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centre of the sample, and the fuzz layer thickness is seen to increase with exposure 

time. .............................................................................................................................. 6 

Figure 5.5: High and low magnification SEM images of the surface at 0, 3, 5, 9 and 

12 mm (with the exception of the 1600 s exposure where the final measurement is 

taken at 10 mm) from the centre of the plasma beam in Pure W exposed for 800, 

1600 and 3200 s at 1025 °C and a peak flux of ~ 1-2×10
23

 m
-2

s
-1

. The fuzz tendrils 

are angular and coarse, even in the middle of the sample following the 800 s 

exposure, where the grain boundaries are still slightly visible at low magnification. 

Some sort of blisters are visible at 12 mm. At 1600 s and 3200 s the fuzz becomes 

more disordered and the tendrils appear to get thinner. Across the sample the tendrils 

get thicker and more angular, and at 12 mm in the 3200 s sample the grains appear to 

be visible again. ............................................................................................................ 7 

Figure 5.6: FIB Cross Sections at 0, 3, and 5 mm from the centre of the plasma beam 

in W-3%Re exposed for 800, 1600 and 3200 s at 1025 °C and a peak flux of ~ 1-

2×10
23

 m
-2

s
-1

. In all images there is a platinum protective layer at the top, which is 

labelled in the image for the 800 s exposed sample at 0 mm. As the images were 

taken at a tilt of 45°, a tilt corrected scale bar is also given in the vertical direction in 

all images. There is a slight decrease in thickness across the sample in all cases. The 

fuzz thickness noticeably increases with exposure time. ............................................. 8 

Figure 5.7: High and low magnification SEM images of the surface at 0, 3, and 

5 mm from the centre of the plasma beam in W-3%Re exposed for 800, 1600 and 

3200 s at 1025 °C and a peak flux of ~ 1-2×10
23

 m
-2

s
-1

. For the 800 s exposures the 

fuzz is thicker and very angular, with large voids visible in between the tendrils. At 

low magnifications the grains are visible, especially at 3 and 5 mm. At 5mm some 

blister like features are also observed. The tendrils become thinner and more 

disordered and the regular spaced black holes less visible with increased exposure 

time. However, in this case the tendrils appear thicker than those seen in pure W 

under similar conditions. .............................................................................................. 9 

Figure 5.8: FIB Cross Sections at 0, 3, and 5 mm from the centre of the plasma beam 

in W-5%Re exposed for 800, 1600 and 3200 s at 1025 °C and a peak flux of ~ 1-

2×10
23

 m
-2

s
-1

. In all images there is a platinum protective layer at the top, which is 

labelled in the image for the 800 s exposed sample at 3 mm. As the images were 

taken at a tilt of 45°, a tilt corrected scale bar is also given in the vertical direction in 

all images. Again it is observed that the fuzz thickness is seen to decrease with 

distance from the centre of the sample, however this effect is more pronounced for 

the 3200 s exposure. The fuzz layer thickness is greater with increased exposure 

time, with the 3200 s sample having a significantly thicker layer in comparison to the 

other samples. ............................................................................................................. 10 

Figure 5.9: High and low magnification SEM images of the surface at 0, 3, and 

5 mm from the centre of the plasma beam in W-5%Re exposed for 800, 1600 and 

3200 s at 1025 °C and a peak flux of ~ 1-2×10
23

 m
-2

s
-1

. As seen in previous samples 

the grain boundaries are visible for the 800 s sample, however for the W-5% Re, 

they are also slightly visible even at 1600 s, suggesting a slower rate of growth. 

Again the fuzz growth at 800 s is observed to be coarse and angular in nature, with 
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visible regular black holes in between tendrils. Although the fuzz appears to be 

slightly more disordered at 1600 s, it is not as disordered as that seen for the pure W 

and W-3%Re samples, By 3200 s the grain boundaries are no longer visible, and the 

fuzz tendrils are thinner and more disordered than the shorter exposures, but still 

thicker than those seen in pure W under similar conditions. ..................................... 11 

Figure 5.10: Variation of fuzz thickness with fluence for pure W, W-3%Re, and W-

5%Re. Fluence was calculated as a function of the radius of the sample. Variation of 

fluence across 5 mm only was considered, as in this region the temperature was 

fairly uniform and was ~1025 °C. .............................................................................. 13 

Figure 5.11: Variation of fuzz thickness with fluence, in comparison to experiments 

in literature and C values determined from diffusion coefficients at 847 °C and 

1047 °C. For references for the literature data points see [9], [17]. Data to calculate 

C is obtained from [17]. ............................................................................................. 14 

Figure 5.12: Variation of fuzz layer thickness with flux, in comparison to literature 

values. For references for the literature data points see [9], [17]. .............................. 15 

Figure 5.13: The fluxes used to achieve certain fluences for this experiment and in 

the literature. For references for the literature data points see [9], [17]. .................... 16 

 

Chapter 6 

Fig. 6.1: dpa/fpy values for W with distance from plasma facing surface using the 

latest W-TENDL 2011 neutron library. The data is provided as a function of distance 

from the surface of region A in Fig. 6.2. Redrawn from [6]. ....................................... 2 

Fig. 6.2: Schematic of DEMO regions and variation in concentration of Re produced 

in pure W under neutron irradiation as a function of position and distance from the 

plasma facing surface in different regions of the DEMO design [6]. .......................... 2 

Fig. 6.3: SEM Back Scatter Images for a) as received and b) annealed tungsten sheet.

 ...................................................................................................................................... 4 

Fig. 6.4: Pole figures for a) as-received and b) annealed material, showing a 

moderate texture in the {100} direction. ...................................................................... 4 

Fig. 6.5: Stopping range of ions in matter (SRIM) calculated profiles of 

displacements per atom and atomic parts per million of a) rhenium implanted in 

rhenium irradiated tungsten and b) tungsten implanted in tungsten irradiated tungsten 

at 1; 2 and 4 MeV using a 68 eV displacement value. ................................................. 6 

Fig. 6.6: Pole Figures overlaid on band contrast image at a)15 kV, b)20 kV and c) 30 

kV in annealed W. ........................................................................................................ 9 

Fig. 6.7: Pole Figures overlaid on band contrast image at a)15 kV, b)20 kV and c) 30 

kV in Re irradiated annealed W. ................................................................................ 10 

Fig. 6.8: Pole Figures overlaid on band contrast image at a)15 kV, b)20 kV and c) 30 

kV in W irradiated annealed W. ................................................................................. 11 

Fig. 6.9: Relationship between Accelerating Voltage and Hit Rate of EBSD map in 

annealed and irradiated annealed irradiated samples. ................................................ 12 

Fig. 6.10: Normalised hits of backscattered electrons vs penetration depth at a) 15 

keV, b) 20 keV and c) 30 keV calculated using CASINO. ........................................ 12 
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Abstract 
The University of Manchester, 2017 

Aneeqa Khan, PhD in the Faculty of Science and Engineering 

Analysis and Effects of Fusion Relevant Damage in Tungsten  

 

Tungsten is a candidate material for plasma facing components in the experimental 

fusion reactor, ITER and the demonstration fusion reactor, DEMO. It has been 

chosen due to its high melting point, low sputtering yield and resistance to oxidation. 

However, there are still some issues that need addressing, such as its response to 

14 MeV neutrons and helium production, products of the deuterium-tritium reaction 

that will be used to harness fusion energy. Additionally, the high temperatures of 

operation are another factor to consider. There is no dedicated materials testing 

device that can concurrently recreate all the conditions expected in ITER or DEMO.  

Previous work has focussed on the use of ion beams and linear plasma devices to try 

and mimic the damage induced from the neutrons and helium. Following from this 

work, this thesis has focused on three methods in simulating the neutron and helium 

damage. The three methods used in this project are; helium plasma exposures at 

fusion relevant temperatures to tungsten and tungsten-rhenium alloys, where 

rhenium was used to mimic the transmutation induced by neutrons; heavy ion 

(tungsten and rhenium ions) irradiations in tungsten at 400 °C; and proton 

irradiations in tungsten at 400 °C and 800 °C. Analysis of the microstructural and 

micromechanical properties of the exposed samples has been carried out. 

The effect of rhenium on the formation of a nanostructure (fuzz) in tungsten induced 

by helium plasma exposures was studied. Rhenium was shown to generally inhibit 

fuzz formation. Mechanisms by which inhibition could occur were discussed. The 

most recent literature had suggested that an incubation fluence was required before 

fuzz growth could occur, but the research in this thesis pointed more towards an 

alternative incubation time theory. 

The simultaneous effects of transmutation and displacement cascade damage 

induced by neutrons were mimicked via irradiations with rhenium ions into tungsten, 

which were compared to tungsten ion irradiations. The effect on mechanical 

properties of tungsten was tested using nanoindentation. Up to levels of 40 dpa and 

1600 appm, at temperatures of 400 °C, the difference in hardness increase between 

the two types of irradiations was negligible.  

Proton irradiations at 400 °C and 800 °C, up to levels of ~2 dpa in the first 2 µm of 

the samples were explored. The hardness increase observed at 400 °C was much 

greater than that seen in the heavy ion irradiations, most likely due to the larger 

volume of irradiated material and the large Bragg peak in the proton irradiated 

samples.  

In both the heavy ion and proton irradiated material, higher hardness increases were 

observed in annealed material, in comparison to an as-received material. 

Impurity concentrations were observed to be an important issue when carrying out 

irradiation experiments, particularly at raised temperatures.
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such as ITER and CCFE. The CDT provided a solid foundation in the field of 

nuclear fusion. The research completed during the PhD involved the establishment of 

collaborations with several world leading facilities, including DIFFER, ANU, Notre 

Dame University and the LENNF facility at Leeds.  

In 2016 Aneeqa was awarded the prestigious Monaco ITER Postdoctoral Fellowship, 

in order to study material migration and retention as part of the Science and 

Operation Department.
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 Outline and Programme of Work 1

1.1 Outline 

Tungsten (W) is the candidate material for plasma facing components in future 

fusion reactors [1]. In this role it will be subject to a number of challenges, including 

high temperatures, damage from 14 MeV neutrons and bombardment from helium 

ions, amongst several others. The construction of ITER, an experimental reactor, is 

already underway. The role of ITER is to ensure that a net energy output is achieved 

and to prove the technology [2]. Although a tungsten divertor is in use in JET, the 

largest tokamak currently in operation, no tokamak of the scale of ITER has been 

built previously, where it is planned to have a plasma volume 8.4 times larger than 

JET [3]. Additionally, there is no large scale material testing facility in order to 

mimic damage specific to fusion. It is therefore of vital importance, that in 

conjunction with modelling and simulation, experimental techniques are investigated 

to mimic the effects of fusion relevant damage in tungsten. There is not one 

technique that perfectly mimics fusion, and so several methods are being pursued 

and investigated. Even within a single technique, there are so many variables and 

parameters that potentially may influence behaviour, it is difficult to determine what 

is truly representative of fusion damage. The aim of this work is to contribute to the 

work mimicking fusion relevant damage in tungsten resulting from the deuterium-

tritium reaction that will be used in ITER and beyond in DEMO, a demonstration 

commercial fusion reactor. This work contributes to the understanding of what 

damage is expected in ITER or DEMO, which will help inform future materials 

testing experiments, and considerations for the designs of ITER and DEMO. 
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1.2 Programme of Work 

This thesis is submitted in the University of Manchester’s ‘alternative format’. 

Unlike a traditional thesis, this format allows for sections of the thesis to be written 

in a format suitable for publication. Due to the fact that the work carried out for this 

thesis fell into four clear sections suitable for publication, it was decided to use this 

format. 

This PhD was part of the materials strand of the Fusion Centre for Doctoral Training 

(CDT). The Fusion CDT is funded by the Engineering and Physical Sciences 

Research Council and is a partnership between Durham, Liverpool, Manchester, 

Oxford and York universities, as well as research institutes such as ITER and CCFE. 

As part of the CDT courses were undertaken, covering aspects across the whole field 

of fusion, including plasma physics, with a focus on materials aspects. During the 

first year, the completion of the literature review indicated that there was a need to 

look at ways of simulating the damage expected in tungsten within a fusion 

environment experimentally, such as ITER or DEMO. Initial training in 

experimental techniques was carried out, including SEM and nanoindentation. 

Suppliers were also identified and material was purchased for use in the project. 

In the second year, the CDT allowed for a Collaboratory project, an opportunity to 

pursue a topic in collaboration with another institution, to be undertaken. A proposal 

was written to investigate the effect of transmutation products in tungsten on the 

formation of a nanostructure referred to as ‘fuzz’ and funding was obtained which 

allowed for a secondment to DIFFER and the use of the Magnum and Pilot- PSI 

devices. A successful application via peer-review was made to use the FIB and TEM 

at the LENNF facility at Leeds University. These collaborations, in addition to the 

SEM work by the author provided the results for the first publication (Chapter 4), 
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investigating the effect of rhenium (Re) addition on the ‘fuzz’ formation mechanism 

in tungsten exposed to helium plasmas. Following this links were fostered with 

Australian National University (ANU) and Notre Dame University in order to 

conduct heavy ion and proton irradiation experiments. In the third year of the PhD, 

nanoindentation and SEM, including EBSD and EDX were used to characterise the 

irradiated samples. The ANU experiments provided data comparing the effect of 

rhenium (a transmutation product expected under fusion conditions in tungsten) and 

tungsten ion irradiations in as received and annealed tungsten samples and formed 

the basis for Chapter 6. The Notre Dame experiments studied the effects of proton 

irradiations in as received and annealed tungsten samples at temperatures of 400 and 

800 °C (within the operating window of tungsten components in ITER) and are 

presented in Chapter 7. This allowed comparison of  heavy ion and proton 

irradiations as potential methods to simulate fusion relevant damage. 

At the beginning of the fourth year, further samples of tungsten and tungsten-

rhenium were sent to DIFFER to conduct more plasma experiments, which formed 

the basis of Chapter 5. Following exposure to plasma, these samples were analysed 

using SEM and FIB. The results from plasma damage experiments (Chapter 4 and 

5), heavy ion irradiations (Chapter 6) and proton irradiations (Chapter 7) were 

submitted to the Journal of Nuclear Materials. At the time of writing, the results 

from Chapter 4 and 6 have been published and the results from Chapter 5 have been 

accepted.  

1.3 Collaborator Contributions 

1.3.1 Contributions to Chapter 4 

Chapter 4 is the result of a CDT collaboratory project. The project was initially 

arranged with De Temmerman who helped to form the scope of the project. All 
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plasma exposures were carried out at DIFFER, which were either completed or 

overseen by Morgan. Ward was responsible for performing the FIB cross sections 

and the TEM work. The first author sourced and prepared the samples at DIFFER, 

was involved in the plasma exposures, and performed SEM analysis of all samples. 

The paper was produced by the first author with editorial contributions from all other 

authors. Comments from reviewers at the Journal of Nuclear Materials, as well as 

conversations with Petty, helped to further improve the work. This paper has been 

published in the Journal of Nuclear Materials. 

1.3.2 Contributions to Chapter 5 

Chapter 5 is the result of a second collaboration with DIFFER. The samples were 

prepared by the first author and Morgan at DIFFER. All plasma exposures were 

carried out by Morgan, using the Pilot-PSI device. Morgan also took mass 

measurements of samples before and after exposure. Ward was responsible for FIB 

cross sections in one of the samples. The author produced the remaining FIB cross 

sections and conducted the SEM analysis. Petty provided data of fuzz growth from 

various other devices, including his own work, and results from an extensive 

literature survey. The paper was produced by the first author with advice on content 

and editorial contributions from the other authors. At the time of writing, a version 

of this paper has been accepted by the Journal of Nuclear Materials. 

1.3.3 Contributions to Chapter 6 

Chapter 6 highlights the results from a collaboration with the Australian National 

University (ANU). Elliman and Corr were responsible for the ion irradiation work at 

ANU. Lim aided with the carrying out and analysis of the EBSD experiments. 

Forrest was responsible for the operation of the nanoindenter. Analysis of the 

nanoindentation results and the EBSD runs, SRIM and CASINO simulations were 
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carried out by the first author. The EBSD runs of the non irradiated material were 

carried out with the help of Schmidt. Wallwork helped with the heat treatments of 

the samples. Conversations with Faulkner helped with the EBSD analysis. The first 

author wrote the paper with editorial contributions from Elliman, Corr, Lim, 

Mummery and Evans. A version of this paper has been published in the Journal of 

Nuclear Materials. 

1.3.4  Contributions to Chapter 7 

Chapter 7 summarises work in collaboration with Notre Dame University. The 

proton irradiations and high temperature stage development were carried out by 

Robertson. Robertson also weighed the samples before and after the irradiations. 

Lim carried out the EDX analysis. Forrest was responsible for the operation of the 

nanoindenter. Wallwork helped with the heat treatments of the samples. The first 

author was responsible for writing the paper, with Robertson writing the section on 

the experimental set up related to the ion irradiations and the mass of the samples 

and Lim advising the content. Editorial contributions were provided by Robertson, 

Lim, Evans and Mummery. At the time of writing, this paper has been submitted to 

the Journal of Nuclear Materials. 
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 Literature Survey and Work Required 2

2.1 Background 

The world’s energy demands will more than double by the year 2050 [4]. Currently 

86% of energy comes from fossil fuel sources [5], contributing unsustainable 

amounts of greenhouse gases [4], although carbon capture technologies are under 

development [6], this is not enough. Carbon emissions are still growing and it is 

predicted that they will increase by 20% of the 2014 levels by 2035 (see Figure 2.1) 

[5]. Not only is this a significant contribution to global warming, but additionally 

sources of fossil fuels are limited. Therefore it is necessary to develop methods to 

supply high volumes of energy with a low environmental impact. There is no single 

solution to meet this demand. It is necessary to have a policy that addresses the 

‘Energy Trilemma’ of security, equity, and environmental sustainability [7]. A 

combination of approaches must be pursued, including solar power, wind power, 

nuclear fission utilising both thorium and uranium breeders, and also nuclear fusion 

[8]. It is important to have a diverse approach so that the reliability and economics of 

all the energy sources is accounted for [9]. Fusion power and thorium fission are the 

only approaches that have not yet achieved technical and commercial viability. One 

of the key challenges for achieving commercial nuclear fusion power is the materials 

required to cope with the extremely demanding environment in the reactor. This 

thesis is focussed on the use of tungsten, one of the candidate materials, for fusion 

applications. The operating environment of a fusion reactor is very challenging and it 

is important to understand the suitability of tungsten to cope with such an 

environment.  
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Figure 2.1: Predicted growth of carbon emissions, taken from [5]. OECD countries 

are members of the Organisation for Economic Cooperation and Development. 

2.1.1 Why Fusion? 

Fusion is an important candidate for a sustainable energy source due to four key 

aspects: 

1. The supply of fuel is essentially unlimited – deuterium (D) and tritium (T) 

are the fuels required for achieving commercial nuclear fusion. Lithium (Li) 

is used to breed tritium and deuterium is sourced from water. There are 

enough lithium reserves to sustain fusion power for 250-600 years, with the 

possibility of extracting lithium from seawater in the future, which could 

essentially provide an unlimited supply [10]. The deuterium in half a bathtub 

full of water combined with the lithium found in a single laptop battery could 

provide the UK per capita electricity requirement for a time period of thirty 

years (~200 000 kWh) [11]. 
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2. Intrinsically safe – Unlike in fission power, a runaway reaction could not 

occur in a fusion power plant. In the event of a loss of coolant accident, the 

temperatures reached would be considerably below the melting temperatures 

of the structure and the limited storage of radioactive isotopes means that 

even in the event of a worst case scenario, evacuation of surrounding areas 

would not be necessary [8]. 

3. Requires limited space – A fusion power plant would occupy an area of land 

comparable to that required for present day nuclear fission plants, however 

due to its intrinsic safety it could be situated closer to areas of population, as 

opposed to remote locations [8].  

4. Limited impact on the environment and low levels of waste – A goal has 

been set that the components of a commercial fusion power plant that become 

active, will contain radioactive isotopes with half-lives of the order of 10 

years, and hence recycling could occur in a time frame of only 100 years [8], 

compared to the hundreds of thousands of years required for components 

from a fission reactor. Additionally fusion will not result in fuel waste, as is 

the case for fission. 

2.1.2 The Fusion Reaction  

There is always a mass difference between the mass of all the component parts of an 

atom and the whole atom. This is referred to as a mass defect, and via Einstein’s 

equation, 𝐸 = 𝑚𝑐2, this mass defect corresponds to an energy [12]. This energy is 

known as the binding energy, which is the energy necessary to split an atom into all 

its component parts [12]. The binding energy varies with the mass of the atom, as 

shown in Figure 2.2. From the nuclear binding energy curve we can observe that if 
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atoms heavier than Fe-56 (the atom with the highest binding energy, and hence the 

most stable) are split, energy will be released, as the resultant lighter atoms have a 

higher binding energy. Conversely if we look at atoms lighter than Fe-56, it can be 

seen that energy will only be released with fusion of the lighter elements.  Nuclear 

fission is extensively used for electricity production and there are various different 

types of fission reactors, using isotopes such as U-235 and Pu-239. However, more 

energy is released per nucleon during the fusion of the lightest elements, in 

comparison to fission of the heaviest.  

 

Figure 2.2: Nuclear binding energy curve, taken from [13]. 

Fusion is a process that naturally occurs in the Sun, where atoms of hydrogen (H) 

fuse together to form helium (He). However on Earth, this reaction is not so feasible 

due to the difference in gravitational forces [14]. On Earth, the most efficient fusion 

reaction for commercial energy production is the reaction between D and T (both 

isotopes of hydrogen). This is referred to as the ‘D-T’ reaction and is shown in 
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Equation 2.1[8]. This reaction has been chosen due to the energy required for the 

reaction and the high neutron cross section
1
 (the cross section is ~100 times greater 

than other fusion reactions within a similar energy range [8]).  

Achieving the D-T reaction requires the atoms to overcome the Coulomb barrier
2
, so 

that the strong nuclear force is dominant. In order to achieve this, temperatures that 

are ten times greater than those reached during fusion of hydrogen in the sun, of the 

order of 150 000 000 °C are required for the atoms to have the necessary kinetic 

energy to fuse [8], [14].  At these temperatures, gases become ionised, and the 

electrons and nuclei making up atoms are separated. This ionised gas is referred to as 

plasma. The mass of the products of the reaction is less than that of the reagents, and 

via Einstein’s equation, energy is released in the form of kinetic energy. The helium 

produced has a kinetic energy of 3.5 MeV and the neutron has 14.1 MeV [8].  

Equation 2.1 

𝐷1
2 + 𝑇1

3 → 𝐻𝑒2
4 + 𝑛0

1 + 𝑒𝑛𝑒𝑟𝑔𝑦 (17.6𝑀𝑒𝑉) 
 

Tritium only has a half-life of 12 years and due to its instability, there is a low 

abundance and therefore it has to be bred via lithium. The neutron released from the 

D-T reaction can be used to breed tritium from lithium, allowing for more fuel to be 

produced during the process. This is done via Equation 2.2 and Equation 2.3. No 

fusion reactor has yet been operated with a test blanket. The first fusion reactor to 

investigate the breeding of tritium via test blanket modules containing lithium will 

be ITER [8], [15]. 

Equation 2.2 

𝐿𝑖3
6 + 𝑛0

1 → 𝑇1
3 + 𝐻𝑒2

4 + (4.8 𝑀𝑒𝑉) 

                                                 
1
 The likelihood of a reaction taking place 

2
 The energy barrier that has to be overcome for two nuclei to get close enough to react 
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Equation 2.3 

𝐿𝑖3
7 + 𝑛0

1 → 𝑇1
3 + 𝐻𝑒2

4 + 𝑛0
1 + (−2.47 𝑀𝑒𝑉) 

2.1.3 Path to commercial fusion power 

The two main methods that can be used to achieve nuclear fusion are Magnetic 

Confinement Fusion (MCF) and Inertial Confinement Fusion (ICF). The European 

route to achieving commercial fusion power is shown in Figure 2.3 and will utilise 

MCF in the form of a toroidal shaped device, referred to as a tokamak [11]. A 

comparison of the tokamaks shown in Figure 2.3, the major radii of JET, ITER and 

the PPCS (Power Plant Conceptual Study) A design for DEMO are 3, 6.2 and 9.55 m 

respectively [16]–[18].
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The path to commercial fusion, involves confining D-T plasma within a tokamak. 

Since the first tokamak, TMP (USSR), was built in 1954, at least 200 further 

tokamaks have been built worldwide [19]. Currently the largest and most powerful 

tokamak in operation is JET, located at the Culham Centre for Fusion Energy, UK 

[20]. Construction has begun on ITER in the south of France, a pilot reactor, where 

experiments will be conducted in order to solve key issues. The results from ITER 

will aid the building of DEMO, a demonstration commercial reactor, by the year 

2050 [4]. The aim of ITER is to output ten times more energy than is input, i.e. 

achieve Q≥10, and be the first fusion device in history to obtain a net energy output, 

for pulses between 400 and 600 s in length [2]. Additionally ITER will be required to 

prove tritium breeding is feasible via lithium blanket technology, produce a D-T 

plasma that is sustained via internal heating, and demonstrate the technology and 

safety of a fusion device [2]. 

A schematic of ITER is given in Figure 2.4, with the key components highlighted. 

The cryostat will surround the superconducting magnets and the vacuum vessel, 

maintaining a super-cool vacuum. It is planned that it will be made from 3800 tonnes 

of stainless steel with a volume of 16 000 m
3
, it will be the biggest high-vacuum 

pressure chamber ever constructed of stainless steel [21]. The superconducting 

magnets will be manufactured from niobium-tin or niobium-titanium. They will be 

cooled to temperatures of -269 °C using supercritical helium. They will be 

responsible for producing the high strength magnetic fields to control the plasma in 

ITER [22]. The vacuum vessel will also be made of stainless steel and will be able to 

contain a plasma volume of 840 m
3
, which is 8.4 times greater than JET [3], [23]. 

Additionally it will give support to the parts of the reactor within the vessel and will 

be the main radioactivity confinement barrier [23]. The blanket will comprise of 440 
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modules, each measuring 1×1.5 m and will provide shielding to the external vessel 

components from high neutron and heat loads. Each module will have a first wall, 

that can be detached and will remove heating from the plasma and additionally a 

neutron shielding block [24]. 

ITER will be the first device to investigate the concept of tritium breeding and 

therefore specific modules will be replaced during operation in order to test materials 

and prove this concept [8], [15], [24]. The first wall of the blanket will be covered 

with beryllium (Be) [24]. The divertor will be responsible for extracting helium from 

the D-T reaction and other impurities [25], [26]. The fuel and impurity densities will 

be regulated via the interception of the magnetic fields in the scrape-off layer that is 

outside the last closed flux surface of the plasma. The plasma ions will then travel 

through the scrape-off layer region to the divertor, where they will be neutralised, 

forming a gas, which can then be exhausted via the vacuum system [27]. The 

divertor will be exposed to the greatest surface heat loads in ITER and remove up to 

15% of the total fusion power, with thermal loads of 10 MWm
-2

 expected during 

steady state and 20 MWm
-2

 during transient events [26], [28]. The ITER divertor 

will comprise of 54 individual cassettes that will be constructed from a stainless steel 

support, an inner and outer vertical target and a dome (plasma facing components). 

Active water cooling will be utilised in order to extract heat induced by high energy 

particle bombardment of the inner and outer targets [26]. A schematic of the cassette 

assembly is shown in Figure 2.5 [27]. 
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Figure 2.4: Schematic of ITER adapted from [29]. 

 

 

Figure 2.5:  ITER divertor cassette assembly, taken from [27]. 

2.2 Materials for Fusion Reactors 

The operating conditions within a commercial fusion reactor are extremely 

challenging and indeed the development of suitable materials for fusion has been 

referred to as the “greatest structural materials development challenge in history” 

[30]. There is a complex set of demands for materials that need to be addressed, 

Cryostat 

Divertor 

Vacuum 

Vessel 

Magnets 

Blanket 
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which vary depending on the part of the reactor they will be used for.  Blanket 

materials will be required to shield the vacuum vessel and the superconducting 

magnets from neutrons and heat loads, as well as facilitate the breeding of tritium 

[31], [32].  The plasma facing divertor materials will also be required to withstand 

the high neutron and heat loads [33], [34]. In addition to the structural and loading 

requirements that limit the materials choice for a fusion reactor, the desire to only 

use materials with reduced activation properties has significantly reduced the options 

in terms of conventional materials that have been used in previous fusion and fission 

reactors. This has restricted the main choice of alloying materials to iron (Fe), 

chromium (Cr), titanium (Ti), vanadium (V), tungsten (W), silicon (Si) and carbon 

(C) [31]. Tungsten has been chosen for plasma facing materials in ITER and DEMO 

and depending on the design of DEMO, could also be used for certain structural 

components. Heat sink materials will contain the coolant in fusion reactors and will 

have to be bonded to plasma facing materials [35]. For heat sinks copper alloys are 

the main candidate materials[36].  

2.2.1 Materials for Structural Components 

As a structural component there is a requirement for a material to be ductile, strong 

and stable at high temperatures, and have a high temperature of recrystallization 

[37]. There are four main candidates for this role: vanadium alloys, SiC/SiC 

composites, reduced activation ferritic martensitic (RAFM) steels and tungsten 

alloys. 

Vanadium alloys are one of the advanced options for structural components in future 

fusion reactors, with particular emphasis on the V-4Cr-4Ti alloy [38]. V alloys have 

high temperature strength, and have low activation properties [39]. A reactor using a 

V based alloy for a structural material in the blanket, would utilise liquid Li as a 
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coolant as well as a breeder for T [40]. This would avoid the use of beryllium, which 

would remove the handling and safety issues surrounding its use [38]. However, the 

use of such a coolant could result in a reduction in pressure due to magneto-

hydrodynamic forces [38]. It has been suggested that V alloys can operate at 

temperatures up to ~750 °C [41]. Thermal creep requires further investigation as this 

is a factor limiting the maximum operation temperature [38]. V alloys are also prone 

to He embrittlement, which is another factor that restricts the maximum operating 

temperature [41].  

Temperature has been observed to not have a significant impact on the ultimate 

tensile strength of V-4Cr-4Ti at temperatures between 300-800 °C [41]. V-4Cr-4Ti 

has been observed to have significant tensile ductility, with area reduction in tensile 

tests at temperatures between 300-800 °C being greater than 70% [41].  

The yield strength of V-(4-5%)Cr-(4-5%)Ti has been observed to increase with 

neutron irradiation doses from 0.1-6 dpa. At 4-6 dpa the yield strength is ~2.4 times 

that of the non-irradiated material [42]. Irradiation hardening is said to saturate 

above doses of ~5 dpa [42]. Irradiation embrittlement is the key factor that limits the 

lower bound of operating temperature for V alloys to ~400-450 °C [38]. Additionally 

at temperatures greater than 550 °C, embrittlement could occur due to the 

introduction of interstitial impurities, such as O, C or N [43]. 

SiC or SiC composites are another option for structural materials in a fusion reactor. 

It is often said that SiC is the “most promising, but least developed candidate 

structural material” for fusion applications [44]. SiC has a melting point of 2730 °C, 

and a thermal conductivity of 490 W/mK [44], [45]. SiC or SiC composites could 

operate at temperatures above 1000 °C [46]. SiC has creep resistance, with an 
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activation energy for creep observed to have a value of ~1.81 eV/atom [47]. SiC has 

been observed to have low activation properties [45]. This is due to the low neutron 

cross section, however ultimately this results in a higher volume of material that is 

active due to increased neutron penetration, in comparison to a material with a larger 

neutron cross section [48]. If SiC or SiC composites were to be used as a structural 

material, the thermodynamic efficiency of the reactor would be increased, as higher 

temperature coolants could be used for the blanket and first wall [44]. There are still 

issues in manufacture of SiC or SiC composites as some of the additives that are 

used in manufacture could result in increased activation [44]. It is critical to produce 

a material with a limited porosity to inhibit degradation from He [44]. He has been 

shown to result in a 20% reduction in strength of a SiC composite irradiated with He 

ions to fluences of 150-170 appm [49]. It is also important to ensure that the tensile 

stress, modulus and through-thickness thermal conductivity at 1000 °C are greater 

than 300 MPa, 200-300 GPa and 30 W/mK, respectively [44]. Achieving a material 

with a thermal conductivity that reaches the high temperature targets following 

irradiation is a significant obstacle before SiC/SiC composites can be used as a 

structural material. Neutron irradiation results in swelling of SiC/SiC composites 

which consequently results in a significant reduction in thermal conductivity [44]. 

Reduced activation ferritic martensitic (RAFM) steels are the most technologically 

advanced candidate structural material and are taken to be the reference material for 

structural components in the first wall and blanket for ITER and beyond [43], [50]. 

The composition of the reference RAFM steels is Fe-0.1C-9Cr-2W-0.25V-0.07Ta 

[50]. This is different from conventional steels, where typical alloying elements 

include Mo, Nb and Ni. The replacement of these alloying elements with W and Ta 

results in the reduced activation of RAFM steels, which can reach ‘low level waste’ 
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classification in 80-100 years, in comparison to the 200 000 years for conventional 

steels [31]. RAFM steels are also more resistant to swelling due to irradiation and 

embrittlement from He [50]. Additionally they are compatible with several different 

coolant options, making them a highly versatile material for future fusion reactor 

designs [50]. However, there are issues in regards to irradiation induced 

embrittlement at temperatures below ~400 °C with RAFM steels [50]. He produced 

via transmutation in a fusion reactor will form bubbles within steels which also 

results in embrittlement [51]. Non-irradiated ferritic martensitic steels typically have 

a ductile to brittle transition temperature (DBTT)
3
 of ~ -100 °C, however, irradiation 

to doses above 30 dpa would result in the DBTT increasing to above room 

temperature [31]. Currently the upper operating temperature of ferritic martensitic 

steels is ~550 °C, however, the use of oxide-dispersion strengthened (ODS) steels 

could allow for a maximum temperature greater than 700 °C [52], [53]. 

Tungsten is certain to be used as an armour material for the divertor in ITER and 

DEMO as discussed in section 2.2.2. However there is a possibility that W could 

also be used as a structural material in fusion devices post-ITER [37].  

Tungsten is a body-centred cubic (BCC) metal with a melting point of 3420 °C [54] 

and a Young’s modulus of 390-410 GPa [55]. Tungsten is typically produced via the 

powder metallurgy route, following which it is processed (via swaging or rolling for 

example), resulting in a microstructure which is anisotropic and contains subgrains 

[55], [56]. The strength and ductility of W has been observed to increase with 

increased deformation induced by rolling at temperatures below recrystallization 

temperature [57]. Studies have shown primary recrystallization in W to start at 

1150 °C for long (43 hour) annealing times, and for shorter annealing times (an 

                                                 
3
 The DBTT is the temperature above which a material will behave in a ductile manner. 
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hour), at 1250 °C. Complete recrystallization was observed following a one hour 

heat treatment at 1300 °C. After annealing at 1300 °C for an hour, a grain size of 

17 µm was obtained. For a one hour treatment at 2000 °C, a grain size of 27 µm was 

seen [58]. Secondary recrystallization was seen at 2000 °C [58]. Reiser et al. [59] 

conducted annealing studies in a tungsten foil with elongated grains in the rolling 

direction. Small amounts of grain growth were observed following annealing 

treatments for an hour at 1300 °C and 2000 °C, however no recrystallization was 

seen (i.e. the texture remained the same). An annealing treatment at 1400 °C for 20 

hours resulted in large grains without any dislocations observed [59].   

The difficulty with using W as a structural component is primarily due to the low 

fracture toughness, which across all temperatures is below 100 MPa m
0.5

, and at 

temperatures of 1000 °C, is ~ 30 MPa m
0.5 

[60]. These values are comparable to the 

lowest values of fracture toughness following irradiation in vanadium alloys and 

ferritic-martensitic steels [60]. Alloying of tungsten using lanthana or yttria as 

dispersed oxides results in an increase in the temperature of recrystallization and the 

creep strength , however such alloying can also result in an increased likelihood of 

intercrystalline fracture [37]. Furthermore, irradiation is shown to increase the DBTT 

of W. The DBTT of W has been observed to generally lie between  120-400 °C, and 

is predicted to increase with neutron irradiation up to 800-1000 °C [61]–[66], which 

results in difficulty for using W as a structural material [60]. There is a range of 

DBTT values due to anisotropy in the microstructure, the strain rates utilised and 

other variations in testing methods. 

In order to improve the ductility of W, three main methods are being investigated 

including the production of alloys, composite materials and nanostructuring [37]. 

Rhenium (Re) is the only alloying element in solid solution that has been shown to 
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improve the ductility of W. However, this has only been observed to hold true in 

non-irradiated material, and in W-(3-5%)Re alloys that have been irradiated to doses 

greater than 0.4 dpa, the hardness increase observed is greater than that in pure W 

[25], [67], [68]. Furthermore, following a dose of ~0.4 dpa, a sharper DBTT increase 

is seen in W-10%Re in comparison to pure W [69]. Therefore although Re may 

ductilise W in non-irradiated material, it is not feasible for fusion applications where 

the Re will actually cause increased embrittlement following irradiation. All other 

alloying solid solution elements (Ta, V, Mo) have shown to increase the brittle 

behaviour of W, with the exception of Ti which has not been studied and requires 

further investigation [37]. 

The microstructure of W heavily influences its performance. Typically smaller grain 

sizes correlate to an increased strength [70]. Nanostructuring of W has been 

investigated in pure W, as well as other alloys; including W-Ti, W-V and W-Ta. 

Dispersed particle (TiC, La2O3, Y2O3) reinforced materials have also been 

investigated [37], [71]. Many of these nanostructured materials show increased 

brittle behaviour in comparison to pure W due to impurities and the manufacturing 

techniques employed [37]. However, the W-2%Y2O3 nanostructured material 

produced by PLANSEE has shown to behave in a ductile manner at temperatures 

between 400-1000 °C [72]. Chemical powder metallurgy methods of manufacturing 

nanostructured W alloys has also been shown to be promising [73]. 

In terms of composites, fibre reinforced composites and tungsten laminates have 

been investigated [74]–[76]. Such techniques have a lot of potential in improving the 

ductility of W. The response of such materials to neutron irradiation and He 

embrittlement is something that requires further research. Material properties at 

increased temperatures and the effect of recrystallization are being investigated. 
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2.2.2 Materials for Plasma Facing Components 

Plasma facing components, such as the inner and outer vertical targets and dome of 

the divertor will have to cope with the damage induced by 14.1 MeV neutrons, 

extremely high heat fluxes of 10 MWm
-2

 during steady state and up to 20 MWm
-2

 

during slow transients in ITER [77], plasma damage, and additionally cyclic stresses 

(due to Lorentz forces) [31]. In certain DEMO concepts, the lowest armour 

temperatures will be greater than the temperature of the coolant at ~800 °C, and 

exceed 1700 °C at the surface of the divertor [28]. Additionally due to goals set on 

activation limits, they will have to be low activation materials. There is also a 700 g 

safety limit of potential mobilised tritium in ITER that has been set by French 

authorities, to mitigate the impact of any tritium that could be released into the 

atmosphere in the case of a loss-of-vacuum accident [78], [79]. In addition to the 

safety reasons for reduced tritium retention, consequently, if a lot of tritium is 

retained in plasma facing components, this would limit the amount of fuel that could 

be used, and this would mean the fuel cycle would no longer be efficient and 

economically viable [80].  

The ideal plasma facing material would therefore have a low activation energy, have 

high strength at low and high temperatures, be ductile, have a high resistance to 

thermal shock and fatigue and have high thermal conductivity. However, there is no 

perfect material that can completely meet these criteria and indeed some of the 

desirable characteristics cannot always be achieved simultaneously, such as strength 

and ductility [31]. Additionally not only does the effect of the damage induced on 

the material need to be addressed, but the effect of any degradation or erosion of 

materials and their effect on the plasma purity is vital, as one of the goals of ITER is 

to achieve a ‘burning plasma’, where the D-T reaction is self-sustained via internal 
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heating [2], [81]. High atomic number (Z) materials are good radiators and will cool 

the plasma, increasing the difficulty of achieving fusion that is self-sustaining [82]. 

Low Z materials are not efficient radiators if they are present in the plasma core and 

therefore will not have as negative an impact on plasma performance [79].   

There are a few choices for materials that could be used for plasma facing 

components, including tungsten and other refractory metals such as molybdenum 

(Mo), carbon and carbon fibre composites (CFCs) and beryllium (Be) [31], [83]. 

Another option for plasma facing materials, although not in ITER but in a future 

fusion reactor, could be flowing liquid metals, such as lithium, gallium, tin, or a tin-

lithium mixture. Flowing liquids could cope with heat loads of up to 50 MWm
-2

, and 

would allow for the extraction of heat and particles simultaneously. However this 

type of technology is not proven and requires significant research, particularly with 

regards to the effect of magnetic properties of the plasma on liquid metals, issues of 

interaction with other materials, how particles would be exhausted and how to 

physically implement it in a reactor [84]. Additionally copper and stainless steel 

alloys have been considered as substrates [83]. 

The majority of tokamaks with moderate plasma densities and magnetic fields in 

previous years have used carbon based materials for plasma facing components, due 

to the fact that it had been observed that plasma operation had been poor in older 

tokamaks when high Z materials had been used [66], [85]–[88]. However, in 

tokamaks operating with magnetic fields ranging from 6-10 T with higher plasma 

densities, including the tokamaks FT and FTU (Frascati tokamak and Frascati 

tokamak upgrade), Alcator A and C, high Z materials, molybdenum and tungsten 

have been used successfully in plasma facing components [66], [89], [90]. Most 

recently JET has moved from carbon to an ITER-like Wall, with a tungsten divertor 
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and a beryllium first wall, in order to give performance predictions for the materials 

of choice for ITER [91]. ASDEX (Axially Symmetric Divertor Experiment) upgrade 

is currently the only tokamak to operate with all tungsten plasma facing components 

[92]. 

Originally CFCs were considered for the divertor strike point
4
 with rest of the 

plasma facing part of the divertor being made of tungsten during the initial non-

nuclear phase of operation of ITER [81], [93]. CFCs are considered advantageous 

due to the fact they will not melt even at the high heat fluxes (10 MW m
-2

 in steady 

state) expected [81]. Furthermore the plasma can tolerate higher quantities of low Z 

materials, in comparison to high Z materials in the instance of any erosion [64], as 

the radiative effects of low Z materials are not as significant as high Z materials. 

There is also a wealth of experience with CFCs, which have been used in tokamaks 

all around the world [94]. Therefore, in order to reduce uncertainties during 

commissioning and non-nuclear operations of ITER, where development of heating, 

plasma control and ELM mitigation systems will be a priority, CFCs were a suitable 

choice [1].  

However, predictions of fuel retention from reference plasma scenarios and data 

from the PISCES linear plasma device (LPD) suggest that the 700 g tritium limit 

could be attained within ~40 pulses (neglecting any active cleaning and long term 

outgassing) during D-T operation in ITER if carbon was used for the divertor and 

first wall [78]. Clearly this is a highly conservative estimate, as CFCs are only 

considered for certain points of the divertor. However, other estimates, assuming a 

CFC and W divertor and a Be first wall still predict the 700 g limit being achieved 

within 250-750, 400 s pulses, with the CFCs contributing most significantly [95]. 

                                                 
4
 The point where the plasma boundary strikes the vessel wall. 
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With at least 10 pulses expected a day, this is highly unsustainable [79]. This long-

term retention in low Z materials is mainly due to co-deposition, where material is 

eroded, migrates and is then re-deposited, resulting in the formation of layers that 

contain deuterium and tritium [95]. Despite this, CFCs would still be a good 

candidate for non-nuclear operation of ITER, however during D-T operation they 

would be unsuitable. Therefore it was originally planned that CFCs would be used 

for the divertor in the non-nuclear campaign, before being replaced by an alternative 

during D-T operations. However due to budget restrictions it became clear that it was 

not possible to have two different divertors, and therefore it was decided that 

operations should start with a full tungsten divertor [1]. 

Refractory metals are considered as they are more resistant to sputtering than other 

materials [96], however, high Z materials can negatively impact the plasma. 

Molybdenum has been used as a plasma facing material in both the TEXTOR and 

Alcator C-Mod tokamaks [90], [97]. Molybedum has a melting point of 2620 °C 

[98]. The sputtering threshold of Mo by He can be calculated using Equation 2.4 

[99]. 

Equation 2.4 

𝐸𝑡ℎ =
(𝑀𝑖 +𝑀𝑡)

2

4𝑀𝑖𝑀𝑡
𝐸𝑠 

𝐸𝑡ℎ is the threshold sputtering energy, 𝑀𝑖 is the mass of the incident ion, 𝑀𝑡 is the 

mass of the target and 𝐸𝑠 is the surface binding energy, which for Mo is taken as 

6.89 eV [100]. This results in a sputtering threshold of ~45 eV which is much higher 

than the ~10 eV calculated for C (assuming a surface binding energy of 7.42 eV 

[100]). Despite the relatively high melting point and sputtering threshold, as well as 
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proven suitability as a plasma facing material, Mo has to be discounted for ITER and 

beyond. This is because the radiation products that would be produced following 

irradiation by the 14 MeV neutrons would be active beyond the 100 year limit by 

which time waste should be suitable for recycling or fit for ‘clearance’ as suggested 

for ITER [64], [101]. For Mo irradiated over 2.5 years at a flux of 5 MWm
-2

, the 

decay time to achieve a surface dose rate of 10
-2

 Sv would be 2×10
5
 years [64].  

