1.2 1.09 0.2A displaced along <100> from O 0.22A displaced along <100> from O
V5-<100>-0(2) 23 2.23 0.1A displaced along <100> from O 0.11A displaced along <100> from O
V5-<100>-0(3) 2.14 1.96 0.46A displaced along <100> from O 0.46A displaced along <100> from O
V5-<100>-0O(4) 2.07 1.97 0.3A displaced along <100> from O 0.31A displaced along <100> from O
V5-<100>-0(5) 2.07 2.0 0.9A displaced along <111> from S 0.9A displaced along <111> from S

The 0.9 A displacement of oxygen along <111> from substitutional site, observed for the

defect configuration Vs-</00>-0O(3), is also closer to experimental observation of site 4

97




Conclusion Chapter 4

(displacement of 1.2 A for oxygen from substitutional site along <111> direction) in
Fe2(018+1Fe@2Rp). The experimentally observed site 4 is found to be stable for
interaction of oxygen with both 2 <I11> and <100> vacancy loop structures. From
experimental results and DFT predictions, the observed displacement of oxygen is attributed

to trapping of oxygen at vacancy dislocation loops.

4.77. Conclusion

Positron experiments confirm the presence of vacancy defects and energy dependent
dechanneling measurements show the presence of dislocation loops in ion implanted
Fe(100). When excess vacancies are introduced, experimentally, O' is found at site 4,
which is displaced 1.2 A long <111> from lattice site/vacancy center and upon increasing
vacancy defect concentration it is shifting to site B, which is 0.62 A away along <100> from
octahedral. From Table 4.1, it can be seen that for the interaction of oxygen with 2<111>
vacancy dislocation loop, oxygen is displaced prominently along <111> and for the
interaction of oxygen with <100> vacancy dislocation loop, oxygen is displaced
prominently along <100>. Oxygen displacement along <100> is observed with increasing
vacancies. It is likely that with additional introduction of vacancy defects, there is increase
in concentration of 2<111> vacancy dislocation loops which interact among themselves
and transform to <100> vacancy dislocation loops during annealing. The displacements
predicted by DFT calculations for the interaction of oxygen with 2<111> and <100>
vacancy dislocation loops are consistent with the experimentally observed displacements of
oxygen. These results provide strong evidence of attractive interaction of oxygen with
vacancy dislocation loops and defect trapping of oxygen at dislocation loops in bcc Fe
under radiation damage. Furthermore the oxygen-vacancy dislocation defect structure is
found to be stable after ion implantation and annealing at 400 °C in the radiation induced

microstructure.
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Chapter 5
Interaction of oxygen and chromium with interstitial defects in

bee Fe

The FeCr alloy with 5-15 atomic % of Cr is used as a base material for structural materials
including ODS steel which show low void swelling under neutron damage [92]. It is
important to understand Cr interactions with defects in FeCr alloy. There are many
experimental and theoretical studies in FeCr alloy [93]. The Cr interaction strongly depends
on Cr percentage and density of defects. Another important problem of FeCr alloy is that
the Cr segregates to grain boundaries and defects under radiation damage which affects
material properties [93]. The Cr segregation to small interstitial clusters and vacancy
clusters has been studied by DFT calculations. The Cr segregated dislocation loops are
reported by experimental methods [94] and are also predicted by theoretical calculations
[95] in FeCr alloy. But presence of C, H, N, O impurities affects the defect evolution in
FeCr alloy [96]. To understand the interstitial solute interaction with dislocation loops in
iron, the O'® and self ion implanted Fe crystals are studied in chapter 3 and in chapter 4.
This chapter aims to better understand the interaction of Cr, a substitutional solute, with
defects in iron. It is important to study competing interactions of interstitial solute O and
substitutional solute Cr with vacancy and interstitial defects which may shed some light on
radiation resistant mechanism of these alloys. The lattice location of O'® and Cr in ion
implanted and annealed Fe is studied by ion channeling analysis and the corresponding
defect structure is studied by using DFT to understand oxygen and chromium interactions

with interstitial dislocation loops.
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5.1. Introduction of O'® and Cr by ion implantation at same depth

A high purity bec Fe(100) crystal is implanted with 700 keV Cr" ions with the ion fluence
of 1x10' jons/cm’ at random directions in room temperature. The sample is annealed
in-situ in vacuum of 2x107 mbar at 400 °C for 30 minutes. The lattice location of Cr is
measured. Here after, this sample is called as Fe3(Cr). In addition to Cr, 300 keV 0" jons
with ion fluence of 1x10'° jons/cm” is implanted in same crystal at random direction and
annealed in-situ in vacuum of 2x10” mbar at 400 °C for 30 minutes. This sample is called
Fe3(0' 8+Cr@Rp). The lattice location of O'® and Cr are measured to study the effect of Cr"
ion implantation on O'® lattice location. The ion and vacancy range profiles of 700 keV Cr"
ions and 300 keV O'® ions in Fe are simulated by SRIM calculations and are shown in
Fig. 5.1. The Cr' and 0'® jon energies are chosen such that both ion profiles are overlapping
to interact with each other. The concentration of Cr at peak position is 0.6% and estimated
damage is 5.8 dpa at peak position. The concentration of 0" is 0.4% at peak position and

the estimated damage level is increased to 15 dpa at O'® depth.
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Figure 5.1  The calculated SRIM ion range and vacancy concentration profiles of
700 keV Cr' ions and 300 keV O'" ions in Fe.
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5.2. Depth of defects by RBS/channeling
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Figure 5.2  Depth converted experimental RBS spectra of pristine and Fe3 ©' 8+Cr@Rp)
samples taken by 2 MeV He' ions along <100> axis. The simulated RBS spectra of <100>
axial and random directions of ideal Fe is given for comparison.

The depth converted RBS spectra recorded along random and <100> axial direction of
pristine and Fe3(O' 8+Cr@Rp) crystal is shown in Fig. 5.2. Only Fe signal is visible in RBS
spectra. The Cr and O'® signals are taken using PIXE and NRA respectively, which will be
discussed later. The RBS spectra of ideal Fe (simulated using FLUX7) along <100> axis
and random directions are also shown in Fig. 5.2 for comparison. The value
Xmin = Yalignea /' Yrandom measured at 50 nm depth is 5% in pristine crystal which indicates that
crystal quality is good. After ion implantation and annealing, the same value is retained. In
contrast to pristine channeling spectrum, a clear dechanneling can be seen from 200 nm in

implanted Fe(100) due to defects which gives strong evidence of defects at Cr and O'* ion

implanted depth.
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Chapter 5

5.3.
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Experimental and simulated RBS spectra at <100> axial direction and

random direction of Fe3 (018+Cr@RP) crystal recorded with He'/He ™ ions with the energy

ranging from (a) 1100 keV to (h) 3200 keV.
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Energy dependent channeling measurements are carried out to study the type of defects
present at O'® implanted depth. The RBS measurements are done using He'/He"™" ion beam
with energy varying from 1400 keV to 3800 keV at <100> axis and random directions of

Fe3(0"*+Cr@R,).

The RBS spectra are simulated at random and <100> axial directions using FLUX?7
program for all incident energies. The random experimental data is fitted with simulation
and experimental spectra of random and <100> axial direction are converted to depth vs
yield. The depth converted experimental and simulated RBS spectra at <100> axis aligned
and random direction of Fe3(O' 8+Cr@Rp) sample are shown in Fig. 5.3, for He'/He"" ion

energies from 1400 keV to 3500 keV in steps of 300 keV. From the depth resolved

experimental and simulated RBS spectra, the variation of y,,;, with depth for pristine ( g )

and ion implanted ( ¥, ) samples are obtained.

