
Modelling of Dislocation Bias in FCC Materials

ZHONGWEN CHANG

Licentiate Thesis in Physics
Stockholm, Sweden 2013



TRITA FYS 2013:20
ISSN 0280-316X
ISRN KTH/FYS/–13:20-SE
ISBN 978-91-7501-785-3

KTH Reaktorfysik
AlbaNova Universitetscentrum

SE-106 91 Stockholm
SWEDEN

Akademisk avhandling som med tillstånd av Kungliga Tekniska högskolan fram-
lägges till offentlig granskning för avläggande av teknologie licentiatexamen i fysik
onsdagen den 12 juni 2013 klockan 10:15 i FA31, AlbaNova Universitetscentrum.

© Zhongwen Chang, Juni 2013

Tryck: Universitetsservice US AB



iii

Abstract

Irradiation induced void swelling is problematic for the application of
austenitic steels under high dose irradiation. In this thesis, the swelling is
characterized by dislocation bias. The dislocation bias is obtained using the
finite element method, accounting for fcc copper and nickel under electron
irradiation. The methodology is implemented with the interaction energies
between an edge dislocation and point defects. Analytically derived interac-
tion energies, which are based on elasticity theory, are compared with inter-
action energies obtained from atomistic model using semi-empirical atomic
potentials as physics basis. The comparison shows that the description of
analytical interaction energies is inaccurate in the dislocation core regions.
The bias factor dependence on dislocation density and temperature is pre-
sented and discussed. At high temperatures or low dislocation densities, the
two approaches tend to converge. However, the dislocation bias based on
the interaction energies from the two approaches, reveals larger discrepancy
for nickel than for copper. The impact on dislocation bias from the different
stacking fault energies of copper and nickel is elaborated. Nickel, which has
a larger stacking fault energy, is predicted to have larger swelling rate than
copper under the same irradiation conditions.
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Sammanfattning

En av de största utmaningarna för utvecklingen av nästa generations kärn-
kraftsteknologi är vilka strukturella material som kan kvalificieras. Valet av
material baseras på tidigare erfarenhet och forskning. Austenitiska stål är
intressanta på grund av deras utmärkta mekaniska egenskaper vid höga tem-
peraturer. De lider däremot av svällning då de utsätts för höga strålnings-
doser. Därför är det viktigt att förstå mekanismerna för svällning. I den här
avhandlingen karaktäriseras svällning i koppar och nickel med hjälp av stan-
dard ratteori, i vilken parametern dislokationsbias är grundläggande. Disloka-
tionsbiasen beräknas med hjälp av finita elementmetoden. Olika modeller för
interaktionsenergin mellan en dislokation och defekter används. Analytiskt
härledda interaktionsenergier, baserade på elasticitetsteori, jämförs med de
erhållna från en atomistisk modell med semi-empiriska atompotentialer som
fysikalisk grund. Jämförelsen visar att den analytiska metoden är felaktig in-
om närområdet runt dislokationens kärna. Dislokationsbiasens beroende på
temperatur och densitet presenteras och diskuteras. Vid höga temperaturer
eller låga dislokationsdensiteter tenderar de två metoderna att konvergera. En
större diskrepans mellan de två metoderna uppvisas för nickel än för koppar.
Inverkan på dislokationsbiasen utifrån de olika staplingsfelsenergierna som
koppar och nickel har diskuteras. Nickel, som har högre staplingsfelsenergi,
förutsägs ha en högre svällningsrat än koppar under samma bestrålningsför-
hållanden.
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Chapter 1

Introduction

The growing demand of energy is one of the foremost challenges civilization faces
today. How to meet the increasing energy need without adding extra burdens to
the environment is a question of importance. Nuclear energy could play a key role
in the solution. Atomic power is well know for its high energy density and low
carbon dioxide emission rate. Carbon dioxide is regarded as the main reason for
anthropological global warming. Fission reactions liberate much larger amounts of
energy than chemical reactions. For example, the energy released from fission of
1 gram of uranium 235 is about 23 MWh, which is an equivalent to combustion
of 2 tons of coal [1]. Additionally, the carbon dioxide production from 1 kWh of
nuclear power is estimated to be 3–24 g, while fossil fuels, such as coal, generate
760–1280 g/kWh [2]. However, there are some issues concerning nuclear usage such
as nuclear safety and nuclear waste.

To solve the issues of nuclear, revolutionary types of reactors has been proposed,
so called Generation IV (Gen IV) reactors [3]. The main goals include, but are not
limited to, increasing the efficiency of fuel resources and reducing the long term
radiotoxicity of the spent fuel. Among the six different types of Gen IV reactors,
two liquid metal coolant, namely the lead-cooled fast reactor (LFR) and the sodium-
cooled fast reactor (SFR) are of interest. Their fast neutron spectra could possibly
burn some of the actinides in the existing spent nuclear fuel without producing
new long lived waste. At the same time, the high temperature, high irradiation
dose and the high corrosion from liquid metal coolants (especially lead), require
new, innovative materials. The research and development of materials for nuclear
application is therefore in need.

In this chapter, a brief introduction to some of the candidate structural materials
is presented.

1
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Figure 1.1: Illustration of service environment for current light water reactors, Gen
IV reactors and fusion reactors. Reproduced from a research article [4]. VHTR: very
high temperature gas-cooled reactor; SCWR: super-critical water-cooled reactor;
GFR: gas-cooled fast reactor; MSR: molten salt reactor. dpa: displacements per
atom.