Out of the refractory metals, W is currently the favoured option for the divertor. Mo 

has been used as a plasma facing material in the TEXTOR and Alcator C-Mod 

tokamaks [90], [97]. However, due to the activation limits W is preferred over Mo 

[64]. V does not have the activation problems of Mo and its alloys have a much 

lower DBTT than W. For example non-irradiated V-5Cr-5Ti has a DBTT of ~ -

193 °C [84] in comparison to W where the DBTT generally ranges from 120-400 °C 

[61]–[63], [66]. However, V has a much lower melting point in comparison to W, 

and therefore although it may be suitable for the first wall, in the divertor region, 

where temperatures could reach up to 1100 °C, and even higher during disruptions, 

W is preferred [1]. 

W was chosen to replace CFCs primarily because it has highly improved T retention 

properties in comparison to CFCs. W is more resistant to sputtering than CFCs (The 

sputtering threshold, Eth, of tungsten is ~200 eV for deuterium [62], compared to 

27 eV for carbon [102]) and is less susceptible to erosion at high temperature [64].  

Using a full W divertor with a Be first wall, it is predicted that the 700 g T limit will 

only be reached after 1500-5000 pulses [95]. In this case the co-deposition of the 

low-Z Be is contributing the most to the retention. If a full W first wall and divertor 

were to be utilised, neglecting for neutron damage effects, it is predicted that the T 

inventory will remain below 700 g even after 18 000 pulses [95]. Neutron damage 
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effects however could result in increased retention, and reduce the number of pulses 

to 5000 [95]. Although in DEMO or other future fusion reactors Be would be 

unsuitable as it has a high erosion yield (although still better than CFCs). For ITER, 

Be will be used for the first wall in order to reduce the risk of cooling the plasma that 

may occur from erosion if tungsten was used for the first wall, and allow more 

flexibility during operation [91], [103].  

There is also experience using Be in the JET ITER-like wall [104]. JET has moved 

from a carbon to an ITER-like wall, using W and W-coated CFC tiles and Be 

limiters, where it has been observed that the mean erosion rate of the inner wall has 

been reduced 4-5 times in comparison to the carbon wall [105], [106]. This provides 

reassurance for the choices of W and Be for ITER. It is predicted that a full tungsten 

wall and divertor could be used for DEMO or other future fusion reactors [66], [91]. 

In certain divertor concepts for future fusion reactors W could be used for structural 

components [28]. 

In addition to the primary reason of reduced T retention, W has been chosen for the 

divertor due to the fact that it has the highest melting point of any metal at 3420 °C 

and good thermal conductivity properties [54], [60]. Solid W has a thermal 

conductivity that ranges from ~170 W/mK at room temperature to ~105 W/mK at 

1300 °C [107]. Additionally it also has good high temperature strength, with stress-

relieved tungsten having a yield strength of ~604 MPa at a temperature of 800 °C 

[108]. Furthermore Troev et al. suggested that out of all the candidate first wall 

materials, W has the highest irradiation resistance, which has been suggested to be 

possibly due to the crystal lattice bonding energy of W being large (7.9-

10.09 eV/atom) [55], [109]–[111].  
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However, there is no perfect divertor material and W certainly has its issues. It has a 

low fracture toughness, for example for longitudinal three point bend tests in 

polycrystalline tungsten from rolled rods, KQ has values of 5.4 -9.1 MPam
0.5 

[108]. It 

also has poor resistance to oxidation at high temperatures. Pure tungsten has an 

oxidation rate of 1.4×10
-2

 mgcm
-2

s
-1

 at 1000 °C [112]. It’s DBTT generally ranges 

from 120-400 °C, and is predicted to increase with neutron irradiation up to 800-

1000 °C [61]–[66]. The DBTT is highly dependent on strain rate. It has been shown 

that the DBTT in tungsten is related to the movement of screw dislocations via a 

kink pair mechanism and depends on the glide of dislocations from sources, rather 

than nucleation of dislocations [61], [113] and Gibson et al. have suggested that an 

increase in nanoindentation hardness following W and He irradiations indicates that 

dislocation glide is being inhibited [114].  

The high DBTT provides three main challenges; firstly manufacturing components 

with such a high DBTT is challenging. Secondly, although it is expected that the 

parts of the divertor with the highest heat loads will operate above the DBTT [1], 

there are still likely to be regions operating in the brittle regime, particularly in the 

non-nuclear phases of operation of ITER where the peak temperatures on the 

divertor surface are not likely to be greater than ~700 °C [1]. Finally W will be 

joined to a structural heat sink material, that will most likely contain copper and 

therefore the joined part should operate at lower temperatures, so as to not cause 

damage to the copper [25], [115]. It is for this reason that ductilising techniques are 

being pursued in W. Three main methods of ductilization have been pursued as part 

of the EFDA
5
 programme, including alloying, nanostructuring and the production of 

composites (see section 2.2.1). The only element that has been seen to improve 

                                                 
5
 European Fusion Development Agreement 
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ductility of W via solid solution is Re [28], [116]. DFT (density functional theory) 

calculations have shown that this is due to the fact that addition of Re results in a 

reduction in the Peierls stress, 𝜎𝑃, a change in the core symmetry and additionally 

the number of slip planes increases [117]–[119]. However, this increase in ductility 

only holds true if the W is non-irradiated or has been damaged to low levels below 

0.4 dpa. As can be seen in Figure 2.6, even after damage of only 0.4 dpa, it has been 

observed that the hardness increase in neutron irradiated W-3-5%Re is greater than 

in pure W [25], [67], [68]. Additionally Re addition has been shown to result in a 

greater increase in the DBTT in comparison to W at doses of ~0.4 dpa, as observed 

in Figure 2.7 [69]. 

 

Figure 2.6: Vickers hardness increase of W-xRe with neutron dose at different 

temperature ranges, taken from [25], using data from [67], [68]. 



Chapter 2  51 

 

Figure 2.7: Effect of neutron irradiation on DBTT of W, W3.4Nil.6Fe (Densimet) 

and W-10%Re taken from Barabash et al. [69]. 

2.3 Irradiation Damage 

As has been shown in Equation 2.1, one of the products of the D-T reaction is a 

14 MeV neutron. As neutrons have no charge, they are not confined by the magnetic 

field that confines the plasma in the tokamak, meaning they will bombard and 

penetrate the walls of the reactor. The 14 MeV neutrons will result in significant 

damage to materials, mainly cascade damage as well as transmutation. These result 

in changes to microstructural properties and consequently material properties, which 

is of critical importance for a nuclear fusion reactor. The time and length scale of the 

14 MeV neutron damage process is summarised in Figure 2.8 [31]. The initial 

damage occurs at very short time and length scales, and then accumulates over time 

resulting in larger defects that influence material properties at longer time scales. 

Therefore a variety of techniques are required in order to understand the mechanism 

of damage. At the smaller length and time scales, modelling is used extensively in 

order to try and elucidate the damage mechanisms. This includes density functional 

theory (DFT) at the smallest length and time scales [120], producing results that feed 
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into molecular dynamics simulations, which are used to simulate collision cascades, 

and operate on the nanometre length and picosecond time scales [111]. At higher 

time and length scales, Monte Carlo methods are employed. SRIM (Stopping and 

Range of Ions in Matter) is a Monte Carlo code that is extensively used to model ion 

irradiation experiments and compute displacements per atom[121]. There are 27 000 

experimental data points and more than 500 plots that indicate the accuracy of SRIM 

[122]. At the micro- to millisecond time and micrometre length scales, rate/field 

theory models or dislocation dynamics are used, followed by continuum and fracture 

mechanics and thermodynamics in the milli- to kilosecond time and micro- to 

millimetre length scales. Finally for macroscopic modelling, finite element analysis 

is utilised [31]. 

 

Figure 2.8:  Time and length scale dependence of the 14 MeV neutron radiation 

induced damage processes in PFMCs in a fusion reactor that effect microstructural 

and material properties, taken from Knaster et al. [31]. 
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2.3.1 Cascade Damage 

When a neutron (or an ion) first collides with an atom within a material, at energy 

greater than the displacement threshold energy of the material, an atom, known as 

the primary knock-on atom (PKA) is displaced from its lattice site, resulting in a 

vacancy.  The PKA generation, tends to occur in less than a fs (10
-15

 s) [31], [123]. 

The displacement threshold varies for different materials [124]. This collision can be 

either elastic or inelastic [31], [125]. A schematic of the irradiation process is shown 

in Figure 2.9 [31]. 

 

Figure 2.9: A schematic of irradiation damage taken from Knaster et al. [31]. 

After an initial elastic interaction the PKA can dissipate energy in a quasi elastic 

manner. The energy of the PKA is lost through excitation of electrons within the 

medium, however, this is a small amount. The majority of the energy is dissipated 

through nearly elastic collisions with nearby atoms within the material [31], [123]. In 

the quasi-elastic collisions, the energy is nearly conserved and the kinetic energy of 

the incident PKA is almost equal to the kinetic energy of the target atom and 

projectile atom post collision [123]. While the PKA has an energy greater than the 
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threshold displacement energy of the material it can continue to displace further 

secondary atoms, and additionally while the secondary atoms have a high enough 

energy, they can also cause further displacements within the lattice. This results in a 

tree-like damage cascade. These displacements will continue, until the energy of the 

PKA and secondary atoms fall below the displacement threshold, where they will 

then remain as interstitials (this occurs within ~100 fs ) [31], [123]. Following this, 

migration and recombination of some of the interstitials, vacancies will occur, with 

some point defects also remaining. Some of the defects will also cluster, which 

results in  microstructural features that affect the physical properties of the material, 

such as dislocation loops and voids [123]. This occurs in the ps to s or greater 

timescale [31], [123]. The type of defect created is dependent on the material, the 

irradiation particle type, the dose, dose rate and temperature. 

In the inelastic collisions, the target nucleus remains in an excited state [126], 

resulting in the incident neutron and the PKA having a greatly reduced kinetic 

energy [31].  Inelastic collisions can result in the transmutation of material and this is 

an extremely important factor to consider when selecting fusion materials. Typically 

transmutation can occur via (n,γ), (n,p), (n,np) and (n,α) reactions (i.e. reactions 

where an incident neutron results in the emission of a γ ray, a proton, a neutron and a 

proton, and an α respectively) [31]. Due to transmutation, phase changes may occur. 

Additionally, He particles can build up and cause embrittlement [127]. 

Neutron Fluences in ITER 

Zinkle and Snead calculated expected fast neutron fluences for components in ITER 

and DEMO, using data from Sawan [83]. These are shown in Table 2.1. It can be 

seen that the fluences are highest in the blanket and divertor regions in both ITER 

and DEMO, and that the expected fluences will be higher in DEMO than ITER for 
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all components. There will also be variations in fluence across the same component, 

for example the divertor, as the geometry is quite complex (Figure 2.10). 

 

Figure 2.10: Homogeneous DEMO model used for MCNP (Monte Carlo N-Particle) 

simulations to obtain neutron fluxes and spectra [33]. 

Table 2.1: Calculated fast neutron fluences for components in ITER and DEMO 

based on input from Sawan, taken from [83].  

Component ITER: lifetime fast 

neutron fluence (n/m
2
; 

E>0.1 MeV)  

DEMO fusion power 

reactor: annual fast 

neutron fluence (n/m
2
; 

E>0.1 MeV) 

Blanket 3.7×10
21 

5×10
22

 

Magnet 5.1×10
14

 7×10
15

 

Divertor 1.9×10
21

 2.6×10
22

 

Vacuum Vessel 1.1×10
19

 1.5×10
20

 

Cryostat 3.4×10
11

 4.5×10
12

 

Quantifying Cascade Damage 

In order to correlate the dose a material is exposed to following irradiation by 

different particles, the unit of displacements per atom or dpa was developed. Initially 

Kinchin and Pease suggested that following fast neutron irradiation, secondary 

collisions between interstitial atoms that were moving and stationary atoms within 

the lattice of a material would result in the formation of a vacancy and interstitial 
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[128]. Permanent displacement of atoms could only occur if the energy imparted on 

the displaced atom exceeded the threshold displacement energy. The displacement 

energy varies with material, direction of displacement and temperature [129]. The 

number of displacements generated by PKAs with energy, T, was defined (Equation 

2.5, Figure 2.11).  

Equation 2.5 

𝜈(𝑇) =

{
  
 

  
 
0 𝑓𝑜𝑟 𝑇 < 𝐸𝑑               
1  𝑓𝑜𝑟 𝐸𝑑 < 𝑇 < 2𝐸𝑑
𝑇

2𝐸𝑑
 𝑓𝑜𝑟 2𝐸𝑑 < 𝑇 < 𝐸𝑐 

𝐸𝑐
2𝐸𝑑

 𝑓𝑜𝑟  𝑇 ≥ 𝐸𝑐             

 

 

Figure 2.11: Kinchin Pease model, showing number of displacements vs PKA 

energy, taken from [130].  

𝐸𝑑 is the displacement threshold energy and between this energy and 2𝐸𝑑 there is a 

probability that one atom will be displaced, at energies between 2𝐸𝑑 and the cut-off 

energy, 𝐸𝑐, 
𝑇

2𝐸𝑑
 atoms will be displaced and at energies greater than 𝐸𝑐 (where energy 
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loss from electronic stopping occurs) the number of displacements remains constant, 

at 
𝐸𝑐

2𝐸𝑑
 [128], [130]. 

Norgett, Robinson and Torrens (NRT) then expanded the Kinchin Pease model 

[131]. They defined the number of Frenkel pairs, 𝜈(𝑇) induced by a PKA, with 

initial energy, T as illustrated in Equation 2.6. 

Equation 2.6 

𝜈(𝑇) =
0.8�̂�

2𝐸𝑑
 

�̂� is the available energy for the generation of atomic displacements via collisions 

that are elastic and 𝐸𝑑 is the threshold displacement energy. In order to obtain the 

NRT dpa, the number of Frenkel pairs is divided by the number of atoms in a certain 

volume. Currently the standard measure of irradiation damage is dpa, however care 

must be taken when using it due to the fact it doesn’t not take into account migration, 

coalescence and recombination of defects [31]. 

A more complete picture of damage that takes into account other influences can also 

be developed (Equation 2.7) [130]. If we divide R by N we get dpa/s. 

Equation 2.7 

𝑅 = 𝑁∫ ∫ 𝜑(𝐸𝑖)𝜎(
�̂�

�̌�

�̂�

�̌�

𝐸𝑖 , 𝑇)𝜈(𝑇)𝑑𝑇𝑑𝐸𝑖 

𝑅 is the number of  displacements/cm
3
s. N is the atom number density, �̂� and �̌� are 

the maximum and minimum energies of the incoming particles respectively, 𝜑(𝐸𝑖) is 

the energy dependant particle flux, �̂� and �̌� are the maximum and minimum energies 

transferred in a collision with a particle with energy,  𝐸𝑖 and an atom in the lattice, 



Chapter 2  58 

𝜎(𝐸𝑖, 𝑇) is the cross section for the collision of a particle with energy 𝐸𝑖 that causes 

an energy transfer, 𝑇 to the target atom, and 𝜈(𝑇) is the number of displacements 

resulting from a primary knock-on [130]. 

2.3.2 Transmutation 

Neutron capture reactions result in transmutation of the target material to different 

elements [126]. The transmutation typically occurs through (n,γ), (n,p), (n,np) and 

(n,α) reactions [31]. The typical pathways specifically for Re and Os generation in W 

are given in Equation 2.8. 

Equation 2.8: Main pathways for Re and Os generation [132] 

𝑊(𝑛, 𝛾)186 𝑊187 → (𝛽 −) 𝑅𝑒 {
(𝑛, 𝛾)188𝑚𝑅𝑒 → (𝛾) 𝑅𝑒 → (𝛽) 𝑂𝑠188188

(𝑛, 2𝑛) 𝑅𝑒 → (𝛽 −) 𝑂𝑠186186
187  

𝑊(𝑛, 𝛾)184 𝑊 → (𝛽 −) 𝑅𝑒(𝑛, 𝛾) 𝑅𝑒186 → (𝛽 −) 𝑂𝑠186185185  

For W, Gilbert and Sublet have calculated the expected transmutation in DEMO 

after 5 full power years using the FISPACT inventory code. This has predicted the 

transmutation of pure W to W-3.8%Re-1.4%Os, as well as 34 atomic parts per 

million (appm) He and 76 appm H [133]. However the concentration varies with the 

position in the divertor, and more significantly between the divertor and the first wall 

(Figure 2.10, Figure 2.12) [33]. A concentration of 2% (atomic) Re predicted after 

three years in region A of the first wall (FW) armour, and less than 1% after the 

same amount of time in region E of the divertor [33]. If we consider that in region A 

the dose is expected to reach 14.5 dpa/fpy (full power year), the appm/dpa ratio of 

Re comes out to ~460 appm/dpa [100]. In ITER the transmutation rates expected are 

much lower, and after 2 D-D (fusion of deuterium atoms) and 12 D-T (fusion of 

deuterium and tritium atoms) years of operation, W is expected to transmute to W-

0.18%Re, with the additional formation of 1 appm of He and 2 appm of H [133]. 
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From the phase diagram shown in Figure 2.13, the addition of Re should only result 

in the formation of the brittle σ or χ phases at concentrations above 30%, but as will 

be subsequently discussed (section 2.3.3.3) these phases have been observed at much 

lower concentrations following neutron irradiation [134].  

 

 

Figure 2.12:  Variation of transmutation to Re in different positions in the DEMO 

reactor [33]. For locations of letters, refer to Figure 2.10. 



Chapter 2  60 

 

Figure 2.13: Experimentally determined phase diagram and Helmholtz energy 

curves derived from ab initio electron calculations for W-Re, taken from [135] 

2.3.3 Irradiation Damage in Tungsten and Tungsten Alloys 

2.3.3.1 Fusion Materials Testing Device 

For decades there have been plans for building a dedicated fusion materials testing 

facility, producing 14 MeV neutrons via the use of an accelerator. Initially a design 

for the facility, IFMIF (International Fusion Materials Irradiation Facility), was 

proposed [136]. Following a re-evaluation of the regulatory approach required for 

the demonstration fusion device, DEMO, it was determined that a lower 

specification, lower risk neutron source, referred to as FAFNIR (FAcility For 

Neutron Irradiation Research) would be able to generate data on materials required 

for DEMO [137]. However, presently it is not clear when or if either of these 

facilities will be built, and it is for this reason that several alternative, methods to 

simulate fusion damage are being pursued. 
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2.3.3.2 Particles Used to Simulate Fusion Damage 

Typically four different types of particle are used to induce irradiation damage in 

materials in order to study irradiation damage mechanism and effects for fusion 

applications, and these are electrons, protons, heavy ions and neutrons. Relevant to 

this thesis are protons, heavy ions and neutrons. A brief overview will now be given 

of issues in comparing different types of irradiation experiments with these three 

methods, followed by the history of these approaches in more detail as related to 

tungsten specifically . A basic comparison of the damage profiles of the three 

particle types in stainless steel are shown in Figure 2.14. 

 

Figure 2.14: The damage profile created by 5 MeV Ni
++

 ions, 3.2 MeV protons and 

1 MeV neutrons in stainless steel, taken from [138]. 

Neutron irradiations result in damage that can penetrate 10s of centimetres into W 

[33], and the damage profile is fairly flat across the micrometre length scale (Figure 

2.14) [125], however over the range of centimetres, the damage is highest close to 

the surface and then decreases as the neutron travels through the material, losing 

energy with increased depth (Figure 2.15) [33]. The cascades produced by neutron 



Chapter 2  62 

irradiation are dense [125]. Neutron irradiation experiments are costly and require 

time scales of the order of years to achieve high dose levels. Additionally current 

fission neutron sources do not have the same spectrum as that expected in a fusion 

reactor (Figure 2.16), resulting in differences in the damage processes observed [33]. 

The displacement cross section for 14 MeV fusion neutrons is ~4 times greater than 

that of 1 MeV fission neutrons [129]. Furthermore due to activation of material, 

analysis often requires small specimens and special ‘hot’ facilities. The PKAs 

generated by 14 MeV neutrons could achieve energies up to 1 MeV [139] and an 

average value of 150 keV in W [140]. However, in typical fission reactors, the 

energy of only 2% of the PKAs is >200 keV [141]. The energy losses for the 1 MeV 

PKAs are approximately equally due to nuclear and electronic scattering [139]. A 

comparison of a recoil cascade from a 20 keV fission neutron and 200 keV fusion 

neutron in iron is shown in Figure 2.17. As a result of the dense damage cascades, 

there is extensive recombination of defects in the cooling phase of irradiation [130]. 

 

Figure 2.15: dpa/fpy values vs distance from plasma facing surface into the 

outboard equatorial first wall for pure W (labelled A in Figure 2.10), calculated 

using the W-TENDL 2011 nuclear data library. Redrawn from [33]. 
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Figure 2.16: Neutron flux spectra for future fusion reactor (DEMO) and PWR 

fission reactors, taken from Gilbert et al. [33]. The full range is shown in a), and b) 

shows the range defined by the blue arrow in a). 
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Figure 2.17:  A comparison of a 20 keV fission neutron cascade and a 200 keV 

fusion cascade in pure iron calculated using molecular dynamics by Sand and 

Nordlund, taken from [31]. The colours of the atoms represent the times when the 

kinetic energy of the atoms exceeds 5 eV. The fusion damage cascade occurs within 

~200 fs, compared to 100 fs for the fission cascade. 

Molecular dynamics has been used to study cascade damage in W (Table 2.2, Figure 

2.18) [142] up to PKA energies of 150 keV [111], [140]. The simulations indicated 

that at 150 keV the cascades would not break up into sub cascades [140]. The 

variation of defects with increased PKA energy is shown in Table 2.2.  Large 

dislocation loops and complex clusters are formed after 300 fs. In the most compact 

regions of the cascade the largest self-interstitial atom (SIA) and vacancy type 

clusters are formed. SIA and vacancy type dislocation loops with Burgers vectors of 

𝒃 = 〈100〉 and 𝒃 = 1/2〈111〉 are formed in the debris of the cascade, which is in 

agreement with experiments by Yi et al., where both 𝒃 = 〈100〉 and 𝒃 = 1/2〈111〉 

loops were observed [143].  
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Table 2.2: Number of Frenkel pairs (NFP), size of largest vacancy (𝑪𝒍𝒎𝒂𝒙
𝒗𝒂𝒄 ), size of 

largest SIA cluster (𝑪𝒍𝒎𝒂𝒙
𝑺𝑰𝑨 ), fraction of vacancies (Fvac) and SIAs (FSIA) in clusters 

bigger than 4 and the total energy lost to electronic stopping (EES) [140]. 

Tc (eV) NFP 𝑪𝒍𝒎𝒂𝒙
𝒗𝒂𝒄  𝑪𝒍𝒎𝒂𝒙

𝑺𝑰𝑨  Fvac FSIA EES (keV) 

1 122.2±2.9 5 54 0.00 0.47±0.03 82.5±1.2 

5 182.8±27.9 118 164 0.21±0.07 0.71±0.07 47.6±0.65 

10 179±21.0 96 175 0.19±0.06 0.72±0.06 42.9±0.6 

20 183±18.1 72 94 0.16±.06 0.81±0.01 39.1±0.227 

100 257±49.7 177 224 0.28±0.10 0.81±0.05 34.6±1.55 

 

 

Figure 2.18: Spatial distribution of defects resulting from 150 keV PKA that extends 

~35 Å in the 〈𝟏𝟏𝟏〉 direction. Green spheres are W atoms with a potential energy 

that is >0.3 eV greater than the cohesive energy. Red spheres are vacancies and blue 

spheres are interstitials [140]. 

Heavy ion irradiations can be used to simulate the PKA and subsequent elastic 

collisions that occur during neutron irradiation and also result in dense damage 
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cascades [125], [129]. For bulk irradiations, typically energies greater than 1 MeV 

are used to mimic the PKAs generated by fusion neutrons most closely [144]. There 

is significant recombination of these dense cascades in the cooling phase of the 

irradiation. The heavy ions can only penetrate distances of the order of nanometres 

and microns into the surface (Figure 2.14). This is because heavy ion irradiations 

have an elastic scattering cross section that can be more than 6 orders of magnitude 

greater than the 10
-24 

cm
2
 cross section typical for fast neutrons. This results in the 

mean free path between collisions in fast neutrons (order of centimetres) to be much 

greater than that for heavy ions (depending on energy and material, could be as low 

as 100 Å) [144].  

Unlike neutrons, heavy ions are charged so they will interact more with the other 

atoms. The damage profile always has a peak and the damage is non-uniform, as the 

nuclear and electronic losses occur at varying amounts as the ions penetrate the 

sample [125]. The advantage of heavy ion irradiations is that there is no sample 

activation, allowing for analysis straight after the exposures. However, heavy ion 

irradiation does not result in transmutation as has been observed in neutron 

irradiations, and therefore either alloys containing the expected transmutation 

products are irradiated, or sequential or dual beam irradiations are required to 

recreate these effects [145], [146]. Due to the small samples involved, microscopy 

studies are commonly used to analyse the irradiation damage. In order to determine 

material properties, specialised techniques are required to analyse such small 

samples. Heavy ion irradiations can achieve high doses in time scales of the order of 

hours.  The disadvantage of such a high dose rate is that a temperature shift (i.e. the 

higher the dose rate you are using, the higher the temperature increase required to 

achieve the same defects as achieved using a lower dose rate) is normally required in 
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order to induce the same defects as a neutron experiment [147]. However this shift is 

often dependent on the type of microstructural defect (swelling, loops, voids, RIS 

etc) you are looking to reproduce in the ion irradiation experiment. Additionally, 

there may be some variations in damage induced at different temperatures, which 

may make it difficult to compare heavy ion experiments to neutron ones [130].  

Protons are much lighter than heavy ions. The damage cascades thus produced are 

very different to those generated by heavy ions. The recoil energy is lower and the 

damage cascades are smaller and more spaced out (i.e. small clusters) [125]. Isolated 

Frenkel pairs are also produced [125]. Therefore during the cooling phase there is 

less recombination of defects following proton irradiations in comparison to heavy 

ion irradiation [130]. The issue of temperature shifts still remains for proton 

irradiations, as the dose rates are still higher than those used in neutron irradiations 

[125]. The depth of damage is greater than that of heavy ions, but still of the order of 

microns and 10s of microns. The damage profile varies fairly slowly with depth into 

the sample at shallow depths and is then characterised by a large Bragg peak close to 

the final depth of penetration of the protons (Figure 2.14). The disadvantage of 

proton irradiation is that sample activation can occur, as the Coulomb barrier can be 

overcome at a few MeV for light ions [125]. 

2.3.3.3 Neutron Damage 

Variation in Spectra 

The neutron flux spectra for the fuel assembly of a 3.8 GW PWR (Pressurised Water 

Reactor) fission reactor and in the first wall of the 3 GW concept DEMO fusion 

reactor are shown in Figure 2.16 [33]. As can be seen the fluxes are much higher in 

the fusion spectrum at high energies in comparison to the fission spectrum, and 

additionally there is a peak at 14 MeV which is not observed in the fission spectrum. 
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This results in an increase in the dose in terms of dpa as well as a greater probability 

of threshold nuclear reactions [33]. At present there is no dedicated 14 MeV neutron 

source, so the only neutron damage experiments that have been conducted to date 

have utilised fission neutrons. As may be observed in Figure 2.19 [130], within 

different fission reactors there is also a significant difference in the neutron flux 

spectra, with the HFIR (High-Flux Isotope Reactor) mixed spectrum reactor and the 

FFTF (Fast Flux Test Facility) fast reactor, two of the reactors that have been used to 

conduct neutron irradiation experiments in tungsten having very different spectra to 

each other, as well as the ITER first wall. 

 

Figure 2.19:  Energy spectra for neutrons for different reactors, as well as from 

protons from an ion beam, taken from [130]. 

2.3.3.3.1 Neutron Damage in W and W Alloys Using Fission Sources 

Pre Fusion Studies 

Although not for fusion applications, neutron irradiation experiments in tungsten 

were initially carried out in the 1950s-1970s. Thompson carried out neutron 

irradiations at the BEPO (British Experimental Pile 0) reactor at Harwell, a mixed 
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spectrum reactor (10
12 

cm
-2

s
-1

 thermal neutron flux and 0.3-1.2×10
11

 cm
-2

s
-1

 fast (i.e. 

neutrons with an energy of 1 MeV or above) neutron flux), at temperatures of -

269 °C and -196 °C [148]. Via resistivity measurements, four stages of recovery 

were observed at -170 °C, between -170-350 °C, between 350-450 °C and above 

450 °C. It was suggested that the migration of vacancies for W occurs at 400 °C and 

that the recovery process above -170 °C was due to the release of interstitials from 

traps around dislocation lines and impurities [148].   

Resistivity measurements were also carried out by Keys and Moteff, which were 

used to identify the stages of recovery for W following neutron irradiation [149] 

[150]. The neutron irradiation experiments were carried out using fast neutrons, at 

temperatures of ~70 °C, at fluences from 8.5×10
17 

-1.5×10
21

 cm
-2

. Three major 

stages of recovery were identified, at 0.15 (suggested this was due to the migration 

of self-interstitials), 0.22 (postulated that this stage was either due to migration of 

impurities and/or divacancies and/or the escape of interstitials from shallow traps) 

and 0.31 (suggested that this was due to migration of vacancies) of the melting point 

of tungsten in K. Additionally in these studies the transmutation of W to Re was also 

observed [149], [150].  

The first studies on the effect of neutron irradiation on mechanical properties of W 

were also carried out in the 1970s. Steichen carried out the irradiation of W in the 

EBR-II reactor at Idaho National Engineering Laboratory, a fast reactor [151]. The 

W was irradiated to fluences between 0.4-0.9×10
22

 cm
-2

, with neutron energies 

greater than 0.1 MeV, at temperatures of ~385 °C. Within this study the DBTT of W 

was observed to increase by 150 °C. Tensile tests were carried out at varying strain 

rates and temperatures post irradiation and it was observed that the yield strength of 

W increased with increased fluence, increased strain rate, and decreased 
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temperatures. Regardless of the test strain rate or temperature, the ductility decreased 

with increased fluence [151].  

Irradiations in W-10%Re and W-25%Re in the same reactor carried out in the 1980s 

by Herschitz and Seidman up to a fluence of ~4×10
22

 cm
-2

 (an average of 8.6 dpa 

over 2 years) at temperatures between 575 °C and 675 °C showed the formation of 

WRe (σ) and WRe3 (χ) phase precipitates via field ion microscope atom probe 

measurements in the W-10%Re and W-25%Re alloys respectively [152], [153]. In 

the case of the W-10%Re, it was also observed that Re addition supressed the 

formation of voids during irradiation of W with neutrons. It was suggested that this 

was due to a mechanism where by the recombination of vacancies and interstitials 

was the dominant process, as opposed to point defect destruction at dislocations (a 

biased sink). The recombination mechanism results in a reduced number of 

vacancies, leading to a suppression of voids, and additionally provides an 

explanation for the homogeneous nucleation of WRe precipitates observed via field 

ion microscope atom probe [152] . A mechanism was also suggested for the 

formation of the WRe3 precipitate in W-25%Re whereby self-interstitials at the edge 

of displacement cascades react with Re atoms in order to produce a mobile mixed 

dumbbell. Two of the dumbbells can then react together, resulting in a di-Re cluster 

that is immobile, which will then itself react with a further dumbbell, producing a 

Re3 which then reacts with a W self-interstitial, resulting in a WRe3. It was 

postulated that these clusters will form precipitates via an irreversible vacancy:self-

interstitial atom annihilation mechanism that had been previously suggested by 

Cauvin and Marvin [153], [154]. Although in previous experiments, voids had not 

been observed in W-25%Re irradiation experiments, in this experiment, 90 Å 

diameter voids were observed [153].  
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In summary: 

 The recovery stages of W were identified. Keys and Moteff identified these 

as 0.15, 0.22 and 0.31 of the melting point of tungsten in K [149], [150] 

 Tensile tests were carried out in neutron irradiated W (at ~385 °C and 

fluences of 0.4 and 0.9 ×10
22

 cm
-2

), showing a decreased ductility with 

irradiation [151]. For example, following tensile tests at ~ 500 °C and a 

strain rate of 3×10
-4

 s
-1

, a 7.2% elongation was observed in W irradiated to 

0.9 ×10
22

 n/cm
2
, in comparison to 10% for the non-irradiated material. The 

yield strength of W irradiated to 0.9 ×10
22

 n/cm
2
 was observed to be ~950 

MPa in comparison to 600 MPa for non-irradiated W [151]. 

 The DBTT was observed to increase post irradiation by 150 °C [151]. 

 Transmutation of W to Re was observed [149], [150]. 

 Following irradiation of W-Re alloys, WRe (σ) and WRe3 (χ) phase 

precipitates were observed [152], [153]. After irradiation of W-10%Re up to 

fluences of ~4×10
22

 cm
-2

, ~57 Å, disc shaped,  σ  phase precipitates were 

observed at a density of ~10
16

 cm
-3

 [152].  Following irradiation of W-

25%Re up to the same fluence , ~40 Å diameter χ phase precipitates were 

observed with a number density of ~10
17

 cm
-3

 [153].  

 In the case of the W-10%Re, it was observed that Re addition supressed the 

formation of voids during neutron irradiation (no vids were observed via 

field ion microscopy post irradiation) [152].  

Investigating W for Future Fusion Devices 

In the mid-1990s it was proposed that tungsten should be considered for the divertor 

in ITER [155]–[157], which resulted in further neutron irradiation experiments. 

These were carried out in both mixed spectrum and fast neutron reactors (JOYO fast 
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test reactor, mixed spectrum JMTR (Japan Material Testing Reactor) reactor, HFIR 

mixed spectrum reactor and the FFTF fast reactor) using W, W-Re and W-Re-Os 

alloys. The irradiations were carried out at temperatures between 373-800 °C and at 

doses between 0.15-11 dpa. These studies analysed the neutron implanted samples 

via the use of microscopy, resistivity tests and micro-hardness tests [67], [68], [119], 

[134], [158]–[164]. The dpa levels reached in these experiments are relevant to the 

0.7 dpa expected at the end of operation of ITER [165]. However, from Monte Carlo 

simulations conducted by Gilbert et al. the dpa levels in DEMO are expected to be 

much higher (Figure 2.15) and could be ~14.5 dpa/fpy at the plasma facing surface 

of the equatorial first wall [33]. 

Hardening Studies 

He et al. investigated hardening processes in pure W and W-Re alloys ranging in 

composition from W-3%Re up to W-26% Re in the JMTR mixed spectrum test 

reactor [68].The samples were irradiated up to levels of 0.15 dpa at temperatures 

between 600-1000 °C. The Re addition was seen to reduce the hardness increase, 

with the concentration of Re having little impact (Figure 2.20) [68].  
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Figure 2.20: Vickers hardness increase of W and W-Re alloys irradiated to 0.15 dpa 

at temperatures between 600-1000 °C as a function of Re content. Taken from [68] 

It was observed that the number density of dislocations, dislocation loops and voids 

was lower in the W-Re samples in comparison to pure W (Table 2.3). It was 

suggested that solute Re atoms resisted vacancy and interstitial migration, resulting 

in a reduction in the number of voids and dislocation loops. For the W-26%Re no 

voids or dislocation loops were observed at all, however some form of precipitates 

were observed at grain boundaries at 800 °C, suggesting that the neutron irradiation 

induced Re segregation. The precipitates observed however, were not the σ and χ 

phase that had been observed previously during irradiations at much higher dpa 

levels of ~8.6 dpa  and 11 dpa [152], [153], [164].  
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Table 2.3:  Radiation Damage in W and W-3Re irradiated at different temperatures, 

taken from [68]. 

Materials 

(Temperature 

during 

Irradiation) 

Voids Swelling Loops Dislocations 

 Density 

10
22

 m
-3 

Radius 

nm 

% Density 

10
21

 m
-3

 

Radius 

nm 

Density 10
14

 

m
-3 

W (600 °C) 6.4 1.3 0.09 4.6 7.9 4.0 

W (600-800 °C) 3.4 1.4 0.06 0.7 7.4 4.5 

W(800 °C) 4.2 1.9 0.18 1.1 8.5 2.6 

W-3Re (600 °C) 3.4 1.1 0.03 1.4 3.6 - 

W-3Re (600-800 

°C) 

2.0 1.1 0.02 - - - 

W-3Re (800 °C) 0.9 1.3 0.01 1.1 2.8 - 

 

Additionally the hardness increase in the W-26%Re irradiated at 800 °C to 0.15 dpa 

was seen to be ~1/10 of that seen by Nemoto et al. at 11 dpa in the FFTF reactor at 

the same temperature, most likely due to increased transmutation and precipitate 

formation at higher doses [68], [164]. Although it should be noted that the FFTF is a 

fast reactor and the JMTR reactor is a mixed spectrum reactor, and there is variation 

in the flux spectra [166], therefore direct comparison may not be accurate.  

Following this low dose investigation, Tanno et al. conducted a campaign in the 

JOYO fast reactor at dpa levels between 0.17-1.54 dpa and at temperatures between 

400 and 750 °C [67], [134], [162]. Pure W as well as alloys of W-Re (5-26%), W-Os 

(3 and 5%), and W-Re-Os (5-25%Re, all with 3% Os, and 5%Re with 5%Os) were 

investigated in order to investigate the effect of transmutation products on 

mechanical property development during neutron irradiation [67], [134]. The initial 

Vickers hardness of the materials used is shown in Figure 2.21 [167]. Only the 

annealed materials were used for the irradiation experiments. The fluence of 

neutrons with energies above 0.1 MeV ranged between 1.3-12×10
25

 m
-2

.  Tanno et 

al. stated that even after 1.54 dpa the transmutation in W would be negligible, due to 
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the small transmutation cross section in JOYO [67], [134]. However, Abernethy 

suggested that this may not be a suitable assumption [25]. This is due to the fact it 

has been reported by Greenwood and Garner that within the Fast Flux Test Facility-

Materials Open Test Assembly (FFTF-MOTA) that the transmutation rate/dpa is 

highly variable depending on the position within the reactor [168], [169]. 

Additionally transmutation had been observed previously within the EBR-II fast 

reactor, which could suggest that neglecting transmutation may not be accurate 

[170].  

 

Figure 2.21: a) Vickers hardness of W-Re and W-Os alloys before and after 

annealing at1673 K for 3.6 ks. The arrow indicates annealing induced softening. b) 

Vickers hardness change of W-Re-Os alloys in comparison to pure W after 

annealing. The arrow indicates precipitate induced hardening. The alloys used in the 

irradiation experiments were all annealed material. Taken from [167]. 

Initially the W and W-Re alloys from the JOYO reactor are considered [67], [162]. 

At dpa levels of 0.17, 0.37 and 0.4 dpa, the Re addition has a negligible effect on the 

hardness increase. An exception is for the case of the W-26%Re irradiated to 0.4 dpa 

at 740 °C, which showed an increase in hardnessof~400 HV  in comparison to ~200 

HV in the pure W case [67]. This is unlike observations by He et al. at 0.15 dpa in 

JMTR, where it was observed that hardening decreased with the addition of Re, 

regardless of the Re concentration [68]. A comparison is conducted with an air of 
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caution due to the differences in the neutron flux spectrums in the JOYO fast reactor 

and the JMTR mixed spectrum reactor. This again highlights the strong effect 

neutron flux spectrum has on the observed changes. The W-26%Re irradiated to 0.17 

dpa at 400 °C in JOYO showed a hardness increase of ~200 Hv [67] compared to an 

increase of ~100 Hv of the W-26%Re irradiated in the JMTR up to 0.15 dpa at 

600 °C [68]. This fits in with the trend observed by He. et al. of increased hardening 

at reduced temperatures [68], however again the variation in neutron flux spectrum 

also needs to be considered.  

At the higher dpa levels between 0.4 and 1.54 dpa, the change in hardness increases 

with increased initial concentration of Re [67], [162]. The increase in hardness 

between 0.4 and 1.54 dpa was slower at the higher temperature of 750 °C, in 

comparison to the hardness increase between 0.4 and 1 dpa at ~500 °C. For example 

the increase in W hardness for pure W at ~500 and 750 °C is ~350 and 320 HV 

respectively, in comparison to the hardness increase for W-26%Re of ~850 and 600 

HV at ~500 and 750 °C respectively [162]. A summary of the pure W and W-Re 

hardness data is given in Figure 2.22. 
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Figure 2.22: Summary of irradiation hardness data for W and W-Re alloys in JOYO 

reactor. The solid lines indicate the increase in irradiation hardening with dpa at 

~500 °C and the dashed lines at 750 °C, taken from [162]. 

A summary for the hardness increase observed following irradiation for the W-xOs, 

W-xRe-3Os and W-5Re-xOs alloys is shown in  Figure 2.23[67]. At dpa levels 

between 0.17 and 0.4 dpa, for the W-5%Os alloys, the hardness increase was ~3 

times greater than that observed in the W-5%Re. The W-3%Os alloys showed 

similar levels of hardness increase to the W-5%Os alloys (~600 HV increase). At 

1.54 dpa, the hardness increase followed a similar trend with increasing Os content; 

however it was shifted up by ~150 Hv. In the case of the W-xRe-3Os alloys, for the 

lower temperature and dpa irradiations (up to 0.37 dpa, at temperatures between 400-

500 °C), there appeared to be a decrease in hardness with increased Re 

concentration. For the 0.17 dpa irradiation, the hardness increase observed in the W-

25Re-3Os alloy was ~0.6 of that seen in the pure W, and for 0.37 dpa irradiation it 

was about 0.8 of the pure W [67]. However, at 0.4 dpa and 1.54 dpa at temperature 
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of 740 and 750 °C, respectively, there was no clear trend on the influence of Re on 

the hardness change. The W-5Re-xOs alloys showed a similar trend of hardness 

increase at 0.37 and 0.4 dpa and temperature of 500 and 740 °C to the binary W-Os 

alloys, in that there was an increase in hardness with the addition of Os, but little 

variation between the hardness increase at 3 and 5%Os. For the irradiations at 0.17 

dpa and 1.54 dpa, at temperatures of 400 and 750 °C, respectively, there appeared to 

be a more linear increase of hardness with Os concentration. The hardness increases 

in the W-5Re-xOs alloys was much greater than the W-5%Re alloy, for example the 

hardness increase of W-5Re-5Os following irradiation to 1.54 dpa is almost double 

that observed for W-5Re.  

 

Figure 2.23: Change in hardness for a)W-xOs samples as a function of Os content, 

b) W-xRe-3Os samples as a function of Re content and c) W-5Re-xOs samples as a 

function of Os content irradiated between 0.17-1.54 dpa at temperatures between 

400-750 °C in the JOYO reactor [67]. 

a) b) 

c) 
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The hardening observed in the pure W was much lower than the alloys and there was 

not a massive increase in hardness with increased dpa [162], which correlates to the 

void formation mechanism observed via TEM (Figure 2.24, Figure 2.25). There is 

little difference between the hardness increase at 0.96 dpa and 1.54 dpa. After 

0.96 dpa at 538 °C, out of all the irradiated samples, this sample had the greatest 

void number density (Table 2.4)  [162].  

Table 2.4: The number density and size of irradiation induced defect clusters in W 

and W-10%Re following irradiation in the JOYO reactor. ∆HV (Calc.) and (Meas.) 

are the change in Vickers hardness post irradiation obtained via calculations based 

on microstructure and by measurement respectively [162]. 

   N (10
22

m
-3

) d (nm) 
(Nd)

1/2
 

(10
6
m

-1
) 

∆HV 

(Calc.) 

∆HV 

(Meas.) 

1.54 dpa 

750 °C 

W Void 12.0 4.7 23.8 355 341 

W-10Re 
Void 3.1 1.6 7.0 104 

419 
Prec. 41.7 9.5 62.9 422 

0.96 dpa 

538 °C 

W 
Void 48.7 2.1 32.1 478 

363 
Loop 4.7 4.7 14.9 74 

W-10Re 
Loop <0.2 ~5 <2 <10 

528 
Prec. 83.7 6.8 75.6 507 

 

Additionally after 1.54 dpa at 750 °C, a void lattice was observed in the pure W, 

indicating that there can be a saturation in damage due to void formation in pure W 

[67]. Voids that were less than 2 nm in diameter were observed to not contribute to 

irradiation hardening [162]. The observation of a void lattice is also consistent with 

observations by Sikka and Moteff in 1972, who irradiated W in the EBR-II fast 

reactor at a temperature of ~550 °C, to a fast neutron fluence of 1×10
22

 cm
-2

 [171].  

Additionally it may be observed from Figure 2.22, that the effect of temperature on 

the irradiation hardness behaviour was not as severe as that observed for W-Re 

alloys [162]. 
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Figure 2.24: Voids observed via TEM in pure W irradiated to a) 0.17 dpa at 400 °C, 

b) 0.96 dpa at 538 °C, c) 0.4 dpa at 740 °C and d) 1.54 dpa at 750 °C. Images a) and 

d) are taken in over focused condition. Images taken by Tanno et al.[162]. 

 

Figure 2.25: Void lattice observed via TEM in irradiated W after 1.54 dpa at 

750 °C, taken by Tanno et al. from [67]. 

Microscopy Studies 

Nemoto et al. carried out neutron irradiation experiments on W-26%Re alloys in the 

FFTF fast reactor. Although this Re percentage is much higher than would be 

expected in ITER or even a DEMO fusion reactor, at this time W-Re alloys were 

also being considered as divertor materials, due to the increased ductility of non-

irradiated W-Re over pure W [164], [172]. The irradiations were carried out at 

fluences of up to ~1×10
27

 m
-2

, where the neutrons had energies greater than 0.1 MeV 

in a He atmosphere. The range of dpa achieved was between 2 and 11 dpa and the 

temperatures at which irradiation occurred were between 373 and 800 °C. It was 

interesting that although voids had been previously observed in W-25%Re irradiated 

up to levels of ~8.6 dpa by Herschitz and Seidman [153], Nemoto et al. did not 

observe voids, and additionally did not observe dislocations or dislocation loops. 
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Both platelet type, χ (Re3W), and equiaxed type, σ (ReW), precipitates were 

observed. The size of the precipitates was observed to increase with irradiation 

temperature. The χ phase precipitates were observed to increase from 10-35 nm from 

373-800 °C, and the σ phase precipitates increased from 5-15 nm [164]. It was 

suggested that irradiation hardening and embrittlement could be due to the formation 

of the σ and χ phases. Due to the brittle nature of the precipitates, cracking could be 

instigated, and weakening of grain boundaries could occur if the precipitates were to 

form at grain boundaries. Additionally, matrix hardening could occur, particularly in 

the case of the χ phase precipitate. The χ phase was observed on the (011) plane and 

therefore would inhibit dislocation glide in the (110) plane, and as inhibition of 

dislocation glide has been shown to effect the DBTT [113], [114], this provides a 

mechanism by which embrittlement could occur [164].  

