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Thermo-mechanical Behavior of Tungsten Under Fusion-relevant Hydrogen Plasma Loads 

 

Nuclear fusion is a promising way to address the global energy challenge due to its high energy 

density, zero greenhouse gas emissions, and abundance of fuel. Controlled fusion on earth is 

analogous to putting a miniature star in a solid container. Consequently, the strong interactions 

between the radically different states of matter make this mission challenging. In ITER, the world’s 

largest fusion experiment, it is planned to armor the critical components with tungsten to handle the 

extreme plasma loads. Owing to its exceptional properties such as a high melting point, low physical 

sputtering yield, and low fuel retention, tungsten and tungsten-based alloys are the leading material 

choices for the divertor plasma facing components (PFCs) in future fusion reactors beyond ITER as 

well. However, previous work has shown the limitations of tungsten, particularly fracture under 

thermal-mechanical loading, raising serious concerns. The lifetime of PFCs will have a strong 

influence on the efficiency and viability of future fusion power plants, thus motivating the current 

Ph.D. work. The aim is to sharpen the in-depth understanding of the thermo-mechanical behavior of 

tungsten under simultaneous steady-state and transient hydrogen plasma loads. This was approached 

by performing plasma exposures in the flagship linear plasma device Magnum-PSI and analyzing the 

results with detailed post-mortem characterization techniques. 

First of all, the transient hydrogen plasma thermal load on the tungsten target was determined. On 

the one hand, an inverse optimization method that minimizes the calculated and measured 

temperature profiles on the target has been developed, thereby yielding the actual heat flux reaching 

the target. On the other hand, a sheath heat flux model that uses upstream electron density and electron 

temperature as input has been modified to provide consistent results. This modification accounted for 

electron temperature cooling near the target. The electron temperature cooling was caused by 

ionization of the recycling neutrals from the target, which was directly observed by time-resolved 

Thomson Scattering (TS) at two distances in front of the target. Moreover, the plasma flow was found 

to be limited to a surface layer near the target, resulting in a stagnant upstream plasma, as measured 

by time-resolved collective TS. Such plasma-neutral interactions further entailed an energy loss of 

the plasma. The higher the peak electron density, the larger the energy loss. It is striking to notice that 

up to 70% of the energy is dissipated near the target. This contradicts a prevailing power scaling law 

which assumes that the ELM divertor peak energy fluence scales linearly with electron density in 
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ITER. A reason for this discrepancy could be that this scaling law relied on current tokamaks where 

the electron density is rather low such that the plasma-neutrals interactions are too weak to play a 

role. If these additional energy dissipation mechanisms were to be activated in ITER, the ELM 

divertor energy fluence may be lower than expected, thus lending more confidence on an increased 

lifetime for the ITER tungsten divertor. 

A mechanistic view of the fracture process of tungsten under combined steady-state and transient 

hydrogen plasma loads was provided next. Three tungsten-based materials were exposed in Magnum-

PSI with different base surface temperatures and pulse numbers. Top-view and cross-sectional 

fractography were thoroughly characterized. The cross-section was found to be characteristic for a 

damaged surface layer with grain growth and crack networks. By assuming that its thickness is 

proportional to the characteristic heat propagation distance of the transient heat flux, an analytical 

model was formulated that reasonably estimates the surface crack depth of tungsten. Furthermore, 

deep crack propagation was rationalized to occur during the cooling period of the steady-state heat 

load, which was supported by the tensile character of the thermal stresses and fracture morphology 

transition (intergranular vs. intragranular) related to the brittle-to-ductile transition (BDT). 

Summarizing, first, the transient heat loads drive surface crack initiation, for which the depth could 

be estimated by an analytical model for pure tungsten. Second, the cooling period following the 

steady-state heat load induces tensile stresses, opening existing surface cracks deeper in the tungsten 

bulk.  

Furthermore, the crack initiation behavior in the presence of recrystallization, which often occurs 

near the surface of a monoblock under high heat flux loads, was elucidated. ITER-grade tungsten was 

simultaneously exposed to a high-flux hydrogen plasma (~5×1024 m-2s-1) and high-cycle (104-105) 

transient heat loads in the linear plasma device Magnum-PSI. By correlating the surface temperature 

distribution, obtained by analyzing temperature-, wavelength-, and surface-dependent emissivity, and 

the surface modifications of the plasma exposed specimens, the crack initiation heat flux factor 

threshold was found to be ~2 MWm-2s0.5. Based on electron backscatter diffraction (EBSD) analyses 

of cross-sections near the crack initiation sites, faster recrystallization kinetics near the surface 

compared to literature was observed and the surface cracks preferentially initiated at high angle grains 

boundaries (HAGBs). Upon recrystallization, the yield strength decreases which entails increasing 

cyclic plastic strains. The HAGB fraction is increased, which constrains the transfer of plastic strains 

at grain boundaries. The recrystallization decreases the dislocation density, which promotes 

heterogeneous deformation.  All these mechanisms explain the reduced crack initiation threshold of 

recrystallized tungsten compared to its as-received counterpart. 
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Finally, in order to probe the interactions between hydrogen and dislocations in tungsten, a novel 

approach that combines thermal desorption analysis and nanoindentation has been developed. Such 

nanoscale interactions are essential for the understanding of hydrogen embrittlement, which is still 

under vivid debate despite over a century of extensive studies. Dislocation mobility was found to be 

reduced after deuterium injection, which manifested itself as a ‘pop-in’ in the indentation stress-strain 

curve, with an average activation stress for dislocation mobility that was more than doubled. All 

experimental results can be confidently explained, in conjunction with experimental and numerical 

literature findings, by the simultaneous activation of three mechanisms responsible for dislocation 

pinning: (i) hydrogen trapping at pre-existing dislocations, (ii) hydrogen-induced vacancies, and (iii) 

stabilization of vacancies by hydrogen, contributing respectively 38%, 52%, and 34% to the extra 

activation stress.  

To conclude, this Ph.D. work provides state-of-the-art experiments and analyses of the thermo-

mechanical behavior of tungsten under fusion-relevant hydrogen plasma loads. The obtained new 

insights are valuable and instrumental for the operation of a fusion reactor and may guide the 

development of future advanced PFCs. Although the path to realizing fusion power on earth is 

covered by some darkness, the results described herein have shed new lights on it.   

 





Samenvatting 

Kernfusie is een veelbelovende manier om de wereldwijde energie-uitdaging aan te pakken vanwege 

de hoge energiedichtheid, de nul-uitstoot van broeikasgassen en de overvloed aan brandstof in 

vergelijking met andere duurzame energiebronnen. Gecontroleerde fusie op aarde is analoog aan het 

plaatsen van een miniatuurster in een stevig vat. Derhalve maken de sterke interacties tussen de 

radicaal verschillende toestanden van materie deze missie uitdagend. In ITER, 's werelds grootste 

fusie-experiment, is het de bedoeling om de kritische componenten ervan te bepantseren met 

wolfraam om de extreme plasmabelastingen te kunnen verdragen. Vanwege de uitzonderlijke 

eigenschappen, zoals een hoog smeltpunt, een lage fysische sputteropbrengst en een lage 

brandstofretentie, zijn wolfraam en op wolfraam gebaseerde legeringen de belangrijkste 

materiaalkeuzes voor de aan plasma blootgestelde componenten (Plasma Facing Components - PFC's) 

van de uitlaat (de zogenoemde divertor) in toekomstige fusiereactoren, ook buiten ITER. Eerder werk 

toont echter de beperkingen van wolfraam aan, met name breuk onder thermo-mechanische belasting, 

hetgeen ernstige zorgen oproept. De levensduur van PFC's zal een sterke invloed hebben op de 

efficiëntie en economische levensvatbaarheid van toekomstige fusiecentrales, wat de aanleiding is 

voor het huidige werk beschreven in dit proefschrift. Het doel is om het diepgaande begrip van het 

thermo-mechanische gedrag van wolfraam onder simultaan stationaire en tijdelijke belastingen door 

waterstofplasma te verfijnen. Dit werd benaderd door plasmablootstellingen uit te voeren in het 

vlaggenschip lineaire plasma-instrument Magnum-PSI en de resultaten te analyseren met 

gedetailleerde post-mortemkarakterisering. 

In de eerste plaats werd de tijdelijke thermische belasting door waterstofplasma op de wolfraam 

trefplaat bepaald. Enerzijds is een inverse optimalisatiemethode ontwikkeld waarmee het verschil 

tussen de berekende en gemeten temperatuurprofielen op de trefplaat geminimaliseerd wordt, 

resulterend in de daadwerkelijke warmteoverdracht die de trefplaat bereikt. Anderzijds is een schede 

warmtetransportmodel aangepast dat stroomopwaartse elektronendichtheid en elektronentemperatuur 

als input gebruikt om consistente resultaten te geven. Deze aanpassing omvat de afkoeling van de 

elektronentemperatuur nabij de trefplaat. De afkoeling van de elektronentemperatuur werd 

veroorzaakt door de ionisatie van de gerecycleerde neutrale deeltjes van de trefplaat, die direct werd 

waargenomen door middel van time-resolved Thomsonverstrooiing (Thomson Scattering - TS) op 

twee afstanden voor de trefplaat. Bovendien bleek de plasmastroom zich tot een oppervlaktelaag nabij 

de trefplaat te beperken, wat resulteerde in stilstaand stroomopwaarts plasma, zoals gemeten door 
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time-resolved collectieve TS. Dergelijke interacties tussen plasma en neutrale deeltjes leidden verder 

tot een energieverlies van het plasma. Hoe hoger de piek in de elektronendichtheid, hoe meer 

energieverlies. Opvallend is dat tot wel 70% aan energie verloren gaat. Dit is in tegenspraak met een 

heersend machtsverband dat veronderstelt dat de piek in energiefluentie van de ELM-uitlaat lineair 

schaalt met de elektronendichtheid in ITER. Een reden voor deze tegenstelling zou kunnen zijn dat 

dit machtsverband wordt getraind vanuit huidige tokamaks, waarin de elektronendichtheid vrij laag 

is en de interacties tussen plasma en neutrale deeltjes insignificant zijn. Indien deze aanvullende 

mechanismen voor energieverlies in ITER zouden worden geactiveerd, zou de energiefluentie van de 

ELM-uitlaat lager kunnen zijn dan verwacht, wat meer vertrouwen zou bieden in de levensduur van 

de wolfraam uitlaat van ITER. 

Vervolgens werd een mechanistisch beeld gegeven van het breukproces van wolfraam onder 

gecombineerde stationaire en tijdelijke belastingen door waterstofplasma. Drie op wolfraam 

gebaseerde materialen werden blootgesteld in Magnum-PSI met verschillende basis-

oppervlaktetemperaturen en pulsaantallen. Het bovenaanzicht en de dwarsdoorsnede van het 

breukoppervlak werden nauwkeurig gekarakteriseerd. De doorsnede bleek karakteriserend te zijn 

voor een beschadigde oppervlaktelaag met korrelgroei en scheurnetwerken. Door aan te nemen dat 

de dikte ervan evenredig is aan de karakteristieke warmteoverdrachtsafstand van de tijdelijke 

warmteoverdracht, werd een analytisch model opgesteld om een redelijke schatting te maken van de 

scheurdiepte in het wolfraam oppervlak. Bovendien werd er beredeneerd dat er diepe scheurgroei 

optreedt tijdens de afkoelingsperiode van de warmtebelasting in stabiele toestand. Dit werd 

ondersteund door het trekkarakter van de thermische spanningen en de overgang van de 

breukmorfologie (intergranulair versus intragranulair) met betrekking tot de bros-naar-ductiel 

transitie (brittle-to-ductile transition - BDT). Samenvattend en op de eerste plaats zorgen de tijdelijke 

warmtebelastingen voor scheurinitiatie in het oppervlak, waarvan de diepte kan worden geschat met 

een analytisch model voor zuiver wolfraam. Op de tweede plaats zorgt de afkoelperiode na de 

warmtebelasting in stabiele toestand voor trekspanningen, waardoor bestaande oppervlaktescheuren 

dieper in de wolfraammassa ontstaan. 

Verder is er een verklaring gevonden voor het scheurinitatiegedrag bij aanwezigheid van 

herkristallisatie, dat vaak optreedt nabij het oppervlak van een monoblok onder hoge belastingen van 

warmteoverdracht. Wolfraam van ITER-kwaliteit werd gelijktijdig blootgesteld aan een 

waterstofplasma met een hoge flux (~5×1024 m-2s-1) en tijdelijke warmtebelastingen met een hoge 

cyclus (104-105) in het lineaire plasma-instrument Magnum-PSI. Door de verdeling van de 

oppervlaktemperatuur - verkregen door het analyseren van temperatuur-, golflengte- en 
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oppervlakafhankelijke emissiviteit - en de oppervlakmodificaties van de aan plasma blootgestelde 

monsters te correleren, bleek de drempelwaarde van de warmteoverdrachtfactor voor scheurinitiatie 

~2 MWm-2s0.5 te zijn, die enigszins afneemt met toenemende oppervlaktemperatuur (~1550 K) en 

toenemend pulsaantal. Gebaseerd op analyses van elektronen backscatter diffractie (electron 

backscatter diffraction - EBSD) van dwarsdoorsneden nabij de scheurinitiatieposities, werd een 

snellere herkristallisatiekinetica nabij het oppervlak waargenomen, vergeleken met literatuur, en de 

oppervlaktescheuren werden bij voorkeur geïnitieerd bij groothoekkorrelgrenzen (high angle grains 

boundaries - HAGB's). Bij herkristallisatie neemt de vloeispanning af, hetgeen toenemende cyclische 

plastische rek met zich meebrengt. Het verhoogde HAGB-deel beperkt de overdracht van plastische 

rek nabij de korrelgrenzen. De herkristallisatie verlaagt de dislocatiedichtheid, wat heterogene 

vervorming bevordert. 

Ten slotte is er een nieuwe benadering ontwikkeld die thermische desorptieanalyse en nano-

indentatie combineert om de interacties tussen waterstof en dislocaties in wolfraam te onderzoeken. 

Dergelijke interacties op nanoschaal zijn essentieel voor het begrip van waterstofbrosheid, dat 

ondanks meer dan een eeuw aan uitgebreid onderzoek nog steeds tot levendige discussies leidt. 

Dislocatiemobiliteit bleek te zijn verminderd na deuteriuminjectie, wat zich manifesteert als een pop-

in in het spanning-rekdiagram van indentatieproeven, met een verdubbeling van de gemiddelde 

spanning die nodig is om de dislocatiemobiliteit te activeren. Alle experimentele resultaten kunnen 

met zekerheid worden verklaard - in combinatie met experimentele en numerieke 

literatuurbevindingen - door de gelijktijdige activering van drie mechanismen die verantwoordelijk 

zijn voor het vastzetten van dislocaties: (i) waterstofinsluiting nabij reeds bestaande dislocaties, (ii) 

door waterstof veroorzaakte leegtes, en (iii) stabilisatie van leegtes door waterstof, die respectievelijk 

38%, 52% en 34% bijdroegen aan de extra activeringsspanning. 

Tot slot biedt dit proefschrift state-of-the-art experimenten en analyses van het thermo-

mechanische gedrag van wolfraam onder fusierelevante belastingen door waterstofplasma. De 

nieuwe inzichten kunnen een rol spelen bij de werking van een fusiereactor en de ontwikkeling van 

geavanceerde PFC's begeleiden. Hoewel de weg naar het realiseren van fusiekracht op aarde nog 

onduidelijk is, hebben de hierin beschreven resultaten er nieuw licht op geworpen. 
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1 Introduction 

 

“Upon first hearing about the idea of a miniature star in a solid container, the response of most 

laymen is that this must be impossible due to strong interactions between the radically different 

states of matter involved. It turns out, unfortunately, that the layman is almost right. Despite 

great strides, the problems arising from plasma–surface interactions continue to threaten the 

achievement of a viable fusion reactor based on magnetic confinement”† 

 

This thesis work aims to improve the understanding of some of the plasma-material interaction 

problems in nuclear fusion. The tokamak is the most advanced approach to fusion. Its basic principles 

and important concepts are briefly explained first. The plasma exhaust challenges for tungsten, the 

current plasma-facing material choice for ITER (the world's largest fusion experiment), are then 

outlined. After presenting the current research status of these challenges, the objectives of this thesis 

work are formulated.             

1.1 Fusion energy 

The technological advancement of a civilization may be categorized into three types, based on the 

amount of energy they can harness, by the Kardashev scale [1]. If all the solar energy that falls on 

earth, which is roughly 1.74×1017 watts, can be harvested, we will reach the Type I planetary 

civilization status. Type II stellar civilization requires 10 billion times more energy output than Type 

I and so forth. Type I power levels may be achieved by covering the entire earth's surface with solar 

cells with a perfect cell efficiency. Alternatively, fusing approximately 280 kg of hydrogen into 

helium per second generates the equivalent amount of power. With immense energy density, large-

scale controlled fusion may turn out to be the sole way to upgrade human civilization. 

Currently, the world power consumption is about 1.14×1012 watts, growing at ~1.3% each year 

[2]. Our civilization may attain Type I status in about one thousand years at this speed, assuming a 

constant growth rate. However, energy-related emissions, such as CO2 from burning fossil fuels, may 

cripple our civilization first by damaging the ecosystem. To alleviate it, a consensus is to keep the 

long-term rise in the average global temperature to well below 1.5 oC above pre-industrial levels to 

 

† Stangeby P. C. The plasma boundary of magnetic fusion devices. IOP Publishing Ltd., 2000. 
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reduce the risks and impact of climate change [3]. Achieving this goal relies on a rapid transformation 

to a low-carbon, efficient, and environmentally friendly energy.  

Renewable energy options are available but come with their limitations. Wind turbines and solar 

photovoltaics are currently the star performers but suffer from low energy density and geography-

related issues, for example, their integration into an electricity grid. The easy places to implement 

hydropower have been exploited already, therefore future hydropower tends to be too expensive. 

Nuclear fission is often considered unattractive due to the production of long-lived radioactive waste, 

making its application drastically diversified among countries. In the aftermath of the Fukushima 

reactor meltdown, Germany announced it would completely close its nuclear reactors by 2020 while 

its neighbor France, with more than 70% of its electricity supplies coming from nuclear power plants, 

still considers nuclear energy as a source for the future [4]. 

Nuclear fusion offers the potential for being a nearly limitless, safe and clean energy source. It 

works by fusing two light nuclei into a heavy one; the missing mass is converted to energy. The 

typical fuels are heavy isotopes of hydrogen, deuterium (D) and tritium (T), and the reaction products 

are helium and neutrons. Deuterium can be extracted from seawater and tritium needs to be bred from 

lithium using the neutrons released from the DT fusion reaction. Both fuels are abundant enough to 

supply the world with energy for millions of years [5]. Regarding the environmental impact of nuclear 

fusion, first, helium is a useful inert gas. The neutrons will, however, produce some radioactive nuclei, 

which can be minimized by using low activation materials. Studies show that the activation of the 

wall and structures of fusion power plants decays to recyclable levels in 100-200 years [6].     

Clearly, fusion energy is a rising star. However, there remain significant challenges. First, we 

need to achieve a self-sustained fusion reaction and second, we must demonstrate that fusion energy 

is viable [5]. Thanks to its enormous gravity, the Sun achieves the conditions of fusion at a 

temperature of ~15 million Kelvin. For man-made fusion on Earth, however, the temperature has to 

be at least 10 times higher. Two approaches have been pursued to confine such an ultra-hot DT plasma: 

i) magnetic confinement fusion, where the fuel is held in a strong magnetic field in a tokamak or a 

stellarator [7]; ii) inertial confinement fusion, where a small capsule of compressed fuel reacts before 

being blown apart [8]. In both approaches, net energy production requires the heating of the fuels to 

be largely self-sustained. This has never been achieved on Earth. The most impressive results were 

obtained in JET in 1997—16 MW of fusion power was produced when 24 MW of power was being 

injected into the fuel from external heating sources [9]. The results have inspired the construction of 

ITER, a machine twice the size of JET (and a magnetic field of ~5 T) based on a collaboration between 

the European Union, China, India, Japan, Korea, Russia and the US. ITER aims to produce at least 
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ten times the power needed to heat the DT plasma, therefore demonstrating that controlled fusion is 

possible via the magnetic-confinement route. The realization of controlled fusion is one of the grand 

challenges facing humanity.  

1.2 Tokamak 

1.2.1 Magnetic confinement 

The tokamak is the most advanced technical solution enabling fusion. The fuel for the fusion reactions 

becomes so hot that it becomes an electrically conducting fluid, which is called a plasma. The plasma 

interacts with a magnetic field, entailing magnetic confinement. Originally conceived by Soviet 

scientists in the 1950s, a tokamak confines the energy and charged particles of a plasma in a toroidal 

chamber by a strong magnetic field. As illustrated in Fig. 1.1, the toroidal magnetic field is created 

by external magnetic coils and the toroidal plasma current, e.g. induced by the central solenoid, 

creates the poloidal magnetic field. The resulting total magnetic field is helical, with the charged 

particles bounded to it as a result of the Lorentz force. A tokamak acts as a large transformer, where 

the central solenoid is the primary winding, and the plasma the secondary winding. In ITER, plasma 

currents up to a plateau of 15 MA for around 400 seconds will be induced by varying the voltage in 

the central solenoid. 

 

 

Fig. 1.1 Tokamak magnetic fields. The toroidal magnetic field is generated by the superconducting toroidal 

field coils. The central solenoid and the toroidal plasma constitute a transformer. The induced toroidal plasma 

current creates a poloidal magnetic field and heats the plasma as well. Image courtesy of EUROfusion. 
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1.2.2 H-mode 

Increasing the heating power of a tokamak and the plasma radial pressure gradient suddenly bifurcates 

to an improved H-mode regime. In this regime, particle and energy loss at the plasma edge is largely 

reduced, resulting in a steep pressure gradient at this position, as shown in Fig. 1.2 for the DIII-D 

tokamak [10]. Compared to the previous L-mode, the core profiles of the H-mode appear to be shifted 

up, as if put upon a pedestal. The mechanism is associated with a strong plasma shear flow at the 

plasma edge, which breaks up the turbulent eddies [11]. Because of the suppression of edge-plasma 

turbulence, the plasma core pressure is increased, leading to an increase in overall confinement by a 

factor of approximately 2. First discovered in the ASDEX tokamak in the 1980s [12], the H-mode is 

key for ITER to achieve its fusion performance targets.     

  

 

Fig. 1.2 H-mode edge profiles. (a) Electron density and (b) electron temperature measured by Thomson 

Scattering in DIII-D. Reprinted from Ref. [10], with the permission of AIP Publishing.  
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1.2.3 Edge-localized modes 

The steep pressure gradient at the plasma edge in H-mode triggers explosive filamentary plasma 

eruptions, known as edge-localized modes (ELMs) [13]. ELMs are reminiscent of solar eruptions. 

Fig. 1.3 shows the filament-like structures in the Mega Ampere Spherical Tokamak (MAST). During 

an ELM event, narrow plasma filaments push out from the confined plasma, rotate toroidally with 

the edge plasma, and accelerate radially outwards towards the vacuum vessel wall [14]. The 

tremendous heat and the particles carried by ELMs may cause unacceptable damage to the tokamak 

wall. In the early days, an H-mode with ELM activity was used with no real concern about its impact 

on the fusion device. By 2002, considerable concerns had grown about how the heat load would scale 

to ITER and future tokamaks [15].   

        

 

Fig. 1.3 Images of an edge-localized mode. (a) The start of an ELM and (b) during the eruption of the 

filament-like structures. The images are captured in the spherical tokamak MAST using 5 µs exposure time. 

Reprinted from Ref. [14], with the permission of Taylor & Francis.  

1.3 The divertor 

Part of the confined plasma and energy would inevitably reach the periphery of the tokamak. Hoping 

that the edge region would take care of itself, the focus was on the hot core region in the early days 

of fusion research [16]. However, radiation from impurities in the plasma, which originated from the 

solid wall, often cooled the core plasma to far below the required fusion reaction temperature. 

Divertors have therefore been proposed to isolate the contact between the plasma and the vessel wall 

and remove the helium ash produced by the DT reaction [17]. Fig. 1.4 sketches a typical divertor 

configuration. Plasma in the scrape-off-layer (SOL), the region with open field lines that enclose the 
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hot core, is guided towards the divertor plates at the bottom of the tokamak where complex plasma 

material interaction (PMI) occurs.    

     

 

Fig. 1.4 The divertor geometry. With the divertor, the plasma material interaction is isolated from the main 

plasma that is within the closed magnetic surfaces. LCFS for last closed flux surface. Image courtesy of 

EUROfusion. 

            

The key advantage of the divertor configuration is to limit PMI to a well-engineered region. The PMI 

that occurs is spatially separated from the main plasma, thus reducing the amount of sputtered 

particles that can reach the plasma core. However, a magnetic confinement configuration that is 

effective enough to contain the hot fusion producing plasma tends to concentrate the SOL plasma on 

a small-wetted area, resulting in very intense PMI. This creates a harsh service environment for any 

material.  

Tungsten is the current plasma-facing material choice for ITER [18]. It stands out for a few 

exceptional properties: (i) it has a melting temperature of 3695 K, giving it potential for high-

temperature structural applications; (ii) it has a low physical sputtering yield, making it suitable to 

cope with energetic particles, (iii) the retention of hydrogen isotopes is low, which is essential for a 

self-sustained nuclear reaction; (iv) it has a high thermal conductivity, and (v) it is low-activation. 

However, earlier studies still reveal significant damage of tungsten under fusion-relevant heat loads, 

raising serious concerns about its thermal-mechanical performance in ITER. The relevant structural 

modifications of tungsten induced by hydrogen plasma will be elaborated next.    
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1.4 Particle effects 

1.4.1 Sheath physics  

The plasma deposits particle and heat loads on the plasma facing component (PFC) surface, which is 

mediated by plasma-surface interaction. A fundamental form of interaction is the sheath formation. 

Due to the high mobility of electrons relative to ions, the surface develops a negative potential with 

respect to the surrounding plasma. The repulsion of electrons results in the formation of a thin positive 

space-charge layer called the Debye sheath. Consequently, according to the Bohm criterion, the ions 

are accelerated by the pre-sheath electric field so that they enter the sheath region with acoustic speed 

[19]. Furthermore, if the electron temperature is constant and there is no momentum loss, the 

acceleration of the plasma from zero velocity to the acoustic speed 𝑐𝑠𝑒 leads to a drop in the electron 

density at the surface by a factor of 2 compared to the upstream plasma [16]. This combination 

provides the simplest formulation that links the particle flux reaching the surface Γ𝑖 to the upstream 

electron density 𝑛𝑒 and electron temperature 𝑇𝑒: 

Γ𝑖 =
1

2
𝑛𝑒 [(𝑘𝐵𝑇𝑒 +

5

3
𝑘𝐵𝑇𝑖)/𝑚𝑖]

1
2

⏟              
𝑐𝑠𝑒

, (1.1) 

where 𝑘𝐵 is the Boltzmann constant and 𝑐𝑠𝑒 is the ion velocity at the sheath edge.  

The assumptions in Eq. (1.1) are violated by plasma-neutral interactions in some circumstances. 

First, the ions from the plasma impinge on the target, being partly reflected and partly implanted into 

the target. This process is typically assessed with a Monte Carlo simulation using the binary collision 

approximation [20], whereby the implanted particles have a characteristic implantation depth 

depending on the energy of the ions. The implanted particles diffuse both back towards the surface 

and deeper into the target. Because the diffusion flux is proportional to the solute concentration 

gradient and the implantation depth is much smaller than the sample thickness, most of the implanted 

particles will recombine at the surface and desorb as hydrogen molecules [21]. In other words, almost 

all the ions eventually become neutrals returning to the plasma. The interactions between the neutrals 

and ions influence the flow of particles and energy out of the plasma to the solid surface. Fig. 1.5 

plots the rate coefficients of three relevant near-surface atomistic reactions as a function of electron 

temperature. When the electron temperature of the plasma is high enough, a large fraction of the 

neutrals is ionized. This results in a high-density and low-energy plasma near the target. Such a 

plasma is favored for fusion operations as it reduces the erosion rate of the divertor plates [22, 23]. 

When the plasma flux from the core to the SOL plasma is much smaller than the plasma source due 
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to neutral ionization near the target, it reaches the high recycling regime [24]. Detached divertor 

regimes are typically found after reaching high recycling divertor conditions [25, 26]. When the 

electron temperature is below 5 eV, charge exchange/elastic collisions prevail, causing momentum 

loss to the plasma flow towards the target [27]. Lastly, when the electron temperature is below 1 eV, 

volumetric recombination becomes effective [28, 29]. As a rule of thumb, when the mean-free-path 

of the particles released from the surface is smaller than the characteristic plasma size, the underlying 

atomic physics needs to be considered. 

  

 

Fig. 1.5 Ion-neutral interactions. Rate coefficients of the indicated atomic reactions at ne = 1021 m-3 and a 

relative energy of 3 eV between ions and neutrals. The rate coefficients are taken from the AMJUEL database 

[30]. 
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1.4.2 Hydrogen transport in tungsten  

Bulk tungsten generally consists of many crystals, which are made up of a periodic arrangement of 

atoms. Lattice defects are interruptions of this regular pattern of atoms. Fig. 1.6 illustrates some 

typical lattice defects in a crystalline material. A vacancy is a missing atom in the periodic 

arrangement of atoms. The line imperfection, represented by an extra atomic plane in this case, forms 

an edge dislocation. A grain boundary is an interface between two crystallites. On the surface, there 

are terrace adatoms. More generally, there are other lattice defects such as interstitial atoms, 

substitutional atoms (impurities), phase boundaries and voids [31]. As stated by Sir F.C. Frank, 

“Materials are like people, it's the defects that make them interesting”. The lattice defects often endow 

the materials with exotic properties. For instance, dislocations are the primary carriers of plasticity, 

which manifests itself through permanent deformation in response to applied forces, in many metals 

and metallic alloys. 