= 1400 keV - 2900 keV
. 1700 keV - 3200 keV
. 2000 keV - 3500 keV
. 2300 keV - 3800 keV
+ 2600 keV ..

DP

0.0-L5

0 2000 4000 6000 8000 10000
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Figure 5.4  The depth resolved DP with different He'/He'" ion energies from 1400 keV
to 3800 keV in Fe3(O' 8+Cr@Rp) along normal axis.
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The type of defects at a particular depth can be determined by energy dependence of the
dechanneling parameter (DP) which is given by Eq. (2.10) in section 2.9 of chapter 2. The
calculated DP up to the probing depth of He'/He™ ions with various incident energies are
shown in Fig. 5.4. The clear increase of dechanneling from 100 nm to 300 nm is evident for

all He'/He"" ion energies.

Energy dependence of dechanneling parameter (DP), along <100> axis of Fe3(O' 8+Cr@Rp)
around the depth of 270-280 nm is presented in Fig. 5.5 (a). With linear fitting of
experimental DP data shown in Fig. 5.4, around O' ion implanted depth, the value of
d(DP)/dz is obtained. The dechanneling parameter per unit length in the depth range of
200-300 nm (O18 ion range is 275+£78 nm) versus E™ s plotted and is shown in Fig. 5.5 (b).
From the linear fit of experimental data points within error bar, E> dependence of d(DP)/dz
is confirmed which also confirms the presence of dislocation loops. The dechanneling
parameter per unit length also shows linear dependence with £ up to maximum measured
ion energy of 3800 keV indicating the presence of dislocation loops. The dechanneling
parameter per unit length increases linearly up to 3800 keV. Within the experimental error,

there appears to be a transition closer to 3800 keV (E;). The dislocation loop radius (R)

could be determined using Kudo’s [62] analysis from the relation £, = aR? . If one assumes
the dislocation loops as %2 <111> loops, the obtained mean radius is greater than 23 nm. If
the dislocation loops are <100> loops, the mean dislocation loop radius is 46 nm. The defect
density is found to be 4.6 x 10'° dislocation loops/cm® for the case of <100> loops and
6.5 x 10" dislocation loops/cm” for the case of % <111> loops, which are calculated by

using Eq. (2.13). These results are similar to 0" and Fe' ion implanted Fe(110) (section

3.3).
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Figure 5.5  (a) Energy dependence of dechanneling parameter (DP) in Fe3( 0"+ Cr@R,)
along normal axis around the depth of 270-280 nm. (b) Energy dependence of dechanneling
parameter per unit length measured from 200 nm to 300 nm depth.

5.4. Lattice location of Cr in ion implanted Fe(100)

The PIXE spectrum taken by 890 keV proton beam in Cr' ion implanted Fe(100) is shown
in Fig. 5.6. The Cr signal is clearly seen from Cr-K,, and Cr-Kg peak along with Fe-K, and
Fe-Kg peaks. Both Fe and Cr yield is considerably reduced in the <100> axial direction
compared to random direction. It is good to mention that the Cr signal is from surface and

Fe signal is from whole range of 890 keV (6 um) protons.
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Figure 5.6  PIXE spectra of Fe3(Cr) (Cr' ion implanted bcec Fe(100)) at random and
<100> axial directions.

The PIXE spectra are recorded around <100> axis and {110} plane of Cr' ion implanted
Fe(100). The tilt angular scan is plotted by counting cumulative yields of Cr and Fe signals
in PIXE spectra taken with small tilt angles. The measured tilt angular scan around <100>
axis and {110} plane is shown in Fig. 5.7 (a) and 5.7 (b) respectively. The width of tilt
angular scan measured along <100> axis is 0.7° and its y, is 36% for Fe. Higher value of
Jmin N PIXE tilt angular scan is due to the signal coming from the whole probing depth of
the proton beam. The width is measured to be 0.42° and yi, is 70% for {110} planar scan

of Fe.

For quantitative measurements, the PIXE tilt angular scans of Fe and Cr signals are
simulated using FLUX7. During the simulation, the proton induced experimental cross
sections for K-shell X-Ray production from reference [97] is included for both Fe and Cr
signals. The experiment Fe yield is from whole proton range (6 pm) and Fe tilt angular
scans are simulated for 6 um depth of bee Fe. For Cr tilt angular scans, SRIM concentration

profile with range 280£80 nm is used. The Debye temperature of 470 K is used for Fe and
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Cr which corresponds to a thermal vibration amplitude of 0.08 A and 0.09 A respectively.
The simulated Fe and Cr tilt angular scans along <100> and {110} are shown in Fig. 5.7 (a)
and 5.7 (b) respectively. The width of Fe tilt angular scan is 0.68° and 0.3° for <100> and
{110} which are well matching with experiment. However width of simulated tilt angular

scan is 0.8° long <100> for substitutional Cr which is higher than experimental value 0.68°.
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Figure 5.7  Tilt angular scans of Fe and Cr signals measured (a) along <100> axis, (b)
along {110} plan of Fe3(Cr) and (c) along <100> axis, (b) along {110} plan of

Fe3(018+Cr@Rp). Tilt angular scans of Fe and Cr is measured from PIXE experiments
performed by 890 keV protons.

The width of experimental Cr tilt angular scan is matching with simulation for Cr displaced
0.15 A along <100> from substitutional site. The {110} tilt angular scan of Cr at
substitution and displaced site is similar. Substitutional site of Cr with small displacement is

predicted by PIXE/channeling experiment and simulations. The experimental and simulated
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tilt angular scan of Fe3(018+Cr@Rp) are given in Fig. 5.7 (c¢) and 5.7 (d) for <100> and
{110} respectively. Experimental tilt angular scans given in Fig. 5.7 (c¢) and 5.7 (d) are
similar to 5.7 (a) and 5.7 (b), which implies that the lattice location of Cr is not altered by

O'® jon implantation and annealing.

5.5. Lattice location of O'® in Cr" and O'® ion implanted Fe(100)
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Figure 5.8  Tilt angular scans of Fe and O signals of Fe3(O' 8+Cr@Rp) along <100>
and <110> axis. Tilt angular scans of Fe is measured from RBS and O'® is from NRA
experiments performed by 850 keV protons. The projections of O'® at tetrahedral position
in bee Fe lattice are shown in insets.

Tilt angular scans of O'® from NRA and Fe from RBS are measured around <100> and
<110> axis to measure the lattice location of O'®. The experimental and simulated tilt
angular scans of Fe and O'® signals from Fe3(O’ 8+Cr@Rp) measured by 850 keV protons

are shown in Fig. 5.8. The measured y,;, of Fe signal is 30%, 28% along <100>, <110> axis
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respectively. The width of Fe tilt angular scans is 0.78° for <100> axis which is closer to
simulated value of 0.82°. There are difficulties in locating the <110> off normal axis due to
the presence of planar channels around this angle. So, the experimentally observed width of
<110> axis is 0.55° which is small compared to simulated value of 0.67°. To match with
experiment, the simulation is performed with a nearby plane in <110> axis for Fe as well as
0" tilt angular scans. Now the simulated width of Fe tilt angular scan is 0.58° which is

closer to experimental value of 0.55°. The random fraction f; (Eq. (2.22)) that accounts

the dechanneling from defects in the matrix is 0.28, 0.25 for <100>, <110> axis
respectively. From the fit by Eq. (2.21), 100% of the implanted O'® is found at tetrahedral

interstitial position as shown in Fig. 5.8.
5.6. Positron annihilation spectroscopy studies of vacancy defects