He et al. subsequently did a study in pure W and W-Re alloys ranging in 

composition from W-3%Re up to W-26% Re in the JMTR mixed spectrum test 

reactor [68].The samples were irradiated up to levels of 0.15 dpa at temperatures 

between 600-1000 °C. The fast neutron fluences achieved were between 3.7-

3.8×10
24

 m
-2

. Additionally some samples were irradiated at periodically varying 

temperatures of 600 and 800 °C. The samples were irradiated within a He-filled 

capsule. Dislocations, dislocation loops and voids were observed in neutron 

irradiated W and W-3%Re and the size and number density of the defects was seen 

to influence the irradiation hardening. Irradiation hardening was observed to 

decrease with increased temperature, with the number density of dislocation loops 

and voids also decreasing with increased temperature (Table 2.3), suggesting that at 

higher temperatures there is increased recombination of vacancies and interstitials 

that are created due to the irradiation [68].   
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The W samples irradiated at the periodically varying temperature had a much lower 

density of dislocation loops, compared to the single temperature irradiations at 

600 °C and 800 °C, again suggesting increased vacancy/interstitial recombination 

[68]. This could be interesting for a future fusion reactor like ITER or DEMO, where 

there would be significant variations in temperature, either as a result of ELMS or 

the cooling down between pulses [68].    

Void growth within pure W was also observed to be highly dependent on 

temperature, and was seen to occur when the irradiation temperature was 

approximately 3/10
th

 of the melting point of tungsten [68].  

Microscopy analysis was carried out in the W, W, 5%Re, W-10%Re and W-3%Os 

samples irradiated to 1.54 dpa at 750 °C, as well as W-5%Re and W-10%Re 

irradiated to 0.96 dpa at 538 °C in JOYO [67], [134]. The density of voids was 

significantly lower in the W-Re and W-Os alloys, in comparison to pure W and in 

addition thin needle like precipitates were observed in both alloy cases [67], [162].  

In the W-Os alloys, it was suggested that these were WOs, σ precipitates (Figure 

2.26), and they aligned along the {110} plane [160]. In the W-Re alloys these were 

identified as χ phase precipitates [162]. The number density of χ phase precipitates 

was less in the 1.54 dpa, 750 °C irradiated sample in comparison to the 0.96 dpa, 

538 °C sample, and they were coarser in nature (Table 2.4). This is mostly likely due 

to the increased vacancy and interstitial mobility at raised temperatures [162]. 

Furthermore, Herschitz et al. had previously observed Re depletion zones around 

precipitates in irradiated W-25%Re at temperatures between 575-675 °C [153]. At 

higher temperatures Re could move to the depletion zone from the matrix, resulting 

in the formation of large and coarse precipitates. It was suggested that this 

corresponds to the 750 °C irradiations in the Tanno experiment [162]. At lower 



Chapter 2  83 

temperatures, the Re would not be able to migrate to the depletion zone, limiting 

precipitation growth. There would be nucleation of fine, dense precipitates [153]. 

This was said to correspond to the results from the 538 °C Tanno experiment [162]. 

The denser χ phase precipitates observed at 0.96 dpa, 538 °C, corresponded to higher 

hardness increases, in comparison to the 1.54 dpa, 750 °C sample [162].  

Again it was suggested that Re supressed void formation due to reduced SIA 

mobility and increased vacancy/interstitial recombination [162]. The χ phase 

precipitates were observed on the {110} planes. The small number of precipitates 

observed in the W-Os alloys did not explain the much larger hardness increase 

observed in the W-Os alloys, in comparison to pure W or W-Re and additionally as 

only a few voids were observed in the W-Os, it was suggested that perhaps another 

mechanism may affect irradiation hardening in W-Os alloys [160]. Equiaxed, σ 

phase precipitates were also observed in the W-10%Re, and W-5%Re irradiated to 

1.54 dpa at 750 °C [162]. TEM images of the precipitates in irradiated W-Re are 

shown in Figure 2.27. 

 

Figure 2.26: TEM of thin, needle-like precipitates observed in W-3Os irradiated to 

1.54 dpa at 750 °C, taken by Tanno et al. [67] 
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Figure 2.27: TEM image of σ and χ phase precipitates, and a small number of voids 

in ‘a) and b)’ W-5%Re and ‘c) and d)’ W-10%Re irradiated to ‘a) and c)’ 0.96 dpa at 

538 °C and ‘b) and d)’ 1.54 dpa at 750 °C, taken by Tanno et al.[162]. 

Fukuda carried out irradiations at temperatures of 500 °C and 800 °C up to doses of 

~1 dpa in the HFIR mixed spectrum reactor in W and W(3-26%)Re alloys [173]. For 

the first time the percentage of expected transmutation products were calculated for 

the samples post-irradiation, although not experimentally verified. The predicted 

transmutation levels were much higher than those expected in ITER or DEMO, with 

the pure W said to transmutate to W-9.22%Re-5.02%Os following irradiation. In the 

originally pure W sample, σ and χ precipitates were observed post-irradiation. A 

summary of precipitate size and density is shown in Figure 2.28. The precipitates 

were larger and had a lower number density in comparison to the samples alloyed 

with Re prior to irradiation, where the precipitates were fine and densely populated. 

The size of the precipitates was seen to increase at higher temperatures. Again Re 

addition as an alloying element appeared to suppress void and dislocation formation 

in W.  The hardness increases in HFIR were significantly greater than those seen 
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previously at similar doses in JOYO [158], [159]. For pure W, the hardness increase 

was ~1.5-2 times greater than that observed in the JOYO fast reactor by Tanno et al. 

[159], [162]. It was suggested that this was because unlike in JOYO where no 

precipitates were observed in the pure W, in HFIR, dense precipitates were observed 

(Figure 2.29) [159]. The hardness increase was observed to increase with Re 

concentration at both temperatures [159]. 

 

Figure 2.28: Number density and size of precipitates in pure W and W-Re following 

neutron irradiation to 0.9dpa at 500 °C and 0.98 dpa at 800 °C in HFIR. Taken from 

[173]. 

 

Figure 2.29: Irradiation conditions and microstructures observed in pure W post-

irradiation in JOYO, HFIR and JMTR reactors. Taken from [159]. 
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Summary of Neutron Irradiations 

Due to the variation in flux spectra of the different fission reactors, there has been 

some variation in the results. In the case of pure W irradiations, the damage 

mechanism has typically involved loops and voids at doses less than 1 dpa, with only 

voids observed at higher doses (Figure 2.29). No precipitates were observed in the 

JOYO fast reactor, even at high doses, in contrast to the observations in the mixed 

spectrum HFIR (Figure 2.29 e), h)). In the mixed spectrum JMTR only voids and 

loops were observed (Figure 2.29 a)).  The variation of hardness with dose for the 

JOYO fast test reactor, JMTR mixed spectrum reactor and HFIR mixed spectrum 

reactor are shown in Figure 2.30. The data from JOYO appears to show some level 

of saturation by 1 dpa, however this is not the case in HFIR. 

 

Figure 2.30: Variation of irradiation hardening with dose in pure W, at temperatures 

between 400-800 °C, using data from [68], [159], [162]. 

In the JOYO fast reactor there is clearly a different mechanism of damage, 

dependant on whether Re is in an alloying element in the initial material subject to 

neutron irradiation or if it is introduced through transmutation during the neutron 
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irradiation process. When Re is an initial alloying element, void formation is 

supressed and the main mechanism driving hardness increase is through the 

formation and growth of precipitates. Whereas, if the initial material is pure W, a 

void formation mechanism will be dominant [67], [134], [162].  

The void formation mechanism appears to result in a saturation of hardness increase, 

in the case of Tanno et al., with irradiations carried out in the JOYO reactor, at ~1 

dpa, whereas the precipitation mechanism does not appear to saturate, and increased 

hardness with increased dose is observed for W-Re alloys. At dpa levels between 

0.4-1 dpa it appears there is a damage threshold that is dependent on the 

concentration of Re. At 0.4 dpa or less the effect of Re on irradiation hardening is 

negligible (with the exception of W-26%Re, where there is a higher hardness 

increase), however above this threshold, the concentration of Re has a strong impact, 

and much greater hardness increases are observed in comparison to pure W. 

Furthermore there is a greater hardness increase at 0.96 dpa at 538 °C as opposed to 

1.54 dpa at 750 °C. This could be due to the fact at lower temperatures there is 

nucleation of precipitates, resulting in dense and fine precipitates, whereas at higher 

temperatures the mechanism is dominated by the growth of precipitates [162].   

The results from the mixed spectrum reactor, HFIR vary from those observed in 

JOYO or JMTR.  The hardness increases observed at ~1 dpa in pure W in the HFIR 

mixed spectrum reactor are ~1.5-2 times greater [158], [159] than those observed in 

the JOYO fast reactor by Tanno et al. at a similar dose [162]. It is suggested that this 

is because the HFIR reactor is a mixed spectrum reactor, and the rate of 

transmutation to Re and Os is greater, as there is a greater flux of thermal neutrons 

[158] (and indeed the predicted rate of transmutation is greater than that expected in 

ITER or DEMO). Unlike JOYO, where no precipitates were observed in pure W 
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after 1 dpa, precipitates were observed in HFIR. However, it is not clear why the 

irradiation hardening is so much greater at 800 °C, in comparison to 500 °C. At 

500 °C, the majority of precipitates observed were χ phase, whereas both σ and χ 

were observed at 800 °C,  This implies that in this reactor, the precipitation 

mechanism of damage is also affecting irradiation hardening in pure W, rather than 

just void formation as observed in JOYO, and this correlates with the precipitates 

that were observed in TEM images of the HFIR samples by Hasegawa et al. [159] 

(Figure 2.29).  

It is proposed that the hardening mechanism in W-Os alloys is different from the 

void formation or precipitation mechanism in pure W and W-Re alloys [160]. 

Recently Xu et al.[146] carried out an atom probe study in W ion irradiated W-

2at.%Re and W-1at%Re -1at%Re , which suggested that the presence of Os 

suppressed Re cluster formation, which was thought to be due to Os atoms being 

more strongly bound to vacancies than Re atoms, resulting in the formation of Os 

clusters, also corresponding to increased hardening in the ternary alloy in 

comparison to the binary alloy [146].  

Combining the microstructural observation in JOYO, HFIR and JMTR, Hasegawa et 

al. have predicted that within a future fusion reactor, the microstructure at ~1 dpa 

(relevant to ITER) will comprise mostly of voids in  a lattice structure, with some 

loops and above 10 dpa (relevant to DEMO), there will still be voids, but they will 

be less ordered and precipitates will also be present [159]. 

In terms of mechanical properties the only data currently available from the fusion 

specific experiments are hardness measurements of neutron irradiated tungsten based 

upon small sample sizes. In terms of engineering design of a large reactor like ITER 



Chapter 2  89 

or DEMO, these are insufficient and fracture properties of tungsten post irradiation 

are in great demand.   

2.3.3.4 Ion Irradiations 

Ion Irradiations in W Prior to Fusion Use 

Ion irradiation experiments have been carried out since the 1970s in different metals 

in order to simulate neutron damage [144]. Again like the neutron irradiations 

studies in W the W ion irradiation studies in the 1970s were not for fusion 

applications.  

Buswell carried out a study comparing heavy ion irradiations with fast neutron 

irradiation, using electron and field ion microscopy in order to compare the vacancy 

damage induced by both irradiation types [174]. The ions in this study were Zn, Hg 

and W
 
at energies of 100 or 150 keV. The irradiations were carried out at ambient 

temperatures. From the field ion microscopy it was observed that heavy ion 

irradiation at low energies resulted in small vacancy clusters with less than 10 

vacancies per cluster observed in 80% of cases. Voids that contained up to 300 

vacancies as well as dislocation loops were observed via field ion microscopy. The 

dislocation loops were 𝐛 =
1

2
〈111〉 or 

1

3
〈112〉. Dislocation loops with Burgers 

vectors 
1

2
〈111〉 were also observed by Häussermann et al. during a TEM study of W 

foils irradiated with 20-70 keV Au
  
ions up to levels of ~0.44 dpa [175], [176]. 

Electron microscopy was only capable of resolving the dislocation loops, which only 

made up 10% of the total radiation induced damage. The neutron and ion irradiations 

induced similar types of damage, although a dose variation was required in order to 

get similar densities of damage [174]. Jäger and Wilkins subsequently carried out 

TEM of W irradiated with 60 keV Au
 
ions [177] which confirmed that the model 



Chapter 2  90 

suggested by Eyre and Bullough for the formation of dislocation loops with Burgers 

vectors 
1

2
〈111〉 in BCC metals [178]. 

Ion Irradiations for Fusion Applications 

Armstrong et al. carried out an extensive investigation into W ion irradiation of W, 

W-Re and W-Ta for nuclear fusion applications [145], [179]. A 2 MeV W
+
 ion beam 

was used to achieve doses of 0.07, 0.4, 1.2, 13 and 33 dpa and a damage layer of 

~300 nm in thickness at temperatures of ~300 °C. A summary of the hardness 

increase with respect to dose is given in Figure 2.31.  

 

Figure 2.31: Irradiation hardening in W, W-Re and W-Ta following W ion 

irradiation using data from [145], [179], [180]. All irradiations were using W ions at 

300 °C. The change in hardness was taken at a depth of 125 nm for the pure W and 

W-5%Re, between 50-250 nm for the W-5%Ta and at a depth of 125 nm for the 

annealed and as received W-5%Re samples. The grain size is provided in brackets. 

For pure W, the hardness increase is observed to saturate at a value of ~0.8 GPa at 

~0.4 dpa, and this has been correlated to TEM observations which show similar 

dislocation loop densities at 0.4 and 1 dpa, and a small increase at 33 dpa. The W-
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5%Re alloy shows similar hardness increase to W up to 1.2 dpa, however at 13 and 

33 dpa the hardness increase is much greater. This is correlated to the observation of 

nanometre size clusters of Re in concentration observed via atom probe tomography 

at 13 and 33 dpa. The concentration of Re within the clusters is observed to increase 

with dose, and concentrations of 20-26% Re are observed at 33 dpa. It is postulated 

that this could be a precursor to the σ phase precipitates observed following neutron 

irradiation [145].   

Yi et al. [143] also carried out an in-situ self-ion irradiation study in W and W-5%Re 

at 500 °C, at doses between 10
16

-10
18

  m
-2

, equivalent to ~1 dpa. The observations 

revealed that cascade collapse resulted in vacancy loop formation and interstitial 

loops were formed via interstitial migration at a slower rate. For the largest fluences, 

it was observed that there was a greater number density, and a reduced average loop 

size in the W-5%Re, in comparison to the pure W. This indicated that the addition of 

Re was supressing loop mobility and growth. An annealing experiment at 500 °C 

also revealed that the motion of the b=
1

2
〈111〉 loops were retarded by Re, which may 

give an indication as to why Re supresses void formation in neutron irradiation 

experiments [25], [143].  

Armstrong and Britton also investigated the effect of initial microstructure on the 

hardening mechanism in W-Re alloys [180], again conducting 2MeV W
+
 ion 

irradiations  at doses between 0.07-13 dpa in an as-received W-5wt%Re material 

with ~200 nm thick pancake shaped grains (average ~2 µm rolled plane grain 

diameter) and a high dislocation density, as well as an annealed material with a low 

dislocation density and an equiaxed grain structure with a ~90 µm average grain 

size. What was interesting is that the hardening increase in the as-received sample 
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seemed to saturate by 0.4 dpa, whereas the hardness increased with dpa for the 

annealed sample, and was consistently greater than in the as-received material (~3 

times greater at 13 dpa). It was suggested that areas of high dislocation densities, 

such as the walls of the sub grains in the as-received sample act as sinks, allowing 

for point-defect recombination, and fewer new dislocation loops being formed, 

resulting in a saturation in the hardening, and also a much lower rate of hardening 

increase in comparison to the annealed sample [180]. This showed that 

microstructure has a strong effect on irradiation damage mechanisms, and 

additionally that within a fusion reactor it would be beneficial to use a 

nanostructured W sheet for structural components within a future fusion reactor 

[180].   

The hardness increase observed in W-5%Ta is consistently higher than both the pure 

W and the W-5%Re, however no TEM or atom probe was carried out in order to 

provide a possible mechanism for this increase [179]. It should be noted that the 

grain sizes of this material were of the range of 100 µm-1mm. This is significantly 

higher than the 50-500 µm of the pure W and 10-100 µm of the W-Re in the initial 

study. Considering the results of Armstrong and Britton [180], it is possible that 

there were fewer sinks for point defects, and therefore a much greater increase in 

hardness. From Figure 2.31 it can be seen that both initial microstructure as well as 

the starting alloy composition has a significant impact on the irradiation hardening 

mechanism. In general it can be observed that with increasing grain size, and 

reduced initial dislocation density, there is an increase in irradiation hardening, with 

the exception of pure W where, despite the larger grain size in comparison to the two 

annealed W-5%Re cases, the hardness increase is less (specifically at higher doses) . 

It is postulated that this is due to the fact that the clustering of Re atoms results in 
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higher hardness values, in comparison to the point defect and dislocation loop 

generation alone in the case of the pure W. 

Ciupiński et al. carried out 20 MeV W
6+

 ion irradiations, using a 3 MV tandem 

accelerator, in polycrystalline ITER grade tungsten up to levels of 0.01, 0.1 and 0.89 

dpa at temperatures of ~17 °C. Active cooling was utilised to maintain the 

temperature and the vacuum pressure in the chamber was reported as better than 10
-

5
 Pa [181]. The Monte Carlo code, SRIM was used to predict the peak damage at 

1.35 µm and a maximum depth of penetration of ~2.35 µm. Focused ion beam (FIB) 

was used to produce TEM lamella which were analysed in order to observe 

irradiation induced defects. At 0.01 dpa, 5nm size, evenly distributed dislocation 

loops were observed. With increased dose, there is entanglement of the defects. At 

0.89 dpa, close to the surface, there is a 400 nm layer of high density, entangled 

dislocations, followed by a region with a coarser dislocation network, and a lower 

density of defects up to 1.9 µm, and then finally at ~2 µm, small, evenly distributed 

loops were observed at high densities. The depth of the damage observed in the TEM 

agreed well with the SRIM calculations; however the intensity varied, with the 

lowest areal density of defects observed at 1.35 µm in the 0.89 dpa case. It was 

suggested that this was due to recombination and rearrangement of defects, but the 

migration of tungsten at temperatures of ~17 °C is too low, and therefore it was 

proposed that there was also localised heating caused by the irradiation that for MeV 

ions, that could be of the order of 10 000 °C, referred to as a thermal spike that 

would dissipate over the 1-100 ps range [181].  

A recent study by Xu et al. [146] in W
+
 ion irradiated W-2at.%Re and W-1at.%Re-

1at.%Os at temperatures of 300 °C and 500 °C up to a dose of 33 dpa. At 300 °C, the 

increase in hardness observed was similar in both alloys; however at the higher 
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temperatures of 500 °C, the hardness in the ternary alloy was ~1.4 times greater than 

that observed in the W-2%Re. The fact that the presence of Os results in an increased 

hardness in comparison to a W-Re binary alloy corresponds to neutron irradiation 

experiments up to 1.54 dpa at temperatures between 400-750 °C conducted by Tanno 

et al. [67]. Although the same alloy compositions and doses are not available for 

comparison, if the lowest concentration alloys of W-5%Re and W-5%Re-3%Os from 

the neutron irradiation experiment are considered, also at 500 °C, but at doses of 

0.37 dpa, there is ~3 times greater hardness increase in the ternary alloy, compared 

to the binary W-Re alloy [67].  

Comparing Heavy Ion Irradiation Experiments to Neutron Irradiation 

Experiments 

Abernethy has conducted a review comparing recent heavy ion and neutron 

irradiation experiments in W and W-5%Re [25]. Interestingly the neutron irradiation 

experiments are showing a higher degree of hardening in comparison to the ion 

irradiation experiments to the same doses, which considering the higher does rate 

used in heavy ion experiments (higher dose rate means less time for annealing of 

defects and therefore should theoretically result in higher hardness increases) is quite 

surprising. Abernethy suggested that this could be due to the fact that transmutation 

effects from the neutron irradiations have not been taken into account, giving a 

possible explanation for the greater discrepancy observed between ion and neutron 

irradiated W (Figure 2.32) in comparison to W-5%Re (Figure 2.33) [25], [67], [68] 

[145].  

Another suggestion was that at the lower dose rates employed during neutron 

irradiation, there could be increased segregation, and this could help to explain why 

precipitates were observed in W-5%Re neutron irradiated to only 0.96 dpa [162], 
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whereas Re dense clusters were only observed at 13 and 33 dpa following ion 

irradiation [145]. Studies in Fe-Cr alloys, implanted with heavy ions showed 

increased hardening at lower doses, which was linked to the segregation of Cr, which 

provides some credence to this theory [182]. Additionally the hardness of the 

neutron irradiated samples was typically given via Vickers hardness testing, and the 

ion irradiation results from nanoindentation data. On conversion to GPa, the ‘raw’ 

Vickers hardness data in the non-irradiated material are ~0.5 times the value of the 

raw nanoindentation measurements of non-irradiated material, and therefore this 

could also affect the changes in hardness measured. Without the use of the same 

technique to measure hardness in both materials, it is difficult to accurately correlate 

the two damage techniques [25] 

 

Figure 2.32:  Comparison of hardness increase observed in neutron and ion 

irradiation experiments in pure W, taken from [25], using data from [67], [68], [145]. 
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Figure 2.33: Comparison of hardness increase observed in neutron and ion 

irradiation experiments in W-5%Re, taken from [25], using data from [67], [68], 

[145]. 

Summary of Heavy Ion Irradiations 

 Self-ion irradiations have been carried out in W, W-Re, W-Ta and W-Re-Os 

alloys and microstructural and nano-hardness testing has been carried out 

[143], [145], [146], [179]–[181]. 

 There is a saturation in hardness increase with dose for pure W and W-Re 

with high dislocation density. Saturation in hardness increase is not seen in 

the other alloys, including W-Re with a low dislocation density[145], [179], 

[180]. 

 In W-Re, up to doses of 13 dpa the irradiation hardening is due to formation 

of point defects and dislocation loops. Above 13 dpa clustering of Re has 

been observed [145]. 

 Re has been observed to retard the mobility of b=
1

2
〈111〉 loops [143].  

 Initial microstructure was found to significantly impact irradiation 

hardening. Areas of high dislocation densities can act as sinks, allowing for 
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point-defect recombination, and fewer new dislocation loops being formed, 

resulting in a saturation in the hardening, and also a much lower rate of 

hardening [180].  

 Hardness increases in W and W-5%Re following W ion irradiation has been 

found to lie below hardness measurements following neutron irradiation 

experiments [25], [67], [68], [145]. 

2.3.3.5 Proton Irradiations 

Maloy et al. carried out an investigation into the effect on mechanical properties 

from 800 MeV, 1 mA proton irradiations, with the aim of investigating its use as a 

spallation neutron source [183]. Unlike other ion irradiation studies this was a long 

term irradiation over a period of 6 months, up to a maximum dose of 23.3 dpa, at 

temperatures between 50-270 °C. The investigation was carried out on 99.95 % 

purity wrought W rod material, with grain sizes between 20-40 µm. During the 

irradiation the samples were clad with either 304 L stainless steel or annealed Alloy 

718 and back filled with He. Compression and hardness testing was carried out in 

order to analyse mechanical property changes. It was observed that there was little 

change in yield stress (1200-1400 MPa in non-irradiated state, ~1600 MPa in 

irradiated) up to irradiation levels of ~4 dpa, with little variation with dose. Whereas 

between 4-23 dpa, there was a large increase in yield stress with dose, with yield 

stress values ranging from 1600 MPa up to 2200 MPa. It was suggested that until 

doses of 4 dpa, it is the stress needed for dislocations to break free from pinning sites 

that affects the yield strength. Above this threshold value, there is an increased 

density of interstitial clusters with dose, and the stress required for dislocations to 

move through the interstitial clusters is what influences the yield stress. After the 

compression tests, cracking was seen at the sides of the samples, which suggested 
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that irradiation resulted in decreased tensile ductility. The hardness testing showed 

an increase in hardness up to doses of 0.8 dpa, followed by a slightly lower hardness 

increase at 4 dpa, after which the hardness increase again increased with dose up to 

23 dpa [183]. This is very interesting, as previous neutron irradiation (Tanno et al.) 

and heavy ion irradiation (Armstrong et al.) experiments suggested a saturation in 

hardness increase at 1 dpa [162] and 0.4 dpa [145], respectively. 

Sakamoto et al.[184] carried out in-situ TEM proton irradiations in single crystal 

99.99% purity W and polycrystalline 99.9% purity W at energies between 0.5-8 keV 

at temperatures of 20-800 °C. In the single crystal W, dislocation loops were seen at 

temperatures of 500 °C or less. Dislocation networks were produced at temperatures 

below 100 °C.  However, due to the free surface, which is a problem during in-situ 

TEM ion irradiations, at temperatures greater than 200 °C, dislocation networks were 

not formed. At temperatures between 600-800 °C, hydrogen bubbles were observed.  

The areal density of the dislocation loops increased with fluence before saturation. 

Increased fluences were required at higher temperatures for formation of the 

dislocation loops. The final areal density of the dislocation loops was seen to 

decrease with temperature.  This temperature dependence was more apparent in the 

single crystal W, in comparison to the polycrystalline. Unlike the single crystal 

material, at temperatures greater than 600 °C, bubbles, and also dislocation loops 

were seen in the polycrystalline material [184].  

The incoming ion energy also influenced the damage induced. In the single crystal 

W, no defects were observed at energies below 2 keV. Clusters of hydrogen were 

observed at 3 keV, followed by dislocation loops at energies greater than 4 keV. 

With increased ion energy, there was a reduction in the fluence required for defect 

formation, as well as the final density of the defects[184].  
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An annealing study up to temperatures of 700 °C, post irradiation revealed a higher 

remaining density of loops in the polycrystalline W in comparison to the single 

crystal, which may indicate a higher rate of hydrogen retention [184].  

He et al. carried out a study comparing proton irradiation effects and neutron 

irradiation effects on W, W-Re, W-Os and W-Re-Os alloys [185]. The proton 

irradiations were carried out at energies of 1 MeV, temperatures of 500 and 600 °C, 

at a dose rate of 2.1×10
-5

 dpa s
-1

, resulting in dpa ranging from ~0.1 dpa at the 

surface to 1.2 dpa at the peak of the damage profile, which extended up to ~6 µm 

into the sample [185].  The vacuum used during irradiation was less than 3.7×10 
-

4 
Pa. Twin JET electro-polishing was used to produce TEM samples from around 

2 µm into the damage region. The neutron irradiations were carried out at 600 °C in 

the JMTR mixed spectrum reactor up to levels of 0.15 dpa, as described in [68]. It 

was observed that during proton irradiation the number density and size of 

dislocation loops induced was smaller than those seen in neutron irradiation. 

Additionally there were a greater number of voids observed in the case of the proton 

irradiation in comparison to neutron irradiation (Figure 2.34, Figure 2.35), and 

specifically in the case of pure W, the void density measured was double that of the 

neutron irradiated case. However, in the neutron irradiated specimens it is not 

specified from where exactly the TEM samples were obtained. Again it was shown 

that the presence of Re and Os inhibited void and dislocation loop formation in W, 

which is similar to the observations in neutron irradiations by Tanno et al. [67], 

[162]. From Figure 2.36 it can be seen at doses of 0.15 dpa, the hardness increase is 

~10% higher in the neutron irradiated W, in comparison to proton irradiated W. In 

the case of the W-3%Re, the opposite is seen, with the hardness increase in the 

neutron irradiated material only ~70% of that seen in the proton irradiated W-3%Re. 
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The hardness increases were seen to correlate with the size and density of irradiation 

induced voids and dislocation loops [185].  

 

Figure 2.34:  TEM micrographs showing voids after 0.15 dpa in 1 MeV proton 

irradiated a)W, b)W-3Re, c)W-3Os and d) W-5Re-3Os, from [185]. 

 

Figure 2.35: TEM micrographs showing voids in 0.15 dpa fast (>1 MeV) neutron 

irradiated  a)W, b)W-3Re, c)W-5Re and d)W-26Re. The irradiations were carried 

out at 600 °C. The arrows highlight voids. Images are from [185]. 
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Figure 2.36: Comparison of change in Vickers Hardness for proton irradiated and 

neutron irradiated W and W-Re alloys up to 0.15 dpa, at 600 °C, with exception of 

the proton irradiated W, which was irradiated at 500 °C, using data from [185].  

Summary of Proton Irradiations 

Proton irradiations in W up to a dose of 23 dpa do not show a saturation in hardness 

increase, in contrast to previous neutron and heavy ion irradiation studies[145], 

[162], [183]. The number density and size of dislocation loops induced in proton 

irradiations was smaller than those seen in neutron irradiations [185].  More voids 

were observed in proton irradiation experiments in comparison to neutron irradiation 

ones[185]. The hardness increase observed following proton irradiation in pure W is 

similar to that following neutron irradiations at the same dose. There was slightly 

more variation between the hardness increase observed following proton or neutron 

irradiation in W-3%Re [185].  

2.3.3.6 Correlating neutron and ion irradiation damage 

Abromeit [186] stated that the main parameters that require consideration when 

comparing different irradiation experiments, are a) the energy and species of the 

irradiating particle, b) the dose and c) the dose rate. Additionally of importance is the 

composition of the material under investigation, and any transmutation that may 
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occur as a result of irradiation, the microstructure of the material prior to irradiation 

and the sample geometry (for example a bulk sample vs a TEM sample with a free 

surface) [186]. The differences in the species of the irradiating particle have been 

discussed at the beginning of the section, the effect of starting material and 

transmutation has also been addressed during this section. A quick discussion on the 

effect of dose, dose rate and consequently the required temperature shift is now 

given. 

2.3.3.6.1 Dose and Dose Rate 

In pure W there is generally an increase in neutron irradiation hardening with dose, 

which in some experiments then appears to saturate after ~1 dpa [67]. For ion 

irradiation hardening there is an increase in hardening with dose until ~0.4 dpa, after 

which there is no significant increase [145]. On the other hand the damage 

mechanism is different in irradiated W-Re alloys, where in neutron irradiated 

material hardness appears to increase with dose, without any signs of saturation [67], 

[68]. Also in ion irradiated W-5%Re, the hardness increases with dose without any 

signs of saturation [145].  

Recent irradiation experiments have not specifically addressed the dose rate issue in 

W, and no systematic study has been carried out to look at the effect of dose rate in 

W systems.  As discussed in section 2.3.3.3, depending on the reactor used there is a 

difference in dose rate, and between different particle irradiations the difference is 

even more significant. The dose rate clearly has an impact on the mechanism of 

damage, as can be seen by the review of literature neutron irradiation experiments by 

Armstrong et al. [145]. The review shows there is a general increase in hardness with 

dose in both W and W-5%Re. There is a lot of scatter, which could partially be due 

to difference in the starting material and impurities. However, dose rate is likely to 
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be a significant issue, especially when considering both fast and mixed spectrum 

reactors were used, all with widely different neutron flux spectra [145]. Dose rate 

affects the density of the defects produced in a unit volume per unit time, with a 

higher density generated in a unit volume per unit time in a high dose rate ion 

irradiation experiment, in comparison to a low dose rate neutron irradiation 

experiment. Within moving particles, the frequency by which interaction events 

occur is proportional to the square of the density of the particles [187].  Therefore, in 

high dose rate experiments there will be an increased number of interactions between 

defects induced by irradiation [187]. Point defect annihilation can occur via three 

different mechanisms, i) loss at surfaces, grain boundaries or other extended sinks, 

ii) capture of vacancies or interstitials, leading to defect growth or shrinkage, and iii) 

nucleation of the same type of defects and recombination of interstitials with 

vacancies. With increased dose rate or a decreased temperature, the recombination 

mechanism is more likely to occur, whereas at low dose rates or high temperatures, 

the sink mechanism is more dominant [186].   

2.3.3.6.2 Temperature Shift 

When using different dose rates (as is the case when using ions to simulate 

neutrons), there is a difference in the damage created, and generally for an increased 

dose rate an increased temperature is required to get the same types of damage. 

Mansur developed equations in order to deduce the increase in temperature required 

[147], [188]. However, this temperature shift is very much dependant on the type of 

microstructural defect that is under analysis, therefore there is not a single 

temperature shift that will recreate all the same damages expected from a neutron 

irradiation at a certain temperature, to a higher dose ion irradiation. It should be 

noted that at increased temperatures there is increased mobility of defects, and 
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therefore increased defect losses at sinks, which could mean less damage [186]. 

However, if there is an increased dose rate for the same dose, the irradiation time is 

shorter, leading to less time for annealing of defects, and therefore increased 

damage. The temperature shift looks to balance out this effect. There has been little 

research into the effect of dose rates and the required temperature shift in tungsten, 

mostly due to the limited amount of neutron irradiated material to compare to ion 

irradiated samples, and the inconsistency of the neutron reactors used, providing 

variation in damage as well. 

2.4 Helium Damage in Tungsten  

Gilbert and Sublet have predicted that after five years operation in a DEMO reactor 

that there will be 34 appm of He and 76 appm of H due to neutron transmutation 

effects in W [133]. In ITER, following 2 D-D and 12 D-T years of operation, there is 

even less transmutation, with only 1 appm of He and 2 appm of H expected [133]. 

However, in both cases of ITER and DEMO there will be significant He and H 

introduced from the plasma itself, and the effect these elements will have on tungsten 

will vary with the temperature of the exposure.  

Both H isotopes and He result in the degradation of mechanical and thermal 

properties via the solution of these atoms within thin layers of tungsten and the 

subsequent formation of nano-scale bubbles [165]. The temperature windows for 

He/H damage in relation to the temperature profile across the outer target of the 

ITER divertor are shown in Figure 2.37. At low temperatures (<~600 °C), H has 

been observed to induce blistering. However, due to the engineering surfaces that 

will be used in a future fusion reactor like ITER or DEMO, and additionally due to 

the presence of other impurities present within the plasma, including He and Be, this 

is not likely to be an issue [165], [189]–[191]. For example, the presence of He in D 
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plasmas has been observed to supress blister formation  [192]–[194]. If Be is in the 

plasma as an impurity, mixed Be and W layers may form, which also can supress 

blister formation [195], [196]. On engineering surfaces it has been experimentally 

observed that blistering due to H is not a significant issue. It is suggested that this is 

because H gas is released from nano-bubbles before any blisters can form and 

relaxation of internal stress [197]. In W, He-He clusters have strong bonds, in 

contrast to H-H clusters [198].  

 

Figure 2.37: Temperature profile across ITER divertor outer target and the 

temperature windows for H/D/T blistering and W fuzz formation, from [165], using 

data from [1]. 

Implanted He atoms in tungsten become trapped at vacancies, voids, dislocations and 

grain boundaries, which causes embrittlement [199]–[201]. With increased fluence, 

He becomes trapped at He vacancy complexes, which eventually results in the 

formation of nanometric He bubbles, which will link together to form pores 

connecting to the surface, at temperatures <~600 °C [165], [202]. At temperatures 

>~600 °C there is increased mobility of the He vacancy complexes and larger (> 

than several nanometres) bubbles are formed [165].  
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A nano-structural modification of tungsten, referred to as fuzz, due to He 

bombardment, has been observed at temperatures greater than ~700 °C and at 

energies typically above 20 eV [165], [203]. It should be noted that this modification 

is only known to be caused by He. At higher temperatures, He has been observed to 

induce the formation of micron sized holes within tungsten [165], such as those 

observed by Nishijima et al. in the NAGDIS-II LPD at temperatures above ~1327 °C 

and with He ion energies greater than 5 eV [204]. Due to the surface barrier potential 

energy of W for He, 5 eV is the minimum energy required for He to enter the bulk of 

the W. The higher temperatures produce thermal vacancies, which could be potential 

trap sites for He atoms, and allows for increased migration of He, resulting in 

vacancies and bubbles coalescing and growing. At temperatures above the W 

recrystallization temperature, this process occurs more rapidly [204].  

Investigations into the effect of He on the properties of tungsten at temperatures up 

to 800 °C, have been carried out using high energy (of the order of MeV) He ion 

implantations in W, through the use of ion beam accelerators [114], [205], [206]. 

Experiments exposing W to lower energy (of the order of eV) He ions at a range of 

temperatures, even exceeding 1700 °C have also been conducted using LPDs, 

tokamaks, and magnetrons among other devices [207], [208]. The high energy 

investigations have typically focused on hardness changes and embrittlement post 

irradiation, and additionally some microstructural observations, while the lower 

energy investigations typically look at microstructural modifications.  

The high energy implantations result in small levels of lattice damage, and the 

penetration depth of the He ions is of the order of microns, whereas at lower 

energies, like in a tokamak or a LPD, there is no lattice damage and the He ions are 

stopped within 100 Å from the surface [198]. Additionally at energies greater than 
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1 keV the growth process of He bubbles is driven by penetration of the He, unlike 

with lower energy He ions at energies <100 eV, where the energies are too low for 

vacancy formation [209]. Typically the fluxes used in high energy bombardment are 

lower than those used in the lower energy bombardments [114], [207], [210]. In the 

low flux, high energy experiments, the He ions create vacancies, and He gets trapped 

at vacancies, resulting in small He clusters [205], [210]. There is no saturation of the 

vacancies. Whereas, in the higher flux, low energy experiments, mobile He will be 

trapped mostly by self-trapping at He clusters. These clusters can then grow via a 

loop-punching mechanism, as more He is absorbed resulting in the formation of 

bubbles [209]. 

2.4.1 He Ion Irradiations 

The interaction of point defects in tungsten induced by neutron damage with the high 

concentration of He that will be present in the plasma will have an effect on 

microstructural and mechanical property development of tungsten within a fusion 

reactor [211], and therefore studying the impact of He ion bombardment on the 

mechanical properties of W is important. 

Armstrong et al. carried out an investigation into sequential implantation of W
+
 and 

He
+
 ions into W, in order to simultaneously mimic neutron damage and the damage 

expected from He ions present in the plasma from the D-T reaction [205]. The 

irradiations were carried out at temperatures of 300 °C. For the W ions, 2 MeV W
+
 

ions were implanted at fluences of either 3.5×10
13

 cm
-2

 (corresponding to 0.4 dpa), 

or 1.05×10
15

 cm
-2 

(corresponding to 13 dpa). The dpa was calculated using SRIM, 

using the full cascade damage model and a 68 eV displacement threshold energy for 

W. On the same samples, He
+
 irradiations were carried out at multiple energies 

between 0.05-1.8 MeV in order to get a uniform implantation profile, up to either 
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300 appm or 3000 appm concentrations. Nanoindentation was utilised to obtain 

hardness data from the samples (Figure 2.38). It was suggested that dislocation loops 

and helium vacancy complexes were responsible for the hardness increase observed 

after sequential implantation. Helium vacancy complexes resulted in the highest 

hardness increases, observed in the case of pure He irradiation. When the W ion 

irradiation was carried out prior to He ion irradiation, it was proposed that the 

dislocation loops formed during the heavy ion irradiation acted as trap sites for He, 

leading to a reduction in the amount of He trapped at vacancies [205]. 

 

Figure 2.38: Nanoindentation hardness measurements in tungsten irradiated with W 

ions to either 0.4 dpa (LDW) or 13 dpa (HDW) and  He ions to 300 appm (LDHe) or 

3000 appm (HDHe), taken from [205].  

Gibson et al. also subsequently investigated W
12+

 and He
+
 ion irradiations [114], this 

time also investigating simultaneous W and He ion irradiation, as opposed to just 

sequential irradiation conducted by Armstrong et al. [205]. The irradiations were 

carried out at temperatures of 800 °C. For the W ion irradiations the fluence was 
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5×10
14

 cm
-2

 at a damage rate of 5.2×10
-5

 dpa s
-1

 and for the He
+ 

irradiations, the 

fluence was 1.22×10
16

 cm
-2

 at a damage rate of 5.2×10
-8

 dpa s
-1

. SRIM was used, 

assuming a 68 eV displacement energy, in order to calculate the peak dpa induced by 

the heavy ion irradiations to be ~2 dpa, at a depth of 1.25 µm, and a damage profile 

that extended across 3 µm. The depth of damage also extended across 3 µm in the 

He ion irradiations, with an average implantation of ~600 appm across the damage 

profile. The implanted material has an average grain size of ~2 µm. Micro-

cantilevers were used to obtain modulus and yield strength values. Nanoindentation 

was again used to measure changes in hardness. The yield stress was observed to 

increase with irradiation, with a slightly greater increase in the simultaneous W and 

He irradiated sample.  Yield stress is a more ‘useful’ parameter in engineering 

design, so it was significant that it could be obtained from such small samples. 

However, as with many tests at this scale a size effect was observed, with greater 

yield stress values observed, compared to bulk measurements. This size effect is due 

the generation of high density geometrically necessary dislocations in order to 

support the plastic strain gradients within the cantilever beam [114], [212]. Post-

irradiation, the yield stress measurements were fairly similar, but a hardness increase 

was observed using nanoindentation, which was said to be due to the fact that the 

two techniques were measuring different plasticity stages. Gibson suggested that the 

irradiation did not have an impact on dislocation sources, but resulted in inhibition of 

dislocation glide [114]. Furthermore it was observed that there was a slightly greater 

hardness increase in the simultaneously W and He irradiated sample, in comparison 

to the W irradiated tungsten. It was postulated that this was due to a mechanism 

whereby the high binding energy between He ions and vacancies within the W 

lattice, results in  the formation of He filled vacancies, leading to a higher hardness 
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increase in comparison to the dislocation and vacancy loops generated by W ion 

irradiation alone [211]. 

Further simultaneous implantations of W and He were carried out at the same 

conditions as the study by Gibson et al. [114], by Armstrong et al. [213], both in a 

ultra-high purity (UHP) W, annealed for 24 h at 1400 °C in order to achieve a grain 

size of ~100 µm, and in a polycrystalline W with a grain size of 2 µm, as previously 

used by Gibson et al.. Berkovich nanoindentation in the UHP W revealed a 2 GPa 

increase in hardness in the W ion implanted W and a 4 Gpa increase in the 

simultaneously W and He ion implanted W. Spherical indentation using a partial 

load unload method was also utilised in order to determine yield stress (via the 

method of Bushby et al. [214]) and a spherical indentation work hardening 

coefficient. The yield stress was observed to increase by ~1.8 GPa for the W ion 

implanted material, and by 2.5 GPa for the W and He ion implanted material, 

correlating well with the hardness increases observed with the Berkovich 

indentation. The work hardening coefficient decreased from 0.33 in the non-

irradiated material to 0.20 in the W ion irradiated material, but was observed to 

increase to 0.41 in the W and He ion implanted material. It was suggested that the 

difference in response in this case was due to differences in the damage mechanism. 

It was postulated that dislocation loop formation was dominant in the self-ion 

implanted material, as opposed to the formation of He vacancy complexes being 

more prevalent in the dual ion irradiated material [213].  

Notched pentagonal micro-cantilevers were made in the samples, using the method 

of Di Miao and Roberts [215] in order to determine fracture toughness.  No fracture 

was observed in the non-irradiated material or the W ion irradiated material, 

however, the load at which the yield of the cantilever occurred was taken as a failure 
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load which gave a lower band for fracture toughens. This gave fracture toughness 

values of >10.1 MPa√𝑚 for the non-irradiated W, and > 6.0 MPa√𝑚 for the self-ion 

irradiated W. Out of 14 cantilever tests on the dual ion irradiated material, 2 

cantilevers were observed to fracture and a fracture toughness of 4.8 MPa√𝑚 was 

determined [213]. 

All nanoindentation measurements up to this point had been done at room 

temperature, post-irradiation. However, during D-T operation of ITER, temperatures 

of up to 1100 °C could be reached on the surface of the divertor (Figure 2.37) [1]. 

Additionally, at temperatures above 530 °C, Tanno et al. reported mobility of 

vacancies within tungsten to increase [162], and therefore the hardness properties 

will vary at raised temperatures [206]. Gibson et al. carried out high temperature 

microindentation and nanoindnetation testing in He ion irradiated W, to an average 

level of 600 appm across a 3 µm damage profile (again calculated using SRIM with 

a 68 eV displacement energy, this time using the Kinchin-Pease damage model) 

[206]. The irradiation was carried out at 800 °C and the high temperature 

nanoindentation was carried out under a vacuum of less than 10
-5

 mbar at 

temperatures up to 750 °C. The hardness increase observed post irradiation at 50 °C 

was ~0.9 GPa, however, above temperatures of 450 °C, this hardness increase was 

negligible. It was suggested that this was because of an increase in mobility of 

dislocations, via either cross slip or climb past He vacancy complexes at the raised 

temperatures. Hardness measurements on cooling gave similar measurements to that 

before heating, indicating the He remained trapped within the samples, even at 

temperatures up to 750 °C. This was in agreement with thermal desorption 

spectrocscopy measurements carried out in 60 keV 
3
He implanted W by Lhuillier et 

al. where it was found that up to temperatures between 1200-1300 °C He remained 
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trapped in mono-vacancies and helium vacancy complexes [216].  This also agrees 

with TEM observations by Armstrong et al.[205], where no He bubbles were 

observed following implantation of He to 3000 appm in W, suggesting He retention 

must occur in the length scale below the limit of resolution of the TEM [206]. 

