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List of symbols and abbreviations 
 

Symbols 

 

A Projected area of contact…………….……………………………………………[m-2] 

c Speed of light………………………….………………………………………….[ms-1] 

d0 Unstrained lattice spacing….……………………………………………………...[Å] 

dhkl Lattice spacing……………………………………………………………………...[Å] 

E Young’s Modulus………………………………………………………….............[Pa] 

EIT Indentation modulus………….…………………………………………………...[Pa] 

FHF Heat-flux factor……………….……………………………………………...[MW-2s½] 

H Meyer hardness……………….…………………………………………………[MPa] 

hkl Lattice orientation……………………………………………………………………[-] 

I Current………………………….……………………………………………………[A] 

�⃗�  Laboratory coordinates……………………………………………………………...[-] 

L0 Incident beam…………………….…………………………………………………..[-] 

LD Diffracted beam……………….……………………………………………………...[-] 

m Mass (atomic mass)……………….………………………………………..[kg (amu)] 

P Power………………………………………………………………………………..[W] 

P Applied load…………….…………………………………………………………..[N] 

Pabs Absorbed power density…….……….………………………………………..[Wm-2] 

Q Energy gain factor…………………………………………………………………...[-] 

Ra Arithmetic mean roughness……………………………………………………..[µm] 

𝑆  Surface coordinates………………………………………………………………….[-] 

T Temperature………….………………………………………………………[K or °C] 

t Time…………………….………………………………………………………..[Wm-2] 

Te  Electron energy……….…………………………………………………………....[eV] 

Ti Ion energy…………….…………………………………………………………….[eV] 

V Voltage/potential…………………………………………………………….……..[V] 

Vp Variable potential…………………………………………………………...............[V] 

Z Atomic number…….……….………………………………………………..[protons] 

ΔT Temperature change…………...…………………………………………….[K or °C] 

θB Bragg angle……….………………………………………………………………......[°] 

λ Wavelength………………………………………………………………………..[nm] 
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ν Frequency…………….…………………………………………………………….[Hz] 

ν Poisson’s ratio………………………………………………………………………..[-] 

σ Nuclear cross section…….……………………………………………………...[barn] 

σ Stress………………………………………………………………………………...[Pa] 

 

Abbreviations 

 

BSE Backscattered Electrons 

CFC Carbon-fiber Components 

DBTT Ductile-Brittle Transition Temperature 

DEMO DEMOnstration power plant 

DIFFER Dutch Institute for Fundamental Energy Research 

dpa Displacement per Atom 

EBSD Electron backscatter diffraction 

EDM Electric Discharge Machining 

ELM Edge Localized Mode 

FGM Functionally graded materials 

FIB Focused Ion Beam 

ILW ITER-like Wall 

ITER Latin for „the way“ 

IVT Inner Vertical Target 

JET Joint European Torus 

JUDITH Jülicher Divertor Facility in Hot Cells 

LM Light Microscopy 

LOCA Loss of coolant accident 

MHD Magnetohydrodynamics 

MHD Magnetohydrodynamics 

NRA Nuclear Reaction Analysis 

OECD Organization for Economic Cooperation and Development 

OVT Outer Vertical Target 

PFC Plasma Facing Component 

PFM Plasma Facing Material 

PFU Plasma Facing Unit 

PSI Plasma-surface Interaction 



 

III 
 

RT Room Temperature 

SE Secondary Electrons 

SEM Scanning Electron Microscopy 

SOL Scrape-Off Layer 

SOL Scrape-off Layer 

Tokamak Toroidal chamber with magnetic coils 

VDE Vertical Displacement Event 

XRD X-ray Diffraction 
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Kurzfassung 
 

Kernfusion ist die häufigste Energiequelle im Universum. Im Inneren der Sterne 

werden durch Kernfusion Wärme und Licht freigesetzt. Seit den 1940er Jahren arbeitet 

man daran, die Kraft der Fusionsenergie nutzbar zu machen, doch ist dies noch nicht 

auf kommerziell vertretbare Weise gelungen. Der bisher größte Kernfusionsreaktor 

wird derzeit in Frankreich gebaut und soll 2025 sein erstes Plasma erzeugen. ITER 

(lateinisch "der Weg") soll der erste Fusionsreaktor der Welt sein, der mehr Energie 

freisetzt als er zur Plasmaheizung benötigt, und er soll – daher der Name – den Weg 

zur kommerziellen Nutzung der Fusionsenergie ebnen. 

Eine der größten Herausforderungen für ITER wird die Abfuhr der freigesetzten 

Leistung sein. Der Divertor in ITER wird der Bereich sein, der im Reaktor den 

höchsten Belastungen ausgesetzt ist. Wolfram wurde aufgrund seiner thermischen 

und mechanischen Eigenschaften, wie hoher Schmelzpunkt, hohe Wärmeleitfähigkeit 

und niedrige Erosionsrate, als geeignetster Kandidat für das Plasma-Wand-Material 

(PFM) im Divertor ausgewählt.  

Die vorliegende Arbeit konzentriert sich auf die Analyse des Verhaltens von Wolfram 

unter ITER-relevanten stationären Plasma- und transienten Wärmebelastungen, um 

die Auswirkungen der Bedingungen im ITER-Divertor auf das PFM zu erfassen. Zu 

diesem Zweck wurden Wolframproben in der linearen Plasmaanlage PSI-2 getestet. 

Es wurden zwei Arten von Proben verwendet, eine mit nadelartigen Körnern 

senkrecht zur Probenoberfläche (transversale Proben), was die bevorzugte 

Mikrostruktur für den ITER-Divertor ist, die andere mit größeren, isotropen Körnern, 

die man durch Rekristallisation transversaler Proben erhält (durch 

Wärmebehandlung bei 1600 °C für eine Stunde, rekristallisierte Proben). Die Proben 

wurden jeder Art von Belastung einzeln, nacheinander, sowie gleichzeitig ausgesetzt, 

um die Auswirkungen sowohl unabhängig voneinander als auch in möglicher 

Synergie zu untersuchen. 

Bei der Beaufschlagung der Proben mit Plasmalasten wurde die Bildung von 

Nanostrukturen auf der Oberfläche, dem so genannten „fuzz“ (engl. Flaum, Fussel), 

beobachtet, ohne dass es Anzeichen für eine weitere Oberflächenveränderung 

oder -schädigung gab. Der Einfluss der transienten Wärmebelastung wurde danach 

untersucht und es konnte gezeigt werden, dass die durch die Laserpulse verursachte 

ermüdende mechanische Wechselspannung einen größeren Einfluss auf die 

beobachteten Schäden hat als die Plasmapartikel. 105 Laserpulse mit 0,2 GWm-2 

verursachten keine erkennbare Rissbildung in transversalen Proben und nur sehr 

geringe Rissbildung in rekristallisierten Proben. Bei dieser Leistungsdichte bildeten 
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sich vollständige Rissnetzwerke erst nach 106 Pulsen aus, während dies bei 0,4 und 

0,8 GWm-2 bereits nach 105 Pulsen zu beobachten ist. 

Anschließend wurde der Einfluss der gleichzeitigen Einwirkung beider Belastungen 

untersucht. In allen Fällen wurde die beobachtete Rissbildung durch die Synergie der 

Belastungen verstärkt, was durch Wasserstoffversprödung und die Bildung von 

Heliumblasen erklärt werden kann.  

Die Bildung von Heliumblasen im Material kann für das Materialverhalten der PFM 

von besonderer Bedeutung sein. Pulse von 0,8 GWm-2, so wie die Erhöhung der 

Plasmafluenz beschleunigten das Wachstum oberflächennaher Blasen erheblich. Bei 

der Untersuchung der Härte des Materials mittels Nanoindentierung zeigte sich in 

dem Bereich des Materials, der beiden Belastungsarten ausgesetzt war, eine Zunahme 

der Härte. Dieser Effekt nahm mit der Tiefe ab und wurde in Bereichen, die 

ausschließlich der Plasmabelastung ausgesetzt wurden, nicht beobachtet. 

Bei der Analyse der Eigenspannungen der Proben mit Hilfe der sin2Ψ-Methode wurde 

festgestellt, dass die transversalen Proben im Neuzustand erhebliche 

Druckspannungen in der Oberfläche aufwiesen. Dies erklärt die höhere 

Schadensschwelle, die das transversale Material im Vergleich zu rekristallisierten 

Proben aufweist.  Eigenspannungen wurden nach der Einwirkung von Wärme- und 

Plasmabelastungen abgebaut. 

Diese Tests haben gezeigt, dass trotz der Bevorzugung einer transversalen 

Mikrostruktur für die Wolfram-PFM im Divertor kein signifikanter Unterschied im 

Materialverhalten bei höheren Belastungen besteht. In Bereichen des Divertors, in 

denen die Belastungen gering sind, bleibt die transversale Mikrostruktur erhalten. Wo 

jedoch die höchsten Belastungen zu erwarten sind, könnte sich die ursprüngliche 

Mikrostruktur als irrelevant erweisen, da eine weitgehende Rekristallisation zu 

erwarten ist. 

Die in dieser Arbeit vorgestellten Ergebnisse haben bestätigt, wie wichtig die 

Kontrolle (Verringerung der Intensität oder Unterdrückung) von transienten 

Wärmelasten in Bezug auf die Lebensdauer der Reaktorwand ist. Die hier 

untersuchten Pulszahlen sind geringer als die Anzahl, die während der Lebensdauer 

von ITER erwartet wird, und dennoch wurde bereits eine weit verbreitete Rissbildung 

beobachtet. Dies stellt an sich noch kein Problem für den Betrieb dar, kann aber zu 

anderen Problemen führen, z. B. zu einer verstärkten Erosion von Wolfram. Risse 

senkrecht zum Wärmefluss wirken zudem als thermische Barrieren für die 

Wärmeableitung, so dass höhere Temperaturen an der Oberfläche die 

Materialschäden verschlimmern und schließlich zu einem katastrophalen Versagen 

des Materials führen können.  
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Abstract 
 

Nuclear fusion is the most common source of energy in the universe. Heat and light 

are generated inside stars through nuclear fusion. Since the 1940s, many attempts have 

been made to harness the power of fusion energy, but this has not yet been achieved 

in a commercially viable manner. The largest-ever nuclear fusion reactor is now being 

built in Cadarache, southern France, and it is expected to achieve its first plasma in 

2025. ITER, or “the way” in Latin, is expected to be the first fusion reactor in the world 

to produce more energy than it consumes, and it will, as its name suggests, pave the 

way towards commercial fusion energy in the future. 

One of the main issues expected in ITER is that of power exhaust. Enormous quantities 

of energy will be produced which need to be extracted. The divertor region in ITER 

will be mostly responsible for this task and will, thus, be the region exposed to the 

highest loads in the reactor. Due to its favorable thermal and mechanical properties, 

such as a high melting point, high thermal conductivity and low erosion rate, tungsten 

has been chosen as the best candidate for plasma facing material (PFM) in the ITER 

divertor. This work focuses on the analysis of the behavior of tungsten under ITER-

relevant steady plasma and transient heat loads in order to understand and predict 

the effects the conditions in the ITER divertor will have on the PFMs. To achieve this, 

the tungsten samples were tested in the linear plasma device PSI-2. Two kinds of 

samples were utilized, one with needle-like grains transversal to the sample surface, 

which is the preferred microstructure for the ITER divertor, the other with larger, 

isotropic grains obtained after recrystallization of transversal samples at 1600 °C for 

1 h. Moreover, samples were first exposed to each kind of load separately to study the 

effects independently of each other. Samples were then exposed to both loads 

simultaneously to analyze the possible synergistic effects of such loads. 

By exposing the samples to plasma loads the formation of nanotendrils on the surface, 

what is known as tungsten fuzz, was observed, without any indication of further 

surface modification or damage. The influence of only the transient heat loads was 

then investigated.  It was observed that the fatigue stress caused by the laser pulses 

has a larger effect on the damage observed than the plasma particles. 105 laser pulses 

of 0.2 GWm-2 caused no observable cracking in transversal samples, and very slight 

cracking in recrystallized ones. At this power density, crack networks formed only 

after applying 106 pulses to the samples. With higher Pabs, of 0.4 and 0.8 GWm-2, a 

crack network already starts forming after exposure to 105 pulses. 

Once the effects of the separate loads were determined, the influence of the 

simultaneous exposure to both loads was investigated. In all cases, the cracking 

observed was exacerbated by the synergy between both loads. Hydrogen 
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embrittlement and the formation of helium bubbles deteriorate the material 

properties, which cause the increased cracking and plastic deformation of the 

material.  

The formation of bubbles in the material can be of particular importance for the 

material behavior in PFMs. It was observed that applying pulses of 0.8 GWm-2 

substantially accelerates the growth of helium bubbles near the surface of the material. 

A further increase in bubble size was observed by increasing the plasma fluence 

applied. Additionally, the hardness of the material was analyzed via nanoindentation. 

An increase in hardness was observed in the area of the material affected by both kinds 

of loads. This effect decreases with depth and is not observed in areas affected only 

by plasma. 

Furthermore, by analyzing the residual stresses of the samples via the sin2Ψ it was 

observed that as-received transversal samples have significant compressive stresses 

in the surface. This explains the higher damage threshold displayed by the transversal 

material compared to recrystallized samples. Residual stresses are relaxed after 

exposure to heat and plasma loads. 

These tests have revealed that despite a transversal microstructure is preferred for the 

tungsten PFMs in the ITER divertor, there is no significant difference in the material 

behavior at higher loads. This suggests that in areas of the ITER divertor where loads 

are lower, the transversal microstructure might be conserved and have superior 

performance to other microstructures. However, where the highest loads are 

expected, such as at the strike points, the initial microstructure might prove to be 

irrelevant, as widespread recrystallization should be expected. 

The results presented in this work have, furthermore, corroborated how vital ELM 

mitigation and control is for the success of ITER. A much lower number of ELM-like 

events was tested than what is expected in the lifetime of ITER, and widespread 

cracking was already observed. Cracking is not, in and of itself an issue for the 

functioning of ITER, but it might lead to other problems, such as the increased erosion 

of tungsten, which would, in turn, cause a cool down of the plasma. It also creates 

thermal barriers for heat dissipation, which might lead to local high temperature 

areas, which can exacerbate the material damage, eventually leading to a catastrophic 

failure of the material. 
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1. Introduction 
 

Since the industrial revolution, there has been a steady increase in the world’s energy 

demand. With the current population growth and the industrialization of developing 

countries, this trend is expected to continue. Total energy consumption is expected to 

grow by 28% from 2015 to 2040; however, the energy consumption of OECD 

(Organization for Economic Cooperation and Development) countries will only grow 

9%, in contrast with a growth of 41% for non-OECD countries. [1] And despite fossil 

fuels and current renewable energy technologies being able to cover this demand in 

the short term; fossil fuel reserves are dwindling, and public concern for climate 

change, pollution, and accidents at nuclear fission power plants present a serious 

challenge for the long-term energy supply. 

Nuclear fusion presents itself as the ultimate source of sustainable and dependable 

energy. It is the most common source of energy in the universe, being what powers 

our Sun and all other stars in the firmament. Nonetheless, conditions on Earth are not 

those inside stars, no commercial fusion reactors have been built yet, and the plans to 

build one are still decades in the future. 

There are, however, several experimental reactors worldwide. The largest and most 

ambitious one of all is ITER, which is being built in Cadarache, southern France 

(Figure 1.1). ITER is an international collaboration which aims to be the first reactor to 

“break even” – that is, to release more energy than is needed to maintain the fusion 

reaction going. It will test several different concepts and technologies which could be 

later applied to a commercial reactor. 
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Figure 1.1: ITER, the world’s largest fusion reactor, currently being built in Cadarache, southern France [2].  

 

Inside the vacuum chamber in ITER, materials will have to withstand extreme 

conditions. Tungsten, being one of the chosen materials to be used as a plasma-facing 

material in the divertor, the component exposed to the highest loads, is of the utmost 

importance. This work seeks to broaden the available knowledge about tungsten and 

its behavior under fusion relevant loads, in order to have a clear picture of how the 

material will behave and how much damage is to be expected once ITER starts its 

operation. It will show how these loads affect the physical properties and 

microstructure of tungsten, and how changing the conditions impact the effects 

observed. 
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2. Literature review 
 

2.1. Nuclear fusion 
 

The idea that energy could be released by fusing two atomic nuclei started with Arthur 

Eddington in the 1920s, when he proposed a possible explanation of how the Sun 

produces its energy. He based his theory on Albert Einstein’s famous deduction that 

mass could be transformed into energy (E = mc2), and Francis Aston’s weighing of 

atomic masses, in which he showed how four hydrogen atoms weigh slightly more 

than a helium atom. This was debated at first, as classical physics did not consider the 

temperature of the Sun to be high enough to break the potential barrier and to allow 

the hydrogen atoms to fuse [3].  

The most basic nuclear fusion reaction, that of two hydrogen atoms joining together 

to form a deuteron, a positron (e+) and an electron-neutrino (νe): 

2 H1
1  → H1

2 + 𝑒+ + ν𝑒 + 1.44 MeV      (1.1) 

requires 600 keV to take place according to classical physics. The Sun, having a 

temperature in its core of about 15.5 million Kelvin, or 1.335 keV, would not have 

enough energy for the reaction to occur. This problem was solved years later by 

Friedrich Hund and George Gamow with the advent of quantum mechanics and the 

theory of quantum tunneling, which allowed the fusion of atoms at much lower 

temperatures than with classical physics. Quantum theory states that subatomic 

particles act like spread-out waves with no defined position. This was first used by 

Gamow to explain how subatomic particles can escape the nucleus, but it can also 

explain how they can fuse together at much lower kinetic energies than classical 

physics suggests. The same can be used to explain the opposite case. At high enough 

kinetic energies, part of the probability wave of particles can be located on the 

opposite side of the potential barrier, allowing them to “tunnel” through and fuse 

together [4,5].  

With the discovery of deuterium (D), neutrons, helium-3 and then tritium (T) in the 

early 30s, the way was set for the science of nuclear fusion. Shortly thereafter, in 1932, 

the first fusion reactions between light nuclei were performed by Mark Oliphant by 

bombarding deuterium with deuterium [6]. 

 As mass spectroscopy advanced and became more accurate, it was found that many 

isotopes of elements were lighter than the simple addition of the masses of their 

individual components. This means that when protons and neutrons are put together 

in a nucleus, they lose mass. A similar effect had been observed at the turn of the 20th 
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century by Marie and Pierre Curie. They observed that with time, radium breaks up 

into radon and helium, releasing energy in the process. If the masses of radon and 

helium are added, they account for only 99.997 percent of the mass of radium, losing 

0.003 percent of mass. This reduction in mass is known as the mass defect, which when 

inserted in Einstein’s equation shown above, can be used to obtain the binding energy 

of the subatomic particles in the nucleus (or nucleons) [6,7]. 

A larger mass defect per nucleon, thus, means that the nucleus is more stable. By 

measuring the mass defect of all elements and their isotopes, it was found that the 

most stable elements are iron and nickel, as can be seen in Figure 2.1. Elements to the 

left of Fe and Ni will release energy by fusing together (nuclear fusion) with other 

atoms, while elements to the right will release energy by breaking up into smaller 

elements (nuclear fission).  

 

 

Figure 2.1: Energy released by fusion or fission reactions, expressed as the mass defect per nucleon [3]. 

 

By bombardment of uranium with neutrons to try and obtain heavier elements than 

uranium (the heaviest naturally occurring element on Earth), Otto Hahn and Fritz 

Strassman actually split the atoms, obtaining isotopes of lanthanum and barium.  This 
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led to the invention of the first atomic fission reactor by Enrico Fermi in 1943. Nuclear 

fusion turned out to be much more complicated. 

 

2.1.1. Nuclear fusion in the stars 

 

As mentioned above, Arthur Eddington deduced that the Sun and other stars generate 

their energy by nuclear fusion. He took the 0.7 % mass defect of helium atoms when 

compared to hydrogen atoms, or protons (p) and proposed the reaction: 

 4p → He4 + 26.1 MeV      (1.2) 

as the main source of energy in the stars.  This even allowed him to calculate the Sun 

would have enough hydrogen to last for about 15 billion years.  

As a side note, before Eddington’s calculations, the proposed source of the Sun’s 

energy was the energy released by gravity’s force pushing material into its center. 

Lord Kelvin calculated this would produce enough energy for the Sun to only last a 

few million years. Lord Kelvin was opposed to Darwin’s theory of evolution, because 

this didn’t provide enough time for species to evolve. Darwin was forced to admit that 

he had no explanation for this and would have to leave this enigma for future 

scientists to solve. And so it was [7]. 

Robert Arkinson and Fritz Houtermans in 1929 applied the theory of quantum 

tunneling to the fusion process in the Sun. They demonstrated that even at the high 

temperatures inside the Sun, only light nuclei at the high-speed tail of the Maxwellian 

speed distribution had enough energy to penetrate nuclei. This allowed them to 

explain the slow speed at which nuclear reactions take place in stars and how the rate 

of fusion reactions in a star’s core rapidly increases with increasing temperature. This 

also allowed Atkinson to prove that the most frequent reaction inside the Sun was 

actually that of two protons fusing to form a deuteron, a positron and an electron 

neutrino (1.1) [5]. 