The SPDBS measurements are done in Fe3 (018+Cr@Rp). The S parameter as a function of
incident positron beam energy of the pristine reference sample and Fe3 (0] 8+Cr@Rp)
sample are shown in Fig. 5.9 (a). For pristine reference sample, S(E) curve is analyzed and
fitted with single layer model by using VEPFIT code, which shows S parameter of 0.513
and diffusion length of 152 nm. The ion implanted sample shows good fit of depth resolved
S parameter and effective diffusion length for two layer fitting, and is shown in Fig. 5.9 (b).
The spectrum is fitted by assuming two layers, where first layer is from surface to 100 nm
depth and second layer is from 60 nm to 710 nm. The S parameter for first layer is 0.564
which is slightly higher than the second layer value 0.534 and the diffusion lengths in first

and second layers are 14 nm and 61 nm respectively.
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Figure 5.9  (a) The experimental and VEPFIT simulated S parameter as a function of
positron energy, (b) Depth resolved S parameter and diffusion lengths and (c) S-W plot for
reference Fe(100) and ion implanted Fe(100) (Fe3(O' 8+Cr@Rp)).
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The vacancy concentration in the assumed layer is calculated using Eq. (3.1). The calculated
vacancy concentration of first and second layer is 7x10" cm® and 1.2x10"™ cm?
respectively. The presence of vacancy defects at O' implanted depth is confirmed by
SPDBS measurements. The S-W plot of reference as well as Fe3(018+Cr@Rp) is shown in
Fig. 5.9 (c). The reference plot show linear fit and Fe3(O' 8+Cr@Rp) also show linear fit of
data points. However, at higher depths, the S-W plot deviates from linear fit which imply
that the vacancy defects formed near surface is different from defects formed at higher

depth in Fe3(0'*+Cr@R,), which is very different from S-7 plot of ion implanted Fe(110)

used in chapter 3 and ion implanted Fe(100) used in chapter 4.

5.7. DFT study of Cr and O interactions with interstitial defects in Fe

In order to find the defect structure, oxygen interactions with interstitial and vacancy defects
in bee Fe is studied in chapters 3 and 4. Here, O'® is found at tetrahedral interstitial site in
Fe3( o' 8+Cr@Rp) by ion channeling measurement. The tetrahedral interstitial site of 0" is
due to trapping at interstitial dislocation loop which is well understood from chapter 3. In
addition to this, the experimental results show 0.15 A displacement of Cr which is
implanted at same depth profile of O'® in same crystal. To understand this experimental
result, DFT calculations are performed in bec Fe. First the interactions and lattice location
of Cr in presence of mono (/;) and di-interstitial (/;) defects are studied to compare with
experimental values. The studied defects are shown in Fig. 5.10. The computed formation
energies of most stable mono interstitial (<110> dumbbell), di-interstitial with parallel
dumbbell configuration and di-interstitial with planar configuration are 4.08 eV, 7.52 eV
and 7.37 eV respectively which are compared with literature values and given in Table 5.1.
For di-interstitial defect, the computational results show lower formation energy for planar
structure compared parallel dumbbell structure in agreement to literature. In order to
compare with experiment the binding energy and lattice location of Cr is studied with mono

and di-interstitial defects.
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Table 5.1 Formation energy of self interstitial clusters in bee Fe.
Formation energy (eV)
Defect type Defect structure Present
Others
study
Mono interstitial <110> dumbbell 4.08 4.02 [Ref. 87]
Two parallel <110> dumbbells 7.52 7.55 [Ref. 23], 7.15 [Ref. 22]
Di-interstitial
Triangular ring around <111> plane 7.37 7.45 [Ref. 23], 7.04 [Ref. 22]
4 -~
6 2

(a)

(0

Figure 5.10 Schematic diagram shows (a) mono interstitial defect with <110> dumbbell
configuration and di-interstitial with (b) parallel dumbbell configuration, (c) planar
configuration. The studied Cr positions are marked as 1, 2,..etc.

The interactions of Cr with defect sites of <110> dumbbell (labeled as 1, 2, 3 in
Fig. 5.10 (a)) is studied. The calculated binding energy of Cr and its lattice location at
various defect configurations are given in Table 5.2. For <110> dumbbell, Cr strongly binds
in 1;-<110>-Cr(1) configuration and forms Cr mixed dumbbell structure. Binding energy of
Cr in mixed <110> dumbbell is calculated to be 0.078 eV which is comparable with
literature value of 0.08 eV reported by Klaver et al., [98]. The binding energy of Cr at site-2

is 0.053 eV while at site-3, it is repulsive with the binding energy of -0.058 eV. In the most
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sable <110> mixed dumbbell the lattice location of Cr is found to be displaced 0.7 A along
<110> from substitutional site which is much different than the experimental value. Hence

the experimentally observed Cr displacement from substitutional site in Fe3(Cr) is not from

Cr mixed <110> dumbbell.

The interactions of Cr at various sites of the di-interstitial defect with parallel dumbbell
configuration are studied by calculating the binding energy of Cr. The schematic diagram of
di-interstitial and Cr positions studied (labeled as 1, 2, 3, 4, 5, 6) in the parallel dumbbell
configuration as well as planar configuration are shown in Fig. 5.10 (b) and 5.10 (c¢)
respectively. For parallel dumbbell configuration, positive binding energy (0.04 eV) is
observed only in case of [,-<110>-Cr(1) cluster. The lattice location of Cr is found at 0.67

A displaced along <110> from substitutional site like mixed <110> dumbbell configuration.

Table 5.2 Chromium interactions with self interstitial defects.

Defect structure Binding Cr lattice location

energy of

Cr
1;-<110>-Cr(1) 0.078 eV | 0.7 A displaced along <110> from substitutional site
1,-<110>-Cr(2) 0.053 eV | 0.3 A displaced along <100> from substitutional site
1,-<110>-Cr(3) -0.058 ¢V | Substitutional site
1,-<110>-Cr(1) 0.04 eV 0.67 A displaced along <110> from substitutional site
1,-<110>-Cr(2) -0.007 eV | 0.4 A displaced along <110> from substitutional site
1,-<110>-Cr(3) -0.006 eV | 0.3 A displaced along <100> from substitutional site
1,-<110>-Cr(4) -0.059 eV | Substitutional site
1,-<110>-Cr(5) -0.007 eV | 0.4 A displaced along <110> from substitutional site
1,-<110>-Cr(6) -0.079 eV | Substitutional site
L-{111}-Cr(1) -0.075 eV | 1 A displaced along <111> from substitutional site
L-{111}-Cr(2) 0.108 eV | 0.78 A displaced along <111> from substitutional site
1-{111}-Cr(3) -0.075 eV | Substitutional site
1-{111}-Cr(4) -0.087 eV | 0.2 A displaced along <110> from substitutional site

For planar configuration of />, the binding energy of Cr placed at sites 1, 3, 4 is -0.078 eV, -

0.078 eV, -0.087 eV respectively. In contrast to Cr mixed <110> dumbbell configuration,
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where Cr binds with the interstitial site, Cr interaction is repulsive with interstitial sites of /1.
The positive average binding energy of Cr is found only in case of Cr placed at site-2. The
binding energy of Cr at site-2 is 0.108 eV which is 0.03 eV higher than the mixed dumbbell
configuration. The lattice site of Cr in the most stable Cr-planar di-interstitial is displaced
0.78 A along <111> from substitutional site. These values are also not matching with
experiment. Hence, the DFT results of Cr mixed small interstitial defects are not observed

in this crystal.