 

 

Fig. 1.6 Lattice defects. Two-dimensional sketch of some typical lattice defects in a polycrystalline material. 
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Hydrogen transport in tungsten is influenced by hydrogen trapping at lattice defects. At elevated 

temperatures where hydrogen trapping is negligible, a diffusion energy barrier of 0.39 eV was 

obtained by Frauenfelder [32]. This value is closely reproduced in atomistic studies [33, 34]. However, 

at low temperatures, the diffusion coefficient deviates from Frauenfelder’s extrapolation. As plotted 

in Fig. 1.7, the experimental data from Zakharov et al. [34] and Benamati et al. [35] are below the 

Frauenfelder fit [32]. Using density functional theory calculations and statistical methods based on 

the transition-state theory and thermodynamics, the decreasing diffusivity is ascribed to trapping at 

vacancies whose formation is promoted by hydrogen segregation [34]. Dislocations and grain 

boundaries are other potential traps that effect hydrogen diffusion in tungsten as well [36, 37].   

       

 

Fig. 1.7 Hydrogen diffusivity in tungsten. Calculated hydrogen diffusion coefficients compared to the 

experimental values. Reprinted from Ref. [34], with permission from Elsevier.  
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The diffusion trapping picture has been instrumental in explaining hydrogen isotope retention in 

tungsten, which has received considerable attention in the fusion community [38-43]. Moreover, a 

type of surface modification called blistering is frequently observed during these retention studies. 

Fig. 1.8(a) shows representative surface extrusions and sub-surface cavities of hydrogen plasma 

exposed tungsten [44]. Using transmission electron microscopy, as shown in Fig. 1.8(b), dense 

dislocation structures are observed near the sub-surface cavities, revealing a detailed picture of cavity 

growth [45]. The blister nucleation is stated to depend on the solute hydrogen concentration in the 

near-surface region of tungsten [46]. For example, a high particle flux and a low target surface 

temperature promote blister formation. However, a high particle flux implies a high heat flux and 

hence a high surface temperature. In a recent study, ITER monoblocks were exposed to high-flux 

deuterium plasma in the linear plasma generator Magnum-PSI with an accumulated fluence 

comparable to one year of ITER Fusion Power Operation [47]. No blistering was observed and very 

low deuterium retention throughout the blocks was measured by Nuclear Reaction Analysis.  

Therefore, blister formation and hydrogen isotope retention, which are prevailing at relatively low 

surface temperatures (i.e. below 700 K), might be of less practical importance for ITER and future 

fusion reactors.  

 

 

Fig. 1.8 Hydrogen induced defects in tungsten. (a) Typical surface and sub-surface modifications induced 

by hydrogen plasma exposure in tungsten. Reprinted from Ref. [44], with the permission of IOP Publishing. 

(b) Dislocation arrangements near sub-surface cavities (red ovals) imaged by transmission electron microscopy. 

Reprinted from Ref. [45], with permission from Elsevier. 
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1.4.3 Hydrogen embrittlement 

The interplay between hydrogen and dislocations has profound influences on the mechanical 

properties of tungsten, an effect commonly referred to as hydrogen embrittlement (HE). Since 

dislocations are the primary carriers of plasticity, when their mobility or reactions (e.g. dislocation 

multiplication and annihilation [48]) are modified by interacting with hydrogen atoms, the mechanical 

properties change accordingly. Cottrell [49] first proposed that the relief of stresses around a 

dislocation by carbon atoms in a solid solution in iron can cause an equilibrium atmosphere around 

the dislocation core. This concept is now commonly referred to as the Cottrell atmosphere. In analogy, 

hydrogen Cottrell atmospheres form in other materials, according to numerical simulations [50-53]. 

Indeed, using atom probe tomography (APT), direct observation of hydrogen trapping at dislocations 

is possible [54], as shown in Fig. 1.9(a). As a result, dislocations surrounded by atmospheres can 

produce plastic flow in two ways [49]. If the applied stress is small, the dislocations cannot escape 

from their atmospheres and the solute atoms must migrate with the dislocations. On the other hand, 

by applying a sufficiently large stress, the dislocations can be liberated from their atmospheres, after 

which they become highly mobile, producing rapid plasticity under smaller stresses. Consequently, a 

sharp upper yield point, followed by flow at a lower yield point, occurs. The drag forces exerted on 

a moving dislocation by a field of mobile solutes have been calculated numerically in Ref. [55-57]. 

Macroscopically, hardening has been observed in some experimental work [58-62].       

 

Fig. 1.9 Mechanisms of hydrogen-dislocation interactions. (a) APT analyses of deuterium charged 

martensitic steel samples containing dislocations. This figure is reproduced from Ref. [54]. (b) Schematic 

model indicating the shear stress interaction between two edge dislocations surrounded by hydrogen atoms. 

Reprinted from Ref. [63], with permission from Elsevier. (c) Atomic simulations of the pinning effect of a 

hydrogen-vacancy complex on dislocation motion. This figure is reproduced from Ref. [64]. 
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Increased mobility of dislocations surrounded by hydrogen atoms, rather than less, is suggested by 

the HELP theory. This theory postulates that hydrogen has a shielding effect on the elastic interactions 

between dislocations and short-range stress fields, thus enhancing the dislocation mobility and slip 

localization [65]. As sketched in Fig. 1.9(b), by modeling the effect of hydrogen as a continuous 

distribution of dilation lines whose strengths depend on the local hydrogen concentration, the net 

shear stresses between two edge dislocations are determined to decrease [63]. Similar effects are 

reported in other numerical studies [51, 66]. For FCC metals, the HELP mechanism is supported by 

a plethora of experimental evidence [67]. However, it is pointed out that the HELP theory has to 

combine with other degradation processes for the material to embrittle since the softening of the 

constitutive response does not directly lead to localization of strain and a macroscopic brittle response 

[68, 69]. 

The preceding two theories point to a contradicting effect on the mechanical response of the 

material: hardening vs. softening. Yet, the defactant theory, which postulates that hydrogen 

segregation reduces the formation energy of dislocations, vacancies and grain boundaries [70], adds 

an extra layer of complexity to the controversy. For the case where the dislocation generation rate is 

enhanced, macroscopic softening is observed [71, 72]; for the case that superabundant vacancies are 

generated, strong dislocation locking is registered, as was reported for aluminum [64], Fig. 1.9(c). 

Since plastic deformation is carried mainly by screw dislocations via the kink-pair nucleation and 

migration at low temperatures in body-centered-cubic metals [73, 74], the proposal that hydrogen 

enhances kink-pair formation at high T or low H content, and hydrogen reduces kink-pair mobility at 

low T or high H content based on atomistic simulation seems plausible [75]. Clearly, these 

mechanisms are dependent on hydrogen concentration, loading condition, and material dependence 

and are not necessarily mutually exclusive. In the case of tungsten, the classical work by Gumbsch et 

al. [76] reveals that dislocation mobility is a controlling factor for the brittle-to-ductile transition in 

single-crystal tungsten. Therefore, elucidating the effect of hydrogen on dislocation mobility is 

essential for the understanding of hydrogen embrittlement in tungsten. 
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1.5 Heat effects 

1.5.1 Steady-state heat load 

The plasma deposits heat on the target besides particles. The stationary heat fluxes expected during 

the burning plasma phases are the main design drivers for the ITER divertor [18]. An often quoted 

value in literature is 10 MWm-2, which is historically deemed as the maximum tolerable stationary 

heat flux for the ITER divertor and therefore adopted as the engineering qualification standard for the 

tungsten monoblocks produced with different manufacturing technologies [77]. In this full-W 

divertor qualification program, the most demanding requirements were to demonstrate the thermal 

fatigue performance under the following stationary-heat load qualification series: 5000 cycles at 10 

MWm-2 and 300 cycles at 20 MWm-2. The tests were performed on small-scale mock-ups with high 

heat flux electron beam facilities. The acceptance criteria for successful fatigue performance include: 

no trace of substantial melting at the loaded W surfaces by visual examination; no water leak from 

the loaded W monoblock/CuCrZr component; no detachment of any W monoblock; no appearance 

of any ‘hot spot’ during fatigue cycling; no variation of the maximum surface temperature exceeding 

20% between the initial and final thermal mapping [78]. The general observations were: (i) 

macroscopic cracks along the coolant axis and perpendicular to the loaded surface (termed as self-

castellation) never appeared after the 5000 cycles at 10 MWm-2 loading scenario; (ii) self-castellation 

did appear during the 20 MWm-2 loading scenario; (iii) examination showed that the crack initiated 

in the loaded side of the monoblock revealing a ductile fracture surface around the initiation sites and 

a brittle fracture surface with typical inter-granular cracks closer to the cooling tube. Observation (i) 

supports that the ITER tungsten divertor could handle a 10 MWm-2 stationary heat flux. However, 

this value is conservative. Intermediate heat fluxes between 10 MWm-2 and 20 MWm-2 seem to be 

the real stationary power handling limit for the ITER tungsten divertor, which was not examined in 

detail in this qualification program. 

By scrutinizing the self-castellation that appeared during the 300 cycles at 20 MWm-2 loading 

scenario, it is possible to obtain a better understanding of the factors that influence the stationary 

power handling limit for the ITER tungsten monoblock. Fig. 1.10 shows cross-sectional optical 

images of tungsten monoblocks after 1000 cycles at 10 MWm-2, followed by 1000 cycles at 15 MWm-

2 and 300 cycles at 20 MWm-2 heat loading in the electron beam facility FE200 [79]. Longitudinal 

cracks extending to the copper cooling tubes were formed under this thermal loading scheme. This is 

a striking structural failure as the cracks could propagate along the tungsten/copper interface 

following a higher number of cycles, leading to unacceptable consequences such as coolant leakage. 
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However, this macro-cracking was not always observed in monoblocks under similar loading 

schemes. For example, in a recent study by Shah et al. [80], no traces of crack formation within the 

monoblock were observed. The appearance of macro-cracking could be related to the electron beam 

distribution of the high heat flux testing facility. In Ref. [77], it is pointed out that the narrow well-

focused electron beam (typically a few mm)  in the electron beam facility FE200 generates extremely 

high local heat loading during the high-frequency beam scanning, making it easier to induce surface 

roughening and fracture compared to other electron beam facilities. Other reasons include synthesis, 

formation (e.g. rolling), and heat flux exposure (e.g. recrystallization). Characterizing the thermal 

stability of a microstructure is indispensable for high temperature applications.    

                     

 

Fig. 1.10 Self-castellation of monoblocks. The electron beam loading scheme consists of 1000 cycles at 10 

MWm-2, 1000 cycles at 15 MWm-2 and 300 cycles at 20 MWm-2. The macroscopic crack along the coolant 

axis and perpendicular to the loaded surface is termed as self-castellation. Reprinted from Ref. [79], with 

permission from Elsevier. 

1.5.2 Recrystallization  

Tungsten is typically fabricated by powder metallurgy, followed by forging or rolling. This results in 

the deformed microstructure in Fig. 1.11(a), which mostly consists of dislocations and grain 

boundaries. On annealing at an elevated temperature, the microstructure may first be partially restored 

to its non-deformed state by annihilation and rearrangements of dislocations. This process is termed 

as recovery, as sketched in Fig. 1.11(b). A further restoration process called recrystallization may 

occur in which new dislocation-free grains are formed within the deformed or recovered structure 

(Fig. 1.11c). These then grow and consume the old grains, resulting in a new grain structure with a 

low dislocation density (Fig. 1.11d). Although the dislocation density is substantially reduced by 

recrystallization, the material still contains grain boundaries, which are thermodynamically unstable. 
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Further annealing may result in grain growth, in which the smaller grains are eliminated, and the 

larger grains grow, allowing the grain boundaries to assume a lower energy configuration (Fig. 1.11e). 

However, in certain circumstances, selective grain growth prevails, resulting in a process known as 

abnormal grain growth or secondary recrystallization. For example, grain growth at the presence of a 

thermal gradient usually affects the grain orientation. A detailed description regarding 

recrystallization and related annealing phenomena can be found in Humphreys’ book [81].   

               

 

Fig. 1.11 Illustration of the main annealing processes. (a) Deformed state. (b) Recovered. (c) Partially 

recrystallized. (d) Fully recrystallized. (e) Grain growth and (f) abnormal grain growth. Image taken from Ref. 

[81].  

  

Recrystallization affects the mechanical properties of metals. As evident from Fig. 1.11, the grain 

size increases during recrystallization. According to the Hall-Petch relationship [82], which states 

that the yield strength is inversely proportional to the square root of the average grain size (Fig. 1.12a, 

taken from Ref. [83]), the yield strength decreases after recrystallization. The elimination of 
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dislocations during recrystallization contributes to the decreased yield strength as well. Regarding 

fatigue damage, a well-known cumulative damage model is the Coffin–Manson relationship [84, 85]. 

This model provides the fatigue life 𝑁𝑓 of an unnotched specimen under uniaxial tension/compression 

plastic strain loading as a function of the plastic strain amplitude 
∆𝜀𝑝

2
: 

∆휀𝑝

2
= 휀𝑓

′(2𝑁𝑓)
𝑐
, (1.2) 

where 휀𝑓
′  and c are the fatigue ductility coefficient and exponent, respectively. As an example, data 

of steels described by this model [86] are shown in Fig. 1.12(b). If the yield strength (after 

recrystallization) decreases, 
∆𝜀𝑝

2
 would increase under the same applied stress. Consequently, 

recrystallization may decrease the fatigue life of metals. This modeling approach has been taken by 

Ref. [87, 88] to explain the self-castellation in Fig. 1.10. In the case of monotonic loading, e.g. a 

uniaxial tensile test, there is controversy over the role of recrystallization on the ductility of tungsten. 

Dramatic increases in ductile-to-brittle transition temperature (DBTT) and degradation of the tensile 

strain after annealing of cold-rolled tungsten at 1600 oC or 2000 oC have been reported in Ref. [89-

91], while the opposite trend has been observed in Ref. [92, 93]. This controversy may be linked to 

the processing history of a particular tungsten grade. For example, the impurity level may play an 

important role. The relationship between the DBTT and the deformation-induced grain and subgrain 

boundaries in tungsten has been studied in Ref. [94].  

     

 

Fig. 1.12 Recrystallization-mediated mechanical properties. (a) Compilation of yield stress data for several 

metallic systems illustrating the Hall-Petch relation. Reprinted from Ref. [83], with permission from Elsevier. 

(b) Strain-life relation of steels. Recrystallization changes the yield strength and fatigue life of a material by 

changing the grain structure. This figure is reproduced from Ref. [86]. 
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The microstructure evolution is described by the recrystallization kinetics. Fig. 1.13 displays the 

recrystallization volume fraction XRX  as a function of time and temperature for rolled tungsten with 

90% thickness reduction by oven annealing [95]. For a given annealing temperature, the relationship 

between XRX and the annealing time approximately assumes a sigmoid shape. Analytically, a Johnson-

Mehl-Avrami-Kolmogorov (JMAK) model [81] describes the trend reasonably well. However, in 

order to have an explicit microstructure description, such as grain size distribution and dislocation 

density, numerical models are necessary [96]. Such numerical models are especially useful to capture 

recrystallization kinetics under fusion conditions, where the plasma deposits simultaneously heat and 

particles on the divertor plasma-facing materials. For example, helium plasma exposure has been 

shown to retard the recrystallization kinetics of tungsten by impeding high angle grains boundary 

(HAGB) migration [97, 98]. Recrystallization and grain growth induced by neutron displacement 

defects were modeled by Mannheim et al. [99]. The recrystallization kinetics of tungsten under 

fusion-relevant conditions remains to be investigated. 

  

              

 

Fig. 1.13 Recrystallization kinetics of tungsten. The JMAK model is parameterized from Ref. [95]. XRX is 

the recrystallized volume fraction. 
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1.5.3 Transient heat load 

The repetitive outburst of extreme heat loads accompanied by ELMs (Fig. 1.3) damages tungsten in 

another striking manner. Fig. 1.14 shows typical surface and cross-sectional micrographs of different 

tungsten-based materials after 105 ELM-like heating cycles in the electron beam facility JUDITH 2 

[100]. Mud-crack patterns are observed on the top surface of all samples; on the cross-sections, the 

surface cracks extend a few hundred µm deep. Similar crack patterns are reported in numerous studies 

[101-105]. In Ref. [106], it is shown that the crack depth increases with pulse numbers. The crack 

initiation threshold and the extent to which they propagate are important open questions. 

  

 

Fig. 1.14 ELM-like heat load induced fracture in tungsten-based materials. The top view images on the 

left are from a scanning electron microscope and the cross-sections on the right are optical images. The samples 

were loaded with an electron beam facility with 105 cycles of 0.5 ms duration. The heat flux was 0.55 GW/m2 

and the base surface temperature was 700 oC. This figure is reproduced from Ref. [100]. 
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The mud cracks resemble fatigue damage in metals. Although fatigue is the most ubiquitous mode of 

fracture in metallic materials, it is the least understood mechanistically [107]. Generally speaking, at 

the micro-scale, the nucleation of fatigue micro-cracks in ductile metals results from the back-and-

forth motion of dislocations during cyclic loading, forming dislocation structures such as veins, cells, 

and ladder structures. An example of such dislocation structure is shown in Fig. 1.15, for a Ni 

microcrystal cyclically loaded at shear strain amplitudes of 1.1×10−3 for 104 cycles and then 6.9×10−3 

for 1.45×107 cycles [108]. The ladder dislocation structure, as highlighted with the dashed box, is 

commonly referred to as persistent slip bands (PSBs). PSBs are closely related to fatigue crack 

initiation. They have been found to promote microcrack initiation along the interface between the 

PSB and the surrounding matrix (e.g. Fig. 1.15b) or at the intersection of the PSBs with high-angle 

grain boundaries [109]. Although Ni and W have different crystal structures (FCC vs. BCC), the 

dislocation structures of Ni after fatigue loading are representative of many metals, including some 

BCC metals. As dislocations leave the surface, they produce surface steps. If two dislocations of 

opposite sign move out of the crystal on different but parallel slip planes, they produce an extrusion 

or intrusion, depending on whether the dislocation forms an interstitial or a vacancy dipole, 

respectively [110]. The above processes are sketched in Fig. 1.16. However, the precise mechanisms 

that lead to surface roughness and eventually to fracture are a subject of debate [108]. Because fatigue 

failure consists of crack initiation and subsequent crack growth, life prediction strategies are based 

on either total life, including both the crack initiation and propagation stages, in terms of the 

stress/strain-life (S-N) approach (e.g. the Coffin–Manson model in Fig. 1.12b), or one solely based 

on the crack propagation life which assumes the inevitable presence of pre-existing defects [107]. 

The latter approach requires knowledge of the rate of propagation of fatigue cracks. The Paris power 

law, which relates the crack-growth rate per cycle to the stress-intensity range [111], is widely used 

for this purpose. However, both modeling approaches rely on calibration against experimental data. 
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Fig. 1.15 Dislocation structure in a cyclically loaded Ni crystal. The left picture shows a macro-PSB with a 

group of several PSBs clustered alongside one another. The dashed box is magnified on the right micrograph, 

showing a PSB with a crack-like opening along one side of the PSB-matrix interface. This figure is reproduced 

from Ref. [108]. 

 

Fig. 1.16 Sketch of fatigue-related microstructures and terms. Adapted from Ref. [110]. 
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A damage map is typically used in the fusion community to categorize transient heating induced 

surface modifications in tungsten-based materials. An example is shown in Fig. 1.17 where no 

damage, surface roughening, small cracks and crack networks are mapped as a function of heat flux 

factor and number of pulses [106]. From this plot, one learns that, for example, the crack initiation 

threshold is 6 MWm-2s0.5 under the applied loading condition. The crack initiation threshold is 

influenced by other factors such as the base surface temperature, grain size and loading techniques 

(e.g. electron beam vs. laser). It is tedious to obtain such a damage map, especially at high pulse 

numbers. 

 

 

Fig. 1.17 Damage mapping of pure tungsten subjected to transient heating. The base surface temperature 

is 700 oC and an electron beam is used for the transient heating. ‘cr’ in the figure legend denotes crack. This 

figure is reproduced from Ref. [106]. 

 

A natural question to ask at this point is what will be the projected ELM energy fluence on 

tungsten in ITER? The power scaling by Eich et al. [112] provides an empirical answer. It uses an 

ansatz between parallel ELM energy fluence and some characteristic quantities of a tokamak (e.g. 

relative ELM size) that best fits the results of some current day machines. As shown in Fig. 1.18, a 

description of the data is achieved with a systematic span of about a factor of ~3. The results are then 

extrapolated to ITER, resulting in 16.3 MJm-2 for Q=10 (15 MA/5.3 T) and 4.9 MJm-2 for half 
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field/half current (7.5 MA/2.65 T) with ELM sizes of 5.4% for both cases. Furthermore, considering 

the total field line angles including divertor target and monoblock shaping (~4.2o), the scaling predicts 

a perpendicular energy fluence of 0.36±0.18 MJm−2 at 7.5 MA and 2.65 T and 1.2±0.6 MJm−2 at 15 

MA and 5.3 T [18]. Taking an average perpendicular energy fluence of 0.6 MJm−2 and comparing it 

to the crack initiation energy fluence threshold in Fig. 1.17 (~0.1 MJm−2 after conversion), one finds 

that the perpendicular energy fluence has to decrease by a factor of 6 in order to avoid fatigue fracture. 

Because the power scaling has a square root dependence on the relative ELM size, the ELM size must 

decrease by a factor of 36. This analysis gives some guidelines on the development of  ELM 

mitigation techniques for ITER [113]. However, the exercise of extrapolation should be undertaken 

with care. If new physics were to occur outside the data set that are used to derive the scaling law, its 

extrapolation may deviate from reality. One relevant example is the scaling of the near SOL parallel 

heat flux width in ITER. Empirical scaling projected a value of ~1 mm for the baseline inductive H-

mode burning plasma scenario at 15 MA for ITER [114]. However, recent state-of-the-art simulations 

using 3D particle-in-cell based edge (electrostatic) gyrokinetic code predicts a width of ~6 mm [115]. 

The difference is explained by cross-field electron turbulence at a high current in ITER. Although its 

value is still the subject of considerable debate [18], this example demonstrates the limitation of 

empirical scaling. With a higher electron density in ITER than current tokamaks, the extrapolated 

ELM energy fluence on tungsten may not be precise. In a study with the linear plasma device Pilot-

PSI, which produces ITER-relevant transient hydrogen plasma, the deposited heat on tungsten was 

found to be much smaller than expected [116]. Understanding the power deposition behavior of 

transient hydrogen plasmas on tungsten is the point of departure in this thesis work. 
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Fig. 1.18 Power scaling of ELM energy fluence. Regression of the outer divertor parallel ELM energy 

fluence for JET, MAST and AUG. The projected values for ITER are 16.3 MJm-2 for Q = 10 (15 MA/5.3 T) 

and 4.9 MJm-2 for half field/half current (7.5 MA/2.65 T) with ELM sizes of 5.4% for both cases. JET-C for 

Joint European Torus with carbon wall. JET-ILW for Joint European Torus with ITER-like wall. AUG-C for 

Axially Symmetric Divertor Experiment Upgrade with carbon wall. AUG-W for Axially Symmetric Divertor 

Experiment Upgrade with tungsten wall. MAST for Mega Ampere Spherical Tokamak. This figure is 

reproduced from Ref. [112]. 
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1.6 Objective, strategy and outline 

1.6.1 Objective 

Tungsten is the current plasma-facing material choice for the ITER divertor. However, its thermal-

mechanical behavior under ITER-like hydrogen plasma conditions still raises important concerns. 

Particularly, its fracture behavior (see Fig. 1.10 and Fig. 1.14)  under simultaneous steady-state and 

transient hydrogen plasma loads remains to be investigated. Therefore, the main research goal is: 

 

To study the fracture behavior of tungsten under simultaneous ITER-like steady-state and 

transient hydrogen plasma loads, considering both the particle and heat effects of the plasma. 

 

This goal is discretized into four sub-questions. First, it is mandatory to determine the plasma thermal 

load on tungsten in order to correlate surface modifications and heat load (e.g. Fig. 1.17). Due to the 

near-surface plasma-neutral interactions (see Fig. 1.5), such an exercise is non-trivial, both in 

tokamaks and in linear plasma devices. Hence the question: 

 

1) How to determine the hydrogen plasma thermal load on tungsten and how do plasma-neutral 

interactions affect the power deposition behavior? 

 

Next, a mechanistic view of crack initiation and propagation in tungsten under simultaneous steady-

state and transient heat loads is still lacking. For example, one wonders what will happen when the 

fracture of tungsten in Fig. 1.10 and Fig. 1.17 are combined. This leads to the question: 

  

2) How does tungsten fracture under combined steady-state and transient heat loads and can 

the complexity of this fatigue-related problem be reduced by providing novel physical insights 

into this process? 

 

Furthermore, the interaction between crack initiation and recrystallization is still unclear. 

Recrystallization may occur near the surface of a tungsten monoblock when subjected to a high heat 

flux. The following question is therefore formulated: 

   

3) How does recrystallization affect the crack initiation behavior of tungsten under 

simultaneous high-flux hydrogen plasma loads and high-cycle transient heating? 
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Finally, hydrogen embrittlement is considered. The interactions between hydrogen and dislocations 

are essential but challenging to probe. Therefore, the last question is:   

    

4) How does hydrogen interact with dislocations in tungsten?   

 

The links between the four research questions are visualized in Fig. 1.19 at the monoblock scale, 

where a large temperature gradient from the upstream plasma to the coolant is present. The 

temperature gradient in the plasma, which is largely mediated by the atomic processes (1)-(5), dictates 

the hydrogen plasma thermal load on the tungsten target. Meanwhile, the hydrogen atoms diffuse into 

the monoblock. The cyclic thermal loading plastically deforms the surface region of the target, 

resulting in extrusions and intrusions (roughening), which eventually evolve into surface cracks. 

Crack initiation is influenced by recrystallization, which often occurs near the surface of the 

monoblock and drastically modifies the microstructure and associated mechanical properties of 

tungsten. When a surface crack propagates deep into the monoblock, the interactions between 

hydrogen atoms and dislocations near the vicinity of the crack tip become relevant. The above raised 

questions will be elaborated in chapter 2 to chapter 5.    
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Fig. 1.19 Research questions assembled. Illustration of the relevant mechanics and physics considered in this 

thesis work at the monoblock scale. The particle and heat load on the monoblock are mediated by plasma-

surface interactions. The cyclic transient heating generates extrusions and intrusions on the surface, entailing 

crack initiation. This process is influenced by recrystallization. When the crack propagates deep into the 

monoblock, the interactions between hydrogen atoms and crack tip dislocations affect the crack propagation 

behavior.   
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1.6.2 Approach to the problem 

This thesis work takes benefit from the unique plasma exposure capability of Magnum-PSI. It is 

unique in its ability to produce the particle and heat fluxes expected in the divertor of a fusion reactor 

(e.g. ITER), combined with advanced in situ diagnostics. A sketch of the device is shown in Fig. 1.20. 

The main components are the superconducting magnet in the middle, the three pump sets in the top 

left, the target chamber in the bottom left and the plasma source in the top right of the drawing. More 

operational characteristics of Magnum-PSI can be found in Ref. [117-119]. 

 

 

Fig. 1.20 The linear plasma device Magnum-PSI. The superconducting magnet is in the middle part of the 

drawing. The three pump sets and their tubing are in the top left. The target exchange and analysis chamber is 

in the bottom left and the movable plasma source is in the top right. Image courtesy of DIFFER. 

 

After plasma exposure, the specimens were characterized by multiscale techniques, such as micro-

scale fractography analyses by scanning electron microscope (SEM) and electron backscatter 

diffraction (EBSD) and nano-scale measurements using nanoindentation and thermal desorption 

spectroscopy (TDS). The combination of unique plasma exposure conditions and detailed post-

mortem characterization make this thesis work distinct.   
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1.6.3 Outline of this thesis 

The thesis is structured as follows. Chapter 2 describes the power deposition behavior of transient 

hydrogen plasma on tungsten in Magnum-PSI. Two methods have been developed to calculate the 

plasma heat loads on tungsten. In Chapter 3, the fracture behavior of three tungsten-based materials 

under simultaneous steady-state and transient heat loads is studied. Furthermore, the influence of 

recrystallization on crack initiation behavior is addressed in Chapter 4. In Chapter 5, the interactions 

between hydrogen and dislocations in tungsten are analyzed, using a novel approach combining 

nanoindentation and TDS. Finally, in Chapter 6, the key findings are summarized, the research 

questions are answered, and recommendations for future research are provided.  

    

 

 





 

 

 

2 Power deposition behavior of high-density transient hydrogen 

plasma on tungsten in Magnum-PSI 

 

 

Abstract 

The lifetime of PFCs will have a strong influence on the efficiency and viability of future fusion 

power plants. However, the PFCs suffer from thermal stresses and physical sputtering induced by 

ELMs. ELMs in future fusion devices may occur with high plasma density compared to current day 

devices such that coupling of recycling neutrals and plasma ions will be strong. Because of the scale 

hierarchy of future fusion devices compared to the present ones, the influence of this coupling is 

difficult to predict. Here we investigate the ELM-like hydrogen plasma induced heat loads on 

tungsten in the linear device Magnum-PSI, producing ~1 ms plasma pulses with electron densities up 

to 3.5×1021 m-3. A combination of time-resolved TS and CTS was used to acquire plasma parameters 

in front of the target. On the other hand, a fast infrared camera coupled to finite element thermal 

analysis determined the deposited heat loads on the target. An energy fluence reduction of up to ~70% 

was observed between the TS position and the target, positively correlated with the peak electron 

density. Moreover, plasma stagnation upstream and plasma cooling downstream were observed 

during the pulses. The observations are explained based on ionization and elastic collisions between 

the recycling neutrals and plasma ions. The results provide novel insights into the ELM-induced heat 

loads on tungsten PFCs in future fusion devices. 

  

 

 Submitted as : Y. Li, T. W. Morgan, J. van den Berg-Stolp, H. J. W. Genuit, G. De Temmerman, J. P. M. Hoefnagels, 

J. A. W. van Dommelen, K. Verbeken and M. G. D. Geers.  
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2.1 Introduction 

The problems arising from plasma-surface interactions hamper the realization of a viable fusion 

reactor. Tungsten is the leading material to handle the plasma exhaust challenge in ITER and future 

fusion devices [18, 120]. However, the explosive heat and particle outburst during edge localized 

modes (ELMs), which are magnetohydrodynamic (MHD) instabilities occurring at the edge of H-

mode plasmas [13, 15], degrade the structural integrity of the tungsten plasma-facing components 

(PFCs) and introduce tungsten impurities into the plasma [101, 121-125]. Understanding such 

extreme plasma surface interactions is critical in determining the operational limits of PFCs and 

instrumental for the operation of future fusion devices, therefore motivating extensive experimental 

and numerical work in recent years. 

