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Abstract

The sustainable production of energy from renewable sources represents one of the
biggest challenges of modern societies, especially as the worldwide demand for energy
continues to increase. Power production based on nuclear fusion is a very attractive
option in this regard. A major obstacle with respect to the construction of fusion power
plants concerns the development of materials that can tolerate the extreme conditions
caused by the high-energy neutron flux generated by the fusion plasma.

In this context, tungsten based materials are considered for applications in fusion reac-
tors, especially as armour materials at the divertor and the first wall. This interest is
motivated by promising physical properties such as high melting point, low coefficient
of thermal expansion, high thermal conductivity, and high sputtering resistance.

In this thesis, the properties of dilute tungsten alloys have been studied by means of
first-principles calculations based on density functional theory. Specifically, I investi-
gated the thermodynamic and kinetic properties of intrinsic and extrinsic defects pro-
duced during irradiation. Interstitials generally have large formation energies due to
large strain fields associated with the defect core; they are, however, produced during
irradiation. The calculations show that Ti, V and Re trap self-interstitials produced dur-
ing irradiation. Mixed interstitial migration proceeds via a non-dissociative mechanism
and is faster than the migration of vacancies. This aspect is particularly important with
respect to our understanding of radiation induced segregation and radiation induced
precipitation.

The results are discussed in the context of the application of tungsten alloys for struc-
tural elements in fusion environments.

Keywords: tungsten alloys, point defects, irradiation, structural materials, first-principles
calculations.
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Introduction

The world energy demand grows rapidly. Nuclear fusion is expected to play a key role
in this regard as it is a clean and sustainable source of energy. Fusion offers important
advantages such as no carbon emissions and therefore no air pollution, unlimited fuel
supply and intrinsically safe technology, which would make a massive contribution to
mitigating concerns about energy safety and climate change.

Currently, three main projects, JET (Joint European Torus), ITER (International Ther-
monuclear Experimental Reactor), and DEMO (DEMOnstration Power Plant), are hop-
ing to pave the way for commercially viable power generation using nuclear fusion.

JET, located in Oxfordshire, UK, set the world record in 1997, for achieving (16 MW)
fusion power in deuterium-tritium operation [1], the fuel proposed for the first gener-
ation of fusion power plants.

The follow-up programme, ITER will attempt to go one step further and generate
more power, 500-700 MW [2], than is used to start the process. This project attempts
to demonstrate the feasibility of magnetic-confinement nuclear fusion and is currently
under construction in Cadarache, France.

However ITER does not represent the final step; It is the bridge toward DEMO, the
first plant that will demonstrate the large-scale production of electrical power and tri-
tium fuel self-sufficiency. The plan for DEMO is to begin its operations in the early
2030s. Conceptual designs of DEMO sketch a machine that is larger than ITER with
the ability to produce fusion power up to 5000 MW [3]. The exact value varies for
different designs.

The size of the machine is determined by the radius of the plasma cross-section,
which is confined in a doughnut-shaped vessel. Its radius for DEMO ranges from 6
to 10 metres. In comparison, the radius in ITER measures 6.2 metres and that of the
largest tokamak in operation, JET, measures about half of that [1, 2, 3].

One of the main concerns during reactor operation is the severe radiation condi-
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Figure 1.1: A toroidal section through the simplified, homogeneous, DEMO model [4].

tions expected in fusion reactors, which requires the development of new materials
able to withstand the harsh environment including thermal loads and radiation. The
high-energy and high-intensity neutron fluxes produced by the fusion plasma have a
significant lifetime-limiting impact on reactor components in both experimental and
commercial fusion devices. The neutrons bombarding the materials not only produce
defects but also initiate nuclear reactions, leading to transmutation of the elemental
atoms. Products of many of these reactions are gases, particularly helium, which can
cause swelling and embrittlement.

The fusion reaction takes place in the reactor chamber inside a vacuum vessel. The
vacuum vessel is the container, which houses the fusion reaction and acts as a first
safety containment barrier. At the very bottom of the vacuum vessel, the divertor is
located as the next plasma-facing component, see Figure 1.1, and its function is to ex-
tract heat and helium ash —both products of the fusion reaction- and other impurities
from the plasma.

The amount of plasma increases with the size of the machine, leading to even harsher
radiation conditions including higher neutron energies, radiation dose and temperature.
The average neutron fluence on the first wall material in ITER is 0.57-0.8 MWa/m? and
the neutron flux at the first wall will reach up to ~ 10?* n/m’s. The average neutron
fluence for DEMO is expected to be up to 15 MWa/m?* with neutron fluxes of being at
least a hundred times larger. Plasma current varies from 4.8 MA in JET to 15-17 MA in
ITER and 30 MA in DEMO. As a result, higher heat flux and higher neutron loads in
DEMO, will lead to higher displacements per atom (dpa) of up to ~ 30 dpa, compared to
ITER with < 3 dpa (~0.7 for tungsten tiles) in a full operational life [2, 3, 5, 6, 7, 8, 9, 10].



More energetic fusion neutrons in higher doses cause far more damage (multiple cas-
cades) and more transmutation products due to many new nuclear reaction channels.
Transmutation in turn, results in a change in material composition and will thus influ-
ences thermal, chemical, and physical properties of the wall materials, which eventually
has a great influence on the resistance to thermal loads and radiation. As a result the
choice of the surface material for first wall and divertor is very important and very few
materials are able to withstand temperatures of up to 3000 degrees C for a reasonable
lifetime of reactor operation.

