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Abstract

The nuclear reactors of the future require materials that are exceptionally
resistant to irradiation-induced degradation. This study presents a theoretical
framework, combining density functional theory and interatomic potential
methods, to predict microstructural evolution in Fe-based alloys and oxides
(Al,03) subjected to damaging irradiation. Our research employs a powerful
creation-relaxation algorithm to simulate defect formation and microstructure
development under intense irradiation.

We present the pioneering implementation of a first-principles quantum
mechanical approach for directly modelling the microstructural evolution of
magnetic materials and ceramics under irradiation. A crucial aspect of studies
involves investigating the influence of the spatial distribution of Frenkel-pairs
(FPs) on the microstructural evolution in Fe. Our findings reveal that spa-
tially localised FP distributions, replicating low-energy transfer irradiation
conditions, predict a significantly more moderate microstructure development
compared to uniform distributions. This highlights the importance of consid-
ering the FP distribution for an accurate prediction of the formation and
growth of the dislocation segments under low-energy irradiation conditions.

Furthermore, first-principles calculations suggest that irradiation-induced
excess energy can trigger polymorphism in bee Fe, leading to magnetic insta-
bilities, localised structural constriction, and ultimately local phase transfor-
mations. Consequently, under extreme conditions, a-Fe undergoes local trans-
formations into three-dimensional, non-parallel C15 Laves phase structures
with highly close-packed stacking and internal short-range ferromagnetism.
Notably, the inclusion of antiferromagnetic chromium in bec Fe significantly
enhances the stability of C15 interstitial clusters in concentrated FeCr alloys.

Beyond these structural insights, the investigation delves into the intricate
interplay between atomic constituents and their profound impact on the non-
linear magnetic properties of FeCr systems under irradiation. A striking cor-
relation emerges, revealing that the chromium content directly influences the
appearance of swelling, a key phenomenon following irradiation-induced dam-
age. Increasing the chromium content mitigates irradiation-induced swelling
by approximately 40%, compared to pure Fe, highlighting the profound effect
of alloying in Fe-based alloys.

In addition, our first-principles simulations of irradiation-induced damage
in bce FeCrAl and hep Al,Og predict that while there are relatively small dif-
ferences in total defect number densities among bec Fe and its alloys, there are
significant discrepancies in defect concentrations between these bce structures
and hexagonal Al,O3. Notably, the surviving FP content in alumina is seven
times higher than that recorded for FeCrAl alloys. Consequently, the differ-
ent build-up of surviving damage in Fe alloys and alumina leads to diverse
levels of swelling in the irradiated materials, with a remarkable three times
higher swelling observed in alumina upon reaching a saturation state after an
irradiation dose of approximately 1 displacement per atom (dpa). Further-
more, our observations of amorphous phase formation in damaged corundum
alumina, as predicted in this study, corroborate that there are significant
irradiation-induced effects in alumina.
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These findings not only deepen our fundamental understanding of the
responses of structural materials to irradiation, but also pave the way for
advanced materials engineering with potential applications in near-future nu-
clear reactor components.



Sammanfattning

Framtidens kérnreaktorer kridver material med enastaende motstands-
kraft mot stralningsinducerade skador. Denna studie presenterar ett teoretiskt
ramverk som kombinerar téthetsfunktionalteori och interatoméra potential-
metoder, for att forutsiga mikrostrukturell utveckling i Fe-baserade legeringar
utsatta for harda stralningsmiljGer.

Med fokus pa bcc Fe, FeCr, och FeCrAl-legeringar anviander var forskning
en sofistikerad algoritm som skapar och relaxerar defekter i gittret for att
simulera defektbildning och mikrostruktursutveckling under bestralning. Vi
presenterar hir den forsta studien som anvénder den hér algoritmen med
kvantmekaniska férstaprincipersberikningar som grund for att simulera stral-
skador direkt i magnetiska material.

En avgorande aspekt av studierna &r att understka inflytandet av hur
den rumsliga fordelningen av Frenkel-par (FP) paverkar den mikrostruktu-
rella utvecklingen i jirn. Vara resultat visar att lokaliserade FP-férdelningar,
som reproducerar stralningsforhallanden med lag energiéverforing, signifikant
mildrar mikrostruktur utvecklingen jamfort med jimnt fordelade FP. Detta
understryker vikten av att ta hansyn till FP-férdelning for korrekt forutsiagelse
av dislokation ssegmentbildning och tillvixt under lagenergistralning. Vida-
re visar forstaprincipberiikningar att stralningsinducerad éverskottenergi kan
utlésa polymorfism i bee Fe, vilket leder till magnetisk instabilitet, lokali-
serad strukturell begrénsning och slutligen lokal fasomvandling. Foljaktligen
genomgar a-Fe lokala omvandlingar till tredimensionella, icke-parallella C15
Laves fasstrukturer med tétt packade staplingar och intern lokal ferromagne-
tism under extrema férhallanden. Noterbart &r att inkluderingen av antiferro-
magnetiskt krom i bee Fe betydligt forbattrar stabiliteten hos interstitiella
kluster av C15-typ i koncentrerade FeCr-legeringar.

Utover dessa strukturella insikter fordjupar undersckningen det kompli-
cerade samspel mellan atoméra bestandsdelar och deras djupgaende paverkan
pa de icke-linjara magnetiska egenskaperna hos FeCr-system under bestralning.
En slaende korrelation framtrader, vilket avslojar att kromhalten direkt pa-
verkar uppkomsten av svillning, ett avgérande fenomen som kan induceras
av bestralning. Okande kromhalt mildrar stralningsinducerad svillning med
cirka 40%, vilket understryker den avgérande effekt som legering med krom
har.

Med hjilp av forsta-principersberdkningar har vi &ven simulerat stralskade-
beteende i bee FeCrAl och i Al,Os. Vi visar att det dr relativt sett sma skill-
nader mellan de olika legeringarnas gensvar, emedan oxiden utvecklas pa ett
betydande annorlunda sitt. Antalet 6verlevande FP &r sju ganger hogre i ox-
iden #n i metallerna, och den resulterande nivan av svillning dr tre ganger
hogre nir mikrostrukturell méttnad uppnas efter ca 1 dpa. Vidare ser vi att
aluminiumoxiden boérjar genomga en strukturell amorfisering, vilket pavisar
att stralskador har betydande inverkan pa oxiden.

Dessa fynd foérdjupar inte bara var grundliggande forstaelse av struktur-
materialens svar pa bestralning, utan banar ocksa vig for avancerad materi-
alteknik med potentiella tillaimpningar inom néra-framtida komponenter for
kérnreaktorer.
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Chapter 1

Introduction

1.1 General overview

With the expanding global population, the dependence on energy is on the rise,
fuelled by increasing demands due to the advent of new technologies and exten-
sive development, causing additional energy needs for improving quality of life.
Therefore, ensuring secure and stable long-term energy supplies which address di-
minishing fossil fuels and global climate change underscores the demand for more
diverse and reliable energy resources.

Despite significant growth in installed capacity, the intermittency of renewable
energy sources still makes them impractical for base-load power generation. Thus,
it would be prudent to also invest in new base load-capable nuclear energy systems
while extending the life of the current reactor fleet, which demonstrated remarkable
safety, accessibility, cost-efficiency, and environmental sustainability. Consequently,
ongoing efforts focus on the development of near-future fusion and Generation-IV
nuclear reactor technologies. For example, the International Forum on Genera-
tion-IV [1] aims to address technological challenges in various domains, including
sustainability, safety and reliability, proliferation resistance, and physical protection
under extended service or even accident conditions.

Undoubtedly, the selection of structural materials for developing Generation-IV
nuclear reactor technologies poses significant challenges. Enhanced economics and
reliability are prerequisites for each Generation-IV system, and an improvement in
structural material performance would facilitate higher operating temperatures and
pressures, longer lifetimes, and reduced downtime. As such, the greatest material
challenges include addressing issues related to irradiation resistance, enhancing the
high-temperature strength, and optimising mechanical properties for stable perfor-
mance.

The primary objective of this study is to improve the theoretical models available
using both first-principles approaches and semi-empirical interatomic potentials
for predicting and investigating irradiation-induced microstructural evolution in

9



10 CHAPTER 1. INTRODUCTION

various sets of model materials based on iron, chromium and aluminium. This
chapter provides a brief review of irradiation-induced damage in structural materials
and summarises the scopes of the thesis project.

1.2 Structural materials for near-future nuclear reactors

For the emerging concepts of Generation-IV and fusion nuclear reactor technolo-
gies, enormous efforts have been dedicated to develop new materials and evaluate
the performance of proposed structural materials intended to operate as core com-
ponents or close to the core. The fusion and Generation-IV reactors are designed
to operate under extreme conditions. In particular, most Generation-IV concepts
are engineered to operate under elevated temperatures, intense fast neutron fluxes,
and exposure to corrosive coolants such as liquid lead or molten salt [2]. Addi-
tionally, the Generation-IV program aims for prolonged plant lifetimes of up to
60 years, enhanced fuel burn-ups, and extended cycle lengths when compared to
current reactor designs [3].

Consequently, mechanical stability and irradiation resistance become critically
important factors for withstanding such challenging environments for longer time
spans. Among the different proposed options, high-chromium ferritic and ferritic-
martensitic steels, along with advanced steel grades, such as oxide dispersion-rein-
forced alloys, are currently considered prospective structural materials suitable for
use in reactor core components, specifically in applications such as fuel cladding and
wrapper materials [4H6]. This preference comes from their ability to satisfy strin-
gent high-dose requirements, mainly due to their exceptional resistance to void
swelling [7] and reduced thermal expansion compared to, for example, austenitic
steels [§].

Furthermore, to enhance the corrosion resistance of fuel cladding composed of
ferritic steel in corrosive heavy metal coolants, especially in liquid-lead fast reac-
tors, the incorporation of aluminium has proven to be effective [9,{10]. This additive
element forms a highly oxidation-resistant layer on the outer surface, creating a pro-
tective Al,O5 scale, either as self-healing alumina forming alloys or as coatings, at
elevated temperatures in steam or liquid-lead environment. Consequently, FeCrAl
ferritic alloys are being considered to replace Zircaloy due to their superior corro-
sion resistance at high temperatures, following the Fukushima nuclear power plant
accident [6,|11]. In practice, a specific FeCrAl alloy, i.e., Fe-10 at.% Cr-4 at.% Al,
is already being produced on a large-scale in Sweden and is currently undergoing
investigation to assess its mechanical properties, performance, and resistance to
corrosion and erosion in liquid lead [12H15].

Still, it remains crucial to continue both theoretical and experimental investi-
gations into irradiation-induced damage in Fe-based alloys. Therefore, numerous
studies have been conducted to show irradiation-induced formation of defect struc-
tures in Fe-based alloys. These structures encompass both point defects and clus-
ters of defects, which can be further aggregated into larger clusters. Specifically,
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vacancies agglomerate onto voids and vacancy-type dislocation loops, while intersti-
tials can combine to form C15 Laves phase structures [16}/17] and interstitial-type
dislocation loops [18H20]. The following section will present a brief review of ir-
radiation-induced degradation, addressing the topic broadly in terms of structural
materials and delving specifically into its implications for Fe-based alloys.

1.3 Radiation-induced damage in materials

Studies on irradiation-induced damage, at its core, investigate the interactions of
energetic particles such as neutrons, charged particles, or electromagnetic radia-
tion with atoms and ions within materials. This expansive field of research holds
paramount significance not only in the domain of nuclear reactor technology but
also within the broader scope of basic material science. It serves as a fundamen-
tal exploration, shedding light on the intricate physical properties influenced by
irradiation.

The primary radiation damage event begins when an energetic particle collides
with a solid material and transfers a portion of its kinetic energy to lattice atoms,
displacing them from their original positions. If the transferred energy exceeds the
displacement threshold energy [21], a stable pair of defects consisting of a vacancy
and a self-interstitial atom (STA), a so-called Frenkel pair (FP), is formed. En-
ergy transfers in the range of a few tens of electron volts are sufficient to induce
atomic displacements to generate FPs. In a typical nuclear reactor environment,
neutrons boast energies up to a few MeV, enabling their energy transfer to lattice
atoms to exceed the displacement threshold and knock the atoms out of their lattice
positions [22]. The displaced primary knock-on atom (PKA) engages with neigh-
bouring atoms, conveying energy to them and also displacing them. Gradually the
displaced atoms come to a stop. Many of these energy transfers are forceful enough
to displace significant amounts of additional atoms, initiating a cascade event in
which one displacement triggers others [23]. Thus, recoiled atoms vacate their orig-
inal positions, creating vacancies. Some of the displaced atoms come to occupy
interstitial sites. These vacant positions (vacancies) and interstitial sites (SIAs)
are individually classified as point defects [24]. It is evident that the number of
interstitials is precisely equal to the number of vacancies produced.

The quantity of FPs generated is also referred to as the number of displacements,
and their cumulative density is expressed as the number of displacements per atom
(dpa). As described by Kinchin and Pease |22] and quantified by Norgett et al. [25],
the dpa, indicated by ¢, is a dimensionless positive definite parameter used to
express irradiation exposure dose. As this quantity reaches unity, on average each
atom has undergone a displacement once.

As a result, understanding the relevant properties of irradiated materials is
elucidated by tracking the fate of the two key crystal defects created during the
primary event of radiation damage, namely vacancies and SIAs or simply FPs [26].
It is important to note that the preceding depiction of primary damage represents a
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simplified model for radiation damage. In the crystallographic context of the metal
lattice, energy and atoms can traverse significant distances from the cascade core
through mechanisms like focusing, channelling, replacement collisions, or propaga-
tion as crowdions [27]. Following this, STAs often organise into a diffuse shell around
the cascade edge, while the core, often referred to as a depleted zone, becomes en-
riched with vacancies, as illustrated in theoretical models and simulations [28-31].

Combined theoretical and experimental studies of body-centred cubic (bcc)
tungsten [32}[33] have revealed that cascade events can directly generate extended
defects like vacancy and interstitial clusters even at very low temperatures, where
both vacancies and SIAs are typically immobile due to thermal limitations [34].
The formation of these defect clusters likely arises from athermal interactions, such
as those driven by elastic interchanges or expanded strain fields induced by ener-
getic irradiating particles or PKAs [35]. Additionally, the kinetic energy transferred
directly from the recoil event during the collision cascade may also play a role in
the interaction between these immobile defects and those newly created through
the collision process |26].

During prolonged irradiation, point defects undergo evolution due to thermally
activated diffusion but also through propagated elastic deformation. Some defects
annihilate, while others form defect clusters independently or in conjunction with
solute atoms, forming extended defects. The accumulation of such defects and clus-
ters leads to the formation of complex microstructural segments, including voids,
dislocation loops, radiation-enhanced or induced solute segregation in alloys, and
precipitation of secondary phases [36-38]. These microstructures and their evolu-
tion cause significant changes in the physical and mechanical properties of the ma-
terials. Hardening, embrittlement, and dimensional changes such as creep, growth,
and swelling are typical examples of macroscopic effects of irradiation [39-41]. Sub-
sequently, alloys with high resistance to the adverse effects of irradiation are of great
technological interest for the nuclear energy sector.

As previously noted, Fe-based alloys, including FeCr and FeCrAl, have emerged
as promising candidates for utilisation in upcoming nuclear reactors due to their
exceptional resistance to irradiation-induced degradation, high-temperature stabil-
ity, and mechanical strength, and the latter case, significantly enhanced corrosion
resistance [4,42]. Consequently, comprehending their response to irradiation and
anticipating their behaviour under such conditions hold profound significance in
the realms of material science and engineering. This understanding is crucial in
various applications such as material processing [43], the confinement of radioac-
tive waste |44], and advanced nuclear reactor technology [45], where materials are
consistently exposed to irradiation in the form of gamma photons and energetic
particles.

Finally, numerous theoretical and experimental studies, as well as research pro-
grammes, have been carried out to explore the impact of irradiation on the physical
and mechanical properties of actual or model materials [46H51]. However, due to
limitations in nano-scale analysis capabilities, experimental observations of irra-
diation-induced microstructure evolution remain relatively scarce at the atomic
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level |52]. Therefore, in recent years, extensive efforts have been dedicated to the
development of multiscale modelling approaches. These approaches aim to facil-
itate a comprehensive understanding of the relationship between microstructure
evolution and changes in the physical properties of irradiated materials [37}/53H55].

1.4 Multiscale modelling of irradiation damage

In recent years, materials science has undergone a dramatic transformation thanks
to the rise of multiscale computer modelling. This has been fuelled by two key
factors: a surge in computing power and breakthroughs in simulation methods and
theory [56H58]. As a result, it is now possible to create incredibly detailed simula-
tions of material properties, especially for situations where experiments would be
too difficult or expensive to conduct.

One key area benefiting from multiscale modelling approach is the study of ir-
radiation-induced or enhanced damage in structural materials. This is practically
important to understand the multiscale nature of irradiation-induced microstruc-
tural evolution in structural materials, for applications in nuclear reactor technolo-
gies, where materials are continuously subjected to intense neutron or high-energy
particle fluxes at elevated operating temperatures. Therefore, to understand the
complex damage caused by irradiation, from the atomic-scale formation of tiny
defects to the large-scale microstructure evolutions in an irradiated material, one
needs comprehensive approaches that can consider different sizes and timescales.

Atomic-scale simulations based on Density Functional Theory (DFT) and clas-
sical molecular dynamics (MD) methods based on interatomic potentials are ex-
tensively used to understand how irradiation alters atomic structures, ultimately
impacting their properties on the micro scale. These simulations not only provide
data for larger models but also reveal processes beyond the reach of experiments.
The DFT calculations in particular, provide detailed electronic structure informa-
tion and can predictively address effects such as magnetisation, bonding and charge
transfer.

As mentioned, the primary form of irradiation damage in metals arises from
displacement cascades induced by the recoil of atoms, i.e. PKAs, resulting from
collisions with energetic particles such as neutrons or charged particles [23]. These
cascades, occurring on the nano-meter scale and picosecond timescales, play a piv-
otal role in determining the response of the material to irradiation. MD simulations,
adopted to capture atomic-scale dynamics, provide a powerful tool to explore the
intricacies of irradiation-induced imperfections in structural materials. They can
mimic the high-energy recoil events (up to hundreds of keV) that occur in fission
and fusion reactor components [59,/60]. This allows us to perceive the massive dis-
placement of thousands of atoms and how point defects like vacancies and SIAs
form and evolve.

These cascade events create zones with a high concentration of point defects,
which can significantly affect the material properties and performance [23]. Inter-
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estingly, MD simulations reveal a crucial detail [61]: during the cooling phase after
a cascade, the majority of the created SIAs and vacancies recombine. This recom-
bination explains a key discrepancy, e.g. why the actual number of survived defects
often differs from predictions based on simpler models like the Norgett-Robinson-
Torrens model [62], showing a more complex relationship between the energy of the
irradiation and how efficiently defects are produced in different materials [61].

In addition to MD simulations, the recent success of quantum mechanics-based
methods, particularly DFT [63-66], in simulating irradiation-induced defects at the
atomic scale offers new avenues for understanding the intricate processes linked to
irradiation damage. Unlike classical MD, which relies heavily on interatomic poten-
tials (IAPs) and force fields, DFT provides a more fundamental description of the
electronic structure based on quantum mechanics, by explicitly solving the Kohn-
Sham equations. This allows for more accurate predictions of material properties
and behaviour under irradiation, especially for chemically complex systems like
FeCrAl and high-entropy alloys, where accurate IAPs may not be readily available.

DFT emerges as a powerful tool for modelling radiation damage due to its ability
to capture electronic structure and magnetic property changes that are inaccessible
to classical MD methods. Unlike the MD reliance on pre-defined potentials, DFT
leverages quantum mechanics, enabling accurate calculations of defect formation
and migration energies. These detailed insights unlock the mechanisms governing
radiation damage at the atomic level.

Furthermore, DFT simulations can play an important role in assessing the im-
pact of alloying elements on radiation tolerance [67,/68]. By modelling interactions
between defects and alloying elements (e.g., acting as defect sinks), one can identify
optimal material compositions for enhanced radiation resistance. However, despite
its reliability, DFT is quite limited by the very demanding computational cost.

Nevertheless, successful simulations of threshold displacement energies in mate-
rials like graphene [69], Si [70] and Fe |66] demonstrate aspects of its potential. DF'T
calculations are also very commonly used for calibrating classical MD potentials,
further enhancing our understanding of radiation damage.

Moreover, DFT calculations can be integrated with kinetic Monte Carlo (KMC)
simulations to predict the long-term evolution of irradiation-induced microstruc-
tures under appropriate conditions [55(71}/72]. KMC simulations are based on
input parameters such as defect binding energies and migration barriers, which can
be obtained from DFT calculations.

By coupling DFT with KMC, researchers can simulate irradiation conditions
over extended time scales and predict the evolution of defects, dislocations, and
other microstructural features under irradiation [73H75].

Here, in this study, we coupled the first-principles calculation with the straight-
forward but powerful creation-relaxation algorithm (CRA) to evolve an irradiated
microstructure and to dynamically study and trace the response of chemically com-
plex and systems to irradiation-induced damage. This directly mimics low-energy
irradiation damage events at low temperatures but has wider implications as well
and can be adapted to study cascade damage conditions. The details of the DFT
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and MD methods along with the CRA algorithm will be reviewed in detail in the
Methodology section.

1.5 Thesis objectives

The primary focus of this study is to model irradiation damage events and to
further analyse the resulting irradiation-induced microstructure evolution in iron-
based alloys and associated oxides (Al,Os3). In order to do so, we adopt and develop
atomistic simulation methods to study microstructure evolution. In particular, the
first adaptation of the creation-relaxation algorithm (CRA) to use electronic struc-
ture methods as driving physics model has been here developed and implemented.
The intrinsic model limitations of the CRA are such that this is directly rele-
vant under non-diffusive conditions. Direct experimental validation of atomic-scale
modelling is always non-trivial, but would here essentially encompass low-energy
irradiation events at low temperatures. The study particularly emphasises investi-
gating magnetic and electronic effects in dynamically evolving irradiation-induced
microstructures and the influence of SIAs distributions on the subsequent formation
of defect structures.

Additionally, by employing advanced simulation techniques, i.e., DFT- and MD-
driven CRA models, the research aims to delve into the intricate interplay of atomic
constituents, shedding light on the non-linear magnetic properties of FeCr systems
under irradiation.

Finally, the study explores the correlations between the chromium content in
FeCr alloys and the emergence of irradiation-induced swelling, along with the stabil-
ity of the C15 Laves phase structures. These investigations provide crucial insights
into the dynamics of defect formation in Fe-based systems under extreme condi-
tions. Ultimately, this research effort contributes to a deeper understanding of the
behaviour of structural materials under irradiation, offering potential applications
in nuclear environments and advancing the field of materials engineering.






Chapter 2

Methodology

At the heart of these irradiation damage studies lies atomic-scale computer simu-
lations, particularly DFT and MD methods. These techniques allow to understand
how irradiation fundamentally affects the materials at the atomic scale, its elec-
tronic structure, and how these effects degrade material properties in micro scale.
Not only can these simulations provide valuable data for larger-scale models, but
they also offer a window into processes that cannot be directly observed in experi-
ments.

Here, in this chapter, we reviewed the coupled first-principles and TAP methods
with the simple but powerful CRA model |76], that is used to evolve the microstruc-
ture of Fe-alloys that undergo irradiation and to study the response of chemically
and magnetically complex systems to irradiation-induced damage.

2.1 Creation-relaxation algorithm (CRA)

This study applied the CRA approach to directly generate low-energy damage
events and to qualitatively investigate the resulting microstructure evolution in
different model materials such as Fe-based alloys and oxides (AlyO3). The compre-
hensive details of CRA model can be found in Papers I, IT and in Ref. [76]. In
here and the coming subsections, a brief overview of the model will be provided,
accompanied by discussions of the key factors considered for modelling low-energy
irradiation events.

In late 80s, Y. Limoge and A. Rahman developed a computationally efficient
method to simulate radiation damage in materials to model amorphisation in crystal
structures |77]. This technique works by gradually incorporating point defects, i.e.
FP, in a perfect lattice structure. This allows to study how these defects build up
and potentially cause the material to become amorphous.

Recently, Derlet and Dudarev adapted this model to study irradiation-induced
microstructure evolution in Fe and W [76]. Their approach involves repeatedly
inserting a single FP at random locations within a relatively large simulation cell.

17
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To ensure a uniform distribution of SIAs, the algorithm randomly selects an atom,
creating a vacancy, and displacing the selected atom to a random coordinate within
the simulation cell to generate a STA. Following each insertion, atomic positions are
optimised using a relaxation algorithm (e.g. conjugate gradient minimisation) to
achieve a local minimum in the potential energy landscape, performed either in a
fixed cell (constant volume) or with variable cell dimensions. By employing this
process at a constant volume, one can track the evolution of the microstructural
imperfections in response to the stress field induced by the FP insertion (FPI).

Furthermore, a variable keeps track of the total number of FPs inserted for irra-
diation dose determination. That is, after each successful insertion and relaxation
of FP, the dose parameter (¢) is updated by dividing the current count of FPI by
the total number of lattice sites (V) in the simulation cell. This provides a deter-
ministic measure of the accumulated irradiation dose in terms of displacements per
atom (dpa), as fully described in [76]. The dose parameter in the CRA model is
defined as:

¢ = n/N. (2.1)

As mentioned, the CRA model is a computational approach designed to simulate
how microstructures evolve in materials under irradiation. This is accomplished by
mimicking the creation and relaxation of point defects (FPs). For a detailed break-
down of the CRA approach, one can refer to the flowchart presented in Figure 2.1

A simulation cell with a desired size and crystallographic structure is constructed
(step 1 of the flowchart). The choice of supercell size, in this study, was guided by
the specific physical phenomena investigated and the computational method em-
ployed. Smaller supercells, constructed by 8 x 8 x 8 copies of primitive unit celll,
were used for calculations concerning magnetic and alloying effects in Fe-based al-
loys utilising DFT. DFT, renowned for its exceptional predictive capabilities and
robustness, facilitated precise analysis in this context. In contrast, larger super-
cells, typically with dimensions of 50xag EL were used to investigate the large-scale
microstructural evolution of pure Fe through MD simulations. Such simulations ne-
cessitated a larger simulation space to adequately capture the intricate long-range
interactions inherent in the defected system and large-scale defect features that are
built up during the irradiation.

Beyond the considerations of the simulation cell size and FP distribution, the in-
herent randomness of the FP insertion can occasionally lead to situations where the
inserted atom lands too close to another existing atom. For very short interatomic
distances, the empirical potentials employed in this study rely on the screened
Coulomb interaction model from Ziegler, Biersack, and Littmark (ZBL) 78], which
guarantee a fully accurate short-range repulsive force, particularly relevant when
dealing with close atomic proximity. However, if a chosen potential does not have a
short range parameterisation, and in the context of DFT-driven CRA calculations,

n this study, it has been consistently referred to the supercell size throughout the text using
its side length notation, typically as N X ag, where N is the multiplication of the primitive cell in
all directions. Here, ag represents the lattice constant.
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which utilise the projector-augmented wave description [79], the lack of a physically
correct repulsive force can lead to an unreliable evolution.

Therefore, to circumvent these nonphysical scenarios during the simulations, we
implemented a strategy that involves the definition of a virtual spherical exclusion
zone surrounding each atom. This zone, marked as ’forbidden zone’, dictates the
forbidden region for FP insertion prior to the relaxation step (step 6). If the
random coordinate selection places an atom within another atom’s restricted zone,
the inserted atom is displaced outwards directly towards the zone boundary. The
relaxation process then begins from this new position.

( )

Construct simulation
cell with N lattice sites.

- J

v
Minimise system energy
and designate it as the
reference configuration
(n=0).
]

Randomly select an atom
from relaxed ”
configuration

(vacancy creation).

A 4

Assign new position to
selected atom
(SIA creation).

Repel inserted STA YES
outside forbidden zone |«
boundary.

Is inserted FP within defined
orbidden zone boundary?

NO

Minimize system energy
& —>
n=n+l.

Is n/N > desired ¢ ?

A4

Print the results
&
End of simulation.

Figure 2.1: Flowchart of the CRA model for simulating irradiation damage events and modelling
microstructure evolution up to the desired dose limit ¢.

Based on our calculations for bee Fe, a reasonable radius for this exclusion zone
is approximately 0.7 A. The justification for this specific value selection will be
elaborated upon in section Consequently, all atoms within the simulation cell
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are relaxed to their minimum energy states, establishing a reference configuration
for the next FPI by incrementing the number of FPI (i.e., n = n+1). The algorithm
enters a loop that continues until a target irradiation dose is reached (step 7 of the
flow diagram: ¢ < n/N).

Inside the loop, a random atom is chosen from the cell and removed, creating
a vacancy (step 3). This removed atom is then reinserted back into the cell at a
different location according to a predefined distribution function, effectively creating
a STA (step 4). The algorithm checks if the SIA inserted has landed within the
forbidden zone of another atom (step 5). If so, its position is adjusted to be just
outside this zone to avoid unrealistic atomic configurations. Finally, an energy
minimisation routine is then employed to relax all atomic positions within the cell.
This step simulates the material response to the newly introduced defect and allows
the system to reach a new local minimum energy configuration (step 6).

The loop continues to iterate through steps 3 - 7 until the calculated dose,
Eq. , reaches a predefined target value, signifying the desired level of simulated
irradiation.

In general, the CRA approach allows us to investigate the step-by-step evolution
of microstructures under irradiation. The model starts with a pristine structure and
progressively introduces FPs into it, simulating the accumulation of point defects
and their interactions.

The foundation of the robust CRA model framework lies in establishing a well-
defined simulation cell. The choice of simulation cell size is critical and depends on
the spatial scale of the microstructure under investigation. For example, modelling
and analysing irradiation-induced extended defects such as dislocation loop forma-
tion and their subsequent evolution require a relatively large simulation cell, as
described in Paper II. This ensures that the cell can accommodate the nucleation
and dose-dependent evolution of defects beyond the tightly clustered and strictly
localised ones, such as dislocation segments. Once an appropriate simulation cell
size is determined, ensuring the quality of the FP distribution becomes crucial.
This matter will be discussed in more details in the following subsection.

2.2 Determination of irradiation-induced structural changes

Exploring irradiation-induced microstructural changes in model materials in this
study often involves two primary computational approaches integrated into relax-
ation calculations. The first, full relaxation (FR), allows for changes in the supercell
volume, the ionic positions as well as the supercell shape, providing direct access
to volumetric alterations and potential induced structural anisotropy. In contrast,
the ionic relaxation (IR) method focuses on monitoring hydrostatic pressure fluc-
tuations, relaxing only the ionic positions after each FPI. During FR, the system
reaches a state of zero global pressure. This allows for the evolution of both su-
percell volume and shape, leading to explicit volumetric changes, e.g., swelling,
especially in scenarios involving FPIs. However, FR calculations, especially within
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DFT, can be computationally expensive. To address this limitation, we primarily
employed IR, which efficiently optimises only ionic positions while maintaining the
supercell volume and shape. In this study, and for DFT calculations, FR was then
selectively applied to specific configurations extracted from one CRA trajectory.
This approach balances computational efficiency with obtaining valuable insights
into the system’s behaviour.

As mentioned, under fixed-volume conditions (IR), irradiation-induced change
in material’s structure can be estimated by correlating the change in global hydro-
static pressure (AP) with the bulk modulus (B) of the material. This relationship
can be expressed using the following equation [80]:

AV AP
- _= 2.2
T 5 (22)
Here, % represents the relative volumetric change, and B is the bulk modulus.

This equation highlights how the internal pressure changes caused by irradiation
relate to the resulting volumetric changes in the material. This combined approach
provides a robust and coherent understanding of how microstructural evolution in
irradiated Fe manifests through dimensional changes and pressure fluctuations.

2.3 Spatial distribution of Frenkel pair insertion

Intuitively, a spatially localised distribution of STAs, i.e that the STA appears close
to its vacancy, better represents a realistic low-energy irradiation event, such as
those caused by low-energy recoiling PKAs from electron or proton irradiation.
This is particularly true for relatively large supercells (e.g., side length > 20xay).
In larger simulation cells, displacing STAs too far from their original lattice sites,
within the CRA conditions, becomes physically unrealistic for simulating low-energy
damage regimes.

As demonstrated in Paper I, using a small supercell with a side length of 8 xag
revealed no significant difference between employing spatially uniform or localised
distributions of STAs when predicting irradiation-induced microstructure evolution.

Regardless of the distribution function, the average displacement of the SIAs
remained consistent around half the supercell side length, which translates to ap-
proximately 11.3 A in this case. Notably, as showed in Paper II, within larger
supercells, the displacement of SIAs exhibits a greater dependence on supercell
dimensions. Therefore, the selection of FP distribution strategy was tailored to
the supercell size. For supercells with dimensions smaller than 10xag, both uni-
form and localised atomic displacements implemented through the CRA algorithm
yielded comparable results. However, in larger supercells and under the simulated
irradiation conditions applied in this study, employing a localised FP distribution
aligns better with the physical realities of low-energy irradiation events.

In the case of uniform atomic displacements, a continuous linear probability
density function (PDF) is employed. Mathematically, a continuous random variable
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z is considered uniformly distributed over the interval [a, b] if its PDF, denoted as
f(z), is defined as [81,82]:

f(z) = (2.3)

ﬁ fora <z <b,
otherwise.
This function guarantees the generation of a random number uniformly distributed
within the interval [a, b]. The anticipated average displacement, or expectation
value Z, can be expressed as:
b—a
5
To simulate localised atomic displacements, the gamma distribution function
was selected. This function serves a widespread application because of its relation-
ship with both the exponential and normal distributions. Furthermore, the gamma
distribution offers a compelling representation of the localised nature of atomic
displacements from their lattice positions. The standard gamma distribution, de-
noted as I'(«, 0), possesses two freely adjustable parameters, @ and 6. Its PDF is
expressed as [82]:

(2.4)

Kl

o1 e—a:/a
[(a)g>
Within the standard gamma distribution, I'(«, ), the parameters « and 6 govern

the shape and scale of the distribution, respectively. It is important to note that
I'(«) also represents the gamma function expressed as:

flz;0,0) = x> 0. (2.5)

o0

I'(a) = /xo‘_le_’”dx. (2.6)
0
For integer and positive aw Eq. (2.6]) leads to:

F'n)=n—-1)T(n-1)=(n—-1). (2.7)

The expectation value (i.e., mean displacement) of the I'(«, ) can be also ex-
pressed as:
z=ad. (2.8)

Moreover, the mean displacement of SIAs considered in the CRA model and
described by gamma function should incorporate well-controlled spontaneous FP
recombination distances to minimise bias in modelling of defect evolution. Previous
research [83] suggests that the recombination distance for FPs in irradiated bec Fe
varies between 1.9a¢ [84] and 3.3aq 85|, depending on temperature and the type of
irradiating particle. Therefore, for the CRA model applied in this study, the mean
displacement range of 2.0ag to 3.5a¢ (as per Eq. ) was chosen.

Finally, Figure depicts the PDFs of the standard gamma distribution for
various combinations of a and 6 parameters, which control the mean displace-
ments, facilitating a visual comparison. Gamma distributions are a well-estab-
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Figure 2.2: Plot of PDFs of standard I'(«, #) distribution function for various shape and scale
parameters.

lished choice for modelling non-negative quantities exhibiting a rightward skew.
This property makes them suitable for representing various random variables such
as times, weights, and lengths [82]. In this study, we leverage the ability of the
gamma distribution to capture localised atomic displacements during low-energy
irradiation events. We employ two specific gamma distribution functions, I'(4,2)
and T'(5,2), corresponding to targeted mean displacements of 8 A and 10 A (using
Eq. )7 respectively, which lie slightly outside the mean recombination radius
for FPs in iron [83].

2.4 Forbidden zone radius

As mentioned, our simulations utilised both DFT, which is very computationally
expensive for truly short ranged interactions, and Embedded atom method (EAM)
potentials which are connected to the ZBL screened Coulomb interaction, offering
a robust description of short-range repulsion forces crucial for accurate modelling
of irradiation damage.