In order to consider the impact of transmutation products on the response of W to He 

ion irradiations, Beck  et al. carried out a study into the hardness response of W-Re 

and W-Ta alloys [210]. 1 and 5% Re and Ta alloys without significant texture and 

with grain sizes between 50-500 µm were irradiated with He ions at 300 °C, using 

multiple energies between 0.05-1.8 MeV, at fluences of the order of 1-6×10
15

 

ions cm
-2

 in order to get a fairly uniform dose profile across ~2.5 µm, corresponding 

to 3000 appm and 0.2 dpa, as calculated using SRIM, with a displacement energy of 

68 eV. Prior to irradiation the only material to have a significantly higher hardness in 

comparison to pure W was W-5%Ta. Post irradiation it was seen that there was 

greater absolute irradiation hardening in the W-Ta alloys in comparison to the W-Re 

alloys. Additionally the hardness increase was seen to decrease with Ta 

concentration, but increase with Re concentration, proportionally the hardness 

increase was higher in the pure W samples in comparison to the alloyed material. 

The proportional increase was similar for both 1 and 5% Re concentrations, but was 

observed to decrease with increased tantalum concentration. The modulus was also 

observed to increase in all samples following He irradiation. The modulus increase 

was higher in the W-Ta alloys in comparison to the W-Re alloys, and in both cases 

there was a reduction in modulus increase with alloy concentration. The W-1%Re 

alloy was the only material with a slightly lower absolute modulus value in 

comparison to pure W. Again, in agreement with previous work [205], no He 

bubbles were observed in TEM micrographs, indicating that the He existed as small 
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He-vacancy clusters. It was suggested that He-vacancy pinning of mobile 

dislocations could be responsible for the hardness increases observed [210]. 

2.4.2 Plasma Damage and the Formation of ‘Fuzz’ 

Fuzz is a nanostructural modification that is observed on exposure to He plasmas. As 

discussed at the beginning of Section 2.4 and shown in Figure 2.37, fuzz growth is 

observed at temperatures greater than 700 °C and energies higher than 20 eV [165]. 

This modification has been seen in several materials, but has only been observed on 

materials exposed to plasmas containing He. It is suggested that this is due to the fact 

the penetration depth of He at energies less than sputtering threshold is greater than 

other noble gases [217]. Fuzz is made of tendrils that are typically tens of 

nanometres in thickness, and which via TEM observations have been seen to contain 

He bubbles (Figure 2.39, Figure 2.40). Diffraction patterns of the fuzz have revealed 

it to have a crystalline structure, that is similar to that of α-tungsten [218], in contrast 

to previous suggestions by Baldwin et al. that the fuzz was amorphous [219]. 

 

Figure 2.39: SEM of a) top surface and b) cross section of fuzz formed in tungsten 

following 50 eV He ion irradiation at 1000 °C for 500 s and c) diffraction pattern of 

tungsten filament and d) TEM image of tungsten filament, taken from [218] . 
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Figure 2.40: TEM images of fuzz grown in He irradiated tungsten up to fluences of 

1.1×10
25

 m
-2

, taken from [220]. 

EDX analysis (Figure 2.41) of fuzz growth have also confirmed that the layer is 

tungsten, rather than the deposition of another material [219]. The C and Mo 

observed in low amounts are said to be due to the presence of impurities during the 

plasma exposure and the O observed was said to be due to surface oxide passivation 

when the samples were removed from the vacuum chamber [219]. 
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Figure 2.41: Fuzz growth in W in PISCES-B and corresponding EDX spectra taken 

from the regions A and B on the SEM image, taken from [219]. 

Fuzz formation is of concern for ITER due to the fact it can easily be removed from 

the surface of bulk tungsten, and it has been noted in the literature that fuzz  can be 

removed via a scratch with tweezers [221], [222], exposing the bulk W in the 

process. This is not only worrying as the removed W would lead to cooling of the 

plasma due to the radiation increase in the core of the plasma [223], but additionally 

the re-exposure of the bulk following removal, could mean the process may be 

repeated, rendering the plasma inefficient. Furthermore there are concerns over the 

thermal response of fuzz to Edge Localised Modes (ELMs), a disruption, and 

potential melting, vaporisation and arcing, which could again result in erosion of the 

fuzz [224], [225]. Therefore it is of vital importance that the mechanisms and effects 

of fuzz formation are well understood.  

Instances of fuzz formation are believed to have been formed, but not categorically 

observed via microscopy since the 2000s. The first case where it is thought fuzz was 
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formed, but not confirmed was by Ye et al. [226], where W was exposed to He 

plasma in the NAGDIS-I LPD. The ion energy was 50 eV, the fluences varied 

between ~10
25

-10
26

 ions m
-2

, and the temperatures varied between 750-1500 °C; all 

parameters within the typical formation conditions required for fuzz in a LPD. A 

decrease in reflectivity was also measured, another indication that there could have 

been fuzz growth [226]. Tokunaga et al. observed microstructural modifications in 

W exposed in the PISCES-B device to He plasma at a fluence of 6×10
25

 m
-2

 at 

600 °C, and again observed that the sample turned black, which indicates that fuzz 

could have grown [227]. Fuzz was first categorically observed by Takamura et al. in 

the NAGDIS-II linear plasma device, on graphite coated with tungsten exposed to 

He plasmas, with a fluence of 3.5×10
27

 m
-2

, at temperatures of  1000 °C and 1300 °C 

and a 12 eV incident ion energy [228]. Helium bubbles, that were nanometre sized, 

were observed in the tendrils of fuzz via TEM analysis by Kajita et al. [229]. 

Baldwin et al. then investigated the formation mechanism of fuzz in the PISCES-B 

linear plasma device, carrying out He plasma exposures for durations between 300-

2.2×10
4
 s and at two different temperatures; 1120 K and 1320 K. It was observed 

that fuzz growth followed Fick’s law, with the thickness of the fuzz layer (𝑑) being 

proportional to the square root of the exposure time (𝑡), and a diffusion coefficient 

(𝐷) that was dependant on the exposure temperature. They developed Equation 2.9 

[219].  At the temperatures investigated, two diffusion coefficients; 

D1120  K=6.6±0.4×10
-12

 cm
2
 s

-1
 and D1320 K=2.0±0.5×10

-11
 cm

2
 s

-1
 with a thermal 

activation energy of 0.71 eV were provided [219].  It was suggested that a He atom 

diffusion mechanism alone would be too fast to explain the fuzz growth rate, and 

therefore thermal vacancy availability and diffusion of He at a slower speed through 

the fuzz as it was forming were also suggested to have an impact[219]. 
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Equation 2.9 

𝑑 = (2𝐷𝑡)1/2 

Equation 2.10 

𝐶 = 2𝐷/𝛤 

Equation 2.11 

𝑥(𝛷) = (𝐶(𝛷 − 𝛷0))
𝛼 

Kajita et al. saw a square root dependence between the thickness of a fuzz layer and 

the helium fluence, with an incubation fluence of ~4×10
24 

m
-2

. Petty et al. then 

further investigated the fuzz growth equation, conducting exposures using the 

PISCES A and B linear plasma devices, the PISCES E helicon plasma source and the 

University of Liverpool Magnetron device. They normalised the diffusion 

coefficient, 𝐷 used in Equation 2.9, via Equation 2.10, to the He ion flux, 𝛤 in order 

to obtain the growth constant, C. The thickness of the fuzz growth layer was then 

related to fluence, 𝛷, via Equation 2.11, where 𝛷0 is the incubation fluence and 

𝛼 =
1

2
 [207]. The incubation fluence was stated as 2.5×10

24
 m

-2
. The time 

dependence that was initially observed in Equation 2.9 was simply a special case of 

Equation 2.11 as can be seen in Figure 2.42. This research suggested that there was 

an incubation fluence before which fuzz would not grow possibly due to the 

formation of a field of He nanobubbles close to the surface of the sample [207].  

These equations were developed for fluxes between 0.01-11×10
22

ions m
-2

, so it is 

not certain if they would apply at lower and higher fluxes. Additionally these 

equations do not take into account annealing of fuzz that may occur at raised 

temperatures.  Annealing out of the fuzz has been observed on samples that have 

already had fuzz grown on them previously (i.e. without any helium ions incident at 
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the same time) at temperatures of 1200 °C and 1600 °C by Baldwin et al. [221]. 

These temperatures also lie within the temperature range of growth of fuzz, and 

therefore Kajita et al. suggested that there was a threshold flux, where there was a 

growth/annealing equilibrium of fuzz [230].  Kajita et al. carried out experiments 

varying the helium flux and temperature of the sample surface, in order to investigate 

this threshold flux and the growth/annealing equilibrium, as shown in Figure 2.43. 

They determined that annealing occurred between ~1000-1200 °C, at fluxes between 

10
21

 -10
22

 m
-2

s
-1

. On annealing, the fuzz would reintegrate into the surface of the 

sample. When annealing dominates over growth, the appearance of the surface 

changes from being covered with a fine tendril-like nanostructure to coarser strands 

and eventually small bumps that are widely spaced out, with the smooth bulk visible 

underneath [230]. 

At high temperatures above the recrystallization temperature of tungsten (~1350 °C) 

[54]), it is also important to consider the effect of recrystallization on fuzz growth 

[231]. 
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Figure 2.42: Fuzz layer thickness vs fluence from [207], also using data from [219], 

[221], [232], [233]. The ‘c’ labelled points are corrected values. The dashed line is 

obtained from Equation 2.9 and has been extrapolated over the full data set. The full 

line is obtained using Equation 2.11, using an incubation fluence, Φ0=2.5×1024 m-2.  

 

Figure 2.43:  Surface temperature vs time averaged He flux. The circles represent 

the boundary between growth and annealing of fuzz [230]. The red line corresponds 

to a He flux of  2×10
22

 m
-2

s
-1

, the blue line to 1.6×10
21

 m
-2

s
-1

, the solid black line to 

1×10
22

 m
-2

s
-1

 and the dashed black line to 1.6×10
22

 m
-2

s
-1

. 
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In addition to an annealing/growth equilibrium, there is also an erosion/growth 

equilibrium. The effects of erosion on fuzz growth were investigated by Doerner et 

al. at incident ion energies above the sputtering threshold and Equation 2.9 was 

differentiated to get Equation 2.12 (where 𝑥 is the fuzz thickness), and then the 

effect of erosion in predicting fuzz growth was included by adding the sputtering 

yield term, 𝐸 (Equation 2.13) [234]. This equation however is not without issues as it 

predicts that as the length of exposure, 𝑡 goes towards infinity, the growth term will 

tend towards 0, and as the sputtering yield remains constant, the fuzz should be 

eroded away. However this does not agree with experimental observations, where 

there is a critical exposure time, at which erosion and growth will balance, and the 

fuzz remains at a constant equilibrium thickness [222].   

Following this, Noiri et al. developed Equation 2.14, where 𝐸 is the rate of erosion 

(again due to sputtering) in ms
-1

. Using Equation 2.9, 𝑡 was eliminated from 

Equation 2.13 in order to account for the effect of the fuzz thickness on the rate of 

growth. Equation 2.14 solves the problem of Equation 2.13, where the fuzz is 

predicted to be eroded away. In Equation 2.14 as 𝑡 goes toward infinity, and the 

critical exposure time is exceeded, 𝑥 will simply equal the equilibrium thickness, and 

therefore the growth and erosion terms will be equal  in value,  resulting in the fuzz 

layer thickness remaining constant [235] . The numerical solution of Equation 2.14 

agreed well with experimentally observed data in erosive plasmas. 

Equation 2.12 

𝑑𝑥

𝑑𝑡
= (

𝐷

2𝑡
)
1/2
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Equation 2.13 

𝑑𝑥

𝑑𝑡
= (

𝐷

2𝑡
)
1/2

− 𝐸 

Equation 2.14 

𝑑𝑥

𝑑𝑡
= (

𝐷

𝑥
) − 𝐸 

Petty et al. proposed a growth/erosion equation, however, this time in terms of 

fluence as opposed to duration of exposure. Equation 2.14 was re-written in terms of 

fluence and the growth constant, 𝐶 from Equation 2.10, in order to give Equation 

2.15 [207], [222]. 𝜖𝑓𝑢𝑧𝑧 was the erosion term and was redefined, as 𝜖𝑓𝑢𝑧𝑧 =
𝐸

𝛤
. 

Equation 2.15 was then solved mathematically to give Equation 2.16, where the  𝑊 

function is the Lambert W function [207], [236]. As the fluence tends to ∞, the 

exponential term also tends to 0. 𝑊[0] = 0, so therefore as the fluence tends to ∞, 

the fuzz thickness tends to 
𝐶

2𝜖𝑓𝑢𝑧𝑧
. This equation only produces real solutions, when 

the fluence is greater than the incubation fluence, and as 𝜖𝑓𝑢𝑧𝑧 tends towards 0, then 

Equation 2.16 converges to Equation 2.11 [207] . 

Equation 2.15 

𝑑𝑥

𝑑𝛷
= (

𝐶

2𝑥
) − 𝜖𝑓𝑢𝑧𝑧 

Equation 2.16 

𝑥(𝛷) =
𝐶

2𝜖𝑓𝑢𝑧𝑧
(𝑊 [−𝑒𝑥𝑝 (−

2𝜖2𝑓𝑢𝑧𝑧

𝐶
(𝛷 − 𝛷0) − 1) + 1]) 

Meyer et al. have suggested that the incubation fluence is dependent on the incident 

energy of the He ions and have also suggested that there is a flux threshold before 

fuzz can grow [237]. They also have observed fuzz growth at energies of up to 
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8.5 keV using an ion beam [237], which is much greater than the sputtering 

threshold of tungsten exposed to helium, of 109 eV [99]. 

2.4.2.1 Conditions for Fuzz Growth 

The D-T fusion reaction results in the production of He ions. It is important to 

understand if the presence of these He ions within fusion plasma will result in 

damage to the tungsten used for plasma facing components and the divertor. In order 

to predict this we need to know under what range of conditions fuzz will grow. The 

main parameters responsible for fuzz growth are temperature, ion energy, flux, 

length of exposure and therefore fluence. Additionally the physical properties of the 

material under exposure is of vital importance, and not all materials will be 

susceptible to fuzz growth. There are six different types of devices in which fuzz has 

been observed to date: linear plasma devices (NAGDIS-I,II [203], [228], PISCES-

A,B [207], [221] (LaB6 cathode), Magnum,Pilot-PSI [238], [239] (cascaded arc 

sources) ), expanding thermal plasma devices (Nano-PSI [240]), inductively coupled 

plasma devices (PISCES-E [207]), magnetrons (UoL magnetron [241]) and ion 

beams (MIRF(Multicharged Ion Research Facility) [237], [242], JAERI (Japan 

Atomic Energy Research Institute) Particle Beam Engineering Facility (quasi-steady 

ion beams, 1.5 MW for 1000 s and 9.6 MW for exposures ≤ 10 s [243]–[245], NBI 

(neutral beam injection) system at AIST (National Institute of Advanced Industrial 

Science and Technology) [246]), and tokamaks (Alcator C-Mod [208]). However, 

theoretically any device that is capable of generating He ions, and fulfilling the 

formation conditions required for fuzz could be used to generate fuzz. 

Linear plasma devices have been used most extensively to mimic divertor conditions 

by bombarding samples with He and D plasmas. This mimics the D and He ion 

bombardment expected from the D-T reaction. There are several divertor simulators 



Chapter 2  123 

internationally, including the Pilot and Magnum-PSI devices at DIFFER, NAGDIS I 

and NAGDIS II at Nagoya University and PISCES A and PISCES B at the 

University of San Diego. The fluxes that are achievable in each of the devices vary, 

but typically they reach fluxes between 10
22

-10
24

 m
-2

s
-1

 [222]. This is clearly of the 

same order with the >10
23

 m
-2

s
-1

 expected in ITER and 10
23

-10
24

 m
-2

s
-1

 envisaged in 

DEMO [222]. The devices at DIFFER are also capable of simulating ELM like 

events, utilising a pulsed plasma in conjunction with a high flux continuous 

plasma[247], [248]. Magnum-PSI is being developed in order for it to operate at 

steady state. It is important to utilise linear plasma devices when investigating fusion 

damage due to the fact they are capable of producing fluxes relevant to ITER and 

DEMO and they are also capable of functioning at temperatures within the operating 

range of the tungsten divertor, which also happens to coincide with the temperature 

required for the formation of fuzz (700-1700 °C) [1].  LPDs generally produce ions 

at a much lower energy than tandem accelerators. It is important to try to design 

experiments that utilise linear plasma devices, while also considering the neutron 

damage expected within ITER and DEMO and how to simultaneously mimic this as 

well as the plasma damage expected. 

There is a general consensus within numerous linear plasma accelerators, when 

tungsten is exposed to helium plasmas between temperatures of 700 and 1700 °C, at 

energies greater than or equal to 20 eV, nanostructure modifications form [203], 

[219], [221], [231]. Figure 2.44 provides graphical representation of  these fuzz 

formation conditions in NAGDIS-II and PISCES-B, two linear plasma devices[203]. 

Fuzz has been observed at fluences between 2.4×10
24

 -1.1×10
28

 ions m
-2 

in linear 

plasma devices and magnetrons [207], [241]. Additionally in 3200 s exposures at 

847 °C in the PISCES-B LPD, to either He or D2-He plasmas, the thickness of fuzz 
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layers has been observed to increase with He flux, until levels of ~10
22

 m
-2

s
-1

, after 

which the flux no longer has an impact [249].  Although this may be related to the 

incubation fluence theory suggested by Petty et al. [207], as with the lower fluxes the 

incubation fluence would not be reached  in the fixed time exposure. The fact the 

thickness of the fuzz layer is similar at higher fluxes could potentially be due to 

erosion effects. The width of the tendrils of fuzz has been observed to be heavily 

influenced by the temperature of exposure. The higher the temperature, the larger the 

size of the helium bubbles and consequently the greater the widths of the tendrils 

[203], [239], [250].  

 

Figure 2.44: Surface temperature against incident ion energy for helium plasma 

experiments carried out in NAGDIS-II and PISCES-B. Fuzz formation was observed 

in the filled-in shapes and not in the open shapes [203]. 

However, there is variation between devices in terms of the energies and 

temperatures at which fuzz formation has been observed. For example in NAGDIS-II 

fuzz has been observed at energies as low as 12 eV [228] (below the typically quoted 
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threshold of 20 eV)  and in one study in an inductively coupled plasma reactor, 

Baldwin et al. did not observe fuzz growth even at energies of 27 eV (above the 

threshold energy) [251]. Typically fuzz had been investigated at energies below the 

sputtering threshold of tungsten (109 eV for W exposed to He [99]), however there 

have also been nanostructural modifications observed at energies much higher than 

this. A type of fuzz growth has been observed at energies of 19 keV by Tokunaga et 

al. at temperatures of 2600 °C in the JAERI ion beam.[243]. However the fuzz 

observed had much wider tendrils, in comparison to that observed in linear plasma 

devices. Fuzz has been observed by Meyer et al. at energies between 218 eV and 

8.5 keV  at temperatures of 1027 °C at the ORNL MIRF (Oak Ridge National 

Laboratory multicharged ion research facility) [237]. Tokitani et al. have also 

observed a kind of nanostructure growth using the NBI system at AIST at energies 

of 25 keV and fluences of 4×10
22

 m
-2

 at temperatures of ~1500 °C [246]. It is 

debatable whether the same mechanism is at play in all these devices, especially at 

the higher energies above the sputtering threshold of W.  

If we consider fuzz growth outside the currently accepted temperature range (700-

1700 °C); Nishijima et al. have observed fuzz growth at temperatures up to 2000 °C 

in the NAGDIS-II LPD at energies of 60 eV [252]. Additionally as will be discussed 

in section 2.4.2.2, fuzz has also been observed in a tokamak at temperatures above 

1700 °C [208]. 

2.4.2.1.1 Pulsed vs Continuous Exposures 

Several studies into fuzz growth, especially to achieve long fluences have used 

pulsed exposures [207]. Petty et al. have also investigated the differences between 

discrete and continuous exposures to plasma in a Magnetron sputtering device [253], 

where a sample was exposed to a He plasma for 8 hour continuously, while another 
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was exposed for 4 hours, after which the plasma and heating was turned off, and the 

sample was left within the vacuum chamber, and then the next day the sample was 

again exposed to plasma for another 4 hours. In the resulting samples, the thickness 

of the layer of fuzz growth was fairly similar; however the reflectivity and roughness 

measurements suggested that the sample exposed to the pulsed plasma was slightly 

less developed. Three possible reasons for this were proposed, including the escape 

of He ions, either overnight or during the heating of the sample prior to the second 

plasma exposure, reintegration of the fuzz into the bulk prior to the second exposure, 

annealing of the fuzz during the heating period prior to the initiation of the second 

plasma exposure [253]. Therefore it may be important to consider whether samples 

are exposed to continuous or pulsed plasmas when investigating fuzz growth. 

However generally in LPDs, the time between pulses is of the order of minutes 

rather than hours, so it could be that the effect is not as important on such timescales.  

2.4.2.1.2 Suggestion of Incubation Fluence Variation with Ion Energy 

It has been suggested that there is an incubation fluence for fuzz growth by Petty et 

al.[207]. Meyer et al. suggested that there is also an incubation flux before fuzz can 

form, which varies depending on the incident energies of the He ions [237]. The 

reasoning provided for an incubation flux is that on a sample exposed to a He ion 

beam with a variable flux profile, with the flux highest in the middle and less at the 

edges, fuzz should be found on the whole sample after a certain length of time. 

Meyer et al., using an ion beam, observed a fairly constant incubation fluence of  

~(2-4)×10
22

m
-2 

at energies between 480 eV-8.5 keV and  ~(2-4)×10
23

m
-2 

at lower 

energies of 218 eV [237]. These energies are much higher than the typical energies 

required for fuzz formation in a linear plasma device, which are typically between 20 

and 100 eV [203], [207]. Therefore there could indeed be an incubation flux, but it is 



Chapter 2  127 

also possible that the incubation fluence was not obtained at the edges of the beam 

profile.  

The various incubation fluences from the literature have been plotted against 

incident ion energy in Figure 2.45. The fluence for the LPDs and PISCES-E were 

taken from Petty et al. [207], and those from the ion beam were also given by Meyer 

et al. [237].  The incubation fluence for AIST was not given in the paper, therefore it 

was estimated as the fluence where fuzz features became visible in SEM images 

within the publication [246]. The data are not extensive and there is temperature 

variation between exposures, which may also impact the data, but there is a 

suggestion that with a reduction in energy there is an increase in incubation fluence, 

which appears to imply that fuzz formation depends on the rate of energy deposition 

into a surface, although a dedicated study is required in order to confirm this. It 

should also be noted that the higher energies are above the sputtering threshold for 

W, so the modifications may occur via a different mechanism than those below the 

sputtering threshold. There is a prediction that surface damage on samples will 

reduce the flux required for fuzz formation[237], this could be important in ITER 

where not only will the surfaces of components be engineering surfaces, but neutron 

damage on tungsten components may affect the fuzz formation mechanism.  
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Figure 2.45: Variation of Incubation Fluence with Incident He Energy, using data 

from Linear Plasma Devices (LPDs) and Inductively Coupled Plasma Devices 

(ICPDs)  [207], Neutral Beam Injection Facility (NBI) at AIST [246] and the Ion 

Beam (IB) at ORNL MIRF [237]. Temperatures of exposure vary from ~800-

1527 °C.  

2.4.2.2 Fuzz Growth in Existing Tokamaks 

It should be noted that plasmas in linear plasma devices and tokamaks are different. 

In a LPD, the ions will be normal on the surface of a sample, whereas in a tokamak 

they would be grazing. Additionally in a tokamak there would be a higher parallel 

heat flux in comparison to a LPD [208]. Fuzz has been observed within the Alcator 

C-Mod tokamak (at the Plasma Science and Fusion Center, MIT, USA), where it 

grew and remained even after being exposed to high heat fluxes of up to ~40 MWm
-2 

[1], [208]. Under normal operations the divertor surface typically would not reach 

the temperatures required for fuzz formation in a LPD, however there are some Mo 

tiles of the divertor tilted ~2° into the toroidal B field, on which W Langmuir probes 

are embedded and tilted at 11° into the B field lines, where temperatures greater than 

the 700 °C required for fuzz formation in LPDs could be achieved [208].  The peak 
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temperatures were ~1900 °C and the energy of the ions was between 50 and 250 eV, 

with a fluence of ~9×10
25

 m
-2

 reached. Within a 12.7 s (achieved via 14 consecutive 

pulses)exposure time, a fuzz layer of thickness 600±150 nm was produced [208].  It 

is interesting that such a significant fuzz layer was achieved in just 12.7 s, which is 

significantly lower than typical LPD exposures. In this experiment it was attempted 

to recreate the conditions for fuzz growth observed in LPDs, however the conditions 

were not exactly like the conditions that would be expected in ITER or DEMO, for 

example there was no active cooling, ELMS or a D-T plasma, so the fact that fuzz 

was observed in this instance does not confirm that fuzz could form in ITER or 

DEMO [208]. An experiment was then carried out in the Pilot-PSI LPD, attempting 

to recreate the experiment in the Alcator C-Mod tokamak. Despite the differences in 

the plasmas in the two devices, what is significant is that the fuzz formed in the LPD 

was extremely similar in terms of appearance and thickness to that seen in the 

tokamak [254]. This provides support for using LPDs as a good simulator for a 

realistic tokamak environment. 

Additionally fuzz formed in the NAGDIS LPD was exposed to edge He/D or pure D 

plasmas in the TEXTOR tokamak at temperatures of 300 and 800 °C [232] . Either 

complete erosion of the fuzz was observed, or else a deposition of C on top of the 

fuzz (C is present from  erosion of the graphite limiter [255]). It was observed that C 

deposition was greater on fuzzy surfaces in comparison to pristine surfaces [232]. 

The complete erosion of the fuzz is in contrast to recent findings in the DIII-D 

tokamak [256]. Fuzz was grown on samples in the PISCES-A device and then was 

placed in the lower divertor region of the DIII-D tokamak and were exposed to D 

plasmas. The samples were either exposed to 2 discharges (3.5 s each) or three 
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discharges that ended with a vertical displacement event (VDE)
6
. For a duration of 

4 ms, in the current quench phase of the disruptions, a heat flux of 20 MW m
-2

 was 

reached. Some samples were also exposed to He plasmas (3 s in one discharge, 11 s 

in four discharges and 13.5 s in four discharges). In all the experiments the fuzz 

remained undamaged, except in some areas where unipolar arcing had occurred. 

Rudakov et al. suggested the fact that the fuzz remained undamaged meant that it 

may be less susceptible to erosion, however, it was also observed that arcing was 

more likely to occur on fuzzy surfaces as opposed to pristine ones (also in agreement 

with Kajita et al. [257]). The removal of fuzz via arcing could still result in dust 

production, which again would be detrimental to plasma performance [256]. 

2.4.2.3 Fuzz Growth in Future Tokamaks 

If we consider the conditions expected in ITER, as to whether the parameters for 

fuzz growth could be achieved, in terms of temperature, it is observed from Figure 

2.37, that for D-T operation, on the outer target of the divertor, the 700 °C minimum 

temperature is exceeded across ~6 cm of the outer target on one cassette. As there 

are 54 cassettes making up the divertor, this is a considerable area where the 

temperature required for fuzz growth is reached. 

Considering energy requirements for fuzz formation; a key parameter of ion energy 

expected within ITER will be dependent on whether the plasma in ITER is attached 

or detached. In order to limit the heat flux during nuclear operation of ITER, 

detached plasmas will be used. The ion energies in the detached plasma are not 

likely to exceed 8 eV, which is achieved via the injection of gas into the divertor 

[165], [222], [258], [259]. Within the attached regime, incident ion energies close to 

                                                 
6
 A large (can be up to several tonnes) upward force on the vessel generated due to the interaction 

between the poloidal magnetic field and the magnetic field of the current induced in the vessel as a 

result of escaped magnetic energy from the plasma, during a disruption or instability [312].  
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the divertor are expected to be greater than 30 eV [79]. Therefore if we take the 

currently accepted minimum energy of 20 eV, during the detached regime it is 

unlikely fuzz will form. However, as mentioned in Section 2.4.2.1, fuzz has been 

observed at energies as low as 12 eV [228] and therefore it cannot categorically be 

stated that fuzz will not form in ITER or DEMO.  

The fluences required for fuzz formation are also considered. The incubation fluence 

for fuzz growth is assumed to lie between 2.5-4×10
24

 m
-2

, as suggested by Kajita and 

Petty. The particle flux at the outer strike point in ITER is estimated to be ~10
24

 m
-2

s
-1

 

[93], and considering that the He concentration in burning plasmas is expected to be 

~5-10% of the incident flux [250], the He flux to the divertor could reach up to 

~10
23

 m
-2

s
-1

, which across a 400 s pulse would correspond to a fluence of 4×10
25

 s
-1

, 

which is well above the current incubation fluence values.  

Furthermore, the engineering surfaces or the neutron damage could reduce the flux 

required for fuzz formation, and this is something that needs investigation. Another 

aspect to consider is the Be or C impurities which are likely to be present in ITER 

could mitigate fuzz growth, and result in the formation of C or Be-W layers, as has 

been observed in experiments where Be and C were injected into D2-He plasmas by 

Baldwin et al. [249]. 

Several of the leading researchers in fuzz have said that it is a possibility that fuzz 

will grow within future tokamaks [254]. 

2.4.2.4 Fuzz Growth Mechanisms 

2.4.2.4.1 Experimentally Observed Mechanisms  

There have been many equations developed that predict the growth of fuzz, 

including those suggested by Baldwin et al. and Petty et al. [207], [219]. However, 
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such equations did not address the basic physics over why fuzz is formed. SEM and 

TEM observations of fuzz growth have been used to try and understand the 

formation mechanism of fuzz, and there have also been attempts to look at the basic 

physics of fuzz formation, which shall be discussed. Several theories exist in regards 

to the mechanism for fuzz growth. All of them require the formation of He 

nanobubbles and high temperatures, however, they look at various different 

thermally activated process that could be responsible for the mechanism of fuzz 

growth. This includes bubble clustering and migration, transport of vacancies, 

mobility of W and adatom
7
 diffusion [203], [220], [221], [260]–[263]. These 

possible mechanisms are discussed in detail in this section. 

Initially Kajita et al. studied the fuzz formation mechanism, using SEM to 

investigate the morphological changes of samples exposed to He plasmas in the 

NAGDIS-I LPD for different durations, so as to try and elucidate a formation 

mechanism [203]. A schematic of the proposed mechanism is shown in Figure 2.46 

[203]. It was proposed that initially He bubbles form below the surface, coalesce and 

then burst, resulting in the formation of pinholes (Figure 2.46 a). This requires a 

minimum temperature of 700 °C, and Monte Carlo simulations by Sharafat et al. 

indicate that with increased temperature the pinhole size increases [264]. The 

pinholes and the bubbles surrounding them then coalesce, causing the holes to 

become deeper (Figure 2.46 b), (Figure 2.46 c). Following this, the bubbles inside 

the nanostructure swell and coalesce, resulting in a rod-like formation (Figure 2.46 

d). This is a very simplistic explanation, and only considers early stages of 

formation. 

                                                 
7
Adatoms are atoms that lie on the surface of a crystal lattice 
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Figure 2.46: Initial proposed mechanism for fuzz formation by Kajita et al. Image 

taken from [203]. 

TEM analysis of fuzz formed in NAGDIS-I and II LPDs was then used to predict a 

more detailed fuzz growth mechanism by Kajita et al.[220]. A schematic of the 

proposed mechanism is given in Figure 2.47. Kajita et al. proposed that helium 

bubbles form close to the material surface following exposure to He plasmas at 

temperatures >700 °C (Figure 2.47 a). The bubbles will then thermally migrate and 

coalesce, resulting in bubble growth. These large bubbles then push up on the 

surface, resulting in blister formation (Figure 2.47 b). At this stage, ion energy and 

temperature are key factors that dictate vacancy formation and consequently bubble 

formation in the material. As the helium fluence increases, some of the blisters burst, 

resulting in the formation of pinholes and protrusions (this visibly resembles early 
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stage fuzz) (Figure 2.47 c).  Bubbles in the base of the protrusions migrate and grow 

and also burst, resulting in elongated and thinner structures (Figure 2.47 d).  

 

Figure 2.47: Fuzz growth mechanism proposed by Kajita et al. Image taken from 

[220] 

The most recently observed mechanism by Takamura et al. is shown in Figure 2.48. 

Surfaces were partially covered, so as to observe fuzz growth at different time stages 

of growth in just one shot, essentially relying on the flux gradient of the plasma 

beam. This model suggests that initially pitting occurs on the surface of the bulk 

metal (see Figure 2.48 (1)). This is followed by helium bubbles from within the 

sample thermally migrating to the surface of the sample, where they burst, resulting 

in He gas being released (2). As the holes grow in size, due to the increased fluence 

of He ions impinging on the surface (3-4), ‘nano-walls’ (thin regions of W in 

between holes) are formed (5). There are also helium bubbles within the nano-walls, 

which results in the formation of holes in the centre of the nano-walls (6). This leads 

to a loop structure (7). As the He ion fluence continues to increase, the loops 

increase in size due to the nano bubbles inside the loops exerting increasing surface 
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tension (8). When the loops fracture and branch, fuzz is formed (9) [263]. Takamura 

et al. also suggested that the shear modulus (describes shear motion), a parameter 

that varies with He content as well as temperature could provide an indication as to 

whether fuzz was likely to grow on the surface of a material. They suggested within 

a critical range of shear modulus values, if the temperature band for fuzz growth is 

wide enough, and is within the range where He mobility in the bulk material is 

ensured, then fuzz will grow (see Figure 2.49 (a)). They postulated that within this 

critical modulus range, if the temperature band for fuzz growth is too narrow, and/or 

within this band there is no mobility of He, fuzz will not form (see Figure 2.49(b)). 

However in these cases it is still possible that at higher temperatures holes and 

bubbles are still able to form [263]. 

 

Figure 2.48: Experimentally observed fuzz formation mechanism [263] 
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Figure 2.49: Schematic showing the relationship between the shear modulus and 

surface temperature of metals and the likelihood of fuzz formation. ∆G is the shear 

modulus range in which fuzz growth can occur, ∆T is the temperature range in which 

fuzz growth can occur. The vertical bar is the lowest temperature above which He 

mobility can occur. Fuzz formation is feasible in W and Mo, but in Ta the narrow 

temperature band at which fuzz can grow, makes it difficult to form. Taken from 

[263]   

All three models shown in Figure 2.46, Figure 2.47 and Figure 2.48 reinforce the 

prerequisite for helium bubble formation and bursting for fuzz formation to occur. 

2.4.2.4.2 Physics Based and Computer Models 

Krasheninnikov then used a physics based approach in order to develop a model for 

fuzz growth, which was centred around viscoelastic behaviour of tungsten at high 

temperature, exposed to He irradiation [260].  A schematic of the model is shown in 

Figure 2.50. On irradiation, He bubbles of the order of 10s of nanometres in diameter 

form below the surface of the sample. There is an asymmetrical force on the surface 

atoms due to one side being the bulk and the other the edge. This results in the 

bubbles being pushed up towards the surface. As the fluence increases, new bubbles 

can form above the original bubbles that had pushed up on the surface (Figure 2.50 

a). This results in further stress in the W, and due to the fact the viscosity of W 

decreases with temperature, creep becomes of importance, W then begins to move up 

around the bubbles, and the fuzz is formed (Figure 2.50 b). Krasheninnikov 
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predicted that high pressure helium bubbles are created, resulting in a large force 

being exerted on the W, and this results in the viscose flow of W around the bubbles 

and towards the tip (Figure 2.50 c) [260]. This model resulted in equations being 

developed that predicted the t
1/2

 growth rate predicted by Baldwin et al. in Equation 

2.9 [219] and therefore consequently will also agree with Petty’s 𝛷1/2equation 

(Equation 2.11) [207] at exposures above the incubation fluence, if considering a 

constant flux, as often is the case in experiments. The Krasheninnikov model 

predicted the temperature dependence of the rate of fuzz growth observed 

experimentally, and also that the fuzz growth would saturate after fluxes of  

10 
22

 m
-2

 s
-1

, another experimental observation by Baldwin et al. in [249]. The model 

also predicted that fuzz growth would stop at temperatures greater than 1700 °C, 

which fits with the majority of experimental observations in linear plasma devices in 

Section 2.4.2.1. However, fuzz has been observed at higher temperatures in the 

literature, for example in the Alcator C-Mod tokamak (~1900 °C [208]) and in the 

JAERI ion beam (2600 °C [243]). However, it is not clear in these cases whether the 

fuzz still grows at these temperatures above 1700 °C or if it grew before these 

temperatures were reached and then was not removed or annealed at the higher 

temperatures. Therefore this model may not be suitable for the growth observed in 

the Alcator C-Mod tokamak or JAERI ion beam if it occurred above 1700 °C. The 

model does not address the competition of annealing versus growth. 
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Figure 2.50: Proposed model for fuzz growth by Krasheninnikov, reproduced from 

[260].  

Another model proposed by Martynenko and Nagel suggested that helium ion 

irradiation results in adatoms appearing on the surface [261]. The threshold energy 

for adatoms to be knocked out from the surface layer is a third of the sputtering 

threshold, which corresponds with the 20-30 eV typically quoted in the literature 

necessary for fuzz formation (although as has been mentioned in Section 2.4, fuzz 

has been observed at lower energies of 12 eV). Clusters of adatoms are formed and 

fibre growth occurs in two main areas; over the surface of high pressure helium 

bubbles and at the edges of open He bubbles. There are many traps for adatoms at 

the tips of the fibres and diffusion of the adatoms over the fibre occurs, resulting in 

fuzz growth. The model also agrees with the t
1/2

 growth rate predicted by Baldwin et 

al. in Equation 2.9 and with Petty’s Equation 2.11, given the appropriate caveats 

listed above [207], [219]. Recent tests however have suggested that the formation 

mechanism does not depend on adatom diffusion, but rather purely He ion 

bombardment[265].  

Another proposed mechanism for fuzz was developed via molecular dynamics and 

kinetic Monte Carlo methods by Lasa et al.[262]. Again, like all previous models the 

mechanism starts with the trapping of helium, resulting in the formation of bubbles. 
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The bubbles result in growth of the surface, which is achieved via a loop punching 

mechanism. The bubbles close to the surface burst. These two parts of the growth 

mechanism balance, resulting in increased roughness of the surface. As the surface 

roughness increases, there is an increased surface area for bubbles to burst, which 

leads to a reduction in the retention rate of helium and consequently the rate of 

growth of fuzz. This again corresponds to a t
1/2

 dependence of fuzz growth.  This 

model does not take into account the observed temperature window of 700-1700 °C 

observed in LPDs [262].  

Sefta et al. [266] also conducted molecular dynamic simulations investigating the 

early stages of the fuzz growth mechanism. They predicted that when the He atoms 

are implanted in the W, they form clusters and are mobile up to the point at which 

the size of the cluster is bigger than 7 or 8 atoms, following which a trap-mutation 

process, resulting in a vacancy and W self-interstitial atom (SIA), reduces mobility 

of the cluster. The SIA will then either move to the free surface or stay bound 

loosely to the He cluster. At a He cluster, there is an increase in density of the SIAs, 

which eventually form prismatic dislocation loops, which can glide in the 〈111〉 

direction towards the surface of the W, resulting in adatom ‘island’ formation. This 

results in the growth of He bubbles, and the surface above the bubbles becomes 

thinner and eventually ruptures, resulting in the surface roughness that precedes fully 

formed fuzz. The model also revealed the influence of grain boundaries on fuzz 

formation. The grain boundaries act as a sub-surface sink, resulting in a high density 

of small clusters, in contrast to larger clusters observed within single crystal models. 

The presence of grain boundaries increases the total helium retention. The retention 

of He in a (100) surface was seen to decrease with temperature, whereas for a (100) 
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surface with a grain boundary, the temperature had a limited impact on retention 

[266].  

Smirnov et al. have developed a molecular dynamics model in order to describe the 

growth and coalescence of He bubbles in W [267], following which Krasheninnikov 

and Smirnov developed another theoretical model in order to describe He cluster 

dynamics in W [268]. The molecular dynamics model revealed that dislocations and 

vacancies form close to nano-bubbles. The dislocations and vacancies act as traps for 

He, leading to further nano-bubbles to nucleate, which is something that can occur in 

bulk samples, as well as within the fuzz tendrils. This process results in a snowball 

effect, which it was suggested meant that the starting density of defects only weakly 

influences the final stages of evolution of nano-bubbles. The He bubbles were 

polyhedron in shape and the bubble faces were seen to be parallel with the slip 

planes. The edges of the bubble were observed to be in line with the 〈111〉 slip 

directions.  The shear strength of the crystal responsible for the generation of 

dislocations, rather than surface tension was seen to be more influential on the 

pressure within He bubbles. Regions of tension formed around the face of the 

bubbles and compression at the vertexes of the bubbles, meaning that the induced 

stress field around bubbles was anisotropic. It was suggested that the main mode of 

He transport in the stress field is via drift from the area of compression to tension 

and this results in the migration of He to the vertexes of the bubble along the 

dislocation lines. The bubbles were seen to coalesce via lateral growth of adjacent 

bubbles [267], [268]. The Krasheninnikov model predicted that surface modification 

will not occur until the fluence exceeds ~2-3×10
24 

m
-2

 (in agreement with incubation 

fluence suggested by Petty  et al. [207]), regardless of the flux used. The model 

predicts that a 30 nm thick layer of He bubbles that are ~2 nm in size will form prior 
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to the growth of fuzz. As in Smirnov et al.’s article, the strain around bubbles as they 

grow results in the generation of traps, which act as nucleation sites for further 

bubbles, providing an explanation for the bubbles observed within tendrils 

experimentally [268].  

Many of the models to explain fuzz growth have just focused on the very early 

stages and used molecular dynamics with focus on the formation and dynamics of 

He nano-clusters. The fluxes used in such simulations (~10
27 

m
-2 

s
-1

 , e.g. [262], 

[266]) are generally higher than those typically used experimentally (10
22

-10
24

 m
-2 

s
-

1
[207]).  

Ito et al. [209] suggested that rather than using a single modelling approach, as most 

previous attempts to model fuzz have done, to use different modelling approaches 

for each stage of fuzz growth, splitting it into four parts. The first three parts were 

classified as penetration, diffusion and agglomeration, and helium bubble growth, 

which could be analysed via binary collision approximation, density functional 

theory and molecular dynamics. The fourth step was the formation of the fuzz 

nanostructure itself and was modelled using a hybrid molecular dynamics and Monte 

Carlo simulation. In the first stage of the model, the lower bound for incident energy 

for He to penetrate into tungsten was calculated as 6.29 eV, in good agreement with 

experimentally observed value of 6 eV [204], [252] and the upper bound was set as 

the sputtering threshold for He incident on W of 100 eV. In the diffusion and 

agglomerations step, density functional theory was used and showed that He diffused 

faster than H, the agglomeration of He was found to be unlimited and additionally 

the agglomeration of He at interstitials was seen. In the growth stage, again loop-

punching was observed, and strain is observed in the W lattice around He bubbles, 

which is released via dislocation loop formation. It was observed that bubble growth 
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could occur via agglomeration of He at both vacancy and interstitial sites. The fuzz 

growth step used Monte Carlo methods in order to model He diffusion and injection, 

whereas molecular dynamics was used to model the tungsten deformation. It was 

seen that with increased fluence, bubbles grew, and those close to the surface would 

push up the atoms of W at the surface, resulting in the formation of an arch. He 

bubbles would burst below arches, resulting in the breaking of the arch at the support 

points, causing the turning up of the arch. The surface of the sample is then observed 

to have concave and convex regions, with preferential He bubble growth in the 

concave regions. The bursting of the He bubbles in the concave regions, results in 

deepening of those regions, as well as strengthening and growth of the convex 

regions. This model was the first computational model to cover multiple scales and 

seemed to show the initial stages of fuzz growth. The fluences used in this model are 

of the order of 10
21

 m
-2

, which is still ~3 orders of magnitude less than the typical 

10
24

 m
-2 

used in experiments [209].  

To conclude, modelling work has used several different types of simulation methods 

including kinetic Monte-Carlo [198], molecular dynamics [262], [266], [267], binary 

collision approximation [217] and density functional theory [211].  The models have 

indicated that He clusters at W vacancies, forming bubbles, with the indication of 

larger bubbles at higher temperatures [269] (something that has also been observed 

experimentally, resulting in wider tendrils at higher temperatures [203], [239], 

[250]).    

There are several fuzz growth mechanisms that have been proposed, both from 

experimental observations using SEM and TEM, physics approaches and modelling 

methods. The majority of the proposed mechanisms are based around the formation 

of nanobubbles at elevated temperatures, and other thermally activated mechanisms. 
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The majority tend to agree with Baldwin’s t
1/2 

growth rate. However, as has been 

proposed by Petty et al.; this is simply a special case of a fluence dependence [207], 

where there is also an incubation fluence, so it is not clear if these models would 

hold at fluences close to the incubation fluence, where the t
1/2

 growth rate is not 

observed.  Additionally these models do not take into account orientation 

dependence of fuzz growth.  

2.4.2.4.3 Orientation Dependence of Fuzz Growth 

In the literature it has been observed that there is an orientation dependence of fuzz 

growth [270], [271], specifically during early stages of development [239]. Once the 

fuzz has fully developed, this orientation dependence has been observed to disappear 

[239]. As the tendrils become longer and bend, the original orientation is no longer 

observable.  