In ITER beryllium has been chosen as the element to cover the first wall, and inte-
rior surfaces of the vacuum vessel will be made of high-strength copper and stainless
steel. As the size of the vacuum vessel dictates the volume of the fusion plasma, DEMO
will produce a greater amount of power and higher radiation load compared to ITER
and therefore, other types of materials harder than steel are required. In this regard
tungsten is considered for structural applications in fusion reactors. For JET, carbon
tiles were used initially to cover the interior wall of the vacuum vessel, but carbon re-
cently replaced with beryllium and tungsten tiles. In ITER as well, the plasma-facing
components of divertor are being made of tungsten[2, 3, 5, 10].

Tungsten has a high energy threshold for physical sputtering (E,, ~ 200 eV) and
does not form hydrides or co-deposits with tritium. In addition, it has a high melting
point (3680 K), low coefficient of thermal expansion and high thermal conductivity
(~150 W/mK at room temperature, which does not decrease much with temperature).
This combination of promising physical and mechanical properties makes its use as a
coating on the high heat flux components very attractive [11].

Yet, tungsten, as well as other body-centred-cubic (BCC) metals, generally exhibit
brittle behaviour at low temperatures and ductile behaviour at high temperatures. The
ductile operating window for tungsten is 700-1200 degrees C and tungsten exhibits brit-
tle behaviour at lower temperatures (< 600 K). Its ductile to brittle transition tempera-
ture (DBTT) lays between 150 °C and 400 degrees C [7]. The operational temperature
for plasma facing components at the ITER divertor ranges from ~200 degress C at wa-
ter cooled operation temperatures to 3000 degrees C at full operation. Consequently
the use of W as structural material is strictly limited to operating temperatures above
the DBTT (> 600 K) and below the high temperature creep limit (~1000 K) and this
window shrinks further under neutron irradiation [7, 9, 10, 12]. In this regard, alloying
has been suggested as a means to lower the BDTT. For instance, the BDTT of W-Re
decreases relative to pure tungsten [13].

On the other hand, as mentioned before, alloy formation will also occur naturally
due to nuclear transmutation caused by high energy neutron exposure. In this fashion
pure tungsten will gradually evolve into an W-Re-Os-Ta alloy [4, 14, 15]. As an example,
the variation in concentrations of He, Re and Ta, produced in pure W under neutron
irradiation as a function of position(and depth) in the divertor and first wall of a DEMO
design is presented in Figure 1.2.
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Figure 1.2: Variation in concentrations of He, Re and Ta, produced in pure W under
neutron irradiation as a function of position (and depth) in the divertor and first wall
of the DEMO design. The equivalent dpa/year in pure W are also given for each position.
Units of concentrations are given in atomic parts per million (appm) [4].

Alloying either intentionally or implicitly affects many properties of importance in-
cluding mechanical performance, thermal conductivity, swelling resistance and oxida-
tion behaviour under irradiation. While these properties are at least reasonably well
understood for pure tungsten, the situation is quite different in the case of alloys.

With regard to applications in fusion reactors one must therefore consider the perfor-
mance of the material under particle bombardment. Irradiation events lead to the local-
ized production of lattice defects such as vacancies and interstitials. Whereas vacancies
are relatively immobile, interstitials in pure tungsten, which are commonly referred to
as self-interstitial atoms, can readily migrate allowing for efficient defect recombina-
tion, which is an important factor with respect to radiation tolerance. In an alloy an
attractive interaction between solute atoms and interstitials can lead to trapping of in-
trinsic defects, increasing the defect density after bombardment and thus accelerating
damage build-up compared to the pure material. Thus, while alloying might improve
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the mechanical properties it can potentially simultaneously cause a degradation of the
irradiation tolerance.

Void induced swelling is another challenge for tungsten as a structural material.
Swelling causes dimensional changes and variations in materials properties resulting
in serious problems for the reactor design engineer. The swelling of tungsten is shown
to be strongly reduced when alloyed with rhenium [16].

In addition, specific developments are aimed at suppressing the production of volatile
tungsten oxide in case of a loss-of-coolant accident with air ingress so as to reduce the
risk of releasing radioactive material. One proposed solution is to add small amounts
of silicon and chromium to tungsten which leads to a glassy protection layer on the
tungsten surface and can reduce the tungsten oxidation rate by up to four orders of
magnitude [17].

In the present thesis, I employ computational calculations to gain insight into the
response of the material to neutron irradiation, enabling the assessment of structural
integrity of components in a fusion power plant. The eventual goal is to provide an as-
sessment of tungsten-based alloys for applications in fusion environments by studying
different types of point defects, interactions of intrinsic point defects and solute atoms
as well as atom migration.






Background

2.1 Radiation and high energy particles

Irradiation is the process by which an object is exposed to radiation. One of the imme-
diate effects of irradiation on a material is the displacement of some atoms from their
equilibrium lattice sites [18]. Energies vary for different radiation sources and high
energy particles such as photons, electrons, ions and neutrons have a stronger impact
on the material.

High energy photons (~1 MeV) can be ionizing while penetrating the material. Dur-
ing excitation and decay processes, additional photons are generated which eventually
results in electron-gamma cascades production.

Charged particles like electrons and ions interact strongly with material and lead
to lots of scattering. For example 1 MeV electrons in copper (Cu) can penetrate 350
pm, however a proton of the same energy which is heavier penetrates 380 nm. Due to
its larger mass, a proton produces more damage, loses more energy while scattering
and stops in lower depth compared to electrons. A gold (Au) ion of the same energy
penetrates only 96 nm. Energetic ions interact with the nuclei via repulsive Coulomb
potential. Since the ion mass is much higher than that of the electrons, the interaction
with electrons slows down the ion, but does not change its path significantly.

