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Abstract
The mechanical behaviour and structural integrity of tungsten components, specifically Lang-

muir probes and lamellae from the JET divertor are evaluated both in their as-received state

and after exposure during the ITER-like wall campaigns. The results reveal significant dispar-

ities in the as-received microstructures of these components. The lamellae exhibit fine grains

suited for high-heat flux conditions, whereas the probes display larger equiaxed grains. Elec-

trical discharge machining (EDM) induced cracks up to 50 µm and voids in both component

types, raising concerns about the mechanical integrity of these surfaces.

Advanced characterisation techniques, including atom probe tomography and transmission elec-

tron microscopy, identified significant impurity concentrations in the as-received samples, par-

ticularly phosphorus and iron at grain boundaries, which likely contributed to embrittlement.

EDM-generated cracks were shown to widen and deepen after exposure, propagating up to 1 mm

into the bulk of one Langmuir probe. Additionally, some EDM-generated cracks contained em-

bedded debris, including elements such as carbon and oxygen. This debris poses potential safety

risks, including beryllium retention and associated toxicity, as well as tritium retention issues.

Exposure to deuterium plasmas induced distinct microstructural differences between the Lang-

muir probes placed next to tiles 3 and 6 and the lamellae taken from stacks C (rows 3, 4, 12 and

13) and D (row 12). The Langmuir probes underwent recrystallisation and void formation with

an increase in hardness of up to 0.40 GPa due to cascade damage from the incident deuterium.

Conversely, the lamellae were more resilient under plasma loading, with no change in hardness

or signs of melting or recrystallisation.

Beryllium and beryllium oxide were found to accumulate on the surface of lamella C3, partic-

ularly near W droplets, raising concerns about droplet detachment and increased erosion rates

during reactor operation. The surface of Lamella C3 also contained stratified deposits, con-

sisting of alternating layers of beryllium oxide and sputtered tungsten, which raises concerns

about impurity accumulation and its impact on component performance. This study underscores

the need for further research into the effects of EDM and D-T plasma exposure on tungsten,

particularly in light of the decision to transition ITER to a tungsten first wall for the nuclear

operational phase.
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Chapter 1

Introduction

1.1 Nuclear Fusion

The demand for energy has rapidly increased in recent decades, with global energy consumption

rising by 53 % between 1990 and 2015 while the International Energy Agency predicts an

increase of 41 % from 2015 to 2040 based on policies from 2019 [1]. The demand must be met

with carbon-neutral and sustainable energy sources to mitigate the effects of climate change.

Nuclear fusion is considered to be an ideal solution to these challenges due to an abundant supply

of fuel, a lack of long-lived radioisotopes, and its reliability over other renewable energy sources.

The conventional fuel choice for an energy-producing fusion reactor is a 50/50 mix of deuterium

and tritium (D-T) due to its high fusion cross-section at lower temperatures compared to other

possible fuel combinations. Moreover, the fusion reaction between D and T releases 17.6 MeV of

kinetic energy carried by a helium nucleus (3.5 MeV) and a neutron (14.1 MeV), which is also

a higher energy output than many other fusion reactions [2]. The fusion neutron contains most

of the energy and its capture enables the generation of electricity and the breeding of more T.

Lithium-based ceramics are prominent candidates for T breeding due to the 6Li(n, α)3H reaction

[3]. Recent studies have explored Helium Cooled Pebble Bed (HCPB) configurations containing

lithium orthosilicates (Li4SiO4) and Water Cooled Lead-Lithium (WCLL) designs that use a

lead-lithium eutectic alloy [4].

2
1D+3

1 T →4
2 He +

1
0 n (1.1)

The D-T reaction typically requires temperatures greater than 100 million °C which ionises the
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gaseous fuel mix into a charged plasma. In a tokamak, one of the leading reactor designs, the

plasma is confined by magnetic fields which are produced by toroidal and poloidal coils that

surround the main chamber. The International Thermonuclear Experimental Reactor (ITER),

the largest experimental tokamak, is currently under construction in France. A key objective for

ITER is to prove that this type of confinement can surpass the energy breakeven point. ITER

hopes to achieve a fusion gain, Q of ∼10 [5] which is the ratio of the energy produced by the

fusion reaction to the energy input required to sustain the reaction [5]. These accomplishments

will help lay the groundwork for the first generation of power-producing, commercial fusion

power plants, known as DEMO reactors, including the European DEMO design.

The conditions required to sustain the fusion reaction result in extreme thermal and pressure

gradients within the vacuum vessel of a tokamak. This poses a particular challenge for the

plasma-facing components (PFCs), not least because their failure affects the safety and the

overall lifetime of a reactor. A significant focus of the fusion community is the development

of advanced components designed to withstand the harsh conditions of the fusion environment.

The research presented here builds upon this theme by assessing the structure of components

in the as-received state and their degradation after exposure in the Joint European Tokamak

(JET) during the ITER-like wall (ILW) campaigns. The parameters for JET and the estimated

parameters for the ITER and European DEMO reactors are shown in Table 1.1.

Table 1.1: Comparison of parameters for JET, ITER, and EU-DEMO fusion reactors [6–9].

Parameter JET ITER EU-DEMO

Major Radius (m) 2.96 6.2 9

Minor Radius (m) 1 2 2.38

Pulse Length (h) 0.001 0.11 1.83

Fusion Output (MW) 16 400 1793

Fusion Gain 0.63 10 36
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1.2 The Joint European Torus and the ITER-Like Wall

Figure 1.1: The Material Configuration of JET after the instalment of the ILW.

The JET tokamak at the UK Atomic Energy Authority (UKAEA) Culham Campus, is a crucial

device for investigating material performance in a fusion environment [10]. In 2011, the carbon-

based PFCs of JET were replaced with a Be first wall in the main chamber and a W divertor to

mirror the material configuration of ITER [11][12]. The ensuing ILW campaigns helped develop

plasma handling tools and scenarios while gathering information on in-vessel material migration

[13]. The characterisation of PFCs that have been exposed in the ILW campaigns is essential

for predicting the performance and longevity of components in ITER with one caveat. In recent

years, it has been discussed and agreed that the Be first wall of ITER will be replaced by W

before the first D-T operational phase [14][15]. The transition of materials is part of an effort to

optimise the project by addressing technical challenges and managing risks related to component

manufacturing, safety and operational efficiency. This shift could affect the scientific milestones

planned for ITER but aims to ensure the project progresses toward its goals more effectively.

JET remains a closer approximation to ITER than most current tokamaks due to its size, plasma

conditions and material configuration. The main chamber of JET, highlighted with blue and
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green in Fig. 1.1, is surrounded by magnetic field coils and is the region where the plasma is

confined and heated. During the ILW campaigns, bulk Be tiles were the dominant material used

in the high heat flux regions of the main chamber, including the upper dump plates, inner wall

guard limiters and the outer poloidal limiters [16]. Be-coated Inconel is used for the inner wall

cladding, the lower heat flux regions of the main chamber. The divertor sits underneath the

main chamber and is highlighted in pink and orange in Fig. 1.1. It acts as an exhaust system,

with surface temperatures that are typically the highest in the entire machine. The exhaust

system removes impurities from the plasma and manages power loading on the first wall by

directing particles and excess heat towards material surfaces called targets. There is no active

cooling in the divertor and the tiles are made from W-coated carbon fibre composites (CFCs)

except tile 5 which is comprised of bulk W components [17]. There were three ILW campaigns

in total: ILW-1 in 2011–12, ILW-2 in 2013–14 and ILW-3 in 2015–16, with the details of each

campaign listed in Table 1.2.

Table 1.2: Campaign data from JET ILW-1, ILW-2, and ILW-3 [18–23].

Campaign
Number of
Discharges

Total Input
Energy (GJ)

Average Input
Power (MW)

Plasma time (h)
Total

Operation
Limiter Divertor

ILW-1 3812 150 2.2 19.0 6.0 13.0

ILW-2 4150 201 2.9 19.4 5.2 14.2

ILW-3 4420 245 2.9 23.4 4.9 18.5

JET is a pulsed device, meaning it operates in short bursts called shots or discharges where the

maximum plasma duration was tens of seconds throughout ILW [24]. The loss of confinement

was generally attributed to the plasma becoming unstable and having to be gradually shut down

to protect the PFCs. However, the knowledge gained from JET ILW is directly applicable to

ITER which is designed for pulses of up to several hundred seconds [24]. The DEMO reactors

aim to achieve longer pulses, nearing two hours in the case of the European DEMO with the

goal of one day building a reactor that can continuously operate in steady-state [7][25]. The vast

majority of ILW pulses used a pure D fuel, which has two fusion reactions of equal probability

[26][27]:
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2
1D+2

1 D →3
2 He +

1
0 n (1.2)

2
1D+2

1 D →3
1 T+1

1 p (1.3)

The first reaction produces a 0.8 MeV He-3 nucleus and a 2.45 MeV neutron while the second

generates a 1.01 MeV T nucleus and a 3.02 MeV proton. The fusion neutron produced in D-

D carries 11.7 MeV less energy and occurs less frequently than with D-T due to competing

reactions. The use of D fuel may result in a smaller fusion power output but reduces neutron-

induced material damage which improves safety and increases the machine lifetime. Moreover,

it avoids the complexities and safety risks associated with handling T which is a low energy

β emitter with a half-life of 12.3 years [21]. This afforded the JET team time to develop the

plasma-handling tools and expertise required to operate the machine with a D-T fuel mix and

to maximise the fusion power output. In 2021, during the D-T campaigns that followed the

ILW, they achieved an energy output of 50.5 MJ over 5 s [9]. They not only proved this to be

reproducible but improved on it in 2023 with an energy output of 69 MJ over 5 s, breaking records

for magnetic confinement fusion [28]. This highlights the critical role of JET as a precursor to

ITER. The installation of the ILW and the consistent testing of relevant plasma scenarios, even

with D fuel, have resulted in plasma-material interactions, heat loads, fuel retention, erosion and

deposition that closely resemble those expected in ITER. This thesis investigates the degradation

of W PFCs from JET, therefore providing insights into the potential material damage that may

occur in ITER.

1.3 Plasma-Surface Interactions in Tokamaks

In order to understand the practical impact of plasma-surface interactions on fusion materials

it is necessary to study samples that have been exposed to the complex environment within a

tokamak [29][30]. Damage mechanisms induced by one type of interaction can be significantly

influenced by the simultaneous occurrence of a different kind of interaction or the presence of

pre-existing damage [31][32]. These effects are particularly difficult to replicate in a laboratory

setting. For example, neutron-induced damage can alter the way incident He ions interact with
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the material, and this effect varies with temperature, leading to unique damage profiles not

captured in controlled experiments. Therefore, examining materials exposed in actual fusion

environments is crucial to predict their behaviour and durability accurately.

Furthermore, PFCs in tokamaks are exposed to various kinds of plasmas, each with distinct char-

acteristics such as density, temperature, and impurity content, which makes it difficult to explain

and predict damage profiles. For instance, the interaction of high-energy D plasmas with PFCs

differs significantly from that of He plasmas, both of which may create unique erosion patterns,

fuel retention behaviour, or microstructural damage. Moreover, tokamak plasmas can experience

transient phenomena such as disruptions and edge-localised modes (ELMs), where instabilities

at the plasma edge arise due to periodic fluctuations in the edge transport barrier. PFCs in an

experimental tokamak are therefore subjected to a continuously evolving environment, which

is hard to reproduce anywhere else but also complicates the deconvolution of specific plasma-

surface interactions during post-mortem component analysis. The following section primarily

focuses on interactions relevant to W divertor components, while the selection of plasma-facing

materials is discussed in Section 1.4.

1.3.1 The Effects of Neutron Irradiation

The number of neutrons was not expected to be a major issue during the JET ILW campaigns.

However, there will be greater neutron fluxes and energies in ITER and DEMO. The 14.1 MeV

D-T neutrons are more likely to cause transmutation, where a nucleus in the PFC absorbs a

neutron and forms another element or isotope [33][34][35][36]. For W the most stable products

of transmutation are H, He, Ta, Re and Os. The presence of different elements can result in the

formation of precipitates or alloys that modify the component chemistry and therefore change

its mechanical behaviour [37][38]. Furthermore, these elements could transmute again into other

unstable nuclei that undergo radioactive decay with longer half-lives, posing a significant safety

risk and limiting the lifetime of the components.

The high-energy fusion neutrons can also cause damage through collision cascades where they

collide with atoms in the material and displace them from their lattice sites [39][40]. The dis-

placed atoms can also cause other displacements, resulting in many interstitials and vacancies

that can migrate and form defect clusters. The accumulation of interstitials can lead to the for-

mation of other structures such as dislocations which are line defects caused by a misalignment
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in the crystal lattice, or dislocation loops which occur when interstitials form a 2D circular struc-

ture. When vacancies accumulate they can coalesce into larger voids which cause the material

to swell. Neutrons are a particular concern because they are uncharged and can therefore cause

transmutation and cascade damage deep in the bulk of a component. The term displacements

per atom (dpa) is commonly used as a very basic measure of radiation damage and refers to

the number of times an atom in the material is displaced from its lattice site. The ITER W

tiles are predicted to display 0.6 dpa of neutron damage across the lifetime of the reactor [41].

A demonstration power plant such as the EU-DEMO is expected to produce around 5 dpa per

fusion power year for the W first wall components [42]. Fission neutrons and ion implantation

experiments have shown that ∼10 dpa, 2 full power years in the EU-DEMO, is enough to cause

swelling in the range of 1.7–2.9 % [43] [44]. Other mechanisms of void formation include He im-

plantation and interactions with high-energy ions, which can be further exacerbated at elevated

temperatures by the accumulation of vacancies. The combined effects of neutron irradiation and

these additional plasma interactions can significantly increase swelling, potentially necessitating

the replacement of PFCs in a power plant every few years.

1.3.2 The Effects of Particle Loads

Other gaseous species can also cause cascade damage such as H and He, depending on their

kinetic energy and the overall fluence of particles [45]. Furthermore, the elevation of surface

temperatures during operation can increase the mobility of H and He atoms as well as vacancies

within the lattice. This promotes vacancy coalescence, while gas atoms stabilise void formation,

leading to increased swelling and potentially compromising the structural integrity of the com-

ponent [46]. H and He can diffuse and become trapped in other irradiation-induced features

which can lead to material hardening and embrittlement [47][48][49], these include vacancies,

interstitials, defect clusters, dislocation loops, grain boundaries (GBs), precipitates and dislo-

cations. If many features present in the component can trap H isotopes, then there will be an

unnecessary increase in T retention. Beyond material embrittlement, T decays via β emission

and therefore poses a safety risk through radiation exposure and contamination. Its retention

in PFCs can interfere with the T recovery which is a critical step of the fuel cycle. It could also

delay power generation as a commercial facility will have an operating license with a strict limit

on the amount of T that can be present in the machine.
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When large quantities of H and He have been implanted into the surface of a component the

lattice can become saturated, leading to the formation of bubbles [50][51][52]. Their growth is

extremely dependent on the temperature and defect population of the component and the kinetic

energy and flux of the incident particles. Both species and their isotopes can originate from the

fusion reaction or as transmutation products. H has less of a tendency to form bubbles due to its

greater solubility and mobility in the material lattice. The H atoms can diffuse quickly through

the material and can accumulate at defects or GBs, where they form bubbles by recombining

into molecular H2. H bubble formation therefore requires much higher concentrations than

He, which typically results in different types of damage such as blistering or embrittlement [53].

Conversely, He tends to be trapped by vacancies or dislocation sites, forming stable bubbles even

at lower concentrations. These bubbles can grow, causing significant swelling and potentially

reducing the lifetime of the component.

Contact between the plasma and a component can not only result in cascade damage but can

cause material loss through sputtering and erosion. These processes occur when high-energy

particles bombard the material, removing atoms and causing morphology changes to the surface.

Impurities are generated when the escaped atoms enter the plasma and radiate away some of

the heat required to operate the reactor efficiently. When greater particle fluxes and heat loads

are incident on the material surface, there is more significant surface degradation with the

formation of voids, cracks and possibly dislodging larger pieces of material. Erosion rates are

further increased by the formation of W fuzz which is caused by the bombardment of He ions on

the surface of W components [54][55][56]. The fuzz forms a porous, nanostructured layer that

can limit the lifespan of the component and release more W into the plasma.

Impurities, whether atoms, droplets or solid fragments, can be transported around the vessel

and deposited onto the surface of other PFCs. These deposits can form uneven surface layers

of mixed materials which have different properties than the original surface. Weak adhesion

of these deposits and uneven thermal expansion can result in new sources of impurities and

constant redistribution of material around the machine. This material can also accumulate as

dust, potentially triggering a plasma disruption, interfering with diagnostic instruments and

cooling systems and posing a safety risk by increasing the retention of radioactive isotopes.
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1.3.3 The Effects of Thermal Loads

A key aspect in all these interactions is temperature. A large change in the temperature of

the plasma or the component from one interaction to another can result in the formation of

very different microstructures. Heat loads are not spatially or temporally constant which causes

uneven thermal stresses and material wear. Heat loads vary across surfaces throughout the

machine due to the shifting plasma position, which is influenced by changes in the magnetic

field configuration as the plasma current, temperature, and magnetic fields are ramped up and

down. Another factor that affects the divertor is the position of the strike point. This is the

precise location where magnetic field lines intersect with the plasma-facing surface which receives

much higher localised heat and particle fluxes compared to other surfaces in the divertor.

Heat loads can fluctuate during steady-state operation due to transient events. In steady-state

operation, PFCs must continuously endure high temperatures. Peak stationary heat fluxes on

ITER divertor components are predicted to reach 10 MW m−2 which can produce temperatures

of up to 1800 °C at the trailing edge and 1400 °C on the surface of the component [57]. These tem-

peratures exceed the typical recrystallisation range for W of 1000–1300 °C which might induce

grain growth, making the component more brittle and susceptible to cracking [41]. Transient

events such as ELMs [58][59][60] and plasma disruptions expose them to sudden, intense heat

fluxes, potentially leading to localised melting or vaporisation. Models predict that the surface

temperature of the W components in the ITER divertor vertical targets could increase by up

to 1100 °C during an ELM in D-T operation [57][61]. This increase could be more than tripled

at the edge of one of these components. Additionally, the cyclical loading from plasma pulses

causes repeated thermal expansion and contraction of components, leading to significant thermal

stresses [62]. These stresses can induce thermal fatigue, which over time contributes to crack

formation and material degradation. As cracks propagate, they can compromise the structural

integrity of the PFCs, potentially leading to failure. The concept of liquid metal flowing first

walls and open-surface divertors have recently gained attention as a way of reducing material

damage and extending the longevity of components [63][64]. The technology is promising but

still requires considerable research and development, particularly in relation to corrosion and

interference from the magnetic fields which affect the overall performance of the liquid metal

systems.

Understanding and mitigating complex plasma-surface interactions and material challenges in
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solid PFCs is crucial for the long-term viability and safety of future fusion reactors. Laboratory-

based experiments are frequently employed to simulate various aspects of the fusion environment

[65]. Linear plasma devices can simulate plasma-surface interactions under controlled conditions,

while electron beam facilities offer insights into radiation damage. Ion implantation is used to

mimic the effects of charged particle bombardment, and neutron exposure in fission reactors

provides a proxy for fusion neutron damage. Additionally, high-power lasers can simulate the

thermal stresses and ablation effects experienced during intense heat loads. Each of these meth-

ods contributes valuable data, yet they cannot fully encompass the multi-faceted nature of the

damage experienced in a tokamak. It is therefore extremely important to thoroughly charac-

terise the damage in samples that have been exposed to real fusion environments. This provides

critical insights that help predict how components will perform under operational conditions.

1.4 Material Selection for ITER and the JET ITER-Like Wall

Be was selected for the first wall tiles due to its impressive thermal shock resistance for transient

events and high thermal conductivity of 200 Wm−1K−1 [66]. It also has a low Z number and

binds strongly to O which decreases radiative power losses caused by impurities [67]. However,

Be does have limitations regarding sputter resistance and a suboptimal melting point of 1287 °C

[66]. In the future, Be could be used as a neutron multiplier to generate a sufficient neutron flux

for lithium-containing T breeding blankets.

Carbon fibre composites (CFCs) have been widely used as PFCs in early iterations of devices

such as JET and ASDEX at the Max Planck Institute for Plasma Physics in Germany [68].

CFCs have many desirable properties such as a thermal conductivity of 400–600 Wm−1K−1,

and superior thermal shock and fatigue resistance compared to W [69]. In a study by T. Hirai

et al. [70], CFC samples displayed no thermal fatigue damage up to 25 MW m−2 using the

JUDITH I electron beam, 5 MW m−2 higher than the threshold for the W sample. In the case

of a power-producing machine, the issues with CFCs start to outweigh their benefits due to the

prompt decline of their favourable thermal properties after exposure to 14.1 MeV neutrons [71].

Moreover, CFCs are easily eroded, generating dust within the machine. They also tend to react

with fuel ions at thermal energies to form hydrocarbons, which can trap T and thereby increase

its retention [72]. These effects have been confirmed experimentally in JET [73] and ASDEX-

Upgrade [74], where a significant decrease in fuel retention was observed when the C PFCs
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were replaced with W. Most present-day fusion devices use W for high-heat-flux components

because of its low T retention and sputtering yield and relatively large thermal conductivity of

174 Wm−1K−1 and high melting point of 3422 °C [66]. Other devices have operated using a

W divertor in addition to JET and ASDEX-Upgrade, including EAST at the Hefei Institutes of

Physical Science in China [75] and WEST at the CEA Cadarache centre in France [76].

1.5 Sample Details and Thesis Objectives

The JET ILW divertor consists of a series of tiles shown in Fig. 1.2 (a) where tiles 0, 1, 3, 4, 6, 7,

8, B and C are made from CFCs with a ∼20 µm W coating and a thin Mo interlayer to separate

the W and C [77]. Tile 5 is subjected to the highest heat fluxes in the divertor and therefore has

a different design to the other tiles which is depicted in Fig. 1.2 (d), consisting solely of bulk

W components called lamellae. The tile 5 assembly contains four stacks of lamellae, labelled

A-D, with stack A closest to the inboard side and stack D on the outboard side. The divertor is

toroidally divided into 96 modules, each containing 24 rows of lamellae. The first three rows of a

module are slightly lower relative to the preceding module which results in shadowing from the

plasma and prevents component melting. Additionally, the plasma-facing surface of each lamella

is designed to prevent the formation of a leading edge. This is accomplished by machining a

curve into half of the surface using electrical discharge machining (EDM). Overall, 1.4 mm of

the lamella 5.9 mm width is fully shadowed, as shown in Fig. 1.3 (c). Two tile 5 modules can be

seen in Fig 1.2 (d) where the lamellae in red were investigated for this thesis. The five lamellae

selected for analysis were: C3 (ILW-1), C4 (ILW-3), C12 (ILW-1 & -3), C13 (ILW-3) and D12

(ILW-3).

These lamellae were chosen from different locations within the module and for different periods

of exposure to see if slight variations in plasma loading would affect their microstructure and

mechanical properties. The strike point is the location where magnetic field lines intersect

the divertor surface, concentrating the majority of heat and particle flux in a highly localised

region. This concentrated loading is typically associated with extreme thermal stresses, erosion,

and material damage. The distribution of the strike point over the ILW campaigns is shown in

Fig. 5.15. The strike point remained predominantly on stack C compared to the rest of tile 5,

with the most significant damage likely occurring during ILW-1 and ILW-3.
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Figure 1.2: (a) A diagram showing the cross-section of the JET divertor during the ILW campaigns with the
central column on the left-hand side and 3D renderings of (b) Langmuir probes 6–9 from tile 3, (c) Langmuir
probes 25–26 from tile 6 and (d) two modules of lamellae from tile 5.
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The analysis of lamella C3 differed slightly from the approach used for the others, as it was

removed from a shadowed region of the module, where a build-up of surface deposits had oc-

curred. This analysis forms the core of Chapter 6, which explores dust formation within the JET

vessel. Initial structural and compositional characterisation of the deposits was obtained using a

scanning electron microscope (SEM) and an energy dispersive X-ray spectrometer (EDX). A Ga

focused ion beam (FIB) was used to observe the deposit cross-sections and to prepare samples for

the transmission electron microscope (TEM). The TEM was then operated in scanning (STEM)

mode to obtain micrographs of the deposits at high magnifications. These TEM samples also

included the lamella surface to see how it had been modified by deposition in ways that could af-

fect material adhesion to the surface and possible mechanisms for dust formation. Transmission

Kikuchi diffraction (TKD) was used at the deposit-surface interface to detect residual stresses

or grain growth induced by the temperature of the deposit. Electron energy loss spectroscopy

(EELS) was performed on the TEM samples to map the distribution of low-Z number elements

such as Be, C, O and N. Finally, a Xe plasma-FIB (PFIB) was used for tomography along one of

the largest deposits to see how its structure changed with thickness and assess if it had modified

the surface underneath it.

Characterising the structure of these deposits and the evolution of the lamella surface are es-

sential for understanding material migration patterns, mechanisms of dust formation and the

implications on fuel retention. Ultimately, this knowledge can help improve PFC design, manage

fuel recycling, and optimise thermal performance, which is critical for the longevity and safety

of future fusion devices. These findings represent the most detailed, high-resolution analysis of

deposit structures from JET, the only modern tokamak operating with a Be first wall. Given the

identical material configuration to the non-nuclear phases of ITER, similar deposit structures

are expected. Consequently, these results can be confidently extrapolated to ITER, enhancing

predictions of material behaviour and overall reactor performance.

A second type of bulk W component was analysed for this thesis, called a Langmuir probe.

This is a type of diagnostic placed in a tokamak to measure local plasma properties such as

electron temperature, density, and plasma potential. There is a high concentration of probes

distributed around the divertor to help manage thermal loads. They are placed in between

the tiles of adjacent modules as shown in Fig 1.2 (b) and (c), where the triangular-shaped tip

protrudes into the plasma. The tip, highlighted in red in Fig. 1.3 (a), then behaves as an

electrically biased electrode and records current-voltage (I-V) characteristics from the plasma.
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The probe bias is varied to distinguish the ion currents from the electron currents, which allows

the plasma parameters to be extracted from the I-V curve. The surface area of the tip is critical

for calibration, as it determines the effective collection area for charged particles and influences

the accuracy of the measurements.

This thesis includes the analysis of three Langmuir probe samples that were exposed in both

ILW-1 and -2. Probes 6 and 8 were retrieved from modules 16 and 17 respectively, next to tile

3. Probe 26 was taken from module 15 near tile 6, all highlighted in red in Fig. 1.2 (b) and (c).

The different sample locations allow for slight variations in plasma loading to result in distinct

microstructures. In particular, probes 6 and 8 were close to the inner strike point and probe

26 was near the outer strike point, which likely resulted in high heat loads and particle fluxes.

Meanwhile, the measurements recorded by the probes can theoretically offer insights into the

real-time plasma conditions and contextualise the observed microstructural features.
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Figure 1.3: Schematics showing the structure of (a) a Langmuir probe with the triangular tip highlighted in
red (b) a lamella with the cross-section highlighted in red and (c) the curved lamella cross-section which was
machined with EDM with the direction of the plasma highlighted in red.

The four remaining lamellae and three Langmuir probes are investigated in Chapter 5 with

an emphasis on the possible ways W components can be modified by plasma exposure. This

chapter involves electron backscatter diffraction (EBSD) for microstructural analysis, to find

out in which areas of the divertor have sustained sufficient temperatures to induce grain growth.

Infrared (IR) camera diagnostic measurements were used to estimate the surface temperatures of

the lamellae. Berkovich nanoindentation was used to locally determine where changes in elastic

modulus and suspected irradiation hardening had occurred. Spherical nanoindentation was used

to gain a better understanding of what mechanisms might cause these changes in mechanical

properties. Ion beam analysis was performed on the Langmuir probes to see if D retention was

affecting mechanical properties and void formation. The data recorded by the probes was then
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used to try and calculate the fluence of D ions that were incident on all the samples throughout

the ILW campaigns. The chapter also addresses the limitations posed by diagnostic data from

JET operations and the challenges of handling active materials.

The probes were manufactured by the same company, MGS Precision Ltd., using the same

fabrication method as the lamellae, ensuring that the grade of W was comparable to that used

in the ITER divertor. Although not specifically designed to withstand high heat fluxes, the

probe tips needed to make direct contact with the plasma to collect measurements. Unlike the

lamellae, where the JET control systems tried to keep surface temperatures below 975 °C [20],

the probes were not given the same protection and likely suffered greater damage from thermal

loading. Therefore, the results from these JET ILW probes represent an upper limit of potential

heat damage for a W component in a modern tokamak operating with D. ITER will run with

longer pulses and campaign lengths, increased thermal loads and more fusion neutrons but these

findings still provide valuable insights that can be extrapolated to such a device. Moreover, these

divertor samples capture the effects of simultaneous particle and thermal loading and D retention

in a way that cannot be replicated using ion implantation, electron beam or high-power laser

experiments.