Yamagiwa et al. suggested that the initial orientation dependence was to do with the 

variation of diffusion of He in the different grains [270]. Yamagiwa et al. suggested 

that the early stage growth of nano-bubbles may be slower on the (110) tungsten 

face.  

Ohno et al. then conducted an investigation of the orientation dependence of helium 

plasma damage on W in the NAGDIS-I LPD [271]. Samples were exposed to a He 

plasma at temperatures of 1427 °C, energies of 25 eV, up to a fluence of 5.6×10
26

 m
-

2
, for an exposure time of 10 800 s. A wavy structure, indicative of early stage fuzz 

growth was observed in the {001}, {112}, {101} and {111} grains, while any 

modifications in the {103}, {102}, {407} and {203} grains was limited, as may be 

observed in Figure 2.51. It was suggested that the angle between the {101} slip face 

(the face with the greatest areal density) and the surface of the grain under 

bombardment influenced the wavy structure formation (Figure 2.52 b)). On exposure 
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to He plasma, He atoms become trapped within thermal vacancies, resulting in the 

formation of He bubbles as shown in Figure 2.52c). As the fluence increases, the 

bubbles grow, resulting in increased pressure within the bubbles, causing them to 

exert a force on the W lattice (Figure 2.52 d)). As He bubble formation is related to 

interaction between He atoms and thermal vacancies, areal density impacts He 

bubble growth. The {101} slip face areal density is higher than other faces and the 

binding energy of W in the {101} face is stronger than in the other faces. Therefore 

pressure in the He bubbles in this face becomes larger than the others. The high 

pressure He bubbles can then push the W lattice along the {101} face, resulting in a 

wavy structure (Figure 2.52 e). They propose that how regular the wavy structure is 

depends on the angle between the {101} slip face and the plane of the grain under 

exposure.  The larger the angle, the increased likelihood of wave structure formation, 

with more regular structures at larger angles. For example, there is a large angle 

between the {001} orientation and the {101} face and therefore the wave structure 

forms easily in the {001} grains. However, there is a much smaller angle between 

the {103} orientation and {101}, resulting in a much reduced wave structure growth, 

as is observed in Figure 2.51 e) and Figure 2.52 b) and f) [271].  
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Figure 2.51: He plasma damage in a) {101}, b) {001}. c) {112}, d) {111}, e) {103}, 

f) {102}, g) {407} and h) {203} orientations of W at temperature of 1427 °C, energy 

of 25 eV, and fluence of 5.6×10
26

 m
-2

, for an exposure time of 10 800 s [271]. 

 

Figure 2.52: Potential mechanism for wavy structure: a) BCC structure schematic, 

b) faces of the crystal orientation of {101}, {103} and {001}, and (c-f) formation 

mechanism of wavy structure in grains with different surface crystal orientation 

[271].  

Martynenko and Nagel suggested that helium ion irradiation results in adatoms 

appearing on the surface [261]. Hammond and Wirth conducted an investigation via 
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molecular dynamics simulations into the effect of orientation on the depth 

distribution of He atoms and surface modifications (including adatoms) at 100 eV 

[272]. The model shows that retention of He is not only highly dependent on the flux 

of the incoming He atoms, but additionally again an orientation dependence is 

predicted. The mean depth to which He will penetrate, as well as the reflection and 

initial retention of He is found to vary with orientation (in agreement with 

Yamagiwa et al. [270]). They observed that the formation of a single He 

substitutional atom below a {111} or {211} orientation results in the release of 

energy, and as only one interstitial He atom is required in order to produce an 

adatom/substitutional pair, these orientations have a higher retention of He during 

initial plasma exposure and a concentrated band of small He clusters is seen near the 

surface. On the other hand energy is required to produce a single He substitutional 

atom below {011} surfaces. They also observed that in order to induce adatom 

formation in the {001} and {011} surfaces, at least two He atoms in a cluster were 

required. The {011} surfaces therefore will have lower He retention rates, and as 

more He atoms are required to produce adatoms, larger bubbles, at higher depths into 

the surface will be required before any surface modifications can occur. The model 

also showed that orientation only affected the development of He clusters and 

bubbles in the first 3 nm from the surface. The variation in the formation of 

vacancies and bubbles with orientation could result in variation in fuzz growth; with 

the {111} and {211} more likely to develop surface modifications, in comparison to 

the {001} and {011} surfaces [272]. However if this is the case, then the results of 

Hammond and Wirth and Ohno et al. do not appear to agree. Ohno et al. observes 

wave like growth (precursor to full fuzz growth), on the {111} crystal face, however, 

Ohno et al. predict that the {001} should produce a more ordered wavy structure 
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than the {111} [271].  From the experimental observations of Ohno et al. wavy 

structures are observed on both {001} and {111} surfaces, giving support to Ohno’s 

model. However, it should be noted that there are no {211} or {011} surfaces to 

compare to [271], so the Hammond and Wirth model cannot be discounted.  

2.4.2.4.4 Variation of Fuzz Growth with Grain Size 

In addition to grain orientation, grain size has been observed to influence fuzz 

growth. Baldwin et al. compared fuzz growth in various different tungsten samples 

[221]. The samples compared were a standard 99.97% pure W sample, stress 

annealed at 1000 °C for 1 hour (SR W), a 〈100〉 single crystal sample produced via a 

floating-zone-melting method (SC W 〈100〉), a W sample produced to the ITER 

ASTM B760 standard ( ITER Grade W), a vacuum plasma sprayed (VPS) W sample 

(VPS W), and a W sample produced via powder metallurgy and subsequently heat 

treated at 1527 °C (i.e. above the temperature of recrystallization for W) (RC W). 

They were all exposed to He plasmas with a flux of ~5×10
22

 m
-2

 s
-1 

at a temperature 

of 847 °C for one hour. A summary of the thickness of the fuzz layers observed is 

shown in Figure 2.53. For the recrystallized sample it should be noted that the 

‘surface’ layer thickness is provided in the plot, however unusually, compared to all 

other samples, fuzz was observed at depths of 200-300 µm, and it was only after 

1000 µm that no further nano-structuring was present. It was suggested that the 

nano-structuring just occurred at grain boundaries deep into the sample, not in the 

whole grains themselves. The observation of nano-structuring so deep into the 

sample was suggested to be a result of recrystallization. It was proposed that the 

increased trapping sites induced by the recrystallization process at the grain 

boundaries may have allowed for He bubble growth and hence fuzz formation at the 

grain boundaries. This was related to previous TEM observations where preferential 
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He bubble growth had been observed at surface grain boundaries. The reason for the 

nano-structuring to occur so deep into the sample however, was still not clear, but it 

was suggested that by extrapolating the He diffusion coefficient reported in [273] to 

847 °C, He could diffuse up to 2.07 cm after an exposure time of 1 hour, which is of 

the same order as the depth of observation in the sample [221]. Going back to Figure 

2.53, although specific grain sizes are not provided, it is observed that the fuzz 

growth is reduced in the single crystal W, in comparison to the standard 

polycrystalline sample. Estimating via metallography techniques, the VPS W, 

appears to have a smaller grain size in comparison to the standard sample and has a 

much thicker fuzz layer. However, there is also the recrystallized sample, which 

presumably has a larger grain size than the standard sample, not only has a thicker 

‘surface’ layer of fuzz, but also has fuzz up to 100s of microns into the depth of the 

sample. Therefore although the grain size does appear to be impacting fuzz growth, 

it cannot definitively be said what this effect is, and the variation in manufacturing 

method for all the samples also adds further complications to the comparison [221]. 

It could also be that the concentration of defects in each sample is effecting the fuzz 

growth, with high concentrations of defects acting as sinks for He (He is known to 

get trapped at vacancies, grain boundaries, dislocations and voids [165], [199], 

[200]), which may encourage He bubble growth. 
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Figure 2.53: Variation of fuzz layer thickness for different W grades, using data 

from [221]. 

 

2.4.2.5 Fuzz Growth in Other Materials 

Fuzz growth has not only been observed in W, it has been seen in W alloys as well 

as other materials. In terms of alloys, Baldwin et al. observed fuzz growth in W-

La2O3 (1% wt), ultra fine grained (UFG) W doped with TiC (1.5% wt), as well as W 

doped with 5% wt Re, and a chemical vapour deposition (CVD) sample doped with 

10% wt Re exposed to He plasmas [221]. Tokunaga et al. also observed fuzz growth 

in W-(0.5,1.5)wt%TiC alloys exposed to D-He mixed plasmas, which in some cases 

were also seeded with Be [274]. Takamura et al. have also observed fuzz on Re 

wires exposed to He plasmas with an ion energy of 105 eV, flux of 2.5×10
21

 m
-2

s
-1

, 

fluence of 1.9×10
25 

m
-2

, at a temperature of 977 °C [263]. Takamura et al. also 

observed fuzz growth in tantalum sheet, nickel sheet and molybdenum [263]. Fuzz 

growth has also been observed in iron and pure titanium by Kajita et al. [275]. The 

formation conditions required for fuzz growth in all these samples have not been 

quantified to the same extent as W, due to the lack of interest for ITER.  
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Kajita et al. [203] suggested that the temperature band where fuzz growth was 

possible was controlled by the ratio of the surface temperature (T) to the melting 

temperature of the material (Tm), and using this, Petty suggested temperature 

windows for various other metals, based on observations in W, of 0.25-0.55 T/Tm in 

K [222]. Petty also noted that for materials with a lower sputtering threshold than 

tungsten there would be more competition between fuzz growth and sputtering, 

resulting in thinner layers of fuzz [222]. Takamura et al. [263]  have suggested that 

whether fuzz will grow on a metal is based on a critical range of shear modulus 

values, which coincide with a temperature band for fuzz growth that is wide enough, 

and is within the range where He mobility in the bulk material is ensured, and have 

suggested the potential relationship between a material’s properties and the 

conditions for fuzz growth (Table 2.5). The fluences used to grow fuzz in other 

materials (typically ~10
25

-10
26

 m
-2

) have been of a similar order to those used in pure 

W.  

Table 2.5: Physical properties of materials and the relation to nanostructure growth, 

where ∆T is the temperature band at which fuzz formation can occur. The shear 

modulus given is for room temperature, without any effect of He content. Taken 

from [263] . 

Z Material Crystal 

Structure 

Melting 

Point (K) 

Shear 

Modulus 

(GPa) 

Nanostructure 

Growth 

Temperature 

Range (∆T/Tm) 

74 Tungsten (W) bcc 3695 161 Well developed fuzz 

[228] 

0.27-0.5 

75 Rhenium (Re) hcp 3459 178 Well developed 

fuzz[276] 

0.36 

42 Molybdenum 

(Mo) 

bcc 2896 126 Well developed fuzz 0.28-0.36 

73 Tantalum (Ta) bcc 3290 69 Loops and/or loops 

with short protrusions 

~0.29 

28 Nickel (Ni) fcc 1728 76 Well developed fuzz ~0.37 

26 Iron (Fe) bcc,fcc 1811 82 Well developed fuzz 

[275] 

0.44-0.50 

22 Titanium (Ti) hcp 1941 41-44 Two types of fuzz 

depending on surface 

temperature [275] 

0.26-0.44 
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2.4.2.5.1 Fuzz growth in Re doped samples 

The effect of fuzz growth on Re and Re doped materials is of interest, as Re is a 

transmutation element that will be present in ITER and DEMO. Data from Baldwin 

et al. [221]suggested that Re addition inhibits fuzz growth (Figure 2.54).  However, 

it should be noted that the manufacturing method of each sample was different, with 

the pure W being a rolled sample that was stress annealed for an hour at 1000 °C, the 

W-5%Re was simply stated to be doped with no further information, and the W-

10%Re was prepared by CVD and therefore the manufacturing processes could also 

have an impact. Takamura and Uesugi have also observed the growth of a fuzz like 

structure on pure Re wire exposed to 105 eV He ions up to a fluence of 1.9×10
25

 m
-2

, 

at a temperature of 977 °C. However, in this case the nanostructural modifications 

were thinner, straight and needle like in comparison to those observed in pure W or 

W-Re alloys, but this suggests that Re will never completely supress fuzz formation 

[263]. DFT simulations have shown that transition elements such as Re are more 

likely to occupy substitutional sites, impurities such as C and N are more likely to 

occupy octahedral interstitial sites, and He and O tetrahedral interstitial sites [277]. 

The binding energy between Re and He is close to 0, and in contrast to other 

substitutional atoms, Re will not trap He atoms [277]. Therefore in theory Re should 

behave in the same way as W, however, experimental observations reported in the 

literature indicate that Re may be inhibiting fuzz growth in W.  
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Figure 2.54:  Effect of Re addition of fuzz formation, using data from [221]. 

2.4.2.6 Effect of Fuzz on Tungsten Properties 

The most immediate effect of fuzz growth visible to the naked eye is that the surface 

of the exposed material turns black (Figure 2.55), as opposed to a shiny metallic 

finish like bulk W. Kajita et al. conducted a study into the effect of fuzz growth on 

optical reflectivity in W[278]. For W samples with fully developed fuzz, the optical 

reflectivity was observed to fall from 46% for the pristine sample to 1%, which 

corresponds to a 99% absorption of the incident light [278]. It was estimated that the 

fuzzy structure is capable of absorbing 98% of total solar light and suggested that it 

was the ‘darkest man-made metal’[278]. 
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Figure 2.55: Tungsten sample before and after He plasma exposure in NAGDIS-II 

LPD, where sample b) has grown fuzz, taken from [279]. 

Investigations by Nishijima et al. [280] in the PISCES-B LPD have revealed that 

fuzz reduces the sputtering yield of tungsten. The thickness of the fuzz layer and the 

energy of the incident ion were found to influence the sputtering yield of W, and the 

ratio of the sputtering yield of the fuzzy layer compared to a smooth surface was 

observed to decrease with increased fuzz layer thickness and saturate when the fuzz 

layer thickness was >1 µm at ~10%.  As an example, the sputtering yield for W with 

Ar ions at an energy of 110 eV, reduced from ~5×10
-2

 for a smooth surface to 

~9×10
-3

 for tungsten with a 1 µm thick fuzz layer [280]. It was suggested that the 

reduced sputtering yield was due to the increase in porosity with fuzz layer 

thickness.  The particles sputtered get trapped in between the fuzz tendrils and do not 

escape. At the beginning of fuzz formation the structure is more coarse and less 

porous so the sputtered particles have a greater chance of escaping the surface. As 

the fuzz develops, it becomes finer, with an increased porosity, allowing for more 

sputtered particles to be trapped [280].  A small decrease in the ratio was also 

predicted with a reduction in the incident energy of the ions due to the larger angle of 

sputtering of more W atoms at reduced energies, resulting in an increased likelihood 

of deposition onto the surrounding nanostructure [280]. Takamura et al. [281] also 
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observed the sputtering yield to decrease with fuzz growth, and suggested that the 

suppression of sputtering was qualitatively related to the ratio between the surface 

area at the top surface of the tendrils, facing the incident ions and the surface area at 

the bottom of the troughs of the fuzz [281]. 

Another advantageous property of fuzz as reported by Baldwin et al. [282] is that the 

presence of fuzz results in W to retain less D (where D exposures are at temperatures 

between 150-250 °C at fluences between 5-8 ×10
25

 m
-2

) in comparison to bulk W. D 

retention was observed to be 250 times lower in a sample that had pre-grown fuzz in 

comparison to a sample that had not been previously exposed to a He plasma. It was 

suggested that this was due to He bubbles close to the surface, growing and 

interconnecting with each other, resulting in the production of pathways to the 

surface of the sample, which inhibits the diffusion of D to the bulk [282]. One of the 

main reasons W has been chosen as a divertor material is for its favourable tritium 

retention properties in comparison to other materials, the fact that fuzz could form 

may further decrease this retention (assuming D and T behave in the same manner) 

which could be desirable. 

Nishijima et al. have also suggested that fuzz is more resistant to surface cracking in 

comparison to bulk W with a mirror finish, where cracks were seen following a 

single ~0.7 MJ m
-2

 plasma pulse. However samples with fuzz growth layers between 

1 and 3 µm in thickness did not crack even after 10 pulses at the same energy [283]. 

It was suggested that this was due to the increased surface area that resulted from the 

presence of fuzz allowing for increased efficient dissipation of energy [283].  

Takamura et al. also suggested that fuzz resulted in a reduced secondary electron 

emission in comparison to bulk W, due to the observed deepening of floating 
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potential during He exposure [284].  

Kajita et al. have reported that fuzz exhibits a different thermal response in 

comparison to bulk tungsten [229]. Initially studies were carried out in the NAGDIS-

II LPD where fuzzy samples were exposed to 0.6 ms ruby laser pulses. Surface 

melting was observed. Numerical calculations suggested that the fuzz resulted in a  

thermal conductivity of almost zero close to the surface, a reduction of more than 

two orders of magnitude of the thermal conductivity of bulk tungsten  [229].    

Following this, fuzz was initially grown on samples in the NAGDIS-II LPD, and 

then exposed to a high power laser pulse in the MAGNUM-PSI device [225]. 

Additionally pulsed plasmas were used to investigate the thermal response of fuzz in 

MAGNUM-PSI. A much higher temperature increase was observed in both cases in 

the fuzzy samples (400-500 °C for pulsed plasma) in comparison to bulk samples 

(<100 °C for pulsed plasma). Again melting was observed on the surface of the 

fuzzy samples subject to either the laser or plasma pulses, despite measurements 

with an infra-red camera showing that the temperatures reached were below the 

melting point of W and the energy of the pulses used was below that required for 

melting. Three suggestions on changes to thermo-physical properties were made as 

to why the tungsten would melt below the melting point, including a decrease in 

melting point due to the small size of the nanostructure, a decrease in the thermal 

conductivity (this time also taking into account porosity, which was not considered 

before) and finally non-uniform surface heating [225].  

It was suggested that the decrease in melting point for the nanostructure would not 

be sufficient enough to explain the melting observed and that although the reduction 

in thermal conductivity would result in a temperature increase, this again would be 
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insufficient to cause melting [225]. The theory that parts of the fuzz were thermally 

isolated close to the surface, resulting in non-uniform surface temperatures was 

suggested. This meant that the average temperature across the whole surface was 

actually less than that measured via the IR camera, but localised heating in certain 

areas resulted in the increased measured temperature. It was suggested that in the 

locally heated areas, temperatures high enough for melting could be reached. 

However, with the current experimental observations with the IR camera limited to a 

0.5 mm resolution, further experiments with a higher resolution camera are 

necessary [225]. Direct measurements of the thermal conductivity of fuzz will also 

be of interest. There was also a suggestion that vaporisation of a depth of between 2-

7.5 nm of the fuzz could occur for a single ELM event in ITER, and as W 

contamination cools the plasma this could be an issue. However this estimation did 

not take into account vapour-shielding, pulse accumulation and re-deposition that 

could also occur which may mitigate the erosion [225]. 

Kajita et al.[285] and Tokitani et al.[286] both observed arcing on fuzzy samples at 

heat fluxes of ~10
10

 W m
-2

 (similar to power of type-I ELM) and 4.2×10
6
 W m

-2
 

respectively. Further studies by Kajita et al. observed that for a sample exposed to a 

plasma with a He fluence of 2×10
24 

m
-2

, where only the early stages of fuzz will have 

formed, the probability of ignition of arcing was >90% [287]. This is in contrast to a 

pristine sample where no arcing was observed [287]. Therefore fuzz is seen to 

increase likelihood of arcing, which is problematic as it could contribute to erosion 

in ITER, affecting the performance of the plasma. Kajita et al. have estimated, 

following pulsed laser exposures in the NAGDIS-II device that arcing could cause 

erosion at the rate of 10 mg s
-1 

[257]. The likelihood of arcing was also observed to 

be dependent on electron density as well as sheath potential [288]. 
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2.5 Work required 

Tungsten has been confirmed as the material of choice for the divertor in ITER. It 

will also be used in DEMO. Considerable research has been undertaken in order to 

try and predict the behaviour of W in these two extreme environments. The main 

threats to performance come from damage induced by bombardment of 14 MeV 

neutrons, including cascade damage and transmutation, bombardment from other 

ions in the plasma, including He and H ions, and the high temperatures, both during 

steady state operation and sudden high heat fluxes during disruptions. Currently 

there is no dedicated fusion materials testing device, so several techniques have been 

used in order to try and predict the behaviour of W, including the use of ion beam 

accelerators and LPDs. Further research is required in all these areas in order to 

develop a more comprehensive database of material properties and better predict any 

issues that may arise while using W in ITER or DEMO. The aim of this project will 

be to further develop methods to study degradation of W for fusion applications. The 

two main topics of interest arise from the products of the D-T reaction; 14 MeV 

neutrons and He ions (Figure 2.56).  

The aim of this project is to study aspects of degradation of W arising from the 

products of the D-T reaction. 

Three areas of research that will be of use in this regard have been identified and are 

outlined below.  
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Figure 2.56:  Overview of areas of investigation. 

2.5.1 Study the effect of Re on the growth of fuzz in W exposed to He plasmas 

It is not clear if fuzz will form during ITER or DEMO operation, due to uncertainties 

with regards to the final operating conditions. In terms of fluence and temperatures 

required for fuzz formation being reached; this is certain for some areas of the 

divertor in ITER. However, the energies, particularly during detached plasma 

operations (required to keep the steady state heat flux at 10 MW/m
2
) could be too 

low. Although, ultimately until experiments begin on ITER or a DEMO reactor is 

constructed, the energy of He ions cannot be quantified for certain. Additionally the 

impact of neutron irradiation on the properties of tungsten and the influence this will 

have on the likelihood of fuzz growth has not been investigated. Re is a 

transmutation product that will form during nuclear operation in ITER to levels of 
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0.18% following 2 D-D and 12 D-T years of operation, and also in DEMO, up to 

levels of  3.8% following 5 years of operation [133]. As seen in Figure 2.54, Re 

addition seems to be inhibiting fuzz growth in W, however as was mentioned in 

section 2.4.2.5.1, the manufacturing process of the W-Re alloys was also different, 

which could have had an effect on the fuzz growth. Re is a transmutation product 

that will be present, at lower but not insignificant concentrations in ITER, and up to 

3.8% after 5 years in a DEMO reactor. Therefore it is of vital importance that the 

effect of Re on the formation of fuzz is further investigated. Predicting the impact of 

Re on fuzz growth is important, as fuzz could be detrimental to plasma performance 

in ITER or DEMO if  it were to break of or vaporise as has been suggested in section 

2.4.2, which would lead to cooling of the plasma. This topic of research will look to 

combine the effects of fusion neutron damage with He ion bombardment, through 

the introduction of Re, to mimic transmutation and exposure to ITER and DEMO 

relevant He fluxes. This area of research will be addressed in Chapters 4 and 5. 

2.5.2 Investigating the use of Re as an implanted species in ion irradiations as 

opposed to an alloying element 

As has been observed in the JOYO fast reactor [67], [134], [162], the mechanism for 

neutron damage differs significantly if Re is an alloying element, present in W prior 

to neutron irradiation or if it is created via transmutation during neutron irradiation. 

If Re is present prior to irradiation, then irradiation hardening has been observed to 

occur via a precipitation mechanism, whereas if the starting material is pure W, then 

a void formation mechanism is responsible for irradiation hardening. W ion 

irradiations in W-5%Re have been compared to those in pure W by Armstrong et al. 

[145], but there is still a gap in the research to simultaneously introduce 

displacement damage and Re ions during ion irradiation. Re ion irradiations should 

be carried out in W, and compared to W ion irradiations.  Using micro-scale 
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techniques, it would be interesting to investigate if there would be a variation in the 

irradiation damage induced through simultaneous introduction of Re during 

irradiation, as would be the case in ITER or DEMO, as opposed to Re already 

existing in the matrix. Nanoindentation should be used to look at hardness changes, 

and SEM and EBSD to look at microstructural changes. This could help to further 

predict the performance of W in a fusion environment. This topic of research will be 

addressed in Chapter 6. 

2.5.3 Further investigate the use of proton irradiations as a proxy to neutron 

damage  

As discussed in section 2.3.3.5, there have been limited studies into the effect of 

proton irradiations as a technique to mimic neutron irradiation, particularly if we 

compare it to the research into heavy ion irradiations and neutron irradiations. The 

only major study comparing proton irradiations to neutron irradiations, specifically 

for fusion applications has been carried out by He et al. [185]. However, these have 

only been carried out at temperatures of 500 and 600 °C. Therefore there is scope to 

further investigate the use of protons as a proxy for neutron irradiation, specifically 

for fusion applications. In ITER the temperatures reached on the outer target of the 

divertor could vary between 200-1150 °C [1]. It would therefore be beneficial to 

further study the impact of temperature by conducting irradiations at temperatures 

either side of the temperatures used by He et al., to look at the impact on irradiation 

induced damage. Irradiation hardening should be investigated using nanoindentation 

and SEM techniques should be used in order to observe microstructural changes. 

From the literature it is observed that there is a discrepancy between the hardness 

increases observed in W following neutron or self-ion irradiation at equivalent doses. 

For example, comparing the hardness following a dose of 0.4dpa, there is a ~60% 
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decrease in the hardness increase observed in self-ion irradiated W in comparison to 

neutron irradiated W (Figure 2.32) [25], [67], [68], [145]. If a comparison of proton 

and neutron irradiated material to doses of 0.15 dpa is carried out, the proton 

irradiated material only shows ~10% lower hardness increase in comparison to the 

neutron material (Figure 2.36) [185]. These are only single data points, and therefore 

should be compared with caution. It should also be noted that typically micro 

hardness tests were carried out in the neutron and proton irradiated samples, whereas 

nanoindentation was used in the ion irradiated material. However, the data seem to 

suggest that the difference in hardness increases between proton and neutron 

irradiated material is not as significant as that between self-ion irradiated and neutron 

irradiated material. Considering that self-ion irradiations should produce cascades 

more similar to neutron irradiations and proton cascades are smaller and more spaced 

out [130], it is interesting that in terms of hardness, protons seem to produce 

hardness results closer to neutron damage. This makes it even more important to 

continue to study proton irradiations as a proxy for fusion neutron damage. The 

increased recombination typically associated with the denser cascades in heavy ion 

irradiations could be contributing to the reduced hardness increase. Additionally, the 

penetration depth in proton irradiation experiments is greater than in heavy ion 

irradiation experiments, and therefore indentation measurements are less likely to be 

influenced by a non-irradiated substrate. Investigating the response of W to proton 

irradiations shall be carried out in Chapter 7.
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 Methods 3

3.1 Materials 

During the course of this thesis, 6 different materials were utilised: 

 99.95 % purity as received 2 mm thick tungsten sheet purchased from 

Goodfellow (Ermine Business Park, Huntingdon, England PE29 6WR) with 

an average grain size of ~1 µm and an inhomogeneous microstructure. 

 99.95 % purity 2 mm thick tungsten sheet from Goodfellow that was 

annealed for 18 hours at 1400 °C in vacuum in order to get a more uniform 

microstructure with an average grain size of ~21 µm. 

 30 mm diameter, 1 mm thick 99.97 % purity tungsten discs provided by 

Plansee (Metallwerk-Plansee-Str. 71, 6600 Reutte, Austria). 

 20 mm diameter, 99.95 % purity tungsten rod purchased from Ultra Minor 

Metals. The rod produced by a swaging process, using tungsten powder with 

an average particle size of 4-5 µm. 

 15 mm diameter, 99.95 % purity W-3wt% Re rod purchased from Ultra 

Minor Metals (C3-603,Emerging Technology Industrial Park,Muyun 

Industrial Park,Changsha,410118,Hunan,China). The rod produced by a 

swaging process, using tungsten-rhenium powder with an average particle 

size of 4-5 µm. 

 15 mm diameter, 99.95 % purity W-5wt% Re rod purchased from Ultra 

Minor Metals. The rod produced by a swaging process, using tungsten-

rhenium powder with an average particle size of 4-5 µm. 

For the ion irradiation experiments the as received and annealed sheet was utilised 

and for the plasma experiments the rod material was utilised. 
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3.1.1 Sample Preparation 

3.1.1.1 Polishing Procedure 

In order to prepare the tungsten sheet samples for ion irradiations and mechanical 

and microstructural analysis, 10 × 10 mm samples were cut from the bulk sheet 

using electrical discharge machining (EDM). The EDM process resulted in a damage 

layer, typically a few µm in thickness, that was removed via grinding. Following this 

half of the samples were annealed under vacuum (~1.9×10
-3

 mbar) for a period of 18 

hours at a temperature of 1400 °C. In order to complete the heat treatment, the 

samples were heated at a rate of 300 °C/hour, up to a temperature of 300 °C, where 

the temperature was held for 1 hour, following which the samples were again heated 

at a rate of 300 °C/hour up to a temperature of 1400 °C. This temperature was held 

for 18 hours, after which the samples were cooled to room temperature at a rate of 

350 °C/hour. 

The samples of as received and annealed tungsten sheet were ground using 240, 400, 

800, 1200 and 2400 grit SiC paper. They were polished on a TexMet cloth using 

3 µm diamond suspension (for 30-50 minutes) and with 1 µm diamond suspension 

(for 10-20 mins), while also using MetaDi Fluid lubricant from Buehler. Initially, the 

cloth was sprayed three to four times with suspension and 4-6 times with lubricant, 

checking that there was enough lubricant every five minutes and adding some more 

diamond suspension every 10 minutes. The samples were then polished, using a 

damp Maya polishing pad and 0.05 µm colloidal alumina suspension. The samples 

were polished for 40 minutes, adding a few drops of colloidal alumina every five 

minutes. This procedure was completed manually. This resulted in a sample surface 

suitable for electron backscattered diffraction (EBSD) applications. 
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After the polishing procedure all samples were cleaned ultrasonically using the 

procedure shown in Table 3.1, before being wrapped in optical tissue and stored in a 

membrane box in a desiccator. 

Table 3.1: Ultrasonic Cleaning Procedure. 

Solution Duration (minutes) 

Acetone 10 

Ethanol 10 

Deionized water 10 

Acetone 2 

 

For the material used for plasma exposures, the rods were cut using EDM to produce 

samples with a thickness of ~1 mm. Again the EDM resulted in a few µm worth of 

damage that was removed via grinding. These discs, as well as the discs from 

Plansee were ground and polished using an automatic Struers Planopol-2 and the 

methodology is highlighted in Table 3.2. This ensured that the samples were 

prepared to a mirror finish. After polishing, the samples were cleaned ultrasonically, 

using the procedure in Table 3.1. The samples were then outgassed in a vacuum 

furnace for 15 minutes at a temperature of 1000 °C. There was no direct cooling 

used, and it took approximately 7 hours for the temperature to cool from 1000 °C to 

100 °C. All samples used throughout this project were prepared to a mirror finish, 

suitable for EBSD applications. Although in a fusion reactor the tungsten would not 

be prepared in such a way, for these experiments this process was necessary for two 

main reasons. Firstly to ensure that the damage profile induced in all samples via ion 

irradiations or plasma exposures was uniform across the sample. When damage 

layers of the order of microns are being induced, it is important that the starting 

condition of material under observation is uniformly flat. Furthermore several of the 
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tests and analyses used within this thesis require a flat, uniform finish, where the 

grains are clearly visible. 
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Table 3.2: Polishing procedure for Tungsten and Tungsten Rhenium Discs [289]. 

Step 1: Grinding with automatic Struers Planopol-2. Check and rinse sample with 

water between each step 

 Material Time/paper Number 

of 

papers 

Rotation 

speed 

Force 

(machine 

setting) 

Comments 

a 180 SiC 2-3 min 3 300 4 to 6  

b 320SiC 2-3 min 3 300 6  

c 500SiC 2-3 min 3 300 6  

d 1000SiC 2-3 min 3 300 6  

e 2400SiC 2-3 min 3 300 6  

 

 Solution Time Number 

of 

Times 

Speed of 

Rotation 

Force 

(machine 

setting) 

Comments 

a Green 

3 µm 

10 min 3 to 5 150 3 to 5 Use TexMet cloth. 

Spray 3-4 times with 

green suspension and 

4-6 times with 

lubricant. Check 

every 5 minutes that 

there is enough 

lubricant (i.e ensure 

that there are 

droplets on the 

samples). After each 

10 minutes add some 

more green 

suspension. 

Following this step 

the sample should 

have a mirror finish, 

if not, then the step 

should be prolonged.  

b Blue 

1 µm 

10 min 2 to 4 150 3 to 5 Use TexMEt cloth. 

Check that there is 

enough fluid left 

every 5 minutes. Add 

some more diamond 

suspension every 10 

minutes cycle. 

c White 

0.05 µm 

10 min  2 to 4 150 3 to 5 Use MicroCloth (no 

lubricant required). 

Add some more 

suspension after 5 

minutes. 
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3.1.1.2 Focused Ion Beam (FIB) 

Focused Ion Beam (FIB) was utilised in this project to determine the thickness of the 

fuzz layers produced in samples exposed to helium plasmas discussed in Chapters 4 

and 5. A FIB can machine features at the nm-µm scale, using gallium (Ga) ions to 

mill the sample via a sputtering process. Inherently it is a destructive process, and a 

compromise is required between removing material quickly, while also limiting 

damage to the specimen under analysis. The systems used in this research were the 

Quanta 3D and Nova. Both systems are DualBeam, which means that they have both 

a FIB and an SEM, so that imaging as well as machining can occur. In order to 

obtain thickness measurements, initially a layer of platinum was deposited on the 

region of interest of the sample via chemical vapour deposition (CVD) [290], in 

order to protect the fuzz from ion beam damage. The platinum did slightly obscure 

the top of the fuzz, however as the same technique was used for all the samples, it 

can be assumed that all fuzz thicknesses measured were slightly lower than they 

actually were. If no platinum was used, a greater amount of fuzz would be removed 

via ion beam damage. Following this a regular cross section using high current 

gallium ions was cut into the sample close to the region of interest. The cross section 

was then ‘cleaned’ by performing cleaning cross sections at lower and lower current 

gallium ions until a smooth surface is achieved, where the microstructure and fuzz 

were clearly observable. The platinum deposition, rough cut and cleaning cut process 

are shown in Figure 3.1and the final cross section produced is shown in Figure 3.2. 

 

 

 



Chapter 3  168 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

Figure 3.2: Final cross section of plasma exposed W-5%Re sample, 

revealing the thickness of the ‘fuzz’ layer. Image is taken at a tilt of 52°. 

The original and tilt corrected scales are provided. 

 

Figure 3.1: Procedure to produce cross sections, starting with a) Pt 

deposition, b) rough cut and c) cleaning cross section. All images are 

taken at a tilt of 52°. The original and tilt corrected scales are provided. 

a) 

b) 

c) 

5 µm 

2 µm 
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FIB was also utilised in this project to prepare TEM specimens. This procedure was 

carried out by Dr. Michael Ward at the University of Leeds, LENNF facility. Again 

this involves firstly depositing platinum over the region of interest. Trenches are then 

milled on either side of the lamella and cuts are made to detach it from the bulk so 

that it can be lifted out from the sample. It is then attached using platinum to a 

copper grid. Following which it is thinned to electron transparency (<100 nm). The 

process is illustrated in Figure 3.3. 
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3.2 Linear Plasma Devices 

During this PhD, a collaboration was established with the FOM Institute DIFFER 

(Dutch Institute For Fundamental Energy Research) with access to two linear plasma 

devices: Magnum-PSI and Pilot-PSI. Both devices were utilised to obtain the data 

reported in Chapter 4 (“Effect of Rhenium Addition on Tungsten Fuzz Formation in 

Helium Plasmas”) and Pilot-PSI was used to obtain the data for Chapter 5 (“Effect of 

Rhenium Concentration on Tungsten Fuzz Growth in Helium Plasmas at High 

Fluence”). 

Schematics of Magnum-PSI and Pilot-PSI are shown in Figure 3.4 [248] and Figure 

3.5 [291], respectively. Magnum-PSI is capable of reaching fluxes of the order of 

10
23

 m
-2

s
-1 

and Pilot-PSI is capable of 10
24

 m
-2

s
-1

. This corresponds to the 10
24

 m
-2

s
-1 

expected in ITER [248]. Pilot PSI uses a cascaded arc source in order to generate the 

plasma which is confined via an axial magnetic field, resulting in a cylindrical 

shaped plasma beam that is strongly magnetised [218]. Magnum-PSI operates in a 

similar way [248]. During the course of this PhD, Magnum-PSI was used in 10 

second pulses. For the results reported in Chapter 4, Pilot-PSI was used in 100 

second pulses, and for Chapter 5 it was used in 800, 1600 and 3200 s pulses. It 

would have been ideal to also run the exposures in Chapter 4 continuously, however 

due to the constraints of the magnetic field this was not possible. This meant that the 

shots reported in Chapter 4 took longer to complete, as a cooling down period was 

required between them. Petty et al. have investigated the differences between 

discrete and continuous exposures to plasma in a Magnetron sputtering device [253], 

and suggested direct comparison between pulsed and continuous exposures may be 

difficult, due to the fact between pulses helium could escape from the sample and 

annealing of the fuzz could also occur [253]. However, generally in LPDs, the time 
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between pulses is of the order of minutes rather than hours, so it could be that the 

effect is not as important on such timescales.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.3 Ion Irradiations 

During this PhD collaborations were established with the Australian National 

University (ANU) and Notre Dame University in order to carry out heavy ion (W 

and Re) and proton irradiations respectively. 

3.3.1 Simulation of Ion Irradiation Damage 

In order to determine the parameters for irradiation damage, damage profiles were 

calculated using the Monte Carlo simulation code, SRIM [121]. To determine the 

Figure 3.4: Schematic of Magnum-PSI linear plasma 

device [248]. 

Figure 3.5: Schematic of Pilot-PSI linear plasma device [291]. 
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damage profiles for heavy ion irradiations a detailed calculation with full damage 

cascades was utilised and for proton irradiations the Kinchin-Pease model was used 

[128]. The full damage model was used for the heavy ion irradiations as this is what 

had been employed by previous experiments to which the results generated in this 

project were to be compared [145]. Therefore for ease of comparison the full damage 

model was used. For proton irradiations, the Kinchin-Pease model was used as this 

produces the most accurate results [292]. In both cases a displacement energy of 

68 eV was assumed for tungsten as this is the minimum displacement threshold in 

the <100> direction [293]. Additionally, for ease of comparison to previous studies, 

a value of 68 eV was used [145], [179]. For all simulations 10,000 ions were utilised 

in order to get an output without noise. From the output files the total number of 

displacements and hence dpa for a particular fluence was calculated. 

For the full damage simulations the total number of displacements was calculated 

using Equation 3.1. 

Equation 3.1 

𝑇𝑜𝑡𝑎𝑙 𝑑𝑖𝑠𝑝𝑙𝑎𝑐𝑒𝑚𝑒𝑛𝑡𝑠 = 𝑣𝑎𝑐𝑎𝑛𝑐𝑖𝑒𝑠 + 𝑟𝑒𝑝𝑎𝑙𝑐𝑒𝑚𝑒𝑛𝑡 𝑐𝑜𝑙𝑙𝑖𝑠𝑖𝑜𝑛𝑠 

For the Kinchin-Pease model, the total displacements were simply equal to the total 

number of vacancies at equilibrium. 

Relevant fluences were then chosen to obtain dpa values relevant for fusion. 

Additionally the atomic parts per million (appm) of the implanted ion species was 

calculated from the output files. 

3.3.2 Heavy Ion Irradiations 

Heavy ion irradiations (W and Re) were carried out using the tandem accelerator 

(National Electrostatic Corporation 5SDH) at ANU (Figure 3.6). The accelerator 
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utilised a SNICS-II source from NEC [294]. The ion accelerator works on the 

principle that a negatively charged ion beam is accelerated towards a positively 

charged terminal, where the ions are stripped of their electrons. This results in a 

positively charged beam that is accelerated away from the terminal towards the 

target. Further information about the set up can be accessed from [294]. For these 

irradiations the samples were clamped to a holder made of stainless steel, which was 

heated to a temperature of 400 °C during irradiation. The temperature of 400 °C was 

chosen as this is the temperature predicted at the surface of the outer target in ITER 

[1]. As discussed in Section 2.3.3.6.2, due to the difference in dose rate between 

14 MeV neutron damage and heavy ion irradiation damage, a temperature shift 

should be used to get similar defects. However for this specific case, information is 

lacking, preventing the link between shift and dose being made. 

 

 

 

 

 

 

 

3.3.3 Proton Irradiations 

Proton irradiations were carried out utilising the 5 MV pelletron accelerator in the 

Nuclear Science Laboratory (NSL) at the University of Notre Dame (Figure 3.7). It 

works on the principle that a large positive charge is applied to the terminal (which is 

Figure 3.6: Tandem accelerator at ANU. 
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essentially a centralised electrode), which causes a negatively charged ion beam 

produced outside the accelerator to accelerate as it travels towards the terminal. 

When the ion beam travels through the location of the terminal, the ions in the beam 

are stripped of their electrons as they pass through a thin carbon foil. The ion beam is 

now positively charged and hence accelerated away from the terminal, from where it 

leaves the accelerator and is incident on a target [295]. In this project, samples were 

mounted on a high temperature irradiation station which was heated to either 400 or 

800 °C. These temperatures were chosen as they lie within the operating range for 

tungsten within ITER [1]. Again, due to lack of information the temperature shift 

was not determined. Further information is provided in Chapter 7 (“Effect of Proton 

Irradiations on the Mechanical Properties of Tungsten for Nuclear Fusion 

Applications”). 

 

 

 

 

 

 

3.4  Measurement of Mechanical Properties 

In order to measure mechanical properties of the irradiated layers obtained from the 

heavy ion and proton irradiations, nanoindentation was utilised. In both cases a 

displacement control method was employed. 

Figure 3.7: The Tandem Van de Graaff Accelerator at 

Notre Dame University [295] 
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For the heavy ion irradiations, where the damage profile was ~500 nm deep, low 

load nanoindentation (<10 mN) using a Hysitron triboindenter fitted with a 

Berkovich tip was utilised. This indenter provides data accurate for displacements 

between 50-200 nm. A displacement controlled method was utilised to produce 

indents in the displacement range of 50-200 nm, which was within the irradiated 

damage layers of the samples. The methodology is described in more detail in 

Chapter 6 (“Effect of Rhenium Irradiations on the Mechanical Properties of 

Tungsten for Nuclear Fusion Applications”). 

For the proton irradiated samples, where the damage layer extended up to a depth of 

6 µm with a uniform damage region between 500-2000 nm into the sample, an MTS 

indenter, fitted with an XP Berkovich tip was utilised that could reach displacements 

of up to 2000 nm in a silica reference sample. In this case continuous stiffness 

measurement (CSM) indents with a 2000 nm displacement were used. The quoted 

load resolution from the manufacturer is 50 nN [296]. The CSM method provides 

modulus and hardness data throughout the depth of the indent by imposing small 

dynamic oscillations and allowing for stiffness to be continually measured 

throughout the depth, rather than just from an unload curve [297]. The advantage of 

CSM indents is that data is obtained at a range of depths in just one indent, however 

the results may not be accurate for materials with a high contact stiffness [297] 

[298].  

Nanoindentation is typically used to determine elastic modulus and hardness values 

of a material by analysing the load displacement curve after applying and unloading 

the sample using a nanoindenter tip, such as the Berkovich geometry. A Berkovich 

tip is a 3-sided pyramid that is suitable for analysis of the samples produced in this 

thesis. This tip is routinely used for nanoindentation and previous work to which 
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results reported in this thesis were compared also made use of the Berkovich tip 

[145]. Springs are used to maintain the alignment of the indenter and prevent 

sideways movement. A typical load-unload curve is shown in Figure 3.8. In this 

diagram, P is the applied load and h is the displacement into the sample (relevant to 

the initial deformed surface) [297]. Pmax is the maximum applied load, hmax is the 

maximum displacement into the sample, hf is the permanent depth of the indent 

following the unloading stage, and S is the contact (elastic loading) stiffness. In the 

loading part of the curve the deformation is assumed to be both elastic and plastic, 

while in the unload portion only elastic deformation is assumed. Due to the fact that 

the unload portion of the curve is elastic, it is from this part of the curve that the 

material’s elastic modulus is calculated [297]. A schematic diagram of the load-

unload process, using a Berkovich tip is shown in Figure 3.9. In the case of a 

Berkovich indenter, it is assumed that φ (the half induced angle) has a value of 70.3°, 

hc is the contact depth between the indenter tip and the sample, hs is sink-in (the 

elastic deformation of the sample surface that surrounds the indent [299]).  
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Figure 3.8: Load-displacement curve redrawn from [297]. 

Figure 3.9: Schematic of load/unload process redrawn from [297]. 
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The indenter tip approaches the sample, until it reaches the sample surface resulting 

in a change in stiffness response of the system. The measured load is corrected for 

the stiffness of the support spring of the system, using Equation 3.2. 𝑃𝑟𝑎𝑤 and 𝑃0 are 

the raw load and the raw load at the sample surface respectively. ℎ𝑟𝑎𝑤 and ℎ0 are the 

raw displacement and the raw displacement at the sample surface. 𝐾𝑠𝑝𝑟𝑖𝑛𝑔 is the 

stiffness of the spring. Hence the first term corresponds to total load and the second 

term to the reaction force of the springs. 

Equation 3.2 

𝑃 = (𝑃𝑟𝑎𝑤 − 𝑃0) − 𝐾𝑠𝑝𝑟𝑖𝑛𝑔(ℎ𝑟𝑎𝑤 − ℎ0) 

The measured displacement also requires correction, specifically for thermal drift 

and frame displacement (Equation 3.3).  