Finally, Hans Bethe, along other scientists, extended this reaction to obtain what he 

called the proton-proton chain (Figure 2.2). It starts with the collision of two protons 

with high kinetic energy. They fuse together to form a deuteron, releasing a positron 

and an electron neutrino. This is the speed defining step, as only one out of every 1025 

proton collisions in the Sun’s core allows protons to fuse together. The deuteron then 

quickly collides with another proton, forming a helium-3 (or tritium) ion and releasing 

gamma radiation. Two of these helium-3 ions can then react together for the final step 

of this chain, forming a helium-4 ion and releasing two protons. The total energy 

released by the proton-proton chain is 26.73 MeV. 
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Figure 2.2: Proton-proton chain: Two protons fuse together to form a deuteron, releasing a positron and an 
electron neutrino. The deuteron then fuses with another proton, forming 3He and releasing gamma radiation. 
Finally, two 3He ions collide to form a 4He ion and releasing two protons [5].  

 

 

2.1.2. Nuclear fusion on Earth 
 

As mentioned above, the first step in the proton-proton chain is a slow process. This 

is in particular due to the fact that one of the protons must be transformed into a 

neutron. No such transformation is required in the following steps, making them 

much faster. And since about 0.01% of all hydrogen on Earth is deuterium, this first 

step can be skipped. Even such small percentage of deuterium would be enough to 

power nuclear fusion reactions for many millions of years at current energy 

consumption rates. 

The probability of a fusion reaction happening at certain temperature is measured in 

the cross section (σ). The cross section is, basically, the probability of two particles of 

colliding with each other with enough energy to react. As seen in Figure 2.3, the cross 

section for the fusion of two deuterons is several orders of magnitude smaller than for 

the D-T reaction at temperatures lower than about 1000 keV, or 12· 109 K. This means 

that the easier and most efficient fusion reaction to achieve is between deuterium and 

tritium nuclei [3]: 

𝐷 + 𝑇 → He4 + 𝑝 + 17.6 MeV      (1.3) 

Using tritium brings other challenges. Tritium is a radioactive isotope of hydrogen 

with a half-life of 12.3 years, making it incredibly rare on Earth. Tritium is produced 

in small quantities in some fission reactors, but this would not be enough to power 

fusion reactors, so another source of tritium is required. To solve this problem, tritium 

can be bred in fusion reactors, using lithium and the neutrons released by fusion 

reactions themselves. This is the basis of lithium breeding blankets. When a neutron 
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with enough energy hits a lithium nucleus, tritium can be formed by the following 

reactions: 

Li6 + 𝑛 → He4 + 𝑇 + 4.8 MeV      (1.4) 

Li7 + 𝑛 → He4 + 𝑇 + 𝑛 − 2.5 MeV     (1.5) 

 

 

Figure 2.3. Reaction probability (expressed in the cross section of the reaction) for D-D, D-T and D-3He reactions 
depending on deuteron energy [3]. 

 

Since the 1940s, many attempts have been made to harness the power of nuclear 

energy. Achieving nuclear fusion is not a problem, but for a reactor to be commercially 

viable, it has to produce more energy than it consumes. The way in which this is 

measured is with the fusion energy gain factor (Q): 

𝑄 =
𝑃𝑓𝑢𝑠

𝑃𝑖𝑛
 

where Pin is the power used to heat the plasma, and Pfus is the power obtained by 

fusion reactions. The point where both are equal and Q = 1 is called breakeven. For a 

commercially viable fusion reactor the value of Q should in fact be greater than 1 to 

cover the energy needed for all the different systems used to run the reactor, and it 
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must be many times greater than 1 to cover the actual costs of building and running 

the reactor [3,4]. 

 As it turns out, developing a nuclear reactor on Earth, in particular one which can 

achieve breakeven, has one major difficulty, confinement. For fusion reactions to start, 

the fuel has to be heated to extremely high temperatures, in the range of millions of 

Kelvin. In fact, to produce fusion energy efficiently, plasma should be in the hundreds 

of millions of degrees range, an order of magnitude higher than in the core of the Sun. 

As temperature is increased, it causes particles to collide with higher kinetic energy, 

which causes the plasma to expand. As it expands, it also cools down, and eventually 

there is not enough energy for fusion reactions to take place anymore. In the Sun’s 

core, plasma is compressed by its gravity and particles cannot escape, so temperature 

and density remain high. This is evidently not the case on Earth, and an alternative 

solution must be found. The obvious solution would be to find a material that can 

sustain such energies, but at the high temperatures needed, all matter is found in its 

plasma state. There is no material that is even close to being able to withstand this [3]. 

Several concepts to solve the issue of confinement have been conceptualized. The first, 

and most relevant for this work, is magnetic confinement, where magnetic fields are 

used to keep the plasma inside a vacuum vessel and preventing it from coming into 

contact with the vessel walls. The second concept being that of inertial confinement. 

This method consists of laser heating a fuel pellet so quickly that it achieves fusion 

temperatures before expanding. Inertial confinement fusion is, however, outside the 

scope of this work. 

 

2.2. Magnetic confinement 
 

One of the earliest attempts was made by George Thonemann in Oxford. He utilized 

what is called the pinch effect. A plasma is composed of ionized particles, which means 

that applying a current through the plasma causes a magnetic field around the 

direction of the current. This caused the plasma to be compressed, increasing its 

density and temperature. Fusion was finally achieved using this method with the 

Scylla device in the United Kingdom in 1958. The method had, however, severe 

problems with instabilities. A current flowing through a plasma creates a magnetic 

field, which in turn generates another electrical current, so on and so forth. This makes 

plasmas very hard to predict and to control, and it gave birth to the study of 
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magnetohydrodynamics (MHD). These instabilities made the plasma get out of 

control after only fractions of a second and hit the walls of the device.  

Almost in parallel with these attempts, in the Soviet Union in 1951, Andrei Sakharov 

and Igor Tamm designed what is now known as the tokamak. The word tokamak 

comes from the Russian “toroidalnaya kamera ee magnitaya katushka”, or toroidal 

chamber with magnetic coils.  

The principle of the tokamak is combining two magnetic fields (Figure 2.4, left). The 

first one, which resembles the one present in a pinch machine, is the magnetic field 

caused by an electrical current flowing through the plasma, which is generated by a 

transformer action. The second, and strongest, magnetic field is generated by coils 

placed around the torus. This field is several times stronger than the one generated by 

the pinch effect, and aids greatly in stabilizing the plasma [3]. 

 

 

Figure 2.4. Left: schematic view of a tokamak, with its central solenoid which generates the electrical current in 
the plasma, and its toroidal magnetic field coils, which aid in stabilizing the plasma. Also shown is the helical 
field produced by the combination of the magnetic fields [3]. Right: View inside the JET tokamak in Culham, 
UK, with its ITER-like walls [8]. 

 

Since the late 1960s, tokamaks have been the most advanced fusion devices, due to 

their relative stability and success compared to other methods. The largest tokamak 

that has been built is the Joint European Torus (JET), in Culham, United Kingdom, 

Figure 2.4, right. Modern tokamaks such as JET have additional poloidal field coils, 

which help stabilize the plasma vertically [9]. A similar concept has also steadily been 

developed, the stellarator. Stellarators possess toroidal magnets designed in a non-

axisymmetric geometry so that the plasma plasma is stabilized in a current free and 
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can, therefore, operate in a steady state [10]. This concept, in fact, predates the 

tokamak, but due to their complex geometry and fabrication, development of 

stellarators has advanced at a slower pace and more research has been done toward 

tokamaks. The largest stellarator, Wendelstein 7-X, was built in Greifswald, Germany, 

and can be seen both as a schematic and from the inside in Figure 2.5. 

 

Figure 2.5. Left: schematic view of the Wendelstein 7-X stellarator with its twisting geometry and magnetic coils 
surrounding the vacuum vessel [11]. Right: View inside the Wendelstein 7-X stellarator [8]. 

 

Other magnetic confinement configurations have been tried, such as the magnetic 

mirror. This is cylindrical device with a linear magnetic field, and a stronger magnetic 

field in both ends, creating a magnetic mirror effect. This solution to the confinement 

problem was discarded due to the high amount of fuel loss despite the magnetic 

mirrors. These devices are, however, still used as fusion neutron sources [4,6]. 

To this day, no fusion device has achieved breakeven. The closest attempt to achieve 

was performed in 1997 with JET, which is also the only functioning reactor capable of 

DT reactions. JET achieved a record transient Q of 0.62, producing 18 MW of fusion 

power. It also produced a steady state fusion power of 4 MW during 4 s, with a Q of 

0.18. As evidenced by these values, JET is still far away from breakeven. A new DT 

campaign is planned for 2020, but still, the stability of the plasma is in big part 

dependent on size, and larger tokamaks are needed  [12]. 
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2.3. ITER 
 

As tokamaks get larger, they get invariably more expensive. But as seen above, their 

performance is in large part dependent on size. Thus, in order to be able to design, 

build and operate a tokamak large enough to break even, several countries had to join 

in one of the most expensive and ambitious scientific projects in human history. In 

2010, and after two decades of negotiating and planning, construction of ITER (“the 

way” in Latin) started in Cadarache, France. ITER is being built and financed by 35 

countries, China, the European Union (including Switzerland), India, Japan, South 

Korea, Russia and the United States. In order for ITER to be able to achieve its 

objectives, it will be several times larger than JET, and is expected to be able to 

generate 500 MW of power with a Q of 10. A comparison between both devices can be 

seen in Table 2.1. Of particular interest is that ITER will use superconducting magnets, 

which produce more powerful magnetic fields and require less energy. This adds a 

layer of complication, which is that they must be cooled to about 4 K with liquid 

helium [13].  

 

Table 2.1. Comparison between size and capabilities of JET and ITER [2,8,12,13]. 

 JET ITER 
Q 0.62 (actual) 10 (expected) 
Pfus 16 500 
Plasma volume (m3) 150 840 
Magnetic coils Conventional (Cu) Superconducting 

(Nb3Sn and Nb-Ti) 
Toroidal magnetic field (T) 4 12 
Plasma current (MA) 4.8 15 

 

ITER is expected to prove that fusion is a viable alternative to produce clean and 

virtually inexhaustible energy, and that is not dependent on weather or any other 

factors. It will also be used as an experimental reactor to test designs, plasma 

conditions, diagnostics and materials. ITER itself will be an experimental reactor and 

is not designed to generate electric power for commercial use. The information 

obtained, however, will be vital in the pathway to commercial fusion power. Several 

countries have plans to build their own test reactor in the decades following ITER’s 

start of operation (2030s). This test reactor, branded DEMO, will improve on the 

design of ITER, and is expected to be the last steppingstone before a commercial 

reactor is built. One of the main challenges in achieving this is the exhaust of fusion 

“ashes”, in this case, helium [14]. 
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As fusion occurs, deuterium and tritium react with each other to produce helium and 

a neutron. Neutrons cannot be contained by magnetics fields as they have no charge 

and will impact the vacuum vessel’s walls randomly. Helium will remain confined, 

and if more fuel is injected into the reactor, eventually the particle density will be too 

high, and confinement will be compromised. To prevent this, helium and other 

impurities that might be present need to be eliminated.  

The outer plasma layer, called scrape-off layer (SOL) is deflected so that impurities 

collide against the divertor, which is especially designed to sustain higher loads than 

the rest of the inner walls of the vacuum vessel (Figure 2.6). Once the particles collide, 

they get neutralized and can be extracted by vacuum pumps. In colliding against the 

divertor, particles transfer large amounts of energy, which can cause melting, erosion, 

displacements, and other kinds of damage. It is, therefore, important to study the 

effects that these loads will have on the plasma facing components (PFCs) in ITER. In 

this way, issues that might arise once ITER is functioning at full power can be foreseen 

and, hopefully, prevented. 

 

 

Figure 2.6. Left: Schematic of the cross section of ITER. Of particular interest are the magnetic field lines inside 
the vacuum vessel. Those inside the separatrix will confine the plasma particles, those outside it will cause the 
plasma particles to collide against the divertor, which can be seen at the bottom of the schematics [15]. Right: 
Schematic of a divertor cassette for use in ITER. The inner and outer vertical targets (IVT and OVT) will sustain 
the highest loads [16]. 
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The divertor in ITER will be composed of 54 cassettes (a divertor cassette is shown in 

Figure 2.6, left and in Figure 2.7, right), each one weighing around 9 tons. The cassettes 

can be replaced by remote handling, to reduce the exposure of workers to activated 

materials.  The vertical targets, being the components most exposed to plasma loads, 

feature a monoblock design (shown in Figure 2.7), with a CuCrZr tube for water 

cooling. The dome has a flat-tile design with a hypervapotron cooling system, as it is 

not expected for it to undergo such high loads  [17–19]. 

 

 

Figure 2.7. Detailed view of the monoblock design of the plasma-facing units (PFUs) in the ITER divertor [17]. 
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2.4. Plasma facing materials (PFMs) 
 

The materials chosen as plasma facing materials for ITER require certain specific 

characteristics to be able to be utilized in such demanding conditions. Furthermore, 

due to the time required to develop and qualify innovative materials, it was decided 

to use industrially available materials only. In order to qualify as a PFM, materials 

should have [20–23]: 

 High melting temperature 

 High thermal conductivity 

 Resistance to thermal fatigue 

 Low atomic number (Z) 

 Low erosion rate (low sputtering yield) 

 Low tritium retention 

 Resistance to neutron irradiation and activation 

 No long-term activation 

A high thermal conductivity will allow the materials to be cooled more effectively. In 

plasma-facing components subjected to high fluxes there can be a temperature 

gradient in the order of 106 Km-1. A high melting point will make them more resistant 

to damage if the cooling elements are not able to keep temperature low enough. A low 

atomic number is also preferable, higher Z materials will radiate more if they come 

into the plasma. Plasma impurities of low Z materials, such as beryllium, can reach 

1 % of the plasma without compromising its stability. For tungsten, with a Z of 74, it 

has been found that keeping it below 10-5 should keep the plasma from cooling down 

critically. For this same reason, a low erosion rate when impacted by plasma particles 

prevents the plasma from being contaminated by the PFMs  [23–25]. 

As mentioned at the beginning of the chapter, tritium is hard to obtain, and it is also 

radioactive. This means that if tritium permeates the materials and is trapped, it might 

reduce the amount of fuel in the plasma and hinder the fusion reactions. It will also 

pose a security hazard in case of a loss of coolant accident (LOCA). With a large 

accumulation of tritium in the material and a lack of coolant during a LOCA, decay 

heat could catastrophically heat the materials [26]. Additionally, a large amount of 

trapped tritium would increase the amount of tritium released into the environment 

in case of a leak in the vacuum vessel. For these reasons, a maximum releasable 

working limit for tritium in the vacuum vessel has been set to 700 g. Hence, materials 

with low tritium retention are necessary.  

The physical properties of most materials deteriorate when bombarded with neutrons, 

which could lead to damage to the reactor in the long-term. Neutrons can also lead to 
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the transmutation of materials. So, to reduce risks and nuclear waste, it is important 

for materials to not produce long lasting radioactive products. This factor alone 

eliminates most elements in the periodic table from being considered as PFM [27–29]. 

Such requirements leave no available material to be used, as certain desirable 

characteristics, in fact, conflict with each other. A low Z material will have a lower 

melting point and a high erosion rate. Therefore, compromises had to be made in 

order to select the best materials, and since the beginning of the ITER planning phase, 

there have only been three suitable materials: beryllium, carbon (graphite and 

carbon-fiber composites, or CFCs) and tungsten. The advantages and disadvantages 

of each can be seen in Table 2.2  [23,30]. 

Table 2.2. Advantages and disadvantages of the possible plasma facing materials for ITER [21,23,29,31,32]. 

 Advantages Disadvantages 
Beryllium  Low Z 

 Low tritium retention 

 Oxygen getter 

 Neutron multiplier for tritium 
breeding blanket 

 High thermal conductivity 

 Low melting point 

 High toxicity 

 High erosion rate 

 Tritium retention by co-
deposition 

Carbon  Low Z 

 Does not melt 

 High thermal conductivity 

 Forms compounds with tritium 

 High tritium retention due to 
co-deposition 

 High erosion rate 
Tungsten  Highest melting point of all 

elements 

 Low tritium retention 

 Low erosion and sputtering 
yield 

 High thermal conductivity 

 High Z 

 High ductile-brittle transition 
temperature (DBTT) 

 Embrittlement by neutrons 

 Recrystallization at high 
temperatures 

 Blistering by plasma irradiation 
 

In ITER, beryllium was selected for the first wall, which covers most of the walls of 

the vacuum vessel. The first wall will receive most of the neutron irradiation, but 

relatively low thermal loads compared to the divertor. Beryllium is less brittle than 

tungsten at lower temperatures and the plasma will be less affected by the presence 

of beryllium impurities, making beryllium a better option for this purpose. However, 

tungsten will most probably be used as first-wall material in future reactors such as 

DEMO. This depends on the development of tungsten alloys or tungsten composites 

which lower its ductile-brittle transition temperature and lower the risk of oxidation 

in case of an incident where oxygen enters the vacuum vessel [21,22,33,34]. 
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Tungsten will be the material utilized for the ITER divertor PFMs. Carbon was 

selected at first to be used in the strike points of the first divertor to be used in the non-

nuclear phase of ITER. It would allow for some flexibility on the plasma parameters 

at the start of operations. Tungsten has a higher ductile-to-brittle transition (DBTT) 

than carbon, which might present problems when the reactor walls are still relatively 

cold. It is hard to set a definite range for DBTT, as it varies with several factors such 

as purity and thermomechanical treatments. For tungsten it tends to vary from room 

temperature to around 600 °C for most tungsten grades  [35,36]. 

After the first testing phases, the divertor cassettes would then be replaced for full 

tungsten cassettes in preparation for full DT operation. CFCs are unsuitable for DT 

operation because of their chemical reactions with tritium, and the high tritium 

retention by co-deposition, as well as the rapid degradation of its thermal conductivity 

with displacements in their microstructure. In fact, in preparation for ITER, JET 

changed its inner walls from CFC panels to beryllium and tungsten ones. This new 

configuration is called ITER-like wall (ILW). Retention was reduced by a factor of 10 

when comparing the previous CFC walls and the new ILW. The decision was then 

made to use a full tungsten divertor from the beginning, as this will spare the costly 

step of replacing the cassettes, and it is considered that enough data about the plasma 

parameters can be gathered without damaging the divertor. The loads that the 

divertor will have to sustain during its lifetime are explained in the next chapter 

[16,37–40]. 
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2.5. Heat loads 
 

During normal operation, the ITER divertor will be constantly bombarded by different 

kinds of particles, which can have damaging effects on the materials. Heat will also 

radiate from the plasma itself or can be transferred from the colliding particles into 

the material. These loads will undoubtedly have an effect on the materials, which can 

be detrimental to their physical properties and therefore to their function in the fusion 

reactor. Figure 2.8 shows a summary of the heat loads expected in the ITER divertor 

[41]. 

During a full-operation ITER pulse, the divertor will be subjected to a steady-state 

heat load of 10 MWm-2, with slow transients lasting several seconds and depositing 

up to 20 MWm-2. The former can take the vertical targets of the divertor above their 

recrystallization temperature of 1100-1400 °C (for most tungsten grades) [42–44], 

while the latter can take the surface to up to 2200 °C and some leading edges near 

melting temperatures. Leading edges are of particular concern. Plasma particles will 

impact the monoblock tiles along magnetic field lines at a grazing angle and can 

deposit disproportionally more heat in leading edges than in the rest of the surface 

[36,42,43,45]. 

 

 

Figure 2.8. Heat loads expected to be deposited on the ITER divertor. The loads expected in normal operation 
are shown in blue, while those caused by irregular events are shown in red. The turquoise area shows the 
approximate range that will cause permanent damage to the PFMs, not taking particle loads into account [41]. 
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If sufficient heating power is applied in a tokamak, the high plasma confinement mode 

known as H-mode is achieved. This considerably reduces plasma turbulence and 

increases confinement. In H-mode, a steep pressure gradient is formed around the 

separatrix in what is known as the pedestal region (see Figure 2.6). This pressure 

gradient is periodically relaxed by the release of energy during edge-localized modes 

(ELMs). These ELMs cause a portion of the stored energy and particles in the plasma 

to be released, depositing large amounts of this energy in the tokamak walls in a short 

period of time.  

It has been calculated that unmitigated ELMs in ITER could deposit more than 

10 GWm-2 in the divertor [41], which would lead without a doubt to the worst-case 

scenario of a full-surface melting of the monoblocks and a catastrophic failure of the 

components. ELM mitigation is, therefore, strictly necessary during DT operation. 

There are different kinds of ELMs, but those most relevant to ITER are known as type 

I ELMs. By extrapolation from smaller tokamaks, it is expected for ELMs in ITER to 

deposit, in the more optimistic scenario, about 1 MJm-2 into the divertor. This value 

could, however, be in the range of 10-30 MJm-2, or up to 1 GWm-2 in a sub-millisecond 

burst [46]. These events will occur with a frequency of 1 Hz or more, amounting to 

millions of ELMs during the lifetime of the divertor  [46–50]. 

Off-normal events can also occur in ITER.  The thermal quench during disruptions can 

deposit up to 30MJm-2 in a few milliseconds and severely damage the PFCs, mainly 

because of the effect of runaway electrons. Vertical displacement events (VDEs) are a 

loss in the vertical control of the plasma, which can cause it to impact the walls of the 

reactor. VDEs can deposit up to 60 MJm-2 in 100-300 ms and hundreds of them might 

occur during the divertor’s lifetime, in particular during the first stages of the reactor 

[25,41,51,52]. 

Figure 2.9 illustrates the effects of transient thermal events on the surface of a metallic 

material. At the moment of the power deposition the affected area heats up and 

expands. The colder material surrounding it does not expand at the same rate and 

causes a compressive stress, forcing the high temperature area to swell. If the heat flux 

is high enough, melting can also occur. Once the material cools down, some 

permanent changes can be seen, depending on the power density of the thermal shock. 