In addition to comparing each exposed lamella and Langmuir probe to each other, a single

lamella and Langmuir probe were manufactured for the ILW but not placed in the vessel so

they could also be characterised. This provided a snapshot of what the components looked

like before exposure and contrasting that with the exposed samples allowed conclusions to be

made about recrystallisation behaviour, hardening mechanisms, and defect formation from D

plasma-material interactions. In Chapter 4, the first experimental section of the thesis, the

microstructure and mechanical properties of these two samples were characterised in the as-

received state. The results also led to an assessment of the manufacture of the components with

particular attention paid to the process of EDM, impurity content, void formation and crack

initiation.

The analysis of the two as-received components included EBSD to analyse grain size and dis-

tribution across samples, checking if they had been engineered for thermal stability. Berkovich

nanoindentation was performed to compare hardness and modulus between areas that were

structurally unique. SEM-EDX was used to identify material that had become lodged in the

surface due to the EDM process. The damage to this surface was also examined by creating
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cross-sections with the Xe PFIB. The Ga FIB was then used to prepare samples for TEM and

atom probe tomography (APT). The TEM was operated in STEM mode to image the mi-

crostructures in the damaged layer and was paired with EDX for compositional analysis. APT

was also used for compositional analysis of impurity-rich regions in both lamella and Langmuir

probe samples. The cause of the damaged layer was confirmed to be EDM when it was used

to cut samples from the as-received lamella and Langmuir probe components as well as a third

ultra-high purity (UHP) W sample. These three samples were also heated to 900 °C and 1500 °C

to check if the steep thermal gradient and intense stresses of EDM were also required to form

the structures within this damaged layer.

EDM is used in nearly all W PFC shaping so it is important to fully understand what structures

form during the process and how they could interact with the plasma in a fusion device. An

abundance of impurities in the component can also weaken GBs, leading to a decline in mechan-

ical performance. Moreover, these impurities could transmute from the bombardment of fusion

neutrons, into unstable elements which increases the risk of radiation exposure and material

degradation. Void formation can further contribute to material degradation by acting as stress

concentration sites where cracks may initiate. These voids can also trap ions from the plasma

such as T and Be, posing a significant health risk. If cracks are already present on the surface,

it requires much less energy to propagate existing cracks than to initiate new ones, allowing

for substantial crack growth. Under cyclic thermal loading in a reactor, repeated expansion

and contraction can dislodge material, generating dust within the vessel. This dust presents

multiple risks, including plasma contamination, which degrades performance and may lead to

disruptions. Additionally, it can accelerate PFC erosion and increase T retention, compromising

reactor safety. The accumulation of dust and damage further complicates machine maintenance,

ultimately affecting the economic viability of fusion power by increasing the need for operational

interventions.

Throughout the ILW campaigns, the vast majority of plasma pulses used a pure D fuel which

has a non-zero probability of generating T in the side reaction D + D → T [1.01 MeV] + p

[3.03 MeV] [21]. T is a β emitter with a half-life of 12.3 years and can be physically trapped

in W samples [78] therefore the lamellae and Langmuir probes could still contain trace levels

of T. Moreover, Be tiles in the main chamber are consistently eroded and Be deposits build up

on the surface of the divertor which presents a risk of inhaling toxic material [13]. Therefore

all experiments concerning these samples took place at the UKAEA Materials Research Facility
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(MRF) and active sample preparation was completed by the MRF technicians.

1.6 Thesis Structure

This thesis is structured into seven chapters. Chapter 1 has been an introduction to the field of

materials in nuclear fusion and how my research project fits into the wider discussion. Chapter 2

reviews the recent and relevant literature on the challenges of W components for fusion, providing

context for the results discussed in the experimental chapters. Chapter 3 details the techniques

used throughout the experiments, while the methodology itself is described in each experimental

chapter. Chapter 4 presents the results obtained from the as-received components, concentrating

on the distribution of grain size and hardness, the effects of impurities, and the formation of

voids and cracks. Chapter 5 compares the microstructure and mechanical behaviour across

the as-received samples and the components that were exposed in the JET divertor, focusing

on the interactions that caused these differences. Chapter 6 characterises multiple types of

deposits that formed on the plasma-facing surface of lamellae C3, identifying the distribution of

deposited Be and its impact on dust formation in ITER. The thesis concludes with Chapter 7

which summarises the key findings, their limitations and implications while providing a direction

for future work within the research area.
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Chapter 2

Literature Review

2.1 Electrical Discharge Machining

Conventional machining techniques such as laser cutting, abrasive waterjet cutting, and diamond

wire cutting are unsuitable for producing bulk W components for several reasons [79]. W has an

extremely high melting point which makes laser cutting impractical due to the enormous energy

requirements. Abrasive methods, such as diamond wire and waterjet cutting are inefficient and

lack precision because W is hard and brittle. This brittleness also increases the risk of crack-

ing and introduces substantial mechanical stresses. EDM removes material through electrical

discharges in a contactless process, which helps mitigate common issues such as residual stress.

This technique is particularly effective for working with high-strength, hard materials such as

W, as it reduces the risk of damaging the material while maintaining its integrity [80]. However,

the high thermal conductivity of W presents challenges, such as accelerated electrode wear, slow

material removal, and reduced surface quality. Despite these limitations, EDM remains the most

efficient and cost-effective method for machining W in fusion component manufacturing.

EDM can induce high temperatures, potentially introducing additional internal stresses [81].

These stresses arise from several factors: crystallographic mismatch, vacancies formed during

oxidation, compositional changes and steep thermal gradients that cause differences in thermal

expansion. These conditions influence void coalescence, GB sliding, and oxidation processes,

which lead to the formation of intergranular cracks on the surface. Surface temperatures can

vary between 8,000 and 12,000 °C, surpassing the melting point of W, which is 3,422 °C [66][82].

The effects of thermal damage are somewhat mitigated by maintaining short pulse lengths and

the prompt dissipation of heat by a dielectric fluid. However, the process does typically result
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in a rough, re-solidified layer characterised by surface craters, voids, and cracks [83][84].

These features arise from residual stresses induced by impurities and elements diffusing from

the surface into the bulk, particularly during arcing events [85][86][87]. The mechanism for

void formation in steel was first proposed by Y.H. Guu et al. [88][89] who stated they were

caused by gas bubbles that had been expelled from the molten material during solidification. Y.

Zhang et al. [90] clarified in later studies that these gases were water vapour and H2 from the

water-based dielectric fluid. Moreover, the water vapour could induce oxidation in the metal

workpiece at elevated surface temperatures. Other studies have shown that N, O, P, S, and Si

are key impurities that promote GB decohesion in W and could be associated with cracking

during EDM [91]. Among these, P appears to be the most detrimental to mechanical properties

[92][93]. In recent years, the fusion community has placed less emphasis on impurities in W,

instead focusing more on the effects of grain size, shape, degree of deformation, and dislocation

density on its fracture behaviour [94–97]

2.2 Oxidation of Tungsten

W exhibits significant chemical stability at room temperature and atmospheric pressure but

can gradually oxidise in the presence of moisture and O [98]. The oxidation rate sharply rises

above 300 °C, even with atmospheric O levels as low as 5 ppm [99][100]. A thin oxide layer

begins to form, likely comprising WO2, WO2.72, and WO2.75, which restricts the diffusion of O

atoms and slows the oxidation process. As temperatures exceed 500 °C, the oxide layer thickens,

leading to the formation of WO2.9, followed by the development of a bright yellow WO3 layer on

the surface. While WO3 is the most thermodynamically stable oxide, it starts to sublimate at

temperatures above 750 °C, with a significant increase in the sublimation rate beyond 900 °C.

2.3 Recrystallisation of Tungsten

Recrystallisation includes the nucleation of new, strain-free grains in a deformed microstructure

which is typically followed by a period of grain growth. In W, recrystallisation begins between

1000 and 1300 °C [41], and as the grains become larger, the mechanical strength decreases and

the GBs start to become brittle [94] [101–103]. The larger grains result in fewer boundaries so
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there are fewer barriers to dislocation movement and higher concentrations of impurities at the

boundaries. In W, this increases the ductile to brittle transition temperature [104], meaning

the component requires higher temperatures to become ductile and is more likely to fail via

brittle fracture at low temperatures. It also affects the thermal conductivity of the sample

and promotes cleaving along GBs [105]. Moreover, fewer boundaries mean fewer defect sinks

which lowers radiation resistance and could enhance sputtering from the component surface.

These factors could lead to early component failure in a fusion reactor where large stress fields

can be caused by thermal and mechanical cycling. The rate of recrystallisation is extremely

temperature-dependent, with higher temperatures expediting the nucleation and growth of new

grains.

2.4 Analysis of Tungsten Components in Tokamaks

Some studies have started to characterise the microstructures produced in W components after

exposure to D plasmas in a tokamak. In ASDEX Upgrade, W tiles exhibited deep and shallow

cracks, likely driven by thermo-mechanical and electromagnetic stresses, particularly in high

heat load regions [68]. Post-exposure analysis revealed deep cracks that propagated 15 mm deep

into the W tiles, and shallow cracks forming up to 400 µm in regions experiencing repetitive

cyclic thermal loads due to ELMs and other transient events. These cracks compromised the

mechanical integrity of the tiles but did not cause operational failure.

At TEXTOR, W PFCs exposed to similar conditions experienced severe material changes,

including melt-layer motion driven by Lorentz forces and evaporation cooling [106][107][108].

Molten W was redistributed to form large structures at the surface, leading to localised hot

spots and subsequent erosion through mechanisms such as splashing and fine spraying. Addi-

tionally, significant microstructural changes, including bubble formation and recrystallisation,

were observed, which degraded the power-handling capability of W.

Pintsuk et al. [10] investigated W lamellae from the JET ILW, showing that thermal and

particle loading led to surface erosion, crack formation, and minor melting, especially in the

highly loaded regions where the strike points were. Microstructural examination revealed no

significant recrystallisation in these lamellae, despite surface damage such as erosion and cracks

propagating up to 200 µm. Hardness measurements indicated an increase in surface Vickers
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hardness near the plasma-facing side, which was attributed to plasma interaction and D diffusion,

though this was not sufficient to induce bulk recrystallisation.

Similarly, Spychalski et al. [109] used nanoindentation to investigate the mechanical properties

of two W Langmuir probes, probe 5 from tile 3 and probe 26 from tile 6, that were exposed to

the JET ILW-1 and ILW-2 campaigns. Their findings revealed a difference in hardness between

the recrystallised probe tips (5 GPa) and the support structure (15 GPa). The elastic modulus

was consistent across both regions at ∼260 GPa, despite localised surface modifications. The

exposed probe tips experienced recrystallisation due to prolonged exposure at temperatures

around ∼1300 °C, whereas the support structures remained unaffected. It should be noted that

these samples could not be polished so nanoindentation was performed on a rough surface that

had been exposed in the JET reactor, which should be considered when evaluating the changes

in mechanical properties.

These studies highlight that W components in fusion environments experience varying degrees

of surface modification, crack formation, and hardness changes depending on their exposure and

thermal history, with recrystallisation at elevated temperatures emerging as a critical obstacle

for mechanical integrity.

2.5 Deposits with the JET ITER-Like Wall

There have been numerous studies carried out on the types of deposits that form in the divertor

of JET during the ILW campaigns, primarily involving energy-dispersive X-ray spectroscopy

and ion beam techniques [110–122]. These investigations have identified that deposits can be

categorised into mixed material layers, also called stratified deposits resulting from the contin-

uous erosion of PFCs, and metal droplets, mostly W, Ni and Be, produced during the melting

of components in the main chamber.

Be droplets, flakes and splashes likely originate from Be tiles from the first wall and Be-rich co-

deposits that move within the divertor. W-rich droplets are believed to originate from W-coated

carbon fibre composites (CFCs) or Langmuir probes near the lamellae, where the likelihood of

melting is heightened [123]. Ni-rich droplets are thought to come from Inconel components in

the main chamber, such as tiles in lower heat flux regions, which have an Inconel 625 substrate

and a 7–9 µm thick beryllium coating [124]. Additional sources of Ni include the ion cyclotron
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resonance heating (ICRH) antennas, where both the central conductors and antenna housing

are coated with Ni [125].

The mixed material layers have been shown to contain elements such as C, N, O, Ni, Mo and W,

which have been linked to increased T retention [126–128]. The main constituent is Be which

was continually eroded from the first wall, migrated to the divertor surface and was deposited

in layers [118]. Mo is present in both the main chamber and the divertor and is used as the

first mirror material in spectroscopy for plasma diagnostics [129]. Ni and Mo were both injected

as part of laser blow-off (LBO) experiments to study the effects of impurities on the core of

the plasma [130]. N was also injected into the vessel for disruption mitigation and plasma edge

cooling which may explain why it was retained in the deposited layers [119].

There are a number of potential O sources including residual gases from when the vessel was

at atmosphere, water vapour on the walls or directly injected into the plasma during operation

[23][116]. Outside of the vessel, O contaminants could arise from oxidation during sample

transfer and storage or from impurities in the PFCs during manufacture [131]. MGS Precision

Ltd. reported 510 ppm of O and 25 ppm of C in the W powder before the lamellae were sintered,

far higher than the other elements that were listed. Therefore C could also exist as an impurity

from the manufacture of W components. In-vessel sources of C include residual dust from the C

walls in the JET-C campaigns and the CFC substrates of the W-coated divertor tiles [122]. It is

also possible for C to accumulate underneath the electron beam in an SEM/TEM and augment

the amount of C recorded in an EDX/EELS spectrum [131].

2.6 Beryllium in the Fusion Environment

Be atoms are not particularly soluble in W due to differing lattice structures and electronega-

tivities [132][133]. The solid solution is substitutional and therefore no high-W compounds form

[134]. Only 5 at. % of Be is soluble in W from 2100 to 1800 °C and ∼3 at. % down to 1000 °C

[135]. For a W film on a Be substrate the energy of diffusion and alloy formation for a W atom

in a Be matrix, is relatively low [136]. The alloy in this case is Be12W, which is experimentally

observed above 970 K [137–140]. Be22W can also form through the peritectic reaction, L +

Be12W ↔ Be22W [134].

In the reverse system of a Be film on a W substrate, there is a high energy barrier for an adsorbed
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Be atom to diffuse into the bulk. If temperatures are sufficient to overcome this barrier then weak

Be–W chemical bonds can form near the surface but not in the bulk [141][142]. Moreover, the

energy barrier of desorption is smaller than the diffusion barrier, meaning there is a competition

between W–Be alloy formation and Be sublimation. The alloy Be2W is still able to form due

to the large energy minima associated with the adsorption of a Be atom onto a W surface. In

general, the alloy structure, Be12W, produced by a W film on a Be substrate is more stable than

Be2W formed by a Be film on W substrate.

Be2W has been shown to form ternary compounds BexWO3 and BeWO4 when implanted with

O ions at room temperature [143]. O was not able to diffuse at these temperatures so these

compounds were only observed up to the implantation depth. Above 700 °C BeWO3 and BeWO4

decompose, primarily favouring the formation of BeO while some W oxides form in an excess of

unbound O [144]. In general, Be can diffuse through both W and Be2W lattices, binding to any

O in the system and favouring the formation of BeO over W oxides [145]. Furthermore, X-ray

photoelectron spectroscopy (XPS) studies show that Be ions can diffuse through GBs in WO2

and are mobile in WO3 due to the diffusion channels in its structure [144]. So despite an innate

resistance to W–Be alloy formation, at sufficient temperatures Be is still able to diffuse through

many compounds that are likely to form at the plasma-facing surface.

In a reactor scenario, such as JET, Be impurities are likely to strike the W surface at sufficient

energies to overcome any surface energy barriers and cause intermixing [146]. This can cause

the formation of amorphous layers on the order of nanometres [147][148] and the formation of

the aforementioned stable W–Be alloys, Be22W, Be12W and Be2W. The presence of these W–Be

alloys has been shown to increase H and He retention compared to pure W surfaces [132][148–

153]. These alloys are intermetallics with partial equilibrium liquid phases present at 1327 °C

for Be2W, 1507 °C for Be12W and 2247 °C for Be22W [154]. Although W PFCs are expected to

have an operational temperature range of 150-1000 °C in ITER, transient events such as ELMs

may cause temperature spikes which could result in ablation, melting and dust formation [155].

2.7 The Importance of Dust Production

Deposits are often a source of dust within a tokamak depending on their structure, porosity and

composition. A total of ∼1 g of dust was generated during JET ILW-1 [156] but this quantity
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is predicted to be orders of magnitude larger in ITER where particle sizes are also expected

to be greater than 150 µm [157]. Dust is detrimental in a fusion reactor for several reasons,

due to potential safety hazards, radiological risks, plasma performance degradation, increased

operational costs, and challenges in licensing and maintenance [131][117][116]. Dust particles, if

allowed to accumulate, could exacerbate the risk of an explosion through contact with O during

air ingress or water during a water leak. Dust particles can become contaminated with toxic Be

or radioactive materials such as T and neutron-activated isotopes. This becomes an issue when

applying for operating licenses and regulatory bodies may impose strict requirements which

could impact the feasibility and economics of fusion. The generation of dust also imposes the

need for thorough cleaning and specialised handling of components which is inefficient and costly.

Additionally, dust degrades plasma performance through radiative power losses and increases

erosion of first wall materials which reduces component lifetimes.
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Chapter 3

Experimental Techniques

This chapter provides the relevant context and background, outlining the key concepts and

principles that underpin the experimental techniques discussed in Chapters 4–6.

3.1 Scanning Electron Microscopy

The initial step for characterising most JET samples involved the TESCAN MIRA3 XMH SEM.

SEMs converge a beam of electrons to a point with a diameter of 1 nm to 1 µm and raster said

beam across the sample surface with a voltage between 0.5 and 30 kV [158]. The interaction

between the electrons and the sample surface generates several signals that depend on the type

of emission or scattering event. Secondary electrons (SE) are used for detailed topological

imaging and are produced when the incident electrons transfer some of their energy to outer

shell electrons. Backscattered electrons (BSE) provide compositional contrast and are elastically

scattered electrons that interact with the atomic nuclei in the sample that are scattered back

out. Characteristic X-rays determine elemental composition and are generated when the incident

electrons knock out inner-shell electrons and higher-energy electrons fill the vacancy. These

phenomena take place at different depths within the sample, known as the interaction volume:

secondary electrons (SE) originate from the shallowest region, backscattered electrons (BSE)

from a slightly deeper layer, and X-rays from the deepest region beneath the surface. The size

of the interaction volume is determined by the beam energy, atomic number and density of

the material. There is, however, a compromise between signal generation, resolution, sample

integrity, and instrument capability when it comes to beam currents and voltages.
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3.2 Energy Dispersive X-Ray Spectroscopy

An Oxford Instruments X-Max 80 detector was used for EDX analysis of the JET samples in the

TESCAN SEM and analysed with the AZtec software, version 6.0 SP1. An EDX detector collects

the characteristic X-rays produced at each beam position and maps the elemental composition

near the surface of the sample. The beam diameter (probe size) is crucial. A smaller probe

enables more localised chemical analysis but can reduce signal strength. Binning multiple pixels

together can boost the signal, though this comes at the cost of resolution. Long acquisition times

can reduce noise in the spectra but increase the risk of drift. Additionally, X-rays from other

elements present in the vacuum chamber can introduce background noise, affecting accuracy,

particularly for trace element detection.

3.3 Electron Back-Scatter Diffraction

The EBSD maps in this thesis were obtained using an Oxford Instruments NordlysNano De-

tector in the TESCAN SEM and analysed with the AZtec software, version 6.0 SP1. Some

of the backscattered electrons undergo Bragg diffraction when they interact with the crystal

lattice. These electrons are elastically scattered at certain angles that correspond to specific

crystallographic planes and constructively interfere to form Kikuchi patterns. These patterns

are indexed by referencing established crystallographic databases and properties such as crystal

orientation, phase and strain can be mapped. The ability of the software to index the patterns

and produce high-quality EBSD maps can be enhanced by optimising the probe size, dwell time,

beam current and signal-to-noise ratio. Longer dwell times and higher beam currents improve

pattern quality, while smaller pixel sizes increase spatial resolution, though these settings also

increase acquisition time. The contrast of the patterns can be enhanced by applying a back-

ground correction and adjusting the gain settings. Pattern quality is also highly sensitive to

surface finish and signal strength, requiring careful sample preparation and precise alignment

with the detector.
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3.4 Focused Ion Beam

An FEI Helios NanoLab, Ga FIB and a Tescan Amber X, Xe PFIB were the only FIB systems

used to analyse the JET components. FIBs are a type of microscope capable of machining

material at the sub-micron scale [159]. This is achieved by accelerating a beam of Ga ions

toward the sample surface and focusing it to a fine diameter using a series of electromagnetic

lenses. The beam is rastered over a predefined area and the incident ions then sputter atoms from

the surface, removing material in a highly localised manner in a process called milling. Inelastic

collisions with the atoms on the surface also produce secondary electrons which are collected

to generate images. FIBs can also deposit material by decomposing a precursor gas introduced

into the chamber, allowing for both additive and subtractive surface modifications. They are

useful for creating micro- and nanostructures for small-scale mechanical testing. In this thesis,

they were used to mill cross-sections, allowing for the investigation of sub-surface microstructures

and preparing samples for techniques such as TEM and APT. FIB sample preparation can cause

significant sample damage, such as surface ion implantation, amorphisation, and microstructural

modifications [160]. Various techniques have been developed to lessen these damage mechanisms,

including protective layer deposition, low-energy ion polishing, and cryogenic cooling. This can

restrict damage layer thickness to less than a nanometre, allowing for high-resolution analysis.

Additional applications that were used in this thesis were a plasma-FIB (PFIB) and tomography

[161], both of which were undertaken using the Tescan Amber X, Xenon PFIB. Instead of a

beam of Ga ions, a PFIB uses a plasma source to generate a range of ion species, but a Xe beam

was used in this instance. The beams are typically able to reach higher beam currents which

enables faster material removal rates and covers larger areas. The increased sputtering rates

and higher ion energies can result in reduced precision and potential surface damage compared

to traditional FIB systems. A PFIB system was used to perform tomography on one of the

JET samples. The technique involves sequentially milling thin layers from the cross-section of

a sample and capturing a high-resolution SE image at each step. These images can be rendered

into a 3D model, providing valuable volumetric information about the internal structure of the

material.
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3.5 APT Sample Preparation

The APT samples that were analysed in this thesis were prepared using standard lift-out pro-

cedures with the Helios Ga FIB [162][163]. To protect the surface from FIB damage, a Pt layer

was deposited, ensuring it covered the GBs to incorporate them into the samples. A long bar

was milled from the sample surface to produce multiple APT specimens, with additional Pt

deposited to secure the bar to an OmniProbe nanomanipulator before it was lifted from the

sample. These bars were then divided into individual wedges and fastened onto Si microposts

with Pt. The wedges were sharpened to tips with radii of less than 50 nm, using annular milling

at 30 kV with beam currents of 230, 80, and 24 pA followed by a polishing step at 2 kV.

3.6 Atom Probe Tomography

The samples were analysed using a CAMECA LEAP 5000 XS Atom Probe with a laser wave-

length of 355 nm. Automatic detection rate control was enabled to maintain a stable W3+/W2+

ion charge state ratio of 0.2. Tip reconstruction and compositional analysis were conducted

with the IVAS software from CAMECA, running version 6.3.0.90. APT is a powerful technique,

providing 3D compositional maps with a spatial resolution down to 0.2 nm in the XY plane and

a sensitivity that can reach 100 atomic parts per million [164][165]. Atoms are removed from the

tip of the needle-shaped sample via field evaporation and become ionised. This is achieved via a

voltage pulse or a laser, with the latter used in this work. A static electric field then accelerates

these ions towards a detector and the location of impact and time of flight are recorded. These

measurements can then be converted into a mass-to-charge ratio for each fragment or individ-

ual ion and the exact species and starting positions are identified [166]. The key advantage of

APT is its near-atomic resolution, making it well-suited for investigating the chemistry of GBs,

interfaces and precipitates. It can also be used quantitatively to calculate the density of certain

species and their isotopes.

However, the technique has some limitations related to sample preparation due to the presence of

asymmetries, bluntness or multiple tips which can cause the sample to explode during the atom

probe procedure. FIB damage can also introduce artefacts which ultimately limits the types

of material that can be studied. Moreover, certain materials can be too fragile to withstand
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the high electric fields within the atom probe. The volume of material that can be analysed is

also small, up to several hundred nanometres in the Z direction. Lastly, the user has to assign

peaks in the mass spectrum to specific ions, which becomes difficult when ions have similar

mass-to-charge ratios. One method of deconvolution involves natural isotope abundances which

can be sufficient to resolve individual peaks. Overlapping peaks did not appear to be an issue

for the analysis in this thesis particularly because the types of elemental impurities within the

W components were provided by the manufacturer.

3.7 TEM Sample Preparation

The Helios FIB was also used to make TEM samples in a similar lift-out process to the APT

samples [160][167]. TEM foil preparation was conducted using the following method:

A protective Pt layer was deposited, outlining the sample dimensions and 30 kV Ga ions were

used to mill the surrounding material. The sample was then extracted using the OmniProbe

nanomanipulator and attached to a copper grid using Pt. The sample was tilted ±1.5° to

mitigate beam spread [168] while ion currents of 790 pA and 430 pA were used for thinning.

Subsequent polishing steps involved a range of currents and accelerating voltages: 430 pA at

10 kV with a tilt of ±2°, 230 pA at 7 kV with a tilt of ±2°, and 230 pA at 5 kV with a tilt of

±10°. The final sample was thinned to 100 nm so that EELS and TKD were applicable and a

Jeol ARM 200F TEM was used primarily in STEM mode.

3.8 Transmission Electron Microscopy

STEM imaging was performed on some of the JET components using a JEOL ARM200F with a

cold field-emission gun source at 200kV accelerating voltage and the DigitalMicrograph software

from Gatan, version 3.51.3720.0. EDX analysis was also performed in JEOL ARM200F with the

JEOL Centurio high solid-angle EDX detector, using the Thermo Scientific Pathfinder X-ray

Microanalysis software. TEMs are often used when the resolution of an SEM is insufficient, the

short wavelengths of high-energy electrons allow some TEMs to achieve atomic resolution [169].

A beam of electrons is accelerated to energies of 100-400 keV to be able to pass through an

extremely thin sample. The required thickness of the sample depends on the average atomic
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number of the material and the energy of the electrons, but a sample of less than 200 nm is

typically preferred for most applications. The electrons then interact with the atoms in the

material lattice as they pass through and are then focused by electromagnetic lenses to form

a magnified image or diffraction pattern on a fluorescent screen or detector. The scattered

electrons and X-rays that result from these interactions then provide information about the

structure of the sample and composition. TEMs can operate in several modes, including STEM,

bright-field and dark-field imaging, diffraction such as TKD, and spectroscopy such as EDX

and EELS. This allows for a comprehensive analysis of a material structure, composition, and

electronic properties at the nanoscale.

In STEM mode, the principles of TEM and SEM are combined to produce a finely focused

electron beam, typically less than 5 nm in diameter, which is scanned across the sample [169]. A

variety of signals are produced from each location of the beam which can be collected to produce

images, diffraction patterns, and spectra with high resolution. The transmitted signal has a wide

range of scattering angles based on the electron interactions with the sample. Different groupings

of scattering angles can be studied in isolation to achieve various imaging modes [170].

Bright-field (BF) STEM involves electrons that are collected by an on-axis detector, where

contrast is produced by differences in diffraction, mass and sample thickness. BF STEM is

often used for studying phase contrast, assessing structural details and detecting light elements.

Dark-field (DF) STEM captures electrons that have been scattered at angles away from the

optical axis using an annular dark field (ADF) detector, which enhances the contrast of GBs,

dislocations, and strain fields. High-angle annular dark-field (HAADF) STEM uses an annular

detector to collect electrons scattered at large angles which provides atomic number (Z) contrast

and helps distinguish heavier atoms from lighter ones. STEM mode can also be used for EDX

which functions the same in a TEM compared to an SEM, with a few caveats. The interaction

volume is much smaller in a TEM since the specimen is so thin which improves spatial resolution

and expands analysis to nanostructured materials. The location of the EDX detector within the

vacuum chamber can be a limitation, reducing the efficiency of X-ray collection to a lower level

than in an SEM.
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3.9 Electron Energy Loss Spectroscopy

EELS was carried out on the majority of TEM samples using a Gatan Quantum EELS detector

in the JEOL ARM200F and analysed with the DigitalMicrograph software from Gatan, version

3.51.3720.0. The energy loss of the transmitted electrons after their interaction with the sample

can also provide information on bonding, chemical composition and electronic structure with

high spatial resolution [170]. The EELS spectrum contains a zero-loss peak where the electrons

pass through the sample without losing energy and peaks of interest that arise from inelastic

scattering events. Plasmon excitations, where free electrons in the sample collectively oscil-

late, produce energy losses up to 30 eV and can be used to distinguish different phases. Most

important are the core-loss peaks where the incident electrons transfer enough energy to eject

tightly bound electrons, typically from the K, L, or M shells. The energy lost by an incident

electron corresponds to the binding energy of the ejected core electron, which provides detailed

information about chemical bonding and elemental composition. The main advantage of EELS

over EDX is its sensitivity to light elements, but the sample thickness must typically be below

100 nm, which complicates sample preparation. Interpretation can also be complicated with

complex background signals and high electron doses can also damage delicate materials.