Neutrons are not stable elementary particles and have a half-life of about 11 minutes.
However free neutrons still exist in situations like natural radioactive decay, which
produces neutrons with energies of a few MeV. Reactions taking place in a nuclear
reactor also produce neutrons of 2 MeV in the case of nuclear fission and 14 MeV in
the case of nuclear fusion. Neutrons do not interact significantly with electrons in the
material, they mainly interact with the atomic nuclei via the nuclear forces. Based
on their energies, neutrons can interact via several different processes. Low energy
neutrons interact with atoms via elastic scattering, for neutrons with energies above
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1 MeV, however, inelastic neutron scattering becomes important. During this process
the kinetic energy is not preserved and the energy change goes into the excitation of
the energy of the nucleus.

Nuclear reactions becomes significant for neutrons with energies above 8 MeV. Dur-
ing this process a nucleus absorbs the high energy neutron, generates transmutation
products and releases a gamma photon [18]. This reaction is very important for damage
build-up in material as the nucleus gets a recoil energy in the order of 100 eV from the
emitted gamma particle. Both, fission and fusion neutrons, cause activation and irradi-
ation damage. The more energetic fusion neutrons, however, cause far larger damage
and more transmutation products due to many nuclear reaction channels and higher
activation than fission neutrons [19].

2.2 Applications of high energy irradiation

High energy radiation is an important area in ongoing research due to applications in
different fields of technology, specifically with respect to energy generation in existing
nuclear power stations and diagnostic techniques in nuclear medicine.

2.2.1 Medicine

Due to its penetrating ability, high energy radiation is widely used to image the inside
of objects in medical radiography and treat cancerous cells in radiotherapy. Photons
used in a typical radiographical processes such as dental radiography have energies up
to kilo electron volts. Radiographic images are useful in the detection of pathology of
the skeletal system as well as for detecting some disease processes in soft tissue.

In the context of radiotherapy, for treatment reasons higher energy rays are used
with energies up to mega electron volts and even higher [20, 21]. These high energy
beams carry enough energy to ionize atoms and disrupt molecular bonds and eventu-
ally kill malignant cells or control their reproduction. Being exposed to such radiation
is, therefore, harmful to living tissue. It causes radiation sickness and increases the
risk of radiation-induced cancer. For medical applications this increased cancer risk is,
however, greatly outweighed by the benefits.

There are two types of ionizing radiation including photon (such as x-rays and gamma
rays) and particle (such as electrons, protons, neutrons, carbon ions, alpha particles,
and beta particles). Ionizing radiation works by directly damaging the DNA of can-
cerous cell leading to cellular death. Cancerous cells are particularly vulnerable to
attacks on the DNA because of their high rate of division and their reduced ability to
repair DNA damage. Depending on the depth of the tumour ionizing radiation with
different amounts of energy is chosen. The more energy, the more deeply the radia-
tion can penetrate the tissues. To spare normal tissues such as skin or healthy organs,
which radiation must pass through to treat the tumour, shaped radiation beams with
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adjusted energies are aimed from several angles of exposure to intersect the tumour.
Tissues closer to the surface of the body than the tumour, therefore, receive less radi-
ation causing damage. It provides a much larger absorbed dose in the tumour than in
the surrounding healthy tissue [20, 22].

The photon beam comes from a radioactive source such as cobalt, cesium, or a ma-
chine called a linear accelerator. Electron and proton beams are also produced by a
linear accelerator. Generated beams have different energy levels to penetrate and var-
ious side-effects to surrounding tissue. For instance electrons have a low energy level
and don’t penetrate deeply into the body, so this type of radiation is used most of-
ten to treat the skin or tumours located close to the surface of the body. Protons and
heavy ions have little lateral side scatter in the tissue, due to their relatively large mass.
Carbon ion radiation which is called heavy ion radiation is usually helpful in treating
cancers that don’t usually respond well to radiation. Due to its heavier mass, it can do
more damage to the target cell than other types of radiation. On the other hand the
effects on nearby normal tissue can be more severe.

Alpha and beta particles are mainly produced by special radioactive substances that
may be injected, swallowed, or put into the body. They’re most often used in imaging
tests, but can be helpful in treating cancer as well. In this process a medicine which
is referred to as nuclear medicine, is attached to a small quantity of radioactive ma-
terial. This combination is called a radiopharmaceutical and there are many different
radiopharmaceuticals available to study different parts of the body depending on the
condition to be diagnosed or treated.

The pharmaceutical part of the radiopharmaceutical is designed to go to a specific
place in the body where there could be disease or an abnormality. The radioactive
part of the radiopharmaceutical that emits radiation, known as gamma rays, is then
detected using a special camera called a gamma camera. This camera which is placed a
few inches over the patients body, allows the nuclear medicine physician to see what is
happening inside the body. Nuclear medicine also can treat diseases. For instance pa-
tients with hyperthyroidism are treated with nuclear medicine using radioactive iodine.
Although exposure to radioactivity in very large doses can be harmful, the radioactivity
in radiopharmaceuticals is carefully selected by the nuclear medicine physicians to be
safe[23, 24].

2.2.2 Nuclear fission reactor

2.2.2.1 Background

Nuclear fission is a process in which the nucleus of an atom splits. The splitting of a
nucleus occurs due to radioactive decay or by bombardment by other subatomic parti-
cles. In either cases, the resulting components have less combined mass compared to
the original nucleus and the missing mass is converted into kinetic energy.
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Figure 2.1: Fission process in which the nucleus of an atom breaks into smaller nuclei
due to bombardment by neutron, which results in the production of energy [27].

