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ABSTRACT

Nuclear fusion has long been a proposed form of energy creation; however, it always has
its shortcomings whether that be in confinement technology, magnetic technology, etc. In 2025,
the ITER tokamak will begin operation as the world’s largest experiment in nuclear fusion. This
massive machine undergoes extraordinarily harsh conditions of high heat flux and high particle
flux. A region within the reactor that experiences a particularly high particle flux is called the
divertor. The divertor of ITER will be made mostly of stainless steel with a thin tungsten coating
to assist in protection of high energy ions. The properties of pure tungsten are desirable for
implementation into the harsh environment inside of a tokamak; however, helium atoms at high
fluxes are known to nucleate within the tungsten as bubbles which in turn, burst, damaging the
material and creating less desirable physical properties. Advanced tungsten allows such as
dispersion strengthened tungsten have been proposed as a means to combat or slow down the rate
of helium bubble nucleation. In this work, a 5-weight percent tantalum carbide dispersion
strengthened tungsten was analyzed with an in-situ TEM facility dosed with a fluence of 2 keV
helium ions. 4 regions were selected and the areal helium bubble density was counted as a function
of fluence. It was found that the presence of the carbide dispersoids overall lowers the density of

helium bubbles while the presence of bubbles in the dispersoids themselves is nonexistent.
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Chapter 1

Introductory Information

This chapter outlines the physics and the goals of nuclear fusion. The fusion process,
tokamak reactors, the ITER tokamak, plasma facing components (PFCs), an introduction to plasma

material interactions and the problems encountered with plasma-surface interactions (PSI).

1.1 Nuclear Fusion

The sun and all other stars within our universe exert an enormous gravitational force onto
the material within them. The heat and force on the atoms within a star are so much, the material
becomes an ionized gas called a plasma and undergoes nuclear fusion [1]. Nuclear fusion is the
combining of two nuclei into a new nucleus of a different, heavier atom. However, during this
process, it is seen that the new fused atom’s total mass is actually less than the combined mass of
the two atoms that constituted it through the nuclear reaction. The difference of mass between the
products and reactants is called the mass defect. This seemingly missing mass is transformed into
energy based on Einstein’s Energy-Mass Equivalence equation seen below in Eq 1.1. This energy
from mass transformation is the source of energy that will be utilized in future fusion reactors for
electrical power and is what is currently used in fission reactors.

E = mc? (1.1)
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Fusion is more energetically favorable for atoms of lower nuclei per nucleus. This is due

to something called nuclear binding energy. Nuclear binding energy is the energy that keeps the
nucleus of an atom from breaking into its component parts. The trend of binding energy per
nucleon in seen in Figure 1. As the number of nuclei within a nucleus is increased, the nuclear
binding energy increases drastically up to Fe-56 which has the highest binding energy per nucleon.
The two ends of this curve can be exploited for energy. As of 2017, 11% of the world’s electricity
come from a type of exploitation of binding energy called nuclear fission [2]. Fission occurs when
the nucleus of an atom is too unstable and the nucleus breaks apart into two smaller pieces called
fission products. The elements used in fission have a high nuclei per nucleus count and are seen
on the right side of the curve where the nuclear binding energy per nucleon begins to decrease.

This process releases energy as there is again a mass difference between the original atom and the

10.0 —

16
0
9.0 — 12c

8.0 1%He *°Fe
7.0 —
6.0 —
50 —
40 —

3.0 —

2.0 —

Binding energy per nucleon (MeV)

1.0 —

0 [ \ l \ [ \ \ .
10 20 30 40 50 60 70 80

Atomic number, Z

Figure 1. A plot of nuclear binding energy per nucleon as a function of the
number of nucleons. The binding energy per nucleon increases as a function of the
number of nucleons and reaches a maximum at Fe-56, then slowly drops as elements get
more massive [251.
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two products that are born from the split which is utilized for electrical power generation [3]. As

mentioned earlier, the other way to exploit the energy stored within a
nucleus is through the fusing of two atoms.