3.10 Transmission Kikuchi Diffraction

TKD was performed on one TEM sample using the Bruker Quantax EBSD system in a ZEISS

Merlin Field-Emission SEM and analysed using Esprit software, version 2.0 [171]. TKD uses

the same procedure as EBSD but the electrons are transmitted through the sample after elastic

scattering instead of being backscattered [170]. The main advantage of TKD over EBSD is

higher spatial resolution due to the smaller interaction volume which is well-suited for thin films

and fine-grained microstructures. In some cases, the signal-to-noise ratio is improved in the

diffraction patterns which leads to a higher success rate for pattern indexing. TKD uses higher

energy electrons than EBSD which can damage certain kinds of samples and it also requires a

sample thickness of less than 100 nm which is difficult to achieve consistently.
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3.11 Berkovich Nanoindentation

The JET components were indented using the Nano Indenter G200 from Agilent Technologies

with version 6.52 of the NanoSuite software and the iMicro Nanoindenter from KLA with the

InView software. Nanoindentation is an extremely useful technique for obtaining local values

of hardness and elastic modulus from the polished surface of solid samples. Berkovich tips are

widely used in nanoindentation due to their self-similar geometry, meaning that their shape

remains constant at all depths, which ensures a uniform strain rate during indentation. This

consistency simplifies data analysis and enhances the accuracy of mechanical property measure-

ments. The sharpness of the Berkovich tip helps to detect the precise moment when the indenter

first makes contact with the material, improving the reliability of depth and load measurements.

Additionally, its three-sided pyramid design requires less force to penetrate materials compared

to spherical or flatter tips, making it particularly useful for probing thin films and small volumes.

The procedure involves using a sharp, Berkovich diamond indenter tip to penetrate the surface of

the material. A known load, P , is incrementally applied through the Berkovich tip which causes

a displacement, h, into the surface of the material. The plastic zone is the region surrounding

the indenter that undergoes irreversible plastic deformation, leading to localised stress and

strain that extend beyond the contact area and influence the measured hardness and mechanical

response during the test. The contact area is an important variable during the indentation

process and is the surface area in direct contact with the indenter. Although the 2D projection

of the area of elastic contact, A, is typically used to simplify the calculations of mechanical

properties while maintaining sufficient accuracy. The Oliver and Pharr method [172] was used

to calculate the hardness, elastic modulus and area function for all Berkovich nanoindentation

in this work. The maximum load, Pmax, and the projected area of the hardness impression are

then used to calculate the hardness, H:

H =
Pmax

A
(3.1)

The reduced modulus Er must be derived before calculating the elastic modulus of the sample,

E. The contact stiffness, S, is determined by the gradient of the unloading segment of the

load-displacement (P-h) curve which is related to Er by the following equation:
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S =
dP

dh
=

2β√
π
Er

√
A (3.2)

where β is a correction factor for the geometry of the tip. The values for S, β and A are known

and the obtained value for Er is then used to calculate E:

1

Er
=

1− ν2

E
+

1− ν2i
Ei

(3.3)

where ν is the Poisson’s ratio for the material, νi is the Poisson’s ratio for the indenter and

Ei is the elastic modulus of the indenter. Accurate measurement of A is essential for precise

evaluation of the material hardness and modulus. A mathematical relationship called the area

function is established which accounts for the shape of the tip and links A to the penetration

depth, hc. The indentation in this work used the same polynomial as Oliver and Pharr [172]

with six constants:

A = C0h
2
c +C1hc +C2h

1
2
c +C3h

1
4
c +C4h

1
8
c +C5h

1
16
c (3.4)

The area function was obtained during the tip calibrations where at least 16 indents were placed

in a well-characterised sample of fused silica each time the indenter was used. Fused silica has

a known elastic modulus of 72 GPa and a Poisson’s ratio of 0.17 which are used alongside the

slope of the unloading segment of the P − h curve to obtain a calculated Er and an ideal Er.

The constants in the area function are then adjusted until the calculated Er value matches the

ideal.

The JET components were indented to an indentation depth of either 1 or 2 µm using the

continuous stiffness measurement (CSM) mode established by Oliver and Pharr [173]. The

method continuously records the stiffness throughout indentation by applying a relatively small

oscillation to the force signal, while simultaneously recording the resulting amplitude and phase

of the displacement.

All indents were performed at room temperature once thermal drift rates had reached an ac-

ceptable magnitude and displacement control was enabled. Indents were placed in arrays of

typically more than 16 indents to ensure statistical reliability and account for potential variabil-
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ity in material properties. Taking an average of multiple indents reduces the impact of outliers

and anomalies, leading to more accurate and representative measurements of hardness and mod-

ulus. Indents were excluded from the final analysis if they did not reach the specified depth,

showed skewed imprints or were located on GBs in the optical images or EBSD maps.

The mechanical components of the system also contribute to the overall stiffness measured during

indentation which is accounted for with a frame stiffness correction. This process was applied

to all indents and involves subtracting the stiffness of the indenter and frame from the total

measured stiffness. The stiffness of the indenter and frame is calculated during the calibration

and any further deviations are adjusted by hand until the modulus-depth curves become flat.

These curves only start to plateau to a constant value once at larger displacements when noise

and surface roughness effects are negligible.

The main limitations of this method of indentation include the “pile-up” of material around

the indenter due to significant plasticity which increases the contact area and produces an

overestimation of hardness and modulus [173]. Another limitation is the indentation size effect,

where hardness increases at smaller indentation depths due to the pronounced strain gradients

and the need to accommodate geometrically necessary dislocations (GNDs) in response to these

gradients [174][175]. Additionally, the technique is sensitive to surface roughness and requires

highly polished samples to obtain reliable data [176]. The indenter tip itself can also wear over

time, which can introduce errors if it is not regularly calibrated [177]. Finally, the method

assumes elastic isotropy of the material, but this should not adversely affect the data in this

work since W exhibits minimal deviation from isotropic behaviour [178].

3.12 Spherical Nanoindentation

Spherical Indentation was performed using a diamond tip with a radius of 2 µm to a depth

of 500 nm using the Nano Indenter G200 from Agilent Technologies and analysed with the

NanoSuite software, version 6.52. The amount of deformation that occurs during indentation

depends on the opening angle of the indenter tip [179–184]. The strain produced by a spherical

tip increases with indentation depth due to changes in the opening angle of the tip, which is

not observed with self-similar geometries such as a Berkovich tip [185][186]. Therefore it is

possible to extract a stress-strain curve from a single spherical indent but relies on a precise tip
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calibration [183][187][188].

The methodology of spherical nanoindentation has developed at quite a pace in recent years,

specifically with the refinements proposed in the publication by A. Leitner et al. [187]. The

new approach adjusts the definitions of the different deformation regimes and introduces a

new method for calibrating the tip radius, using an effective contact radius that changes as

the indenter penetrates the material. Their initial results appeared to match the micropillar

compression tests of ultrafine-grained metals without prolonged or fastidious sample preparation.

The article by A. Leitner et al. [187] lays out a set of equations for the new tip calibration:

Ac = a2c · π (3.5) Ac(hc) = B0 · hB1
c − B2 · h2c (3.6)

where Ac is the contact area, ac is the contact radius, hc is the contact depth and Bi is a constant

that is adjusted using a non-linear least square method to define the sphericity of the tip. The

output from these equations is then used to calculate the stress, σ, and strain, ϵ, for every value

of displacement:

σ =
P

Ac
(3.7) ϵ =

4h

3πac
(3.8)

where P is the load and h is the total displacement which is found using the method outlined

by Oliver and Pharr [172]:

hc = h− 0.75 · P
S

(3.9)

where S is the stiffness and 0.75 is the geometric constant used for a spherical tip.

3.13 Ion Beam Analysis

A 2.5 MV Van de Graaff accelerator was used at the Instituto Superior Técnico, Universidade

de Lisboa, Portugal which is displayed in Fig. 3.1. There were three main lines which offered

various ion beam techniques including elastic recoil detection analysis (ERDA), particle-induced
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X-ray emission (PIXE), Rutherford backscattering spectrometry (RBS), Nuclear Reaction Anal-

ysis (NRA), and a Nuclear Microprobe [189]. The final two techniques can both detect D by

accelerating 3He+ ions at a sample while collecting the protons that are given off as a result

of the D(3He, p)4He reaction. The beamline highlighted in green in Fig. 3.1 was the first to

be used, housing an Oxford Microbeams Ltd. type Nuclear Microprobe with a resolution of

3×4 µm2 and a scan amplitude of 2.6×2.6 mm2. The Microprobe detector had a surface barrier

of 200 mm2, solid angles of 80 msr, Cornell geometry of 40º, and was covered by a 12 µm Mylar

foil. Initial beamline experimental transmission conditions were optimised using a 2 MeV H+

beam that was swapped to a 2 MeV 3He+ beam for the rest of the analysis. The Microprobe

detector was calibrated using a Be target which relied on the detection of protons from the

9Be(3He,px)
11B reaction. The proton peak energies of this reaction are listed in the study by

V. Foteinou et al. [190].

Figure 3.1: Schematic of the Van de Graaff accelerator at IST, Portugal with the JET tile analysis line in blue,
the Microprobe line in green, and the RBS line in red. Chamber 1 is equipped for NRA of large samples, chamber
2 for PIXE analysis, chambers 3 and 4 for RBS, NRA and ERD (only in chamber 4), and chamber 5 for the
Microprobe. Diagram created by N. Catarino [189].
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Chapter 4

JET W Plasma-Facing Components

in the As-Received State

4.1 Introduction

A bulk W lamella sample and a bulk W Langmuir probe sample were originally characterised

in the as-received state to compare to the JET-exposed microstructures presented in chapters 5

and 6. However, once data collection was underway, it became clear that the manufacture and

machining of these samples resulted in the formation of microstructural features that should be

fully understood before considering the effects of plasma exposure. The manufacturing steps

included sintering, hot rolling, annealing and EDM, which are widely used in the production of

bulk W components, making these results applicable to the broader fusion materials community.

This chapter aims to assess how the manufacturing route has shaped the microstructure of the

samples, with a particular emphasis on understanding the difference in grain morphology that

was observed between the two types of component. The chapter explores the effects of these

microstructural variations on mechanical behaviour, fully characterising the different regions in

terms of hardness and elastic modulus and providing a reference for the JET-exposed samples.

Another goal of this chapter is to examine the changes induced by EDM, focusing on how extreme

thermal gradients and impurities introduced during this process and manufacture influence the

structural integrity of W components. A related objective is to investigate the role of impurities,

particularly at GBs, and how they contribute to the formation of voids, cracks, and other defects.

Additionally, the chapter will investigate how the components are affected by different heat
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treatments and how their response compares to an ultra-high purity (UHP) W sample. These

treatments attempt to replicate certain microstructural features observed in EDM such as voids

and cracks. The results will establish a foundation for subsequent chapters, which will explore

how Langmuir probes and lamellae behave under plasma exposure in a fusion environment.

4.2 Manufacturing Details

The UHP W sample was manufactured in the same batch as the UHP samples used in the study

by M. Rieth et al. [191]. It had a reported purity that exceeded 99.999%, a deformation degree

∼80% and was sintered in an atmosphere of H2.

The manufacturer of the JET components, MGS Precision Ltd., stated a component purity of

99.95%. Physical documents concerning the manufacture of the lamellae were acquired from the

JET archive and contained specifications and certificates for batch and charge number, chemical

composition and mechanical properties. The equivalent documents for the Langmuir probes

were not found after an extensive search of the JET archive but direct correspondence with

MGS Precision Ltd. confirmed that they had been manufactured using the same procedure

as the lamellae. This procedure involved cold isostatic pressing of W powder at 200 MPa for

2 minutes and sintering in a H2 furnace by Beijing Tian-Long Tungsten & Molybdenum Co.,

Ltd., who did not disclose the precise T-t curve. Subsequently, the lamella underwent hot rolling,

detailed in Table 4.1, followed by an hour of annealing between 1150 and 1200 °C. Finally, the

plasma-facing surfaces were shaped using EDM.

Table 4.1: Machining parameters used in the hot rolling of the lamella, where T and L represent rolling in the
transverse and lateral directions

Pass Number 1 2 3 4 5 6

Temperature (°C) 1620 1580 1500 1420 1340 1280

Holding Time (min) 50 15 10 10 10 10

Rolling Direction L T T L L L
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4.3 Experimental Details

The bulk, as-received lamella had been machined using EDM in the same manner as the other

lamellae exposed in JET. It was then cut using a diamond saw, creating a sample to image

the plasma-facing surface and another two samples to study the cross-sections parallel and

perpendicular to the rolling direction. The cross-sectioned samples were polished through to

1 µm using diamond suspensions before colloidal silica was used as the final polishing step.

Grain size and distribution were obtained via EBSD of the cross-sections and nanoindentation

was performed to obtain sample hardness and elastic modulus. A total of 64 indents were

collected to a depth of 1 µm, with the indentation axis aligned with the rolling direction of the

grains. The sample containing the plasma-facing surface was of particular interest due to the

surface damage that occurred during machining and the potential interactions that could occur

with the plasma in the divertor. This sample was left unpolished and was examined with both

a Ga FIB and Xe PFIB. The Ga FIB was also used to lift out and thin one TEM sample and

nine APT samples. The TEM sample, which included a cross-section of the surface damage,

was imaged in STEM mode and investigated with EDX.

One sample was cut from the bulk, as-received Langmuir probe by the MRF technicians so they

could develop a recipe for active sample preparation. The remainder of the Langmuir probe was

not immediately accessible therefore preliminary testing began with this smaller off-cut. The

sample was polished to 1 µm with diamond suspension and colloidal silica and EBSD revealed a

bimodal grain size distribution. Nanoindentation was performed to 1 µm depth using the G200

at the MRF with 15 indents placed in the fine-grained region and 25 indents in the coarse-grained

region. The process was repeated using the G200 at the Department of Materials, University of

Oxford, with 32 indents placed in the fine-grained region and 32 indents in the coarse-grained

region. The results from both G200 machines were compared, additionally the G200 at the

MRF was incapacitated from November 2021 through the end of data collection.

It was not immediately clear from which region the MRF technicians had cut the sample so

another two samples were prepared in the same manner once the remainder of the Langmuir

probe became available. One sample contained the cross-section of the triangular tip and part

of the base while the other was cut perpendicular to this to check for any grain elongation from

rolling. The preliminary results were validated by comparing the hardness and modulus values
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between the technician-prepared sample and the sample containing the cross-section of the tip.

This was achieved with 25 indents at a depth of 1 µm in the coarse-grained regions in both

samples.

EBSD maps were then collected from the two newly cut samples and the very top of the probe

tip was examined in the FIB for further signs of machining damage. Six APT samples were

prepared from the coarse-grained regions in the bulk of the probe and compositional analysis

was carried out by Dr Martin Meier (University of Oxford) using the CAMECA LEAP 5000

XS Atom Probe. A total of 15 APT samples were prepared from both the as-received lamella

and Langmuir probe. One of the Langmuir probe APT samples captured a triple point of GBs

directly through its centre which is the sample that is discussed in section 4.7. More APT

samples would need to be collected to obtain a reliable mean for the impurity content at the

GBs, but this APT sample serves as a good indicator for the as-received W samples that are

characterised in this chapter.

The EDM process was found to introduce large cracks that were frequently decorated with

voids on the machined surface of the as-received lamella. There were numerous attempts at

placing indents in void-dense regions to gauge their effect on mechanical properties but it was

not possible using the built-in optical microscope of the G200. FIB cross-sections of the cracks

showed that many of them appeared to be filled with material that produced a darker contrast

in SE micrographs. To study the effect of this dark material on mechanical properties, an indent

of 300 nm was placed on either side of a crack with a separation of 6 µm. The first indent of

each pair was hand-placed and every pair was positioned at least 4 µm from the sample edge

to minimise the effect of surface curvature on the calculated area function. This was repeated

for 19 consecutive cracks that were observable in an optical microscope, over a total distance of

1.61 mm along the cross-section of the lamella.

The indentation depth of 300 nm was selected after analysing the CSM measurements from the

1 µm indent tests. It was the smallest that an indent could reasonably be before surface effects

introduced appreciable scatter into the measurements. A shallow depth was desired to minimise

the size of the plastic zone such that a greater proportion of this zone was occupied by dark

regions which were typically less than 2 µm wide. The plastic zone radius of a 300 nm indent

was calculated using the Johnson continuum elastic-plastic model [192–194], and was used by

C. Robertson et al. similarly for austenitic stainless steels [195]. The model states c =
√

3F
2πσys

,
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where F is the applied load at 300 nm which was 16.1 mN and σys is the bulk yield strength

which is 750 MPa [196], yielding a plastic zone radius, c, of 3.20 µm. Hence a 6 µm separation

was sufficient for the dark region to be captured in the plastic zone of at least one of the indents

in each pair. After the 19 pairs of indents were placed next to the dark regions, each pair

was cross-sectioned in the FIB. Indents that were placed over 2.55 µm from the boundary were

excluded from the analysis. Three 5x5 arrays of 300 nm were also placed in the bulk of the

sample and these hardness and modulus values were compared to those from the dark regions.

Two sets of three samples, an ultra-high purity (UHP) W sample, the as-received Lamella and

Langmuir probe, were heated in a vacuum furnace to try and activate void formation at two

specific temperatures. Both sets of heated samples were cut with a diamond saw to remove all

EDM-ed surfaces, polished, and sealed in quartz tubes with a vacuum pressure of 1 x 10−6 torr.

One tube was held at 900 °C for an hour, excluding ramp-up and cool-down time, to reduce W

oxidation and probe impurities such as white P that can boil at temperatures as low as 280.5 °C

[66]. The other quartz tube was held at 1500 °C for 24 hours, excluding ramp-up and cool-down

time. This was the imposed time and temperature limit of the tube since quartz, vitreous silica,

has a melting temperature of 1713 °C [66]. The samples that were held at 1500 °C all developed

flaky greenish coatings which signaled the formation of WO3. These coatings were removed from

one face of each sample with P400 grit paper and the faces were then polished with diamond

suspensions and colloidal silica. The surfaces of the 900 °C samples remained smooth and did

not require further preparation. Three pristine samples were kept in the as-received state, cut

and polished, and compared to the heat-treated samples. All nine samples were viewed in the

FIB, and at least 3 cross-sections were milled in the bulk of each sample. No evidence of void

formation was observed so to confirm the origin of the observed microstructural features, the

three pristine samples were cut using EDM. The machine was a Charmilles Robofil 240 CC Wire

EDM, with a water lubricant. Two FIB cross-sections were milled into the EDM-ed surface of

each sample which was sufficient to show the formation of voids and cracks in each sample.

4.4 Starting Microstructure of Lamellae

The grain structure of the lamella is summarised in Fig. 4.1, where the rolling direction (RD)

is normal to the plasma-facing surface. Fig. 4.1 (a) and (b) reveal a structure characteristic of

rolled W [197][198], namely the formation of large grains that are elongated in the RD. These
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grains are subdivided by low- and high-angle boundaries which form due to the significant

accumulation of deformation during hot rolling. The degree of subdivision across one of these

grains appears to correspond with grain orientation, for instance, the green ⟨101⟩ grains display

the smallest amount of misorientation compared to the other orientations. The sub-grained

regions are shown at a higher magnification in Fig. 4.1 (c), using the AZtec software from

Oxford Instruments for grain analysis with a grain detection angle of 2.0 °. This returned an

average value of 2.1 µm for the equivalent circular diameter (ECD), with a standard deviation

of 0.9 µm for a total of 250 grains with a minimum area of 1 µm2.

Figure 4.1: EBSD maps of the as-received lamella showing the cross-section (a) parallel and (b) perpendicular
to the rolling direction (c) inverse pole figures (IPFs) for the X, Y and Z directions at higher magnification.

Conversely, Fig. 4.1 (a) shows the formation of equiaxed, recrystallised grains, highlighted in

the white box, that are non-uniformly distributed throughout the sample. The average ECD

value for this region was 26 µm with a standard deviation of 8 µm. A grain detection angle of

2.0 ° was used for a total of 42 grains with a minimum area of 189 µm2. The minimum area was
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manually selected to stop the AZtec software from identifying artefacts as grains. The larger

grains likely formed during the hour of annealing at 1150-1200 °C which did not appear long

or hot enough to cause recrystallisation in all regions. The presence of small, 2 µm grains may

have a pinning effect on GBs as they migrate during recrystallisation. The nucleation behaviour

and mobility of GBs could also be affected by impurities, which could suppress recrystallisation

and result in a more stable microstructure.

4.5 Starting Microstructure of Langmuir Probes

The manufacturer of the samples, MGS Precision Ltd., confirmed that the Langmuir probes

had been manufactured using the same procedure as the lamellae and the grain structures were

therefore expected to be similar. An overview of the Langmuir probe structure is shown in Fig.

4.2 which depicts a different morphology from the lamella. Most of the sample is comprised of

equiaxed grains but there are some fine-grained regions, as shown in Fig. 4.2 (a) and (d), that

resemble the rolled structure in the lamella. Grain analysis was performed in AZtec to find the

ECD for both of these regions with a grain detection angle of 2 °. In the coarse-grained region

for a minimum grain area of 50 µm2 and a total of 1,157 detected grains, the average ECD was

24 µm with a standard deviation of 15 µm. For the 383 fine grains detected in Fig. 4.2 (d),

the average ECD was 1.5 µm with a standard deviation of 1.3 µm and a minimum grain area of

50 nm.

The distinct distributions of coarse- and fine-grained regions have previously been observed

in recrystallised W samples for similar annealing temperatures and periods [199][200]. In the

study by A. Manhard et al., the grain size increased further and the fine-grained regions were

removed after another annealing step at 1,727 °C. The distribution of grains also appears to

depend on purity, where a UHP sample is more likely to recrystallise fully [201]. Such a drastic

difference in purity between batches is not expected from MGS Precision Ltd., particularly since

the distinct microstructures of the Langmuir probes and the lamellae were reliably recreated in

the exposed samples in Chapter 5. The most likely explanation is the use of a slightly different

manufacturing parameter due to the different shapes and sizes of the two components. This

parameter could be increased annealing time or higher temperatures during either annealing

or rolling, but importantly this is a parameter that would give the probes a greater chance of

recrystallisation compared to the lamellae. Furthermore, the size of the recrystallised grains in
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both the Langmuir probe and the lamellae were extremely similar, 24 µm and 26 µm respectively,

suggesting that there may be fewer differences between the two manufacturing processes.

Figure 4.2: EBSD maps showing (a) the as-received Langmuir probe cut by the MRF technicians with the
fine-grained region highlighted in the white box (b) a cross-section of the tip parallel to the triangular face (c) a
cross-section of the base perpendicular to the triangular face (d) IPF-X,Y and Z taken from a fine-grained region.

The appearance of the fine grains was not homogeneous throughout the whole sample and they

appear to be absent from Fig. 4.2 (b) and (c) which were taken from a central slice through

the sample and represent the tip and the base of the probe respectively. The mapped surface in

Fig. 4.2 (c) was perpendicular to the surfaces in the other EBSD maps and was unfortunately

scratched during sample transfer but the pattern quality was sufficient to confirm the absence
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of grain elongation due to rolling.

Table 4.2: A comparison between the Langmuir probe sample that was prepared by the MRF technicians in Fig
4.2 (a) and the sample in Fig 4.2 (b) that was cut from a known region of the probe.

Hardness (GPa) Modulus (GPa)

Sample
Number
of Indents

Mean
Standard
Deviation

Mean
Standard
Deviation

Technician-
Prepared

11 5.2 0.1 380 10

Self-
Prepared

13 5.2 0.1 390 10

Berkovich nanoindentation was performed in the coarse-grained regions of the samples in Fig.

4.2 (a) and (b) to confirm an agreement in mechanical properties, proving that the technician-

prepared sample originated from the same bulk probe. The results are summarised in Table 4.2,

showing similar hardness and modulus values for both samples and validating the EBSD maps

and subsequent nanoindentation data collected from the technician-prepared sample in Fig. 4.2

(a).

4.6 Mechanical Properties of the Lamella and Langmuir Probe

Samples

An overview of the investigation into mechanical properties is presented in Table 4.3. Tests 1

and 2 were conducted using a Nano Indenter G200 where test 1 was performed at the Materials

Research Facility, UKAEA and test 2 at the Department of Materials, University of Oxford.

The same Berkovich tip was used across both tests and the same NanoSuite software was used

for all analyses. The hardness and modulus values were consistent across both machines for

the Langmuir probe sample. The difference in the mean hardness values between the two tests

was negligible with a combined standard deviation of 0.3 GPa in the fine-grained region and a

difference of 0.1 GPa with a combined standard deviation of 0.1 GPa in the coarse-grained region.

In both cases, the difference in the means is not significantly larger than the combined standard

deviations, which implies that the observed difference is not likely to be statistically significant

and is within the range of what might be expected for random variation or measurement error.

The difference in the mean elastic modulus values in the fine-grained region was 20 GPa with a

combined standard deviation of 10 GPa and 20 GPa in the coarse-grained region with a combined
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standard deviation of 10 GPa. The difference in average modulus was more pronounced but was

still close enough for both machines to approximate the true material properties. This highlights

that nanoindentation data should not be expected to provide absolute values and should mainly

be used as a tool for comparison.

When comparing the hardness values between the fine- and coarse-grained regions, there is a

difference of 1.0 GPa with a combined standard deviation of 0.2 GPa in test 1 and a difference

of 1.1 GPa with a combined standard deviation of 0.3 GPa in test 2. These values are only

0.1 GPa apart, far smaller than either standard deviation, and are close enough to combine into

an average value of 1.1 GPa and a standard deviation of 0.3 GPa. For the elastic modulus in

test 1, there was a difference of 30 GPa with a standard deviation of 10 GPa between the two

regions and a difference of 30 GPa with a standard deviation of 10 GPa in test 2. The average

difference in modulus is therefore 30 GPa which is a less pronounced change than the hardness,

particularly when considering the combined standard deviation of 10 GPa.

Table 4.3: A table summarising the hardness and modulus data collected from both as-received lamella and
Langmuir probe samples, where Berkovich indents were performed to a depth of 1 µm and a spacing of more than
25 µm

Hardness (GPa) Modulus (GPa)

Sample
Indented
Region

Number
of Indents

Test Mean
Standard
Deviation

Mean
Standard
Deviation

Lamella
Fine
Grains

58 1 6.8 0.2 440 10

Langmuir
Probe

Fine
Grains

10 1 6.3 0.2 420 10

25 2 6.3 0.3 440 10

Coarse
Grains

15 1 5.3 0.1 390 10

25 2 5.2 0.1 410 10

The fine-grained region is likely considerably harder due to increased GB density and therefore

strengthening. GBs are barriers to dislocation motion and there is a higher density of them

in the fine-grained region. The plastic zone diameter is 17.2 µm for all indents [195], but the

grain size is 1.5 µm in the fine-grained region, meaning that many GBs contribute to the overall

hardness value. The coarse-grained region has a grain size of 24 µm which means the plastic

zone will sample a few GBs at most which results in lower hardness. The small grain size will

also contribute to Hall-Petch strengthening since fewer slip planes are available for dislocation
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movement compared to larger grains.

The as-received lamella was indented to the same depth of 1 µm but since there were fewer

distinct recrystallised grains, the sample was only indented in the fine-grained regions. The

indentation axis was aligned parallel to the rolling direction to lessen the effects of any rolling-

induced anisotropy. The results in Table 4.3 for the fine-grained regions in test 1 show that the

lamella has a slightly higher modulus than the Langmuir probe with a difference of 20 GPa and

a combined standard deviation of 10 GPa. The lamella also appears to be 0.5 GPa harder than

the probe with a combined standard deviation of 0.2 GPa. In the case of both modulus and

hardness, the difference between samples is more than twice the combined standard deviation

and is, therefore, a significant difference.

The suspected increased temperature or period of annealing for the Langmuir probe would have

resulted in fewer dislocations and defects in the microstructure, which was likely responsible for

the slight softening compared to the lamella. However, the lamella exhibited an average grain size

of 2.1 µm in the fine regions, slightly exceeding the 1.5 µm fine grains in the Langmuir probe.

This would typically be associated with grain size weakening, but considering the combined

standard deviation of 1.1 µm, there appears to be a large degree of variability. The size of the

fine grains may not be homogeneous across either sample and the analysis should have included

EBSD maps from more locations, particularly at the locations of the indents. The reported

results could be highly localised and the fine grains in the Langmuir probe could be slightly

larger than in the lamella due to the difference in annealing conditions. Furthermore, the lower

hardness and modulus of the probe may also be affected by some residual anisotropy in the fine

grains since the original RD was not discernible, the probe could have been indented on the axis

perpendicular to the RD.

4.7 Cracking and Impurities

Following the EDM step of the manufacturing process, cracks were observed on the plasma-

facing side of the lamella, as depicted in Fig. 4.3. The occurrence of EDM-induced cracking in

W samples has been noted in prior studies [202, 203]. Similar observations were also made for

JET lamellae by Mailloux et al. [17], where the EDM-ed surface exhibited a roughness (Ra) of

approximately 2 µm. Fig. 4.3 (a) illustrates the spacing between vertical cracks, typically tens of
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microns apart, with an average depth of approximately 50 µm. Successive cross-sectional images

taken in the FIB confirmed that these cracks were interconnected, forming a network across the

lamella surface. With a terminal length of less than 100 µm, these cracks are relatively shallow

compared to those that can form during divertor operation.