1.1 Steels in Nuclear Reactors

The operating conditions, in terms of temperature and displacement dose for dif-
ferent reactor systems are shown in Figure 1.1. Compared with the current light
water reactors, the structural materials in Gen IV reactors are subjected to a much
higher fast-neutron irradiation dose with neutron fluxes above 1015n cm−2s−1, as
well as to higher operating temperatures. The aggressive operating environment
exerts high requirements on materials to be used in the fast reactors [4], namely

1. Mechanical properties should be acceptable during the expected lifetime.

2. The materials should keep their properties in spite of the corrosive environ-
ment.

3. The products should be dimensionally stable even under severe irradiation
conditions.

Moreover, in order to ensure good economy of the Gen IV systems, these
structures are expected to enable the fuel to reach high burn-up up of about 200
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GWd/tHM (gigawatt-days per ton of heavy metal) and ensure the lifetime of the
reactors to be at least 60 years [5]. Unfortunately, materials used in current reactors
do not fulfil requirements of Gen IV. Improved existing commercial materials, as
well as newly designed materials have to be qualified in order to meet these specific
requirements.

Austenitic steels are one of the most widely used classes of engineering alloys.
It has been and still is a reference type of material to be used for fuel cladding
and wrapper tube for nuclear reactors. The typical commercial types relevant to
nuclear applications include type 304 and type 316 [6]. Both types exhibit good
corrosion resistance and thermal creep resistance. The combination of strength and
ductility in different temperature ranges and rich industrial experience enable them
to be good candidates for fast reactors. Type 316 was used in the early prototypes
and demonstration reactors in the USA in the middle 60’s, until void swelling
was discovered in 1967 [7]. Since then, massive studies and improvements have
been done to solve the swelling problem in austenitic steels. For example, adding
stabilizing elements, adjusting chemical components and introducing cold work.
Steel D9 is one of the results of the effort. D9 is Fe-15Cr-15Ni alloy with added Ti.
It was used in both the Phenix and SuperPhenix reactors in France as cladding and
also for other reactor components. D9 exhibits much better void swelling resistance
compared to 316 steels. Swelling, however, occurs near 100 dpa at around 700 K [8].
Another good candidate for fast reactor application is the 15/15Ti steel. 15/15Ti is
one of the best performing materials for nuclear applications today. The maximum
incubation dose goes up to 130 dpa [9]. However, the ductility of these steels above
100 dpa is not sufficient for safe operation.

Another promising type of steel are the ferritic steels. Ferritic steels are strongly
swelling-resistant, but the mechanical properties in the high temperature range are
problematic. This makes it difficult to directly apply ferritic steels in Gen IV
reactors at the current stage. Research is naturally ongoing and more information
can be found in [10].

To further improve the materials, fundamental understanding of the mechanisms
of irradiation damage is of importance. A brief introduction on radiation damage
with the focus on swelling in austenitic steels follows.

1.2 Radiation Damage and Swelling

Radiation damage is a change of material properties due to irradiation. The most
important observable changes include embrittlement, swelling, and creep. Those
radiation induced property changes result from the microstructure evolution. High
energy particles injected in the material collide with atoms of the material, transfer-
ring their energy to the crystal by knocking atoms away from their original crystal
positions. The primary knock-on atoms (PKAs) continue then to cause collisions
with other atoms in the material. These "billiard games" generate cascades of dis-
placed atoms. In most cases, 90%-99% of the displaced atoms will recombine with
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Figure 1.2: Illustration of typical defects.

vacant lattice positions. The remaining displaced atoms go through a microstruc-
ture rearrangement. For example, single defects aggregate to form defect clusters,
such as voids and dislocation loops. The interactions between clusters, pre-existing
defects, such as dislocation and grain boundaries, and point defects (PDs), namely
vacancies and interstitial atoms, are the major contributions to radiation damage
and finally cause the microscopic and macroscopic change in material properties
[11]. Typical types of defects are illustrated in Figure 1.2.

The microstructure evolution of materials under irradiation depends on the
crystal structure. There are, in general, three kinds of crystal structures for nuclear
materials: hexagonal close packed (HCP), body-centered cubic (BCC) and face-
centered cubic (FCC). Each structure has its advantages and disadvantages in terms
of irradiation damage as explained with examples below.

Zirconium is the most important HCP structure material in nuclear applica-
tions. 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 200 dpa. Yet, the mechanical properties of ferritic steels at
high temperatures are not satisfactory. Copper, nickel and austenitic steels are of
FCC structure. As mentioned previously, the austenitic steels show relatively good
mechanical properties at both high and low temperatures. However, the swelling is
a problem that cannot be remedied completely.

Radiation induced void swelling in stainless steel was first discovered in the
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Figure 1.3: Swelling in austenitic steels under different conditions, reproduced from
original data [19].

Dounray Fast Reactor in the UK with the temperature range of 400 − 610◦C and
neutron fluence greater than 1022 n/cm2. At temperatures more common in nowa-
days reactors, when both vacancies and self-interstitial atoms (SIAs) are highly
mobile, vacancy clusters normally form voids that result in the volume change,
that is, swelling. One fundamental reason for the vacancy accumulation is that
the SIAs have higher interaction energy with edge dislocations than vacancies
do. These stronger interactions with SIAs result in excess accumulation of va-
cancies in the material. Many experiments have been carried out to understand
the phenomenon on different materials and with different irradiation conditions
[12, 13, 14, 15, 16, 17, 18].