Effects such as surface roughening, cracking, recrystallization, grain growth and 

melting can be caused. These have been observed by simulating ELMs with high heat 

flux devices as, for instance, electron beam facilities and lasers [19,25,50,53,54]. 

Additionally, ELMs are expected to be the main source of erosion on the ITER 

divertor. Most eroded material will redeposit near its source, but a portion of it might 

enter the core of the plasma, which would cool the plasma down [55]. 
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Figure 2.9. Illustration of the effects that transient thermal loads can have on the surface of a metallic material 
such as tungsten [25]. 

 

 

2.6. Particle loads 
 

Energetic particles can cause different issues than the heat loads by themselves. The 

divertor will have to undergo collisions from ions, electrons and fusion neutrons with 

up to 14 MeV of energy.  

Fusion neutrons can change the crystal structure of the PFMs by causing the 

displacements of atoms in the lattice. In the PFMs in the ITER divertor, about 0.5 

displacements per atom (dpa) are expected [25]. This causes defects in the material 

such as voids and dislocation loops and can lead to increased brittleness and, 

depending on the conditions, energy and type of irradiating particles, either decrease 

or increase the hardness of the material [56]. Furthermore, neutron irradiation can also 

cause transmutations in the material. As mentioned above, one of the reasons why 

tungsten is a good option as a PFM is because it produces no long-lived radioactive 

isotopes, but the change in chemical composition can still have an effect on its 

mechanical and thermal properties. The main transmutation products of tungsten are 

Re, Ta, and Os. If the concentration of these products is high enough, it can even lead 
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to a separation of phases, which would increase the brittleness of the material even 

more [28,56–63]. 

Near the divertor strike point, a flux of ions and neutrals of > 1024 m-2s-1, which 

translates into a fluence of over 1026 m-2 per pulse, and of 1030-31 m-2 during the divertor 

lifetime [64]. A D+ impact energy of 15 keV is to be expected due to the plasma sheath 

potential. The impact of hydrogen and helium particles has been shown to cause 

blistering of tungsten surfaces and formation of nanobubbles under the surface, at 

temperatures below 1000 K. At higher temperatures, larger bubbles and pits can form 

[65–72]. Additionally, deuterium and helium implantation can have a strong influence 

on the hardening of the material. Helium has a tendency to bind in helium-vacancy 

complexes, a phenomenon that is then highly influenced by the concentration of 

vacancies in the material, and especially near the surface where the material is 

impacted by the helium particles, as the highest helium concentration is found in the 

near-surface area [73]. The hardening by deuterium implantation has been attributed 

to dislocation forest hardening and the pinning of dislocation by the deuterium atoms. 

This effect was shown to be reversible and the material recovered its original hardness 

after deuterium was desorbed [74].  

Another phenomenon that has been observed due to helium ions impacting the 

tungsten surface is the growth of thin tungsten tendrils known as tungsten “fuzz”. 

Growth of tungsten fuzz was initially observed on tungsten-coated graphite, and it 

has been studied thoroughly since then [75]. The formation of these nanostructures 

seems to occur at temperatures above 900 K. Helium particles are implanted and 

eventually coalesce, forming helium nanobubbles. These nanobubbles cause the 

material to swell and form protrusions and holes in the surface. This process 

eventually leads to the formation of the tendrils, as schematically represented in 

Figure 2.10 [76,77]. Fuzz formation could potentially increase erosion rate in PFMs and 

generate a thermal barrier which disrupts heat dissipation. This thermal barrier could 

further worsen the damage inflicted to the components. Above about 1500 K, 

however, tungsten fuzz stops forming and eventually disappears due to the diffusion 

of the tendrils back into the bulk. In the strike point area, high transient heat loads 

might prevent fuzz growth. This effect could, however, still be seen in other areas of 

the divertor where surface temperature is not high enough to hinder its formation  

[41,66,75–79]. 
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Figure 2.10. Schematic of the formation of tungsten nanotendrils or “fuzz”. The implanted helium particles 
coalesce into nanobubbles and eventually into blisters. This process causes protrusions and holes in the 
material which then form the nanotendrils [76,77]. 
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2.7. Synergistic heat and particle loads 
 

Having described the conditions, the divertor must withstand in a large fusion reactor 

such as ITER and having discussed the effects the different kinds of loads can 

individually induce on the material, it is important to study the synergistic effect these 

might have. Currently, no fusion device can reach the loads expected in the ITER 

divertor, and no other device can simulate these conditions fully. Several tests have 

been made in linear plasma generators such as PSI-2 (plasma-surface interaction) at 

Forschungszentrum Jülich and in Magnum-PSI at DIFFER (Eindhoven). Tungsten 

fuzz, which is generated under helium bombardment of tungsten, might or might not 

form, depending on the surface temperature. Sufficiently energetic thermal loads 

could take the surface temperature into the tungsten fuzz formation window, or, if 

they are energetic enough, increase the surface temperature and cause any tendrils 

that form to rediffuse into the material. Increased bubble formation has also been 

observed when both kinds of loads are applied. Most experiments, however, have 

been performed with a relatively low number of thermal shocks compared to those 

expected in ITER. The synergistic effects the PFMs will undergo during their lifetime 

remain, therefore, not completely understood [80–85]. 
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3. Scope of the thesis 
 

ITER will be the largest fusion device ever built until now. Its size and capabilities will 

surpass the previous largest tokamak, JET, by almost an order of magnitude. This will 

allow scientists to gather data about plasma physics, engineering, technology and 

materials. At the same time, it also means that there are still many unknowns, which 

are almost impossible to foresee until the actual reactor is up and running. One of the 

big unknowns has to do with the materials that will be used for the inside of the 

vacuum vessel, known as plasma facing materials.  These materials need to be able to 

withstand the conditions inside the reactor, for this, they need to have high melting 

points and thermal conductivities, be resistant to neutron embrittlement, not produce 

long-lived transmutation products, have a low erosion yield and have a low tritium 

retention. These demanding conditions leave few materials suitable for ITER. Initially, 

three main materials were selected, beryllium for the first wall, tungsten for most of 

the divertor and CFC for the divertor strike points, where the highest loads would 

have to be sustained. Finally, the decision was taken to exclusively use tungsten in the 

divertor, as this eliminates the need to replace the divertor before DT operation (see 

section 1.4). 

Tungsten will be subjected to high steady-state and slow transient heat loads, which 

can bring the temperature within the recrystallization temperature. This means that 

the physical properties of the PFMs will be modified, and the material might become 

brittle even at such high temperatures. In some cases, there might even be local 

melting. Transient thermal loads also need to be accounted for. ELMs pose, arguably, 

the largest threat to the ITER divertor. They will be the largest source of tungsten 

erosion. Additionally, they will cause a constant expansion and compression of some 

areas (Figure 2.9), which will induce surface roughness and cracking, as well as 

formation of blisters and bubbles (see section 1.5). Aside from the thermal loads, PFMs 

will also be subjected to a large particle flux in ITER. Neutrons can cause 

embrittlement of the materials by modifying their crystal structure, as well as 

transmutation. Transmutation can generate not only radioactive isotopes, but also 

elements that change the characteristics of the material. Bombardment by ions and 

neutrals can have other effects. These include the formation of bubbles below the 

surface, erosion of the material and formation of tungsten fuzz (see section 1.6). 

Currently, no device can replicate the exact conditions that the ITER divertor will have 

to withstand. However, linear plasma generators coupled with a high-power laser can 

simulate the effect of ion bombardment and periodic thermal shocks such as ELMs. 

PFMs have been previously tested in these conditions; however, no tests have been 

performed that try to simulate the full loads the divertor will sustain throughout its 
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lifetime (see section 1.7). This work tries to clear this unknown and shed some light 

on the effects of ITER-relevant synergistic particle and heat loads on tungsten. 

The linear plasma device PSI-2 was used to test ITER-grade tungsten samples 

provided by PLANSEE AG in Austria. These samples were exposed to conditions 

similar to those of PFMs in the ITER divertor during full DT-operation. In chapter 3, 

the results of these tests are shown. Both as-received sample with needle-like grains 

transversal to the surface and recrystallized samples were tested, to compare the 

influence of microstructure in the behavior under these conditions. First, the 

individual effects of heat and plasma loads were analyzed separately, to have a point 

of comparison and know which effects can be observed under which loads. Later, both 

kinds of loads were applied simultaneously to evaluate the synergistic effects and be 

able to more accurately predict how tungsten PFMs will behave in ITER. 

Different kinds of effects were studied in this work. First, effects of the particle and 

heat loads on the surface of the sample, such as the formation of cracks and the 

increase in surface roughness, were determined. Other effects were then studied, 

including the effects of these loads on the residual stresses, which can influence the 

mechanical characteristics of the material. Other observed effects that will be analyzed 

on chapter 3 are the recrystallization and grain nucleation of the microstructure of the 

samples, as well as the formation of bubbles underneath the loaded surface and their 

possible effect on the physical and thermal behavior of the samples. The sum of these 

effects will help have a deeper understanding into the conditions that the PFMs in the 

ITER divertor will be able to withstand, and how their characteristics will change 

throughout their lifetime. 
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4. Test facilities and analysis methods 
 

In order to assess the behavior of tungsten plasma facing materials for the ITER 

divertor, it is necessary to simulate the conditions the material will be required to 

sustain. There is currently no device which can accurately simulate these conditions. 

The materials in a fusion reactor, particularly in the divertor, will be bombarded with 

highly energetic ions and neutrons, which will cause activation, displacements and 

thermal shocks. The behavior of the materials when all these effects are combined 

simultaneously is of particular interest. Neutron sources for material studies were not 

used for this work, but synergistic loads caused by plasma particles and thermal 

shocks were studied using the linear plasma device PSI-2.  

 

4.1. PSI-2 
 

Tungsten samples were subjected to fusion relevant particle and heat loads with the 

linear plasma device PSI-2 at the Forschungszentrum Jülich [86]. This device was 

designed to produce loads similar to those that the divertor region inside fusion 

reactors such as ITER will have to withstand. This allows the effects caused by these 

loads, such as deuterium retention, erosion and cracking to be studied.  

A schematic view of the device is given in Figure 4.1. In PSI-2, steady-state plasma is 

produced under vacuum by a high-current arc between a LaB6 cathode and a 

molybdenum anode which is subsequently directed towards the target stage by an 

axial magnetic field. The plasma profile has the shape of a hollow circle with an outer 

diameter of 6 cm and a maximum plasma flux at a radius of 2.5 cm from the center of 

the ring. The plasma profile can be seen in Figure 4.2. The samples are placed 

accordingly in order to ensure a uniform plasma exposure. The maximum plasma flux 

that can be obtained at PSI-2 is of the order of 1023 m-2s-1 and the incident ions can have 

an energy of up to 200 eV and electron temperatures of Te = 1-40 eV [86–88]. 

The plasma can be composed of deuterium, helium or other gases, or be a mixture of 

two or more of them. To determine the plasma flux, a double Langmuir probe is used. 

The probe has a radial resolution which is determined by the size of its tips (1.5 mm)  

[87]. Langmuir probes are essentially electrodes that are introduced into the plasma. 

A variable potential (Vp) is applied to the probe and the current-voltage curves 

generated in relation to Vp is analyzed to determine the different plasma parameters 

[89].  
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Figure 4.1. Schematic view of the linear plasma device PSI-2 located at the Forschungszentrum Jülich. It can 
simulate the conditions inside a fusion reactor with its steady-state plasma source and its pulsed Nd:YAG laser 
[88]. 

 

 

Figure 4.2. Typical plasma radial profiles of the ion flux of deuterium plasmas generated in PSI-2 [86]. 
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Simultaneously, a Nd:YAG laser with a wavelength of 1064 nm is used to generate 

transient heat loads such as those expected from ELMs. Heat loads on the sample can 

reach power densities of up to 3 GWm-2 per 1 ms pulse in a circular area with a 

diameter of approximately 3 mm. The laser has a square power deposition profile, 

meaning that the target area is struck evenly and there is only a very thin transition 

area  [87,88]. 

Temperature is controlled via a thermocouple (type K) at the back of the sample. 

Surface temperature could also be monitored with a thermal imaging camera to 

determine the temperature peaks during the thermal shock events, which would not 

be reflected accurately in the temperature measurement with the thermocouple. 

 

4.2. Laser profilometry 
 

Laser profilometry was used to characterize the surface of the samples, both before 

and after being exposed to particle and heat loads. The analyses were performed with 

a profilometer from OPM GmbH which has a KF3 confocal sensor. The sensor has a 

vertical resolution of 0.02 µm and a lateral resolution of up to 2000 points/mm.  This 

technique is especially useful to determine sample roughness, changes in the 

morphology of the samples and cracking. 

 

4.3. Scanning electron microscopy (SEM) 
 

SEM is a technique in which an electron beam, typically in the keV energy range, is 

focused on the surface of a sample. The electrons then interact with the surface atoms 

and are scattered. Incoming electrons typically only penetrate the first few 

micrometers of the material, depending on their energy and the material itself, 

penetrating lighter elements deeper than heavier ones. These interactions generate 

backscattered electrons (BSE) and secondary electrons (SE). BSE convey information 

such as average atomic number, surface topography and crystallographic orientation. 

The SE that are generated depend on the topography of the surface as well, but also 

show differences in chemical state. Resulting SEM micrographs can have a resolution 

in the sub-micron scale, making it an useful technique to study the microstructure of 
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the surface of a sample [90]. No sample preparation was necessary, as the surface of 

all samples was conductive enough for SEM imaging to be performed. 

 

4.4. Focused ion beam (FIB) 
 

SEM utilizes a focused electron beam on a sample to image it. Electrons have a low 

mass compared to atoms, so they are not able to remove material from a sample. But 

if instead of electrons, highly energetic heavy ions are focused on a certain area, 

material can be removed from the surface. This is called focused ion beam (FIB) 

milling.  For this technique, gallium ions from a liquid metal source are typically used. 

The most commonly used FIB devices are SEM/FIB coupled devices, in which both 

sources are focused on the same point. This way, via Ga+ FIB milling, a cross-section 

of the sample surface can be cut and then imaged via SEM, allowing the study of the 

microstructure of the material under the surface. A thin platinum layer is added when 

performing the milling to prevent artifacts in the end surface [90]. 

 

4.5. Electron Backscatter Diffraction (EBSD) 
 

When a polycrystalline sample is investigated under an SEM, depending on the 

crystal orientation of the individual grains, some of the electrons will get diffracted 

according to the Bragg equation and form conical patterns with varying degrees of 

intensity. These patterns are called Kikuchi lines, and can be used to determine the 

crystalline orientation of the grains. Electron backscatter diffraction (EBSD) is the 

technique which utilizes this phenomenon to produce a “map” of the crystal 

orientations in a sample’s surface, similar to an SEM micrograph, but identifying more 

accurately the grain boundaries and crystal orientations of each individual grain. The 

sample surface should be flat, with low roughness, otherwise, the morphology will 

affect the scattering and diffraction of the electrons. In fact, this technique can also be 

utilized to differentiate between different textures present in a surface. Samples are 

placed in a steep tilted angle to ensure that the beam only penetrates the top few 

nanometers of the material [90,91]. 
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4.6. Preparation and analysis of sample cross-sections 
 

For this work, cross-section cuts of samples were performed. The resulting cross-

section was then chemically etched with an H2O2-NH3 solution. These could then be 

investigated via light microscopy to analyze the damage and microstructural changes 

caused by the exposure to fusion relevant loads at varying depths under the laser spot. 

This method was also utilized to prepare the sample surface for the nanoindentation 

tests (see section 2.7). 

 

4.7. Nanoindentation 
 

The indentation method consists of pressing a tip, generally a diamond tip, into the 

surface of the material and measuring the depth of penetration. The depth of 

penetration will be proportional to the force (load) applied. By comparing the 

relationship between these two, important physical characteristics can be deduced, 

such as hardness and Young’s modulus (E) [92].  

Of relevance to this work is nanoindentation, which applies indents in the nanometer 

scale, which allows for the testing of individual grains. For brittle materials, such as 

tungsten at room temperature, pyramidal diamond tips are mostly used. For this 

work, a Berkovich (three-sided pyramid) tip was used (a typical indent performed 

with a Berkovich tip can be seen in Figure 4.3). To determine hardness via 

nanoindentation, the most commonly used definition of hardness is the Meyer 

hardness (H), given by the equation 

𝐻 =
𝑃

𝐴
 

(2.1) 

 

where P is the applied load and A is the projected area of contact, and depends on the 

tip geometry. In this sense, H equals the mean contact pressure at full load. Young’s 

modulus is determined from the slope of the unloading of the load-displacement 

curve (as seen in Figure 4.3). The slope corresponds to the indentation modulus (EIT) 

which, in ideal scenarios, equals E. The value of EIT can be modified material behavior 

that is not accounted for in the analysis, such as piling-up [92,93].  
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Figure 4.3. Left: Typical load-displacement curve obtained in a nanoindentation measurement. Right: Indent 
left by a Berkovich tip on a quartz surface after a nanoindentation measurement [93]. 

 

The nanoindenter utilized in this work was a Bruker Hysotron nanoindenter, which 

provides the possibility of coupling it with an SEM. By doing this, nanoindents could 

be made in individual grains of a cross-section cut to analyze the influence of the 

applied particle and heat loads on the physical characteristics of the samples and to 

analyze how deep into the sample bulk these loads have an effect. Additionally, EBSD 

was applied to compare the physical parameters obtained to the crystal orientation of 

each of the grains that were tested to analyze whether there is a relationship between 

grain orientation and the effects of fusion relevant loads on the hardness of the grains. 

 

4.8. X-ray Diffraction (XRD) 
 

Diffraction methods are based on the constructive interference of waves. Crystalline 

materials have a regular spacing between their atoms which makes them suitable for 

diffraction techniques. Due to the lattice spacing in most materials, light in the X-ray 

region of the spectrum is most relevant, according to Bragg’s law: 

𝜆 = 2𝑑ℎ𝑘𝑙 sin 𝜃𝐵           (2.2) 

where λ is the wavelength of the incoming beam, dhkl is the lattice spacing in the hkl 

lattice orientation and θB is the Bragg angle. The Bragg angle is defined as the angle 

between the incident beam (L0) and the lattice planes, or half of the angle between the 

incident beam and the diffracted beam (LD). If the wavelength fulfills Bragg’s law, 

there will be constructive interference which can be detected and identified as a 
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diffraction peak. When a material is strained, the lattice spacing in the grains changes, 

which in turn causes the diffraction peaks to shift, as can be seen in Figure 4.4 [94]. 

 

 

Figure 4.4. Diffraction peak in an unstrained crystalline material (a) and the shift of its peak when a tensile 
strain is applied (b) [94]. 

 

The shift in the peak will be proportional to the magnitude of the strain. This shift can 

then be used to measure the amount of strain and, therefore, stress, in a sample. By 

rotating the sample in the direction of the incident beam (Ψ angle, illustrated in Figure 

4.5), the direction of the stresses can be twisted. This will, in turn, influence the peak 

shift. These shifts can afterwards be plotted in the form of the lattice spacing at a fixed 

φ and varying Ψ angle (dΨ) against sin2Ψ. 
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Figure 4.5. Definition of the laboratory (𝑳𝒊)⃗⃗ ⃗⃗  ⃗ and sample surface (𝑺𝒊)⃗⃗ ⃗⃗  ⃗ coordinate systems. It shows also the 

rotation angles between both, φ and Ψ; as well as the indent (I0) and diffracted (ID) beams [94]. 

 

 

Figure 4.6. Illustration of a plot of the lattice plane spacing (dΨ) against sin2Ψ [94]. 

 

The stress present in the sample can then be calculated from the slope of the plot 

(Figure 4.6) according to equation 2.2:  

𝑑𝛹 =
1+𝜈

𝐸
𝑑0𝜎𝜑 sin2 𝛹 −

𝜈

𝐸
(𝜎11 + 𝜎22)𝑑0 + 𝑑0       (2.3) 
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where ν is Poisson’s ratio, E is the Young’s modulus, d0 is the unstrained lattice 

spacing, 𝜎𝜑 is the surface stress along 𝑺𝜑
⃗⃗⃗⃗  ⃗, and 𝜎11 and 𝜎22 are the stresses along the 

sample surface. As seen in the equation, the slope (m) of the dΨ vs. sin2Ψ would be 

equivalent to: 

𝑚 =
1+𝜈

𝐸
𝑑0𝜎𝜑           (2.4) 

 

This method, called the sin2Ψ method, is useful to calculate the residual stresses in a 

sample, which can have an important effect on its physical properties. 
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5. Effects of fusion relevant particle and heat loads on tungsten 
 

In sections 1.4-1.7 it was described how PFMs in a fusion reactor are exposed to harsh 

conditions that can eventually lead to a catastrophic failure in the material and prevent 

the fusion reaction from taking place. Damage can come from two main sources, 

thermal shock events and particle collisions. Thermal shock events are caused mostly 

by the energy transfer from high temperature particles from the plasma and can cause 

the rapid heating and successive cooling of the materials and components. This rapid 

expansion and contraction can cause cracking of the material, in particular because 

the thermal shocks occur in a specific area in the material, which means there will 

necessarily be a temperature gradient, with the ensuing expansion and contraction at 

different rates through the material. The collision of highly energetic particles against 

the materials causes different kinds of damage compared to thermal shocks. Particles 

can come either from the plasma, ionized particles, or from neutrons generated by the 

fusion reaction. These collisions cause point defects in the materials and, depending 

on the energy of the collisions, cause a collision cascade. These changes can degrade 

the physical and thermal properties of the material, making it more brittle, susceptible 

to erosion and reducing its thermal conductivity. These defects could also potentially 

cause the PFMs to retain a higher amount of gases. This is particularly serious in the 

case of tritium, as tritium is radioactive and difficult to obtain. Its retention decreases 

the amount of tritium available to continue the reactor and, most importantly, it makes 

the components less safe and thus complicated to handle since they would contain 

radioactive particles. Thus, a tritium retention as low as possible is desirable, and 

according to the safety guidelines, less than 1 kg of tritium should be retained in the 

walls of the reactor vessel, to stop an excess of radioactive material from escaping in 

case an accident occurs where the inner vessel is exposed [95]. 