Figure 4.3: SE images of (a) Cross-sectional view of the EDM-ed top surface of the as-received lamella captured
in the SEM (b) Top surface of the lamella imaged in the FIB-SEM.

In ASDEX Upgrade Div-III [68], bulk W tiles displayed a shallow crack network up to 400 µm

and deep cracks up to 15 mm, caused by plasma exposure. Despite this, there was no material

flaking nor a decline in plasma performance, suggesting that similar behaviour may be expected

in the JET divertor. However, pre-existing surface cracks may act as stress concentration points,

potentially exacerbating cracking under thermal cycling. Given comparable conditions to AS-

DEX Upgrade, the established crack network in the JET lamellae could lead to more severe

degradation. Moreover, longer campaign durations in JET (61.6 hours [20]) compared to AS-
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DEX Upgrade (2700 plasma discharges, up to 10 s each) could also intensify microstructural

degradation. Increased cracking may result in material loss and dust production which could

build up the T inventory, increase material erosion and impact plasma performance.

A PFIB was required to expand the observable area in the cross-sectional images, and mill away

appreciably larger volumes of material. Due to high milling currents and the distinct surface

roughness, achieving smooth cross-sections without curtaining was unavoidable. Nevertheless,

the channelling contrast effectively differentiated grains on the order of a micron from larger

recrystallised grain regions in Fig. 4.4. Cracks consistently propagated along the boundaries of

larger grains, typically tens of microns in diameter, resulting in crack spacing and depth values

related to grain sizes.

One factor likely influencing crack propagation around larger grains is GB misorientation. The

EBSD map in Fig. 4.1 (a) reveals a trend of high-angle boundaries around the recrystallised

grains. A larger misorientation angle between grains can increase diffusion at the GB [204] while

GBs, in general, have proven to be preferential pathways for the migration of H and He in W

[205] [206]. Enhanced diffusion at the GB could also lead to embrittlement.
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Figure 4.4: Micrographs obtained using PFIB SE imaging, (a) revealing cracks encircling prominent recrys-
tallised grain in the as-received lamella and (b) a higher magnification image showing a void ahead of the crack
tip.

The very top of the machined surface experiences greater temperatures than the underlying

material, resulting in a mismatch of thermal expansion and raising internal stresses. The for-

mation of an oxide layer could further exacerbate stress concentration and promote cracking in

this region through vacancy creation and further volumetric expansion. Impurity levels could
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also influence crack propagation along GBs, with larger grains requiring fewer impurities for

boundary saturation [91]. APT analysis was used to assess impurity segregation to GBs and

their impact on fracture behaviour.

Figure 4.5: 3D reconstructions showing the distribution of P and Fe at GBs in the APT tip.

In one of the APT samples, a triple point of GBs was successfully captured, with the corre-

sponding reconstructions presented in Fig. 4.5 and 4.6. The segregated impurities demarcate

the location of the boundaries. A 1D concentration profile was drawn across one of the bound-

aries, highlighted in blue in Fig. 4.5, with the results depicted in Fig. 4.7. The profile featured

a notable aggregation of P, Fe, Cr, and Ni, with their concentrations listed in Table 4.4.
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Figure 4.6: A triple point captured in a 30 nm slice of the APT dataset, viewed parallel to the Z-axis of the tip
and exhibiting segregation of Fe (purple) and Ni (green).

The distribution of P and O atoms extends significantly beyond the width of the GB in Fig. 4.7,

far greater than the other elements that have segregated to the boundary. P is a relatively mobile

species during APT experiments [207] and can migrate as a result of the applied electric fields.

The distinction between surface migration which is the artefactual movement of atoms caused

by the experimental electric fields and true GB segregation is crucial for accurate analysis.

This differentiation is achieved by observing crystallographic poles in the 3D reconstruction.

Crystallographic poles correspond to specific atomic planes in the material that are preferentially

detected more frequently due to their orientation relative to the crystallographic structure of

the sample. When P atoms align with these poles in the reconstruction, it indicates that their

spatial distribution reflects the actual microstructure of the material rather than artefacts from

surface migration. This was observed in the analysis which confirms that the segregation of

P to the GBs is a true representation of the microstructure and not an artefact of the APT

experiment.

Slight oxidation of the APT sample exterior occurred during FIB preparation, as evidenced by

the O spike at the sample edge in Fig. 4.7, and was likely unavoidable. There was a subtle
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increase in O in the vicinity of the GB, but it was not included in Table 4.3 as there was no

distinct peak at the exact location of the GB. In Fig. 4.7, the O profile closely resembles that

of P, with both species exhibiting an initial concentration increase of approximately 10 nm from

the centre of the boundary. P and O atoms likely segregated to the GBs during manufacturing,

but O may have diffused to these areas during FIB preparation.

Figure 4.7: The distribution of elements across a 1D concentration profile, where the GB is highlighted in blue
with a GB thickness of 4 nm.

The peak value for the O concentration near the GB and away from the edge of the sample,

was ∼800 appm in Fig. 4.7. The initial bulk concentration of O in the W powder before

sintering was 510 appm, as provided by Jiangxi Yaosheng Industry and Trade Development Co.

Ltd.. Previous studies on polycrystalline W indicate that bulk O concentrations of 10 to 50

appm can lead to preferential segregation at GBs, which induces embrittlement, reduces the

ultimate tensile strength, and increases the ductile-to-brittle transition temperature [208]. This

is facilitated by the O at GBs which starts to remove carbon and other impurities from the W

lattice, consequently facilitating dislocation movement and reducing yield strength.

60



It is also important to consider the phases that could be present at the GBs and although there is

an abundance of P around the boundary, tungsten phosphide (WP) is not likely to have formed

[209–211]. WP possesses metallic-like character and an orthorhombic crystal structure, but it

has poor thermal stability under normal atmospheric pressure and vaporises at a temperature of

1000 °C, which was exceeded during sample rolling and annealing [212]. Extensive simulations

were conducted by P. Olsson et al. to investigate the impact of P on W [92][93]. The findings

showed that P preferentially segregates to GBs rather than the bulk and occupies lattice sites

over interstitial sites. The P atoms effectively behave as negatively screened ions due to the

polar nature of the P-W bond, which weakens the GB. Consequently, increased P content leads

to diminished GB strength and heightened susceptibility to brittle cleavage. Additionally, J.

Sun et al. demonstrated P incorporation into the lattice of WO3 nanoparticles, transforming

monoclinic WO3 into an orthorhombic structure [213]. This confirms that it is energetically

favourable for P to be an impurity in both WO3 and pure W matrices.

Table 4.4: The pre- and post-manufacture concentration of impurity elements for the W powder as documented
by MGS Precision Ltd. and at the GBs of the as-received Langmuir probe as determined by APT.

Impurity Element P Fe Ni Cr As Si

Nominal Composition (appm) 5 6 3 4 5 5

Composition at GB (appm) 2200 1500 340 290 200 150

As for the effects of Fe segregation, two W samples were exposed to a D plasma in the studies by

W. Shu et al. [214–218], one 99.99% pure with 10 weight ppm of Mo and Fe and the other 99.95%

pure with 100 weight ppm of Mo and 40 weight ppm of Fe. The plasma temperature ranged

from 315 K to 1000 K and even though the experiments were designed to study blistering,

interestingly large crack-like voids formed at GBs underneath the surface even in the higher

purity sample. The linear plasma device likely created a temperature gradient similar to that

produced during EDM, while Fe and Mo impurities may have segregated at the GBs. Mo and

Fe are both transition metals so may not change bonding character as much as a group 1 or

group 2 metal would but there is still a possibility that they could form covalent bonds with the

W atoms in the lattice which ultimately produces GB decohesion and embrittlement [91].
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4.8 Void Formation

Figure 4.8: (a) STEM HAADF image revealing voids beneath the top surface of the as-received lamella (b)
STEM HAADF image of the region analysed using EDX (c) EDX map of O within a void.

In addition to surface cracking, there was clear evidence of void formation beneath the lamella

surface, as depicted in Fig. 4.8. These voids were not found in the bulk, the deepest region

they were found in was ahead of the crack tips which penetrated up to 50 µm into the surface,

shown in Fig. 4.4 (b). This indicated that the voids had also formed in the heat-affected zone

produced by EDM rather than during prior manufacturing steps. They were scattered along

GBs in some areas (intergranular) and were dispersed within grains, irrespective of GBs in others

(intragranular), as illustrated in Fig. 4.9 (a) and (b). In both areas, there were signs of voids

coalescing to form larger cavities such as Fig. 4.10, which introduces weak points where cracks

could initiate under cyclical loading in JET.
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Figure 4.9: PFIB SE images from the as-received lamella reveal voids scattered (a) throughout grains (intra-
granular), and (b) voids aligning along GBs (intergranular).

Previous research on KSiAl-doped W wires showed void nucleation also occurring within grains

and at GBs [219]. The nucleation process in KSiAl-doped samples involved diffusion-controlled

mechanisms, where the K dopants boil and form subcritical bubbles which go on to migrate,

collide, and coalesce. P could play a similar role to K in the lamella, given that its boiling point

can be as low as 280 °C [66], leading to P gas-filled voids until the P atoms diffuse away.

Multiple EDX maps were collected from these voids in the TEM which revealed a distinct O

signal, suggesting potential oxide formation on the internal surface. It is unclear whether this

oxide formed when the voids themselves formed or during FIB sample preparation. The EDM

of other materials has shown void formation via the expulsion of gas bubbles from the molten

layers during solidification [86][88–90]. EDM typically uses a water-based dielectric fluid, which

these studies have hypothesised can produce water vapour and H2 gas bubbles. The EDM

process likely produced significant amounts of water vapour, surface temperatures far above

500 °C and non-negligible electric fields, all of which have been shown to increase the oxidation

of W [99][220]. The presence of this O signal suggests that the vaporisation of the dielectric fluid

during EDM is a plausible mechanism for void formation. The origin of the voids is explored in

greater detail through dedicated experiments in Section 4.10.
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Figure 4.10: SE images of the as-received lamella in the FIB-SEM showing (a) a region of darker contrast at
the top of the crack and large cavities forming within grains (b) voids coalescing at GBs.

Irrespective of their formation, the voids appear to be more susceptible to oxidation which

poses further risks of component cracking during operation. It was suggested by S. Cifuentes

et al. that cracking occurs when W is cooled from 700 °C to room temperature due to the

allotropic transformation of WO3 from the orthorhombic structure to the monoclinic structure

[221]. Additionally, WO3 starts to sublimate substantially above 900 °C [222], which could

lead to the formation of more cavities and structural weak points. An in situ TEM study of

W oxidation in an O atmosphere by M. Togaru et al. showed the formation of micro-cracks
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at 900 °C due to sublimation [223]. Another recent experimental study showed the significant

loss of material from WO3 sublimation at 1075 °C in the presence of water vapour and a He

atmosphere [224]. Surface temperatures in the divertor of a machine such as JET are of this

order of magnitude. The installation of a W lamella in this state could result in the ongoing

removal of WO3 from oxidised regions such as voids and GBs. This could increase the risk of

component failure and plasma disruption.
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4.9 The Effect of Debris from EDM on Mechanical Properties

Cracks and voids were observed at the GBs of the EDM-ed plasma-facing surface of the as-

received Langmuir probe in Fig. 4.11 (a) and (b), respectively. Moreover, the micrographs

in Fig. 4.10 (a) and 4.11 (c) highlight the formation of dark regions near cracks in both the

as-received lamella and Langmuir probe. The difference in contrast likely stems from material

of a different composition that originated from the EDM chamber and filled the open cracks.

Figure 4.11: SE micrographs of the as-received Langmuir probe captured in the FIB-SEM showing (a) an
intergranular crack at a triple point of GBs near the EDM-ed surface (b) a single GB where multiple voids had
formed (c) debris from EDM that had filled GB crack.

A rectangular cross-section was milled in the heat-affected zone of the lamella sample, spanning

multiple cracks to study the dark material using EDX. The maps in Fig. 4.12 and the point

spectra in Fig. 4.13, which were taken from the locations marked in Fig. 4.12 (a), show that the

dark regions are mainly enriched with C and O. The point spectra suggest that a small amount

of N may also be present in these regions but N segregation was not visible overall in the EDX

maps.
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Figure 4.12: (a) FIB cross-section of the debris-filled cracks in the as-received lamella and EDXmaps highlighting
the segregation of (b) C, (c) O, and (d) W, in these regions.
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The dark material is rich with C and O that likely originates from debris in the EDM chamber,

contaminants in the dielectric fluid and the wearing of the electrode which is typically made from

graphite. The width of these regions can reach nearly 2 µm in Fig. 4.14 and they appear tens

of microns deep into the surface, too deep to remove by washing. To quantify how this material

affects the overall toughness of the plasma-facing surface and its susceptibility to fracture, these

regions were targeted using Berkovich nanoindentation.

Figure 4.13: EDX point spectra taken from an impurity-rich region within the cracks (black) and the bulk (red)
of the FIB cross-section in the as-received lamella, shown in Fig. 4.12

Table 4.5 summarises the mechanical data collected from the material-filled cracks near the

EDM-ed surface and the bulk of the as-received lamella. The pronounced variability in the

widths of these regions is most likely responsible for the large standard deviations and spread

in hardness and modulus values compared to the bulk region. The shape of the dark material is

determined by the shape of the crack and is therefore irregular. Each indent captures a different

volume of this material in its plastic zone so they were only included in the analysis if they were

within 2.55 µm from the centre of the crack. This ensured that the C and O rich material filled

a significant proportion of the plastic zone.

Table 4.5: A comparison of the hardness and elastic modulus near the debris containing cracks and the bulk
regions of the as-received lamella, where the Berkovich indents were performed to a depth of 300 nm

Hardness (GPa) Modulus (GPa)

Indented
Region

Number
of Indents

Mean
Standard
Deviation

Mean
Standard
Deviation

Bulk 23 6.9 0.2 390 20

Near
Crack

12 5.4 0.8 280 60
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There was a 1.5 GPa difference in hardness between the two areas which is a decrease of 22%

from the bulk values. Since there was far less scatter in the bulk values and the scatter in the

dark material is explained, it did not make sense to combine the standard deviations. The fact

that the standard deviation for the material in the crack was still only 15% of the hardness value,

shows that there is a statistically significant difference. The modulus decreased by 110 GPa in the

dark regions. This is a decrease of 28% from the bulk, which is a significant difference compared

to the standard deviation of 21% for the dark material. Indents 20 and 22 are highlighted in

Fig. 4.14, showing the analysis procedure and the appearance of the dark material in the cracks.

Indent 20 returned the lowest hardness value of 4.3 GPa and indent 22 had the lowest modulus

value of 180 GPa. This is likely due to the increased volume of material captured in the plastic

zone of these indents compared to the others and signals that the true hardness and modulus of

the dark region could be smaller if it were isolated.

Figure 4.14: SE images showing the FIB cross-sections of indents (a) 22 and 23 (b) 20 and 21, where the
impurity-rich regions were particularly wide and closer to one indent than the other.

69



In a reactor environment, debris that is lodged in the surface cracks can compromise the struc-

tural integrity of the component and pose safety risks. W is used in PFCs due to its high

melting point and thermal conductivity. This debris certainly does not share the same resis-

tance to thermal loads as the W component and can hinder heat transfer and cause localised

hot spots. It could also crack and melt under standard operational temperatures in the divertor

of JET. Sections of this material could then enter the plasma as a whole or vaporise and disrupt

operations. Additionally, the material in the cracks has a different coefficient of thermal expan-

sion from the surrounding material. At elevated temperatures, it could wedge the crack open

and lower the amount of stress required for the crack to propagate deeper into the bulk. The

elements in these regions could also diffuse deeper into the component and weaken other areas

such as voids and GBs. High thermal and mechanical stresses could cause catastrophic failure

in these weakened areas and parts of the W armour could detach. Ultimately, components with

deteriorated mechanical properties may require more frequent maintenance and replacement,

resulting in increased operational costs and downtime for the reactor.

4.10 Heat Treatment and Electrical Discharge Machining

An experiment was designed to compare a UHP W sample to the as-received lamella and Lang-

muir probe samples and confirm if the voids and cracking were linked to sample purity and

certain temperatures. The first set of three samples was heated in a vacuum furnace at 900 °C

for an hour, while a second set was heated at 1500 °C for 24 hours. A third, untreated set was

kept for comparison and FIB cross-sections were made on all samples to look for microstruc-

tural changes in the bulk material. A selection of FIB cross-sections is shown in Figs. 4.15–17,

showcasing the absence of voids or cracking in any of the samples at these temperatures. This

suggests that simply heating these components to 1500 °C was not sufficient to activate any

impurity boiling or diffusion-controlled mechanisms. However, it could be the case that these

mechanisms occur at the more extreme temperatures that are achieved during EDM.
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Figure 4.15: FIB cross-sections of the pristine (a) ultra-high purity W sample (b) the lamella sample and (c)
the Langmuir probe sample in the as-received state.
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Figure 4.16: FIB cross-sections of the samples heat treated at 900 °C (a) ultra-high purity W sample (b) the
lamella sample and (c) the Langmuir probe sample in the as-received state.
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Figure 4.17: FIB cross-sections of the samples heat treated at 1500 °C (a) ultra-high purity W sample (b) the
lamella sample and (c) the Langmuir probe sample in the as-received state.

Another set of three samples, including the UHP sample, the lamella and the Langmuir probe,

were cut using EDM to see if voids and cracking still occurred in the 99.999% pure UHP sample.

The machined surfaces were investigated using FIB cross-sections with each micrograph showing

a different cross-section in Fig. 4.18. Voids and cracking were observed in all EDM-ed surfaces

including the UHP W sample. The latter is the highest purity that a W component can feasibly

attain. The fact that it appears the same as the other samples, shows that the voids and cracking

cannot be avoided by addressing the concentration of intrinsic impurities. These impurities could

still impact the overall microstructure of the EDM-ed surface, perhaps they are only required
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in small concentrations at GBs to influence where cracking occurs. However, these results

suggest that impurities are not the primary driving force behind the formation of voids and

the mechanism that involves the vaporisation of the dielectric fluid is far more likely to have

occurred. This also implies that W oxide may have formed in the vicinity of the voids and

cracks which could cause further embrittlement and increase erosion through sublimation. It is

therefore important to address many aspects of EDM, such as the type of dielectric fluid, debris

in the chamber, significant temperature gradients and the resulting thermal stresses.

Figure 4.18: SE cross-sectional micrographs captured in the FIB-SEM from the EDM-ed surface of (a) ultra-high
purity W sample (b) the lamella sample and (c) the Langmuir probe sample in the as-received state.
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4.11 Conclusions

This chapter includes a detailed characterisation of as-received W lamella and Langmuir probe

samples, focusing on their microstructure and mechanical properties which have been shaped

by various manufacturing processes including sintering, hot rolling, annealing, and EDM. The

investigation revealed that these manufacturing processes, though similar, resulted in distinct

microstructural features for the Langmuir probe and lamella samples. The Langmuir probe

exhibited a bimodal grain size distribution, with mainly coarse recrystallised grains and a distinct

distribution of fine-grained regions. In contrast, the lamella displayed a more uniform fine-

grained structure with some localised recrystallisation. This variation in grain morphology

influenced the mechanical properties, with the Langmuir probe exhibiting a lower hardness and

modulus in the fine-grained regions compared to the lamella. A potential difference in the

manufacturing processes between the lamella and the Langmuir probe could be attributed to

subtle variations in parameters such as annealing time, temperature or rolling conditions, which

may have facilitated more extensive recrystallisation and grain growth in the Langmuir probe

compared to the lamella. The observed grain structure of the lamella appeared to be more

resistant to recrystallisation during manufacturing than the Langmuir probe. This suggests

that the lamellae may also show strong resistance to recrystallisation during exposure in the

JET divertor, which is explored in Chapter 5.

A network of cracks developed on the lamella surface after EDM which primarily propagated

along the boundaries of larger grains, with steep thermal gradients, GB misorientation and

impurity level emerging as important factors. A considerable concentration of P, Fe, and O was

observed at GBs via APT which may have influenced where the cracks had formed. Voids were

also observed in the heat-affected region after EDM which produced a strong O signal via EDX.

The analysis also revealed that debris from the EDM chamber had become lodged in many of

the surface cracks and primarily contained C and O. These regions exhibited significantly lower

hardness and elastic modulus compared to the bulk material, potentially degrading thermal

conductivity and compromising the structural integrity of the component.

Heat treatment experiments were performed on the UHP, lamella, and Langmuir probe samples,

and revealed that temperatures up to 1500 °C were insufficient to replicate the microstructural

features produced during EDM. Another set of three samples was subjected to EDM in the
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laboratory, where all three samples exhibited the formation of voids and cracks. These results

indicated that the boiling of intrinsic impurities and subsequent diffusion-controlled processes

were not driving void formation. The accepted mechanism therefore involves the vaporisation

of the water-based dielectric fluid used during EDM and the melting of the component surface,

which then expels gas bubbles of water vapour and H2 during solidification. Additionally, it is

theorised that the extreme thermal gradients are primarily responsible for the observed cracking.

The voids likely served as pinning sites for GBs during the solidification of the EDM-ed surface,

subsequently acting as stress concentrators under the steep thermal gradients. This amplification

of localised stress may have facilitated crack initiation at the GBs, which explains why cracks

predominantly propagated along these boundaries. Impurity content and oxidation may have

further influenced crack propagation. P was the most abundant impurity in the samples which

has been shown to cause embrittlement at GBs in W. Moreover, the diffusion of O may be

enhanced at the boundaries compared to the grain interiors which could cause oxidation. The

presence of water vapour is also likely to have caused oxidation at the voids. W oxide has been

shown to start cracking during sublimation and cooling from high temperatures.

This chapter underscores the importance of understanding how the dielectric fluid, debris in the

chamber and surface temperatures of the workpiece influence the development of microstructural

features. These features can affect fracture mechanisms, component longevity, plasma perfor-

mance, Be and T inventory, maintenance and operational costs. The impact of the voids, cracks

and debris is explored further in subsequent chapters. Further investigation is warranted to ex-

plore alternative configurations of EDM or other manufacturing techniques that could minimise

damage, potentially leading to more robust surface finishes for W plasma-facing surfaces. The

full characterisation of the samples in the as-received state also provides a solid foundation for

exploring the effects of plasma exposure on these materials in Chapter 5.
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Chapter 5

Evolution of W in the JET Divertor

after the ITER-Like Wall Campaigns

5.1 Introduction

JET is currently the closest machine in specification to ITER due to the ILW materials, large size

for an experimental tokamak and comparable plasma conditions. The key differences between the

ILW campaigns and the fusion power operational phase of ITER are fewer 14.1 MeV neutrons,

and smaller thermal and particle loads which reduces the erosion and deposition of material

around the machine. As an example, ITER is expected to have an auxiliary heating power of 50

MW [225] while the average input powers for ILW-1 and -2 were 2.2 and 2.9 MW, respectively

[226]. However, JET is a pulsed device, meaning it operates in a series of short-duration plasma

discharges, which mimics the cyclic thermal and mechanical loading on materials that will also

be present in ITER.

The JET environment facilitates simultaneous heat and particle loading of components while

other plasma-material interactions, such as sputtering, implantation and erosion, also occur.

This results in unique microstructures that are difficult to replicate in the laboratory. Moreover,

T will be used in future devices such as ITER, and if too much T becomes trapped in the first

wall, operations could be halted due to licensing limitations.

The main objective of this chapter is to evaluate how and why the microstructure and mechanical

properties of W components evolve when they are exposed to these D plasmas. The two types

of components, lamellae and Langmuir probes, were characterised in the as-received state in
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Chapter 4 to identify what microstructural changes were caused by plasma exposure. This

chapter focuses on seven exposed samples shown in Fig. 5.1: four W lamellae from tile 5 and

three Langmuir probes, two from tile 3 and one from tile 6.

Figure 5.1: Schematic outlining the locations of the exposed W (a) Langmuir probes from tiles 3 and 6 and (b)
lamellae from tile 5 in the JET divertor during the ILW campaigns.

This analysis addresses the challenges of working with active materials, using techniques such as

EBSD for microstructural examination, nanoindentation to assess mechanical properties, and ion

beam analysis to investigate D retention. Additionally, this chapter examines how diagnostic
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data from Langmuir probes and infrared (IR) cameras offer insights into plasma conditions

during the ILW campaigns, while also highlighting the limitations of such data. Finally, the

comparison between the JET-exposed and the as-received samples provides valuable information

on recrystallisation behaviour, hardening mechanisms, and defect formation due to D plasma-

material interactions. Ultimately, these findings contribute to predicting the performance and

longevity of plasma-facing materials in future devices such as ITER.

5.2 Experimental Details

5.2.1 JET Lamella Experiments

Lamellae C4 and D12 were cut with a diamond saw to approximately 9×6×2 mm by the techni-

cians at the UKAEA Materials Research Facility (MRF). Slightly larger samples of 9×6×10 mm

had been cut from lamellae C12 and C13 before the start of this work and these samples were

not cut down any further to reduce the amount of active waste. All four cut samples were then

attached to stainless steel cylindrical blocks with a diameter of 25 mm and a height of 15 mm

such that the lamellae cross-sections could be investigated. Crystalbond was used as a mounting

adhesive to reduce the amount of frame compliance during nanoindentation. The cross-sections

were ground flat using P2000 grit paper for a minimum of two minutes, followed by P4000 paper

for a further three minutes and then they were polished using Trident 3 µm diamond polishing

solution on a ChemoMet pad for another three minutes. The same methodology was applied

using 1 µm diamond polishing solution and then using Master Met 2 colloidal silica polishing

solution for five minutes to remove all grinding marks. The samples were rotated 90° every

minute during grinding and polishing to evenly remove material from the surface, with minimal

force applied since the weight of the stainless steel block provided sufficient force. They were

also polished for over a minute using a wet ChemoMet with running deionised water after each

polishing step. They were only rinsed with deionised water throughout the entire procedure and

rinsed with methanol as the final step.

The microstructures of these lamellae were investigated using EBSD where the rolled, fine-

grained regions made up the majority of the samples. This made it difficult to place one indent

in a single grain, so Berkovich nanoindentation was performed to a depth of 2 µm such that many

grains and boundaries would be encompassed in the plastic zone and an average hardness and
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modulus would be obtained. The Keysight G200 Nano Indenter was under repair at the MRF

during this time and was replaced by a KLA iMicro Nanoindenter which was used for sample

indentation. Repeat measurements for the as-received lamella were recorded with the iMicro

to compare to the results from the other exposed samples, using an array of 60 indents. The

lamellae retrieved from JET were indented and mapped with EBSD in near identical regions,

within 500 µm from the exposed surface and centrally, as far from the sides of the sample as

possible, to enable an accurate comparison between the samples. An array size of 30 indents

was selected for lamellae C4, C12, C13, and D12 while any indent that failed to reach the set

depth or had a skewed residual imprint was not included in the final analysis. One EBSD map

of 300×225 µm was taken for each sample in the indented region with pixel sizes in the range of

250–554 nm. Lamellae C4 and C12 were indented while EBSD maps were collected in lamellae

C13 and D12 and vice versa, hence the indents are visible in Fig. 5.6 (a) (b).

5.2.2 JET Langmuir Probe Experiments

The triangular tip of a Langmuir probe, highlighted in red in Section 1.5 Fig. 1.3 (a), is the

part of the component that is subjected to the largest particle fluences, reaches the highest

temperatures and can come into direct contact with the plasma during operation. This part of

the probe is the most likely to show any changes in microstructure and mechanical properties

due to plasma exposure. It is therefore a useful part of the probe to compare to the as-received

sample and the different probe positions in the JET divertor. The triangular tips were removed

from probes 6, 8 and 26 using a diamond saw and one side of each tip was mounted on a

25×15 mm cylindrical stainless steel block with Crystalbond. The opposite side of the samples,

containing the cross-section of the tips, were ground flat and polished through to the colloidal

silica step, following the same procedure as the lamellae.
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Figure 5.2: Digital photographs of probes 6, 8 and 26 once they were removed from JET after ILW-1 & -2 and
before sample preparation.

Initial examination of the probes involved using a TESCAN Mira3 XMH SEM equipped with an

Oxford Instruments NordlysNano EBSD Detector. SE images were taken for the cross-sections

of all the probe tips and from the top surface of probes 8 and 26, which had not been obscured

by Crystalbond. These top surfaces would have been exposed to even more extreme particle and

thermal loads than the cross-sections. The cross-sectional SE images of probe 26 also revealed

the formation of large voids on the order of tens of microns, along GBs near the exposed surface.

A series of FIB trenches were milled near these boundaries to study void size and distribution.