𝐾𝑓𝑟𝑎𝑚𝑒 is the frame stiffness and is very sensitive to the method of mounting of the 

sample. It is for this reason that all samples during this thesis were mounted in the 

same way to ensure consistency and repeatability. All samples were mounted on an 

SEM stub using cyanoacrylate adhesive, which was in turn mounted in a specially 

designed aluminium holder and made secure using a grub screw. In order to 

determine whether the samples were mounted correctly, the modulus- displacement 

graphs were checked, ensuring that the modulus values remained constant with depth 

(except where surface effects dominated). This meant that samples could easily be 

transferred between the nanoindenter and the SEM, without any need to change 

mounting. The silica references that were used for both indentation systems used in 

this thesis were also mounted on stubs using cyanoacrylate adhesive to ensure 

consistency. Although it is impossible to completely remove the effects of system 

compliance, this method limited the effects. The first term of Equation 3.3 
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corresponds to the total displacement of the tip; the second term corresponds to the 

frame displacement and the final term to thermal drift, where 𝑄 is the thermal drift 

coefficient and is calculated via a least squares fit and 𝑡 − 𝑡0 is the duration of the 

indent. The thermal drift is calculated during the hold segment of each indent, at 

10 % of the maximum load. For the both systems, thermal drift was typically less 

than 0.05 nm/s. 

Equation 3.3 

ℎ𝑐 = (ℎ𝑟𝑎𝑤 − ℎ0) −
𝑃𝑟𝑎𝑤 − 𝑃0
𝐾𝑓𝑟𝑎𝑚𝑒

− 𝑄(𝑡 − 𝑡0) 

In order to determine the elastic modulus of the sample, Equation 3.4 is used, where 

𝛽 is a dimensionless correction factor, which is typically taken to be ~1.05 ±0.05 

[297] (obtained from experiments and 3D finite element analysis) and 𝐸𝑟 is the 

reduced modulus [297]. The reduced modulus is essentially the combined properties 

of the system and the material under investigation. 

Equation 3.4 

𝐸𝑟 =
√𝜋𝑆

2𝛽√𝐴
 

From the reduced modulus, the actual modulus, E can be obtained using Equation 

3.5. This requires the Poisson’s ratio of the sample, ν, as well as of the indenter νi. 

The modulus of the indenter material, Ei is also required [297]. 

Equation 3.5 

1

𝐸𝑟
=
(1 − 𝜈2)

𝐸
+
(1 − 𝜈𝑖

2)

𝐸𝑖
 

This can be re-arranged to give Equation 3.6. 
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Equation 3.6 

𝐸 =
(1 − 𝜈2)

1
𝐸𝑟
−
(1 − 𝜈𝑖2)

𝐸𝑖

 

It is also necessary to callibrate for compliance in the system using Equation 3.7 

[297]. The total compliance, 𝐶 is equal to the sum of the load frame compliance, 𝐶𝑓 

and the compliance of contact which is the second term in the equation. Essentially 

the system is equivalent to two springs in series. 

Equation 3.7 

𝐶 = 𝐶𝑓 +
√𝜋

2𝐸𝑟

1

√𝐴
 

Equation 3.8 

𝐴 = (
√𝜋

2𝐸𝑟 × (𝐶 − 𝐶𝑓)
)

2

 

Following this, Equation 3.7 is rearranged (Equation 3.8) in order to obtain values of 

the indentation area (𝐴) at various depth, which in turn feed into the area function 

equation (Equation 3.9). Cn are constants used to get a good fit for the area function 

[297]. 

Equation 3.9 

𝐴 = ∑𝐶𝑛(ℎ𝑐)
2−𝑛

8

𝑛=0

= 𝐶0ℎ𝑐
2 + 𝐶1ℎ𝑐 + 𝐶2ℎ𝑐

1/2 + 𝐶3ℎ𝑐
1/4 +⋯𝐶8ℎ𝑐

1/128
 

Once the area function has been determined, the hardness of the material under 

analysis can be obtained, using the maximum load, Pmax and the contact area, A as 

shown in Equation 3.10 [297]. 
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Equation 3.10 

𝐻 =
𝑃𝑚𝑎𝑥
𝐴

 

In all cases the indenter tip area coefficients and compliance were calibrated by 

using data obtained from indenting a fused silica standard. Fused silica is used as it 

exhibits ideal behaviour, due to its low E/H value. For more information on 

nanoindentation, the reader is directed to [297] and [299]. 

3.5 Microstructural Evaluation 

3.5.1 Scanning Electron Microscopy (SEM) 

SEM was used extensively in this project for microstructural and surface 

characterisation of both the plasma and ion irradiated samples. Three functions of 

SEM used in this project are highlighted below. The SEMs used in this project were 

the Quanta 200, Quanta 650, Philips XL30 and Zeiss Sigma. Apart from the Quanta 

200, which is a filament SEM, these are all FEG (Field Emission Gun) SEMs.  

3.5.1.1 Imaging 

SEM was utilised to obtain data reported in all the results chapters of this thesis. The 

Quanta 200 was used for low magnification imaging and to check that sample 

preparation was adequate before ion irradiations. Field emission gun (FEG) SEMs 

were utilised in order to conduct high magnification work. A schematic diagram of 

an SEM is shown in Figure 3.10 [300]. 
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When using a SEM, the sample under inspection is irradiated with a beam of 

electrons, resulting in signals from secondary electrons, backscattered electrons, 

Auger electrons, X-rays and photons being emitted from different depths of the 

sample [301]. The interaction volume of the electrons with the sample is typically a 

tear drop shape. Figure 3.11 illustrates the types and locations of the signals 

generated from the electron beam interaction with the sample under investigation. It 

should be noted that the interaction volume increases with increasing accelerating 
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Figure 3.10: Schematic Diagram of SEM adapted from [300]. 
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voltage of the incident electron beam. This means with lower accelerating voltages 

more surface information is obtained, and with higher voltages the information 

comes from deeper into the sample. Secondary electrons provide information close 

to the surface of the sample. Electrons from the incident beam interact with electrons 

in the sample, resulting in the incident electron changing direction and the electron in 

the sample being ejected from its original atom. This ejected electron is referred to as 

a secondary electron and has an energy of less than 50 eV [302]. Backscattered 

electrons are generated deeper in the sample in comparison to secondary electrons. 

Due to a large number of large angle elastic scattering events, primary electrons 

incident on the sample can be back scattered out of the sample, and hence are 

referred to as back scattered electrons [302]. The different signals can provide us 

with information from different regions within the sample, and combined together a 

complete picture is created.  
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3.5.1.2 Electron Backscattered Diffraction (EBSD) 

3.5.1.2.1 Experimental Technique 

In order to conduct EBSD analysis on a sample, the primary electron beam 

(stationary) is incident on a sample tilted to 70°. This results in electrons to be 

diffracted from the sample, resulting in a characteristic diffraction pattern being 

observed (Kikuchi patterns), depending on the crystal structure and grain orientation 

of the sample under investigation [303]. This allows us to differentiate and identify 

grains of certain orientations and phases. 
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Figure 3.11: Teardrop model of electron penetration into sample and location and type of 

signals generated, adapted from [302]. The interaction volume depends on electron energy 

and the sample under analysis. Typically the secondary electrons come from the first 10 nm. 

For electron energies between 15-30 kV in a flat W sample, the peak  back scattered electron 

penetration depth is between 190-500 nm and the total peak penetration depth is between 

~400-1300 nm, as calculated with CASINO v 2.48 [304].  
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3.5.1.2.2 Simulation of Electron Penetration Depths 

The depth from which the signal originates is dependent on the voltage of the 

incident electron beam. The higher the voltage, the higher the penetration depth and 

hence the deeper from the sample the signal is obtained. In order to correlate the 

electron beam voltage with the penetration depth of the back scattered electrons, and 

incidentally the depth into the sample from which the signal is coming from, 

CASINO (monte CArlo Simulation of electron trajectory in sOlids) software can be 

utilised. In this project version 2.48 was utilised [304]. This Monte Carlo simulation 

can be used to calculate the penetration depth of back scattered electrons with 

varying electron beam voltage, as used in Chapter 6. In this particular case 

irradiation damage was correlated with the penetration depth of the electrons, and 

hence revealed orientation specific damage due to ion irradiation. 

3.5.1.3 Energy-Dispersive X-ray spectroscopy (EDX) 

When electrons from the incident electron beam interact with inner shell electrons of 

atoms in the sample under observation and a secondary electron is released, an outer 

shell electron will then drop down in order to fill the vacancy created by the ejected 

secondary electron. As the outer shell electron drops down to fill the vacancy, a 

characteristic X-Ray is emitted from the sample. Due to the fact that the X-ray is 

characteristic of an element, X-rays can be used to identify elements present in a 

sample [302]. This is the basis of EDX. EDX was used to identify carbides that had 

formed on the surface of proton irradiated samples; this work is presented in Chapter 

7.  
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Abstract 

The effect of the addition of rhenium to tungsten on the formation of a nanostructure referred 

to as ‘fuzz’ when exposed to helium plasmas at fusion relevant ion fluxes was investigated in 

the Magnum and Pilot PSI devices at the FOM Institute DIFFER. The effect rhenium had on 

fuzz growth was seen to be dependent on time, temperature and flux. Initial fuzz growth was 

seen to be highly dependent on grain orientation, with rhenium having little effect. Once the 

fuzz was fully developed, the effect of grain orientation disappeared and the rhenium had an 

inhibiting effect on growth. This could be beneficial for inhibiting fuzz growth in a future 

fusion reactor, where transmutation of tungsten to rhenium is expected. It also appears that 

erosion or annealing of the fuzz is limiting growth of fuzz at higher temperatures in the range 

of ~1340 °C. 

4.1 Introduction 

Tungsten will be the main plasma facing material used for the divertor within the 

experimental fusion reactor, ITER [3]. This is due to its high melting point of 3420 °C [4], 

low rate of sputtering [5] and also its strength at elevated temperatures [6]. However there are 

some unresolved issues. It is expected that temperatures of 1000-1200 
°
C will be reached at 

the strike point during a Q=10 discharge [7]. Extensive work has been completed in regards 

to the damage pure tungsten will undergo when exposed to helium plasmas. Exposure to 

helium plasmas results in a nanostructure formation on the surface of tungsten (referred to as 

‘fuzz’ in literature) [8] [9]. The rate of formation of such nanostructures has previously been 

observed to increase with increasing fluxes of helium ions until a value of 10
22 

m
-2

s 
-1

 after 

which the incoming flux does not play a role anymore[10]. However, recently Petty et al. 

have observed that this is due to the fact above fluxes of 10
22

m
-2

s 
-1

  impurity fractions set up 

a growth-erosion equilibrium [1]. It has also been found that increasing the temperature of 

exposure results in an increase in the diameter of the helium bubbles on the surface of pure 

tungsten. The surface temperature also heavily influences the kinetics of the surface 

modification process. The modified layer thickness is dependent on the square root of the 

exposure time [9] [2].  

In ITER and beyond to DEMO, there will also be 14 MeV neutrons present from the D-T 

(Deuterium-Tritium) reaction and it has been determined by Gilbert and Sublet that tungsten 

will transmute to W-3.8at%Re-1.4at%Os following five years of power plant conditions [11]. 
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With typical first wall components in a DEMO reactor set to have a lifetime of at least five 

years [12], the effect of transmutation products is of great interest. Rhenium addition, while 

having a ductilising effect in non-irradiated tungsten has been found to increase the brittle 

nature of tungsten following neutron irradiation [13]. Initial work on the effect of rhenium on 

plasma-induced surface damage has been completed by Baldwin et al., suggesting that 

rhenium addition may result in decreased efficiency of formation of the helium induced 

nanostructure [14]. Due to the transmutation of tungsten in a fusion reactor, further 

investigation of the effect of rhenium on plasma damage of tungsten is of great interest.  

It is the aim of this work to investigate the effect of rhenium addition on the kinetics and 

process of helium induced damage creation in tungsten under fusion relevant plasma 

conditions. 

4.2 Materials and Methods 

In order to investigate the effect of rhenium addition, samples of tungsten with varying 

rhenium concentrations were exposed to ITER relevant helium plasmas in the Magnum 

and Pilot PSI linear plasma devices at DIFFER. 

Rods of 99.95% commercial purity polycrystalline tungsten, with an average grain size of 1.6 

μm, tungsten-3% rhenium, with an average grain size of 5 μm and tungsten-5% rhenium 

(weight percentage), with an average grain size of 5 μm were purchased from Ultra Minor 

Metals. The rods were produced by a swaging process, using a tungsten or tungsten-rhenium 

powder with an average particle size of 4-5 μm. The pure tungsten rod was 20 mm in 

diameter and 30 mm long, and the tungsten rhenium rods were 15 mm in diameter and 100 

mm long. Discs of approximately 1 mm thickness were cut from the rods, using Electrical 

Discharge Machining (EDM) and then polished to a mirror finish and cleaned ultrasonically 

using ethanol and acetone. Following this they were outgassed at 1000 °C for a duration of 15 

minutes. A 30 mm diameter, 1 mm thick tungsten disc of 99.95% commercial purity of pure 

tungsten obtained from Plansee was also used for the Pilot-PSI experiment, with an average 

grain size of 1.2 μm. Concentrations of 3 and 5% rhenium were selected as they were values 

close to the 3.8% concentration of rhenium expected due to transmutation of tungsten after 

five full years of power plant conditions in DEMO [11]. 

4.3 Experimental 

One set of experiments was conducted in the Magnum PSI linear plasma device, exposing the 

samples to pure helium plasmas at fluxes of the order of 10
23 

ion·m
-2

s
-1

 and energy of 30 eV, 

where discs of each alloy composition were exposed to the plasma for between 40 and 200 

seconds at temperatures of approximately 970 °C. The exposures were conducted in pulses of 

10 seconds. The temperature was measured using an infrared camera, and a pyrometer was 

used to confirm the data. The pyrometer temperature is accurate at all conditions, however 

when the emissivity of the sample changes as a result of fuzz growth, then the temperature 

measured by the infrared camera will be much higher than the real temperature the sample is 

exposed to.  The pyrometer is then used to adjust the infrared data. Hence, when there 

appears to be a discrepancy between the two, this is an indicator that fuzz is growing. There 
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is a radial variation of temperature across the surface of the sample, which can be analysed 

from the infrared data.  

The second set of experiments was conducted in the Pilot PSI device. A disc of each alloy 

composition was exposed for 400 s at a temperature of approximately 1400 °C to helium 

plasma with fluxes of the order of 10
24

 ion·m
-2

s
-1

 and energies of 30 and 35 eV. The 

exposures were conducted in pulses of 100s.  The Magnum exposures were for monitoring 

the effect of rhenium concentration on the early stages of fuzz formation, and the Pilot 

exposures aimed at studying the effect of higher fluence.  The exposure conditions for each 

sample are shown in Table 4.1. The average temperature is the average of the temperature 

reading from the pyrometer over all the pulses each sample was exposed to. 

Table 4.1: Sample Exposure Conditions 

 

Following the plasma exposures of the samples, Scanning Electron Microscopy (SEM) was 

utilised to analyse all exposed surfaces. Focused Ion Beam (FIB) was used to obtain cross 

sections. 15 μm length cross sections were cut in each area of interest and the average depth 

was determined by taking depth measurements at 1 μm intervals. FIB was also utilised to 

produce Transmission Electron Microscopy (TEM) foils that were 15 μm in length, from the 

discs exposed to helium plasma for 400 s, in order to analyse the internal pore structure. 

Bright Field TEM imaging, as well as High Angle Annular Dark Field (HAADF) Scanning 

TEM (STEM) imaging was used to image the TEM foils. Diffraction patterns were also used 

to identify the crystal structure of the fuzz. 

 

 

 

Material Average 
Temperature (oC) 

Fluence (ions m-2) Duration 
(s) 

Energy  
(eV) 

Pure Tungsten 1106±11 1.4×1025 ±2.9×1023 40 30 
 990±23 3.5×1025±7.5×1024 100 30 
 960±30 4.1×1025±1.4×1025 200 30 
 1340±120 7.6×1026±9.5×1025 400 30-35 
Tungsten-3% Rhenium 960±20 1.6×1025±2.7×1024 40 30 

 960±40 3.6×1025±5.5×1024 100 30 
 930±80 1025 200 30 
 1460±60 1.1×1027±3.34×1025 400 30 
Tungsten-5% Rhenium 970±24 1025 40 30 

 930±30 1025 100 30 
  940±30 7.8×1025 200 30 
 1420±150 1027 400 30 
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4.4 Results and Discussion 

Figure 4.1 illustrates the fuzz production at the centre of the targets in pure W, W-3%Re and 

W-5%Re at a flux of ~10
23

 m
-2 

s
-1 

and at a temperature of approximately 970 °C. Images have 

been taken at low and high magnifications. It is observed that the initial stages of fuzz growth 

in all cases (up to 100 s), is highly orientation dependent. In the low magnification images of 

the 40 s exposures, it can be observed that the direction of the fuzz growth varies from grain 

to grain. The fact that the grain boundaries become less visible as the fuzz develops and are 

almost invisible after 200 s indicates that the grain orientation impact on fuzz growth 

diminishes over time. The fuzz growth has a clear wave-like structure aligned in one 

direction during early stages of formation, which is clearly observed in the high 

magnification SEM images up to 100 s. Different structures are observed in different grains... 

At these early stages of fuzz formation it is seen that the initial fuzz formation is highly 

dependent on grain orientation, which has also been observed by De Temmerman et al. [15], 

however there is no clear indication if rhenium is affecting the growth at these early stages. 

The tendrils in the rhenium alloyed samples appear to be thicker in comparison to the tendrils 

observed in the pure tungsten samples. 

Figure 4.2 refers to the fuzz produced at the higher temperature of 1400 °C, at a flux of 10
24

 

m
-2 

s
-1

 for a duration of 400 s. The FIB cross sections shown in Figure 4.2 a)-c) indicate that 

there is only a 0.25 μm decrease in fuzz depth between pure W and W-3%Re. There is a 

significant decrease between W-3%Re and W-5%Re, with the depth observed in W-5%Re 

being approximately a quarter of that seen in the W-3%Re.  However, it should be 

acknowledged that the temperature the pure tungsten sample was exposed to was 

approximately 100°C lower than that of the rhenium samples. It should also be noted that the 

platinum deposition procedure from the FIB process may obscure the very top of the fuzz, 

resulting in all values of thickness measured being slightly lower than they actually are. 

From Figure 4.2 d) we can see that the addition of rhenium is having an inhibiting effect on 

the thickness of the fuzz layer. Combined with the SEM images of the surface of the fuzz 

(Figure 4.2 e)-g)) which show a finer structure in the pure W, compared to the W-3%Re and 

W-5%Re cases, it can be said that at these conditions the rate of fuzz growth appears more 

inhibited with increasing rhenium addition. This trend is consistent with experiments by 

Baldwin et al. that suggested alloying W with increasing Re concentration resulted in a 

reduction in the efficiency of nanostructure formation [14], however the rate of reduction 

with only 5% rhenium seems to far exceed that observed by Baldwin et al, where the growth 

of the 5% and 10% rhenium alloyed samples fuzz layer thickness were 0.66 and 0.56 of the 

thickness of the pure W case respectively [14]. It is suggested that this is due to the higher 

temperatures used in our experiments (the 5% Re alloy fuzz thickness is ~0.21 of the 

thickness of the pure W case), meaning that annealing and erosion could also be having an 

effect on the fuzz formation mechanism.  
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Recently work has been done by Petty et al. that provides a way to compare the thickness of 

fuzz layers, taking into account both fluence (𝛷) and temperature.  This utilises Equation 1, 

which is defined for𝑥(𝛷):𝛷 > 𝛷0, where x is the thickness for the fuzz layer, 𝐶 = 2𝐷/𝛤  (𝐷 

is the diffusion coefficient and  𝛤 is flux) and is a constant specific for a certain temperature. 

𝛷0=2.5×10
24 

ionsm
-2 

and α=
1

2
 [1].  

  

𝑥(𝛷) = (𝐶(𝛷 − 𝛷0))
1/2 (1) [1] 

A value of C can be determined from the values of the diffusion coefficient, D found by 

Baldwin et al. in [2], resulting in C=2.64×10
-38  

m
4 
at 847 °C and C= 8×10

-38  
m

4 
at 1047 °C, 

where the flux is 5×10
22 

ionsm
-2

s
-1

 in both cases. However in this experiment, for the pure W 

case, our flux and temperature are both higher than these values. Using Equation 1, we can 

determine C for the pure W case at 1340°C, where the fluence is 7.6×10
26 

ionsm
-2 

, using the 

measured fuzz layer thickness value of 2.346 µm, 
 
as having a value of 7.27 ×10

-39  
m

4
, which 

is an order of magnitude lower than that calculated with the Baldwin data. This suggests that 

at the higher temperatures of ~1340 °C, annealing and or erosion is also playing a role and 

resulting in a layer of fuzz that is not as thick as that observed at lower temperatures. It has 

been observed by Kajita et al. that annealing can occur within the range of temperatures and 

fluxes  required  for fuzz growth [16]. This can also explain why the rhenium alloyed samples 

(exposed at temperatures around 100 °C higher than the pure W case), especially the 5% 

rhenium case show such significant decrease in thickness of the fuzz layer in comparison to 

the pure tungsten case, which as a percentage of the thickness of the pure W fuzz layer is 

much lower than that observed at 847 °C by Baldwin et al. [14].   

Interestingly, recently Takamura et al. have  observed the growth of thin, needle like fuzz 

structures on pure rhenium wire, which suggests that although rhenium has been seen to 

inhibit fuzz growth, it will never completely suppress it , even at higher concentrations [17]. 
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At the edge of the plasma exposed-area, where the temperatures and fluxes were lower (the 

flux was ~2.5 lower than at centre of plasma beam, with a value of 0.9 ×10
24

 m
-2

s
-1

), the fuzz 

growth is again seen to be initially dependant on grain orientation, as shown in Figure 4.3. 

Taking the W-3%Re sample as an example, the fuzz is seen to grow faster in some grains, as 

well as growing in different directions.  This difference in fuzz growth on different grain 

Figure 4.3: Grain dependence of fuzz growth at 

edge of plasma in W-3% Re exposed for 400 s at a 

flux of ~ 0.9 ×10
24 

m
-2

s
-1

and temperature of 

1400 °C in Pilot PSI. 

Figure 4.2: Cross sections of fuzz in a) W, b) W-3% Re and c) W- 5% Re and d) 

plot of the variation of fuzz depth with rhenium concentration and SEM images of 

fuzz in e) W f) W-3%Re, g) W- 5% Re for samples exposed for 400 s at a flux of 

10
24 

m
-2 

s
-1

 and temperature of 1400 °C in Pilot PSI 
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orientations has also been observed in pure W by Yamagiwa et al., as well as Ohno et al. 

among others [18] [19].The early stages of fuzz growth are also observed, as indicated in 

Figure 4.4. This structure appears platelet like. 

 

 

 

 

 

 

 

 

 

 

TEM has been carried out to explore the formation mechanism of fuzz in the samples 

exposed for 400 s at a flux of 10
24

 m
-2

 s
-1

 and temperature of 1400 °C, as illustrated in Figure 

4.5. Bright field images use the signal from on-axis un-diffracted electrons, whereas high-

angle annular dark-field images utilise the signal from incoherently scattered electrons at high 

(< 50 mrad)  angles [20]. The absence of diffraction contrast in HAADF images makes it a 

more suitable technique for the visualisation of the pore structure within the fuzz.  It should 

be noted that in all the TEM images the white bubbly regions correspond to the fuzz 

structure, and the granular material surrounding this is platinum deposit from the sample 

preparation process, using FIB.  It can be seen that in all cases there are a wide range of 

bubble sizes visible. In all cases coarser bubbles are observed at the base of the fuzz, which 

get smaller and smaller further up the tendrils. There are some areas where two separate 

strands of fuzz have formed around a large bubble, as labelled at position 1 of Figure 4.5 d) 

iii. It is possible that originally there was one strand of fuzz, encircling the bubble that has 

split into two parts or that the two strands formed independently of each other. It is not clear 

whether the bursting of the bubble has resulted in this separation, or there is another mode of 

growth at work here. It is also a possibility that this could be an artefact of production of the 

TEM sample via the use of FIB.  At the base of the fuzz structure there are also multiple 

small bubbles. It is proposed that these will eventually coalesce to form larger bubbles. Such 

large bubbles are not observed at the top of the fuzz structure.  In the case of W-3%Re 

bubbles are also observed up to 1 μm below the surface of the sample as highlighted in 

Figure 4.5 b). Such bubbles were not observed below the surface of the pure W and W-5% 

Re cases, however, this may be due to the fact we are only sampling a small volume. Again, 

the tendrils of fuzz in the pure W are seen to be much thinner than those in the rhenium 

Figure 4.4: Early stage of fuzz growth at edge of 

plasma in W-3% Re exposed for 400 s  at a flux of ~ 

0.9 ×10
24 

m
-2

s
-
and temperature of 1400 °C in Pilot 

PSI. 
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alloyed cases. Using the TEM images, close to the base of the fuzz, in the case of pure W, the 

tendrils vary in width between 17-40 nm, in the 3% Re case 22-45 nm and in the 5% case 30-

54 nm,  and from the HAADF imaging the bubbles within the pure W tendrils are seen to be 

much smaller than in the rhenium alloyed samples, reiterating the fact that the pure W fuzz is 

more developed than the W-3%Re and W-5%Re fuzz. The fact that the thinner the tendrils, 

the more developed the fuzz, is something that is also observed by Kajita et al. [14], where 

the fuzz depth increases with helium fluence, while the thickness of the tendrils decreases. It 

should also be acknowledged that the higher temperature of exposure for the rhenium alloyed 

samples may also be contributing to the thicker fuzz observed in these cases. The size of the 

helium bubbles formed is dependent on temperature and therefore the tendrils may be thicker 

in the rhenium alloyed samples, because of the larger bubbles being formed at higher 

temperatures.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Selected area electron diffraction patterns (SADPs) were also taken from the fuzz tendrils of 

samples exposed in Pilot PSI, as shown in Figure 4.6. Apart from the continuous diffuse rings 

which index to FCC Pt (deposited during FIB preparation) all reflections (the bright dots) 

match to BCC polycrystalline tungsten (α phase), i.e. identical to bulk tungsten in its atomic 

structure (all the patterns have a common set of spacings, around 2.1, 1.5, 1.25 and 1.1 

1 

Figure 4.5: TEM images of fuzz in a) W (HAADF) b) W-3% Re (bright field) and c) W-3% Re 

(HAADF) and d) W-5% Re (HAADF) for samples exposed for 400 s at a flux of 10
24 

m
-2 

s
-1

 and 

temperature 1400 °C in Pilot PSI. 
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angstroms). This indicates fuzz formation is not related to any phase shift to the β phase and 

its associated columnar habit (elongated prism structure). The disparity in the position and 

frequency of reflections in each of the patterns is due to the generally low number and 

variation in orientation of the crystallites within the analysed areas.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4.5 Conclusions 

The effect of rhenium on the development of tungsten fuzz was investigated at a range of 

times, temperatures and fluxes by exposing pure W, W-3%Re and W-5%Re samples to 

helium plasmas, using the Magnum and Pilot PSI devices. In all cases it was seen that fuzz 

growth is dependent on grain orientation in the initial stages, however this effect disappears 

after some time. At these early stages, due to the strong orientation dependence, it was not 

clear what the effect of the rhenium addition was, with the grain to grain variation being more 

pronounced than the variation between rhenium concentrations. For 400 s exposures at 1400 

°C and a flux of 10
24 

m
-2 

s
-1

 , rhenium addition appears to impede fuzz growth. TEM also 

Figure 4.6: Bright field TEM images and 

corresponding diffraction pattern of fuzz in a) b) W 

c) d) W-3% Re and e) f) W-5% Re  for samples 

exposed for 400 s at a flux of 10
24 

m
-2 

s
-1

  and 

temperature 1400 °C in Pilot PSI. 
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shows that in all cases, small bubbles coalesce together to form larger bubbles at the base of 

the tendrils. The bubbles get progressively smaller, further away from the base. Rhenium 

does seem to be affecting fuzz growth, but this effect differs depending on time, temperature 

and flux. Therefore it would be beneficial to conduct further plasma exposure experiments in 

order to build up a more detailed picture. For fully developed fuzz conditions, rhenium is 

seen to inhibit fuzz growth, which could be beneficial if fuzz was to form in DEMO, where it 

is known there will be transmutation of tungsten to rhenium.  High temperatures of the order 

of 1340-1440 °C also appear to be having an inhibitive effect on fuzz growth and it is 

proposed that this is due to annealing and or erosive processes that are not observed when 

fuzz grows at lower temperatures.   
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Abstract 

The effect of rhenium addition on tungsten fuzz growth in fusion relevant helium plasmas at 

high fluences is investigated. Previous work at temperatures of ~1340-1440 °C indicated that 

rhenium was having an inhibiting effect on growth. However, possibly due to the effect of 

annealing, and the early-stage W-fuzz growth observed, the relationship between rhenium 

concentration and fuzz growth was unclear. A study was conducted at lower temperatures of 

1025 °C, so that the rhenium concentration would be the dominant factor. Re is observed to 

have an inhibitory effect on fuzz growth, with exception of a W-3%Re sample exposed to a 

fluence of ~1 ×10
26

 m
-2

. It was suggested that the reduced growth could be due to the increased 

ductility of W-Re over W. Alternatively it could be due to a retardation of b=1/2〈111〉 loop 

motion by Re, which could slow bubble growth and hence the formation of fuzz. Evidence for 

an incubation time for fuzz growth was also provided. 

5.1 Introduction 

Tungsten (W) is a candidate material for plasma facing components, including the divertor, in 

demonstration fusion power plants (DEMO) due to its high melting temperature, resistance to 

sputtering, and its strength at high temperatures [1]–[3]. In DEMO, 14 MeV neutrons have 

been predicted to cause transmutation of W to rhenium (Re) and osmium (Os), becoming W-

3.8at%Re-1.4at%Os after five years of operation [4]. Over the past several years a 

phenomenon known as fuzzy W has been observed in linear plasma devices and also within 

the C–Mod tokamak at MIT [1]. Fuzzy W is the surface modification of a W sample upon 

bombardment by helium (He) ions at elevated temperatures. Previous work by the authors at 

temperatures of ~1340-1440 °C and fluences of the order of 10
27

 m
-2

 revealed that Re has an 

inhibiting effect on fuzz growth [5]. However, due to the high temperatures, and the 

additional contribution of annealing and erosion processes to the fuzz formation mechanism 

that are not well understood, it was not clear what was driving the inhibiting effect of Re. 

Therefore the present study has systematically investigated the effect of Re addition to pure 

W, using W-3wt%Re and W-5wt%Re at lower temperatures, in order to try and discern 

how Re is effecting the fuzz formation mechanism. The variation of fuzz development 

across the plasma beam profile has also been addressed. 
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5.2 Materials  

Throughout this study three different materials were used; 99.97% purity W discs (Plansee), 

and 99.95% commercial purity W-3wt%Re and W-5wt%Re rods (Ultra Minor Metals). Re 

concentrations of 3 and 5wt% were used in order to give a representation of the 3.8at% Re 

predicted in DEMO after five years of operation at full power [4]. All percentages from now 

on should be considered as weight percentages unless otherwise stated. The rods were 

manufactured via a swaging process, utilising W and Re powder, with particles ~4-5 µm in 

size. The pure W discs were 30 mm in diameter and 1 mm thickness (average grain size of 

~1.2 µm). The W-Re rods were 15 mm in diameter and were cut using electrical discharge 

machining (EDM) into discs ~1 mm in thickness. All the discs were polished using SiC 

grinding paper, 3 µm and 1 µm diamond suspension and finally colloidal alumina with a 

particle size of 0.05 µm. Following this they were ultrasonically cleaned, utilising ethanol 

and then acetone. Before exposure the samples were outgassed for 15 minutes at a 

temperature of 1000 °C. 

5.3 Experimental 

All samples were exposed to helium plasmas within the Pilot-PSI linear plasma device [6]. 

Samples of pure W, W-3%Re, and W-5%Re were exposed to He plasmas at an average 

temperature of 1025 °C, and fluxes of the order of 10
23

 m
-2

s
-1

. The bias was maintained at -

50 V, Te was ~0.3 eV and ne was ~0.8×10
20

 m
-3 

for each exposure. This corresponds to a He 

ion energy of 45 eV. The profile of the beam was Gaussian with a full width half maximum 

(FWHM) of ~ 10 mm. Three samples of each alloy were studied, exposing one sample of 

each alloy for 800, 1600, and 3200 s. All experiments were carried out in a single continuous 

exposure. The samples were weighed before and after exposure. An overview of the 

experimental conditions for each alloy is shown in Table 5.1. The flux in the table is the flux 

in the centre of the sample, i.e. the peak in the flux graph. The flux variations for all the 

samples, across the profile of the sample for 800, 1600 and 3200 s exposures are shown in 

Figure 5.1. There is some variation between the fluxes used on each sample. There is 

~3×10
22 

m
-2

s
-1

 and a 7×10
22

 m
-2 

s
-1 

difference between pure W and W-3%Re and W-5%Re 

respectively at the peak in the 800 s shot. For the 1600 s samples, the Re samples have 

extremely similar fluxes, and the pure W has a flux that is ~ 3×10
22 

m
-2

s
-1

 greater. For the 

3200 s, the fluxes are all within ~0.4×10
2 

m
-2

s
-1

 of each other at the peak. This variation in 

flux is something that has also been observed in other LPDs such as PISCES-A[7].  
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Figure 5.1:  Variation in flux across the sample for pure W, W-3%Re and W-5%Re exposed 

for a) 800 s, b) 1600 s and c) 3200 s. 

Table 5.1: Plasma exposure conditions. 

Material Flux (m
-2

s
-1

) Duration (s) Fluence (m
-2

) 

W 6.8±0.8×10
22

 800 5.4±0.6×10
25

 

 1.1±0.2×10
23

 1600 1.7±0.3×10
26

 

 1.6±0.5×10
23

 3200 5.2±1.4×10
26

  

W-3%Re 9.5±1.1×10
22

 800 7.6±0.9×10
25

  

 7.8±1.6×10
22

 1600 1.2±0.3×10
26

 

 1.5±0.5×10
23

 3200 4.8±1.5×10
26

 

W-5%Re 1.4±0.3×10
23

 800 1.1±0.2×10
26

 

 7.5±1.0×10
22

  1600 1.2±0.2×10
26

 

 1.9±0.5×10
23

 3200 6.2±1.6×10
26

 

 

In order to accurately measure the temperature of the samples during exposure, both an infra-

red camera and pyrometer were used. 

Following the plasma exposures, scanning electron microscopy (SEM), and focused ion beam 

(FIB) was conducted at a series of positions across the profile from the centre of the plasma 

a) b) 

c) 
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beam to the edge. This allowed the variation of the thickness of the fuzz layer and surface 

morphology across the surface to be analysed. The method is described in more detail in the 

results section. 

5.4 Results  

The measurements of the mass loss are shown in Figure 5.2. It should be noted that 

measurements for the 1600 s pure W exposure, and the 3200 s W-3%Re exposure were 

erroneous and thus have been omitted from the figure. The energies in this study (~45 eV) are 

below the sputtering threshold for W (~109 eV [8]), however, mass loss is still observed. This 

is assumed to be due to trace impurities within the plasma and has also been observed in 

other machines [9]. At temperatures of ~1000 °C and energies of 50 eV a yield of 5×10
-5

 

atoms/ion has been reported for Pilot PSI in tungsten [6]. For the pure tungsten samples, at 

the fluences employed (taking into account the Gaussian beam profile), this corresponds to a 

mass loss of ~ 4.5×10
-4

 g after 3200 s, which is close to the experimentally observed values. 

In general there is an increase in mass loss with increased fluence. Although it is difficult to 

see a large difference in the mass loss of the lower fluence samples, there is a suggestion at 

the highest fluences that the mass loss is greater in W-5%Re in comparison to pure W. Even 

though the data is limited, this hints that the Re could be inhibiting erosion.  

 

Figure 5.2: Plot of mass loss against fluence for pure W, W-3%Re, and W-5%Re. 
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FIB cross-sections were carried out at various positions on the samples. The plasma beam has 

a non-uniform intensity across the surface of the samples. The variation of flux across the 

beam for all the samples is highlighted in Figure 5.1. As such, different positions on the 

sample reflect different fluences, thereby giving multiple data points for each sample. Each 

cross section was 15 µm in length, an example of which is shown in Figure 5.3. High and low 

magnification SEM images close to the region of the FIB cross sections were also taken to 

reveal the nature of the fuzz on the surface of the samples. Detailed images for all the 

samples can be found in Figure 5.4-Figure 5.9. Values for the thickness of the fuzz layer were 

obtained by taking several measurements across the FIB cross section (higher magnification 

images were used to accurately determine thickness of thinner fuzz layers). Following work 

by Petty et al. [9], the relationship between fluence and fuzz thickness is illustrated in Figure 

5.10.  A fluence profile across all samples was determined from the Thomson scattering 

values for Te and ne across the beam profile. For this plot, data was taken from 0-5 mm across 

the profile, where the temperature measured using the IR camera was observed to be fairly 

uniform (~1025 ±50 °C).  The position for each cross section was correlated to the fluence at 

that position. The error bars on these plots represent the standard deviation of the range of 

thickness measurements across the section. It can clearly be seen that fuzz growth, and the 

effect of Re is dependent on fluence. 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

Pt protective layer 



Figure 5.3: FIB cross section for W-5w%Re exposed for 3200 s at ~1025 °C and 

flux of 1.9± 0.5×10
23

 m
-2

s
-1

. The image was taken at 45° and therefore a tilt 

corrected vertical scale bar is also included. There is a layer of platinum across the 

top to protect the fuzz. 
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5.5 Discussion 

5.5.1 Mass loss 

It has been extensively observed in the literature that fuzz growth increases with fluence [9], 

and this experiment shows the same trend. Fuzz growth does not typically involve a mass loss 

as it is a growth process [10]. As has been mentioned previously the energy of the incoming 

He particles is less than the sputtering threshold for tungsten, and it is therefore suggested 

that the mass loss is due to trace impurities in the plasma. These impurities could include N, 

O or W. If we use equation 1, we can determine the sputtering threshold for such impurities 

[8]. 

𝐸𝑡ℎ =
(𝑀𝑖+𝑀𝑡)

2

4𝑀𝑖𝑀𝑡
𝐸𝑠  (1) 

𝐸𝑡ℎ is the threshold sputtering energy, 𝑀𝑖 is the mass of the incident ion, 𝑀𝑡 is the mass of 

the target and 𝐸𝑠 is the surface binding energy, which for W is taken to be 8.68 eV [11], [12]. 

The calculated sputtering thresholds for N, O and W are thus calculated as 33, 29 and 8.68 eV 

respectively. This is clearly less than the energies of 45 eV used in this experiment, and 

therefore sputtering by these impurities is a distinct possibility. 

At higher fluences there will be an increased number of impurity particles incident on the 

samples, and consequently increased sputtering. This explains why in total there is a higher 

mass loss at increased fluences (Figure 5.2). This increased effect of erosion by impurities at 

higher fluences is something that has also been observed by Petty et al. [9]. Typically in the 

literature, fuzz has been observed to inhibit sputtering, as particles sputtered from the bulk are 

trapped within the fuzz [13]. The rate of loss for pure W at the lower fluence (and hence a 

thinner layer of fuzz) is estimated as ~0.15 mg/10
26

 particles, and as ~ 0.06 mg/10
26

 particles 

at the higher fluence. This is consistent with the findings in the literature [13]. Figure 5.2 

hints that there may be reduced erosion in the Re samples, however there is only one data 

point and therefore it is difficult to make a firm conclusion.  

5.5.2 Variation of Fuzz Growth with Time and Fluence 

From the top surface and cross sectional SEM images (Figure 5.4-Figure 5.9) , it is observed 

that for all the samples exposed for 800 s, the fuzz growth is dependent on orientation, which 

has been previously observed by several other authors [5], [14]–[16]. The nanostructure is 

ordered on the underlying grain orientation, very angular, and coarse in nature. Regularly 

spaced black holes are visible between the tendrils. This corresponds to fuzz layers that are 

all less than 200 nm in thickness. The thickness decreases at an increasing rate across the 

plasma beam profile and at the centre of the plasma beam the thickness of the fuzz layer in 

the W-3%Re and W-5%Re cases is 89% and 85% of the pure W case, respectively.  

At 1600 s, in the pure W case, at 0 mm the grain boundaries are barely visible, as is the case 

with W-3%Re. However, for the W-5%Re cases the grains are more visible, indicating that 

the growth is still orientation dependant and that it is at an earlier stage of growth, which is 

reiterated by the fact the fuzz thickness is 49% of the pure W. For W-3%Re the fuzz 

thickness is 72% of the pure W at 0 mm. From the SEM images it can be seen that the fuzz is 
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more disordered (it is less angular in nature and there is more variation in the tendril 

thickness and direction of growth) in comparison to the fuzz observed at 800 s. The fuzz in 

the pure W and W-3%Re is more disordered than the W-5%Re exposed for 1600 s. The fact 

the fuzz is more disordered is another indication of increased growth, which fits with the 

observed increase in layer thickness, again providing an indication that Re is inhibiting fuzz 

growth.  

At 3200 s the grain dependence has all but disappeared in all cases, and the fuzz is extremely 

disordered at the centre of the plasma beam for all samples. There is a significant increase in 

thickness, from the 1600 s exposure with the pure W and W-3%Re being 4.6 times thicker in 

the centre of the beam and the W-5%Re, 6 times thicker in comparison to the 1600 s 

exposure. The W-3%Re and W-5%Re thicknesses are 71% and 66% of that of the pure W 

layer, respectively.  

In all cases the fuzz thickness is seen to increase with fluence, with fuzz growth being highest 

in the centre of the samples (Figure 5.10). There is an indication that Re is inhibiting fuzz 

growth, with all samples containing Re, with exception of the 3%Re sample in the 1600 s 

exposure lying below the line created by the pure W samples. For the specific data produced 

in this experiment, the fuzz layer thickness for pure W appears to increase with a power law 

trend with fluence (𝑥(𝛷) = (1.03 × 10−32) × 𝛷1.22).  

 

Figure 5.10: Variation of fuzz thickness with fluence for pure W, W-3%Re, and W-5%Re. 

Fluence was calculated as a function of the radius of the sample. Variation of fluence across 5 

mm only was considered, as in this region the temperature was fairly uniform and was 

~1025 °C. 

𝑥(𝛷) = (1.03 × 10−32) × 𝛷1.22 
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A comparison of our results to those from experiments in other devices in the literature, and 

also to the thickness values expected from the constant, C (𝑥(𝛷) = (𝐶(𝛷 − 𝛷0))
1/2, where 𝑥 

is the  thickness of the fuzz layer, 𝛷 is fluence and 𝛷0is incubation fluence) determined by 

Petty et al. [9] has been conducted. This is illustrated in Figure 5.11.The majority of the 

literature data comes from experiments carried out at temperatures between  ~800-930 °C [9], 

[17], which is lower than the 1025 °C used in this study. The C model predicts that fuzz 

growth will increase at higher temperatures, and the present data obtained at ~1025 °C should 

be close to that predicted for temperatures of 1047 °C. However, our data falls well below the 

prediction and even below the model for 847 °C. This could be because the model does not 

take into account annealing. Annealing out of fuzz is something that has been observed 

extensively in the literature, and it has been seen that fuzz thickness is lower at higher 

temperatures, past a certain threshold for annealing. Kajita et al. found this temperature to be 

1127 °C [18], and Baldwin and Doerner observed annealing up to temperatures of 1627 °C 

[10], [17]. However, it is not clear why annealing would have a larger impact in the present 

study compared to literature values at similar temperatures.  Something else may be affecting 

the growth rate.  

 

Figure 5.11: Variation of fuzz thickness with fluence, in comparison to experiments in 

literature and C values determined from diffusion coefficients at 847 °C and 1047 °C. For 

references for the literature data points see [9], [17]. Data to calculate C is obtained from 

[17]. 
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5.5.3 Incubation Time 

It has been observed by Baldwin et al. that the growth rate of fuzz is limited at higher fluxes, 

which could also be a reason for the reduced growth , in comparison to the rest of the 

literature [19]. Baldwin et al. found that at fluxes greater than 10
22

 m
-2

s
-1

, following a 3600 s 

exposure there was no change in the thickness of the fuzz layer. This suggests that at such 

fluxes something other than the supply of He could be limiting fuzz growth. In the current 

study the flux of 10
22

 m
-2

s
-1

 is exceeded in all cases. Therefore it may that rather than fluence 

or flux, time may be the important quantity when trying to predict fuzz growth.  

Baldwin et al. have suggested that rather than an incubation fluence, there is an incubation 

time before fuzz can grow [19]. Therefore another possibility is that due to the fact the fluxes 

used in Pilot-PSI are higher compared to the other devices (Figure 5.12, Figure 5.13), the 

incubation time is longer as a proportion of the total time required to get the desired fluences 

(resulting in the data from Pilot-PSI being shifted to the right of the data in the literature 

(Figure 5.11)). The fact that the growth at higher fluences (corresponding to longer exposure 

times) is closer to that expected from the literature compared to the lower fluence samples 

provides some credence to this theory. The lower fluence exposures would not have exceeded 

the incubation time enough to reach the levels of growth seen at lower fluxes for the same 

fluence, however at higher fluences the incubation time may have been more significantly 

exceeded, resulting in growth levels closer to those observed at lower fluxes.  

 

Figure 5.12: Variation of fuzz layer thickness with flux, in comparison to literature values. 

For references for the literature data points see [9], [17]. 
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Figure 5.13: The fluxes used to achieve certain fluences for this experiment and in the 

literature. For references for the literature data points see [9], [17]. 

Furthermore it should be noted that similar fluences were achieved for the W-5%Re sample 

in the 800 s and 1600 s exposures, however, the fuzz thickness achieved after the 1600 s 

exposure was still higher than that after 800 s. The 1600 s exposure time used a lower flux to 

achieve a similar fluence to the 800 s exposure time, and therefore following the incubation 

time theory, the 1600 s exposure had a greater amount of time to exceed the incubation time, 

resulting in a thicker fuzz layer.  

