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Abstract

A multiscale modelling framework and an experiment campaign are used
to study void swelling and Cu precipitation under irradiation. Several aspects
regarding defect and solute diffusion under irradiation have been studied in
this thesis.

First, a self-diffusion model in bcc Fe has been constructed in order to
describe the non-linear effects, especially the magnetic transition, around the
Curie temperature. First principles calculations are applied to obtain the
parameters in the model. The paramagnetic state is simulated by statistical
sampling of randomly arranged spin states on each atom. The model fits well
with the experimental observations.

Then, a combination of atomistic calculations and the finite element method
(FEM) is developed in order to solve the diffusion equations of point defects,
which are under the influence of a dislocation strain field. The dislocation bias,
a key parameter in void swelling models, is hence obtained numerically. The
method has been applied in different structural lattices. In the bcc materials,
anomalous bias factors have been found for both edge- and screw dislocations.
For the edge dislocations, the traditional assumption that the dislocation bias
value is proportional to the Burgers vector has been proven not appropriate.
For the screw dislocation, a negative bias value is obtained. This implies
that vacancies, instead of self-interstitials, are preferentially absorbed into
the screw dislocations. Thus a possible complementary mechanism is here
introduced for explaining the long swelling incubation time before the steady
swelling in bcc materials compared to that in fcc materials.

Edge dislocations in fcc materials split into partial dislocations due to their
relatively low stacking fault energy. This feature complicates the analytical
derivation of the dislocation bias. However, by transforming the analytical
dislocation-point defect interaction energies to discrete interaction maps nu-
merically applied in the FEM method, it is possible to perform a systematic
study on typical fcc materials, i.e. Cu, Ni and Al. The impacts on the disloca-
tion bias from elastic constants and stacking fault energy have been studied.
It is found that the partial splitting distance is the dominating factor that de-
termines the dislocation bias. A prediction method has been hence developed
to obtain the dislocation bias of the austenitic alloys, for which it is difficult
to use an atomistic description of the interaction maps. A prediction of about
8% dislocation bias of a typical austenitic 316 alloy has been made without
performing specific atomistic calculations in the austenitic alloys.

Finally, Cu precipitation under irradiation has been studied using both
experiment and simulations. Cast iron and FeCu alloy samples were irradiated
for a week with 2 MeV electrons. The resistivity of the samples was measured
in situ. The microstructure of the samples was then examined by atom probe
tomography. No Cu precipitation was found in the cast iron sample while
small Cu clusters are observed in the FeCu model alloy. To simulate the
clustering process, Kinetic Monte Carlo (KMC) and rate theory methods
are used. Both the KMC and rate theory simulations show clearly the Cu
clustering process in the FeCu alloy but not in cast iron within the irradiation
dose.
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Sammanfattning

En av de största utmaningarna för utvecklingen av hållbar kärnenergi
är effekten av strålskador på strukturella material. Fenomen som svällning,
härdning och försprödning blir problematiska då materialen utsätts för höga
stråldoser. För att förhindra stora skador under drift måste man välja lämpli-
ga material för olika komponenter. Mikrostrukturens utvecklingen i material
under bestrålning ses som den viktigaste orsaken för strålskador. I den här
avhandlingen används flerskalemodellering och experiment för att undersöka
diffusionsfenomen som förstärks av strålskador i olika metaller.

En diffusionsmodell byggs upp i bcc Fe genom att karaktärisera den mag-
netiska fasövergången på ett mer gediget fysiskaliskt sätt än tidigare studier.
Olika parameter bestäms genom elektronstrukturberäkningar. Modellen över-
ensstämmer väl med experimentella data.

Diffusionen av strålningsinducerade defekter studeras sedan i spännings-
fältet runt en dislokation med hjälp av analytiska och numeriska metoder.
Tendensen att absorbera mer interstitiella defekter än vakanser beskrivs av
parametern dislokationsbias, som är grundläggande inom de flesta svällings-
modeller. Den beräknas här med hjälp av finita elementmetoden. Olika typer
av dislokationer i bcc Fe används för dessa beräkningar. Avvikande värden för
kantdislokationerna påvisar det stora inflytande som närområdet runt disloka-
tionens kärna har, och negativa värden beräknas gälla för skruvdislokationen.
Dessa resultat uppträder endast när en atomistisk beräkningsmodell används
och har därför inte påvisats i tidigare studier där endast elasticitetsteori an-
vänts. En sammantagen modell visar på en mjölig förklaring för den långa
inkubationstiden för svällning i bcc-material. Samma metod används för att
undersöka olika fcc-material. Resultaten där visar att det är viktigt att ta
den anisotropa växelverkan i beaktande i beräkningsmodellerna. Genom att
undersöka inverkan på bias från de elastiska parametrarna och staplings-
felsenergin, har en metod att förutsäga bias för austentiska stål utvecklats.
Biasvärdet för ett typiskt rostfritt 316-stål är enligt modellen 8%.

Provbitar av gjutjärn- och en FeCu-modellegering elektronbestrålades un-
der en vecka för att accelerera åldrandeprocessen. Detta för att undersöka
vad som sker i gjutjärnet som ska användas i det svenska slutförvaret för an-
vänt kärnbränsle. Efter bestrålningen analyserades proven med en tomografisk
atomsond. Där syntes det tydligt att koppar börjar fällas ut i det bestrålade
FeCu-legeringsprovet, medan ingen effekt av bestrålningen upptäcktes i gjut-
järnsproven. Processen simulerades av rate-teori och Monte Carlo metoder.
Den observerade kopparutfällningen beskrevs väl av modellerna.
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Chapter 1

Introduction

The growing demand for energy is one of the foremost challenges we have today.
How to meet the increasing energy need without adding extra burdens to the envi-
ronment is a question of vital importance. Nuclear energy can play a key role in the
solution. Nuclear energy is well known for its high energy content and low carbon
dioxide emission rate. Fission reactions liberate much larger amounts of energy
compared with chemical reactions. The concept of Generation IV reactor systems
has been recently developed [1], where the aims are to provide safer, longer lasting,
proliferation-resistant and economically viable nuclear power. However, the devel-
opment of Generation IV reactor systems is challenged by material issues related
to both in-core and out-of-core applications. To ensure the reliability and safety of
a Generation IV reactor, high requirements are posed for the structural materials.
They are supposed to endure high temperatures, high neutron doses and extremely
corrosive environments, which are beyond the current nuclear structural material
experience [2]. Therefore, it is of vital importance to understand and quantify fun-
damental phenomena such as swelling, radiation-enhanced diffusion, interactions
between impurity elements and radiation-produced defects, radiation-induced seg-
regation, precipitation, helium generation, material aging under high temperature
and so forth, in order to select reasonable candidate materials for different compo-
nents and predict their ageing.

Multiscale modelling provides a convenient approach to simulate the microstruc-
ture of a certain material in a wide range of spatial and temporal scales, from the
atomistic level of defect production to the length- and time scale of engineering rel-
evance. In this thesis, we apply the multiscale modelling strategy in order to study
the phenomena related to defect diffusion under irradiation for different crystalline
structure materials. In the following part of this chapter, some basic concepts and
backgrounds that are necessary for the understanding of the rest of the thesis are
briefly introduced. In Chapter 2, the theory and methods that have been used in
this work are explained in detail. In Chapter 3, a theoretical and computational
study of self-diffusion in bcc Fe is presented and benchmarked with experimental

1



2 CHAPTER 1. INTRODUCTION

measurements (Paper I). In Chapter 4, the void swelling is studied in terms of dislo-
cation bias. An atomistic-implemented FEM numerical method is suggested (Paper
II). Using this method, dislocation bias parameters are conveniently calculated in
different lattices. Anomalous bias factors of dislocations are found in bcc Fe (Paper
III), while a systematic study in fcc lattices gives the possibility to predict the bias
on austenitic alloys (Paper IV). In Chapter 5, the hardening and embrittlement of
cast iron and FeCu alloy are studied via Cu precipitation (Paper V). Finally the
Chapter 6 summarizes the thesis and gives an outlook of the work.

1.1 Crystalline structure

A crystalline structure is a regular, repeating arrangement of atoms or molecules.
Such an arrangement efficiently binds the atoms or molecules together in a stable
arrangement that minimises the total energy. The crystalline structure determines
many of the material properties. There are generally three kinds of crystal struc-
tures for nuclear structural materials: hexagonal close packed (hcp), body-centered
cubic (bcc) and face-centered cubic (fcc). Each structure has its advantages and
disadvantages. For example, zirconium is the most important hcp structure mate-
rial in nuclear applications. Its alloys exhibit good engineering properties. Yet the
anisotropic thermal expansion induces internal stresses. Iron, tungsten and ferritic
steels are of bcc structure. This structure is well known as a structure of swelling-
resistant materials even to as high dose as 150 displacement per atom (dpa) [3]. Yet
the mechanical properties of ferritic steels at high temperature are not satisfactory.
Austenitic steels, copper and nickel are of fcc structure. They show relatively good
mechanical properties at both high and low temperatures. However, the swelling is
a problem that cannot be remedied completely. In this thesis, typical fcc and bcc
structure materials will be discussed. These structures are shown in Fig.1.1.

1.2 Point defects and dislocations

All real crystals contain imperfections that could be point, line, surface or volume
defects. Those defects disturb the local atomic arrangement and modify the proper-
ties of the crystalline solids. The microstructure evolution under special conditions,
such as irradiation, high temperature etc, usually result in effects such as swelling,
hardening, loss of ductility etc. In this thesis, the discussions will mainly focus on
the point defects (PD) and dislocations (line defects). Therefore, this section will
give a brief introduction on these two types of defects.

Point defects
In a perfect crystal, all the atoms are at specific atomic sites. When a particle,
such as an electron or a neutron, with sufficient kinetic energy collides with the
nucleus of a metal atom, the atom is displaced from its crystal lattice site, leaving
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Figure 1.1: Illustration of body-centered cubic (bcc) and face-centered cubic (fcc)
structure.

Figure 1.2: Illustration of point defects.

a vacant site, known as a vacancy, behind while the atom itself eventually dissipates
its kinetic energy by colliding with other atoms and stops within the crystal lattice
as a self-interstitial (SIA), if not recombined. A vacancy and a SIA is called a
Frenkel pair and they are typical point defects. An illustration of point defects in
a crystal is shown in Fig.1.2.

Dislocations
A dislocation is a line defect where groups of atoms are in irregular positions in
a crystal. Dislocations are generated under stress, therefore they already exist in
metals even before any irradiation. Since its stress field has a relatively strong in-
teraction with point defects, it usually functions as a sink and absorbs point defects.
There are two basic types of dislocation: edge dislocation and screw dislocation.
For a general introduction to dislocations, see [4].

An edge dislocation can be easily visualized as an extra half-plane of atoms in
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Figure 1.3: Illustration of an edge dislocation.

a lattice, as shown in Fig.1.3. The edge of the half-plane is called dislocation line,
and the vector induced by the insertion on of the half plane is called the Burgers
vector. The Burgers vector and the dislocation line are usually used to characterize
a dislocation. For example, a typical edge dislocation configuration in a fcc crystal
has a Burgers vector along the <110> directions, and the dislocation line along
the <112> directions. Edge dislocations in fcc crystals have a tendency to split
into two partial dislocation in order to minimize the total energy. This will be
discussed more in detail in the following chapters. On the other hand, there are
no partial dislocations formed in a bcc crystal, but there are different dislocation
configurations observed under irradiation. There are mostly dislocation loops with
a Burgers vector along the <100> and the dislocation line along the <010> or
<011>, which has been observed in pure Fe at 573 K and above with a square
shape, while at room temperature there are mostly loops with Burgers vector along
the <111> direction present [5, 6]. In commercial Fe-Cr-based steels both types
of loops are present in proportions depending on the Cr content [7, 8] and the
temperature.

A screw dislocation is illustrated in Fig.1.4. Unlike the edge dislocation, the
Burgers vector direction and the dislocation line direction of a screw dislocation
are the same. Atoms are displaced only in that direction. The screw dislocations
are the primary defects in non-irradiated bcc metals and alloys including Fe-based
steels [9]. The interactions of a screw dislocation with point defects are studied in
this thesis and the results will be presented in the following chapters.
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Figure 1.4: Illustration of a screw dislocation.

1.3 Diffusion

Atoms and point defects in a lattice are in a constant state of motion due to thermal
vibrations. In the presence of defects, the atoms can, given high enough thermal
energy, break bonds with their neighbours and jump from one lattice site to another
equivalent lattice site. The migration of these atoms or defects is known as diffusion.
A direct exchange of lattice atoms is not operative in crystalline material [10],
instead, point defects are the main agents for promoting atom mobility. Fig.1.5
illustrates the principles of the two basic mechanisms of diffusion. The simplest
and most common occurrences in metals and alloys is the vacancy mechanism.
The diffusion occurs by an atom jumping from its lattice site to a neighbouring
vacancy site. In this case the diffusion rate depends on the availability of vacancies,
therefore the diffusion coefficient is proportional to the vacancy concentration as
we will discuss later. The interstitial atoms, on the other hand, migrate between
equivalent interstitial sites in the lattice. Sometimes it forms a dumbbell with the
nearest atom to migrate in 3D by translation-rotation jumps [11, 12] or a crowdion
that can slide in one dimension.