EBSD maps were also collected from regions of interest on the cross-section of each probe tip

using the AZtec software from Oxford Instruments with grains defined as continuous boundaries

with a misorientation angle exceeding 10°. The EBSD maps provided specific sites on each probe

to target with Berkovich nanoindentation.
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Probe 26 and the as-received probe were indented using the Keysight G200 Nano Indenter at the

MRF before November 2021. After that, the instrument was out of operation for maintenance

throughout the remainder of the data collection period. The as-received probe hardness and

modulus values for the coarse-grained regions are from the same data set collected in Chapter

4. In the case of probe 26, an array was placed in a recrystallised grain, site 2 in Fig. 5.10 (c),

near the exposed surface with a surface normal close to the ⟨101⟩ direction. The array contained

36 Berkovich indents with an indent depth of 1 µm and a spacing of 25 µm. The differences in

mechanical properties between the as-received sample and probe 26 were attributed to plasma

exposure. To investigate these differences further and produce stress-strain curves, spherical

indentation was carried out on both samples.

A total of 30 spherical indents were placed at site 2 of probe 26, in the same ⟨101⟩ grain as

the Berkovich indents with a spacing of 15 µm. EBSD was then used to place 29 individual

indents, originally 30 but one indent failed, in separate coarse grains that were close to the

⟨101⟩ orientation in the as-received probe. The crystal orientation was kept approximately the

same between samples to reduce the effects of any radiation-induced anisotropy. This was also a

factor in selecting spherical indentation since the tip is self-similar, tip rotation does not affect

the residual imprint, and greatly simplifies data collection. The tip had a radius of 2.0 µm but

was only used to an indentation depth of 0.5 µm and a depth-to-radius ratio (a/R) of 0.25. At

larger ratios, the stress and strain distributions become more complex and the approximation

for the contact radius starts to break down [227].

During the repair of the Keysight G200 Nano Indenter, a KLA iMicro Nanoindenter was used

to obtain micro-mechanical data probes 6, 8, 26 and the as-received probe. It was important

for the instrument to be consistent across all the samples to facilitate a fair comparison. All

probe cross-sections were indented to a depth of 1 µm with a spacing of 25 µm to make sure the

parameters were identical. The number of indents at each site was optimised to make the most

of the available equipment time. For probe 6 there were: 25 indents at site 1, 25 at site 2, 52

at site 3, and 50 at site 4. For the other probes, there were: 41 indents at site 1 of probe 8, 25

at site 1 of probe 26, and 25 indents paced in the coarse grains of the as-received probe. These

locations are laid out in Figs. 5.8-5.10 in Section 5.6 and were sufficiently distanced from the

sample edge so they were unaffected by any curvature of the surface.

Before the experiments in this thesis began or any samples were cut and polished, the exposed
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surfaces of the three Langmuir probes were subjected to Microprobe analysis at IST, Portugal

by A. Widdowson, E. Alves, and N. Catarino, which is mentioned in the study by R. Kerr et

al. [228]. The results from this investigation are displayed in Fig. 5.12 and showed that D was

detected on the top surface of all three samples, 6.2×1015 at/cm2 on probe 6, 22.5×1015 at/cm2

on probe 8 and 22.9×1015 at/cm2 on probe 26. To determine if D retention was influencing the

mechanical properties measured after ILW-1 and 2, the cross-sections of the Langmuir probes

were examined at IST, Lisbon using ion beam analysis (IBA).

Three elemental maps of D were recorded from both probe 8 and probe 26 using the Oxford

Microbeams data acquisition software (OMDAQ) [229] with the Microprobe in scanning mode.

The maps were compared to a W sample containing ∼4% D and showed that there were nearly

undetectable levels of D in the two JET samples. The Microprobe was exchanged for another

beamline which housed the NRA detector and could achieve larger beam sizes. The NRA

detector was positioned at a scattering angle of 135° with a 2000 µm thick active layer and

a 75 µm thick Mylar stopping foil. The sample manipulator could analyse surfaces of over

150 mm2 which has been used to study large samples such as JET divertor tiles [230]. Probes

6, 8, and 26 were all separately placed in the chamber, shown in Section 3.13 Fig. 3.1 and were

analysed using the Ion Beam Analysis DataFurnace (NDF) code [231].

5.3 Issues with Active Sample Preparation

All JET-exposed Langmuir probes and lamellae potentially contained trace amounts of T and

Be and were considered too active for handling in a standard laboratory. Due to the radioactive

and toxic safety risks posed by these samples, technicians at the MRF had to cut and polish

them in a glovebox. After examining the initial EBSD maps of the Langmuir probes, it became

apparent that the microstructure presented in the images was not as expected. Fig. 5.3 (a)

presents a low-magnification EBSD map, where GBs are visible, but a substantial percentage of

points in the grain interiors cannot be indexed. Subsequent higher-magnification mapping, as

illustrated in Fig. 5.3 (b-d), resolved this issue. These higher-magnification maps revealed a cell

or subgrain structure across the sample surfaces. This substructure likely explains the observed

limitations in indexing Kikuchi patterns. The larger pixel size at lower magnifications resulted

in sampling multiple orientations within a single measurement, leading to ambiguous diffraction

patterns.
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Figure 5.3: EBSD maps showing the artefacts generated during active sample preparation (a) overview of grain
structure in probe 8 with a pixel size of 0.10 µm (b) IPF-X, Y and Z maps of probe 8 at higher magnification with
a pixel size of 0.01 µm (c) high magnification map of probe 6 with a pixel size of 0.025 µm (d) high magnification
map of probe 26 with a pixel size of 0.05 µm.

During plastic deformation, dislocations are generated and interact, forming tangled networks

that increase internal energy and hinder further deformation. To mitigate this, dislocations

rearrange into ordered, low-energy subgrain structures through a process called polygonisation,

where the number of active slip systems is locally reduced [232]. These subgrain boundaries

are characterised by small misorientations between adjacent subgrains, ultimately reducing the

overall strain energy in the material. In cold working, the term ”subgrain” is typically replaced

with ”cell” where the cells are smaller and less defined. Despite the different terminologies, both

boundaries are essentially dislocation networks that transform during deformation from thick

walls that contain many dislocations dipoles (pairs of dislocations with the opposite sign) to
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thin walls associated with misorientations.

The body-centred cubic (BCC) structure of W has fewer slip systems than face-centered cubic

(FCC) structures which leads to higher internal stresses and encourages dislocations to rearrange

into subgrains at lower temperatures. W also has a melting point of 3422 °C which gives rise

to high stability at elevated temperatures and strong resistance to dynamic recovery. As a

result, dislocations do not easily annihilate or rearrange during deformation and high densities

of dislocations accumulate. Well-defined subgrain structures then form to reduce the energy,

even at higher temperatures [233].

One study achieved a 500 nm thick surface layer of ultra-fine grains in pure polycrystalline

W by introducing dislocations into the surface using P400 grinding paper before annealing the

samples [234]. Perhaps without the annealing step, the samples would be more disordered and

resemble the surface of the Langmuir probes. It is therefore proposed that a thin layer dense with

dislocation networks, was produced during the grinding of the Langmuir probes and was not

successfully removed in subsequent polishing steps. This hypothesis was seemingly confirmed

by a series of FIB cross-sections that were made on the surface of probe 26 displayed in Fig.

5.4. Channelling contrast was sufficient to show that the dislocation-dense subgrain region only

extended 500 nm from the surface, similar to the study by H. Wang et al. [234].
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Figure 5.4: FIB cross-sections showing the thickness of subgrain layer (a) first cross-section at low magnification
(b) first cross-section at high magnification (c) second cross-section at low magnification (d) second cross-section
at high magnification.
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Beyond the first few hundred nanometres beneath the surface of probe 26, the FIB cross-section

appeared consistent in contrast and brightness with no indication of subgrain formation. The

grains of probe 26 had grown by an order of magnitude while it was in the JET divertor, which

is discussed in Section 5.6. The formation of cells and subgrains can be observed as part of

the recovery stage of recrystallisation but they are intermediate structures and are not stable

enough to withstand the nucleation and growth of strain-free grains which are lower in stored

energy. Since grain growth had occurred, it is unlikely that any cells or subgrains would remain

in the sample and therefore these structures were indeed an artefact of sample preparation.

The EBSD maps may not have had the desired percentage of indexed Kikuchi patterns but the

true grain sizes of the exposed probes were still visible. In terms of the nanoindentation data,

the plastic zone diameter was ∼17.2 µm for all 1 µm indents in W, as stated in section 4.5.

Since the layer of cells and subgrains is less than 500 nm, it should not significantly impact

the hardness and modulus measurements for the Langmuir probes. The presence of the rolled,

fine-grained structure in the lamellae meant it was nearly impossible to observe the dislocation-

dense subgrain layer that appeared in the Langmuir probes. The percentage of Kikuchi pattern

indexing in the EBSD maps was sufficient to check for signs of recrystallisation. Furthermore, a

greater indentation depth of 2 µm was used for the lamellae because of the fine-grained structure.

This also meant that the subgrain layer occupied an even smaller proportion of the plastic zone

than in the case of the probes and the hardness and modulus values would remain unaffected.

Active sample preparation required the use of a glovebox, which severely restricted hand ma-

neuverability so a better surface finish may not have been achievable. Moreover, re-polishing

the samples would have taken a significant amount of time to schedule and execute at the ex-

pense of experiment time which had been substantially affected by the COVID-19 pandemic.

A decision was made that the main conclusions from these results were not compromised and

further sample preparation was not required.

5.4 JET Diagnostics and Plasma Conditions During the ITER-

Like Wall Campaigns

Two sets of codes were developed to link the plasma conditions during exposure to the observed

changes in microstructure and mechanical properties. The first analysis was developed by Dr.
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Scott Silburn at UKAEA to utilise data from infrared (IR) camera diagnostics. The second code

was developed by Beth Thomas and Dr. Spyros Aleiferis at UKAEA to use the data collected

by the Langmuir probes during the ILW campaigns.

5.4.1 Surface Temperature Calculations from IR Camera Data

IR camera systems in JET are integral to monitoring the temperature and heat flux on PFCs

[235][236]. These cameras operate in the mid-infrared range (3-5 µm) and capture thermal

radiation emitted by surfaces within their view. They have a maximum sampling frequency

of up to 20 kHz which allows for the study of fast plasma phenomena such as ELMs. The

data collected is converted from raw signals into calibrated temperature profiles, considering

the emissivity of the materials. The IR setup in JET includes four scientific CMOS cameras,

positioned to observe plasma-facing regions in the divertor. They were concentrated on the

lamellae of the central tile and therefore did not collect any usable data for the Langmuir

probe samples. Through a combination of direct in-vessel calibration techniques, which utilise a

heated grey body source for precise measurements, and software tools for data acquisition and

non-uniformity correction, these systems allow detailed, real-time thermal analysis during fusion

experiments. Together, these infrared diagnostics offer detailed insights into the temperature

distribution and heat dynamics in the JET divertor, contributing valuable data for optimising

PFC performance under extreme conditions.

Sources of uncertainty are linked to the use of W components which can result in low emissivity

that varies with wavelength, leading to an underestimation of surface temperatures [237]. Re-

flections from surfaces within the environment can introduce measurement artefacts and cause

an overestimation of the surface temperature [238]. Additionally, the degradation of target

material surfaces or detector mirrors due to material deposition and erosion processes can im-

pair temperature measurements [239]. Furthermore, intense radiation could adversely affect the

refractive properties of optical components, potentially distorting measurements. Finally, para-

sitic bremsstrahlung radiation is emitted when electrons are deflected during collisions with ions

in the plasma [240]. When the bremsstrahlung signal is superimposed on the thermal signals

originating from the PFCs, it overestimates the assessed surface temperature values. Beyond

these environment-specific factors, the fundamental limit imposed by diffraction restricts the

maximum attainable spatial resolution, setting an inherent boundary on the level of detail that
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can be resolved. Unfortunately, there was insufficient time to develop advanced image-processing

techniques to compensate for all of these phenomena.

IR camera data from the KL9B and KL9A/KLDT sightlines was used to calculate the time in

seconds that the lamellae plasma-facing surfaces spent between 400 °C and 1300 °C, in increments

of 20 °C. This was used to produce histograms of surface temperatures for each lamella in Fig.

5.7 and Fig 6.2 with bin sizes of 100 °C and 20 °C, respectively. The analysis only included

a pulse if the outer strike point position was situated on tile 5 for over 20% of the heating

window. Data below 300 °C was omitted due to reduced reliability, while the upper limit of

surface temperature detection was 1300 °C. The IR cameras were also prone to saturation at

high temperatures and in these cases, a lower bound of 700 °C was implemented, likely causing a

slight underestimation of the overall surface temperatures. The campaign lengths were inputted

as the first and last pulse number of each campaign. The sample locations were defined by

s-coordinates which is a coordinate system in millimetres that poloidally traces the divertor

surface with the origin at the inner corner of tile 0 [20][241]. The code outputs the total time

in seconds where the maximum temperature was within the s-coordinate range. Uncertainties

arise due to missing data during some pulses and some samples will have more data missing than

others but this was not anticipated to significantly skew the results. The data quality appeared

satisfactory after removing obvious anomalies, though lacking thorough validation.

5.4.2 Deuterium Fluence Calculations from Langmuir Probe Measurements

The measurements from the three Langmuir probes under investigation in this chapter, along

with data from the closest tile 5 probe to each of the four lamellae, were analysed to quantify

the particle loads experienced by the samples in the JET divertor. The fluence numbers and the

amount of available pulse data are included in the mechanical properties discussion in Table 5.1

of Section 5.5 and Table 5.3 of Section 5.6. The code derives the fluence of D+ ions from the

electron density and temperature measurements. It checks if the strike points are close enough

to a specific location of interest with s-coordinates that are provided by the user. The overall

percentage of available data is calculated and the gaps in location data are filled with additional

data from EFIT [242] (an equilibrium reconstruction code at JET used to locate the strike

points). The integrated fluence is computed for the region of interest for time intervals when

the strike point is within the specified s-coordinate range. The code then identifies dry runs
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or aborted pulses so they can be excluded from the analysis and categorises pulses into specific

experimental campaigns based on their pulse number. Finally, it compiles the percentage of

available data, the fluence values for each valid pulse and the cumulative fluence organised by

ILW campaign.

The fluence is calculated assuming that all particles detected by the Langmuir probe are D+

ions. In reality, while the majority of detected particles are D+ ions, a significant fraction

consists of other ionised gas species present in the divertor for plasma control. These species

have different masses, charges, and velocities compared to a D+ ion, all of which influence the

fluence calculation. The total fluence is derived from the ion density and the thermal velocity

of the incident ions. Heavier ions have lower thermal velocities than lighter ions at the same

temperature. The calculation assumes that the incident particles are the lighter D+ ions. This

assumption could lead to an underestimation of the fluence value, as heavier ions have lower

thermal velocities and contribute less to the detected current, making them underrepresented in

the fluence estimation. Conversely, ions with higher charge states generate larger currents for

the same ion flux, which increases the calculated ion density and fluence. The fluence values

presented in this chapter therefore do not represent the absolute fluence but offer a value that

can be compared across different samples.
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Figure 5.5: Digital photographs of a tile 5 module of lamellae (a) from a top-down view (b) from a cross-sectional
view, showing the location of the tile 5 Langmuir probes.

91



5.5 The Effects of Deuterium Plasma Exposure on JET Lamael-

lae

Once lamellae C4, C12, C13, and D12 were mounted and polished, their cross-sections were

mapped using EBSD in the same region which was located in the centre of the sample, next to

the exposed surface. The maps are displayed in Fig. 5.6 and show no sign of recrystallisation for

the four samples. Grain size analysis was not performed for the exposed lamellae since the grain

size did not appear to change after exposure and subgrain formation remained a possibility.

Each EBSD map represents a 2D slice of a component that is 62 mm in length [243], therefore

recrystallisation might have occurred in other regions. Localised temperature variations can stem

from material inhomogeneity where defects, impurities, or grain sizes are not evenly distributed

throughout the component. However, the starting microstructure of the as-received samples in

Chapter 4 did not appear to have any defects or artefacts that were too large. In general, W has

an extremely high thermal conductivity which helps create a uniform temperature distribution

even though the components were not actively cooled.

Differences in temperatures can also be caused by non-uniformities in heat flux due to geometric

shadowing or strike point position. The lamellae are symmetric along the length of the com-

ponent, in the poloidal direction, but are asymmetrical in the toroidal direction as the surface

curves downward on one side. This was done so that 1.4 mm of the 5.9 mm lamella width

is completely shadowed and prevents the formation of a leading edge [243][244]. The mapped

and indented region was over 1.9 mm from the shadowed region where the heat flux should be

near its peak and the mechanical data would not be influenced by edge effects. The surface

temperature would, however, fluctuate along the length of the samples due to the strike point

position on stacks C and D, summarised in Fig. 5.15. Ultimately, the lamellae were assumed to

be unaffected by recrystallisation due to the surface temperatures recorded by the IR cameras

in Fig. 5.7. If active sample preparation had not been an issue, it would have been beneficial to

evaluate more cross-sections.
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Figure 5.6: EBSD maps from the cross-sections of lamellae (a) C4 (b) C12 (c) C13 (d) D12, taken just below
the exposed surface in the centre of each sample.

Nanoindentation of lamellae C4 and C12 was performed while the EBSD maps were collected

for lamellae C13 and D12 and vice versa, hence the Berkovich indents visible in Fig. 5.6 (a) and

(b). The results can be seen in Table 5.1 which includes estimates for the D+ fluence incident

on the lamellae surfaces as determined by the Langmuir probes neighbouring tile 5. All indents

were performed to a depth of 2 µm because the grains were too small to indent individually.

In anticipation of potential anisotropic effects post-exposure, the plastic zone is also large and

can sample as many crystallographic orientations as possible to obtain a representative average.

The maximum plastic zone size was estimated using the method proposed by C. Robertson et

al. [195], taking an indent from lamella C13 with the highest hardness which had an applied

force of 537 mN at 2 µm and returned a plastic zone radius of 18.5 µm. The as-received lamella

had an average ECD of 2.1 µm and assuming no change in grain size after exposure, a perfectly

hemispherical plastic zone should sample ∼2770 grains at an indentation depth of 2 µm.
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Table 5.1: A table comparing the fluence, hardness and elastic modulus data for the as-received lamella and
lamellae C4, C12, C13, and D12

iMicro Hardness (GPa) Modulus (GPa)

Lamella
Available
Data

Fluence
(D+/m2)

Number
of Indents

Mean SD Mean SD

As-
Received

N/A N/A 36 6.1 0.3 430 20

C4
(ILW-3)

97.3% 7.6× 1023 30 6.0 0.2 430 10

D12
(ILW-3)

95.5% 9.3× 1023 19 6.1 0.2 460 10

C13
(ILW-3)

97.5% 1.0× 1024 22 6.2 0.4 410 20

C12 (ILW
-1 & -3)

94.0% 3.8× 1024 13 5.9 0.2 420 10

Overall there was only a difference of 0.3 GPa between lamella C12 and C13 which had the

smallest and largest hardness averages, respectively. The standard deviations of these hardness

values were large, ranging from 0.2 to 0.4 GPa, so a difference of 0.2 GPa does not suggest a

quantifiable change in hardness between the samples. In the case of the as-received lamella,

its hardness value fell in the middle of the range of exposed values, implying that D plasma

exposure did not cause a statistically significant change in hardness for the tile 5 lamellae.

In terms of the modulus, lamella D12 had a value of 460 GPa which was 30 GPa higher than the

as-received lamella. The maximum standard deviation was 20 GPa which may suggest that this

was a statistically significant difference, but it was not accompanied by a change in hardness.

The appearance of a larger modulus is more likely an error due to a poor frame stiffness correction

as the modulus vs. depth curves do not completely plateau to a horizontal line (see APPENDIX

A). This was not identified at the time of analysis and could not be addressed after the fact

but should not affect the hardness measurement. Of the remaining samples, there was only a

difference of 20 GPa between lamella C13 and the as-received, the smallest and largest values.

This is the same magnitude as the standard deviation for the as-received lamella and suggests

that D plasma exposure did not impact the modulus values. It was therefore not possible to

establish a relationship between the D fluence and the mechanical properties of the lamellae

after exposure.

The variability in the mean values and the standard deviations for both hardness and modulus

likely stems from a large spread of grain sizes since the coefficient of variation was 44% for
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the as-received lamella. The EBSD maps of the as-received lamella in Chapter 4 and the

JET-exposed lamellae in Fig. 5.6 visually confirm that grain size is not uniformly distributed

across the samples. Consequently, no two indents will capture the same proportion of GBs in

their plastic zone which gives rise to different contributions of boundary hardening, the likely

cause for the discrepancies in both hardness and modulus values. GBs behave as barriers to

dislocation motion which then alter stress and strain fields during indentation. In smaller grains,

dislocation movement is more constrained due to the increased presence of GBs. Other factors

to consider are variations in the composition of the GBs across the samples and irradiation-

induced anisotropy such that different crystallographic orientations have different mechanical

properties. Individual indents were also checked close to the exposed surface and deep in the

bulk for differences in hardness and modulus but no such pattern could be established.

Figure 5.7: Histograms showing the duration of time in seconds that the surfaces of lamellae C4, C12, C13 and
D12 were in the temperature range of 400–1300 °C with a bin size of 100 °C.

The surface temperature data from the IR camera system shown in Fig. 5.7, was initially

intended to contextualise any property changes after the lamellae were exposed. However, the

values for grain size, hardness, and modulus remained unchanged by the plasma. Despite this,

the surface temperatures can still offer insights into the exposure conditions that resulted in an
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absence of recrystallisation and grain growth. The fusion community has researched at great

length the response of W components to different starting microstructures, temperatures and

periods of heat treatment. In one study the W samples had a rolled microstructure akin to the

JET lamellae where one W sample showed signs of recrystallisation after heating at 1200 °C

for an hour and another recrystallised after 3115 hours at 1100 °C [245]. All four JET-exposed

lamellae spent less than 0.5 s at temperatures between 1200 and 1300 °C, less than 1 s between

1100–1200 °C and less than 4 s between 1000–1100 °C which was not long enough for new

crystals to nucleate. It is assumed that all the lamellae spent the vast majority of time below

400 °C and the discrepancies in the total times displayed in the histograms were accounted for

at temperatures below 400 °C.

The plasma control systems of JET had a trip level at a lamella surface temperature of 975 °C, at

which point the auxiliary power is turned off, the plasma current is ramped down and the strike

points are moved away, ultimately terminating the plasma [20]. There might have been excep-

tions to this but there was an overall budget for higher temperatures to protect the mechanical

properties of the W components. This method of surface temperature monitoring appeared to

be sufficient for a real-time protection system as surface temperatures only exceeded 1000 °C

for a few seconds. These temperatures above 1000 °C are likely due to the time required for the

plasma control system to execute these processes, perhaps during an inter-ELM period but par-

ticularly during ELMs since the transient events occur on very short timescales. The maximum

surface temperature for each lamella was recorded during the occurrence of an ELM as follows:

C4 > 1243 °C, C12 > 1299 °C, C13 = 1121 °C, D12 > 1260 °C, where the greater than sign

signifies that the IR camera was saturated, making the temperature a lower bound.

Lamella C12 was placed in the JET divertor for the longest period, for both ILW-1 & -3 and

a total of 31.5 hours of divertor operation [19]. The remaining lamellae were exposed in the

JET divertor for a total of 18.5 hours in ILW-3. The longer exposure time of lamella C12 likely

provided more opportunities for ELMs, hence why it spent more time between 1100–1300 °C

than the other samples. Given that it was exposed to an additional campaign compared to the

other lamellae, it was unexpected that this was not the case between 400–1100 °C. These results

make more sense when taking into consideration the radial position of the outer strike point

which is accompanied by higher temperatures and heat loads. Generally, the outer strike point

spent most of ILW-1 on tile 5 where the lamellae are positioned and most of ILW-3 campaign

on tile 6 [20]. The outer strike point remained on stack C longer than any other stack in both
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ILW-1 & -3, highlighted in Fig. 5.15 (b), JET data previously shown by G. Pintsuk et al. [10].

This can be seen for lamella C4 which spent the most time in the temperature range of 400 to

900 °C but fails to explain why lamella D12 spent the most time between 900–1100 °C than the

other lamellae.

Another factor to take into consideration is the lamella number which represents the toroidal

position, since heat loads are non-uniformly distributed along the module [10][246]. The first

three lamellae (1-3) in a module are shadowed from the plasma by the adjacent module to help

prevent component melting [18][247] and the heat loading gradually increases across the module

with a maximum typically between lamellae 22-24. This distribution of heat appeared to affect

C12 and D12, which spent more time between 1100–1300 °C and 900–1100 °C respectively.

However, this effect cannot have been that pronounced if lamella C4 spent the most time in

the 400–900 °C temperature range, far more time than the few seconds that lamellae C12 and

D12 spent above 900 °C. The study by G. Pintsuk et al. investigated lamella C23 from the

highest loaded part of tile 5 after ILW-1 which showed no observable change in grain size but

some EDM crack growth [10]. This confirms that temperature increased with lamella number

and that surface temperatures remained below the recrystallisation range for W. Moreover, the

EDM cracks in lamella C23 only propagated a further ∼150 µm [10] compared to the 15 mm

cracks observed in ASDEX-Upgrade [68]. Ultimately showing that the bulk W components in

JET were better suited for plasma loading.

The period of exposure for W components in the JET divertor is far shorter than that of a

commercial reactor, the first ITER divertor will be exposed to 2500 hours of divertor operation

[5]. Lamella C12 was exposed for 18.5 hours of divertor operation during ILW-3 and spent

a total of 0.254 s above 1200 °C. Under the assumption that component failure could occur

after exposure at 1200 °C for one hour due to significant recrystallisation, lamella C12 would

be able to endure nearly 30 years of JET operation. Although this extrapolation appears to be

quite optimistic, the energy output of ITER will far exceed the ILW campaigns. The following

section investigates the Langmuir probe samples during these campaigns with microstructures

that resemble ones that could form in ITER.
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5.6 The Microstructural Evolution of the JET Langmuir Probes

The Langmuir probes were exposed in ILW-1 and -2 and exhibited observable microstructural

changes depending on their placements in the JET divertor. Probe 8 showed the least damage,

the grain size shown in Fig. 5.8 (c) appeared to be unchanged from the as-received Langmuir

probe and channelling contrast in the SEM showed that this was consistent across the whole

cross-section. The only feature differentiating it from the as-received sample was the growth of

the EDM-induced cracks on the exposed surface which were originally ∼50 µm in length. These

can be seen in Fig. 5.8 (a) where the largest crack propagated over 1 mm into the bulk from

the exposed surface, which is a substantial increase from the ∼200 µm cracks that formed on

W lamella C23 [10]. This indicates that the loading conditions on probe 8 were more extreme

than those on lamella C23 which may have been exacerbated by the slight differences in starting

microstructure. It is also unknown whether cracking would have been initiated in either sample

if cracks were not already present after EDM. IR cameras could not be used to estimate the

temperatures of the Langmuir probes due to the positioning of camera sightlines. But the other

two samples, probes 6 and 26, were associated with some degree of recrystallisation, suggesting

they were exposed to higher temperatures than probe 8. This seems to confirm that the small

EDM-induced cracks can propagate deep into the bulk even if the surface of the component

remains below recrystallisation temperatures.
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Figure 5.8: A schematic of probe 8 showing (a) SE image of the exposed surface (b) SE image of the cross-section
with the indented region at site 1 and black residue from copper tape that was placed in the bottom corners (c)
EBSD map from the cross-section with substandard indexing caused by active sample preparation.
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A possible explanation for this crack growth likely stems from the pulsed nature of JET which

results in significant cyclical thermal stresses even below 1100 °C. The EDM cracks can act

as stress concentration points when the component is placed in the divertor. The residual

stresses that are caused by machining can also promote crack propagation, especially when

surface temperatures are not high enough to cause annealing during operation. The largest

crack extends across the width of the exposed surface in Fig. 5.8 (a) and nearly halfway down

the cross-section of the tip in Fig. 5.8 (b). The probe tip could conceivably split in half if it had

been exposed for more time in the vessel, which could not only release W dust into the divertor

but could risk losing key diagnostic information about the plasma. Furthermore, Langmuir

probes could be used to help control target heat fluxes in ITER [248], meaning it would be a

significant loss if they broke in that environment.

The EBSD map in Fig. 5.9 (b) shows the very top of probe 6, which extends into the plasma

and should therefore experience the highest temperatures across the sample. This is confirmed

by the presence of the recrystallisation front which is the boundary where the larger annealed

grains meet the original, deformed microstructure. The recrystallisation front is the result of

a large temperature gradient that forms due to the hot plasma making contact with the top

of the sample and a heat sink at the bottom of the probe which is attached to the vessel wall.

The fact that the whole tip did not recrystallise suggests that probe 6 did not remain within

the recrystallisation temperature range for as long as probe 26, likely due to the location of the

inner strike point. A microscopic overview of probe 26 can be seen in Fig. 5.10 where the grains

have grown from 23.5 µm to over a millimetre and were so large that a reliable average could

not be obtained from the EBSD maps in Fig. 5.10 (c). The substantial recrystallisation and

grain growth of the Langmuir probe compared to the lamellae was attributed to the protrusion

of the probes beyond the armour materials. The probes must also be in regular contact with

the plasma to take measurements during a pulse which leads to higher heat loads and greater

surface temperatures. A study investigating the effects of leading edges in JET ILW-1 by J.