The data from the magnetron device, where the experiments were carried out at 827 °C[17], 

lies above the expected value for exposures even at 1047 °C, and these thicknesses are 

reached at fluences below the incubation fluence of 2.5×10
24

 m
-2

 suggested by Petty et al. [9]. 

This also points towards the existence of an incubation time. The fluxes in the magnetron are 

an order of magnitude lower than those used in other devices (Figure 5.12), resulting in 

exposure times of the order of hours in order to achieve fluences lower than other literature 

data, and fuzz thickness layers greater than expected. De Temmerman et al. conducted 

previous work in Pilot-PSI at fluxes between 0.7-3×10
24

 m
-2

s
-1

, which is an order of 

magnitude higher than that used in the current experiment, at temperatures between 1400-

2000 °C[20]. It was suggested that the shorter exposure times used in these experiments in 

comparison to previous studies by Baldwin and Doerner [21] and Kajita et al.[22] could 

result in a greater deviance from previous data [20]. This again highlights the importance of 

time, rather than just fluence. 

The concept of incubation time is intuitive. For example, if theoretically a sample was 

exposed to a flux of 2.5×10
24

 m
-2

 s
-1

 for 1 s (giving the predicted incubation fluence of 

2.5×10
24

 m
-2

), one would assume that there would not be sufficient time for all the 
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mechanisms required for fuzz growth to take part. This suggests that there is a relationship 

between exposure time and fluence on the fuzz layer thickness.  

5.5.4 Influence of Flux 

He retention has been suggested to be dependent on flux of the incoming ions by Hammond 

and Wirth [23].At the 800 s exposures the fluxes were slightly higher for the W-3%Re and 

even higher for the W-5%Re in comparison to the pure W, resulting in higher total fluences 

for the Re samples (Figure 5.13). Despite this the fuzz thickness was fairly similar for all the 

samples.  Therefore for these samples it appears that Re at 3% and 5% concentrations is 

inhibiting fuzz growth, as despite the increased fluence achieved in the Re samples, the fuzz 

growth does not exceed that observed in pure W.  

For the 1600 s exposures the fluxes employed for both Re alloyed samples are similar, and 

consequently similar fluences are achieved (Figure 5.13). Whereas for the pure W sample the 

flux used and therefore the fluence achieved is higher.  Here it is observed that the fuzz layer 

thickness is higher in the pure W. However, considering that a lower flux was used for the 

W-3%Re and the thickness is lower, it lines up with the pure W samples. Therefore in this 

scenario it is not clear that for a 3% concentration, Re is inhibiting fuzz growth. The W-

5%Re however still has a smaller fuzz layer thickness than the W-3%Re, which is 

particularly noticeable at the lowest fluence, where the fuzz layer thickness is ~ 0.5 that of the 

3% alloy.  

At 3200 s the flux and fluences used are fairly similar for the W and W-3%Re samples 

(hence the points overlap in the flux fluence graph in Figure 5.13), with only a higher flux 

used for the W-5%Re sample. Therefore in this case it is easy to make a direct comparison. 

Here we see that the thickness of the W-3%Re is slightly less than the W values, and the W-

5%Re shows significantly less fuzz growth.  

For the specific data produced in this experiment, the fuzz layer thickness for pure W appears 

to increase with a power law trend with fluence. However, this is not so clear for the Re 

alloys. This could be due to the fact the flux employed for the 1600 s shots in the Re alloys is 

less than that employed in the 800 s shots. For the pure W the flux and fluence increase at 

regular intervals. The flux variation with fluence in the case of W-3%Re is not as uniform as 

pure W, but there is less deviation in comparison to the 5%Re. This may indicate why there is 

a more uniform increase in fuzz thickness with fluence for the W-3%Re, in comparison to W-

5%Re. 

An important thing to remember is that it has been observed that there can be variation in 

fuzz growth in the literature, and it doesn’t always follow the same trend. For example in 

Figure 5.11, we see that at fluences of ~10
25

 and ~2×10
26

 m
-2

 there is a variation in the fuzz 

thickness at similar fluences despite the similar temperatures employed (typically 827-867 °C 

[9]) and in some cases also similar fluxes. 
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5.5.5 Effect of Re on Fuzz Growth  

It is important to consider what is the mechanism behind the Re having an inhibitory effect 

on fuzz growth and how this varies with fluence and flux. The most recent theory on the 

mechanism of fuzz formation based on experimental observations by Takamura et al. [24] 

states that the fuzz growth mechanism is initiated by pitting of the surface of the bulk metal 

due to the formation of holes [24]. Following this, He bubbles from the bulk material 

thermally migrate to the surface of the sample and then they burst, releasing He in the 

process. As the fluence of the impinging He ions increases, the area of the holes grow and 

‘nano-walls’ are formed. Holes can also form in the centre of the nano-walls, due to the 

presence of nano-bubbles, which produces a loop structure. These loops then grow in size as 

the fluence of He continues to increase. Finally, once the surface tension of the nano-bubbles 

in the loops is broken, the loops fracture and branch out, leading to the formation of the nano 

structure referred to as fuzz [24]. Ito  et al. [25] note the main processes occurring during 

helium plasma irradiation as penetration of the helium ions, agglomeration and diffusion of 

the He, bubble growth, which it is suggested occurs via strain around He bubbles, and 

dislocation loop punching, finally followed by the fuzz formation.  

From our results it is observed that at the lowest fluences (0.5-1×10
26

 m
-2

), both 

concentrations seem to have an inhibitory effect on the formation mechanism, as despite the 

fluences being higher than those for pure W, the total thickness of the fuzz layer is quite 

similar. At fluences of ~1-2×10
26

 m
-2

, the 3%Re does not seem to show an inhibitory effect, 

whereas the 5%Re does. At fluences of ~4-6×10
26

 m
-2

, the 3%Re samples show slightly less 

fuzz growth in comparison to pure W, with a more significant effect seen in the 5%Re 

samples.  

At lower fluences (0.5-1×10
26

 m
-2

), the early stages of the mechanism of formation are taking 

place (grain boundaries are still observed in the 800 s SEM images in Figure 5.5, Figure 5.7 

and Figure 5.9). Initially it was thought that grain size may be what is causing the difference 

in fuzz growth. Baldwin et al. looked at fuzz growth in various grades of tungsten at a 

temperature of 847 °C and fluxes of ~5×10
22

 m
-2

s
-1

. They observed that fuzz growth appeared 

to be lower in single crystal W, in comparison to a standard rolled polycrystalline W target 

[10]. However, this would not explain the decrease in growth observed in the W-5%Re in 

comparison to W-3%Re, as these samples have similar grain sizes.  

According to Kajita et al. the shear modulus for W and Re is very similar at the temperature 

range of 0.25-0.5 Tm (Tm is the melting point in K) [26]. Takamura et al. had stated that the 

shear modulus could be a critical value for fuzz growth being sustained [24], and as they 

should be similar for all the samples, it is likely the differences in fuzz growth are driven by 

another process. 

It was then considered whether the trapping probability for He differed for Re atoms in 

comparison to W atoms. Becquart conducted DFT (density functional theory) calculations, 

showing that the binding energy between Re and He is close to zero, and unlike other 

substitutional atoms, Re will not act as a trap for He [27]. This suggests that Re as a 

substitutional atom would behave in a similar manner to W with respect to He. Wu et al. also 



Chapter 5  19 

obtained similar results from DFT calculations [28]. It should be noted however, these 

calculations do not take into account temperature, and are performed at 0 K, which would 

have an impact [27], [28].  

It is well established that it non-irradiated W, the addition of Re in solid solution results in 

improved ductility [29], [30]. Therefore another consideration was the microstructural 

processes behind the improved ductility of W-Re alloys over pure W. DFT has been utilised 

in order to explain the improved ductility of W-Re, where it has been observed that the 

addition of Re results in a change in the 1/2〈111〉 screw dislocation properties, a change in 

the core symmetry, the Peierls stress is reduced, and the number of slip planes increases 

[31].This could therefore be impacting the data, but first we must consider whether this is 

valid in irradiated material.  

Other work on W-Re alloys following ion irradiation, albeit at much higher energies (of the 

order of MeV), has shown embrittlement post irradiation [32]–[34]. Recent work by 

Armstrong et al. [32] has shown that ion irradiation at 300 °C using W ions results in 

significant hardening and embrittlement in W-5%Re alloys with a grain size of 10-100 µm. 

Up to dose levels of 1.2 dpa, although there is a slightly greater increase in hardness in the 

W-Re alloys, in comparison to pure W with a grain size of 50-500 µm, the actual raw 

hardness value in the W-Re is less than that of W. Experiments in W-5%Re with a smaller 

grains size of ~2 µm, shows a slightly lower increase in hardness in comparison to the pure 

W, however this time the actual raw hardness is higher than that of the pure W [33].  

More relevant to the experiments in this paper, Beck et al.[34] have conducted He ion 

irradiations at energies between 0.05-1.8 MeV, up to levels of ~3000 appm at a temperature 

of ~ 300 °C, in pure W, W-1%Re and W-5%Re. All the materials had grain sizes between 

~50-500 µm, and therefore are more directly comparable to the heavy ion irradiations. The 

hardness increases were much greater than in the self-ion irradiated material and this time the 

hardness increase was greater in the pure W, in comparison to the W-Re alloys, where the 5% 

Re had a greater raw increase than the 1%Re alloy. The total raw hardness was still slightly 

less in the W-1%Re samples post He irradiation in comparison to pure W. The W-5%Re and 

pure W and had similar levels of raw hardness post irradiation [34].  

It is quite complex to compare the mechanisms of damage in high energy and low energy ion 

irradiations. The mechanisms of hardening induced by high energy W or He ions would be 

different to that induced by the lower energy (45 eV) used in our experiment. At energies 

≥1 keV vacancies will be produced with the penetration of the He ions [25] and sputtering 

will also be an issue. In the He irradiations by Beck et al.( 0.05-1.8 MeV) [34], and in another 

study by Armstrong et al.(2 MeV) [35] no He bubbles were observed in TEM micrographs, 

and it was suggested that He was trapped in small He vacancy clusters. This is in contrast to 

the low energy irradiations used to produce fuzz, where the energies are too low to form 

vacancies and He self-traps in He clusters, which can grow via a loop punching mechanism, 

in order to form bubbles. These bubbles have been observed in the tendrils, and also  below 

the surface of the fuzz [22]. Additionally there is a significant temperature difference between 

these experiments and the experiment in this paper, which would result in a variation in the 
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damage mechanisms. At the low energies employed in this experiment the mobility of He is 

related to the temperature rather than the energy of the ion, and at higher temperatures there 

will be increased mobility. Therefore it is quite difficult to correlate the observations in 

higher energy, lower temperature experiments to observations in this experiment. 

If we are to assume that in the case of our experiment that there is not increased embittlement 

of the W-Re samples in comparison to the pure W, and that W-Re is more ductile than pure 

W, this could be a factor in effecting the fuzz growth. Therefore according to the models of  

Romaner et al. [31] there will be more slip planes and therefore the W-Re samples can 

behave more plastically. As bubbles grow via a plastic deforamtion process, it could be that 

in the W-Re alloys that bubbles can continue to grow without bursting for longer in 

comaprison to the pure W. Bubble formation and bursting has repeatededly been said to be a 

vital step in fuzz formation [22], [24], [36]. Therefore, the reduced speed of bubble bursting 

could result in a slower rate of fuzz growth. 

Additionally, work by Muzyk et al. [37]  suggests that Re can trap SIA defects in bcc-W, 

which is suggested could affect the response to irradiation. Also in W ion irradiated W-

5%Re, Re has been observed to impede b=1/2〈111〉 loop motion [38]. Kobayashi et al.[39] 

have said that He bubbles grow by a process of absorption of He interstitials, whereby the W 

atoms that surround the bubble are pushed away resulting  in a cloud of SIAs around the 

bubble. The bubble then grows and the dislocation loop is punched [25]. Kobayashi et al. 

[39] state that the edge dislocation making up the loop has b=1/2〈111〉. Therefore, it may be 

that as Re has been observed to inhibit b=1/2〈111〉 loop motion, the loop punching process 

takes place more slowly in the Re alloyed samples, resulting in a slower rate of bubble 

growth and therefore it takes longer for the bubbles to burst and form fuzz. It is not clear why 

the W3%Re sample exposed for 1600 s does not show the reduced fuzz growth as seen in the 

other Re samples.  

5.6 Conclusions 

An investigation into the effect of Re addition on the fuzz formation mechanism was 

conducted at ~1025 °C. There is an increase in mass loss with increasing exposure time and 

fluences. The mass loss is suggested to be due to impurities with sputtering thresholds that 

are below the 45 eV used in this experiment. It is suggested that the mass loss increases with 

fluence due to the increased number of impurity particles impacting on the samples.  

This effect of Re addition across a range of fluences from 0.5-6.2×10
26

 m
-2

 has been studied. 

Re has been seen to inhibit fuzz growth, with the exception of the W-3%Re sample exposed 

to a fluence of ~1 ×1026 m-2. The inhibitory effect of Re is observed to increase with Re 

concentration .It is suggested that this may be due to the increased ductility of W-Re over W. 

It could also be due to the retardation of b=1/2〈111〉 motion by Re, which may slow the loop 

punching process by which bubbles grow.  

Additionally evidence has been provided for the incubation time theory, as opposed to the 

incubation fluence theory. This provides an explanation for the thickness of the fuzz layer 
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data in this experiment lying below that expected using the equation from Petty et al. and 

other literature values at similar fluences [9]. 
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Abstract       

As-received and annealed tungsten samples were irradiated at a temperature of 400°C with 

Re and W ions to peak concentrations of 1600 appm (atomic parts per million) and damage 

levels of 40 dpa (displacements per atom). Mechanical properties were investigated using 

nanoindentation, and the orientation and depth dependence of irradiation damage was 

investigated using Electron Back Scatter Diffraction (EBSD). Following irradiation there was 

a 13% increase in hardness in the as received sheet and a 23% increase in the annealed 

material for both tungsten and rhenium irradiation. The difference between the tungsten and 

rhenium irradiated samples was negligible, suggesting that for the concentrations and damage 

levels employed, the presence of rhenium does not have a significant effect on the hardening 

mechanism.  Initial qualitative analysis of EBSD pole figures suggested there was an 

orientation dependence of irradiation damage; however detailed quantitative analysis 

revealed that this was not the case. 

6.1 Introduction 

Tungsten is a candidate material for the divertor in future fusion reactors [1], due to its high 

melting point of 3420°C [2], low sputtering rate [3] and its strength at high temperatures [4]. 

During the D-T operation of ITER and DEMO, 14MeV neutrons will cause irradiation 

damage, including displacement cascades and transmutation of the tungsten.  This is expected 

to produce up to 43 dpa (displacements per atom) following three full power years of DEMO 

operation. The rate of damage production is a strong function of distance from the plasma 

facing surface, as shown in Fig. 6.1. Within region G of the divertor armour and region F of 

the divertor structure, ~1500 appm of Re is expected after 3 full power years. (see Fig. 6.2).  

In ITER the rhenium concentration is expected to be ~1800 appm after 14 years of operation 

[5]. 
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Fig. 6.1: dpa/fpy values for W with distance from plasma facing surface using the latest W-

TENDL 2011 neutron library. The data is provided as a function of distance from the surface 

of region A in Fig. 6.2. Redrawn from [6]. 

 

Fig. 6.2: Schematic of DEMO regions and variation in concentration of Re produced in pure 

W under neutron irradiation as a function of position and distance from the plasma facing 

surface in different regions of the DEMO design [6].  

It is important to investigate the effect transmutation of tungsten to rhenium will have in 

conjunction with the displacement damage cascades caused by 14MeV neutrons, due to the 

fact rhenium addition is known to cause embrittlement in neutron irradiated tungsten [7], and 

this could affect the life of tungsten components within a fusion reactor.  Neutron irradiations 

at damage levels from 0.15 to 1.54 dpa in pure tungsten and tungsten rhenium alloys (ranging 

from 3-26% concentration of rhenium) have been conducted to investigate the effect of 

rhenium addition on neutron damage [7]–[9].  The damage mechanism has been observed to 

differ, depending on whether the pure tungsten transmutates to rhenium, following neutron 

damage, or if rhenium is already present in the alloys prior to neutron irradiation. These 

experiments have provided valuable information on the effect of rhenium on the neutron 

irradiation damage mechanism in tungsten, both as a transmutation product, and also as an 

alloying element prior to irradiation. However due to the nature of neutron experiments it is 
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currently unfeasible to reach dpa levels expected in a fusion reactor like DEMO. Also due to 

the activity of the samples, analysis can be logistically very difficult. For this reason other, 

faster methods are being pursued in conjunction with neutron damage experiments to obtain 

more information on irradiation damage in tungsten for fusion relevant conditions. 

Recently self-ion irradiations have been used to mimic the 14 MeV neutron damage expected 

for tungsten in a fusion reactor [10], [11]. Tungsten irradiations in alloys of W-5%Re have 

also been used to mimic the effects of transmutation to rhenium, while also inducing 

displacement damage [12]. However, as has been observed in the neutron damage 

experiments, the damage mechanism in pure tungsten (which transmutates to rhenium) is 

different to that in samples where rhenium is already present prior to irradiation. Therefore in 

this experiment, rhenium ions will be implanted in tungsten to simulate transmutation, at the 

same time as creating defects, rather than inducing damage in a pre-existing tungsten-

rhenium matrix. 

In addition to the particle damage, irradiation temperature also has an effect on changes to 

mechanical and microstructural properties [13] , and as it is predicted that temperatures of 

400 °C will be reached at the surface of the ITER outer target [1], in this experiment, the 

mechanical properties of as-received and annealed tungsten samples are studied following 

irradiation with tungsten and rhenium ions at 400
o
C.   

6.2 Materials and Methods 

6.2.1 Sample Preparation 

Tungsten samples were prepared from a 2mm thick sheet of commercial purity (99.95%) 

tungsten supplied by Goodfellow Cambridge Ltd.  The as-received sheet had a {100} fibre 

texture with respect to the common sheet plane (Fig. 6.4). Samples with dimensions 1cm x 

1cm were cut from the sheet and half of these were annealed under vacuum for 18 hours at 

1400°C in order to produce a uniform microstructure. A slightly stronger {100} fibre texture 

was observed in the annealed material (Fig. 6.4). All the samples were polished to a mirror 

finish by firstly grinding the samples with SiC paper with decreasing grit size, then polishing 

with 3 and 1 µm diamond suspension, and finally polishing with colloidal alumina. The 

samples were subsequently cleaned ultrasonically in acetone, ethanol and deionised water. 

The microstructures of as received and annealed samples are shown by the back-scatter SEM 

images in Fig. 6.3.  

These show that the grain size of the as received material is inhomogeneous, with an average 

grain size of approximately 1μm, while the average grain size in the annealed samples is 21 

μm (Fig. 6.3).  Both grain sizes were calculated using the Channel 5 software package 

assuming a 1° misorientation. 
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a) b) 

Fig. 6.3: SEM Back Scatter Images for a) as received and b) annealed 

tungsten sheet. 

Fig. 6.4: Pole figures for a) as-received and b) annealed material, showing a moderate texture in 

the {100} direction. 
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6.2.2 Experimental 

One set of as received and one set of annealed tungsten samples were irradiated with W and a 

second set with Re ions, using a tandem accelerator (National Electrostatics Corporation 

5SDH) at the Australian National University (ANU). Samples were clamped to a stainless-

steel sample holder and heated to  400°C during irradiation, which is within the operating 

window of the divertor in ITER [1]. The ion-irradiation conditions are summarised in Table 

6.1.  

 Table 6.1: W and Re Ion Irradiation Conditions on Annealed and As Received Targets. 

Ion range and damage distributions were calculated using SRIM (Stopping range of ions in 

matter, a Monte Carlo simulation code) [14], utilising full damage calculations with 68 eV 

displacement energies.  Multi-energy implant sequences, using a raster scanned beam were 

chosen to produce a near uniform implanted ion distribution over the depth range from 0.06 

m to 0.3 m, as shown in Fig. 6.5 (i.e. 1 MeV, 2 MeV and 4 MeV ion implantations were 

used for each sample). The resulting rhenium concentration in this region is ~1650 appm, 

which is close to the 1500 appm transmutation concentration anticipated in region G of the 

divertor armour and region F of the divertor structure in a DEMO concept (Fig. 6.2). The 

peak damage (~40 dpa) achieved under these conditions is also in the range expected in 

region A of the DEMO concept shown in Fig. 6.2. There is no data for the dose in specific 

regions of the divertor. However, there is also transmutation data provided for region A of the 

first wall armor in a DEMO model [6]. Combined with the dose information in Fig. 6.1, this 

predicts an appm/dpa ratio of 460 appm/dpa [6]. This is higher than the ratio achieved in this 

experiment of ~40 appm/dpa. However, due to the fact that in order to implant an increased 

concentration of Re, an increased dose will be achieved, as the Re acts a PKA, it is 

impossible to avoid this. 

 

Species Energy 

(MeV) 

Fluence 

(/cm
2
) 

Temperature 

(°C) 

Charge 

State 

Target 

Current 

(nA) 

Flux (/cm
2
/s) 

W 1 4.80E+14 400 1 120 1.7E+11 

2 7.00E+14 400 1 120 1.7E+11 

4 2.80E+15 400 2 120 8.3E+10 

       

Re 1 4.80E+14 400 1 150 2.1E+11 

2 6.50E+14 400 1 500 6.9E+11 

4 2.80E+15 400 2 600 4.2E+11 
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Fig. 6.5: Stopping range of ions in matter (SRIM) calculated profiles of displacements per atom 

and atomic parts per million of a) rhenium implanted in rhenium irradiated tungsten and b) 

tungsten implanted in tungsten irradiated tungsten at 1; 2 and 4 MeV using a 68 eV displacement 

value. 
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Samples were characterised using Electron Back Scatter Diffraction (EBSD) to characterise 

the grain-specific irradiation damage in annealed samples, and nanoindentation to determine 

changes in the mechanical properties of both the as received and annealed samples.   

EBSD was performed over an area of 420 by 320 µm on the annealed sample (Fig. 6.6), 

utilising a step size of 0.5-0.6 µm and accelerating voltages of 15, 20 and 30 kV. EBSD 

inverse pole figure (IPF) maps of the annealed W and Re irradiated samples were also 

produced (Fig. 6.7 and Fig. 6.8). Different voltages were used in order to study variations in 

ion irradiation damage close to the surface. The higher the voltage utilised, the larger the 

penetration depth of the back scatter electrons.  The CASINO program, version 2.48 (monte 

CArlo Simulation of electron trajectory in sOlids) was used to determine the maximum 

penetration depth of back scatter electrons [15]. The software is freely available and 

accessible online [16]. 

Low load nanoindentation was perfomed with a Hysitron triboindenter using a Berkovich tip 

and was used to measure the mechanical properties of samples to depths of 200nm. The 

system is capable of producing reliable results for depths as small as 50 nm.  Variation in 

hardness from depths of 50-200 nm were achieved by performing measurements over an 

array of 150 indents (15 by 10 array, with 20 µm between each indent), ranging in depth from 

50 nm to 200 nm into the sample.  The indents were displacement controlled with a 5 second 

loading segment, followed by a two second hold. The same array of indents was applied to a 

silica standard in order to calibrate the results.  

Measurements of modulus and hardness were calculated for each indent from the unload 

portion of each load/unload curve.  Supplied software was used to calculate the reduced 

modulus Er, which was converted to actual modulus using Equation 1 [17]. 

1

𝐸𝑟
=
(1 − 𝜈2)

𝐸
+
(1 − 𝜈𝑖

2)

𝐸𝑖
 [1] 

Where 𝐸𝑖 and 𝜈𝑖 are the modulus and Poisson’s ratio of the indenter material and 𝜈 is the 

Poisson’s ratio of the material being indented. The indenter tip is made of diamond, where 𝐸𝑖 

is equal to 1141GPa and 𝜈𝑖 is equal to 0.07 [18]. The Poisson’s ratio of tungsten was assumed 

to be 0.28. 

6.3 Results and Discussion 

6.3.1 Quality of EBSD results 

First we consider the EBSD results for the annealed, non-irradiated samples, as shown in Fig. 

6.9. Here, the hit rate (the percentage of Kikuchi patterns that have successfully been 

indexed) for all samples was above 99% and the Inverse Pole Figure (IPF) maps (Fig. 6.6) 

were completely indexed across all grains.  For the tungsten and rhenium irradiated samples 

the situation was quite different.  In both cases the hit rate was above 94% for 30 keV 

electrons.  However, at 20 kV, significant degradation in the pole figures was observed (Fig. 

6.7 and Fig. 6.8). At 15 kV the hit rate for both samples was further reduced to less than 10% 

in both cases. It should be noted that SRIM calculations indicate a sputtering rate of ~12 
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atoms/ion, which for the fluences employed corresponds to the removal of <2 nm of W from 

the surface, therefore even allowing for the orientation dependence of the sputtering rate, no 

surface roughening is expected. This reduction in hit rate is therefore due to the fact that 

certain grains are not indexing, and indeed no Kikuchi patterns for W are observed for these 

grains at the lower voltages. This can be correlated with the penetration depth of the back 

scatter electrons using the CASINO code [16], as shown in Fig. 6.10.  Such analysis shows 

that although the penetration depth increases with voltage, the majority of the signal in all 

cases comes from within 100 nm close to the surface.  This is within the irradiated layer, but 

suggests that closer to the surface there is some kind of damage that prevents indexing to W. 

It could be that some kind of surface layer has formed during the irradiation, although further 

analysis would be required to confirm this. It has recently been observed that ion irradiations 

can result in the formation of carbides [19], [20]. It should be investigated whether this is 

something that could have formed on the samples in this study, resulting in the degradation of 

the pole figure quality. At 15 and 20 kV, where the most damage is observed, 75% of the 

back scattered electrons come from the first 40 nm and 60 nm respectively. Qualitatively, 

there is some indication that this damage could be orientation specific, which will be 

analysed further. There was no apparent change in grain size or texture for irradiated samples. 
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 Fig. 6.6: Pole Figures overlaid on band contrast image at a)15 kV, b)20 kV and c) 30 kV in annealed W. 

a) 

b) 

c) 
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b) 

c) 

a) 

Fig. 6.7: Pole Figures overlaid on band contrast image at a)15 kV, b)20 kV and c) 30 kV 

in Re irradiated annealed W. 
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Fig. 6.8: Pole Figures overlaid on band contrast image at a)15 kV, b)20 kV and c) 30 kV in W 

irradiated annealed W. 

a) b) 

c) 

b) 
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Fig. 6.9: Relationship between Accelerating Voltage and Hit Rate of EBSD map in annealed 

and irradiated annealed irradiated samples. 

 

Fig. 6.10: Normalised hits of backscattered electrons vs penetration depth at a) 15 keV, b) 20 

keV and c) 30 keV calculated using CASINO. 

a

) 
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In order to analyse the orientation dependance of damage, the area covered by all grains with 

the orientations [001], [111] and [101], within a 10° misorientation (determined using 

Channel 5 software) were measured at each accelerating voltage for both the W and Re 

irradiatied samples (Fig. 6.11, Fig. 6.12). Both EBSD scans were carried out using a step size 

of 0.5-0.6 µm. The area analysed in both samples was ~ 200 000 µm
2
. ImageJ software was 

used to calculate areas. Firstly it should be noted that the samples are textured and that the 

[001] orientation is the dominant orientation. Secondly, although the areas analysed were of 

similar sizes in both samples, the area covered by the three considered orientations varied 

between the samples. A higher proportion of grains indexed to the three orientations in the W 

irradiated sample, as opposed to the Re irradiated sample. In the case of the W irradiated 

material, the area covered by the [001] and [111] orientations at 15 kV, as a proportion of that 

covered at 30 kV, is fairly similar. For the Re irradiated material, as a proportion of the area 

covered at 30 kV, there is a difference between the areas of [001] and [111] orientations at 

15 kV. At 15 kV, the area of the [001] orientation is ~10% of that at 30 kV and the area of the 

[111] orientation is ~21% of that at 30 kV. But, given that such a small area was covered by 

[111] grains in the first place, it is not possible to say that this orientation is any more 

resistant to irradiation damage in comparison to the [001] orientation. In terms of the raw 

area indexing at 15 kV, in both cases the highest area is that attributed to the [001] 

orientation. In the W irradiated sample at 15 kV, ~ 5% of the area indexes to [001], and in the 

Re irradiated sample, ~2.5% of the area indexes to [001]. However, as this was the dominant 

orientation to begin with, this does not suggest it is any more resistant to the irradaition 

damage than the other orientations. Therefore, although from the  initial EBSD images there 

was an indication of orientation dependence, the quantitative analysis has revealed that this is 

not the case. In order to further investigate the effect of orientation it would be beneficial to 

conduct further irradiation experiments in a fully recrystallised sample without texture.  
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Fig. 6.11: Variation of indexed area covered by [001], [111] and [101] (within a 10° 

misorientation) orientations with accelerating voltage for Re irradiated annealed W. 

 

Fig. 6.12: Variation of indexed area covered by [001], [111] and [101] (within a 10° 

misorientation) orientations with accelerating voltage for W irradiated annealed W. 
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6.3.2 Change of mechanical properties 

The mechanical properties of annealed samples before and after irradiation are summarised in 

Fig. 6.13, and those for as-received samples before and after irradiation are summarised in 

Fig. 6.14.  Comparison of Fig. 6.13 a) and Fig. 6.14 a) shows that the modulus of both 

annealed and as received samples is unchanged by irradiation and is approximately constant 

over the whole depth of measurement.  The modulus of all samples is within 5.5% of the 

expected modulus for tungsten of 410 GPa [2], with the exception of the non-irradiated as-

received sample which showed a slightly greater deviation of 8.9%.  This is greater than the 

expected tolerance of the measurement system, which is ±5 %.    

Although the modulus is constant over depths of 50-200 nm, there is a clear decrease in 

hardness with increasing indent depth (Fig. 6.13 b) and Fig. 6.14 b)). This is explained by the 

Nix Gao relationship. The Nix and Gao model predicts a linear relationship between the 

square of the hardness and the reciprocal of the depth of the indenter into a polycrystalline 

sample when the measurement is no longer limited by ‘tip effects’ (tip blunting or deformities 

at low loads) [21]. The advantage of this high resolution technique means that this linear 

relationship holds, even at displacements as small as 50 nm, as illustrated in Fig. 6.13 c) and 

Fig. 6.14 c).  

From Fig. 6.13 b) it can be observed that there is an approximate 23 % increase in hardness 

for the rhenium and tungsten irradiated annealed samples. This increase is almost the same, 

regardless of the implanted ion species. For the as received samples, the actual hardness is on 

average 0.4 GPa higher, but a similar trend is still observed, as shown in Fig. 6.14 b).  

However, the increase in hardness is only ~13% for the rhenium irradiated and tungsten 

irradiated as-received samples. In the case of W irradiations, the implanted ions become part 

of the matrix, indistinguishable from the host atoms. The Re will also substitute for W, 

forming a substitutional solid solution as we are below the solubility limit of 30 at.% [22]. 

This indicates that while simultaneously implanting rhenium at concentrations of 

approximately 1600appm, and inducing cascade damage of approximately 40 dpa the 

substitution of rhenium atoms into the tungsten matrix, rather than tungsten atoms has a 

negligible effect on hardness and modulus changes. It is the displacements created, rather 

than the introduction of a new element into the matrix that is driving the damage mechanism. 

This is consistent with the fact that the damage from the tungsten and rhenium ion 

irradiations is comparable due to the fact the mass number of tungsten is 184 and that of 

rhenium is 187.  The greater hardness increase in the annealed samples in comparison to the 

as-received is consistent with other literature, where W was irradiated with Fe ions, and is 

due to the fact the grain boundary area (a sink site) in the annealed samples is smaller than in 

the as-received [23]. 

If we compare our results to those of Armstrong et al., where irradiations were carried out in 

pure W and W-5%Re at temperatures of ~300 °C, utilising an energy of 2MeV to achieve a 

damage level of 33 dpa where there was a 12% increase in hardness in tungsten (50-500 µm 

grain size) and a 45% increase in hardness of the W-5%Re (10-100 µm grain size). It is 

interesting that at lower temperatures and a slightly lower dpa level than the data presented in 

this paper the hardness increase observed in W-5%Re was so large. If we compare to our 
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rhenium irradiated annealed material, with average grain size of 21 µm, which is comparable 

to the grain size of the W-5%Re Armstrong et al. utilised, the hardness increase is less than 

half of that observed by Armstong et al., suggesting that the presence of rhenium is 

dominating the damage mechanism, which is clearly not the case with the lower 

concentrations we utilised. Armstrong et al. have observed Re clusters at 33 dpa, which it is 

suggested are precursors to σ phase, which provides a reason for the higher hardness 

observed [12]. It is predicted that such clusters are not formed with the lower Re 

concentrations used in this study. 

The hardness increase observed in the as received tungsten in this experiment are comparable 

to that observed by Armstrong et al. [12]. However, the annealed tungsten in this study 

showed double the increase in hardness observed in pure W by Armstrong et al. [12]. 

Considering that the annealed W used in this study has a smaller grain size than the W used 

by Armstrong et al., and should therefore theoretically show a smaller hardness increase, 

another factor must be contributing to the higher hardness increase observed.  It is unlikely 

that a 100 °C increase in temperature used in the present study should have such a large effect 

on the hardness increase. Armstrong et al. have shown a small increase in hardness between 

13 and 33 dpa, but even if the hardness increase was to increase at the higher dose of 40 dpa, 

it is unlikely the difference would be as significant as that observed. It is suggested  that as 

energies of 1, 2 and 4 MeV were used in this study there, there would have been increased 

damage both closer to the surface and deeper in the sample, resulting in a larger total volume 

of damage in comparison to the Armstrong experiments. The damage region in Armstrong et 

al.’s experiment extends across ~300 nm, in comparison to ~500 nm in this paper, which 

could explain the larger hardness increase observed. Another factor contributing to the 

greater hardness increase observed in the study in this paper could be due to the fact multiple 

ion energies were used. Whereas, Armstrong et al. used a single energy of 2MeV [12]. It 

would be beneficial to carry out further investigations in the use of multiple energies to create 

similar doses as a single energy beam.  



Chapter 6  17 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6.13: Measurement of a) actual modulus against displacement, b) 

hardness against displacement and c) demonstration of the Nix Gao 

relationship – Hardness
2
 against reciprocal of displacement sample for non-

irradiated and W and Re irradiated annealed samples. 
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Fig. 6.14: Measurement of a) actual modulus against displacement, b) hardness 

against displacement and c) demonstration of the Nix Gao relationship – 

Hardness
2
 against reciprocal of displacement sample for non-irradiated and W 

and Re irradiated as received samples. 
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6.4 Conclusions 

The effect of radiation damage and implanted rhenium on the hardness and modulus of as 

received and annealed tungsten samples was investigated by irradiating them with both 

tungsten ions and rhenium ions at a temperature of 400°C.  It was found that at peak damage 

levels of around 40 dpa the originally annealed samples underwent a 23% increase in 

hardness, while as received samples showed a 13% increase.  The effect of rhenium 

irradiation was found to be indistinguishable from that of tungsten irradiation for peak 

rhenium concentrations up to 1600 appm.  For annealed samples, it was further observed that 

both kinds of ion irradiation caused significant surface damage to the samples. This was 

confirmed by the EBSD pole figure degradation with decreasing electron accelerating 

voltage, which corresponds to a decreasing penetration depth as calculated using CASINO 

software. Initial qualitative analysis of the EBSD images suggested that there was an 

orientation dependence of irradiation damage, however following a quantitative study it was 

seen that this was not the case.  
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Abstract 

The effect of temperature and microstructure on irradiation damage on as-received and 

annealed tungsten was investigated using 1 MeV proton irradiations, resulting in a damage 

level of ~2 dpa in the first 2 µm, at 400 °C and 800 °C. Continuous Stiffness Measurement 

nanoindentation was used in order to investigate mechanical properties. The hardness 

increase was greater in the annealed material, compared to the as-received.  

The hardness increases measured at 400 °C in the as-received material were similar to 

previous proton irradiation experiments to lower does, and the annealed material showed a 

slightly higher hardness increase. In all cases the hardness increases measured were greater 

than heavy ion experiments to higher doses. 

SEM showed limited surface damage in the samples irradiated at 400 °C. At 800 °C, the 

annealed sample displayed grain specific tungsten carbides and the as-received sample 

showed surface roughening, indicating sputtering. Cracking was observed in and around the 

indents carried out in the as-received material irradiated at 800 °C. 

EBSD carried out on the non-irradiated and irradiated annealed samples, showed negligible 

change in microstructure. 

7.1 Introduction 

Tungsten is a candidate material for the divertor within a future fusion reactor [1]. This is 

because of its high melting point of 3420 °C [2], low sputtering rate (for the case of 

deuterium, Eth is ~200 eV [3]) and its strength at high temperatures (stress relieved has a 

yield strength of ~604 MPa at 800 °C [4]). However it has some weak characteristics. It has a 

high ductile to brittle transition temperature (embrittlement is predicted to occur below 800-

1000 °C in neutron irradiated W[5]), low fracture toughness (longitudinal three point bend 

specimens (L-R) of polycrystalline tungsten from a rolled rod have KQ between 5.4 and 

9.1 MPam
0.5

 [4]) and poor resistance to oxidation at elevated temperatures (a linear oxidation 

rate of 1.4×10
-2

 mg cm
-2

s
-1 

is observed in pure tungsten at a temperature of 1000 °C [6]). In 

the D-T operation of ITER and DEMO, 14 MeV neutrons will result in irradiation damage, 

including displacement cascades and transmutation of the tungsten. The 14 MeV neutron 

damage that occurs in a tokamak results in transmutation of the tungsten to rhenium and 
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osmium, alterations to its microstructure, formation of point defects and dislocation loops, 

and may result in the formation of σ and χ phase precipitates which are known be the cause of 

hardening and embrittlement due to irradiation [7], [8].  

Heavy ion irradiations have previously been used as a proxy for neutrons to create fusion 

relevant damage within tungsten and tungsten alloys [9], [10]. Heavy ions produce damage 

cascades very similar to neutron damage cascades, however these typically result in 

extremely thin damage layers, normally between a few hundred nanometres to 10 µm [11]. 

Additionally multiple energies need to be used in order to get a more uniform damage profile. 

The depth of penetration is dependent on the energies of the ions used and irradiation 

temperature. This means that when doing nanoindentation tests in order to measure hardness 

changes of the sample there can be interaction between the irradiated layer and the non-

irradiated bulk [11]. This issue also arises when indenting thin coatings on substrates of 

dissimilar materials. The damage cascades from protons are less dense than that of neutrons 

or heavy ions. Proton irradiations result in the formation of either isolated or small clusters of 

Frenkel pairs, whereas neutron and heavy ion irradiations result in much larger clusters of 

damage [12]. The damage profile resulting from proton irradiations varies gradually close to 

the surface, followed by a Bragg peak close to the final depth of penetration of the protons. 

The region close to the surface provides a fairly uniform region to analyse, and hence an 

irradiation at a single energy can be used. Protons also penetrate much further into the sample 

in comparison to heavy ions[13], meaning that when nanohardness measurements in the 

surface are carried out they are less likely to be affected by the bulk non-irradiated properties. 

It is for this reason that the effect of proton damage on microstructure and mechanical 

properties of tungsten will be investigated in this study. 

Furthermore proton irradiations carried out by He et al. [14], show that the hardness increases 

measured in tungsten irradiated to 0.15 dpa is only 10% lower than neutron irradiated W to 

the same dose. This is in contrast to heavy ion irradiations, where the hardness increase 

following a dose of 0.4dpa is ~60% less than that seen in neutron irradiated tungsten [15], 

[16]. Although the data is limited, there is a small indication that proton irradiation may 

induce hardness responses closer to those induced by neutron irradiation, in comparison to 

heavy ion irradiation. This provides further motivation for investigating the hardness 

response of proton irradiated tungsten. 

7.2 Materials  

99.95 % commercial purity tungsten sheet that was 2 mm in thickness, was purchased from 

Goodfellow. The as-received sheet had a {100} fibre texture with respect to the common 

sheet plane. 1 cm
2
 squares were cut from the sheet. To achieve a uniform microstructure, half 

of the squares were annealed under vacuum for 18 hours at 1400 °C. A slightly stronger 

{100} fibre texture was observed in the annealed material. All specimens were polished to a 

mirror finish and were then cleaned ultrasonically in acetone, ethanol and deionised water. 

Figure 7.1 shows the microstructures of the as-received sheet and annealed sheet.  
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The average grain size of the as-received sheet is ~1 μm and ~21 μm for the annealed sheet. 

The grain sizes were estimated using Channel 5 software. 
 

7.3 Experimental 

All irradiations were completed at the 5 MV pelletron accelerator, located in the Nuclear 

Science Laboratory (NSL) of the University of Notre Dame. Samples were loaded and held at 

the zero degree target location, mounted on the high-temperature irradiation station shown in 

Figure 7.2 and Figure 7.3. 

Low-energy protons were focused to the end of the activation line through collimation 

systems prior to the target station. The beam uses the following systems; 

1. Tantalum collimator 0.25 inch. Used for tuning of beam parameters and constraining 

beam. 

2. Tantalum suppressor set to -300 V. The suppressor is used to prevent secondary 

electrons being emitted from the sample and giving false beam current readings. It 

also prevents possible scattered electrons from reaching the sample. 

3. Tantalum mask 0.25 inch. This both holds the sample in place through compression, 

and prevents stray beam hitting sample.  

4. PBN plate heater. This provides possible heating up to 1200 °C, used to stabilize 

sample temperature adding to beam heating.  

Figure 7.1: SEM Back Scatter Images for a) as-received and b) annealed tungsten 

sheet. 
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Figure 7.2: High-temperature irradiation station designed and constructed at NSL. No sample 

shown. 

Figure 7.3: Constructed heating target station. 
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Two as-received samples (hereafter called R400 and R800) and two annealed tungsten 

samples (hereafter referred to A400 and A800) were irradiated during this set of experiments. 

The initial properties of the sample are indicated in Table 7.1.  

Table 7.1: Initial sample conditions as-received at the NSL. 

Sample Mass (g) Width 1 

(mm) 

Width 2 

(mm) 

Thickness 

(mm) 

R400 3.5516 9.89 9.93 1.91 

R800 3.7352 9.86 9.94 1.99 

A400 3.5222 9.83 9.91 1.91 

A800 3.4944 9.81 9.91 1.88 

 

 

 

 

 

 

 

 

 

 

 

 

 

All samples were irradiated with a defocussed beam of protons at an energy of 1 MeV, in 

order to achieve the damage profile shown in Figure 7.4. The damage profile was calculated 

using the Kinchin Pease Model in SRIM (Stopping range of ions in matter, a Monte Carlo 

code) (Annapolis, MD) [17]. If the full damage calculations were used with high energy 

protons, anomalous peaks and dips would be observed [17]. It is for this reason that the 

Kinchin-Pease model was utilised. A displacement value (the energy required to produce a 

vacancy and interstitial) of 68 eV was assumed for tungsten [18]. This resulted in a Bragg 

peak of 14.9 dpa at a depth of 5.5 µm into the sample, and a fairly uniform damage profile of 

approximately 2 dpa between 0.5 and 2 µm into the sample.  

In order to investigate the effect of temperature, samples R400 and A400 were irradiated at 

400 °C and samples R800 and A800 at 800 °C. A summary of the samples used is shown in 

Table 7.2.  

Figure 7.4: Stopping range of ions in matter (SRIM) calculated 

profile of displacements per atom for hydrogen implanted in 

tungsten at 1 MeV using a 68 eV displacement value. 
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Figure 7.5 and Figure 7.6 show the irradiation set up. 

Table 7.2: Summary of Sample Nomenclature. 

Temperature (°C) As-received (R) Annealed (A) 
400 R400 A400 
800 R800 A800 

 
Incident beam intensities had to be limited due to induced heating caused by deposited power 

from ion beam bombardment. To prevent temperatures increasing above those required of 

400 °C and 800 °C, beam intensities were deliberately restricted to 14 µA and 35 µA 

respectively. The heater placed under the target sample was then used to maintain a steady 

temperature and to compensate for beam fluctuations.  

Samples at 400 °C took 18 hours of continuous irradiation each, and 800 °C samples took 8 

hours each. Due to heat input considerations the fluxes used at 400 °C were lower than those 

used at 800 °C. Minor temperature fluctuations during irradiation occurred due to beam 

current oscillations and were continuously corrected. To insure similar irradiation conditions 

at each temperature, maximum temperature fluctuations were maintained at comparable 

levels for both samples (±10 °C long term fluctuation and ±2 °C short term fluctuation). The 

irradiation conditions are summarized in Table 7.3. The mass of the samples before and after 

irradiation is summarized in Table 7.4.  

Table 7.3: Irradiation conditions and final sample state. 

Sample Ion Energy 

(MeV) 

Temp 

(°C) 

Cross 

sec 

(cm
2
) 

Charge 

(Col) 

Total ions Flux 

(ions/cm
2
s) 

Fluence 

(ions/cm
2
) 

R400 H 1.00 400 0.196 0.944 5.891 x 10
18

 4.63×10
14 

3.00 × 10
19 

A400 H 1.00 400 0.196 0.944 5.891 x 10
18

 4.63×10
14 

3.00 × 10
19

 

         

R800 H 1.00 800 0.196 0.944 5.891 x 10
18

 1.04×10
15 

3.00 × 10
19

 

A800 H 1.00 800 0.196 0.944 5.891 x 10
18

 1.04×10
15 

3.00 × 10
19

 

 

Table 7.4: Mass change of samples after irradiation.  