It was found that, in general, there is an incubation period required to develop
a saturation void and dislocation microstructure. It is then followed by a steady-
state swelling rate that, in most cases, does not reaches swelling saturation. In
austenitic steels, the incubation period is sensitive to, for example, the material
composition, irradiation temperature, dpa rate etc. After the incubation period,
however, the steady-state swelling rate attains a stable value of about 1%/dpa, as
shown in Figure 1.3. More details can be found in the reference review of Garner
and Toloczko [19].

In order to extract as much information as possible from the radiation data,
experimental techniques such as micro-X-ray diffraction, small angle neutron scat-
tering, atom probe tomography, e-microscopy, TEM etc, are applied to provide



6 CHAPTER 1. INTRODUCTION

information on material structure and compositions. Mean while, simulation and
modelling approaches, such as molecular dynamics, kinetic Monte-Carlo, rate the-
ory and dislocation dynamics, are broadly used to obtain more insight in smaller
time and space scales. For example, a typical time interval between the creation
of an interstitial and its diffusion to a sink is 10−6 s [11]. Computational simula-
tion provides possibilities to observe and gain insights into the processes that occur
during the defects microstrucral evolution.



Chapter 2

Modelling of Void Swelling and
Interaction Energies

The distribution of defects after irradiation can be obtained in principle from solv-
ing a set of diffusion problems. The complicated local environment however makes
the problems too complicated to be solved exactly in practice. Reasonable as-
sumptions must be sought to arrive at acceptable solutions. In general, models for
properties of bulk metal are mostly based on continuum treatments. Upon this,
effective medium approaches are often applied in radiation damage studies. In this
approach, a particular sink is regarded as embedded in an effective medium that
maintains an average concentration of mobile defects at a distance far from this
sink, and that neglects production and losses of mobile defects nearby the sink [20].
The global properties of defects such as creation, annihilation, and interactions are
parametrized at the continuum level. In this chapter, the analytical models derived
from this approach will be discussed and compared to the atomistic approach.

2.1 Standard Rate Theory

One of the most popular models used for studies of dimensional changes due to
irradiation is the standard rate theory (SRT) [21, 22, 17]. It is formulated within
the framework of the mean field type chemical reaction rate theory, in which the
formation, diffusion and annihilation of defects are modelled through a set of cou-
pled differential equations that contain the kinetics of the reactions between defects
and other microstructural features [23, 24, 11]. The advantage of this approach is
that by solving a system of coupled equations one can cover the broad time scale of
microstuctural evolution under irradiation. Thus it forms a direct link between de-
fect behaviour and macroscopic properties. It has been showed that it successfully
explained the effects of electron irradiation [17].

In this traditional model, single interstitials and vacancies are assumed to be
produced homogeneously in space and uniformly in time. No cluster directly gen-

7
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erated after the injection particles is considered, which is a reasonable assumption
under electron irradiation due to the low energy carried by an electron, but it is
not the case for example in neutron irradiation. In neutron irradiation, the injected
particle with high energy induces more complicated structures, such as point de-
fects clusters. Therefore, the SRT model is not suitable for modelling the effects of
neutron irradiation. For that purpose, a more sophisticated model known as the
production bias model (PBM) [25, 26, 27] has been developed in the early nineties.
It has been developed significantly since then [28, 29, 30, 31, 32] and successfully ex-
plained phenomenons such as high swelling rates at low dislocation density [28, 31],
grain boundary and grain size effect [29, 31, 32]. However, the SRT model is the
simplest model for damage production and it correctly describes electron irradia-
tion [18, 15, 17], and it is the limiting case of PBM. In our work, it is the SRT
model that has been considered.

The main concepts of the simplest SRT model are as follows [21, 33]:

1. The incident particles only produce isolated Frenkel pairs (FPs).

2. Both SIAs and vacancies migrate in three dimensions.

3. Dislocations preferentially absorb SIAs, rather than vacancies, due to the
stronger dislocation–SIA interaction.

The preference is introduced as a concept of sink bias. In this simplified model, the
dislocations are the only sinks with a bias factor different than unity, and conse-
quently the only driving force for the evolution of the microstructure after electron
irradiation. The dislocation bias is then the reason for the excess of vacancies in
the bulk and consequently for void swelling.

To write the swelling rate, basic derivation are presented here, starting from the
balance functions of the point defects. There are normally generation terms which
produce the defects, sink terms and recombination terms which remove the defects.
The three terms determine the point defects concentration change:

dCi

dt
= G−DiCi(k2

vZ
v
i + Zd

i ρ)− µRDiCiCv (2.1)

dCv

dt
= G−DvCv(k2

vZ
v
v + Zd

vρ)− µRDiCiCv (2.2)

where G is the generation rate of PDs, D and C are the diffusion coefficient
and concentration, the subscripts i and v represent interstitial and vacancy respec-
tively. k2

v = 4π〈R〉N , with 〈R〉 the mean radius of voids and N the void density,
is the sink strength of voids, Z is the capture efficiency, the superscripts d and v
represent dislocation and void respectively. Z denotes a measure of the loss rate
of point defects to sinks per unit mean point defect concentration [34]. µR is the
recombination coefficient. ρ is the density of dislocation, and Zdρ is defined as sink
strength for dislocation.
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At steady state, dC/dt=0 for both interstitials and vacancies. The right hand
side of Eq. 2.1 and Eq. 2.2 are hence also zero. This indicates the generated point
defects are either recombined or absorbed by sinks. The amount of point defects
flowing through unity area in unity time scale is DαCα, where α denotes i or v
for interstitial or vacancy, can be written. Near the peak swelling temperature, it
is a good approximation to neglect intrinsic recombination and thermal emission
[35]. Moreover, a void is considered as a neutral sink, which does not have a bias
in absorption of vacancies and interstitials. This means that the capture efficiency
of voids for both point defects Zv

v and Zv
i are unity. Hence we have:

DαCα = G

k2
v + Zd

αρ
(2.3)

The effective vacancy supersaturation Zv
vDvCv − Zv

i DiCi is therefore the com-
bination of rate coefficients and measurable parameters. The swelling rate dS/dt is
determined by the difference in total fluxes of vacancies and SIAs to the voids. It
is hence given by [17]:

dS

dt
= k2

v(Zv
vDvCv − Zv

i DiCi) = Gk2
v( 1
k2

v + Zd
vρ
− 1
k2

v + Zdi ρ
) (2.4)

Swelling is strongly dependent on irradiation dose φ = Gt in the unit of dpa, it
is therefore given the form:

dS

dφ
= k2

v( 1
k2

v + Zd
vρ
− 1
k2

v + Zdi ρ
) = Bd

k2
vZ

d
vρ

(k2
v + Zd

vρ)(k2
v + Zd

i ρ)
(2.5)

where
Bd = Zd

i − Zd
v

Zd
v

(2.6)

is refered to as the dislocation bias. The dislocation bias Bd in Eq. 2.5 is the
intrinsic driving force for the swelling. It is calculated from capture efficiency or
sink strengths of point defects, which are directly decided by the interaction energy
between dislocations and point defects. A brief illustration of a theoretical approach
of obtaining interaction energies is given in the following section.

2.2 Elasticity Theory Approach

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 non-homogeneity interaction, electrical interactions etc. The most
important one is the first order size interaction [36]. 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 simulated by elastic



10
CHAPTER 2. MODELLING OF VOID SWELLING AND INTERACTION

ENERGIES

inclusions, normally a sphere. The difference between vacancy and interstitial,
therefore, is only the formation volume. Thus the interaction energy for a straight
dislocation is written [37]

E = −A sin θ
r

(2.7)

where
A = µb

3π
1 + ν

1− ν |∆| (2.8)

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
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 signs are for vacancy and SIA respectively.

This is often used as the approximated interaction energy in calculating the bias
factor. The other interactions can be found in the dedicated study [36].

2.3 Atomistic Approach

The elastic continuum approach of estimating interaction energy contains many
assumptions, therefore the accuracy is difficult to assess. On the other hand, more
and more computational resources are available; empirical and semi-empirical po-
tentials are also better fitted to dislocation properties nowadays. For example, the
stacking fault energy and partial dislocation cores can be reproduced from compu-
tational simulations as shown in Figure 2.1. The efforts of this development result
in the convenience of assessing theoretical results by atomistic calculations. In fact,
the edge dislocation – point defect interaction energies have previously been calcu-
lated in Fe and Ni using an atomistic approach [38, 39]. The capture range within
which SIAs are trapped by an edge dislocation for Ni was shown to be larger than
for Fe, suggesting a larger bias factor in Ni than that in Fe. In Cu and Mo elasticity
theory has been applied in order to calculate the point defect interaction energy
close to the dislocation core [40].

Atomistic 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, (2.9)

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), (2.10)
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Figure 2.1: Partial dislocations formed after relaxation of the whole system.

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

The formation energies of point defects are hence defined as

Ef
v = Ev −

n− 1
n

Etot (2.11)

for vacancy and

Ef
i = Ei −

n+ 1
n

Etot (2.12)

for SIA. The Ev and Ei are the total energies of systems with a vacancy or an SIA
respectively. n is the number of atoms in the reference simulation cell. n−1

n and
n+1
n are the scaling factors for vacancy and SIA respectively due to the fact that

the formation of a vacancy means one atom missing in the perfect crystal while the
formation of a SIA means one atom added to the perfect lattice sites.

With this definition of the formation energy of point defects, the interaction
energy in atomistic calculations is defined as the difference of the formation energies
with and without the presence of a dislocation. It is convenient to obtain the
atomistic interaction in each atomic position in the supercell. Since the dislocation
model here is an infinitely long edge dislocation, the interaction landscapes on the
gliding plane, which is perpendicular to the dislocation line, is representative.
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A dislocation model treating a periodic array of edge dislocations was applied.
Two half crystals are strained to have different lattice parameters in the 〈110〉
direction, along the Burgers vector b. They join along the dislocation slip plane to
form a misfit of b. As illustrated in Figure 2.2, for a crystal of size Lb along b, the
lattice repeat distance in the upper half crystal is b+ 0.5b/Lb, whereas in the lower
half crystal it is b− 0.5b/Lb. Thus the dislocation with b is generated in the center
and if the supercell size is sufficient large, only negligible low stresses remain near
the dislocation [41].

Figure 2.2: Schematic visualization of two half crystals for construction of an edge
dislocation. Reproduced from [41].