In this chapter, tests performed on ITER-grade tungsten in conditions similar to those 

it will have to sustain during its lifetime in the ITER divertor are discussed. First, the 

effects of transient thermal events and steady particle loads will be analyzed 

independently, and afterwards the synergistic effects of both will be studied. Physical 

parameters such as surface roughness, crack depth and hardness will be utilized to 

evaluate the damage suffered by the material. Additionally, X-ray diffraction (XRD) 

will be used to determine the changes in residual stresses in the samples. 
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5.1. Tungsten 
 

The material used for all tests comes from samples cut from forged tungsten rods 

produced by PLANSEE AG, with a purity of at least 99.97 wt%. The process of 

production, seen in Figure 5.1, starts with the low concentration ores, with generally 

0.3-2.5 wt.% of tungsten content. The concentration can then be increased to around 

60% by crushing, grinding, floating and roasting. Most other impurities are then 

eliminated by digestion with sodium hydroxide and the sodium tungstates obtained 

are transformed to tungsten oxide by a series of chemical processes. WO3 is then 

reduced in a hydrogen atmosphere at up to 1000 °C to obtain tungsten powder. The 

mixing and alloying step was omitted in this case as no additional elements were 

desired in the material. 

 

 

Figure 5.1. Summarized production process of the double forged tungsten rods used to obtain the samples used 
in all experiments. In this case, no alloying was performed [96]. 

The tungsten powder was then pressed and sintered at up to 2000 bars and 2000 °C, 

respectively, obtaining a dense tungsten material. This is then forged two-

directionally to obtain the final microstructure with elongated grains (Figure 5.2, a and 

b) [96]. 

Double forging of tungsten has been demonstrated to improve its material properties 

by increasing the strength of the intergranular bindings. The as-received material has 

a needle-like microstructure. Two different kinds of samples were cut from the 

tungsten rod, one with its grains oriented longitudinally to the sample surface 

(L samples) and another with grains oriented transversally to the sample surface 

(T samples), as both have been considered as PFM for the ITER material [97]. 
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Figure 5.2. Microstructure of the tungsten (> 99.97 wt%) samples utilized. a) Needle-like grains transversal to 
the surface (T). b) Needle-like grains longitudinal to the surface (L). c) Isotropic grans obtained by heating T 

samples at 1600 °C for 1 hour to induce recrystallization (R samples).  

 

All samples were cut from a single tungsten rod, with the direction of the grains 

determined by the way in which they were cut, as can be observed in Figure 5.2. A 

single sample size was used for all experiments, as it is the standard size of the samples 

used in PSI-2 tests. The dimensions are illustrated in Figure 5.3. 

 

 

Figure 5.3. Standard PSI-2 sample dimensions used for all tests. The step allows for a correct fit between the 
sample holder and the mask. 

 

Samples were cut by electric discharge machining (EDM). The top surface of the 

sample was then grinded and polished to a mirror finish. The final polishing steps 

were performed with a diamond paste of a maximum particle size of 1 µm and for the 
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final polish, a colloidal silica suspension was used. Afterwards, surface roughness was 

measured by laser profilometry to obtain an average surface roughness of 0.1 µm in 

all cases. An even surface without any damage that might have been introduced by 

EDM or other sources provides a good reference surface to compare the effects that 

the heat and particle loads will have on the material. After polishing, some of the T 

samples were heated up in a furnace under inert atmosphere at 1600 °C for 1 hour, 

obtaining samples with recrystallized grains (R samples), which have larger, isotropic 

grains.  

Finally, only transversal and recrystallized samples were used for the tests. The 

transversal grain configuration is preferred for the ITER divertor due to its more 

favorable cracking behavior. The longitudinal grain configuration generates cracking 

parallel to the surface, which was deemed to be detrimental to the erosion behavior of 

PFMs and to their heat dissipation capacity. An isotropic grain structure may be 

obtained either from the fabrication process, such as in spark plasma sintering, or, as 

in this case, thermal treatment above the recrystallization temperature of the material. 

By recrystallizing a material, new, strain-reduced grains are formed and keep growing 

until the strained microstructure is consumed. This process can reduce the strength, 

hardness and shock resistance of tungsten, as well as causing an increase in its DBTT. 

In a fusion environment such as ITER, the divertor PFMs are expected to undergo 

recrystallization in the areas most affected by thermal loads, independently of the 

selected microstructure [17,35]. 

A comparison of the cracking behavior of all three microstructures after a thermal 

shock of 1.13 GW/m2 during 1 ms can be seen in Figure 5.4. The difference in cracking 

patterns is caused by the tendency of cracks to expand along grain boundaries. Crack 

growth parallel to the surface was observed on the samples with longitudinal grains 

and in those with an isotropic microstructure. This can not only affect erosion behavior 

as mentioned above, but it also locally restricts the heat removal capacity of the 

material, which could cause a build-up of temperature near the surface and accelerate 

the damage suffered by the material [98]. 
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Figure 5.4. Cracking behavior of tungsten samples with needle-like grains transversal to the surface (a), 
longitudinal to the surface (b) and with an isotropic grain configuration (c). Samples were loading with one 
1 ms pulse of 1.13 GWm2 absorbed power density [98]. 

 

In order to be able to compare the effects of ITER-like loads on tungsten, it is necessary 

to characterize the as-received material. One important method used to characterize 

surface modification was the measurement of arithmetic average surface roughness 

by laser profilometry (Ra). An Ra of 0.1 µm was obtained for both, transversal and 

recrystallized samples after the sample preparation described above. It is also helpful 

to compare the microstructure of the material before and after exposure to fusion-

relevant conditions. Figure 5.5 shows the chemically etched cross-section cuts of both 

kinds of samples and showcases the differences in grain size and grain shape of the 

samples. The needle-like grains in transversal samples can clearly be seen on the left 

image, with an average length of about 80 µm and an average width of 20 µm. The 

recrystallized samples have an isotropic microstructure with more clearly defined 

grains and an average grain diameter of about 50 µm. The range of grain sizes is, 

however, very broad, with much larger and smaller grains observed. This kind of 

isotropic microstructure obtained by recrystallization has much larger grains than the 

one observed in Figure 5.4, which was obtained from the fabrication process. 

The recrystallization of tungsten samples, aside from increasing average grain size 

and modifying the grain shape, changes the material properties. This process strongly 

reduces defects such as dislocations and increases material ductility, while also 

decreasing material hardness. This increase in average grain size also leads to a 

decrease in tensile strength, as predicted by the Hall-Petch relation for polycrystalline 

materials and can reduce the cracking threshold of the material. This has been 

observed in previous experiments with fusion relevant loads, where transversal 

samples show no damage while recrystallized samples already show some cracking 

and surface roughening [81,98,99]. 
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Figure 5.5. Chemically etched cross-section cuts of as-received transversal (left) and recrystallized (right) 
tungsten samples. 

 

5.2. Individual effects 
 

In order to properly study the synergistic effects of both, plasma and laser loads in the 

linear plasma device PSI-2, the individual effects of each load must be determined. 

Once these effects have been investigated, it can be established whether there are any 

synergistic effects only observed when both types of loads come into play. In all cases, 

a base temperature of 700 °C was used. This is higher than the DBTT of most tungsten 

materials and still several hundred degrees below its recrystallization temperature of 

1100-1400 °C [36,42,43]. This provides a ductile material behavior such as is expected 

for the operational range of PFMs in ITER, while ensuring only negligible 

microstructural changes will take place at the base temperature utilized.  

 

5.2.1. Heat loads 
 

The highest, and, therefore, most damaging, heat loads expected to affect the divertor 

in ITER during normal operation come from ELMs (see section 1.4). Millions of ELMs 

will impact the divertor during its lifetime, with a power density of up to 1 GWm-2. 

To be able to compare these results with the results in previous studies, laser pulses 

with an absorbed power density of 0.2, 0.4 and 0.8 GWm-2 and 0.5 ms of duration were 

used to simulate the effect of ELMs on the PFMs in ITER. This is equivalent to a heat 

flux factor (FHF) of 4.5, 9 and 18 MWm-2s½, respectively. The absorbed power density 

(Pabs) in tungsten samples is about 40% of the applied power density, as measured by 

a photo diode before and after the laser hits the sample. The remaining energy is either 
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reflected by the sample or absorbed by the windows, mirrors, lenses or fiber-optic 

cables of the device. To ensure this remains true, samples had to always be located in 

the same position with respect to the laser beam. The absorption rate has been proven 

not to change significantly with surface modification in the case of thermal shock tests 

[100]. This was not tested with the influence of plasma or a higher number of thermal 

shocks, but it is assumed that the observations are still valid. 

To study the damage evolution of the samples, 105 thermal shocks of 0.5 ms were 

applied to a different sample for each of the three power densities. Samples have been 

studied in previous tests under almost identical conditions, and these results will be 

presented to follow the damage evolution of the samples with more detail [101,102]. 

Additionally, 106 laser pulses with a Pabs of 0.2 GWm-2 were also applied to a 

transversal and a recrystallized sample. Such a high laser pulse number can shed light 

on the effects that the transient heat events caused by ELMs will cause during the 

lifetime of the divertor. The frequency of the laser pulses could also have an important 

effect on the damage observed in the material if it leads to a temperature build-up in 

the material. It has been observed that for equal power densities, a higher frequency 

leads to higher damage. This can be explained by the fact that a low pulse frequency 

allows the material to relax and disperse the excess heat before the next pulse occurs. 

For the tests with 105 pulses, a frequency of 10 Hz was used, as it closely resembles 

the currently expected ELM frequency in ITER. A frequency of 25 Hz was used for the 

high pulse number tests due to limitations on the amount of time the device could be 

continuously operated. 25 Hz is still, however, within the expected frequency range 

for ELMs in ITER. Using a higher power density at such high frequency would not 

have allowed the samples to maintain a stable base temperature, as there is no 

possibility of active cooling in the device. A higher base temperature would, thus, not 

have permitted a significant comparison to other tests and high pulse number tests at 

higher power densities were therefore not taken into account for this study [41,103]. 

A summary of all experiments performed can be seen in Table 5.1. 

 

Table 5.1. Summary of the thermal shock treatments applied to tungsten samples. One sample of each 
microstructure, transversal and recrystallized, per treatment was tested. Each laser pulse had a duration of 
0.5 ms and samples were kept at a 700 °C base temperature. 

Pabs (GWm-2) FHF (MWm-2s½) Number of pulses Frequency (Hz) 

0.2 4.5 
105 10 

106 25 

0.4 9 105 10 

0.8 18 105 10 
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The results from a test performed in the same base conditions with a Pabs of 0.4 GWm-2 

and 104 laser pulses is presented in Figure 5.6. As has been established in previous 

works [104,105], the damage threshold of transversal tungsten lies below 0.4 GWm-2. 

A considerable surface roughening is observed, with an Ra of 0.66 µm, compared to 

0.01 µm for the original tungsten surface. A slight cracking can also be observed in the 

close-up. 

 

 

Figure 5.6. Surface modification and damage of a transversal sample after 104 0.5 ms laser pulses with a 
frequency of 10 Hz and an absorbed power density of 0.4 GWm-2 at 700 °C base temperature [102]. 

 

SEM micrographs of the surface of the samples exposed to 105 laser pulses at all three 

power densities can be seen in Figure 5.7. Some surface modification and light 

cracking could already be observed after the 0.2 GWm-2 tests for both types of samples. 

The transversal sample shows a smoother surface with some thin cracks and some 

roughening of the surface. The recrystallized sample displays a rougher surface and 

the formation of a jagged microstructure. It also formed wider cracks than the 

transversal one. These can already be seen in the zoomed-out view of the sample, 

whereas the cracks in the transversal sample are only observable in the close up. These 

observations go in accordance with previous studies, where it was found that the 

damage threshold for tungsten lies around the 0.2 GWm-2 range, with transversal 

tungsten showing a higher damage threshold than recrystallized tungsten [50,106]. 

After exposure to 0.4 GWm-2 pulses, a crack network formed on the surface of both 

materials. The transversal sample shows a larger number of cracks, forming a crack 

network throughout the area affected by the laser.  In the recrystallized case, isolated 

groups of cracks were formed. This phenomenon also agrees with previous studies, 
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in which at this temperature range recrystallized tungsten displays lower levels of 

damage than transversal tungsten. This could be attributed to the gain in ductility 

after the recrystallization process [81]. 

The close-ups (right side of b and e in Figure 5.7) also show some finer differences in 

the microstructure. Several sharp, jagged edges formed in the recrystallized sample, 

showing a shark tooth-like microstructure with triangular sharp formations, while the 

transversal one has rounder features. This jagged microstructure is still observed after 

exposure to the highest power density in the recrystallized sample (f) while the 

transversal one (c) displays a much smoother microstructuring of the surface. This 

observation comes into contrast with previous studies, where this microstructure was 

observed in transversal and longitudinal samples, but not in recrystallized ones [105]. 

The formation mechanism of such structures has been described as having been 

generated from a process of delamination of the material. This hinders the heat 

dissipation by creating a thermal barrier, causing the subsequent melting and 

resolidification of the material into the observed structures (described as scale-like in 

the past) [105]. In this case, the shape and position of these structures do not seem to 

match completely those obtained in past experiments, and in some cases do not point 

to a delamination process as the mechanism behind their formation, particularly for 

the two highest laser power densities. In these cases, several of these structures are 

positioned at high angles to the surface, which makes the explanation of their 

formation by delamination from the surface less probable. Especially problematic for 

this explanation would be the hindering of heat dissipation once the “scale” starts 

separating itself from the bulk tungsten. Once thermal conductivity is sufficiently 

disrupted, heat would begin to accumulate in these structures, and if melting indeed 

occured, it is more probable that the structures would disappear as a consequence, or 

that they would be rounder in appearance. Such a delamination process could explain 

why these structures form in samples with transversal, and particularly, those with 

longitudinal grains. The thinner grains would facilitate this delamination process, 

since cracks could form in the grain boundaries, starting the delamination process. 

The grains could then separate from the surface and the thinner grains would indeed 

have this jagged shape. This fails, however, to explain why, in this work, the structures 

are only seen in the recrystallized samples. A more satisfactory explanation for the 

formation of these structures in this case is that the stresses generated during the 

expansion and contraction of the material during and right after the laser pulses 

causes the plastic deformation of the material. 

In both cases, after tests with 0.8 GWm-2, there are broad valleys of several hundreds 

of micrometers in width that are seen mostly in the outer part of the laser spot and 

extending outside the area directly hit by the laser. This is possibly due to the large 

temperature gradient at the edges, causing a high thermal fatigue, while the center of 
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the spot is only in contact with other areas also heated up by the laser pulses. The 

temperature gradient in the edges causes part of the material to expand more than its 

surroundings, with a subsequent rapid cooling. This causes tensile stresses which in 

turn can originate cracks [81,82,100]. A smaller gradient in the middle would therefore 

hinder the appearance of cracks. Another possible explanation, which does not 

exclude the previous one completely, is that in the middle of the laser spot a higher 

temperature is reached. This could cause an increase in temperature enough for the 

material to become plastic enough to prevent cracking. It could even indicate the 

presence of localized melting, which can serve as a crack closing mechanism. 

Localized melting has been observed in divertor tiles in JET when replicating 

ITER-like ELM loads, even if temperatures above the melting point of tungsten could 

not be detected (due to the low resolution of most diagnostics) [107]. At the highest 

power densities, no significant difference between the cracking behavior of samples 

with the two microstructures.   

 

 
Figure 5.7. Comparison of surface modification and damage of T and R samples after 105 0.5 ms laser pulses 
with a frequency of 10 Hz and an absorbed power density of 0.2, 0.4 and 0.8 GWm-2, at 700 °C base temperature.  

 

In order to investigate the effects of these loads inside the bulk material, cross-section 

cuts were performed (Figure 5.8). The higher roughness of the recrystallized sample 

after being exposed to a Pabs of 0.2 GWm-2 that was previously observed in Figure 5.7 
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can also be seen here. The transversal sample exhibits an almost smooth surface, while 

the recrystallized one shows grains protruding from the surface. Only very small, 

superficial cracks of about 20 µm in depth were observed in the transversal sample, 

with the cracks in the recrystallized sample being several times longer, reaching up to 

80 µm in depth. No recrystallization or any other such change in the grain structure 

was observed at this point. It can, thus, be assumed that the temperature increase at 

the surface was not enough for the material to show any visible sign of 

recrystallization. The temperature rise using a comparable power density  of 

0.19 GWm-2 was measured in the past during experiments with lower pulse numbers, 

obtaining a ΔT of 350 °C. This would mean, in this case, an increase of the surface 

temperature from the base temperature of 700 °C to just under the lower boundaries 

of the recrystallization temperature of tungsten of 1100 °C [82]. 

Significant cracking could be observed once the power density was increased to 

0.4 GWm-2. In both cases, cracks with a depth of 200 µm were formed, with no visible 

difference in the severity of the cracking. Recrystallization can already be seen at this 

point, up to a depth of about 200 µm below the surface in the transversal samples. 

Recrystallization is observed deeper into the surface in areas near the cracks, which 

means that they were formed early enough that the laser pulses can have an impact in 

the temperature of the material surrounding the cracks for long enough that the grains 

can recrystallize. In areas where no cracking occurs, recrystallization depth is only 

about 100 µm. The cracks also act as thermal barriers, which prevent heat dissipation 

and generate higher temperature areas, which can contribute to the recrystallization 

of the material. In a similar manner, grain nucleation can be observed in the 

recrystallized sample, up to depths comparable to those in the transversal samples. 

This grain nucleation, or formation of sub-grain boundaries, can be attributed to the 

influence of the thermal fatigue on the strain inside the grains, and is a highly dynamic 

process where the thermal fatigue, temperature, strain and microstructure come into 

play [108]. 

At the maximum power density, as could be seen above in Figure 5.7, no more 

cracking is observed in the area directly impacted by the laser beam. Two large cracks 

(not seen in the cross-section images) were observed, however, at the edges of the laser 

spot, i.e. in the transition area between the affected and unaffected area of the sample. 

No evidence of substantial melting at the surface can be observed, but presence of 

localized melting cannot be discarded. The presence of cracks only at the edges of the 

area where the laser hit the surface indicates a higher and more slowly dissipated 

temperature in the middle of the spot, which increases the ductility of the material 

and decreases the presence of temperature gradients. The differences in lattice size 

due to thermal expansion generated by these temperature gradients are one of the 

main causes of cracking in the material. This is why cracks are observed where the 
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laser spot borders the material not directly affected by the laser, which is much colder 

than the inside of the laser spot after each laser pulse. 

 

 

Figure 5.8. Light microscopy images of the cross-section cuts of transversal and recrystallized samples after 105 
0.5 ms laser pulses with a frequency of 10 Hz, at 700 °C base temperature. 

 

As previously mentioned, millions of ELMs are expected during the lifetime of the 

ITER divertor. This means that 105 thermal shocks might not reveal the full scale of 

the consequences of ELMs on the material and testing at even higher pulse numbers 

is necessary.  

The effect of 106 thermal shock events of 0.2 GWm-2 can be seen in Figure 5.9. The 

small, isolated cracks observed in Figure 5.7 a and d have now grown into a crack 
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network seen throughout the damaged area. The cracks observed are considerably 

narrower, about 20 µm, than those observed for the tests with 105 0.4 GWm-2 pulses 

(up to ~ 100 µm) and would most probably not be critical for the functioning of the 

divertor. This means that the material, whether it is transversal or recrystallized, could 

resist an even larger number of thermal shocks in the lower range of energy release 

by ELMs. The cracks, of up to about 100 µm in width on the surface, observed after 

only 105 pulses with 0.4 and 0.8 GWm-2 might be more problematic, although the full 

extent that this would affect the functioning of a reactor is not clear.  

It is evidenced by these results that the power density deposited by ELMs in the 

material will be highly influential on the damage it will undergo, much more so than 

the number of ELMs. An increase by a factor of 2 in power density generated much 

wider and deeper cracks than an increase by a full order of magnitude in the amount 

of thermal shocks. This phenomenon has been recognized previously and is one of the 

basis upon which an ELM mitigation system is being developed, ELM pacing in 

particular. To reduce the damage in the ITER divertor, ELMs with a lower energy but 

a higher frequency can be triggered by techniques such as the insertion of small fuel 

pellets into the plasma. This techniques have not yet been fully developed, but it is 

expected for ITER to make use of such techniques, making these results even more 

relevant for the reactor [109–113]. 

The shark tooth-like microstructure can be seen as well after the high pulse number 

tests. These structures now seem to be ubiquitous, whereas in the previous 

experiments with lower pulse numbers they were only sparsely present. Also 

contrasting with the previous results is the fact that this sharp-edged microstructure 

was observed in both, transversal and recrystallized samples, whereas they could 

previously only be seen in the recrystallized samples. The higher damage threshold 

of the transversal samples might affect the formation of these structures, preventing 

them from forming at the lower frequency and pulse numbers. Now, with a frequency 

increased by a factor of 2.5 and 10 times the thermal shock events, this higher 

threshold might have been surpassed, allowing the formation of the structures. 
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Figure 5.9. SEM micrographs of transversal and recrystallized samples after 106 0.5 ms laser pulses with a 
frequency of 25 Hz and an absorbed power density of 0.2 GWm-2, at 700 °C base temperature. 