These TAPs effectively prevent the formation of unrealistic high-energy struc-
tures during relaxation, particularly when introducing random atom insertions that
could lead to excessively close atomic spacing. For IAPs that lack a pronounced
short-range repulsion or for peseudopotentials used in DF'T, careful consideration is,
however, necessary. Based on insights from our previous DFT-driven CRA calcula-
tions (Paper I), a precautionary approach was implemented to avoid introducing
atoms at nonphysically close distances and disrupting the simulation’s integrity.
Therefore, we defined a virtual spherical zone around each atom. This restricted
region prohibits atom insertion prior to the relaxation step, ensuring the mainte-
nance of structural coherence. The following explains the method and motivation
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for choosing 0.7 A as the radius of the forbidden zone in iron alloys.

Using DFT, we introduced a FP defect (with a vacancy at the origin and a
SIA at the mid-lattice site, creating a (110)-dumbbell configuration) within a bee
Fe supercell containing 250 atoms. To ensure accuracy, calculations employed a
350 eV cut-off energy and a 6 x 6 X 6 kpoint mesh for the Brillouin zone inte-
gration. The conjugate gradient algorithm optimised both the lattice parameters
and the electronic structure. The initial separation between dumbbell atoms was
approximately 2 A.

Introducing a single FP altered the pressure and magnetisation in bcc Fe by
9.9 kg and -1.7 up, respectively. Additionally, the local magnetic moments of the
STAs decreased to -0.2 ug. To analyse the impact of interatomic distance on the
FP, we incrementally reduced the separation between the dumbbell’s constituent
atoms while keeping the other ions fixed. Self-consistent electronic calculations
were performed at each distance.

Figure [2.3] shows the changes in total energy, hydrostatic pressure, and local
magnetic moment of the SIA as a function of interatomic distance. At a separation
of about 0.7 A, the local magnetic moments turned positive, and the total energy
change became significant, exceeding the FP formation energy by a factor of 33.
This shift was also reflected in the hydrostatic pressure, which increased by an order
of magnitude compared to the pressure induced by the FP. These results highlight
the significant influence of interatomic proximity on the properties and stability of
a systems with an incorporated FP.
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Figure 2.3: The change in a) total energy, b) global pressure, and c) local magnetic moment (u)
of SIAs as a function of approaching distance of atoms forming a (110)-dumbbell.

Therefore, to prevent the modelling of unrealistic irradiation-damage events, a
virtual restricted region with a radius of 0.7 A, which corresponds to approximately
one-third of the equilibrium interatomic separation in the SIA, was adopted. This
approach ensures realistic atomic interactions by preventing the insertion of atoms
at distances that can lead to artificial structural distortions.

2.5 Ab initio electronic structure calculations

Understanding the complex electronic structure of materials relies on theoretical
frameworks that connect fundamental physics with observable properties. Ab initio
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electronic structure calculations are the primary method used in this endeavour.
These calculations directly tackle the time-dependent Schrédinger equation for a
quantum system, as described by

oY (r,t)
ot
Where ¢ is the imaginary unit, & is the reduced Planck constant, U(r,t) is the
wave function, representing the state of the system at position r and time t. H
is the Hamiltonian operator, representing the total energy of the non-relativistic

quantum system with mutually interacting nuclei and electrons. The Hamiltonian
can be written in the form of:

ih = HU(rt). (2.9)

H=T +Ty+Veee +Ven + anna (210)

which includes the kinetic energies of electrons (7,) and nuclei (7},), as well as elec-
tron-electron (Ve_e), electron-nucleus (Ve_,), and nucleus-nucleus (V;,_,) potential
energies. For a system consisting of N nuclei and n electrons, the Schordinger equa-
tion presents analytical challenges due to its complexity. To address this, Max Born
and Robert Oppenheimer proposed an approximation method [86] aimed at sim-
plifying the equation. This approach involves decoupling the electronic and ionic
components, assuming that the movement of nuclei is significantly slower than that
of electrons. Consequently, within the timescale of electronic motion, the nuclei are
considered stationary, leading to a reduction of the Hamiltonian to the electronic
component:

H=T.+Ve e+ Von: (211)

The Born-Oppenheimer approximation notably simplifies the complexity of the
system, yet the resulting wave function still depends on N bodies, necessitating
further approximations for an effective solution. This is where DFT plays a crucial
role in addressing this challenge by reformulating the N-body quantum problem.
Unlike traditional methods such as Hartree [87,/88] and Hartree-Fock [89], DFT
focuses on the electron density as the fundamental quantity rather than the wave
function.

The DFT formalism is based on the two theorems of P. Hohenberg and W.
Kohn [90]. The Hohenberg-Kohn (HK) theorems showed that electron density, not
wave functions, is enough to describe a quantum-mechanical system. Through this
connection, the total energy of a system of interacting electrons can be expressed
as a functional of its electron density, represented as Epk[n(r)].

Minimising the system’s energy functional, Egk [n(r)], allows us to find both the
ground state energy and density. However, finding an exact functional for Egg[n(r)]
remains a challenge. To address this, Walter Kohn and Lu Sham [91] proposed an
ingenious approach. They replaced the complex system of interacting electrons
with a simpler one: independent electrons moving in an effective potential. This
allowed them to define a single-electron Hamiltonian and write the Kohn-Sham (KS)
equations, making calculations significantly more tractable. The KS Hamiltonian
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describes the behaviour of non-interacting electrons within an effective potential,
Vet (1), taking the form:

[—:;L VA +Ueff(r>:| @i = €ipi(T).- (2.12)

Where m is the mass of electron, ¢;(r) is the electron orbital. Here ¢; is the orbital
energy of the corresponding KS orbital, and the density for an N-electron system
is Vet (1), takes the form:

N
n(r) = Z ‘@i(r)Ql . (2.13)

The KS equation is solved iteratively using a self-consistent field (SCF) approach.
In each iteration, the single-electron KS equation is solved to obtain wave func-
tions, typically employing a conjugate gradient method. These wave functions are
then used to update the electron density. Convergence is achieved when the density
change between iterations falls below a pre-defined threshold. For atomic structure
optimisation, an additional loop can be implemented where atomic positions are
adjusted iteratively until the forces acting on each atom reach a minimum, signi-
fying the system’s ground-state energy with respect to the atomic configuration.
This SCF procedure ensures the consistency between the electron density and the
potential field, ultimately leading to the determination of the ground-state energy
and electronic structure of the system.

In summary, DFT emerges as a powerful tool for studying radiation damage
in materials at the atomic level. By introducing well-defined defects, such as va-
cancies, interstitials, and FPs, into a simulated material (defined by composition,
structure, and atom count), electronic structure calculations allow to elucidate the
fundamental mechanisms governing defect formation and evolution under irradia-
tion.

First, the atomic positions and lattice parameters of the pristine material can
be relaxed and optimised, providing a stable reference point. Then, the defect
formation energies are computed to assess the likelihood of different defect types
forming under irradiation. Specialised software packages such as Vienna Ab initio
Simulation Package (VASP) [92H95] utilise advanced techniques (plane-wave basis
sets [96], projector augmented waves [79] and ultrasoft pseudopotentials [95]) to
solve the KS equations and calculate electronic properties crucial to understand-
ing radiation effects. Rigorous validation and verification are essential, involving
comparisons with experimental data and other computational methods. Finally,
sensitivity analyses ensure the robustness of the results and identify potential limi-
tations. Through this comprehensive approach, DFT provides valuable insight into
the intricate processes that govern radiation damage in materials.
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2.6 Embedded atom method (EAM)

The core concept of classical MD revolves around applying classical mechanics to
determine the energy of a system and the forces between atoms based on their
positions. In this approach, atoms are considered as point-like particles following
Newton’s laws of motion [97]. By solving the equations of motion for each atom,
one can simulate the behaviour of a system comprised of N atoms. Central to this
process is the interatomic potential (IAP), a mathematical function that governs
the forces between atoms according to their relative positions [57].

The chosen TAP function significantly impacts the accuracy and efficiency of the
simulation, especially when one aims to simulated irradiation damage events [78/[98].
Ideally, an appropriate IAP should accurately capture both attractive and repul-
sive forces between atoms. This ensures a stable and realistic representation of the
atomic lattice structure. Commonly used TAPs in computational material science
include empirical or semi-empirical potentials, which rely on either fitting parame-
ters derived from experimental data, and/or more sophisticated ab initio methods
based on quantum mechanical calculations [98]. Among the different TAP mod-
els, the EAM is often used to describe the interactions between atoms in metallic
systems [99].

In the EAM formalism, the total energy of the system is, as proposed by Daw
and Baskes [100,|101], typically expressed as a sum of contributions from pairwise
interactions between atoms and an embedding energy term that accounts for the
influence of the electron density on each atom. In this view, each atom in the metal
is embedded in the electron gas created by the other atoms. The functions can then
be empirically fitted to properties of the bulk metals. The generality of the functions
has been extensively tested by applying them to surfaces and many other defects for
a range of different metals and alloys. This generalisation allowed calculations of
complex metallic structures to be done within the approximate embedding-energy
framework. The EAM is thus a significant improvement in simplified total-energy
calculations for metallic systems. Mathematically, the total energy E of a metallic
system described by the EAM potential can be written as:

FE = ZFZ(pl)+%Z@Z’J(TZ’J) (214)
i i#j
Where F; is the embedding energy function for atom i, p; is the electron density
at the position of atom i, ®; ;(r; ;) is the pairwise interaction potential between
atoms ¢ and j, and r; ; is the distance between atoms ¢ and j.

The embedding energy function F; is often expressed in terms of the electron
density p; at the location of atom ¢, and it represents the energy required to embed
atom 4 into the electron density of its neighbouring atoms (host atoms). The
pairwise interaction potential ®; ;(r;;), describes the energy associated with the
interaction between atoms ¢ and j as a function of their separation distance 7; ;.

Overall, the EAM potential provides a physically realistic description of atomic
interactions in metallic systems by considering both pairwise interactions between
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atoms and the influence of the electron density on each atom’s embedding energy.
This approach allows for accurate representation of various properties of metal-
lic materials, such as lattice structure, elastic properties, and diffusion behaviour,
making it a valuable tool in materials science research and computational modelling.

2.7 Atomic simulation procedures and analysing tools

Atomic simulations progress through a series of meticulously defined steps. First,
the system is established by specifying the number of atoms (), their initial po-
sitions, and the size of the simulation box, which represents the volume of the
structure. This box essentially acts as a microscopic window into the material.
In the case of MD simulation, a suitable IAP function is chosen, serving as the
blueprint for the forces governing atomic interactions based on their relative po-
sitions. The interatomic potentials used in this study are EAM-type potentials
developed by Mendelev (ME03) [102], Marinica (MAO7 [103,/104]), and Ackland
(ACO04) [105]. These potentials have been shown to be appropriate for studying
irradiation induced damage in bee Fe [104}/106/{108].

To mimic a bulk system, periodic boundary conditions are applied so that the
simulation box seamlessly repeats, creating the illusion of continuous material. The
heart of the simulation lies in the force calculation step, where the chosen IAP and
the current positions of atoms dictate the forces acting on each one. Subsequently,
powerful numerical integration techniques like conjugate gradient or Verlet algo-
rithms come into play. For the calculation used in this study, the conjugate gradient
minimisation technique was used.

These techniques solve the equations of motion for each atom based on the
calculated forces, effectively determining their new positions and velocities for the
next step. This iterative process of force calculation and position update continues
for a predefined number of steps, mimicking the quasi-dynamic evolution of the
atomic system. Throughout the simulation, valuable data such as atomic positions,
energies, and stress are collected for post-simulation analysis, providing insights into
the behaviour of the material at the atomic level [109)].

In the context of irradiation damage, MD simulations can model the conse-
quences of interactions of energetic particles (e.g. neutrons or ions) with the mate-
rial [23,57]. These interactions can cause collisions that displace atoms from their
original lattice sites, leading to the formation of defects, such as vacancies and
self-interstitials. To simulate such events, one may introduce additional forces or
velocities to selected atoms representing the colliding particles. By analysing the
subsequent atomic motion, one can gain insight into the nature and evolution of
irradiation-induced damage in various materials.

Although MD simulations offer a powerful tool, they are not without limita-
tions. The accuracy is highly dependent on the chosen IAP and the computational
resources available. Simulating large systems on long timescales can be computa-
tionally expensive. However, ongoing research continues to refine IAPs and develop
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more efficient simulation algorithms, pushing the boundaries of MD for exploring
ever-more complex phenomena in materials science, including irradiation-induced
damage.

Finally, the study used a script code, written in PYTHON, within the CRA
model framework to create and insert FPs into the model materials under con-
sideration. Subsequent structural relaxation was performed using either MD sim-
ulation implanted in LAMMMPS [110] or first-principles calculation using VASP.
PYTHON and OVITO [111] were then utilised for microstructure analysis. Specifi-
cally, Wigner-Seitz analysis in OVITO quantified the vacancy and interstitial con-
tent within the simulation cells. To define the clusters of defects, a cutoff criterion
was established based on bond lengths in bee Fe [107,{112]: 3.5 for the clusters of
vacancies (midpoint between the second and third closest neighbours) and 4.1 for
the interstitial clusters (midpoint between the third and fourth nearest neighbours).

Furthermore, a dislocation extraction algorithm [111] implemented in OVITO
(using default parameters) was employed to identify all types of extended defects
such as dislocation loops, lines and networks arising from defect interactions within
the simulation cells. Polyhedral template matching (PTM) analysis [113] with a
root mean square deviation of 0.25 in OVITO was used to detect and analyse other
irradiation-induced crystal structures, such as the C15 Laves phase, within damaged
model materials.

Finally, the formation energy of a defect (such as an interstitial cluster with a
C15 Laves phase or dumbbell structure) is quantified by its impact on the total
energy compared to an unperturbed system. For a pure supercell with atom type
A, containing n atoms, the formation energy is given by:

EM = E[nA] — nE[A], (2.15)

where E[A] is the total energy per A atom in a supercell of the same size as used
for the defect calculation. In a dilute alloy with n Fe atoms and p Cr atoms, the
formation energy is:

Ef(”Fe+pCT) = E[nFe + pCr] — (nE[Fe] + pE[Cr]), (2.16)

where the reference energies are defined as above. For dilute alloys, solute atoms
can be treated as defects or not, depending on the representation chosen. If solute
atoms are considered part of the unperturbed system, as in the case of concentrated
alloys, this must be reflected by using the reference energy of the alloy.






Chapter 3

Results and discussion

Building upon the foundation laid in the previous chapter, this chapter delves into
the consequences of irradiation-induced damage and microstructural evolution in
different model materials, especially in Fe-based alloys and Al,O5. As reviewed
previously, irradiation events induce point defects within the irradiated materials.
As these defects accumulate with increasing irradiation dose, they can coalesce
into extended defects such as dislocation loops and voids, significantly altering the
material properties.

One crucial property affected by irradiation is dimensional stability. Swelling,
a common form of degradation of material properties, occurs in irradiated mate-
rials. Understanding and quantifying the extent of this dimensional change is of
paramount importance for nuclear engineers, as it can impact the performance and
safety of nuclear reactor components.

This chapter leverages the insights from Papers I, II, and III, which explored
the irradiation-induced microstructural evolution in model material Fe. These pa-
pers meticulously investigated the influence of simulation cell sizes and the quality
of FP distributions on microstructural imperfections using both first-principles and
classical interatomic potential methods.

Additionally, the formation of other intriguing interstitial clusters, such as the
C15 Laves phase structures within bce Fe (a-phase), was reviewed in particular
detail within the DFT framework. Paper IV along with its corresponding Supple-
mental Material, and Paper V, extend this investigation by exploring the effects
of alloying elements such as chromium (Cr) and aluminium (Al) on the irradiation-
induced damage in Fe-based alloys. These articles examine the impact of Cr and
Al on the stability of the C15 Laves phase structure, their magnetic properties in
irradiated Fe-based alloys (FeCr and FeCrAl), and their influence on irradiation-
induced swelling.

31
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3.1 Simulation cell size and spatial distribution of FPs

A critical starting point in modelling irradiation-induced microstructural evolution
is the selection of an appropriate simulation cell size. This choice is driven by the
specific physical phenomena of interest and the available computational resources.
For example, while studying radiation damage formation in Fe-based alloys, the
DFT-driven CRA model was employed to model irradiation damage in quantum-
mechanic framework. Due to the inherent computational demands of DFT, we
utilised supercells with a maximum size of 8xay (where ag is the bee lattice con-
stant). These supercells, which contain 1024 atoms, were chosen to be as large as
computationally possible to minimise interactions between defects and their peri-
odic images, a common artefact in simulations with periodic boundary conditions.
However, these sizes may be insufficient to fully capture the dose-dependent evolu-
tion of extended defects, particularly large interstitial dislocation loops, which can
extend beyond the size of the supercell.

To investigate the formation and evolution of such extended defects, we tran-
sitioned to classical MD simulations employing the CRA model (MD-CRA). MD
simulations offer a computationally more efficient alternative to DFT, making them
well suited for studying the quasi-dynamics of large-scale defect formation and in-
teractions, such as those observed with dislocation loops, line, and networks [114].

Alongside determining the appropriate simulation size based on the chosen
method (i.e. DFT or MD), the distribution of FP defects within the supercell
is also crucial. As mentioned previously, the CRA model resemble quite closely
low-energy, low-temperature irradiation conditions, such as electron irradiation,
which primarily generate stable isolated FP defects. Therefore, the quality of FP
distributions is contingent upon the dimensions of the simulation cell.

In smaller simulation cells (e.g., smaller than 10xag), while limited differences
should be observed in the evolving microstructure, the spatial displacements of
defects may still influence their interactions and subsequent evolution. For exam-
ple, Figure 3.1 compares the predictions of MD-CRA dose-dependent evolutions of
hydrostatic pressure change (AP) using various distribution functions, including
the uniform distribution function (UDF) as well as localised distribution functions
(LDF) of gamma type (LDF-T'(5,2) and LDF-I'(4, 2)), within the smallest supercell
(8xap) and a typical large supercell (50xayg).

As seen in Figure (a), regardless of the type of spatial distribution of SIA,
the dose-dependent evolution of the microstructures, in terms of global pressure
change, is quite consistent in the 8 xaq supercell, as expected, given that the mean
displacement of the SIAs is of the order of the simulation cell size regardless of
the choice of distribution function. Furthermore, after an initial linear increase, the
global pressure reaches a steady-state saturation after approximately 0.05 dpa, con-
sistent with previous studies [76], particularly for irradiation doses below 0.2 dpa.
However, supercells with a side length of 50xag reveal a more intricate evolution of
the irradiation-induced microstructure, including at least three distinct stages that
smaller supercells cannot capture.
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Figure 3.1: Comparison of cell size effects on evolution of hydrostatic pressure as a function of
irradiation dose within MD-CRA method, using different FP distribution functions in supercells
of sizes a) 8xap and b) 50xagp.

Furthermore, within a large supercell, the use of LDF-I'(4,2) and LDF-T'(5, 2)
distribution functions consistently results in a lower irradiation-induced pressure
compared to the UDF, with an average reduction of approximately 9% across the
entire irradiation dose (Figure [B.I[b)). This trend suggests that the uniform dis-
placement of STAs leads to a greater accumulation of surviving point defects, and
therefore deposited energy, within the irradiated structure (as detailed in Paper
IT). This phenomenon can be attributed to a lower rate of correlated FP recombi-
nation compared to scenarios that apply a spatially localised distribution of SIAs.
Consequently, the uniform distribution of SIAs is expected to result in a higher
number of surviving FPs, ultimately leading to the formation of even larger inter-
stitial clusters.

3.2 Irradiation-induced microstructure evolution in Fe

As explained in Papers I, II, and indicated in Figure b), the pressure change
is a direct consequence of microstructural damage accumulation and evolution as a
function of FPI. That is, the linearly evolving global pressure is attributed to the
linear accumulation of isolated point defects (mono interstitial (I,ono) and mono
vacancy (Vimono)). This is followed by the nucleation and growth of defect clusters,
such as interstitial clusters (I¢) or vacancy clusters (Vi) at an early stage of the
irradiation dose.

For example, once the number density of I reaches a maximum, the stress
fields generated from embedded damage force them to coalesce and transform into
extended I¢, such as dislocation loops [76]. Subsequently, these loops join to form
dislocation lines, which ultimately collapse into dislocation networks.

The rationale behind these predictions comes from the analysis of the evolving
defect concentrations illustrated in Figure[3.2]and outlined in Table[3.1] considering
a supercell dimension of 50xag. Table [3.I] provides a detailed overview of the mean
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defect populations, derived from both the UDF- and LDF-CRA methodologies.
These mean values are calculated within dose intervals ranging from 1.75 to 2 dpa,
where the evolution of the microstructures seem to approach saturation levels in
supercells of size 50xaqy. Furthermore, the percentage difference, denoted as X, for
each parameter forecast by the LDF-CRA model is computed relative to that of
the UDF-CRA, expressed as follows:

XLDF _ xUDF

XLDF-UDF (g _ ——opor—— % 100. (3.1)

Across different types of FP distribution functions, Figure [3.2f(a) and Table
reveal a notable trend: the total density of I¢ estimated using LDF surpasses
that predicted by the UDF by approximately 11% within the dose range of 1.75
to 2 dpa, corresponding to microstructure saturation. particularly, this difference
is noticeable during intermediate irradiation doses (0.1 to 0.5 dpa), as shown in
Figures [3.2fc) and (d), where a higher frequency of smaller interstitial clusters
forms in conjunction with locally distributed SIAs. Subsequently, as illustrated in
Figure ¢), I¢ densities gradually decrease with increasing irradiation, indicating
their agglomeration and transformation into dislocation segments. In addition, the
nucleation of dislocation loops is shown to coincide with the reduction in peak
population of I¢. This suggests that the choice of STA displacement influences
the onset and progression of dislocation loop nucleation. Specifically, compared
to LDFs, dislocation segments may form more rapidly with the UDF, implying a
delayed transformation with the former approach.

It would be also of interest to investigate how vacancy defect populations evolve
with irradiation without thermally assisted diffusion, compared to interstitial de-
fects. As listed in Table[3.1] UDF-CRA model predicts a consistently higher number
density for surviving Vo compared to LDFs, approximately by 12 to 14%, compared
with T'(4,2) and I'(5,2) respectively. This difference arises primarily from the en-
hanced recombination between vacancies and nearby SIAs under the influence of
localised STA distributions.

Table 3.1: Comparison of defect number densities across different spatial distributions of SIAs
within dose intervals of 1.75 to 2 dpa. The table presents the defect number densities of survived
FP, isolated defects, and defect clusters, along with the percentage difference relative to the UDF.
Negative values indicate a reduction compared to the UDF.

Defect No. density (1027 m™3) UDF TI'(5,2), X' (®2-UDF  py 9y xT(42)-UDF

FP 2.99 2.63, (-12%) 2.66, (-11%)
Imono 0.21 0.24, (14%) 0.25, (19%)
Vinono 1.43 1.43, (0.0%) 1.44, (0.7%)
Ic 0.09 0.10, (11%) 0.10, (11%)

Vo 051  0.44, (-14%) 0.45, (-12%)
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Figure 3.2: The dose-dependent evolution of the total number of survived a) FPs, b) Imono, C)
I, along with d) the average sizes of the I¢ predicted with UDF and LDFs of the SIAs.

Figure [3.3] shows the evolution of the interstitial and vacancy number densities
(top panels) alongside their corresponding average and largest cluster sizes (bot-
tom panels) within the 50xag supercell for the spatially localised FP distribution
(LDF-I'(5,2)). For low dose values (below 0.01 dpa), both interstitial and vacancy
contents are identical and exhibit a rapid rise. However, near a dose of ¢ 0.02
dpa, the concentration of isolated interstitial defects starts to diverge from that
of vacancies and begins to decrease. At the highest dpa values investigated, the
isolated interstitial number density plateaus at approximately 2.4x102% m~3, while
the isolated vacancy number density stabilises around 1.4x10%7 m—2, almost an
order of magnitude higher.

This highlights the difference in behaviour between the vacancies and SIAs
within the microstructure under modelled low-temperature, low-energy irradiation
conditions. That is, in the absence of thermally activated diffusion, interstitials
exhibit a greater propensity to diffuse and react in response to stress and strain
fields (lattice deformation) compared to the relatively immobile vacancies. These
stresses and strains in irradiated materials originate at the microscopic level due to
the substantial elastic relaxation volumes of irradiation-induced point defects [115].
These defects cause significant local distortions in the atomic lattice. For example,
DFT calculations predict an elastic relaxation volume of Qe1ax = 18.17 A3 for a
(110)-STA and Q,¢jax = -3.045 A3 for a vacancy in bee [115].
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This significant positive difference in relaxation volumes between SIAs and va-
cancies plays a crucial role in microstructure evolutions. As these defects accumu-
late within the microstructure as a result of irradiation, they lead to global volu-
metric expansion, which will be discussed later in this chapter. Consequently, ma-
terials exposed to irradiation experience stresses, resulting in macroscopic swelling
and heterogeneous deformation. The different responses of vacancies and inter-
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Figure 3.3: Comparison of number densities of a) isolated vacancy and interstitial, b) Ic and
Ve, along with their related c) average and d) largest vacancy and interstitial clusters a function
of irradiation dose.

stitial defects to irradiation are further confirmed by the trends observed in the
average (Figure c)) and largest (Figure [3.3(d)) defect cluster sizes predicted by
the EAM-CRA model for irradiated bce Fe. The observed trends likely reflect the
influence of these relaxation volume differences on defect cluster formation, size and
evolution. Finally, as shown in Figures[3.1]- the damaged structure stabilises in
terms of global hydrostatic pressure change and interstitial /vacancy defect contents
at sufficiently high doses (above ~ 2 dpa), consistent with findings reported in |76].

Additionally, Figure [3.4] compares the DFT-CRA prediction of number densities
of interstitial defects, in a supercell size of 8 xag, with those predicted with different
interatomic potentials of M03 and MO7 within simulation cell sizes of 50xag. As a
result of using small supercells, large interstitial clusters and significant dislocation
growth are not expected. Therefore, none of the DFT and EAM methods predicted
the nucleation of finite size dislocation loops in the supercell sizes smaller than
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10xag, implying that the dislocation loops are unlikely to form out of the small
interstitial clusters. The clusters must first grow larger or coalesce before they can
merge into dislocation loops.
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Figure 3.4: Comparison of interstitial concentration as a function of FP insertion (dpa) predicted
by DFT, EAM-MO03, and EAM-MO07 methods within supercell sizes of 8 and 50xag.

It is intriguing to observe a strong consistency in the defect number densities
(FPs, Imono, and I¢) anticipated by both DFT- and EAM-driven CRA techniques
across different supercell sizes, as depicted in Figure Remarkable agreement is
evident among the results derived from various methodologies up to approximately
0.2 dpa, despite the considerable variations in supercell dimensions. Discrepancies
begin to emerge as the larger cells enter the stage of accumulation of large I and
their transformation into dislocation segments, a phase that cannot be captured by
the smaller cells utilised in this investigation.

3.2.1 Dislocation loop nucleation and saturation in Fe

Limited capture of extended dislocation segments in small simulation cells required
the use of larger cells to analyse their evolution using the EAM-CRA method.
Therefore, using large supercells, the total and directional (e.g., 1/2(111), (100),
and (110) Burgers vectors) dislocation line densities (DLDs), pp, were evaluated
dividing the total dislocation line length by the corresponding supercell volume. A
detailed discussion on the impact of cell size on DLD formation can be found in
Paper II. Here, we focus on the dependence of DLD evolution on the quality of
SIA distributions specifically in 50xaq supercells.

Figure a) shows that the type of SIA distribution influences the nucleation
of DLD. Nucleation begins around 0.04 dpa for UDF and 0.07 dpa for LDF-I'(4, 2).
These doses correspond to when the peak population of I starts to diminish (com-
pare Figures (c) and (a)) and transforms into interstitial dislocation loops.

Additionally, Figure a) and (b) show that the transformation of I¢ into
dislocation loops is significantly faster with UDFs compared to localised STA distri-
butions. Applying LDFs also lead to an increased annihilation rate of FPs, resulting
in a slower accumulation of pp. Consequently, the peak for 1/2(111) dislocation
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Figure 3.5: The dose-dependent evolution of a) the total DLDs accompanied by directional DLDs
with b) 1/2(111), c) (100), and d) (110) Burgers vectors for uniform and localised distributions
of the SIAs in the supercell size of 50xag.

segments with UDF is about 12% higher than those predicted with LDF's, indicating
a higher probability for formation of 1/2(111) segments using UDF.

This increase in DLDs is a direct consequence of the formation of larger inter-
stitial clusters that arise from uniformly distributed FPs. Furthermore, LDFs lead
to a shift in the peak of total DLDs towards higher irradiation doses compared to
UDF.

Notably, except for minor pp attributed to the (110) Burgers vector (Fig-
ure Wd 1/2(111) dislocation segments dominate over (110) ones. This ob-
servation ahgns with the predicted lower formation energy of 1/2(111) interstitial
defects in bee Fe reported in both DET and EAM calculations. More-
over, a recent experimental observation of self-ion irradiated ultra-high purity Fe
at low temperature proved that the observable population of 1/2(111) dislocation
segments dominated the (100) and that there was no observable trace of (110)
dislocation segments .

Figure[3.6]shows the evolution of the dislocation segments, which can be broadly
categorised into three distinct stages. The observed trend is similar to what has
qualitatively been observed in experimentally irradiated tungsten and to the
results of theoretical CRA simulation of damaged Fe .

Referring to Figure [3.6] the first stage commences with the nucleation of dislo-
cation loops at approximately 0.05 dpa, coinciding with the observed decrease in
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Figure 3.6: Evolution of cumulative irradiation-induced damage in bce Fe according to the pre-
dictions of the MD-CRA model. The initial nucleation of the dislocation loops occurs around 0.05
dpa, followed by continuous growth until approximately 0.25 dpa. Subsequently, loop coalescence
leads to the formation of extended dislocation lines and networks, stabilising at a steady-state
length beyond 2 dpa. Dislocation segments featuring 1/2(111) and (100) Burgers vectors are de-
picted in green and purple, respectively.

the peak population of interstitial clusters (refer to Figures[3.2|c) and [3.5(a)). This
stage is then followed by a linear growth regime and accumulation of 1/2(111) and
(100) dislocation loops, which extends to approximately 0.25 dpa. The specific dose
range for this growth phase depends on the type of STA distribution employed.

Stage two is characterised by a decrease in DLDs after 0.3 dpa. This signifies a
transition from isolated dislocation loops into the formation of a more extensive dis-
location lines through the accumulation and coalescence of these loops, as depicted
in Figure 3.6 at about 0.5 dpa.

Finally, stage three is the formation and growth of dislocation networks at irra-
diation doses exceeding 2 dpa. This suggests that the accumulation and coalescence
of dislocation lines observed in stage two leads to the formation of a stable dislo-
cation network structure, illustrated in Figure [3.6]
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3.2.2 C15 Laves phase formation in Fe

Following the previous discussion on formation and evolution of large-scale ex-
tended interstitial dislocation segments, another potential consequence of extensive
irradiation in bce Fe is the local transformation of small interstitial defects into a
three--dimensional structure such as a local C15 Laves phase interstitial cluster.
Previous studies using various simulation techniques, including cascade simula-
tions [103,120], FP accumulation [108], and this study, consistently predict the
formation of such non-parallel three-dimensional C15 Laves phase clusters within
the damaged bce Fe. As demonstrated by Marinica et al., the C15 cluster in bce
Fe is a stable and immobile feature that may preferentially accommodate clusters
of four or more SIAs [16L[17].

This structure also exhibits a significant antiferromagnetic (AF) presence in Fe,
as demonstrated in [16], where a C15 cluster was artificially incorporated into bee
Fe. This finding is further supported by our dynamic modelling of irradiation dam-
age events, as detailed in (Papers I and III). The atoms in the C15 cluster are
normally ferromagnetically ordered with respect to each other, but the cluster as a
whole is AF with respect to the surrounding lattice. These characteristics suggest
that C15 structures play a critical role in understanding the response of Fe-based
alloys to intense irradiation. However, it is important to note that our DFT-CRA
and EAM-driven, i.e., EAM-MEO03, CRA simulations observed a limited presence of
C15-type interstitial clusters, compared to large interstitial dislocation segments.
Furthermore, the choice of TAPs predicted different sizes and frequencies of C15
clusters. As demonstrated in Paper II and illustrated in Figure the EAM-
MAOQ7 methods yielded the largest C15 cluster, consisting of a substantial assembly
of perfect and imperfect C15 Laves phase structures with 109 SIAs. Conversely, the
MD simulation using the EAM-MEO03 potential resulted in a considerably smaller
cluster comprising only 24 SIAs. These findings underscore the potential impact of
different EAMs on predicting the size and stability of C15 Laves phase structures
in irradiated Fe. [16]. It is also important to distinguish between perfect and im-
perfect C15-type clusters. Perfect C15 clusters exhibit a fully enclosed geometry
(Figure a)), resembling a closed cage for optimal packing efficiency. Conversely,
imperfect C15 clusters, also referred as Laves phase backbone polyhedral, possess
an open morphology(Figure .

This open cage-like geometry, evident in the DFT-CRA calculations in bec Fe,
likely arises due to the presence of missing or displaced atoms within the cluster
structure. In terms of defects, perfect C15 clusters are formed by 12 STAs positioned
at the edges of a truncated tetrahedron. These 12 SIAs are surrounded by 10
vacancies, effectively equivalent to a net insertion of 2 SIAs, as described in [16].
Employing different STA distribution functions, we observed that such choice has a
minimal influence on the overall content of C15 Laves phase structures (including
both imperfect and perfect C15-type clusters) at higher radiation doses (beyond
0.2 dpa). The first-principles DFT-CRA calculations, in this study, reveal the
formation of a localised short-range FM C15 cluster (blue atoms) within the bee
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Figure 3.7: Comparative analysis of the largest C15 clusters generated in irradiated bcc Fe
applying MD-CRA simulation with a) EAM-MEO03 and b) EAM-MAOQ7 potentials.

Figure 3.8: The structural backbone of a representative C15-type configuration (blue atoms) pre-
dicted by DFT-CRA simulation, characterised by a triangular arrangement of di-interstitial and
a hexagonal tri-interstitial ring. The orange clouds, enveloping atoms with spin-down orientation
(blue arrows), represent the three-dimensional spin density isosurfaces of atoms that underwent
spin flip or quench. Red arrows attached to atoms symbolise the corresponding spin-up orienta-
tions.

Fe lattice (pink atoms), appearing from an irradiation dose of 0.1 dpa. While
the atoms constructing this imperfect C15 cluster exhibit AF order relative to
the surrounding host Fe atoms, they possess short-range FM ordering internally.
This internal ordering is visualised by the three-dimensional isosurfaces of the spin
density map (orange clouds) surrounding the C15 cluster atoms, consistent with
the DFT prediction by Marinica et al. [16]. Consequently, they exhibit spin flip
or moment quench and stabilise at an average u of -0.7 up, suggesting a potential
for detection using advanced magnetic induced mapping techniques coupled with
transmission electron microscopy (TEM) [121].
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3.3 Radiation-induced demagnetisation in Fe

Compared to classical EAM methods, DFT offers a significant advantage in study-
ing the magnetic response of materials under irradiation. This is because DFT
explicitly considers the electronic structure, allowing for the prediction of possible
magnetic transformations induced by irradiation damage, which classical models
such as EAM cannot capture. It is, however, noteworthy that interatomic poten-
tials have been developed that use a Ginzburg-Landau model to include magnetic
moments [122].

As shown in Figure[3.9] the DFT-CRA method with IR calculations and 250 eV
cut-off energy, demonstrate a clear trend in terms of irradiation-induced demagneti-
sation: the global magnetisation (M) of the bce Fe exhibits a linear decrease with
increasing irradiation dose, reaching a saturation level around 0.05 dpa, with a total
reduction of 0.12 pp/atom. However, employing the FR method with higher accu-
racy (energy convergence criterion of 0.1 meV) and a larger cut-off energy (350 V)
allows for the relaxation of the entire damaged structure, thereby mitigating the
demagnetisation effect. Essentially, FR calculations activate the magneto-volume
effect, resulting in greater volume relaxation and, consequently, a smaller change
in global magnetisation, which stabilises at about -0.04 up per atom (Figure .
This behaviour is discussed in detail in Paper 1.
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Figure 3.9: The average global magnetisation of damaged bcc Fe per atom as a function of
irradiation dose.