For fusion to occur, it is optimal to use light nuclei which are pictured on the left side of
Figure 1. Nuclear fusion is a sort of tug-o-war between two forces: the electrostatic force and
strong force. Inside of a nucleus are protons and neutrons where neutrons are neutral in charge,
but protons are positive in charge. The more protons that are within a nucleus, the greater the
Coulombic repulsion force will be when trying to fuse atoms which is why lighter elements like
hydrogen are more optimal to use as they have a low number of protons (just one in hydrogen’s
case). The other force at play is the strong force. At extremely short inter-nucleic distances,
nucleons strongly attract each other. It is more favorable to have more nucleons to increase this
force of attraction. So, if the electrostatic force between protons is overcome, then the strong force
will attract the nuclear particles together in a fusion reaction which is why the deuterium-tritium
(D-T) reaction has taken the stage as the fusion reaction to be implemented in commercial reactors
[4].

Nuclear fusion is a quantum mechanical process and is therefore probabilistic in nature.
The probability for a fusion reaction to take place is called a cross section. This cross section
depends on both the temperature and density of a fusion plasma. For D-T fusion, the cross-section
peaks over 100 million Kelvin as seen in Figure 2. Because fusion devices on Earth are low density,
it is best to approach this extremely high temperature to have the highest probability a fusion
reaction will occur [5]. This is in contrast with the sun which is at a much lower temperature of 15
million Kelvin but a much higher density [6]. The high density of the sun from extreme

gravitational forces combined with the temperature is enough to increase the cross section of
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hydrogen-hydrogen fusion reaction as seen in Figure 3. As mentioned earlier, the conditions inside

fusion reactors and the sun create an ionized gas also known as a plasma. This differs from a gas
as the motion of fusion plasmas is dictated more so by electromagnetic forces than by inertial

collision forces [7].
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Figure 2. A plot of the fusion reactivity (average cross section times relative speed of
reacting nuclei) vs. temperature for three nuclear fusion reactions [8].

Planned nuclear fusion reactors will use deuterium-tritium (D-T) fusion where deuterium
is an isotope of hydrogen with one proton and one neutron and tritium is an isotope of hydrogen
with one proton and two neutrons. Other reactions such as deuterium-deuterium (D-D) are planned

to be used in experimental reactors.
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Figure 3. The Proton-proton fusion process that occurs in the sun [1].

The D-T fusion reaction produces helium-4 (an alpha particle) and a neutron as seen in

Figure 4.
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Figure 4. Deuterium-tritium fusion process that will occur in grid connected fusion
reactors [9].
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This reaction produces about 17.6 MeV of energy. Whereas D-D fusion releases about 4
MeV per fusion and U-235 fission produces 200 MeV per reaction. When normalized by mass,
the D-T fusion reaction produces over four times as much energy as the uranium fission reaction
[10]. This massive release of energy is carried away by the alpha particle and the neutron. The
neutron itself carried about 14 MeV of energy away from the reaction and induces major structural
damage to the physical walls of fusion reactors which will be discussed later. The energy released

from this will be captured as heat and then made into electrical energy.

1.2 Tokamaks and ITER

Currently, the field of nuclear fusion is dominated by research in two main areas: Inertial
Confinement Fusion (ICF) and Magnetic Confinement Fusion (MCF) reactors. ICF utilizes high
energy lasers focusing their energy onto a tiny capsule, called a hohlraum, to create very hot and
very dense plasmas to induce nuclear fusion over small time scales in order to understand the very
high density fusion plasma environment [11]. MCF on the other hand uses strong magnetic fields

to confine a diffuse plasma over larger time scales to induce the D-T fusion reaction.
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The most advanced type of MCF reactor is known as a tokamak. The concept of the

tokamak stretches back all the way to the 1950s Soviet Union nuclear program [12]. The tokamak
is known as a toroidal type MCF reactor. It utilizes a toroidal magnetic field geometry to reduce
boundary losses of the plasma as seen in Figure 5. Using a curved field geometry does create its
own challenges. The curvature of the field creates a non-zero gradient causing a drift of ions and
electrons from their toroidal orbits. This drifting creates an electric field which in turn creates a
Lorentz Force stemming from Eq. (1.2)
F=qE+quXB (1.2)

To counteract this drifting, a poloidal field is also applied. This results in the ions and electrons

traveling in helical orbits around the reactor.

