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ABSTRACT 

One of the most attractive future complements to present energy sources is nuclear fusion. A 
large progress was made throughout the last decade from both the physical as the technological area 
leading to the construction of the ITER machine. One of the key issues that recently received a large 
interest at international level is focused on the Plasma Wall Interaction (PWI). One of the promising 
Plasma Facing Materials (PFM) are Tungsten (W) and Tungsten alloys. However, despite the 
worldwide use and industrial availability of W, the database of physical and mechanical properties is 
very limited. Especially after fusion relevant neutron irradiation and PWI phenomena, most of the 
properties are still unknown. 

The plasma fuel consists out of deuterium (D) and tritium (T). Tritium is radio-active and 
therefore an issue from the safety point of view. During steady-state plasma operation of future fusion 
power plants, the PFM need to extract a power density of ~10-20 MW/m2. On top of this heat, 
transient events will deposit an additional non-negligible amount of energy (Disruptions, Vertical 
Displacement Events, Edge Localized Modes) during short durations. These severe heat loads cause 
cracking and even melting of the surface resulting in a reduced lifetime and the creation of dust.  

A contribution to the understanding of cracking phenomena under the severe thermal loads is 
described as well as the properties degradation under neutron irradiation. Several W grades were 
irradiated in the BR2 reactor (SCK•CEN) and the thermal loads were simulated with the electron-beam 
facility JUDITH (FZJ). Since knowledge should be gained about the Tritium retention in the PFM for 
safety and licensing reasons, a unique test facility at SCK•CEN is being set-up. The plasmatron 
VISION-I will simulate steady state plasmas for Tritium retention studies. The formation of surface 
cracks and dust, the initial porosity, neutron induced traps, re-deposited material … change the Tritium 
retention in the material in a drastic way. Therefore the PWI (heat loads, erosion, deposition) and 
consequently the Tritium retention for the various damaged W materials are strongly interconnected 
(mixing of materials, crack formation, melting, etc.). This paper deals with an approach of the study of 
these complex and interrelated phenomena. 
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1 INTRODUCTION 

The large demand for energy is steadily increasing with world population growth and economic 
development and will lead to the exhaustion of fossil fuels. Solutions for the energy problem will have 
important social consequences. The importance of the quest for alternative energy sources is 
strengthened by the additional concern about global warming. One of the most attractive future energy 
sources is nuclear fusion. Controlled nuclear fusion is safer than any use of fossil fuels, inherently 
clean and virtually inexhaustible [1]. Along with these very attractive characteristics, nuclear fusion is 
an unprecedented scientific and technological challenge and bundles presently a widely international 
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consortium of countries. Throughout the last decade, a large progress was made from both the 
physical as the technological point of view. However, there are still several issues that need to be 
addressed. One of these issues that recently received a large interest is plasma wall interaction (PWI).  

The strategy of the European fusion program is twofold: (1) construction of the international 
thermonuclear experimental reactor (ITER) which is a large-scale tokamak; (2) a coordinated and 
accompanying research program in the EU fusion laboratories that support ITER and the next step 
device, the demonstration reactor DEMO.  

The present choice for the first wall materials (plasma facing materials, PFMs) for ITER is 
beryllium (Be) for the first wall, carbon-fibre composites (CFC) in the heavily thermal loaded areas of 
the divertor and tungsten (W) or W alloys for the upper part of the vertical divertor target, the baffle 
and the dome. In the near future, JET will become one of the first tokamaks that will perform 
experiments with an "ITER-like wall"[2, 3]. 

2 PLASMA WALL INTERACTION 

An important aim of ITER is to demonstrate the compatibility of energy and particles removal 
along the plasma edge with the long lifetime of the first wall components. The choice of appropriate 
materials is therefore from very crucial importance, especially for possible tritium retention in the walls 
and dust formation. Besides steady-state heat loading of about 1 MW/m2 on the first wall and 5-20 
MW/m2 in the divertor area, these armour materials have to withstand transient heat loads like edge 
localized modes (ELMs) [4, 5] and disruptions with an energy deposition of one to several MJ/m2 [4-
9].Large power depositions can occur on relatively small surface areas that strongly limit the lifetime of 
certain components due to thermal shocks, thermally-induced mechanical stresses on the 
components, erosion, and physical & chemical sputtering [10]. On top of that, the first wall materials 
will be subjected to 14 MeV neutrons that cause embrittlement, transmutation and degradation of the 
material properties. It is important for the fusion reactors to have a detailed knowledge of the materials 
considered in terms of the transport and inventory parameters of hydrogen (H) and its isotopes. 
Numerical models are being developed for the calculation of recycling, inventory and permeability of 
Deuterium (D) and tritium (T) in the design of non-steady state conditions. Important input data for 
these codes are the permeability, diffusivity and solubility of H and T in the materials [11]. Accurate 
evaluations of the transport and inventory parameters of H and its isotopes are rather limited; this is 
not only due to their poor solubility, but also due to the impurities in tungsten materials [12]. 