In addition to the studies of lattice site location of Cr in the defects, it is observed that the
magnetic interactions are playing important role (in addition to other effects) in the Cr
mixed interstitial cluster. For planar di-interstitial cluster, systematic change of magnetic
moments upon substituting Cr in defective region is observed. The magnetic moment of
atoms around a planar di-interstitial is shown in Fig. 5.11. The magnetic moments of
interstitial atoms (denoted as M in Fig. 5.11) are negative. Atoms at tensile (denoted as 7 in
Fig. 5.11) regions have magnetic moments of 2.53 z. The magnetic moment of Fe atoms at
compressive sites (denoted as C in Fig. 5.11) is reduced considerably compared to defect

free atoms (2.2 ).

1.76 0.85
0.85 o /)
D (T
..... 047 047 2.53

o
e
-----
ey

Figure 5.11 DFT predicted magnetic moment of Fe atoms around the di-interstitial
defect with planar configuration. Sites 7, M and C represent tensile, mixed and
compressive configurations respectively.
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1.81

L-Cry(IT), Ey=-0.075eV L-Cry(18), Ey=-0.087¢V L-Cry(1C-IM) , Ey=-0.19¢V

Figure 5.12 Schematics of defect structures containing Cr in /, clusters, (a) 1 Cr at M
(I>-Cri(IM)), (b) 2 Cr at M (I>-Cry(2M)), (c) 3 Cr at M (I>-Cr3(3M)), (d) 1Cr at C
(I>-Cri(1C)), (e) 2 Cr at C (I>-Cr»(2C)), (f) 3 Cr at C (I,-Cr3(3C)), (g) 1 Crat C and 1 Cr at
nearest M (I,-Cr(1C-IM)), (h) 1 Cr at T (I,-Cr;(17)), (i) 1 Cr at S (/>-Cr;(1S)). The open
circle represents Fe atom while solid circle denotes Cr atom. Individual magnetic moments
of Fe and Cr atoms are shown in units of up. The average binding energy of Cr is shown for
each structure.

The magnetic moments of Cr and Fe atoms around the Cr mixed planar di-interstitial defect
is shown in Fig. 5.12. For point defect clusters, one can calculate two types of binding
energies, one is incremental binding energy and another one is average binding energy

[38,99]. The incremental binding energy of p’h Cr with defect cluster containing (p-/) Cr in

self-interstitial cluster (/,) is defined by,
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Ej™ = E(Cr, I,)+ E(Cr)- E(Cr,1,)~E, (5.1)

where E(Cr,I,)and E(Cr,_;1,)is energy of cell containing p and (p-1) Cr with [,

respectively. E(Cr) is the energy of cell containing Cr in substitutional site and £, is the

energy of defect-free cell. The average binding energy of Cr in defect configurations

containing p’h Cr in self-interstitial cluster is given by,

Er = Y[E(,) - E(Cr 1) + E(Cr) - E, (5-2)
p

The total binding energy is a product of average binding energy and number of Cr atoms. In
this equation, positive binding energy represents the energy lowering attraction of Cr with
defect. The defect structures and DFT calculated average binding energies are shown in

Fig. 5.12.

Substitution of Cr atoms at interstitial sites (denoted as M in Fig. 5.11) result in increase of
system energy and repulsive interaction is observed. The repulsive interaction is increased
upon substitution of Cr up to 3 atoms at M site (Fig. 5.13 (a), 5.13 (b) and 5.13 (c)). In
contrast to substitution at site-M, substitution of Cr atoms at site C is found to be attractive.
The incremental binding energy of 1*' Cr substituted at site C is found to be 0.108 eV. The
increase of incremental binding energy is observed up to 0.2 eV for 1% to 3" Cr atom at site-
C which is seen in Fig. 5.13 (d), 5.13 (e) and 5.13 (f). At site C, Cr interacts
antiferromagnetically with substitutional Fe atoms and the magnetic moment of nearest
interstitial Fe atom is changing from -0.47 g5 to 0.13 . The magnetic moment of
interstitial Fe atom changes from negative to positive upon substituting 2™ and 3™ Cr atom
also at site C. These imply that there is a clear influence of magnetic interactions on binding
energy of Cr with interstitial defects, in addition to other effects like solute size factor,

electronic structure etc.

116



Chapter 5 DFT study of Cr and O interactions with interstitial defects in Fe
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Figure 5.13 Incremental binding energies of Cr atom at site C and site M in the
planar di-interstitial defect.

In chapter 3, O' is found at tetrahedral interstitial position (experimentally) in O' ion
implanted Fe and similar oxygen position is identified using DFT calculations for the
interaction of oxygen with interstitial dislocation loop structure. In this sample also the
interstitial dislocation loops could be dominant defect formed during Cr" and O'® ion
implantation at same depth and annealing. In this sample also O'® is found at tetrahedral
interstitial site, which implies that the 0" is segregated on interstitial dislocation loops. To
better understand Cr interactions with interstitial dislocation loops in iron, the interactions
of Cr atom with few atom dumbbell cluster in the form of 2 <I11> and <100> dislocation
loop structure is studied by using DFT calculations. The %2 <111> interstitial dislocation
loop structure is found to collapse during ionic relaxation at fixed volume. However, the
four atom <100> interstitial dislocation loop structure (shown in Fig. 5.14) is found to be
stable after ionic relaxation, which is used for further studies of Cr and O interactions with
<100> interstitial dislocation loop. The Cr atom is substituted in the defective region as

mentioned in Fig. 5.14 (numbers 1 to 7 indicate position of Cr) and total energy calculations
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are performed with fixed volume. The calculated binding energies and the lattice location of

Cr in each defect configurations are shown in Table 5.3.

Figure 5.14  Schematic of four atom <100> interstitial dislocation loop structure in bce
Fe. Solid circle and solid square represent Fe atom and oxygen atom respectively. The
studied Cr positions are marked from 1 to 7.

Table 5.3 DFT predicted binding energy of Cr and O with interstitial dislocation loops
and lattice location of Cr in the defect cluster.

Defect structure Binding energy | Cr lattice location

of Cr
1,-<100>-Cr(1) 04eV 1.2 A displaced along <100> from substitutional site
1,-<100>-Cr(2) 0.7eV 0.4 A displaced along <100> from substitutional site

1,-<100>-Cr(3) - -
1,-<100>-Cr(4) - -
1,-<100>-Cr(5) - -
1,-<100>-Cr(6) - -
1,-<100>-Cr(7) R -
1,-<100>-0-Cr(1) - -
1,-<100>-0-Cr(2) - -

All structures are found to collapse except 1,-<100>-Cr(1) and 1,-<100>-Cr(2) cluster. The
DFT calculations of 1,-~</00>-Cr(1) and 1,-~<100>-Cr(2) cluster in presence of an oxygen
atom is performed with atomic positions as illustrated in Fig. 5.14. These structures are
found to be unstable during ionic relaxation. The binding energy of Cr with 1,-</00>-Cr(1)

and 1,-<100>-Cr(2) is found to be 0.4 eV and 0.7 eV respectively. The displacement of Cr
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from substitutional site is 1.2 A, 0.4A for 1,-<100>-Cr(1), 1,-<100>-Cr(2) respectively.
The DFT predicted displacement of 0.4 A is comparable with experimentally observed
displacement of 0.15 A. This result shows that the Cr is trapped at interstitial dislocation

loops.