A crucial task is to understand the ELM induced heat load on the PFCs. For tokamaks, the latest 

multi-machine scaling links pedestal top plasma quantities to the peak ELM energy fluence on the 

outer divertor target plates [112]. Although this scaling seems to work within the adopted dataset, 

near-target plasma-neutral interactions are not fully considered, which undermines its predictability 

when extrapolating to ITER, for which the divertor conditions and particle fluxes will be significantly 

different. In the DIII-D tokamak, particle recycling was shown to cause a dramatic increase in electron 

density and ion flux in the divertor during ELMs [126].  ELM sputtered impurities were shown to 

cool the plasma in the JET tokamak, leading to temporary plasma detachment [127]. In the linear 

plasma generator Pilot-PSI, which produces ELM-like hydrogen plasmas, target outgassing was 

suggested to shield the tungsten surface from the intense plasma heat load [116]. These works 

underline the importance of near-target plasma-neutral interactions in understanding the ELM 

induced heat load on PFCs, motivating the current study. 

The present study aims to improve the understanding of the ELM-like hydrogen plasma induced 

heat load on tungsten. Utilizing the unique pulsed plasma system of Magnum-PSI, which generates 

ELM-like transient events [117], a two-sided approach was taken. On the one hand, near-target 

plasma parameters were measured by a combination of time-resolved Thomson scattering (TS) and 

Coherent Thomson scattering (CTS) to assess the plasma heat loads. On the other hand, fast infrared 

thermography coupled to finite element thermal analyses was performed to determine the deposited 

heat loads on the target. The comparison of these two quantities provides novel insights into the 

plasma-surface interactions.  
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2.2 Experimental and numerical procedures 

2.2.1 Plasma exposure 

The experimental setup of the linear plasma generator Magnum-PSI is schematically illustrated in 

Fig. 2.1. In steady-state, the machine produces a low-temperature high-density plasma with a 

cascaded arc source, which is relevant to the conditions expected in the ITER divertor [119, 128]. In 

parallel, a modular capacitor bank system is connected to the plasma source and used to transiently 

generate higher temperatures and densities on top of the steady-state plasma at a frequency of 5 Hz 

by dissipating the stored energy in the capacitors [117, 129]. The plasma expands supersonically into 

the vacuum vessel and is radially confined by a strong axial magnetic field. A three-stage 

differentially pumped vacuum system is used to keep the neutral pressure in the target chamber below 

1 Pa [130]. An electrically isolated tungsten target measuring 20 × 20 × 3 mm was clamped to a 

water-cooled copper holder with a GRAFOIL® layer in between using a titanium-zirconium-

molybdenum (TZM) alloy clamping ring. The plasma discharge parameters are summarized in Table 

2.1. 

 

 

Fig. 2.1 Sketch of the experimental setup. Sketch of the experimental setup. The pulsed hydrogen plasma is 

generated by the pulsed source system(left), directed to a water-cooled tungsten target by a strong axial 

magnetic field. Plasma parameters are monitored by Thomson Scattering at a distance of ~28 mm or ~7 mm 

in front of the target. The surface temperature of the target is measured by a combination of a pyrometer and 

an infrared camera. 
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Table 2.1 Hydrogen plasma discharge parameters. 

Discharge 

mode 

H2 gas flow, 

(slm) 

Cathode DC, 

(A) 

B-field, 

(T) 

Capacitor bank stored 

energy, (J) 

Reference 

number 

Steady-state 

+ 

transient 

14 

150 

1.2 

18.75 1 

42.19 2 

75 3 

117 4 

12 

75 5 

108 6 

147 7 

192 8 

243 9 

9.6 180 

75 10 

108 11 

147 12 

192 13 

Steady-state 8 150 

1.5 

0 

14 

1.3 15 

1.1 16 

0.9 17 

0.7 18 

0.5 19 

 

 

2.2.2  In-situ diagnostics 

The electron density (𝑛𝑒) and electron temperature (𝑇𝑒) of the plasmas were measured by a Thomson 

Scattering system at a distance of ~28 mm or ~7 mm in front of the target. By increasing the delay in 

the triggering of the TS system with respect to the pulsed plasma generation system by 200 μs each 

time, a time-resolved (stroboscopic) measurement of these parameters was built up over 300 identical 

plasma pulses. This approach is described in more detail in Ref. [119]. Additionally, Coherent 

Thomson Scattering [131] was performed to acquire the axial plasma flow velocity in the beam center 

at a distance of ~28 mm in front of the target with a  stroboscopic time resolution of 120 μs. Note that 

the TS and CTS measurements were performed separately under the same discharge conditions. By 
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monitoring the current-voltage characteristics of the plasma source, the floating potential and the 

surface temperature of the target, the plasma discharges were found to be highly reproducible. 

The surface temperature of the target was monitored using a combination of a pyrometer and an 

infrared camera. Targeting the plasma beam center, a multi-wavelength (250 channels) pyrometer 

(FAR Associates® FMPI) operating in the spectral range of 1.1-1.7 µm with a spot size of ~3 mm was 

used. Sufficient accuracy was achieved regardless of the strong hydrogen absorption and emission 

lines  (see Appendix 2A in Ref. [132]). Furthermore, the 2D surface temperature of the target was 

recorded by a fast-framing infrared camera (FLIR® SC7500MB) in the wavelength range 3.97-4.01 

μm and at a frequency of ~5 kHz. The spatial resolution (pixel size) of the infrared camera is estimated 

at ~300 µm. It was verified that no hydrogen emission line was present in the spectral range of the 

infra-red camera. Therefore the measured intensity solely originates from the black-body radiation of 

the target. By accounting for temperature-, wavelength-, and surface-dependent emissivity of 

tungsten, as described in Ref. [125], the surface temperature was determined. The total power 

delivered to the target by the plasma was obtained from the cooling water temperature rise via 

calorimetry. 

2.2.3 Numerical thermal analysis 

The three-dimensional heat equation was solved using the finite element method (FEM) in 

MSC.Marc/Mentat®, to obtain the target temperature response. The specimen was discretized into 

~32,000 8-node finite elements. Temperature-dependent thermal conductivity and heat capacity of 

tungsten were taken from [133, 134], respectively. The current pulse through the source consists of 

two modes. The rise mode is described by the first quarter of a sine wave, whereas the decay mode 

follows an exponential decay [117]. Therefore, the heat flux profile in the simulation was prescribed 

to take this functional form. The magnitude of the peak heat flux, the period of the rise mode, and the 

e-folding time of the decay mode were fitted to the experimental data, as will be shown in Fig. 2.3(c). 

The FEM analysis procedure has been elaborated in a previous study [125]. 
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2.3 Heat flux measurements 

2.3.1 Steady-state heat flux 

The collisionless sheath model provides the heat flux q as a function of the electron density 𝑛𝑒
𝑇𝑆 and 

the electron temperature 𝑇𝑒
𝑇𝑆 at the TS position as follows [16]:  

𝑞 = 0.5𝑛𝑒
𝑇𝑆𝛾𝑘𝐵𝑇𝑒

𝑇𝑆 [(𝑘𝐵𝑇𝑒
𝑇𝑆 +

5

3
𝑘𝐵𝑇𝑖

𝑇𝑆)/𝑚𝑖]

1

2

⏟                
𝑐𝑠𝑒

, (2.1)  

where 𝑘𝐵 is the Boltzmann constant and 𝛾 is the sheath heat transmission coefficient (~7 when 𝑇𝑒 >

5 eV, as detailed in Appendix 2A). 𝑐𝑠𝑒 is the ion velocity at the sheath edge, which is taken to be the 

ion sound speed (Bohm criterion) [19]. In calculating 𝑐𝑠𝑒, 𝑇𝑒
𝑇𝑆 = 𝑇𝑖

𝑇𝑆 is assumed, as confirmed by 

CTS measurements. Under the assumption of a collisionless and isothermal plasma, the upstream 

plasma Mach number is 0.5 [27]. Hence, the coefficient 0.5 in Eq. (2.1) results from the particle flux 

conservation of the ions.  

The accuracy of 𝛾  is assessed next. For steady-state hydrogen plasmas in Magnum-PSI, our 

previous study showed that the collisionless and isothermal assumptions in Eq. (2.1) are reasonable 

when 𝑛𝑒 < 2 × 10
20 m-3 [135]. Therefore, by keeping 𝑛𝑒 below 2 × 1020 m-3 and varying 𝑇𝑒 in the 

range of 0.5-5 eV, where 𝛾 is a strong a function of 𝑇𝑒, the accuracy of 𝛾 was evaluated. The spatial 

distribution of 𝑛𝑒 and 𝑇𝑒 of these discharges are shown in Fig. 2.2(a) and Fig. 2.2(b). Then, q in Eq. 

(2.1) was integrated over the plasma beam to obtain the total heating power on the target. The cooling 

water temperature evolution resulting from these steady-state conditions is plotted in Fig. 2.2(c) and 

from this the total power on the target was determined by calorimetry. Comparing the power 

determined using Eq. (2.1) to the power determined from calorimetry, the difference is found to be 

approximately within 10%. Eq. (2.1) is therefore used to calculate the plasma heat fluxes in this study. 
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Fig. 2.2 Calibration of 𝛾. Accuracy analysis of 𝛾 in Eq. (2.1) for steady-state H plasmas. (a) and (b) show the 

spatial distribution of, respectively, 𝑛𝑒 and 𝑇𝑒 for the indicated magnetic fields. (c) The corresponding cooling 

water temperature evolution. (d) The integrated plasma heating power vs. the water-cooling power of the target. 

2.3.2 Transient heat flux 

Fig. 2.3 demonstrates the two-fold approach to determine the heat fluxes of the pulsed plasma. Three 

typical time-resolved TS measurements in the center of the plasma beam are shown in Fig. 2.3(a)-

3(b), covering the studied peak electron density range. The legend refers to the discharge number in 

Table 2.1. The 𝑛𝑒 profile displays an approximately flat top, whose value increases with the hydrogen 

gas flow in the plasma source. The peak 𝑇𝑒 is approximately 12 eV. Using Eq. (2.1), the plasma heat 

fluxes are calculated in Fig. 2.3(d). For clarity, discharge #5 and discharge #2 have been shifted along 

the time axis for 0.75 ms and 1.25 ms, respectively. On the other hand, Fig. 2.3(c) displays the surface 

temperature profiles, measured with infrared imaging (symbols) and through the optimized FEM 

simulations (lines). Discharge #2 has been shifted down by 600 K for clarity, as indicated by the red 

arrow. The FEM input heat fluxes are shown in Fig. 2.3(d) as lines. Clearly, each heat flux in the 

FEM analysis is shorter in duration than that from TS. The higher the 𝑛𝑒, the shorter the duration. 

Moreover, it is remarkable that the peak heat flux saturates when further increasing 𝑛𝑒, as indicated 

by the flat-top heat flux profile of discharge #2. Discharge #3 and #4 exhibit similar heat flux profiles 

as discharge #2. Since the area under the heat flux profile is the energy density 𝜂, Fig. 2.3(d) therefore 

indicates energy dissipation between the TS position and the target, mediated by 𝑛𝑒. 
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Fig. 2.3 Heat fluxes of the pulsed hydrogen plasma. Heat fluxes of the pulsed plasma. (a) and (b) are 

representative time-resolved TS measurements. (c) The surface temperature profiles, measured independently 

with infrared imaging, as symbols and the optimal FEM simulations as lines. (d) The calculated heat fluxes 

from TS as symbols and FEM as lines. The legend refers to the discharge number in Table 2.1. 

 

 

Fig. 2.4 Summary of the energy loss. The energy density ratio 
𝜂𝑡𝑎𝑟𝑔𝑒𝑡

𝜂𝑇𝑆
 vs. the peak electron density ne. The 

dashed line denotes the linear regression of the dataset. The colored symbols refer to the measurements in Fig. 

2.3. 
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The energy density ratio 
𝜂𝑡𝑎𝑟𝑔𝑒𝑡

𝜂𝑇𝑆
 is used to quantify the energy dissipation between the TS position and 

target. As shown in Fig. 2.4, 
𝜂𝑡𝑎𝑟𝑔𝑒𝑡

𝜂𝑇𝑆
 decreases with the peak (flat-top) 𝑛𝑒 . At the highest 𝑛𝑒 , the 

deposited energy on the target is only ~30% of that at the TS position. Fig. 2.4 implies the presence 

of strong plasma-surface interactions for the transient plasma discharges. 

2.4 Flow velocity measurements     

To help understand the preceding results, the plasma flow velocity at the plasma beam center was 

measured by CTS at a distance of ~28 mm in front of the target for discharge #1-3, which reveal a 

strong heat flux reduction and energy loss. Fig. 2.5(a) displays the evolution of the Mach numbers 

during the plasma pulses, obtained by dividing the measured flow velocity (inset) with its 

corresponding acoustic velocity 𝑐𝑠𝑒. As the plasma pulse evolves, the Mach number first decreases 

strongly then recovers in the end. Compared to the steady-state hydrogen plasmas in Magnum-PSI, 

the Mach number of which has been measured to be 0.2-0.4 [135], it is remarkable that the Mach 

number is close to zero in the middle of each pulse. In other words, the plasma is temporarily stagnant, 

as indicated by the grey patch in Fig. 2.5(a). 

 

 

Fig. 2.5 The plasma flow structure. (a) Flow velocity evolution in the plasma beam center at a distance of 

~28 mm in front of the target. A plasma stagnation region is indicated by the grey patch. The legend refers to 

the plasma discharge number in Table 2.1. (b) Schematic picture of the near-target ionization process and the 

resulting axial flow velocity distribution. The grey patch denotes the plasma stagnation region at the upstream 

position.  
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We here propose a pressure balance model to explain the stagnation of the plasma. As sketched in 

Fig. 2.5(b), we postulate that the neutrals desorbing from the target are fully ionized near the target. 

They are then driven to the target and thermalize therein, after which they desorb and are ionized 

again in the plasma. This process repeats itself as long as the upstream plasma provides sufficient 

power. As a result, a highly localized particle/momentum balance is established. First, the near-target 

plasma becomes self-sustained. The hydrogen particles are recycled between the target and the near-

target plasma (particle balance). Second, the plasma pressure of this near-target ionization source 

balances the pressure of the upstream plasma (momentum balance). Consequently, while the plasma 

still flows to the target in the near-target region, there is almost no axial flow at the upstream position. 

The axial flow velocity distribution is illustrated in Fig. 2.5(b). Because the thickness of this near-

target ionization layer is of the order of the ionization mean-free-path, which is less than 10 mm 

during the plasma pulse (as will be shown in Fig. 2.7), and since the CTS system is placed ~28 mm 

in front of the target, the CTS system in fact measures the plasma stagnation region during the pulse. 

Note that this flow behavior is reminiscent of the high recycling divertor conditions in tokamak 

experiments where the plasma flux from the core plasma to the scrape-off layer (SOL) is much smaller 

than the plasma flux due to ionization in the divertor region [24]. When the ionization process 

weakens, elastic collisions between the plasma ions and recycling neutrals intensify, entailing 

momentum loss of the plasma. This corresponds to the part of the plasma pulse where the Mach 

number is larger than 0.05. The influence of elastic collision on the flow velocity of steady-state H 

plasmas has been studied in detail previously [135]. Taken together, the plasma stagnation suggests 

strong ionization of the recycling neutrals by the plasma ions near the target.     

2.5 Discussion 

The heat flux reduction in Fig. 2.3(d) and energy loss in Fig. 2.4 will be explained first and 

subsequently, the obtained insights will be projected onto ITER in section 2.5.3.  

2.5.1 Heat flux reduction 

Near-target plasma cooling is proposed to explain the reduced peak heat flux in Fig. 2.3(d). This is 

motivated by the near-target ionization process in Fig. 2.5 because the more particles are in the plasma 

the less energy each one can have when the energy input is constant. To directly prove this, additional 

time-resolved TS measurements at ~7 mm in front of the target of discharge #1-3 were performed. 

As shown in Fig. 2.6, 𝑇𝑒 at x=7 mm is smaller than at x=28 mm during the pulses. The 𝑇𝑒 reduction 

between the two positions increases with the value of 𝑇𝑒 at 28 mm and is up to ~40%. Conversely, an 
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increase in ne is observed when 𝑇𝑒 decreases except for discharge #3, as shown in Appendix 2B. As 

the neutral density is higher near the target, a stronger electron temperature cooling is expected when 

further approaching the target. Future time-resolved TS measurements even closer to the target may 

be achieved by carefully suppressing the stray light from the target [136]. 

 

 

Fig. 2.6 Observation of the near-target plasma cooling. Time-resolved TS measurements at ~7 mm and ~28 

mm in front of the target of (a) discharge #1, (b) discharge #2, and (c) discharge #3.  

 

A simple analytical model is next used to estimate the average electron temperature near the target. 

For the locally self-sustained plasma, based on particle/momentum considerations, the following 

relationship between the average electron temperature �̅�𝑒
𝑡𝑎𝑟𝑔𝑒𝑡

 and average neutral density �̅�𝑛 holds 

[16]: 

𝜋

2
− 1 = 𝐾

< 𝜎𝑣 >𝑖𝑧 (�̅�𝑒
𝑡𝑎𝑟𝑔𝑒𝑡

, �̅�𝑒
𝑡𝑎𝑟𝑔𝑒𝑡

)

𝑐𝑠𝑒( �̅�𝑒
𝑡𝑎𝑟𝑔𝑒𝑡

)
�̅�𝑛𝐿, (2.2) 

where < 𝜎𝑣 >𝑖𝑧 (�̅�𝑒
𝑡𝑎𝑟𝑔𝑒𝑡

, �̅�𝑒
𝑡𝑎𝑟𝑔𝑒𝑡

) is the electron impact ionization rate coefficient of hydrogen 

(extracted from the AMJUEL database [30]). L is the distance from the ionization front in which M 
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= 0 (as measured by CTS in Fig. 2.5a) to the target, where M = 1(Bohm critereion). In our case, L can 

be assumed to be the ionization mean-free-path (𝜆𝑖𝑧 ). K is a scaling factor to incorporate the 

uncertainties of the right hand side of Eq. (2.2), which will be discussed in Fig. 2.8. The derivation 

of Eq. (2.2) is given in Appendix 2C. 

  

 

Fig. 2.7 Calculation of the near-target electron temperature. The red square shows the peak 𝑇𝑒
𝑇𝑆 whereas 

the red cross shows the peak �̅�𝑒
𝑡𝑎𝑟𝑔𝑒𝑡

 calculated by Eq. (2.2). The filled symbols correspond to λiz < 10 mm 

(which is approximately the plasma beam size in this study) and are therefore affected by ionization. The 

purple arrow indicates the plasma pulse evolution direction of discharge #2 at x=28 mm. 

 

Fig. 2.7 illustrates the application of Eq. (2.2). The filled contour plot shows the  < 𝜎𝑣 >𝑖𝑧 

distribution. 𝜆𝑖𝑧 is calculated by taking the relative velocity 𝑣𝑟𝑒𝑙 between the ions and the neutrals 

equal to the ion velocity at the sheath edge 𝑐𝑠𝑒 (a sensitivity study of 𝑣𝑟𝑒𝑙 will be shown in Fig. 2.8). 

If 𝜆𝑖𝑧 is larger the plasma beam size that ionization is not unlikely to occur and affect the plasma. 

Therefore, Eq. (2.2) applies to the region where 𝜆𝑖𝑧 is smaller than the plasma beam size, which is 

approximately 10 mm in this study. As an example, the time-resolved TS data of discharge #2 (at 

x=28 mm) are shown in the plot through the green symbols whereby the pulse evolution direction is 

indicated by the purple arrow. The filled symbols correspond to 𝜆𝑖𝑧  < 10 mm and are therefore 

influenced by ionization. Then, Eq. (2.2) is plotted by setting 𝐿 = 𝜆𝑖𝑧 and �̅�𝑛 = �̅�𝑒
𝑡𝑎𝑟𝑔𝑒𝑡

= 𝑛𝑒
𝑇𝑆 of the 

peak electron temperature 𝑇𝑒
𝑇𝑆 which is highlighted in red (the largest 𝑇𝑒  maybe an outlier and is 
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therefore ignored). The intersection of the TS profile and Eq. (2.2) then yields �̅�𝑒
𝑡𝑎𝑟𝑔𝑒𝑡

, as denoted by 

the red cross. This exercise is repeated for discharge #3 and #4. The results, expressed as 
�̅�𝑒
𝑡𝑎𝑟𝑔𝑒𝑡

𝑇𝑒
𝑇𝑆 , are 

shown in the most left symbol in Fig. 2.8(a). 

 

 

Fig. 2.8 Sensitivity study of Eq. (2.2). (a) 
�̅�𝑒
𝑡𝑎𝑟𝑔𝑒𝑡

𝑇𝑒
𝑇𝑆  vs. the amplification factor K. �̅�𝑒

𝑡𝑎𝑟𝑔𝑒𝑡
 is the calculated 

electron temperature near the target using Eq. (2.2) and  𝑇𝑒
𝑇𝑆 is the measured electron temperature at the TS 

position (x = 28 mm). (b) 
𝑞𝑡𝑎𝑟𝑔𝑒𝑡

𝑞𝑇𝑆
 vs. the amplification factor K. 𝑞𝑡𝑎𝑟𝑔𝑒𝑡 and 𝑞𝑇𝑆 are calculated using Eq. (2.1) 

with �̅�𝑒
𝑡𝑎𝑟𝑔𝑒𝑡

 and 𝑇𝑒
𝑇𝑆 in (a). The red line denotes the corresponding FEM results in Fig. 2.3(d). 

 

The uncertainty of Eq. (2.2) is discussed next. On the right hand side of Eq. (2.2), L is subjected to 

the uncertainty in 𝑣𝑟𝑒𝑙. Moreover, �̅�𝑛 and �̅�𝑒
𝑡𝑎𝑟𝑔𝑒𝑡

 can be a few factors larger than 𝑛𝑒
𝑇𝑆 due to particle 

recycling. For example, the peak 𝑛𝑒 at the divertor is about 450% of the inter-ELM value in the DIII-

D tokamak [126]. In Magnum-PSI, a global model suggests that the neutral flux can be amplified by 

a factor of ~10 [135].  Therefore, an amplification factor K is introduced on the right hand side of Eq. 

(2.2) to incorporate the combined uncertainties. A sensitivity study of K is shown in Fig. 2.8. The 

larger the value of K, the smaller 
�̅�𝑒
𝑡𝑎𝑟𝑔𝑒𝑡

𝑇𝑒
𝑇𝑆 . Likewise,  

𝑞𝑡𝑎𝑟𝑔𝑒𝑡

𝑞𝑇𝑆
 vs. K is shown in Fig. 2.8(b). In calculating 

𝑞𝑡𝑎𝑟𝑔𝑒𝑡 , �̅�𝑒
𝑡𝑎𝑟𝑔𝑒𝑡

 is found by assuming a plasma pressure balance, as suggested by the plasma 

stagnation in Fig. 2.5. 
𝑞𝑡𝑎𝑟𝑔𝑒𝑡

𝑞𝑇𝑆
 has a weak dependence on K, which approaches 0.5 when K > 4. This 

is in adequate agreement with the values determined by FEM in Fig. 2.3(d) (as indicated by the red 
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line) and therefore supports the hypothesis that the peak heat flux reduction is due to near-target 

plasma cooling.  

Only the peak 𝑇𝑒 is considered here because ionization is the predominant physical process in this 

situation (as will be shown in Fig. 2.9). For the rest of the plasma pulse, elastic/charge exchange (CX) 

collisions are important, which cools 𝑇𝑒 as well [27]. Coupling both ionization and elastic/CX in a 

pulsed plasma is challenging and is beyond the scope of this work. 

2.5.2 Energy loss mechanisms 

The energy loss in Fig. 2.4(b) is discussed next. Fig. 2.9(a) plots the rate coefficients of three relevant 

atomistic physics processes for hydrogen as a function of 𝑇𝑒 for 𝑛𝑒 = 2 × 10
21 m-3 and a relative 

energy between ions and neutrals of 3 eV [30]. Varying 𝑛𝑒 in the range of 1021-5×1021 m-3 only has 

a minor effect on the above rate coefficients. The number N of elastic/CX collisions a recycling 

neutral undergoes before ionization when entering an infinite plasma at constant 𝑛𝑒  and 𝑇𝑒  is 

estimated as [27]: 

𝑁 ∝
<𝜎𝑣>𝐶𝑋

<𝜎𝑣>𝑖𝑧

<𝜎𝑣>𝑑𝑖𝑠

<𝜎𝑣>𝑖𝑧
, (2.3)

where the ionization rate < 𝜎𝑣 >𝑖𝑧, CX rate < 𝜎𝑣 >𝐶𝑋 and dissociation rate < 𝜎𝑣 >𝑑𝑖𝑠 are plotted 

in Fig. 2.9(a). At 𝑇𝑒=10 eV, N equals ~0.4. Therefore, when 𝑇𝑒 > 10 eV, ionization prevails. The 𝑇𝑒 

domain of ionization and elastic/CX collisions is highlighted by the colored patches in Fig. 2.9(a). As 

explained earlier, the near-target ionization process converts the upstream plasma into a plasma with 

a decreasing electron temperature and an increasing density near the target (Fig. 2.9b), entailing a 

clear heat flux reduction. However, ionization does not lead to significant energy loss because the 

energy removed by neutrals is subsequently re-deposited onto the target1.  

 

 

 

 

1 Note that for a transient heat process, a reduction in heat flux does not necessarily entail an energy loss. 
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Fig. 2.9 Energy loss mechanisms. (a) Rate coefficients of the indicated atomic reactions. (b) Ionization 

dominated plasma-neutral interactions, forming a near-target self-sustained plasma. (c) elastic/CX collisions 

dominated plasma-neutral interactions. 

 

When 𝑇𝑒 < 10 eV, elastic/CX collisions between the plasma ions and recycling neutrals becomes 

important. In this case, most of the neutrals escape the plasma beam, taking away momentum and 

energy from the plasma (Fig. 2.9c). For a hydrogen plasma, the power removal by neutrals can be 

estimated as described in [27]: 

𝑃(𝑐𝑜𝑙𝑙. )

𝑃(𝑛𝑜 𝑐𝑜𝑙𝑙. )
=
𝑀(5.2 − 𝑙𝑛𝑀) + (

2
𝜋)

1
2
(
𝑇𝑖
𝑇𝑒
)

3
2

(5.2 + 2
𝑇𝑖
𝑇𝑒
) (1 +

𝑇𝑖
𝑇𝑒
)

1
2

, (2.4) 

where 𝑃(𝑐𝑜𝑙𝑙. ) and 𝑃(𝑛𝑜 𝑐𝑜𝑙𝑙. ) are the plasma power with and without elastic/CX collisions. M is 

the upstream plasma flow Mach number resulting from elastic/CX collisions. The largest Mach 

number (M = 0.2) in Fig. 2.5(a), for which 𝑇𝑒 is small, solely results from elastic/CX collisions. M = 

0.2 has also been measured for a steady-state hydrogen plasma in Magnum-PSI previously [135]. 

Using 𝑀 = 0.2 and 
𝑇𝑖

𝑇𝑒
= 1 in Eq. (2.4), we obtain 

𝑃(𝑐𝑜𝑙𝑙.)

𝑃(𝑛𝑜 𝑐𝑜𝑙𝑙.)
= 0.21. Note that 𝜂𝑇𝑆 ∝ 𝑃(𝑛𝑜 𝑐𝑜𝑙𝑙. ) and 

𝜂𝑡𝑎𝑟𝑔𝑒𝑡 ∝ 𝑃(𝑐𝑜𝑙𝑙. ). Because elastic/CX collisions only dominate part of the plasma pulse, 0.21 is 

therefore the minimum value of 
𝜂𝑡𝑎𝑟𝑔𝑒𝑡

𝜂𝑇𝑆
 that can be attributed to elastic/CX collisions. Note that 



46 

electron cooling is not considered in Eq. (2.4). Nevertheless, this value is close to the corresponding 

𝜂𝑡𝑎𝑟𝑔𝑒𝑡

𝜂𝑇𝑆
 from heat flux calculations (~0.3) in Fig. 2.4 (discharge #1-4). Therefore, it seems plausible 

that elastic/CX collisions constitute the primary energy-loss mechanism in this study.   

2.5.3 Implications for ITER 

The results described here may be highly relevant for the understanding of ELM induced heat loads 

on the tungsten PFCs in ITER. Fig. 2.4 shows that the higher the electron density 𝑛𝑒, the higher the 

energy loss. This energy-loss dependence on 𝑛𝑒 can be rationalized as follows. First, the higher the 

𝑛𝑒, the smaller the electron temperature 𝑇𝑒 as a result of increased ionization (Fig. 2.8). Then, the 

lower the 𝑇𝑒 the smaller the mean-free-path of the elastic/CX collisions. Therefore, more collisions 

can occur inside the plasma beam, entailing energy loss of the plasma. Currently, the main method to 

predict heat fluxes onto the target during ELMs in tokamaks is called the free-streaming-particle 

approach [137, 138]. However, this approach does not fully consider the influence of particle 

recycling on the heat loads due to ELMs. If a higher 𝑛𝑒 were to occur in ITER, e.g. in the presence 

of detachment, the here reported heat flux reduction and energy loss by near-surface plasma-neutral 

interactions can be important. 

The 𝑇𝑒  reduction is also beneficial for the operation of fusion reactors. A reason to choose 

tungsten as the PFC material is because of its low physical sputtering yield. However, during ELMs, 

the ion impact energy can be a few keV [112]. The erosion of the tungsten PFCs by ELMs is therefore 

a concern [139]. On the other hand, the core plasma has a low tolerability to tungsten impurities, as 

tungsten degrades the core plasma performance [140]. A reduction of 𝑇𝑒  therefore extends the 

lifetime of PFCs and improves the core plasma performance. 
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2.6 Conclusions 

In summary, with the aid of time-resolved Thomson scattering (TS), Coherent Thomson scattering 

(CTS) and fast infrared thermography, we have studied the power deposition behavior of ELM-like 

hydrogen plasmas on tungsten in detail. An unprecedented plasma density regime was explored, and 

the major findings are: 

 

 Through the comparison of heat fluxes between the target and TS position, we find a reduction 

of the peak heat flux of ~50% and of the energy fluence of up to ~70%.   