In order to model an infinite straight edge dislocation (ED), periodic boundary
conditions were applied in the direction of the Burgers vector b and in the direction
of the dislocation line. A fixed boundary condition was applied in 〈1̄11〉. A vacancy
is created by removing one atom from the lattice and relaxing the crystal. Dumbbell
SIAs in 〈100〉 directions, as shown in Figure 2.3, are created by adding one atom,
perturbing slightly the atomic positions of the two nearest neighbour atoms and
then relaxing. An initial distance of 0.4 a0 between the two relocated atoms is used.
Considering both the boundary effects and the computational cost, for copper, a
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simulation box of 85980 atoms with a dislocation density of 2.6·1015 m−2 was set up,
and for nickel it is 157572 atoms with a density of 1.5 ·1015 m−2. A combination of
conjugate gradient and quasi static relaxation with constant volume was applied in
the ideal dislocation structures. Full relaxation of the model lattices were performed
by a static method under the fixed boundary condition and then the total energy
of the whole lattice were calculated as a function of the defect positions.

Figure 2.3: Schematic visualization of SIA dumbbells of different orientations. A.
[100] dumbbell; B. [010] dumbbell; C.[001]dumbbell. The red filled circles represent
atoms in perfect sites, the circle represent missing atom and the two blue filled
circles represent the dumbbell atoms.

Large scale molecular statics calculations were performed using the DYMOKA
code [42]. Full interaction energy landscapes around the dislocation core for PDs
were obtained using a semi-empirical embedded atom method (EAM) potential for
Cu [43] and Ni [44]. These potential reproduce the properties of defects in good
agreement with experimental data. The stacking fault energy obtained from the
potential for copper is 44 mJ/m2, the vacancy dilatation volume is -0.3 Ω and
the interstitial dilatation volume is 1.8 Ω. For nickel, the stacking fault energy
is 113 mJ/m2, the vacancy and SIA dilatation volumes are -0.07 Ω and 1.16 Ω
respectively.

The maximum interactions are shown in Table 2.1. The average maximum inter-
action energy between the dislocation and SIA is taken from the average maximum
interaction energies in the three SIA orientations.

Table 2.1: Maximum interaction energies (eV) from atomistic calculations.

Eint (eV) Cu Ni
Vacancy -0.07 -0.38

SIA Average -0.94 -1.07
<100> -0.87 -1.36
<010> -1.04 -1.1
<001> -0.90 -0.77

The periodic boundary conditions used for the calculation cause mirroring ef-
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fects. The point defects in the supercell interact not only with the dislocation
in the current supercell, but also the dislocation in the neighbouring image cells.
This effect has been removed by subtraction of the interaction energy from neigh-
bour dislocation core. Eq. 2.7 has been used to describe the interaction energy by
applying a large r.

The fixed boundary in the norm of slip plane [1̄11] causes another problem.
The system is relaxed in a fixed volume, therefore an inner stress is built up in the
supercell. We assumed a linear correction function which goes through the disloca-
tion center in the <1̄12̄> plane. By calculating the stress energy on the boundary
point which is far away from the dislocation, we get a correction function for both
SIA and vacancy. Figure 2.4 illustrates the <1̄12̄> plane with fixed boundaries as
well as the correction function. Figure 2.5 shows the real correction functions we
used for both vacancy and SIA in copper and nickel. The original simulation box
set up for Ni is almost twice as long in <1̄11> direction as for Cu, therefore the
stress built up in Ni is weaker, which means having less steep slopes in Figure 2.5
for Ni is reasonable.

Figure 2.4: Schematic representation of periodic boundary and the stress built up
in the supercell. The blue curve function is the assumed stress function and the red
linear function is the fitting approximation. The two shadowed blocks represent
the fixed boundaries.

Different dislocation densities were generated by expanding the region described
by the atomistic model and matching it to the analytical solution in the outskirts.
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Figure 2.5: The correction functions for the boundary stress field.

In this manner the near core region is described as accurately as possible while at
the same time one can obtain dislocation densities on the same order of magnitude
as in technological materials. The effect of the fixed boundary and that of the
periodic image interaction along the glide direction were corrected for the atomistic
simulation.
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2.4 Comparison of Analytical and Atomistic Methods

It is well known that the dislocation core region is not well described in the ana-
lytical approach [45], while all previous calculations of bias factors rely on elastic
descriptions of the dislocation–point defect interactions. In order to assess to which
extent the analytical approach works, a comparison of analytical and atomistic in-
teractions is motivated.

In FCC materials, namely copper and nickel studied here, the edge dislocation
splits into two partial dislocations due to the system energy minimization. From
the EAM potentials [43, 44], we have in copper case the shear modulus µ=76.2 GPa
and the stacking fault energy ESF=44.4 mJ/m2. The splitting distance due to the
stacking fault, which, according to elasticity theory, is calculated as [46]

d = µb2

4πESF
, (2.13)

is hence 35 Å. In our calculation system, the positions of the partial dislocations
are determined by searching for the positions with maximal energies. This gives
a distance of 37 Å in between the two partial dislocations. In the case of nickel,
the shear modulus µ=125 GPa and ESF=113 mJ/m2 which corresponding to a
splitting distance of 22 Å both from theoretical calculation and from our energy
minimization of the system.

On the other hand, the analytical model derived from elasticity theory does not
include dislocation splitting. Therefore, a model of two partial cores, each with
a Burgers vector b/2 has been constructed. The superposition of the interaction
energy Eq. 2.7 due to the two cores forms the analytical elastic interaction model.
Since Eq. 2.7 is derived from an isotropic description for the dislocation configura-
tion, the analytical models based on it are also isotropic.