Radioactive fission happens primarily with the heavier elements. In this process, a
nucleus of an unstable atom loses energy by emitting for instance alpha particles, beta
particles, gamma rays and neutrons. Isotopes of U by releasing hundreds of MeV energy
decay to fission products like krypton (Kr), Barium (Ba), technetium (Tc), ruthenium
(Ru), palladium (Pd), etc..

In the second mechanism, when a large fissile nucleus such as uranium-235 (**>U)
or plutonium-239 (**°Pu) absorbs a neutron, it may undergo nuclear fission. The heavy
nucleus splits into two or more lighter nuclei -the fission products- releasing kinetic
energy, gamma radiation, and free neutrons. A portion of these neutrons may later
be absorbed by other fissile atoms and trigger further fission events, which release
more neutrons. This is known as a nuclear chain reaction. This procedure releases a
significant amount of energy compared to the energy of the neutron that started the
procedure. Bombarding natural uranium with neutrons of a few eV splits the nucleus,
releasing a few hundred MeV and neutrons of ~2-3 MeV [25, 26]. Controlled reactions
of this sort are used to release energy within nuclear power plants. Uncontrolled reac-
tions can fuel nuclear weapons.

2.2.2.2 Fission reaction in nuclear reactor and electricity generation

Similar to the plants that burn coal, oil and natural gas, nuclear plants produce elec-
tricity by boiling water into steam. This steam afterwards drives turbines that produce
electricity. Nuclear fuel includes two types of uranium, >**U as well as ***U and plu-
tonium. Fuel comes in the shape of solid ceramic pellets that are packaged into long
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tubes. 28U constitutes an important share of the fuel, 2357 is, however, more unstable
and splits quickly. This process releases neutrons, which start the chain fission reaction.
Neutrons hit other uranium atoms resulting in the release of more neutrons along with
heat. When a chain reaction occurs, fission becomes self-sustaining.

In order to control the nuclear reaction, special rods are inserted among the fuel
tubes in order to slow down or accelerate the reaction. They are composed of chemical
elements such as boron, silver, indium and cadmium that are capable of absorbing many
neutrons without undergoing fission themselves [28, 29]. Fuel tubes in the reactor are
surrounded by water. The heat produced during the fission reaction turns this water
into steam. The steam drives a turbine, which spins a generator to create electricity.

Nuclear power provides many big advantages. It is a clean energy and does not
contributes to climate change. Almost no greenhouse gases such as carbon dioxide are
emitted into the atmosphere. In addition, nuclear fission has large power-generating
capacity and produces roughly a million times more energy per unit weight than fossil
fuel alternatives.

There are negative sides to this way of energy production. Uranium sources are just
as finite as other fuel sources and are expensive to mine, purify and transport together
with the fact that they always possess a contamination risk. In addition during nuclear
reactor operation, a high-level radioactive waste generated from fuel, and low-level
radioactive waste in form of radiated parts and equipment are generated and disposal
of radioactive waste is a complicated problem.

2.2.3 Nuclear fusion reactor

With its high energy yields, low nuclear waste production, lack of air pollution and vir-
tually limitless fuel available, fusion, the same source that powers stars, could provide
an alternative to conventional energy sources.

2.2.3.1 Background

Fusion is a nuclear reaction, occurs when two or more light atomic nuclei collide at
very high speed and combine in such way that heavier atomic nucleus is formed. A
great amount of energy is released during the process while matter is not conserved.

and the total mass of the new atom is less than that of the two, from which it was
formed. As a result some of the matter of the fusing nuclei is converted to energy.
Fusion is the process at the core of the Sun and other stars, in which hydrogen nuclei
collide, fuse into heavier helium atoms and release enormous amounts of energy during
the process [30, 31].

However creating a controlled fusion reaction has proven to be very difficult so far
as the two hydrogen atoms with the same charge electrically repel each other. Very
specific conditions including enormous temperature and pressure are required to make
that happen. The tremendous heat of the sun, which is around ten million degrees
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Figure 2.2: Fusion process: Two atoms, deuterium and tritium, fuse together, forming
a helium nucleus, a neutron and lots of energy [10].

C, and its high pressure are achieved by the sun’s large mass and the force of gravity
compressing this mass in the core. This heat accelerates the atoms to the point where
their momentum overcomes the electric repulsion [31].

Scientists are nowadays looking for ways to control the energy produced during
nuclear fusion and employ it for peaceful purposes. To achieve fusion, temperature
must reach approximately 100 million Kelvin which is about six times higher than the
temperature of the core of the sun. These high temperatures allow the attractive forces
to overcome the repulsive forces. At this temperature, the hydrogen is not a gas but a
plasma, which is an extremely high-energy state of matter with free electrons [31].

There are two ways to achieve these conditions. Firstly, there is magnetic confine-
ment, which uses magnetic and electric fields to heat and squeeze the hydrogen plasma.
This method is used in the ITER project. The second approach is inertial confinement fu-
sion, which uses laser or ion beams to squeeze and heat the hydrogen plasma [2, 32, 33].

There are different atomic combinations, which can lead to a fusion reaction. The
deuterium-tritium (D-T) reaction has been identified as the most efficient combination
for generating power on earth through fusion devices. ITER and the future demon-
stration power plant DEMO will use this combination of elements to fuel the fusion
reaction [10]. In this reaction, a deuterium atom and a tritium atom combine to form
an atom of Helium-4, release a neutron and an energy of 17.6 MeV per reaction. Con-
sidering that there billions of these reactions occur in each second, one can realize the
potential efficiency of the fusion reaction for generating power [31].