 From CTS, a plasma flow velocity as small as 0.03±0.02 Mach is measured at ~28 mm in 

front of the target. By varying the TS position from ~28 mm to ~7 mm in front of the target, 

a 𝑇𝑒 cooling of up to ~40% is observed.  

 An analytical model is used to estimate the near-target electron temperature when the 

ionization of recycling neutrals is predominant, suggesting a 𝑇𝑒 cooling of up to ~20%. The 

peak heat flux reduction can be explained through the near-target plasma cooling. Near-target 

ionization is also proposed to explain the plasma stagnation.    

 Using the measured flow velocity, the energy removal by neutrals is estimated to be up to 

~80%, which is close to the corresponding heat flux measurements, implying that elastic/CX 

collisions constitute the predominant energy-loss mechanism in this study. 
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Appendix 2A. Sheath heat transmission coefficient 𝜸 of H+ on tungsten 

 

The sheath heat transmission coefficient 𝛾 takes the following expression [16], 

𝛾 = (2.5 − 𝑒𝑉𝑠 − 𝑒𝑉𝑝𝑠)(1 − 𝑅𝑖,𝐸) +
𝜒𝑖
𝑘𝐵𝑇𝑒

+
𝜒𝑟
𝑘𝐵𝑇𝑒

(1 − 𝑅𝑖,𝑁) +
2

1 − 𝛿
(1 − 𝑅𝑒,𝐸),  

in which the factor 2.5 in the first term accounts for the average fluid velocity of the ions at the sheath 

entrance. The energy gained in the potential drop of the pre-sheath and sheath are 𝑒𝑉𝑝𝑠 = ln2 and 

𝑒𝑉𝑠 =
1

2
ln [(2𝜋

𝑚𝑒

𝑚𝑖
) (1 +

𝑇𝑖

𝑇𝑒
) (1 − 𝛿)−2], respectively. 𝑅𝑖,𝐸  is the ion energy reflection coefficient 

(~0.5), taken from the TRIM.SP database [20] using a 3rd order polynomial extrapolation to lower 

energies. The second term represents the contribution from the electron-ion recombinations, with 𝜒𝑖 

being 13.6 eV for hydrogen. The third term refers to the atom-atom recombination energy 𝜒𝑟 (2.2 eV 

for hydrogen). Ion particle reflection (~0.7) is also allowed for by 𝑅𝑖,𝑁, which is also taken from the 

TRIM.SP database with a 3rd order polynomial extrapolation to lower energies. Finally, the energy 

deposited by electrons is considered, where 𝑅𝑒,𝐸 is the electron energy reflection coefficient and 𝛿 is 

the secondary electron emission yield. 𝛿 is calculated with the Young-Dekker formula [141]. Due to 

the lack of a generalized form of  𝑅𝑒,𝐸, it is fixed to the value 0.15, which is well in the range of 

multiple experimental measurements [142]. In our previous analysis [125], 𝑅𝑖,𝐸 , 𝑅𝑖,𝑁 , 𝑅𝑒,𝐸  and 𝛿 

were fixed using values suggested in Ref. [16]. Here, we have refined these parameters, making them 

explicitly dependent on 𝑇𝑒. This is expected to be more suitable for the pulsed plasmas. The derived 

𝛾 as a function of 𝑇𝑒 is plotted in Fig. A. At a high 𝑇𝑒 (>5 eV), γ approaches the commonly cited 7 

value. 
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Figure 2A. The calculated γ vs. 𝑇𝑒 for H+ on tungsten. 

   

Appendix 2B. ne profiles at x=7 mm 

 

 

Fig. 2B. ne profiles of the same discharges in Fig. 2.6 at x = 7 mm. (a) Discharge #1, (b) Discharge #2, and (c) 

Discharge #3. 
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Appendix 2C. Derivation of Eq. (2.2) 

 

This derivation closely follows chapter 1 of Ref. [16]. In 1-D, the particle and momentum 

conservation of ions yields: 

𝑑𝑀

𝑑𝑥
=

𝑆𝑝

𝑛𝑒𝑐𝑠𝑒

(1 +𝑀2)

(1 −𝑀2)
, (2C. 1) 

where 𝑀 ≡
𝑣

𝑐𝑠𝑒
 is the plasma Mach number, and 𝑆𝑝 ≡ 𝑛𝑒𝑛𝑛 < 𝜎𝑣 >𝑖𝑧 is the ionization particle source. 

Integrating Eq. (2C.1), one obtains: 

2𝑡𝑎𝑛−1𝑀 −𝑀 =
𝑛𝑛 < 𝜎𝑣 >𝑖𝑧 𝑥

𝑐𝑠𝑒
. (2C. 2) 

At the target 𝑥 = 𝐿 , 𝑀(𝐿) = 1  (Bohm’s criterion) and at 𝑥 = 0 , 𝑀(0) = 0 , so that Eq. (2C.2) 

becomes: 

𝜋

2
− 1 = 𝐾

< 𝜎𝑣 >𝑖𝑧 (𝑇𝑒 , 𝑛𝑒)

𝑐𝑠𝑒( 𝑇𝑒)
�̅�𝑛𝐿. (2C. 3) 

In the above derivation, it is assumed that 𝜎𝑣𝑖𝑧(𝑇𝑒, 𝑛𝑒) and 𝑛𝑛 do not vary between 0 and L. This 

assumption is made because the 𝑛𝑛  distribution cannot be obtained without extensive numerical 

computations. Therefore, the average quantities < 𝜎𝑣 >𝑖𝑧 (𝑇𝑒 , 𝑛𝑒) and �̅�𝑛 are used. When assuming 

that the neutral density decays exponentially from the target, a factor of (1 −
1

𝑒
) should be added on 

the right hand side (RHS) of Eq. (2C.3). The influence of this factor and the uncertainty in �̅�𝑛 and L 

are taken into account by introducing a scaling factor K on the RHS of Eq. (2C.3). For simplicity, a 

uniform 𝑇𝑒 is also assumed in this near-target ionization layer.  



 

 

 

3 Fracture behavior of tungsten-based composites exposed to 

steady-state/transient hydrogen plasma 

 

 

Abstract  

The fracture behavior of plasma-facing components (PFCs) under extreme plasma-material 

interaction conditions is of great concern to ITER and future fusion reactors. This was explored in 

the current study by exposing pure tungsten (W), W-1%TiC and W-2%Y2O3 composites to a 

combined steady-state/transient hydrogen plasma up to a base surface temperature of ~ 2220 K, and 

up to 5000 transient pulses for 1000 seconds using the linear plasma generator Magnum-PSI. The 

applied heat loads were characterized by combining sheath physics, thermographic information and 

finite element analyses, with which the thermal stress was evaluated. Combining microstructural 

investigation and thermo-mechanical numerical analyses, a physical picture of fracture is developed. 

The transient heat loads drive surface crack initiation, whose depth can be estimated by a simple 

analytical model for pure tungsten, while the cooling period following the steady-state heat load 

induces tensile stresses, opening existing surface cracks deeper. The fracture process is mediated by 

the microstructure whereby the ceramic particles stabilize the microstructure but promote surface 

crack initiation due to suppressed plasticity at the grain boundaries and the particle-matrix interfaces. 

The surface cracks relieve the subsequent cycles of transient thermal stress but intensify the steady-

state thermal stress, therefore, promoting deep crack propagation. These results help to understand 

failure mechanisms in PFCs under extreme operation conditions which are valuable for developing 

advanced PFCs.  
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3.1 Introduction 

Designing divertor plasma-facing components (PFCs) which can withstand the extreme particle and 

heat loads expected in a fusion reactor is a challenging task. Recrystallization is known to strongly 

modify the materials’ mechanical response, e.g. by reducing yield strength and enhancing ductility, 

as empirically described by the Hall-Petch relationship [82]. Contrary to most metals, 

recrystallization may decrease the ductility of tungsten, which is attributed to the diminished fraction 

of low angle grain boundaries and edge dislocation density after recrystallization [91]. Although the 

role of recrystallization on the performance of PFCs is complicated and also has positive effects (for 

example by annealing neutron radiation damage [143]), undesirable deterioration of the thermal shock 

resistance has generally been observed [102, 124]. For the current ITER monoblock design, in order 

to avoid recrystallization (identified through a hardness drop of 50%) of the 2 mm surface layer during 

the first divertor lifetime high performance exposure, the steady-state heat flux is limited to ~ 16 ± 

2.5 MWm-2 [18], which might be surpassed in a future fusion reactor such as DEMO. Thermal stress 

due to steady-state and transient heat loads can drive crack initiation and propagation due to high 

cycle fatigue, even when individual events are not capable of immediately inducing cracking [144]. 

In ITER, a large number of mitigated Edge Localized Modes (ELMs) are expected [120] and fatigue 

effects leading to damage accumulation over time have been observed for cyclic electron-beam 

loading of tungsten under ITER-relevant conditions [145, 146]. An additional factor is that hydrogen 

is known to cause degradation of the fracture toughness in metallic materials, classically termed as 

hydrogen embrittlement (HE) [67]. A high flux (~1024 m-2s-1) hydrogen plasma environment, as 

expected in the ITER divertor regime, therefore may induce an additional degradation factor affecting 

the materials’ performance and lifetime. 

Tungsten produced by conventional powder metallurgy is the current solution for ITER [147]. 

Meanwhile, various tungsten-based composites are under development with reported improvements 

in particular aspects [148-152], with the general design principle being retarding recrystallization and 

preventing crack propagation by incorporating ceramic particles. One particular fabrication method 

is powder injection molding (PIM), which has the advantage of mass production of low cost, high-

performance components with complex geometries, which also enables easy incorporation of ceramic 

particles into the metal matrix [153]. The performance of such composites under a combination of 

high particle/heat flux, a high surface temperature, and high ELM-cycle numbers remains to be 

assessed.  
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Such experimental studies are readily enabled by the linear plasma generator Magnum-PSI, designed 

to study plasma-wall interactions in ITER-like divertor regimes [117, 154]. Despite numerous 

experimental and numerical studies [79, 102-104, 145, 146, 155-165] that contributed to our 

understanding of the plasma-material interactions, the physical picture of fracture under the 

aforementioned conditions is still incomplete. Experimentally, most devices can only probe part of 

the parameters, and thus the synergetic effects in the real heat and particle loading regime cannot be 

fully captured [166]. For numerical models, experimental validation data (e.g., high-fidelity 

experimental input and output for the thermo-mechanical problem) is generally lacking such that the 

predictive value of the results is limited. Because of these limitations, in this study, we exploit the 

advanced diagnostics information in Magnum-PSI in combination with a numerical model and 

adequate post-mortem microstructural characterization, to obtain a physical picture of fracture, with 

insights into the crack initiation and propagation process and their interplay with the underlying 

microstructures. 

This chapter is organized as follows. In Section 3.2, the experimental procedure including sample 

preparation, plasma exposure, and diagnostics is detailed. The Bohm sheath theory used to determine 

particle flux and steady-state heat flux is then shortly summarized. A procedure combining 

experimental thermographic information and finite element method (FEM) analyses is also developed 

to derive the transient heat flux reaching the targets. The resulting microstructure is analyzed in 

Section 3.3, with an emphasis on crack initiation and propagation. In Section 3.4, the observed results 

are discussed with the help of additional thermal stress calculations. 

3.2  Experimental and numerical procedures 

3.2.1 Specimen preparation 

W-1%TiC and W-2%Y2O3 samples (10 × 10 × 1 mm3) were produced by powder injection molding 

at KIT [167], while hot-rolled polycrystalline tungsten discs (20 mm diameter, 1 mm thickness) with 

a purity of 99.97 wt.% were produced by Plansee SE. The geometry of the samples is not identical, 

but the thickness is the same, which is considered to be the controlling geometrical factor influencing 

damage/crack formation. The samples were first ground with SiC papers up to #2000 and then 

polished with 3 µm and 1 µm diamond suspension, respectively. Thereafter they were ultrasonically 

cleaned in acetone and ethanol for 30 minutes followed by stress relief annealing at 1000 ℃ at an air 

pressure below 1 × 10-4 Pa for 1 hour. To further remove residual stresses from the previous steps, as 

noted in [168, 169], electropolishing was conducted using a 0.4 % g/ml aqueous NaOH solution at a 
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voltage of 15 V and at a current density ~ 191 A/m2. The erosion rate was around 3.68 nm/s, estimated 

by Faraday’s law of electrolysis. Based on this erosion rate, the tungsten samples were electropolished 

to a depth of 1 µm, while PIM tungsten-based composites were electropolished to a depth of 100 nm 

to avoid removing ceramic particles.  

3.2.2 Plasma exposure 

Hydrogen plasma exposures were performed in the linear plasma generator Magnum-PSI. The steady-

state plasma was generated by a cascaded arc source using a DC current of 180 A, an H2 gas flow in 

the range 14-18 Pa·m3/s and delivered to the targets by applying a constant axial magnetic field of 

1.2 T. Transient plasma pulses (~ 1 ms in duration) were superimposed on the steady-state plasma 

using the pulsed source system (described in Ref. [117]) with a stored energy in the capacitor of either 

75 J or 192 J, with a pulse frequency of either 1 Hz or 5 Hz, respectively. The samples were clamped 

to a water-cooled copper holder with two GRAFOIL® layers in between using a TZM alloy clamping 

ring. All targets were kept at a floating potential, the electron temperature during steady-state plasma 

was ~1 eV and reached ~10 eV during pulses. The plasma loading parameters are summarized in 

Table 3.1, as determined from the methods discussed below. The particle/heat loads indicated in Table 

3.1 are measured at the center of the plasma beam, which has a Gaussian distribution profile in terms 

of electron temperature and density and a ~10 mm full-width half-maximum (FWHM), as measured 

by Thomson scattering. For the specimen’s nomenclature: W, WY, WT stand for pure tungsten, W-

2%Y2O3 and W-1%TiC, respectively.  
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Table 3.1 Loading conditions of each sample in this study. W, WY, and WT stand for pure tungsten, W-2%Y2O3 and W-

1%TiC, respectively. The ion flux and steady-state heat flux are calculated from the Bohm sheath theory using the 

measured TS data. The base surface temperature (Tbase) is measured by a pyrometer and the peak temperature excursion 

(ΔT) due to transient heat loads is recorded by a fast-framing infrared camera. The peak pulsed heat flux is calculated 

using FEM analysis. The samples are intentionally poorly cooled to reach high surface temperatures.      

Specimen 
Ion flux 

(×1024 m-2s-1) 

Tbase 

(K) 

ΔT 

(K) 

Pulses 

(#) 

Steady-state 

heat flux 

(MW/m2) 

Peak pulsed 

heat flux 

(MW/m2) 

W1 

0.80±0.11  1788±27 469±21 

1000 

3.74±0.33  600 

WY1 

WT1 

W2 

5000 WY2 

WT2 

W3 

2.93±0.07 2224±23 359±20 1000 13.31±0.20 460 WY3 

WT3 

 

3.2.3 Diagnostics and post-mortem analysis 

The electron temperature (𝑇𝑒) and density (𝑛𝑒) of the plasma were measured by Thomson scattering 

(TS) at a position of ~30 mm in front of the targets [170]. 𝑇𝑒  and 𝑛𝑒  can also be determined at 

different points in a pulse using a triggering changing delay between the TS system and the pulsed 

plasma generation system, giving a time-resolved measurement of these parameters (described in 

[119]). The transient temperature excursions induced by the pulsed plasma were recorded by a fast-

framing infra-red camera (FLIR SC7500MB) in the wavelength range of 3.97 to 4.01 μm and at a 

frequency of ~5 kHz. The temperature-dependent emissivity of tungsten was obtained by calibrating 

different base temperatures to that measured by a multi-wavelength pyrometer (FAR Associates 

FMPI). This was then used to convert the raw signal of the infra-red camera into temperature profiles 

using an in-house script, where the temperature-dependent emissivity was also considered during the 

temperature excursions. 

The surface morphology of the samples was analyzed by a scanning electron microscope (SEM, 

JEOL 7500 FA, and Phenom), using a scanning voltage of 5 kV and secondary electron (SE) mode. 

It was carefully checked that the preparation of the cross-section did not alter the fracture morphology 

of the plasma-treated specimens in Fig. 3.5. 
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3.2.4 Thermal analysis 

The heat flux on the target is calculated from sheath physics as 

follows:

𝑞 =  𝛾𝑘𝐵𝑇𝑒𝛤𝑖, (3.1) 

where 𝑘𝐵  is the Boltzmann constant,  𝑇𝑒 the electron temperature, 𝛤𝑖 the ion flux and 𝛾 the so-called 

sheath heat transmission coefficient. The ion flux 𝛤𝑖 is determined by the ion density 𝑛𝑠𝑒 and velocity 

𝑣𝑠𝑒  at the sheath edge, and can be expressed as: 

𝛤𝑖 = 𝑛𝑠𝑒𝑣𝑠𝑒 . (3.2) 

The generalization of the non-zero ion temperature (𝑇𝑖) Bohm criterion discussed by Riemann 

[19], yields the following expression of 𝑣𝑠𝑒: 

𝑣𝑠𝑒 = [(𝑘𝐵𝑇𝑒 +
5

3
 𝑘𝐵𝑇𝑖)/𝑚𝑖]

1
2
, (3.3) 

where 𝑚𝑖 denotes the mass of the ions and 
5

3
 originates from the adiabatic flow with isotropic pressure 

assumption. For hydrogen plasma in Magnum-PSI, 𝑇𝑒 = 𝑇𝑖  is an adequate approximation, as 

previously measured by collective Thomson scattering [131]. The value of 𝑛𝑠𝑒 is smaller than the ion 

density measured upstream (𝑛𝑒). In the case of a steady-state plasma, as measured in [171], an ion 

density drop by a factor of 2 is a good approximation, such that,  

𝑛𝑠𝑒 =
1

2
𝑛𝑒 , (3.4) 

Finally, following the analysis in Ref. [16], the sheath heat transmission coefficient 𝛾 is given by 

the following expression: 

𝛾 = (2.5 − 𝑒𝑉𝑠 − 𝑒𝑉𝑝𝑠)(1 − 𝑅𝑖,𝐸) +
𝜒𝑖
𝑘𝐵𝑇𝑒

+
𝜒𝑟
𝑘𝐵𝑇𝑒

(1 − 𝑅𝑖,𝑁) +
2

1 − 𝛿
(1 − 𝑅𝑒,𝐸), (3.5) 

in which the first term represents the kinetic energy of the ions impinging on the target taking into 

account the drifting Maxwellian velocity distribution for the ions in the plasma and the acceleration 

over the pre-sheath and sheath towards the surface. The factor 2.5 is the average fluid velocity of the 

ions. The energy gained in the potential drop of the pre-sheath and sheath is 𝑒𝑉𝑝𝑠 (~0.7) and 𝑒𝑉𝑠 (~2.5), 

respectively. 𝑅𝑖,𝐸 is the ion energy reflection coefficient, to allow for ion back-scattering. The second 

term represents the contribution from electron-ion recombination, with 𝜒𝑖 being 13.6 eV for hydrogen. 

The third term accounts for the atom-atom recombination energy 𝜒𝑟 (2.2 eV for hydrogen), for which 

ion particle reflection is also allowed for by 𝑅𝑖,𝑁 . Lastly, the energy deposited by electrons is 

considered, where 𝑅𝑒,𝐸 is the electron energy reflection coefficient and 𝛿 is the secondary electron 
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emission yield. We use 𝑅𝑖,𝐸 = 0.3, 𝑅𝑖,𝑁 = 0.5, 𝑅𝑒,𝐸 = 0.15 and 𝛿 = 0 in this study, adopted from 

[16]. The steady-state heat flux can then be readily calculated from the measured 𝑇𝑒 and 𝑛𝑒 using Eq. 

(3.1)-(3.5). The results are summarized in Table 3.1.  

  The electron temperature and density during pulsed plasma were also measured by our time-

resolved Thomson scattering system, as shown in Fig. 3.1(a), averaged from 300 pulses. The 𝑇𝑒 

variation was around 1 ms in duration with a peak temperature around 10 eV, while the density pulse 

was almost two times longer, rising to a maximum value and saturating there until 𝑇𝑒 drops again to 

a low value. This discrepancy in time evolution implies complex plasma surface interactions in the 

high-flux regime, which, as a direct consequence, also mediates the power deposition of plasma on 

the targets. As shown by Zielinski et al. [116], the back-flow of neutrals from the target impedes the 

power transfer, resulting in a reduced heat flux. We also found that direct calculation by sheath theory 

using the above equations dramatically overestimated the heat flux received by the targets when 

comparing to analytical estimates using the measured peak surface temperature increase. To 

circumvent this complication, thermographic information coupled to FEM analysis was used to 

determine the actual heat flux. Fig. 3.1(b) shows a typical thermographic profile where the base 

temperature was measured by a pyrometer while the pulse events were captured by a fast-framing IR 

camera. Here, thermal equilibrium is reached after about 10 seconds and the stable temperature 

plateau at 11-15 seconds is used for calibration. Also, the pyrometer recording after 16 seconds looks 

similar to the values after the first pulse and is therefore not given to more clearly show the IR camera 

data. The thermographic profile consists of three stages: (1) ramp up to a steady-state temperature, 

which takes about 15 seconds; (2) discharge from capacitor banks, giving rise to temperature 

excursions, where each pulse lasts about 1 ms; (3) the temperature recovery to the base temperature 

before the next capacitor is triggered. The detailed temperature evolution during the millisecond 

pulsed plasma is better visible in Fig. 3.1(d) as red dots. It was constructed by firstly locating the peak 

of each individual pulse by a spline fitting and then aligning all the peak positions in the same time 

interval thus resulting in a statistically representative profile. In this way, the uncertainty in the 

recorded temperature data due to the imperfect synchronization of the capacitor banks and the finite 

time resolution of the IR camera can be reduced. The above three stages are replicated numerically 

using a FEM analysis by solving the following heat equation, 

𝜌𝑐�̇� = ∇⃗⃗ ∙ (𝜅∇⃗⃗ 𝑇), (3.6) 

Here 𝑇 denotes the absolute temperature, 𝜌 the density, 𝑐 the specific heat capacity, 𝑘 the thermal 

conductivity and ∇⃗⃗  the spatial gradient operator. 
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The FEM analysis is performed in MSC.Marc/Mentat®. The geometry and mesh of the model are 

shown in Fig. 3.1(c), which consists of 4000 8-node cubic finite elements. The temperature-dependent 

thermal conductivity and heat capacity were taken from Ref. [133, 134], respectively. As boundary 

conditions, a Gaussian heat flux profile (10 mm full-width half-maximum) was applied on the top 

surface, while the bottom nodes were prescribed to have a uniform temperature. A steady-state 

thermal analysis (i.e. not including the first term in Eq. 3.6) was firstly conducted to simulate stage 

(1). For this stage, the magnitude and spatial distribution of the Gaussian heat flux were calculated 

from 𝑇𝑒 and 𝑛𝑒 using sheath physics (Eq. 3.1-3.5). The temperature at the back-side of the target was 

determined by matching the resulting top surface temperature to that from the pyrometer 

measurement and was then fixed in the subsequent transient simulation. Fixing this back-side 

temperature is motivated by the fact that the characteristic heat propagation zone (~0.2 mm, estimated 

from the 1D analytical solution of thermal diffusion) of the transient heat load due to a millisecond 

pulsed plasma is limited to the surface. Therefore, the transient heat load is unlikely to alter the bottom 

temperature established from the first steady-state stage. This steady-state analysis is essential since 

it determines the temperature distribution of the target prior to transient heat loads and subsequently 

dictates its temperature response. Secondly, pulsed heat loads were added to the model, therefore a 

transient analysis was carried out. The transient Gaussian heat flux has an approximately linear rise 

part, the rise time of which is prescribed by the discharge circuit [117] to be 0.24 ms. The magnitude 

and the decay part of the transient Gaussian heat flux (assuming the same plasma beam size as the 

steady-state case) were kept as fitting parameters, such that the resulting temperature response on the 

surface matches the temperature registered with the IR camera. This is shown in Fig. 3.1(d), where 

an adequate agreement between experimental measurements and FEM calculations was achieved. 

The resulting heat flux profile of the transient heat load is also depicted in the inset, which is triangular 

with a rise time of 0.24 ms and a decay time of 0.4 ms. The derived peak pulsed heat flux is reported 

in Table 3.1. Finally, the surface temperature recovers the steady-state level once the transient heat 

load ends. The decay curve also matches well with the IR camera measurements, giving confidence 

in the above calculations, especially the assumption that the back-side temperature does not change 

upon receiving transient heat loads on the top surface. We have evaluated the influence of the 

uncertainties from the sheath theory and the plasma beam size, and the difference was found to be 

small. Although there still remain experimental measurement uncertainties, it is not expected that 

these affect the conclusions we will draw. 
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Fig. 3.1 Thermal analyses. (a) Typical electron density (𝑛𝑒) and temperature (𝑇𝑒) profile during pulsed plasma 

measured by time-resolved Thomson scattering. (b) The thermographic profile of sample W1 recorded at the 

beam-spot center by the IR camera and pyrometer. (c) The 3D FEM model geometry, mesh, and the obtained 

peak temperature distribution. (d) The reconstructed temperature profile from IR camera measurements and 

the corresponding FEM calculation. The derived heat flux profile is shown in the inset, which is triangular 

with a rise time of 0.24 ms, a decay time of 0.4 ms and a peak value of 600 MW/m2. 

3.3  Microstructural results 

3.3.1 Surface modifications 

Fig. 3.2 shows secondary electron images of the three tungsten grades before and after hydrogen 

plasma exposure as indicated in the figure. Fig. 3.2(a) is hot-rolled tungsten with a non-uniform grain 

structure, where the elongation of the grains on the surface indicates the rolling direction. After 

plasma exposure (W1), as shown in Fig. 3.2(d), roughening of the surface was observed but no 

apparent crack was found. For the W-2%Y2O3 composite (WY1), the pristine microstructure contains 

equiaxed grains embedded with Y2O3 particles, which are mostly distributed along tungsten grain 

boundaries. For this sample, it is apparent that, after plasma exposure, the surface is full of 

microcracks. The grain boundaries are no longer clear, but it can be observed that the material volume 
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enclosed by micro-cracks is of similar size as the original tungsten grains. Hence, it can be inferred 

that cracks nucleated predominantly at grain boundaries. Sample WT1 is like WY1, except that it has 

a smaller pristine grain size and consequently fine and dense microcracks, as shown in Fig. 3.2(c) and 

Fig. 3.2(f).  

  

 

Fig. 3.2 Surface modifications after 1000 pulses. SEM images of sample W1 (pure W), WY1 (W-2%Y2O3) 

and WT1 (W-1%TiC) before (1st row) and after plasma exposure (2nd row), respectively. The plasma exposure 

in the 2nd row is at a base surface temperature of 1788 K, a peak transient heat flux of 600 MW/m2, and a pulse 

number of 1000. Images are all taken from the center of the samples.    

 

The role of the pulse number and the base temperature was investigated next. Firstly, keeping the 

same plasma parameters while increasing the pulse frequency to 5 Hz, 5000 pulses were applied. The 

results are shown in the first row of Fig. 3.3, with the same tungsten grades as ordered in Fig. 3.2. For 

sample W2, a crack network is formed due to the increased pulse numbers, along with exacerbated 

roughening. For WY2 and WT2, extra modifications were not significant, at least as visible from the 

surface. Secondly, increasing the base surface temperature to 2224 K, while limiting the number of 

pulses to 1000, showed different results. As shown in the second row of Fig. 3.3, all samples formed 

long cracks. For W3, a long straight crack developed in the sample center without much roughening. 

An overview at a lower magnification can be seen in Fig. 3.10(b). This contrasts with that of W1, 

which showed intense roughening but no cracks. For WY3 and WT3, long cracks (insets in Fig. 3.3e 

and Fig. 3.3f) also developed along with dense micro-cracks. Additional grain growth was observed, 

which becomes apparent when comparing to WY1 and WT1 (Fig. 3.2b and Fig. 3.2c). 



3 Two-step fracture  61 

   

Fig. 3.3 Surface modifications at 2224 K and 5000 pulses. SEM images of (a) W2 (pure W), (b) WY2 (W-

2%Y2O3), (c) WT2 (W-1%TiC), (d) W3 (pure W), (e) WY3 (W-2%Y2O3) and (f) WT3 (W-1%TiC), 

respectively. The edges in figure 3.3(e) and (f) are edges from the central long cracks as indicated by the insets. 

Images are all taken from the center of the samples.  

3.3.2 Crack nucleation and propagation 

We are particularly interested in the fracture behavior which poses a threat to the long-term 

performance of PFCs. From the surface analysis, it was already obvious that pure tungsten behaves 

rather differently than the two composites. A detailed comparison is presented in Fig. 3.4. For pure 

tungsten, as shown in Fig. 3.4(a), intense slip bands were observed in front of a grain boundary. W3 

is shown instead of W1 because only W3 formed natural long cracks such that the fine fracture 

morphology was not influenced by the external force applied to slice the samples for SEM analyses. 

For the two composites, microcracks occurred at grain boundaries, which can be associated with 

ceramic particles (e.g. interface decohesion), as highlighted in Fig. 3.4(b) and Fig. 3.4(c).  

 

 

Fig. 3.4 Fractography. Fracture morphology of (a) W3 (pure W), (b) WY1 (W-2%Y2O3), and (c) WT1 (W-

1%TiC), respectively. (a) Is the fracture surface while (b) and (c) are taken from the top surface but 3 mm 

away from the beam-spot center to avoid excessive roughening.   
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The cross-section fracture surfaces of all exposed samples were then examined, as shown in Fig. 3.5 

and Fig. 3.6. All the cross-section micrographs show a damaged surface layer, which is associated 

with grain growth and microcracks, as highlighted in the images. Fig. 3.6(a) shows 10 radial pictures 

of sample W3, overlaid to give an overview of the cross-section fracture surface, as this sample 

developed a radial crack ~ 18 mm long. An extensive recrystallization zone can be seen in the center, 

with a flat fracture surface. Next to it, the fracture mode is intergranular, extending radially ~5 mm 

away from the beam-spot center. Beyond that, the fracture surface becomes flat again. A zoom-in 

image of this fracture mode transition region is shown in Fig. 3.6(b). For the two composites, Fig. 