Figure 5. ITER uses both toroidal (on the left) and poloidal (on the right) magnets
that help confine the plasma. The coils will reach a power of 11.8 Tesla and 6 Tesla
respectively [13].



8
To get to such high temperatures necessary for fusion, a combination of ohmic heating

from the toroidal plasma current (essentially how a toaster heats food), neutral beam injection, and
radio frequency waves are used. A goal of planned experimental tokamaks like ITER is to create
a burning plasma. This type of plasma is self-sustaining and can effectively keep itself at
temperatures necessary for fusion to occur [5].

There have been many tokamak experiments throughout the late 20" century and early 21°
century. Fusion science has continuously improved since its inception with many reactors
achieving new research goals they were set out to do so. This all culminates in the world’s largest
science experiment since the Large Hadron Collider: ITER. It is a joint project between the US,
EU, Japan, Russia, India, China, and South Korea to demonstrate and test fusion technologies that
will be needed to operate a fusion power plant. Construction for ITER has been underway since
2010 and is expected to have a power amplification value of more than 10 with first plasma
occurring in 2025 assuming no further delays [14].

To reiterate, ITER is an experiment with the purpose of testing decades worth of tokamak
improvements and technologies with the main goal of showing fusion is capable of exceeding net
power. There are currently four major critical engineering issues with a fusion pilot plant that ITER
will help address: tritium production and a closed tritium fuel cycle, thermal power exhaust and
energy generation, remote handling and operation of the reactor, and material irradiation damage

which will be discussed more thoroughly in this report.



1.3 First Wall, Divertors, and Some Serious Damage

Inside of the toroidal chamber of ITER, temperatures will exceed 150 million degrees
Celsius through the aforementioned ohmic heating, neutral beam injection, and radio frequency
waves [15]. Along with high temperature (though not nearly as high as the plasma’s center), the
first wall layer of ITER will experience plasma-to-surface contact. The plasma material
interactions (PMI) and high particle flux on the walls will lead to severe erosion, and the
contamination of the burning plasma. One main design feature to avoid a large erosion toll on the
wall layers of tokamaks is the divertor. A divertor is a surface that extends into the plasma to
intersect the magnetic field lines and allow for plasma flow into this region as the plasma diffuses
out of the core. As one can imagine, the divertor of a tokamak experiences a very large fluence of
particles over its life time. ITER’s divertor will consists of 54 cassette assemblies situated at the
bottom of the toroidal reactor as seen in Figure 6.

The divertor cassettes feature a baffled Inner Vertical Target (IVT) and Outer Vertical
Target (OVT), inner and outer reflector plates, and a dome structure situated below the x-point
which separates the inner and outer parts of the divertor as seen in Figure 7. The divertor cassettes
of ITER are made of steel support structure protected by a layer of tungsten (W) armor. Throughout
the life of the divertor, each cassette will experience extraordinary temperatures and particle
fluence. Heat flux expected onto the surface of the IVT and OVT are around 10 MW/m? with
higher peak values being experienced during certain plasma events such as an Edge Localized
Mode (ELM). An ELM occurs as a sort of explosive instability during which the plasma violently
discharges particles returning it to a more stable state [16]. Originally, the divertor cassette shield
was to be made of both a carbon fiber composite (CFC) and W, but due to the extreme conditions,

it was decided that a full W shield was necessary as the CFC introduced too many impurities into
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the plasma resulting in more wall damage through PMI and plasma disruptions [16]. The damage

types involved will be introduced and discussed in the next section
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Figure 6. The major plasma regions in a cross section of a tokamak plasma. Due to
the open magnetic flux lines from beyond the separatrix, large depositions of particles fall
into the divertor strike points [17].
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Figure 7. A CAD representation of an ITER divertor cassette. Each part of the PFC
of the divertor is highlighted with its use as discussed [16].
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1.4 Particle and Plasma Material Interactions

As discussed earlier, one of the biggest engineering challenges of demonstrating tokamaks
as a viable source of electrical power is overcoming damage induced by PMI. A simplified view
of PMI involves particles escaping the core plasma by passing over the separatrix and striking the
containment wall. These particles are a mix of energetic ions which collide with atoms along the
surface and implant themselves not very deeply. Only up to tens of nanometers [18]. These
energetic ions can in turn release atoms from the wall material that was struck in an event called
sputtering. These sputtered atoms can become impurities in the core plasma taking energy away
from the ions needed for fusion to happen. The actual mechanisms involved in PMI are much more
complicated and are outlined somewhat in Figure 8 and are further complicated by high energy
neutrons which attenuate deep into the wall structure. Over time, the blasting of particles onto the
walls of a tokamak damage the surface by inducing chemical erosion, undergoing physical
sputtering, creating vacancies, becoming interstitial atoms, forming dislocation loops, etc.