The DFT results show that the weak attractive interaction of oxygen (binding energy
0.24 eV) with interstitial dislocation loops and strong attractive interaction of Cr solute
(binding energy 0.7 eV) with interstitial dislocation loops and the O and Cr decorated
interstitial dislocation loops are stable in the microstructure of ion implanted and annealed
Fe crystal. The vacancy concentration at 0" depth in Fe3 ©' 8+Cr@Rp) is higher compared
to O'® and Fe ion implanted Fe(110) and Fe(100). However, the lattice location and DFT
studies show strong evidence of binding of O and Cr with interstitial dislocation loops. This
suggests that the Cr and O'® segregated interstitial loops could be formed during damage

cascade itself.

5.8. Conclusion

The Cr atoms are found to be displaced 0.15 A along <100> from substitutional site and O
atoms are found at tetrahedral interstitial site in presence of self interstitial defects in iron.
The interactions of Cr and O with interstitial dislocation loop structures are studied by DFT
calculations and the lattice site location of Cr and O is studied within the defect structure.
Good agreement with experiment is observed. Formation of Cr and O segregated interstitial
dislocation loops could be responsible for the displacement of Cr and O from their
equilibrium lattice sites. The positron annihilation spectroscopy studies show high
concentration of vacancies at O'® depth. However O'® is found to bind with interstitial

dislocation loops.
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Chapter 6
Interactions of oxygen and chromium with interstitial and

vacancy defects in FeCr alloy

It is well known that the void swelling is less in FeCr (typically 8-15 atomic percentage of
Cr) compared to Fe during radiation damage [92]. Understanding the role of Cr in FeCr
alloy under neutron/ion implantation is important to find a better strategy in structural
material designing. In this regard, there are many experimental and theoretical studies have
been reported in FeCr alloy in the recent years [100-118]. Comparison of radiation damage
in Fe and FeCr alloy is reported in literature by experiments [100] and computer simulations
[101]. The dislocation loop density and dislocation loop size in ion implanted Fe and FeCr
model alloys are examined by TEM analysis and the defect density is found to be high in
FeCr alloy due to pinning of defects by Cr atoms [100]. The resistivity recovery
experiments show multiple trapping of interstitial clusters by Cr solutes at the
concentrations of 5-15% [102]. Presence of C impurities is found to suppress the Cr
clustering with interstitial defects in FeCr alloy [46]. These experimental results show
strong proof of competing interactions of Cr with interstitial solutes. Hence, it influence the
defect kinetics, the radiation induced microstructure is modified. To understand the O and
Cr interactions with defects, in chapter 5, O and Cr ions are implanted in Fe(100). However
Cr concentration is very small. To better understand the competing interactions of Cr and O
with interstitial and vacancy defects in bee FeCr, in this chapter, the lattice location of O'®
in ion implanted and annealed Fe15%Cr alloy is studied by ion channeling analysis and the

corresponding defect structure is studied by using DFT calculations.

The reason for choosing this concentration of Cr is as follows. The solubility of Cr in FeCr

alloy is dependent on temperature, alloying technique and annealing time [119]. At 300°C,
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8% of Cr is soluble in Fe [120]. At high temperatures the whole range of chromium
concentration is soluble as seen in the FeCr phase diagram (Fig. 6.1) [121]. But Cr
concentration in the range of 8 to 12% and less than 20% are of interest in metallurgy as the
void swelling is less and we can use the y to a phase transitions for nucleating different

grain structures.
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Figure 6.1 Phase diagram of FeCr alloy from reference [121].

6.1. Introduction of O and defects by ion implantation in FeCr alloy

A high purity bee FeCr(100) crystal with 15 atomic % of Cr is implanted with 300 keV O'®
ions with the ion fluence of 5x10'° ions/cm” at random directions in room temperature.
Sample is annealed in-situ in vacuum of 2x10” mbar at 400 °C for 30 minutes. Here after
this sample is called as F eCr(0"). The projected range (R,) and straggling of 0'® is 280 nm
and 90 nm respectively obtained from SRIM calculations [54]. In Gaussian profile of O'%,
the concentration is around 0.2% at peak position. The lattice location of O'® is measured.
To introduce vacancy at o' depth, the sample is irradiated 1550 keV Fe' ions at room

temperature, with ion fluence of 110" jons/cm?, which is having twice the projected range
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of 0", The sample is subsequently annealed in-situ in vacuum of 2x10” mbar at 400 °C for
30 minutes. This sample is called as FeCr(O' 8+Fe@2Rp). The calculated (using SRIM) ion
and vacancy profiles of 1550 keV Fe" and 300 keV O'® ions are presented in Fig. 6.1. More
vacancies will be present at O'® depth (R,/2 of 1550 keV Fe" ions). The lattice location of
0'® is measured again. The calculated damage level during O'® implantation is 3.5 dpa

which is increased to 9.3 dpa after self ion implantation.

8.0x10* 6
A 1550 keV Fe
® 300kev O™
6.0x10° O Vac-300 keV 0"
® A Vac-1550 keV Fe | ,

Vacancies / A-Ion

Range (Atoms/cm*‘) / (Atoms/cmz)

T T T T 1
0 2000 4000 6000 8000 10000
Depth (A)

Figure 6.2  Calculated (using SRIM) ion range and vacancy concentration profiles of
300 keV O'® ions and 1550 keV Fe" ions in Fel5%Cr.

6.2. Range of defects by RBS/channeling
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Figure 6.3  Depth converted experimental RBS spectra of pristine and FeCr(O'®) crystal
taken by 2 MeV He' ions along <100> axis. The simulated RBS spectra of <100> axial and
random directions of ideal Fe15%Cr is given for comparison.
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The depth converted RBS spectra taken along random and <100> axial direction of pristine
and FeCr(0"®) sample by 2 MeV He' ions are shown in Fig. 6.2. The FLUX7 simulated
RBS spectra of pristine Fe along <100> axis and random directions are shown for
comparison. The value y,;, measured at 50 nm depth is 6 % in pristine crystal. A clear
dechanneling can be seen from 200 nm to 300 nm in FeCr(O'®) due to defects, which

suggest that more defects are produced and survived around O'® implanted depth.

6.3. Type of defects by energy dependant dechanneling measurements

Energy dependent channeling measurements are carried out to study the type of defects
present at O'® implanted depth. The RBS measurements are done using He"/He™ ion beam

with energy varying from 1100 keV to 3500 keV along <100> axis and random directions.

The RBS spectra are simulated at random and <100> axial directions using FLUX?7
program for all incident energies. The random experimental data is matched with simulation
and experimental spectra of random and <100> axial direction are converted to depth vs
yield. The depth converted experimental and simulated RBS spectra at <100> axis aligned
and random direction of FeCr(O'*+F e@2R,) crystal are shown in Fig. 6.3 for He'/He™" ion
energies from 1400 keV to 3500 keV in steps of 300 keV. From the depth converted

experimental and simulated RBS spectra, the variation of y,,;, with depth for pristine ( y; )

and ion implanted ( y, ) samples are obtained.
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Type of defects by energy dependant dechanneling measurements
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Figure 6.4 The

depth converted experimental and

simulated RBS spectra of
FeCr(0"*+Fe@2R,) with He'/He™ ion energy of (a) 1400 keV, (b) 1700 keV, (c)

2000 keV, (d) 2300 keV, (e) 2600 keV, (f) 2900 keV, (g) 3200 keV and (h) 3500 keV.
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Figure 6.5 The depth resolved DP measured in FeCr(O'*+F e@2R,) with various
He'/He"" ion energies from 1100 keV to 3500 keV in steps of 300 keV.