A recent experimental study of self-ion irradiation of a 200 nm Fe film found
that it induced both structural and magnetic changes |123]. The 100 nm top and
bottom sublayers of the Fe film responded differently to 490 keV Fe™ ion irradiation
at room temperature at dose of 0.5 dpa. As explained in [123|, the recoil and
implantation probability profile of the Fet irradiation demonstrates that radiation
damage primarily occurs up to a depth of 100 nm in the top layer, which is exposed
to the ion irradiation. For depths exceeding 100 nm (i.e., within the remaining100
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nm of the bottom layer), both irradiation-induced damage and implantation effects
become relevant.

Additionally, x-ray reflectivity measurements revealed that the two sublayers
have distinctly different atomic densities. Specifically, the top and bottom sublay-
ers were observed to reach atomic densities of 8.9x10%® atoms/m?® and 9.2x10?8
atoms/m?, respectively, at the maximum dose of 341 dpa. Consequently, the top
sublayer of Fe exhibits a higher magnetic moment, compared to the unirradiated
Fe, while the bottom sublayer shows a lower magnetic moment.

The qualitative and quantitative agreement with experimental observations of
0.15 pp/atom reduction in the bottom sublayer of the aforementioned Fe films
irradiated at dose of 0.5 dpa |123] highlights the effectiveness of DFT in predict-
ing such behaviour. However, for the top layer, the experimental result is not in
qualitative agreement with our results. Indeed, our simulations represent a perfect
bulk material at absolute zero temperature, whereas the experiments involve thin
films with surfaces at room temperature. Additionally, the simulations capture a
decrease in the local magnetic moments of individual atoms with increasing dose,
further supporting the notion of irradiation-induced quenching of magnetism.

Figure explores the relationship between the local magnetic moments (i)
and atomic volumes (£2,) of all 1024 individual atoms, extracted from a single DFT-
CRA trajectory, following damage insertion equivalent to 0.1 dpa. These volumes
were calculated on the basis of the surrounding Voronoi polyhedral cell analysis.
The atomic displacement resulting from FPI alters the atomic environment by
introducing stress fields and causing rearrangements. This leads to variations in
Q,, which consequently affects local u. To clarify this further, the u - €2, correlation
in Figure is categorised into two states: high-volume/high-spin (HV/HS) and
low-volume/low-spin (LV/LS).

These states are defined based on the typical values of p and €2, of an iron
atom within an undamaged bcc Fe structure: 11.32 Ag /atom for Q, and 2.2 up
for the local p. The vertical dashed line in Figure highlights the deviation
of these properties of displaced atoms compared to the undamaged state. Atoms
located to the right (left) of the line represent the HV/HS (LV/LS) state. In fact,
vacancies caused by irradiation, lead to an increase in the associated volume of the
neighbouring atoms and hence an increased local magnetisation. In contrast, atoms
surrounded by SIAs or forming interstitial clusters experience a volume reduction
and a decrease in local magnetisation, as also demonstrated for the C15 interstitial

cluster (Figure [3.8).

As detailed in Paper III, by DFT-driven FR calculation, the defected bcc
Fe (a-phase) exhibits an average reduction in total magnetisation (6M) by -0.043
pp/atom within the expanded volume (AV), as illustrated in Figure m The
different changes in total M with IR and FR calculations are attributed to mag-
neto-volume effects that need to be taken into account when performing the IR
calculation.
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Figure 3.10: Variation of local magnetic moments with atomic volumes in damaged bcc Fe
structure compared to undamaged. The vertical dashed line separates the LV/LS and HV/HS
regions, illustrating the deviations. 6 M represents reduction in total magnetisation due to irradi-
ation-induced volume expansion (AV).

3.4 Irradiation-induced polymorphism in Fe

The analysis of i and related €2, in damaged bce a-phase, as shown in Figure [3.10)
offers insights into potential irradiation-induced polymorphism. Notably, atoms
within the LV /LS region, experiencing reduced interatomic spacing, exhibit spon-
taneous spin arrangements ranging from +1 up to -1 pg. This behaviour aligns with
an AF ordering with high packing density. Moreover, some atoms exhibit near-zero
magnetic moments (0 i), suggesting a highly packed, non-magnetic (NM) configu-
ration similar to the hexagonal close-packed (hcp) e-phase of iron, which is known
to be NM at low temperatures and high pressures [124].

While the DFT-CRA simulations focus on damaged bcce Fe, insights from re-
lated studies are valuable. Krauss and Krey |125] performed numerical simulations
of a hypothetical amorphous iron structure at absolute zero temperature. Although
different from the bcce structures used in this study, their work revealed a significant
correlation between the local magnetic moment and the atomic volume in amor-
phous iron. Interestingly, the average trend they observed aligns with the global
volume dependence reported by Moruzzi et al. [126] for the local magnetic moments
in the AF state of face-centred cubic (fcc) ~-Fe.

Furthermore, first-principles calculations predict the existence of alternative
magnetic states in fcc Fe. Beyond the conventional AF ordering, a double-layer
antiferromagnetic (AFD) state exhibits stronger intra-layer coupling, leading to a
doubling of short-range FM order compared to the regular AF structure [127]. This
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short-range FM coupling inherent in the AFD state is believed to play a crucial role
in explaining the anti-Invar effect in iron, providing further experimental support
for its existence [127].

The significant increase in per-atom total energy (§E = 97.5 meV/atom) ob-
served in irradiated Fe suggests a strong thermodynamic driving force for structural
transformations. This energy increase may potentially trigger a transition from the
initial FM a-phase to the AFD ~-phase or the NM/AF e-phase. To support this
notion, the irradiated a-Fe exhibits a decrease in per-atom total magnetisation
(6M=-0.043 pp/atom) within the irradiation-induced volume expansion of AV
(Figure a)), aligning closely with the magneto-volume behaviour of the AFD
~-phase, described by Herper et al. [127]. This intersection suggests a potential
irradiation-induced local transformation from « to ~.

However, data points within the HV /HS region, shown in Figure a), gener-
ally follow the bce magneto-volume relationship. This implies that a large portion
of the damaged material retains its bce structure under irradiation, with the forma-
tion and aggregation of vacancies, as observed in experimentally self-ion-irradiated
Fe films [123]. Consequently, local magnetic moments near vacancies slightly in-
crease, slowly approaching the value of a free Fe atom (~ 4 ug) [128].

In contrast, the LV/LS region shows a significantly complex deviation from
the magneto-volume relation in the bcc lattice, aligning more closely with highly
packed structures such as local FM-C15 Laves phase structure, AFD fcc, and even
NM/AF hep (Figure a)). To solidify this observation, a more comprehensive
analysis, comparing the equations of states for these structures with the p - Q,
data distribution, is provided in Figure b). The suggested NM/AF e-Fe phase
formation by the current DFT-CRA calculations aligns ideally with the energetic
considerations for NM and AF e-Fe, as depicted in Figure b). In fact, the
scattering of u - €, data points around the vertical blue-dotted line, indicating the
energy-volume ground state of the NM/AF e-phase, providing additional support
for the possible formation of the NM/AF close-packed structure under cryogenically
irradiated a-Fe.

As indicated, the theoretical projection of a transition from FM bcc to NM
hep under heightened pressure aligns with experimental observations utilising x-ray
magnetic circular dichroism spectroscopy [129,(130]. This transition is attributed to
a contraction in interatomic spacing, resulting in an overlap between the 3d-state
and 4s-state valance bands. This overlap induces the dispersion of 3d electrons by
reducing the density of states (DOS) of the valence electrons at the Fermi energy
(Ew), consequently weakening the conditions conducive to FM ordering [131}[132].

Interestingly, an intriguing finding within the restricted range of atomic volumes
(9.5 < Q, < 15.4) depicted in Figure a) is the evident FM ordering demon-
strated by C15-type atoms (illustrated by data points enclosed in red circles). This
observation suggests a multifaceted interaction between the magnetic characteristics
of C15 clusters and the underlying bcc structure under irradiation. The discernible
short-range FM ordering in C15 clusters prompts a detailed examination of their
electronic configuration. For example, a detailed analysis of the partial projected
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Figure 3.11: Distribution of local u of all individual atoms of damaged bcc Fe in relation to
their local 4 at a dose of 0.22 dpa. The data points (u - Q4) are compared with two aspects: (a)
magneto-volume relationships in different iron structures and (b) the equations of state of iron in
various magnetic states relative to the a-Fe ground state energy. A black-dashed line divides the
LV/LS and HV/HS regions, highlighting discrepancies in the local magnetic moments and atomic
volumes of individual atoms in the damaged a-Fe compared to the undamaged bcc structure. In
the right panel, the blue-dotted line represents the equilibrium atomic volume of NM/AF e-Fe,
while blue-shaded regions indicate volume expansion (AV) in damaged a-Fe. Additionally, for
better comparison, the magneto-volume curve for the C15-FM structure is inverted to show anti-
parallel spin orientation with respect to the host bcc lattice atoms.

DOS (PDOS) for a representative C15 configuration (shown in Figure reveals
a charge transfer phenomenon upon irradiation, which is schematically illustrated

in Figure 312

Figure 3.12: The comparison between the partial PDOS and the IDOS of C15-type atoms pre-
and post-irradiation: (a) demonstrates the transfer of charge from majority to minority states prior
to irradiation, while (b) presents the established partial DOS of atoms comprising the imperfect
C15 Laves phase structure post-irradiation. Vertical dashed lines indicate the Fermi energy levels,

designated at Erp = 0.

This charge transfer phenomenon, from majority spin states situated below Eg
to unoccupied minority states above it, is consistent with the intricate interplay
between magnetism and structure under irradiation discussed previously. The re-
sultant 26% decrease in partial PDOS at Er (determined through the comparison
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of integrated DOS (IDOS)) suggests a deterioration in FM ordering induced by
the formation of a C15 cluster, in line with the upward displacement of Er (Fig-
ure a)). The shaded region in Figure a) serves to qualitatively represent
the transferred charge phenomena, reflecting the magnetic properties of the atoms
that constitute the C15 cluster after irradiation. This analysis underscores how
alterations induced by irradiation in the electronic structure of C15 clusters can
affect their magnetic characteristics, thus contributing to the overall complexity of
irradiated bcc Fe.

3.5 Microstructure evolution in Fe alloys

Up to this point, the focus has primarily been centred on modelling of irradiation-in-
duced damage in pure Fe and analysing the evolution of the resulting microstructure
within it. Following this, an investigation into defect structures within the FeCr
and FeCrAl alloys, characterised by their varying alloying element compositions, is
undertaken in this section and in section [3.6] respectively.

Figure [3.13] illustrates the dose-dependent evolution of survived FP, isolated
interstitials, and interstitial cluster contents as predicted by DFT-driven CRA sim-
ulations for both the Fe and FeCr systems. The simulations were performed within
supercells with side lengths of 8xag. Generally, there are no significant discrepan-
cies observed among these aforementioned parameters for both pure Fe and FeCr
alloys in terms of alloying effects. As depicted in Figure (a), regardless of the
model material considered, the FP densities accumulate with sharp linear rates for
irradiation doses below 0.05 dpa, before starting to reach a steady-state satura-
tion beyond 0.05 dpa. This behaviour suggests a resistance to further substantial
microstructural evolution induced by irradiation, as discussed previously.

It is important to emphasise that the observed two-stage microstructure evolu-
tion within a relatively small simulation cells, despite representing a mutually inter-
acting many-body systems, is not indicative of the inadequacy of the CRA model
to anticipate larger-scale defects, such as dislocation loops in irradiated structures.
Rather, this phenomenon is attributed to the specific conditions necessary for the
formation of extended defects within the limitations of the simulation setup. This
underscores the nuanced relationship between simulation conditions and the result-
ing microstructural evolution, highlighting the complex interplay between system
size, defect formation dynamics, and computational constraints.

To continue, Figure [3.13(b) and Figure 3.13[c) respectively show the number
densities of surviving isolated interstitials and remaining interstitial clusters, I¢,
which were developed in response to strain fields around groups of near-by SIAs.
Additionally, unlike FP evolution, the dose-dependent evolution of Ion, is not
really monotonic. This behaviour suggests that while new interstitials are con-
tinuously introduced using the CRA algorithm, some annihilate with pre-existing
vacancies or coalesce into other pre-existing interstitial clusters, leading to fluctu-
ations in their number densities.
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Figure 3.13: Dose-dependent number density of a) FP, b) Imono, and c) I¢ for different Fe and
FeCr systems.

Figures a) and (b) depict the concentration of evolving isolated vacancies
and their related clusters, respectively, in Fe and FeCr alloys subjected to increasing
damage insertion. Similarly to the total defect population (Figure (a)), the
vacancies also evolve into two stages: rapid linear growth and ultimate steady-
state saturation. However, the fate of Viono and Ineno diverges as irradiation
progresses, similar to what was clearly observed in large simulation cells in this
study (Figure[3.3{(a)) and Ref. [76].

Compared with the average number density of evolving Viyono (Figure a)),
the Imono (Figure b)) shows that the concentration of remaining isolated inter-
stitial initially increases rapidly, reaches a peak around 0.05 dpa and then gradually
decreases. This indicates different responses of interstitials and vacancies to irradia-
tion. That is, the SIAs exhibit a tendency for athermal diffusion under stress/strain
field, whereas vacancies remain still immobile during supersaturation of point de-
fects. Therefore, vacancies evolve with monotonic growth until they reach the
saturation state, as discussed in section for large-scale supercells.

Furthermore, the average number density of isolated vacancies (Figure [3.14(a))
is roughly twice that of isolated SIAs (Figure [3.13|b)) within the saturation dose
range of 0.05 - 0.35 dpa. This suggests a much lower athermal elastic interaction
for vacancies compared to SIAs, as also discussed in |115]. Furthermore, compar-
ing Figures c) and b) indicates that the average concentration of V¢ is
approximately 30% lower than that for Ig, regardless of the type of system. These
discrepancies can be explained by the fact that the magnitude of the relaxation
volumes of Fe or Cr vacancies is, in general, much lower than those of STAs in FeCr
alloys [115].

Analysis of dose-dependent defect cluster populations suggests that, under ir-
radiation and without thermally activated migration, point defects in Fe alloys can
undergo athermal evolution to form defect clusters. This phenomenon aligns with
experimental and theoretical observations during cryogenic irradiation of Fe [26]
and tungsten [32,[33], attributed to elastic interactions between nano-scale defects
within collision cascades.
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Figure 3.14: Dose-dependent number density of a) Vimono and b) V¢ for different Fe and FeCr
systems.

Moreover, as the irradiation dose (FPI number) increases, the induced defects
interact differently with their surrounding pre-existing defects. Vacancies exhibit a
weak interacting nature, leading to a higher overall isolated population compared
to interstitials. Additionally, interstitial defects show a higher tendency to form
larger or more stable clusters compared to vacancies, as highlighted in Figure|3.15
On average and regardless of system type, the average size of I¢ is twice as large
as that of V.
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Figure 3.15: A comparison between the dose-dependent average size of a) interstitial clusters
and b) vacancy clusters in Fe and FeCr alloys.

Finally, the resulting CRA predictions of interstitial defect evolution (Figures
(c) and (a)) suggests a balance between cluster formation and other pro-
cesses like defect interactions or annihilation occurring at later stages of irradiation.
Therefore, further analysis is necessary to understand the exact nature of the inter-
stitial clusters formed in FeCr alloys. These clusters may differ from the imperfect
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C15 Laves phase structures previously observed in pure Fe. Furthermore, investi-
gating the influence of chromium concentration on the size and stability of these
defect clusters can provide valuable insights.

3.5.1 The C15 Laves phase structure in FeCr alloys

This section presents novel findings on C15 Laves phase formation in Fe-based
alloys, building upon the theoretical predictions for pure Fe. To the best of author’s
knowledge, this is the first reported observation of both perfect and imperfect C15-
type structures, including clusters of triangular and/or hexagonal di-interstitial
rings, throughout dynamic modelling of irradiation damage event in binary FeCr
alloys. Furthermore, this study demonstrates a stabilising effect of alloying Cr on
C15 Laves phase formation. First-principles calculations, in conjunction with the
employed CRA model, suggest that chromium actually promotes the formation of
larger, perfect C15-type clusters, particularly in Fe-10 and Fe-15 at.% Cr matrices.

Figure[3.16]displays the dose-dependent evolution of atomic C15-type structures
and the largest C15-type clusters found in damaged bce Fe and FeCr alloys with
varying Cr contents. As shown in Figure a), the C15-type structure content
is independent of the Cr concentration. However, the size of C15 clusters in FeCr
matrix (Figure[3.16] (b)) exhibits a meaningful correlation with Cr content exceeding
5 at.%. This suggests a significantly higher tendency for SIAs to aggregate within
C15 structures in alloys with higher Cr concentrations. The substitution of Fe with
Cr atoms weakens the general FM ordering in the system, favouring the formation
of the C15 Laves phase. This is likely facilitated by an increase in AF ordering and
a potential quenching of magnetisation.
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Figure 3.16: (a) Population of atoms with C15-type atomic structure and (b) the largest C15
cluster formed in Fe and FeCr alloys as a function of irradiation dose.

To further explore the potential link between Cr addition and C15 Laves phase
stability, supplemental simulations were conducted. These simulations involved
calculating the formation energy (using Eqs. and [2.16)) of a perfect, non-parallel
interstitial C15 cluster (I$''°), as shown in Figure [3.17, and comparing it with the
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formation energy of the equivalently corresponding di-interstitial cluster in (110)-

dumbbell configuration (12<110>) in bee alloy structures. These calculations were
performed for both pure iron and various FeCr alloys modelled using the special
quasi-random structure (SQS) disordering. To facilitate this analysis, a I$'1® cluster
was artificially introduced into supercells containing 25042 atoms (achieved by
removing 10 and inserting 12 atoms). This methodology is in accordance with the

previously established procedures described in [16}/17].

Figure 3.17: A typical perfect C15 cluster (12015) incorporated in a SQS-Fe-5 Cr matrix, repre-
sented with yellow-coloured bonds. The golden and dark-blue spheres symbolise Fe and Cr atoms,
respectively.

To ensure a comprehensive evaluation, the formation energy of C15 clusters
within the SQS-FeCr matrix was assessed by randomly inserting a single I$'1® clus-
ter into various positions within each SQS-FeCr alloy. This strategy improves the
accuracy of model predictions and minimises any bias in formation energy calcu-
lations arising from the specific distribution of Cr atoms around the C15 clusters.
Further details regarding these complementary calculations are provided in Pa-
per IV. Furthermore, to facilitate a direct comparison, the formation energy of an
equivalent 12<110) cluster was also calculated. Consequently, an IQ<110> cluster was
meticulously placed at the same randomly chosen location previously designated
for I$'15 inclusion.

Consistent with previous studies [17], the formation energy of the I$1® cluster
is generally higher than 12<110) in pure Fe [16], as indicated in Figurem However,

as more Cr added to the bce Fe lattice, the difference in the formation energy of

C15
12

STA clusters with non-parallel and parallel 1-2(110) configurations, denoted as

AEI2015*IZ§HO>, decreases from 1 eV for pure Fe to approximately 0.4 eV for Fe-15
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at.% Cr (a 60% drop). This highlights that, compared to pure Fe, the SIAs in
concentrated SQS-FeCr alloys exhibit a higher tendency to cluster into the C15
Laves phase, rather than adopting a parallel dumbbell configuration, as shown in
Figure [3.18

The scattered data points in Figure is related to the inclusion of I$'®
clusters at different locations within each SQS-FeCr matrix. It should be noted
that, depending on the concentration of Cr atoms, the formation energy of I$'1®
cluster is energetically more favourable than that of the 12<110> cluster in SQS-FeCr
alloys containing 15 - 50 at.% Cr. Furthermore, the incorporated C15 cluster in
AF pure Cr lattice led to the greatest AEE-1" of 55 eV, signifying that the
optimised Cr content for stabilisation of the C15 clusters could be between 15 - 50
at.% Cr.
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Figure 3.18: Difference in formation energies of interstitial clusters with C15 and (110)-dumbbell
configurations as a function of Cr content.

Upon examining all CRA trajectories for both Fe and FeCr alloys, it became
evident that the formation of large C15 clusters with higher Cr content is not coinci-
dental. The largest clusters of C15 type observed among all damaged Fe trajectories
exhibit open cage structures, characterised by triangular and/or hexagonal di-in-
terstitial rings, as previously depicted in Figure 3.8 In contrast, the formation of
a perfect closed cage-like C15 clusters is predominant in FeCr systems with higher
Cr content, specifically in 10-at.% and 15-at.% Cr, as illustrated in Figure [3.19

In particular, as indicated in Paper I and III, C15-type structures exhibit
strong antiferromagnetic alignment with the bce host Fe atoms, as previously pre-
dicted by Marinica et al. in [16], while demonstrating local short-range ferromag-
netism. However, in the present study, as illustrated through Figures a) - (d),
the inclusion of more Cr atoms decreases the short-range ferromagnetism of C15
clusters formed in the host bee Fe lattice, transforming their magnetic state into
locally short-range AF or even NM states in FeCr alloys with higher Cr concentra-
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tions, as thoroughly discussed in Paper IV.

a) Fe-10 at.% Cr b) Fe-15 at.% Cr

Figure 3.19: Comparison of the size of C15 clusters formed in damaged bcc a) Fe-10 and b)
Fe-15 at.% Cr, respectively. The orange clouds, enveloping atoms with spin-down orientation
(blue arrows), represent the three-dimensional spin density isosurfaces of atoms that underwent
spin flip. The red arrows symbolise the spin-up orientations. Pink atoms represent host lattice
atoms, while blue atoms without attached arrows underwent spin quench.

To elaborate on this observation, Figure[3.20]illustrates the distributions of local
magnetic moments of all individual Fe and Cr atoms against their corresponding
local atomic volumes (Voronoi cell) within both Fe and concentrated FeCr alloys
between irradiation doses of 0.1 - 0.2 dpa. As previously demonstrated, the atoms
that form C15 clusters tend to antiferromagnetically pair with ferromagnetic atoms
in the host Fe lattice under constrained configurations. The addition of Cr atoms
weakens the FM ordering and introduces additional AF ordering into the host
Fe martix, making C15 to become either AF or even NM features. An inverse
correlation exists between the size of the C15 clusters and the magnitude of their
total magnetic moment.

The difference in behaviour of the C15 clusters in Fe and FeCr alloys could be
related to the different magneto-volume effects of the systems, resulting from the
different relaxation volumes of Fe and Cr vacancies and STAs. A study by Wrébel et
al. |115], using DFT calculations, showed that the alloying environment significantly
impact the magnetic properties and atomic-level distortions (elastic dipoles and
relaxation volumes) of point defects in bee Fe, bee Cr, and their disordered alloys.

The impact of relaxation volumes on the magnetism of defects in Fe-Cr alloys
has been extensively investigated and discussed in [115]. This influence arises from
variations in the local volume-moment of defects containing Fe-Fe and Fe-Cr dumb-
bells, as also reported in other studies [133H135]. Furthermore, variations in the
magnitudes of magnetic moments associated with defects significantly affect the
formation energy of these defects. DFT calculations [115], applying ionic and full
relaxation calculations, demonstrated that the relaxation volumes and formation
energies of SIA in dumbbell configurations within disordered Fe-Cr alloys decrease



54 CHAPTER 3. RESULTS AND DISCUSSION

L Fes%Cr

T N s Y S T o
O Cl5structure : : L (a) I O CI5 structure : (b)
3 P SN I I I 3 ! ! P I ST N
9 10 11 12 13 14 15 9 10 11 12 13 14 15

L Fel0%Cr |

[ O ClSstructure l : L0 [ O CiSstructure 1 : L@
L L

PR S T

M PR R
-3
9 10 11 12 13 14 15 9 10 11 12 13 14 15

2, (A3 a, (A3

Figure 3.20: Representation of the distribution of local magnetic moments of individual atoms
within damaged bce Fe and FeCr alloys relative to their respective local atomic volumes at an
irradiation dose of approximately 0.1 - 0.2 dpa. The individual C15 clusters, separately formed
in each system, with corresponding p - €, distribution in blue-circled points are depicted to
illustrate their magnetic moment alignments in Fe and FeCr alloys. The green and orange data
points represent the p - Q, relationships for Fe and Cr atoms, respectively.

with increasing Cr content. In addition, as shown by Marinica , the negative
formation energy of clusters of four or more SIAs in the form of C15 structures,
alongside the reduction in the formation energy of dumbbells with increasing Cr
content in the SQS-FeCr alloys, supports the hypothesis of stabilisation of the C15
cluster with increasing Cr content proposed in this study.

3.5.2 Radiation-induced magnetisation and structural change in
FeCr

In this study, the relationship between Cr content and irradiation-induced volume
expansion (swelling) was explored in Fe-based alloys. Using Eq. , swelling was
continuously monitored by calculating the ratio of global pressure change (AP)
to bulk modulus (B), through volume conserving calculations. Bulk moduli for
each FeCr system were chosen based on experimentally available data from litera-
ture at room temperature. Additionally, swelling can be estimated directly
by calculating the relative volume change, represented as AV/Vj, through FR cal-
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culations, where both the volume and shape of the supercell along with the ionic
positions were consistently relaxed.

As shown in Figure a), direct first-principles calculations unveil a consis-
tent trend across various Fe-based systems: swelling initially increases linearly and
then plateaus at the early stage of irradiation dose (0.05 dpa). Importantly, a ro-
bust correlation emerges between saturated swelling and Cr content in Fe-based
alloys beyond 0.05 dpa. For example, swelling in Fe is approximately 40% higher
than that of Fe containing 15-at.% Cr. As Cr content increases, FeCr alloys demon-
strate enhanced resistance to irradiation-induced volume expansion under the CRA
conditions.
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Figure 3.21: Dose-dependent evolution of averaged irradiation-induced swelling in Fe and FeCr
systems. (b) DFT prediction of swelling as a function of Cr content for pure Fe and binary FeCr
alloys.

Several studies [137-139] have investigated the influence of chromium alloying
on volumetric swelling under high-temperature and extensive irradiation conditions.
As depicted in Figure b), these experiments, despite employing high irradia-
tion doses and elevated temperatures, demonstrate that even small Cr additions
(3 wt.%) significantly suppress peak swelling in high-purity Fe-Cr alloys. In par-
ticular, pure Fe exhibits a peak swelling of around 1%, while Fe-Cr alloys show
a remarkable relative reduction of approximately 90%. This data underscores the
critical role of Cr concentration in mitigating irradiation-induced swelling.

Considering the absence of thermally activated diffusion in our damaged struc-
tures, as well as the uniformity in the number density and size of the vacancy
clusters in Fe-based alloys (Figures - , the magneto-volume relationships
of the FeCr systems may play a role in responding differently to irradiation. There-
fore, exploring the correlation between the change in total M and related volume
expansion may elucidate the relationship between Cr content and swelling in Fe-
based alloys, as illustrated in Figure [3.22] This correlation emerges from various
relaxation calculations, including IR and FR, derived from DFT-CRA calculations.

As depicted in Figure (a), a clear linear correlation emerges between Cr
content and the change in global magnetisation, leading to diverse responses of
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Fe-based alloys to irradiation damage. Incorporation of Cr atoms into the bec Fe
structure results in a decrease in FM ordering, thus weakening ferromagnetism and
resulting in a reduced magneto-volume effect.

AM (pg/atom)

Fe-5%Cr

| C Feloscr ¢ [ Feo10%Cr § |
« Fe-15%Cr . K « Fe-15%Cr <
o5 bt s
0 1 2 3 0 1 2 3
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Figure 3.22: Averaged change in global M per atom relative to corresponding swelling in various
Fe and FeCr systems. The left panel (a) displays the results of DFT-IR calculations (AP/B),
while the right panel (b) presents the outcomes of DFT-FR calculations (AV)/Vp) for several
snapshots of the CRA trajectories. In the right panel, dashed lines fitted to the data points depict
instances where AM) has not yet reached saturation values.

DFT-FR calculations with enhanced accuracy (Figure [3.22b)) further reveal a
notable nonlinear relationship between Cr content and irradiation-induced swelling
in damaged Fe alloys. Figures a) and (b) demonstrate that within the con-
ditions applied in this study, AM exhibits a linear decrease followed by a steady-
state saturation, with data points scattered around the final values (Figure [3.21]).
Interestingly, Fe-Cr alloys respond differently to irradiation with respect to mag-
netisation changes compared to pure Fe. For example, adding 5 at.% Cr suppresses
the change in total M, while further Cr additions accelerate the reduction in M
and subsequently in swelling at a higher rate than pure Fe.

3.6 Radiation-induced damage in FeCrAl and Al,O4

Our discussions on bee Fe and FeCr systems have raised a crucial question: how does
the addition of aluminium to a Fe-10% Cr matrix impact its structural properties
and their evolution under irradiation? As highlighted in Chapter [1} incorporat-
ing aluminium has been shown to enhance the corrosion resistance of FeCr alloys,
making them ideal for applications like fuel cladding for certain advanced reactor
types, such as lead fast reactors [12}|14]. This improvement stems from the forma-
tion of a thin and highly oxidation-resistant Al,O5 layer on the surface, acting as
a protective barrier at elevated temperatures in steam or liquid-lead environments.
Consequently, understanding the possibly dissimilar responses of FeCrAl and Al,O4
to irradiation is critical for ensuring mechanical stability of components made from
FeCrAl.
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Building on Papers ITI and V, our DFT-driven CRA simulations employed
multiple FPI technique within the simulation cells, particularly for the DFT-driven
CRA modelling of irradiation damage event in non-magnetic Al,Os. In this case,
a simultaneous five-FPI (5-FPI) scenario was adopted to efficiently achieve dose
values of 1 dpa. This method reproduced the dose-dependent evolutions of energy
and pressure changes observed in single FPI (i.e., 1-FPI) simulations but allowed
for a considerably faster dose evolution, computationally.

It is worth noting that for studying damage structure in large-supercells used in
MD-driven CRA simulation, the number of FP insertions ranged from 10 to 1000
concurrent FPI, as described in Paper II.

3.6.1 Radiation-induced damage in FeCrAl

Expanding on the results shown in Figure (section [3.5)), Figure shows the
dose-dependent average number densities of FPs, [,ono and I¢ for Fe-10Cr-zAl
alloys with varying Al concentrations (2, 4, and 6 at.%), as detailed in Paper V.
Notably, the defect number densities for these FeCrAl systems exhibit minimal
variation across different Al contents. However, Figure [3.23(b) highlights a clear
difference in the behaviour of the I,,on, population in Fe-10Cr-6Al within the dose
interval 0.25 - 0.35 dpa with a pronounced decrease in the number density of isolated
interstitials. This suggests the potential collapse of individual SIAs into larger
clusters. Interestingly, as indicated in (Figure 7 DFT-CRA simulations reveal
a remarkable influence of aluminium on the formation of the C15 cluster in the
Fe-10Cr matrix within the dose range of 0.25 - 0.35 dpa. In these dose limits,
the atomic percentage of C15 Laves phase structure in FeCrAl with 6 at.% Al is
the highest seen so far in all studied materials and consequently the largest C15
cluster was recorded, as indicated in Figure [3.25] This proposes that addition of
aluminium may effectively stabilise the formation of C15 cluster defects within the
FeCrAl matrix, invoking interest for future investigation.
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Figure 3.23: Dose-dependent number density of the a) FP, b) Imono, and c¢) I¢ for Fe, Fe-10
at.%Cr and Fe-10 at.%Cr with different Al content.

Indeed, further analysis of the cluster structure, shown in Figure may
reveal or relate the role of the addition aluminium (even as impurity element) in
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stabilising the C15 cluster formation, similar to what has been argued for the role
of chromium in bcc Fe before. Here, the lower atomic relaxation volume and non-
magnetic nature of aluminium seem to be essential in understanding a probable
link between its concentration and the formation of C15 structures in irradiated
bee Fe alloys.
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Figure 3.24: (a) Population of C15-type atomic structure and (b) the largest C15 Laves phase
structures formed in Fel0%Cr with diverse Al contents as a function of irradiation dose.

Figure 3.25: The largest C15 clusters formed in irradiated bec Fe-10%Cr-6%Al applying DFT-
CRA simulation. Orange spheres are Fe, blue spheres are Cr and teal spheres are Al.

PTM analysis, as shown in Figure [3.25] strengthens the conceivable connection
between the aluminium content and the C15 cluster stability. A higher number of Al
atoms appears to promote the formation of C15 clusters, particularly in alloys with
sufficient chromium content (e.g., 10 at.% or more). This observation aligns with
the well-established NM/AF character of giant C15 clusters enriched in chromium.
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It suggests a potential synergistic effect between Al and Cr, favouring the formation
and stability of larger, non-magnetic C15 clusters. Notably, typical such clusters
formed in FeCrAl, predicted by the DFT-driven CRA, reveals that Al atoms occupy
both the central core and periphery of the C15 cluster.

These findings open exciting avenues for further exploration. Understanding
the atomic-level mechanisms by which Al influences C15 cluster characteristics and
investigating how these clusters through the Al content impacts the mechanical
properties of FeCrAl alloys are crucial next steps.

3.6.2 Radiation-induced damage in Al,O4

The incorporation of aluminium into ferritic alloys has been shown to significantly
enhance their corrosion resistance, particularly in high-temperature liquid Pb. This
beneficial effect is due to the formation of thin layers of amorphous and nano-scale
alumina (Al,O3) which forms at elevated temperatures [140,/141]. The alumina
scale is necessary to protect the steel from corrosion.

There is a scarcity of studies on irradiation damage on FeCrAl steels, and a
potential concern is that if the swelling of the underlying steel alloy differ signifi-
cantly from that of the alumina scale layer, then the alumina scale could spall off
during operation, exposing the metallic alloy to interact directly with the liquid
metal. Therefore, from a materials engineering perspective, it is crucial to evaluate
irradiation-induced swelling behaviour in both the metallic bcc FeCrAl phase and
the corundum ceramic Al,O5 phase.

As a starting point, the DFT-CRA predictions of this study reveal a significant
disparity in the defect number densities for the oxide and metallic matrices, see
Paper V for more details. The concentration of surviving FPs at saturation levels
(0.5 - 1 dpa) in Al,O5 (Figure a)) is roughly seven times higher than that
predicted for FeCrAl (Figure at saturation levels of 0.05 - 0.35 dpa. This
suggests a significantly lower rate of recombination between vacancies and STAs in
Al,O4, particularly at very low temperature regimes.
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Figure 3.26: Dose-dependent evolution of the number densities of a) FP, b) isolated defects, and
c¢) defect clusters formed in a-Al,Os.

Furthermore, a comparison of Figures [3.23] and [3.26] reveals distinct differences
in the microstructural evolution of corundum Al,O5 compared to bee metallic struc-
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tures, particularly at intermediate irradiation doses ranging from 0.05 to 0.5 dpa.
In damaged Al;O5, an initial rapid linear increase in defect density leads to super-
saturation of FP defects at doses below 0.05 dpa. Subsequently, these defects begin
to recombine with pre-existing point defects, resulting in a gradually decelerating
evolution rate between 0.05 and 0.5 dpa. Finally, saturation occurs for irradia-
tion doses beyond 0.5 dpa. This behaviour indicates the presence of three distinct
stages in the microstructural evolution of damaged Al,O3, whereas Fe alloys with
approximately the same simulation cell size evolve through two distinct stages, in
this limited simulation cell size.

Several factors may contribute to the different microstructural evolutions ob-
served in alumina compared to Fe-based alloys. Firstly, in addition to having dif-
ferent crystal structures and localised bonding, the oxygen and aluminium atoms in
Al;O4 have lower relaxation volumes than the 3d-metals in FeCrAl alloys. This dif-
ference in relaxation volume affects the response of SIAs to the stress field induced
by FPI in alumina compared to metallic Fe alloys. Consequently, SIAs in Al,O4
may accumulate more and recombine less with vacancies compared to those in Fe-
CrAl. Secondly, the different migration barriers and pathways for charged point
defects in hexagonal AlyO3, compared to the point defects in bee metallic alloys,
influence their mobility, leading to different defect buildup dynamics. For instance,
theoretically calculated migration energies range from 1 to 2.5 eV [142}[143|, while
experimental measurements indicate migration energies around 5 eV [144] in the
oxides, while the Fe-based metals have migration barriers of significantly less than
1 eV for all point defects [145}/146].