Each PMI process operates at different temporal and spatial scales which even further
complicates the matter. After being exposed to a fusion plasma, a surface can be expected to appear
nothing like the material that was put inside as a PFC in the first place. The prime challenge of
creating a vessel for a fusion reactor is to build an understanding of PMI and then develop materials
that are capable of withstanding the harsh environment that they are placed in. Many aspects PMI
are understood which led to the decision to build the divertor of ITER out of W. However, there
are still consequences of PMI that need to be addressed with the materials chosen. As seen in
Figure 3, helium is a product of the D-T fusion process as an alpha particle. These helium particles
pose a huge engineering problem to the W divertor targets. Once embedding into the near surface

matrix of the tungsten, they become highly mobile interstitial atoms. As the W heats up from
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plasma heat flux exposure, the helium atoms migrate out from the surface inducing more surface

damage which will be discussed further in the Chapter 2.
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Chapter 2

Tungsten’s Interactions with Plasma and Potential Solutions

W has become the main proposed armor for the ITER divertor after many years of research
tokamak-based physics simulations codes based on ITER [16]. The desired properties of tungsten
that make it a desirable material for MCF plasmas will be discussed as well as its setbacks, and a
proposed new alloy to assist in the helium capture problem discussed above: Dispersion

Strengthened Tungsten alloys (DS-W).

2.1 Tungsten

W has many characteristics which have sparked interest in materials scientists and MCF
researches as a main candidate for protection of the divertor in ITER and many other upcoming
tokamak experiments. Due to the extreme temperature and high heat flux environment, a high
melting point temperature is easily a desired trait for PFC materials to possess and W has the
highest melting point temperature of any pure material currently known [19]. W also possesses
both a high thermal conductivity and a low coefficient of thermal expansion allowing it to not
cause much mechanical stress in components while heated and allow for easy mechanisms of
cooling as it does not trap heat. W is also relatively chemically stable and is high heat resistant
[20].

Along with these thermomechanical and chemical properties, W has many desired PMI
properties desired for a first wall material in fusion reactors. W has a high sputtering threshold and
a low sputtering rate allowing for overall lower sputtered atoms from the W wall surface. With a

lower number of sputtered atoms, less kinetic energy will be lost from the fusion D-T fusion
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plasma to higher Z elements. This is an almost necessary requirement for W as it is a high Z

element. High Z elements take more kinetic energy away from collisions in the plasma when
compared to low Z elements. To continue, W also has a low deuterium/tritium retention which
paves a way into fuel recycling for D-T ions that escape the core plasma. Furthermore, W has
adequate corrosion resistance and lacks hydride formation [20].

Along with the advantages listed above, W is also resilient in regards to neutron irradiation.
Under neutron irradiation, the thermal conductivity of W does not decrease as sharply as other
materials. Moreover, W is not affected greatly by neutron activation of high energy neutrons
expected form nuclear fusion meaning it is unlikely to absorb the fusion neutrons and undergo a
transmutation reaction [21].

Although the behavior of W in a fusion environment is naturally advantageous based on
the information discussed above, it has a number of important shortcomings that must be addressed
before the commercialization of MCF reactors. Mechanically, W is a very brittle material with a
high ductile-to-brittle temperature (DTBT). Being a brittle material complicates the fabrication
and machining process of the W components in tokamaks. The brittle nature of W is only made
worse by the neutron irradiation which increases the DTBT even further [20].