The type of defects at a particular depth can be determined by energy dependence of the
dechanneling parameter (DP) which is given by Eq. (2.10) in section 2.9 of chapter 2. The
calculated DP up to the probing depth of He'/He"™" ions with various incident energies are
shown in Fig. 6.4. From 200 nm to 800 nm, the dechanneling parameter has increased as
clearly evident from the spectra of FeCr(O'*+F e@2R,) (Fig. 6.4), due to 1550 keV Fe' ion
implantation. However, experimental DP data shown in Fig. 6.4 is fitted with linear

function to measure d(DP)/dz value around O'® jon implanted depth.
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Figure 6.6  (a) Energy dependence of dechanneling parameter (DP) from 270-280 nm
depth, (b) Energy dependence of DP per unit depth measured from 200-400 nm by
He'/He"" ions with 1100 keV-3500 keV energy in FeCr(O'*+Fe@2R,).

The He'/He"" ion energy dependence of dechanneling parameter (DP), along normal axis of
FeCr(OI S+F e@2R,) around the depth of 270-280 nm, is shown in Fig. 6.5 (a). The linear fit
of experimental data points shows E’> dependence of DP which confirms the presence of
dislocations. The dechanneling parameter per unit length in the depth range of 200-400 nm
(0" ion range; 275+78 nm) versus E* is plotted as in Fig. 6.5 (b) which shows linear
dependence up to maximum measured ion energy of 3500 keV indicating the presence of

dislocation loops. From Kudo’s [62] analysis, the obtained mean radius is greater than 23
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nm if one assumes "2 <111> loops and if one assumes the dislocation loops as <100> the
mean dislocation loop radius will be greater than 45 nm. The defect density of dislocation
loops is calculated from the slope of linear fitting shown in Fig. 6.5 (b) using Eq. (2.13).
The same value of y calculated by using Eq. (2.15), for 2 MeV He" ions in bec Fe crystal
is used in FeCr crystal also. The observed defect density is 3.8 x 10" dislocation loops/cm?

for the case of <100> loops and 5.3 x 10" dislocation loops/cm® for the case of Y4 <I111>

loops.

6.4. Lattice location of O'® ion implanted in FeCr(100) alloy

The experimental and simulated tilt angle dependence of host (Fe+Cr) and O signal in
FeCr(0") is given in Fig. 6.6 (a) and 6.6 (b) along <100> and <110> axes respectively.
For the simulation of host FeCr signal 15% of Cr atoms are added at substitutional position
of bce Fe lattice. The Debye temperature of Fe and Cr are taken as 470 K. The experimental
xmin of FeCr tilt angular scan performed along <100> axis is 8% and <110> axis is 38%.
Angular width of host experimental scans performed along <100>, <110> are 0.8°, 0.77°

which are comparable to the simulated values of 0.82°, 0.7° respectively.
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Lattice location of 018 ion implanted in FeCr(100) alloy
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Figure 6.7 Experimental and simulated tilt angular scans of Fe+Cr and O' signals in
FeCr(0") sample along (a) <100> and (b) <110> axis.

In all the experiments, O'® signal is not

following the host signal, indicating that its lattice

location is not substitutional site. The O'® signal is simulated for all standard sites of bcc

crystal and compared with experiment. The best fit is obtained for the case of off-centered

site X (shown in Fig. 6.7), which is displaced along <100> from octahedral as shown in
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Fig. 6.6 (a) along <100> and Fig. 6.6 (b) along <110> axis. The projection of the site X
along <100>, <110> is shown in Fig. 6.8, which are used to simulate the O'® impurity tilt
angular scans using FLUX7 program. Simulated scan site-X-d0.8 (displaced 0.8 A from
substitutional to nearest octahedral site in other words displaced 0.63 A along <100> from
octahedral interstitial site) is matching with experimental scan performed along <100> and
<110>. Simulated scans site-X-d0.7 and site-X-d0.9 is shown for comparison. Within our
experimental error bar, the displacement of the site could be 0.63 A along <100> from

octahedral interstitial site within an error of 0.1 A. The random fraction f5 (Eq. (2.22)) that

account the dechanneling from defects in the matrix is 0.06, 0.36 for <100>, <110> axes
respectively. In the fitting of simulated scans with experiment using Eq. (2.21), no
additional fraction of random yield is added in all the simulation of O' scans, these

indicates all O'® ions are at site-X-d0.8.

Figure 6.8

<100> <110>

Figure 6.9  Projection of site X in bcc system along <100> and <110> axis.
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Figure 6.10 Experimental and simulated tilt angular scans of Fe+Cr and O signals
along (a) <100>, (b) <110> axis of FeCr(O'*+Fe@2R,).

<110>

Figure 6.11 Projection of site Y in bcc system along <100> and <110> axis.
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The experimental and simulated tilt angular scans of host and O'® signal obtained in
FeCr(018+Fe@2Rp) are shown in Fig.6.9 (a) along <100> and Fig. 6.9 (b) along <110>.
Compared to earlier O'® signal, a clear difference in the O'® signal is observed while there is
no considerable change in the host signal in both <100> and <110> axes. From this, one can
infer that the lattice location of O'® is shifted due to the introduction of vacancy and
annealing. By considering the host signal, the y,;, of experimental scans along <100>,
<110> axes is 16%, 32% respectively. The width of the experimental scans 0.79°, 0.62° are
comparable with simulated values of 0.82°, 0.7° along <100>, <110> directions

respectively.

For the case of O'® signals, the experimental scans are matching with simulation of O'® at
site ¥ (shown in Fig. 6.7) as shown in Fig. 6.9 (a) and 6.9 (b) which is displaced along
<110> from octahedral site. The projection of site Y is shown in Fig. 6.10. Experimental
scans are fitted with simulated scans assuming different displacements and the best fit is
obtained for site-Y-d1.0 (displaced 1.0 A from substitutional to octahedral interstitial site in
other words 1.0 A from octahedral to substitutional site along <110>) along <100>, <110>
respectively. By fitting the experimental scans within error bar the lattice location of 0" is
at site-Y-d1.0 which is displaced 1.0+0.1 A along <110> from octahedral interstitial site.
The random fraction f» (Eq. (2.22)) that account the dechanneling from defects in the
matrix is 0.14, 0.3 for <100>, <110> axis respectively. During fitting by using Eq. (2.21),

no extra random yield is added for O'®.

6.5. Positron annihilation spectroscopy study of vacancy defects

The SPDBS measurements are done in reference and F eCr(018+F e@2R,). The S parameter
as a function of incident positron beam energy of the pristine reference sample and

FeCr(018+Fe@2Rp) sample are shown in Fig. 6.11 (a). For pristine reference sample, S(E)
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curve is analyzed and fitted with single layer model by using VEPFIT code, which shows
depth resolved S parameter of 0.507 and diffusion length of 92 nm. The
FeCr(018+Fe@2Rp) sample shows good fit of depth resolved S parameter and effective
diffusion length for two layer fitting, and is shown in Fig. 6.11 (b). The spectrum is fitted by
assuming two layers, where first layer is from surface to 66 nm depth and second layer is
from 66 nm to 710 nm. The S parameter for first layer is 0.529 which is slightly higher than
the second layer value 0.522 and the diffusion lengths in first and second layers are 45 nm
and 59 nm respectively. The vacancy concentration in the assumed layer is calculated using

Eq. (3.1) without accounting the Cr effect.