In order to clarify the diffusion and the effect of radiation upon diffusion, some
basic ideas are introduced below [13]. The spatial mobility of atoms in a solid is
dependent on an intrinsic jump rate τa for an atom to leave its original position.
This enters the diffusion coefficient of atoms:

Da = 1
6αl

2τa (1.1)

with l the jump length and α the number of possible jump directions in a lattice,
which are dependent on the diffusion mechanisms and the lattice structure. Since
the diffusion of lattice atoms is mediated by point defects that exchange positions
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Figure 1.5: Illustration of two diffusion mechanisms.

with neighbouring atoms in a random manner, the diffusion of an atom is obviously
proportional to the chance of having a defect available for its motion, and it is
therefore proportional to the concentration of the free defects.

The diffusion coefficient of a lattice atom is a linear superposition of various
probable diffusion channels:

Da = fvDvCv + fiDiCi + .... (1.2)

with f the correlation factors which are geometry related. A detailed calculation
will be present in the following chapter.

Under irradiation conditions, the concentration of defect species, shown as the
C parameters in Eq.1.2, can be drastically increased. In addition, other diffusion
channels, such as interaction between PDs and sinks, may be activated under irra-
diation which are usually not significantly present under thermal conditions. The
interaction of PDs with a sink results in a modification of the potential barriers to
possible atomic jumps, which subsequently affects the migration of the PDs and
their arrival rate at sinks. The diffusion under irradiation has important conse-
quences for the evolution of the material structure, and has significant macroscopic
effects on the irradiation damage in metals.

1.4 Void swelling

Radiation-induced swelling is one of the primary issues to be addressed in the
development of new types of nuclear power plants. This issue can severely restrict
the lifetime of structural materials in nuclear reactors. Void swelling induced by
irradiation in stainless steel was discovered first in the Dounray Fast Reactor in
the UK with the temperature range of 400 − 610◦C and the neutron flux greater
than 1022 n/cm2 [14]. At temperatures of practical purposes, when both vacancies
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and self interstitial atoms (SIAs) are highly mobile, vacancy clusters normally form
voids that result in volume change, i.e. swelling. The microstructure evolution
of the material under irradiation is the key for understanding the phenomenon of
radiation induced swelling[15]. When a particle with sufficient energy collides with
an atom of a crystal, the primary collision and subsequent cascades create the same
number of vacancies and self-interstitials. However, when there exists sinks such as
voids, dislocations or loops, the excess absorption of one type of point defect may
result in clustering of the other type of point defects. Dislocations typically show
preferential absorption of SIAs, therefore vacancies are left in the bulk and form
voids over time, becoming sites for gas bubbles that can further enhance swelling
in the material. The common measure of this preference is called dislocation bias.
For example, a 2% dislocation bias means that the dislocation absorbs 102 SIAs
while only 100 vacancies.

Many theoretical studies have been carried out to understand the void swelling.
Several swelling models have been built upon different assumptions. The simplest
one is the standard rate theory (SRT) model [16, 17]. In this model, only isolated
points defects are generated under irradiation. With the biased absorption of SIAs
by the dislocation, excess vacancies are absorbed by existing voids or nucleate
to form voids. The dislocation bias, therefore, is the intrinsic driving force in this
model. However, the model does not take into account the effect of defect clustering
in cascades. In order to address this, the production bias model (PBM) has been
proposed [18]. In the PBM, the production and annihilation of the primary clusters
and their functions as sinks and sources of point defects are taken into account. The
swelling rate in this model is essentially dependent on the production of the defect
clusters and the dislocation bias. Both models are derived from mean-field rate
theory, in which most of the physical content resides in the rate coefficients, that
are determined by the sink strengths, the bias factors and the thermal vacancy
emission rate. The dislocation bias factor is thus an essential parameter for the
present computational models for void swelling. It is studied in detail in this thesis
in the following chapters.

1.5 Hardening and embrittlement

The ferritic steel reactor pressure vessel (RPV) is a pressure boundary component
in a nuclear power plant. It encloses the reactor core and is therefore subjected to
continuous irradiation under operating conditions. Since the RPV is prohibitively
expensive to replace, its life time limits that of the reactor. Irradiation damage in
the RPV has thus been studied extensively, for a review paper see [19]. The most
important effect is the irradiation induced hardening and embrittlement of the steel,
because the change of the mechanical properties of the steel can make the RPV more
susceptible to brittle fracture as the plant ages. It is well established that defects
and the copper solute concentration play important roles in the hardening and
embrittlement effect [20]. The vacancies and SIAs created by irradiation develop
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cavities and loops that harden the material, meanwhile, the mobility of copper is
enhanced by the excess point defects population and therefore copper precipitation
is enhanced. The precipitates then act as barriers to dislocation movement and
result in an increase in yield strength and hardness. The damage depends most
sensitively on the irradiation dose rate, the temperature and the material factors
such as the chemical composition. More details about this issue can be found in
[20]. In this thesis, Cu precipitation has been studied in two different metal samples,
cast iron and FeCu model alloy. More details can be found in Chapter V, which is
a summary of Paper V and VIII.



Chapter 2

Theory and methods

Computer simulations are very useful tools in research. They are usually cheap and
fast, which is crucial in nuclear material research, since experiments are usually very
expensive and time consuming, not to mention sometimes even impossible due to
limited experimental facilities. It is therefore important to have first a prediction
from the computer simulations, and this could help to decide which experiments
are worth performing. Besides, different scales of modelling could give a different
level of understanding of phenomena that have been observed in experiments. In
this chapter, the applications of multiscale modelling methods that are used in
the thesis are presented. Additionally, an electron irradiation experiment that was
designed and carried out with the help of simulations is also briefly introduced.

2.1 Calculations of the diffusion coefficient

Electronic structure methods are also sometimes referred to as ab initio modelling or
first-principle modelling. These methods are regarded to provide accurate values for
various physical properties at the atomic level, such as cohesive energies, forces etc.
The high accuracy, however, requires large computational time and therefore the
size of the simulated system is limited. It is often used to calculate static quantities
such as formation energies, migration energies and defect jumping frequencies.

In electronic structure calculations, the atomic and molecular structures are
obtained directly from the first principles of quantum mechanics, which means that
no quantities derived from experiments are used. The basic idea of this method is to
solve the Hamiltonian in the Schrödinger equation of a many-body system, that is,
a system that consists of one atom and N electrons for each lattice site. In order to
avoid solving the correlated 3N electronic wave functions, density functional theory
(DFT) is applied for the calculations and makes it possible to solve Schrödinger’s
equation with a reasonable computational cost. The essence of DFT is that the
ground state energy of a many-electron system at zero Kelvin is a unique functional
of the electron density. One thing worth paying attention is that, as all numerical

9
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methods, ab initio calculations have limitations and uncertainties. The interested
reader will find more about DFT and its applications in [21, 22, 23].

In this thesis, the DFT method is used to calculate the diffusion parameters of a
self-diffusion model, where the diffusing atom is of the same chemical species as the
host material. More specifically, the formation and migration energy of a vacancy,
and the pre-factor of the self diffusion coefficient.

The formation energy is the internal energy needed to form a defect, and it is
defined as

Ef
v = Ev −

n− 1
n

Etot (2.1)

for vacancy with Ev the total energy of the system that contains a vacancy and
Etot the total energy of the system without a defect. n is the number of atoms in
the system.

The migration energy is the energy barrier that a PD needs to overcome in order
to move between equivalent positions in the lattice sites. The migration energy is
defined as the energy difference when the point defect is on the saddle position
Esaddle

v and on a perfect lattice site Ev.
A diffusion coefficient could be in general expressed in Arrhenius form:

D = D0exp(−Q/kBT ) (2.2)

where D0 is the pre-factor, shown as the intercept in a Arrhenius plot, i.e. the
lnD(T ) versus T−1 relationship, and Q is the activation energy, representing the
slope in an Arrhenius plot.

The formation energies of vacancies are much lower than those of SIAs, therefore
vacancies are the predominant defect species and the atoms diffusion is governed
by the vacancy mechanism under thermal conditions. The diffusion coefficient of
atoms in self diffusion can be written as:

D = a2
0fτvCv (2.3)

where a0 is the lattice constant, τv is the vacancy jumping rate, Cv is the equilibrium
vacancy concentration and f is a correlation factor, which is geometry related.
f = 0.78 for fcc and f = 0.72 for bcc structure.

The equilibrium vacancy concentration Cv can be expressed as:

Cv = exp(∆Sf
v/kB −∆H f

v/kBT ) (2.4)

where ∆Sf
v and ∆H f

v are the vacancy formation entropy and enthalpy respectively.
Considering only phonon vibrational contributions to the free energy, and assum-
ing that the harmonic approximation is valid, the ∆Sf

v and ∆H f
v are constants,

independent of temperature [24]. In this limit, the ∆Sf
v is given in terms of the



2.1. CALCULATIONS OF THE DIFFUSION COEFFICIENT 11

eigen-frequencies of bulk and vacancy systems as:

∆Sf
v = Svac −

N − 1
N

Sbulk (2.5)

= kB

[ 3N−3∑
i=1

ln
(
kBT

hνvac
i

)

−N − 1
N

3N∑
i=1

ln
(
kBT

hνbulk
i

)]
(2.6)

where Svac and Sbulk denote entropy in system with and without vacancy respec-
tively. νvac

i and νbulk
i denote normal frequencies for vibrations at the system with

and without a vacancy, respectively.
The other unknown parameter in Eq.2.3 is the vacancy hopping frequency τ . On

the basis of Vineyard’s harmonic transition state theory[25], the hopping frequency
τ can be written as:

τ =


3N−3∏
i=1

νvac
i

3N−4∏
i=1

νsaddle
i

 exp
(
−∆Hmig

v
kBT

)
(2.7)

where νvac
i are the normal frequencies for vibrations at the starting point of the

transition and νsad
i are the normal frequencies of the system constrained in the

saddle point configuration. The product of νsad
i excludes the unstable mode that

appears when an atom is placed on the saddle point.
In Eq.2.5 and Eq.2.7, the normal frequencies for the bulk νbulk

i , vacancy νvac
i and

saddle state νsad
i were all obtained from first-principles within the harmonic approx-

imation for the lattice vibrations. Those frequencies were obtained by diagonalis-
ing the force-constant matrix calculated from Vienna ab initio simulation package
(VASP) [26]. The basic idea is that small displacements are imposed to each atom
along the x-, y- and z directions respectively, and the forces induced by the dis-
placement on the other atoms in the system are collected and a 3N*3N dynamical
matrix is therefore obtained. The eigenvalues of the the dynamical matrix are the
normal frequencies.

The pre-factor of the diffusion coefficient D0 comprises constants a, f from
Eq.2.3 and two entropy parts: the entropy from vacancy formation and the entropy
from vacancy migration.

By combining Eq.2.3-2.7, the pre-factor in the fully ordered ferromagnetic state
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D0f is readily found:

D0 = a2
0f exp

(
∆Sf

v/kB
)
×


3N−3∏
i=1

νvac
i

3N−4∏
i=1

νsad
i

 (2.8)

2.2 Dislocation-defect interaction calculations

There are various ways to obtain the dislocation-PD interactions. In this thesis,
isotropic- and anisotropic elastic interaction models and atomistically calculated
interactions are used. First the analytical interaction models have been derived from
elasticity theory. In these models, the dislocation is described by its strain field,
either isotropically or anisotropically. However, the properties of the dislocation
core region can only be fully understood when the atomistic structure is adequately
accounted for. Therefore, full atomistic interaction energy maps are also calculated
to compare with the elastic models. In this section, the isotropic elastic interaction
model will be first discussed, and then the anisotropic interaction models for the
edge- and screw dislocations will be introduced separately. Finally, the atomistic
interaction energies will be described.

Isotropic elastic interaction model
There are various interactions between an edge dislocation and point defects that
have been studied, such as the first order size interaction, the second order size
interaction, the inhomogeneity interaction and the electrostatic interactions [27].
The most important one is the first order size interaction. It results from the
interaction of the long range stress field of a dislocation and the atomic displacement
around the point defects. Within elasticity theory, the crystal which contains the
dislocation is seen as an isotropic elastic medium, and the point defects are described
as elastic inclusions, normally spheres. The difference between a vacancy and an
interstitial atom, therefore, is only the formation volume. The isotropic elastic
interaction energy for a straight edge dislocation is written as[28]

E = −A sin θ
r

(2.9)

where
A = µb

3π
1 + ν

1− ν |∆| (2.10)

in polar coordinates (r, θ). µ is the shear modulus, ν is Poisson’s ratio, b is the
Burgers vector, and, ∆ is the dilatation volume of the PD. The dilatation volume
is also called relaxation volume. It is determined from the volume change due to
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the relaxation, in order to ensure zero pressure, of a supercell after introducing
point defects. ∆ = Vf ∓Ω with Vf the formation volume and Ω the atomic volume.
The minus and plus are for vacancy and SIA respectively.