Furthermore, ab initio calculations [147] shows that migration of interstitial
oxygen atoms leads to the formation of dumbbells with regular oxygen atoms. It
has been proved that optimised configuration of fixed dumbbell is a more prefer-
able alternative to recombination of interstitial oxygen atom with oxygen vacancy.
Additionally, the nature of charged point defects in ceramic Al,O4 versus defects in
metallic alloys may contribute to the distinct microstructural evolution in these ma-
terials. For example, charged oxygen interstitial anions can be trapped by regular
oxygen sublattice atoms or charged aluminium interstitial cations to form complex
clusters, which may reduce the recombination rate.

A clear consequence of different defect accumulation rates in ceramic and metal-
lic materials, as illustrated in Figure[3.27] is seen in the difference in irradiation-in-
duced swelling between alumina and Fe alloys. The swelling in alumina is estimated
to be about three times higher than that predicted in Fe alloys at very low temper-
atures. This outcome is a direct consequence of the accumulation of a significantly
greater number of surviving FP defects within the alumina scale. It should be noted
that the bulk modulus for estimating the swelling (via Eq. ) of alumina is se-
lected according to available experimental data in the literature [148]. Moreover,
the bulk modulus for Fe-10%Cr-4%Al is chosen to be equal to that of Fe-10%Cr
alloys, as the difference between Fe-10Cr and the addition of Al has been shown to
be less than 1% at room temperature, according to MD simulation [149).

The enhanced swelling in crystalline alumina with respect to the underlying
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Figure 3.27: Comparison of irradiation-induced swelling in Fe-based alloys and in AlyOs5.
Swelling in Al,O5 was simulated with the method of simultaneously implanting five FP at a time.
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alloy could be a cause for concern since it would risk spalling off at elevated levels
of irradiation. However, in the real steel application, the alumina scale is rarely
purely crystalline, and thus should exhibit very high radiation damage tolerance.






Chapter 4

Conclusions and outlook

This thesis leveraged an advanced computational model, the creation-relaxation
algorithm, and integrated it with first-principles DFT calculations and classical
interatomic EAM potentials. This powerful combination allowed for atomistic sim-
ulation of irradiation-induced events with exceptional accuracy, allowing for a com-
prehensive analysis of the resulting microstructural evolutions.

The CRA model stochastically introduces Frenkel pairs, that is, vacancies and
STAs, into any reference atomic structure. Subsequently, the model rigorously re-
laxes the defective system to reach its local minimum energy configuration. This
process enables the identification and characterisation of microstructural imperfec-
tions that emerge dynamically within the specified model material.

To properly model low-energy, low-temperature irradiation conditions, the CRA
method was refined by incorporating a selection of local and uniform distribution
functions. This integration allows the model to realistically capture the statistical
distribution of SIAs within the defected material, reflecting the conditions achiev-
able in a controlled irradiation experiment.

Furthermore, the model was enhanced by incorporating a complementary algo-
rithm to regulate the proximity of inserted atoms to one another, defining a virtually
restricted volume around each atom termed the forbidden zone. This feature is par-
ticularly crucial in scenarios where interatomic potentials lack strong short-range
repulsive forces, which is also pertinent for pseudopotentials used in first-principles
calculations. Consequently, if an inserted atom is positioned too closely to another,
due to the stochastic nature of insertion, the internal algorithm adjusts the position
by displacing it outward to the zone boundary, initiating relaxation from that point
onwards.

With these enhancements, this study investigated the microstructure evolution
induced by radiation in bee Fe alloys and Al,O5 employing a combined method-
ology of EAM potentials and DFT calculations within the CRA framework. The
investigation successfully captured the evolving microstructure, induced by irradi-
ation, as a function of the simulated irradiation dose across various supercell sizes,

63
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highlighting the distinct evolutions of vacancy and interstitial defects and defect
clusters.

In smaller simulation cells, two stages of microstructural evolution under CRA
conditions were observed: an initial linear build-up of point defects followed by
steady-state saturation of clustering defects. Conversely, employing larger super-
cells with different types of spatial distribution of FPs leads to variations in the
microstructure evolutions, with localised distribution of FPs resulting in slower
microstructural development compared to that rendered by uniform distributions,
delaying dislocation nucleation to higher doses.

This study also explored the formation of other types of interstitial clusters
within damaged Fe-based model materials. Specifically, DFT predicts the for-
mation of non-parallel, three-dimensional C15 Laves phase structures, exhibiting
strong antiferromagnetic characteristics with internal short-range ferromagnetic or-
dering. MD-driven CRA calculations highlight the size and occurrence dependency
of C15 clusters on the interatomic potential used, with the Marinica potential pre-
dicting the largest and most stable C15 clusters for clusters of four or more SIAs.
Conversely, the Mendelev potential shows better agreement with DFT simulations,
especially for the smaller C15 clusters formed dynamically in small supercells.

Despite the potential used, the predicted C15 cluster sizes are likely to fall below
the detection limits of conventional TEM techniques. However, the average local
magnetic moment of the C15 cluster, as predicted by the DFT-CRA model, suggests
a remarkable potential for experimental detection using advanced magnetic-induced
mapping techniques when coupled with TEM.

Furthermore, DFT-driven CRA calculations indicate the possibility of polymor-
phism occurring in irradiated a-Fe, suggesting the potential formation of NM/AF
e-phase and an AFD ~-phase, based on the excess energy deposited in the irradi-
ated system and the local magnetic moment - atomic volume relationship. Besides,
the DFT-CRA approach revealed a strong correlation between chromium and alu-
minium content on the stability of large C15 clusters in concentrated FeCr alloys
compared to that in pure Fe. Chromium atoms also play a crucial role in mit-
igating irradiation-induced swelling, providing some part of the context for the
experimental observation of how low-to-moderate Cr content can strongly suppress
irradiation-induced swelling in Fe alloys. The non-linear dependence of swelling
on Cr concentration is proposed to be due mainly due to reduction of mobility
of glissile STA clusters in low to moderate Cr concentrations, given that the Cr
atoms interact with the SIAs in the gliding loops. This effect then vanishes due to
percolation when the Cr content is high enough. There may also be a secondary
attribution due to the significantly larger negative relaxation volume of vacancies
in Cr sites compared to Fe sites.

Finally, the extensive DFT-based metadata generated from this study on com-
plex damaged systems such as FeCr and FeCrAl alloys presents a valuable resource
for developing interatomic potentials using machine learning approaches. Such po-
tentials could allow investigations of large-scale microstructural evolution in similar
systems that are currently beyond the reach of DFT-CRA calculations.
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From the DFT-driven CRA simulations on FeCrAl system, further investiga-
tion is required to understand the mechanisms through which alloying elements,
specifically Al and Cr atoms, influence the stabilisation of the C15 Laves phase
in the FeCrAl matrices. Furthermore, calculating the formation energies of larger
perfect clusters of incorporated C15 in Fe alloys will help to determine whether the
observed tendency of SIAs to form giant C15 structures in high-chromium alloys is
energetically favourable.

Leveraging the extensive metadata generated from our DFT-driven CRA sim-
ulations on FeCrAl alloys and alumina, future research could involve developing
machine-learning interatomic potentials to investigate the irradiation-induced mi-
crostructure evolution in large-scale simulation cells in those chemically complex
systems. This approach would allow for a more comprehensive understanding of
the behaviour of these materials under irradiation conditions.

The CRA model with FP insertion effectively replicates damage evolution in
various model materials under low-energy irradiation conditions, such as electron
irradiation. However, for modelling high-energy irradiation events based on cre-
ation-relaxation algorithm, like neutron bombardments, the damage morphology
and energy transfer to lattice atoms differ significantly due to the nature of the
irradiating particles. To improve the accuracy of the modelling, a different ap-
proach for high-energy damage events is wanted. We propose substituting FP
insertion with void (vacancy cluster) insertion to capture these events more accu-
rately. Preliminary simulations using the EAM in Fe and FeCr alloys demonstrate
the feasibility of void insertion. This method involves randomly selecting an atom
and a specific number of its nearest neighbours for void creation, followed by lo-
calised redistribution of the selected atoms to form SIA clusters. Further validation
is required before void insertion can be established as a standard approach for sim-
ulating neutron irradiation.

Finally, the CRA model can be also extended to study microstructure evolution
in many other systems of interest, such as ceramic uranium nitride (UN) or uranium
dioxide (UQO,) fuels, where the irradiation cross section for one atomic species differs
significantly from the other. By modifying the algorithm to bias atom selection
towards a specific atomic species, one can study how the microstructure evolves in
a matrix for which the constituent atoms have different displacement cross sections.
This would broaden the applicability of the CRA model, providing valuable insights
into the irradiation response of a wider range of materials.
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We here model the radiation-induced microstructure evolution in bce iron using the creation-relaxation algo-
rithm directly driven by density functional theory calculations and compare to interatomic potential simulations.
The method is in essence a relatively simplified model without thermally driven diffusion. The microstructure
evolution in this model is driven mostly by the stress field introduced by sequential direct damage insertions.
The defect populations and the corresponding defect cluster characteristics have been analyzed as a function of
irradiation dose. Different distribution functions have been investigated for the self-interstitial atom implantation,
to make model predictions as close as possible to actual irradiation conditions under which defects are produced.
The stability and magnetic characteristics of the defect structures that are formed are studied. Our first-principles
simulations revealed that the C15 structure can be dynamically formed during the irradiation of the material
and that the constituent atoms align antiferromagnetically to the lattice. For doses on the order of a fraction
of 1 displacement per atom, the model material Fe experiences mechanical changes caused by continuous
irradiation and approaches a saturation state of about 2% swelling. The radiation-induced change in the local
magnetic moments as well as the charge density differences for some isolated and clustered defects have been
investigated. The results revealed a net reduction in total magnetization per atom and a tendency for interstitial
sites to have a spin polarization opposing the intrinsic atomic site spins when the coordination number was
increased compared to that of the initial lattice structure. It is suggested that radiation-induced damage could be
traced using nondestructive measures of bulk magnetization changes.

DOI: 10.1103/PhysRevMaterials.7.123604

I. INTRODUCTION

With emerging Generation 1V nuclear reactors and future
fusion reactor systems, it is required to develop different al-
loys whose in-reactor mechanical properties are expected to
be more robust due to more aggressive environments than
in current nuclear reactors [1]. During the operating life-
time of nuclear reactors, structural materials are constantly
exposed to radiation in the form of energetic particles of
various kinds, creating isolated point defects (i.e., vacan-
cies and self-interstitials) and significant concentrations of
extended defect clusters [2,3]. Upon accumulation of these
irradiation-induced defects and clusters, complex microstruc-
tural segments are formed, including voids, dislocation loops,
radiation-enhanced or induced solute segregation in alloys,
and precipitation of secondary phases [4-6]. The microstruc-
tural evolution can cause significant changes in the physical
and mechanical properties of the materials. Hardening, em-
brittlement, and dimensional changes such as creep, growth,
and swelling are typical examples of macroscopic effects of
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irradiation [2,7,8]. Subsequently, alloys with high resistance
to the adverse effects of irradiation are of great technological
interest especially for the nuclear energy sector.

Indicating and exploring the long-term evolution of the mi-
crostructures and their associated physical property changes
under irradiation conditions are complex and demanding
tasks. Consequently, many studies and research programs
have been conducted to investigate the effects of irradiation
on the physical and mechanical properties of real or model
materials [9-14]. Due to the limitation of nanoscale analysis
capabilities, the experimental observations of irradiation-
induced microstructure evolution remain relatively rare at the
atomic scale [15]. Therefore, multiscale modeling approaches
have been extensively developed to facilitate elucidating
the relationship between microstructure evolution and phys-
ical property changes of irradiated material in recent years
[5,13,16-18].

For example, Domain et al. applied the object kinetic
Monte Carlo (OKMC) method to investigate the dynamics
of the thermally activated microstructure evolution in Fe and
FeCu alloys [19] for irradiation doses far below 1 displace-
ment per atom (dpa). Indeed, their study was relevant for
reactor pressure vessel steels in light water reactors where

!Displacement per atom (dpa) is a dimensionless positive-definite
parameter that can be used to measure irradiation exposure [20]. As
described by Kinchin and Pease [21] and quantified by Norgett et al.
[22], atomic displacement is expressed by a dpa parameter ¢.

Published by the American Physical Society
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the density of the defects is relatively low, and the life-
time dose is well below 1 dpa. Nevertheless, applying the
OKMC approach to dose limits higher than 1 dpa, where
the concentrations of isolated and extended defects are rela-
tively high, e.g., in materials near the reactor cores, has so
far proved problematic due to the high computational cost
of modeling an environment with both slowly and rapidly
diffusing defects, continuously created during operation. Fur-
thermore, to improve the OKMC predictions even further,
incorporation of both linear and nonlinear elastic interactions
between almost all kinds of simple and complex defects are
necessary but challenging [23,24]. Therefore, to model the
microstructure evolution, there has been quite some activ-
ity focusing on directly applying interatomic potentials and
molecular dynamics (MD) simulations over the past few
decades [14,25,26], with different levels of assumptions and
approximations included.

Granberg et al. applied the MD method to study de-
fect accumulation and evolution in Fe-based alloys [27] and
tungsten [25] using massive amounts of overlapping cascade
simulations at room temperature. They generated isolated and
extended defects through primary knock-on atoms induced by
random initiation of thousands of subsequent displacement
cascade events at room temperature. The time between the
events is orders of magnitude shorter than the realistic one in
representative conditions. While this method neglects many
diffusion-driven events and mechanisms, an equivalent dose
of 0.12 dpa was achieved in Fe and FeCr alloys [27]. Despite
successfully reproducing the microscopic dynamics of atomic
collisions under massive overlapping cascades, it was difficult
to uncover the intermediate stages of defect evolution, as
discussed by Derlet and Dudarev in Ref. [26].

Since the late 1980s, a simple yet powerful computational
simulation technique was introduced by Limoge et al. for
studying the irradiation-induced amorphization in noncrys-
talline materials by successive introduction of point defects,
either Frenkel pairs (FPs) or isolated interstitials [28]. The
approach has been widely adopted and adapted by various
researchers over the past decades [29-32]. For instance, Derlet
and Dudarev reformulated and integrated it with interatomic
potentials and molecular statics, to explore the radiation-
induced microstructure evolution of two model materials, Fe
and W [26]. They successively introduced a FP defect con-
sisting of a vacancy and self-interstitial atom (SIA) into a
simulation cell through random selection and displacement
of lattice atoms. After the defect was inserted, the atomic
positions were relaxed to their local energy minima to track
the accumulation of defects and their evolution at zero tem-
perature, where the microstructure evolves solely as a result
of the induced stress field from continuous FP insertions
(FPIs). This process, named as the creation-relaxation algo-
rithm (CRA), allows one to demonstrate the development of
microstructure imperfections over several stages, including a
linear accumulation of point defects (¢ ~ 0.01 dpa), forma-
tion of interstitial clusters (¢ ~ 0.1 dpa), creeping formation
of dislocation loops (0.7 dpa), and finally saturation of the
dislocation network (¢ ~ 1.5 dpa).

Given that the CRA model ignores the high-energy char-
acteristics of defect production, it addresses one of the
significant challenges for OKMC simulations by directly

considering linear and nonlinear lattice deformations caused
by defect accumulations. In contrast to overlapping cascade
simulations, the CRA model significantly reduces the com-
putational effort by neglecting the high-energy stages of
radiation damage production, allowing for the exploration of
high dose values (e.g., up to 2.5 dpa and beyond) in larger
simulation cells. Thus, the CRA model identifies the stages of
isolated and extended defect accumulation and demonstrates
microstructure evolution into a final steady-state structure at
high dose levels without thermal activation.

Before the CRA model was introduced, Chartier and
Marinica [29] employed a similar technique to study the in-
teractions between dislocations and small C15 Laves phase
inclusions, with an icosahedral structure, in the body-centered
cubic (bcc) Fe structure under irradiation conditions. They
applied an embedded-atom method (EAM) potential, referred
to as M07 [33], to simulate the formation of three-dimensional
C15 clusters by accumulating FPs. Their findings revealed
a complex interplay between two-dimensional interstitial de-
fects (1/2(111) and (100) loops) and three-dimensional C15
clusters. However, using the Mendelev et al. EAM poten-
tial (M03) [34], Derlet observed minimal icosahedral content
during the nucleation of the dislocation loop stage and
therefore was unable to resolve other possible mixed Laves
C15/dislocation loop structures. The study highlighted dif-
ferences in observed structures, indicating that the choice of
interatomic potentials may account for these disparities. In
fact, the M03 potential used in Ref. [26] is a quite energeti-
cally unfavorable potential for large C15 cluster formation, as
shown in [35].

Furthermore, both studies attribute the generation of dam-
age to electron irradiation under low-temperature conditions,
which predict the production of FPs. Moreover, the investi-
gations conducted in both studies employed relatively large
supercells with side lengths exceeding 80 x ag,? allowing
for a large displacement and uniform distribution of SIAs.
However, it should be noted that this uniform distribution
of implanted SIAs, though it simplifies the simulation, may
introduce an unrealistic assumption on the mean free path of a
dynamically created SIA in a newly born FP that could impact
the nature of microstructure evolution during the initial stages
of irradiation.

Finally, in this study, we propose a first-principles driven
CRA model using density functional theory (DFT) for the
simulation of defect production, energy minimization, and
microstructure evolution. Consequently, by applying a DFT-
driven CRA model, one can reproduce the radiation-induced
microstructure evolution while resolving the evolving elec-
tronic structure and tracing its effects, with additional value
in detailed information on aspects such as local and global
magnetization and charge density evolution, as well as the
potential to expand to complex alloys without loss of quality
in the physical description. Indeed, the DFT method provides
a solid benchmark to validate the results achieved by using
interatomic potentials. It also provides a tool to investigate
the possible effects of radiation-induced microstructure on the
quenching and polarization of local magnetic moments and

2ay is referred to as the lattice parameter.
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charge density difference distributions around isolated defects
and defect clusters, e.g., C15-type clusters. In contrast to the
aforementioned studies based on a semiempirical potential
drive CRA that utilized large supercells, our study employs
a relatively small supercell (8 x a with 1024 atomic sites),
eliminating the need to consider spatially localized or uniform
SIA distributions within the simulation cell. To accurately
model low-energy defect production, such as electron irra-
diation, it should be more appropriate to employ a locally
distributed SIA implantation model in large supercells.

The current study is structured into three distinct sections.
Section 1 describes the CRA model in detail and outlines the
computational specifics. Section 111 delves into the discourse
of the findings and provides a comprehensive discussion of
the results. Subsequently, the study conclusion is presented
in its dedicated section. Furthermore, in Appendix A, an
explication of the forbidden zone radius (FZR) criterion is
expounded upon. Appendix B elucidates the three distinct
spatial distribution functions employed for SIA distributions.
Finally, the Supplemental Material pertinent to this study are
comprehensively detailed in [36].

I1. METHODS
A. CRA

This study applied the CRA approach to directly generate
Frenkel pairs, mimicking low-energy damage events, and to
qualitatively simulate a bulk radiation dose and microstruc-
tural evolution in bce Fe. Using the canonical definition of
dpa [26], one may determine the irradiation dose by divid-
ing the FPI number, n, by the total number of lattice sites,
N(¢ = n/N). Considering the importance of the algorithm
used in this study, as well as the slight differences we applied
in our calculation requirements compared to those applied in
Ref. [26], the CRA model is briefly reviewed and rewritten
according to our simulation conditions:

(1) Construction of a simulation cell with N lattice sites of
a desired size and crystallography.

(2) Determination of the radius of a forbidden zone; ex-
plained in Appendix A.

(3) Relaxation of the ionic positions in the cell before
insertion and considering this cell as a reference configuration.

(4) Settingnto 0.

(5) Random selection and removal of an atom within the
simulation cell, creating a vacancy.

(6) Insertion of the randomly selected atom into the sim-
ulation cell according to a selected distribution function,
creating a SIA.

(7) Inspection whether the inserted atom is inside the
forbidden zone of another atom and then conditional modi-
fication of its position to just outside the forbidden zone.

(8) Relaxation of all ionic positions by adopting an energy
minimization method to find a new global potential energy
minimum for all the atoms in the cell.

(9) Setting nto n+ 1 and updating the value of the dose
parameter ¢ to n/N.

(10) Iteration of steps (5)—(9) until the algorithm reaches
the desired target dpa value.

Two main differences exist between our simulation re-
quirements and those applied in [26]. For noticeably short

distances, the empirical potentials in [26] are connected to
the Ziegler, Biersack, and Littmark [37] screened Coulomb
interaction. In this study, we only used a projector augmented
wave description [38] with a minimal set of explicit valence
electrons. Therefore, we are not guaranteed to achieve a fully
appropriate short-range repulsive form, potentially leading to
unreliable forces if the inserted atom is placed too close to an-
other atom. Consequently, we defined a virtual spherical zone
encompassing each atom within which the inserted atoms
cannot be implanted before the relaxation step. If an atom is
placed inside the forbidden zone of another atom due to the
random coordinate selection, it is displaced directly outwards
from the atom to the zone boundary, and from there, the
relaxation starts. According to our calculations, this forbidden
zone can be reasonably selected as about 0.7 A in bce Fe. In
Appendix A, we have shown how this value has been assigned
as a criterion for the forbidden zone radius. We can note that
as long as the selected value is not too small (nonphysical
forces) the resulting relaxation is quite stable with respect to
the parameter value.

During energetic recoils initiated by an incoming particle,
the spatial distribution of the resulting damage, be it in the
form of cascade debris for high-energy impacts, or a distri-
bution of isolated FPs, covers between a few angstrom up
to a few nanometers. The characteristic size of the resulting
distribution of defects scales very weakly with the energy of
the incoming particle due to the many-body collision effects.
Consequently, for modeling low-energy irradiation damage
in large cells (>10 x ay or so), especially within the CRA
framework, the spatial distribution of the SIA implantation
is critical for improving model prediction. In other words,
when the recoil atoms are scattered in a realistic irradiation
condition under low-energy defect production, such as in elec-
tron irradiation, their displacements typically range within a
few lattice parameters. Therefore, to model low-energy irra-
diation conditions, it is more important to displace randomly
selected atoms in accordance with a spatially localized distri-
bution model, especially in large supercells compared to this
range. Thus we applied three different spatial distributions
of SIAs—a uniform random distribution and two nonuni-
form localized random distributions—according to which the
SlAs are dispersed. In this way, we investigated whether the
distribution of SIAs would lead to different microstructure
evolutions. We could also prove that a uniform distribu-
tion of SlAs is a valid approach for small simulation cells.
More details on the distribution functions can be found in
Appendix B.

A PYTHON code was employed for damage creation and
insertion. Additionally, PYTHON and oviTO [39] were used
for analyzing the microstructure evolutions. A Wigner-Seits
analysis implemented in ovITO was conducted to identify
the remaining vacancy and SIAs in the simulation cells
after the relaxation. For two defects to be considered as
clustered together, cut-off criteria were set at the midpoint
between the second and third nearest neighbor distances
(3.5 A) for vacancies and between the third and fourth nearest
neighbor distances (4.1 A) for SIAs, in accordance with liter-
ature [40,41]. Furthermore, considering that the C15 atoms
have a distinctive icosahedral coordination, we apply the
polyhedral template matching (PTM) analysis [42], with a
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root-mean-square deviation value of 0.25, implemented in
OVITO to recognize them.

B. Abinitio calculation details

The main focus of this study is to use electronic struc-
ture calculations in the framework of DFT for the energy
minimization during the CRA direct damage insertion. We
used the projector augmented plane wave method [38] im-
plemented in the Vienna ab initio simulation package (VASP)
[43]. The conjugate gradient method [44] was used to per-
form the energy minimization after every FPI [steps (5)—(9)
of the CRA]. The exchange-correlation term was treated in
the generalized gradient approximation, as parametrized by
Perdew, Burke, and Ernzerhof [45,46]. All calculations were
spin polarized, and periodic boundary conditions, along with
the supercell approach, were employed. For the CRA model-
ing of radiation-induced microstructure evolution, we used a
supercell of 8 x 8 x 8 copies of the bcc orthogonal unit cell,
comprised of 1024 atoms. For this relatively large supercell,
the Brillouin zone was sampled by the gamma point in k
space. To improve the prediction of the model and lower the
statistical noise, we used four distinct CRA trajectories for
each condition.

In our simulations, we utilized diverse degrees of freedom
to steer the response of the irradiated system to FPIs. This
governs how the system evolves under irradiation, includ-
ing adjustments in ionic positions, simulation cell volume,
and cell shape. For an evolving system under intense irradi-
ation, full relaxation (relaxing ionic positions, volume, and
shape of cell) calculation is ideal after each damage insertion.
However, full relaxation demands significant computational
resources in DFT. To address this, we limited the simulations
to ionic relaxations, which adjusts only ionic positions while
preserving the volume and shape of the supercell. Full relax-
ation was applied selectively in specific snapshots of a CRA
trajectory, optimizing insights without introducing extensive
computational costs.

For volume-conserving simulations, we employed a cut-off
energy of 250 eV and a 1 meV energy convergence criterion
for the self-consistent electronic loop. However, for fully re-
laxed calculations, we used a higher 350 eV cut-off energy to
prevent volumetric changes from affecting energy and forces
due to varying volume and included plane waves. To enhance
accuracy, we reduced the energy minimization convergence
criterion to 0.1 meV in this simulation set.

To explore irradiation-induced structural changes, two ap-
proaches can be employed. In the full relaxation calculation
paradigm, tracking the supercell volume offers insights into
volumetric changes. Alternatively, the ionic relaxation cal-
culation method tracks hydrostatic pressure changes. Full
relaxation achieves a global pressure convergence to zero,
causing the supercell volume and shape to evolve, leading to
explicit volumetric swelling in the case of FPIs. In contrast,
fixed volume conditions allow estimation of radiation-induced
swelling by relating the global hydrostatic pressure change
(AP) to the bulk modulus (B), expressed as [47]

AV —AP
=5 ®
Vo B

where AV/V, is the relative volumetric change as a result of
FPls.

Using the DFT-CRA method, we also investigated the
irradiation-induced change in the electronic charge distribu-
tion and in the global and local magnetization. Accordingly,
isosurfaces depicting the variations in spin and charge den-
sities surrounding those defects were computed using VESTA
[48].

Additionally, for a more comprehensive analysis of varia-
tions in magnetization and charge density near isolated point
defects, a series of supplementary calculations (see the Sup-
plemental Material [36]) were conducted with higher accuracy
in smaller supercells. Firstly, a supercell comprising 5 x 5 x
5 copies of a bce unit cell was used to separately calculate
the induced change in magnetization and stress tensor com-
ponents around a vacancy, SIA, or FP defects, respectively,
with higher computational accuracy (denser I'-centered 6 x
6 x 6 k-point mesh and 350 eV cut-off energy). Secondly, the
magnetovolume relationship [49] was examined in a standard
ferromagnetic bcc Fe conventional unit cell with a denser
k-point mesh of 11 x 11 x 11 and 350-eV cut-off energy.

To explore the potential influence of atomic volume fluc-
tuations induced by FPI on local magnetic moments, a
Voronoi analysis was employed. This analysis, established
using planes bisecting distances to atomic neighbors, was
conducted using OVITO.

C. Interatomic potential calculation details

The EAM-CRA simulations that are directly comparable
to the DFT-CRA results were performed in a supercell with
side length of 8 x ay comprising 1024 atomic sites. The con-
jugate gradient method was used, and the simulations were
performed with LAMMPS [50] to relax the structure and de-
termine the new local potential energy minimum. In parallel
to DFT, two distinct relaxation methods were used: one for
simulations with fixed volume and another for simulations
with fixed pressure.

To reduce statistical error and improve radiation-induced
damage prediction, five CRA trajectory profiles were used.
The EAM potentials of M03 and M07 were applied to model
and investigate the atomic structure of Fe under irradiation
within the CRA model.

I111. RESULTS AND DISCUSSION

A. Theevolution of energy and pressure changes with uniform
and localized distribution of SIAs

We evaluated the reliability and accuracy of the EAM
potentials used in this study by comparing to the predictions
of the DFT-CRA method for prediction of radiation-induced
microstructure evolution in terms of energy and pressure
changes.

According to the definition of the canonical dpa [26], the
FPI number divided by the number of lattice sites to achieve
an irradiation dose of 1 dpa, 1024 FPs must be inserted into a
supercell containing 1024 atomic sites. Using the EAM-CRA
method, it is quite fast to reach doses of 1 dpa in such small su-
percells. For the DFT-CRA method, however, which involves
a relatively large system of mutually interacting electrons and
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FIG. 1. Comparison of (a) energy change per atom and (b) hydrostatic pressure change as a function of FPI with different EAM-CRA

methods.

ions, we stopped the simulation after 0.35 dpa since contin-
uing the simulation to 1 dpa was not expected to yield much
additional information.

First, the different SIA implantation distribution functions
have been examined with the EAM-CRA model. As described
in Appendix B, the mean displacement of the SIAs with
a uniform distribution function (UDF) is about 11.3A in a
supercell with the side length of 8 x ay. In contrast, it is
about 8 A with a localized distribution function (LDF) such
as the I"'(4,2) in the same supercell. Figure 1 compares the mi-
crostructure evolution of uniform and localized distributions
of SIAs predicted by the EAM-CRA method, using different
EAM potentials. Regardless of the type of spatial distribution
of SIAs, the dose-dependent evolution of microstructure in the
simulation cell is quite similar, as could be expected, given
that the mean displacement of the SIAs is of the order of the
simulation cell size. However, as mentioned earlier, in larger
supercells (> 10 x ap), using a localized distribution of the
SIAs would be logical if the objective is to simulate low-
energy electron irradiation, which is one of the experimental
conditions that the CRA model most closely resembles. From
here on in this work, all results were obtained using the
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spatially uniform SIA implantation distribution within the
supercells.

Figure 2 displays the change in total energy per atom
(AE/atom) and the change in hydrostatic pressure (AP) as
a function of dpa, extracted from the DFT-CRA and EAM-
CRA methods. As shown, the EAM and DFT predictions
are qualitatively comparable. Following an initial linear in-
crease in both energy and pressure, a saturation stage develops
after around 0.05 dpa, in agreement with earlier studies
[26,27,40,51] (see Fig. S1 in [36]).

As shown in Fig. S1(a) in [36], regardless of the supercell
size, the EAM-CRA model used in this study showed also
entirely quantitative and qualitative agreement with the results
reported in [26] in terms of AE/atom. However, depending
on the size of the simulation cell, the pressure evolution
[Fig. S1(b) in [36]] goes through at least three distinct stages.
In summary, these stages include a rapid linear defect accumu-
lation regime, a creeping dislocation loop formation stage, and
a steady-state dislocation network formation stage [26,52,53].
As a result of using small supercells, large interstitial clusters
and significant dislocation growth are not observed in this
study. We see that in small supercells, only two stages of
microstructure evolution are apparent: a quick linear accumu-
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FIG. 2. Comparison of DFT and EAM estimating the average changes in (a) energy per atom and (b) global pressure as a function of dpa

(FP insertion number divided by the number of lattice sites) in Fe.

123604-5



EBRAHIM MANSOURI AND PAR OLSSON

PHYSICAL REVIEW MATERIALS 7, 123604 (2023)

Total number of survived FPs

Total number of |

kmono Total number of I

—r 12
P l?) i | 1=

DFT —
2 - i
15 [ M07 — 2 08

No. of defect per lattice site (%)

L A A 0 L
0.01 0.1 1 0.001

Largest size of I

o N 0 w"w
0.1 1 0.001

Average size of Ig

Defect size (No. of defect/cluster)

Dose (dpa)

Dose (dpa)

FIG. 3. Interstitial defect content per lattice site (top) and their cluster sizes (bottom) as a function of FP insertion (dpa) predicted by DFT,

EAM-MO03, and EAM-MO07 methods.

lation of isolated point defects and a steady-state formation
of small defect clusters, as also depicted in Fig. 2. Therefore,
none of the DFT and EAM methods predicted the nucleation
of stable dislocation loops in the supercell sizes used in this
study, implying that the dislocation loops are unlikely to form
out of the small interstitial clusters. The clusters must first
grow larger or coalesce before they can merge into dislocation
loops [26].

B. The evolution of the microstructure as a function of dose

The EAM potentials were further evaluated by comparing
the microstructure evolution predicted by the DFT-CRA and
EAM-CRA methods in terms of defect accumulation. Ac-
cordingly, we traced the defect populations and the cluster
sizes, i.e., the total number of SIAs composing a cluster, as
a function of irradiation dose. In addition, particular attention
has been awarded to the irradiation-induced formation and
evolution of three-dimensional C15 clusters.

Figure 3 shows the evolution of self-interstitial defect
content per lattice site (top) and the cluster sizes (bottom)
resulting from subsequent FP insertions in the model mate-
rial Fe. As seen from the top graphs, the total number of
survived FPs grows linearly for doses below 0.02 dpa and
then stabilizes around a dose level of 0.05 dpa. Both the DFT
and EAM methods qualitatively predict similarly evolving
microstructures in Fe, within the conditions applied in this
study. However, there is a statistically significant discrepancy
between the DFT and EAM methods in estimating the number
of isolated self-interstitial (Imono) defects as well as the SIA
cluster sizes. For example, the M07 potential overestimates
the size of the interstitial cluster (Ic) by a factor of 2, while it
estimates roughly half the number of I mono, cOmpared with the

DFT results. This suggests that the M07 potential favors SIA
cluster formation due to overstabilization.

Moreover, Fig. S2 in the Supplemental Material [36] com-
pares the evolution of survived FPs predicted from different
methodologies used in this study with those extracted from
Ref. [26]. The number of survived FPs saturated at a dose of
0.05 dpa in supercells used in this study (8 x ap). Beyond 0.05
dpa, however, the number of survived FPs increases with a
different linear slope using EAM-CRA, indicating nucleation
and growth of dislocations in the sizable supercells used in
Ref. [26]. In the present study, this evolution is only partly
covered (up to about 0.2 dpa).

Although a qualitative similarity exists between the results
of DFT and EAM simulations in predicting the microstructure
evolution, for a thorough comparison of DFT versus EAM
predictions, we determined the saturation-level average of
several quantities (i.e., defect populations and their cluster
sizes) from 0.05 dpa to the end of the irradiation dose and
tabulated them in Table I. Accordingly, for the DFT results,
the saturation level ranges from 0.05 to 0.35 dpa, while for
the EAM data, it ranges from 0.05 to 1 dpa. In addition, the
standard deviation, s, is also calculated for each quantity.

Table | shows that the DFT and EAM methodologies pre-
dict almost the same number of survived FPs. Moreover,
the DFT-CRA method reveals that the number of survived
isolated vacancies is roughly twice the number of isolated
interstitial defects, even without the presence of dynamical
bias. As shown in Table I and in the bottom graphs in Fig. S3
[36], the average and largest size of the interstitial clusters are
significantly greater than those of the vacancy clusters. This
suggests that the larger elastic strain field generated by SIAs
leads to a stronger tendency to form a new structure phase,
e.g., C15-type clusters as proposed by Dézerald et al. [54],
rather than to remain as isolated point defects.
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TABLE I. DFT and EAM predictions of the saturation level for defect populations and cluster sizes, along with their standard deviations
(in parentheses). DFT data have been averaged over 0.05-0.35 dpa, whereas EAM data have been averaged over 0.05-1 dpa.

Interstitial defect (s()

Vacancy defect (s)

Method DFT EAM-MO03 EAM-MO07 DFT EAM-MO03 EAM-MO07
No. of isolated defects 6.0 (1.3) 4.1(0.8) 2.6(0.7) 13.8 (1.3) 12.1(0.9) 12.5(1.5)
Average size of the cluster? 4.6 (1.3) 7.3(1.9) 9.4 (2.5) 2.0(0.3) 2.2(0.3) 2.3(0.4)

@The defect cluster size equals the number of defects per cluster (No. defect/cluster).