An assessment of the interaction between an SIA and the dislocation core reveals
a significant discrepancy between the analytical solution, treating SIAs as isotropic
objects, and results of the atomistic calculations, as can be seen in Figure 2.6 and
Figure 2.7. The interactions between SIAs with the dislocation have been averaged
in three different orientations. The atomistic description of the SIA–dislocation
interaction in the core and stacking fault (binding the two partial cores) regions
is essential given the anisotropy of Cu and Ni, considered here, and for metals in
general.

Moreover, on the attractive side of the dislocation, in the case of interstitials, the
interaction is stronger in the atomistic case compared to the analytical one in both
Cu and Ni case. Qualitatively, this can be understood because it is energetically
easier to expand the lattice than to compress it far beyond the linear regime. For
the vacancy, the difference is generally smaller. This suggests a larger dislocation
bias in comparison with the analytical results.

Comparing the interaction energies in Cu and Ni, both the SIAs and vacan-
cies have stronger interactions in copper than in nickel. The difference in SIA–
dislocation interactions is less significant in Ni compared with the case in Cu. To
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Figure 2.6: Edge dislocation – point defect interaction energy maps for the different
approaches in Cu, A) Atomistic SIA; B) Analytical SIA; C) Atomistic vacancy; D)
Analytical vacancy; E) Difference between A and B; F) Difference between C and
D.

understand the difference, namely the subfigures E and F in the two figures, the
anisotropic property should be considered. Copper has a larger anisotropy factor
(3.22) than nickel (2.5), hence the subfigures E and F are more striking in copper
case.
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Figure 2.7: Edge dislocation – point defect interaction energy maps for the different
approaches in Ni, A) Atomistic SIA; B) Analytical SIA; C) Atomistic vacancy; D)
Analytical vacancy; E) Difference between A and B; F) Difference between C and
D.



Chapter 3

Prediction of Sink Strengths and
Biases of Dislocation

The bias factor is the quantitative description of the preference of one type of
defect to be absorbed by a given sink. It is an integral part in the present models
for void swelling. However, the biases vary significantly with crystal structure,
alloy composition, the characterization of the mobile defects and the irradiation
temperature [47]. It is therefore important to understand the physical basis of this
parameter. Analytical and computational approaches will be shown in the following
sections to quantify the dislocation bias.

3.1 The Bias Factor from A Theoretical Approach

With the first order size interaction energy, which treats mobile defects as a center
of dilations, Ham [48] gives the analytical solution of the diffusion equation with
a drift term, which is the origin of the bias factor. Later Wolfer and Ashkin [45]
implemented perturbation theory in order to include the inhomogeneity interaction
into the diffusion equation. The biases they obtained agree well at high temperature
but show slight differences at low temperature.

The drift term is the second term in Fick’s law for the flux of defects migrating
through a solid:

J = −O(DC)− βDCOE (3.1)
Due to the complexity of solving this diffusion equation for each mobile defect,
an effective medium model is applied. In this model, a particular sink is seen as
embedded in an effective medium that maintains an average concentration of point
defects at a distance far from the sink.

Define a diffusion potential function Ψ in the following form:

Ψ = DCeβE(r) (3.2)

The flux J could be re-formulated:

19
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J = −e−βE(r)OΨ (3.3)

Applying the steady-state condition O · J = 0 and the boundary conditions
C(R) = C and C(r0) = Cthexp(−βE(r0, θ)), the equation can be solved. These
boundary conditions indicate that at a radius R, far from the dislocation core,
the concentration of point defects assumes a constant value C̄ while on the inner
radius, r0, it is assumed that the local thermodynamic equilibrium concentration
is maintained.

The following partial differential equation is obtained:

O2Ψ = βOE · OΨ (3.4)

with the boundary conditions now Ψ(R) = DC and Ψ(r0) = D0C0exp(−βE0)
where E0 is a constant. Given the interaction energy E, one can solve this second
order partial differential equation with certain boundary conditions. Applying the
size interaction Eq. 2.7, the solution of the diffusion equation can be obtained
in terms of products of modified Bessel functions with cosine functions, and a
parameter named capture efficiency is obtained [49, 50]:

Z = 2πI0(L/2r0)
K0(L/2R)I0(L/2r0)−K0(L/2r0)I0(L/2R) (3.5)

Here K0 and I0 are the modified Bessel functions of zero order and L is the char-
acteristic range of the interaction potential:

Lα = µb

3kBTπ
1 + ν

1− ν |∆| (3.6)

where subscript α denotes the type of defect.
Sink strength is then defined as:

k2 = Zρ (3.7)

and the bias factor Bd = Zi−Zv
Zv

, the same as in Eq. 2.6. With a similar approach
but different defect parameters, there are values available in the literature. Wolfer
[47] obtained Bd =25% with a dislocation density of 1012 m−2 for copper; Heald [51]
got an Bd between 30% and 50% for copper at the dislocation density of 1011 m−2.

3.2 Bias Factor from Experimental Fitting

Since Bd is the core parameter in the standard rate theory, its evaluation has been
attempted in many works. Depending on the exact features of the experiments,
the authors modified the basic SRT model according to their experiments and
then fitted with experimental data to obtain Bd [15, 16, 17, 18]. However, the
modifications on the model for each fitting are different. For example, in Makin’s



3.3. BIAS FACTOR FROM FINITE ELEMENT METHOD 21

work in 1980 [15], 1MeV electron irradiation in HVEM was used on ST316 steel.
In their fitting model, several correction factors, such as the void-void interaction
correction factor, Wiedersich correction factors [33], are used. The fitting results
show that at the lower temperature there is an order of magnitude discrepancy
between the theoretical bias and that determined from the experimental results.
Golubov [17] uses the experimental data from electron irradiation in copper. He
takes into account both the transient period and steady state. His fitting model
is based on rate theory but started from the size distribution function of voids.
The results show 2% as the dislocation bias. Fisher [18] did experiments to study
dislocation loops. A quasi-steady state numerical method was used, which means
the concentration of defects and sink strengths varies dependent on each other.
Moreover, the recombination and surface biases are implemented in the model due
to their experimental set-up. However, even though each experiment is unique,
they arrived at more or less the same bias factor of around 2%.