3.6(c) and Fig. 3.6(d), the damaged surface layer is shallower, showing the effect of ceramic particles 

in stabilizing the microstructure, which is consistent with the observations in Fig. 3.5. Fig. 3.7 

summarizes the surface crack length of the samples except W1 and W3. For the former, no surface 

crack forms and for the latter, the deep crack has overshadowed such evidence.  

 

 

Fig. 3.5 Cross-sectional fractography. Cross-section fracture surfaces of sample (a) W1, (b) WY1, (c) WT1, 

(d) W2, (e) WY2, and (f) WT2 respectively, where the damaged surface layers are highlighted. The damaged 

surface layer is defined as the region with a morphology contrast with the matrix due to recrystallization, 

microcracks and fracture mode (cleavage vs. intergranular). More descriptions can be found in the text.  
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Fig. 3.6 The transition of fracture mode. Cross-section fracture surfaces of (a)-(b) sample W3 (pure 

tungsten), (c) WY3 (W-2%Y2O3), and (d) WT3 (W-1%TiC), respectively. (a) Stitched 10 radial pictures. (b) 

Magnification of the highlighted region in (a). (c) and (d) are taken from the sample center. 

 

Fig. 3.7 Summary of the surface crack length. Surface crack length into the material of the different samples. 

The order of the specimens along the x-axis gives an ascending trend of the surface crack length and as 

discussed in the text. 

3.4  Discussion  

The microstructural results have revealed some important features of the fracture behavior, which 

will now be analyzed with the aid of numerical simulations.  

3.4.1 Surface crack formation  

Firstly, in Fig. 3.2, it was found that the two tungsten-based composites had a lower cracking 

resistance than pure tungsten. Moreover, for pure tungsten, Fig. 3.2(d) and Fig. 3.3(a) reveal that 
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surface cracks only appeared after multiple cycles, suggesting that crack initiation is driven by 

accumulated plastic strain. The yield strength of the studied tungsten-based composites was measured 

in Ref. [172] up to 600 ℃ (shown in appendix 3A). Pure tungsten has a slightly higher yield strength 

than the two composites, which could be related to the different degrees of cold working during 

fabrication. If the same trend in yield strength holds up to high temperatures in this study, pure 

tungsten would have accumulated less plastic strain than the two composite counterparts under the 

same thermal loading. In that case, pure tungsten is less susceptible to crack initiation, consistent with 

the experimental observation. Furthermore, the grain boundaries and phase interfaces could also have 

played a role in accommodating the accumulated plastic strain. As shown in Fig. 3.4(a), this is 

manifested as slip bands in front of the grain boundary. The grain boundaries maintain stress 

equilibrium/strain compatibility before fracture, for example, by slip transfer across the grain 

boundaries [173] and grain boundary sliding [174]. In contrast, for the composites, the presence of 

ceramic particles could suppress slip transfer and enhance stress concentration [175], leading to 

earlier fracture, as shown in Fig. 3.4(b) and Fig. 3.4(c).    

The penetration depth of these surface cracks is of importance. Fig. 3.7 summarizes the surface 

crack depth of the various samples tested in this study. The order of the specimens along the x-axis 

reveals an ascending crack depth distribution: the composition of the material is W-1%TiC, W-

2%Y2O3, and pure W, respectively. For the same material composition, increasing pulse numbers 

appear first, followed by increasing base surface temperatures. A stabilized microstructure inhibits 

surface crack formation (WT < WY < W), whereas a high surface temperature promotes the surface 

crack formation.  The surface crack depth was observed to depend on the number of pulses, but the 

effect is limited.   

A predictive numerical analysis of the observed surface cracking behavior within the current 

theoretical framework of fatigue remains challenging [176]. Some numerical analyses on tungsten 

can be found in Ref. [177-181]. However, the output results rely on the assumed constitutive laws, 

for example, the Johnson-Cook model [182] at the continuum scale or a crystal plasticity model [90, 

183]. Moreover, the high-flux hydrogen plasma and progressive dynamic recrystallization, which is 

relevant to the here applied experimental conditions as well as the ITER, affects the microstructure. 

Consequently, its effect, on the plastic deformation laws remains to be established. Moreover, special 

care should be taken while applying a specific type of fatigue model, as these models are mostly 

based on laboratory tensile tests where the loading condition and stress state are significantly different 

from the current study and those used in ITER.        
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Alternatively, we attempt to develop a simple analytical model to estimate the surface crack depth 𝑑. 

We hypothesize that 𝑑 is proportional to the characteristic heat propagation distance of the transient 

heat load into the surface, which takes the following expression for a semi-infinite substrate, 

𝐿 = (
2𝜅𝑡

𝜌𝑐
)

1
2
, (3.7) 

where 𝜅 is the thermal conductivity, t the pulse duration, 𝜌 the density and 𝑐 the specific heat capacity. 

L can be interpreted as the root-mean-square-displacement from a random walk model of diffusion 

[184], which essentially means the average distance that a pulsed heat flux travels. Further, we 

postulate that 𝑑 is proportional to the power density inducing the temperature excursion (∆𝑇), acting 

as a driving force for crack formation through the thermal stress, depending on the thermal expansion 

coefficient 𝛼 and the Young’s modulus 𝐸. The crack depth is also inversely proportional to the yield 

strength 𝜎𝑦, measuring the resistance to crack initiation. Therefore, 𝑑 can be expressed as, 

𝑑 = 𝛽
𝛼𝐸

𝜎𝑦
∆𝑇𝐿 = 𝛽

𝛼𝐸

𝜎𝑦
∆𝑇 (

2𝜅𝑡

𝜌𝑐
)

1
2
, (3.8) 

where 𝛽 is a dimensionless parameter to be determined later. Here, ∆𝑇 is used instead of power 

density because ∆𝑇 not only depends on the power density but also on the shape of the pulse. It 

therefore better characterizes the driving force for material damage, as pointed out in Ref. [185]. For 

top-hat and triangular pulse shapes, which are typical for ELMs, analytical solutions of ∆𝑇 are at 

reach [186, 187]. For simplicity, the influence of the pulse number 𝑁 is ignored. 𝑑 is dependent on 

the base temperature of the material as the thermo-mechanical properties in Eq. (3.8) are temperature 

dependent. The temperature-dependent thermal conductivity 𝜅 , specific heat capacity 𝑐 , thermal 

expansion coefficient 𝛼  and the Young’s modulus 𝐸  were taken from [133, 134, 188, 189], 

respectively (shown in appendix 3B). 

𝛽  is assumed to be temperature-independent and can be established by fitting Eq. (3.8) to 

experimental data. For this purpose, it is desirable to choose test conditions with a large pulse number 

𝑁 to reduce the 𝑁 dependence and a time-independent 𝜎𝑦. The latter criterion is not straightforward 

as while many experiments are performed at a base surface temperature below the recrystallization 

temperature of tungsten, the peak temperature increase ∆𝑇  can be above the recrystallization 

temperature and results in a partially recrystallized surface layer with a yield strength evolving with 

time. To circumvent this scenario, we used the data set reported by Loewenhoff et al. [102] at a pulse 

number of 105 and a base surface temperature of 1473 K and 1773 K of ITER-grade tungsten, where 
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the recrystallization kinetics is fast enough to assume full recrystallization of the cracked surface layer. 

The experimental conditions are summarized in Table 3.2. 

Table 3.2 The testing conditions used in [102] for ITER-grade tungsten where Tbase is the base surface temperature, ΔT 

the peak temperature increase, and t the pulse duration.  

Measured crack depth 

(μm)a 

Calculated crack depth 

(μm) 

Tbase 

(K) 

ΔT 

(K) 

t 

(ms) 

Yield strength 

(MPa)b 

178 267 

1773 

282 

0.48 
55 

893 770 815 

282 267 282 

613 770 815 

136 142 150 

181 123 1473 150 64 

aThe average crack depth is used. 

bThe yield strength is taken from the ITER materials handbook (v3.3) in recrystallized condition for Tbase. Its dependence 

on ΔT is ignored as the influence of ΔT (a length scale characterized by L) is small at the crack front (a distance d away 

from the surface). Therefore, the yield strength is determined by Tbase only.   

 

 

Fig. 3.8 Model calibration. The calculated surface crack depth using Eq. (8) for β = 0.14 vs. the measured 

surface crack depth from Ref. [102]. For a given symbol, the measured crack depth is from Ref. [4] and the 

calculated crack depth according to Eq. (3.8). The data are also given in Table 3.2. The solid line is 𝑦 = 𝑥.  

 

Fig. 3.8 shows the measured crack depth from Ref. [102] vs. the calculated crack depth using Eq. 

(3.8) for 𝛽 = 0.14, where a reasonable agreement is obtained. Improvements can be achieved based 

on more measurements in the future, which are unfortunately scarce now. However, the main idea 

here is to estimate the surface crack depth incorporating relevant physics and mechanics, not to 
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accurately model it. Moreover, we did not examine the validity of Eq. (3.8) for the two composites 

due to the lack of the corresponding thermo-mechanical properties. Note that to test Eq. (3.8) for the 

composites, it requires experiments performed under a large pulse number 𝑁 and a time-independent 

𝜎𝑦, as for the pure tungsten case.   

Using the fitted 𝛽  from Fig. 3.8, the analytical model expressed by Eq. (3.8) is plotted as a 

function of the base surface temperature (𝑇𝑏𝑎𝑠𝑒) with ∆𝑇 = 450 K, 𝑡 = 0.65 ms and 𝜎𝑦 in stressed 

relieved and recrystallized conditions of ITER-grade tungsten (given in appendix 3C) in Fig. 3.9. As 

can be seen, the 𝜎𝑦 has a strong influence on the surface crack depth, as 𝜎𝑦 declines with increasing 

base surface temperature, which prevails the other temperature-dependent terms in Eq. (3.8) (e.g. 𝐸 

decreases with temperature), and with the fraction of recrystallization.  

The results shown in Fig. 3.7 are now rearranged in Fig. 3.9 as well to allow a better interpretation. 

Here, the modeled surface crack depth of the ITER-grade pure tungsten in stress relieved and 

recrystallized conditions act as two extreme cases. Since the studied tungsten-based composites were 

partially recrystallized by the combined heat loads, their crack depths are expected to be bounded by 

the modeled results. It is seen that the surface fracture depth of pure W and W-2%Y2O3 can be 

reasonably described by the modeled case for the stress relieved ITER-grade tungsten. The small 

deviations may be related to partial recrystallization (e.g. the pure tungsten case) or the thermal stress 

relief by the micro-cracks presented in the surface layer, providing expansion channels (e.g. the W-

2%Y2O3 case). However, W-1%TiC consistently shows better crack resistance than the other two 

counterparts, which may be related to its different phase boundary structures between the TiC ceramic 

particle and the W matrix [172], not captured by our simple model. Furthermore, the observed 

particle-matrix interface decohesion for the two composites may be relevant but was not considered. 

Still, this model calibrated from pure tungsten would provide an upper bound estimate of the surface 

crack depth due to the transient heat loads. 
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Fig. 3.9 Modelling surface crack depth. The calculated surface crack depth using Eq. (3.8) as a function of 

the base surface temperature (𝑇𝑏𝑎𝑠𝑒) with a peak temperature increase (∆𝑇) of 450 K, a pulse duration (𝑡) of 

0.65 ms, and yield strength (𝜎𝑦) of ITER-grade tungsten under stress relieved and recrystallized conditions. 

The measured surface crack depth in this study is also displayed.  

3.4.2 Deep crack formation 

The formation of deep cracks (>600 μm , the maximum surface crack depth estimated by the 

analytical model) for samples exposed at a base surface temperature of 2224 K is addressed next.  

Let us consider the thermal stress due to the steady-state heat flux with a thermo-mechanical finite 

element analysis. The analysis is also performed in MSC.Marc/Mentat® based on the thermal model 

described in section 3.2.4. As for the mechanical boundary conditions, no displacement in the z-

direction is allowed for the bottom nodes and the displacement in the surface normal directions of the 

sides are also constrained. The temperature-dependent Young’s modulus, Poisson’s ratio, and thermal 

expansion coefficient for tungsten are taken from [188, 189] (given in appendix 3B). The 

temperature-dependent yield strength of tungsten in a recrystallized condition from the ITER 

materials handbook (v3.3) is adopted since extensive recrystallization has occurred for sample W3 

(given in appendix 3C). The von Mises yield criterion is used. Perfect plasticity is assumed here 

because of a lack of a generalized hardening law in the studied temperature range. This approximation 

is not expected to influence the conclusions of this study. 

Fig. 3.10(a) shows the simulated thermal stress corresponding to a typical heating-holding-cooling 

temperature profile using the developed thermo-mechanical FEM model. The calculated thermal 

stress is biaxial ( 𝜎11 = 𝜎22, while other stress components are negligible), and compressive during 

heating and tensile during cooling, consistent with a previous study [165]. Combined with the crack 
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path shown in Fig. 3.10(b) (the opening fracture mode [31]), one would expect that it is the tensile 

stress during the final cooling stage that induces crack propagation. This conclusion is supported by 

the radially graded surface fracture morphology shown in Fig. 3.6(a) and Fig. 3.6(b), where a 

transition from ductile intergranular fracture in the middle to brittle cleavage fracture at the edge can 

be seen. This transition point is around 5 mm away from the center and has a surface temperature of 

~1000 K during steady-state plasma loading. If we assume the fracture morphology transition is 

controlled by temperature [190], known as the brittle-to-ductile transition temperature, which is ~ 

300-650 K for single crystal tungsten [191], such a graded fracture surface could only have been 

formed during the cooling stage. The observed cleavage fracture and intergranular fracture surface 

are very similar to what has been reported in Ref. [68]. This process is aided by the presence of surface 

cracks due to cyclic transient heat loading. Here, the range of the thermal stress due to the transient 

and steady-state heat flux should be distinguished. For the former, it is limited to the surface layer, as 

estimated by Eq. (3.8). The surface cracks, therefore, serve to relieve the subsequent cycles of 

transient thermal stress, as shown in Fig. 3.7. For the latter, it is present in the material bulk and would 

be intensified at the surface crack tip. For example, the stress intensity factor is proportional to the 

square root of the crack length in a linear elastic fracture mechanics analysis [31]. For an elastic 

analysis and a crack length (𝑎) of 536 µm, as predicted by the analytical model, the far-field stress 

(𝜎) would equal 133 MPa, as calculated in Fig. 3.10(a) (multiplied with a factor of √2 to account for 

the biaxial stress state). The resulting stress intensity factor is then equal to 𝐾 =  𝜎√𝜋𝑎 = 9.19 MPa ∙

m
1

2, which is larger than the fracture toughness of pure tungsten (2.7 ± 0.2 MPa ∙ m
1

2) determined at 

a cryogenic temperature [191], suggesting the above process is kinetically possible. The above 

discussion is mostly for pure tungsten (sample W3) as the mechanical properties of pure tungsten are 

relatively well documented in the literature. However, since the two composites (insets in Fig. 3.3(e) 

and (f)) also developed long cracks through the thickness, the proposed fracture picture analysis may 

be general. 
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Fig. 3.10 Mechanism of deep crack propagation. (a) The simulated thermal stress of sample W3 

corresponding to the steady-state heating-holding-cooling temperature profile. (b) The corresponding fracture 

surface image at low magnification with the biaxial stress state illustration. 

 

Finally, the high-flux hydrogen plasma could also have contributed to the above process in addition 

to the heat load it delivered. Hydrogen-mediated plasticity and fracture are widely reported [60, 67, 

192-194], which might explain the observed synergetic effect [101, 162]. However, such an effect 

could not be disentangled in the current study because of the lack of proper dummy tests (e.g. same 

heat flux but with and without the hydrogen particle flux), which is nontrivial. Therefore, more 

dedicated experiments are ongoing to reveal the role of hydrogen on the mechanical behavior of 

tungsten.                            
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3.5 Conclusions and outlook 

Hot-rolled tungsten, and PIM W-1%TiC and W-2%Y2O3 composites were exposed to combined 

steady-state/transient hydrogen plasma up to a base surface temperature of 2224 K, and up to 5000 

transient pulses for 1000 seconds in Magnum-PSI. Crack initiation and propagation behavior were 

studied. Combining microstructural characterization and thermo-mechanical numerical analyses, the 

failure phenomena are rationalized as follows: 

 

 Transient heat load drives surface crack initiation. For pure tungsten, the surface crack depth 

can be estimated by a simple analytical model: 𝑑 = 0.14
𝛼𝐸

𝜎𝑦
∆𝑇 (

2𝜅𝑡

𝜌𝑐
)

1

2
. The surface crack 

depth of W-2%Y2O3 is slightly smaller than for pure tungsten while W-1%TiC shows much 

shallower surface cracking.  

 The steady-state heat load induced tensile stresses open existing surface cracks. 

 The above two stages are meditated by the microstructure. Ceramic particles stabilize the 

microstructure but promote surface crack initiation because of suppressed plasticity at grain 

boundaries and particle-matrix interfaces. Such surface cracks relieve the subsequent cycles 

of transient thermal stress but can intensify the steady-state thermal stress, hence promoting 

crack propagation. 

 

The current study provides a mechanistic view of tungsten-based PFCs performance under extreme 

operation scenarios which suggests new testing procedures for evaluating the long-term thermo-

mechanical performance of tungsten-based PFCs. For example, performing steady-state heat load 

cycles on pre-damaged tungsten monoblocks (with surface cracks) to monitor the surface crack 

propagation rate. However, an even deeper understanding of the underlying failure mechanism 

requires dedicated experiments and numerical analyses to disentangle the role of different 

constituents, for example, the effect of hydrogen on the mechanical behavior of tungsten.  
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Appendix 3A. Yield strength of the studied tungsten-based composites  

 

 

Figure 3A. Yield strength of pure tungsten, W-1%TiC and W-2%Y2O3 from Ref. [172]. 
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Appendix 3B. The temperature-dependent properties of pure tungsten 

 

 

Figure 3B. The temperature-dependent thermal conductivity κ [133], specific heat capacity c [134], thermal 

expansion coefficient α [189] and the Young’s modulus E [188] of pure tungsten, respectively.  

 

Appendix 3C. Yield strength of ITER-grade tungsten  

 

Figure 3C. Yield strength of ITER-grade tungsten from the ITER materials handbook (v3.3). 





 

 

 

4 Recrystallization-mediated crack initiation in tungsten under 

simultaneous high-flux hydrogen plasma loads and high-cycle 

transient heating  

 

Abstract 

Tungsten and tungsten-based alloys are the leading material choices for the divertor plasma facing 

components (PFCs) in future fusion reactors. Recrystallization may occur when they undergo high 

heat loads, drastically modifying the predesigned grain structures and the associated desired 

mechanical properties. However, the influence of recrystallization on the thermal fatigue behavior of 

tungsten PFCs still remains unclear. In this study, ITER-grade tungsten was simultaneously exposed 

to a high-flux hydrogen plasma (~5×1024 m-2s-1) and high-cycle (104-105) transient heat loads in the 

linear plasma device Magnum-PSI. By correlating the surface temperature distribution, obtained by 

analyzing temperature-, wavelength-, and surface-dependent emissivity, and the surface 

modifications of the plasma exposed specimens, the crack initiation heat flux factor threshold was 

found to be ~2 MWm-2s0.5 (equivalently, ~0.07 MJm-2 for a 1 ms pulse). Based on electron backscatter 

diffraction (EBSD) analyses of cross-sections near the crack initiation sites, faster recrystallization 

kinetics near the surface compared to literature was observed and the surface cracks preferentially 

initiated at high angle grains boundaries (HAGBs). Upon recrystallization, the yield strength 

decreases which entails increasing cyclic plastic strains. The HAGBs fraction is increased, which 

constrains the transfer of plastic strains at grain boundaries. The recrystallization decreases the 

dislocation density, which promotes heterogeneous deformation. All these mechanisms explain the 

reduced crack initiation threshold of recrystallized tungsten compared to its as-received counterpart. 

The results provide new insights into the structural failure mechanisms in tungsten PFCs exposed to 

extreme fusion plasmas. 
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Dommelen, M. Wirtz, G. De Temmerman, K. Verbeken and M.G.D. Geers. 2021 Nucl. Fusion 61 046018 

  



76 

4.1 Introduction 

The power handling capability of tungsten plasma facing components (PFCs) constrains the operating 

space of future nuclear fusion reactors. It is thus imperative to identify tungsten’s power handling 

limits under divertor-relevant plasma conditions, where the steady-state and transient heat loads 

constitute two primary structural damage driving forces. The maximum tolerable steady-state heat 

flux is often mentioned to be 10 MWm-2 [18, 77, 78]1. It has been recently demonstrated that the 

ITER monoblock (MB) technology, in this case a PFC mockup provided by the “Fusion for Energy”, 

can withstand high-flux steady-state deuterium plasmas in Magnum-PSI with an accumulated fluence 

comparable to one year of ITER Fusion Power Operation2 without structural failure [47]. The peak 

heat flux of the plasma beam (Gaussian distribution) was ~24.6 MWm-2, corresponding to an 

equivalent uniform heat flux of ~13 MWm-2 which would produce the same surface temperature 

(~1850 K) in ITER. Among the observed microstructural modifications, recrystallization is an 

important one, extending ~2 mm into the bulk material. Coincidentally, a numerical study using the 

ITER MB geometry [87], suggests that deep cracking would occur in the monoblock once a depth of 

about 2 mm of tungsten underwent full recrystallization under a ‘300 cycles at 20 MWm-2’ thermal 

loading condition (motivated by the observation of self-castellation in some monoblocks in footnote 

1). To limit the recrystallized surface layer to 2 mm, during the required operational lifetime of the 

divertor, and assuming the recrystallization kinetics of deformed tungsten from Ref. [195], the 

stationary power handling capability of the monoblock may be extended to ~16±2.5 MWm-2 as a 

guideline for ITER operation [120]. Here, the role played by recrystallization in determining the 

steady-state power handling capability of tungsten monoblocks is important. Recrystallization has 

also been shown to have an important influence on the severity of transient heating damage, which is 

an undesirable consequence of plasma instabilities such as type-Ⅰ edge localized modes (ELMs) [10, 

112]. The transient heating creates surface cracks, which can grow deeper into the bulk under steady-

state heat loads inducing tensile stresses [125]. It therefore poses a serious threat to the component’s 

structural integrity of the ITER divertor, thereby motivating extensive ongoing studies [100, 102, 132, 

146, 162, 196]. Until now, the fatigue crack initiation heat flux factor threshold for the transients was 

identified to be ~6 MWm-2s0.5 for double forged tungsten with the elongated grains oriented parallel 

 

1 The qualification program consisted of 5000 cycles at 10 MWm-2 and 300 cycles at 20 MWm-2 stationary heat loads 

(typically 10 seconds on and 10 seconds off). It was found that self-castellation (macroscopic cracks along the coolant 

axis and perpendicular to loaded surface) never appeared after the 5000 cycles at 10 MWm-2 loading but appeared in some 

cases during 20 MWm-2 loading [3].   
2 The test did not cycle the heat flux like that in the footnote 1. 
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to the heat-loaded surface. This value was obtained using an electron beam facility at a base surface 

temperature of 973 K and a pulse number of 105 [145]. Intriguingly, when fully recrystallized 

tungsten (after 1873 K for 1 hour) was tested under the same loading condition, the crack initiation 

heat flux factor threshold dropped to ~3 MWm-2s0.5 [106]. The tungsten PFCs may face simultaneous 

steady-state and transient particle/heat loadings in ITER if full ELM suppression is not achieved, 

entering a surface temperature regime triggering recrystallization. Hence, the crack initiation behavior 

of tungsten with an evolving microstructure induced by recrystallization, remains to be investigated 

in greater depth.   

Accompanied by drastic changes in microstructure and mechanical properties in most metals and 

metallic alloys, recrystallization surely affects the fracture behavior of tungsten. Through three-point 

bending tests of recrystallized tungsten, a reduced ductility (described by the strain-to-failure) was 

registered, which was attributed to the diminished fraction of low angle grain boundaries and a 

reduced density of edge dislocations [91]. However, in some studies, improved ductility after 

recrystallization has been observed, e.g. in tensile tests of pure tungsten [92, 93]. Moreover, in the 

case of cyclic thermal loading, the yield stress instead of the ductility is a more relevant measure to 

assess the susceptibility to crack initiation. As suggested by the Manson-Coffin relationship [84, 85], 

which formulates the fatigue life of an unnotched specimen under uniaxial tension/compression 

plastic straining as a function of the plastic strain amplitude, a lower yield strength (after 

recrystallization) would result in a higher plastic strain per cycle and consequently a reduced fatigue 

life. This relationship was adopted in the numerical work in Ref. [87] and later in Ref. [88] to conclude 

that the recrystallization depth in a tungsten monoblock is the prime factor that influences macro-

cracking. A simultaneous steady-state and transient heat load, however, presents a more complex 

loading condition than those considered in previous related studies, which may affect the validity of 

the assumed mechanisms. A detailed microstructural survey to reveal the role of recrystallization in 

crack initiation under such combined loading conditions remains a mandatory task, considering the 

contradicting experimental observations and empirical assumptions used in numerical studies.       

The recrystallization kinetics of tungsten can be more complicated under divertor plasma 

conditions than under conventional heat treatments. Helium plasma exposure has been reported to 

retard the recrystallization of tungsten [97, 98] compared to literature [195, 197, 198]. Moreover, it 

is known that plastic strain also constitutes a driving force for grain boundary migration [96, 99]. 

Experimentally, abnormal grain growth has been reported for molybdenum during high-temperature 

tensile tests [199], for copper subjected to cyclic heat treatments  [200], and for tungsten exposed to 

5000 thermal cycles at 10 MWm−2 and 1000 thermal cycles at 20 MWm−2 [80]. Whether the 
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recrystallization kinetics of tungsten is accelerated or retarded when exposed to simultaneous steady-

state and transient particle/heat loadings, remains to be clarified. 

This study aims to explore the coupled problems outlined above. The following approach was 

thereby adopted. First, a combined steady-state/transient loading was applied in the Magnum-PSI 

linear plasma device where the steady-state high-flux hydrogen plasma maintained the tungsten 

targets close to their recrystallization temperature (~1550 K), while the repetitive transient heating by 

a high-power laser with up to 105 pulses induced surface cracks. Thereafter, by mapping the surface 

modifications and the in-situ monitored temperature fields, the crack initiation threshold was 

identified. The effects of recrystallization were studied based on detailed microstructural analyses of 

cross-sections in the neighborhood of the crack initiation sites. The main innovative outcomes of this 

study are: (a) unique ITER-relevant particle and heat loading of tungsten using the linear plasma 

device Magnum-PSI; (b) numerical-experimental thermal analyses combining in-situ infra-red 

thermography measurements (accounting for temperature-, wavelength-, and surface-dependent 

emissivity), with finite element modeling; (c) systematic post-mortem microstructural 

characterizations, containing detailed electron backscatter diffraction (EBSD) mapping, macro-

indentation and scanning electron microscope (SEM) fracture analyses.    

This chapter is structured as follows. In section 4.2, the experimental procedure including plasma 

exposure and in situ and post-mortem diagnostics is detailed. Section 4.3 maps the sample surface 

modifications after plasma exposure to their temperature fields to determine the crack initiation 

threshold. In section 4.4, the crystallographic orientation data obtained on meticulously prepared 

cross-sections near the crack initiation sites are analyzed, allowing to rationalize the observed results 

on recrystallization-mediated fatigue crack initiation. 

4.2 Experimental methodology 

4.2.1 Plasma exposure 

Polycrystalline samples (20×20×3 mm3) were cut from a forged pure tungsten rod fabricated by 

Plansee®. The samples were prepared with a standard metallographic procedure (described in Ref. 

[125]) and then exposed in the linear plasma generator Magnum-PSI [119], which is sketched in Fig. 

4.1(a). Typical top-view (i.e. plasma-facing) and cross-section view scanning electron micrographs 

of the samples before plasma exposure are illustrated in Fig. 4.1(b) and Fig. 4.1(c), respectively. The 

longitudinal direction of the grains, see Fig. 4.1 (c), is oriented perpendicular to the heat-loaded 

surface plane, which is consistent with the ITER specifications (hereafter referred to as ITER-grade). 
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The samples were clamped to a water-cooled copper holder with one GRAFOIL® thermal contact 

layer in between using a titanium-zirconium-molybdenum (TZM) alloy clamping ring. 

The steady-state hydrogen plasma was generated by a cascaded arc source using a direct current 

of 160 A and an H2 gas flow of ~8.0 Pa·m3/s, delivered to the targets by applying a constant axial 

magnetic field of 1.2 T, see Ref. [119] for details. The plasma beam had a Gaussian profile with a 

full-width half-maximum (FWHM) of ~10 mm. The samples were electrically isolated during plasma 

exposure. Transient heating was applied using a 1064 nm Nd:YAG laser (LASAG FLS 352-302) with 

a pulse duration of 1 ms and a 10 Hz repetition rate. The laser has a Gaussian spatial profile (FWHM 

~4 mm) and a nearly square wave temporal profile. With an angle of incidence of ~51o, the projected 

laser spot on the target is elliptical, with an area of ~6.4×4 mm2.  

 

 

Fig. 4.1 Schematic overview of the experimental setup. (a) The steady-state hydrogen plasma is generated 

by a cascaded arc source (left), directed to a water-cooled tungsten target by a strong axial magnetic field. The 

transient heating is applied by an Nd:YAG laser, with an incident angle of ~51o. The electron temperature and 

density of the plasma are measured by Thomson Scattering (TS) ~30 mm in front of the target. The surface 

temperature of the sample is monitored by a pyrometer, which is directed towards the laser spot center, and a 

fast-framing infrared camera, registering the 2D surface temperature field. Representative (b) top-view and (c) 

cross-sectional view micrographs of the samples.  
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4.2.2 In-situ diagnostics  

The electron temperature (𝑇𝑒) and density (𝑛𝑒) of the hydrogen plasma were measured by Thomson 

scattering (TS) ~30 mm in front of the target [170]. For the hydrogen plasma in Magnum-PSI, 

collective Thomson scattering measurements revealed that the ion temperature is close to the electron 

temperature [131]. This conclusion was used to calculate the steady-state heat flux using the Bohm 

sheath theory [125]. Likewise, the ion impact energy to the surface on the center of the plasma beam 

was calculated to be ~10 eV. 

Two methods were used to monitor the surface temperature of the targets during plasma exposure. 