Coenen et al. showed similar grain growth when a test lamella was deliberately raised into the

plasma [249].
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Figure 5.9: A schematic of probe 6 showing (a) SE image of the cross-section with the indented regions at sites
3 and 4 (b) EBSD map from the recrystallisation front with the indented regions at sites 1 and 2, where variations
in surface finish and pixel size affected the number of points that could be indexed.
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A small part of probe 26, to the right of Fig. 5.10 (b), became detached due to a large crack

that had formed during exposure which grew across the whole sample during polishing and

led to brittle fracture. The formation of that crack and the vertical crack that remains visible

in Fig. 5.10 (b), are likely due to repeated exposure to elevated temperatures, resulting in

recrystallisation, deformation, creep damage and fatigue [202]. The exposed surface in Fig.

5.10 (a) and highlighted in red in (b) appears to have melted and the crack network that was

generated during machining was covered by melt layers. This indicates that temperatures at

the exposed surface exceeded 3422 °C, the melting point of W [233]. However, the temperature

was not uniform over the entire component as the warping and melt damage appeared to be

localised near the exposed surface. The large increase in grain size suggests that even the lower

section of the probe 26 tip likely reached temperatures above 1200 °C for a duration close to an

hour.
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Figure 5.10: A schematic of probe 26 showing (a) combined SE images of the exposed surface (b) SE image of
the cross-section (c) combined EBSD maps to provide an overview of the cross-section with the sample outlined
in white and the indented regions at sites 1 and 2.
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These elevated temperatures may have been caused by off-normal events such as major dis-

ruptions or transients, but are more likely due to steady-state operation. This is based on the

assumption that most major disruptions move upwards, away from the divertor and the strike

point was positioned near probe 26 for an extended duration (Fig. 5.15) [228]. In-vessel images

taken between the first and second campaigns showed that melting occurred during ILW-2, con-

sistent with the 20 GJ of energy deposited on tile 6 during ILW-2, compared to 5.5 GJ in ILW-1

[250].

In addition to the melt damage present in probe 26, plasma exposure also resulted in the

formation of voids which can be seen in Fig. 5.11. These voids formed in the vicinity of GBs

in the top half of the tip closest to the exposed surface. They ranged from sub-micron sizes up

to 50 µm, similar to those observed in the TEXTOR tokamak [106]. In the TEXTOR samples,

voids were thought to be associated with the evaporation of W at nucleation sites such as GBs

or impurity clusters [107][108]. The melt damage on the exposed surface suggests that the voids

likely formed in a molten region of probe 26. If gas bubbles were also present then the voids

could have formed via the same mechanism as those observed after EDM where gas was expelled

during solidification [86] [88–90].
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Figure 5.11: (a) SEM image of the voids on the cross-section of probe 26 and FIB trenches (b) and (c) showing
subsurface voids in the vicinity of the GB.

Gas bubbles have been shown to form in fusion-relevant environments by high He fluences [29]

and high-energy H ions [251]. Table 5.2 shows the number of H and He species injected into

the JET vessel during ILW-1 and -2 as reported by L. Dittrich et al. [23]. He species were

not injected into the vessel during ILW-1 and there were roughly 10,000 times more H species

than He species injected during ILW-2. Although the average energies of the incident He ions

were not known, they were thought to be lower than He implantation experiments [252][253].

Furthermore, only 8.45×1022 3He and 4He atoms were injected into the entire vessel throughout

ILW-2, while He implantation experiments generated He bubbles in W using doses of 3×1022 He

per m2, at 30 keV and much shorter timescales [254]. It was therefore assumed that the voids

were not seeded by He bubbles. H and its isotopes (D and T) can create trapping sites in W at

sufficient energies (38 eV) and fluences (>1022 ions/m2) which can create stress-induced bubbles

and voids when the solubility limit is reached [51][255]. Probe 26 made sufficient contact with
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the D plasma to cause melting and recrystallisation, so there was likely an abundance of D in

the matrix to create bubbles.

Table 5.2: Injection data for various gases during ILW-1 and -2, recreated from the study by L. Dittrich et al.
[23], where GIM is the Gas Introduction Module and DMV is the Disruption Mitigation Valve.

Gas Injection Point ILW-1 ILW-2

1H
GIM, pellets 2.5× 1024 2.7× 1025

DMV – 1.3× 1024

2D
GIM, pellets 9.1× 1026 5.8× 1026

DMV – 2.4× 1026

3He main chamber GIM – 8.2× 1022

4He main chamber GIM – 2.5× 1021

The fluence data recorded by the Langmuir probes in Table 5.3 could not help establish the

origin of the voids. Probe 26 had a lower calculated fluence than probes 6 and 8, and these

probes showed no sign of void formation. IR Camera data was unavailable for the positions

of these probes but the different microstructures suggest that probe 26 reached the highest

temperatures because it had partially melted and completely recrystallised. This was followed

by probe 6 which was partially recrystallised and then probe 8 which did not visually differ from

the as-received sample.

If probe 26 was exposed for longer in the JET divertor under prolonged stress and heating,

the voids would likely continue to grow. This occurs when atoms diffuse from areas of high

stress to the voids, particularly along GBs where the voids are situated. As a result, the voids

are more likely to become sites for cracks to initiate and propagate, increasing the likelihood

of component failure. Although these components were not designed to be armour materials,

they were manufactured using standard W manufacturing processes for fusion components so

voids could feasibly be observed in a future reactor such as ITER. Particularly considering the

larger scale of ITER and the higher particle and heat loads that will be incident on its divertor

components. Hence, it is crucial to understand the underlying mechanisms that lead to the

formation of voids in W components especially since it was suspected that He was not involved.

The two remaining hypotheses stem from impurity boiling and the saturation of D which are

discussed in more detail in Section 5.8.
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5.7 The Micromechanical Response of the JET Langmuir Probes

The significant grain growth shown in Fig. 5.10 (c) is typically accompanied by the removal

of defects and a reduction in mechanical strength. It can potentially alter ductile-to-brittle

transition temperature, surface roughness and power handling capabilities which have all been

engineered to withstand specific conditions in the vessel [256]. Furthermore, the presence of

trapped D could cause embrittlement which can lead to early component failure, particularly

under cyclical loading. All Langmuir probe samples were indented with a Berkovich tip and

the results were compared to the as-received data to discern how exposure to D plasma affects

material hardness and elastic modulus.

Table 5.3: A comparison of the fluence, hardness and modulus values between the as-received Langmuir probe
and probes 6, 8 and 26. The fluence values were calculated from the pulses with available data which included
59.7% of pulses for probe 26, 93.5% of pulses for probe 6 and 93.9% of pulses for probe 8.

iMicro Hardness (GPa) Modulus (GPa)

Probe
Fluence
(D/m2)

Indented
Region

Number
of Indents

Mean SD Mean SD

As-
Received

N/A Coarse Grains 19 5.6 0.1 430 10

26 1.3× 1024
RX

(Site 1)
25 5.8 0.1 450 10

6 4.0× 1024

RX
(Site 1)

19 5.5 0.1 420 10

RX
(Site 2)

16 5.6 0.1 400 10

Coarse Grains
(Site 3)

25 5.7 0.1 430 10

Coarse Grains
(Site 4)

46 6.0 0.2 430 10

8 2.8× 1024
Coarse Grains

(Site 1)
34 5.6 0.2 430 10

The nanoindentation data is summarised in Table 5.3 and also shows the fluence incident on the

Langmuir probes. The fluence data shows that the total number of incident particles increased

between probe 26, probe 8 and probe 6 respectively. At the same time, the microstructural
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analysis in section 5.6.1 showed that surface temperatures increased between probe 8, probe 6

and probe 26 respectively. An initial comparison between the as-received Langmuir probe and

probe 8, the sample that did not recrystallise in the reactor, showed extremely similar values for

both hardness and modulus without too much scatter in the data, highlighted by the standard

deviations. Since the grain size stayed roughly the same the contribution from GB hardening

and the Hall-Petch effect should be the same between the two samples. The fact that the

mechanical properties were unchanged after removal from JET suggests that particle fluence

was not large enough for probe 8 to introduce sufficient defects into the lattice. Moreover,

the surface temperatures were not sufficient to cause recrystallisation which is accompanied

by annealing and the removal of defects, meaning these defects should still be present during

indentation.

Probe 26, the sample that fully recrystallised and displayed significant grain growth, showed an

increase in hardness of 0.2 GPa. This is approximately the size of the combined standard devia-

tion of 0.2 GPa, calculated as the sum of the standard deviations of the mean values, suggesting

that this could be a statistically significant increase. The modulus value also increased from

the as-received sample by 20 GPa which was approximately the size of the combined standard

deviation of 20 GPa. This appears to confirm that the mechanical properties were modified by

exposure. An increase in grain size is typically associated with a decrease in sample hardness

due to fewer boundaries which act as barriers to dislocation motion, making the sample easier

to deform. The fact that both the hardness and modulus increased suggests that Hall-Petch

was not the dominant mechanism. The increase in hardness can be explained by two potential

mechanisms. The first mechanism involves the generation of vacancies and interstitials when

incident ions displace W atoms in the lattice, these defects can cluster and impede dislocation

motion. The incident particles are predominately D, and in the second mechanism this D be-

comes trapped, occupying interstitial sites and forming complexes with vacancies which causes

embrittlement and an increase in hardness. Both mechanisms rely on defects forming after the

recovery stage of recrystallisation which appears to contradict the fluence data.

Probe 8 was reportedly exposed to more incident particles than probe 26. Without recrystalli-

sation, a significantly greater number of defects should be retained in probe 8 than in probe

26. The mechanical properties of probe 8 appear unchanged compared to the as-received probe

while there was a significant increase in hardness in probe 26. Moreover, the heat loads on the

divertor tiles are expected to scale with particle loads as both are influenced by the same en-
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ergy transport processes and plasma-wall interactions. However, many factors could affect this

correlation, including variations in energy per particle at constant flux, radiative cooling from

impurities in the plasma, the shape and position of the magnetic field lines, plasma density and

temperature gradient. Additionally, only 59.7% of the fluence data was available for probe 26,

which could be attributed to the melting and warping of the probe tip. The fluence for probe

26 was likely higher than probe 8, as the melting observed in probe 26 suggests it was exposed

to greater heat and particle loads. Overall, the microstructure and mechanical properties of

the Langmuir probes suggest that the relative magnitudes of the calculated fluence may not be

accurate enough to use as part of the analysis in this section.

Probe 6 had the most complex microstructure of the three exposed probes as the grain size

increased in the hottest region of the tip and remained unchanged throughout the rest of the

sample. The most significant change in hardness was found at site 4 which was next to the

exposed surface where recrystallisation and therefore defect recovery had not occurred. There

was an increase in hardness of 0.4 GPa with a combined standard deviation of 0.3 GPa at site 4

while the modulus appeared to be unchanged. The observed hardening can either be attributed

to displacement damage or trapped D since site 4 was almost certainly affected by incident D+

ions from the plasma. Site 3 was positioned on the other side of probe 6 to the exposed surface,

where the grain size was still unchanged. The modulus in this region was approximately the

same as the as-received probe and was therefore unchanged. The difference in hardness was

0.1 GPa with a combined standard deviation of 0.2 GPa, suggesting that the hardness in this

region did not significantly differ from the as-received material.

Sites 1 and 2 were near the exposed surface but both hardness values were collected from the

recrystallised region of the tip. The differences in hardness for these two sites compared to the as-

received probe were well below one standard deviation so the hardness in the recrystallised region

was essentially the same as the as-received probe. The defects that were originally present at

sites 1 and 2 were believed to have annealed out during recrystallisation, meaning the mechanical

properties recovered to how they were in the as-received state. The modulus value at site 1 was

extremely close to the as-received probe while the value at site 2 appeared slightly lower than

expected likely due to an inaccurate frame stiffness correction. Sites 1 and 2 were located in two

neighbouring, recrystallised ⟨101⟩ grains, meaning the mechanical properties should essentially

be the same from these two regions. The fact that the modulus was also unchanged at site

4 where the hardness was significantly altered, shows that there was no difference in modulus
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across the whole of probe 6.

In summary, initial comparisons between the as-received Langmuir probe and probe 8 indicated

no significant changes in hardness or modulus, suggesting that particle fluence and surface

temperatures were insufficient for recrystallisation or defect formation. Conversely, probe 26

fully recrystallised and showed a significant increase in hardness, despite an increase in grain size

which is typically associated with Hall-Petch softening. Probe 6 exhibited significant hardening

at site 4 which would have been subjected to a substantial fluence of D+ ions with insufficient

temperatures to cause recrystallisation, while other sites showed minimal changes. The observed

increases in hardness in probes 6 and 26 were likely associated with the number of incident

D+ ions on the samples. Ion beam analysis (IBA) was carried out in the following section

to determine whether the mechanical properties were augmented by displacement damage or

trapped D.

5.8 Deuterium Retention in JET Langmuir Probes

The Microprobe data from a previous study is summarised in Fig. 5.12 [228] and the new

results are shown in Fig. 5.13 with the reference sample in (a) showing how the NRA signal

should look if D is detected. Fig. 5.13 (b) and (c) show three maps for both probe 26 and

probe 8, respectively. No D was detected in these maps so probe 6 was not analysed using the

Microprobe. Instead, all three probes were placed in the main NRA chamber, one after the other,

where the larger beam sizes could ascertain if there was truly any D present. These results also

came back negative which ruled out the possibility of D occupying interstitial sites or forming

complexes with vacancies. Ultimately, there were no D atoms still retained in the probes that

were responsible for causing the increase in hardness. The earlier Microprobe results from the

exposed surfaces in Fig. 5.12, showed that some D had been retained after the initial removal

of the probes from the vessel. The D had likely been removed due to H-D isotope exchange

reactions when the sample was in contact with flowing water during cutting and polishing. The

fact that D had previously been present in probe 26 appears to confirm that D bubbles could

have seeded the void formation.
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Figure 5.12: Previous results of the Microprobe experiment as IST, Lisbon on D retention at the exposed surface
of Langmuir probes 6, 8 and 26, diagrams provided by N. Catarino [228].
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Figure 5.13: (a) A microbeam map from a ∼4% D reference Sample showing the standard D peak in the NRA
signal (b) Three microbeam maps from probe 26 and (c) Three microbeam maps from probe 8 with an absence
of a D peak.
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5.9 Spherical Nanoindentation of Langmuir Probe 26 from Tile 6

Since retained D was not responsible for increasing the hardness of the probes, it was assumed

that some sort of displacement damage was the underlying cause. In this mechanism, the incident

D+ ions would have enough energy to generate vacancies and interstitials which could go on to

cluster and impede dislocation motion. Spherical nanoindentation was performed on probe 26

and the as-received probe to try and build a clearer picture of how these defects were affecting

mechanical properties. The technique was selected because the spherical indenter tip produces

an evolving stress state, providing a fast, non-destructive method for obtaining stress-strain

curves. The spherical indents were all placed in ⟨101⟩ grains in the as-received Langmuir probe

and the ⟨101⟩ grain at site 2 of probe 26 in Fig. 5.10 (c). The symmetry of the spherical indenter

tip and the consistent crystal orientations should counteract the effects of any radiation-induced

anisotropy that might have arisen. Berkovich indents were also placed at site 2 of probe 26,

combined with the previous as-received indentation data to contextualise the results from the

spherical tip.

Table 5.4: A table showing the mechanical properties of the as-received Langmuir probe and the ⟨101⟩ grain in
probe 26 collected using a Berkovich tip and the Keysight G200 Nanoindenter.

G200 Hardness (GPa) Modulus (GPa)

Probe
Indented
Region

Number
of Indents

Mean SD Mean SD

As-
Received

Coarse
Grains

15 5.3 0.1 390 10

26
RX

(Site 2)
35 5.7 0.1 410 20

The ⟨101⟩ grain at site 2 of probe 26 showed an increase in hardness of 0.4 GPa from the as-

received (an increase of ∼8%) while the ⟨111⟩ grain at site 1 showed an increase of 0.20 GPa.

The slightly larger hardness value from site 2 was believed to be due to increased cascade damage

caused by a greater particle flux since the grain was located next to the exposed surface. This

was compared to site 1 which did not neighbour the exposed surface and was on the opposite

side of site 2. However, a study by C. Yin et al. [257] found that anisotropy was responsible

for a scatter of ∼8% in their hardness data after W samples were exposed to large fluences of

1 MeV neutrons. The types of defects and resulting damage profiles in W are expected to differ
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between neutron irradiation and D plasma exposure due to the distinct mechanisms involved.

However, some hardening mechanisms, such as defect pinning and dislocation interactions, may

share similarities. Perhaps anisotropy has more of an influence than anticipated, although its

effects are minimised in the spherical indentation data. If radiation-induced anisotropy had been

the focus of the project it would have been interesting to perform more indentation experiments

looking at its effect on hardness compared to the distance from the exposed surface. This type of

analysis could also involve SRIM-style calculations to estimate the damage profile in the sample.

A difference of 0.4 GPa is approximately the same increase in hardness that was measured in

the coarse grains at site 4 of probe 6 and appears to be the maximum increase in hardness of all

the samples that were exposed in JET during the ILW campaigns. A study by M. Spychalski

et al. [109] also attempted to indent Langmuir probes from tile 3 and tile 6 and reported tip

softening of 3.3 GPa in the tile 3 probe which they attributed to recrystallisation. However,

these probes were indented on the unpolished component to quite shallow depths, invalidating

any comparison with the probes analysed in this thesis. Surface roughness and deposition from

plasma-surface interactions and residual plastic deformation from component machining would

modify the hardness values compared to a sample that had been polished.
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Figure 5.14: (a) Load-depth curves and (b) Stress-strain curves obtained from two spherical indents, test 21 on
the as-received sample and test 2 on probe 26 with the effects of a pop-in highlighted in blue.

An overview of the spherical indentation results is presented in Fig. 5.14 where two individual

indents, test 21 in the as-received Langmuir probe and test 2 in probe 26, were selected to

represent the trends in the data. The stress-strain curves for all the indents for the as-received

Langmuir probe and probe 26 can be seen in APPENDIX A. In theory, the stress-strain curves
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can be used to derive quantities such as the elastic modulus, yield strength and strain-hardening

exponent. These quantities were not calculated for a few reasons. There was a large amount of

scatter in the data at low indentation depths due to the small contact area. Any effects from

surface roughness or deviations from the ideal spherical tip shape would be greatly exaggerated

at these depths. It is also hard to detect the exact point of initial contact with a rounded tip

compared to a sharp Berkovich tip. While calibration errors and experimental noise become

more significant at small loads and displacements. A large proportion of the elastic region was

therefore unusable and the elastic modulus could not be calculated reliably. Additionally, the

elastic modulus is typically required in the calculation of the yield strength and the presence

of large pop-ins visually obscured the yield point in the stress-strain curves of the as-received

sample.

Another limitation originated from the complex exposure conditions of the samples which in-

cluded varying gas compositions, particle energies and fluxes. This is highlighted in the discrep-

ancy between the calculated fluence values and the observed microstructures for the probes in

Section 5.7. The observed changes in mechanical properties were attributed to residual cascade

damage caused by exposure in the ILW campaigns. However, the exact nature of the damage

such as the proportion of vacancies and interstitials to defect clusters and dislocation loops,

can alter the stress-strain response of the sample. For example, a high concentration of vacan-

cies may lead to lower yield strengths and elastic modulus while lowering resistance to plastic

deformation [258]. Conversely, a high concentration of dislocation loops could result in higher

yield strengths and greater strain hardening [259]. The stress-strain curve integrates all of these

effects which can be difficult to deconvolute without precise knowledge of the defect populations.

Valuable insights could have been gained through an extensive high-resolution TEM study, in-

volving the preparation of multiple TEM samples from each probe, but this was not feasible due

to time constraints.

The first key observation from the stress-strain curves in Fig. 5.14 (b) can be seen between 0.1

and 0.18 indentation strain. At a given strain the stress values in this region are consistently

higher for probe 26 than the as-received probe and so exposure in JET has increased resistance

to deformation in the probes. The average stress values in this range are 8.0 GPa for probe

26 and 7.2 GPa for the as-received probe with a total difference of 0.8 GPa. This resistance

to deformation post-irradiation can also be seen in the Berkovich indentation data in Table 5.4

from the same area of the sample. The difference in hardness of 0.4 GPa was likely caused by the
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same microstructural features. Irradiation-induced hardening likely stems from cascade damage

in the probe where the collision of high energy particles with atoms in the lattice produces

significant quantities of atomic displacements namely, interstitials and vacancies. These point

defects then act as nucleation sites for dislocations, forming dislocation loops and networks.

Point defects, dislocation loops and defect clusters can act as obstacles to dislocation motion,

pinning them which increases the stress required to overcome the the obstacle.

Most metals also exhibit strain hardening, as plastic deformation continues there is an increase

in dislocation density. Dislocations start to entangle, creating internal stress fields which oppose

the applied stress. Greater applied stress is therefore required to increase the mobility of the

dislocations. As a result, the gradient of the stress-strain curve increases beyond the point of

ultimate tensile strength (UTS). Conversely, W has previously been shown to have a relatively

low strain hardening exponent at room temperature [260][261] which can be seen between 0.1

and 0.15 in Fig. 5.14 (b). The low strain hardening exponent of W is primarily due to the BCC

crystal structure [262]. In this structure, dislocation motion is predominantly hindered by the

Peierls stress, which must be overcome for a dislocation to move across the glide plane. The

Peierls stress remains largely unaffected by strain and dislocation density, thereby limiting the

buildup of strain hardening. At room temperature, the relatively low level of thermal energy

restricts dislocation activity and dynamic recovery mechanisms, further contributing to the

subdued strain hardening behaviour observed in W. The stress-strain curves appear to curve

down slightly between 0.15 and 0.18, this lowering in stress is most likely due to the tip deviating

marginally from the assumed spherical shape at large displacements, which is where the usable

spherical geometry of the tip starts to turn conical [187].

The second key observation is the presence of pop-ins in the as-received probe which were con-

sistent for all indents performed in this sample, highlighted in blue in Fig. 5.14 (a) and (b).

A pop-in is a sudden increase in indentation depth and strain during which the applied load

remains relatively constant [263]. They occur when the elastic contact stress reaches a critical

value required to nucleate dislocations within the plastic zone. Once the dislocations have been

nucleated, the contact stress drops to the flow stress required to propagate the dislocations, fa-

cilitating further plastic deformation. The presence of pop-ins in the as-received probe indicates

that the material within the plastic zone is initially defect-free, and higher stress is required to

initiate plasticity in this sample.
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Conversely, the absence of pop-ins in probe 26 suggests the presence of a high density of pre-

existing defects within the plastic zone, likely resulting from cascade damage caused by incident

D+ ions. Defects such as vacancies, interstitials, clusters, and dislocation loops create localised

stress fields that lower the energy barrier for dislocation nucleation. As a result, dislocations

were nucleated more gradually without a sudden release of stress. Additionally, any immobile

dislocations present before indentation would negate the need for new dislocations to be nucle-

ated at the onset of plastic deformation, causing the contact stress to approximately equal the

flow stress required to propagate dislocations.

5.10 Conclusions

Four lamellae were removed from the JET divertor including: C4 – ILW-3, C12 – ILW-1 & 3,

C13 – ILW-3 and D12 – ILW-3. EBSD mapping indicated no detectable change in grain size

in the exposed lamellae compared to the as-received sample. The surface temperatures of the

lamellae were estimated using IR cameras and showed that each sample only exceeded 1000 °C

for a few seconds, which was not high enough to cause recrystallisation, see Fig. 5.6 and Fig.

5.7. The plasma control system in JET was therefore successful at maintaining tile 5 surface

temperatures and protecting the lamellae from high heat loads. Nanoindentation also showed

minimal variance in mechanical properties post-exposure, implying no significant changes in

hardness or modulus across the lamellae. The exposure period and location of the lamellae

across tile 5 did not appear to have an effect and the microstructures of the exposed lamellae

were essentially identical to that of the as-received sample. However, this is not always the

case, as under different conditions, lamella C23 was found to develop deeper surface cracks after

ILW-1 [10].

Three Langmuir probes, probes 6 and 8 from tile 3 and probe 26 from tile 6 had been exposed

to D plasma in JET during ILW-1 & -2 and were then studied for changes in microstructure and

mechanical properties, see Figs. 5.8–5.10. Probe 8 was the least damaged, showing a similar

grain size and distribution to the as-received Langmuir probe. However, the EDM-induced

surface cracks appeared wider and propagated a maximum of 20 times further into the bulk

than the as-received sample. This indicates that thermal stresses were still significant even below

recrystallisation temperatures. Probes 6 and 26 exhibited varying degrees of recrystallisation,

suggesting higher exposure temperatures than probe 8. Probe 26 showed extensive grain growth
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and melt damage due to sustained high heat loads. Void formation also occurred near GBs in

probe 26 which was attributed to bubbles of D gas in the molten parts of the component. The

formation of He bubbles was ruled out due to the composition of gases pumped into the vessel.

Initial comparisons between the as-received Langmuir probe and probe 8 in Table 5.3 indicated

no significant changes in hardness or modulus, suggesting insufficient particle fluence to cause

defect formation. Probe 26 was fully recrystallised and exhibited an increase in hardness of

0.4 GPa, in contrast to the expected Hall-Petch softening. Subsequent IBA showed that any

retained D had been removed after the initial Microprobe experiments on the exposed surfaces

of the Langmuir probes, most likely due to sample preparation. D retention was therefore ruled

out as the cause of hardening which pointed instead to displacement damage. Probe 6 showed

significant hardening of 0.4 GPa near the exposed surface, similarly attributed to the cascade

damage caused by the substantial fluence of D+ ions. Spherical nanoindentation on probe 26 in

Fig. 5.14 confirmed these findings, showing the suppression of pop-ins and increased resistance

to deformation after exposure due to cascade damage.

The levels of heat exposure and damage, shown by the exposed Langmuir probes in the EBSD

and hardness data, did not directly line up with the fluence values which called into question the

validity of the fluence calculations. The main sources of error, particularly for probe 26, appeared

to stem from a significant proportion of pulses that were missing data and from changes to the

surface area of the tip, which was assumed to be constant in the calculations. This highlights

the need for more robust diagnostic data collection and analysis methods, which can lead to

more accurate predictions of material behaviour in future fusion devices. The fluence values

were not needed to contextualise the nanoindentation data across the four lamellae. However,

they were not reliable enough to compare to the hardness values of the three Langmuir probes.

Ultimately, the strike point time, which is shown in Fig. 5.15, can be a good indicator of heat

and particle loading.
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Figure 5.15: (a) The inner and outer strike point location on divertor tiles 1-7 during ILW-1 and -2 and the
position of probes 6, 8 and 26 [18] (b) the outer strike point location on stacks A-D of tile 5 during ILW-1, -2 and
-3 with each campaign offset on the Y-axis [10].

The strike point position suggests that particle loading on tile 3 near probes 6 and 8 was higher

than on tile 6 near probe 26. However, the minimally damaged microstructures of probes 6

and 8 compared to probe 26 indicate that the inner strike point avoided prolonged contact with

these probes. In contrast, the outer strike point likely remained in direct contact with probe

26 for a significant duration. The outer strike point position in Fig. 5.15 (b) also shows that

the particle loading on the stack C lamellae during ILW-3 (only lamella C12 was exposed for

ILW-1 & 3) was quite similar to that of tile 6 at the location of probe 26 during ILW-1 & -2.

The significant hardening of probe 26 compared to the unchanged mechanical properties of the

lamellae is most likely due to the probe tip protruding deeper into the plasma than the surface

of the lamellae.

The starting microstructure of the components could also have a significant effect. The lamellae

had a more typical rolled structure with the majority of the sample containing fine grains around

2 µm in diameter. Conversely, the Langmuir probe had some fine-grained regions but contained

mostly coarser 30 µm grains. The lamellae would therefore contain a far greater density of GBs

which act as sinks for the point defects generated by cascade damage. GBs can also dissipate

the energy of dislocations, even promoting their recombination and annihilation, so a high

number of GBs reduces the accumulation of dislocation networks which typically form during

hardening. Moreover, a significant amount of strain hardening may have already occurred in

the rolled lamellae microstructure, causing additional hardening from cascade damage to be less

pronounced.

The fine grains may also be responsible for the thermal stability of the lamellae in contrast to
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probe 26 which suffered significant recrystallisation and grain growth. Smaller grains have higher

energy barriers for nucleation and growth which slows down the recrystallisation process. If there

is also a high number of dislocations already present then they are more likely to annihilate or

rearrange at high temperatures than form new grains which reduces the overall driving force

behind recrystallisation. However, the IR camera data suggest that the lamellae were not in the

recrystallisation temperature range for a significant amount of time which may have ultimately

been the reason for their apparent thermal stability. Unfortunately, the IR cameras were not

directed towards the Langmuir probes that were investigated so their exact exposure conditions

remain unknown.