To calculate the relaxation volume for the vacancy and SIA, the Kanzaki force
method was used. Kanzaki forces are forces that when applied to a perfect harmonic
lattice produce the same displacement that the defect does [29]. It is calculated
using molecular statics as follows: Define a core region around the central atom
where the anharmonic behaviour occurs. After a full relaxation of the lattice with a
PD located at the central atom position, the atoms in the core region are removed
from the supercell and atoms sitting at perfect lattice sites are restored in this
region. By doing so, the atoms outside the core region exert forces on the atoms
in the core region and these are the Kansaki forces. The dipole tensor P is then
obtained by Pαβ =

∑
RαjK

β
j where Kβ

j is the Kansaki force on atom j in the β
direction and Rαj is the αth component of the vector joining atom j and the central
atom. The relaxation volume is given by ∆V = Tr(P )/3B, where B is the bulk
modulus[30, 29, 31].

Assuming elastic isotropy, the interaction energy between a screw dislocation
and a PD is zero since the strains in the non-Burgers vector directions are all zero.

Elastically anisotropic interaction model
Given the fact that most metals and alloys are anisotropic, we therefore introduce
the anisotropic elastic interaction models for both edge and screw dislocations with
point defects.

Edge dislocation

In this model we consider the case where the plane normal to the dislocation line
(along z-axis) is a plane of symmetry, in which the components of stress in the xy
plane can be expressed in terms of derivatives of displacement in x and y directions
only. The anisotropic stress field of the edge dislocation in a cubic crystal is obtained
from [32]:

σ11 = −b2π I
y[(3 +H)x2 + y2]

(x2 + y2)2 +Hx2y2 (2.11)

σ22 = b

2π I
y(x2 − y2)

(x2 + y2)2 +Hx2y2 (2.12)

σ12 = b

2π I
x(x2 − y2)

(x2 + y2)2 +Hx2y2 (2.13)

with

I = (c11 + c12)
[

c66(c11 − c12)
c11(2c66 + c11 + c12)

]1/2
(2.14)
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and

H = (c11 + c12)(c11 − c12 − 2c66)
c11c66

. (2.15)

where cij are elastic constants.
The effective pressure acting on a volume element is [33]:

p = −1
3(σ11 + σ22 + σ33) (2.16)

where σ33 = ν(σ11 + σ22), with ν Poisson ratio, is the same as it is in the isotropic
case. Therefore the interaction energy E = p|∆| [34, 35] is written as:

E = b(1 + ν)I
6π |∆| (2x

2y +Hx2y + 2y3)
(x2 + y2)2 +Hx2y2 . (2.17)

This expression converges to the isotropic case Eq.2.9 when c66 = c44 = c11−c12
2 is

applied. Note that this expression does not take into account the anisotropy of the
PDs.

Screw dislocation

For the screw dislocation, the general expression of the interaction between a point
defect and a dislocation is used:

E(r) = −εijPij , (2.18)

where ε is the strain field of the dislocation and Pij are the components of the dipole
force tensor. Pij represents the magnitude and direction of the three mutually
perpendicular force dipoles, which would produce the same linear elastic strain
field as the point defect [36]. They are obtained from the same Kanzaki force
method that was described in the previous section.

The dipole force tensor calculations have been explained in the previous section
and the strain field of a screw dislocation is calculated from the stress field given
by[37].

σ11 = (bR3S15/2πS11S44)[x2y(3x2 − y2)/Q]
σ22 = (bR3S15/2πS11S44)[y3(3x2 − y2)/Q]
σ33 = −(bR3S15/2πS11S44)[(s12 + δ/3)/(s11 − 2δ/3)][y(x2 + y2)(3x2 − y2)/Q]
σ23 = (bR/2πS44)(x/Q)[(x2 − y2)(x2 − 3y2) + 2R2y2(3x2 − y2)]
σ31 = (bR/2πS44)(y/Q)[2x2(x2 − 3y2)−R2(x2 − y2)(3x2 − y2)]
σ12 = (bR3S15/2πS11S44)[xy2(3x2 − y2)/Q]

(2.19)
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where

R = [S11S44/(S11S44 − S2
15)]1/2

Q = x2(x2 − 3y2)2 +R2y2(3x2 − y2)2

δ = s11 − s12 −
1
2s44

(2.20)

The compliance matrix sij is the inverse of the elastic constant matrix cij . Sij are
the elastic compliances in the coordinate system defined by the dislocation. They
are obtained from the standard compliances by a tensor transformation.

For materials having cubic symmetry, there are three independent constants in
the 6 × 6 constant matrix, that are c11, c12, and c44. These constants relate the
stress and strain and therefore they are obtained by simulating strain in certain
directions and measuring the stress response of the bulk. The strain is modelled by
a small displacement from the perfect lattice site, and the stresses are calculated
through the system energy. More detailed theoretical descriptions can be found in
[38, 39].

Atomistic calculations
Molecular static calculations are usually used in obtaining properties such as en-
ergies, forces or stresses. The method allows the rigid atomic lattices to relax
around their original positions, therefore it is often used after the atoms have al-
most reached their equilibrium positions. Molecular static simulations depend on
a cohesive model, or interaction potential. For metals, the most common choice is
the embedded atom method (EAM) in which the energy of the system is

Etot =
∑
i

Ei, (2.21)

where the Ei is the energy of atom i. Ei in turn is defined as

Ei = 1
2
∑
j 6=i

V (rij) + F (ρi), (2.22)

where V (rij) is the pair interactions between atom i and atom j within a cut-off
range, F is the required energy to embedded atom i into a location where the local
electron density imposed by all the other atoms is ρ.

To build up an infinite long dislocation model, the method developed by Oset-
sky and Bacon [40] is used. In the case of edge dislocations, two half crystals, where
one has an extra plane of atoms, are strained to have different lattice parameters in
the direction of the Burgers vector. Fixed boundary conditions are applied in the
direction that is normal to the glide plane, and periodic boundary conditions are
applied in the direction of the Burgers vector and in the direction of the dislocation
line. Typical dimensions of the simulation cells were about 40×40×4 nm, where
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4 nm is the spacing along the dislocation line. These dimensions are sufficient in
order to avoid defect-defect self-interaction via the periodic boundary along the
dislocation line, as well as strong dislocation-dislocation image interactions which
could possibly affect the equilibrium core structure. The typical dislocation den-
sity is of the order of 1014 to 1015 m−2, thus the atomistic calculated region is
large enough to include the core structure that elasticity theory can not properly
describe. To represent lower dislocation densities, anisotropic elastic interactions
are used to expand the core region calculated from the atomistic model. For the
screw dislocation, a rigid shift in the periodic boundary conditions perpendicular to
the dislocation line was applied, as suggested by Rodney [41]. Periodic boundary
conditions are applied in the glide plane and fixed boundary condition is applied
on the direction that is normal to the glide plane.

A vacancy is created by removing one atom from the lattice. An SIA is inserted
as a dumbbell containing two atoms aligned along {110} and {100} directions re-
spectively in the bcc and fcc lattices, respectively, and they are initially placed at a
distance of 0.4 a0 from each other, centred on a lattice site. A complete set of SIA
dumbbell orientations are taken into account, all non-equivalent configurations are
assessed and averaged to represent the dislocation-SIA interactions.

To obtain the atomistic information about the defect-dislocation interaction by
molecular static calculations, the relaxation of a dislocation without any PD has
been carried out in order to find the equilibrium configuration for the dislocation.
This is done by a combination of conjugate gradient and quasistatic relaxation with
constant volume which was applied for the ideal dislocation structure. After that,
the PDs are introduced in all the relevant atomistic positions around the dislocation
core.

The interaction energy in the atomistic calculations is defined as the difference
of the formation energies with and without the presence of a dislocation, eg: Eint =
EwithDis

f −EnoDis
f , where the Ef is the formation energy. The interaction energy for

each defect position is then obtained in the supercell. The interaction energy with
respect to the dislocation core-defect position provides the interaction energy map
for a particular dislocation-defect combination. The EAM potentials that are used
in this work are listed in Tab.2.1.

Table 2.1: EAM potentials that are used in this work.

Element EAM potential
Cu Mishin2001 [42]
Ni Bonny2011 [43]
Al Liu2004 [44]
Fe Dudarev2005 [45]
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2.3 Sink strength and dislocation bias calculations

Atomic migration in a crystal containing lattice defects can be described as a diffu-
sion process in a non-uniform medium. This non-uniformity may arise from internal
sources such as the non-evenly distributed PDs concentrations and the elastic field
around a dislocation. Therefore, sink strengths can be obtained by solving the dif-
fusion equations for PDs. In this section, both analytical and numerical methods
are introduced.

The diffusion of a PD in a stress field can be described by Fick’s law with a
drift term:

J = −O(DC)− βDCOE (2.23)
with J the flux of the point defect in question, D the diffusion coefficient, C the
concentration of the point defects, β = 1/kBT with kB the Boltzmann constant
and T the temperature, and E the interaction energy of the dislocation with the
point defects. In steady state conditions, the divergence of the flux of PDs to a
dislocation is zero:

O · J = 0. (2.24)
By introducing a diffusion potential Ψ = DCeβE(r,θ), Eq.2.24 can be written as

O · (−e−βE(r,θ)OΨ) = 0. (2.25)

Given the boundary conditions and the interaction energy term E, this partial
differential equation is numerically solvable. As discussed in the previous section,
the interaction energies are obtained either from atomistic calculation, or generated
from Eq.2.17 and Eq.2.18 on the same lattice sites as in the atomistic calculations.
It is assumed that all point defects are absorbed at the dislocation core region.
Hence the boundary condition at the dislocation core r = r0 is Ψr0 = 0. At the
external boundary, i.e. r = R, the defect concentration C(r, θ) is a constant and
the interactions vanish. Hence, ΨR=Constant where we choose the constant to be
1. The numerical solution of Eq.2.25 is based on a finite element method (FEM),
which has been implemented in the MATLAB PDEtoolbox [46]. Finite elements
are used to discretize the partial differential equation, resulting in a set of linear
equations. Those linear functions are then solved by an iterative approach on a
pre-defined geometry area. The area has been meshed by numerous nodes. The
solution on each node gives the diffusion potential of PDs on that point, from which
the flux can be calculated. The total flux Jtot is then integrated on the dislocation
inner radius.

After obtaining the PD flux on each mesh node, the flux of PDs reaching a
unit length of a dislocation can be obtained numerically. The dislocation capture
efficiency Z in this case is defined as the ratio of point defect fluxes with and without
the interaction term E, i.e. Z = J

J0
, where J0 is the flux excluding the interaction

contribution. Furthermore, the dislocation bias is defined as

Bd = ZSIA

Zvac
− 1. (2.26)
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On the other hand, in the analytical solution, the concentration of defects, at
the dislocation core r = r0 and in the midway between dislocations r = R, are as
follows [47, 34]:

c(r0) = cth exp(−E(r0, θ)/kBT )
c(R) = c0 (2.27)

where cth is the concentration corresponding to the thermal equilibrium and c0

is the average concentration value. Given the interaction energy form Eq.2.9, the
solution of Eq.2.25 subject to boundary conditions Eq.2.27 was obtained by Ham in
terms of products of modified Bessel functions [48], and the flux of defects reaching
unit length of a dislocation is [34]:

Jtot = r0

∫ 2π

0
Jr(r0, θ)dθ

= D(c0 − cth)Z(L,R))
(2.28)

where r0 is the dislocation core radius, Jr(r0, θ) is the current to the core, and
Z is the capture efficiency, which is a function of the characteristic range of the
interaction potential L and the size of the grain R.

The analytical capture efficiency of an edge dislocation, limited to the isotropic
interaction between a dislocation and a PD, is given [34, 49] as

Z(L,R) = 2πI0(L/2r0)
K0(L/2R)I0(L/2r0)−K0(L/2r0)I0(L/2R) . (2.29)

I0 and K0 are modified Bessel function of the first and second kind, respectively.
R decides the dislocation density, i.e. 2R is the mean distance between adjacent
dislocations.

In the case that the interaction potential is zero, namely L=0, Eq.2.29 reduces
to

Z(L = 0, R) = Z0 = 2π
ln(R/r0) (2.30)

which corresponds to the situation in which PDs randomly diffuse to the dislocation.
This is used to normalize the analytical capture efficiency in order to compare to
the numerically obtained values, which is defined as Z = J

J0
as discussed previously.

Other than the theoretical approach and the combination of atomistic calcula-
tion with FEM that used in this thesis, there are other methods that have been de-
veloped to calculate the sink strengths. Phase field method with different boundary
conditions has been used by H. Rouchette to calculate the sink strengths of straight
dislocation lines and 3D dislocation loops in zirconium [50]; Objective kinetic Monte
Carlo (OKMC) method are applied to obtain sink strengths for straight disloca-
tions with point defects migrating in a 3D or 1D regime [51]. Interested reader can
find more in the references.
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2.4 Electron irradiation experiment and simulations

In order to study the copper precipitation under irradiation, an electron irradiation
experiment was carried out at the Irradiated Solids Laboratory (LSI) in Palaiseau,
France, using the SIRIUS electron irradiation facility which is a high energy electron
Pelletron accelerator from NEC. The idea is to model the cast iron performance
as an insert in a canister that contains the spent fuel after 30 years. From a
similar study on the french spent fuel container [52], the damage is mainly caused
by gamma rays. The damage rate is about 2 · 10−9 dpa/year [53]. With such
low irradiation rate from the spent fuel, any structure change would require a long
time. To model an accelerated damage process, electron irradiation is used to
accelerate the irradiation process by creating more point defects, and by enhancing
the defect diffusion by raising the temperature. With a higher does rate and a
higher temperature, the cast iron, as well as a reference FeCu alloy, were irradiated
by 2 MeV electrons for one week with a stable irradiation temperature of 140°C. The
irradiated samples, as well as non-irradiated reference samples, were then analysed
by atom probe tomography (APT) using a wide-angle local electrode atom probe
(Imago LEAP 3000X HR) at Chalmers University of Technology, Sweden. More
details are given in Paper V and VIII.