Targeting the laser spot center, a multi-wavelength pyrometer (FAR Associates® FMPI) recorded the 

surface temperature in the spectral range of 1.1-1.7 µm without prior knowledge of the emissivity of 

tungsten. In Ref. [132], it is demonstrated that an adequate accuracy is achieved by the pyrometer 

regardless of the strong hydrogen absorption and emission lines. The 2D surface temperature profile 

was monitored by a fast-framing infra-red camera (FLIR® SC7500MB) in the wavelength range of 

3.97-4.01 μm and at a frequency of ~5 kHz. The spatial resolution at the specimen surface was 

approximately 300 µm. It was verified that no hydrogen emission line was present in the spectral 

range of the infra-red camera; the measured intensity therefore reflected the temperature of the target 

[132].  

Table 4.1 summarizes the experimental conditions. The plasma parameters refer to the beam 

center, whereas the base surface temperature Tbase and peak ΔT indicate the values measured at the 

laser spot center with a pyrometer and an infra-red camera. Tbase results from the steady-state 

hydrogen plasma. Note that the laser spot center was typically spaced 1~2 mm off the plasma beam 

center during the experiments, which was accounted for throughout all the analyses. For the 

specimen’s nomenclature: IG refers to ITER-grade and RX refers to recrystallization. Their initial 

microstructures are shown in Fig. 4.1(b)-(c) and Fig. 4.11(d), respectively. The uncertainty in ion flux 

and steady-state heat flux comes from the instrumental uncertainty of the TS system. The uncertainty 

in Tbase originates from the finite spot size of the pyrometer and the uncertainty in ΔT is one standard 

deviation from averaging 20 pulses. 
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Table 4.1 Loading conditions in this study. The ion flux and steady-state heat flux are calculated from the 

Bohm sheath theory using the measured TS data. The base surface temperature Tbase is measured by a 

pyrometer at the laser spot center. The peak temperature excursion (ΔT) induced by a laser is recorded by an 

infra-red camera, here tabulated only at the beginning of the exposure. Its time evolution is displayed in Fig. 

4.7. 

Specimen 
Peak ion flux  

(×1024 m-2s1) 
Peak steady-state heat flux (MWm-2) Tbase (K) 

Peak ΔT 

(K) 
Pulses (#) 

IG#1 

4.75±0.3 16.47±1 

1571±11 

~80±3 

1×104 

IG#2 1583±12 3×104 

IG#3 1573±11 6×104 

IG#4 1552±10 

105 IG#5 
3.79±0.2 13.01±0.8 1005±5 195±3 

RX 

 

4.2.3 post-mortem characterization 

The surface morphology was analyzed using a scanning electron microscope (SEM, Tescan Mira3® 

and Phenom Pharos®). To facilitate the analyses, an array of surface indents, spaced by 100 µm, were 

placed using a micro indentation instrument (CSM®) as markers across the laser spot boundary on 

each specimen after plasma exposure. After characterizing the surface morphologies near the indents, 

cross-sections adjacent to the indents of sample IG#2, IG#3, and IG#4 were metallographically 

prepared for further investigation. To this end, each sample was first cut by a diamond blade ~1-2 

mm close to the intended cross-section plane. Then the extra material was removed by grinding with 

finer and finer sandpapers. When the desired cross-section plane was approached within 100 µm, 

intermittent manual grinding steps and SEM analyses were applied to reach the desired plane with a 

few micrometers accuracy. Finally, the cross-section surface was polished with a 3-µm diamond 

suspension and finalized with electro-polishing [125]. By comparing the surface cracks near the 

indents before and after cross-section preparation, it was confirmed that no artifacts were introduced 

by the cross-section preparation.  

To identify the crystallographic texture and grain maps, electron backscatter diffraction (EBSD) 

analyses were performed on the cross-section planes using a Tescan Mira3® SEM equipped with an 

EDAX DigiView2® EBSD camera. The acceleration voltage was 20 kV and the scanning step size 

was 0.2 µm. The MTEX toolbox [201] was used to post-process the EBSD data. EBSD datapoints 

with a so-called “confidence index” below 0.1 were discarded and no cleaning and smoothing was 

performed on the EBSD data. Boundaries with misorientations above 2o were marked as grain 

boundaries [202] during the grain reconstruction analysis. Additionally, following the convention in 
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Ref. [203], boundaries with misorientations between 2o and 15o were defined as low angle grain 

boundaries (LAGBs), whereas those with a  misorientation ˃ 15o were marked as high angle grain 

boundaries (HAGBs). We note that for the definition of LAGBs, 5-15o is used in many EBSD works. 

However, for tungsten, it is more common to use a criterion of 2-15o.   

4.3 Results 

4.3.1 Surface modifications 

Fig. 4.2 shows the stitched SEM micrographs of the exposed specimens along with overview optical 

microscopy images on the left and the corresponding transient heating cycle (N) at the top-right corner. 

A clear dark spot induced by the laser is visible in the optical images (left, not in real color), except 

in sample IG#1. When zooming in, sample IG#1 does not show any surface cracks, but the other 

samples developed crack networks radially outward. In order to assess crack initiation, we focus on 

the last cracks that appeared which are located at the furthest end from the laser spot, as highlighted 

with a blue square box in Fig. 4.2, and later magnified in Fig. 4.3. These cracks just passed the 

threshold to initiate them. In Fig. 4.3 some isolated cracks are slightly farther than those highlighted 

in the blue boxes. Because such cracks are invisible on the cross-section planes for further analysis, 

they are not considered as crack initiation sites. This nuance is not expected to influence the 

conclusions of this study. Note that because the analyzed surface paths (indentation arrays) do not 

share the same positions relative to the respective laser spot, the positions of the blue boxes should 

not be overinterpreted. By image correlation of the surface modifications and temperature fields, an 

accurate temperature history at the blue boxes will be deduced in the next section.  
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Fig. 4.2 Surface morphologies of the exposed samples. Surface morphologies of the exposed samples. The 

4 images on the left are stitched optical microscopy images whereas on the right stitched secondary electron 

images are shown. (a), (b), (c) and (d) are sample IG#1, IG#2, IG#3, and IG#4, respectively, with their transient 

heating cycles (N) indicated. The blue boxes highlight the cracks that are farthest away from the laser spot, 

which are shown in larger detail in Fig. 4.3. These cracks just passed the threshold to initiate them. 

   

 

Fig. 4.3 Magnified crack initiation sites. Magnified micrographs of the highlighted cracks in Fig. 4.2(b), 

4.2(c) and 4.2(d), respectively.  

4.3.2 Thermal analysis 

4.3.2.1. Surface temperature mapping 

The 2D surface temperature distribution of the target was derived from the measured infrared 

radiation, as detailed in Appendix 4A. Fig. 4.4 shows the surface temperature evolution of specimen 

IG#4 at the beginning of the plasma exposure. At time ~26 s, the laser was triggered, inducing a 

transient heating ΔT, of ~80 K (magnified in the inset). Combined with the surface morphology 
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images in Fig. 4.2, the local temperature evolution in an area of interest can be monitored. Here, the 

temperature evolution at the cracks initiated just above their threshold (Fig. 4.3c, the specimen with 

105 pulses) is reported, through the image mapping illustrated in Fig. 4.5. 

 

 

Fig. 4.4 Temperature measurements. Temperature evolution of sample IG#4. The starting 10-second 

recording is not shown for clarity. Tbase results from the steady-state hydrogen plasma, as indicated in the inset. 

A zoom of one single heat pulse at two pixels near 35 s is shown in the inset. 

 

 

Fig. 4.5 Image mapping. (a) Surface optical image of sample IG#4. (b) the corresponding peak temperature 

distribution. The white arrow in (a) marks the crack that was initiated just above the initiation threshold. The 

black dotted line denotes the indentation array. The oval in (a) is translated to (b), showing a good agreement 

with a single temperature contour line. 
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 4.3.2.2. Transient temperature (ΔT) evolution 

The long-term surface temperature evolution of sample IG#4 is summarized in Fig. 4.6. The 

temperature spikes in the pyrometer signal shown in Fig. 4.6(a) and Fig. 4.4 were always observed 

when the laser was firing during the experiments. The reason is that the pyrometer occasionally 

captured a portion of the temperature excursion, giving rise to a range of temperature spikes. However, 

the bottom points, as indicated by the red line, reflected the real base surface temperature of the target. 

This was assured by the fact that the pyrometer reading quickly recovered to the red line level after 

terminating the laser firing. Furthermore, the plasma source I-V characteristics and plasma parameters 

were continuously monitored during the experiments, precluding any plasma oscillations that could 

induce such unphysical temperature spikes. Therefore, stable base surface temperatures could be 

confirmed during the experiments. On the other hand, the IR-cam sampled every 5,000 pulses (i.e. 

500 s) to trace ΔT. Fig. 4.6(b) displays the raw data (after subtracting the background) in terms of 

intensity (counts). Clearly, both the base and peak intensity gradually increase with pulse numbers. 

Since the base surface temperature was stable, the increasing base surface intensity therefore reflects 

the increasing emissivity of the target due to progressive surface roughening (Fig. 4.2). To correct for 

this, in Fig. 4.6(c), the emissivity is constantly adjusted such that the resulting base surface 

temperature matches that measured by the pyrometer. The corresponding emissivity adjustment ∆휀 

(see the definition of ∆휀 in Appendix 4A) is plotted in Fig. 4.6(d). To justify this procedure, the 

emissivity automatically determined by the pyrometer, but at a different wavelength, is shown in the 

right y-axis of Fig. 4.6(d). The similar emissivity evolution trend gives confidence in the reliability 

of the above exercise. Thereafter, the peak surface temperature in Fig. 4.6(c), and consequently the 

ΔT evolution in Fig. 4.7 were obtained. The same analyses were repeated for sample IG#2 and IG#3. 

Note that ΔT is approximately doubled at large pulse numbers for the specimens in Fig. 4.7. However, 

for specimens ‘IG#5’ and ‘RX’ in Table 4.1, the increase of ΔT is less than 15 K. 
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Fig. 4.6 Long-term surface temperature evolution. The long-term surface temperature evolution of sample 

IG#4 (~2.8 hours). (a) Pyrometer temperature signal with the red line indicating the base surface temperature 

of the target at the laser spot center. (b) The measured digital counts at the crack initiation site by the infra-red 

camera of every 5,000 pulses. (c) The converted temperature after applying emissivity corrections in the left 

y-axis of (d); the right y-axis of (d) displays the automatically determined emissivity by the pyrometer at a 

different wavelength.  

 

 

Fig. 4.7 Long-term ΔT evolution. ∆𝑇 evolution of specimen IG#2, IG#3, and IG#4, respectively. 
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4.3.2.3. Finite element analyses 

The increase of ΔT in Fig. 4.7 could be caused by: (i) increased laser power absorption (ii) decreased 

thermal conductivity of the target, or (iii) a combination of (i) and (ii). FEM simulations are performed 

next to disentangle these two effects. 

A 3D thermal FEM model was constructed to simulate the measured temperature profiles in Fig. 

4.8(a) using MSC.Marc/Mentat®. The FEM model, Fig. 4.8(b), consists of ~17,500 8-node cubic 

finite elements. The temperature-dependent thermal conductivity and heat capacity of tungsten were 

taken from [133, 134], respectively. As for boundary conditions, first, a steady-state Gaussian heat 

flux profile (10 mm FWHM) was applied on the top surface. The bottom nodes were prescribed with 

a uniform temperature such that the simulated top surface temperature matched the pyrometer 

measurement. After reaching thermal equilibrium, a transient Gaussian heat flux profile of 1 ms 

duration, mimicking the laser pulses, was applied to the top surface of the target. Its location and 

spatial distribution were obtained from the IR-cam. As noticeable in the asymmetry in Fig. 4.8(b), 

the shift between the laser spot and the plasma beam center was taken into account in the FEM 

simulation. 

 

 

Fig. 4.8 FEM analyses. FEM analyses of specimen IG#4. (a) The magnified transient temperature profiles at 

the indicated pulse numbers and the optimized FEM simulations. (b) The 3D FEM model, mesh and peak 

temperature distribution at N=50. The shift between the laser spot and the plasma beam center is visible in the 

asymmetry. (c) The energy absorption and thermal conductivity evolution.  
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The magnitude of the laser heat flux and the thermal conductivity of tungsten were manually adjusted 

to obtain an optimal match of the temperature profiles in Fig. 4.8(a). First, for the initial pulses (N = 

50), an ideal thermal conductivity was assumed and the initial laser heat flux q0 was determined by 

matching the simulated and measured temperature profiles. Thereafter, q0 was up-scaled using the 

coefficients in the left y-axis of Fig. 4.8(c). This scaling accounts for the increasing laser energy 

absorption due to the increasing emissivity. Assuming that the absorption equals the emissivity 

(Kirchhoff’s law of thermal emission [204]), the scale factors were calculated based on the emissivity 

evolution in Fig. 4.6(d). Then, the ideal thermal conductivity of the top 100 µm tungsten layer was 

down-scaled accordingly to match the measured temperature profiles in Fig. 4.8(a). The thickness of 

this layer with a degraded thermal conductivity was motivated by cross-sectional micrographs in Fig. 

4.15. The corresponding thermal conductivity scaling factors are displayed in the right y-axis of Fig. 

4.8(c). The thermal conductivity decreases to ~40% of its ideal value at the end of the plasma 

exposure. Similar thermal conductivity degradation values were reported for tungsten under helium 

ion implantation/exposure [205-207]. Our results are therefore reasonable. The crack initiation heat 

fluxes (after taking into account the increasing laser absorption) are 49 MWm-2, 63 MWm-2, and 54 

MWm-2 for specimen IG#2, IG#3, and IG#4, respectively. Converting into a heat flux factor FHF, 

calculated as 𝑞 × √𝑡, which is applicable for a square pulse in time [155], the resulting values are 1.5 

MWm-2s0.5, 2 MWm-2s0.5, and 1.7 MWm-2s0.5, respectively.  

We found a heat flux factor FHF of ~2 MWm-2s0.5 for fatigue crack initiation in this study. The 

asymmetric error bars come from the fact that the laser heat flux determined by FEM for the initial 

pulses is ~15% lower than that calculated from the laser output power, assuming a laser energy 

absorption coefficient of 0.35 at 1064 nm [208]. Fig. 4.9 also shows some related previous results 

from an electron beam facility. At a base surface temperature of 973 K and with 105 pulses, the as-

received tungsten with elongated grains oriented parallel to the heat-loaded surface has a crack 

initiation threshold of ~6 MWm-2s0.5 [145] whereas the recrystallized ITER-grade tungsten (1873 K 

for 1 hour) has a crack initiation threshold of ~3 MWm-2s0.5 [106]. Note that the different loading 

conditions (e.g. base surface temperature) and material grades strongly influence the crack initiation 

threshold. The comparison should not be overinterpreted. Fig. 4.9 implies that recrystallization and a 

high base surface temperature have a detrimental impact on the crack initiation behavior of tungsten 

under repeated transient heat loads.  
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Fig. 4.9 Damage map. Crack initiation heat flux factor FHF threshold of pure tungsten exposed to ELM-like 

transient heating. The referred results have a different base surface temperature (973 K) and material grades. 

See the discussion in the text.   

4.3.3 Cross-section microstructural analysis 

Because the surfaces were strongly roughened by plastic deformation, EBSD scans were measured 

on the cross-section planes to acquire crystal orientation data and to identify the recrystallized zones. 

The cross-section micrographs are shown in Fig. 4.10. An intermediate cross-section preparation step 

of sample IG#2 is shown in Fig. 4.10(a). The yellow arrows indicate the same indentation array as 

shown in Fig. 4.2(b). Magnified in the inset is the plasma modified surface with the crack initiation 

site highlighted, which is the same area as that in Fig. 4.3(a). A cross-section plane across the blue 

box, parallel to the indention array, is displayed in Fig. 4.10(b). The blue arrow indicates the furthest 

crack along the line of indention, which is the one that initiated just above the FHF threshold. Similarly, 

Fig. 4.10(c) and Fig. 4.10(d) display the cross-section morphologies of sample IG#3 and sample IG#4, 

respectively, near the highlighted areas in Fig. 4.3. 
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Fig. 4.10 Cross-sectional micrographs of the surface cracks. Cross-section micrographs near the cracks 

which were likely initiated just above the FHF threshold. (a) An intermediate preparation step of sample IG#2. 

A cross-section plane of the highlighted blue box in the inset is displayed in (b). Similarly, (c) and (d) refer to 

the blue box of sample IG#3 and IG#4 in Fig. 4.3, respectively. 

   

Color coded Y-axis IPF maps of the cross-sections are shown in Fig. 4.11(a) to Fig. 4.11(c), 

respectively, with the surface crack indicated by an arrow. Because of the high tilt angle of the sample 

during EBSD measurements (70o in this study), the cracks were difficult to visualize. Moreover, 

severe warping of the EBSD map is observed as caused by rounding off of the cross-section at the 

edge of the top surface, as explained in Appendix 4B. Nevertheless, the crack locations were 

accurately identified in the EBSD maps by correlating the backscattered electron (BSE) images of a 

crack in its normal position and 70o tilted position. One such example is illustrated in Appendix 4B. 

The high angle grain boundaries (HAGBs, ˃15o) are outlined with black lines. To evaluate the 

recrystallized fractions of the plasma exposed samples, EBSD scans of the fully recrystallized state 

(2000 K for 2 hours) and as-received state were also performed, displayed in Fig. 4.11(d) and Fig. 

4.11(e), respectively. From the IPF maps, one can extract the crystallographic texture, which has been 

investigated for tungsten in a few previous studies. Moreover, the orientation gradient in the grains 

yields information on the local lattice curvature, the influence of which on the recrystallization 

kinetics and fatigue fracture behavior is beyond the scope of this chapter.  
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Fig. 4.11 EBSD maps. Color coded Y-axis IPF map of (a) IG#2, (b) IG#3, (c) IG#4, (d) recrystallized at 2000 

K for 2 hours, and (e) as-received state, respectively. SEM micrographs of the edge areas scanned in (a), (b) 

and (c) are, respectively, shown in Fig. 4.10(b), (c), and (d). The reason for the severe warping of the EBSD 

maps in (a), (b) and (c) is explained in Appendix 4B. The surface crack is specified by a black arrow and the 

high angle grain boundaries (HAGBs) are outlined with black lines. The color key indicates the projected 

normal of the surface (analyzed by EBSD) in the crystal lattice reference frame.  

4.4 Discussion 

The first three subsections aim to explain the results in Fig. 4.9, focusing on the mechanisms of 

recrystallization-mediated fracture. The last subsection elaborates on the implications of the results 

for the ITER tungsten divertor operation.    

4.4.1 Recrystallization kinetics 

The recrystallization kinetics are first considered. For the sake of simplicity, the Johnson-Mehl-

Avrami-Kolmogorov (JMAK) model [81] was used: 

𝑋𝑅𝑋 = 1 − exp(−𝐵(𝑡 − 𝑡𝑖𝑛𝑐)
𝑛) , (4.1) 

where 𝑋𝑅𝑋 is the recrystallized volume fraction, B describes thermal activation, 𝑡 is the annealing 

time, and  𝑡𝑖𝑛𝑐 is the incubation time. Eq. (4.1) was parameterized using the experimental work of 

Alfonso et al. [95] on warm-rolled ITER-grade tungsten with a 90% thickness reduction (the 



92 

coefficients are provided in Appendix 4C). However, the tungsten-grade used in this study was forged 

and the deformation history (unrevealed by the manufacturer) was not necessarily the same. In order 

to calibrate it, the same tungsten grade was exposed to a steady-state hydrogen plasma in Magnum-

PSI and the recrystallization kinetics were found to be adequately described by the above 

parameterized JMAK model [209]. Eq. (4.1) will therefore serve as the baseline recrystallization 

kinetics in this study. 

The recrystallized volume fraction of a plasma exposed sample was determined from the EBSD 

data as follows [202]: 

𝑋𝑅𝑋 =
𝐻𝐴𝐺𝐵𝐸𝑋𝑃 − 𝐻𝐴𝐺𝐵𝐴𝑅
𝐻𝐴𝐺𝐵𝐹𝑅𝑋 −𝐻𝐴𝐺𝐵𝐴𝑅

, (4.2) 

where 𝐻𝐴𝐺𝐵𝐴𝑅  is the fraction of HAGBs in the as-received sample, 𝐻𝐴𝐺𝐵𝐹𝑅𝑋  the fraction of 

HAGBs after full recrystallization (2000 K for 2 hours), and 𝐻𝐴𝐺𝐵𝐸𝑋𝑃 the fraction of HAGB of an 

exposed sample. Fig. 4.12(a)-(e) displays the grain boundary angle distribution of the 5 samples that 

are extracted from the data of the EBSD scans in Fig. 4.11. For the plasma exposed samples, an area 

of 100 µm × 100 µm surrounding each surface crack was used to evaluate the HAGB fraction such 

that there were enough grains contained and the temperature variation within the analyzed region was 

negligible. Consequently, the 𝑋𝑅𝑋  values are summarized in Fig. 4.12(f), along with the JMAK 

calculations. It is observed that the experimentally measured 𝑋𝑅𝑋 is larger than the JMAK model 

prediction, in which no recrystallization (incubation phase) is suggested yet. To preclude the effect 

of the temperature spikes induced by transient heating on the recrystallization kinetics, each ΔT was 

approximated as a square wave with a height of the maximum ΔT and a width of 2 ms (it takes roughly 

2 ms for a pulse to recover, see Fig. 4.8a), which was superimposed on the steady-state base surface 

temperature history. As indicated by the dashed lines in Fig. 4.12(f), the effect is negligible. The 

results suggest that the JMAK model parameterized from continuous annealing data is not adequate 

to describe the recrystallization kinetics under transient heat loads where plastic strains are cyclically 

generated. Because the recrystallization nuclei originate at locations with a critical dislocation density 

[96], cyclic plastic straining may accelerate the recrystallization. Indeed, as will be shown later in Fig. 

4.15(a), the maximum width of the recrystallized region in the cross-section is approximately the 

laser spot size (~4 mm in the analyzed direction), suggesting that the laser heating induces the 

recrystallization. Numerical models that include evolving microstructures [96, 99] may help unravel 

the underlying mechanisms and lead to more accurate predictions.  

 



4 Recrystallization-mediated fracture  93 

 

Fig. 4.12 Recrystallization kinetics. Grain boundary character distribution of (a) as-received sample, (b) IG#2, 

(c) IG#3, (d) IG#4, and (e) fully recrystallized sample. (f) The measured and modeled recrystallized volume 

fraction. 

4.4.2 The role of HAGBs in fracture 

A salient feature of recrystallization is the increase of the HAGB fraction. Its impact on crack 

formation is therefore probed next. Fig. 4.13(a)-(c) are magnified views from the surface cracks in 

Fig. 4.11. As can be seen, the cracks (indicated by arrows) coincide with the HAGBs, which are 

outlined with black lines. Quantitatively, Fig. 4.13(d) plots the misorientation angle distribution along 

the indicated paths in Fig. 4.13(a)-(c) with the fractured grain boundaries positioned at the origin. 

This allows to confirm the high angle character of the grain boundary along the crack path. 

 

 

Fig. 4.13 Grain boundary character of the surface cracks. (a) to (c) are magnified from Fig. 4.11(a)-(c), 

respectively. Each crack is indicated by a solid arrow and the same color key as that in Fig. 4.11 is adopted. 

(d) The misorientation angle distribution along each indicated path across the crack in Fig. 4.11(a)-(c). (e) The 

misorientation angles of the left and right nearest HAGBs in addition to the fractured HAGBs. The colored 

bars indicate the fractured HAGBs. 
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The preferential fracture of HAGBs can be explained based on the interactions between dislocations 

and grain boundaries. In polycrystals, dislocation arrangements generated by cyclic plastic straining 

(commonly referred to as persistent slip bands [210]) are impeded by grain boundaries, resulting in 

pile-ups and stress concentrations [211]. The stresses are (partially) relieved by the formation of 

surface protrusions and as well as dislocation transmissions across low angle grain boundaries 

(LAGBs) [212, 213]. However, HAGBs are often impenetrable obstacles to dislocations, therefore 

promoting stress concentrations and intergranular fracture [214, 215]. Interestingly, it is noted that 

there are intact HAGBs next to a cracked HAGB. Fig. 4.13(e) plots the misorientation angle 

distribution of the left and right nearest HAGBs of the surface cracks with the colored bars 

representing the fractured HAGBs; no clear trend is observed, for example, a cracked HAGB does 

not always have the highest misorientation angle. This suggests that other grain boundary 

crystallographic parameters (uniquely described by 5 independent parameters [216]) such as grain 

boundary plane orientation could have played a role [217, 218] in crack formation. Nevertheless, 

HAGBs are clearly preferred sites for fracture. 

4.4.3 Mechanisms of recrystallization-mediated fracture   

To better understand the mechanisms of recrystallization-mediated crack initiation, two more 

specimens were tested. Recrystallized (‘RX’) and as-received (‘AR’) tungsten specimens with 

representative microstructures shown in Fig. 4.11(d) and Fig. 4.11(e). These specimens were exposed 

to 105 pulses with a ΔT of 195±10 K (the corresponding heat flux factor is ~3.5 MWm-2s0.5) at a base 

surface temperature of 1005±8 K (specimen ‘RX’ and ‘IG#5’ in Table 4.1). Because the base surface 

temperature is low enough in this case, the as-received tungsten sample will not recrystallize after 

transient heating, thus better demonstrating the role of recrystallization in fracture. The micrographs 

from the laser spot center of both specimens are shown in Fig. 4.14. In the as-received tungsten 

specimen, the surface roughening is approximately uniform (the grooves in Fig. 4.14(a) are 

unintentional scratches); in contrast, the recrystallized tungsten specimen exhibits grain specific 

surface roughening where a heavily roughened region is typically surrounded by smooth grains (Fig. 

4.14c). When zooming in, surface protrusions and small cracks are visible in both specimens, as 

indicated by the arrows. The general observation is that surface roughening is more heterogeneous 

and more extensive in the recrystallized specimen than in its as-received counterpart. This is 

explained as follows. First, in the as-received state, because of the low fraction of HAGBs (Fig. 4.12a), 

a grain is likely to be surrounded by LAGBs, in which dislocations can transmit. Conversely, in the 

recrystallized specimen, the probability that a grain is enclosed by HAGBs that constrain dislocation 
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transmission to adjacent grains is high. This is also readily visible when comparing the 

microstructures in Fig. 4.11(d) and Fig. 4.11(e). Consequently, out-of-plane deformation is promoted 

in the recrystallized tungsten specimen, giving rise to pronounced surface protrusions when 

dislocations reach the surface. Moreover, the high dislocation density in the as-received specimen 

inhibits strain localization. For example, plastic deformation in clean crystals typically prevails on a 

limited number of slip systems [219, 220] while high dislocation densities activate multiple slip 

systems [221]. Finally, the recrystallized grains have a lower yield strength and therefore accumulate 

higher plastic strains than in the as-received specimen. Accordingly,  the recrystallized grains possess 

a higher driving force for fatigue cracking [84, 85]. In a later stage, cracks are likely to nucleate and 

form at or close to surface protrusions, as typically observed in metals [108, 222, 223]. In this way, 

it is expected that the recrystallized tungsten is more susceptible to fracture than its as-received 

counterpart. The corresponding crack length distribution in Fig. 4.14(e) supports the above 

explanation. The preferentially deformed grains may have specific crystal orientations with respect 

to the thermal stress loading direction, resulting in higher resolved shear stresses on the activated slip 

planes. Summarizing, upon recrystallization, a lower yield strength entails higher cyclic plastic strains, 

a higher fraction of HAGBs constrains the transfer of plastic strains at grain boundaries, and a lower 

amount of dislocations induces heterogeneous deformation. These are considered as three dominant 

mechanisms causing a reduced crack initiation threshold of recrystallized tungsten compared to its 

as-received counterpart.  
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Fig. 4.14 Recrystallization-mediated fracture. Surface morphology of as-received and recrystallized 

tungsten specimens exposed to 105 pulses with a ΔT of 195±10 K at a base surface temperature of 1005±8 K. 

The micrographs are taken from the laser spot center. (a) As-received tungsten with a highlighted area 

magnified in (b). (c) Recrystallized tungsten with a highlighted area magnified in (d). (e) The corresponding 

crack length distribution. The arrows indicate surface protrusions and crack formation. 

 

The proposed mechanism applies to the as-received specimens exposed at high surface temperatures 

(~1550 K) in Fig. 4.9 if recrystallization occurred before crack initiation. To demonstrate this 

condition, an EBSD scan around one central surface crack was performed in the depth direction of 

sample IG#4. Fig. 4.15(a) shows an overview of the cross-section with the EBSD scanned area 

highlighted. The cross-section is characterized by a trimodal grain size distribution (magnified and 

indicated in Fig. 4.15b). The bottom part has elongated grains and abundant LAGBs, resembling the 

as-received state (Fig. 4.11e). The middle part shows large grains with copious HAGBs, which is 

characteristic of the recrystallization microstructure under isothermal annealing (Fig. 4.11d). 

Intriguingly, the top part shows a combination of the other two parts: a medium grain size and a 
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moderate fraction of LAGBs and HAGBs, despite being the area at the highest temperature. The same 

trend was observed in sample IG#2 and IG#3 as shown in Appendix 4D. Similar observations have 

been reported in Ref. [224]. Moreover, the top part is associated with a high dislocation density, as 

suggested by the 1st neighbor kernel average misorientation (KAM) map in Fig. 4.15(d); the KAM is 

linked to geometrically necessary dislocation density (GNDs) by Nye’s tensor [225, 226]. A narrow 

KAM range (0o-1o) is used to better reveal the trimodal grain size distribution, which is justified by 

the high precision (~0.1o) of the used EBSD system. The above observations suggest that 

recrystallization first occurred in both the top part and the middle part because they have a similar 

grain size if we ignore the interior LAGBs in the top part grains. Since the top part was also subjected 

to additional cyclic plastic straining, the accumulation of dislocations led to near-surface grain 

refinement, as observed by the formation of a subgrain structure within the recrystallized grains, and 

the occurrence of fracture. In Fig. 4.15(d), some KAM hot spots are visible in the grains in the middle 

part. This seems to result from the recrystallization process as such KAM hot spots are also visible in 

the continuous annealed recrystallization sample (shown in Appendix 4E). Based on the above 

analyses, the results in Fig. 4.9 suggest that: first, recrystallization decreases the fatigue crack 

formation and initiation FHF threshold of tungsten; second, the high base surface temperatures under 

plasma exposure further decrease the crack initiation FHF threshold by decreasing the yield strength 

and consequently accumulating more plastic strains. 
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Fig. 4.15 Cross-sectional analyses. (a) Secondary electron micrograph with the highlighted area magnified in 

(b). (c) Color coded Y-axis IPF map of the same area and (d) kernel average misorientation distribution. 