These findings provide insights into the effects of microstructural design when developing W

components for the divertor. The rolled and fine-grained structure of the lamellae appeared

to be stable under thermal loading in the JET divertor and mitigated the effects of cascade

damage without a significant change in mechanical properties. Conversely, the Langmuir probes

sustained significant hardening and grain growth which were potentially exacerbated by the

coarser grain size. The Langmuir probes were directly inserted into the plasma for ILW-1 and -

2. They, therefore, demonstrate what the upper limit of damage can look like for a W component

in a tokamak that is operated with D. ILW-1 and -2 had an average input power of 2.2 and 2.9

MW [226], respectively, while ITER is predicted to have an auxiliary heating power of 50 MW

[225]. Although the W monoblocks in the ITER design will not be inserted into the plasma in

the same manner as a Langmuir probe, surface temperatures are far more likely to be in the

range of recrystallisation for a significant period compared to the JET lamellae. If the ITER

monoblocks experience substantial grain growth there will be fewer sinks for radiation-induced

defects, the DBTT will start to increase and they are more likely to fail via brittle fracture.

Probes 6 and 26 showed a hardening of ∼0.4 GPa after ILW-1 and -2 while ITER is projected

to generate an integrated target flux up to 40 times greater than that of JET [5]. The two

ILW campaigns consisted of 26.38 hours of divertor operation while the first ITER divertor is

predicted to withstand 2500 hours of operation [5][264], a factor of approximately 95 greater

than the two JET campaigns. The total integrated divertor ion fluence for the first fusion

power operation phase of ITER is estimated to be ∼(1.6–3.2) × 1031 ions [5]. From cascade

damage alone hardening of the W components may become an issue for ITER without the

effects of He bubble formation and neutron damage which are also anticipated. In a recent

study, M. Lloyd et al. irradiated a pure W sample with neutrons at the High Flux Reactor
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at Petten, Netherlands to 1.67 dpa for over 2900 hours [265]. This resulted in transmutation

to 1.3% Re and 0.1% Os and an increase in hardness of 2.7 GPa. This degree of hardening is

typically accompanied by severe embrittlement which makes the component far more susceptible

to failure via cracking, particularly from the extreme thermal stresses that are present in the

fusion environment. Further investigation is required to effectively estimate component lifetimes

in future fusion devices. This will ultimately be achieved when W samples from D-T campaigns

become available and the unique microstructures can be studied. However, a clearer picture

of what extensive divertor operation can do to W components is starting to come into focus

with reactor-based experiments such as the neutron-irradiation study and this study on JET

components.
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Chapter 6

High-Resolution Characterisation of De-

posits in the JET Divertor

6.1 Introduction

This chapter focuses on one bulk lamella that was removed from the third row of stack C after

a total of 12.62 hours of divertor operation in ILW-1 [264], shown in Fig. 6.1. The machine was

operated with mainly pure D fuel and some 1H fuel while N, Ne and Ar were the only other

elements to be injected into the vessel [23]. The outer strike point remained on tile 5 for the

majority of ILW-1 [114][266] and it was confirmed by IBA that tile 5 was a region of net erosion

during this campaign [113]. Contrary to this, the first three lamellae of each module are slightly

lowered to prevent component melting. This shadowing resulted in the preservation of deposits

on the plasma-facing surface of lamella C3.

Deposits form when atoms, droplets, or solid fragments in the plasma, are directed onto material

surfaces in the machine. Many of the deposit structures examined in this chapter contained

significant amounts of Be. These types of deposits could form in ITER if the design continues

with the inclusion of a Be first wall [14][267][268]. Moreover, Be poses a significant safety risk

through the inhalation of toxic material [13] so it is important to understand how and where it

is stored within the vessel.
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Figure 6.1: Schematic of (a) two tile 5 modules with lamella C3 highlighted in red (c) lamella C3 with the
location of the studied sample highlighted in red.

Deposits are generally undesirable because they can form uneven layers of mixed materials that

differ from the original surfaces in their physical properties. The weak adhesion of these deposits,

combined with discrepancies in thermal expansion, can introduce additional impurity sources

and lead to the continuous redistribution of material around the machine. Accumulated material

may also form dust, which poses several risks, including plasma disruptions, interference with

diagnostics and cooling systems, and increased retention of radioactive isotopes, all of which

raise safety concerns.

There has been a range of studies on the composition of JET ILW deposits which have primarily

used EDX and ion beam techniques [110–122]. These works have shown that the main types of

deposition can be separated into mixed material layers (stratified deposits) that originate from

the continual erosion of plasma-facing materials and metal droplets (mainly W, Ni and Be) that

form during the melting of wall materials. The mixed material layers have also been shown to

drive up T retention [126–128].

Be droplets, splashes and flakes likely come from Be components in the main chamber and Be-

rich co-deposits that migrate around the divertor. W-rich droplets likely originated from the

W-coated CFCs or Langmuir probes over the lamellae due to increased chances of melting. It

is assumed that Ni-rich droplets were derived from Inconel components in the main chamber

such as the tiles in the lower heat flux regions which contained a substrate of Inconel 625 and

a 7-–9 µm thick Be coating [124]. Another source of Ni is the ion cyclotron resonance heating

(ICRH) antennas where the central conductors and the antenna housing are both coated in Ni
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[125].

This chapter investigates the structure of these deposits at the nanoscale, using high-resolution

techniques such as TEM, TEM-EDX, EELS and TKD. Additionally, it examines how the various

types of deposition interact with the microstructural features that were observed in the as-

received lamella discussed in Chapter 4. Ultimately, these findings are evaluated concerning

their impact on dust formation, a significant issue for the operation and maintenance of a device

such as ITER.

6.2 Experimental Details

Lamella C3 was cut to a suitable size for characterisation, with dimensions of 2.5×6×10 mm.

The sample was primarily imaged using a TESCAN Mira3 XMH SEM at 20 kV and a JEOL

ARM 200F (S)TEM at 200 kV. All TEM samples and most FIB cross-sections in the bulk

sample were prepared using an FEI Helios NanoLab FIB.

The length of lamella C3 was surveyed using six FIB cross-sections, examining the subsurface

region for obvious changes in microstructure caused by plasma interaction. A TEM sample was

produced from one of these cross-sections due to the formation of a layered structure on the

surface and was studied using a JEOL Centurio high solid-angle EDX detector and a Gatan

Quantum EELS detector.

Droplets of solidified material were observed on the surface of lamella C3, three of these droplets

were cross-sectioned in the FIB and analysed by SEM with an Oxford Instruments X-Max 80

detector for EDX characterisation. For adequate statistics 48 spectra were taken from the region

below the droplet and 30 spectra were taken from the droplet itself.

TEM samples were prepared from another four droplets, in addition to an area where the

droplet had detached from the surface. They were analysed using STEM mode, EDX and EELS

to correlate microstructural features with composition. One of these samples was also selected

for TKD analysis using a Bruker Quantax EBSD system in a ZEISS Merlin FE-SEM.

To better understand the origin of some of these features a Tescan Amber X, Xe PFIB was used

to perform tomography over the length of another droplet. A single crystal Si mask of dimensions

150×50×100 µm was applied on top of the droplet using the micromanipulator needle and was
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adhered with Pt to reduce ion beam-induced artefacts. A trench of 500×450 µm was milled

at 100 nA to a depth of 200 µm which surrounded the droplet and reduced the amount of

redeposited material that could interfere with the imaging. The droplet was then milled to a

depth of 200 µm in successive slices of 30 nm for a total length of 100 µm, with a beam current

of 30 nA and a voltage of 30 kV. A micrograph of 30×25 µm with a pixel size of 6 nm was

collected for each of these slices at a voltage of 10 kV, beam current of 1 nA and a dwell time

of 1 µs. The micrographs included a field of view larger than the area of interest to account for

drift, the most representative images were cropped and are discussed in Section 6.5.2.

The microstructural features under the surface of lamella C3 were compared to the features that

were characterised in the as-received lamella in Chapter 4. The code designed to process the

IR camera data used in Chapter 5 was also used here to calculate the surface temperatures of

lamella C3.

6.3 Surface Temperature and Microstructure

The IR camera data showed that the outer strike point was not close enough to the sample

to produce temperatures above 400 °C for roughly 97.9% of ILW-1 pulses. The temperature

distribution for the remaining 2.1% of pulses is shown in a histogram in Fig. 6.2, where the

temperature data is separated into bins of 20 °C. Lamella C3 reached a maximum temperature of

1263 °C and spent a total of 2.4 s above 1100 °C, with only 0.1 s of that above 1200 °C. The sample

therefore did not spend enough time in the temperature range for melting, recrystallisation or

grain growth to occur [256][269].

126



Figure 6.2: Histogram of the surface temperature distribution for lamella C3 during ILW-1 pulses that exceeded
400 °C.

Oxidation is more likely to be an issue at these temperatures since W can oxidise at 300 °C [99]

with substantial rates above 600 °C [100]. After oxide formation, WO3 starts to evaporate above

900 °C which could facilitate material loss from the surface [222]. The sample spent 302.7 s above

400 °C, 221.0 s above 600 °C. and 10.1 s above 900 °C. These timescales are unlikely to have

caused a detectable amount of sublimation but may have produced enough WO3 to significantly

increase erosion of the exposed surface.
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Figure 6.3: SE images showing the top EDM-ed surface of the (a) as-received lamella and (b) lamella C3 and a
cross-sectional view of the voids in the (c) as-received lamella and (d) lamella C3.

Fig. 6.3 (a) shows the EDM-ed, plasma-facing surface of the as-received lamella and Fig. 6.3

(b) shows the same surface of lamella C3 after ILW-1. The surface appears smoother after

exposure, with most peaks, valleys and particles no longer visible, particularly in the white box

of Fig. 6.3 (b). A similar study also looking at lamellae from ILW-1 showed a 30% reduction

in surface roughness and an increase in EDM crack length of 150 µm for lamella C23. These

effects were attributed to higher power loads at that lamella position which caused increased

erosion and melt formation [10]. The same study looked at lamellae A23 which was not exposed

to the strike point and C14, both of which showed no changes in surface roughness. The lower

temperatures shown in Fig. 6.2 highlight that the surface of lamella C3 did not melt during

ILW-1. These lower temperatures indicate that if the plasma was responsible for smoothing

the surface then the mechanism was more likely to be erosion than melt damage. Since lamella

C3 was shadowed by the preceding module it is surprising that the surface appeared smoother

and potentially could have been an artefact from cutting the sample which typically involves a

water coolant. Despite this, the results from C3 are just a visual observation and no physical

roughness measurements were taken. Fig. 6.3 (c) and (d) also confirm that the voids created

by EDM, as studied in Chapter 4, were still present after exposure.
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6.4 Stratified Deposits

Six FIB tranches were milled in the plasma-facing surface of lamella C3, sampling along the

width of the lamella. Three of these trenches (see APPENDIX B) revealed a layered structure

akin to the stratified deposits seen in other studies [18][110][111][118][119][121]. Fig. 6.4 shows

one cross-section which was lifted out into a TEM sample so the structure of the layers could

be studied with EDX and EELS.

Figure 6.4: (a) SE image of the lamella surface showing the location of the FIB cross-section (b) SE image of
the FIB cross-section showing the stratified co-deposits at the top, many voids have formed underneath these
layers and have coalesced at a terminal depth from the surface.

The STEM HAADF image in Fig. 6.5 shows that the layered structure appears sponge-like with
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bright and dark regions. The EDX maps showed that the bright areas were mainly comprised

of W, originating from other divertor components. There was also a single layer of Mo with a

thickness of up to ∼50 nm, most likely from a single erosion event from a diagnostic in the main

chamber. The darker regions in the STEM HAADF image were shown to contain O in the EDX

maps.

Figure 6.5: (a) STEM HAADF micrograph of deposited layers, EDX maps for W, Mo and O and EELS maps
for C, Be and O (b) EELS spectrum showing the K-edge of BeO at 120 eV.

130



Five EELS maps were collected from the deposited layers across this TEM sample (see AP-

PENDIX B) and the results from one such map are presented in Fig. 6.5 (a). The EELS data

shows a correlation between the O K-edge at 532 eV [270] and the Be K-edge at 120 eV [271]

in the dark regions of the layers. The fine structures of these Be peaks were missing an edge at

112 eV which is typical of metallic Be, as highlighted in Fig. 6.5 (b) and confirms the formation

of BeO [272]. Be has most likely come from the tiles in the main chamber which are contin-

ually eroded by the plasma, the Be atoms then migrate downstream and are deposited onto

the lamella surface by the magnetic field lines. It is possible for the O bound in BeO to have

originated from exposure to the air after removal from the vessel. However, previous studies

have shown that the ILW still operated with some O present at the plasma edge [24] and ion

beam experiments showed similar depth profiles between Be and O [122]. These findings imply

that O was either gettered by the Be or co-deposited during the operation of JET.

The EELS maps also revealed that the deposited layers contained significantly more C than the

lamella underneath, with a prominent K-edge at 284 eV [169]. The sources of the C were likely

the W-coated CFC tiles in the divertor which have been shown to flake off [121] or residual dust

from the JET-C wall [122]. The fact that the distribution of C was not uniform throughout

the EELS scan confirms that it originated from within JET and was not contaminated by the

electron beam.

EDX analysis was also carried out on the voids underneath the deposited layers which showed

O and a small C signal surrounding the larger cavities in Fig. 6.6. EELS was performed in

this region to confirm that the O signal was not linked to BeO. There was no Be signal in any

of the spectra and the O signal was therefore associated with the oxidation of W. This was

likely caused by water vapour during the formation of the voids in EDM, as was shown for the

as-received lamella in Chapter 4. However, TEM samples are prone to oxidation after thinning

due to the high surface area-to-volume ratio and FIB damage has also been shown to exacerbate

this effect [223]. Oxidation could have been localised at the edge of the cavity possibly because

the sample was thinner in these regions [273]. The C EELS signal likely was not due to electron

beam contamination, as it traced the edge of the cavity. The fact that C was seen at the same

location as O suggests that the latter was present before sample preparation and was removing

C impurities from the grain interiors as was proposed by J. Stephens [208].
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Figure 6.6: (a) STEM HAADF micrograph of voids underneath deposited layers, EDX map of O and EELS
maps for O and C, with the mapped region highlighted in a white box.
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6.5 Molten Droplets

6.5.1 Characterisation using SEM-EDX

The surface of lamella C3 is shown in Fig. 6.7 (a), with a large crack along the width of the

sample. The crack extended only a few tens of microns into the surface in Fig. 6.7 (b), and

since it could not be determined whether it formed during manufacturing, operation or sample

preparation, it was not investigated further. The surface was also covered in 23 distinguishable

droplets with an average length of 840 ±110 µm, a maximum height and width of 65 µm and

72 µm respectively. These droplets all appeared to impact the surface at the same angle. This

is likely due to material detaching from in-vessel components, melting and becoming charged

in the plasma through collisions with high-energy electrons and ions. The Lorentz force then

moves the droplets in a direction perpendicular to their velocity and the magnetic field lines.

The droplet shape is governed by variables such as surface tension and solidification processes

but the formation of a larger head with a smaller tail of material seems to be related to shear

forces and adhesion in particular [274].
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Figure 6.7: (a) SE image of the lamella C3 surface (b) FIB cross-section of the large crack (c) a typical W
droplet.
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Three droplets were cross-sectioned in the FIB and analysed using EDX. The spectra showed

that the droplet primarily consisted of molten W. Langmuir probes are the most probable source

since they protrude into the plasma itself, therefore experiencing the highest temperatures of all

the W divertor material, as discussed in Chapter 5, and have been shown to crack and melt in

the divertor [123]. These probes are also present in the main chamber but have only been shown

to cause damage to neighbouring Be tiles. In general, the majority of eroded material from the

main chamber is deposited on tile 0 (the High Field Gap Closure tile) and, to a lesser extent,

on tile 1, making direct deposition on tile 5 unlikely [116]. Additionally, pieces of W that have

delaminated from coated divertor tiles have previously been found in the outboard corner of the

divertor and could therefore be another source of molten W [114][275].
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(a) SE micrographs from a droplet containing mixed material layers and (b) a droplet with mixed
material layers underneath the surface

Figure 6.8: EDX Analysis of two W droplets in the SEM using a voltage of 10 kV with a spot size of 70 nm.
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(c) EDX spectra from the different regions within the droplet and (d) underneath the droplet.

Figure 6.8: EDX Analysis of two W droplets in the SEM using a voltage of 10 kV with a spot size of 70 nm.

There were regions within the droplets and underneath the surface that appeared darker in the

SE micrographs which were confirmed to be rich in impurities. The points marked with a cross

in Fig. 6.8 (a) and (b) are the spectra that best highlight the differences in composition. Ga

was present in all spectra due to cross-sectional milling with the FIB. The dark regions of the

droplet shown in Fig. 6.8 (c), appeared to contain more C, N, O, Ni and Be than the light

regions of the droplet.

The dark regions also appeared underneath the surface below the droplet, at the black cross

in Fig. 6.8 (b). These regions could be debris from the divertor during operation or the same

debris from the EDM process which was discussed in Chapter 4. They were observed directly
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underneath many of the droplets, which suggests the droplets might have been masking them

from surface erosion. This also indicates that elsewhere the debris could have migrated into the

plasma, radiating away some of the plasma power or creating contaminated dust.

The dark regions underneath the surface contained a large fraction of C and O, which is similar

to the EDM debris in the as-received samples but could also stem from residual C dust from

the JET-C campaigns. In addition to this, these dark regions contained detectable amounts of

Be, N, Ni, Mo and Fe. These signals were absent from the W surface at the location of the red

cross in Fig. 6.8 (d), suggesting that the debris, regardless of its origin, retains more of these

elements than W. Be, Ni and Mo are primarily found in the main chamber and are continually

eroded by the plasma during operation. Vaporised atoms or pieces of metallic Be, Ni and Mo

will continually strike the surface of the divertor and any debris embedded in that surface. The

dark regions also contained a small amount of Fe which could come from the Inconel components

in the vessel or maintenance work during non-operational phases [17]. However, Fe may have

been present before exposure, as it was a major impurity at the GBs of the as-received samples

discussed in Chapter 4.

6.5.2 Characterisation using FIB Tomography

The formation of cracks and voids during EDM was discussed in Chapter 4. Void nucleation

and coalescence appeared to be triggered by the creation of water vapour and H2 gas bubbles

in the molten surface during EDM. A total of seven droplets were cross-sectioned in the FIB for

general imaging and EDX analysis. Voids were found near the surface underneath every droplet,

suggesting that the presence of the droplet was also linked to void formation. The cross-section

of another droplet was imaged in tomographic slices up to a length of 100 µm to discern whether

the voids were introduced by the droplet during exposure in JET or if they had formed during

manufacture. No He was introduced into the vessel during ILW-1 [23], and none was detected

in the voids during the EELS analysis in this work. Therefore, He bubble formation is highly

unlikely to have contributed to additional void formation.

The uneven surface and the presence of large cavities resulted in preferential milling in some

areas, giving rise to the curtaining lines in Fig. 6.9 (b-e). This made it difficult to assemble a full

tomographic reconstruction so a selection of frames was chosen to demonstrate the key findings.

The darker layer beneath the Si mask, which covers the top of the droplet and is highlighted
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in Fig. 6.9(b), consists of a mixture of Pt and sputtered material redeposited during the mask

application and trench milling.

Voids were consistently observed under the droplet for the entire examined length indicating

that they may not have formed during EDM. There was also an absence of voids beyond the

perimeter of the droplet on the right-hand side of Fig. 6.9 (c-e) which suggests that the droplets

are indeed promoting void formation. This is likely due to the droplet introducing temperatures

over 3422 °C, the melting point of W [66] and causing the top region of the surface to melt. Any

species already present in the lamella or introduced by the droplet that can form gas bubbles

at these temperatures could be responsible for the further void nucleation. Of the impurity

elements in the droplet that were discussed in Section 6.5.1, including Be, Ni, N, O, C and Mo,

the first four could feasibly vaporise at 3422 °C [66].

(a) SE micrograph of the droplet in the PFIB before the Si mask was applied and tomographic imaging was carried out.

Figure 6.9: SE micrographs from FIB tomography.
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(b) SE micrograph of tomographic slice taken at 15.4 µm from the left-side edge of the droplet.

(c) SE micrograph of tomographic slice taken at 27.7 µm from the left-side edge of the droplet.

Figure 6.9: SE micrographs from FIB tomography.

140



(d) SE micrograph of tomographic slice taken at 39.9 µm from the left-side edge of the droplet.

(e) SE micrograph of tomographic slice taken at 59.6 µm from the left-side edge of the droplet.

Figure 6.9: SE micrographs from FIB tomography.
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(f) High magnification SE micrograph of the small grains labelled in (b).

Figure 6.9: SE micrographs from FIB tomography.

The droplet, particularly in Fig. 6.9 (d) appeared to contain many small voids with some cavities

up to 2.9 µm in diameter. The voids in the droplet were most likely driven by incident D flux and

D2 bubble formation while it was still molten. The largest cavities coincided with the location

of the EDM cracks underneath the droplet. An increase in temperature and therefore void

coalescence was potentially caused by the partial thermal isolation of the droplet [62]. Further

discontinuities may have arisen due to rapid solidification from steep thermal gradients and

pronounced volume contractions during cooling.

The left-hand side of the droplet in Fig. 6.9 (b-e) shows a layered structure akin to the stratified

deposits in Section 6.4 which developed during and after solidification. A TEM sample from

another droplet confirmed that this structure was indistinguishable from the one that formed

on the lamella surface (see APPENDIX B). EDX also showed that W and Mo, N, C and O were

all present in the layers. The TEM sample was slightly too thick for EELS analysis, but the O

signal in the EDX map likely correlated with Be as was the case in Fig. 6.5.

Furthermore, there is a question of whether these layers are affixed on top of the original surface

of the droplet or if the incident particles from the plasma are penetrating deeper into the droplet.
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These layers appear to follow the shape of the droplet which suggests that the atoms had enough

energy to become embedded in the surface. The increased impurity concentration and internal

stress from material expansion could promote crack initiation in the deposited regions. There

is then a higher probability of a crack propagating through the droplet. The adherence of the

droplet to the surface would then weaken, increasing the production of dust in the divertor and

driving up the T inventory.

In five out of seven cross-sectioned droplets in addition to that shown in Fig. 6.9, the deposited

layers appeared to preferentially form along the sides of the droplets. This phenomenon may

result from enhanced plasma erosion of the top surface, combined with an increased flux of ions

incident on the sides of the droplets due to surface sputtering. The slight asymmetries in the

shape of the droplet and the distribution of the deposited layers also highlight the importance

of the magnetic field lines and therefore the incident angle of the D+ ions.

In Fig. 6.9 (b) there are small grains on the order of 0.3 µm near the deposited layers where

the differences in crystallographic orientation result in channelling contrast. These small grains

were not observed without the droplet and were likely due to the increased impurity content

which has been shown to decrease boundary migration rates during recrystallisation [276]. The

combination of small grains and voids was also observed at the droplet-surface interface shown

in Fig. 6.9 (b), suggesting that there is also a high impurity content in this region.

When molten, the droplet would be in continuous contact with the lamella surface so the cavity

underneath the droplet must have developed during solidification. The lamellae are not actively

cooled but should behave as a heat sink, making the thermal gradient normal to the surface.

The droplet must impact the surface at temperatures exceeding the melting point of W which

may also cause the lamella surface to locally melt. In Fig. 6.9 (e) the droplet-surface interface

was also decorated with voids, indicating that impurity boiling and gas formation could initiate

the formation of this cavity. Once voids have developed and there are discontinuities in the

material, the droplet would become thermally isolated in some areas. Without somewhere for

the heat to dissipate, it likely facilitated the coalescence of voids into a larger cavity.

The channelling contrast in Fig. 6.9 (e) was sufficient to see residual misorientation patterns

below the droplet-lamella interface, which is further evidence of the lamella surface melting and

rapidly solidifying [277–279]. The system can be compared to selective laser melting for additive

manufacturing where the melt pool and the steep thermal gradient generated by the laser are
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analogous to the molten droplet on the surface [280]. In both cases, there should be a deposition

zone on the surface, a remelting zone underneath, and a heat-affected zone which joins with the

bulk material. The heat-affected zone surrounding the melt pool experiences thermal gradients

which can result in high thermal stresses and can lead to the formation of dislocations and

strain localisation [281]. Non-uniform cooling rates and variations in local composition can lead

to misalignments of crystallographic planes within the affected regions [282]. Residual stresses

can also be generated as a result of solidification-induced contraction of the melt pool [283].

Fig. 6.9 (e) also shows the formation of columnar grains within the droplet which typically form

when solidification is directional and cooling rates are slow [284]. In this case, the cooling front

slowly moves upwards, normal to the surface as heat is dissipated through contact with the

lamella, providing the directionality for columnar grain growth. The columnar grain structure

may influence erosion resistance, affecting the droplet response to temperature fluctuations,

thermal stresses and its fatigue response to thermal cycling. Additionally, columnar grains can

induce some anisotropy, particularly if these structures are irradiated with neutrons, causing

embrittlement and potentially increased cracking at GBs under further loading.

6.5.3 Characterisation using TKD

TKD was performed at the droplet-lamella interface to help ascertain at what stage the cavity

underneath the droplet formed. The uneven geometry of the lamella surface resulted in prefer-

ential milling during the thinning process. The formation of holes during FIB preparation can

induce localised plastic deformation and strain relaxation at the edges of the holes, leading to

misorientation in these regions. This artefact is reflected in the grain average misorientation

(GAM) map in Fig. 6.10 (c), showing elevated misorientation within a few hundred nanometres

of the hole perimeter, which does not represent the intrinsic microstructure of the sample.

There was less spread in the grain orientations in the lamella than in the droplet, which was likely

a result of higher cooling rates in the lamella surface. Moreover, there was a greater amount of

misorientation within the grain interiors in the lamella surface, which is likely residual stress from

the solidification process. It is possible that meta-stable microstructures such as non-equilibrium

GBs formed under rapid cooling, while impurities can also facilitate dislocation formation under

steep thermal gradients. These factors in addition to the inconsistent geometry can result in

inhomogeneous cooling rates that give rise to a large amount of misorientation within grains but
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a small spread in the orientation of neighbouring grains.

Conversely, the droplet contained a distinct spread of grain orientations, which suggests there

is no preferred orientation for the grains to form. The long axis of columnar grains in BCC

metals such as W is typically parallel to the <100> direction [285] but perhaps this behaviour

is observed when the columnar growth is more pronounced. Furthermore, if the lamella surface

was solid and behaved as a substrate, there would possibly be signs of epitaxial growth causing

the grains in the molten droplet to have some relation to the grains in the lamella. Common

epitaxial relationships in BCC materials include specific cube-on-cube or close-packed plane-

on-plane alignments, resulting in low misorientation between the droplet and the lamella [286].

This does not appear to be the case, as there is a relatively large spread of orientations between

the different grains in the droplet. If epitaxial growth had occurred, there may also be signs

of localised strain in the droplet due to lattice mismatch. The GAM map in Fig. 6.10 (c)

shows relatively low misorientation within individual grains of the droplet and no evidence of

deformation. While a more detailed texture analysis would be necessary to completely rule

out an epitaxial effect, these results suggest that it does not influence the final microstructure.

Instead, the cavity likely formed through void coalescence while the W was still molten. This

process would create thermally isolated regions, allowing grains to develop independently during

solidification.
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Figure 6.10: TKD data collected at the droplet-lamella interface, showing the inverse pole figures along the out-
of-plane direction (IPF-Z) with a field of view of (a) 17.1 µm and (b) 5.4 µm and (c) a grain average misorientation
(GAM) map at 5.4 µm.

6.6 The Interaction of Beryllium with Microstructural Features

An EELS map was collected from a TEM sample in a region where the droplet was still attached

to the lamella surface to determine the elemental distribution during cavity formation. Small

grains had formed at this interface, similar to Fig. 6.9 (b), and Be had segregated to the GBs,

as shown in Fig. 6.11 (b). Impurities often segregate to GBs due to a higher concentration of

lattice defects that can accommodate them and reduce the energy of the overall system. The fine

structure of the Be K-edge in Fig. 6.11 (c) confirmed that Be remained in its metallic phase at

the GBs, and BeO had formed at the cavity opening [271]. This suggests that there is increased

availability of O at the edge of cavities and voids due to the formation of W oxide, which was

hypothesised for the EDM-induced voids in Chapter 4.
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Figure 6.11: (a) STEM HAADF micrograph of the droplet-lamella interface, the white box is a representation of
where the EELS map was collected and not the exact location (b) STEM EELS maps for O and Be (c) Difference
in Be K-edge between metallic Be and BeO.

Assuming that the droplet was molten when it struck the surface, its temperature should be

above 3422 °C which exceeds the boiling point of Be, 2468 °C [66]. The Be that has previously
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been deposited on the surface is then likely to boil which could facilitate the formation of

more voids alongside other impurities. EELS was also performed underneath the cavity at

the droplet-lamella interface of four different TEM samples which revealed many voids that

contained BeO, as shown in Fig. 6.12. Be can form a solid solution in W or a Be-W alloy

at elevated temperatures. However, as temperatures drop Be becomes less soluble in W and

starts to favour segregation, which may drive Be to form a solid within the voids. An important

question to consider is the role of O in this process. Was O already present at the edge of these

voids, with Be becoming trapped due to its affinity for O? Alternatively, did the void initially

contain Be vapour, which subsequently condensed and solidified as metallic Be before eventually

reacting with oxygen? Further experimental work is necessary to clarify this mechanism and

determine the precise sequence of events.