Deuterium is a harmless isotope of hydrogen, containing a single proton and neutron.
It is widely available as it can be distilled from all forms of water. Tritium is the other
isotope of hydrogen and contains one proton and two neutrons. It is a fast-decaying
radio-element, which is more challenging to locate in large quantities due to its 10-
year half-life. Rather than attempting to find it naturally, the most reliable method is
to bombard lithium with neutrons to create this element. During the fusion reaction

12
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in ITER, tritium is produced, when neutrons escaping the plasma interact with lithium
contained in the blanket wall of the tokamak [10].

In theory deuterium-deuterium fusion is more promising than deuterium-tritium be-
cause of the ease of obtaining the two deuterium atoms, which are not radioactive. In
this reaction, two deuterium atoms combine to form a helium-3 atom and a neutron re-
leasing 3-4 MeV energy. In practice this method is more challenging because it requires
very high temperatures to occur [31].

The proton-proton fusion and the carbon cycle are the dominant combinations for
stars like the sun with core temperatures of about 15 million degrees C. Proton-proton
fusion begins with two protons and ultimately yields high energy particles such as
alpha particles, positrons, neutrinos, and gamma rays. A reaction cycle yields about
25 MeV of energy. Stars with higher temperatures merge carbon rather than hydrogen
atoms. Finally triple alpha process happens in stars such as red giants at the end of their
phase, with temperatures exceeding 100 million degrees C. For this reaction, helium
atoms are fused together rather than hydrogen and carbon [34].

2.2.3.2 The working principle of a fusion reactor

In a fusion reactor, different isotopes of hydrogen come together to form helium atoms,
neutrons and vast amounts of energy, see Figure 2.2. In large scale commercial designs,
heat from the fusion reaction is used to operate steam turbines that drives electrical
generators as in existing fossil fuel and nuclear fission power stations. It has, however,
been extremely difficult for scientists to come up with a controllable, non-destructive
way of performing fusion. In addition to the requirement of high pressure and tem-
perature to make the fusion reaction happen, there are other complications such as
efficiency considerations and the choice of container materials.

It is important to calculate how much energy is required to drive the reactor and
how well it collects power, considering energy lost due to radiation and conduction.
Choosing suitable materials for construction purposes, which will not become brittle
or damaged by exposure to fast neutrons during fusion processes, is of great importance.
In addition, any medium used in this process absorbs neutrons as well and eventually
becomes mildly radioactive and must therefore be disposed of.

Fusion reactors are in experimental stages these days and many different fusion con-
cepts have been developed along with several proposals for energy capture. As men-
tioned before, two main approaches are magnetic confinement fusion and inertial con-
finement fusion. The current leading design is the tokamak as a magnetic confinement
fusion method. It is the most well developed and well funded approach to fusion en-
ergy. In this method a hot plasma is circulated in a magnetically confined ring. When
completed, ITER will be the world’s largest tokamak [2].

13
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Figure 2.3: ITER tokamak reactor and its main parts including (1) blanket modules, (2)
neutral beam injector, (3) magnetic field coils, (4) cooling equipment and (5) divertors
[10].

In magnetic confinement, microwaves, electricity and neutral particle beams from
accelerators are used to heat a stream of hydrogen gas to turn it into a plasma. This
plasma is squeezed by super-conducting magnets, forcing the plasma nuclei closer to
each other and thereby allowing a fusion reaction to occur. The most efficient shape
for compressing of the plasma is a doughnut shape or toroid. A reactor of this shape is
called a tokamak [2, 10].

The main parts of the ITER tokamak reactor as shown in Fig 2.3 are vacuum vessel,
blanket modules, neutral beam injector, magnetic field coils, cooling equipment and
divertors.

The vacuum vessel is a torus-shaped, double-wall structure with shielding and cool-
ing water between the shells. The primary function of the vacuum vessel is to provide
a high-quality vacuum for the plasma and to serve as the first confinement barrier of ra-

dioactive materials. It also provides radiation shielding, in particular, for the magnetic
field coils [35].
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A neutral beam injector or ion cyclotron system injects particle beams from the ac-
celerator into the plasma to help the plasma reaching to the critical temperature. The
injector is designed to provide ~17 MW of power, in the form of 1 MeV deuterium
atoms, to the tokamak plasma during 1000 s, or even longer pulses of up to 3600 s [36].

Magnetic field coils comprises superconducting magnets. Their function is to con-
fine, shape and control the plasma inside the vacuum vessel by using magnetic fields.
The 48 elements of the ITER magnet system will generate a magnetic field of about
200,000 times higher than that of Earth. The magnet system for ITER consists of 18
superconducting toroidal field (TF) coils, a central solenoid (CS), six poloidal field (PF)
coils and a set of correction coils (CCs).

The TF generate the field to confine charged particles in the plasma, the CS provide
the inductive flux to ramp up plasma current and contribute to plasma shaping, the
PF provide the positional equilibrium of plasma current (i.e. the fields to confine the
plasma pressure) and the vertical stability of the plasma. The CCs allow correction of
error field harmonics due to position errors as well as from busbars and feeders[37].
Electricity is supplied to the magnetic field coils by a central solenoid.