 

It is worth discussing the influence of recrystallization on the thermo-mechanical performance of 

tungsten PFCs. As reviewed in the introduction section, there is a vivid debate in the literature on the 

role of recrystallization on the ductility of tungsten, which is related to the purity level and 

deformation history of the tested samples. The impurities are also expected to retard recrystallization, 

which implies that the observed accelerated recrystallization kinetics are underestimated. However, 

it should be noted that the fracture behavior of metals under monotonic and cyclic loading are distinct 

[176, 227]. Therefore, ductility (e.g. strain-to-failure) obtained from a monotonic-loading mechanical 

test, e.g. a uniaxial tensile test, cannot be used to predict its fatigue fracture behavior straightforwardly. 

Because the yield strength decreases and the HAGBs fraction increases after recrystallization, both 

promoting fatigue fracture, recrystallization may be detrimental to the PFM performance under 

repeated transient heat loads. 
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4.4.4 Implications for the ITER tungsten PFCs  

The identified fatigue crack initiation energy fluence threshold in this study, ~2 MWm-2s0.5 

(equivalently, ~0.07 MJm-2 for a 1 ms pulse), corresponds roughly to a 0.1% relative ELM size 

(defined as the ratio between the ELM outburst energy and the total stored energy of the core plasma, 

𝐸𝐸𝐿𝑀

𝐸𝑃𝑙𝑎𝑠𝑚𝑎
) according to the latest empirical power scaling [112]. Such a low relative ELM size (~50 

times smaller than the natural ELM size) does not occur naturally in present tokamak experiments 

[18]. Therefore, if sufficient ELM mitigation cannot be achieved in ITER, surface cracking of a part 

of a monoblock may be inevitable. 

The presence of surface cracks can affect current plasma-material interaction studies. For example, 

it may change the retention and sputtering behavior of tungsten. Regarding the structural integrity of 

the tungsten PFCs, the surface cracks might propagate deep into the material [125], entailing 

undesirable consequences. Furthermore, the surface cracking may reduce the steady-state power 

handling capability of tungsten. The new 16±2.5 MWm-2 criterion [120] builds on the assumption 

that cracking only appears when a surface layer of 2 mm is recrystallized which originates from a 

numerical study [87] employing some simplifying assumptions, e.g. on the cyclic plasticity behavior 

of tungsten. If some surface cracks are present, e.g. by some unmitigated ELMs, the above 

assumptions may no longer remain appropriate. This needs to be investigated in greater detail in 

future work.        

4.5 Conclusions and outlook 

This study represents a substantial effort to identify and rationalize the fatigue crack initiation heat 

flux factor threshold of tungsten under ELM-like heating loads. The major contributions are as 

follows: 

 

 A new experimental method was developed to determine temperature-, wavelength-, and 

surface-dependent emissivity of tungsten. With this method, the ΔT induced by laser transient 

heating was found to nearly double. Emissivity measurements and FEM analyses revealed 

that the increasing ΔT originated from an increased laser power absorption (~35%) and a 

decreased thermal conductivity (~60%).  

 The fatigue crack initiation threshold in terms of the heat flux factor of pure tungsten was 

identified to be ~2 MWm-2s0.5 (equivalently, ~0.07 MJm-2 for a 1 ms pulse) at a base surface 
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temperature of ~1550 K and with 104-105 transient heating cycles. Note that this value is a 

loading parameter, which is different from the J-integral in fracture mechanics.  

 It is observed that the recrystallization kinetics were accelerated near the surface where it was 

transiently loaded compared to the JMAK model prediction, and surface cracks preferentially 

formed at HAGBs. This was not the case for the region without laser loading, implying that 

the transient loading is driving the acceleration of the recrystallization process.    

 Upon recrystallization, the yield strength decreases, entailing increased cyclic plastic strains. 

The HAGBs fraction increases, which constrains the transfer of plastic strains at grain 

boundaries. The overall dislocation density decreases which induces heterogeneous 

deformation. These three mechanisms explain the reduced crack initiation threshold of 

recrystallized tungsten compared to its as-received counterpart. 

    

Based on these results, future studies are recommended to improve the understanding of the fracture 

behavior of tungsten under fusion relevant plasmas, which presents a much more severe risk of 

component failure compared to other plasma-induced modifications, e.g. helium fuzz and hydrogen 

blistering. Future complementary studies may extend the current study to a wider parameter space in 

a linear plasma generator or a fusion reactor. Laboratory-based mechanical tests to identify aspects 

such as fracture toughness [228, 229] and kinematic hardening behavior [230, 231] and to incorporate 

the effects of plasma species [232, 233] will also be very valuable. We also note that the sputtering 

and re-deposition of tungsten could influence the recrystallization and fracture behavior of the ITER 

monoblock. Based on SOLPS modelling [234], a surface layer of tungsten on the order of 1-1000 µm 

could be eroded after 106 ELMs. Therefore, future work in this respect is recommended.  
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Appendix 4A. Thermographic analysis 

4A1. Theory 

After subtraction of the background (e.g. due to infra-red light from the surroundings [235]), the 

following relationship applies [236]: 

𝑁𝑔𝑟𝑒𝑦 = 𝜏휀(𝜆, 𝑇, 𝑅𝑎)
2ℎ𝑐2

𝜆5
1

𝑒
ℎ𝑐
𝜆𝑘𝐵𝑇

 − 1
⏟        
𝑃𝑙𝑎𝑛𝑐𝑘′𝑠 𝑙𝑎𝑤

𝑡𝑒𝑥𝑝𝑜𝑆(𝜆), (4𝐴. 1)
 

where 𝑁𝑔𝑟𝑒𝑦  is the greyscale level recorded by the camera sensors and 𝜏 the transmission of the 

optical system (0.145 in our system). 휀(𝜆, 𝑇, 𝑅𝑎) is the emissivity of tungsten, which is a function of 

wavelength (𝜆), temperature (𝑇), and surface roughness (𝑅𝑎). In Planck’s law, ℎ is Planck’s constant, 

𝑐 is the speed of light in a vacuum, and 𝑘𝐵 is Boltzmann’s constant. 𝑡𝑒𝑥𝑝𝑜 is the exposure time of the 

camera (200 µs in this study) and 𝑆(𝜆) is the sensor sensitivity at wavelength 𝜆. By calibration to a 

blackbody radiation source, for which 휀(𝜆, 𝑇, 𝑅𝑎) = 1, 𝑆(𝜆) has been established for the spectral 

range of the used infra-red camera, as shown in Fig. 4A1. 

 

 

Figure 4A1. The infra-red camera sensor sensitivity: digital level (counts) vs. photon fluence. The spectral 

radiance and camera integration time in Eq. (4A.1) have been combined to yield the photon fluence. A good 

linear response is obtained. 
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4A2. Emissivity of tungsten 

휀(𝜆, 𝑇, 𝑅𝑎) of tungsten is required to utilize Eq. (4A.1). Based on the measurements of de Vos [237] 

on annealed tungsten ribbon (with a certain 𝑅𝑎  value that has not been reported), the following 

expression derived by Sergienko [238] matches the experimental data (λ > 0.8 µm) within 2% error: 

휀(𝜆, 𝑇) = 휀0(𝜆) + 휀1(𝜆)𝑇, (4𝐴. 2) 

in which 휀0(𝜆) = 0.4205(𝜆
1.88949𝜆3+0.24191

𝜆3+1.90197
)−1 , 휀1(𝜆) = 5.55537 × 10

−5 + 1.777171 ×

10−6휀0(𝜆) − 8.43353 × 10
−4휀0(𝜆)

2 + 9.82596 × 10−4휀0(𝜆)
3 with the wavelength 𝜆 expressed in 

µm and temperature 𝑇 in Kelvin. 

휀(𝜆, 𝑇, 𝑅𝑎) is known to increase with the surface roughness 𝑅𝑎 but no quantitative description 

exists so far. Here, we propose an experimental approach to address this. 𝑅𝑎  does not alter the 

temperature-dependence of 휀(𝜆, 𝑇, 𝑅𝑎) at a given wavelength λ, as shown in Fig. 4A2, where the 

emissivity of ITER-grade tungsten is shown for 4 increasing 𝑅𝑎 levels in the wavelength range of 1.6 

µm to 2.1 µm, as measured by Gaspar et al. [239]. Clearly, the emissivity increases with 𝑅𝑎 (from 

polished tungsten to damaged tungsten), but the slope of the measurements is approximately the same. 

Moreover, Eq. (4A.2) (averaged over 1.6-2.1 µm) matches the emissivity of polished W reasonably 

well, where the slight mismatch may be caused by the measurement uncertainties. Therefore, we 

introduce an offset factor ∆휀(𝑅𝑎) in Eq. (4A.2) to account for the dependence of the emissivity on 

surface roughness 𝑅𝑎, such that: 

휀(𝜆, 𝑇, 𝑅𝑎) = 휀0(𝜆) + 휀1(𝜆)𝑇⏟          
𝑒𝑞.(4𝐴.2)

+ ∆휀(𝑅𝑎). (4𝐴. 3)
 

By assigning a proper value for the offset ∆휀 , in Fig. 4A2, the different measurements can be 

described adequately. If we can determine ∆휀  for an arbitrary tungsten surface, its emissivity 

휀(𝜆, 𝑇, 𝑅𝑎) will be obtained. Combining Eq. (4A.1) and (4A.3), the offset ∆휀 can be acquired by 

measuring the temperature at a pixel within the view field of the infra-red camera using an emissivity 

free method. In this study, a multi-wavelength pyrometer served for this purpose.      
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Figure 4A2. The measured emissivity of ITER-grade W from Ref. [239] and the calculated emissivity using 

Eq. (4A.3) with the corresponding emissivity offset ∆휀. 

  

Appendix 4B. Identifying a crack location in an EBSD image 

 

First, the reason for the severe warping of the EBSD image is sketched in Fig. 4B1. This is caused by 

rounding off of the cross-section close to the top-view surface during grinding and polishing, and 

particularly the electro-polishing required for EBSD.  

 

 

Figure 4B1. Sketch of the warping of the EBSD image due to rounding off of the specimen edge. 
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Second, SE and BSE images of the furthest crack along the indents of sample IG#4 are shown in Fig. 

4B(a1) and (a2), respectively. After tilting 70o to the EBSD configuration, (b) displays the same crack 

as in (a), which is also highlighted in (c). This is achieved by first checking the EBSD image quality, 

as the crack is not indexed (white pixels). Second, some surface dirt is also not indexed, e.g. the area 

labeled with A. By comparing the relative locations of such features, the crack position is confirmed. 

Finally, some grains with well-defined shapes are also used as reference points to map figure (b) and 

figure (c).  

    

 

Figure 4B2. SEM images of the studied surface crack of sample IG#4 in its (a) normal position, (b) tilted 

position, and (c) Color coded Y-axis IPF map. The SEM images and EBSD map are obtained at the same 

sample tilting position. 

 

Appendix 4C. JMAK model parametrization 

 

To the data in Ref. [95], the following JMAK model expression has been fitted with an adequate 

agreement: 

𝑋𝑅𝑋 = 1 − 𝑒𝑥𝑝(−𝐵(𝑡 − 𝑡𝑖𝑛𝑐)
2) , (4C. 1) 

in which, 

𝐵 = 𝑒−22.98 × 𝑒
(
3.28×105

𝑅𝑇
)
, (4C. 2) 

𝑡𝑖𝑛𝑐 = 𝑒
−27.97 × 𝑒

(
3.69×105

𝑅𝑇
)
, (4C. 3) 



4 Recrystallization-mediated fracture  105 

where 𝑅 is the universal gas constant (8.3145 J·mol-1·K-1) and 𝑇 is the annealing temperature in 

Kelvin. The results are plotted in figure 4C.  

 

 

Figure 4C. Measurements from Ref. [95] and calculations using equation (4C.1)-(4C.3). XRX is the 

recrystallized volume fraction. 

 

Appendix 4D. Trimodal grain size distribution on the cross-section 

 

Cross-section micrographs of sample IG#2 and IG#3 near the center. The dashed lines denote the 

region with different grain sizes. 

 

Figure 4D. Cross-section overview of sample IG#2 (left) and IG#3 (right), displaying a trimodal grain size 

distribution. 
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Appendix 4E. KAM distribution in recrystallized tungsten samples 

 

KAM distribution in tungsten samples exposed in Magnum-PSI and continuously annealed in a 

conventional vacuum oven. Clearly, KAM hot spots appear in the purely recrystallized regions of 

both specimens.   

 

Figure 4E. KAM distribution in tungsten samples recrystallized in (a) Magnum-PSI and (b) a vacuum oven. 



 

 

 

5 Three mechanisms of hydrogen-induced dislocation pinning in 

tungsten 

 

 

Abstract 

The high-flux deuterium plasma impinging a divertor degrades the long-term thermo-mechanical 

performance of its tungsten plasma-facing components. A prime actor in this is hydrogen 

embrittlement, a degradation mechanism that involves the interactions between hydrogen and 

dislocations, the primary carriers of plasticity. Measuring such nanoscale interactions is still very 

challenging, which limits our understanding. Here, we demonstrate an experimental approach that 

combines thermal desorption spectroscopy (TDS) and nanoindentation, allowing to investigate the 

effect of hydrogen on the dislocation mobility in tungsten. Dislocation mobility was found to be 

reduced after deuterium injection, which is manifested as a ‘pop-in’ in the indentation stress-strain 

curve, with an average activation stress for dislocation mobility that was more than doubled. All 

experimental results can be confidently explained, in conjunction with experimental and numerical 

literature findings, by the simultaneous activation of three mechanisms responsible for dislocation 

pinning:(i) hydrogen trapping at pre-existing dislocations, (ii) hydrogen-induced vacancies, and (iii) 

hydrogen-stabilized vacancies, contributing respectively 38%, 52%, and 34% to the extra activation 

stress. These mechanisms are considered to be essential for the proper understanding and modeling 

of hydrogen embrittlement in tungsten.  
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5.1  Introduction 

Hydrogen degrades the mechanical properties of many metals and alloys [59, 101, 192, 240-248], an 

effect commonly referred to as hydrogen embrittlement (HE). It is essential to consider this 

mechanism in evaluating the lifetime performance of structural components, in particular, in a nuclear 

fusion reactor. Indeed, in ITER, the world’s largest fusion experiment, an unprecedented high-flux 

(~ 1024 m-2s-1) of deuterium plasma will strike the tungsten plasma-facing components (PFCs) [18]. 

The lifetime of PFCs will have a strong influence on the efficiency and viability of future fusion 

power plants, thus motivating ongoing investigations. Progress has been achieved in understanding 

surface modification of tungsten (e.g. blistering) by hydrogen plasma exposure ([44, 248-256]and 

references therein) and deuterium retention in tungsten [40, 43, 253, 257-260]. This is largely 

achieved by probing the microstructural origins (e.g., dislocations) of the macroscopic observations. 

For example, Guo et al. [256] proposed an edge dislocation nucleation and blistering mechanism 

based on dedicated transmission electron microscope (TEM) experiments, which reveals an essential 

role of dislocations on blister formation, while Zibrov et al. [260] studied the influence of defects 

induced by plastic deformation on deuterium retention by controlling the dislocation density using 

high-temperature tensile tests. Yet, the link between hydrogen plasma exposure and the evolving 

mechanical properties of tungsten remains unclear [120]. Building on previous studies, this paper 

aims to shed light on this aspect using well-designed experiments with up to nanoscale resolutions.    

The mechanisms associated with hydrogen embrittlement remain controversial although the 

phenomenon was first recorded nearly 150 years ago [240]. When limiting our scope to the effect of 

hydrogen on dislocation mobility, which is a controlling factor for the brittle-to-ductile transition (e.g. 

in single-crystal tungsten [76]), several different theories exist. All the prevailing mechanisms build 

on the concept of the Cottrell atmosphere [49], where hydrogen is trapped at dislocation cores and by 

the elastic fields of dislocations. On the one hand, the glide of a dislocation distorts the atmosphere 

and gives rise to a drag force on the dislocation (solute drag), according to numerical simulations [55, 

261, 262]. On the other hand, such hydrogen atmospheres could also shield the interaction of 

dislocations with elastic stress centers, making an individual dislocation more, rather than less, mobile, 

known as hydrogen-enhanced localized plasticity (HELP) [63, 65, 263]. In between these two theories 

is the defactant theory, where hydrogen segregation reduces the formation energy of dislocations, 

vacancies and grain boundaries [264]. For the case where the dislocation generation rate is enhanced, 

macroscopic softening is observed [71, 72]. For the case that superabundant vacancies are generated, 

strong dislocation locking is registered, as was reported for aluminum [64]. 
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This paper investigates if the dislocation mobility in tungsten is reduced or enhanced by hydrogen. 

Our approach to this problem consists of two novel aspects: (i) tracing and isolating hydrogen 

trapping at different defects, and (ii) probing the corresponding mechanical behavior at the microscale. 

For (i), a deuterium flux will be introduced into recrystallized tungsten using a low energy plasma 

exposure, allowing unambiguous thermal desorption spectroscopy (TDS) afterward. Combined with 

TMAP7 simulations [265], information on defect types and densities can be obtained. Thereafter, 

deuterium will be gradually released from the defects by annealing at different temperatures, followed 

by mechanical testing. To probe the mechanical behavior at the level of single grains, a spherical 

nanoindentation method is used, from which meaningful indentation stress-strain data can be 

extracted [266, 267]. Unlike the widely used Oliver-Pharr method which measures hardness and 

Young’s modulus [268], the adopted method captures the full elastic-plastic response (indentation 

stress vs. indentation strain) of materials under contact loading, in addition to the high spatial 

resolution of nanoindentation. As will be shown in this paper, combining these measurements and 

simulations yields unprecedented insights into the interaction between deuterium and dislocations in 

tungsten. 

5.2 Experimental and numerical procedure  

5.2.1 Deuterium plasma exposure 

Polycrystalline tungsten (PLANSEE®, 99.97% purity, Ø 20 mm, 1 mm thick) was recrystallized in 

vacuum at 2000 K for 2 h. The samples were ground and polished using a standard metallographic 

procedure [269], and then electro-polished in a  0.4 % g/ml aqueous NaOH solution at a DC voltage 

of 15 V and a current density of ~ 191 A/m2. Fig. 5.1(a) shows a secondary electron (SE) micrograph 

of the recrystallized microstructure with ~ 30 µm grains. Deuterium plasma exposure was carried out 

using the linear plasma generator Nano-PSI (described in Ref. [270]). The full-width half-maximum 

(Gaussian distribution) of the plasma beam was ~ 40 mm, which is much larger than the analyzed 

area of ~ 500 µm. Therefore, the samples were considered to be subjected to a uniform plasma 

exposure. The particle flux was ~3×1020 m-2s-1, as measured with a Langmuir probe. The ion energy 

(originally ~ 0.25 eV) was increased via electrical biasing of the target to 50 eV to increase retention 

[39]. The sample surface temperature was ~325 K and the exposure time was 4000 s. Accordingly, 

the ion fluence is ~1.2×1024 m-2. 
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Fig. 5.1 Thermal desorption analyses. Schematic illustration of the methodology to trace and isolate 

deuterium trapping at different defects in tungsten with (a) deuterium plasma exposure on a recrystallized 

tungsten sample. The representative microstructure (SE micrograph) is displayed on the right. (b) Schematic 

diagram of the thermal desorption spectrum (TDS) set-up. (c) The measured and simulated thermal desorption 

spectra. Sample #1 was continuously annealed to 875 K (black spectrum). Sample #2 was first annealed to 625 

K to desorb the peak around 500 K (green spectrum). After nanoindentation at room temperature, it was 

annealed to 875 K to release the peak near 750 K (blue spectrum). The two spectra of sample #2 have been 

shifted up for clarity, as indicated by the dotted background lines. The TMAP 7 simulation details are described 

in the caption of Table 5.1. Based on the TMAP 7 analysis, the 1st peak corresponds to deuterium trapping at 

dislocations and the 2nd peak denotes deuterium trapping at vacancies (color online).  

5.2.2 Thermal desorption spectroscopy and spectrum modeling  

Deuterium trapping at defects was studied using TDS, as schematically shown in Fig. 5.1(b). An 

exposed sample placed in a vacuum vessel was heated with a linear temperature ramp (0.5 K/s). At 

sufficiently high thermal energy, the deuterium atoms release from defects, diffuse to the surface, 

recombine into molecules, and are registered by a quadrupole mass spectrometer (QMS, Microvision 

2, MKS®).  The base pressure of the TDS chamber is ~10-7 Pa at room temperature and rises to ~10-

4 Pa at the highest annealing temperature (1173 K). A K-type thermocouple was clamped to the 

sample surface and was connected to the heater by a feedback control loop. The QMS signal of D2 

molecules was quantified by a calibrated leak bottle with a certified accuracy of less than ±10%. 

During each measurement, the sample was held at the set temperature (e.g. 625 K) for 5 min to allow 

for sufficient desorption. In between the nanoindentations, the sample was stored in a desiccator to 
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minimize the negative effects of air exposure [271]. The stepwise TDS and nanoindentation were 

completed within 4 weeks. 

To extract more information from the measured TDS spectrum, the underlying diffusion-trapping 

process of deuterium transport in tungsten was simulated using TMAP7 [21, 265]. The diffusion 

coefficient of deuterium in tungsten was taken from [32]. This one-dimensional program also includes 

recombination of two deuterium atoms at the surface to a D2 molecule, with a rate coefficient of 

3.2 × 10−15[m4s−1] × 𝑒
−1.16

𝑘𝐵𝑇  in this study, as taken from Ref. [272]. The dislocation and vacancy 

distribution were considered to be uniform up to a depth of 10 µm, estimated as √2𝐷𝑡, with an 

effective diffusion coefficient D (10-14 m2s-1) from [36, 37] and the exposure time t = 4000 s. The 

motivation for and influence of this assumption on the obtained defect densities will be discussed in 

section 5.3.1. According to Ref. [273], the sample was discretized into 64 depth layers, with a varying 

thickness from 2.5 nm to 100 µm. The simulation time step was 0.5 s.    

5.2.3 Spherical nanoindentation 

Nanoindentation was performed on an Agilent G200® nanoindenter equipped with continuous 

stiffness measurement (CSM) [274] using a diamond, conical indentor with a spherical tip with a 

radius of 12.86 µm (calibrated on fused silica according to Ref. [275]). CSM was run at a 

displacement amplitude of 2 nm and a frequency of 45 Hz. The load rate divided by the current load 

was set to 0.05 s-1 and the maximum displacement into the sample was 350 nm. Thermal drifts were 

below 0.05 nm/s. 

5.3 Results and discussion 

5.3.1 Thermal desorption spectrum analysis  

Fig. 5.1(c) plots the measured and simulated TDS spectra. The black spectrum reveals two peaks, one 

around 510 K and one around 760 K, consistent with previous studies on deuterium retention in 

tungsten [38, 276, 277]. The trapping density and trapping energy are estimated by matching the 

TMAP7 simulation to the experimental data. The corresponding results are summarized in Table 5.1 

and are consistent with the literature. The dislocation density is inferred from Ref. [278, 279], as 

measured by transmission electron microscopy (TEM), to be in the range (1.9±1.4 - 5.1±1.7)×1012 

m/m3 for pure tungsten from the same manufacturer which was recrystallized at 2000 K for 0.5 h and 

at 1873 K for 1 h. At ~ 325 K, the hydrogen atom trapped per unit length of dislocation is calculated 

to be 1 ~2 in Ref. [53]. The trap density (
dislocation density × hydrogen atom trapped per unit length

lattice number density of tungsten
) is 
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therefore in the order of 1.0×10-6 atomic fraction. The input dislocation detrapping energy lies in the 

range of atomistic simulations [40, 53], 1.28-1.36 eV for an edge dislocation, and 0.92-0.96 eV for a 

screw dislocation. The vacancy detrapping energy agrees well with atomistic simulations [34, 280, 

281], being 1.65-2 eV up to the second filling level. Note that the detrapping energy is the sum of H 

binding energy to a type of defect and the activation energy of H diffusion in W, which is well 

accepted to be 0.39 eV [32]. The simulated spectrum has been down-scaled by a factor of ~2 to match 

the measured spectrum. This scaling factor accounts for the fact that a portion of deuterium (D) atoms 

desorbs as HD and D2O, as well as for the uncertainty on the exact value of the dislocation density. 

Table 5.1 Input for the TMAP7 simulation that resulted in an optimal match for the TDS spectrum in Fig. 5.1(c). 

Trapping type 
Trapping density 

[at.fr] 

Detrapping energy 

[eV] 

Trapping depth 

[µm] 

Dislocation 4.0×10-6 1.25 
10 

Vacancy 2.8×10-6 1.85 

 

 

The influence of the assumed defect distribution on the TMAP7 modeling results is assessed here. 

First, in the above analysis, the trapping depth is estimated using the diffusion length (√2𝐷𝑡) with an 

effective diffusion coefficient D (10-14 m2s-1) taken from Ref. [36, 37], which was measured near 

room temperature. The measured effective diffusion is equivalent to a combination of ideal 

Frauenfelder diffusivity and trapping at defects, as considered in TMAP7. Using this effective 

diffusion coefficient therefore gives a reasonable estimate of the trapping depth in the TMAP7 

simulation. Second, both dislocations and vacancies are assumed to be uniformly distributed. For the 

dislocations, this is straightforward, as the sample was annealed above the recrystallization 

temperature for 2 hours. For the vacancies, this is justified by their formation mechanism, as discussed 

in the next paragraph. The uniform distribution assumption is supported by the nuclear reaction 

analysis (NRA) measurements from Ref. [279]. Under similar plasma conditions (ion energy, particle 

flux, and surface temperature) and tungsten grade (recrystallized), the deuterium concentration profile 

is shown to be uniform up to 7 µm. Note that 7 µm is the maximum probing depth of most current 

NRA machines. Beyond 7 µm and extending to a reasonable distance, for example, 10 µm, as 

assumed in this study, the uniform distribution assumption is expected to remain valid. If there would 

have been a deuterium concentration gradient due to a nonuniform vacancy distribution, it would 

have appeared in the very first few micrometers, as frequently reported in the literature. Furthermore, 

we have calculated another extreme case, where we considered a diffusion length (40 µm) using the 
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ideal Frauenfelder diffusion coefficient [32]. We found that the defect density reduced by a factor of 

4 and the detrapping energy decreased 0.1 eV for both types of defects. This suggests that the defect 

distribution assumption made here has a minor effect on the TMAP7 modeling results and therefore 

the conclusions made are considered to be valid.           

The TMAP7 modeling results suggest the formation of vacancies during plasma exposure. As 

shown in Table 5.1, the TMAP7 input vacancy density (to match the measured spectrum) is 

significantly higher than the thermal equilibrium vacancy concentration of tungsten. As extrapolated 

from Ref. [282], the atomic fraction of thermal equilibrium vacancy in tungsten is 5.78×10-9 at 2000 

K and 2.53×10-61 at 300 K. A conservative estimation, taking the thermal vacancy concentration at 

2000 K (the recrystallization temperature used) and assuming that the sample was quenched from that 

temperature preventing vacancy annihilation, would suggest that the actual vacancy concentration is 

a few hundred times higher than the thermal vacancy concentration (2.8×10-6 vs. 5.78×10-9). A 

reasonable explanation is that vacancies were created in the tungsten bulk during deuterium plasma 

exposure. Note that the implantation depth of 50 eV deuterium plasma in tungsten is only 2.86 nm 

[20]. The observed superabundant vacancy formation agrees with the defectant theory, established by 

statistical thermodynamics [264]. A more recent first-principle study reveals that hydrogen trapping 

at a screw dislocation in tungsten can spontaneously punch out a vacancy jog [40, 283]. This is 

consistent with the fact that the TMAP7 input dislocation density and vacancy density are of the same 

order of magnitude, which is not surprising if vacancies nucleate on pre-existing dislocations. This 

also justifies the assumption that vacancies are uniformly distributed since they nucleate on pre-

existing dislocations and the dislocation distribution is uniform. The vacancy formation mechanism 

is controlled by temperature, which determines the number of deuterium atoms a dislocation loop can 

trap and, therefore, the subsequent spontaneous generation of vacancy jogs [40, 53]. Since the 

temperature difference across the top 10 µm is negligible during plasma exposure (because of the low 

heat flux), the vacancy formation kinetics are similar and therefore its distribution profile after plasma 

exposure should be uniform. Using a similar vacancy formation mechanism, Fukai et al. have 

explained why bulk superabundant vacancies are formed to much higher depths beneath the surface 

in various metals under high hydrogen pressures [284, 285]. To summarize, the results suggest that 

(i) deuterium loading facilitates vacancy formation, with vacancies nucleating on pre-existing 

dislocations, and (ii) deuterium atoms are being trapped at pre-existing dislocations and the 

deuterium-induced vacancies after plasma exposure.  
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5.3.2 Mechanical testing by nanoindentation 

The extraction of the indentation stress-strain response using a spherical nanoindentation method is 

demonstrated below. Pioneered by Kalidindi’s group [266], this method is essentially a two-step 

process, as illustrated in Fig. 5.2. The first step is to accurately establish the effective initial contact 

point by translating the raw load-displacement (𝑃 − ℎ) data [286] such that the initial elastic loading 

segment lines up with the predictions of Hertz’s theory for a spherical body contacting a half-plane 

[287]. The second step, Fig. 5.2(b), is to introduce the indentation stress and strain measures to 

convert the corrected 𝑃 − ℎ response into an indentation stress-strain curve (see Ref. [266] for more 

details). The obtained indentation stress-strain curves from multiple grain interiors on the reference 

sample were found to be continuous and similar, as displayed in Fig. 5.2(c), which are consistent with 

previous studies on recrystallized tungsten [266, 288]. It should be noted that the stress measure we 

use here is called indentation stress, which is different from the yield stress used in a uniaxial 

tensile/compression test. Approximately, the indentation stress can be converted into yield stress by 

dividing it by a factor of ~2.2, as demonstrated with finite element analysis [289]. In this way, the 

yield stress of our reference sample is roughly 1.8 GPa (Fig. 5.2c), which is close to micropillar 

compression measurements on tungsten [290]. The nanoindentation measurements are therefore 

realistic. It is important to point out that there are no pop-ins (strain bursts) before plasma exposure. 