 

Cross-section cuts of these samples were also performed. The damage observed below 

the surface was similar for both microstructures. Some slightly deeper cracks, reaching 

about 200 µm below the surface, can be observed in the transversal sample, against 

cracks about 170 µm deep in the recrystallized sample. A larger number of smaller 

cracks formed in the transversal sample, suggesting that after crossing the damage 

threshold, which is higher for transversal samples than for recrystallized ones, 

transversal samples are more susceptible to cracking. This difference is, however, not 

significant, as there is only one sample per treatment to analyze, and only a small 

portion of the cracks formed are observed. A statistical analysis would be necessary 

to determine the significance of the data, and only information about cracks in one 

plane of the sample was obtained. Despite the higher damage threshold, a larger 

number of cracks is not unexpected on transversal tungsten. Recrystallization 

removes dislocations, and the dislocation mechanism is one of the main mechanisms 

of crack initiation [114]. Crack initiation can also occur in grain boundaries, and due 

to its smaller grain size, transversal samples have more grain boundaries for cracks to 

be initiated. This has been demonstrated in tungsten of similar grade. Still, the crack 
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depth observed is comparable to that seen in similar thermal shock tests performed at 

the electron beam facility JUDITH 2 [108,114].  

The recrystallization depth in the transversal sample is also noteworthy. 

Recrystallized grains can be observed up to a depth of about 70 µm, whereas no 

recrystallization could be seen in the samples exposed to 105 pulses with the same 

power density. In the recrystallized sample, grain nucleation is observed, with smaller 

grains forming inside the larger grains near the surface. The mere number of pulses 

might be enough to explain these differences. The lack of evidence of recrystallization 

in the lower pulse number tests is then due to the fact that recrystallization depends 

not only on the temperature but also on the time the material remains at such 

temperature. The higher frequency in the higher pulse number tests could also have 

caused a small build-up of temperature in some near-surface areas, with not enough 

time between pulses for the heat to be dissipated. This causes the surface to reach 

higher temperatures for a longer time than the experiments at 10 Hz. The formation 

of smaller grains or sub-grain boundaries in the recrystallized sample is again 

observed in this case. This indicates the introduction of energy into the lattice from 

the thermal fatigue, which causes the larger grains to fragment [108]. 

 

 

Figure 5.10. Light microscopy images of the cross-section cuts of transversal and recrystallized samples after 106 
0.5 ms laser pulses with a frequency of 25 Hz and an absorbed power density of 0.2 GWm-2, at 700 °C base 
temperature. 

 

FIB cuts of selected areas inside the damaged portion of the samples exposed to 106 

pulses were then performed (Figure 5.11). The top layer is the platinum covering used 

in FIB cutting to prevent artifacts caused by the ion impingement. On this scale, only 

very small, intergranular cracks can be found, but there is otherwise no large evidence 
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of damage to the surface. The surface does, however, show signs of roughening when 

compared to the smooth original surface (shown in section 3.1, Figure 5.5). There is 

also no evidence of intragranular pores, bubbles or blisters even near the surface. The 

cross-section of some of the shark tooth-like formations are observed, particularly in 

the recrystallized sample, but also on a smaller scale in the transversal one. All of these 

formations seem to be pointing towards the same direction, despite being located in 

different grains with, presumably, different grain orientations. Grain orientation is 

probably, thus, not a defining factor in the formation of these structures. Some of the 

tips form intragranularly, but a tip is present at the grain boundaries of the 

recrystallized sample in all grains. Material seems to be diffusing and accumulating 

preferentially at certain points of the sample surface, eventually forming these 

structures. This also might indicate the plastic deformation of the grains along a 

certain direction. Because of the difference in the thermal expansion in the material 

due to differences in temperature, stresses are generated in along the temperature 

gradients. It is conceivable for the direction of the plastic deformation of the grains to 

follow the direction of the stresses. The higher density of dislocations in the 

transversal sample might then have a large influence on the direction of the 

deformation, making it more arbitrary in nature and direction, as well as preventing 

the formation of the sharp structures. 
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Figure 5.11. SEM micrographs of FIB cuts of transversal and recrystallized samples after 106 0.5 ms laser pulses 
with a frequency of 25 Hz and an absorbed power density of 0.2 GWm-2, at 700 °C base temperature.  

 

Both samples show a similar grain structure, even to the maximum analyzed depth of 

about 10 µm. This indicates a temperature increase to temperatures above the 

recrystallization temperature in the analyzed area. This means an increase of several 

hundreds of Kelvin in the surface temperature, which also propagates into the bulk of 

the material, causing grain growth in the originally thin, elongated grains which made 

them larger and isometric, just like in its recrystallized counterpart.  

Arithmetical mean roughness (Ra) and maximum depth (relative to the original 

surface) were measured by laser profilometry for all samples and are shown in Figure 

5.12. An increase in roughness can already be seen after exposure to the lowest power 

density, with the roughness in both samples increasing from an Ra of 0.1 µm to around 

3 µm. It then increases dramatically about 5-fold when increasing the power density 

from 0.2 to 0.4 GWm-2, with both materials showing a similar behavior. The 

recrystallized samples show a slightly higher roughness and maximum depth.  

After further increasing the power density to 0.8 GWm-2, these values were even lower 

than those for the samples exposed to 0.4 GWm-2 pulses. A smoother surface with less 

cracks in the center of the laser spot could already be seen in the SEM micrographs 
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and as explained above, it might be due to a lower temperature gradient in the middle 

of the laser affected area, while the edges suffer from a more severe thermal fatigue. 

The possible localized melting and accelerated diffusion of the material to smoothen 

the surface is another probable explanation for this observation. For the transversal 

case in particular, the lower Ra value reflects how the higher surface temperature 

generated by the thermal shocks hinders the formation of the shark tooth-like 

structures and how the surface is overall smoother.  

Surface roughness was approximately half for the transversal samples, both at the 

maximum Pabs and after 106 pulses, with a much lower maximum depth as well. The 

deeper valleys in the recrystallized sample could be a direct consequence of the lower 

hardness of the material and its larger grains obtained after the recrystallization 

process, which facilitate the deepening of the valleys. The additional surface 

smoothening effect observed in the transversal samples might be an indication of a 

difference in the thermal conductivity between both kinds of microstructure. 

Recrystallized grains have a lower defect density and a lower number of grain 

boundaries. Defects and pores allow for a more rapid dispersion of heat, as observed 

in previous studies [115]. The surface of transversal samples takes, therefore, longer 

to cool down, causing the surface to remain at higher temperatures for longer periods 

and in this way causing the smoothening of the surface.  Roughness measurements 

were also performed in the past on samples exposed to an electron beam to simulate 

ELMs. With 105 pulses of 0.55 GWm-2 a roughness of 6.3 µm was obtained, which is 

between the results for 0.4 and 0.8 GWm-2. This seems to confirm the smoothening of 

the surface when the power density is increased  [116]. 

The observed differences in depth measured by laser profilometry (crack depth 

specifically) and by investigation of cross-section cuts are to be expected, as both 

techniques have their drawbacks. Laser profilometry can measure changes in the 

surface’s z-axis, however, as it detects this with a laser emitted from above the sample, 

cracks that expand horizontally to the surface cannot be measured. This technique is 

more suitable, therefore, to measure the large valleys formed in the surface at higher 

power densities. In the case of cross sections, they give a full view of the sample from 

top to bottom, but only information about cracks present in the plane where the cut 

was performed can be obtained. 
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Figure 5.12. Mean arithmetic roughness and maximum depth of transversal and recrystallized samples after 
exposure to 105 or 106 (1M) 0.5 ms laser pulses with a frequency of 10 or 25 Hz, respectively, and varying 
absorbed power densities, at 700 °C base temperature. The surface analyses were done by laser profilometry. 
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5.2.2. Particle loads 
 

The vertical targets in the ITER divertor are expected to reach a lifetime particle 

fluence in the range of 1030 m-2. This fluence has only been reached recently in a linear 

plasma device [117], and never in a tokamak or any other fusion device. PSI-2 can 

reach plasma fluxes in the range of 1021 m-2s-1 and would take an impossibly long time 

to reach ITER fluences. With this flux, however, it is still possible to study the effects 

of plasma particles impinging on the surface of PFMs.  

In order to study the effects of plasma particles on the surface of tungsten, an 

unexposed sample of transversal tungsten was compared to a sample exposed to a 

flux of 6.0· 1021 m-2s-1 D plasma with 6% He content at 700 °C base temperature during 

192 min, amounting to a fluence of approximately 8· 1025 m-2. The plasma particles 

had a temperature of about 35 eV, lower than the displacement energy for tungsten 

(60-80 eV), so no significant displacement of the atoms was expected [118]. In 

Figure 5.13, on the left, the surface of the unexposed sample can be observed. The 

surface is smooth, with some imperfections that might have remained after the 

polishing process, but no discernible nanostructures can be observed. On the right of 

Figure 5.13 is the surface of the sample exposed to plasma. The tendril-like 

nanostructure known as tungsten “fuzz” can be clearly observed, as well as small 

superficial pores. This nanostructuring was to be expected, as the base temperature 

and the ion temperature of the plasma are within the range where it has been observed 

in the past. However, no cracking or surface damage was observed [66]. 

As helium particles enter the tungsten surface, helium bubbles form. These bubbles 

grow as more helium impacts the material, and, if they are close enough to the surface, 

the bubbles will come to the surface and bisect it, forming pores. As these pores 

increase in size and number they coalesce, leaving behind this fuzzy structure, which 

grows in size as fluence increases (see Figure 2.10 and section 1.6) [76,119,120]. 
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 Figure 5.13. SEM micrograph of transversal tungsten samples without being exposed to plasma and after 
exposure to a fluence of 8· 1025 m-2 D plasma with 6% He content at 700 °C base temperature. 

 

 

Figure 5.14. SEM micrograph of FIB cuts of transversal tungsten samples without being exposed to plasma and 
after exposure to a fluence of 8· 1025 m-2 D plasma with 6% He content at 700 °C base temperature. 

 

The FIB cuts in Figure 5.14 show that the microstructure below the surface was not 

observably affected by the plasma loads. The grain structure is similar between the 

unexposed sample and the exposed one. The tungsten fuzz can be observed on the 

interface between the platinum layer and the sample, but no bubble or blister 

formation was detected. This has been observed under similar conditions with more 

energetic particles 300-2000 eV [68] but also with particles within the energy range 

used in this work [121,122]. In all of these cases mentioned previously, however, the 

formation of blisters was observed at temperatures lower than the base temperature 

for the current experiments. Fuzz formation, such as was observed here, could be an 

issue for ITER, as it could make the tungsten more easily erodible, introducing a large 

amount of high Z material into the plasma [66]. 
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Figure 5.15. SEM micrograph of the surface of transversal and recrystallized tungsten samples after exposure to 
a fluence of 2· 1026 m-2 D plasma with 6% He content at 700 °C base temperature. 

 

After being exposed to a total plasma fluence of 2·1026 m-2, both transversal and 

recrystallized samples showed a similar behavior in the formation of tungsten fuzz 

(Figure 5.15). At this increased fluence, the density of the nanostructure formation 

appears much larger than in Figure 5.13. This was expected, as formation of fuzz 

highly depends on the helium ion fluence [76], and here it was about 2.5 times higher 

than in the previously shown case. Tendrils in the hundreds of nanometers range were 

formed in both samples, making it impossible to observe the tungsten surface with the 

SEM, which was still possible in the previous test.  
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5.3. Synergistic effects of particle and heat loads  
 

In sections 5.2.1 and 3.2.2, it was seen how transient heat and stationary particle loads 

affect tungsten in different manners. Heat loads, in this case transient thermal shocks, 

cause surface roughening and modification, intergranular cracking and 

recrystallization. A steady-state plasma load was shown to cause the formation of 

nanostructural tendrils (tungsten fuzz) and superficial pores. Both kinds of loads will 

normally be present in ITER simultaneously, and it is, therefore, the purpose of this 

chapter to study the synergistic effects of transient heat loads and steady-state particle 

loads. 

In a similar fashion to the thermal shock tests, laser pulses with an absorbed power 

density of 0.2, 0.4 and 0.8 GW/m2 were used to simulate the effect of ELMs on ITER’s 

PFMs. The pulse length of 0.5 ms and base temperature of 700 °C were kept constant 

throughout all experiments. In this case, tests with 104, 105 and 106 laser pulses were 

performed, with a frequency of 10 and 25 Hz, respectively. The summary of heat loads 

applied to the samples can be seen in Table 5.2. A steady-state plasma flux was applied 

simultaneously to the laser pulses. Three different fluxes were applied, 3.3, 6.0 and 

7.4· 1021 m-2s-1. Due to time restriction at the device, the full range of tests shown in 

Table 5.2 was only performed with the 3.3 m-2s-1 flux. A medium flux of 6.0 m-2s-1 was 

applied only to transversal samples, while the highest flux of 7.4 m-2s-1 was applied to 

both, recrystallized and transversal samples, in both cases performing only the tests 

with 105 laser pulses.  

For this reason, the results of all the tests with a flux of 3.3 m-2s-1 will be shown first, 

to analyze the effects of the different thermal shock regimes with a constant plasma 

flux. The tests with the different plasma regimes can then be compared while 

maintaining the thermal shock parameters. All results and parameter variations can 

then be compared and analyzed. Afterwards, the changes in the physical properties 

of the material caused by the synergistic loads will be analyzed more specifically using 

X-ray diffraction to analyze residual stresses in the surface of the samples and 

nanoindentation to determine the change in hardness in the recrystallized sample 

exposed to the highest loads. 
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Table 5.2. Summary of the thermal shock treatments applied to tungsten samples along D/He(6%) steady-state 
plasma loads. One sample of each microstructure, transversal and recrystallized, per treatment was tested. Each 
laser pulse had a duration of 0.5 ms and samples were kept at a 700 °C base temperature.  

Pabs (GWm-2) FHF (MWm-2s½) Number of pulses Frequency (Hz) 

0.2 4.5 

104 10 

105 10 

106 25 

0.4 9 
104 10 

105 10 

0.8 18 
104 10 

105 10 
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5.3.1. Effects of the variation of the thermal loads 
 

5.3.1.1. Tests with 10.000 laser pulses 

 

The tests with the lowest laser pulse number, 104, and a flux of 3.3·1021 m-2s-1, seen in 

Figure 5.16, already show signs of surface modification. Only the transversal sample 

exposed to a power density of 0.2 GWm-2 shows no visible signs of damage or surface 

modification. The recrystallized sample shows a slight roughening of the surface 

under these conditions, particularly in the grain boundaries, as well as a clear pore 

formation. This demonstrates already how the combined effects of both kinds of loads 

interact with the surface, the thermal shocks producing the surface roughening and 

the plasma particles causing pore formation. It also confirms that the transversal 

microstructure confers the material a higher damage threshold than the recrystallized 

microstructure [106]. 

At higher power densities, both kinds of microstructures show significant surface 

modification and roughening, but still no visible cracking. The transversal sample 

after exposure to 0.4 GWm-2 has a much smoother surface than what can be observed 

for laser only exposure in Figure 5.6. The recrystallized sample exposed to 0.4 GWm-2 

shows signs of fuzz formation. This, however, is not seen at the highest power density, 

which is a clear sign that the surface temperature temporarily increases above 1200 °C 

during the laser pulses. The nanostructures are not able to form above this 

temperature and can indeed be reintegrated into the surface at temperatures around 

1700 °C [66,78]. No nanostructure formation is observed in the transversal samples 

either. As in the case for the laser only tests, recrystallized samples seem more prone 

to forming micro- and nanostructures, whether they are tungsten fuzz or the jagged 

structures seen without the influence of plasma. This could possibly be attributed to 

differences in the dissipation of heat from the affected surface area into the bulk or 

due to the higher plastic deformability of recrystallized materials. It would require, 

however, further investigations to clearly prove whether this is the case or not, or if 

this trend can be seen after more samples are tested. 

At 0.4 GWm-2 and 0.8 GWm-2 pore formation is increased and some larger pores start 

to form. None of the smaller structures observed in the purely thermal shock tests 

(Figure 5.6 and Figure 5.7) were observed in either of these cases, also indicating that 

plasma loads hinder their formation [78].  
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Figure 5.16. Comparison of surface modification and damage of T and R samples after 104 0.5 ms laser pulses 
with a frequency of 10 Hz and an absorbed power density of 0.2, 0.4 and 0.8 GWm-2, at 700 °C base temperature, 
and a simultaneous steady-state D/He(6%) plasma flux of 3.3· 1021 m-2s-1 and a total plasma fluence of 4· 1024 m-2. 

 

The cross-section cuts of these samples were analyzed and can be seen in Figure 5.17. 

At the lowest power density, just as in the SEM images, the transversal sample shows 

no sign of damage or surface roughening, while a slight roughening can be observed 

in the recrystallized one. Aside from the roughening, there are no evident 

microstructural changes present. 

This trend is kept on the samples exposed to 0.4 GWm-2. The transversal sample shows 

only a very slight roughening and no sign of recrystallization at this scale. The 

roughening in the surface of the recrystallized sample is now more evident, with some 

small peaks forming on the surface. Additionally, some smaller grains can be seen 

near the surface, showing evidence of grain nucleation. 

The microstructural change and surface roughening are increased after exposure to 

0.8 GWm-2. Surface roughening severely increased in both samples. The transversal 

sample displays signs of recrystallization up to a depth of about 80 µm. In the 
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recrystallized case, the formation of smaller grains is observed significantly deeper 

into the sample, at around 150 µm below the surface. 

 

Figure 5.17. Cross-section cuts of samples after 104 0.5 ms laser pulses with a frequency of 10 Hz and an absorbed 
power density of 0.2, 0.4 and 0.8 GWm-2, at 700 °C base temperature, and a simultaneous steady-state D/He(6%) 
plasma flux of 3.3· 1021 m-2s-1 and a total plasma fluence of 4· 1024 m-2.  

 

5.3.1.2. Tests with 100.000 laser pulses 

 

The amount of laser pulses was then increased by an order of magnitude, to 105, while 

maintaining a flux of 3.3· 1021 m-2s-1. The frequency was kept at 10 Hz, which means 

the total fluence also increased by an order of magnitude, to 4· 1025 m-2. SEM 

micrographs of the surface of the samples can be seen in Figure 5.18. After exposure 
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to thermal shocks of 0.2 GWm-2, the same trend as in the 104 pulse tests can be 

observed. In this case, the transversal sample does show signs of surface roughening, 

but it is less visible than for the recrystallized sample. A detail to note is that there is 

an artifact on the image for the recrystallized sample, seen as darker grains. These 

could not be observed in any close-ups of the surface of the sample and are assumed 

to have no relevant physical significance. Additionally, nanostructural tungsten fuzz 

can be clearly seen in both samples. This phenomenon is not apparent in Figure 5.16, 

but the formation of these tendrils can be seen in the small pores observed in the 

surface.  

 

 

Figure 5.18. Comparison of surface modification and damage of T and R samples after 105 0.5 ms laser pulses 
with a frequency of 10 Hz and an absorbed power density of 0.2, 0.4 and 0.8 GWm-2, at 700 °C base temperature, 
and a simultaneous steady-state D/He(6%) plasma flux of 3.3· 1021 m-2s-1 and a total plasma fluence of 4· 1025 m-2. 

 

At higher laser power densities, all traces of tungsten fuzz formation disappear. Once 

again, the thermal shocks cause a momentary increase in the temperature of the 

tungsten surface and hinders fuzz growth [66,78]. The presence of tungsten fuzz in 

the recrystallized sample with 104 pulses might indicate a local zone with lower 

temperature. The laser heating, despite its square profile, will dissipate differently 

depending on the position within the sample and the surrounding temperature 

gradient and microstructure, particularly when surface roughening, cracking and 

recrystallization have taken place, modifying the original smooth surface. Surface 

morphology is especially relevant because the laser impacts the surface at an angle of 
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38°, and some areas might be shadowed from a direct impact of the laser beam. This 

might cause some areas to reach temperatures that impede fuzz growth and others 

where it does grow. Uneven tungsten fuzz growth has been observed in past 

experiments under similar conditions [76]. 

After the tests with 0.4 GWm-2 power density, with and without plasma, a smoother 

surface is obtained in the nanoscale. This could be an indication that both kinds of 

structures are formed and/or hindered by the same processes. Furthermore, the shark 

tooth-shaped nanostructure is not formed in any of the samples exposed to plasma 

particles. This could be caused by several reasons. The addition of plasma loading on 

the surface sample might locally increase the surface temperature in areas where 

thermal barriers are present such as happens when these structures start to form. This 

local temperature increase might enough to prevent the development of these 

formations. The presence of particle impingement has also been found to have an 

effect on recrystallization temperature and could affect other material properties, 

although this phenomenon is still under research [117]. This might cause the surface 

of the sample to recrystallize and the crystals to rearrange themselves without the 

presence of any outside nanostructure. This would be a similar phenomenon to the 

halting of fuzz formation at higher temperatures. The formation of nanobubbles might 

also prevent heat dissipation or prevent the plastic deformation of the material in a 

specific direction, preventing the formation of sharp structures. 

Even if fuzz is not formed, pores are still observed. Their size ranges from a few 

nanometers at lower power densities up to a diameter of hundreds of nanometers after 

exposure to the 0.8 GWm-2 laser pulses. This indicates that the basic process 

responsible for fuzz formation, namely, the formation of helium bubbles, still takes 

place at higher surface temperatures. However, there are competing processes that 

prevent the nanostructure formation from taking place. A higher temperature will 

increase the diffusion coefficient of atoms, accelerating the diffusion of helium into the 

bulk of the material and causing the helium bubbles to coalesce in order to reduce the 

surface tension of the bubbles. Additionally, tendrils, because of their thin, long shape, 

have a slower heat dispersion into the rest of the material. This will cause them to have 

a higher temperature than the rest of the surface, further accelerating their diffusion 

into the surface, or even causing them to melt back into the surface if the heat loads 

are high enough  [123]. 