A comparison between DFT and EAM predictions can also
be identified from the bottom graphs in Fig. 3, showing the
average and most significant cluster sizes of the SIAs. Despite
similar qualitative trends, the EAM potentials imply that the
average size of the interstitial clusters is roughly twice that
of those anticipated by DFT simulations. It should be noted
that these EAM potentials are based on DFT data but are not
fitted on large defect clusters. Therefore, such discrepancies
may be expected, and even later developed potentials relying
on machine learning algorithms rarely include large variations
of defect cluster energetics in their fitting database.

As mentioned earlier, the formation of nonparallel C15-
type clusters has been already predicted to be energetically
more favorable than other extended clusters in bce Fe [35,54].
Using PTM analysis, we also traced the existence and forma-
tion of icosahedral structures to identify a possible formation
of perfect or imperfect C15 Laves phase structures in our
damaged bcc Fe cells. It is worth noting that clusters con-
taining more than 12 SIAs are categorized as perfect C15
clusters, whereas those with fewer than 12 SIAs are classified
as Laves phase backbone polyhedral structures or imperfect
C15-type clusters. Figure 4 illustrates that the dose-dependent
evolution of C15-type structures varies strongly depending on
the methodology used for dose limits above 0.1 dpa where the
average size of the interstitial clusters is larger than four SIAs.

Both DFT and EAM methods, regardless of the type of
potential used, consistently predict the transformation of SIAs
into C15-type clusters for doses below 0.1 dpa, where the
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FIG. 4. The largest C15-type structures as a function of irradia-
tion dose predicted by different methodologies.

average size of the interstitial clusters is smaller than four
SIAs. However, our analysis revealed that above 0.1 dpa and
up to the available DFT-driven irradiation dose of 0.35 dpa,
where the formation of larger interstitial clusters is expected,
the transformation of interstitial clusters into giant C15 struc-
tures is less frequent in irradiated bcc Fe when using the DFT
method or the MO03 potential compared to the M0O7 one. There-
fore, the overall results obtained from the DFT and the EAM
methods suggest that the M07 potential might overstabilize
the formation of C15 clusters, in a more significant fashion
than for SIA clusters in general, as was noted above. This
result is expected, as the development of the MO7 potential
is based on the lower formation energy of three-dimensional
C15 clusters, as suggested by ab initio calculations [35]. As
also shown in Fig. 4, the frequent appearance of perfect C15
structures (clusters greater than 12 S1As) is significant for the
case of the M07 potential as compared to DFT and the M03
potential. It seems the dynamical evolution of complex cluster
growth has not been fully captured by the potential fitting and
that predictions using M07 may overestimate the prevalence
of these clusters, at least in the simulation cells used in this
study.

As the predicted vacancy-related populations with either
method or choice of EAM potential were compatible, we
refrain from displaying them here. Instead, additional anal-
ysis of evolving vacancies and their clusters are provided
in the Supplemental Material [36], Figs. S3 and S4. Those
two graphs describe the evolution of vacancy-related defect
populations and compare them with interstitial-related defects
predicted by DFT and EAM potentials.

C. Radiation-induced structural change

Another way of studying the microstructure evolution is
to trace the average change in physical properties such as the
lattice constant and in volume expansion, i.e., swelling. Using
the DFT- and EAM-CRA methods, we estimated the extent
to which the model material Fe may experience radiation-
induced volume expansion within the limit of the CRA
conditions.

Referring to Eqg. (1), we calculated the swelling using two
different approaches. From the fixed volume CRA simula-
tions, one can estimate the equivalent volumetric swelling
by dividing the evolving global hydrostatic pressure by the
appropriate bulk modulus (i.e., AP/B) [47], as shown in
Fig. 5. In addition, to directly determine the evolution of
volumetric expansion, we fully relaxed the simulation cells
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FIG. 5. A comparison of the (a) DFT and (b) EAM predictions of radiation-induced swelling with ionic and full relaxation calculations.
Data points on DFT graphs correspond to snapshots taken from full relaxation calculation trajectory.

in several snapshots of a DFT-CRA trajectory. Due to the
time-consuming nature of the full relaxation calculation in
DFT the selected number of such snapshots was quite limited.
In the full relaxation calculations, with cut-off energy 250 eV,
we found that the explicit swelling (AV/V,) is approximately
30% lower than that predicted from ionic relaxation (AP/B)
calculations (see Fig. S5 in [36]). This apparent discrepancy is
in part due to the low cut-off energy used for the full relaxation
calculations which, given that the simulation cell undergoes
volumetric expansion, changes the number of plane waves
included in the expansion. To resolve this, we expanded the
cut-off energy to 350 eV. As shown in Fig. 5, by doing so,
the estimated swelling by ionic relaxation, with 250 eV cut-
off energy, well resembled the directly calculated volumetric
expansion, AV/Vy, with 350 eV cut-off energy. It is worth
noting that the results of full relaxation calculation with DFT
are more closely matched to the fixed pressure calculation
with EAM methods.

Similar structural changes have been reported in a 490 keV
self-ion irradiation of 200 nm and 60 nm thick Fe films at
room temperature [55,56], respectively. The lattice constant
and the grain sizes, as measured by the grazing incidence
x-ray diffraction technique, have been reported to initially
undergo an abrupt increase at the early stage of irradiation
and finally to a slow saturating steady state, similar to what
we qualitatively predicted from our CRA model [see Figs. 5
and S6(a) [36]]. It has also been found that the bcc crystalline
structure remains present and stable even after the high irradi-
ation dose of 341 dpa. Our PTM analysis [Fig. S6(b)] in [36]
also revealed that about 70% of the bcc structure still remains
in the saturation stage of the damaged structure, within the
CRA conditions.

D. Radiation-induced changein global and local magnetism

One of the extraordinary advantages of the DFT method
over EAM simulations is that it allows one to study the pos-
sible magnetic transformation of a damaged structure, which
cannot be accessed by means of classical EAM simulations.
Herein, the irradiation-induced changes in global and local
magnetization of the damaged bcc structures are investigated
using the DFT-CRA model with ionic and full relaxation

calculations. We first considered the evolution of the global
magnetization (M) per atom as a function of dose in the
supercells with the side length of 8 x ay. In the early stage
of FPIs, as shown in Fig. 6, the M decreases linearly with
increasing irradiation dose. Upon reaching the saturation level
(0.05 dpa), the total M fluctuates around 2.1 pg/atom as the
number of survived FPs stabilizes.

Although making a direct correlation between the out-
comes yielded by DFT calculations in absolute temperature
and the findings gathered from experimental studies at room
temperature might not be entirely suitable, yet qualitatively
speaking, it is noteworthy that reductions in both total M and
lattice parameter have been documented in recent investiga-
tions involving a 490 keV self-ion irradiation of 200 nm Fe
films (composed of two top and bottom sublayers) at room
temperature [55]. As mentioned by the author, the responses
of those two sublayers seems to link to the impacts of Fe™
irradiation: the top layer corresponded to regions primarily
affected by irradiation damage, while the bottom layer per-
tained to both Fe* ion implantation and irradiation damage.
As a result, the top Fe sublayer exhibited a higher magnetic
moment than that of the unirradiated Fe sample whereas the
bottom sublayer exhibited a lower average magnetization. In
comparison with our simulation results, where magnetization
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FIG. 6. The average magnetization per atom as a function of dose.
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FIG. 7. Local magnetic moments of all atoms in different FPI
stages for different irradiation dose levels, as a function of atomic
volume. The vertical dashed line distinguishes LS/LV and HS/HV
regions, highlighting deviations in atomic volume and local magnetic
moments of atoms in the damaged bcc Fe structure with respect to
the undamaged one.

is strictly decreasing with irradiation dose, the bottom layer
evolution resembles this more. It is natural that a region
with a higher SIA content will experience a quenching of
magnetization, given both the decrease in average available
free volume where there is a surplus of self-interstitials as
well as the well-known strong direct magnetic quenching
effects on SIAs themselves. For the top layer, the experimen-
tal result is, however, not in qualitative agreement with our
results. An irradiated magnetic bulk material should not expe-
rience a growing magnetization, unless the swelling, and thus
magnetovolume effect, can dominate over the defect-induced
quenching. That we are simulating a perfect bulk, and the top
layer is a thin substrate with a free surface may be part of the
explanation of the discrepancy.

As explained in Sec. VII in the Supplemental Material
[36], there is a net decrease of 1.72 g (equivalent to 6.8 x
1073 ug/FP in these simulation cells) in the global M. This
decrease is attributed to the insertion of the FP, which com-
prises the individual contributions of a single SIA (—2.93 pg)
and a single vacancy (41.05 yg), albeit in a slightly volume-
expanded cell. Indeed, in the presence of a SIA (vacancy),
the available atomic volume surrounding the defect decreases
(increases), thus reducing (raising) the magnetic moments of
the atoms enclosing that interstitial (vacant) site. Therefore,
the linear reduction in the total M (Fig. 6) can be attributed to
the linear accumulation of survived FPs below 0.05 dpa. Be-
yond 0.05 dpa, however, the number of FPs reaches saturation
and interstitial clusters begin to nucleate. Consequently, the
change in global M is no longer a linear function of individual
FP defects. Therefore, it deviates from the linear decreasing
regime and fluctuates around —0.12 i /atom.®

Moreover, it is informative to examine the local magnetic
moments of the constituent atoms as a function of dose (FPI
number). As shown in Fig. 7, the local magnetic moment

3This value can also be obtained by multiplying the total number of
survived FPs (~18) by the global magnetization change per FP (i.e.,
6.8 x 1073 ).

of the 1024 atoms (taken from several snhapshots of a sin-
gle CRA ftrajectory) is plotted with respect to their atomic
volumes, computed as the surrounding Voronoi polyhedral
cell. Increasing the irradiation dose alters the local envi-
ronment of the lattice sites, inducing various stress fields
around atoms and causing different atomic rearrangements
with diverse atomic volumes. Consequently, atoms that un-
dergo a change in their local stress field, in comparison to
the post-irradiation conditions, will encounter varying atomic
volume and local magnetic moments. To enable a com-
prehensive understanding of the correlation between atomic
volume and local magnetic moments of atoms, we cate-
gorized the volume and local moments of atoms into two
states: high-volume/high-spin (HV/HS) and low-volume/low-
spin (LV/LS). These states are referenced against the atomic
volume (11.32A) and local magnetic moment (2.2 pg) of
a typical iron atom within an undamaged bcc Fe structure.
As shown in Fig. 7, the vertical dashed line facilitates the
deviation of atomic volume and local magnetic moment of
the atoms from those in the undamaged bcc Fe structure.
Therefore, the right (left) side of the dashed line corresponds
to the HV/HS (LV/LS) state. Atoms with neighboring vacant
sites undergo an increase in volume and consequently an
increase in local magnetization. Meanwhile, an atom that is in
close proximity to interstitial atoms experiences a reduction
in its atomic volume and ultimately a decrease in its local
magnetization.

As seen in Fig. 7, in the LV/LS region, which refers to the
accumulation of SIAs in the damaged structure, it is poten-
tially favorable, both magnetically and structurally, for SIAs
to form a locally new crystal structure within the host bcc
Fe structure, as we already observed in our simulation [see
Fig. S6(b) in [36]].

For example, with an extensive numerical simulation of
fictitious amorphous iron at absolute zero temperature, which
has similarities to our DFT-CRA evolution at saturation,
Krauss and Krey [57] showed a significant connection be-
tween the magnitude of the local magnetic moment and
the associated local volume of a specific atom in amor-
phous Fe. Although both these values exhibited considerable
variation on a site-to-site basis, their averaged correlation
closely aligned with the global volume dependency of local
magnetic moments in the antiferromagnetic (AFM) state of
face-centered cubic (fcc) Fe, as also computed by Moruzzi
etal. [58].

Another alternative for the evolution of SIAs, in a mas-
sively irradiated structure, is to transform into a C15 Laves
phase structure. As demonstrated earlier by Marinica et al.
[35], the C15 Laves phase in bcc Fe has been established as
a stable and immobile framework for the evolution of SIAs.
This structural configuration is also marked by significant
AFM moments. Such configurations may also emerge during
displacement cascade events and has the capability to grow
through capturing of further SIAs [35,59,60]. Therefore, C15
structures are assumed to play a critical role in forecasting
the radiation-induced evolution of the microstructure in iron-
based materials. As previously noted, a limited quantity of
extended C15-type interstitial clusters was observed in our
DFT-CRA trajectories.
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FIG. 8. The structural backbone of a representative C15-type
configuration (yellow atoms) formed through DFT-CRA simulation,
characterized by a triangular arrangement of di-interstitial and a
hexagonal tri-interstitial ring. Blue and red arrows attached to atoms
symbolize the corresponding spin-down and spin-up orientations,
respectively.

In Fig. 8, an illustrative representation of a prototypical
C15-type cluster (yellow color atoms) is provided, with con-
stituent atoms accompanied by their respective site indices.
This feature highlights the core framework of the C15-type
structure, emerging from the DFT-CRA simulation, which
comprises both a triangular configuration of a di-interstitial
and a hexagonal tri-interstitial ring formation. Notably, within
this example cluster, specific atoms like Fel31 or Fe260
exhibit AFM orientation, quantified at —0.8 and —0.9 g,
respectively. A comparison to a conventional FM bcc Fe atom
emphasizes this difference. Further examination of the pro-
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jected density of states (DOS) and integrated DOS of Fel31,
compared to a pristine lattice atom, highlights the influence
of neighboring atoms within the cluster (refer to Fig. 9).
As shown, in a damaged structure where lattice deformation
occurs, the interaction with surrounding atoms induces a
separation between t,q and ey d-orbitals, prompting a recon-
figuration of d-orbitals [61]. Consequently, a deviation from
the initial majority and minority spin populations, depicted in
Fig. 9(b), near and at the Fermi level, results in distinct spin
orientations and local magnetic moments for the displaced
atoms.

Finally, we investigate the interplay between swelling and
global M in the damaged Fe structure using different types
of relaxation conditions. Initially, we traced the radiation-
induced swelling from ionic relaxation conditions [Fig. 5(a)].
It is noteworthy that these calculations might overestimate
the radiation-induced swelling due to the assumption of a
constant cell volume. To accurately account for the impact
of volume relaxation, we initiated an exploration of magne-
tovolume instability in a standard pristine FM bcc Fe cell.
By progressively expanding the cell volume while maintain-
ing ion positions fixed, we computed the per-atom change
in total M within an electronically converged structure. This

4Generally, the d-orbitals can be categorized into two distinct sets
referred to as tpy (comprising dyy, Oy, and dy;) and g (encom-
passing d,o_,» and dp) orbitals. However, within specific crystal
field environments, these five d-orbitals undergo division into varied
configurations, contingent upon the symmetry characteristics of the
neighboring d-orbital electrons [61].
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FIG. 9. Comparison of the (a) projected density of states (PDOS) and (b) integrated density of states (IDOS) for the Fe131 atom in the
C15-type structure (bottom panels) with that of a typical Fe atom in a standard bcc structure (top panels). The dashed lines show the Fermi

energy levels, setat Er = 0.

123604-10



MICROSTRUCTURE AND MAGNETIZATION EVOLUTION ...

PHYSICAL REVIEW MATERIALS 7, 123604 (2023)

23 T T T T T

225

§ 22
<
Z
= 215
2 i i
% 20— © Full relaxation
G ®  Jonic relaxation
2.05 Magnetovolume effect ]
e Full relaxation without magnetovolume term
| | | | |
2

0 0.005 0.01 0.015 0.02 0.025 0.03
Relative volume expansion (AV/V;)

FIG. 10. Total magnetization per atom with relative volume ex-
pansion. The results of full relaxation calculation with and without
magnetovolume effect are shown with blue- and red-filled circles,
respectively.

insight allows us to correct the estimated swelling, by intro-
ducing the magnetovolume term to the M change obtained
from ionic relaxation calculations. Conversely, by subtracting
the magnetovolume term from full relaxation computation
results, one can replicate the outcomes of ionic relaxation
for predicting swelling. The effectiveness of this approach is
evident from Fig. 10, where removing the magnetovolume
term from full relaxation calculation results (blue-filled cir-
cles) aligns the global M shifts (red-filled circles) with data
points extracted from ionic relaxation calculations (black-
filled circles). This correction mechanism offers an avenue for
fast ionic relaxation calculations while explicitly accounting
for radiation-induced swelling through correction with the
magnetovolume effect.

Moreover, Fig. 10 demonstrates that up to a relative volume
change of 2%, isolated defects accumulate linearly, with the
count of FPI nearly matching the number of survived iso-
lated point defects. As the relative volume change surpasses
AV/Vy > 2%, the clustering of SIAs into larger features,
e.g., C15 Laves phase, signals a transition from a linear
point defect buildup to a stable pattern of larger and larger
clusters as the irradiation dose escalates. This progression
of microstructure evolution highlights the intricate interplay
between volume changes and defect clustering phenomena.

1V. CONCLUSION

In summary, we have introduced a first-principles approach
to investigate microstructure evolution. Through the utiliza-
tion of the CRA model, we explored the radiation-induced
microstructure evolution and defect clustering in heavily ir-
radiated bcc Fe. The validation of EAM-CRA results against
DFT-CRA predictions shows the level of accuracy to which
the EAM methodology is reliable and for which quanti-
ties. Additionally, our study addressed magnetization changes
within the evolving microstructure. While the EAM-CRA
model holds promise for investigating microstructure evolu-
tion in large supercells, the DFT-CRA excellently provides
electronic structure information for exploring effects such as

magnetization charge evolution and holds great promise for
studying systems with complex chemistry.

Analyzing a 1024-atom supercell highlighted the minor
differences between uniform and localized SIA implantation
distributions, whereas larger supercells necessitate the use of
localized SIA distribution for modeling of low-energy damage
conditions. We found qualitative agreement between EAM
potentials and DFT methodology for several properties. How-
ever, the EAM-MO07 potential seemed to overstabilize the
transformation of large SIA clusters into C15 Laves phase
structures in a highly defected bcc Fe lattice.

Moreover, our investigation revealed a two-stage mi-
crostructure evolution under CRA conditions: initial linear
accumulation of isolated point defects followed by steady-
state clustering, irrespective of thermally activated diffusion,
as reported in experimental observations.

Importantly, our study demonstrated the usefulness of ac-
cess to electronic structure effects through the correlation of
magnetovolume effects in the DFT-CRA ionic relaxation cal-
culations to reproduce precise microstructure transformation
observed in full relaxation conditions.

Finally, our integrated approach merges first-principles the-
ory and innovative modeling to elucidate radiation-induced
microstructure evolution mechanisms and can be applied to
chemically complex systems which are not accessible via in-
teratomic potential-based simulations. These findings enhance
our comprehension of these processes, offering insights for
more efficient materials science and radiation damage studies.
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APPENDIX A: THE FZR CRITERION

Employing the DFT approach, we established the FZR cri-
terion within a bcc Fe structure. The corresponding supercell
encompassed 5 x 5 x 5 copies of a bce Fe unit cell, compris-
ing 250 lattice sites. To ensure precision, a cut-off energy
of 350 eV was employed, accompanied by a 6 x 6 x 6k-
point sampling of the Brillouin zone. Both lattice parameter
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FIG. 11. The change in (a) total energy, (b) global pressure, and (c) local magnetic moment of a SIA as a function of the approaching

distance of atoms forming a (110)-dumbbell.

optimization and electronic structure calculation were exe-
cuted using the conjugate gradient algorithm.

Following a complete relaxation calculation, a FP was in-
troduced into the supercell, comprising a vacancy at the origin
and an interstitial at the midlattice site. In essence, this led to
the establishment of a (110)-dumbbell configuration. Initially,
the distance between the atoms constituting the dumbbell con-
figuration was approximately 2 A, while the distance between
the vacancy and the center of mass of the (110)-dumbbell
measured 12.26 A. This substantial separation ensured the
absence of interaction or recombination between the SIAs and
vacancy.

The calculated formation energy of the FP, approximately
6.1 eV, is in complete agreement with findings from other
DFT studies [62,63]. Furthermore, the introduction of a single
FP leads to changes in global pressure and total magnetization
of the system by approximately 9.9 kB and —1.7 pg, respec-
tively. In addition, the local magnetic moments of the SIAs
equally decrease to —0.2 .

To investigate the variations in total energy and hydro-
static pressure changes as well as local magnetic moment
of SIAs, we incrementally reduced the distance between the
two constituent atoms of a (110)-dumbbell. Subsequently,
self-consistent electronic calculations were conducted while
maintaining the positions of other ions constant.

In Fig. 11, we analyzed the interplay of total energy and
hydrostatic pressure changes as well as the local magnetic
moment () of SIAs concerning varying interatomic dis-
tances. Notably, at an interatomic separation of approximately
0.7 A, the local magnetic moment of SIAs shifts to a posi-
tive value while the total energy change becomes remarkably
pronounced, surpassing the FP formation energy by a factor
of 33. This shift is also evident in the hydrostatic pressure,
displaying an order of magnitude increase compared to FP-
induced pressure. These findings underscore the substantial
influence of interatomic proximity on SIA properties and sys-
tem stability.

In summary, establishing a virtual restricted region encom-
passing lattice atoms finds justification through a proportional
fractional delineation based on the equilibrium interatomic
separation. Notably, this virtual threshold is defined to cir-
cumvent the incorporation of atoms at distances closer than
this critical value, i.e., 0.7 A, within the model. Indeed, this
precaution is rooted in recognizing that the local magnetic
moment does not attain its negative value under the perturbed

circumstances; it assumes an unfavorable disposition. The
designated distance safeguards against introducing nonphys-
ical elements into the CRA model, mitigating the distortions
arising from undue atom proximity.

APPENDIX B: SPATIAL DISTRIBUTION FUNCTIONS

1. Uniform spatial continuous distribution function

For a uniform atom displacement, one can use a continu-
ous distribution function. By definition, a continuous random
variable x has a uniform distribution over an interval [a, b],
shown as x € uniform [a, b}, if its probability density function
(PDF) is given by [64,65]

L ag<x<b
f(X)= b—-a

0 (B1)

otherwise

Using this function will uniformly produce a random num-
ber within the interval [a, b] and its expected value (i.e., mean
displacement) is given by

b—a

EX=——.

7 (B2)

For example, the mean value of the atom displacement with
the uniform distribution function in a box with side length of
8 x ap (ag = 2.831A) is 11.32A.

0.15

F — T (=4,60=2) 1
r — I'@=5,0=2) 1
F@=7,6=2)

Probability density (arb. units)

(i IR RN BT, . .
0 5 10 15 20 25 30 35
Displacement (A)

FIG. 12. Plot of PDFs of standard I'(«,0) distribution function
for various shape and scale parameters.
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2. Localized spatial continuous distribution function

For a localized atom displacement, we applied the gamma
distribution function. The gamma distribution function is
a widely used distribution due to its relation to exponen-
tial and normal distribution functions. The standard gamma
distribution, I'(«,0), has two free parameters, labeled as « and
0, and its PDF is given as [65]

Xa—le—x/ﬁ
I (a)o> ’

The parameters « and 6 are shape and scale parame-
ters, respectively. I'(«) is also the gamma function [65].

f(X;a,0) = 0 < X< o0. (B3)

As shown in Fig. 12, the PDFs of a standard gamma dis-
tribution are plotted for different « and 6 parameters for
comparison.

The expected value (i.e., mean displacement) of the I'(«,0)
is given by the following formula.

EX =a x 6. (B4)

Gamma distributions are used to model non-negative quan-
tities skewed to the right. In other words, they can often be
applied to model random times, weights, and lengths. In our
study, we used two gamma distribution functions, I"(4,2) and
I'(5,2), with mean displacements of 8 and 10 A, respectively.
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This study investigated the irradiation-induced microstructure evolution in Fe, employing the Creation-
Relaxation Algorithm and different interatomic potentials. The influence of self-interstitial atoms (SIAs),
which were either locally or uniformly being distributed during the creation of the Frenkel pairs, was investi-
gated on the evolving microstructure. The spatially localized distribution of SIAs, mimicking the low-energy
transfer irradiation conditions, moderated the microstructure development, compared to uniform distribution
of SIAs, delaying the nucleation of dislocation for higher irradiation doses. Introducing multiple Frenkel pairs
facilitated a cumulative irradiation dose of 5 dpa in large supercells. In small supercells, the accumulation of SIAs
led to the formation of an artificially stabilized self-interacting planar interstitial cluster, suggesting a minimum
cell dimension of 10 nm for an accurate modeling of microstructure evolution when the development of the
dislocation network is of interest. The formation and evolution of the C15 Laves phase structure were explored.
The evolving C15 structure developed larger clusters with uniformly distributed SIAs, and their sizes depended
on the interatomic potential employed. Finally, a comparison with experimental measurements demonstrated
that the density and the average size of interstitial dislocation loops aligned well with those observed in
experimentally irradiated ultra-high purity Fe at low and room temperatures.

1. Introduction

Fe-based alloys have gained particular attention as structural mate-
rials for generation-IV nuclear reactors due to their excellent resistance
to radiation-induced damage, high-temperature stability, and mechan-
ical strength [1]. They are used in critical applications such as reactor
pressure vessels [2] and fuel cladding [3,4]. Therefore, the study of
microstructure imperfections and their dynamic evolutions in Fe-based
structural materials holds profound significance in material science
and engineering, particularly in materials processing [5], confinement
of radioactive waste [6,7], and in advanced nuclear reactor technology
[8,9] where the materials are constantly exposed to irradiation in the
form of gamma photons and energetic particles.

The accumulation of radiation-induced point defects (vacancies and
interstitials) and radiation-enhanced defect structures (dislocation lines
and networks) leads to the formation of complex microstructural fea-
tures such as voids [10], dislocation loops and evolving networks
[11-14], and chemical segregation [15,16]. Consequently, these
evolving microstructures affect the physical and mechanical properties
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of the irradiated materials when the density of the defects or the rate of
generation is significantly high.

Moreover, investigation of microstructure evolution under diverse
irradiation conditions and their correlated physical and mechanical
changes are multiscale, multiphysics processes. Therefore, numerous
experiments and theoretical studies have been conducted to evaluate the
evolution of radiation-induced or enhanced microstructures in real or
model materials [17-20]. As experimental tracking of microstructures
evolution is challenging, theoretical multiscale modeling approaches
have been developed in parallel with the experimental efforts to eluci-
date the relationship qualitatively and quantitatively between micro-
structure evolution and property changes.

Within dose limits well below 1 displacement per atom (dpa), where
the density of defects is relatively low, the Object Kinetic Monte Carlo
(OKMC) method has been widely employed to assesses microstructure
evolution in materials like Fe [21] and its alloys [22,23]. Nevertheless,
ensuring accurate predictions within OKMC requires the determination
of various parameters, including both linear and non-linear elastic in-
teractions, which affect the full interactions between defects and defect
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clusters. Despite its utility, applying OKMC simulations to densely-
packed defects and extended microstructure remains a challenge
[24-26].

Alternatively, Molecular Dynamics (MD) simulations employing
overlapping cascade events directly create and accumulate defects, of-
fering insights into microstructure evolution [27-30]. The cascade
process towards creation of damages involves two phases: initiation of
Primary Knock-on Atoms (PKA) and the subsequent thermal spike
[6,31]. This leads to the accumulation of self-interstitial atoms (SIAs)
and vacancies, forming primary damage in materials [32]. Using
massive repetition of fully dynamic cascade events, for reproducing
primary damages to achieve desired irradiation dose levels in terms of
dpa, demands extensive computational efforts, thereby imposing sig-
nificant limitations on attainable dose levels. Furthermore, as the cu-
mulative dose increases, thousands of these events contribute to the
formation of isolated defects and extended clusters, leading to an evo-
lution from the linear accumulation of isolated point defects to the
establishment of steady-state dislocation line networks [33]. The ability
to pinpoint those stages of microstructure evolution utilizing over-
lapping cascade events is proven to be limited by data fluctuations
arising from factors such as the comparable simulation cell sizes to the
spatial scale of a dynamic cascade events, uncertainties related to minor
impact parameter interactions, the range of interaction potential cut-off
[33,34], and potential non-adiabatic quantum-mechanical effects
[35,36].

In 1988, Y. Limoge and A. Rahman introduced a computationally
efficient simulation method aimed at studying the irradiation-induced
damage in non-crystalline materials [37]. This technique involves the
successive introduction of point defects, which may include Frenkel
pairs (FPs) or isolated interstitials, into a perfect structure for modeling
of amorphization. More recently, Derlet and Dudarev redefined this
method to explore radiation-induced microstructure evolution in Fe and
W [33]. The revised approach, known as the Creation-Relaxation Al-
gorithm (CRA), addresses data fluctuations encountered in the over-
lapping cascade method, revealing distinct microstructure evolution
stages at high dose levels. The model introduces a single FP defect,
comprising a vacancy and a SIA, randomly into the simulation cell,
ensuring uniform atom distribution by re-assigning random spatial co-
ordinates to the selected atoms, leaving behind a vacancy and mani-
festing as a self-interstitial. All atoms are then relaxed to reach a local
energy minimum, and the subsequent microstructure evolution is traced
at zero temperature, resulting from the induced stress of the FP
insertion.

Given that the CRA model introduces a single FP, the high-energy
defect production regime is not explicitly treated. Nevertheless, the
model considers linear and non-linear lattice deformations induced by
defect accumulations, thereby remedying significant challenges present
in the OKMC models. Moreover, the model significantly minimizes the
computational efforts by bypassing the initial phase of the damage
production, enabling large dose level to be explored even in larger
simulation cells. However, with the CRA model implementation used in
[33], the SIAs, created in a simulated low-energy damage production
regime, were uniformly distributed within a relatively large simulation
cell with a side length of 80 x ap." This can be seen as an issue in rep-
resentability since actual irradiation events generating FPs would not
generate such a long-ranged uniform distribution of defects but would
carry an important element of locality in the generation events.

The present study expands upon the CRA model, investigating its
effectiveness with uniform and localized SIA distributions across various
supercell sizes. Intuitively speaking, spatially localized distribution of
SIAs more likely represents an actual low-energy irradiation event, i.e.
low-energy recoiled PKA, such as electron or proton irradiation in
relatively large supercell sizes (e.g. side length > 20 x ap and so). That

1 gy is lattice parameter.
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is, for modeling a low-energy damage regime in the larger supercells
using CRA model, it is not physically meaningful to displace the SIAs too
far away from their original lattice sites.

As demonstrated in [38], a small supercell with a side length of 8 x
ap revealed no distinction between employing spatially uniform or
localized distributions of SIAs in predicting irradiation-induced micro-
structure evolutions. Regardless of the type of distribution functions, the
average displacement of SIAs remained consistently comparable,
amounting to approximately half of the supercell side length, i.e. about
11.3 A in that case. In such cases, the displacement of SIAs exhibits
significant variations with respect to supercell dimensions. Additionally,
our findings indicate that employing the CRA model within a compact 8
x agp supercell renders impossible the nucleation and growth of dislo-
cation lines from small interstitial clusters, thus revealing only two
stages of microstructure evolution, i.e. linear built-up of isolated pint
defects and steady-state saturation of defect clusters. Consequently, we
extend the application of the CRA model across various supercell sizes to
elucidate the potential influence of supercell dimensions on micro-
structure evolution in the model material Fe.

As mentioned, the implanted CRA model in [33] inserts only a
sequential single FP before relaxation calculation. In this study, how-
ever, we also examine the effect of simultaneously incorporating more
than one FP (e.g. 5, 10 and up to 500 FPIs) before relaxation, similar to a
method employed by Chartier and Marinica [39], highlighting a com-
plex interplay between the interstitial clusters, dislocation loops and
lines as well as non-parallel C15 Laves phase structures in body-centered
cubic (bec) Fe. With this strategy, we can achieve higher dose rates in
substantially less computational time.

As reported elsewhere, the formation of tridimensional interstitial
clusters, such as C15 Laves phase structures, is likely to occur in cascade
simulations in bec Fe [40,41]. Additionally, Density Functional Theory
(DFT) calculations have confirmed that the C15 cluster structure pos-
sesses the most favorable energy configuration for bundles of four or
more SIAs [42,43] in bee Fe. According to Derlet and Dudarev, however,
the existence of the C15 Laves phase was found to be rare in their CRA-
based simulations, using the embedded atom method (EAM) potential of
Mendelev et al. (ME0O3) [44]. While using EAM potential of Marinica
et al. (MAQ7) [42,45], Chartier et al. [39] showed that the complex C15
clusters may be significantly formed within the accumulation of multi-
ple FPIs simulation. The variation between these two former studies is
likely attributed to the choice of EAM potentials. Therefore, to assess the
probable influence of different EAM potentials on the formation of the
C15 structure in damaged bcc Fe, we further investigated scenarios
involving locally and uniformly distributed SIAs for those aforemen-
tioned EAM potentials.

It is noteworthy that the DFT-driven CRA simulations [38] has un-
veiled a notable agreement between the outcomes generated by EAM-
MEO3 and EAM-MO7 potentials and those found using the first-
principles calculation methodology in prediction of all types of defect
densities and their related cluster sizes except for the formation of the
C15 structure from interstitial clusters larger than 4 SIAs. For such
clusters, the prediction of MAQ7 has been shown to over-stabilize the
formation of C15 structure. In contrast, both the EAM-MEO3 and DFT
methods show more aligned outcomes in this regard. Particularly, the
EAM-MEO3 results closely match the DFT predictions, indicating a less
frequent development of extended C15 clusters from large interstitial
clusters (>4 SIA) in smaller supercells (8 x ap). This agreement notably
relates to the expectation and persistence of the C15 Laves phase
structure in irradiated bec Fe. Hence, the EAM-MEO3 potential appears
to be a more suitable choice for simulating radiation damage evolution
in bee Fe as compared to the EAM-MAQ7.

In addition, recent experimental investigations into displacement
damage defects in other bcc structures, such as tungsten, have not
revealed any traces of the C15 phase in heavily Cu*>-irradiated samples
[46]. This absence suggests that the formation of giant, detectable C15
structures is less likely to occur in irradiated tungsten.
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Similarly, our DFT-driven CRA simulation showed that the formation
of the large and detectable tridimensional C15-type clusters may not be
anticipated in damaged Fe structures [38]. Indeed, as the atomic
icosahedral C15 clusters grow in size, strong distortions and accompa-
nying strains are expected. These conditions lead to an unstable struc-
ture, transforming into other forms of energetically more favorable
extended defects, such as 4 (111) or (100) dislocation segments, as
described by Chartier and Marinica [39] in damaged bcc iron. Conse-
quently, the small dimensions of such features fall below the resolution
limits of transmission electron microscopy (TEM), making them unde-
tectable through conventional techniques.

It is important to note, however, that our first-principles study
demonstrates that C15-type clusters exhibit antiferromagnetic align-
ment with the bee host atoms in defected iron [38]. Therefore, this
suggests the potential for detection using advanced magnetic-induced
mapping TEM, as detailed in [47].

The present study is structured into three sections. Section II eluci-
dates the computational details, while Section III is dedicated to the
comprehensive discussion of the study’s results. Subsequently, the study
conclusion is presented in its dedicated section. Furthermore, Appendix
A provides a clarification of the different spatial distribution functions
utilized for SIA displacement. For the Supplementary Material pertinent
to this study, one may refer to Appendix B.

2. Methods

This study applied the CRA model to simulate irradiation damage
events and to quantify the irradiation dose in terms of canonical dpa,
defined in Ref. [33]. The details of the CRA model can be found in
Ref. [33] and in our previous study [38]. Irradiation-induced micro-
structure evolutions were investigated for several simulation cell sizes
comprising | x [ x [ copies of conventional bcc Fe structure, where 1
varies from 8 to 80, representing the lateral side length of the supercell.