This distinguishes this study from previous work [291-293] which uses a sharp Berkovich tip. The 

corresponding differences and implications will be discussed in section 5.3.3. 
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Fig. 5.2 Illustration of spherical nanoindentation. Extraction of the indentation stress-strain curve using the 

spherical nanoindentation method [266] on a reference recrystallized tungsten sample. (a) Identification of the 

effective initial contact point using Hertz’s theory. The machine identifies the point of initial contact (zero 

point) when the stiffness signal (measured by CSM) first reaches 200 N/m. As a consequence, the initial elastic 

loading segment of the raw data set exhibits some scattering and deviates from Hertz’s theory, which is also 

highlighted in the inset where the raw data up to the end of the loading segment is displayed. (b) Schematic 

representation of nanoindentation and the introduced stress (𝜎𝑖𝑛𝑑 ) and strain (휀𝑖𝑛𝑑 ) measures. (c) Three 

indentation stress-strain curves from three different grain interiors where the indentation stress and strain have 

been calculated using the equations in (b). The contact radius (a in the middle schematic drawing) for test #1 

is also shown on the right axis. a is calculated from stiffness (measured by CSM), see Ref. [266] for more 

details. Due to the noise in the initial stiffness signal, a portion of the initial stress-strain curve is missing (color 

online).  

5.3.3 Stepwise TDS and nanoindentation 

Stepwise TDS and spherical nanoindentation at room temperature were combined to link the 

microstructure and mechanical response. One such example is displayed in Fig. 5.3. A sample with 

an ‘identical’ microstructure as the previous one (Sample #1 in Fig. 5.1c) was first characterized by 

nanoindentation after the same plasma exposure. The same sample was then annealed to 625 K to 

desorb the deuterium trapped at pre-existing dislocations (with a detrapping energy of 1.25 eV, see 

Table 5.1), before subsequent nanoindentation. Thereafter, the same sample was annealed to 875 K 

to release the trapped deuterium at deuterium-induced vacancies (with a detrapping energy of 1.85 

eV), followed again by nanoindentation. Finally, the same sample was annealed at 1173 K for 2 hours 

and measured by nanoindentation one more time. In each case, the nanoindentation was carried out 

on the same grain, with sufficient spacing (at least 10 µm) to create independent indentation 

measurements. The corresponding stepwise TDS spectra of this sample are shown in Fig. 5.1(c). A 

distinctive feature of the obtained indentation stress-strain curves after plasma exposure is the 

emergence of pop-ins. The indentation pop-in stress (𝜎𝑝𝑜𝑝−𝑖𝑛 defined in Fig. 5.3) gradually drops 

with the two intermediate annealing stages but recovers in the last annealing stage. A similar trend in 

terms of the indentation strain burst (∆휀𝑝𝑜𝑝−𝑖𝑛 defined in Fig. 5.3) is also observed. Another important 
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observation is that only after plasma exposure and before TDS annealing, the indentation stress-strain 

curves display some strain hardening (𝐻𝑖𝑛𝑑). The above phenomena hold for the measured 10 grains 

in an average sense, as summarized in Fig. 5.4. The raw data from 10 grains are provided in Appendix 

5A as well. The average indentation pop-in stresses for the four stages are 9.18±1.14, 7.63±1.03, 6.24 

±0.60, and 6.89±0.75 GPa, respectively. In contrast, the indentation yield stress before the exposure 

is 4.10 ± 0.16 GPa.   

        

 

Fig. 5.3 Step-wise NI and TDS analyses. Indentation stress-strain response of the plasma exposed sample 

with different annealing stages. The nanoindentation was performed at room temperature after each specified 

TDS measurement. TDS @ 1173 K has the same heating rate (0.5 K/s) as the previous annealing stages but 

with an extra holding time of 2 hours. The indentation stress-strain curve before the exposure is from another 

reference sample, as previously displayed in Fig. 5.2(c). The rest of the 4 indentation measurements are from 

the same grain interior, shown in the inset BSE SEM image. The definition of 𝜎𝑝𝑜𝑝−𝑖𝑛, ∆휀𝑝𝑜𝑝−𝑖𝑛, and 𝐻𝑖𝑛𝑑 

are schematically illustrated. 𝐻𝑖𝑛𝑑 is obtained by linear regression of the indentation strain values in the range 

of a strain offset of 0.025 and 0.035. This definition is used for comparison purposes only. Note that only half 

of the data points are shown to improve the clarity of the figure but without affecting the results.  
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Fig. 5.4 Summary of the step-wise NI results. Averaged indentation yield stress (equivalent to 𝜎𝑝𝑜𝑝−𝑖𝑛 ) for 

the 10 grains in the different stages.   

  

The observed 4-stage pinning process is rationalized as follows. First, in Fig. 5.5(a), some relevant 

length scales are analyzed to rule out other potential origins of pop-ins. According to Hertz’s theory 

[287], the maximum resolved shear stress occurs at a depth of 0.48 𝑎, which corresponds to ~0.5 µm 

in this study, based on the measured contact radius 𝑎 just before the pop-in. The primary indentation 

zone (width × depth) at the end of loading, estimated as 2𝑎 × 2.4𝑎 [266], is indicated by the green 

box. The implantation depth of a 50 eV deuterium plasma on tungsten is ~3 nm [20]. Therefore, the 

pop-ins cannot be caused by (dislocations or vacancies created by) plasma implantation. On the other 

hand, the deuterium diffusion length was ~ 0 µm, resulting in a nearly uniform microstructure within 

the range of the indentation stress field. Therefore the pop-ins cannot have originated from the ‘hard-

film-on-soft-substrate’ effect [294]. Moreover, by deliberately using a relatively large tip with a 

radius of 12.86 µm and selecting indentation spots away from the grain boundaries, pop-ins due to 

dislocation source starvation [295-301] or grain boundaries [302-304] were avoided. Therefore the 

observed pop-ins should be interpreted as caused by the activation of slip of pre-existing dislocations 

that are pinned by the microstructure originating from deuterium exposure. Fig. 5.5(b)-(e) 

schematically sketches the 4 stages of this dislocation pinning. After plasma exposure, the strongest 

pinning is imposed by deuterium segregation to pre-existing dislocations and deuterium filled 

vacancies. By releasing the trapped deuterium atoms from pre-existing dislocations, the activation 

stress for dislocation mobility drops. Subsequent desorption of the trapped deuterium atoms at 
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vacancies further reduces the activation stress. However, vacancy coalescence in the final annealing 

stage increases the pop-in stress. The above analysis is supported by the solute drag theory [261], the 

locking of dislocations by vacancies [64], atomistic calculations showing stabilization of vacancies 

by deuterium [285, 305, 306], and observation of vacancy coalescence [307], respectively. 

In further support of the consistency of the proposed mechanism, we note that apparent strain 

hardening was only observed after plasma exposure, where deuterium atoms were trapped at pre-

existing dislocations. For deuterium, if its diffusion mobility is of the same order as the dislocation 

mobility, it could give rise to hardening [58, 62, 72]. The diffusion speed 𝑣𝑑𝑖𝑓𝑓 can be estimated as 

[184]: 𝑣𝑑𝑖𝑓𝑓 =
2𝐷

𝜆
≈ 0.4 (0.28) mm/s, where 𝐷 (6.63 × 10−14 m2/s) is the diffusion coefficient of 

hydrogen (or deuterium by down-scaling a factor of √2 [306], yielding 0.28 mm/s) in tungsten at 

room temperature [32] and 𝜆 (3.16 × 10−10 m) is the lattice constant of tungsten [308]. Here, for the 

deuterium atoms to catch up with the gliding dislocations driven by the externally applied stress, their 

diffusion speed is determined by the migration barrier between adjacent tetrahedral sites in tungsten. 

Therefore, it is appropriate to use the extrapolated ideal Frauenfelder diffusion coefficient [32] rather 

than the effective diffusion coefficient [36, 37]. The dislocation mobility 𝑣𝑑𝑖𝑠  is estimated using 

Orowan’s equation [309] as: 𝑣𝑑𝑖𝑠 =
�̇�

𝑏𝜌𝑀
≈ 0.3 mm/s , where 휀̇  ( 0.009 s−1 ) is the measured 

indentation strain rate, 𝑏 (0.274 × 10−9 m) is the Burgers vector, and 𝜌𝑀 (1011 m−2) is the mobile 

dislocation density. Note that 𝜌𝑀 is typically at least 10 times smaller than the immobile dislocation 

density [310], therefore, 1011 m-2 is used in the above calculation compared to 1012 m-2 in the TMAP7 

simulation. The results support the proposed picture. Based on the analyses above and the 

measurements summarized in Fig. 5.4, the indentation pinning stresses exerted by deuterium trapping 

at pre-existing dislocations, deuterium-induced vacancies, and deuterium-stabilized vacancies are 

1.55, 2.14, and 1.39 GPa, correspond to an extra activation stress for dislocation mobility of 

respectively 38%, 52%, and 34%. Note that although the indentation stress is used, the obtained 

results after normalization, that is increase in percentage, are independent of this specific choice of 

stress measure.    
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Fig. 5.5 Sketch of the dislocation pinning mechanisms. (a) The relevant length scales. The deuterium plasma 

implantation layer is ~ 2.86 nm [20]. The maximum resolved shear stress at a pop-in event occurs at a depth 

of ~ 0.5 µm [287]. The primary indentation zone (width × depth) at the end of the loading is ~ 6 µm × 7.2 µm 

[266]. The deuterium diffusion range is ~10 µm. (b) After deuterium plasma exposure, deuterium atoms are 

trapped at pre-existing dislocations (simplified as an edge dislocation represented by the extra tungsten atom 

column) and deuterium-induced vacancies (represented by a missing tungsten atom in the lattice). (c) TDS to 

625 K releases deuterium atoms from pre-existing dislocations. (d) TDS to 875 K desorbs trapped deuterium 

atoms at deuterium-induced vacancies. (e) Vacancies coalescence when annealing at 1173 K for 2 hours. In 

principle, some vacancy clusters may have formed in the early TDS annealing stages but this is a minor effect 

and therefore not considered here for simplicity. (color online). 

 

In the above analysis, we implicitly assumed that the dislocation and vacancy structures are not 

significantly modified by the stepwise TDS annealing, which is justified as follows. For dislocations, 

since the sample has been recrystallized at 2000 K for 2 hours, it is appropriate to assume that a 

stabilized dislocation structure has been formed during such a heat treatment, which subsequently 

remains stable. This hypothesis is supported by the stepwise TDS and nanoindentation measurements 

in Fig. 5.3, where after pop-ins, the stress-strain curves are highly similar. This would not be the case 

if some dislocations were annealed during the TDS measurement. The vacancy evolution analysis is 

based on recent work by Zibrov et al. [307]. These authors traced the vacancy annealing kinetics 

using positron annihilation analyses and found that vacancies start to coalescence near 500 K and 

begin to annihilate near 1200 K. Vacancy coalescence has been shown to give rise to a higher pinning 

stress (Fig. 5.3). If it would dominate in the first two TDS annealing stages (TDS to 625 K and 875 

K, respectively), it would have resulted in continuously growing pop-in stresses rather than the 
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opposite trend as observed in Fig. 5.3. It is therefore justified to conclude that the varying pop-in 

stresses in the first two TDS annealing stages are dominated by deuterium de-trapping from the 

defects. Moreover, considering that the vacancy concentration in the samples of Ref. [307] should be 

considerably higher than the one considered here since it results from 200 keV H ions, the vacancy 

coalescence and annihilation temperatures in our sample would shift to higher temperatures. In this 

way, vacancy coalescence can be expected to play an even minor role while reaching our original 

conclusions. Overall, the dislocation and vacancy structures are not expected to be significantly 

modified by the first two TDS annealing stages. 

The effect of native surface oxidation on the obtained nanoindentation results is also expected to 

be negligible. According to Ref. [311], tungsten has a ~10 nm native surface oxide layer. This could 

be troublesome for studies using a sharp Berkovich tip, where the tip radius is also a few tens of 

nanometers. However, this is not a problem in the present study. First, here a micrometer size tip with 

a radius of 12.86 µm is used, which is significantly larger than the oxide layer. Second, using the 

procedure outlined in Ref. [266], the measured load-displacement curve, Fig. 5.2(a), has been 

rigorously corrected to make sure that the measured raw data is not influenced by the oxide layer. 

Third, the pop-ins occur at an indentation depth of approximately 500 nm below the surface (see the 

length scale analysis in Fig. 5.5(a). The oxide layer therefore is not expected to affect the obtained 

results. The same analysis applies to surface roughness (after electro-polishing) and possible atomic 

layer impurity depositions during plasma exposure. 

It is worth mentioning that the pop-ins observed here are distinct from those described in Ref. 

[291-293]. In those studies, the effect of hydrogen plasma exposure on the pop-in response in tungsten 

was investigated, whereby it was concluded that the hydrogen plasma exposure reduces the pop-in 

probability. In their work, a sharp Berkovich tip was used and pop-ins already occurred before plasma 

exposure, which is due to dislocation source starvation [295, 297, 312, 313]. In our study, a large 

spherical tip (12.86 µm) was deliberately chosen to be outside of the dislocation starvation regime 

[312], through which pop-ins only appeared after plasma exposure. Therefore, our results probe a 

new regime that is complementary to previous related studies. 
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5.4 Conclusion 

In summary, the obtained experimental results based on the combination of TDS and spherical 

indentation measurements accompanied by the computational as well as literature analysis suggest 

the existence of three types of deuterium-induced dislocation pinning phenomena in tungsten, which 

are linked to three underlying mechanisms: (i) deuterium segregation at pre-existing dislocations; (ii) 

formation of deuterium-induced vacancies; and (iii) formation of deuterium-stabilized vacancies. 

Although there are no direct atomistic observations as yet, the proposed mechanisms are self-

consistent and are supported by multiple experimental and simulation studies. 

This study reveals highly relevant new details of the interaction between deuterium and 

dislocations in tungsten. The observed strain hardening agrees with previous studies [62, 292, 314] 

on tungsten. Moreover, we were also able to capture the pinning effect by deuterium-induced 

vacancies, which has only been experimentally reported for aluminum as measured with an 

environmental transmission electron microscope [64]. Furthermore, for the first time, we 

experimentally identified that a deuterium-vacancy complex requires a higher activation stress for 

dislocation mobility than an empty vacancy (or vacancy cluster) (Fig. 5.5c-d). These details are 

expected to be essential for a proper understanding and modeling of hydrogen embrittlement in 

tungsten. For example, this study implies that the presence of hydrogen makes tungsten brittle by 

reducing dislocation mobility. This could lead to accelerated structural failure of the plasma-facing 

components under fusion-relevant plasma loadings [125] and should be examined in greater detail. 

 We would like to point out that in this study, recrystallized tungsten is used to simplify the 

investigated system, for example, to have a good knowledge of the microstructure before plasma 

exposure and to keep it stable during TDS measurements. In this way, a clear conclusion can be drawn 

from the experiments. The conclusion itself, however, i.e. hydrogen-induced reduced dislocation 

mobility, can be applied to any tungsten grade. For the mechanical behavior of tungsten, dislocation 

mobility is undoubtedly one of the most important parameters. Therefore, the reported results here 

are expected to be relevant when developing plasma-facing materials and components for fusion 

devices. 

As a final remark, we are confident that the methodology demonstrated here can also be applied 

to other material systems. 
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Appendix 5A. Summary of the indentation measurements 

 

Figure 5A. 𝜎𝑝𝑜𝑝−𝑖𝑛, 𝐻𝑖𝑛𝑑, and ∆휀𝑝𝑜𝑝−𝑖𝑛 from 10 grains in the 4 stages, respectively. Lines are shown only as 

a visual guide. The red dashed line in the top panel denotes the indentation yield stress before exposure, 

identified through a 0.2% indentation strain offset. Grain #4 (filled symbols) corresponds to the results shown 

in Fig. 5.3. 



 

 

 

6 Conclusions  

 

 

The lifetime of PFCs will have a strong influence on the efficiency and viability of future fusion 

power plants. On the eve of component procurement for the first ITER tungsten divertor, there are 

still serious open questions regarding its long-term thermal-mechanical performance. A reason 

causing such knowledge gaps is the lack of suitable experimental test facilities that closely mimic the 

expected particle and heat fluxes in the ITER divertor region.  

This Ph.D. project started right after Magnum-PSI was relocated to Eindhoven, equipped with its 

superconducting magnet and being able to maintain ITER-like plasma loads for hours. Taking 

advantage of unique plasma exposures, detailed post-mortem characterization and support from top 

experts in plasma physics, materials science and mechanical engineering, novel insights into the 

research goals have been obtained. These results are valuable and instrumental for the ITER operation 

and useful for the development of advanced PFCs.         

6.1 Overview of results 

The key results of this thesis work are highlighted here. The key findings of each main chapter are 

summarized by a graphical abstract.  

In chapter 2, the aim was to calculate the transient hydrogen plasma heat load on the tungsten 

target. To this end, two independent methods have been developed—an inverse optimization method 

coupling fast infrared thermography and FEM analysis as shown in Fig. 6.1(a) and a sheath heat flux 

model as displayed in Fig. 6.1(b). However, a discrepancy exists between these two methods at first 

glance. The discrepancy is remedied by revoking the isothermal assumption in the sheath heat flux 

model. Because of near-surface plasma-neutral interaction, the electron temperature is no longer 

constant, as shown by Thomson Scattering (TS) at two positions in front of the target (Fig. 6.1c). 

Such plasma-neutral interactions entail energy loss of the plasma. As shown in Fig. 6.1(d), the higher 

the electron density, the larger the energy loss. It is striking to notice that up to 70% of the energy of 

the plasma is lost in front of the target. This implies that the divertor heat load from ELMs may be 
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reduced by operating in a high plasma density regime in ITER, which could be beneficial for the 

structural performance of tungsten PFCs.  

             

 

Fig. 6.1 Key results of chapter 2. (a) Temperature profiles from measurements and FEM simulations. (b) 

Comparison of heat fluxes calculated from sheath physics and FEM. (c) Electron temperature 𝑇𝑒 profiles at 

two positions in front of the target. (d) The energy density ratio 
𝜂𝑇𝑎𝑟𝑔𝑒𝑡

𝜂𝑇𝑆
 decreases with peak electron density. 

  

Chapter 3 navigates to the material side. This chapter provided a mechanistic view of the fracture 

process of tungsten under combined steady-state and transient hydrogen plasma loads. Typical cross-

sectional micrographs of the plasma exposed specimens are shown in Fig. 6.2(a)-(c). The cross-

section is characteristic of a damaged surface layer with grain growth and crack networks, as 

highlighted by the purple box. By assuming that the thickness of the damaged surface layer is 

proportional to the characteristic heat propagation distance of the transient heat flux, an analytical 

model was formulated to estimate the surface crack depth. This assumption is motivated by the fact 
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that the range of thermal stresses scales with the average thermal diffusion length. As shown in Fig. 

6.2(d), this model gives a reasonable description of the surface crack depth of W and W-2% Y2O3. 

Because the transient heat loads are explosive and repetitive, such surface cracks form rapidly once 

the crack initiation threshold is surpassed (step 1). On the other hand, the cooling period following 

the steady-state heat load induces tensile stresses (Fig. 6.2e), opening existing surface cracks deeper 

in the tungsten bulk (step 2). The analytical model in Fig. 6.2(d) could act as a benchmark for the 

development of advanced PFCs. For example, W-1% TiC in Fig. 6.2(c) has a shallower surface crack 

depth than the model prediction, therefore representing improved fracture-resistance. Moreover, the 

proposed two-step fracture process links to the temperature gradient in the tungsten monoblock. The 

crack initiates near the hot surface whereas propagates in the cold bulk. For the former process, 

recrystallization is important; for the latter process, the ductile-brittle transition (DBT) plays a role.    

 

   

 

Fig. 6.2 Key results of chapter 3. (a)-(c) Cross-sectional SEM micrographs of three tungsten-based materials 

after simultaneous steady-state and transient hydrogen plasma exposure. (d) An analytical model to estimate 

the surface crack depth induced by transient heating. (e) The simulated thermal stress corresponding to the 

steady-state heating-holding-cooling temperature profile. 
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Chapter 4 focused on the recrystallization-mediated crack initiation behavior. By correlating the 

surface temperature distribution in Fig. 6.3(a) and the surface modification in Fig. 6.3(b), the fatigue 

initiation heat flux factor threshold is determined, as shown in Fig. 6.3(d). The value is lower than 

what has been reported in similar studies in the literature. By inspecting the microstructure with 

EBSD, it has been shown that the HAGBs are preferential crack initiation sites. This contributes to 

the decreased crack initiation threshold of recrystallized tungsten compared to its as-received 

counterpart. The results imply that recrystallization is detrimental to the thermal fatigue performance 

of tungsten. Strategies to retard recrystallization may therefore guide the development of advanced 

tungsten PFCs.  

    

 

Fig. 6.3 Key results of chapter 4. (a) Temperature distribution of the specimen during plasma exposure. (b) 

The corresponding optical image after plasma exposure. (c) Cross-sectional EBSD mapping (inverse pole 

figure) of the plasma exposed specimens. The high angle grain boundaries (HAGBs) are highlighted with dark 

lines and the cracks are indicated with arrows. (d) The corresponding crack initiation threshold in terms of the 

heat flux factor (FHF).    
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Finally, in chapter 5, the interactions between hydrogen atoms and dislocations are explored. This is 

motivated by hydrogen embrittlement, a degradation phenomenon that involves nanoscale 

interactions between hydrogen and the microstructure. A novel method has been developed for this 

purpose. First, the locations of hydrogen atoms in tungsten were identified by thermal desorption 

analyses. Based on the measured and calculated thermal desorption spectra in Fig. 6.4(a), the first 

peak corresponds to hydrogen trapping at dislocations and the second peak corresponds to hydrogen 

trapping at vacancies. Thereafter, the mechanical response using nanoindentation reflects the gradual 

removal of hydrogen atoms from dislocations and vacancies.  The evolution of the indentation stress-

strain curves therefore reveals that hydrogen decreases dislocation mobility by trapping at pre-

existing dislocations and vacancies. The results imply that a hydrogen plasma may accelerate crack 

propagation in tungsten by suppressing dislocation mobility. This effect should be taken into account 

when estimating the lifetime of the tungsten PFCs in ITER, which is currently missing. 

     

          

 

Fig. 6.4 Key results of chapter 5. (a) Thermal desorption spectra of deuterium plasma exposed tungsten. (b) 

Step-wise nanoindentation and thermal desorption analysis. The inset shows the indents and the grains.  
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6.2 General conclusions 

A summary of the main conclusions related to the research questions stated in section 1.6 is provided 

below: 

 

 How to calculate the hydrogen plasma thermal load on tungsten and how do plasma-

neutral interactions affect the power deposition behavior? 

 

- First, an inverse optimization method that minimizes the calculated and measured 

temperature profiles on the target, therefore yielding the actual heat flux reaching the 

target, has been developed. Second, a sheath heat flux model that uses upstream 

electron density and electron temperature as input has been modified to give consistent 

results. The modification accounts for plasma cooling near the target. 

- The ionization of recycling neutrals cools the plasma near the target, entailing plasma 

stagnation and heat flux reduction. The elastic collisions between the recycling neutrals 

and plasma ions dissipate the plasma power near the target.  

      

 How does tungsten fracture under combined steady-state and transient heat loads and 

can the complexity of this fatigue-related problem be reduced by providing novel 

physical insights into this process? 

 

- The fracture process consists of two steps. First, the transient heat loads rapidly initiate 

surface cracks. Second, the cooling period following the steady-state heat load induces 

tensile stresses, opening existing surface cracks deeper in the tungsten bulk. 

- By postulating that the surface crack depth scales with the characteristic heat 

propagation distance, an analytical model was formulated to give a reasonable 

estimation of the surface crack depth for pure tungsten.  

      

 How does recrystallization affect the crack initiation behavior of tungsten under 

simultaneous high-flux hydrogen plasma loads and high-cycle transient heating? 

 

- Recrystallization decreases the crack initiation threshold of tungsten compared to its 

as-received (deformed) state from ~6 MWm-2s0.5 to ~2 MWm-2s0.5 at a pulse number of 



6 Conclusions  129 

105 and a base surface temperature of ~1550 K. This is attributed to: (i) the yield 

strength decrease, which entails increasing cyclic plastic strains; (ii) the HAGBs fraction 

increase, which constrains the transfer of plastic strains at grain boundaries, and (iii) 

the dislocation density decreases which promotes heterogeneous deformation upon 

recrystallization. 

     

 How does hydrogen interact with dislocations in tungsten? 

   

- Hydrogen decreases the dislocation mobility in tungsten by: (i) hydrogen trapping at 

pre-existing dislocations, (ii) hydrogen-induced vacancies, and (iii) stabilization of 

vacancies by hydrogen.  
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6.3 Discussions and recommendations 

In chapter 2, the near-surface plasma-neutral interactions were found to dissipate the hydrogen plasma 

thermal load into the tungsten target. More importantly, the higher the electron density the higher the 

energy loss. This contradicts the power scaling law by Eich et al. [112], which assumes that the ELM 

divertor peak energy fluence scales linearly with electron density in ITER. A reason for this 

discrepancy could be that this scaling law is trained on the basis of current tokamaks where the 

electron density is low such that plasma-neutrals interactions are too weak to play a role. If such 

energy loss mechanisms were to be activated in ITER, the ELM divertor energy fluence may be lower 

than expected, thus giving more confidence in the lifetime of the ITER tungsten divertor. Although 

various time-resolved methods were used to study the power deposition behavior of pulsed hydrogen 

plasma on tungsten in this chapter, the energy dissipation mechanisms could be better understood 

with additional instruments, such as fast optical emission spectroscopy (OES). The energy loss 

increases with the number of CX/elastic collision events. For a given 𝑛𝑒 and 𝑇𝑒, the mean-free-path 

of CX/elastic collision is fixed. Therefore, the characteristic plasma size determines the available 

collision numbers. In Magnum-PSI, this characteristic length scale is the plasma beam size (~10 mm). 

In a tokamak, the situation is complicated. However, it can be expected that a closed divertor structure 

that increases the probability of CX/elastic collisions can reduce the heat load on PFCs.        

Chapter 3 provides a mechanistic view of the fracture behavior of three tungsten-based materials 

under fusion-relevant hydrogen plasma loads. The analytical model gives an estimation of the surface 

crack depth of tungsten. However, this model ignores the influence of the pulse number. A refined 

model may be formulated with more experimental data in the future. Furthermore, if the crack growth 

rate were to be measured in the future, it is possible to model the fatigue life of the monoblock. 

Therefore, the results are useful for the assessment and development of PFCs. On the one hand, it 

highlights the importance of surface cracks due to ELM-like transient heating when evaluating the 

fatigue life of the monoblocks. For example, given the number and size of ELMS, as well as the 

number of on-off cycles a reactor has to survive, it is possible to model the lifetime of the monoblocks 

numerically and to verify the results experimentally. It is noted that ITER consists of ~300, 000 

monoblocks and if one monoblock fails the whole system is out of operation. On the other hand, it 

suggests strategies for the development of advanced PFCs, e.g. a tungsten-based material with a hard 

surface layer and a ductile substrate. The hard surface layer improves fatigue initiation resistance 

whereas the ductile substrate boosts fatigue propagation resistance. Laser shock peening and 3D 
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printing can be employed to design such a graded microstructure. 3D printing may also be employed 

to design a surface structure that minimizes the thermal stresses.     

Chapter 4 explores the crack initiation behavior at high surface temperatures where 

recrystallization occurs. The results show that recrystallization is detrimental to crack initiation. We 

note that there is a vivid debate in the literature on the role of recrystallization on the ductility of 

tungsten, which may be related to the purity level and deformation history of the tested samples. 

Moreover, the fracture behavior of metals under monotonic and cyclic loading are distinct. Therefore, 

ductility (e.g. strain-to-failure) obtained from a monotonic-loading mechanical test, e.g. a uniaxial 

tensile test, cannot be used to predict its fatigue fracture behavior straightforwardly. Because the yield 

strength decreases and the HAGBs fraction increases after recrystallization, both promoting fatigue 

fracture, recrystallization may be detrimental to the PFM performance under repeated transient heat 

loads. This has implications for the development of advanced PFCs. For example, grain refinement 

via cold working is typically used to extend the fatigue life of materials. However, such processing 

is susceptible to recrystallization due to the high internal energy introduced. Therefore, it is important 

to design a thermally stable microstructure. In this aspect, lessons can be learned from the 

development of nickel-based superalloys. Superalloys derive their high-temperature strength from 

solid solution strengthening and precipitation strengthening from secondary phase precipitates. High-

entropy alloys that utilize massive solid-solution strengthening are also promising. Low-activation 

elements are preferred for the material design.      

Chapter 5 considers the degradation of tungsten by hydrogen embrittlement. The results reveal 

that hydrogen reduces plasticity in tungsten by pinning dislocations, therefore promoting brittle 

fracture. To prevent this embrittlement, the temperature and hydrogen concentration regime enabling 

hydrogen embrittlement should first be established. Thereafter, a layer of hydrogen permeation 

barrier may be applied to the cross-section of the tungsten monoblock at the right place. Above this 

barrier, the temperature is sufficiently high to prevent hydrogen embrittlement. Below this barrier, 

the hydrogen concentration is low enough to avoid hydrogen embrittlement. 

Finally, we note that this thesis work only deals with hydrogen plasma. Future studies regarding 

the effects of He introduction, neutron irradiation and tungsten melting on the performance of the 

divertor are highly recommended. Moreover, it is worth pointing out that there are more connections 

between the performance of the PFCs and the operation of a fusion power plant: i) fule retention at 

low temperatures or diffusion at high temperatures; ii) pulsed vs. continuous operation. The former 

leads to ELM-like heat loads whereas the latter requires more power which jeopardizes the economic 
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viability of fusion power; iii) the choice of coolant. For example, water at 300 oC vs. He at 600 oC. 

These aspects are highly relevant for the development of advanced PFCs.  
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