Evidence of local melting can, in fact, be seen in the samples exposed to 0.8 GWm-2 

laser pulses. Figure 5.19 shows a close-up of the local melting on these samples, seen 

in the form of solidified tungsten droplets. Such droplets were not observed for the 

purely thermal loads, which indicates that the plasma loading influences their 

formation. The deformation of the surface due to the roughening and cracking leads 

to protruding sections which can act as thermal barriers and as leading edges. These 
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sections, in a similar manner as tungsten fuzz, will have a reduced ability to disperse 

heat. If the dispersion of heat is slow enough that the material cannot cool down to 

the base temperature between thermal shock events, heat will accumulate, and 

temperature will increase. This can lead, in some cases, to the observed melting of the 

material. Another contributing factor to the melting of the material is the reduced 

ability of the surface of the material to disperse heat caused by the bubbles forming 

inside the material [106]. 

 

 
Figure 5.19. Close-up of solidified tungsten droplets on T and R samples after 105 0.5 ms laser pulses with a 
frequency of 10 Hz and an absorbed power density of 0.8 GWm-2, at 700 °C base temperature, and a 
simultaneous steady-state D/He(6%) plasma flux of 3.3· 1021 m-2s-1 and a total plasma fluence of 4· 1025 m-2. 

 

The tests with 0.2 GWm-2 laser pulses show once again how the damage threshold of 

transversal tungsten is higher than for recrystallized tungsten. The transversal sample 

shows only slight surface modification, while the recrystallized one has a much 

rougher and uneven surface. This trend, however, switches when 0.4 GWm-2 laser 

pulses are applied to the samples. The transversal sample formed a crack network 

encompassing the whole laser spot, with wide cracks of about 100 µm width or more. 

The thermal shocks caused the surface of the recrystallized sample to roughen further, 

but cracks did not form, which did occur with the purely thermal loads. Once a Pabs of 

0.8 GWm-2 was applied, crack networks were present in both samples, with the 

transversal sample forming valleys of up to a few hundreds of micrometers, and the 

recrystallized one forming narrower ones. This increase in the amount and severity of 

cracks might be originated by the hydrogen embrittlement of the material [124]. Why 

a hydrogen embrittlement effect is observed for a Pabs of 0.8 GWm-2 but not for 

0.4 GWm-2 is uncertain. 
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In both of the samples exposed to a Pabs of 0.8 GWm-2, a clear swelling of the surface is 

observed, forming a cauliflower-shaped structure in the laser damaged area. This 

swelling can only be seen when applying both kinds of loads simultaneously and was 

not observed after the thermal load only tests. One reason why this swelling occurs 

might be the volume increase due to the bubble formation inside the material, which 

happens only when there are plasma particles entering the material and could not be 

detected in any of the samples exposed to thermal shocks exclusively. This bubble 

formation, along with the swelling, depends then not only on the fluence itself, but 

also on the temperature of the surface, in turn related to the power density deposited 

in each laser pulse. As mentioned above, this increases the diffusion of the gas into the 

bulk and the coalescing of smaller bubbles into larger ones, increasing the total volume 

of the material. 

Cross-section cuts of the samples were then performed and can be seen in Figure 5.20.  

In the samples exposed to the lowest power density, just as can be seen above in the 

SEM images of the surface, the transversal sample displays a slight roughening, but 

there is otherwise no visible sign of damage or microstructural changes. A more 

visible roughening is observed in the recrystallized sample, with grain nucleation 

already discernible, which was not seen on the samples tested with 104 pulses. 

These results contrast with those of the tests with purely thermal loads. When only 

thermal loads were applied, there were no observable signs of cracking, but the 

addition of the particle loads seems to accelerate microstructural changes. The stark 

difference in cracking behavior of both samples after the tests with 0.4 GWm-2 is just 

as evident in the cross-sections as it is in the SEM micrographs of the surface. The 

transversal sample displays cracks similar in shape and in depth, of about 200 µm, as 

the sample exposed to only laser. The recrystallized sample was resilient to cracking, 

with no signs of cracks and only superficial roughening being able to be seen in the 

cross-sections. Despite this, the microstructural changes were similar to those in the 

laser only tests. Recrystallization in polycrystalline materials is known to increase 

ductility, and this might have played a role in its tolerance to cracking, as well as the 

larger number of defects in the transversal sample which, as mentioned above, can 

increase crack formation. There might, however, be some other mechanism that takes 

place when plasma impacts the surface that affects the cracking of the surface only in 

the recrystallized samples. 

Once Pabs was increased to 0.8 GWm-2, any advantage in the resistance to cracking that 

the recrystallized sample might have had was overcome by the stresses caused by the 

increased energy being transferred into the sample. At this power density, the 

cracking behavior in both samples appears to be similar. Microstructural changes are 

observed deeper into the sample in the transversal case, though, at about 300-400 µm 

of depth, whereas there is not much grain nucleation in the recrystallized sample after 
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about 200 µm below the surface. This and the apparently increased resistance to 

cracking of recrystallized tungsten observed with Pabs = 0.4 GWm-2  might be due to 

the lower number of defects and grain boundaries within the material, which would 

mean a faster heat dissipation from the surface and into the bulk, reducing the damage 

caused by the thermal shocks. 

It is clear by comparing the results of the laser only to those of the simultaneous laser 

and plasma tests that plasma influences the cracking behavior of the material. It has 

been observed previously that samples pre-loaded with hydrogen by exposing them 

to hydrogen plasma are more susceptible to cracking than as-received samples. This 

can be explained by the trapping of hydrogen in the material. Trapping of hydrogen, 

and perhaps of helium as well, is enhanced by the presence of defects, such as 

vacancies, dislocations and grain boundaries [125]. Transversal samples have more of 

these defects, such as vacancies, dislocations and grain boundaries, and so can trap 

the gases more easily than recrystallized samples. The distortions in the lattice and in 

grain boundaries that are generated by the trapping of the gases cause stresses that 

can induce cracking, and the more gases that are trapped, the higher the stresses will 

be. This can explain both, the presence of cracking only on the synergistically loaded 

samples, and the higher cracking resistance of recrystallized samples [124]. 
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Figure 5.20. Cross-section cuts of T and R samples after 105 0.5 ms laser pulses with a frequency of 10 Hz and 
an absorbed power density of 0.2, 0.4 and 0.8 GWm-2, at 700 °C base temperature, and a simultaneous steady-
state D/He(6%) plasma flux of 3.3· 1021 m-2s-1 and a total plasma fluence of 4· 1025 m-2.  

 

 

5.3.1.3. Tests with 1.000.000 laser pulses 

 

As mentioned in the previous sections, the amount of ELMs currently expected in 

ITER is in the range of 106 or higher, thus, 105 laser pulses might not reveal the full 

extent of changes and damage in the PFMs that can be expected in the ITER divertor. 

Samples were therefore exposed to a million pulses of Pabs = 0.2 GWm-2 (Figure 5.21) 
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with a frequency of 25 Hz, keeping the same plasma conditions, resulting in a total 

fluence of about 2· 1026 m-2. Both samples showed increased damage when compared 

to the laser only tests (Figure 5.9). A crack network formed throughout the laser spot 

in both samples. The transversal sample, however, formed wider cracks all over the 

spot. Isolated wider cracks formed in the recrystallized one, while the majority of the 

crack network is composed of narrower ones.  

Nanometer sized bubbles can be seen throughout the surface. Once again, no bubbles 

were formed during the laser only experiments, even with such a large amount of 

laser pulses and an increased frequency. The pores are larger than those formed on 

the samples exposed to 105 pulses of 0.4 GWm-2 but still smaller than for the 0.8 GWm-2 

tests. The increase in pore size might be the combination of multiple factors. The total 

time the samples were exposed to the plasma was higher, leading to an increase in the 

total plasma fluence. This means there were many more gas particles entering the 

material to form these bubbles. The increased frequency could also have led to a hotter 

surface, aiding in the formation of the bigger gas bubbles. Finally, the added influence 

of a longer exposure time, higher frequency and reduced thermal conductivity as the 

surface is damaged all leads to an even higher surface temperature. For a clearer 

answer experiments with 105 pulses and 25 Hz frequency would be needed, this 

would, however, lower the fluence, making it difficult to isolate the factors causing 

this effect. 

In the recrystallized sample, a fuzz-like structure can be observed. It does not 

completely resemble the thin tendrils of fuzz. Instead, these formations appear to be 

the remnants of molten nanostructures. This seems to indicate the formation of fuzz 

or similar nanostructures, which then causes a local increase in temperature enough 

to cause local melting. Such molten nanostructures have been observed in previous 

studies after only 1000 laser pulses at higher power loads (0.76 GWm-2), which 

suggests, once again, that peak temperature accelerates the formation of fuzz and its 

melting at the same time. These tests were, however, performed under pure helium 

plasma, and the helium flux was therefore higher, which also would accelerate fuzz 

formation [126]. 

No evidence of nanostructure formation can be observed inside the laser spot of the 

transversal sample, despite pore formation throughout the surface being present, 

which is the basic mechanism for the formation of tungsten fuzz. A larger number of 

defects leads to a lower thermal conductivity. These defects have also been shown to 

facilitate bubble formation, which, in turn, also decreases thermal conductivity. This 

impaired thermal conductivity would lead then to an increased surface temperature, 

hindering fuzz formation. Whether this is actually the case would require, however, 

further investigation on the surface temperature during these tests and on the initial 

presence of defects and its eventual influence on bubble formation. If so, this 
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difference would probably only be relevant during the initial stages, as the surface 

will inevitably recrystallize, and most defects will be annealed. No evidence of larger 

solidified droplets was observed in either sample, indicating that the temperature 

remained, in general, below the melting temperature. 

 

 
Figure 5.21. SEM micrographs of transversal and recrystallized samples after 106 0.5 ms laser pulses with a 
frequency of 25 Hz and an absorbed power density of 0.2 GWm-2, at 700 °C base temperature and with a total 
plasma fluence of 2· 1026 m-2.  

 

Not all sections of the ITER divertor will receive the full load of ELMs and will 

therefore remain at lower temperatures. To analyze the effects to be expected in some 

of these areas, images were taken of the transition area (Figure 5.22) between the laser 

spot and the area unaffected by thermal shocks. It was already demonstrated that, 

lacking the influence of thermal shocks, no difference can be observed between the 

transversal and recrystallized materials (Figure 5.15). However, inside this transition 

area, there is still a visible difference between both microstructures. The surface of the 

transversal sample is rougher, with some fuzz formation, but the fuzz appears shorter 

and thicker, indicating some melting. In the recrystallized sample the fuzz is longer 
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and thinner, which indicates a less impaired growth. This confirms the observation 

that microstructure does influence fuzz growth. This difference appears, however, 

only when thermal shocks are combined with plasma loads. 

This does indicate that fuzz growth is to be expected in many surfaces of PFMs in the 

ITER divertor, except at the strike points where loads are high enough to impair its 

growth or melt it if it forms. 

 

 

Figure 5.22. SEM micrographs of the transition area between laser spot and the unaffected area of transversal 
and recrystallized samples after 106 0.5 ms laser pulses with a frequency of 25 Hz and an absorbed power density 
of 0.2 GWm-2, at 700 °C base temperature and with a total plasma fluence of 2· 1026 m-2.  

 

In Figure 5.23, the FIB cuts of the samples exposed to 106 laser pulses of 0.2 GWm-2 

and a total fluence of 2· 1026 m-2 can be seen. Both samples have a similar 

microstructure in the area of the cut, showing that recrystallization took place near the 

surface. No signs of tungsten fuzz can be seen in these images, contrasting with what 

was observed in Figure 5.14 in the sample loaded only with plasma and where the 

tungsten fuzz tendrils could be seen in the interface between the platinum protective 

layer and the sample surface. This was expected, as the transversal sample showed no 

signs of fuzz growth and the recrystallized one showed only some short tendrils. A 

few, barely visible, bubbles can be observed in the higher magnifications. None could 

be observed in the FIB cuts of laser only tested samples (Figure 5.11). This 

demonstrates that bubbles do form even at lower power densities, but their rate of 

formation and growth is much lower. Bubbles several times larger are observed in the 

transversal sample. This might be an effect of the higher initial defect density of 

transversal samples, which facilitates the formation and growth of bubbles, but more 

a larger number of samples and cross-sections would be needed to corroborate this 

difference. This means, at the same time, that surface temperature does not sufficiently 

increase to the point where bubbles are annealed, or that there is a competing effect 

between the annealing of the bubbles and their formation. 
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Figure 5.23. SEM micrographs of FIB cuts of transversal and recrystallized samples after 106 0.5 ms laser pulses 
with a frequency of 25 Hz and an absorbed power density of 0.2 GWm-2, at 700 °C base temperature and with a 
total plasma fluence of 2· 1026 m-2.  

 

The cross-section cuts of these samples (Figure 5.24) show similar results to those from 

the laser only tests (Figure 5.10) in crack length and recrystallization depth. Crack 

length increased in both cases, but the number of cracks observed in the cross-sections 

was lower. Recrystallization depth also increased in the transversal sample, which is 

to be expected with the additional load of the plasma particles. The heat transmitted 

by the plasma might cause local increases in temperature, particularly near thermal 

barriers such as cracks. The original grain structure in the recrystallized sample also 

changed significantly. This could already be seen in the laser only sample but is much 

clearer in this case. Smaller grains are formed near the surface and surrounding cracks, 

where the material might remain at higher temperatures for longer periods of time 

due to the hindering of heat dissipation by cracks. The constant thermal fatigue causes 

stresses in the material, generates defects and introduces energy into the lattice and, 

therefore, inducing the formation of the smaller grains. 
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Figure 5.24. Light microscopy images of the cross-section cuts of transversal and recrystallized samples after 106 
0.5 ms laser pulses with a frequency of 25 Hz and an absorbed power density of 0.2 GWm-2, at 700 °C base 
temperature and with a total plasma fluence of 2· 1026 m-2. 

 

 

5.3.1.4. Surface modification 

 

The measurement of surface mean roughness and maximum crack depth (Figure 5.25) 

shows that after exposure to 0.2 GWm-2 laser pulses, samples exposed to plasma and 

those exposed to only laser pulses show little difference. The transversal sample 

exposed to 105 pulses showed lower surface roughness and maximum crack depth, 

but this trend was not observed after 106 pulses. The difference between samples is in 

any case small and individual variations in the samples themselves might explain this 

difference, making it hard to draw conclusions in these cases. Samples exposed to 

plasma and 106 pulses do seem to have rougher surfaces and deeper cracks than those 

not exposed to plasma.  

In any case, samples showed only small cracks that might not hinder the performance 

of a fusion reactor. This is an important result, methods to mitigate ELMs are being 

intensely researched. One of the main methods is ELM pacing via D2 pellets or other 

methods. This would cause more frequent ELMs but with lower power densities. If 

ELMs can be successfully limited to power densities lower than 0.2 GWm-2, severe 

damage to the PFCs might be prevented throughout the lifetime of the ITER divertor 

[109].  
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Results after thermal shocks of 0.4 and 0.8 GWm-2 are just as inconclusive. The 

recrystallized sample exposed to both plasma and 0.4 GWm-2 laser pulses showed a 

significantly lower roughness and cracking, comparable to the results of samples 

exposed to 0.2 GWm-2. Both plasma exposed samples, after the 0.8 GWm-2 pulses, 

showed a significantly higher roughness and maximum crack depth. This seems to 

indicate that hydrogen embrittlement and bubble formation do have an effect, at least 

when higher power loads are involved, but once again, more samples should be tested 

to draw a definitive conclusion. The recrystallized samples also appear to form 

shallower valleys where cracks are formed. This, naturally, could be due to the 

aforementioned drawback of laser profilometry, as it can only detect changes in the 

surface topography in the z axis. The transversal microstructure provides a more 

direct route for cracks to grow vertically, promoting the formation of wider and 

deeper valleys, while the larger isometric grains of recrystallized samples would force 

cracks to take a more indirect route. This would slow cracks from reaching the cooling 

tubes in a full divertor component but might also facilitate the erosion of grains and 

hinder heat dissipation by generating heat barriers between the surface and the bulk 

of the PFMs which would pose an even greater risk to the performance of the reactor. 

A high surface roughness is, in itself, not detrimental to the divertor. In fact, a higher 

roughness has been shown to lower material erosion in molybdenum in the PSI-2 and 

also on simulations under fusion relevant conditions [127,128]. The higher roughness 

promotes the redeposition of the material after being sputtered. Assuming a similar 

behavior on tungsten, this would prevent sputtered particles from entering the 

plasma, which is one of the main concerns for the successful operation of ITER.  
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Figure 5.25. Mean arithmetic roughness and maximum depth of transversal (T) and recrystallized (R) samples 
after exposure to 105 or 106 (1M) 0.5 ms laser pulses with a frequency of 10 or 25 Hz, respectively, and varying 
absorbed power densities, at 700 °C base temperature. Samples exposed to plasma were exposed to a total 
plasma fluence of 4 · 1025 m-2 and of 2· 1026 m-2, respectively. The surface analyses were done by laser 
profilometry. 
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5.3.2. Effects of the variation of the plasma flux 
 

In the previous sections, samples were all tested under the same plasma flux 

(3.3 - 3.8· 1021 m-2s-1) and with a maximum plasma fluence of 2· 1026 m-2. It is projected 

that the ITER divertor will sustain a fluence of over 1030 m-2 during its lifetime [64], 

while the fluence in commercial, power-producing reactors will surpass 1031 per year 

[122]. Experiments at PSI-2 are not able to reach such high fluences in a reasonable 

amount of time. However, the influence of increasing the plasma fluence can be 

studied and insight into the effects that the elevated fluences will have on the ITER 

divertor can be obtained. Therefore, samples were exposed to 105 pulses and a plasma 

flux of 7.4· 1021 m-2s-1, resulting in a total plasma fluence of 2· 1026 m-2. 

 

 

Figure 5.26. Comparison of surface modification and damage of T and R samples after 105 0.5 ms laser pulses 
with a frequency of 10 Hz and an absorbed power density of 0.2, 0.4 and 0.8 GWm-2, at 700 °C base temperature, 
and a simultaneous steady-state D/He(6%) plasma flux of 7.4 · 1021 m-2s-1 and a total plasma fluence of 2· 1026 m-2.  

 

SEM micrographs of samples exposed to these conditions can be observed in Figure 

5.26. After exposing the samples to the lowest power density, long tungsten fuzz 

tendrils were formed. The fuzz formation is considerably more pronounced than for 

the tests at the lower plasma flux. In this case, the tendrils reach several hundreds of 

nanometers, while in the previous case they did not exceed 100 nm. Fuzz formation 
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has been observed to be accelerated at logarithmic rates by increasing the ion fluence 

[129]. It can also be seen that the nanostructures are thinner than in the experiments 

with lower flux. Thinner tendrils have been observed to form as fluence increases and 

fuzz length increases. As explained above, fuzz forms by the formation of helium 

bubbles which cause swelling in the material. These bubbles are present in the surface 

and inside the tendrils themselves. As fluence increases, the size of the bubbles 

increases and the tungsten is stretched, making the walls thinner. If the bubbles grow 

enough to reach the surface of the tendrils, the helium can be released, leaving narrow 

tungsten walls behind [77,130]. 

As mentioned at the beginning of this section, the fluence the samples were exposed 

to in these experiments is only a fraction of the fluence expected in the ITER divertor. 

Formation of tungsten fuzz in many areas of the divertor should, thus, be expected. It 

is also expected for the fuzz tendrils to be much longer than in these experiments in 

areas not exposed to thermal loads high enough to hinder their formation [130]. The 

formation of these nanostructures could lead to unipolar arcing in the plasma, 

enhancing the erosion of the material, which would be detrimental to the fusion 

reaction. On the other hand, there have been indications that the presence of fuzz 

might be able to increase the resistance to cracking in tungsten, which could increase 

the lifetime of some PFCs [131]. 

After exposure to 0.4 GWm-2, as in previous cases, no more tungsten fuzz is formed. 

It is, thus, possible to conclude that at higher power densities, tungsten fuzz formation 

is not merely slowed, but stopped completely. Similar to the results seen in Figure 

5.18, transversal samples were more prone to cracking than recrystallized ones, which 

suggests that this phenomenon is due to the characteristics of the microstructure and 

not an artifact of the samples.  

No large crack network was observed in any of the two samples exposed to 

0.4 GWm-2, with an isolated network of cracks in the transversal sample and only 

separate cracks being formed in the recrystallized one. Cracks are seen with more 

prevalence in the edges of the laser spot, which could also be seen in Figure 5.7 on 

laser-only samples. This reinforces the idea that cracks start in the edges of the area 

affected directly by the thermal shocks, where there is a greater temperature gradient 

and, therefore, greater compressive stresses generated by the expansion of the hot 

material and the constrain imposed by the colder material outside of the laser spot.  

After exposure to the highest power density, an arborescent, cauliflower-shaped 

structure, such as the one seen after the tests with the lower plasma flux, is observed. 

A crack network is also formed, with deep and wide valleys. Superficially, the 

transversal sample looks similar to the one exposed to the lower plasma flux, but the 

recrystallized sample formed a more evident separation between the laser spot and 
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the surrounding material, forming what seems like a crevasse between both sections 

of the sample.   