With the experimental results, we would like to build a valid simulation model
for a long time prediction of the Cu precipitation. The Atomistic kinetic Monte
Carlo (AKMC) method [54] and the rate theory method have been used in this
work. MC is a stochastic method that formulates problems in terms of probability
distributions. It then samples the distribution randomly to get an approximate
result that will converge towards the exact answer with enough samplings. AKMC
is one of the MC methods that takes time properly into account. In the AKMC
method, the probabilities for all the possible events of the atoms or objects in the
system are pre-defined in terms of frequencies of events. The system then evolves
according to these frequencies. The frequencies are usually obtained from first-
principle calculations or experimental fitting.

Rate theory is a method often used to model the material properties evolution
over long time scales. The creation and annihilation of defects are assumed to take
place continuously in time and space, and all defects are uniformly distributed in
the volume of the irradiated material. In this approach, the creation, diffusion and
annihilation of the defects are modelled by a set of coupled differential equations
that contain the kinetic of the reaction between defects and other microstructural
features. Therefore the evolution of the radiation damage on the microstructure
can be solved up to very long time scales from an engineering point of view. This
method is useful to predict the long time performance of a material. However, there
is no atomic lattice description in this method, and the mean field approximation
does not take into account the transient period of a damage process such as the
nucleation of defects. The detailed method used in this thesis can be found in
[55, 56].





Chapter 3

Self diffusion model in bcc Fe

Diffusion plays an important role in the kinetics of many material processes [57].
However, experimental measurements of diffusion coefficients are usually difficult
and expensive. Moreover, the self diffusion experiments are usually carried out at
high temperatures due to the fact that thermal diffusion is a slow process [58, 59, 60,
61]. However, the atomic mobility at lower temperatures can be highly interesting.
Nonetheless, extrapolation from data obtained from the higher temperatures is not
always straight-forward, especially in materials such as Fe which has a magnetic
transition around the Curie temperature TC. Above the TC, Fe is paramagnetic,
where the total magnetization is zero without an external magnetic field, while
below the TC, it becomes ferromagnetic, where the magnetization is retained even
without an external magnetic field. In order to be able to estimate the diffusion
coefficient for self diffusion in bcc Fe at all temperature ranges, a proper self diffusion
model is needed. In this chapter a self diffusion model is constructed based on a
full physical magnetic model and the parameters in the model have been calculated
from first principles.

3.1 Model construction

In most textbooks, diffusion coefficients in solids are represented as a function of
temperature T by the Arrhenius relation Eq.2.2. However, a purely theoretical
approach to calculate the diffusion rate D of the atoms in bcc Fe, is hindered by
the complications associated with the magnetic transition occurring at TC. Ac-
cording to experimental studies, the Arrhenius plots of self diffusion coefficient has
a drastic decrease at the transition from the paramagnetic state to ferromagnetic
state[62, 63, 64, 65, 66]. Around the transition point, non-linear contributions such
as magnetic disorder and electronic excitation [67] are regarded to play important
roles. Therefore, in order to describe self diffusion in Fe, the non-linear contribu-
tions must be modelled appropriately. In this thesis, physically meaningful models

21
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of the magnetic free energy ∆Gmag and the electronic excitation free energy ∆Gel
have been chosen and used to establish the diffusion model in bcc Fe.

By introducing vacancies in the bulk, the magnetic free energy of the bulk is
modified. It is assumed that when the vacancy concentration x � 1, the thermal
capacity curve is scaled to

c(x, τ) = (1− x)c(0, τ

1− αx ), (3.1)

where τ = T
Tc

is the temperature scaling factor, α is the difference of the bulk
activation energy on the ferromagnetic- and paramagnetic state. With α = 1 this
model accounts for the effect of "dilution" by removing magnetic couplings. With
α smaller or larger than unity, the additional effect of strengthening or weakening
the magnetic couplings of the surrounding lattice is accounted for. After applying
thermodynamic relations, the free energy per vacancy is

∆Gmag = −α∆Hmag(T ). (3.2)

In this model, the ∆Gmag is linearly proportional to the magnetic enthalpy of the
bulk system ∆Hmag(T ). And α = QFM − QPM at zero temperature describes the
vacancy diffusion activation energy difference introduced by the magnetic order.
The magnetic enthalpy ∆Hmag(T ) used in this work is derived from an experi-
ment fitted heat capacity with normalization to the bulk enthalpy in paramagnetic
state[68]. The plot is shown in Fig.3.1.
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Figure 3.1: Magnetic enthalpy from experimental fitting. Produced from data
obtained in [68].

Another important non-linear contribution comes from the electronic excitation.
It has been taken into consideration in a standard way. Estimation of entropy from
electric excitation Sel in a metal is given by [67]:

Sel(T ) = −kB

∫ +∞

−∞
[f(lnf) + (1− f)ln(1− f)](nu + nd) dE (3.3)
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where f is the Fermi function and E is the energy. nu and nd are the density of
states (DOS) on spin up and spin down, respectively. The entropy can be obtained
numerically given the DOS for the bulk. Applying the basic thermal dynamic
relations, the enthalpy is plotted as Fig.3.2 at temperature range of 0 and 1000 K.
It fits well to a quadratic function of temperature. Therefore the enthalpy from
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Figure 3.2: Electron excitation induced enthalpy as a function of temperature.

electronic excitation is written as:

∆Hel(T ) = h2T
2 (3.4)

here h2 = 1.05 · 10−7 fitted from the numerical calculated enthalpy.
After the magnetism and the electron excitation model have been selected, the

diffusion model could thus be written:

D = D0F exp
(
−(QFM + α∆Hmag + h2T

2)
kBT

)
(3.5)

where D0F and QF are the pre-exponential factor and the activation energy at
ferromagnetic state, respectively.

3.2 Parameter calculations in the model

Ferromagnetic state
The activation energy of a vacancy is the sum of the formation energy and the
migration energy, Q = Efor + Emig. First principle calculations have been applied
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as explained in the Method chapter and the results are shown in Table. 3.1. Both
54-atoms and 128-atoms model were applied in the calculations in ferromagnetic
state. The vacancy formation energy obtained from experiment is based mainly on
Doppler broadening positron annihilation studies for which the contribution from
vacancies is difficult to account in the ferromagnetic region. While the migration
enthalpy is measured by electrical resistivity changes in annealing experiment in the
ferromagnetic region. Our calculations are in good agreement with the experiment
and previous first-principles calculations.

Table 3.1: Calculated diffusion activation parameters compared with other calcu-
lational results and experimental data. Energies are in eV, entropies in kB and the
diffusion pre-factor D0 is given in m2/s.

Ferromagnetic Paramagnetic
Hf Hm Q Sf D0 Hf Hm Q

54-ato. 2.15 0.69 2.84 2.25 1.06×10−5 1.54±0.16 0.40±0.17 1.97±0.2
128-ato. 2.17 0.70 2.87 2.42 3.56×10−5

Experimental data
2.0±0.2 0.65 2.87 2.3×10−5 1.79±0.10

Other theoretical results
Ref. [69] 2.26 1.77
Ref. [70] 2.13 0.64 2.77 1.98 0.43 2.41

Paramagnetic state
The paramagnetic state is simulated by randomly assigning a spin moment +2 or
-2µB on each atom while keeping the total bulk spin moment zero. A statistical
average is used to smear out the influence on the calculated values from different
local spin distributions. Two methods are used to calculate the activation energy
of vacancy in paramagnetic state. The first one is the standard way that calculates
the formation energy and migration energy of vacancy in the bulk,

Efor = Evac − N − 1
N

Ebulk (3.6)

Emig = Etran − Evac (3.7)

and the activation energy is:

Qa = Efor + Emig (3.8)

This method makes use of all the bulk, vacancy and saddle-point (transition po-
sition) systems that had been calculated. There are 35 stable sets of data are
available, which gives an explicit formation energy EPM

for =1.54 eV, a migration en-
ergy EPM

mig=0.40 eV and the activation energy QPM
act =1.94 eV.
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The second method is done by applying Eq. 3.6 and Eq. 3.7 into Eq. 3.8, so
that the activation energy becomes:

Qa = Etran − N − 1
N

Ebulk (3.9)

This method skips using the data in which the system has a vacancy, and there are
41 stable available data groups. The activation energy calculated from this method
is 1.97 eV without explicitly calculating the formation and migration energy.
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Figure 3.3: The distribution of energies in the paramagnetic calculations of a).
the vacancy formation enthalpy; b). the vacancy migration enthalpy; c). the bulk
enthalpy per atom; d). the diffusion activation enthalpy. The results are based on
averaging over 35-40 random spin states, and Gaussian smearing has been applied
for visualisation. The mean and median values, and the standard deviation are
given in each data set.

The distribution of energies in the respective cases are shown in Fig.3.3, where
Gaussian kernel smoothing with a bandwidth of 0.6 eV applied in subplots A, B
and D while 0.06 eV has been used in the subplot C. The enthalpies calculated for
the paramagnetic state can be compared with previous results based on spin-wave
calculations as shown in Table.3.1.
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With the parameters thus calculated, the model is then fitted to the experimen-
tal data sets as shown in Fig.3.4

1/T (10−4K−1)

D
 (m

2 s
−1
)

10
−2
5

10
−2
0

10
−1
5

10
−1
0

1800 1200 900 700
Temperature (K)

6 8 10 12 14

T=Tc=1043 K

Q=2.87 

D_0 = 3.5610−5

α = 0.6

Our model
Ferromagnetic contribution
Ferromagnetic and electronic excitation contribution

Hettich et al 1977
Lubbehusen et al 1989
Lijima et al 1988
Buffington et al 1960
Walter et al 1968
Graham 1969
Graham and Tomlin 1963

Figure 3.4: Our full model is marked as the red line; the model excluding the
magnetic enthalpy and the electron excitation contribution is shown as the blue
dashed line; the model excluding only the electronic excitation contribution is shown
as the green dashed line.



Chapter 4

Bias calculations and predictions
of dislocations

The diffusion of point defects under irradiation are responsible for void swelling. As
one of the most important parameters in current swelling models, the dislocation
bias is a quantity that describes the difference in absorption of vacancies and SIAs
by dislocations. As mentioned previously, this parameter can be obtained numer-
ically by solving the PD diffusion equations with a drift term, and it is therefore
convenient to investigate how this parameter acts under different conditions.

The study of the bias factor is motivated by both the fundamental scientific
interest and technological need to tailor candidate materials for high swelling re-
sistance as required for the next generation of nuclear reactors. To assess the
propensity in regards to void swelling of those candidate structural materials, the
computational evaluation of dislocation bias is one of the first steps to be done
before the actual irradiation testing. However, the dislocation bias factors vary
significantly with crystalline structure, material composition, irradiation temper-
ature and dislocation density. Therefore an efficient and repeatable approach is
required in order to evaluate the dislocation bias since the conditions change con-
tinuously under irradiation. Various analytical studies based on elasticity theory
have been carried out [71, 34, 48, 72] to evaluate the dislocation bias. However, as
Wolfer pointed out [73], the isotropic theory is not enough to describe the elastic
interactions between a dislocation and migrating defects, and the near-dislocation-
core interaction from continuum elasticity theory is insufficient. Furthermore, the
dislocation bias of an alloy is not available from a purely analytical approach.

In this chapter, key parameters used in the numerical method, in which atomistic
and elastic interaction energies are implemented in the finite element method (FEM)
to solve the diffusion equation, would first be analysed in section 4.1, and then the
dislocation bias calculated using atomistic and the elastic interactions are compared
for a model fcc Cu crystal to show the effect of isotropy, and a systematic study
on Cu, Ni and Al is used to predict the dislocation bias for a typical austenitic 316

27



28
CHAPTER 4. BIAS CALCULATIONS AND PREDICTIONS OF

DISLOCATIONS

−100 −50 0 50 100
−100

−50

0

50

100

X (A)

Z
 (

A
)

Figure 4.1: The triangle mesh on a given geometry.

steel in section 4.2. In section 4.3 the two types of edge dislocations and one screw
dislocation in bcc Fe are used to calculate the dislocation bias in order to understand
their differences. Anomalous bias factors in bcc Fe are found and discussed.

4.1 Method analysis

Mesh
As described in the Method section, the PD diffusion equations are solved on meshes
that are defined on a given geometry. The mesh density corresponds to the precision
of the numerical solution. As shown in Fig.4.1, the geometry here is to model a
dislocation with a core radius r0=5 Å and an outer radius of R=100 Å. The mesh
is of triangular shape, and a denser mesh is generated near the inner radius. To
study the influence of the mesh density, the number of triangles in the geometry
are increased step by step and the capture efficiency Z, the total flux J and J0 are
calculated separately. Results are shown in Fig.4.2. The Janalytical and Janalytical

0
are calculated from the isotropic continuum-mechanical model (CMM) Eq.2.29 and
Eq.2.30 respectively, and the Zanalytical = Janalytical/Janalytical

0 .