The cooling equipment functions as a heat transport system and the entire vacuum
vessel is enclosed within this cryostat, or cold box, which provides insulation for the
superconducting magnet system and other components. It is used to remove the heat in
the vessel and blanket, including surface heat from plasma and nuclear heat deposited
volumetrically, and also to cool down the magnets. Water and helium gas are two
example coolants[2, 38].

Blanket modules are located inside vacuum vessel and provide shielding to the vessel
by absorbing heat and high-energy neutrons from the fusion reaction, see Figure 2.3.
The shielding blanket is divided into two parts. The back part with a radial thickness of
~30 cm is a pure shield made of steel. The front part, the "first wall”, includes several
different materials: a 1 cm thick beryllium armour protection, a 1 cm thick copper
layer to diffuse the heat load as much as possible, and ~10 cm of steel structure. This
component will become the most activated and tritium-contaminated in the entire ITER
device. It could be in contact with the plasma in off-normal conditions, and thus can
suffer damage from the large heat locally deposited, and may have to be repaired or
exchanged [2].

Finally the divertors, situated at the bottom of the vacuum vessel, exhaust the helium
products and other impurities generated during the fusion reaction, from the plasma. It
comprises two main parts: a supporting structure made primarily from stainless steel,
and the plasma-facing components, weighing about 700 tons. The plasma-facing com-
ponents will be made of tungsten, a refractory material [2, 10].

In a fusion reactor, first a stream of deuterium and tritium fuel is heated to form a
high-temperature plasma. In ITER, several heating methods will work concurrently to
bring the plasma in the core of the machine to 150 million degrees C. One source of the
heat within the tokamak is the changing magnetic field used to control the plasma. The
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magnetic fields induce a high-intensity electrical current that when it travels through
the plasma, energizes electrons and ions and causes them to collide. Collisions cre-
ate resistance, which results in heat, but as the temperature of the plasma rises, this
resistance —and therefore the heating effect— decreases. In order to reach higher tem-
peratures, heating methods including neutral beam injection and high-frequency elec-
tromagnetic waves must be applied from outside the tokamak.

When the fusion reaction occurs, the high energy neutrons generated during reac-
tion will be absorbed by lithium blankets and produce more tritium fuel. This process
in turn, increases the temperature of the blanket, which cooling mechanisms are em-
ployed to decrease the blankets temperature by turning the water into steam. Eventu-
ally the steam will derive electrical turbines to generate electricity. The steam will be
condensed back into water and employed again to absorb more heat from the reactor
[2, 10, 38].

Despite the fact that there are many ways to produce fusion energy, nobody has put
the technology into practice yet. In fact constructing an environment in which a con-
trolled reaction occurs is one of the big challenges for the fusion research community.

2.3 Radiation-induced point defects

Developing advanced nuclear energy systems depends crucially on the accurate un-
derstanding of radiation-damage processes in the respective materials. An important
source of radiation damage to reactor metals is the displacement of atoms from normal
lattice sites as the result of neutron-nuclear interactions. Defects produced in displace-
ment events can include both isolated and clustered vacancies and interstitials. A start-
ing point in the complex problem of predicting the irradiation behaviour of materials is
to understand the defects physics. Research in this area tries to respond to the immense
challenge of finding and designing materials that provide high radiation tolerance while
fulfilling the requirements in terms of mechanical and thermal properties.

During the operation of a nuclear reactor, the immediate surrounding of the plasma is
exposed to extreme radiation conditions, which leads to restructuring to submicrometre-
sized grains and micrometre-sized spherical pores [39]. The formation, growth and dis-
solution of defects affects the mechanical and thermal properties of the material via
diffusion of point defects and their reaction with impurities. Irradiation events lead
to the localized production of lattice defects such as vacancies and interstitials [40].
Whereas vacancies are relatively immobile, interstitials in pure tungsten can readily
migrate [41] allowing for efficient defect recombination, which is an important factor
with respect to radiation tolerance [42].
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Figure 2.4: Point defects in materials; (1) smaller substitutional impurity, (2) larger
substitutional impurity, (3) interstitial atoms, (4) vacancy. Point defects usually induce
a localized lattice strain.

2.3.1 Point and line defects

In a perfect crystal, all the atoms are at specific atomic sites, ignoring thermal vibrations.
Real crystals, however, contain imperfections, which may be point, line, surface or
volume defects, and locally disturb the regular arrangement of the atoms. Under high
energy irradiation, the concentration of defects increases dramatically, which affects
physical properties of the material and has a decisive impact on materials performance
[43].

As a result one needs to look in detail at the structure of defects. Defects can be
classified according to their dimensionality. Zero dimensional defects are called point
defects and are the main focus of this work.

There are two types of point defects in materials. Native defects are intrinsic to
the material, such as vacancies (missing atoms) and self-interstitials (additional atoms
incorporated on sites other than substitutional sites), see Figure 2.4. In addition to in-
trinsic point defects, crystals always contain extrinsic point defects, which are impurity
atoms on substitutional or interstitial sites. Materials at finite temperatures contain a
finite number of defects, the concentration of which is dictated by thermodynamics.
Solute atoms play an important role in the physical and mechanical properties of all
materials and their existence can be either due to alloying or transmutation [43].