3.3 Bias Factor from Finite Element Method

The bias factors in our work are calculated by the finite element method (FEM),
which discretize the partial differential equations with boundary conditions in a
predefined geometry. In our case, different combination of geometries depicting the
dislocation cores and system outer boundaries have been tested. By applying the
atomistic and the analytical interaction energies respectively in Eq. 3.4, numerical
solutions of Ψ were obtained on the dislocation plane based on 2D FEM calculations.
The capture efficiencies are obtained by integrating the total flux into the core region
with the dislocation, but normalized to that without the dislocation. The calculated
capture efficiencies and bias factors using either atomistic interactions or analytical
interactions, with Cu expanded to the same dislocation density of 1.5·1015m−2 as
nickel at 873 K, are demonstrated in Table 3.1. It is worth noticing that the capture
efficiencies for vacancies from both approaches turn out to be close to 1.0, while
for SIAs they have a large variation dependent on the temperature and dislocation
density. This means that the bias factors are dominated by the capture efficiencies
of SIAs. Nickel has a larger dislocation bias than copper from both analytical and
atomistic approaches. This is foreseen by the fact that the difference of interaction
with SIAs, Figure 2.7 A, and vacancies, Figure 2.7 C, is larger than that for copper.

Table 3.1: SIA (Zd
i ) and vacancy (Zd

v ) capture efficiencies and bias factors calcu-
lated at 873 K and a dislocation density of 1.5 ·1015 m−2.

Cu Ni
Zd

i Zd
v Bd Zd

i Zd
v Bd

Atomistic 1.16 1.01 0.15 1.28 1.02 0.25
Analytical 1.12 1.00 0.12 1.16 1.00 0.16

To assess the impacts of different approaches, Bd is calculated in Cu for different
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configurations. Figure 3.1 shows the results. The fully analytical solution, which
depends only on the geometry of the dislocation system and the dilatation volumes
of the point defects, is presented in Eq. 3.5. This analytical solution of the capture
efficiency is valid only if the interactions on the outer boundary is negligible. While
this condition is not valid for high dislocation densities. Hence it explains the large
gap between the pure analytical expression results and the analytical FEM method
results at high dislocation densities. Still, the FEM approach overestimates Bd by
less than 0.01 for densities lower than 1014 m−2. The geometrical shape of the outer
boundary does not seem to play an important role, while the core configuration,
namely one single full core or two partial half cores, does make a difference of
around less than 0.005 in Bd values.

Capture efficiencies were calculated under different temperatures and dislocation
densities by applying respectively the atomistic interaction energy and the elastic
analytical interaction formula. The results are shown in Figure 3.2 and Figure 3.3.
Both the atomistic and the analytical Bd decrease as the temperature increases
and they tend to converge at the high temperature limit. The reason for that
could originate from the contribution from the dislocation cores. As temperature
increases, diffusion and thermal fluctuations become the dominant driving force
for the flow of PDs. Therefore, in Eq. 3.1, the contribution from the drift term
decreases. The dislocation core region does not play as important role at high
temperatures as it does at lower temperatures. Thus, the atomistic and analytical
approaches converge in the high temperature region.

It is worth noting that a strong temperature dependence of Bd is demonstrated,
which is important to account for when considering real structural or functional
reactor components, which experience strong temperature gradients during opera-
tion.

Although the crystal sizes used in the molecular static calculations are large
enough to accurately describe the dislocation core region, the implied dislocation
density is 2–3 orders of magnitude higher than the one typical for real steels. By
merging the energy landscape near the dislocation core, obtained through the atom-
istic simulation, with the elastic solution far away from the core, which has been
proven to be accurate enough, the effects of the dislocation density on the value
of Bd are characterized. It is shown in Figure 3.3 that Bd rises steeply in both
materials if the dislocation density exceeds 1014 m−2. Such a dislocation density
in fact can be reached by, for example, cold work.

Figure 3.3 shows that Bd increases as the dislocation density increases. At
higher temperatures, Bd is more weakly dependent on dislocation density than at
lower temperatures. At the low density limit, the calculated bias factor from atom-
istic and analytical interaction energy models tend to converge. For high dislocation
densities the difference is significant. This is possible due to the diffusion of PDs
being prioritized at high dislocation densities. On the other hand, at high disloca-
tion densities, the dislocation core – point defect interactions are dominating, hence
the precise core description becomes more important in this case. In fact, in real
fast reactor conditions, high irradiation doses generate high dislocation densities.
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Figure 3.1: Analytical solution of Bd at 873 K for copper as a function on disloca-
tion density considering different geometries and methods. Illustration of different
boundaries are shown in inner figures. A. one core with circle boundary; B. two
cores with square boundary; C. one core with square boundary. Red circles repre-
sent the inner core, black circle and squares represent the outer boundaries.