Precision
In order to assess the precision of the numerical method, dislocation capture ef-
ficiencies are calculated from both continuum-mechanical model Eq.2.29 and the
numerical method. The results are shown in Tab.4.1. All calculations are performed
with r0=5 Å and T=873 K. The numerical results overestimate the capture effi-
ciencies to some extent. The overestimation is probably due to the sample meshes
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Figure 4.2: The number of triangles and the precision of the numerical method.

that are used in the numerical method. As shown previously, that the finer the
mesh used, the more precisely the partial differential equation are solved. However,
a denser mesh sampling is also more expensive in terms of computational time. In
this thesis, a balance is chosen between the precision and the computational time
by using 128 points on the dislocation inner core (16 points are used in Fig.4.2).
A maximal deviation in the tested cases of about 4% between the numerical re-
sults and the continuum-mechanic model occurs for Zsia when R=100 Å. This R
is comparable to a dislocation density of 1016 m−2. As the external boundary R
increases, that is, the dislocation density decreases, the error decreases. On the
other hand, Zsia retains a larger discrepancy than Zvac under all listed dislocation
densities. Thus, it is reasonable to conclude that a higher interaction energy or a
higher dislocation density results in a higher overestimation.

Table 4.1: Calculations of capture efficiencies from the isotropic continuum-
mechanical model (CMM) and the numerical solution.

R (Å) Zvac Zsia

CMM Numerical CMM Numerical
100 1.0291 1.0335 1.1646 1.2011
200 1.0237 1.0248 1.1309 1.1428
300 1.0213 1.0271 1.1167 1.1172
400 1.0199 1.0239 1.1083 1.1159
500 1.0184 1.0194 1.1025 1.1097
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Figure 4.3: Analytical solution of Bd at 873 K as a function on dislocation density
considering different geometries and methods. Illustration of different boundaries
are shown in inner figures. A. one core with a circular boundary; B. two cores with
a square boundary; C. one core with a square boundary. Red circles represent the
inner core, black circle and squares represent the outer boundaries.

Geometry

The isotropic continuum-mechanical model Eq.2.29 and Eq.2.30 are derived from
a geometrical shape as in Fig.4.1. Both the inner core and the outer boundary
are circles. However, in a fcc supercell, a perfect dislocation core would split into
two partial dislocations since that is energetically more favourable. The equilib-
rium separation distance is decided by the stacking fault energy which is the extra
energy per unit area of stacking fault. Therefore, the geometry should be chosen
accordingly for different systems. In order to assess the impact of choosing different
geometries for solving Eq.2.25 using the FEM, Bd is calculated for different combi-
nations of the inner and outer boundaries. As illustrated in Fig.4.3, the integration
core is one circle with the radius of 38 Å in A and C while it is two circles with
radius of 19 Å in B, all of them are marked as red circles. Different outer boundary
shapes are also tested, marked as a black circle or squares. Fig.4.3 shows that in
this case, neither the inner core choice, namely one single full core or two partial



4.1. METHOD ANALYSIS 31

half cores, nor the geometrical shape of the outer boundary, circle or square, have
large impact on the Bd values.

Core radius
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Figure 4.4: Dislocation core radius size affects the capture efficiencies of edge dislo-
cation 〈100〉{001} type in bcc Fe. Atomistic and analytical represent the atomistic
and analytical interaction energy.

A standard way to define the dislocation core is to assign a cylinder with a radius
(henceforth core radius) within which spontaneous absorption of point defects is
expected. The core radius is therefore defined by the strength and topology of
the dislocation-defect interaction. In the isotropic continuum-mechanical model,
the capture efficiency is predicted to be core radius dependant [71]. However,
when the interaction energy is obtained from atomistic calculations, the core radius
becomes an arbitrary choice. To begin, the sensitivity of the capture efficiency to
the dislocation core radius is analysed, assuming that the core is represented by
a cylinder. Fig.4.4 shows ZSIA/vac calculated using the energy landscape from
isotropic elasticity theory and atomistic simulations, for the 〈100〉 edge dislocation
as a function of r0 in bcc Fe. The integration was performed by taking 873 K
as ambient temperature and assigning the dislocation density to 1014 m−2. As
one sees, the capture efficiency Z values are strongly dependent on the choice of r0,
especially in the case of the SIA. When r0 is larger than around 24 Å, the interaction
energy becomes too weak to overcome the influence of the thermal diffusion.
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Strain induced by the boundary conditions

Figure 4.5: Strain energies along the norm of glide plane.

Due to fact that edge dislocations in fcc lattices have relatively large interaction
ranges, both fixed and periodic boundary conditions should be dealt with prop-
erly. Due to the inhomogeneous lattice constants along the norm direction of the
glide plane 〈1̄11〉 far away from the core a non-physical strain is introduced in the
atomistic interaction energy maps by assigning fixed boundary conditions. This has
been taken into consideration. Several positions along this direction were chosen for
the PD formation energy calculations with the local lattice constants. By fitting a
function which describes the relation of formation energy change versus coordinates
in 〈1̄11〉, a correction function is obtained. In Fig.4.5, the correction functions for
Cu and Ni are shown as examples. These strain energies are eliminated from the
atomistic calculations with a correction factor so that the interaction energy in the
boundary areas of atomistic calculation is in line with the analytical calculations.
Furthermore, the dislocation-dislocation image interaction along the Burgers vec-
tor direction, induced by the periodic boundary conditions, has been eliminated by
subtraction of the analytical image interactions.
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4.2 Dislocation bias in fcc lattices

As described previously, a perfect dislocation will split into two partial dislocations
in a fcc lattice. The core structure described by atomistic calculations are compared
to isotropic and anisotropic elastic core models. The influence of the different
core models on the dislocation bias are assessed in Cu as a sample fcc lattice. A
systematic study is then carried out to investigate those important parameters,
such as elastic constants and stacking fault energy, in the bias calculation. The
dislocation bias value of a typical austenitic 316 steel is predicted based on the
study.

Dislocation bias using the atomistic interaction and the elastic
interaction in Cu
Cu model lattice is often used representatively to study the fcc structure material.
In this thesis, it is used to study the contribution of anisotropy on the dislocation
bias calculation, as well as showing the advantages of using atomistic interaction
energies. Calculation details can be found in Paper II.

Comparison of the dislocation-PDs interaction from atomistic calculation and
different elastic interaction models are depicted in Fig.4.7 and Fig.4.6, representing
the anisotropic and isotropic elastic model, respectively. It worth noticing that the
analytical interaction models derived in Chapter 2 do not take into account the
partial dislocation separations. We, therefore, construct the two partial cores by
applying the analytical model to each of the partial dislocations, with half the Burg-
ers vector in each partial, and a superposition is then used to obtain the interaction
energy value on each point. An assessment of the interaction between an SIA and
the dislocation core reveals a significant discrepancy between the isotropic elastic
solution, treating PDs as isotropic objects, and results of the atomistic calculations,
as can be seen in Fig.4.6. This elasticity model is not sufficient in describing the
dislocation core regions. The subplots E and F show the difference between atom-
istic and isotropic elastic model. To explain the patten in subplot E, we implement
the anisotropic model. The results are shown in Fig.4.7. The subplot E compared
with that in Fig.4.6 explains the contribution from the anisotropic dislocation stress
field. However, in the core region there are still some differences. The possible rea-
sons include that the PDs are treated as dilatation volumes, therefore the modulus
interaction due to the elastic polarizability of an SIA is not considered in the elastic
calculations, and the elastic approach ignores the non-linear elasticity contributions
even though the dislocation is described anisotropically.

The two elastic interaction models and the atomistic interaction energy are
implemented in the numerical method to calculate the dislocation bias respectively.
Results are shown in Fig.4.8 and Tab.4.2. At 873 K, the bias factors calculated
using the atomistic approach is about 20% higher than that using the anisotropic
interaction energy. While the anisotropic dislocation shows a bias about 30% higher
than the isotropic dislocation. The better performance of the anisotropic elastic
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Figure 4.6: Edge dislocation – point defect interaction energy maps for the different
approaches, A) Atomistic SIA; B) Isotropic analytical SIA; C) Atomistic vacancy;
D) Isotropic analytical vacancy; E) Difference between A and B; F) Difference
between C and D.

Table 4.2: SIA (Zdi ) and vacancy (Zdv ) capture efficiencies calculated at 873 K and
a dislocation density of 2.6 ·1015 m−2.

Zd
i Zd

v Bd

Atomistic 1.34 1.00 0.34
Anisotropic analytical 1.27 1.00 0.27
Isotropic analytical 1.18 1.00 0.18

model is also shown in Fig.4.8 that under different temperatures is closer to the
atomistic results than the isotropic model is.

Table 4.3: Experimental swelling induced by electron– (1st row) and proton (2nd, 3rd

rows) irradiation compared to steady state evaluation using the atomistic approach.

dose (dpa) Reference swelling (%) [74] Calculated swelling (%)
0.013 0.2–1·10−3 5.8·10−3

0.002 2.8·10−4 5.1·10−4

0.008 1.9·10−3 0.91·10−3

In order to compare the calculations with measurements, the bias values we
obtained are used as parameters in the standard rate theory (SRT) swelling model.
With other parameters from the experiments, the swelling rate is calculated in
three different irradiation dose conditions. The experimental data is from Singh et
al. [74]. The electron– and proton– irradiation data were selected for the reason
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Figure 4.7: Edge dislocation – point defect interaction energies for the different ap-
proaches, A) Atomistic SIA; B) Anisotropic analytical SIA; C) Atomistic vacancy;
D) Anisotropic analytical vacancy; E) Difference between A and B; F) Difference
between C and D.

that the fraction of defects produced in clustered configurations in those cases were
sufficiently small for the dislocation bias model to be valid.

In Table.4.3 the reference swelling is the one obtained from experiments [74].
The calculated swelling is obtained by applying the capture efficiencies and bias
factors from the atomistic calculation to the SRT model at the same temperature
and dislocation density as in the experiments. The discrepancies are within the
expected range considering that the SRT model here applied is a simple steady
state model that thus disregards the initial transient.

Systematic study

Having the dislocation bias calculation on the Cu model lattice, it should be possible
to expand the model to treat an austenitic alloy. However, to deal with an alloy
is always more problematic. In order to obtain the interaction energy between
a dislocation and PDs, one needs to calculate the PD formation energy at each
lattice site. However, in the alloys the specific local chemical components have a
strong influence on the energy calculations, which results in a large uncertainty
of the atomistically calculated interaction energies. Therefore, a systematic study
without the atomistic calculation is carried out to predict the dislocation bias of
an alloy. More technical details can be found in Paper III.

In the systematic study, Cu, Ni and Al model alloys are used to cover a large
range of shear moduli and stacking fault energies. The dislocation bias have been
computed by using the atomistic interaction energies and the anisotropic elastic
interaction energies, as shown in Fig.4.9.
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Figure 4.8: Temperature dependence of Bd for the atomistic and analytical cases.

The Bd calculated using atomistic interactions are about 20% lower than those
using the elastic interaction energies, which shows the inaccuracy of the elastic
interactions used to obtain the dislocation bias. This shows, however, the opposite
trend comparing to our Paper II, where the atomistic interaction energies result in
higher dislocation bias compared to that using the elastic interaction energies. The
reason stems from the choice of the dislocation core radius. In the previous work,
the same dislocation radii are used for the integration while in the present work,
the criterion bO|E| ≥ kBT is used [75] and the radii are thus different for atomistic-
and elastic interaction energies, and for the vacancies and SIAs.

To assess the impacts of the elastic constants on the bias calculations, anisotropic
elastic interaction models were used to calculate the Bd with a number of fixed par-
tial distances. For the partial distances d = 14, 22, 35Å, the elastic constants from
Cu, Ni and Al are used to obtain the Bd, as shown in Fig.4.10. At the same partial
distance, the elastic constants from copper shows a larger bias compared with that
from aluminium and nickel. The differences are not large, about 7% between Cu
and Ni and 6% between Ni and Al. Since these differences are only from the elas-
tic constants used to describe the interaction, a combination of elastic properties
might play roles on the order B”Cu”

d >B”Ni”
d >B”Al”

d . The quotation marks are
used because the Bds are calculated only with their elastic constants. An empirical
parameter [B/G] is selected in order to obtain an approximately linear relation
with the dislocation bias factors at different partial distances and different tem-
peratures, where B is the bulk modulus and G is the shear modulus. This choice
is motivated by the following argument. The unitless quantity takes into account
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Figure 4.9: Temperature dependence of Bd for the atomistic and elastic cases at
the dislocation density of 1014 m−2.

that the interaction energy of a dislocation and a SIA is determinant in the bias
calculation. On the other hand, the interaction energy is decided by the relaxation
volume in the isotropic elastic interaction model, and the relaxation volume can be
seen as a balance between compressing the two central atoms and their neighbours,
and shearing of the surrounding crystal. The [B/G] value for an austenitic alloy is
smaller than that of the Ni by 10%, of the Al by 20% and of the Cu by 40%.