2,
Nv=ib ; -1 (cm_3)
L

rT +.t

where p is the atomic density (8.338x10* atoms/cm’ for pure Fel5%Cr), T, is the
annihilation life time of positron in bulk (110 ps for defect free Fe [84] which is adopted
here for FeCr also), y is the specific positron trapping rate of mono vacancy (1x10"° s™)
[85], and L+, and L., are the effective diffusion lengths in defect free bulk and defected
FeCr layer, respectively. The calculated vacancy concentration of first and second layer is
24x10"™ cm™ and 1.1x10'™ cm™ respectively. The effect of Cr is not accounted in
calculating vacancy concentration and these values may contain errors [122]. However, the
SPDBS measurements show presence of vacancy defects at O'® implanted depth. The S-W
plot of ion implanted FeCr(100) is shown in Fig. 11 (c). The data points show linear fitting
for reference as well as ion implanted sample which indicates same type of vacancy defects

are present in the sample.
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134



Chapter 6 DFT study of Cr interactions with vacancy defects in Fe

6.6. DFT study of Cr interactions with vacancy defects in Fe

From the experiment, O'® is found to trap at site X which is displaced along <100> from
octahedral interstitial site in ion implanted FeCr. Same site is experimentally observed for
O'® in Fe(100) in chapter 5 and same is found by DFT for the O interaction with <100>
vacancy dislocation loops. This show strong evidence of O'® trapping at vacancy dislocation
loops in ion implanted FeCr also. To understand the effect of Cr on O-dislocation loop
structure, interactions of Cr with interstitial dislocation loop structure was studied by DFT
and presented in chapter 5. In this chapter, interactions of Cr with vacancy clusters are
studied by using DFT calculations to understand the experimental results. The Cr
interactions with vacancy clusters in the form of /2 <111> and <100> dislocation loops are
studied. The considered vacancy clusters of <100> and 2 <111> loop structures are shown
in Fig. 6.12. The studied Cr positions are marked from 1 to 8. The total energy calculations
at constant volume (CV) are performed for all structures and the obtained binding energy
and lattice location of Cr is given in Table 6.1. The binding energy of Cr is less than 0.1 eV
in all the structures studied except Vs-</00>-Cr(3) configuration where binding energy of
0.15 eV is observed. The lattice location of Cr is found around substitutional sites with less
than 0.1 A displacement in all the structures except Vs-<I100>-Cr(3) where 0.56 A
displacement is observed along <100> from substitutional site. These lattice site locations
of Cr are not matching with previous experiment, where 0.15 A displacement is observed
for Cr" ion implanted in Fe(100) (section 5.4 of chapter 5). The binding energies of Cr with
vacancy dislocation loop structures studied here are lower than that of interstitial dislocation

loop structures (studied in chapter 5).
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Figure 6.13 (a) Schematic of a <100> vacancy dislocation loop structure containing five
vacancies. (b) Schematic of a /2 <I111> vacancy dislocation loop structure containing four
vacancies. Open circle, solid circle represent vacancy, Fe atom respectively. The studied Cr
atom positions are marked from 1 to 8.

Table 6.1 DFT predicted binding energy of Cr with vacancy defects.

Defect structure Binding energy of Cr Cr lattice location
Vs-<100>-Cr(1) -0.02 eV Substitutional site
Vs-<100>-Cr(2) 0.07 eV Substitutional site
Vs-<100>-Cr(3) 0.15eV 0.56 A displaced along <100> from
substitutional site
Vs-<100>-Cr(4) -0.02 eV Substitutional site
Vs-<100>-Cr(5) 0.03 eV Substitutional site
Vs-<100>-Cr(6) -0.02 eV Substitutional site
Vs-<100>-Cr(7) 0.07 eV Substitutional site
V5-<100>-Cr(8) 0.057 eV Substitutional site
V,-<111>-Cr(1) 0.02 eV Substitutional site
Vi<111>-Cr(2) 0.07 eV Substitutional site
Vy<111>-Cr(3) 0.03 eV Substitutional site
V,<111>-Cr(4) 0.034 eV Substitutional site
Vi-<111>-Cr(5) 0.07 eV Substitutional site
V,<111>-Cr(6) 0.034 eV Substitutional site
Vi-<111>-Cr(7) 0.006 eV Substitutional site

The experimentally observed O'® lattice location in FeCr is similar to O'® ion implanted
Fe(100) with excess vacancies (section 4.4 of chapter 4) which implies that O'® is trapped
at <100> vacancy dislocation loops. The effect of Cr on O-defect interaction could be
understood from the experimental and DFT studies. First, one can compare the 0'® lattice

location in bee Fe(110) and FeCr(100) crystal. The 0" is found at tetrahedral interstitial site
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in 0" ion implanted and annealed (400 °C) Fe(110). In contrast to this the O' is found
atsite X which is displaced along <100> from octahedral interstitial site in O'® ion implanted
and annealed (400 °C) Fel5%Cr(100) alloy. The DFT study shows that the tetrahedral site
of 0" is should be due to segregation at interstitial dislocation loops in Fe and site X should
be due to O'® trapping at vacancy dislocation loops in Fe. Also, DFT calculations predict
high binding energy of O with vacancy dislocation loop (~2 eV) and low binding energy
with interstitial dislocation loop (~0.2 eV). For Cr, the DFT calculations predict that Cr is
more attractive to interstitial dislocation loop (binding energy 0.7 eV) than vacancy
dislocation loops (binding energy ~0.15 eV). These results suggest that in presence of both
vacancy and interstitial dislocation loops in FeCr alloy, the Cr atoms segregate to interstitial
loops only and O atoms are trapped at vacancy loops only. In Fe crystal, oxygen is
segregating either to interstitial loop or trapped at vacancy loop depending on the
interstitial/vacancy dislocation loop density. The present experimental and DFT results
show strong evidence of Cr segregation on interstitial dislocation loops in FeCr alloy which
also restricts the O interactions with interstitial dislocation loops and favors the O

interactions with vacancy loop in FeCr alloy.

6.7. Conclusion

The lattice location of O'® jon implanted in Fel15%Cr alloy is found to be displaced 0.6 A
from octahedral interstitial site to substitutional site by ion channeling experiments which is
found to be trapped at vacancy dislocation loops. The Cr interactions with vacancy
dislocation loop structures are studied by using DFT calculations. The Cr is found to be
attractive towards vacancy clusters; however, the binding energy is lower than that of
interstitial dislocation loops. The positron annihilation spectroscopy shows the presence of
vacancy defects and the energy dependant dechanneling measurements show the presence
of dislocation loop defects. This suggests that both interstitial and vacancy dislocation loops

are coexisting in the FeCr alloy. However the O'® is trapped at vacancy defects in FeCr
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alloy which is in contrast to the O'® implanted in Fe where it segregates to interstitial
dislocation loops (both the experimental and annealing conditions are same). The Cr solute
strongly affects the O-defect structures. The Cr segregates to interstitial dislocation loops
and restricts the O interactions with interstitial dislocation loops as well as promotes the O

interactions with vacancy defects.
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Chapter 7