The most evident difference between the samples exposed to different plasma regimes 

is that the ones with the highest fluence present much larger pores in the surface, with 

pores measuring almost 1 μm in this case. A direct comparison between the pores 

formed in both samples can be observed in Figure 5.28. The higher the fluence, the 

higher the number of hydrogen and helium particles coming into contact with the 

surface of the material. This leads to more particles being absorbed by the material to 

form bubbles, which can then coalesce into larger ones. The difference in fluence was 

about 2.2:1, but the bubbles were many times larger, suggesting that bubble size does 

not increase linearly with fluence, but much faster. More data points are, however, 

necessary to establish an exact trend. 
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Figure 5.27. Comparison of surface modification and damage of transversal samples after 105 0.5 ms laser pulses 
with a frequency of 10 Hz and an absorbed power density of 0.2, 0.4 and 0.8 GWm-2, at 700-900 °C base 
temperature, and a simultaneous steady-state D/He(6%) plasma flux of 6.0· 1021 m-2s-1. 
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Figure 5.28. Bubble size comparison in transversal samples exposed to different plasma fluxes with a 
simultaneous exposure to 105 0.5 ms laser pulses with a frequency of 10 Hz and an absorbed power density of 
0.8 GWm-2. 

 

The first tests performed at the beginning of this project were done with only 

transversal samples and a plasma flux of 6.0· 1021 m-2s-1. Temperature control was 

problematic during these first tests, with the sample exposed to 0.2 GWm-2 reaching 

800 °C base temperature and the one exposed to 0.8 GWm-2 reaching up to 900 °C. 

This does not allow for a precise comparison with previously shown samples, but the 

results can still provide some insight into the behavior of tungsten and are depicted 

in Figure 5.27. The sample exposed to plasma only is also included in the image for 

ease of comparison with the results in the following section. A better temperature 

control was achieved by a more careful regulation of the heating elements and by 

using a holder with better heat dissipation capabilities for the tests where a higher Pabs 

was required. 

The behavior observed is comparable to the one seen in Figure 5.18 and Figure 5.26. 

Without any thermal shocks, no visible damage occurred, but the formation of 

tungsten fuzz is evident. At the lowest power density, surface modification was more 

significant than for the experiments with the lower plasma flux, but no cracks are 

observed as seen with the highest flux experiments, despite the higher base 

temperature. This confirms the influence of plasma on surface modification and 

cracking, probably due to the effect of hydrogen embrittlement.  

The experiment with 0.4 GWm-2 can be more accurately compared to the experiments 

with lower and higher plasma flux as only in this case was the base temperature kept 

at approximately 700 °C. The sample shows an extensive crack network such as the 

one observed with the lower plasma flux.  At the highest power density, extensive 

cracking and evidence of localized melting can be observed, in a similar way as in 

previous results. The elevated base temperature did not cause any evident differences 

in the damage suffered by the sample. The size of the superficial pores also increased 
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in comparison to the samples exposed to a lower plasma flux but did not reach the 

size of those exposed to the higher flux. 

 

 

 

Figure 5.29. Mean arithmetic roughness and maximum depth of transversal and recrystallized samples after 
exposure to 105 0.5 ms laser pulses with a frequency of 10 Hz and varying absorbed power densities, at 700 °C 
base temperature. Samples were simultaneously exposed to a steady-state D/He(6%) plasma flux of 
3.3· 1021 m-2s-1 and a total plasma fluence of 4· 1025 m-2 (low flux) or a plasma flux of 7.4· 1021 m-2s-1 and a total 
plasma fluence of 2· 1026 m-2 (high flux). The surface analyses were done by laser profilometry. 

 

The mean arithmetic roughness and maximum depth (relative to the original surface) 

of the samples exposed to both, lower and higher fluxes, can be observed in Figure 

5.29. After exposure to the lowest power density, the results seem to be very similar 
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between the samples exposed to the different plasma fluxes. Only the transversal 

samples exposed to a lower flux showed a significantly lower surface roughness and 

maximum depth. After exposure to 0.4 GWm-2, the trend is the opposite and only the 

transversal sample exposed to a lower flux showed a higher roughness and depth. In 

both cases, it would be impossible to affirm this is a significant result. After exposure 

to the maximum power density, however, surface roughness was very similar, and 

only the same sample as before showed a different behavior in its maximum depth. 

This indicates that at higher power loads, the effect of the thermal shocks and the 

recrystallization due to the high temperatures reached by the material in its surface 

counteract any initial differences in the behavior of the material initially caused by the 

different microstructures. At the same time, the variation of the plasma flux seems to 

have had little to no effect on the surface roughness and maximum depth reached. 

To further investigate the effects of varying the plasma flux, a 2D line profile was 

obtained from the laser profilometer measurements. This allows the determination of 

the presence of possible effects on the samples, such as the swelling of the material. 

The 2D line profiles of samples exposed to 105 laser pulses with Pabs = 0.8 GWm-2 and 

no plasma (Figure 5.30), low flux (Figure 5.31) and high flux (Figure 5.32) are 

presented for this purpose. The approximate original surface is illustrated with a red 

line. The original surface might appear slanted in the line profiles due to several 

reasons. The samples might have been cut slightly slanted during the EDM cutting 

process from the original material or the polishing of the samples might have 

produced a slanted surface. Additionally, during exposition in the PSI-2, parts of the 

graphite used on the sample holder remains attached to the back of the sample and 

this could affect the laser profilometry measurements. Lastly, the areas of the sample 

where the line profiles cut off might have still been affected by the thermal shocks, 

modifying their height in the line profiles. This might have had a small effect on the 

line profiles themselves, but not on the Ra measurements. 



 

81 
 

 

Figure 5.30. 2D line profiles obtained by laser profilometry of the samples exposed to 105 laser pulses with 
0.8 GWm-2 and no plasma. 
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Figure 5.31. 2D line profiles obtained by laser profilometry of the samples exposed to 105 laser pulses with 
0.8 GWm-2 and a simultaneous steady-state D/He(6%) plasma flux of 3.3· 1021 m-2s-1. 
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Figure 5.32. 2D line profiles obtained by laser profilometry of the samples exposed to 105 laser pulses with 
0.8 GWm-2 and a simultaneous steady-state D/He(6%) plasma flux of 7.4· 1021 m-2s-1. 

 

In Figure 5.30, just as in the SEM images of the samples exposed only to thermal 

shocks, very few cracks can be identified. In these cases, only one big crack can be seen 

in each of the line profiles, with a large protuberance of material in the center, with a 

rugged surface, but no cracks visible. This bump observed is probably a product of 

the plastic deformation generated by the rapid heating and expansion which occurs 

during the laser pulses, expansion which is prevented by the material present around 

the laser spot, leaving as only possibility the upward movement of the material [50]. 

Aside from the increased cracking observed in the samples when plasma irradiation 

is combined with thermal shocks, which has been discussed in previous sections, it 

can also be observed on the line profiles that there is an increased deformation of the 

surface of the samples. The bulging of the laser only samples reaches about 100 μm 

above the original surface in the center of the dome formed in the middle of the laser 

spot. After applying the combined loads, the material protrudes more than 300 μm 

with several sharp peaks and valleys being formed. This indicates that the plastic 

deformation suffered by the samples due to the rapid heating from the laser pulses is 

more severe than in the previous cases without plasma. This can be a direct effect of 

the additional heat loads on the surface from the plasma irradiation. Surface 
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temperature can indeed have a large effect on the elevation of the surface as has been 

observed in electron beam experiments without any plasma, where higher thermal 

loads indeed increased the deformation, but this effect was also observed by 

increasing the base temperature [132]. This means that the increased temperature 

facilitates the deformation of the material. Whether plasma particles themselves have 

an effect on this phenomenon could not be proven, as no significant difference was 

observed after increasing the plasma flux. However, surface protrusions are more 

drastic due to the bubble formation under the surface, which decrease the density of 

the material and cause it to swell. The presence of such protruding structures could 

generate very high temperature areas in the sample surface, increasing erosion of the 

material, making surface swelling an important issue. Thus, bubble formation is 

analyzed more closely in the next section.  
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5.3.3. Bubble formation 
 

Bubble formation can affect the material properties in the ITER divertor and other 

parts of a fusion reactor, including thermal conductivity, fuel retention and cracking 

behavior. Thus, it is important to study bubble formation and to understand the 

mechanism and the causes of this phenomenon, in order to predict how this will affect 

the PFCs of ITER and possibly future reactors as well. Cross-section cuts are not 

optimal for the study of bubble formation, as the process of cutting, polishing and 

chemical etching of the cross-section destroys most, if not all, information about 

bubble formation that could have been obtained. Focused ion beam (FIB) is then 

necessary to study this phenomenon. Because of the amount of time required for FIB 

analyses, only select samples were chosen to be analyzed. The first FIB cuts on samples 

were performed on the first samples to be exposed in PSI-2 (Figure 5.27), in order to 

obtain more information on how the material’s microstructure changed below the 

surface. The results are shown in Figure 5.33. 

In the images of the FIB cuts, the uppermost layer on the surface is the protective layer, 

in this case composed of platinum. In the first two samples the formation of tungsten 

fuzz is noticeable between the platinum layer and the bulk tungsten. Very small 

nanometer-sized bubbles can be seen in this fuzzy layer. It is hard to identify which 

bubbles are actually inside the tungsten material and which are simply areas which 

were not completely filled by the platinum layer. Despite this, some bubbles are 

evidently formed in the tungsten sample very near the surface and even inside the 

nanotendrils, which is to be expected, as this is the mechanism of formation of these 

nanostructures [76,77]. 

After exposure to 0.4 GWm-2 laser pulses, larger bubbles of tens of nanometers are 

observed up to 100-200 nm below the sample surface, comparable to what was 

observed in similar studies [101]. After increasing the power density to 0.8 GWm-2 the 

bubble size also increases dramatically, reaching about 1 µm in size in some cases. 

These bubbles are not seen any more in areas close to the surface and only start being 

observed around 1-2 µm deep into the bulk. At the temperatures reached with this 

power density (over 2000 °C), helium particles will diffuse rapidly. Thus, they will 

either move deeper into the material, coalescing to form the large bubbles observed 
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(note that very few small bubbles are observed) or move towards the surface and 

escape. 

 

 

Figure 5.33. FIB cuts of transversal samples after 105 0.5 ms laser pulses with a frequency of 10 Hz and an 
absorbed power density of 0.2, 0.4 and 0.8 GWm-2, at 700-900 °C base temperature, and a simultaneous 
steady-state D/He(6%) plasma flux of 6.0· 1021 m-2s-1. 
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FIB cuts of a transversal sample exposed to laser only (0.8 GWm-2) under similar 

conditions is shown in Figure 5.34, where no sign of bubble formation can be seen. 

This case demonstrates how bubbles will not form when plasma loads are not present, 

even at the highest laser power densities. 

 

 

Figure 5.34. FIB cuts of transversal samples after 105 0.5 ms laser pulses with a frequency of 10 Hz and an 
absorbed power density of 0.8 GWm-2, at 700 °C base temperature. 

 

It is apparent from the results shown until now that after the simultaneous exposure 

to 105 laser pulses of 0.8 GWm-2 and plasma loading that a significant amount of 

swelling occurs in the samples. One of the reasons why this occurs is that the 

formation of bubbles inside the material reduces its density and, therefore, the total 

volume of the sample increases. To study this possibility, the FIB cut shown in Figure 

5.33d was analyzed with the ImageJ Image Analysis software. By converting the 

image into a binary black and white image, the amount of space occupied by the 

bubbles in the cross-section was able to be determined. Due to the difference in 

brightness in different parts of the image, the analysis had to be performed only in 

certain areas of the image, as shown in Figure 5.35. 
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Figure 5.35. Analysis of bubble formation via ImageJ image analysis software. The marked areas show the areas 
that could be analyzed. The FIB cut was performed to a transversal sample exposed to 105 0.5 ms laser pulses 
with a frequency of 10 Hz and an absorbed power density of 0.8 GWm-2, at 900 °C base temperature, and a 
simultaneous steady-state D/He(6%) plasma flux of 6.0· 1021 m-2s-1. 

 

In both these images, a bubble coverage of approximately 3% of the total area was 

obtained. This is not to be taken as a precise result, as the result might not be 

representative of the whole sample. The FIB cut was performed in one of the solidified 

droplets observed in the sample surface, and the amount of volume occupied by 

bubbles could be very different in areas of the sample where no melting occurred, or 

even those shadowed by the topography of the sample from a direct exposure to the 

laser beam. What this analysis shows, however, is that bubbles can take up a 

significant amount of the volume in the near-surface area of the sample and exacerbate 

the swelling of the material. 

Because of the already mentioned effects of these bubbles on the physical properties 

of tungsten, particularly on its thermal conductivity, further tests were performed to 

study this phenomenon. It is of particular interest to analyze the initial formation of 

these bubbles and which factors might affect their formation. Transversal and 

recrystallized samples were thus exposed to the same conditions but reducing the 

amount of laser pulses to 104 (Figure 5.36). This was only performed with a Pabs of 

0.8 GWm-2, as no large bubbles were observed in the samples exposed to lower power 

densities. It can be assumed that none will be observed with a lower pulse number. 
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Figure 5.36. FIB cuts of transversal and recrystallized samples after 104 0.5 ms laser pulses with a frequency of 
10 Hz and an absorbed power density of 0.8 GWm-2, at 800 °C base temperature, and a simultaneous steady-state 
D/He(6%) plasma flux of 5.2-5.6· 1021 m-2s-1. 

 

From these tests, it can be concluded that bubble formation can be expected already 

in the early stages of the lifetime of a reactor. They start forming in the area near the 

surface, in the first tens of nanometers, where most of the bubbles are observed in 

these samples, as well as in previously shown results with lower power densities. 

Therefore, it can be concluded that helium plasma particles initially only penetrate the 

material shallowly and do not travel deep into the bulk. In order for this to happen, 

diffusion must take place. This is a process which is rapidly accelerated by an increase 

in temperature.  As also mentioned in the previous sections, the trapping of helium 

occurs faster in defects such as vacancies, and these defects are more prevalent in 

transversal samples than in recrystallized ones and the consequence of this can be 

clearly observed in the FIB cuts. Small helium bubbles can be seen in both samples 

near the surface. The transversal sample, however, formed several larger bubbles in 

this area. Additionally, the transversal sample also formed a bubble cluster deeper 

into the surface, at a depth of approximately 1 µm (Figure 5.36, top right). As these 

clusters continue forming and the bubbles diffuse, larger bubbles will form, eventually 

producing a microstructure such as the one observed in Figure 5.33d. The differences 

in bubble formation between both kinds of samples might disappear once 
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recrystallization and grain nucleation take place due to the high temperature in the 

surface of the samples. The microstructure in both samples shown seems similar, 

which means that the surface of the transversal sample has already undergone a 

recrystallization process, and both have been plastically deformed. A higher defect 

density in the transversal sample can still be present if the recrystallization process 

has not yet been completed.  
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5.4. Residual stresses after exposure  
 

Residual stresses should be expected in most fabrication processes for metals and 

any thermomechanical treatment of a material. They can either improve or 

degrade the physical properties of the materials, depending on the material and 

the magnitude, direction and position of the residual stresses in question. This can 

influence such factors as the structural integrity, corrosion resistance, resistance to 

cracking, fatigue life and hardness of materials [133,134]. This means that knowing 

the residual stresses that will be present in the ITER divertor after its fabrication 

process is of critical importance to understand its behavior under fusion 

conditions. And since residual stresses can form or relax with thermal treatments, 

fatigue, microstructural changes, surface roughening and cracking, understanding 

how these stresses change as fusion relevant loads are applied to ITER grade 

tungsten will help shed light on the expected evolution of the material once the 

fusion reactor start operating. 

In order to achieve this, the transversal and recrystallized tungsten samples 

exposed to D/He(6%) and to 104 and 105 ELM-like thermal shock events were 

analyzed utilizing the sin2Ψ (see section 2.8) to determine the residual stresses in 

the sample surface. An example of the sample preparation is shown in Figure 5.37. 

The samples were covered by a copper foil except in the areas where it was desired 

to analyze the residual stresses. This was necessary particularly in the laser spots, 

as the area of measurement of the XRD device is larger than the laser spot, and the 

copper foil prevents the X-rays from interacting with the surrounding area of the 

sample, which would otherwise result in incorrect signals being taken into 

account. The peaks caused by the copper foil can then be omitted. 

The results of the determination of residual stresses in the surface of the samples 

can be observed in Figure 5.38 for the samples exposed to 104 laser pulses and in 

Figure 5.39 for the samples exposed to 105 laser pulses. The exact values and 

standard deviations can be found in the appendix. The rough surface in many of 

the samples, however, introduces various uncertainties into the measurements, 

particularly in the most damaged samples. Nevertheless, the method does show a 

trend in the residual stresses of the samples after the different treatments, and this 

is what will be discussed below.  
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Figure 5.37. Image of a tungsten sample prepared for the XRD measurement of residual stresses. The cracked 
surface is the laser spot, and the blackened area was exposed to plasma loads only. The copper foil is used to 
isolate the desired area from its surroundings.  

 

First, an as-received transversal sample was analyzed to determine the stresses 

introduced by the cutting, grinding and polishing of the samples. This is an expected 

effect of mechanical treatments on a material [135]. Lower, but still significant, 

compressive stresses are also observed in transversal samples in the sample regions 

affected only by plasma (steady-state D/He(6%) plasma flux of 3.3· 1021 m-2s-1 and a 

total plasma fluence of 4· 1024 m-2, shown in the graphs as samples exposed to 

0 GWm-2). It is possible that the plasma irradiation has an effect on the relaxation of 

the residual stresses, although it is more probable that the heating of the samples 

partially anneals the samples, and the stresses are relaxed. This could not be measured 

in the case of the recrystallized samples. The measurement of the diffraction peaks via 

XRD for polycrystalline samples requires a high enough number of the grains to have 

the required orientation to satisfy Bragg’s equation and diffract the incident beam. 

Due to the larger size of the recrystallized grains, this condition could not always be 

met satisfactorily, resulting in a large spread in diffraction peak intensities and 

positions. This made it impossible to obtain meaningful measurements on these 

samples until thermal loading was applied. Nevertheless, it can be safely assumed 

that no significant residual stresses were present in recrystallized samples before their 

loading in PSI-2, as the recrystallization process entails a relaxation of any residual 

stresses previously present in the material. It would also not be expected that any large 
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residual stresses would be included by the plasma loading, as it only has an effect on 

the surface at a very small scale. Neither is it expected for those previously existing 

residual stresses to have been relaxed in any significant amount by the relatively low 

base temperature of 700 °C, which is several hundreds of degrees lower than the 

recrystallization temperature of tungsten.  

The recrystallized samples exposed to 104 laser pulses presented a considerable tensile 

residual stress on their surface. Since the recrystallization process relaxes any residual 

stresses previously present in the material, it can be assumed that these tensile stresses 

were generated when plasma and laser loading was applied. The fact that after 

exposure to 0.4 GWm-2 the residual stresses in the transversal sample changed from 

compressive to tensile means that under such conditions tensile stresses are indeed 

generated in the sample. 0.2 GWm-2 might not be enough to overcome the initial 

compressive stresses present in the transversal sample, but enough to generate tensile 

stresses in a relatively stress-free surface. Once the power density is increased, the 

tensile stresses caused by the localized heating of the material and subsequent fast 

cooling by heat conduction to the colder surroundings could overcome the 

compressive stresses originally present [41]. Once Pabs is increased to its maximum 

value, the residual stresses can be seen to slightly decrease. This is in part due to the 

cracking, which allows the material to expand and contract more freely, and due to 

the higher temperature obtained in the surface during the laser shots, which leads to 

the surface recrystallization discussed in previous sections. The formation of tensile 

residual stresses contradicts the findings in previous studies, which found that 

irradiated tungsten formed compressive and not tensile stresses, as well as 

recognizing the formation of a second tungsten phase (β-W). These studies were, 

however, done with only up to 10 plasma pulses of 3 µs, and might not represent the 

behavior after a longer exposure [59]. 

The presence of compressive residual stresses in the transversal samples can explain 

the larger cracking threshold of transversal samples when compared to recrystallized 

ones, as compressive residual stresses can hinder crack formation [133,135]. Tensile 

stresses, on the other hand, are undesirable in many cases including in the ITER 

divertor, as they facilitate cracking. The presence of these stresses might be one reason 

to opt for transversal samples, although, as seen in this and previous sections, in the 

sections of the ITER divertor exposed to the highest loads, recrystallization will 

quickly take place and the original stress condition of the material might not be 

relevant to the long-term performance of the PFCs. 
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Figure 5.38. Measurement of superficial residual stresses in transversal and recrystallized tungsten samples 
exposed to 104 laser pulses with varying absorbed power densities and a steady-state plasma flux of 
3.3· 1021 m-2s-1 at 700 °C base temperature. Due to the large grain size, it was not possible to measure the residual 
stresses in the recrystallized sample before loading. 

 

The samples exposed to only plasma loading shown in Figure 5.39, similarly as in the 

ones exposed to a lower fluence in Figure 5.38, present compressive tensile stresses on 

their surface. The sample exposed to the lowest flux, 3.3· 1021 m-2s-1, showed no 

significant change compared to the previous sample exposed to the same conditions 

for a shorter period of time. After increasing the flux to 6.0· 1021 m-2s-1, the magnitude 

of the stress was reduced considerably. This points to a possible influence of the 

plasma itself on the surface stresses, perhaps the faster formation of nanobubbles and 

tungsten fuzz influences the superficial stresses, and the effect could not be observed 

at the lowest flux. Once thermal shocks are included, tensile stresses are once again 

formed. In this case, the transversal sample exposed to a low flux and low Pabs showed 

a tensile residual stress, meaning that even a low Pabs can have an effect on the 

formation of these stresses, but it requires a higher number of pulses to have an 

observable effect. This is why it could not be observed in the previous experiment with 

only 104 pulses. 