Sample Mass before 

(g) 

Mass after (g) Mass Difference 

(g) 

R400 3.5516 3.5516 0 

R800 3.7352 3.7320 -0.0032 

A400 3.5222 3.5224 0.0002 

A800 3.4944 3.4947 0.0003 

 
During irradiation, samples were checked visually to insure sample stability. Beam current 

was integrated and monitored on a 10 second integration time, with temperature variations 

monitored on a 1 second time variation. 
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Figure 7.5: Set-up of target sample irradiation. Beam on target, temperature at 800 °C. 

Figure 7.6: Zoomed version of target sample irradiation. Beam on target, temperature at 800 °C. 
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7.4 Results and Discussion 

Following the irradiations, nanoindentation using a Berkovich tip was carried out in order to 

determine changes in mechanical properties. The irradiated samples were compared to non-

irradiated as-received and annealed samples in order to determine the change in hardness.  

For all irradiated samples, an array of 25 ~2000 nm deep Continuous Stiffness Measurement 

(CSM) indents, with 50 µm spacing were performed in order to cover a variety of grains 

within the irradiation damage spot and also to obtain data throughout the sample from the 

surface, up to a depth of 2000 nm. In all samples the arrays were two rows of ten, with a 

single row of 5 indents, with the exception of ND400 where a five by five array was used. 

The indents were performed in the centre of the sample each time, so as to analyse damage 

from the same region of the ion beam, and hence damage profile. SEM was then utilised to 

look at the indents within the irradiated samples. Some indents were within grains, and some 

crossed grain boundaries in the annealed material. In the as-received samples, each indent 

covered multiple grains.  

In the as-received samples (Figure 7.7 a)), at 400 °C we see a 1.9 GPa (29 %) average 

increase (averaged across all indents at depths between 500 and 1800 nm) in hardness. For 

the 800 °C irradiated as-received sample (Figure 7.7 c)), the increase between these 

displacements is 4.1 GPa (63 %). However in this sample there is a substantial hardness 

increase close to the sample surface, which indicates some kind of surface layer or 

modification. This is confirmed when we look at SEM images shown later in the results 

section, which show significant surface roughening. If we then look at the indents, cracking 

was observed around all the indents in the as-received sample irradiated at 800 °C, something 

that was not observed in any of the other samples. Not only does this suggest that the data 

collected from the nanoindentation in this sample is not directly comparable to the other 

samples, but also indicates that the region has been significantly embrittled from the 

irradiation process, which is one of the main concerns with using tungsten for fusion 

structural materials. Cracking around indents has not been previously observed at lower 

temperature irradiations using heavy ions [19]or in heavy ion irradiations at 800 °C by 

Gibson et al. [10].  

If we then consider the annealed samples, from Figure 7.7 b) and d) we can see that there is 

an average increase in hardness of 2.6 GPa between a depth of 500 and 1800 nm for the 

sample irradiated at 400 °C, compared to a 3.5 GPa increase for the 800 °C sample. This 

corresponds to 48 and 64 % average increases in hardness in comparison to non-irradiated 

tungsten, which is significantly greater than hardness increases experienced in self-ion 

irradiated material even at much higher dpa levels(~23% hardness increase in self-ion 

irradiated annealed W to peak dose of 40 dpa at 400 °C) [19]. Although typically at increased 

temperatures, there should be increased annealing of defects and consequently a reduced 

hardness increase, this is not what is observed. It is most likely that due to temperature 

considerations, as increased dose rates were used in the 800 °C irradiations, and consequently 

the irradiation times were shorter in comparison to the 400 °C irradiations; there was reduced 

time for annealing of defects. This explains the increased hardness increase for the higher 
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temperature irradiations. Additionally as will be subsequently discussed, carbide formation 

on the surface could also explain the increased hardness. 

Consistent with previous ion irradiation experiments, the hardness increase observed in the 

annealed samples is greater than in comparison to the as-received material [19], [20]. This is 

most likely due to the fact there is an increased grain boundary area in the as-received 

material, which will act as a sink for defects. 

Figure 7.7: Raw hardness and % hardness change for a) R400, b) A400, c) R800 and d) A800. 
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The irradiations carried out at 400 °C can be compared to previous proton irradiations in the 

literature by He. et al. [14].  He et al. carried out 1 MeV proton irradiations at 500 °C, 

resulting in a dose of ~0.15 dpa at a depth of 2µm into the surface. Despite the lower doses 

used by He et al., the shape of the damage profile was similar to that achieved in the 

experiments in this chapter, with a Bragg peak at ~5.5 µm. There is no information provided 

by He et al. on the initial microstructure of the irradiated material, which combined with the 

fact that Vickers hardness testing was used by He et al., makes direct comparison difficult. 

Nevertheless, as this is the only relevant data in the literature that the results from the 

experiments in this chapter can be compared to, the Vickers hardness measurements by He et 

al. have been converted to GPa, and compared to the hardness increases in the as-received 

and annealed materials at 400 °C (Figure 7.8). 

As can be seen in Figure 7.8, the data from the literature is very similar to the hardness 

increase seen in the as-received material irradiated to 400 °C. The annealed material shows a 

hardness increase that is ~0.6 GPa than the two other samples. This provides a reminder that, 

while dose is an important parameter, the initial microstructure of a material is crucial when 

looking at irradiation damage. It would be beneficial to conduct irradiations on the same 

starting microstructure, at a range of doses in order to see if there was a saturation in 

irradiation hardening as has been seen in some heavy ion and neutron irradiated W [21], [22]. 

  

Figure 7.8: Comparison of the change in hardness observed in proton irradiated as-received 

and annealed W at 400 °C to 2 dpa (R400, R800) with 500 °C irradiations to 0.15 dpa by He 

et al.[14]. 

The hardness increase for both the as-received and annealed material is greater than hardness 

increases observed in heavy ion irradiated material [19], [21] at similar temperatures to 

higher doses. For example, Armstong et al. observed a hardness increase of 0.92 GPa in self-

ion irradiated ultra high purity tungsten irradiated to 33 dpa at a temperature of 300 °C [21]. 

Khan et al. only saw hardness increases of  ~1.6 GPa in the same annealed material used in 
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Figure 7.9: Variation of a) modulus with displacement, b) load with displacement, c) load with 

displacement
2 

and d) gradient of load displacement
2 

graph for non-irradiated as-received 

tungsten and proton irradiated as-received tungsten at 400 and 800 °C. All data points are for 

‘as-received’ samples, the black diamonds are non-irradiated. 

this proton irradiation study, following W irradiations to a peak dose of ~40 dpa at 400 °C. 

An as-received material, similar to that used in this proton irradiation study was also self ion 

irradiated to a peak dose of ~40 dpa at 400 °C, where only a 0.8 GPa hardness increase was 

observed [19]. It is suggested that this is most likely due to the fact the penetration depth is 

much greater in proton irradiated material, in comparison to the heavy ion experiments. This 

means the nano-hardness measurements are not influenced by the non-irradiated bulk 

material properties, but by the hardness increase caused by the increased dose deeper in the 

sample. Additionally, dpa does not take into account recombination of defects[23], and due to 

the fact that the cascades induced by proton irradiations are much less dense than those 

created in heavy ion irradiations, during the cooling phase there is less recombination of 

defects [12]. This could also contribute to the higher hardness increase observed in 

comparison to heavy ion irradiations. 
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Figure 7.9 and Figure 7.10 a) illustrate the variation of modulus with displacement into the 

sample. There is a clear decrease in modulus in sample R800, which can be explained by the 

extensive surface roughening and cracking in that sample. There is also a slight decrease in 

modulus for sample R400 at higher depths; however this could just be due to sample 

mounting (super glue could result in an apparent reduction in contact stiffness at higher loads 

due to compliance which would result in an apparent reduction in modulus). There is a 

negligible change in modulus in both the annealed samples. Figure 7.9 and Figure 7.10 b) 

show average load/displacement graphs for the as-received and annealed samples. In order 

for the indenter to penetrate further into the sample, the load required increases and is 

proportional to the square of the displacement into the sample. We can see that in all cases 

that there is an increase in the gradient following irradiation, which corresponds to the 

increase in hardness, meaning that a higher load is required to get the indenter tip to achieve 

Figure 7.10: Variation of a) modulus with displacement, b) load with displacement, c) load 

with displacement
2 

and d) gradient of load displacement
2 

graph for non-irradiated non-

irradiated annealed tungsten and proton irradiated annealed tungsten at 400 and 800 °C. All 

data points are for ‘annealed’ samples, the black diamonds are non-irradiated. 
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the same displacement into the sample. In order to see the interaction between a coating and a 

substrate often the gradient of load/displacement
2
 (shown in Figure 7.9 and Figure 7.10 c)), 

K, is plotted against displacement [24], as shown in Figure 7.9 and Figure 7.10 d) [24]. These 

plots are for a typical indent. We can observe in the case of both the as-received and annealed 

samples that the influence of the bulk non-irradiated material properties on the measured 

properties of the irradiated layer is limited (i.e. the K values of the irradiated samples remain 

separate to the line from the non-irradiated materials). In the case of the annealed samples 

there is a small difference between the 400 °C and 800 °C irradiations, however with the as-

received samples there is a much bigger difference between the irradiations at different 

temperatures. This is most likely due to the embrittled layer on the surface of the sample 

which affects the data.  

From Figure 7.11 it can be seen that there is a clear variation in greyscale values between the 

irradiation spot and the non-irradiated region of the sample, with the irradiated region 

appearing much darker than the non-irradiated area. This is something that is observed in all 

the irradiated samples. 

Figure 7.11: SEM secondary electron images showing difference between irradiated (dark) 

and non-irradiated (light) regions in a) R400, b) A400, c) R800 and d) A800. 
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If we then consider the surface damage on all the irradiated samples, in Figure 7.12 a) and b) 

we can see that in both as-received and annealed samples irradiated at 400 °C there is no 

significant surface damage and indeed the samples appear similar to the non-irradiated 

samples. However, this is clearly not the case for the samples irradiated at 800 °C, as seen in 

Figure 7.12 c) and d). From Figure 7.12 d) we can see that surface features or precipitates 

have developed in the annealed samples. These differ between each grain orientation and are 

not visible close to grain boundaries. Using EDX, these have been identified as tungsten 

carbides (Figure 7.13). No carbides were observed at 400 °C in the annealed sample. The 

carbides were only observed in the irradiated region of the annealed sample irradiated at 

800 °C, and not in the region outside of irradiation, confirming that they were introduced 

during the irradiation.  

Although ion irradiations are carried out in a vacuum environment, carbide formation is 

something that has recently been observed and also discussed at the SMINS4 2016 

conference [25], [26]. There is uncertainty as to why carbide formation occurs. For the 

specific case of the 800 °C irradiations in this experiment, from the W-C phase diagram 

Figure 7.12: SEM secondary electron images within irradiated spot in regions in a) R400, b) A400, c) R800 and 

d) A800. 
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(Figure 7.14), it is not clear from the temperature alone that carbide formation should occur 

[27]. Therefore the energy deposited from irradiation is also contributing to carbide 

formation. There are three main theories as to why carbide formation could occur. Firstly, 

there could have been contamination of the source, secondly contamination of the chamber 

and finally redistribution of carbon in the material could have occurred [28]. In the specific 

case of this experiment, it is unlikely that contamination of the source could have occurred. 

Pure hydrogen gas was used and the ions were selected to high precision based on their 

momentum/charge ratio, hence no carbon containing compounds should be present in the 

beam. It is possible that redistribution of carbon in the sample could have occurred. In terms 

of contamination from the chamber, in this experiment, the pumping system was oil-free and 

the vacuum systems were o-ring free. Nevertheless, it is still possible that organic material 

could have been released from components in the beam line, and the beam could have 

deposited the carbon on the tungsten surface. The influence of the irradiation, as well as the 

higher temperatures reached in the irradiated spot may help to explain why carbides are only 

observed in the irradiated region.  

 

 

 

 

 

Figure 7.14: W-C phase diagram, taken from [27]. 

Figure 7.13: Micrograph and corresponding EDX of precipitates identified as carbides in annealed 

proton irradiated tungsten at 800 °C. Red represents the W M series, yellow the C K series, and hence 

orange represents the simultaneous presence of W and C (i.e. tungsten carbides). 
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From Figure 7.12 c) we can see there is extensive surface roughening in the as-received 

sample. EDX does not reveal any carbides or oxides. However smaller carbides, could have 

formed that are beyond the limit of resolution in the SEM. A mass loss of 0.0032 g observed 

in the as-received sample indicates some sputtering.  

SEM analysis of the nanoindents in the non-irradiated samples is shown in Figure 7.15. We 

can see that no obvious cracks visible around the indents. Figure 7.16 gives examples of 

indents in the irradiated samples. In Figure 7.16 c) we see extensive cracking in and 

propagating from the indent itself, indicating that the surface has been significantly damaged 

and embrittled in the as-received irradiated sample at 800 °C. This can explain why the 

nanoindentation hardness is so much harder compared to the 400 °C irradiation, especially in 

comparison between the different temperature irradiations in the annealed samples. This casts 

doubt on the reliability of the nanoindentation data in this sample to give hardness 

measurements that are comparable to the other samples, but it does prove that the surface of 

this sample is more brittle and prone to fracture, which is a problem envisaged in tungsten for 

nuclear fusion applications. Sputtering is responsible for the surface roughening observed, 

resulting in an extremely brittle surface. Additionally, in the 800 °C irradiations, an increased 

flux was utilised in comparison to the 400 °C irradiations. Therefore as the irradiation time 

was reduced, there was less time for annealing of defects to occur, which could explain the 

increased hardness. 

The nanoindentation data from the 800 °C irradiated annealed material could be influenced 

by the presence of the carbides. However, the carbides have nucleated and grown at the 

surface (Figure 7.17 shows there are no carbides below the surface). Therefore, although the 

carbides could have affected the initial measurements close to the surface, in the region of 

interest (500-1800 nm), they may not have as significant an effect.  

 

 

 

 

 

 

 

 

 

 

Figure 7.15: Example of 2000 CSM Berkovich nanoindents in a) annealed and b) as-received 

tungsten. 
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Figure 7.17: FIB cross section of A800 sample. Image is taken at 45 °, and the tilt corrected 

scale bar is provided in the y direction. The darker contrast at the bottom is due to shadowing 

from redeposited material at the side of the trench. Carbides were observed in plan view, as 

shown in Figure 7.13, but not in cross section.  

 

a) b) 

c) d) 

cracking 

Figure 7.16: Example of 2000 CSM Berkovich nanoindents in a) R400, b) A400, 

c) R800 and d) A800. 

2 µm 
platinum 
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EBSD was carried out at a step size of 1 µm in the annealed samples. The focus was on the 

annealed samples due to the larger grain size. There was no apparent change in 

microstructure, when compared to EBSD in the non-irradiated sample. EBSD was conducted 

at 15 kV as shown in Figure 7.18, where there was a greater than 97 % hit rates in both cases. 

This indicates that close to the surface of the samples (75 % of the signal comes from within 

the first 40 nm as calculated by CASINO version 2.48 (monte CArlo Simulation of electron 

trajectory in sOlids)(Québec, Canada) [29]) there is limited surface damage. This is in stark 

contrast to previous work in heavy ion irradiated samples (up to levels of 40 dpa [19]where 

extensive surface damage that impacted the indexing of EBSD pole figures was observed.  

 

7.5 Conclusions 

Proton irradiations result in a significant increase in hardness in both as-received and 

annealed tungsten samples. The hardness increase observed was greater in the annealed 

samples in comparison to the as-received material. This is consistent with previous heavy ion 

irradiation experiments [19], [20]. 

The hardness increase measured in the as-received material following 400 °C irradiations 

were of a similar level to those observed in previous proton irradiations to 0.15 dpa, with the 

annealed material showing a ~0.6 GPa greater hardness increase. The hardness increases 

observed for both as-received and annealed W at 400 °C were greater than those seen in self-

ion and Re ion irradiations in W to higher doses at the same temperature. It is suggested that 

one of the reasons for this could be due to the fact in the proton irradiations, the hardness 

measurements are not influenced by non-irradiated bulk material, as is the case in the heavy 

ion irradiated material, where the implantation depth is shallower [19], [21]. Instead in the 

case of proton irradiations, the irradiation damage at the Bragg peak could influence 

hardness. Additionally, it is suggested that the fact there is less recombination in the cooling 

phase, following irradiation by protons in comparison to heavy ions could also contribute to 

the higher hardness increases observed [12]. 

Figure 7.18: Inverse Pole Figures of proton irradiated annealed tungsten at a) 400 °C and b) 

800 °C over nanoindented region at electron voltage of 15 kV. 
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The formation of tungsten carbide precipitates within the grains of annealed tungsten 

irradiated at 800 °C has been observed, the source of which is not confirmed. It is possible 

that carbide formation arises from contamination from organics in the chamber. Investigation 

into the exact structure of the carbides as well as their formation mechanism should be 

investigated. The average hardness increase observed in the annealed material at 800 °C is 

64 %, compared to 48 % at 400 °C. Typically at higher temperatures, there should be 

increased annealing of defects and the hardness increase is expected to be reduced. There are 

two reasons suggested as to why this is not the case in this experiment. The carbides observed 

on the surface may influence the hardness measurements, but the effect may not be as 

significant at the depths of 500-1800 nm from where the hardness measurements are taken. 

Additionally, in the 800 °C irradiations, an increased flux was utilised in comparison to the 

400 °C irradiations. Therefore as the irradiation time was reduced, there was less time for 

annealing of defects to occur, which could explain the increased hardness.  

Extreme surface roughening was seen on the surface of the as-received material irradiated to 

800 °C, which could have been due to a sputtering effect. This resulted in an extremely brittle 

surface, and cracking was seen in the nanoindents, and meant that the nano-hardness data 

obtained was not accurate.  
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 Discussions and Conclusions 8
The original aim of the project as discussed in Chapter 2 is given below and Figure 

8.1 is a re-presentation of Figure 2.56 from Chapter 2, giving an overview of the 

project. 

The aim of this project is to study aspects of degradation of W arising from the 

products of the D-T reaction. 

 

Figure 8.1: Overview of project 

This thesis focussed on investigating different techniques for mimicking the 

degradation in W expected from the D-T fusion reaction, including neutron 

displacement cascade damage, transmutation effects and impinging helium ions. 

Magnum and Pilot-PSI linear plasma devices were used to study the effect of 
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impinging helium ions on tungsten-rhenium alloys, which acted as a proxy for the 

transmutation caused by 14 MeV fusion neutrons. Displacement damage and 

transmutation to low levels (1600 appm) was mimicked simultaneously by utilising 

the tandem accelerator at ANU to irradiate tungsten samples with rhenium ions, 

using tungsten ion irradiation as a comparison. Displacement damage was also 

mimicked by using the tandem accelerator at Notre Dame University to conduct 

proton irradiation at temperatures of 400 and 800 °C. 

In this chapter the results from the experiments conducted in order to study 

degradation in W relevant to fusion will be discussed and compared to previous 

findings in the literature that have been covered in detail in Chapter 2. 

8.1 Discussions 

Firstly the results from Chapters 4 and 5 are considered, which investigated the 

effect of Re addition on the growth of fuzz in W. In these chapters, W-3%Re and W-

5%Re alloys were used to simulate transmutation that would occur in W due to the 

14 MeV neutrons generated in the D-T reaction. According to Gilbert and Sublet, 

after five years of DEMO operation, the concentration of Re could reach 3.8%Re 

[133]. Therefore concentrations of 3 and 5%Re provided a good simulation of 

transmutation effects. As discussed in Chapter 2, there was a hint in the literature 

that Re had been seen to inhibit fuzz growth in W. However, the W-Re alloys in the 

literature had a different manufacturing history to the pure W they were compared to 

[221]. Therefore due to the fact Re is a transmutation product, and additionally fuzz 

growth had also been observed on pure Re samples [263], it was important to 

determine if Re really was inhibiting fuzz growth.  

Two experiments were carried out in Chapter 4, using both the Magnum and Pilot-

PSI LPDs. In Magnum PSI exposures were carried out for durations of 40-200 s at 
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temperatures of ~970 °C. In Pilot-PSI, 400 s exposures were carried out at ~ 

1400 °C. In both cases pulsed exposures were carried out due to limitations of 

cooling in the LPDs. In the Magnum-PSI experiments the pulses were 10 s in 

duration, and in Pilot-PSI, they were 100 s in duration.  

In the shorter exposures, qualitative surface analysis revealed an orientation 

dependence of fuzz growth. Fuzz grew in different direction and the shape of the 

tendrils varied in different grains. As mentioned in Chapter 4, orientation 

dependence is something that has been extensively observed [270], [271], 

particularly during the early stages of fuzz growth [239]. Yamagiwa et al. [270] 

suggested that orientation dependence observed during early stages of fuzz growth 

was due to differences in the diffusion of He in different orientations. Ohno et al. 

[271] suggested the importance of the angle between the {101} slip face and the 

plane of the grain under exposure effected the formation of a wavy structure seen as 

a precursor to fuzz formation. Ideally EBSD should have been carried out in order to 

determine which grains were more likely to grow fuzz, and this is something that 

could be carried out as further work. EBSD could be carried out on cross sections 

across several grains in order to determine which grains are more likely to grow 

fuzz.   

In the 400 s exposures, there was an indication that the addition of Re was indeed 

having an inhibiting effect on fuzz growth. Typically fluences of ~ 1×10
27 

m
-2

 were 

achieved in the 400 s of exposure. The fuzz thicknesses observed were between 

~0.5-2.3 µm. Using the thickness of the pure W sample, the growth equation 

developed by Petty et al. (𝑥(𝛷) = (𝐶(𝛷 − 𝛷0))
𝛼) was solved for C [207]. The C 

value determined was an order of magnitude lower than that determined by Petty for 

temperatures of 1047 °C. The temperatures used in this experiment were ~1400 °C. 
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This indicated that at these temperatures annealing processes were having an impact. 

Annealing has been observed at lower temperatures than those used in this 

experiment, and therefore it is likely that this had an impact on the fuzz growth 

[230]. Additionally, though not considered here, recrystallization could have had an 

impact on the results [231]. There no longer appeared to be a visible orientation 

dependence by just analysing the surface of the samples, which is in agreement with 

the literature, where it is suggested that orientation dependence of fuzz growth is 

only significant during early stages [239]. In the FIB cross sections that were carried 

out in the samples, the fuzz layer thickness was fairly uniform, however it would 

have been beneficial  to make cross sections across several orientations within the 

same region in order to confirm the fact that orientation no longer had an impact. 

In Chapter 5, in order to remove the effect of annealing and perhaps recrystallization, 

further He plasma exposures were carried out in Pilot-PSI, this time at temperatures 

of ~1025 °C.  Exposures were carried out for continuous durations of 800, 1600 and 

3200 s. As has been observed in the literature, there can be a difference between fuzz 

growth following a pulsed exposure or a continuous one [253], but this is mostly 

noticeable if there is an extended period of time of the order of hours between pulses. 

In the case of the experiments in Chapter 4, the time between pulses was of the order 

of minutes, so it is assumed that the effect is negligible.  In this study mass loss 

measurements were also conducted, which revealed that low levels of erosion can 

occur even below the sputtering threshold of W to He. It is suggested that this is due 

to impurity species in the plasma, where there is a lower sputtering threshold. This is 

in agreement with previous work by Petty et al. [207], where sputtering from 

impurities had been discussed. 
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In this study, the fluences achieved were between 0.5-6.2×10
26

 m
-2

. Generally Re 

was seen to inhibit fuzz growth. It is extremely difficult to elucidate a mechanism by 

which Re is inhibiting fuzz growth, particularly as discussed in Chapter 2, there are 

so many mechanisms that have been suggested to explain fuzz growth. The one thing 

that was found to be in common in the majority of the mechanisms discussed in 

Chapter 2, whether experimental or physics based, was that bubbles are a necessary 

prerequisite for fuzz growth [203], [220], [260], [262], [263], [267], [268]. Several 

possible reasons why Re may be inhibiting fuzz growth were discussed. It was 

suggested that reasons for the inhibitory effect of Re on fuzz growth could be due to 

inhibition of b=1/2〈111〉 loop motion [143]. This is something that has been 

observed by Yi et al. [143]  in self-ion irradiated W-5%Re. Many models explain 

bubble growth in the fuzz formation mechanism to occur via loop punching, with 

Kobayashi et al. specifically mention that the edge dislocation making up the loop 

has b=1/2〈111〉 [305]. Therefore it was suggested that the slower b=1/2〈111〉 loop 

motion in the Re alloys could result in a reduced rate of bubble growth, and therefore 

an increased time before the bubbles can burst, and consequently form fuzz (bubble 

bursting has been suggested as part of the mechanism of fuzz formation by 

Takamura et al. [263]). Additionally it was suggested that as Re has been shown to 

ductilise W [117], and bubble growth occurs via a plastic deformation process, that 

the bubbles could grow more before bursting. As the bursting of bubbles has been 

suggested to be the part of the experimentally observed mechansim where tendrils of 

fuzz are formed [263], if the bubbles are slower to burst, fuzz may be slower to form. 

As mentioned, these are just suggestions and to fully elucidate a mechansim of Re 

inhibition, TEM would be required to find the microstructural explanations for 

reduced fuzz growth. 
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In addition to looking at the effect of Re addition on fuzz growth, Chapter 5 also 

considered the variation of fuzz growth with flux and fluence, and comapred this to 

several previous experiments in other LPDs and a magnetron device ([207], [219], 

[221], [222], [232], [233]). It was very interesting to see that all the fuzz thicknesses 

measured during the Pilot-PSI experiments lay below those achieved in the other 

devices at similar fluences and temperatures, as well as below the expected values 

predicted by the growth equation developed by Petty et al. [207]. Petty et al had 

suggested that there is an incubation fluence before fuzz growth can occur, however 

the data from the experiment in Pilot-PSI gave further evidence for an incubation 

time; something that had been previously suggested by Baldwin et al. [249].  The 

fluxes used in Pilot-PSI were typically higher than those used in the rest of the 

literature and therefore the same fluences were achieved in a shorter time. Therefore, 

especially for the shorter exposures, the incubation time would not have been 

exceeded by a sufficient amount, in order to achieve the higher levels of fuzz growth 

that had been achieved at the same fluences in other devices. This is in agreement 

with the data from the magnetron, which seem to follow a 𝛷1/2 relationship, rather 

than the incubation fluence fit that the other literature data from LPDs seems to 

follow [253].  The data from the magnetron is achieved using fluxes at least an order 

of magnitude lower than the lowest fluxes used in LPDs. This means that even to 

achieve fluences less than the incubation fluence, exposure times of hours are 

required, rather than minutes as typically the case in LPDs. Therefore, any 

incubation time is significantly exceeded even at lower fluences in a magnetron, 

resulting in thicker fuzz layers than could be achieved at higher fluxes. The 

magnetron and Pilot-PSI data are essentially at the two extremes of flux in the data, 

and both of these suggest there is an incubation time.  
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In Chapter 6, methods of predicting the effects arising from the 14 MeV neutron 

product of the D-T reaction were investigated. Previous neutron irradiation 

experiments in the JOYO fast reactor [67], [134], [162] had revealed that the 

mechanism of hardening differed, whether the starting material was pure W, as 

opposed to a W-Re alloy, with a void formation mechanism being dominant in the 

original pure W material. The addition of Re prior to irradiation supressed the 

formation of voids and a precipitation mechanism was dominant, with the formation 

of σ and χ phases [67], [134], [162]. In order to mimic the transmutation and 

displacement damage expected from the 14 MeV neutrons, Armstrong et al. carried 

out W ion irradiations in W-5%Re, up to doses of 33 dpa and at temperatures of 

300 °C [145]. At high doses above 13 dpa, clustering of Re was observed via atom 

probe, which it was suggested could be a precursor to σ phase tungsten that had been 

observed during the neutron irradiations. The results from these ion irradiations 

appear to match up with findings from neutron irradiations, in that the apparent 

precursors to precipitate formation are seen when W-Re is the starting material. In 

neutron irradiation experiments carried out by Tanno et al. [67], [134], [162], 

irradiation hardening in pure W, driven by a void formation mechanism was 

observed to saturate above doses of  ~1 dpa. In the W-Re samples, where the 

precipitation formation mechanism is dominant there is no apparent saturation in 

irradiation hardening. Similar trends are seen in the W ion irradiations carried out by 

Armstrong et al. [145]. In the W ion irradiations carried out by Armstrong et al., a 

saturation of irradiation hardening was also observed in pure W, this time at ~0.4 

dpa. In W-5%Re with a low dislocation density there was no saturation in irradiation 

hardening, and the hardness continued to increase with dose. It should be noted that 
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microstructure is extremely important, and that Armstrong and Briton observed 

saturation of irradiation hardening in W-5%Re with a high dislocation density [180].  

In order to see whether the addition of Re during ion irradiation, as opposed to self-

ion irradiation in W had an impact on hardening, samples of as-received and 

annealed W were irradiated with either W or Re ions to doses of ~40 dpa and ~1600 

appm. This allowed for two different microstructures to be analysed. Despite the fact 

that the concentration of Re added to the materials is relevant to end of ITER 

operation, and also to some regions of a DEMO reactor, there is a difference in the 

appm/dpa ratio.  Although there is no specific data for the dose in specific regions of 

the divertor, there is for region A of the first wall armor in a DEMO model (refer to 

Figure 2.10), as well as transmutation information [33].  This predicts an appm/dpa 

ratio of 460 appm/dpa [33]. This is higher than what was achieved in the experiment 

in Chapter 6 of ~40 appm/dpa. However, it was not feasible to achieve a higher ratio, 

as in order to implant Re, by default displacements will occur as the Re acts a PKA. 

This means that this technique may not be suitable for implanting larger quantities of 

Re, as by default displacements will be created. 

The data comparing the hardness increase in the W and Re irradiated material, 

showed that the difference between the two types of implanted ion were negligible at 

the doses employed. It was suggested that due to the fact the mass of W and Re is 

similar; the two implanted ions will cause similar damage cascades. 

The difference in hardness increase observed in the as-received and annealed 

samples was in agreement with the work by Armstrong and Britton [180]. The % 

hardness increase observed in the annealed samples was much greater than that 

observed in the as-received samples. As had previously been suggested by 
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Armstrong and Britton, areas of high dislocation density can act as sinks, where 

point defects can recombine, resulting in a reduced rate of hardening. It is also 

consistent with other findings in the literature where both as-received and 

recrystallized W was irradiated with Fe ions [306]. The hardness increase was 

greater in the recrystallized material, in comparison to the as-received material; 

which it was suggested due to the grain boundary area being higher in the as-

received material. The grain boundaries acted as sinks, resulting in increased 

recombination of defects and therefore a less significant hardness increase in the as-

received material in comparison to the annealed. 

Through quantitative analysis of EBSD pole figures, it had initially appeared that 

there may be some kind of orientation dependence of the irradiation damage due to a 

degradation of image quality with reduced accelerating voltage. However, 

quantitative analysis of the samples revealed that this was not the case, and as the 

sample was textured it would be beneficial to repeat the experiments with a fully 

recrystallized texture or to conduct EBSD analysis in the cross section of the 

material to get a greater variety of orientations to study. 

Chapter 7 then focused on the use of proton irradiations as a proxy for fusion neutron 

damage. As discussed in Chapter 2, there is a suggestion from the literature, that 

despite the fact that proton damage cascades are much more widely spaced out and 

smaller than those of neutrons, that the hardness increase observed in proton 

irradiations is only ~10% lower than that observed in neutron irradiations at similar 

conditions [185]. This is in contrast to heavy ion irradiations, such as those 

conducted in Chapter 6. In heavy ion irradiations, it has been observed in the 

literature that at doses of 0.4 dpa, there is a 60% decrease in the hardness increase 

observed in ion irradiated material in comparison to neutron irradiated material [25], 
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[67], [68], [145]. The displacement cascade induced by heavy ions is more similar to 

neutron irradiation cascades, as the heavy ions act as a PKA and cause dense 

cascades. Whereas the cascades induced by protons are smaller and more spaced out. 

This means that during the cooling phase there is more recombination in the denser 

cascades induced by heavy ions in comparison to the smaller and less dense proton 

cascades [130]. Additionally the penetration depth of proton irradiations is typically 

higher than heavy ion irradiations [130]. The increased recombination in the heavy 

ion irradiations and the smaller damage volume could be contributing to the hardness 

increase being so much lower than equivalent neutron irradiation experiments. 

The results in Chapter 7 give further evidence for an increased hardness induced by 

proton irradiations in comparison to heavy ion irradiations. The hardness increases 

for the irradiations carried out at 400 °C at ~ 2 dpa are significantly greater than 

those observed at the same temperature at ~40 dpa in the W an Re irradiated material 

in Chapter 6. The method to calculate the dpa for the protons was via Kinchin Pease, 

whereas for the heavy ions the full damage calculations method was utilised in 

SRIM [121]. Nevertheless, even if the full damage calculations are used for the 

proton irradiations, the dose in terms of dpa is still higher in the heavy ion irradiated 

material, in comparison to the proton irradiated material. It should be noted that the 

beam for the heavy ion irradiations was raster scanned across the sample, whereas 

for the proton irradiations a defocussed beam was used, which also makes direct 

comparison difficult. Localised fluxes in raster scanning can influence the 

mechanism of damage, and annealing of damage can occur while the sample is not 

under irradiation [130]. This means that the rate of defect production is typically 

higher in a defocused beam in comparison to a raster-scanned beam [130]. However, 

this was not investigated in this thesis. In the W and Re ion irradiated as-received 
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material there was ~13% increase in hardness and in the annealed material there was 

~23% increase in hardness. This is in comparison to a 29% and 48% increase in 

hardness in the as-received and annealed proton irradiated material at the same 

temperature. There were significantly different damage profiles in both sets of 

irradiations. In the heavy ion irradiations there was an ~150 nm wide damage peak 

caused by the multiple energies used, and the peak penetration depth was ~ 500 nm. 

In the proton irradiated material, a single energy was utilised and the damage profile 

was fairly uniform between 0.5-3 µm and a large Bragg peak of ~15 dpa was 

observed at ~5.5 µm. Additionally, the hardness measurements were taken from 

different regions of the samples. For the heavy ion irradiated material, the hardness 

was measured in the first 50-200 nm, compared to 500-1800 nm in the proton 

irradiated material. Nanoindentation data is influenced by the substrate material 

[145], [307], and therefore as there is a significantly larger volume of irradiated 

material in the proton sample this could also contribute to the higher hardness 

increases observed. Another factor that could contribute to the greater hardness 

increase observed in the proton irradiations, is the fact that in proton irradiations 

there is less recombination of defects in comparison to heavy ion irradiations [130]. 

In terms of the irradiation response of the as-received and annealed material, a 

similar response is seen in the proton irradiated material, as to that observed in the 

heavy ion irradiated material. There is a greater hardness increase observed in the 

annealed material in comparison to the as-received. In the proton irradiated material 

the ratio between the raw hardness increase in the annealed and as-received and 

annealed material at 400 °C is ~1.4, which is similar to both the W and Re irradiated 

materials, where the ratio is ~ 1.7.  
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If the irradiations at 400 °C are specifically considered, they can be compared to the 

previous proton irradiations in the literature by He. et al. [185]. He et al. carried out 

1 MeV proton irradiations at 500 °C, resulting in a dose of ~0.15 dpa at a depth of 

2µm into the surface. The shape of the damage profile was similar to that achieved in 

the experiments in Chapter 7, with a Bragg peak at ~5.5 µm. However, the doses 

achieved by He et al. were much lower. It is difficult to directly compare the data, as 

no information about the starting microstructure of the W used for the 0.15 dpa 

irradiations carried out by He et al. is given. Additionally, Vickers hardness testing 

was used by He et al. in order to obtain the hardness measurements, which has been 

converted to GPa for comparison. The hardness increase in the as-received sample is 

very similar to that observed in the 0.15 dpa irradiations, with the increase in the 

annealed material ~0.6 GPa greater than the other two samples. Therefore it is again 

shown that while dose is an important parameter, the initial microstructure of a 

material is crucial when looking at irradiation damage. 

In the 800 °C proton irradiations, tungsten carbide formation was observed in the 

annealed material and extensive surface roughening, suggested to be due to 

sputtering was seen in the as received material. It is interesting that the carbide 

formation has only been observed in the irradiations at 800 °C. Recently carbon 

contamination is something that has been observed to be a problem in ion irradiation 

experiments, despite the vacuum environment [237], [308], [309] and this something 

that was discussed in detail at the SMINS4 2016 conference. Several avenues are 

being considered as to the source of contamination, which include contamination of 

the source, contamination of the chamber and also redistribution of carbon in the 

material [310]. It is suggested that in the case of the proton irradiation experiment 

carried, it is unlikely that there is carbon contamination from the source, due to the 
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fact pure hydrogen gas was utilised, and additionally the momentum/charge ratio of 

the ions was analysed. Redistribution of carbon in the material is a possibility. 

Despite the fact an oil free pumping system and o-ring free vacuum systems were 

used, it is also possible that organics were released from surrounding material in the 

beamline, and the beam deposited the carbon onto the sample. Considering the low 

amount of C likely to be present as an impurity and the 800 °C temperature used; 

from the W-C phase diagram it is not clear that tungsten carbide should form from 

the temperature alone [311]. The energy deposited from the irradiation itself could 

contribute to the carbide formation. This would explain why the carbides were only 

observed in the irradiated region and not in the region of the sample that was not 

exposed to the proton beam. Furthermore, the temperature would be higher in the 

irradiated area. The carbide formation varied from grain to grain. Carbon 

contamination is an important issue that is only recently being discussed and requires 

significant investigation.  

In the as-received material irradiated at 800 °C, in addition to the surface roughening 

observed, there was also cracking seen on the nanoindents. This suggests that the 

surface of the sample is brittle. Although carbides are not observed on the SEM, it 

could be that there are some present that may only be observable through TEM 

techniques.  

8.2 Conclusions  

The original aim of this thesis as highlighted in Figure 8.1 was to study the 

degradation of W from the products of the D-T reaction. The three areas of specific 

investigation identified were: 

 The effect of Re on the growth of fuzz in W exposed to He plasmas. 
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 Investigating the use of Re as an implanted species in ion irradiations as 

opposed to an alloying element. 

 Further investigation of the response of W to proton irradiations. 

This has been attempted through various irradiation techniques: 

 Low energy, high flux He ion irradiations in LPDs 

 W and Re ion irradiations in a tandem accelerator. 

 Proton irradiation in a tandem accelerator. 

In the study of Re addition on the fuzz formation mechanism, it was found that at 

exposure lengths greater than 400 s (corresponding to fluences between ~0.5-

10×10
26

 m
-2

), Re addition was observed to generally inhibit fuzz formation. This was 

in agreement with previous findings in the literature [221]. It was suggested that this 

could be due to the increased ductility of W-Re over W. Additionally, inhibition of 

b=1/2〈111〉 loop motion by Re could slow loop punching which may result in a 

reduction in the speed of bubble growth. Additionally a key new finding was that the 

incubation fluence theory suggested in the literature [207], may not hold at all fluxes, 

and the importance of the incubation time theory was confirmed via the analysis of 

the high flux exposures. The theory of incubation time was in agreement with fuzz 

growth in a magnetron in the literature [222], [253].   

The comparison of Re and W ion irradiations in as-received and annealed W showed 

a negligible difference between the two types of irradiation. A higher hardness 

increase was observed in annealed W, in comparison to as-received W.  It was 

suggested that this was due to the fact that grain boundaries act as sinks, and as there 

is a smaller grain boundary area in the annealed material, there is an increased 

hardness increase. 
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The proton irradiations in as-received and annealed W showed the same relationship, 

in that the hardness increase was greater in the annealed material. The hardness 

increase observed in the proton irradiated material was greater than that seen in the 

heavy ion irradiated material. It was suggested this could be due to the larger volume 

of irradiated material in the proton irradiated material influencing the hardness 

measurements. Carbide formation was seen as an issue in irradiations at 800 °C, and 

it was suggested they could form as a result of carbon contamination from 

components in the beamline. 

The damage mechanism in all three processes used are quite different, however there 

are some common conclusions that can be drawn from the combined data, in 

addition to the individual conclusions made at the end of each chapter.  

Firstly, regardless of the irradiation damage mechanism, starting microstructure and 

defect densities have been of vital importance when investigating irradiation 

damage. Ideally, this thesis should have conducted more detailed microstructure 

studies before and after irradiations in all chapters in order to quantitatively 

determine the impact of grain orientation, size and defect density concentrations on 

the damage mechanisms. Specifically, it would have been beneficial to conduct 

EBSD before and after the low energy He ion irradiations to determine which grains 

were more prone to fuzz growth. 

Impurity contamination is also something that has been observed in both the low 

energy He ion irradiations, as well as the high energy irradiations. In the case of the 

LPDs, sputtering due to impurities in the plasma was observed. For the proton 

irradiations, carbide formation was observed at 800 °C. In the heavy irradiations, 

although no impurities were measured, there was degradation in EBSD pole figure 
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image quality with reduced accelerating voltage. This could be due to impurities 

during the irradiation resulting in the formation of some kind of surface layer, 

although this has not been specifically measured. This is in agreement with recent 

findings and discussion of carbon contamination and sputtering from impurities in 

ion irradiation experiments and LPDs [207], [237], [308], [309]. 

In summary, all three methods have been used effectively to look at the degradation 

of W that could be possible in a fusion environment. This has gone towards 

addressing the aims of the project. The low energy irradiations were used to 

successfully confirm the inhibitory effect of Re on fuzz growth and additionally 

provide evidence for the incubation time theory. The heavy ion irradiations revealed 

that at the low concentration of 1600 appm, the addition of Re had a negligible effect 

on the mechanical properties of W. Although the concentration of Re implanted was 

relevant to ITER or DEMO, it should be noted that the appm/dpa ratios used were 

lower than those expected in ITER or DEMO. The proton irradiations showed a 

higher hardness increase in comparison to heavy ion irradiations, although there are 

some problems with direct comparison as previously discussed. The importance of 

starting microstructure was also shown in both ion irradiation experiments. Impurity 

contamination was seen as an issue in all three methods. All three methods are valid 

techniques to predict the performance of W in a fusion reactor. In the absence of a 

designated fusion materials testing facility it is vital that a combination of such 

techniques continue to be used. 

8.3 Further Work 

It has been noted in the literature, and additionally observed in the shorter duration 

plasma exposures in Magnum-PSI in Chapter 4 that during the initial stages, fuzz 

growth is orientation dependent. This is not something that was investigated in detail 
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within this thesis, and therefore analysis of orientation dependence of fuzz growth is 

important, in order to determine which orientations are more prone to fuzz 

formation. This can be achieved by conducting EBSD over irradiated areas prior to 

exposure, or additionally by making a cross section and doing EBSD in the cross 

section below the region of fuzz growth. 

Furthermore, as displayed in Chapter 2, there is still much debate about the 

mechanism of fuzz growth. Carrying out TEM analysis of different stages of fuzz 

growth could help towards elucidating the mechanism. In-situ TEM analysis of low 

energy He ion irradiated material could also help to confirm the mechanism of 

growth. Additionally if carried out in W-Re samples, it could confirm the method by 

which Re was inhibiting fuzz growth.  

One of the proposed mechanisms as to why Re inhibited fuzz growth was due to its 

increased ductility over W. However, as had been extensively reported in the 

literature, this increased ductility only holds in material irradiated up to ~0.4 dpa 

[25], [67]–[69]. Therefore, if ductility is a property that affects the fuzz growth 

mechanism, then it is important to also investigate fuzz growth in neutron irradiated 

W and W-Re, to see if Re has an inhibiting effect. Additionally, generally depending 

on the dose in the neutron irradiated sample, the mechanism of fuzz formation may 

vary in comparison to non-irradiated material.  

Chapter 5 also provided some evidence for the incubation time theory for fuzz 

growth, as opposed to an incubation fluence. In order confirm this, further high flux 

plasma exposures should be carried out across a wider range of fluences. It would 

also be important to carry out fuzz growth experiments across a wider range of 

fluences in W-Re alloys, to see if the inhibitory effect was still visible. 
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In terms of the heavy ion irradiations, it would be beneficial to conduct detailed 

analysis via TEM in order to elucidate whether any coating has formed on the 

surface. Additionally the proton irradiation experiments at 800 °C should be 

repeated. This could provide improved data about the effect of higher temperatures 

on the response of W to proton irradiation hardening. Also, if contamination was to 

occur again, this could help to confirm the source.  

It would also be important to conduct heavy ion and proton irradiations to the same 

dose, and then take hardness measurements in the cross section, so that indentations 

to the same depth can be carried out, and the effect of the irradiated bulk beneath the 

indent will be the same. In order to do this, higher energy heavy ion irradiations 

would be required, so as to achieve a wider damage profile that could be indented in 

a cross section. It should be attempted to achieve doses and temperatures in both 

cases that are close to those used in recent neutron irradiation experiments in the 

literature [67], [68], [119], [134], [158]–[164]. This would allow a direct comparison 

to be made and it can be determined whether ion or proton irradiations can provide 

data closer to that seen in neutron irradiation experiments. It is important to note that 

in both the heavy ion and proton irradiation cases, a raster scanned beam should be 

utilised, so as to allow direct comparison between the results. It would be important 

to also use similar stating microstructures to those used in the neutron irradiation 

experiments. 

As has been observed in the literature, and confirmed in the experiments in Chapters 

6 and 7, the starting microstructure is very important when conducting irradiation 

experiments. Armstrong and Britton [180] observed in the literature a difference in 

the response to W ion irradiation in an as-received and annealed W-5%Re sample. 

The hardness increase saturated with dose in the as-received sample, but continued 
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to increase with the annealed one. These are two quite different responses, and 

therefore to truly predict the degradation of tungsten for fusion applications, it is 

extremely important that future studies are also conducted on the exact 

microstructure that will be used in ITER and beyond.  
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