Summary and scope of the future work

7.1. Summary

The interactions of solute atoms with vacancy and interstitial clusters is an important factor
affecting the microstructural changes in the structural materials used in high radiation
environement. The FeCr alloys with 9-15 atomic percentage is reported to be suitable
matrix for nuclear sructural materials due to its high voids welling resistance. These are also
used as matrix for ODS alloys. However, the effect of Cr on the defect interactions is not
well understood. In order to understand the interactions of O and Cr with interstitial and
vacancy defects in Fe and FeCr model system, the Cr and 0" solutes along with defects are
introduced in Fe and FeCr single crystals by ion implantation technique. For introducing
excess interstitials, self ions are implanted at R, of 0'® jons. For introducing excess vacancy
defects, R,/2 effect is used by implanting self ions at twice the range of O'® jons. The range
and type of defects are characterized by RBS channeling experiments. The lattice location
of ion implanted O" is studied by O"*(p, )N’ NRA/channeling and Cr is studied by
PIXE/channeling techniques. The vacancy concentraion at O'® ion implanted depth was
studied by SPDBS technique. In order to find the O-defect and Cr-defect structures formed
in ion implanted crystls, the Cr and O interactions with small vacancy and interstitial
clusters as well as dislocation loop structures in bee Fe system are studied by using DFT
calculations. All the experimental and DFT resuls reported in this thesis are presented in
Table 7.1 and Table 7.2 for comparison. The energy dependent dechannenneling parameter
study confirms the presence of dislocation loops and SPDBS study confirms the presence of
vacancy defects. Both of these studies give proof for the presence of both interstitial and

vacancy dislocation loops in the samples as reported in reference [33].
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Table 7.1

Summary of experimental and DFT results is shown here. The dislocation

loop density given is for <100> loops. All samples are in-situ annealed at 400 °C for

30 mins.
Sample Sample Oxygen <100> Vacancy | Defect configuration
condition trapping Dislocati | concentr- | predicted by DFT
on loop ation to match
density experimental result
Fel(0O") 300 keV O™ Tetrahedral - - Displaced 0.37 A
(5 x 10" towards octahedral
ions/cm?) from tetrahedral for
O interaction with
interstitial dislocation
loop
Fel(O"+Fe@R,) 5x 10" Displaced 2.8x10'% | 2.15x10"7 | Displaced 0.37 A
ions/cm> tetrahedral cm’ cm” towards octahedral
(300 keV O'*) | (0.2 A towards from tetrahedral for
+ octahedral from O interaction with
1 x10' tetrahedral) interstitial dislocation
ions/cm? loop
(750 keV Fe)
Fe2(O"+1Fe@?2R,) 5% 10" Displaced 1.1 A - - Displaced 1.1 A
ions/cm’ along <111> along <111> from
(300 keV O'®) from substitutional site for
+ substitutional O interaction with %2
1x10' site <111> vacancy
ions/cm’ dislocation loop
(1550 keV Fe)
Fe2(O"+2Fe@2R,) 5% 107 Displaced 0.6 A | 6.9x10'%/ | 6.74x10" Displaced 0.46 A
ions/cm’ along <100> cm’ cm” along <100> from
(300 keV O'®) | from octahedral substitutional site for
+ O interaction with
2x 10" <100> vacancy
ions/cm’ dislocation loop
(1550 keV Fe)
Fe3(0"°+Cr@R,) 1 x 10" Tetrahedral 4.6x10"/ | 1.2x10" Displaced 0.37 A
jons/cm® cm? cm” towards octahedral
(300 keV 0'®) from tetrahedral for
+ O interaction with
1x10' interstitial dislocation
jons/cm® loop
(750 keV Cr)

FeCr(O™) 300 keV O™ | Displaced 0.6 A - - Displaced 0.46 A
(5% 10" along <100> along <100> from
ions/cm?) from octahedral substitutional site for

O interaction with
<100> vacancy
dislocation loop

FeCr(O"°+Fe@2R,) 5% 10" Displaced 1.0 A | 3.7x10'%/ | 1.1x10"™ -
jons/cm? along <110> cm’ cm”
(300 keV O'®) | from octahedral
+
1x10"
ions/cm’
(1550 keV Fe)
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In 0" and self ion implanted and annealed Fe(110), the O'® is observed around tetrahedral
interstitial site. The DFT predicts that this observed site of O' is due to trapping at
interstitial dislocation loops. This is the first report of observation of O'® at tetrahedral

interstitial site in bee Fe.

In another sample where excess vacancy defects are introduced intensionally at O'® depth
by self ion implantation, O'® is found to displaced along <111> direction from substitutional
site and it is found to be displaced along <100> from octahedral interstitial site upon
increasing concentration. The DFT calculations predict that the observed O'® sites are due to
trapping at vacancy dislocation loops. From this, it is concluded that the O is attractive

towards both interstitial and vacancy dislocation loops.

When Cr and O'® ions are implanted at same depth of Fe(100), O' is found around
tetrahedral interstitial site which implies that here also 0" is trapped at interstitial
dislocation loops. The Cr is found to be slighly displaced from substitutional site and DFT
predicts that Cr could strongly bind similar sites in presence of interstitial dislocation loops
and Cr binds weakly with vacancy dislocation loops. In this study Cr concentration is low

and it is found to be trapped at interstitial dislocation loop.

Table 7.2 The DFT predicted solute interaction strength with defects in Fe.

Solute Defect Binding energy (eV)
o Interstitial dislocation loop 0.24

o Vacancy dislocation loop 2.0

Cr Interstitial dislocation loop 0.7

Cr Vacancy dislocation loop <0.1
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In contrast to O'® jon implanted bee Fe, O' is found to be displaced along <100> from
octahedral interstitial site in Fel5%Cr(100) alloy which is due to trapping at vacancy
dislocation loops. For comparison, the DFT calculated binding energies of solutes with
defects are shown in Table 7.2. It is clearly seen the O binds strongly with vacancy
dislocation loops and moderately with interstitial dislocation loops. The Cr binds strongly
with interstitial dislocation loops and weekly with vacancy dislocation loops. In 0" ion
implanted Fel5%Cr alloy interstitial defect could be more dominant at O'® depth. However,
the observation shows that O'® is trapped at vacancy dislocation loop which is due to the
effect of Cr solute. The Cr could be segregated to interstitial dislocation loops due to its
strong interaction which blocks the O interactions with interstitial dislocation loops. The O
diffuses in the matrix and is trapped at vacancy defects. This thesis provides a strong
evidence of competing interactions between defects and solutes in Fe and FeCr and their

strong influence on the defect evolution under radiation damage.

7.2. Future directions

Oxygen and carbon are the important interstitial solutes in bee systems. Understanding the
C interactions with defect is also important which influences the microstructure as well as
properties of ferritic steels. The MD simulations already predicted that the C controls
radiation damage recovery in bcc based materials [39]. Experimental study of defect
structure in C* ion implanted and annealed bcc Fe can help to understand C influence on

defect evolution.

All DFT and MD computational tools predict <110> dumbbell defect is the most stable
mono interstitial structure and Cr mixed <110> dumbbell is predicted as most stable in iron-
chromium alloy [37]. All the radiation damage models rely on this <110> dumbbell model.
However no clear experimental evidence is shown to support this model. Experimental

studies of these interstitial defects are very difficult due to its high mobility and clustering
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tendency. Based on these, the following future directions of the defect studies are in

planning.

» Lattice location measurements of C in presence of excess self interstitial and
vacancy defects and DFT study of C interactions with interstitial and vacancy
dislocation loops and its lattice location in the stable defect configuration.

» Lattice location measurements of C in the presence of excess self interstitial and
vacancy defects in iron-chromium alloy.

» Finding the defect structure of <110> Cr mixed dumbbell in becc FeCr by ion

channeling experiments.

Staking fault tetrahedral (SFT) is a vacancy defect observed in fcc systems. The SFT is
observed during radiation damage of fcc systems like multi elemental high entropy alloy
(FeNiCrCu) which is one of proposed structural materials for nuclear reactors [123].
However solute-SFT interactions are not well understood yet. To understand that one can do

lattice location measurements of C and O in the presence of SFT in fce Ni and Cu system.
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