Therefore, the high density Bd results are of technological interest.
The dislocation bias, from the description of SRT, is proportional to the swelling

rate of the material. These results suggest that nickel is more sensitive in swelling
comparing with copper under the same irradiation conditions, which would imply
that copper is more swelling-resistant than nickel. This is consistent with experi-
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Figure 3.2: Temperature dependence of Bd for the atomistic and analytical cases
for a dislocation density of 1.5·1015 m−2 .

mental conclusions [52], despite different irradiation modes.
In order to compare these results with measurements, the bias factor and the

capture efficiencies obtained from the atomistic approach are applied in Eq. 2.5 to
calculate the swelling rate for copper in three different irradiation dose conditions.
The experimental data is from Singh, et. al. [53], in which Cu is irradiated by
three different sources: electron, proton and neutron irradiation. Those that could
be described by the SRT model, namely only generated-isolated point defects are
selected and the experimental void density and void size in steady state are shown
in Table 3.2. They are determined by TEM at around 520 K and the dislocation
density is calculated to be on the order of 1011 m−2. The 2.5 MeV electron irradia-
tion were performed at the irradiation beam line of a van de Graaf accelerator, and
the 3 MeV proton irradiation were performed at the Tandetron accelerator. In both
case the fraction of defects produced in clustered configurations were sufficiently
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Figure 3.3: Dislocation density dependence of Bd for the atomistic and analytical
cases at two temperatures.

small for the dislocation bias model to be valid.
Experimental swelling results [53] were taken as the reference case and are pre-

sented in Table 3.3. The calculated swelling is obtained by applying the capture
efficiencies from the atomistic calculation to the SRT model at the same temper-
ature and dislocation density as in the experiments. The discrepancies are within
expected range considering that the SRT model here applied is a simple steady-state
model, while the transient period has been taken into account in the experimental
fitting. Furthermore, the mean radius of voids is used here while in the experimental
fitting the distribution of voids sizes were used.

Due to the feasibility of combining atomistic calculations with numerical solu-
tions of the diffusion equations, the applied method here can also be used in order
to estimate the bias not only for dislocation-like objects, but in general for other
objects that are considered as sinks for point defects, such as grain boundaries or
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Table 3.2: Experimental swelling parameters for copper from electron– and proton
irradiation [53].

Projectile particle dose (dpa) Void density (m−3) Void diameter (nm)
2.5 MeV electrons 0.013 0.2–1.2×1019 13.8
3 MeV protons 0.002 9.2×1019 3.9
3 MeV protons 0.008 1.3×1020 6.5

non-coherent precipitates (e.g. ODS particles). Moreover, in technological steels,
impurity segregation to the dislocation core can further modify the interaction en-
ergy landscape. The atomistic approach, as applied here, can readily be a solution
to evaluate the impact of segregation effects on Bd, given an appropriate cohesive
model.

Table 3.3: Experimental swelling on copper induced by electron– (1st row) and
proton (2nd, 3rd rows) irradiation compared to steady state evaluation using the
atomistic approach.

dose (dpa) Reference swelling (%) [53] Calculated swelling (%)
0.013 0.2–1×10−3 6.7×10−3

0.002 2.8×10−4 5.3×10−4

0.008 1.9×10−3 0.95×10−3



Chapter 4

Conclusions and Outlook

In this thesis, atomistic calculations of the edge dislocation – point defect inter-
action energy in FCC copper and nickel were performed and applied in order to
calculate the bias factor. A combined method, of atomistic calculations imposed
on a FEM-based numerical solution of Fick’s law, with a drift term, was elabo-
rated in order to determine the capture efficiency and the dislocation bias of the
infinite edge dislocation. In general, the capture efficiency is higher for intersti-
tials than for vacancies. The same result applies for the interaction energies: that
is, interstitials have higher interaction energies with the dislocation than vacan-
cies do. Furthermore, the bias factor, as well as the interaction energies, obtained
from the atomistic approach are compared with those obtained using an analyt-
ical model derived from elasticity theory. The dislocation bias predicted by the
atomistic approach is higher than that predicted by the elastic approach in both
copper and nickel, especially for high dislocation densities. This implies that an
atomistic description of the dislocation – point defect interaction in FCC materials
is important for correctly modelling high dislocation densities. It is also shown
that the deviation - with respect to the atomistic approach - of the interaction
energies obtained from elasticity theory is larger for interstitials than for vacancies.
Furthermore, the strongest deviation is at the attractive side of the dislocation in
the case of the interstitials. This is the reason the dislocation bias factor predicted
by the atomistic approach is higher than that predicted by elasticity theory. The
same calculations are applied for both copper and nickel. The interaction energy in
copper is stronger than that in nickel due to the larger dilatation volume of point
defects and the smaller stacking fault energy in copper. However, the bias factor is
larger in nickel than in copper under the same temperature and dislocation density.
This is due to the dislocation bias being proportional to the ratio of interactions
of dislocation with self interstitials and vacancies. The difference of interactions of
self interstitials and vacancies in nickel is more significant than in copper, giving a
larger swelling rate in the standard rate theory. Swelling rates predicted using this
method are in reasonable agreement with experimental results.

27
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More work could be done on an anisotropic model of interactions because the
current analytical model describes the dislocation in an isotropic way. More realistic
boundary conditions for solving the partial differential equation using FEM could
also contribute to improve the model. The approach which has been developed
here can readily be applied to dislocation loops, which have high generation rates
in cascade inducing fast neutron spectra.
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