Along with the neutron irradiation problem, W also faces the hurdle of a massive PMI
issue: high helium retention. Helium (He) is created as a byproduct of the D-T fusion reaction as
discussed above. These He ions will implant themselves into the W divertor armor and begin to
cause physical within its lattice. He is characterized by its fast thermal migration within metals
meaning that the individual atoms will move quickly to find point defects to settle into. These point
defects are vacancies in the metal lattice (a missing atom in the lattice) or interstitial atoms that

are trapped within the metal lattice as seen in Figure 9. When W is irradiated with He in the keV
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range, the number of implanted He atoms is comparable to the number of radiation induced point

defects [22]. This means the He radiation induces damage onto a metal surface when implanting
and then gets trapped in the induced damage areas. This damage that is caused by the He irradiation

is located in the sub-surface region of the bulk which is up to 10 nm [22].
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Figure 9. Examples of different types of point defects [23].

Regarding W specifically, the incident energy of the He ions must be higher than a
threshold energy to displace a W atom from its lattice. Once this occurs, the previously described
point defects can begin to form in a small range just beneath the surface up to 10 nm. Because W
has a low migration energy (or energy for point defects to move within the bulk material),
interstitial He atoms can thermally migrate even at room temperature and form interstitial
dislocation loops [22]. These are large numbers of interstitials creating an extra plane within the
lattice of the W surface. With further irradiation, these dislocation loops grow larger and
accumulate the less mobile point defects as they also continue migration. From here, the He
conglomeration will begin to form bubbles as seen in Figure 10. Although low energy He
irradiation will not be able to cause damage and point defects through collisions, it will still implant

into the W surface and form bubbles at interstitials and interstitial loops (a dislocation loop of
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interstitials). The size of the bubbles is very temperature dependent and in general, larger bubbles

form at higher temperatures as the migration energy barrier become lower [22].

100 nm

Figure 10. Helium bubbles within a sample of 5 wt. % W-TaC sample used in the
experiment.

Once these bubbles form within the W bulk, they will eventually migrate to the surface and
cause blistering or burst [24]. These events lead to temperature dependent surface modifications:
pitted surfaces below 1000K, a fuzz nanostructure observed between 1000K and 2000K, and
micrometer-sized holes above 2000K [24]. The fuzz formation can be seen in FIGURE HERE.
This growth has been observed on the Alcator C-Mod tokamak’s divertor paving the way for the

needs to research the PMI and thermomechanical changes that are induced by these structures [25].
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Figure 11. A top down and side profile view of tungsten fuzz formation post helium
irradiation [26].

As one can imagine, the growth of the fuzz or fiberform nanostructures causes various
changes to the physical properties of the W surface. With nanostructuring, the surface area of W
can increase by up to a factor of 30 with a fuzz thickness of a few microns. This increase in surface
area can lead to increased hydrogen deposition and therefore retention onto the W surface [27].
Along with this change, these nanostructures also decrease the sputtering rate [28], reduce particle
reflectivity which increases the power transferred to the surface [29], and significantly decrease
the thermal conductivity [30]. Although the growth of the fuzz has both positives and negatives for
use as a PFC, it is preferred that the mechanical properties and PMI properties of what is initially
put into a tokamak remains constant over its life cycle. To combat the formation of the nanofibers
and the trapping of helium within W, solutions are proposed which will be discussed in the next

section.
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2.2 Advanced Tungsten Alloys and Dispersion Strengthened Tungsten

Increasing the lifetime of PFCs in a tokamak is important to reduce the number of repairs
that will need to be done over the lifetime of each component. However, it is impractical to search
for a material that will survive countless years inside of a fusion reactor without any repairs being
made. So, a tradeoff of longevity of devices/materials and their ease of repair is something
consistently researched in the field of fusion materials. Another important consideration is the fact
that W will serve as a protection layer for the divertor and not the main material component of the
PFC. This opens up avenues for W alloy processes that only create thin surfaces as the PMI
properties are very surface level.

As W alloys and materials are designed, they are tested for both their He retention as well
as how He migrates out of the bulk and out of the surface. For He retention’s case, materials that
have large numbers of defect sinks to attract the interstitial atoms along grain boundaries are
looked at such as ultrafine and nanocrystalline W [31], high entropy alloys [32], and also the
aforementioned DS-W alloys [33].