For all the other samples, both transversal and recrystallized, exposed to 0.2 GWm-2 

considerably lower, but still significant, compressive residual stresses were observed. 

This indicates that the higher plasma flux does partly aid in the relaxation of surface 

residual stresses. Their effect on the stress relaxation might be only indirect, in that 

plasma embrittles the material and this causes an increase in cracking, which in turn 

causes a reduction in residual stresses. This effect can be more clearly seen once the 
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power density is increased to 0.4 Wm-2. A general trend can be observed where the 

stresses decrease and, in most cases, it can be said that the surface is essentially stress-

free. 

At the maximum power density, some stresses seem to appear, both compressive and 

tensile, with no trend to be observed, as both compressive and tensile stresses seem to 

be present in different samples. This is most probably due to the highly damaged and 

uneven surface, which lowers the accuracy of this method. This might make it seem 

as if some stresses form due to the increased noise in the signal obtained in this 

method, even if the surfaces remain, presumably, nearly stress-free.  

 

 

Figure 5.39. Measurement of superficial residual stresses in transversal and recrystallized tungsten samples 
exposed to 105 laser pulses and different fusion relevant conditions in PSI-2 at 700 °C base temperature.  
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5.5. Nanoindentation tests 
 

In previous sections, an overview of the behavior of tungsten after exposure to fusion 

relevant conditions was given. This was done by analyzing the macro- and 

microscopic changes in the different samples after exposure to various conditions. As 

important as these tests are to predict the behavior and lifetime of PFCs in ITER and 

other fusion devices, a focus on more fundamental physical characteristics of the 

materials can shed some light on how the materials will behave once the reactors are 

working at full power. Hardness is one such physical property, which can be 

determined without requiring special sample geometries such as would occur in the 

case of other material properties, e.g.: tensile strength. Still, the cracking and formation 

of structures at different scales can affect the hardness measurement in a sample by 

methods such as indentation. To eliminate the influence of these other variables, a 

nanoindentation device can be utilized.  

Nanoindentation is a versatile tool that can reveal how hydrogen and helium 

implantation and other effects of fusion relevant conditions can affect the hardness of 

tungsten and other PFMs. The recrystallized tungsten sample exposed to the highest 

power load (Figure 5.18f) was chosen for this analysis, as it was expected that it would 

showcase the best comparison between loaded and unloaded areas and the grains 

would be large enough to be discerned from each other.  

The indentations were performed on the cross-section of the sample (Figure 5.20f). 

This was done, firstly, because nanoindentation tests require a smooth surface to be 

performed and the sample surface was too rough, as even a mechanically polished 

surface might be rough enough to cause a large scatter in the data points [136]. 

Mechanically polished surfaces and deformed surfaces in general also have an 

increased dislocation density, which has an impact on nanoindentation 

measurements. The cross-section was, therefore, mechanically polished and then 

chemically etched to obtain a surface as smooth as possible. And secondly, to analyze 

the hardness of the sample in relation to the depth of the indentations. This could be 

seen as an analysis of how deeply below the surface do the plasma loading and 

thermal shocks have an effect on the material properties. A view of the diamond 

Berkovich tip used by the device and some of the indentations performed can be seen 

in Figure 5.40. As it can be observed in the images, the position of each indentation 

can be precisely selected to be performed inside a single grain if so desired and if the 

force applied is low enough for indentations to fit inside the grains. For the 

experiments, a force of 10 mN was applied to ensure the indentations would fit inside 

even the smaller grains. In this way, different individual grains can be selected to 

determine the effect of grain orientation in the outcome of the tests. This can be done 

by the coupling of EBSD with the SEM, and then comparing the individual grains 
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tested with their hardness and their grain orientation. It also allows the elimination of 

effects that would increase the scattering of measurement values, such as performing 

an indent on or near a grain boundary, or on top of a large pore. Grain boundaries in 

particular can have a large effect on the outcome of the tests, due to the lower atomic 

binding and the increased concentration of dislocations inside them [137]. Note that 

in Figure 5.40 some indents landed very near to each other, this is generally not 

desired. Performing an indentation test too closely to previous indentations will 

modify the results obtained due to the plastic deformation present in the surface after 

each test. In such cases, the result of the second test was not taken into account. 

 

 

Figure 5.40. Example of the nanoindentation process of the recrystallized sample exposed to 105 0.5 ms laser 
pulses with a frequency of 10 Hz and an 0.8 GWm-2, at 700 °C base temperature, and a simultaneous steady-
state D/He(6%) plasma flux of 3.3· 1021 m-2s-1. 

 

The first tests were performed on the more superficial parts of the sample, less than 

50 μm from the surface (Figure 5.41, a). Some of the indents performed can be seen in 

Figure 5.40, right side, where signs of localized melting can be seen and there are 

larger, plastically deformed grains than in the loaded area deeper under the surface. 

This section of the sample had the highest hardness compared to other sections of the 

sample, 7.5 ± 0.4 GPa. In this case, an effect was observed where the first indent 

performed in each grain displayed the highest hardness, with a subsequent drop in 

hardness of up to 16% in all subsequent indents performed on the same grain. This 

effect was not observed in any of the other sections of the sample. This area of the 

sample is evidently highly plastically deformed by the large stresses it was subjected 

to during the exposure and part of the increase in hardness can be explained by strain 

hardening, which has been observed in tungsten heavy alloys used as penetrators 

against armor plates [138]. 
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Figure 5.41. Different sections of the sample tested with the nanoindenter. a) Laser+plasma loaded (top, near 
the surface), b) laser+plasma loaded (middle, deeper into the surface), c) plasma-only loaded, d) not loaded 
(bulk). 

 

The other sections analyzed were, firstly, the laser and plasma loaded area, deeper 

below the surface (Figure 5.41, b), where smaller grains product of grain nucleation 

can be observed. Secondly, farther below the loaded area, where no indication of 

microstructural change is observed and is assumed to have received no load of any 

kind. And, lastly, in the near-surface area outside the laser spot, thus having been 

affected by plasma particles but not the thermal shocks. The results of the indentations 

in these different sections can be observed in Figure 5.42. 

As seen in the graph, the top of the loaded surface displayed an increase in hardness 

of about 40% compared to the unloaded parts of the sample. This result is comparable 

to previous similar tests performed with different techniques, which observed a 30% 

hardness increase after W and He ion bombardment of a tungsten sample [139]. The 

average hardness in the middle of the loaded area was only 7% higher than for the 

unloaded section. It must be mentioned, however, that the spread in this area of the 

sample is quite large, and the hardness had a significant, gradual decrease from the 

section closer to the top and the one closer to the bottom. In Table 5.3, the range of the 

measurements for each section, and the number of indents performed can be 

compared. 
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Figure 5.42. Comparison of the hardness measurements of the recrystallized sample exposed to 105 0.5 ms laser 
pulses with a frequency of 10 Hz and an 0.8 GWm-2, at 700 °C base temperature, and a simultaneous steady-
state D/He(6%) plasma flux of 3.3· 1021 m-2s-1. The measurements were performed with a diamond Berkovich 
tip and applying 10 mN of force. 

 

Despite the lower number of tests in the areas of the sample without thermal shock 

loading, it can be seen that the scatter of the hardness values is very low. There is also 

no significant difference between the hardness in these two areas, even taking into 

account that one of them was exposed to plasma. This seems to indicate that plasma 

has no significant effect on the hardness of the material in these conditions on 

recrystallized tungsten. This agrees with what has been observed in previous 

experiments, where it was determined that hydrogen and helium irradiation increases 

hardness in as-received tungsten samples, but does not affect hardness in 

recrystallized tungsten (at comparable base temperatures to this work) [140], although 

these tests were performed with much higher helium ion energies (1 MeV). At lower 

energies of 50 keV, a significant difference in hardness could be observed also in 

transversal tungsten [141]. It would, therefore, be revealing to perform this test also in 

the transversal samples to corroborate these observations. The values obtained in this 

work for the grains unaffected by the laser are also very close to the values obtained 

for recrystallized tungsten from the same provider, without any kind of plasma or 

thermal load [142]. 

In contrast to this, in another previous work, an increase of only 5% in the hardness of 

tungsten  was observed in samples exposed to helium plasma and helium plasma plus 

rhenium ion irradiation [143]. These differences are probably caused by the different 

conditions under which samples were exposed in these previous experiments. The 
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hardening effect of helium plasma has been determined to be caused by the formation 

of nano-bubbles  in the surface of the material, and the filling of already existing 

vacancies and of these newly-formed bubbles by helium [73]. A similar effect was also 

observed with pure deuterium irradiation, where the hardening effect was attributed 

to nanocavities formed by the plasma particles and were, presumably, filled with 

deuterium. This pins geometrically required dislocations caused by the formation of 

the cavities and hinders dislocation motion. The presence of deuterium was 

corroborated by NRA measurements, but whether deuterium fills these cavities or is 

located somewhere else is not yet proven. The lower mobility of dislocations has also 

been observed to be responsible for a higher hardness but also a higher yield stress on 

irradiated surfaces [74,144]. The hardening effect disappeared after desorption of the 

deuterium [74]. 

 

Table 5.3. Comparison of the hardness measurements of the recrystallized sample exposed to 105 0.5 ms laser 
pulses with a frequency of 10 Hz and an 0.8 GWm-2, at 700 °C base temperature, and a simultaneous steady-
state D/He(6%) plasma flux of 3.3· 1021 m-2s-1. The measurements were performed with a diamond Berkovich 
tip and applying 10 mN of force. 

Section Average 
hardness 
(GPa) 

SD (GPa) Min. Value 
(GPa) 

Max. Value 
(GPa) 

Number of 
indents 

Loaded 
(top) 

7.5 0.4 7.00 8.18 9 

Loaded 
(middle) 

6.0 0.7 4.95 7.79 36 

Not loaded 
(below) 

5.4 0.2 5.20 5.58 6 

Not loaded 
(side) 

5.4 0.3 5.01 5.66 4 

 

As mentioned above, the crystal orientation of the individual grains can have an effect 

on the hardness measurements of polycrystalline samples [145]. The measurements 

performed can, therefore, be compared to an EBSD orientation map such as seen in 

Figure 5.43 to determine whether certain crystal orientations are affected more 

strongly by the synergistic loads studied in this work. As already discussed, there is 

no significant difference between the individual measurements in the areas unaffected 

by the laser pulses nor is there, in any case, a sufficient number of data points to make 

a meaningful analysis (see Table 5.3). These areas will therefore not be included in this 

discussion.  
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Figure 5.43. EBSD orientation map of the recrystallized tungsten sample exposed to 105 0.5 ms laser pulses with 
a frequency of 10 Hz and an 0.8 GWm-2, at 700 °C base temperature, and a simultaneous steady-state D/He(6%) 
plasma flux of 3.3· 1021 m-2s-1. 

 

At the top of the loaded area, two different grains with different crystal orientations 

(a and b in Figure 5.44) were analyzed. No significant difference was observed in these 

cases. For the smaller grains, a larger number of grains with different crystal 

orientations were then tested as indicated in Figure 5.44. No measurable relationship 

between crystal orientation and hardness values was observed here either. It should 

be added that not all measurements could be matched to a certain grain, this was only 

possible for 28 of the indents. 

Past experiments performed on helium irradiated tungsten observed a higher 

hardness increase on (001) crystals than for other crystal orientations [145]. These 

experiments were performed on the irradiated surface of the sample directly, as the 

sample surface remained smooth enough after irradiation. In another experiment 

using Fe3+ ions to irradiate a tungsten sample, it was observed that (001) surfaces are 

damaged and hardened deeper into the grains [146]. In the current experiment, as 

explained before, it was not possible to perform nanoindentation measurements 

directly on the surface because of its high roughness. Measuring hardness in the cross-
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section of the samples adds different variables to the measurements which might not 

allow to observe a dependence of crystal orientation on hardness even if it were there. 

Firstly, the process of cutting, grinding, polishing and chemical etching can all modify 

the superficial microstructure of the material, adding or eliminating defects. Since 

nanoindentation tests the material at such a shallow depth, surface effects have a big 

impact on the outcome of the measurements. Secondly, plasma particles have a greater 

effect on the surface of the sample, and the deeper into the sample, the smaller the 

influence it will have on the material properties. Thermal shocks and the temperature 

increase caused by them, also have a larger impact on the surface than deeper into the 

bulk, although their influence penetrates deeper into the sample. In the EBSD it can 

be seen how the grain structure gradually changes until in the lower part of the image 

the microstructure is seemingly unaffected by the loading. This has been discussed in 

previous chapters. 

 

 

Figure 5.44. Detailed EBSD orientation map of the identifiable grains analyzed via nanoindentation. 

  

Since depth might, then, have a much larger influence on how the hardness of the 

material changes, it is also of importance to more closely analyze this change. This 
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could help evaluate how deep the PFMs in the ITER divertor will be affected by the 

different loads it has to withstand. The measured hardness of the grains in relation to 

the depth of the grain can be seen in Figure 5.45. In approximately the first 150 μm, 

there is a large spread in the hardness values measured. This might be due to the 

different grain sizes, shapes, crystal orientations, presence of pores and defects, etc. 

that can influence the hardness of the grain. In this area of the sample, due to the high 

loads applied, all these factors can vary greatly. Even after 500 μm, where grains are 

not so evidently affected by the thermal shocks and grain nucleation, hardness is 

slightly higher than in the unexposed areas of the sample. This allows the prediction 

of an increased hardness in all the tungsten surfaces in the ITER divertor that will be 

continuously exposed to ELMs. 

 

 

Figure 5.45. Hardness of grains in relation to their depth below the surface in the recrystallized tungsten sample 
exposed to 105 0.5 ms laser pulses with a frequency of 10 Hz and an 0.8 GWm-2, at 700 °C base temperature, and 
a simultaneous steady-state D/He(6%) plasma flux of 3.3· 1021 m-2s-1. 
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5.6. Summary and conclusions 
 

In order to test the effects ELMs will have on tungsten components in ITER, ITER-

grade tungsten samples were tested in the linear plasma device PSI-2. Two kinds of 

samples were utilized, one with needle-like grains transversal to the sample surface, 

which is the preferred microstructure for the ITER divertor, the other with larger, 

isotropic grains obtained after recrystallization of transversal samples at 1600 °C for 

1 h. Additionally, samples were first exposed to each kind of load separately to study 

the effects independently of each other. Samples were then exposed to both loads 

simultaneously to analyze the possible synergistic effects of such loads. In order to 

facilitate having a complete overview of the results presented in this work, a summary 

of the effects of ELM-like loads observed in transversal samples is presented in Figure 

5.46. 

 

 

Figure 5.46. Summary of the effects of ELM-like loads observed on ITER-grade tungsten tested in the linear 
plasma device PSI-2 under separate and simultaneous transient thermal and stationary plasma loads. A 
D/He(6%) plasma mixture was used and samples were kept at a 700-900 °C base temperature. 

 

By exposing the samples to low energy plasma particles (35-40 eV) at a 700 °C base 

temperature, the formation of nanotendrils, known as tungsten fuzz, on the surface 

was observed, without any indication of further surface modification or damage. This 
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corroborates similar observations from previous works. No significant difference was 

observed between recrystallized and transversal samples in this case. 

The influence of only the transient heat loads was then investigated.  It was observed 

that the fatigue stress applied by the laser pulses has a larger effect on the damage 

observed than the plasma particles. 105 laser pulses of 0.2 GWm-2 caused no 

observable cracking in transversal samples, and very slight cracking in recrystallized 

ones. A crack network formed only after applying 106 pulses to the samples. With 

higher Pabs, of 0.4 and 0.8 GWm-2, a crack network already starts forming after 

exposure to 105 pulses. 

Once the effects of the separate loads were determined, the influence of the 

simultaneous exposure to both loads was investigated. In all cases, the cracking 

observed was exacerbated by the synergy between both loads. Hydrogen 

embrittlement and the formation of helium bubbles deteriorate the material 

properties, which cause the increased cracking and plastic deformation of the 

material.  

The formation of bubbles in the material can be of particular importance for the 

material behavior in PFMs. It was observed that applying pulses of 0.8 GWm-2 

substantially accelerates the growth of helium bubbles near the surface of the material. 

A further increase in bubble size was observed by increasing the plasma fluence 

applied. Additionally, an increase in hardness was observed in the area of the material 

affected by both kinds of loads. This effect decreases with depth and is not observed 

in areas affected only by plasma. 

Furthermore, by analyzing the residual stresses of the samples via the sin2Ψ it was 

observed that as-received transversal samples have significant compressive stresses 

in the surface. This explains the higher damage threshold displayed by the transversal 

material compared to recrystallized samples. Residual stresses are relaxed after 

exposure to heat and plasma loads, although the measurement of the stresses is 

impaired by the cracking and surface roughness of samples exposed to the higher 

loads. 

The higher cracking threshold for transversal samples is one of the reasons why it is 

the preferred microstructure for the ITER divertor PFMs. These tests have, however, 

revealed that this difference has no effect on the behavior of the material at higher 

loads. This is, partly, due to the fact that the surface temperature reaches the 

recrystallization temperature for tungsten and the elongated, transversal 

microstructure is eventually lost. This suggests that in areas of the ITER divertor 

where loads are lower, the transversal microstructure might be conserved and have 

superior performance to other microstructures. However, where the highest loads are 
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expected, such as at the strike points, the initial microstructure might prove to be 

irrelevant, as widespread recrystallization is expected.  
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6. General conclusions and outlook 
 

The main objective of this work was to study the effects of ITER-relevant ELM-like 

transient thermal and stationary plasma loads on ITER-grade tungsten. This objective 

stems from previous works where it was revealed that the behavior of PFMs when 

exposed to ELM-like loads should be studied further. 

The results presented in this work have demonstrated how vital ELM mitigation and 

control is for the success of ITER. A much lower number of ELM-like events was tested 

than what is expected in the lifetime of ITER, and already widespread cracking was 

observed. Cracking is not, in and of itself an issue for the functioning of ITER, but it 

might lead to other problems, such as increased erosion of tungsten, which would, in 

turn, cause a cool down of the plasma. The likely formation of tungsten fuzz in 

different parts of the inner walls of the reactor could also increase the erosion of the 

material. Erosion in ITER-relevant conditions is being intensively studied, for 

example, in JET with its ITER-like wall (ILW) [147]. 

Aside from cracking and fuzz formation, the PFMs will be affected by different 

phenomena, which will all have an influence on their properties. Recrystallization will 

modify the initial microstructure of the material. Bubble formation will affect the 

swelling of the material, its heat dissipation capabilities and its mechanical 

characteristics. The formation and relaxation of residual stresses will also affect their 

behavior. Additionally, the surface of the PFMs will gradually become hardened and 

embrittled by the combination of heat and plasma loads. 

Furthermore, this work did not take the effects of neutron irradiation into account. In 

ITER, apart from the plasma and heat loads, there will be neutrons bombarding the 

PFCs. This will modify the lattice structure of the materials, as well as causing the 

transmutation of tungsten into, mainly, rhenium and osmium. The effect that the 

combination of all these effects will have on the material has still not been properly 

studied, as the coupling of a neutron source would require the inclusion of the whole 

facility into a hot cell, and this presents serious challenges for the design and 

maintenance of the equipment. This will be the natural the next step in material 

testing, which is why testing facilities such as the Divertor Tokamak Test-Facility 

(DTT) in Italy and the JULE-PSI in Germany are being built. 

For future fusion reactors such as DEMO, advanced materials and engineering 

solutions are being developed to improve the performance of PFCs. These include 

alloys, smart alloys, microstructured tungsten, functionally graded materials, fiber 

reinforced tungsten (Wf/W), layered tungsten and even liquid metals. An overview 

of the materials and designs being considered can be seen in [34,148–158] and 
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references therein. Each of these PFMs and PFCs must be intensely tested if an option 

is to be chosen. However, independently of the design, no clear answer will be able to 

be obtained that fully reveals the behavior of ITER-grade tungsten or any other 

material until ITER itself performs full-power tests. What can be said from this work 

is that, as long as the expected ELM energies are not surpassed, tungsten PFMs will 

most probably be able to withstand the first stages of operation. What will happen 

once neutrons start having a substantial effect on the components remains to be seen. 
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7. Appendix 
 

Table 7.1. Superficial residual stresses in transversal and recrystallized tungsten samples measured via XRD 

using the sin2Ψ method. 

 
Power Dens. (GW m-2) No laser 0,2 0,4 0,8 

 
Pulses Flux (*1021 m-2) Residual stress (MPa) 

T 0 0  -253,5 ± 46 
   

105 6 -97 ± 18 74 ± 4 5 ± 3 32 ± 10 

104 3.3 -185 ± 63 -185 ± 11 215 ± 9 61 ± 6 

105 3.3 -184 ± 47 210 ± 7 2 ± 5 -22 ± 20 

105 7.4   25 ± 8 -8 ± 7 -35 ± 17 

R 104 3.3 
 

125 ± 26 142 ± 
17 

88 ± 10 

105 3.3 
 

91 ± 15 48 ± 2 18 ± 13 

105 7.4 
 

41 ± 14 12 ± 6 -25 ± 11 

 

 

 

Figure 7.1. Example of a residual stress measurement using the sin2Ψ method. The measurement was performed 
on a transversal sample exposed to 105 laser pulses of 0.2 GWm-2, at 700 °C base temperature, and a simultaneous 
steady-state D/He(6%) plasma flux of 6.0· 1021 m-2s-1. 
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