With the analysis on the elastic constants, at the same partial distance, the
elastic constants from an austenitic alloy would show a slightly lower Bd value than
Ni. Further studies are made to assess the influences from the partial distances.
The partial distances are extended with Ni elastic constants, and the corresponding
Bd are calculated. Ni is the austenitizer in austenitic alloys, which makes it a good
reference point for the estimation for austenitic alloy. When the partial distance is
small enough, the two partial dislocations collapse back to a single core dislocation.
The dislocation bias in this case is relatively large: around 0.35 as shown in Fig.4.10.
As the partial distance increases, the calculated Bd decreases and converges to
about 0.1. This can be understood as an effect of the decrease in overlap on the
lattice sites as the partial distance increases, therefore decreasing the interaction
energies around the partial cores. Since the diffusion potential is an exponential
function of the interaction energy, it gets weaker as a consequence of the partial
separation. When the two partial cores are far enough from each other, they could
be seen as twice the dislocation densities with half the Burgers vector, comparing
to the case when the partial distance is zero with one strong dislocation core. At
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Figure 4.10: Bd calculated from constructed elastic model as a function of partial
distances at 815 K and 1000 K and the dislocation density of 1014 m−2.

a large partial distance, the decrease of Bd due to SFE decrease is eliminated by
the increase of Bd due to the dislocation density increase. From Fig.4.10 it is seen
that the difference of Bd induced by the partial distances is much larger than that
obtained by using different elastic constants in the elastic interaction model. This
implies that the stacking fault energy plays a more significant role than the elastic
properties when assessing dislocation bias factors.

By comparing the influences of elastic properties, as well as the stacking fault
induced partial distances, on different fcc lattices, it is possible to predict the dis-
location bias of the austenitic alloys. Using the equation d = Gb2

4πEsf
[33], an ap-

proximate value for equilibrium separation is calculated to be 127 Å by inserting
G=77.5 GPa, b=2.5 Å and Esf= 30 mJ/m2. The parameters are shown in paper
III. As seen in Fig.4.10, an equilibrium distance of 127 Å corresponds to a bias
factor about 0.1 when using the elastic interaction model with the elastic constants
of Ni. When we substitute the elastic constants of Ni with that of an austenitic
alloy the Bd would be about 1% lower than it is using Ni elastic constants, which
is negligible. Therefore, the bias factor calculated using the elastic interactions for
austenitic alloy is estimated to be 0.1. The tolerance of this prediction is relatively
high since the separation distances of austenitic alloys lie on the plateau region in
Fig.4.10.

However, the dislocation bias is usually higher using the elastic interaction en-
ergies than using the atomistic ones. The discrepancy is a function of equilibrium
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partial dislocation separation distances. As analysed previously, at the temperature
of 815 K, with the dislocation density of 1014 m−2, an austenitic alloy has a less
than 20% decrease from the Bd predicted from the elastic interaction model. This
results in a more realistic estimation of Bd ≈ 0.08 in the austenitic alloy.

4.3 Dislocation bias in bcc lattices

The swelling under irradiation of bcc materials is much less pronounced than in
fcc materials. However, there are some interesting observations with respect to the
void swelling in bcc crystals. For example, the dislocation types observed from
experiments are condition dependent. The a0/2〈111〉{110} screw dislocations are
the primary defects in non-irradiated bcc metals and alloys including Fe-based
steels [9], while under prolonged irradiation a high density of dislocation loops of
edge character is established [6, 76]. The latter are of interstitial nature and two
types may be present depending on the chemical composition of the Fe-based alloy
and irradiation temperature. In pure Fe at 573 K and above, the a0 〈100〉 loops
of square shape dominate, while at room temperature mostly a0/2〈111〉 loops are
present [5, 6]. In commercial Fe-Cr-based steels both types of loops are present in
proportions depending on the Cr content [7, 8]. Hence, a computational assessment
of the dislocation bias factor for all three possible types of dislocations relevant for
bcc Fe and its alloys are provided in this section. More technical details are found
in Paper IV.

Edge dislocations
The bias calculated in the edge dislocations are shown in Fig.4.11 under different
temperatures with a fixed dislocation density of 1013 m−2. Comparing the bias
obtained from the two types of dislocation using the atomistically calculated in-
teraction maps, a larger bias factor is observed for the 1/2〈111〉 type than for the
〈100〉 type. However, the opposite result is obtained from the elastic model. That
is, the bias factors for the 〈100〉 type are larger than those for the 1/2〈111〉 type.
This follows the argument based on the conventional estimation of Bd, that the
larger the Burgers vector, the higher the bias factor should be [77]. However, such
a view neglects particular details of the defect-dislocation interaction in the vicinity
of the dislocation core, and the argument was not in agreement with the experi-
ment carried out by Katoh [78] under neutron irradiation. A detailed observation
in this work shows that the core of the 〈100〉 dislocation has a strong but confined
distortion field, while the stress field near the 1/2〈111〉 edge dislocation is extended
in the direction of the Burgers vector.

Screw dislocations
The screw dislocation is of primary interest since it is the basic extended lattice
defect in non-irradiated bcc metals. The interaction energies obtained from the
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Figure 4.11: The dislocation bias of both types edge dislocations. 〈100〉 and 〈111〉
represent 〈100〉 {001} type and 1/2〈111〉 {110} type respectively.

atomistically calculations and the anisotropic elastic models are shown in Fig.4.12.
Three-fold interaction symmetries are obtained. The main differences between the
atomistically calculated interaction energies and the elastic interaction energies are
in the core region. For both vacancy and SIA cases, the interactions obtained from
the atomistic calculations are much stronger and longer in range than the elastic
ones.

The capture efficiencies have been computed for the screw dislocation as a func-
tion of temperature and dislocation density, as shown in Fig.4.13 and Fig.4.14. The
results show that Zvac are larger than ZSIA in all conditions tested. That is to say,
the Bd of a screw dislocation calculated using atomistic interactions are all nega-
tive. This means the screw dislocation absorbs more vacancies than SIAs, which
would result in an absence of excess vacancies available to cluster or migrate into
voids. Therefore no swelling is expected in this condition. From the calculation
point of view, in the SIA case the reason for this negative bias is that the flux
approaching the core is partly repelled by the strong compressive fields around it,
while in the vacancy case there are no such strong repelling fields, at the same time
as the attraction fields are of similar strength.

For the edge dislocations, ZSIA is larger than Zvac, while it is the opposite
for the screw dislocation: ZSIA is smaller than Zvac. However, the coexistence of
edge and screw dislocations, without taking into account the loops, contribute to
macroscopic effects such as swelling. Therefore it is more reasonable to look at the
total effect of the Z values. In order to estimate the joined influence from them,
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Figure 4.12: Interaction energies on the screw dislocation of 1/2〈111〉 {110} type.
A. the atomistically calculated interaction between the dislocation and a vacancy;
B. the atomistically calculated average interaction between the dislocation and
all the non-equivalent 〈110〉 SIAs; C. the anisotropic interaction energies between
the dislocation and a vacancy; D. the anisotropic interaction energies between the
dislocation and a 〈110〉 SIA.

we define a total dislocation bias. It is assumed that the relative fraction of the
three different types of dislocations: 1/2〈111〉 screw, 1/2〈111〉 edge and 〈100〉 edge,
in the bulk are a, b and c respectively, and that the point defects can be absorbed
by any of them. The total bias is then defined as

Bd = aZSDSIA + bZ<111>
SIA + cZ<100>

SIA
aZSDvac + bZ<111>

vac + cZ<100>
vac

− 1 (4.1)

where SD represents the screw dislocation, 〈111〉 is the 1/2〈111〉 type edge disloca-
tion and 〈100〉 represents the 〈100〉 type edge dislocation.

As shown in Fig.4.15, the total bias is plotted as a function of the ratio of edge- to
screw dislocation densities. The swelling rate using the total bias calculated in the
frame of the standard rate theory (SRT) model has been plotted. The experimental
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Figure 4.13: The comparison of capture efficiencies from the three kinds of dislo-
cations as a function of temperature. SD and ED represent screw dislocation and
edge dislocation respectively.

parameters used in the SRT model are obtained from [79].
The fact that Zvac > ZSIA in the screw dislocation case counteracts the bias from

the edge dislocation. This balancing of the total bias could indicate a dislocation
bias driven mechanism for the swelling incubation in bcc metals. The unirradiated
material contains a dominating population of screw dislocations and thus a total
negative bias. During irradiation, the edge dislocation population will be built up,
notably in the form of growing dislocation loops. The total bias should then after a
threshold relative fraction of (b+ c)/a become positive and dislocation bias driven
swelling can start to act. This might be part of the reason for the incubation time
under irradiation in bcc materials as explained below.

The initial microstructure of bcc metals and alloys (Fe and Fe-Cr in particular
case) is composed mainly of straight screw dislocation lines typically in the order
of 1013 − 1014 m−2. Starting from the Bd assessment performed here, it is seen
that the 1/2<111> screw dislocations and the 1/2<111> edge dislocations act
opposite with respect to preferential absorption of SIAs. This does not imply that
the material will shrink, rather, it implies a retardation of the void nucleation since
vacancies will be preferentially absorbed by the screw dislocations and the SIAs will
start forming loops of edge character. We assume that the effect of the 1/2<111>
edge loops, inevitably forming and accumulating as the irradiation dose increases,
would be the same or stronger (in terms of bias) as generating an edge dislocation
network. Beyond a certain dose the total length of edge-character dislocations
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Figure 4.14: The comparison of the capture efficiencies from the three kinds of
dislocations as a function of temperature. SD and ED represent screw dislocation
and edge dislocation respectively.

(and associated bias) would overwhelm the ’negative bias’ of the pre-existing screw
dislocations. From this moment on, further growth of dislocation loops (and/or
increase of their density) will lead to vacancy super-saturation and hence to the
formation and growth of voids and thus to swelling.
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Figure 4.15: The total dislocation bias factor (top) and the predicted SRT swelling
(bottom) as function of the ratio of edge- over screw dislocation densities.



Chapter 5

Copper precipitation under
electron irradiation

Copper precipitation has been recognized for many years as the dominant reason
for the increase in hardness and ductile-to-brittle transition temperature (DBTT)
shift in reactor pressure vessel steels. The copper clusters formed during neutron
irradiation provide effective dislocation pinning sites and therefore impede disloca-
tion motion, which then give rise to an increase in tensile strength [80]. On the
other hand, the current design of canisters for the long-term spent-fuel repository
in Sweden considers the use of cast iron, which provides the mechanical strength to
bear the external stresses on the canister, and might face similar problems during
its 100 000-year-long task. The reason is that due to the irradiation accelerated
diffusion of copper, there is an increase risk of precipitation and consequent hard-
ening. In a recent work by Brissonneau [52], the French design of the spent fuel
container has been studied. Their results show that the damage is mainly caused
by gamma rays and the dose rate is very low, and to ensure the safety, the copper
content should be less than 0.05%. However, Brissonneau’s damage model overes-
timated the damage rate under the repository condition. This issue was recently
addressed by taking sub-threshold damage effects into account and introducing a
close-pair recombination factor [53].

5.1 Experiment

In order to compensate for the lack of experimental data on Cu precipitation in
canister insert in repository conditions, an electron irradiation campaign was carried
out on cast iron and FeCu model alloy samples. The model FeCu alloy sample is
obtained from the REVE project [81] and the cast iron samples are taken from the
insert I53 from Svensk Kärnbräslehantering AB (SKB). They are mounted in the
same beam line during the electron irradiation. The nominal compositions of both
kinds of samples are shown in Tab.5.1.

45



46
CHAPTER 5. COPPER PRECIPITATION UNDER ELECTRON

IRRADIATION

Table 5.1: Nominal compositions of the materials used in the irradiation experi-
ment.

Element (at.%) Cast iron FeCu alloy
Cu 0.028 0.079
Mn 0.141 0.01
Ni 0.329 <0.005
C 14.6 <0.01
P 0.039 0.011
Si 3.96 0.01
Fe Bal. Bal.

A total irradiation damage of 3.6 C was obtained after one week and the total
irradiation area is 18 mm2. This corresponds to a total dose of 4.4×10−3 dpa.
With a total irradiation time of 143 hours, the dose rate is 8.5× 10−9 dpa/s. The
irradiated samples, as well as non-irradiated reference samples, are then analysed
by atom probe tomography (APT) using a wide-angle local electrode atom probe
(Imago LEAP 3000X HR) at Chalmers University of Technology, Sweden.
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Figure 5.1: Radial distribution function (RDF) of Cu with respect to Cu atoms for
the FeCu alloy. The irradiated material shows significant clustering (strong positive
interaction at short distances).

The radial distribution function (RDF) curves of the bulk-normalized concen-
tration of Cu is shown in Fig.5.1. The high value at short distances for the FeCu
model alloy after irradiation is a strong indication for clustering. The convergence
of the irradiated sample line around 1 nm indicates that the radius of a cluster is
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about 0.5 nm. The clustering is also apparent in the nearest neighbour distance
distribution (NNDD) as shown in Fig.5.2. The number density of clusters in the
irradiated material was estimated to 6 · 1023 m−3, while in the non-irradiated sam-
ple the number density is 0.2 · 1023 m−3. This lower number in the non-irradiated
sample can be regarded as no clusters in the sample. From the APT figures, several
Cu clusters with radii of about 0.5 nm were found.
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Figure 5.2: Nearest neighbor distance distribution (NNDD) for the two FeCu model
alloy samples, together with the randomized data from each analysis. The irradiated
material has much shorter distances between Cu pairs.

For the cast iron samples, only one sample gave sufficient statistics to be useful.
There, the APT analysis showed no clustering tendencies after irradiation. The
RDF for the Cu atoms in the cast iron sample has too low statistics to be completely
reliable. However, as it is shown in Fig.5.3, no cluster was observed in the sample.