DS-W alloys are W that have an evenly dispersed number of second phase carbide grains
throughout. The ones currently investigated for the purposes of use as a PFC have Titanium
Carbide (TiC), Zirconium Carbide (ZrC), and Tantalum Carbide (TaC) of varying wt. percent up
to 10%. These alloys are manufactured through a process called Sparc Plasma Sintering (SPS).
SPS is a fast sintering technique characterized by the use of uniaxial pressure and high-intensity,
low-voltage, pulsed current at the same time. During the process, ceramic carbide powders are
distributed onto a W surface of which an electrical discharge between the powder particles is
created which creates localized plasmas between particles heating said particles to several

thousand degrees [34]. This heating causes impurity vaporization out of the surface and the
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particles melt and fuse creating necks between each other. Next, a DC pulse is fed through the

material which further connects the newly formed necks from the plasma heat. The heat from the
DC pulsing increases the diffusion of particles to the necks enhancing the grain growth further.
With the plasma heating and the DC pulsing, the particles are evenly distributed throughout the
surface of the newly sintered alloy [34]. A schematic of an SPS device can be seen in Figure 12.

Schematic of a typical SPS device used in surface alloy manufacturing.
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Figure 12. Schematic of a typical SPS device used in surface alloy manufacturing

[34].

In reference to mechanical and thermodynamic properties, DS-W alloys have been shown
to have a higher hardness at room temperature, higher tensile strength at room temperature, a lower
DBTT, irradiation resistance, and crack resistance [35] [36]. These alloys are currently being
investigated for their retention of deuterium and helium implantation and movement within the
bulk post irradiation. It has been shown that in TiC and TaC DS-W alloys that there are surface
morphology changes like fuzz and pores under low energy He irradiation at high temperatures, but

the influence of the dispersoids on He bubble growth, nucleation, and capture has remained unclear
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[37]. The following experiment hopes to look into the interactions that the presence of second

phase carbides has on He bubble nucleation and movement within the alloy’s surface.
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Chapter 3

Experiment and Methods

In this chapter, the experimental procedure for the investigation of He bubble nucleation

in second phase carbides will be outlined and discussed.

3.1 Material and Experimental Methods

The experimental work presented investigated the areal helium bubble density in the W
matrix at different fluences of helium ion irradiation. The investigated alloy was a 5 wt. percent
DS-W-TaC alloy manufactured via SPS. The alloy was FIB cut into a lamella and then polished
as seen in Figure 13 and observed in an in-situ Transmission Electron Microscope (TEM) at the
MIAMI facility at the University of Huddersfield. The DS-W alloy was ramped up in temperature
to 950°C (1223K) and exposed to relatively high energy 2keV He™ ions at a flux of 6.77E13
ions/cm?s. The high energy He* were used to induce radiation damage effects that might occur
within a fusion reactor from ions colliding with the surface at higher energies than W’s lattice
binding energy.

Measurements of the areal He bubble density were taken both by hand and through the
image manipulation software ImageJ with the counts between the two averaged at four different
He* radiation fluences and at four different locations of the lamella each with varying grain sizes,
geometries, and densities. The four regions can be seen in Figure 14. The presence of He bubbles

was also investigated in the TaC dispersoids.



¥
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Figure 14. The four different locations investigated for areal helium bubble density.
Area 1 has one visible grain boundary and W bulk, Area 2 consists of high density W-W
grain boundaries, Area 3 is mostly W bulk with no visible grains, and Area 4 consists of
pores in the lamella along with W-W grain boundaries.
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Chapter 4

Results and Discussion

All areas exposed during the irradiation exhibited He bubble nucleation after initial
irradiation. Table 1 shows the area He bubble density at each area and at each given fluence and
Figure 15 visualizes this data.

He bubble nucleation was seen at all stages of fluence and at all of the Areas of interest
described in the previous section. As expected, bubbles began nucleating and are only 1-2 nm in
size. As fluence increases to 4E15 ions/cm?, the density of He bubbles increased for each region
while the size of the largest bubbles grew to around 10 nm in diameter. At the next step of fluence,
5E15 ions/cm?, Areas 1, 2, and 3 exhibited a decrease in areal bubble density while Area 4
continued the increasing trend. These local maxima may be attributed to the increased He
migration and attraction to the bubbles already established in the DS-W-TaC alloy. This would
explain the large increase in bubble size observed in between irradiation steps 2 and 3 where the
largest bubbles pictured reached sizes of 15-20 nm. Area 4 has some pores already established, so
the smaller He bubbles could have migrated through the surface and out of the bulk instead of
migrating to the larger bubbles. This likely contributed in the overall smaller bubble size seen in
Area 4 as the largest bubbles are still under 5 nm in diameter — about 4 times smaller than the
largest bubbles seen in the other 3 regions as seen in Figure 20. At the last fluence step, the upward
trend in bubble density continued for all four of the regions with the largest bubble size remaining
between 15-20 nm in diameter. The trend of bubble growth in each Area can be seen in Figure 16,