In addition to point defects, there are one dimensional defects, called line defects. An
example of these defects are dislocations, which mediate plasticity in most crystalline
materials. As a result, they play a significant role with respect to understanding the
transition between ductile and brittle fracture modes. They can be categorized into
edge and screw dislocations. In Figure 2.5 (b), suppose that all the bonds across the
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Figure 2.5: (a) Model of a simple cubic lattice; the atoms are represented by filled cir-
cles and bonds between atoms by strings, only a few of which are shown, (b) edge
dislocation DC formed by inserting an extra half-plane on atoms in ABCD, (c) screw
dislocation DC formed by displacing the faces ABCD relative to each other in direction
AB [43].

surface ABCD are broken and the faces of the crystal are separated so that an extra
half-plane of atoms can be inserted in the slot. The faces of the slot will have been
displaced by one atomic spacing, but the only large disturbance of the atoms from their
normal positions relative to their neighbours is close to line DC, which decreases with
distance away from the line. This line DC is called an edge dislocation.

The arrangement of atoms around a screw dislocation can be created by displacing
the crystal on one side of ABCD relative to the other side in the direction AB as shown
in Figure 2.5 (c). At the end of this chapter we describe the importance of line defects
with respect to the mechanical properties of tungsten.

2.4 Tungsten as a first wall material

The plasma-wall interaction issues are among the most serious obstacles to the real-
ization of fusion energy production and in this regard the choice of wall material is of
pivotal importance. This interaction is a key factor, which determines the lifetime of
the wall components and thus the overall cost-effectiveness of the facility.

The structural material has to meet a vast numbers of criteria to be safe, suitable and
efficient for fusion environment. For example it has to show low erosion, which favours
for heavy elements such as Mo or W. In addition it is required for the material to have a
high melting point and a high thermal conductivity, for which the candidate materials
are C and W. For low radiation loss and low nuclear activation lighter elements such as
Be and C are good candidates. Low propensity to absorb tritium is also very important;
tungsten and -to a lesser extent- steel and beryllium meet this criterion. Tungsten and
tungsten alloys are therefore considered for structural applications in fusion reactors,
especially for armor materials at the divertor and first wall [9, 44, 45, 46].
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For ITER these considerations have led to the choice of tungsten as the wall material
for the regions of highest heat load (divertor, see Figure 2.3) and beryllium for the
larger main wall surface area that is exposed to less severe heat load. For DEMO the
same considerations point to tungsten for most of the regions, but there are major
unresolved issues that we describe in following sections. As a result properties such
as the resistance to fracture and the behaviour under radiation have to be investigated
carefully.

2.4.1 Behaviour under irradiation

With regard to applications in fusion reactors one must consider the performance of
the material under particle bombardment. During fusion reactor operation, as a result
of high energy neutron exposure, defect formation, displacement damage as well as
transmutation elements are produced, which will cause changes in evolving material
properties such as thermal conductivity and swelling. Nuclear transmutation results
in compositional changes as well as hydrogen and helium production and is a sever
problem for first wall materials. Compositional changes influence thermal, chemical,
and physical properties of the wall materials, which has a great impact on resistance to
thermal loads and erosion.

An important property of tungsten is its high rate of transmutation to rhenium, os-
mium and also iridium in a fusion neutron environment [14, 47, 48, 49, 14].

It has been estimated that after five years of operation pure tungsten will have been
transmuted into a W-Re-Os alloy with 3% Re,2% Os, and 0.6% Ta [14, 4], see Figure 1.2.

In ITER a displacement damage of up to ~0.7 dpa and transmutation to 0.15% Re
would be produced in the W divertor after a fluence of 0.15 MWa/m? at 200-1000 degrees
C. The displacement damage for the tungsten first wall in ITER reaches 1 dpa while for
a DEMO-like reactor the displacement damage is reported to be up to 30 dpa for full
operation and Re concentrations of up to 6% are produced [50, 7, 6].

The radiation hardening in BCC alloys at low temperatures (< 0.3 T),), where T, is
the melting temperature (3422 degree C for tungsten), is generally pronounced even for
doses as low as 1 dpa. The amount of radiation hardening typically decreases rapidly
with irradiation temperature above 0.3 T,,, and radiation-induced increases in the BDTT
may be anticipated to be acceptable at temperatures above 0.3 Tj,.

In addition to neutrons, it is known that bombardment by helium, which is one of the
products of the D-T fusion, leads to micro-structural evolution, including the formation
of dislocation loops and helium holes and bubbles [51, 52, 53, 54]. Helium irradiation
on tungsten changes the surface morphology dramatically by forming a fuzz-like nano-
morphology, which is a highly undesired phenomenon. Such surface features could
change materials properties such as heat transfer, fuel (deuterium/tritium) retention as
well as embrittlement of the divertor [55, 56].

From the experimental results in divertor simulators, the key factors for the forma-
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tion of nanostructures on tungsten surfaces by helium plasma irradiation are found to
be the surface temperature and the incident ion energy. Nanostructures are formed
when the temperature is in the range of 1000-2000 K, and the incident ion energy is
higher than 20 eV. Typically, the necessary helium fluence to form the nanostructure
is on the order of 10* m™. On the basis of the helium irradiation experiments per-
formed in the divertor simulators, it is shown that nanostructure formation can also
occur in other metals such as molybdenum. It is related to pinholes appearing on the
bulk part of the material, and the rough structure subsequently develops into a much
finer nanostructure [51].

In general, irradiation events lead to the production of lattice defects such as va-
cancies and interstitials [40]. Whereas vacancies are relatively immobile, interstitials
in pure tungsten can readily migrate [41], allowing for efficient defect recombination,
which is an important factor with respect to radiation tolerance [42]. In an alloy an
attractive interaction between solute atoms and interstitials can lead to trapping of in-
trinsic defects, increasing the effective defect density compared to the pure material.
Thus alloying can potentially cause a degradation of the irradiation tolerance.