The conjugate gradient approach [48] was used to relax the structure
and find a new local potential energy minimum. We performed fixed
volume relaxation calculations (NVE ensemble”) while maintaining the
supercell shape constant and relaxing the ion positions. This allows to
accelerate our simulations and study microstructure evolution (e.g.
swelling) without losing much information. With fixed pressure condi-
tion, however, the shape of the supercell evolves, resulting in explicit
volumetric changes while demanding longer computational time. Using
fixed volume conditions, one may estimate irradiation-induced swelling
by relating the global hydrostatic pressure (AP) to the empirical bulk
modulus (B) as given by [51]

AV —AP
where AVy/V is the relative volumetric change because of the damage
simulation.

For structure relaxations, we used the EAM potentials of Bonny et al.
[52], mainly for FeCr alloy, which incorporates the MEO3 potential of
iron [44], and MAO7 potential to model the atomic structure of bec Fe.
When not otherwise specified, the EAM potential used is the MEO3 one.

In this study, both employed potentials are grounded in the Ziegler,
Biersack, and Littmark [53] screened Coulomb interaction, indicating a
robust short-range repulsion form. This characteristic renders these
potentials well-suited for the precise modeling of irradiation-induced
damage phenomena. The efficacy of these potentials in preventing the
formation of nonphysical high-energy structures during relaxation pro-
cesses is particularly noteworthy, especially when confronted with the
potential challenge of random atom insertion leading to highly

2 Microcanonical or NVE ensemble is evaluated NVE: number of particles N,
volume V, and energy E are constant [49,50].
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condensed atomic spacing.

In cases where potentials lack a pronounced short-range feature, or
in DFT-driven CRA simulation, careful consideration is essential. Spe-
cifically, a precautionary approach must be adopted to prevent the
insertion of atoms at extremely short atomic distances, which could
technically and physically disrupt the integrity of the simulation.
Drawing insights from our recent DFT-driven CRA calculation [38], a
pragmatic solution was implemented. A virtual spherical zone, with an
optimized radius of 0.7 1°\, was defined around each atom. Within this
zone, inserted atoms were prohibited from implantation before the
relaxation step, ensuring the maintenance of structural coherence in the
simulated system.

Similar to our previous work [38], a chosen number of FPs were
introduced to a supercell, and then the SIAs were distributed according
to uniform and localized distribution functions, described in Appendix
A. Therefore, with the Uniform Distribution Function (UDF), the
displacement of SIA on average has a significantly larger mean
displacement of I x ap/2, thus depending on the size of the supercell.
Whereas, with the Localized Distribution Functions (LDFs), the mean
displacement of SIAs is calculated to be 8 or 10 A. These mean dis-
placements are independent of the supercell size yet dependent on the
chosen parameters of the gamma distribution functions, denoted as I'(«,
0). The standard I'(a, 6) is characterized by two essential parameters,
and 0, determining the shape and scale properties of the gamma distri-
bution [54]. Here in this study, we examined two sets of o and 0 pa-
rameters e.g. I'(4, 2) and I'(5, 2) for SIA distributions.

Moreover, to speed up our simulation and validate our hypothesis of
reducing computational effort by increasing the number of coincident
FPIs, we simultaneously inserted multiple FPs (i.e. 10, 25, 50, 100, and
500 FPIs) before the ionic relaxation.

For FP creation and insertion, a PYTHON code was employed, and
consequently the structural relaxation was performed in LAMMPS [50].
Additionally, PYTHON and OVITO [55] were used for analyzing the
microstructure evolutions. Wigner-Seitz analysis implemented in OVITO
was conducted to analyze the vacancy and interstitial contents in
simulation cells. For two defects to be clustered together, a cut-off cri-
terion was set at the midpoint between the 2nd and 3rd nearest neighbor
distances (i.e. 3.5 A) for vacancies and between the 3rd and 4th nearest
neighbor distances (i.e. 4.1 ;\) for interstitials within the bec Fe structure
[56,57]. To identify all types of dislocation lines resulting from FPIs in
the simulation cells, we applied a Dislocation Extraction Algorithm [58],
using default parameters, implemented in OVITO.

Given the unique icosahedral coordination of C15 atoms, we utilized
the polyhedral template matching analysis [59], employing a Root-
Mean-Square Deviation® threshold of 0.25 to identify these atoms.
After identifying atoms with icosahedral structures, we further catego-
rized such clusters based on their atomic content. Specifically, clusters
with higher than three but fewer than 12 SIAs with icosahedral coor-
dination were classified as imperfect icosahedral C15 clusters, while
those with 12 or more SIAs were designated as perfect C15 clusters.
Additionally, in line with our approach for interstitial clusters, we
applied midpoint distance of third- and fourth-nearest neighbor dis-
tances as a criterion for defining the relevant atomic clusters.

3. Results and discussion

3.1. The effects of spatial distribution of SIA, simultaneous multiple FPIs,
and cell size on the microstructure evolution

An appropriate approach for modeling low-energy damage events,
within the CRA framework, in a relatively small supercell is to distribute
SIAs uniformly in the simulation cell [38]. To determine if the spatial

3 It is a measure of the spatial deviation from the ideal structure template, i.e.
the quality of the match [59].
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distribution of SIAs may affect the microstructure evolution in larger
supercells, we applied three different spatial distribution functions as
described in Appendix A. As mentioned in [33], there the SIAs were
evenly distributed within a supercell with a side length of 80 x ag. To
reproduce their results, we initially used a smaller supercell with a side
length of 50 x ap and uniformly distributed the SIAs within the super-
cell. To further reduce computational efforts, we also introduced a
strategy of concurrently inserting 10 FPIs instead of the conventional
sequential insertion of a single FPIL

As shown in Fig. 1, the evolutions of energy difference (AE) per atom
and hydrostatic pressure change (4P) as a function of dose have been
validated and compared with those extracted from Ref. [33]. Aside from
the different cell sizes and the higher number of simultaneously inserted
FPs in this study, the AE and AP are clearly consistent with those re-
ported in Ref. [33]. Henceforth, we opted for 50 x ay supercells to
expedite computations while enabling us to reach higher desired irra-
diation dose within a shorter time fame, unless otherwise specified.

Given that we inserted ten simultaneous FPs, it is relevant to explore
how this increased number of concurrent FPIs may impact microstruc-
ture evolution. It is essential to note that augmenting the quantity of FPIs
primarily affects the simulated rate at which incident particles interact
with lattice atoms and does not significantly alter the energy profile of
the modeled irradiation event. Our analysis, as illustrated in Figs. S1-S4
and summarized in Table S1 in the Supplementary Material, reveals no
substantial discrepancies in microstructure evolution concerning energy
and pressure changes when employing varying numbers of concurrent
FPIs. Notably, our results indicate that the insertion of 10 FPIs induces a
slightly smoother change in energy and pressure, compared with
Ref. [33]. Therefore, for the remainder of our simulations, we have
adopted the use of 10 FPs for modeling the irradiation dose.

Fig. 2 shows the evolutions of AE per atom and AP as a function of
dose for various types of SIAs distributions. Notably, the predicted AE
using LDF-I'(4, 2) and LDF-I'(5, 2) SIA distribution functions are
consistently lower than that predicted by the UDF, with reductions of
about 6.1 % and 4.3 %, respectively, averaged over the entire irradiation
dose. This trend suggests that a uniform displacement of SIAs leads to
greater energy accumulation within the irradiated structure, due to a
lower rate of FP recombination when compared to the localized distri-
bution of SIAs. Consequently, the uniform distribution of SIAs is ex-
pected to result in a higher number of survived FPs, leading to the
formation of larger interstitial clusters.

This phenomenon is further corroborated by the examination of
irradiation-induced pressure changes throughout the entire dose range.
For instance, at the end of the irradiation dose, the AP value obtained
with the CRA-UDF model is 7 % higher than that predicted by the CRA-
LDF models. This disparity implies a higher degree of swelling (as esti-
mated by the AP/B ratio) in the Fe model material at low temperatures,
within the limitations of the CRA model.

For a more precise understanding of how specific SIA distributions
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influence microstructural evolution, we analyzed evolving defect pop-
ulations and their corresponding cluster sizes, representing the number
of defects forming a cluster. Figs. 3 and 4 present these data as a function
of irradiation dose. Additionally, Table 1 and 2 provide a summary of
average defect populations and cluster sizes, obtained using both the
UDF- and LDF-CRA models. The averaged values are taken for dose in-
tervals between 1.75 and 2 dpa, where the microstructure appears to
approach saturation levels. The percentage difference, denoted as X, of
each parameter predicted by LDF is also calculated with respect to that
of the UDF by

XLDF _ xUDF

XUDPUDR () = =

x 100. 2
As summarized in Table 1, the number density of survived FPs is
approximately 11 to 12 % lower with LDFs compared to the UDF. These
differences are attributed to a higher likelihood of recombination be-
tween vacancies and locally distributed SIAs, particularly due to greater
overlap in the stress fields resulting from locally distributed SIAs and the
shorter displacement of SIAs with the LDFs as compared to when they
are uniformly distributed. Consequently, as depicted in Fig. 2(b), the
anticipated swelling is clearly reduced with LDFs due to the decreased
count of survived FP defects.

Furthermore, Fig. 3(c) and (d) show that using UDF tends to cause
SIAs to aggregate into larger clusters, whereas employing LDFs increases
the likelihood of SIAs accumulating in smaller interstitial clusters or to
remain isolated. Referring to Table 1 and regardless of LDF used, the
total number density of interstitial clusters (I¢) estimated with LDFs is
approximately 11 % higher than for predictions made by the UDF within
the dose interval of 1.75 to 2 dpa. This trend becomes more evident in
Fig. 3(b) and (c), illustrating a higher occurrence of smaller interstitial
clusters forming with locally distributed SIAs during the early stages of
irradiation (e.g. from 0.05 to 1 dpa).

After reaching their maximum number density (Fig. 3(b)), I¢ grad-
ually decrease over irradiation dose, indicating their agglomeration and
transformation into dislocation segments. As will be demonstrated later,
the nucleation of dislocation loops corresponds to the reduction in the
peak population of Ic. Consequently, the nucleation and formation of
dislocation loops depend on the type of distribution function used for the
SIA displacement. That is, the transformation of I¢ into dislocation
segments occurs more rapidly for the UDF and with a delay for the LDFs.

Referring to Table 2, both UDF and LDFs predict a nearly equal
number of survived mono vacancy (Viono) for dose limits between 1.75
and 2 dpa. However, a closer look at dose levels below 1 dpa, as shown
in Fig. 4, reveals meaningful discrepancies between UDF and LDFs in
predicting the survived Vipono (Fig. 4(a)) and vacancy cluster, V¢, (Fig. 4
(b)). Specifically, UDF estimates, on average, a higher number density of
survived Vipon, compared to LDFs. This difference primarily arises from
the increased rate of vacancy recombination with locally distributed
SIAs.

Fig. 1. Comparison between the results of the current study and those in Ref. [33] for a) the evolution of energy change per atom and b) pressure change as functions

of irradiation dose.
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Fig. 2. Comparison of a) AE per atom and b) AP as functions of irradiation dose resulting from direct damage insertion with uniform and localized distributions of

the SIAs.

Fig. 3. The dose-dependent evolution of the total number of survived a) Imono, b) I¢, along with c) the average and d) the largest sizes of the I predicted with UDF and

LDFs of the SIAs.

Beyond 1 dpa, the behavior of uniformly distributed SIAs begins to
resemble that of the locally distributed SIAs. Consequently, both UDF
and LDFs predict a similar number density for survived Vipono, suggesting
the infrequent formation of V¢ in irradiated bee Fe at low temperatures
in higher irradiation dose. This implies distinct differences in the
vacancy-related defect evolutions in comparison with that of the SIAs. It
is worth noting that the qualitative differences in the responses of in-
terstitials and vacancies to irradiation have been previously reported in
the context of the CRA-driven DFT method, particularly within small
supercells [38].

As observed, the choice of SIA displacement distribution led to
varying microstructural evolutions, particularly at the onset of irradia-
tion. Our study reveals that the localized distribution of SIAs may offer a
more accurate representation of low-energy irradiation-induced micro-
structure evolution, particularly within relatively large supercells.
Consequently, for the subsequent phases of our simulations, we consis-
tently employed the LDF-I'(5, 2) function to locally displace the SIAs
generated by the CRA model in all supercell configurations.

Moving forward, our investigation delved into the evolution of mi-
crostructures across various supercell sizes. Within the supercell size
range of 8 to 60 x ap, all simulation parameters, including the EAM
potential, the number of FPIs and the choice of SIA distribution,
remained consistent. However, for supercell sizes of 70 x apand 80 x ag,
we specifically augmented the number of FPIs to 500 to mitigate
demanding computational requirements. Results pertaining to the use of
500 FPIs in supercell sizes exceeding 60 x ag are also presented in the
Supplementary Material, specifically in Figs. S1, S4, and S5.

As shown in Fig. 5(a), significant data fluctuations in AE are observed
within small supercells (i.e., [ < 20). Expanding the supercell size mit-
igates these fluctuations, and irrespective of cell size, the energy changes
tend to stabilize at approximately 0.08 eV/atom during the early stages
of irradiation. Additionally, Fig. 5(b) illustrates that the AP/B ratio, i.e.
swelling, exhibits considerable noise in the small cells, revealing only
two distinct stages of microstructure evolution for supercell sizes smaller
than 20 x ap. This observation aligns with recent DFT-CRA calculations
[38].
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Fig. 4. The dose-dependent evolution of the total number of survived a) Viono, b) V¢, along with c¢) the average and d) the largest sizes of the V¢ predicted with UDF

and LDFs of the SIAs.

Table 1

Concentration of survived FP, mono interstitial (Iyono), and I¢, along with the
average and the largest sizes of I¢ are computed and compared across varying
spatial distributions of SIAs within dose intervals ranging from 1.75 to 2 dpa.
The percentage difference for each parameter (indicated in parentheses) is also
calculated in relation to the UDF. Negative values signify a reduction in the
respective values compared to those of the UDF.

I, 2), X' 2~
UDF

Defect number density and UDF

(4, 2), X' 2~
cluster size upE

FP (10 m~?) 299 263, (-12%) 2.66, (—11 %)

Inono (10% m™3) 0.21  0.24, (14 %) 0.25, (19 %)

Ic (107 m™3) 0.09 0.1, (11 %) 0.1, (11 %)

Average size of I¢ (No. of defect/ 30 23, (—24.35 %) 24, (—19.48 %)
cluster)

Largest size of I¢ (No. of defect/ 7053 5894, (—16.42 6122, (-13.19
cluster) %) %)

Table 2

Concentration of Vi,on, and V¢ along with the average and the largest sizes of V¢
are computed and compared across varying spatial distributions of SIAs within
dose intervals ranging from 1.75 to 2 dpa. The percentage difference for each
parameter (indicated in parentheses) is also calculated in relation to the UDF.
Negative values signify a reduction in the respective values compared to those of
the UDF.

Vacancy concentration and cluster ~ UDF

I, 2), X' 2~
size UDF

4, 2), X' 2-
UDF

Vinono (1077 m™%) 143 1.43,(0 %) 1.44, (0.7 %)

Ve (107 m™3) 0.51  0.44,(-13.7%)  0.45, (~11.7 %)

Average size of V¢ (No. of defect/ 3.07 2.69, (—12.3 %) 2.71, (—11.7 %)
cluster)

Largest size of V¢ (No. of defect/ 53 21, (—60.4 %) 29, (—45.3 %)
cluster)

As indicated in Fig. 6(a) and (b), in small supercells, a linear accu-
mulation of point defects occurs well before reaching 0.05 dpa, followed
by a saturation of defect clusters beyond this point. Consequently, the

nucleation and growth of dislocation segments, along with the satura-
tion of dislocation lines into dislocation networks, cannot be observed
within such small supercells. This limitation arises from the inability of
dislocations to nucleate from small interstitial clusters [38] and from
unavoidably strong self-interactions across the periodic images of the
supercell (see Figs. S6 and S7 in supplemented document).

Conversely, in larger supercells (see Fig. 5(b) and Fig. 6), at least
three distinct evolving microstructures become apparent, corroborating
findings from other theoretical studies [33,39] and experimental
observation [17]. Compared with small supercells, there is a transition
of large I¢ into dislocation loops, followed by a subsequent trans-
formation of dislocation loops into the slow saturation of extended
dislocation networks.

Moreover, previous studies with various simulation techniques,
including cascade simulations [40,41], FP accumulation [39], and
recent MD/DFT-driven CRA calculations [33,38] have consistently
predicted the formation of tridimensional I¢ in bee Fe. These clusters
manifest as either C15 Laves phase structures or as the structural
backbone of a representative C15-type configuration characterized by
triangular arrangement of di-interstitial and hexagonal tri-interstitial
rings, all of which locally exhibit icosahedral coordination.

DFT calculations have also confirmed the favorable energy config-
uration of C15 clusters for four or five SIAs in bec Fe [42,43]. Notably,
our recent DFT-driven CRA study demonstrated notable agreements
with the MEO3 and MAO7 potentials in predicting the formation of C15
Laves phase structures from about 4 SIAs in small supercells [38]. In the
present study, we investigated the total occurrence of icosahedral
structures in bee Fe using different type of SIA distributions and inter-
atomic potentials. We initially employed the MEO3 potential and applied
various SIA distribution functions to study a possible relation between
the evolution of C15-type clusters with SIA dispersions. Detailed results,
including those obtained using diverse EAM potentials, can also be
found in the Figs. S6 and S7 in Supplementary Material.

As shown in Fig. 7(a), there are no notable distinctions in the
icosahedral structure content (including both imperfect and perfect C15-
type clusters) of damaged bcc Fe, comparing uniform and localized SIA
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Fig. 5. The evolution of a) AE per atom and b) AP/B ratio as functions of dose in different simulation cell sizes.

Fig. 6. The dose-dependent evolution of the total number of a) FP content, b) Lo, ¢) I, and d) the average size of I for different supercell sizes.

distributions, particularly within dose limits beyond 0.2 dpa. Moreover,
Fig. 7(b) highlights an obvious correlation among the total number of
evolving perfect C15 clusters and the type of SIA displacement function
used, notably within the dose limit of 0.2 dpa. This suggests that the
nature of C15 cluster formation in response to irradiation may be
slightly influenced by the type of SIA displacement distributions. How-
ever, a more pronounced influence is seen in the rate at which the SIAs
start to accumulate. That is, the higher the accumulation rate is, the
larger the number density and C15 cluster size would be expected, as
one can see in Fig. 7(b) and (d).

Additionally, as indicated in Fig. 8, the MD-CRA simulations
revealed evident variations in the size of C15 clusters among different
calculation methods. Plainly, the EAM-MAO7 calculations yielded the
largest C15 cluster, comprising an impressive eighteen-fold C15 struc-
ture with a total of 109 SIAs, having an average elliptical area of 1 x 3.5
nm? Conversely, the EAM-MEO3 potential simulations showed a
considerably smaller maximal C15 cluster, incorporating only 24 SIAs
and forming a four-fold C15 structure, with an average diameter of 0.9
nm.

In comparison to another bec structure and in line with the experi-
mental study conducted by Wang et al. [46], no trace of Cl5-type
structures has been reported in heavily Cu®*-ion irradiated tungsten.

This, as mentioned, could be primarily attributed to the formation of
relatively small-sized C15 clusters in irradiated materials. Therefore,
despite the potential existence of these features, their small dimensions
fall below the resolution limits of TEM, making them undetectable.
However, our first-principles study indicates that C15-type clusters
exhibit antiferromagnetic alignment with the bec host atoms in defected
iron [38], suggesting the possibility of detection using advanced
magnetic-induced mapping techniques in TEM, as discussed in [47] and
detection using high resolution TEM should also be possible.

The comparison between the predictions with the MEO3 and MAQ7
potentials is presented in the Supplementary Material. There, we also
included the result of simulation with the EAM potential by Ackland
(AC04) [60] for a comprehensive comparison.

3.2. Irradiation-induced microstructure evolution and dislocation network
saturation

Here we analyzed the evolution of the total and directional®

4 The dislocation lines with different Burgers vectors such as 2(111), (100),
and (110).



E. Mansouri and P. Olsson

Computational Materials Science 236 (2024) 112852

Fig. 7. The dose-dependent number density evolution of a) the imperfect and perfect C15-type clusters and b) perfect C15 clusters, accompanied by c) the average
size of imperfect and perfect C15-type clusters, and d) the largest size of perfect C15 cluster formed in bee Fe using uniform and localized SIA displacements.

Fig. 8. Comparison of the largest C15 clusters formed in damaged bcc Fe using MD-CRA simulation with a) EAM-MEO3 and b) EAM-MAOQ7 potentials.

dislocation line densities (DLDs), pp, for varying cell sizes in which the
SIAs were either locally or uniformly distributed. The DLDs were eval-
uated by dividing the total dislocation line lengths by the corresponding
supercell volumes. First, we examined the dependence of pp on the
choice of distribution of SIAs in the supercell of size 50 x ay.

As indicated in Fig. 9(a), depending on the type of SIA distributions,
the dislocation line densities begin to nucleate at around 0.04 dpa for
UDF and 0.07 dpa for LDF-I'(4, 2), through unfaulting of the growing
dislocation lines. This corresponds to the irradiation doses at which the
peak population of I¢ starts diminishing (compare Figs. 3(b) and Fig. 9
(a)) and transforming into interstitial dislocation loops. Additionally,
referring to Fig. 9(a) and (b), the transformation of I into dislocation
loops is much faster with uniformly distributed SIAs than with localized
SIA distribution. Using LDFs, however, the annihilation rate of FPs in-
creases, and, thus, the pp evolves with a slower accumulation rate.

Moreover, the peak for '4(111)-dislocation segment, with UDF, is
about 12 % higher than those predicted with the LDFs, indicating a
higher number of '4(111) dislocation segment is formed using the UDF.
This increase in the DLDs is a direct consequence of the formation of
larger clusters that emerge from uniformly distributed SIAs. Moreover,
there is a shift in the peaks of total DLDs towards higher irradiation

doses with LDFs, compared to UDF.

Except for negligible pp associated with the (110) Burgers vector
(Fig. 9(d)), the 4(111) dislocation segments dominate over (100) ones.
This can be explained by the predicted lower formation energy of
4(111) interstitial defects in bec Fe, as indicated by both DFT [61] and
EAM [62] calculations.

Additionally, a recent experimental observation of self-ion irradiated
ultra-high purity (UHP) Fe at low temperature proved that the observ-
able population of 4(111) dislocation segments dominated over the
(100) ones and that there was no trace of (110)’s [17].

Finally, as shown in Fig. 10, we can classify the evolution of the
dislocation segments into three distinct stages, as also qualetetivelly
observed in irradated bcc tungestan [46]. The first stage begins with the
nucleation of dislocation loops in doses, ~ 0.05 dpa, where the peak
population of I¢ starts decreasing and then continues with the linear
growth and accumulation of %4(111) and (100) dislocation loops up to ~
0.25 dpa, depending on the types of SIAs distributions. The second stage
can be understood by decreasing DLDs after 0.3 dpa, indicating the
accumulation and coalescence of dislocation loops into a dislocation
network. Finally, the length of the dislocation networks ultimately
reaches a steady state at an irradiation dose of > ~ 2.5 dpa, as indicated
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Fig. 9. The dose-dependent evolution of a) the total DLDs accompanied by directional DLDs with b) /4(111), ¢) (100), and d) (110) Burgers vectors for uniform and

localized distributions of the SIAs in the supercell size of 50 x ay.

in Fig. 10.

While the direct quantitative comparison of dislocation loop den-
sities predicted by MD-CRA simulation is not conclusively compelling,
our results exhibit a promising qualitative agreement with experimental
findings in irradiated systems such as Fe [17], W [46], and Zr [14]. This
alignment suggests the reliability of the CRA model in reproducing
irradiation-induced microstructure evolution trends in materials. Spe-
cifically, our observations mirror the behavior seen in irradiated tung-
sten [46], where the dislocation loop density evolution peaks at 0.1 dpa
under room-temperature irradiation conditions, plateauing at 0.2 dpa.
Referring to Fig. 11(a), a similar microstructure evolution is evident in
defective Fe, as predicted by the CRA model. However, under low-
temperature irradiation conditions, the peak dislocation density occurs
at approximately 0.2 dpa before reaching saturation at around 0.6 dpa.

To further indicate the predictive power of our MD-CRA model, we
conducted a comparative analysis of the dose-dependent evolution of
dislocation loop densities along with their associated loop sizes in our
study and compared them with other experimentally and theoretically
reported quantities. These comparisons were made with the data ob-
tained from self-ion irradiation experiments on UHP Fe at liquid nitro-
gen and room temperatures [17] and also with the results of high-dose,
proton-irradiated Zr-based alloy at high temperature [14].

We initially evaluated the number density and dislocation loop sizes
in our largest 20 nm supercell, i.e. 80 x ay, approaching the dimensions
of the samples used in [17], ranging from 50 nm to 80 nm.

As illustrated in Fig. 11, our MD-CRA simulations predicted a total
loop number density, encompassing both }4(111) and (100) dislocation
loops, to be 9.8 x 10%> m~3 at absolute zero temperature for a dose level
of 1 dpa. This value is relatively comparable to the experimentally re-
ported density of 0.98 x 102 m™ at low temperature (93 K) and up to a
dose limit of 1 dpa. In the analysis of dislocation loops using TEM in
[17], the Burgers vector (b) determination was carried out using the
operating diffraction g and an improved g-b analysis method, specifically
employing the weak beam (WB) dark field imaging mode [63]. Notably,
attempting to trace loops smaller than 10 nm at different diffraction
conditions proved practically unfeasible [17]. To address this, a novel
statistical Burgers vector analysis was introduced in addition to the
conventional WB method [63]. This statistical approach enabled the
precise determination of the absolute number density of dislocation
loops per Burgers vector type. Consequently, in Fig. 11(a), the non-

corrected black-squared data points, where the statistical Burgers vec-
tor analysis was not applied, are one or two orders of magnitude smaller
than the corrected values, which account for the statistical Burgers
vector analysis.

Moreover, as explained by Warwick et al. [14] and characterized by
Boleininger et al. [64], the CRA simulations generally overestimate
defect content at high doses due to the absence of re-crystallization
induced by collision cascades. Despite this limitation, qualitative
trends are accurately predicted under various conditions [14]. This
overestimation may be attributed to the production of primary knock-on
atoms with kinetic energies near the threshold displacement energy.
When recoil energies are significantly higher, defect densities drop by a
factor of approximately 10, as suggested in [14].

Additionally, such a discrepancy between our predicted dislocation
loop density and the reported experimental values can also be attributed
to other primary limitations, as elaborated in [17]. Primarily, the pre-
cision of experimental measurements is constrained by the visibility and
detectability of dislocation loops. Smaller loops with dimensions less
than 0.7 nm can escape detection entirely when their contrast amplitude
falls below the micrograph noise threshold. Furthermore, loops smaller
than the diffraction limit (~1 nm) exhibit a consistent contrast size of
approximately 0.7 nm, which contributes significantly to the observed
deviations from the experimental data. To clarify this, the distribution of
average loop sizes, retrieved from our MD-CRA simulation, is presented
in Fig. 12(a) and compared with those extracted from Ref. [17]. It is
evident from MD-CRA predictions that the proposed percentage of
dislocation loops with diameter down to 1 nm is significantly higher
than those experimentally reported loop sizes which have not been
detected due to the diffraction limit of the instrument.

Moreover, as indicated in Fig. 11(b), the dose-dependent evolution of
average size of dislocation loops, predicated in this study, is in a
reasonable agreement with those measured at room temperature. That
is, the average loop sizes we detracted in our simulation is about 1.25
nm which is comparable to the reported 1.41 nm average loop size up to
0.05 dpa at room temperature. Concerning the formation of other
interstitial clusters such as tridimensional C15 clusters and their inter-
play with %4(111) or (100) dislocation lines reported in Ref. [39], we
could not observe any correlated transformation of C15 cluster into any
type of dislocation segments, vice versa.

Fig. 13 compares the dose-dependent evolution of DLD in different
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Fig. 10. The dose-dependent evolution of dislocation segments predicted by the MD-CRA model in Fe. At a dose of ~ 0.05 dpa, dislocation loops initiate nucleation
and subsequently grow up to 0.25 dpa. Around 0.25 dpa, dislocation loops coalesce and transform into extended dislocation network up to ~ 2.5 dpa: Beyond 2.5
dpa, a steady state of the extended dislocation network occur. Dislocation segments with /4(111) and (100) Burgers vectors are indicated with green and purple lines,
respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 11. Comparison of the dose-dependent evolution of a) the number density of visible loops and b) the average loop sizes in experimentally irradiated UHP Fe and
in theoretically damaged Fe within MD-CRA simulation conditions. The black-square experimental data points are not corrected for invisibility due to g.b = 0, as
described in [17,63].
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Fig. 12. Comparison of dislocation loop size distributions in UHP Fe following 500 k eV Fe+ ion beam irradiation at room temperature and in Fe resulting from MD-
CRA calculation up to 0.05 dpa. b) The predicted dislocation loop size distributions at different irradiation doses using the MD-CRA model.

Fig. 13. The dose-dependent evolution of DLDs in various categories: a) the total DLDs along with directional DLDs with b) (100), c) /2(111), and d) (110) Burgers

vectors. The analysis is conducted across different supercell sizes.

supercells ranging from 8 to 80 x ay. Notably, as shown in Fig. 13(b), the
dislocation segments with (100) Burgers vector in the supercell sizes of
10 x ap and 20 x ap appear to have an artificial maximum in the DLD
plot among all examined supercell sizes, and as the size of the cell in-
creases, those artifices disappear. This can be generalized for other
directional dislocation segments as well. We also noticed sizable planar
interstitial clusters formed in the supercells smaller than 40 x a, dis-
played in Fig. S9 in Supplementary Material. Consequently, for inves-
tigating and analyzing the irradiation-induced extended defects, one
must take into consideration that the size of the supercell needs to be
larger than 40 X ay for Fe. The reason is that in the small-sized supercells
(~1 < 20), the size of interstitial cluster which needs to give birth to a
dislocation segment shall be larger than the size of the cell within which
it has been already nucleated. The dislocation structure then self-
interacts across the entire simulation cell and forms an extremely sta-
ble faulted plane structure that is a simulation condition artifact.
Additionally, Fig. 14 compares the evolving DLDs for two scenarios:
one with a supercell size of 50 x ay, featuring an increased number of
concurrent FPIs, and the other with a supercell size of 80 x ap with
simulations using 500 concurrent FPIs, providing a comprehensive
comparison. It is evident that irrespective of the supercell size or the
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number of inserted FPs, there is a strong agreement among all types of
DLDs estimated under various scenarios.

4. Conclusion

In conclusion, our research has provided comprehensive insights into
the irradiation-induced microstructure evolution in bec Fe model ma-
terial through the utilization of diverse interatomic potential methods
and the application of the Creation-Relaxation Algorithm. We have
studied and analyzed the development of defects and the associated
cluster sizes as a function of irradiation dose in various supercell sizes
with distinct displacement distributions of SIAs, either localized or
uniformly dispersed.

Notably, spatial localization of the FPs led to a moderate growth of
microstructural imperfections compared to uniformly distributed SIAs,
resulting in the delayed nucleation of dislocation segments, especially at
higher irradiation doses. Our study also revealed that the introduction of
multiple FPs enabled rapid accumulation of a cumulative simulated
irradiation dose of 5 dpa in relatively large supercells. In the smaller
supercells used, the relatively close periodic boundaries caused an
artificial self-interaction and stabilization of cell-traversing planar
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Fig. 14. The dose-dependent evolution of DLDs in different scenarios: a) the total DLDs along with directional DLDs with b) (100), ¢) %4(111), and d) (110) Burgers
vectors. The analysis is conducted in the supercell size of 50 x ap with diverse FPI numbers. *Results for 500 FPIs are obtained from a supercell with a side length of

80 x ap.

interstitial clusters, prompting a recommendation for a minimum cell
dimension of 10 nm to enhance the accuracy of modeling irradiation-
induced damage evolution in Fe when the dislocation network forma-
tion stage is of interest.

Additionally, our findings highlighted that the evolving C15 struc-
ture tends to form larger clusters in the early stages of irradiation when
using a uniform SIA distributed function in Fe. The sizes of the C15
structures depend significantly on the chosen interatomic potential.
Among the potentials employed, the Marinica potential predicted the
largest and more stable C15 cluster in damaged bcc Fe, while the
Mendelev potential gave an evolution in better agreement with first-
principles simulations when the sizes of included SIAs in C15 clusters
were smaller than 4 SIAs. Additionally, regardless of the selected po-
tential, the anticipated C15 cluster size appears to fall below the
threshold detectable by the resolution limits of conventional TEM
techniques,

Finally, a direct comparison with experimental measurements
demonstrated a commendable alignment of characteristics. The inter-
stitial dislocation loop statistics and sizes identified in our simulations
closely match those observed in irradiated ultra-high purity Fe at low
and room temperatures, as well as those qualitatively experimentally
reported in other irradiated bce tungsten and hexagonal zirconium at
room and high-temperatures, respectively. The loop densities exhibited
reasonable and explainable agreement, while the evolution of loop sizes
demonstrated good correspondence.
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Appendix A. Spatial distribution functions
a) Uniform spatial continuous distribution function

For a uniform atom displacement, one can use a continuous linear distribution function. By definition, a continuous random variable x has a
uniform distribution over an interval [a, b], shown as x € uniform [a, b], if its probability density function (PDF) is given by [54,65]

1 .
fx)y=¢b—-a - = 7, 3)

0 otherwise

Using this function will uniformly produce a random number within the interval [a, b] and its expected value (i.e. mean displacement) is given by:
b—a
7

EX = @

For example, the mean value of the atom displacement with the uniform distribution function in a box with side length of 50 x ap (ap = 2.855 A) is
71.37 A.
For the uniform distribution function we assigned the abbreviation UDF in the above.

b) Localized spatial continuous distribution function

For a localized atom displacement, we chose to apply the gamma distribution function. The gamma distribution function is a widely used dis-
tribution related to the exponential and normal distribution functions, and it can be argued that it provides a reasonable description of locality in the
displacement of atoms from their lattice sites. The standard gamma distribution, I'(a, 6), has two free parameters, labeled as « and 6, and its PDF is
given as [54]

xa-lg=x/0

f(x;a,0) = W

for 0<x<oo. 5)

The parameter « and 0 are shape and scale parameters, respectively. I'(«) is also the gamma function. As shown in Fig. 15, the PDFs of standard gamma
distribution are plotted for different « and 6 parameters for comparison.

Fig. 15. Plot of PDFs of standard I'(a, 0) distribution function for various shape and scale parameters.

The expected value, i.e. mean displacement, of the I'(a, 6) is given by the following formula.

EX =ax®0. 6)

Gamma distributions are used to model non-negative quantities skewed to the right. In other words, they can often be applied to model random times,
weights, and lengths. In our study, we used two gamma distribution functions, I'(4, 2) and I'(5, 2), with mean displacements of 8 A and 10 A,
respectively.

Appendix B. Supplementary data

Supplementary data to this article can be found online at https://doi.org/10.1016/j.commatsci.2024.112852.
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ABSTRACT

We here use density functional theory and the creation-relaxation algorithm to investigate the
appearance of polymorphism in a-Fe, driven by irradiation-induced microstructural changes. Local
constriction leads to magnetic instability and provides excess energy required for structural phase
transformation. Under extreme conditions, a-Fe undergoes local transformations into icosahedral
C15 Laves phase with highly close-packed stacking and internal short-range ferromagnetic order-
ing, antiparallel to the bulk magnetisation. Analysing local magnetic moments and atomic volumes,
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in conjunction with the magneto-volume relations of different Fe structures, suggests two other
alternatives for local phase transformation under irradiation conditions: the double-layer antiferro-

magnetic y -Fe and non-magnetic e-Fe.

IMPACT STATEMENT

This work predicts the formation of icosahedral C15 Laves phase structure with short-range fer-
romagnetic order in irradiated a-Fe using dynamic first-principles calculations. This finding sug-
gests potential detection through advanced magnetic-based transmission electron microscopy
techniques, with implications for understanding radiation damage in structural materials.