5.2 Rate theory method

A cluster dynamics model is used to calculate the point defect concentrations and
their effect on the copper precipitation kinetic for the experimental conditions. The
basic idea is that the point defect concentration is dynamically calculated under
a time span, depending on the damage rate, the recombination rate and the sink
absorption. The copper diffusivity is then obtained with respect to the vacancy
concentration. By using a cluster dynamics model [82], the copper cluster size
distribution is obtained as a function of copper diffusivity. The method has been
used in [55, 52] for similar studies. The parameters used in this calculation are
shown in Tab.5.2. The formation and migration energy of vacancies are obtained
from ab initio calculations [83] and the copper diffusion coefficient are from [55].
The different dislocation densities on the two kinds of samples are from [84] and
[85] for FeCu alloy and cast iron, respectively.
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Figure 5.3: Distribution of Cu atoms in the irradiated cast iron sample 3. The scale
is in nm.

After the simulation of 143 irradiation hours, the copper diffusivity for the FeCu
alloy is two orders of magnitude higher than that for the cast iron. This results in no
cluster formation in cast iron while in FeCu alloy a copper cluster size distribution
as shown in Fig.5.4. The cluster peak shows up around 0.5 nm. It is worth mention
that the demixing energy Ω/kB used in this model is higher than in [56], which
means a lower copper solubility in iron is assumed in this work. Given that no
experimental solubility data are available at 140°C, and the extrapolation from
higher temperature induces large uncertainties, the value is hence used here to fit
our experiment.

5.3 AKMC calculation

In the AKMC simulations, absorbing free surfaces are used to simulate the sinks
for point defects. The cast iron and FeCu alloy are simulated by a bcc iron matrix
with 0.05% and 0.1% copper content, respectively. The copper cluster density as a
function of copper cluster size is then plotted in Fig.5.5 after 10−3 dpa with a dpa
rate of 10−8 dpa/s. In the upper x-axis the number of Cu atoms in a cluster is given
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Table 5.2: Parameters used in the current rate theory simulations.

damage rage g 8.5 · 10−9 dpa/s
demixing energy Ω/kB 9337 K

non-configurational entropy Snc/kB 0.866
Cu diffusion coefficient in Fe DCu 0.63 exp(-2.29 eV/kBT) cm2/s
Fe self diffusion coefficient DFe,self 1 exp(-2.9 eV/kBT) cm2/s
Vacancy formation energy Ef

v 2.1 eV
Vacancy migration energy Em

v 0.7 eV
SIA formation energy Ef

i 4.3 eV
SIA migration energy Em

i 0.3 eV
Vacancy diffusion prefactor Dv,0 1 cm2/s
SIA diffusion prefactor Di,0 4× 10−4 cm2/s
Dislocation density ρCastIron

d 5.5 · 1015 m−2

Dislocation density ρFeCu
d 1014 m−2

Figure 5.4: Cu cluster density as a function of Cu cluster size calculated for the
FeCu alloy by rate theory. There was no cluster formed in the cast iron from cast
iron.

to compare with the lower panel of x-axis about the cluster size in unit of nm. The
majority of the copper atoms exist as single Cu atoms. In the FeCu case, about
1% of the Cu atoms form small clusters and the peak, about 2%, form clusters of
0.45 nm size, which is corresponding to about 30 atoms. This is in agreement with
the experimental results, which show an average radius of 0.5 nm in the clusters
formed under irradiation. In the cast iron case, some dimers are formed in the
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simulation, while no precipitation is observed in the experiment. However, eventual
dimers are not distinguishable in this APT specimen due to a lack of statistics and
to the inherent resolution of the equipment. It is thus reasonable to conclude that
we have a qualitative agreement with the APT observations. The copper cluster size
distribution of FeCu alloy from AKMC simulation and from the rate theory model
are in good agreement. It is worth noticing that the total dose in the experiment
is about 6 times higher than the one we have in the simulations. This might result
in a larger cluster size after the full dose under experiment conditions. On the
other hand, the evolution of the cluster size with respect to the dose is rather slow,
therefore, no tremendous change is expected.

Figure 5.5: Cu cluster density as a function of Cu cluster size calculated by AKMC.
The 0.1% Cu represents the FeCu alloy and the 0.05% Cu represents the cast iron.

With the parameters used to reproduce the experiment, we can simulate the
copper clustering in the repository conditions. The candidate material there is cast
iron, with a very low dose rate 6 · 10−17 dpa/s and temperature of about 100 ◦
[53] during the first 300 years, after which the cooling will further slow down the
Cu diffusivity and thus any eventual precipitation. The same KMC simulations
are done under these conditions for 300 years. The result does not shown any
copper cluster precipitation, which implies that, according to these simulations,
there should be no clustering nor hardening and embrittlement in the repository.



Chapter 6

Conclusions and outlook

The evolution of the microstructure during irradiation with energetic particles is
complex because of the intricate interaction of a number of processes. Multiscale
modelling methods have been applied in this thesis to build up a self-diffusion model
of bcc Fe, to calculate the dislocation bias numerically in different lattices and to
simulate Cu precipitation under irradiation.

A self-diffusion model of bcc Fe is derived based on first-principle calculations.
It takes into account the magnetic transition around the Curie temperature and the
electronic excitations. The vacancy formation and migration energies are obtained
in a paramagnetic state by using a statistical averaging approach. The model is
in good agreement with the experimental data measured at different temperatures.
The full physics based derivation improves the understanding of vacancy diffusion
in bcc Fe around the magnetic transition temperature.

In order to study low-temperature Cu-precipitation under irradiation, an elec-
tron irradiation experiment has been carried out on cast iron and FeCu alloy sam-
ples. The experimental results show that after one week of 2 MeV electron irradi-
ation, Cu precipitates can be found in the high Cu content FeCu alloy, while no
precipitation is found in the cast iron samples. This experiment has been mod-
elled by kinetic Monte Carlo and rate theory methods. Qualitative agreements are
acquired among different methods and in repository conditions the simulations pre-
dict insignificant Cu clustering over the critical first few hundred years in the cast
iron matrix.

An efficient and easily reproducible approach is proposed in order to calculate
the dislocation bias. This numerical method is based on solving the point defect
diffusion equations and it has been developed and tested on different model lattices.
As a typical example of an fcc lattice, copper has been used to study the details
of the numerical method and the dislocation bias calculation. The contribution
from anisotropy is important in the dislocation bias calculation by comparing bias
values using isotropic and anisotropic elastic interaction models. Influences from
temperature and dislocation density have been evaluated in the bias calculations.
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Copper, nickel and aluminium model lattices are then used in a systematic study,
covering a wide range of shear moduli and stacking fault energies. It is found that
the dominant parameter for the dislocation bias in fcc metals is the width of the
stacking fault ribbon. The variation in elastic constants does not strongly impact
the dislocation bias value. As a result of this analysis and its extrapolation, the
dislocation bias of the widely used austenitic stainless steels of 316 type is predicted
to be about 8%.

In the bcc Fe model lattice, three kinds of dislocation, namely the a0/2〈111〉{110}
screw, a0/2〈111〉{110} and a0〈100〉{001} edge dislocations, are investigated with re-
spect to dislocation bias. The results show that the dislocation bias is higher for
the a0/2〈111〉 edge dislocation than for the a0〈100〉 edge dislocation, even though
the latter possesses a longer Burgers vector. For the a0/2〈111〉{110} screw disloca-
tion, a negative dislocation bias has been obtained, which implies a more efficient
absorption of vacancies than SIAs. The effect of coexistence of both edge and screw
dislocations are assessed by a total bias. The anomalous dislocation bias values in
the edge dislocations reveal that the detail of the dislocation core structure is not
negligible as it is treated in the elastic models. The anomalous dislocation bias
values in the screw dislocation provides a possible supplementary mechanism of
the long swelling incubation time in bcc lattice materials. This helps us to better
understand void swelling. Further studies can be made to look into the details of
the void nucleation in the bcc lattices due to the negative screw dislocation bias.

The combination of the atomistic calculated interaction energy and the FEM
based numerical method to obtain the dislocation bias can readily be used to
study for example irradiation creep, for which stress induced preferential dislo-
cation growth and diffusion is the main reason. The dislocation bias under an
external stress is the key parameter in the creep theory and could be easily ob-
tained by this method. With reasonable modifications the method can be used to
calculate 2D object sinks, such as voids and dislocation loops. These are critically
important features for which a complete description of the sink properties are in
need of further research efforts.



References

[1] U. D. N. E. A. Committee and the Generation IV International Forum, “A
technology roadmap for generation iv nuclear energy systems,” tech. rep., GIF
and DOE, 2002.

[2] K. Murty and I. Charit, “Structural materials for gen-iv nuclear reactors:
Challenges and opportunities,” Journal of Nuclear Materials, vol. 383, no. 1,
pp. 189–195, 2008.

[3] F. Garner, M. Toloczko, and B. Sencer, “Comparison of swelling and irradia-
tion creep behavior of fcc-austenitic and bcc-ferritic/martensitic alloys at high
neutron exposure,” Journal of Nuclear Materials, vol. 276, no. 1, pp. 123–142,
2000.

[4] D. Hull and D. J. Bacon, Introduction to dislocations, vol. 257. Pergamon
Press Oxford, 1984.

[5] M. Jenkins, C. English, and B. Eyre, “Heavy-ion irradiation of α-iron,” Philos.
Mag. A, vol. 38, no. 1, pp. 97–114, 1978.

[6] S. J. Zinkle and B. N. Singh, “Microstructure of neutron-irradiated iron before
and after tensile deformation,” J. Nucl. Mater., vol. 351, no. 1, pp. 269–284,
2006.

[7] S. Porollo, A. Dvoriashin, A. Vorobyev, and Y. V. Konobeev, “The microstruc-
ture and tensile properties of fe–cr alloys after neutron irradiation at 400Â° c
to 5.5–7.1 dpa,” J. Nucl. Mater., vol. 256, no. 2, pp. 247–253, 1998.

[8] D. Gelles, “Microstructural examination of neutron-irradiated simple ferritic
alloys,” J. Nucl. Mater., vol. 108, pp. 515–526, 1982.

[9] J. Nagakawa, A. Sato, and M. Meshii, “Deformation structures in ultrapure
iron,” Philos. Mag., vol. 32, no. 6, pp. 1107–1128, 1975.

[10] A. Seeger, “The mechanisms of diffusion in metals and alloys,” Journal of the
Less Common Metals, vol. 28, no. 2, pp. 387–418, 1972.

53



54 REFERENCES

[11] R. Johnson, “Interstitials and vacancies in α iron,” Phys. Rev., vol. 134, no. 5A,
p. A1329, 1964.

[12] F. Willaime, C. Fu, M. Marinica, and J. Dalla Torre, “Stability and mobility of
self-interstitials and small interstitial clusters in α-iron: ab initio and empirical
potential calculations,” Nuclear Instruments and Methods in Physics Research
Section B: Beam Interactions with Materials and Atoms, vol. 228, no. 1, pp. 92–
99, 2005.

[13] R. Sizmann, “The effect of radiation upon diffusion in metals,” Journal of
Nuclear Materials, vol. 69, pp. 386–412, 1968.

[14] C. Cawthorne and E. Fulton, “Voids in irradiated stainless steel,” Nature,
vol. 216, pp. 575–576, 1967.

[15] L. Mansur, “Theory and experimental background on dimensional changes in
irradiated alloys,” J. Nucl. Mater., vol. 216, pp. 97–123, 1994.

[16] R. Bullough, “Dislocations and radiation damage,” in Dislocations and prop-
erties of real metals, 1985.

[17] C. Woo, “Theory of irradiation deformation in non-cubic metals: effects of
anisotropic diffusion,” Journal of Nuclear Materials, vol. 159, pp. 237–256,
1988.

[18] B. Singh, S. Golubov, H. Trinkaus, A. Serra, Y. N. Osetsky, and A. Bara-
shev, “Aspects of microstructure evolution under cascade damage conditions,”
Journal of nuclear materials, vol. 251, pp. 107–122, 1997.

[19] G. Odette and G. Lucas, “Embrittlement of nuclear reactor pressure vessels,”
JOM, vol. 53, no. 7, pp. 18–22, 2001.

[20] C. English and J. Hyde, Comprehensive Nuclear Materials: Radiation Effects
in Structural and Functional Materials for Fission and Fusion Reactors, vol. 4.
Elsevier, 2011.

[21] P. Hohenberg and W. Kohn, “Inhomogeneous electron gas,” Physical review,
vol. 136, no. 3B, p. B864, 1964.

[22] W. Kohn and L. J. Sham, “Self-consistent equations including exchange and
correlation effects,” Physical Review, vol. 140, no. 4A, p. A1133, 1965.

[23] R. M. Martin, Electronic structure: basic theory and practical methods. Cam-
bridge university press, 2004.

[24] S. Huang, D. L. Worthington, M. Asta, V. Ozolins, G. Ghosh, and P. K. Liaw,
“Calculation of impurity diffusivities in α-fe using first-principles methods,”
Acta Materialia, vol. 58, no. 6, pp. 1982–1993, 2010.