Previous studies show that irradiated tungsten shows swelling around 800 degrees C.
The addition of 25% rhenium, however, to tungsten almost completely suppresses the
swelling in the irradiation temperature range, and no voids have been observed [57].

2.4.2 Mechanical properties

Some materials are brittle and shatter like glass, whereas others are ductile and de-
formable. Several materials, such as BCC metals, exhibit both types of behaviour with
a brittle-to-ductile transition (BDT) at a characteristic temperature. Tungsten, specifi-
cally exhibits brittle behaviour at low temperatures and ductile behaviour at high tem-
peratures. The BDT temperature (BDTT) of pure tungsten is high which poses a chal-
lenge with respect to its applications in fusion environment [9, 13, 58].

A crack can be introduced into a material by mechanical loading. If the material
near the crack tip does not show sufficient plasticity to slow down or arrest the crack,
it propagates leading to brittle fracture. The BDTT is strongly dependent on the strain
rate, which allows an activation energy for the BDT to be determined. This activation
energy has been shown to be equal to that for dislocation motion, which suggests a
mobility-controlled BDT.

Gumbsch et al. [59] by performing mechanical tests on tungsten single crystals
have shown that the preexisting dislocation density and the availability of dislocation
sources can be increased by plastic deformation. The materials response to externally-
applied load is, however, complicated and depends on factors such as temperature, ap-
plied strain rate and the preexisting microstructure of the material [43].

At higher temperatures up to the BDTT, a higher loading rate always lowers the
fracture toughness and the BDTT increases significantly with loading rate. When the
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Figure 2.6: Schematic illustration of the potential energy surface of a dislocation line
gliding via kink mechanism [43].

temperature is sufficiently high, a large number of dislocations are activated. In ad-
dition, the density of dislocation increases with temperature due to the activation of
additional dislocation sources. These two factors produce higher shielding of the crack
tip which can improve the size of the plastic zone.

At intermediate temperatures, the beneficial effect of the predeformation vanishes and
the fracture toughness decreases. This can be attributed to the increased yield strength
and lower dislocation mobility produced by work hardening. The reduced dislocation
mobility will not only decrease the fracture toughness but must also be expected to
shift the BDTT to higher temperatures.

The low-temperature fracture toughness shows a dependence on the state of prede-
formation and the crystallographic orientation of the crack, and varies not only with
the cleavage plane but also with the propagation direction within a given cleavage
plane. At low temperatures, dislocation nucleation is the limiting process because of
the scarcity of active sources.

The increase of the fracture toughness with temperature in the semibrittle fracture
regime below the BDTT is more difficult to interpret. The significant increase in frac-
ture toughness with temperature has to be interpreted as the beginning of plastic de-
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formation in the vicinity of the crack tip. The increased dislocation activity causes a
blunting of the crack tip. Furthermore, dislocations cause a severe stress relaxation at
the crack tip by shielding it from the applied load [12, 59].

In BCC metals, there are certain crystallographic slip planes placed along (111) di-
rections. However, the apparent slip plane varies with composition, crystal orientation,
temperature and strain rate. When the crystal is deformed, screw dislocations dictate
the slip characteristics since edge dislocations are about 10 times more mobile and do
not affect this process [59].

The slip behaviour in BCC metals is determined by the atomic structure of the core
region of the screw dislocation. There are two main core structures non-degenerate
and degenerate (or compact). The screw core has a distinctive non-planar character.
This leads to high lattice resistance to glide of the screw dislocation and consequently
to strong temperature and strain rate dependencies of the yield stress [43]. Ab initio
methods indicate that the screw dislocation for tungsten has the non-degenerate (com-
pact) core, which means dislocation segments cannot move on different planes. This,
in principle, decreases the possibility for gliding with lower barriers [43].

In order to glide, the dislocation tends to lie as close as possible in the position of
minimum energy. If the dislocation is unable to lie entirely in one energy minimum,
it can develop kinks when moving from one minimum to the next, as shown in Figure
2.6. In this mechanism, dislocation glide proceeds via a two-stage process involving the
nucleation of kinks and the lateral propagation or growth of kinks along the dislocation
line, both of which are thermally activated processes [60].

It has been found that the ductility of tungsten can be improved by alloying with
rhenium [61, 62], which also is a transmutational element in tungsten [14]. In fact den-
sity functional theory calculations (DFT) show that Re switches the core structures of
screw dislocations to degenerate core, while significantly reducing the Peierls stress
(the driving force needed to move a dislocation within a plane of atoms in the unit cell)
[63]. In this study the virtual crystal approximation was employed, in which compo-
sitional inhomogeneity is treated in an average way. Therefore no information about
local structure and differences in chemical bonding are included, which motivates for
a more accurate study on the interaction of solute atoms with screw dislocations in the
future (see Chapter 5).
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Computational details and
methodology

3.1 Density functional theory

3.1.1 The quantum-mechanical many-body problem

In principle, all properties of a system can be derived from the quantum mechanical
wave function of the system. This wave function can be obtained by solving the time
independent Schrodinger equation

HY(r,,1,,...R,R,,..) = E¥(r|,1,, ... R, R,, ... (3.1)

Here ¥(r,, 15, ..., R|, Ry, ...) is the quantum mechanical wave function of the system and
r; and R, denote the position of ith electron and Ith nucleus. E corresponds to the
ground state energy of the system.

A complete description of the Hamiltonian of the system is

1 ) 1o 1 ZIZ]
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where atomic units, 7 = m, = e = 47¢, = 1 have been used and Z; and M; denote
charg