Figure 17, Figure 18, Figure 19 for Areas 1, 2, 3, and 4 respectively.



Table 1. Areal Bubble Densities for Each Chosen Area

Areal Helium Bubble Density (1/m?)
Fluence Areal Area 2 Area 3 Area 4
(ions/cm?)
3E15 41 1.7 3.3 5.15
4E15 5.25 2.9 7.5 3.15
5E15 455 2.5 6.75 7.8
1E16 5.15 3.15 7.80 10
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Figure 15. Figure of Areal Helium Bubble Density vs. lon Fluence.




Figure 17. Area 2 Evolution for each fluence step starting at 0 ions/cm? (Images
enhanced with +20% brightness and -40% contrast).



Figure 19. Area 4 Evolution for each fluence step starting at 0 ions/cm?



Figure 20. Each Area at the maximum fluence of 1E16 ions/cm?. Area 4 has
noticeably smaller bubbles than the other 3 Areas (Area 2 was changed to have +20%
brightness and -40% contrast).

Using the maximum fluence step as a reference, bubble nucleation and migration was
preferred along the W-W grain boundaries as seen in Figure 21. The intragranular areas near the

boundaries have localized low areal densities of He bubbles while intragranular areas far from
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grain boundaries have an even areal distribution of He bubbles at the maximum fluence as seen in

Figure 10.

Figure 21. Helium bubble growth and migration is more common at the W-W grain
boundaries as seen in this snip from Area 1.

The presence of TaC dispersoids did not seem to affect the W-W grains and the W matrix
as a whole; however, within the TaC dispersoids themselves, He bubble nucleation was not present

as seen in Figure 22.
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Figure 22. TaC dispersoid within the DS-W-TaC alloys used in the experiment.
There are no obvious helium bubbles within it, but they can be seen in the surrounding
tungsten.

Despite the presence of dispersoids in the alloy, nanofibers were created due to the

expulsion of He from the bulk of the W as seen in Figure 23.



Figure 23. W nanofiber growth on the specimen.

31
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Chapter 5

Summary and Conclusions

The behavior of helium bubble nucleation and growth within dispersion-strengthened W
materials has been studied and has led to little conclusions about the effect the second phase
carbides have on the overall bubble nucleation and expulsion process due past experiments
developing thick impurity layers which prevent proper analysis [33].

This experiment looked into the overall influences of the second phase carbides in the
tungsten bulk and focused on helium bubble nucleation and growth in intragranular W and along
W-W grain boundaries with some observations regarding bubble nucleation within the TaC
dispersoids themselves using an in-situ TEM helium ion irradiation technique at the MIAMI-I
facility at the University of Huddersfield. The specimens were observed under a constant He* ion
flux of 6.77E13 ions/cm?s at a temperature of 950°C with He* ions of 2 keV. It was found that the
overall presence of the dispersoids did lower the overall bubble density of the specimen, but local
He bubble densities are similar to that of pure W [38]. Despite this overall decrease, W nanofiber
growth is still present in on the lamella which will interfere with the desired heat transfer properties
and PMI properties that the DS-W alloys have. However, the dispersoids themselves show no sign
of helium bubble nucleation.

Although this study offers an approach to the investigation of He bubble nucleation via
simulating knock-on ion damage and potential helium implantation in a reactor, future studies will
use He energies closer to those found within tokamaks reactors like ITER [33]. It is a point of
interest that He bubble formation is absent within the TaC dispersoids themselves and warrants
more investigation into how different weight percents of the carbide can affect the aggregate

behavior of the alloy along with different species of second phase carbides such as ZrC and TiC.
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