1. Introduction

Iron undergoes several structural and magnetic phase
transformations activated by temperature and/or pres-
sure changes [1]. At ambient pressure, iron exhibits two
primary crystal structures. In the ground state, the most
stable form of iron is body-centred cubic (bcc) a-phase,
and it demonstrates ferromagnetic (FM) ordering up to
its Curie temperature of 1041 K [2]. By increasing tem-
perature to 1184 K and at standard pressure, the a-phase
transforms into the second form, i.e. the face-centred
cubic (fec) y -phase, and it stabilises up to 1665 K. Within
its stability range, the y -phase exhibits paramagnetism,
although theoretical studies reveal that its ground state
is antiferromagnetic (AF) [3-5] at low temperature, far
below its stability range. This AF ground state has been
shown through low-temperature Mossbauer experiment
[6] conducted on y-phase precipitates in Cu [7] and
CuAl [8], as well as on y-phase thin films grown on

CusAu [9], confirming the predictions derived from first-
principles calculations [4]. Furthermore, subjecting Fe
films to cryogenic self-ion irradiation has been observed
to bring about alterations in both structure and mag-
netism [10,11].

Additionally, according to first-principles predictions
[5], y -Fe not only exhibits the conventional AF ordering
with alternating layers of up and down spin arrange-
ments but also features an alternative AF state known as
the double-layer antiferromagnetic (AFD) state. In this
AFD state, there is a doubling of intra-layer coupling
of short-range FM order, resulting in twice the num-
ber of parallel-aligned spins among nearest neighbours
compared to the regular AF structure, as suggested by
Herper et al. [5]. The AFD state demonstrates a higher
1t of approximately 38% and a slightly larger equilibrium
volume of about 3% compared to the regular AF state,
aligning more closely with experimental observations of
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the y -phase [5,7]. The short-range FM coupling inher-
ent in the AFD state plays a crucial role in explaining the
anti-Invar effect in iron, providing additional experimen-
tal support for the existence of the AFD state in nature
[5].

Under high pressures, iron can also adopt a hexago-
nal close-packed (hcp) e-phase as a third form [12]. The
experimental measurements of Mossbauer experiments
on e-Fe prove that no magnetic ordering occurs at low
temperatures (T = 0.03K) and pressures up to 21 GPa
[13].

The existence of such multi-crystallographic states is
a common phenomenon among elements and is known
as polymorphism [14]. Therefore, investigating the poly-
morphism of iron under extreme conditions, particularly
understanding the factors that stabilise its various forms
under irradiation, is crucial for fundamental physics, and
this letter addresses this inquiry from multiple perspec-
tives. Theoretical investigations through comprehensive
total energy calculations, including band energy analy-
sis and examination of the density of states (DOS), offer
valuable insights into the structural stability and mag-
netic phase of irradiated systems. By examining the total
energy landscape and electronic structure, these calcu-
lations provide a basis for predicting the stable crystal
structures and elucidating the magnetic behavior of the
system under irradiation.

2. Methodology

In this letter, we applied electronic structure calculations
in the framework of density functional theory (DFT) in
order to illustrate the potential occurrence of polymor-
phism in an irradiated a-Fe. Drawing from our recent
DFT-driven creation-relaxation algorithm (CRA) calcu-
lations [15], we demonstrated that, in low-energy and
low-temperature irradiation conditions, a-Fe undergoes
a transformation into locally formed icosahedral Laves
phase structures, specifically the C15-type cluster. Fur-
thermore, we observed that the constituent atoms in
these C15-type clusters were in antiparallel alignment
with the host bcc lattice atoms while locally exhibiting
spontaneous short-range FM characteristics. Our sup-
plementary analysis in this study suggests alternative
possibilities, including the possible formation of the non-
magnetic (NM) e-phase and AFD y -phase, induced by
irradiation in a-Fe.

The details of the ab initio calculation for this
study can be found in [15]. Moreover, for obtain-
ing the equation of states and energy minimisation of
the cubic structures like a-Fe and y -Fe, we employed
a conventional lattice structure with 11 x 11 x 11 k-
mesh sampling, while close-packed structures (i.e. €-Fe
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Figure 1. Equations of state representing distinct iron structures
with diverse magnetic ordering. The arrow denotes the energy
shift observed in the damaged a-Fe structure up to an irradia-
tion dose of 0.35 dpa. To interpret the colour references in this
figure legend, the reader is referred to the web version of the
article.

and hypothetical icosahedral C15 structures) and body-
centred tetragonal! AFD y -Fe were treated with slightly
smaller k-meshes (11 x 11 x 9), particularly in the c-axis
directions. Other simulation criteria, e.g. cut-off energy
of 350eV and 0.1 meV energy minimisation conver-
gence, remained consistent with the full volume relax-
ation calculations in [15].

3. Results and discussion

As shown in Figure 1, the total energies relative to
the ground state energy of a-Fe are plotted as a func-
tion of the atomic volume (€,) for various structures
and magnetic states. Furthermore, we incorporated the
average irradiation-induced energy (JE) accumulated in
the damaged structure, i.e. 97.5meV as determined in
our recent DFT-CRA calculations [15] for an irradia-
tion dose of 0.35 displacements per atom (dpa). This
inclusion facilitates a comprehensive comparison with
equation-of-state curves and allows for the prediction of
potential phase transformations in damaged a-Fe. The
calculated JE corresponds to 1131 K according to the
energy-temperature equation (E = kg.T), a magnitude
sufficient to induce possible phase transformations, par-
ticularly those from FM a-phase to AFD y -phase or to
NM e-phase.

Referring to Figure 1, the formation of new struc-
tures with diverse magnetic states in Fe strongly depends
on the Q, and packing factor of the constituent atoms,
as noted elsewhere [5,16-18]. Specifically, the energetics
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Figure 2. The formation of the short-range FM C15 Laves phase structure (blue atoms) among locally close-packed structure and bcc
lattice atoms (red atoms) extracted from DFT-CRA calculation. The orange clouds, enveloping atoms with spin-down orientation (blue
arrows), represent the three-dimensional spin density isosurfaces of atoms underwent spin flip or quench. Red arrows symbolize the spin-
up orientations, while the white and black elliptical lines represent the logarithmic positive and negative drawing contours, respectively.
For colour references, the reader is referred to the web version of the article.

of Fe indicate that for the lowest possible Q, of
10.2 A3/atom, the energetically most stable structure
is NM e-phase, as also experimentally reported under
high pressure [13]. Whereas for the greater Q, of about
12.2 A%/atom, the two metastable states are either the
high-spin (HS)> FM y -phase or the hypothetical FM
C15 Laves phase structure according to energetics of iron
from our DFT calculations.

It is worth noting that the C15 Laves phase should
be considered as a short-range ordered structure accord-
ing to topological short-range order theory [12], rather
than a long-range lattice structure. That is, within an
irradiated structure, the irradiation-induced isolated self-
interstitial atoms initially accumulate to form short-range
order icosahedral clusters [15], as also demonstrated in
Figure 2.

Therefore, for small interstitial clusters, there is neces-
sarily no need to construct long-range lattice structure.
Instead, the energetically most favorable configuration
for the aggregation of self-interstitial atoms is expected
to be the three-dimensional icosahedral C15 structure,
among other possible cluster configurations, as previ-
ously demonstrated by Marinica et al. [19]. Additionally,
in complete agreement with other first-principles studies
[18,19], our DFT-CRA calculations also revealed energy

relaxation of up to 6 eV once the C15-type structures (e.g.
clusters of triangular or hexagonal di-interstitial rings)
are formed, compared to the conditions with the same
number of isolated self-interstitial defects. It is notewor-
thy that further increasing the size of the atomic icosahe-
dral cluster leads to strong distortions and accompanying
strains, therefore, the icosahedral structure will eventu-
ally, as it grows, become unstable and transform into
other forms of extended defects such as 1/2(111) or (100)
dislocation loops in damaged a-Fe [20,21].

Figure 2 shows an example of a locally formed
short-range FM C15 cluster (blue atoms) obtained from
our first-principles DFT-CRA calculations at an irra-
diation dose of 0.22 dpa, accompanied by respective
atomic site indices. As seen, although the constituent
atoms of the imperfect C15 cluster antiferromagneti-
cally align with host atoms of the a-phase (red atoms),
they are internally coupled with a short-range FM
ordering. This short-range FM ordering is visualized
through the three-dimensional spin density map isosur-
faces (orange clouds) surrounding the C15-type atoms
among other close-packed or bec lattice atoms. The C15-
type atoms undergo reductions in their Q,, leading to
increased atomic forces and pressure. Consequently, they
exhibit spin flip or quench and stabilise at an average
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Figure 3. Distribution of local p of 1024 Fe atoms in relation to their local €, at 0.22 dpa. The p - Q, data points are compared with
(a) magneto-volume relations in different iron structures and (b) energetics of iron in various magnetic states with respect to the a-Fe
ground state energy. The black-dashed line separates LS/LV and HS/HV regions, emphasizing deviations in local p and Q, of the atoms
in the damaged a-Fe compared to the undamaged bcc structure. The blue-dotted line on the right panel shows the equilibrium atomic
volume of NM/AF hcp structure, while yellow-shaded regions depicts volume expansion (A V) in irradiated Fe. *In the left panel (a), the
magneto-volume curve for the C15-FM structure is multiplied by —1 for better comparison with the irradiated a-Fe, indicating antiparallel
spin orientation with respect to the host bcc lattice atoms. For colour references, the reader is referred to the web version of the article.

Figure 4. The comparison of partial PDOS and IDOS of C15-type atoms before and after irradiation: (a) illustration of transferred charge
from majority into minority state before irradiation and (b) established partial DOS of atoms forming the imperfect C15 Laves phase
structure after irradiation. The vertical dashed lines show the Fermi energy levels, set at Er = 0.

1 of —0.7 pp, suggests a potential for detection using
advanced magnetic-induced mapping technique coupled
with transmission electron microscopy [22].

To examine more possible magnetic and/or structural
phase transformation in the damaged a-Fe, we plotted
the distribution of the local u of all 1024 constituent
atoms relative to respective local Voronoi polyhedral cell
volumes (i.e. Q,) in Figure 3, corresponding to the irra-
diation dose of 0.22 dpa. Furthermore, to provide a thor-
ough understanding of the potential irradiation-induced
magnetic and structural phase changes, the magneto-
volume relations (Figure 3(a)) and energetics (Figure
3(b)) of iron have been incorporated with the distribu-
tion of moment-volume (y - €,) data points of damaged
lattice atoms.

In addition, to interpreter the correlations between
atomic volume, magnetic moment and potential phase
transformation in defected a-Fe, the plots are parti-
tioned by vertical dashed lines in Figure 3(a) and (b),
highlighting the high-spin/high-volume (HS/HV) and
low-spin/low-volume (LS/LV) regions. These regions are
referenced against the Q, = 11.37 A%/atom and local
/= 2.2 pp of an iron atom in a typical pristine a-Fe
lattice. The yellow-shaded regions in Figure 3 also repre-
sent the predicted irradiation-induced volume expansion
(AV) of about 2.2%, which has been reported in our
recent study [15].

As seen in Figure 1, the increase in total energy
(0E = 97.5 meV/atom) of the irradiated Fe is sufficiently
high to thermodynamically initiate the FM a-phase



to AFD y -phase or NM/FM e¢-phase transformations.
Significantly, the irradiated a-Fe undergoes an average
reduction in total magnetisation (M) by —0.043 j1p/atom
within the expanded volume of AV, as illustrated in
Figure 3(a) and reported in [15]. This reduction inter-
sects with the magneto-volume relation of the AFD y -
phase, emphasizing the potential transformation from «a
to y induced by irradiation.

Furthermore, within the HS/HV region depicted in
Figure 3(a), the distribution of y - Q, data aligns with
the magneto-volume relation of the bec structure. This
observation suggests that, under irradiation conditions,
the majority of the system retains its crystal structure,
albeit with the formation and clustering of vacancies, as
also demonstrated experimentally under cryogenic irra-
diation conditions [10]. Consequently, the local magnetic
moments near vacant sites experience slight increases,
asymptotically approaching the moment of a free Fe
atom. In contrast, the LS/LV region exhibits a notable
departure in the local moments from the magneto-
volume relation of the bce structure to those of highly
close-packed structures such as FM-C15, AFD fcc, and
even NM/AF hcp. To further substantiate this conclusion,
a detailed examination involves comparing the equation
of states of those aforementioned structures are com-
pared with the p - Q, data distribution, as indicated in
Figure 3(b).

As shown in Figure 3(a) and (b), the DFT-CRA model
causes a rearrangement of atoms in the LS/LV region,
resulting in a localized reduction in Q,. This leads to
the formation of diverse stress fields around displaced
atoms, consequently quenching their local moments. The
spontaneous spins of atoms experiencing reductions in
interatomic spacing are distributed between 1 and —1 pp,
indicative of a potential AF ordering with a high pack-
ing density. Notably, certain atoms lose their local spins,
resulting in their magnetic moments being distributed
along or close to the horizontal line of ;& = 0. This behav-
ior signifies a highly close-packed non-magnetic configu-
ration similar to NM e-Fe, as one can realize from Figure
3(a).

The formation of NM or even AF e-Fe, as suggested
by our DFT-CRA calculations, aligns seamlessly with the
energetic considerations for NM and AF e-Fe, as illus-
trated in Figure 3(b). Indeed, the clustering of ;1 - Q, data
points around a vertical blue-dotted line, representing the
ground state of the NM/AF hcp phase, reinforces the evi-
dence for the influence of this close-packed structure in
irradiated bcc Fe.

As mentioned earlier, the first-principles prediction
of irradiation-induced phase transformation from bcc
to NM hcp under increased pressure is expected and
experimentally demonstrated by x-ray magnetic circular
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dichroism spectroscopy [23,24]. This transformation is
attributed to a reduction in interatomic distance, lead-
ing to an overlap between the 3d-state and 4s-state bands
and inducing the delocalization of 3d electrons by low-
ering the DOS at Fermi energy (Ep) and weakening the
condition for FM ordering [25,26].

Referring to Figure 3, an intriguing observation within
the constrained atomic volume range (9.5 < Q, < 10.5)
reveals that C15-type atoms (depicted by data points
enclosed within red circles) distinctly exhibit FM order-
ing. Clearly, these FM-ordered C15-type atoms demon-
strate antiferromagnetic alignment with the host bcc
lattice atoms (depicted as black circles).

A more in-depth analysis of the partial projected DOS
(PDOS) for the atoms forming the C15 cluster (as shown
in Figure 2) before and after irradiation unveils a charge
transfer phenomenon. Specifically, as depicted in Figure
4, there is a charge transfer from majority states below
the Ef into unoccupied minority states above it when the
atom is moved into a constrained environment. As men-
tioned, by comparing the partial integrated DOS (IDOS),
this charge transfer results in a reduction of the DOS at
Er by 26%, weakening the FM ordering, manifested by
the upward shift of Er to higher energy levels by approxi-
mately 1.3 eV (as illustrated in Figure 4(a)). Qualitatively,
the transferred charge is schematically represented by
the shaded area in the partial PDOS of the atoms in the
undamaged structure (Figure 4(a)), which later form the
C15 cluster following irradiation (Figure 4(b)).

4, Conclusions

In summary, our investigation, employing electronic
structure calculations within the DFT framework, sheds
light on the potential polymorphic transformations
occurring in irradiated a-Fe. The extensive DFT-
driven CRA simulations for modeling low-energy, low-
temperature irradiation without thermally activated dif-
fusion, unveil a noteworthy transformation leading to
the emergence of locally formed icosahedral Laves phase
structures, specifically in the form of C15-type clusters.
Within this localized structure, constituent atoms exhibit
antiferromagnetic orientation in relation to the host bcc
lattice atoms, while displaying spontaneous short-range
ferromagnetic characteristics. This dualistic magnetic
behavior adds a layer of complexity to the understanding
of the structural and magnetic responses of a-Fe under
irradiation. Moreover, our study elucidates the impact
of irradiation-induced pressure on the system, revealing
the possibility of NM e-phase formation with a highly
close-packed structure. Concurrently, the emergence of
the AFD y -phase is anticipated from the average increase
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in total energy and decrease in magnetisation of the
irradiated a-Fe, respectively.

The transformations observed in the LS/LV regions
result from a reduction in atomic volume, leading to the
delocalization of 3d electrons at the Fermi level due to the
overlapping of 3d and 4s bands. Consequently, the dis-
tinctive characteristics of the irradiation-induced poly-
morphism, such as spin—flip or quenching magnetisation
traits, stabilise the local magnetic moment of the C15
cluster at approximately —0.7 j1p. This suggests a remark-
able potential for experimentally detecting C15 Laves
phase structures using advanced magnetic-induced map-
ping techniques when coupled with transmission elec-
tron microscopy.

Notes

1. We selected the body-centred tetragonal cell with a ratio of
c/a = 2,/2torepresent the AFD structure, comprising two
consecutive layers with up- and down-spin orientations.
This choice, as described by Herper et al. [5], describes the
short-range order FM within an antiferromagnetic order-
ing [5].

2. Depending on the Q,, y -Fe exhibits two FM states. In small
atomic volume, it has an unstable low-spin (LS) state with
respect to AF states. The second form is associated with a
high-spin (HS) state, which gains stability over AF state at
expanded volumes [5].

Acknowledgments

Financial support was provided by the Swedish Foundation
for Strategic Research (SSF) under grant number ARC19-0043
(SUNRISE centre) and the Swedish Research Council (VR) for
projects 2017-06458 and 2019-04156. The work was also affil-
iated with the EUROfusion Consortium, funded by the Euro-
pean Union under Grant Agreement No 101052200. Additional
funding was received from the Euratom Research and Training
Programme under grant agreements No 755039 (M4F project)
and No 740415 (IL TROVATORE project) during 2019-2020.
The authors acknowledge computational resources from the
Swedish National Infrastructure for Computing (SNIC; PDC
at KTH and NSC at LiU) and CINECA HPC Center in Italy.
The views expressed are solely those of the authors and do not
necessarily represent the views of the European Union or the
European Commission, which cannot be held responsible for
them.

Disclosure statement

No potential conflict of interest was reported by the author(s).

Funding

This work was supported by European Union: [Grant Number
101052200]; Swedish Foundation for Strategic Research (SSF):
[Grant Number ARC19-0043]; SUNRISE centre, Swedish
Research Council (VR): [Grant Number 2017-06458].

ORCID

Ebrahim Mansouri
Pér Olsson

https://orcid.org/0000-0001-8884-5267
https://orcid.org/0000-0002-2381-3309

References

[1] Acet M, Zihres H, Wassermann EF et al. High-

temperature moment-volume instability and anti-Invar

of y-Fe. Phys Rev B. 1994;49:6012-6017. doi:10.1103/

PhysRevB.49.6012

Pepperhoff W, Acet M. The magnetism of iron. Consti-

tution and magnetism of iron and its alloys [Internet].

Berlin, Heidelberg: Springer Berlin Heidelberg; 2001. p.

15-55. d0i:10.1007/978-3-662-04345-5_2

Moruzzi VL, Marcus PM, Kiibler J. Magnetovolume

instabilities and ferromagnetism versus antiferromag-

netism in bulk fcc iron and manganese. Phys Rev B.

1989;39:6957-6961. doi:10.1103/PhysRevB.39.6957

Uhl M, Sandratskii LM, Kiibler J. Electronic and magnetic

states of y-Fe. ] Magn Magn Mater. 1992;103:314-324.

doi:10.1016/0304-8853(92)90202-Y

Herper HC, Hoffmann E, Entel P. Ab initio full-potential

study of the structural and magnetic phase stability

of iron. Phys Rev B. 1999;60:3839-3848. doi:10.1103/

PhysRevB.60.3839

Vogl G, Schaefer A, Mansel W, et al. Mdssbauer studies

of low-temperature radiation damage in a-iron. Physica

Status Solidi (b). 1973;59:107-120.

Abrahams SC, Guttman L, Kasper JS. Neutron diffraction

determination of antiferromagnetism in face-centered

cubic (y ) iron. Phys Rev. 1962;127:2052-2055. doi:10.110

3/PhysRev.127.2052

Keune W, Ezawa T, Macedo WAA, et al. Magneto-volume

effects in y -Fe ultrathin films and small particles. Phys B.

1990;161:269-275. doi:10.1016/0921-4526(89)90147-6

Carbone C, Sohal GS, Kisker E, et al. Spin-resolved

photoemission from Fe3Pt(001) invar and y-Fe films

(invited). ] Appl Phys. 1988;63:3499-3502. doi:10.1063/1.

340722

[10] Papamihail K, Mergia K, Ott F, et al. Fe+ ion irradia-
tion induced changes in structural and magnetic prop-
erties of iron films. Nucl Mater Energy. 2016;9:459-464.
doi:10.1016/j.nme.2016.03.006

[11] Papamihail K, Mergia K, Ott E et al. Magnetic effects
induced by self-ion irradiation of Fe films. Phys Rev B.
2016;93:100404. doi:10.1103/PhysRevB.93.100404

[12] Pepperhoft W, Acet M. The structure of iron. Constitution
and magnetism of iron and its alloys [Internet]. Berlin,
Heidelberg: Springer Berlin Heidelberg; 2001. p. 1-13.
doi:10.1007/978-3-662-04345-5_1

[13] Cort G, Taylor RD, Willis JO. Search for magnetism in hcp
€-Fe. J Appl Phys. 1982;53:2064-2065. doi:10.1063/1.33
0745

[14] Christian JW. Polymorphic changes. The theory of trans-
formations in metals and alloys [Internet]. Oxford: Perga-
mon; 2002. p. 702-717. Available from: https://www.scien
cedirect.com/science/article/pii/B9780080440194500209.

[15] Mansouri E, Olsson P. Microstructure and magnetization
evolution in bec iron via direct first-principles predic-
tions of radiation effects. Phys Rev Mater. 2023;7:123604.
doi:10.1103/PhysRevMaterials.7.123604

2

[3

[4

&

6

7

8

=



[16]

[17]

[18]

[19]

[20]

[21]

Herper HC, Hoffmann E, Entel P. Ab initio investiga-
tions of iron-based martensitic systems. ] Phys IV France.
1997;07:C5-76. doi:10.1051/jp4:1997511

Domain C, Becquart CS. Ab initio calculations of defects
in Fe and dilute Fe-Cu alloys. Phys Rev B. 2001;65:024103.
doi:10.1103/PhysRevB.65.024103

Dézerald L, Marinica M-C, Ventelon L, et al. Stabil-
ity of self-interstitial clusters with C15 Laves phase
structure in iron. ] Nucl Mater. 2014;449:219-224.
doi:10.1016/j.jnucmat.2014.02.012

Marinica M-C, Willaime F, Crocombette J-P. Irradiation-
Induced formation of nanocrystallites with $C15$ laves
phase structure in bcc iron. Phys Rev Lett. 2012;108:
025501. doi:10.1103/PhysRevLett.108.025501

Chartier A, Marinica M-C. Rearrangement of intersti-
tial defects in alpha-Fe under extreme condition. Acta
Mater. 2019;180:141-148. doi:10.1016/j.actamat.2019.09.
007

Mansouri E, Olsson P. Modeling of irradiation-induced
microstructure evolution in Fe: impact of Frenkel pair

[22]

[23

[24]

[25]

[26]

MATER. RES. LETT. 483

distribution. Comput Mater Sci. 2024;236:112852. d0i:10.10
16/j.commatsci.2024.112852

Varnavides G, Ribet S, Yalisove R, et al. Simultaneous
electrostatic and magnetic vector potential phase retrieval
using Electron Ptychography. Microsc Microanal. 2023;29:
278-279. doi:10.1093/micmic/0zad067.128

Tota V, Klepeis J-HP, Yoo C-S, et al. Electronic structure
and magnetism in compressed 3d transition metals. Appl
Phys Lett. 2007;90:042505. doi:10.1063/1.2434184

Barge NV, Boehler R. Effect of non-hydrostaticity on the
a-€ transition of iron. High Press Res. 1990;6:133-140.
doi:10.1080/08957959008203204

Khmelevskyi S, Ruban AV, Mohn P. Electronic structure
analysis of the pressure induced metamagnetic transi-
tion and magnetovolume anomaly in Fe3C—cementite. ]
Phys: Condens Matter. 2005;17:7345. doi:10.1088/0953-8
984/17/46/018

Ekman M, Sadigh B, Einarsdotter K, et al. Ab initio study
of the martensitic bee-hep transformation in iron. Phys
Rev B. 1998;58:5296-5304. doi:10.1103/PhysRevB.58.5296






Paper IV and Supplemental
Material

Ab initio predictions of irradiation-induced imperfections in
FeCr: alloying effects and magnetic ordering on C15 Laves
phase stability

E. Mansouri and P. Olsson
Submitted to Physical Review Letters

123



Ab initio predictions of irradiation-induced imperfections in FeCr: alloying
effects and magnetic ordering on C15 Laves phase stability

Ebrahim Mansouri* ' and Pér Olsson®?

*KTH Royal Institute of Technology, Nuclear Science and Engineering, Stockholm, Sweden

Abstract
In the intricate interplay of atomic constituents, we uncover profound correlations that shape the
non-linear magnetic properties of FeCr systems under irradiation. Our investigation unveils a
striking relationship between the Cr content and the emergence of the swelling, a fundamental
precursor to radiation-induced damage in FeCr alloys. Furthermore, we delve into the complex
influence of alloying Cr content, shedding light on the formation and stabilization of C15 Laves
phase clusters, offering crucial insights into the dynamics of these features under extreme
conditions. Our findings not only deepen our understanding of the non-linear magnetic responses
but also pave the way for advanced materials engineering with potential applications in nuclear

environments.

1. Introduction

FeCr alloys hold a pivotal role in nuclear reactor technology due to their remarkable combination of
properties [1,2]. The alloying of chromium in Fe-based alloys brings about several crucial
improvements. FeCr alloys exhibit exceptional resistance to corrosion and oxidation [3], making
them ideal candidates for structural materials within nuclear reactor technologies, where extreme
environments can lead to material degradation [1]. The incorporation of Cr into Fe-based alloys
demonstrably improves their resistance to high-temperature and high-radiation environments.
Understanding the role of Cr content is of paramount importance in optimizing FeCr alloys for such
applications. By tailoring the Cr content, the materials can be designed to better suit the demanding

conditions within nuclear reactors, enhancing their overall efficiency and safety [2,4,5].

Furthermore, investigating radiation-induced damage and stability in relation to alloying effects is a
critical aspect of materials science [6—8]. These alloying effects and correlated durability of Fe-

based alloys can significantly impact the mechanical integrity and radiation tolerance of irradiated

1 Corresponding author: mansouri.ebrahim@yahoo.com
2 Corresponding author: polsson@kth.se



materials [9—12]. Thus, gaining insights into how the Cr content influences the development and
stability of microstructure imperfections is essential for a fundamental understanding of material
properties, ultimately contributing to the advancement and safety of structural materials used in

nuclear reactors.

Investigating irradiation-induced degradation in Fe and FeCr systems, we employed a
straightforward and productive model, known as creation-relaxation algorithm (CRA), to
theoretically represent the low-energy, low-temperature irradiation events. The CRA model, which
initially was introduced by Limoge ef al. in the late 1980s [13], has been widely adopted by various
researchers to study irradiation-induced microstructure evolution in different model materials [14—
18]. This model progressively introduces point defects, specifically Frenkel pairs (FPs), into a
pristine crystal lattice to simulate amorphization or radiation damage in solids. For the latter, the
targeted irradiation dose is achieved by correlating the total number of inserted FPs (Ngp) with the
total number of lattice sites (), expressed in displacements per atom (dpa)®. Notably, the generated
defects primarily respond to the stress and strain fields induced by the FPs, mimicking actual low-
energy damage events at very low-temperature regime. The CRA model used in this study has been
thoroughly described in our recent publication [17]. Approximately, all model materials studied
herein were subjected to 350 FP insertion (FPI) events, resulting in a cumulative irradiation dose of

0.35 dpa.

II. Methodology

In this letter, several different aspects of the irradiation-induced degradation were studied within the
density functional theory (DFT) framework. The energy minimization calculation was conducted
upon the CRA direct damage insertion. We used the projector-augmented plane wave method [19]
implemented in the Vienna ab initio simulation package [20-23]. The conjugate gradient
method [24] was employed to perform the total energy minimization after every FPI. The
exchange—correlation term was treated in the generalized gradient approximation, as parameterized
by Perdew, Burke, and Ernzerhof [25,26]. All calculations were spin-polarized, and periodic

boundary conditions, along with the supercell approach, were employed.

We employed supercell sizes of 8 x 8 x 8 replicas of the bce orthogonal unit cell, each containing

1024 atomic sites, for both Fe and FeCr systems. In dealing with these extensive electronic

3 The irradiation dose was assessed according to canonical displacement per atoms (dpa) [16], defined as the ratio of
the FPI number to the total number of lattice sites (¢ = Ngp/N). In this study, the total number of lattice sites are
equal to 1024, regardless of Cr content.



structures, we sampled the Brillouin zones using the gamma point in k-space. For enhanced model
prediction and reduced statistical noise, we utilized four and three distinct CRA trajectories for Fe
and FeCr systems, respectively. Within each FeCr trajectory, the chromium contents of 5, 10, and 15

at.% were randomly distributed.

To optimize the balance between computational efficiency and accuracy, we employed two
relaxation strategies. Full relaxation (FR) provided the most accurate representation, optimizing all
degrees of freedom, but was computationally expensive. To address this, we primarily utilized ionic
relaxation (IR) for computational feasibility. However, to ensure accuracy, we strategically
interspersed FR calculations within each CRA trajectory for both Fe and FeCr systems. For volume-
conserving simulations, we employed a pragmatic 250 eV cut-off energy and a self-consistent
convergence criterion of 1 meV. Notably, fully relaxed calculations utilized a higher cut-off energy
of 350 eV to mitigate volume-related artifacts, along with a stricter convergence criterion of 0.1

meV.

To better perceive the relationship between Cr additive and the stability of irradiation-induced
defects, particularly the C15 Laves phase structure, we compared the formation energy, magneto-
volume behavior, and local magnetic moments of these clusters in pure Fe and various spatial quasi-
random (SQS) FeCr alloys. This analysis involved the systematic insertions of perfect C15 clusters
into supercells containing 250 atoms and two additional self-interstitial atoms (SIAs), denoted as

c1s
1

, , employing a well-established methodology described in Refs. [27,28].

For these calculations, we utilized FR calculations with a 3 x 3 x 3 k-point mesh, a 350 eV cut-off
energy, and a convergence criterion of 0.1 meV. To ensure a comprehensive assessment of C15
cluster formation energy within FeCr systems, we employed a randomized distribution of these
clusters within each SQS-FeCr alloy. This approach mitigates potential biases associated with Cr

distribution in the matrix and provides more robust predictions.

Microstructure evolutions were characterized using the Wigner-Seitz analysis capabilities of
OVITO [29]. Furthermore, polyhedral template matching analysis [30] with a root-mean-square
deviation value of 0.25, was applied to recognize different structures as well as C15 clusters formed
in damaged cells. Finally, the Supplemental Material pertinent to this study are comprehensively

detailed in [31].



II1. Results and discussion

In this study, we investigated the correlation between Cr content and irradiation-induced volume
expansion, i.e. swelling, in FeCr alloys. Additionally, we systematically explored the alloying effect
on the formation and stability of defect clusters, such as C15 Laves phase structures, particularly the

three-dimensional C15-type clusters, formed in damaged Fe alloys.

Swelling was continuously monitored by calculating the ratio of the global pressure change (4P) to
bulk modulus (B), i.e. 4P/B [32], from IR calculations. Bulk moduli were selected for each FeCr
system based on experimentally available data in the literature [33,34]. Additionally, swelling can
be directly estimated by calculating the relative volume change, i.e. 4V/V), from FR calculations,

wherein the volume and shape of the supercell along with ionic positions were consistently relaxed.

Direct first-principles calculations revealed a consistent two-stage swelling behavior across diverse
Fe-based structures (Fig. 1). Initially, swelling exhibits a linear increase due to the rapid
accumulation of point defects (Figs. S2 ans S3 in Supplemental Material [31]). These defects,
generated by damage insertion (FPI), have differential relaxation volumes: SIA have a positive
anisotropic volume relaxation (18.1 — 19.2 A3, depending on the type of SIAs), while vacancies
posses negative isotropic small relaxation volume (3 and 6 A?). This interplay leads to the overall
volume expansion or swelling. At low irradiation doses, about 0.05 dpa, a plateau emerges as stress
and strain fields from defect clusters become constant. These fields, mediated by athermal
interactions, influence defect behavior and potentially promote recombination or coalescence into
more complex structures. This interplay between differential relaxation volumes and stress/strain

field interactions governs the observed two-stage swelling behavior at low-temperature regime.

As shown in Fig. 1, our direct first-principles calculations reveal a consistent trend across different
Fe-based structures: swelling initially increases linearly and then plateaus at the early stage of
irradiation dose (0.05 dpa). This two-stage evolution of swelling corresponds to the direct response
of materials to athermal interactions between point defects resulted from stress and strain field
induced by FPI at low temperature. The linear accumulation of point defects, as also shown in
Fig .1 and Fig. S1 [31] is a typical response of immobile SIAs and vacancies to irradiation at very
low-temperature regime, where both SIAs and vacancies are athermally interact either recombine or

coalesce to form related defect clusters.

Notably, a strong correlation exists between saturated swelling and Cr content in Fe-based alloys
beyond 0.05 dpa. For instance, the irradiation-induced swelling of Fe is approximately 40% higher

than that of Fe containing 15 at.% Cr. Experimental measurements of the alloying effect of Cr on



volumetric swelling under high-temperature and extensive irradiation conditions have been reported
elsewhere [9,10,35]. Despite the high irradiation doses and elevated temperatures utilized in these
experiments, it was found that even small quantities of Cr (~ 3 wt. %) significantly influenced the
peak swelling of high purity FeCr alloys [10]. Pure Fe exhibited a maximum swelling of
approximately 1%, while a reduction of about 90% was observed for other FeCr alloys, highlighting
the substantial impact of Cr concentration in mitigating irradiation-induced swelling. This reduction
in void swelling has been attributed to the formation of cavities, which were drastically reduced
with increasing Cr content, rather than to the diffusivity of SIA clusters in FeCr alloys, as detailed

by Terentyev et al. [36].

Considering the absence of thermally activated diffusion in our damaged structures, as well as the
uniformity in the number density and size of vacancy clusters in the current study (see Fig. S2-S4 in
Supplemental Material [31]), the magnetic properties of the FeCr system may play a role in
differently responding to irradiation. Therefore, exploring the correlation between the change in
total magnetization (M) and swelling may elucidate the relationship between Cr content and less
volume expansion in damaged FeCr alloys, as illustrated in Fig. 2. This correlation emerges from

various relaxation calculations, including IR and FR, derived from DFT-CRA calculations.

Figure 1: (a) Dose-dependent evolution of averaged irradiation-induced swelling in Fe and FeCr systems. (b) DFT
prediction of swelling as a function of Cr content for pure Fe and binary FeCr alloys.

As depicted in Fig. 2(a), a clear linear correlation emerges between Cr content and the change in
global M, leading to diverse responses of Fe-based alloys to irradiation damage. The incorporation
of Cr atoms into the body-centered cubic (bcc) Fe structure results in a decrease in ferromagnetic

(FM) ordering, thereby weakening ferromagnetism and resulting in a reduced magneto-volume



effect. The reduced magneto-volume in FeCr alloys with higher Cr content could be related to the
different relaxation volume of Fe and Cr vacancies and interstitial defects, as investigated by
Wrobel et al. [37] using DFT calculations. They showed that the surrounding elements (alloying
environment) significantly impact the magnetic properties, formation energies and atomic-level
distortions (elastic dipoles and relaxation volumes) of point defects in bee Fe, Cr, and their random
alloys. As demonstrated in [38], in binary FeCr alloys, the smaller relaxation volume of defects, in

dumbbell configuration, are correlated with negatively larger AM.

Additionally, in an FeCr alloy, the elastic dipole tensors P and relaxation volume Q... of vacancy
and SIA defects vary significantly, with vacancies demonstrating negative relaxation volumes and
SIAs exhibiting large positive values. Besides, the dipole tensors of vacancies exhibit near isotropy
across the entire alloy composition range. Fe-Fe and Fe-Cr SIA dumbbells demonstrate greater
anisotropy compared to Cr-Cr dumbbells. Fluctuations in the elastic dipole tensors of SIA defects

are primarily attributed to the varying crystallographic orientations of the dumbbells.