REFERENCES 55

[25] G. H. Vineyard, “Frequency factors and isotope effects in solid state rate pro-
cesses,” Journal of Physics and Chemistry of Solids, vol. 3, no. 1, pp. 121–127,
1957.

[26] J. Hafner, “Ab-initio simulations of materials using vasp: Density-functional
theory and beyond,” Journal of computational chemistry, vol. 29, no. 13,
pp. 2044–2078, 2008.

[27] R. Bullough and R. Newman, “The kinetics of migration of point defects to
dislocations,” Reports on progress in physics, vol. 33, no. 1, p. 101, 1970.

[28] R. Bullough and J. Willis, “The stress-induced point defect-dislocation inter-
action and its relevance to irradiation creep,” Philos. Mag., vol. 31, no. 4,
pp. 855–861, 1975.

[29] C. Domain and C. Becquart, “Ab initio calculations of defects in fe and dilute
fe-cu alloys,” Phys. Rev. B, vol. 65, no. 2, p. 024103, 2001.

[30] W. Schilling, “Self-interstitial atoms in metals,” Journal of Nuclear Materials,
vol. 69, pp. 465–489, 1978.

[31] E. Hayward, C. Deo, B. P. Uberuaga, and C. N. Tomé, “The interaction of a
screw dislocation with point defects in bcc iron,” Philos. Mag., vol. 92, no. 22,
pp. 2759–2778, 2012.

[32] R. Chang, “The dilatational strain field associated with edge dislocations
and edge dislocation walls based on anisotropic elasticity,” Acta metallurgica,
vol. 10, no. 10, pp. 951–958, 1962.

[33] D. Hull and D. J. Bacon, Introduction to dislocations. Butterworth-Heinemann,
2011.

[34] P. Heald, “The preferential trapping of interstitials at dislocations,” Philos.
Mag., vol. 31, no. 3, pp. 551–558, 1975.

[35] B. Bilby, “On the interactions of dislocations and solute atoms,” Proceedings
of the Physical Society. Section A, vol. 63, no. 3, p. 191, 1950.

[36] B. Skinner and C. Woo, “Shape effect in the drift diffusion of point defects
into straight dislocations,” Physical Review B, vol. 30, no. 6, p. 3084, 1984.

[37] Y. Chou and T. Mitchell, “Stress and dilatation fields of the< 111> dislocation
in cubic crystals,” J. Appl. Phys., vol. 38, no. 4, pp. 1535–1540, 1967.

[38] P. Söderlind, O. Eriksson, J. Wills, and A. Boring, “Theory of elastic constants
of cubic transition metals and alloys,” Physical Review B, vol. 48, no. 9, p. 5844,
1993.



56 REFERENCES

[39] R. Hearmon, “The elastic constants of anisotropic materials,” Reviews of Mod-
ern Physics, vol. 18, no. 3, p. 409, 1946.

[40] Y. N. Osetsky and D. J. Bacon, “An atomic-level model for studying the
dynamics of edge dislocations in metals,” Modell. Simul. Mater. Sci. Eng.,
vol. 11, no. 4, p. 427, 2003.

[41] D. Rodney, “Molecular dynamics simulation of screw dislocations interacting
with interstitial frank loops in a model fcc crystal,” Acta Mater., vol. 52, no. 3,
pp. 607–614, 2004.

[42] Y. Mishin, M. Mehl, D. Papaconstantopoulos, A. Voter, and J. Kress, “Struc-
tural stability and lattice defects in copper: Ab initio, tight-binding, and
embedded-atom calculations,” Phys. Rev. B, vol. 63, no. 22, p. 224106, 2001.

[43] G. Bonny, D. Terentyev, R. Pasianot, S. Poncé, and A. Bakaev, “Interatomic
potential to study plasticity in stainless steels: the fenicr model alloy,” Model.
Simu. Mater. Sci. Eng., vol. 19, no. 8, p. 085008, 2011.

[44] X.-Y. Liu, F. Ercolessi, and J. B. Adams, “Aluminium interatomic potential
from density functional theory calculations with improved stacking fault en-
ergy,” Modelling and Simulation in Materials Science and Engineering, vol. 12,
no. 4, p. 665, 2004.

[45] S. Dudarev and P. Derlet, “A’magnetic’interatomic potential for molecular
dynamics simulations,” J. Phys.: Condens. Matter, vol. 17, no. 44, p. 7097,
2005.

[46] P. Toolbox, “Partial differential equation,” Matlab Userâs Guide PDE, vol. 5,
1996.

[47] S. Golubov, A. Barashev, B. Singh, and R. Stoller, “dislocation bias revisited,”
Semiannual Progress Report, vol. 48, pp. 118–132, 2010.

[48] F. S. Ham, “Stress-assisted precipitation on dislocations,” J. Appl. Phys.,
vol. 30, no. 6, pp. 915–926, 1959.

[49] W. Wolfer, “1.01 - fundamental properties of defects in metals,” in Compre-
hensive Nuclear Materials (E. in Chief: Rudy J.M. Konings, ed.), pp. 1 – 45,
Oxford: Elsevier, 2012.

[50] H. Rouchette, Sink efficiency calculation of dislocations in irradiated materials
by phase-field modelling. PhD thesis, Universite de Lille-1, 2015.

[51] V. Jansson, Radiation-induced nanostructure evolution models for Fe alloys.
PhD thesis, University of Helsinki, 2013.



REFERENCES 57

[52] L. Brissonneau, A. Barbu, and J.-L. Bocquet, “Radiation effects on the long-
term ageing of spent fuel storage containers,” Packaging, Transport, Storage
& Security of Radioactive Material, vol. 15, no. 2, pp. 121–130, 2004.

[53] E. Toijer, “Assessment of primary damage and copper precipitation in cast iron
in repository conditions,” Master’s thesis, KTH Royal Institute of Technology,
2014.

[54] F. Djurabekova, L. Malerba, C. Domain, and C. Becquart, “Stability and mo-
bility of small vacancy and copper-vacancy clusters in bcc-fe: An atomistic
kinetic monte carlo study,” Nuclear Instruments and Methods in Physics Re-
search Section B: Beam Interactions with Materials and Atoms, vol. 255, no. 1,
pp. 47–51, 2007.

[55] N. Sandberg and P. Korzhavyi, “Theoretical study of irradiation induced hard-
ening and embrittlement in spent nuclear fuel holders, relevant for the swedish
long-term storage,” tech. rep., Swedish Nuclear Fuel and Waste Management
Co., Stockholm (Sweden), 2009.

[56] F. Christien and A. Barbu, “Modelling of copper precipitation in iron during
thermal aging and irradiation,” Journal of nuclear materials, vol. 324, no. 2,
pp. 90–96, 2004.

[57] M. I. Mendelev and Y. Mishin, “Molecular dynamics study of self-diffusion in
bcc fe,” Physical Review B, vol. 80, no. 14, p. 144111, 2009.

[58] T. Okada, “Determination of self-diffusion constants and observation of au-
toradiograph in iron–nickel and iron–cobalt alloys by radioactive iron,” Ra-
dioisotopes, vol. 15, pp. 169–179, 1966.

[59] Y. Iijima, K.-i. Hirano, and M. Kikuchi, “Determination of intrinsic diffusion
coefficients in a wide concentration range of a cu–ni couple by the multiple
markers method,” Trad. Instituto Japonés de Metales, vol. 23, no. 1, pp. 19–
23, 1982.

[60] G. Hettich, H. Mehrer, and K. Maier, “Self-diffusion in ferromagnetic α-iron,”
Scripta Metallurgica, vol. 11, no. 9, pp. 795–802, 1977.

[61] D. Graham and D. Tomlin, “Self-diffusion in iron,” Philosophical Magazine,
vol. 8, no. 93, pp. 1581–1585, 1963.

[62] D. Graham, “Mass dependence of self-diffusion in iron,” Journal of Applied
Physics, vol. 40, no. 6, pp. 2386–2390, 1969.

[63] Y. Iijima, K. Kimura, and K. Hirano, “Self-diffusion and isotope effect in α-
iron,” Acta Metallurgica, vol. 36, no. 10, pp. 2811–2820, 1988.



58 REFERENCES

[64] C. M. Walter and N. Peterson, “Isotope effect in self-diffusion in iron,” Physical
Review, vol. 178, no. 3, p. 922, 1969.

[65] M. Lübbehusen and H. Mehrer, “Self-diffusion in α-iron: the influence of dis-
locations and the effect of the magnetic phase transition,” Acta Metallurgica
et Materialia, vol. 38, no. 2, pp. 283–292, 1990.

[66] F. Buffington, K.-i. Hirano, and M. Cohen, “Self diffusion in iron,” Acta Met-
allurgica, vol. 9, no. 5, pp. 434–439, 1961.

[67] A. Satta, F. Willaime, and S. de Gironcoli, “Vacancy self-diffusion parameters
in tungsten: Finite electron-temperature lda calculations,” Physical Review B,
vol. 57, no. 18, p. 11184, 1998.

[68] Q. Chen and B. Sundman, “Modeling of thermodynamic properties for bcc,
fcc, liquid, and amorphous iron,” Journal of phase equilibria, vol. 22, no. 6,
pp. 631–644, 2001.

[69] A. V. Ruban and V. I. Razumovskiy, “Spin-wave method for the total energy
of paramagnetic state,” Physical Review B, vol. 85, no. 17, p. 174407, 2012.

[70] H. Ding, V. I. Razumovskiy, and M. Asta, “Self diffusion anomaly in ferromag-
netic metals: A density-functional-theory investigation of magnetically ordered
and disordered fe and co,” Acta Materialia, vol. 70, pp. 130–136, 2014.

[71] L. K. Mansur, “Void swelling in metals and alloys under irradiation: an as-
sessment of the theory,” Nucl. Technol.;(United States), vol. 40, no. 1, 1978.

[72] W. Wolfer and M. Ashkin, “Diffusion of vacancies and interstitials to edge
dislocations,” J. Appl. Phys., vol. 47, no. 3, pp. 791–800, 1976.

[73] W. Wolfer, “The dislocation bias,” J. Comput. Aided Mater. Des., vol. 14,
no. 3, pp. 403–417, 2007.

[74] B. Singh, M. Eldrup, A. Horsewell, P. Ehrhart, and F. Dworschak, “On recoil
energy dependent void swelling in pure copper part i. experimental results,”
Philos. Mag. A, vol. 80, no. 11, pp. 2629–2650, 2000.

[75] D. Seif and N. M. Ghoniem, “Effect of anisotropy, sia orientation, and one-
dimensional migration mechanisms on dislocation bias calculations in metals,”
Journal of Nuclear Materials, vol. 442, no. 1, pp. S633–S638, 2013.

[76] N. Yoshida, M. Kiritani, and F. Eiichi Fujita, “Electron radiation damage of
iron in high voltage electron microscope,” J. Phys. Soc. Jpn., vol. 39, no. 1,
pp. 170–179, 1975.

[77] R. Bullough, M. Wood, and E. Little, “A microstructural explanation for the
low swelling of ferritic steels,” ASTM special technical publication, no. 725,
pp. 593–609, 1981.



REFERENCES 59

[78] Y. Katoh, A. Kohyama, and D. S. Gelles, “Swelling and dislocation evolution
in simple ferritic alloys irradiated to high fluence in fftf/mota,” J. Nucl. Mater.,
vol. 225, pp. 154–162, 1995.

[79] Y. V. Konobeev, A. Dvoriashin, S. Porollo, and F. A. Garner, “Swelling and
microstructure of pure fe and fe–cr alloys after neutron irradiation to 26dpa
at 400Â° c,” Journal of nuclear materials, vol. 355, no. 1, pp. 124–130, 2006.

[80] W. Phythian and C. English, “Microstructural evolution in reactor pressure
vessel steels,” Journal of Nuclear Materials, vol. 205, pp. 162–177, 1993.

[81] S. Jumel, C. Domain, J. Ruste, J.-C. Van Duysen, C. Becquart, A. Legris,
P. Pareige, A. Barbu, E. Van Walle, R. Chaouadi, et al., “Simulation of irradi-
ation effects in reactor pressure vessel steels: the reactor for virtual experiments
(reve) project,” Journal of testing and evaluation, vol. 30, no. 1, pp. 37–46,
2002.

[82] M. Mathon, A. Barbu, F. Dunstetter, F. Maury, N. Lorenzelli, and
C. De Novion, “Experimental study and modelling of copper precipitation
under electron irradiation in dilute fecu binary alloys,” Journal of nuclear ma-
terials, vol. 245, no. 2, pp. 224–237, 1997.

[83] L. Messina, M. Nastar, T. Garnier, C. Domain, and P. Olsson, “Exact ab
initio transport coefficients in bcc fe- x (x= cr, cu, mn, ni, p, si) dilute alloys,”
Physical Review B, vol. 90, no. 10, p. 104203, 2014.

[84] S. Jumel, J.-C. Van Duysen, J. Ruste, and C. Domain, “Interactions between
dislocations and irradiation-induced defects in light water reactor pressure ves-
sel steels,” Journal of nuclear materials, vol. 346, no. 2, pp. 79–97, 2005.

[85] A. Pogrebnjak, A. Kobzev, Y. N. Tyurin, S. Golovenko, A. Boiko, et al., “Mass
transfer and doping during electrolyte-plasma treatment of cast iron,” Techni-
cal Physics Letters, vol. 29, no. 4, pp. 312–315, 2003.