Figure 6.12: (a) STEM HAADF micrograph of voids underneath W droplet and EELS maps of (b) Be and (c)
O.

At 20 °C, BeO has a slightly higher elastic modulus than metallic Be which increases the like-

lihood of it failing via brittle fracture [287]. However, it also has a slightly smaller thermal

expansion coefficient which could reduce the amount of mechanical stress at higher tempera-

tures compared to metallic Be. Regardless of the form Be takes, its segregation to specific areas

such as voids and GBs is likely detrimental. These regions of high Be content are suspected to be

potential sites for material detachment from the lamella, contributing to dust formation in the

reactor. The trapped Be, the surrounding W and both of their oxides will have different rates of

thermal expansion at elevated temperatures, which will undoubtedly produce internal stresses

at these interfaces. In turn, this could initiate cracking, and cause interfacial delamination and

fatigue failure if there are many cycles of rapid heating and cooling.
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Figure 6.13: (a) SE image of the lamella surface where the droplet detached (b) STEM HAADF image of a
cross-sectional TEM sample prepared from this region and EELS maps of (c) N, (d) Be and (e) O.

Fig. 6.13 highlights the significance of Be retention in W PFCs, showing the formation of a

Be-rich layer up to 200 nm thick at the site where part of a droplet detached from the surface.

The EELS maps in Fig. 6.13 (c-e) include the K-edge for N at 398 eV [272], showing a small

region at the top of the Be layer that contains a significant amount of N while the rest appears to

be BeO. N implantation in Be has been reported [288][289] but Be does not typically form stable

compounds with N due to a large discrepancy in electronegativities. Perhaps the implantation

of N within this layer and the unstable nature of Be3N2 led to the detachment of the droplet.
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The droplets in the surrounding area remained intact, which suggests that detachment did not

occur outside of the vessel or during sample preparation. If the droplet had been removed

during handling the results still confirm that the Be-rich layer is still the weakest part of the

structure. Under the assumption that this was a single event, then only one droplet detached

out of a possible 23 during 12.62 hours of divertor operation [264][290]. The first ITER divertor

is projected to have a total exposure period of 2500 hours [5]. That is ∼192 times greater than

the exposure time of the lamella in JET which allows for many more cycles of heating and

cooling and increases the likelihood for more droplets to detach. However, ITER is designed to

operate with longer pulses than JET so the exact number of heating and cooling cycles may be

more comparable and more droplets remain intact.

The lower bound estimate for the maximum temperature for lamella C3 throughout ILW-1 was

1263 °C, which is 310 °C below the temperature limit for the ITER divertor [155]. Although

this may not appear to be a substantial difference, a temperature limit of 1573 °C exceeds the

melting point of Be which is 1287 °C [66]. Furthermore, the most stable W oxide, WO3, has a

melting point of 1473 °C [66], while the W–Be alloys Be22W and Be12W have molten phases at

1327 and 1507 °C respectively [154]. These temperatures all fall within the temperature limit

for ITER and it is, therefore, not unreasonable to expect some surface deposits to melt which

could result in the detachment of more divertor material. Be layer growth is not anticipated at

1573 °C in the ITER divertor, due to sublimation [154]. However, these results show that even

in typical regions of net erosion such as tile 5, not only is layer formation an issue but Be can

diffuse into features such as GBs and voids and promote dust formation.

Beyond temperature, ITER is expected to have a maximum integrated target fluence 40 times

greater than that of JET [5] and an auxiliary heating power of 50 MW [225] compared to an

average input power of 2.2 MW for JET ILW-1 [226]. The enhanced particle loading will result

in greater material erosion that can produce more deposits and impurities in the divertor. The

larger input power of ITER will translate to approximately 16 MW m−2 of heat flux density on

the divertor components [5]. The increased thermal loads can also lead to greater thermal stresses

and localised hot spots which could create more molten droplets, uneven thermal expansion

and cracking, particularly in the deposited regions. The larger scale of ITER will give rise

to higher energy ELMs that may exacerbate material damage, including component melting,

droplet ejection, and the generation of loose dust.
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6.7 Conclusions

Lamella C3 was retrieved from a shadowed region of tile 5 after ILW-1 and a 2.5×6×10 mm sam-

ple was cut from the centre of the component for post-mortem analysis. IR camera data indicated

that surface temperatures likely remained below the threshold for melting or recrystallisation in

the bulk sample. Its surface appeared smoother in SE images which was likely caused by erosion.

FIB cross-sections made in the sample surface showed the deposition of mixed material layers

in some areas. They primarily consisted of W, likely originating from other tiles in the divertor,

with distinct layers of Mo and BeO from diagnostics and main chamber tiles respectively.

Droplets of W were also observed on the exposed surface which were thought to be caused by the

melting of a Langmuir probe since there is evidence of this occurring during the ILW campaigns

[123]. Many droplets were contaminated with Be, Ni, N, C, O and Mo while they were mobile

in the vessel. These impurities were also retained underneath the droplets specifically in darker

regions of the SE micrographs that resembled the trapped debris from EDM. It is possible that

this debris originated from within the JET vessel but it is unclear how it could become trapped

underneath the surface. Moreover, there was no evidence of this darker debris in the SE images

of the surface, hence it was more likely to have been embedded during EDM. Finally, these

regions of debris retained more impurities than the W matrix of the lamella, such as Be which

poses a toxic safety risk.

If EDM continues to be used on plasma-facing surfaces in the divertor then more research should

be done on how the process can be modified to produce a better surface finish. Ideally, the

refinements should produce fewer and smaller cracks to reduce crack growth during operation.

They should reduce the amount of debris and therefore the concentration of impurities that

become trapped in the surface of the component. It would also be beneficial to understand the

T retention properties of this debris using D implantation as a proxy and IBA techniques for

compositional analysis.

FIB tomographic imaging of one droplet revealed that more layered structures had formed within

the droplet once it had landed on the surface. This occurred particularly on its sides, where

there could have been an increase in the capture of atoms that had been sputtered from the

lamella surface. These mixed BeO layers, the formation of columnar grains and cavities up to

2.9 µm in diameter, also increase the risk of crack initiation within the droplet and therefore dust
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generation within the vessel. TKD showed that voids and cavities formed at the droplet-lamella

interface during solidification, which resulted in thermally isolated regions with different grain

structures.

The tomographic imaging also confirmed that the droplets were generating voids in the surface of

the lamella, due to the introduction of large thermal gradients and impurities such as Be. EELS

analysis confirmed that BeO had formed inside many of these voids and metallic Be was present

at GBs near the droplet-lamella interface. There was also an occurrence of a droplet detaching

from the lamella surface due to the presence of a 200 nm Be layer. The discrepancies in thermal

expansion within the Be–W system were thought to introduce sufficient stresses under cyclical

thermal loading to cause delamination.

ITER will likely operate with a Be main wall for the non-nuclear phase [5][14][15] which requires

the careful handling of toxic components. It is therefore important to understand how a Be wall

affects the longevity of a W divertor and dust production. These results show that deposits

can build up on high-heat flux components in the divertor in addition to what has already been

seen at tiles 0 and 1 on the inboard side of the divertor. Be in particular has been found in

solid layers up to 200 nm thick, mixed material layers with W and Mo, trapped in subsurface

debris and segregating to GBs and voids in W droplets. One benefit is that metallic Be and

BeO have higher thermal conductivities than W so they will not exacerbate localised heating

in regions that are already thermally isolated [98][287]. The main concern is a discrepancy in

thermal expansion since metallic Be and BeO have larger expansion coefficients than W. This

could produce compressive stresses in the W matrix under cyclic heating and cooling cycles,

initiating crack growth and the detachment of material. This appears to have happened to a

W droplet on the surface of lamella C3 where a Be layer remains at the site where the droplet

detached. Loose material such as this is likely to be deposited on another surface or stay in the

divertor as dust, increasing erosion and the T inventory.

Moreover, the ITER PFCs must endure transmutation and cascade damage from 14 MeV neu-

trons, incident He ions in addition to higher heat loads and higher particle fluxes than JET. This

makes dust production a much greater issue for ITER than a machine like JET, both from the

perspective of safety and nuclear licensing. ITER hopes to be the first tokamak to breakeven,

but if the maximum T inventory is exceeded it will likely influence the decisions of nuclear reg-

ulatory authorities going forward. Ultimately, the findings in this chapter support the decision
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of the ITER Organisation to transition to a W first wall for the fusion power operational phases

of the device.
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Chapter 7

Conclusions

7.1 Overview of Key Results

• The JET Langmuir probes and lamellae as-received from the manufacturer, MGS Pre-

cision Ltd., displayed different grain structures despite reportedly undergoing the same

manufacturing process. The lamellae displayed a typical rolled microstructure engineered

to withstand high-heat fluxes with fine grains on the order of 2 µm. The probes generally

had larger equiaxed grains on the order of 30 µm with some smaller regions that contained

fine grains. This suggested that the rolling or annealing parameters were slightly different

between the two types of components.

• Before exposure in the JET divertor, the plasma-facing surface of both the lamellae and

the probes had been cut using EDM which produced cracks and voids that penetrated up

to 50 µm into the surface. These features were primarily localised to GBs but there were

examples of both intragranular cracks and voids.

• APT was performed at the GBs of the as-received samples and showed significantly higher

concentrations of impurities than what was reported by the manufacturer for the W powder

before sintering. The concentrations for P and Fe were particularly high, diffusing to the

GBs during manufacture or surface machining and likely causing embrittlement.

• A UHP W sample with a purity of 99.999% was also cut with EDM and still displayed

void and crack formation, showing that the intrinsic impurities W were not driving the

formation of these features.

• A mechanism was proposed for void formation which included the melting of the compo-
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nent surface and the formation of water vapour and H2 gas-filled bubbles which were then

expelled from the molten layers during EDM.

• O was observed at voids and GBs in both TEM and APT samples, suggesting that ox-

idation may contribute to crack propagation. However, oxidation could also result from

sample preparation in the FIB, so further investigation is recommended to confirm its

origin.

• EDM was shown to embed debris in the cracks that it produced, containing large quantities

of C and O. Indentation showed that these regions were considerably softer than the

W component and could therefore become dislodged during divertor operation in JET.

Moreover, these regions could expand under intense thermal loads and widen the cracks.

• Four JET lamellae were exposed in the JET divertor during the ILW campaigns (C4 –

ILW-3, C12 – ILW-1 & 3, C13 – ILW-3 and D12 – ILW-3) and showed no sign of melting,

recrystallisation or changes in hardness.

• Three Langmuir probes were exposed in the divertor during ILW-1 & 2, probe 26 from

tile 6 and probe 8 and 6 from tile 3. Probe 8 showed no change in hardness or grain

structure, but did show that the EDM cracks had widened and propagated down to 1 mm

from the surface. Probes 6 and 26 both recrystallised and showed an increase in hardness

of 0.4 GPa.

• The exposed surface of probe 26 also appeared to have melted and voids up to 50 µm in

diameter had formed at GBs near the exposed surface. The voids were hypothesised to

form in the melted regions of the probe due to D2 bubbles that were the result of large

D+ ion fluxes.

• IBA had previously shown that D was present on the exposed surface of each probe but no

D was detected on the cross-sections in this work due to sample preparation. D was not

trapped in the samples and was not responsible for the observed hardening, but spherical

nanoindentation revealed that there were still defects present in the probes that were

suppressing pop-ins. These defects were likely to be cascade damage generated by incident

D+ ions during divertor operation.

• Another lamella was exposed in JET during ILW-1, C3, where shadowing from the plasma

had preserved stratified deposits and W droplets on the surface of the component. The
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stratified deposit contained alternating layers of BeO and sputtered W and less frequent

occurrences of Mo. The W droplet contained traces of Be, Ni, N, C, O and Mo.

• Dark regions were found underneath the surface of lamella C3 that visually resembled

the trapped debris from EDM, although the exact origin could not be confirmed. These

regions appeared to be enriched with Be, Ni, N, C, O and Mo, clearly retaining more

impurities than the W matrix.

• Mixed material layers also formed along the sides of the W droplets and were attributed to

the sputtering of surface material. The droplets appeared to cause the formation of more

voids and cavities in the area directly underneath it such that the parts of the droplet

became thermally isolated during solidification.

• Metallic Be was found at the boundaries of small grains near the droplet-lamella interface

which oxidised near large cavities. BeO also decorated the interior of many voids and

formed layers up to 200 nm thick underneath the droplets. The areas where Be accumu-

lated appeared to be the most likely sites for droplet detachment.

7.2 Conclusions

This investigation aimed to fully characterise W components before and after they were exposed

in the JET divertor during the ILW campaigns. The experiments revealed the presence of

cracks, voids and debris in the plasma-facing surface of the as-received material that formed

as a result of EDM. These types of features have been studied in many materials but not to

this level of detail in W with the use of extremely high-resolution techniques. The knowledge

gained from assessing component manufacturing and processing was essential to discern what

structures developed as a consequence of D plasma-surface interactions.

The debris trapped underneath the plasma-facing surface after EDM was thought to increase

the retention of Be, Ni, N, C, O and Mo. This debris may also contribute to crack widening

due to thermal expansion at elevated temperatures. Moreover, the retention of Be poses a

safety risk through the inhalation of toxic material. The T retention properties of the debris

are also unknown, which could result in increased safety risks and nuclear licensing issues.

These properties should be determined using D implantation as a proxy for T, followed by IBA

techniques for compositional analysis and thermal desorption spectroscopy to understand the
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energy distribution of trapping sites.

Mixed material layers and W droplets were deposited on the surface of a divertor component,

lamella C3. Further void formation was observed which was attributed to the melting of W,

impurities boiling and intense particle loads of D+ ions. Metallic Be was discovered at GBs,

BeO was found inside many voids and formed layers up to 200 nm underneath W droplets. The

regions where Be accumulated were identified as the most probable sites for droplet detachment

due to the heating and cooling cycles that occur in the reactor and discrepancies in thermal

expansion with the surrounding W. The increased production of loose material will likely result

in increased erosion rates, T inventory and occurrences of plasma disruptions. The findings

reinforce the decision to transition to a W first wall for its fusion power operational phases.

The preparation and characterisation of these active samples is a significant achievement consid-

ering how few facilities have these capabilities and the initial challenges with surface finish. The

comparison between the as-received and exposed samples showed that the lamella design was

effective at handling plasma loading in JET with no sign of melting, recrystallisation or changes

in hardness. Although the selected lamellae were only in the range of rows 4 to 13. Experiments

concerning regions of higher heat flux, such as lamella C23, have shown slight crack propagation

but no sign of recrystallisation.

Conversely, the Langmuir probes exhibited more extreme microstructures and represented the

maximum potential heat damage that a W component could experience in JET due to regular

contact with the D plasma. Probe 8 displayed no sign of recrystallisation or change in hardness,

but had augmented the EDM crack which appeared wider and extended to a maximum depth

of 1 mm. The presence of EDM cracks on the surface of PFCs has been shown to lead to

the development of deeper cracks following plasma exposure. To address this issue, dedicated

experiments should be conducted to evaluate the various parameters of EDM and identify the

optimal setup that minimises cracking. Alternatively, post-EDM surface refinements may need

to be implemented before components are installed in future reactors.

The other two Langmuir probes, 26 and 6, both displayed signs of recrystallisation and a hardness

increase of 0.4 GPa. This hardening was attributed to the cascade damage caused by incident

D+ ions during divertor operation. Moreover, this ion fluence was also deemed responsible for

the formation of large voids up to 50 µm in diameter, in the molten layers of probe 26. These

voids were predominantly aligned along GBs which could act as sites for stress concentration
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and increase the likelihood of brittle fracture along the boundary.

The results presented in this thesis offer a range of insights which are both promising, re-

garding the structural integrity of the lamellae, and concerning, such as the exacerbation of

EDM-cracking and the segregation of Be. PFCs in future devices will be subjected to longer

pulses and campaign lengths with greater heat loads and particle fluxes compared to JET. They

will also have to contend with cascade damage and transmutation from 14 MeV neutrons and

bubble formation from He ions. Ultimately, additional data is necessary to fully understand

the long-term effects of D-T plasma exposure on W components. These questions will start to

be addressed when the PFCs from the recent JET D-T campaigns [9] and from ITER become

available [5][14].

7.3 Future Work

In addition to the study of JET and ITER components during D-T operations, other areas

within this research would benefit from further development. EDM is the leading choice for

cutting bulk W components due to its cost-effectiveness, precision and efficiency. For fusion

applications, it is essential to conduct an in-depth analysis of machining parameters such as

dielectric fluid type, electrode material, discharge currents and voltages and assess their impact

on surface quality. Diagnostics could be developed to measure the surface temperature of the

workpiece in situ and a methodology could be designed to reduce the amount of contaminants

in the EDM chamber. The process could also be modelled, showing how the temperature and

thermal stresses are distributed and potentially minimised. Enhancements in surface finish could

be achieved through the development of a specialised polishing technique for batch production

of industrial components.

Future studies on PFCs should shift focus away from Be, given the plan for ITER to transition to

a W first wall during its D-T operational phase. Instead, research should prioritise the effects of

B incorporation into W, as recent studies have highlighted its potential to significantly enhance

oxidation resistance, mechanical strength, and ductility [291][292]. Incorporating B into W could

open new pathways for improving the performance and durability of PFCs under fusion-relevant

conditions.

Further investigations are necessary to understand how temperature and plasma exposure affect
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the structural integrity of W components, particularly concerning surface cracking and void

formation in a fusion environment. The thermal expansion and melting temperature of the

EDM debris embedded in the surface of the as-received samples, and their effects on crack length

and width, should be studied through heating in a vacuum furnace. As previously mentioned

the T retention properties of the debris could estimated using D implantation as a stand-in for

T, followed by microprobe analysis for precise elemental distribution and thermal desorption

spectroscopy to investigate the trapping mechanisms. The contaminants in the surface of the

component could become active during D-T operations due to neutron bombardment which

could also be modelled. Moreover, the PFIB could be used to estimate how much debris is

embedded after EDM and compare that to lamella C3 to see if a considerable amount of debris

enters the plasma during operation.

Cross-sections in the PFIB could be applied to estimate the crack length in lamellae C3 and

compare that to lamella C23 [10] and the as-received lamella. Additionally, more APT samples

could be created from both fine- and coarse-grained regions of both probes and lamellae, to see

if there is a difference in impurity concentration and build up a robust average. APT could

also be used to calculate the average impurity concentration at the GBs of the UHP W sample.

Building on this concept, TEM samples could be taken from GBs in the UHP sample and an as-

received JET component to investigate whether differences in impurity content affect oxidation.

Moreover, in-situ heating experiments could explore the effect of impurity concentrations and

oxidation on cracking and sublimation.

In relation to the Langmuir probes, high-resolution TEM could be used for samples prepared

from the hardened regions to investigate defects such as dislocation loops which are likely re-

sponsible for the observed increase in hardness. X-ray diffraction (XRD) could also provide

insights into the types of defects present in the probes by analysing changes in peak broaden-

ing, shifts, and asymmetry, which reflect strain fields and lattice distortions caused by defects

such as dislocations, vacancies, and interstitials. By correlating these features with models of

defect-induced hardening, XRD enables the identification and characterisation of defect popula-

tions contributing to the increase in material hardness. This information could then be used to

help derive quantities such as the elastic modulus, yield strength and strain-hardening exponent

from the spherical indentation stress-strain curves. Furthermore, the as-received probe could be

intentionally melted in a linear plasma device, such as Magnum-PSI in the Netherlands, using a

D plasma to confirm the mechanism behind the void formation observed in probe 26. Lastly, the
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method of fluence calculations from the Langmuir probe measurements proved underdeveloped.

It remains unclear whether this method alone can provide reliable data to contextualise material

observations without support from additional diagnostics.
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J. Artola, L. Chen, et al., “Initial evaluations in support of the new ITER baseline and
research plan,” Technical Report No. ITR-24-004, 2024.

[16] M. Rubel, P. Petersson, E. Alves, S. Brezinsek, J. P. Coad, K. Heinola, M. Mayer, and
A. Widdowson, “The role and application of ion beam analysis for studies of plasma-facing
components in controlled fusion devices,” Nuclear Instruments and Methods in Physics
Research Section B: Beam Interactions with Materials and Atoms, vol. 371, pp. 4–11,
2016.

[17] J. Mailloux, N. Abid, K. Abraham, P. Abreu, O. Adabonyan, P. Adrich, and et al.,
“Overview of JET results for optimising ITER operation,” Nuclear Fusion, vol. 62, no. 4,
p. 042026, 2022.

[18] M. Mayer, S. Krat, A. Baron-Wiechec, Y. Gasparyan, K. Heinola, S. Koivuranta, J. Liko-
nen, C. Ruset, G. de Saint-Aubin, A. Widdowson, and J. Contributors, “Erosion and
deposition in the JET divertor during the second ITER-like wall campaign,” Physica
Scripta, vol. 2017, no. T170, p. 014058, 2017.

[19] A. Widdowson, S. Aleiferis, E. Alves, L. Avotina, A. Baron-Wiechec, N. Catarino, J. P.
Coad, V. Corregidor, K. Heinola, I. Jepu, C. Makepeace, and J. Contributors, “Fuel inven-
tory and material migration of JET main chamber plasma facing components compared
over three operational periods,” Physica Scripta, vol. 2020, no. T171, p. 014051, 2020.

[20] S. Krat, M. Mayer, A. Baron-Wiechec, S. Brezinsek, P. Coad, Y. Gasparyan, K. Heinola,
I. Jepu, J. Likonen, P. Petersson, C. Ruset, G. de Saint-Aubin, A. Widdowson, and J. con-
tributors, “Comparison of erosion and deposition in JET divertor during the first three
ITER-like wall campaigns,” Physica Scripta, vol. 2020, no. T171, p. 014059, 2020.

[21] S. Lee, Y. Hatano, M. Tokitani, S. Masuzaki, Y. Oya, T. Otsuka, N. Ashikawa, Y. Torikai,
N. Asakura, H. Nakamura, K. Isobe, H. Kurotaki, D. Hamaguchi, T. Hayashi, A. Wid-
dowson, S. Jachmich, J. Likonen, and M. Rubel, “Global distribution of tritium in JET
with the ITER-like wall,” Nuclear Materials and Energy, vol. 26, p. 100930, 2021.

[22] S. Krat, M. Mayer, J. Coad, C. Lungu, K. Heinola, A. Baron-Wiechec, I. Jepu, and
A. Widdowson, “Comparison of JET inner wall erosion in the first three ITER-like wall
campaigns,” Nuclear Materials and Energy, vol. 29, p. 101072, 2021.

[23] L. Dittrich, P. Petersson, S. Moon, M. Rubel, T. T. Tran, and A. Widdowson, “Retention
of noble and rare isotope gases in plasma-facing components – experience from the JET
tokamak with the ITER-like wall,” Fusion Engineering and Design, vol. 192, p. 113620,
2023.

[24] S. Brezinsek, “Plasma-surface interaction in the Be/W environment: Conclusions drawn
from the JET-ILW for ITER,” Journal of Nuclear Materials, vol. 463, pp. 11–21, 2015.

162



[25] D. Segal, A. Cerfon, and J. Freidberg, “Steady state versus pulsed tokamak reactors,”
Nuclear Fusion, vol. 61, no. 4, p. 045001, 2021.

[26] B. Martin, Nuclear and Particle Physics: An Introduction. John Wiley & Sons, Ltd, 2006.

[27] L. Torrisi, S. Cavallaro, M. Cutroneo, L. Giuffrida, J. Krasa, D. Margarone, A. Vely-
han, J. Kravarik, J. Ullschmied, J. Wolowski, A. Szydlowski, and M. Rosinski, “Deu-
terium–deuterium nuclear reaction induced by high intensity laser pulses,” Applied Surface
Science, vol. 272, pp. 42–45, 2013.

[28] EUROfusion, “Breaking new ground: JET tokamak’s latest fusion energy record
shows mastery of fusion processes..” https://euro-fusion.org/eurofusion-news/

dte3record/, 2024.

[29] S. Das, “Recent advances in characterising irradiation damage in tungsten for fusion
power,” SN Applied Sciences, vol. 1, no. 12, p. 1614, 2019.

[30] J. Linke, J. Du, T. Loewenhoff, G. Pintsuk, B. Spilker, I. Steudel, and M. Wirtz, “Chal-
lenges for plasma-facing components in nuclear fusion,” Matter and Radiation at Extremes,
vol. 4, no. 5, p. 056201, 2019.

[31] D. E. J. Armstrong, P. D. Edmondson, and S. G. Roberts, “Effects of sequential tungsten
and helium ion implantation on nano-indentation hardness of tungsten,” Applied Physics
Letters, vol. 102, no. 25, p. 251901, 2013.

[32] S. Gonderman, J. Tripathi, T. Sizyuk, and A. Hassanein, “Suppression of surface mi-
crostructure evolution in W and W–Ta alloys during simultaneous and sequential He and
D ion irradiation in fusion relevant conditions,” Nuclear Fusion, vol. 57, no. 8, p. 086001,
2017.

[33] M. Gilbert and J.-C. Sublet, “Neutron-induced transmutation effects in W and W-alloys
in a fusion environment,” Nuclear Fusion, vol. 51, no. 4, p. 043005, 2011.

[34] M. Gilbert, S. Dudarev, S. Zheng, L. Packer, and J.-C. Sublet, “An integrated model for
materials in a fusion power plant: transmutation, gas production, and helium embrittle-
ment under neutron irradiation,” Nuclear Fusion, vol. 52, no. 8, p. 083019, 2012.

[35] M. R. Gilbert, J.-C. Sublet, and R. A. Forrest, Handbook of activation, transmutation, and
radiation damage properties of the elements simulated using FISPACT-II & TENDL-2014;
Magnetic Fusion Plants. Culham Centre for Fusion Energy, 2015.

[36] M. Gilbert, J.-C. Sublet, and S. Dudarev, “Spatial heterogeneity of tungsten transmutation
in a fusion device,” Nuclear Fusion, vol. 57, no. 4, p. 044002, 2017.

[37] C. E. Beck, S. G. Roberts, P. D. Edmondson, and D. E. J. Armstrong, “Effect of alloy
composition & helium ion-irradiation on the mechanical properties of tungsten, Tungsten-
Tantalum & Tungsten-Rhenium for fusion power applications,” MRS Online Proceedings
Library, vol. 1514, no. 1, p. 99, 2013.

[38] S. Gonderman, J. Tripathi, T. Novakowski, T. Sizyuk, and A. Hassanein, “The effect of low
energy helium ion irradiation on tungsten-tantalum (W-Ta) alloys under fusion relevant
conditions,” Journal of Nuclear Materials, vol. 491, pp. 199–205, 2017.
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Wiechec, L. Ciupiński, and JET Contributors, “Studies of dust from JET with the ITER-
like wall: Composition and internal structure,” Nuclear Materials and Energy, vol. 12,
pp. 582–587, 2017.

168



[113] A. Widdowson, J. Coad, E. Alves, A. Baron-Wiechec, N. Barradas, S. Brezinsek,
N. Catarino, V. Corregidor, K. Heinola, S. Koivuranta, S. Krat, A. Lahtinen, J. Liko-
nen, G. Matthews, M. Mayer, P. Petersson, M. Rubel, and J. Contributors, “Overview of
fuel inventory in JET with the ITER-like wall,” Nuclear Fusion, vol. 57, no. 8, p. 086045,
2017.

[114] A. Widdowson, E. Alves, A. Baron-Wiechec, N. Barradas, N. Catarino, J. Coad, V. Cor-
regidor, A. Garcia-Carrasco, K. Heinola, S. Koivuranta, S. Krat, A. Lahtinen, J. Likonen,
M. Mayer, P. Petersson, M. Rubel, and S. Van Boxel, “Overview of the JET ITER-like
wall divertor,” Nuclear Materials and Energy, vol. 12, pp. 499–505, 2017.
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[288] K. Dobes, M. Köppen, M. Oberkofler, C. P. Lungu, C. Porosnicu, T. Höschen, G. Meisl,
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APPENDIX A

Error in Frame Stiffness Correction for Lamella D12

Eastic modulus against indentation depth curves for lamellae D12, highlighting possible issues with the frame
stiffness correction.
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All Stress-Strain Curves from the Spherical Indentation

Stress-strain curves produced by spherical nanoindentation into the ⟨101⟩ grains on the cross-section of the as-
received Langmuir probe.
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Stress-strain curves produced by spherical nanoindentation into the ⟨101⟩ grains on the cross-section of probe 26.
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APPENDIX B

Locations of Stratified Deposits in Lamella C3

SE images from the surface of lamella C3 showing (a) the locations of the FIB cross-sections where the stratified
deposits were found (b) the first cross-section (c) the second cross-section.
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Be EELS Maps of Stratified Deposit in Lamella C3

STEM HAADF image of the stratified deposits in Fig. 6.5 showing the Be EELS maps in (a) (b) (c) and (d).
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EDX Maps of Stratified Deposit on W Droplet in Lamella C3

STEM HAADF image of stratified deposits that formed on a W droplet with EDX maps for W, Mo, C, N and
O, where there was a strong C signal from the protective Pt layer and a weaker signal from the deposited layers.
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