Furthermore, there is a noticeable non-linear relationship between Cr content and irradiation-
induced swelling in the damaged Fe-based alloys, as evidenced by performing DFT-FR calculations
with enhanced accuracy (Fig. 2(b)). As seen in both Figs. 2(a) and (b), the AM, within the
conditions applied in this study, drops linearly and then reach a saturated steady state where data
points scattered around the final saturated swellings (see Fig. 1). However, each FeCr alloys
differently response to irradiation with respect to magnetization change, compared to pure Fe. For
instance, the addition of 5 at.% Cr hinders any change in total M, while further alloying of Cr

accelerates the reduction in M and subsequently in swelling at a higher rate than pure Fe.



Figure 2: Averaged change in global M per atom relative to corresponding swelling in various Fe and FeCr systems.
The left panel (a) displays the results of DFT-IR calculations (4P/B), while the right panel (b) presents the outcomes of
DFT-FR calculations (4V/V) for several snapshots of the CRA trajectories. In the right panel, dashed lines fitted to the
data points depict instances where 4M has not yet reached saturation values.

The next step is to examine how the survived defect contents dynamically evolve to other forms of
clusters as the results of developing stress fields in all damaged Fe-based alloys with respect to Cr
contents. The dose-dependent evolutions of vacancies and interstitial defects and their relative
clusters have been documented in Supplemental Material [31]. There, we showed that the defect
number densities and the average and the largest sizes of defect clusters are not correlated to the Cr
contents. As also indicated in Figs. S2-S4, the number density of survived isolated vacancies
doubled the number density of mono interstitial, highlighting the higher tendency for interstitial
defects to aggregate into larger clusters (see Fig. S4 in Supplemental Material [31]), even without
thermally activated diffusion, a clear consequence of point defects evolution to irradiation-induced

stress fields.

Although the defect statistics and cluster sizes are obviously independent of alloying element of Cer,
formation energy, average local magnetic moments, size and stability of other three-dimensional
cluster, i.e., C15 structures seem to be extremely affected by Cr percentage. Therefore, we focused
on the formation and stability of the constrained defect clusters, especially C15 structures, and
showed how increasing Cr content may effectively stabilize such complex defect clusters in

irradiated bee FeCr alloys.

As showed in other first-principles [17,27] and classical molecular dynamic simulations [28,39,18],

the formation of C15 Laves phase structures is expected in irradiated bce Fe lattice. Here, for the



first time, we also demonstrated not only the formation of imperfect and perfect C15-type structure,
including clusters of triangular and/or hexagonal di-interstitial rings, is probable in Fe-based alloys
but also the addition of more elemental Cr atoms leads to stabilization of such features and provide
a condition for formation of even giant perfect C15-type structures, e.g., in Fe-15 at.% Cr alloys,

according to our first-principles predictions and irradiation conditions applied in this study.

Figure 3 shows the dose-dependent evolution of atomic C15-type structures and the largest C15-
type clusters found in damaged bcc Fe and FeCr alloys with divers Cr contents. As the
antiferromagnetic (AF) alloying element of Cr increases, the C15-type structure content would
increase and, therefore, may pave a way for formation of giant C15-type clusters (see Fig. 3(a)).
Moreover, Fig. 3(b) highlights the higher tendency for SIAs to aggregate within giant C15

structures in a system with the higher Cr concentration.

Figure 3: (a) Population of C15-type atomic structure and (b) the largest C15 Laves phase structures formed in Fe and
FeCr alloys as a function of irradiation dose, represented by the Frenkel pair number divided by the total number of
atoms.

As the system loses its ferromagnetic (FM) ordering due to the substitution of more Fe with Cr
atoms, the stability of the C15 Laves phase appears to increase, facilitated by AF ordering and

potentially quenching magnetization.

Consistent with prior studies [28], the formation energy of the three-dimensional C15 cluster which
corresponds to 12 SIAs plus 10 vacancies (equivalent to net inclusion of two SIAs, noted as I>) is

higher than two SIAs with {110)-dumbbell configuration in pure Fe. However, as we interfuse more

C15

Cr into bee Fe lattice, the difference in formation energy of SIAs with C15 ( I, ) and parallel

{110)-dumbbell ( I ;110> ) configurations, denoted as AERTE , decreases from ~ 1 eV for pure Fe



to about 0.4 eV for Fe 15 at.% Cr, whit a 60% drop, highlighting the increased tendency of SIAs to
form C15 cluster in FeCr alloys, compared to parallel {110)-dumbbell, as showed in Fig. 4. The
scattered data points in Fig. 4 are related to inclusion of C15 clusters at various locations within
each SQS-FeCr alloy. It is worth noting that the formation energy of two SIAs with CI15
configuration is even lower than that with parallel dumbbell for FeCr alloys with 15 - 20 at.% Cer,
depending on the Cr atom distributions. Moreover, the incorporated C15 cluster in AF pure Cr led

11
I

toagreat AE LT 6f 5.5 eV, signifying the optimized Cr content for stabilization of C15 clusters

might be between 15 - 20 at.% Cr.
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Figure 4: Difference in formation energy of intestinal cluster with C15 and <110>-
dumbbell configurations as a function of Cr content.

Moreover, inspection of all CRA trajectories for both Fe and FeCr alloys showed that the formation
of giant C15 with higher Cr content is not accidental, as the largest C15-type clusters among all Fe
trajectories found to be open cage Cl5-type features consists of triangular and/or hexagonal di-
interstitial rings, as indicated in Fig. 5(a). Whereas, formation of the perfect close cage of C15
cluster is common in the highest FeCr system with 15 at. % Cr, as illustrated in Fig. 5(b), and in 10
at. % Cr (Fig. S5 in Supplemental Material [31]).



Figure 5: Comparison of a) an incomplete and b) a three-fold complete C15 clusters formed in
damaged bee Fe and Fe 15 at.% Cr, respectively. The orange clouds, enveloping atoms with
spin-down orientation (blue arrows), represent the three-dimensional spin density isosurfaces of
atoms which either underwent spin flip or possessing AF ordering. Red arrows symbolize the
spin-up orientations. Pink atoms represent host lattice atoms, while blue atoms with no attached
arrows underwent spin quench. For color references, the reader is referred to the web version of
the article.

Interestingly, as noted in our recent studies[17,40] on pure Fe, the Cl5-type structures
antiferromagnetically aligned with the bcc host Fe atoms while exhibiting a short-range
ferromagnetism [40]. However, herein, as demonstrated in Figs. 6(a)-(d), the alloying Cr atoms
weakens the short-range ferromagnetism of C15 cluster in host bee Fe and transforms its magnetic
state into locally short-range antiferromagnetism in FeCr alloys for higher atomic concentration of
Cr. To elaborate this, the local magnetic moments of all 1024 atoms are plotted versus their related
local atomic volumes (Voronoi cell) for each Fe and FeCr alloys in Fig. 6, at irradiation doses
between 0.15 - 0.2 dpa, where the C15 Laves phases appear. As showed elsewhere, atoms forming
C15 clusters tend to antiferromagnetically couple with FM atoms of host Fe lattice under constrain
configuration [27,28,40,41]. Adding Cr atoms, weakening FM ordering and add more AF ordering

into the host lattice.



Figure 6: Distribution of local x of atoms in relation to their local £, in a) pure Fe, b) Fe 5 at.% Cr, ¢) Fe 10 at.% Cr,
and d) Fe 15 at.% Cr at a dose range of 0.15-0.20 dpa. The blue circus surrounding some data points represent C15
Laves phase structure formed in damaged bce Fe and FeCr systems. The green and orange data points represent the
- 9, relationships for Fe and Cr, respectively.

The difference in behaviour of the C15 clusters in Fe and FeCr alloys could be related to the
different magneto-volume effects of the systems, resulting from the different relaxation volumes of
Fe and Cr vacancies and SIAs. A described by Wrodbel et al. [38] using DFT calculations, the
alloying environment significantly impacts the magnetic properties and atomic-level distortions
(elastic dipoles and relaxation volumes) of point defects in bee Fe, bee Cr, and their disordered
alloys. This influence arises from variations in the local volume and local moment of defects
containing Fe-Fe and Fe-Cr dumbbells, as also reported in other studies [42—44]. Furthermore,
variations in the magnitudes of magnetic moments associated with defects significantly affect the
formation energy of these defects. With DFT ionic and full relaxation calculations, it has been
demonstrated that the relaxation volumes and formation energies of SIA in dumbbell configurations
within disordered FeCr alloys decrease with increasing Cr content. In addition, as shown by
Marinica [16], the negative formation energy of clusters of four or more SIAs in the form of C15
structures, alongside the reduction in the formation energy of dumbbells with increasing Cr content
in the SQS-FeCr alloys, supports that there is stabilization of the C15 clusters with increasing Cr

content, as proposed in this study.



II1. Conclusions

In conclusion, this study employed electronic structure calculations within the DFT framework to
investigate the interplay between Cr alloying, irradiation-induced swelling, and the stability of the
C15 Laves phase structure in irradiated Fe-Cr alloys. Utilizing dynamic DFT-driven CRA
calculations, we studied the microstructural evolution under irradiation in terms of pressure changes
and defect populations, particularly focusing on C15 Laves phase structure formation. While DFT-
CRA simulations predicted minimal variations in total defect number densities between Fe and
FeCr alloys, the size and stability of the observed C15 Laves phase were demonstrably influenced
by the presence of Cr atoms in the irradiated structures. Furthermore, Cr addition not only
suppressed irradiation-induced swelling, but also exhibited a non-linear response to irradiation,
likely due to differing magneto-volume relationships. Finally, the observed decrease in total system
magnetization with Cr addition is proposed to be responsible for the smaller relaxation volume and

enhanced stability of C15 clusters formed within the damaged Fe alloys.
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Ab initio predictions of irradiation-induced imperfections in FeCr: alloying
effects and magnetic ordering on C15 Laves phase stability
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I. Dose-dependent energy and pressure changes with DFT-CRA model
Figure S1 compares the average change in energy per atom (4E/atom) and pressure (4P) as a function
of displacement per atom (dpa) in bce Fe and FeCr systems within supercells with side lengths of 8x

ayp.

Figure S1: Comparison of (a) the dose-dependent 4E/atom and (b) 4P predicted by the DFT method.

I1. Comparison of dose-dependent evolution of defect contents
Figure S2 compares the dose-dependent evolution of surviving Frenkel pair (FP), isolated interstitial (
Luono), and interstitial cluster (/¢) contents as functions of irradiation dose predicted by DFT-driven

CRA simulations for Fe and FeCr systems within supercells with side lengths of 8xaq.
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Figure S2: Dose-dependent number density of the a) FP, b) /.0, and c) I¢ for different Fe and FeCr systems.

Figure S2 compares the dose-dependent evolutions of survived FP, isolated vacancy (Vim), and
vacancy cluster (V¢) contents as functions of irradiation dose predicted by DFT-driven CRA

calculations for Fe and FeCr systems within supercells with side lengths of 8xa.

igure S3: Dose-dependent number density of the a) FP, b) V.., and ¢) Ve for different Fe and FeCr systems.

II1. The dose-dependent evolutions of defect cluster sizes as functions of irradiation dose
Figure S4 displays the dose-dependent evolutions of the average (left panels) and largest (right panels)

Ic and V¢ in different Fe and FeCr systems



Figure S4: Dose-dependent evolutions of the a) average and b) largest interstitial clusters along
with the ¢) average and d) largest vacancy clusters formed in Fe and FeCr alloys, resulting from
DFT-CRA calculations.

IV. The size of C15 Laves phase structure with respect to Cr contents
Figure S5 indicates the size dependency of C15 Laves phase structure with respect to at. % Cr in Fe
and FeCr alloys. As the Cr content increases, the formation and stability of such three-dimensional

clusters are improved by increasing antiferromagnetic ordering.



Figure S5: Evolution of C15 Laves phase structure with increasing Cr concentration in (a) Fe,
(b) Fe-5 at.% Cr, (c) Fe-10 at.% Cr, and (d) Fe-15 at.% Cr as obtained form dynamic DFT-CRA
calculations in supercells with side length of 8 X g, Orange clouds, enveloping atoms with
spin-down orientation (blue arrows), represent the three-dimensional spin density isosurfaces
of atoms either underwent spin flip or with antiferromagnetic ordering (Cr atoms). Red arrows
symbolize spin-up orientations. Blue atoms without arrows have undergone spin quenching.
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Abstract

This study employs electronic structure calculations coupled with the creation-relaxation algorithm to
model irradiation damage events and resulting microstructural imperfections in body-centred cubic
(bee) FeCrAl alloys and hexagonal close-packed (hcp) a-AlOs. The resulting microstructure evolution
is primarily driven by the stress fields induced by sequential direct damage insertions. Defect
populations and their corresponding cluster characteristics are analysed as a function of modelled
irradiation dose. We investigate the stability and magnetic characteristics, particularly in FeCrAl alloys,
of the formed defect structures. Our first-principles simulations reveal that C15 Laves phase defect
structures can form dynamically during irradiation in FeCrAl and are stabilized by increasing
aluminium content. Under irradiation doses of approximately 1 displacement per atom (dpa), damaged
a-AlO; experiences continuous irradiation-induced volume expansion, approaching a saturation state
with around 7% swelling. In contrast, the metallic alloys reach a saturation level of 2.2% swelling,
about three times lower than that predicted for alumina. Additionally, the formation of an amorphous
phase in damaged corundum alumina supports the expectation of significant irradiation-induced
swelling. The results show a net reduction in total magnetization per atom in FeCrAl. Furthermore,
interstitial sites exhibit a tendency for spin polarization opposing the intrinsic atomic site spins when
the coordination number increases compared to the pristine lattice structure. These findings suggest that
radiation-induced damage could potentially be traced using non-destructive measurements of bulk

magnetization changes.
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I. Introduction

The selection of appropriate structural materials is paramount in the pursuit of safer and more efficient
nuclear energy systems [1]. These materials play a critical role in ensuring the integrity and longevity
of nuclear reactors, including advanced liquid-lead fast reactors [2], light water reactor [3], and fusion
systems [4]. Among these candidate materials are body-centred cubic (bcc) FeCrAl alloys, prized for
their high oxidation resistance under irradiation and high-temperature environments, making them
suitable for Generation IV fast reactor and accident tolerant fuel (ATF) cladding in the nuclear power
industry [5]. A key consideration for such materials is the formation of alumina (Al,Os) scale for
corrosion resistance. This alumina layer exhibits exceptional resistance to oxidation and corrosion, as
well as its compatibility with various nuclear system coolants, such as supercritical water, heavy liquid
metals, such as lead and lead-bismuth eutectic, and high-temperature helium gas. This protective

alumina layer shields structural materials from the harsh environments prevalent in nuclear reactors.

Developing the ATF cladding presents a critical challenge. One particular concern is managing
potential swelling at the interface between the metallic FeCrAl alloy and the protective alumina layer.
This swelling needs to be balanced with maintaining the material mechanical stability throughout the
operational lifespan of the nuclear reactor [6,7]. This study contributes to this ongoing effort by using
theoretical simulation means to investigate how the irradiation-induced microstructure evolve in both
bce FeCrAl alloys and hexagonal close-packed (hcp) corundum alumina. Understanding these
structural changes allows us to assess the mechanical stability and irradiation response of these
combined materials (oxide and metal) and evaluate their suitability as robust alternatives for ATF

cladding.

We employ a theoretical model known as the creation-relaxation algorithm (CRA) to simulate the
formation and evolution of point defects and defect clusters within the materials as a function of
irradiation dose. The CRA model has shown promise in predicting microstructure evolution and
magnetization changes in different model materials such as Fe and FeCr alloys [8—11]. The CRA model
is rooted in a similar method introduced by Limoge and Rahman in 1988 for studying irradiation
damage in non-crystalline materials [12]. This technique involves successively introducing point
defects, such as Frenkel pairs (FPs) or isolated interstitials, into a perfect lattice structure to model
amorphization. More recently, Derlet and Dudarev refined this method to explore radiation-induced

microstructure evolution in Fe and W [11].



While initially formulated for classical interaction models, we reformulated the CRA method for a first-
principles paradigm. This approach is inspired by observations of irradiation-induced saturation under
certain conditions [13]. Our method involves conjugate gradient relaxation following a designated
number of random atomic displacements within a supercell, mimicking the insertion of randomly
generated FPs. We construct supercells with a reasonable number of atoms (). We randomly select an
atom, displace it to a random location within the supercell, relax the system to a local energy minimum
for the damaged structure, and repeat this process until a desired displacement per atom (dpa) is

achieved.

In the CRA framework, the damage dose parameter in dpa becomes deterministic and
straightforward [11]: each displacement contributes exactly 1/N dpa, where N is the total number of
atoms in the supercell. Since it is feasible to perform many hundreds of creation-relaxation events
sequentially [9], it is, therefore, possible to directly simulate doses up to 1 dpa using first-principles
methods. In this study, we first applied the single Frenkel pair insertion (FPI) technique to the
magnetically complex lattice of relevance: bec Fe with 10 atomic percent (at.%) Cr and varying Al
concentrations (2, 4, 6 at.%). For non-magnetic hcp alumina, however, we applied an accelerated
method in which five FPI are implanted at each step and are relaxed simultaneously, in order to easily

reach higher irradiation doses of the order of 1 dpa.

Using computationally demanding first-principles modelling offers significant advantages over
classical interatomic potential methods because it handles chemical complexity with ease and provides
the full electronic structure detail. For modelling irradiation-induced damage in FeCrAl or alumina,
reliable interatomic potentials may not be readily available, making density functional theory (DFT) a

more suitable approach.

The present study expands the capabilities of the CRA model by investigating its effectiveness with
uniform self-interstitial atom (SIA) distributions and its applicability to studying irradiation damage in
both FeCrAl and Al,O; systems. However, the CRA model, by design, introduces single FPs, and
therefore does not explicitly account for the high-energy defect production regime. Nevertheless, the
model considers linear and non-linear lattice deformations induced by defect accumulation, making it
suitable for predicting defect evolution at very low temperatures [11] and for dynamically evolving a
relevant damaged microstructure to its saturation stage. In this regime, defect diffusion is primarily

driven by stresses and strain fields generated by the FPI mechanisms.



The paper is organized into three distinct sections. Section II explains the details of the method used in
this study, including the specific computational techniques employed. Section III delves into the results,

providing a thorough discussion of the key findings from our DFT-driven CRA simulations.
I1. Methodology

This study applied the DFT and used the CRA approach to directly generate damage events and to
qualitatively investigate the resulting microstructure evolution in FeCrAl model alloys and the Al,Os
oxide. Comprehensive details of the CRA model can be found in Refs. [8,11]. The static DFT
calculations give us access to total energies that can be translated into formation and binding energies

for defects and complexes.

We used the projector-augmented plane wave (PAW) method [14] implemented in the Vienna ab-initio
simulation package (VASP) [15-17]. The conjugate gradient method [18] was used to perform the
energy minimization after every FP insertion. The exchange—correlation term was treated in the
generalized gradient approximation, as parametrized by Perdew, Burke, and Ernzerhof [19,20]. All
calculations for bcc FeCrAl were spin-polarized, and periodic boundary conditions, along with the
supercell approach, were employed. For the CRA modelling of radiation-induced microstructure
evolution, we used a supercell of 8 x 8 x 8 copies of the bce orthogonal unit cell, comprised of 1024
atoms for FeCrAl. For this relatively large supercell, the Brillouin zone was sampled by the Gamma
point in k-space. To improve the prediction of the model and lower the statistical noise, we used three

distinct CRA trajectories for each condition.

For alumina, the non-magnetic calculations were performed using periodic boundary conditions with a
supercell containing 5 x 5 x 2 hexagonal unit cells with a total number of 1500 atoms. The integrations
over the Brillouin zone were performed using the Gamma point only. The electronic wave functions
were expanded in a plane wave basis set with an energy cutoff of 450 eV. Like FeCrAl systems, to
decrease the statistical noises, we used three different CRA trajectory tests. The total energy
convergence was set to be 1 meV. The atomic coordinates were relaxed until the forces acting on each

atom were reduced to less than 0.01 eV/A.

In this study, we explored how damaged materials respond to simulated radiation exposure (FPI events)
by considering different aspects of the system characteristics. These aspects include how the positions
of atoms change, the overall size of the simulation, and its shape. Ideally, for materials undergoing
intense radiation, we would fully relax the system after each damage event by adjusting atom positions,

size, and shape of the simulation cell. However, doing this within DFT requires quite demanding



computing time. To find a balance, we focused on relaxing only the positions of atoms in our
simulations, keeping the overall size and shape of the simulation space constant. We then
systematically used full relaxation on specific snapshots in one single CRA trajectory to gain deeper

insights without significantly increasing the computational cost.

For our simulations on FeCrAl alloys with constant volume (ionic relaxation), we used a cut-off energy
of 250 eV and a 1 meV energy convergence criterion for the self-consistent electronic loop calculation.
However, when fully relaxed the simulation cell, we used a higher cut-off energy of 350 eV to prevent
volumetric changes from affecting energy and forces due to varying volume and the number of
included plane waves. To enhance the accuracy, we also reduced the energy minimization convergence

criterion to 0.1 meV in this simulation set.

Theoretically speaking, two primary approaches can be utilized to estimate irradiation-induced volume
expansion (swelling). In the full relaxation calculation paradigm, insights into volumetric change is
straightforward and can be obtained by monitoring the supercell volume. Alternatively, the ionic
relaxation calculation method can track the changes in hydrostatic pressure. Full relaxation calculations
achieve a global pressure convergence to zero, allowing both the supercell volume and shape to evolve
during the simulation. This can lead to explicit volumetric swelling. In contrast, simulations conducted
under fixed volume conditions can estimate radiation-induced swelling by relating the change in global
hydrostatic pressure (4P) to the bulk modulus (B) of the material using the following relationship
established by [21]:

VO B : ( )

Where AV/V, is the relative volumetric change following a perturbation, here as a result of FPIs.

Using the DFT-CRA method, we also investigated the irradiation-induced change in the electronic
charge distribution and in the global and local magnetization. Accordingly, isosurfaces depicting the

variations in spin and charge densities surrounding those defects were computed using VESTA [22].

To identify and analyse the formation of defect clusters after irradiation, a Python code was used to
simulate damage creation and insertion within the material. Microstructure evolution was then analysed
using a combination of Python and the open-source visualization software OVITO [23]. The Wigner-
Seitzs analysis tool in OVITO was also employed to pinpoint the remaining vacancies and SIAs in the

simulated structures after relaxation.



To achieve an irradiation dose of 1 dpa accoutring to the canonical dpa definition [11], we employed
two distinct approaches for FP defect insertion. The chosen approach depended on both the magnetic
properties and system size. For smaller, actively magnetic systems like Fe and its alloys, we employed
the strategy outlined previously in [8]. In such cases, where the desired dose is in the order of 1 dpa and
the system size is computationally manageable, the ideal approach involves inserting one FP defect per
lattice site (n/N) at a time into the supercell. Following this, for a supercell containing 1024 atomic
sites, we should insert 1024 single FP defects to reach 1 dpa. This approach was continued until a dose
of 0.35 dpa was achieved, consistent with our prior studies [8]. However, for larger and non-magnetic
systems like AL,Os, this one-by-one insertion strategy becomes computationally inefficient to reach the
target dose of 1 dpa. Therefore, we implemented an alternative method involving five simultaneous FPI
insertions per each relaxation step, similar to the method used for molecular dynamic driven CRA
simulation in [9], repeated 300 times. This approach successfully achieved the desired dose for the non-
magnetic ALLO; system within DFT-driven CRA simulation. It was first verified that the simulations

involving a single FPI at a time, or five concurrent FPI gave nearly indistinguishable trajectories.

Moreover, for identifying defect clusters, we established specific criteria based on the distances
between nearest-neighbour atoms. In FeCrAl alloys, vacancies were considered clustered if they were
within 3.5 A of each other, and SIAs were clustered if they were within 4.1 A. These distances
correspond to the midpoint between the second and third for vacancies, and third and fourth nearest-

neighbour distances for SIAs, respectively, according to the literature [24,25].

Alumina required slightly different criteria for identifying defect clusters due to its unique atomic
arrangement. This is because the distances between neighbouring atoms in Al,O; differ from those in
FeCrAl. In alumina, vacancies were considered clustered if they were within 2.7 A of each other, and
SIAs were clustered if they were within 3.35 A. These specific distances were determined through a

thorough coordination analysis performed using OVITO.

Furthermore, recognizing the unique coordination of C15 atoms, an additional analysis technique was
implemented. The OVITO built-in polyhedral template matching (PTM) analysis [26] was utilized with

a root-mean-square deviation value of 0.25 to effectively identify these specific atomic arrangements.

II1. Results and discussion

1) Irradiation-induced pressure change in FeCrAl and ALO;



To study the dose-dependent evolution of microstructure in damaged structure, one can trace the
change in total energy and hydrostatic pressure. Figure 1 presents the change in hydrostatic pressure
(4P) as a function of dpa for Fe alloys of increasing complexity (Fe, Fe-10%Cr, and Fe-10%Cr-4%Al)
and for AL,O;, as derived from DFT-CRA calculations. The plot reveals an initial linear increase in
pressure for all materials, eventually followed by a steady-stage saturation. This saturation occurs
around 0.05 dpa for Fe-based alloys and around 0.1 dpa for alumina, which aligns with previous
studies [8,11]. The significantly higher number of FPI required for reaching saturation in the
microstructure of hcp ALO; can be attributed to its distinct crystal structure, the short ranged
directional bonding and the nature of charged point defects within this ceramic structure. Furthermore,
the observed pressure change in alumina at saturation is seven times higher than that in FeCrAl. This
suggests a comparatively larger irradiation-induced swelling in alumina compared to FeCrAl. This
observation is supported by Equation 1, considering the approximately similar bulk moduli of both

structures. Table 1 summarizes the elastic properties of Fe alloys and AI1203 extracted from different

literature.
Table 1: The elastic properties of Fe alloys and alumina.
Structure a (A) c(A) B (GPa)
Fe 2.831 -- 16.9°
Fe-10%Cr 2.839 - 15.6°
Fe-10%Cr-4%Al 2.845 - 15.6"
Al,Os 4.808 13.125 25.2°

a. Ref. [27,28] , b. Ref [29], * the bulk modulus for Fel0Cr4Al has been selected to be equal to that of Fe10Cr.



Figure 1: Comparison of the hydrostatic pressure change as a function of

FPI for different bee Fe alloys and hep alumina.
2) Dose-dependent evolution of defect concentrations in Fe alloys
Figure 2 shows the dose-dependent evolution of defect number densities (FPs, isolated interstitials, and
interstitial clusters) in different model material of Fe and its alloys with 10 at.% Cr [30] and varying Al
concentrations (2, 4, and 6 at.%). As seen, there are no large differences among defect number densities
for different Fe alloys. That is, the average number densities of both isolated interstitials (/inono) and
interstitial clusters (/c) within the Fe-10Cr-xAl alloys exhibit minimal variation across the different Al
concentrations. This suggests a relatively stable defect population in these FeCrAl systems with
varying Al content. In addition, as shown in Figure 2, the FP evolves only within two distinct stages: a
rapid, linear accumulation stage up to 0.05 dpa, which transitions smoothly into establishing a

saturation steady state beyond 0.05 dpa.

Furthermore, a closer look at Figure 2(b) reveals a meaningful difference in the evolution of /o, for
the Fe-10Cr-6Al alloy with respect to the rest, specifically within the irradiation dose range of 0.2 -
0.35 dpa. This specific composition shows a pronounced decrease in the number density of isolated
interstitial compared to the other Al concentrations. This observation suggests a potential
transformation of these SIAs into larger defect clusters. This finding underscores the importance of
analysing the dose-dependent evolution of icosahedral structure content, particularly for Fe-10Cr-6Al.
Interestingly, DFT-CRA simulations (Figure 3) show a remarkable influence of Al on the formation of a
specific type of cluster defect, i.e. the C15 cluster, within the matrix for the same dose range (0.2 - 0.35

dpa). At these specific doses, the Fe-10Cr-6Al alloy exhibits the highest atomic percentage of



icosahedral structures compared to other Fe-based alloys investigated in this study and the previous

ones [8,30].

Consequently, as indicated in Figure 4, the DFT-CRA simulations reveal that the Fe-10Cr-6Al alloy
exhibited the formation of the largest C15 cluster observed among all other model materials
investigated in this and the previous studies [8,30]. This observation suggests that incorporating higher
Al concentrations than about 4 at. % may significantly promote and stabilize the formation of C15
cluster defects within the FeCrAl matrix. This aligns with the previously reported stabilizing effect of

chromium additions on C15 structures in binary FeCr alloys [30].

Figure 2: Dose-dependent number density of the a) FP, b) /oo, and c) Ic for Fe, Fe-10at.%Cr and Fe-10 at.%Cr with different
Al content.

As shown in Fig. 4, clustering of Cr and Al atoms is observed in proximity to the C15 structure formed
in damaged Fe-10Cr-6Al alloys at an irradiation dose of 0.3 dpa. This highlights a synergistic effect
between Cr and Al atoms in stabilizing this giant interstitial cluster. Based on the predicted magnetic
characteristics of the C15 cluster using DFT-driven CRA calculations, these clusters might exhibit
unique magnetic properties, potentially enabling their experimental detection. [10]. To further justify
this, the total magnetization change in different FeCrAl systems is plotted in Fig. 5. It is obvious from
Fig. 5 that during irradiation dose 0.25 — 0.35 dpa and in the systems with heights Al content, the total
change in magnetization is pronounced, indicating a clear correlation between C15 cluster size and

total magnetization change.



Figure 3: Population of C15 Laves phase atomic structure and (b) the largest C15 Laves phase
structures formed in Fe10%Cr with diverse Al contents as a function of irradiation dose

Figure 4: The largest C15 clusters formed in irradiated bce
Fe-10%Cr-6%Al  applying DFT-CRA  simulation,
containing 23 self-interstitial atoms.



Figure 5: Total magnetisation changes as a function of
irradiation dose for different FeCrAl systems.

3) Dose-dependent evolution of defect concentrations in Al,O;

In examining the defect number densities across FeCrAl alloys and in the aluminium oxide, the DFT-
CRA predictions from this study predicts a notable discrepancy in these quantities between the oxide
and metallic matrices. Specifically, our findings indicate a substantial difference in the concentration of
surviving FPs at saturation levels (ranging from 0.5 to 1 dpa) within Al,O; compared to FeCrAl alloys
(see Fig. 6(a) and Fig. 2(a) respectively). Remarkably, the concentration of FPs in Al,O; is
approximately seven times higher than that obtained for FeCrAl alloys within the saturation range of
0.05 to 0.35 dpa. This discrepancy suggests a significantly lower rate of recombination between
vacancies and SIAs in ALO;, particularly within temperature ranges where both interstitials and
vacancies are considered immobile, evolving primarily due to athermal interactions induced by
irradiation-induced stress fields or lattice deformation. The disparity in surviving FP contents is likely
attributed to the distinct crystal structures of hcp alumina and bee FeCrAl alloys and the significant
difference in the atomic bonding. This structural and bonding differences result in quite diverse

recombination distances for FPs in the respective materials.



Figure 6: Dose-dependent number density of the a) FP, b) isolated defects (Zmono and Vimono), and c) defect clusters (Ic
and Vc) in alumina.

The distinct characteristics of charged defects in Al,Os, including their distribution and different
volume relaxation values, are likely to influence the recombination rate of FPs and thereby contribute
to the observed differences in microstructure evolution under low-temperature irradiation conditions.
Specifically, the higher concentration of FPs in Al,O; compared to FeCrAl alloys, as illustrated in Fig.
7, manifests as a notable factor in the heightened irradiation-induced swelling observed in alumina.
This difference, with FPs being approximately three times more abundant in Al,Os, underscores the

significant impact of defect dynamics on swelling between the two materials.

In the hep structure of alumina, the arrangement of atoms may provide fewer favourable sites for
recombination, leading to a higher concentration of surviving FPs compared to FeCrAl alloys with a
bee structure. It can be understood by analysing radial pair distribution function, as shown in Fig. 7
Furthermore, ab initio calculations shows that migration of interstitial oxygen atoms leads to the
formation of dumbbells with regular oxygen atoms. It has been proved that the optimized configuration
of fixed dumbbell is a more preferable alternative to recombination of interstitial oxygen atom with

oxygen vacancy [31].

Additionally, the presence of charged defects, such as oxygen vacancies, in Al,O; could further affect
defect recombination dynamics due to electrostatic interactions. Furthermore, given that a compound
has distinct sublattices and that e.g. an Al SIA finding an O vacancy does not lead to recombination but
to anti-site creation means that the interaction of newly created FPs with other pre-existing defects,
such as interstitial clusters, will vary quite significantly between the two types of materials, influencing

their recombination rates and ultimately impacting microstructure evolution. These factors collectively



contribute to the observed differences in FP behaviour and subsequent microstructural evolution

between Al,Os and FeCrAl alloys under the model conditions.

Figure 7: Comparison of irradiation-induced swelling in Fe-based alloys
and in ALOs.

A striking contrast between metallic alloys and the oxide compound alumina lies in their response to
irradiation-induced phase transformations. Our recent first-principles investigation [10] into bcc Fe
revealed the occurrence of polymorphism induced by irradiation, resulting in the emergence of
antiferromagnetic face-centered cubic (fcc) and nonmagnetic hep Fe structures, particularly evident
under conditions of high pressure and very low temperature. Conversely, our analysis of damaged
nonmagnetic ALO; structures suggests a distinct irradiation response, characterized primarily by

amorphization without the formation of discernible polymorphic phases, as shown in Fig. 8.



Figure 8: The radial pair distribution function of Al and O a) for a perfect corundum structure and b) at the end of
irradiation dose of 1 dpa.

Moreover, Figure 9 depicts the predominant cluster formed in alumina at the highest irradiation dose (1
dpa) as a large interstitial cluster comprising oxygen and aluminum, with average contributions of 55%

and 45%, respectively.

Figure 9: Structure of interstitial defect (clusters and isolated
interstitial) in damaged ALO; at irradiation dose of 1 dpa.



IV. Conclusion

In summary, our investigation utilizing electronic structure calculations driving the creation-relaxation
algorithm has provided valuable insights into the irradiation-induced damage mechanisms and ensuing
microstructural evolutions in both bec FeCrAl alloys and hep a-Al,O;. Through the analysis of defect
populations and cluster characteristics across varying irradiation doses, we have elucidated the intricate
interplay between stress fields and direct damage insertions, driving the evolution of microstructures in
these materials. Particularly noteworthy is the formation and stabilization of icosahedral structures akin
to the C15 Laves phase in FeCrAl, a phenomenon correlated with increasing aluminium content in the
Fe-10at.% Cr base matrix. Moreover, our simulations underscore the distinct and different response of
metallic alloys and oxide compounds to irradiation, with alumina exhibiting significant volume
expansion as a result of lower rate of Frenkel pair recombination, compared to FeCrAl alloys under
similar damage insertion conditions. Contrastingly, metallic alloys manifest a saturation level of
swelling that is established faster and results in a considerably lower value than that observed in
alumina. For the industrial application of an FeCrAl alloy on which the alumina scale protects against a
chemically and mechanically aggressive environment, this could have serious implications if the
alumina scale were crystalline since a thin scale that swells faster than the substrate would be likely to
spall off. From experimental investigation, the alumina on FeCrAl alloys preferentially forms a thin
amorphous or mixed amorphous—nano-crystalline scale, which should be much less affected by
irradiation damage. Notably, our findings also shed light on the magnetic properties of FeCrAl alloys,
revealing a reduction in total magnetization per atom alongside intriguing spin polarization tendencies
in interstitial sites. These discoveries hold promise for the potential utilization of non-destructive bulk
magnetization measurements as a means to trace radiation-induced damage. Overall, our research
contributes to a deeper understanding of irradiation effects on complex materials, paving the way for

improved strategies in radiation damage mitigation and monitoring.
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