 

 
Figure 1: Complex interaction of the combination of thermal and neutron loads with their influence on 
the Hydrogen isotopes retention and consequently on the thermal shock resistance. Also the methods 

and experimental devices to study the three phenomena in plasma wall interaction are shown. 
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Material damage related to the microstructure such as recrystallization, grain growth, melting and 
degradation of the interlayer (coatings) have a strong influence on the lifetime of the components. Up 
to now it is still difficult to predict the damages that are responsible for the non-thermal erosion such 
as the losses of melt layer and crack formation in PFMs. Crack formation, melting, dust etc. change 
the tritium retention and should be investigated to have an estimation of the total tritium retention and 
the lifetime of the plasma facing materials. There is a very complex interaction between three different 
major parts in PWI that will affect the final behavior of the materials (see fig. 1). The implications of the 
various phenomena and the used experimental devices are described in table 1 (VISION-I is presently 
under refurbishment).  

Table 1: Several Plasma Wall Interaction issues with their implications and the experimental 
devices to study the phenomena.  

Phenomena Implications Experimental device 
Retention of hydrogen isotopes  
(H, D, T) 

Safety, fuel, reliability VISION-I  
(SCK•CEN) 

Transient and steady-state 
thermal fluxes 

Dust and crack formation, lifetime, 
safety aspects 

JUDITH I 
(FZJ) 

Neutron irradiation (14 MeV) Degradation of properties, activation, 
transmutation, embrittlement 

BR2 
(SCK•CEN) 

 

3 ASSESSMENT OF THE CRACKING BEHAVIOUR OF TUNGSTEN MATERIALS UNDER 
THERMAL LOADS 

Thermal shock is a well-known cause of damage by crack formation and a problem of growing 
interest. First of all, the future progress in the application of ceramics and refractories as high 
performance structural or functional materials will be driven by the increase in their reliability under 
changing thermal conditions. Thermal shock damage is easily understood in the case of a cooling 
shock were local contraction leads to tensile stresses which give rise to crack propagation from pre-
existing flaws. It is not quite obvious in the case of heating shock where local expansion leads to 
compressive stresses. Compression, if not purely hydrostatic, goes along with shear stresses which 
could, at least in principle, give rise to Mode II and Mode III cracks. However brittle materials usually 
do not behave according to this simple scheme. So the clearly visible cracks after heating shock 
should require a more subtle explanation. Crack formation by heating shock can be explained as 
follows: If the heating shock produces a sufficiently high temperature, the compressive stresses relax 
by yielding. As a consequence, tensile stresses arise in subsequent cooling. Note that heating and 
subsequent cooling to room temperature without stress relaxation in between would not give rise to 
residual stresses. These tensile stresses, although they may be much lower than the compressive 
stresses arising immediately during the heating shock, are the cause of the observed crack formation. 
Therefore in addition to thermal shock simulations, the flow properties by tensile testing of tungsten-
based materials were studied. 

 
3.1 Material description 

The advantages of tungsten (W) as a PFM in a fusion device is primarily motivated by their 
superior thermo-mechanical properties and their very low erosion under steady state operation 
conditions, as well as its moderate neutron activation properties. The main drawbacks of W are their 
limit on the operation window. The lower side of the operation temperature is limited by the high 
ductile to brittle transition temperature (DBTT, approximately 400 oC). Therefore thermal shock loads 
that occur in this temperature range will cause severe cracking of the W tiles. The upper side of the 
operation temperature is limited by the recrystallization temperature (typically around 1300oC) to avoid 
recrystallization-induced embrittlement of the material [9]. W is a group VIa body centered cubic (BCC) 
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refractory metal with a melting temperature of 3410°C. The metal is intrinsically brittle, in that 
dislocation nucleation at crack tips is very difficult in comparison to cleavage (at very low 
temperatures). The addition of La2O3 to W improves the grain boundary strength at room and elevated 
temperatures, resulting in a remarkable improvement of the thermal shock and creep resistance, in the 
machinability and thermal strength. W-1%La2O3 has a higher recrystallization temperature (by 100-
350°C) and only a slightly reduced thermal conductivity compared to pure W [13]. The high 
recrystallization temperature of W-1 %La2O3 is a result of the interaction of the dispersoids and the 
dislocations during the thermomechanical treatment -the higher the amount of hot work, the finer 
dispersoid particles are formed during annealing. The low temperature toughness is also improved 
and the DBTT decreases. 

 
3.2 Flow properties as a function of strain rate and temperature of W-1%La2O3 

To understand the driving forces of the different crack formations observed during transient heat 
loads, W materials should be characterized by several mechanical test methods, including tensile, 
compression, fracture toughness and low cycle fatigue. The microstructure and grain orientation for 
the mechanical tests [14] of the W-1%La2O3 grade can be found in figure 2. More details about the 
experimental facilities and specimen geometry can be found in [14]. 
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Figure 2: Microstructure of W-1%La2O3. a) Three dimensional microstructure at RT where black dots 
are La2O3 particles. b) Specimen orientation for tensile tests. L-orientation: elongated La2O3 particles 

with grain size <~50µm. T-orientation: round-shaped particles at the grain boundaries with diameter of 
~3 µm size. 

Very high temperature tensile tests up to a temperature of 2000°C were performed with quasi-
static loading (strain rate up to 5. 10-2 s-1) to investigate the flow and fracture behavior at these high 
temperatures. Tensile and indentation tests at low to moderate temperatures (≤500°C) up to high 
strain rates (~10 s-1) were performed to investigate their influence on the brittleness and ductility, the 
fracture and flow behavior. The pulse duration and power density of the disruptions and ELMs give 
rise to a very fast temperature rise and consequently an expansion of the subsurface layers with strain 
rate up to 8 s-1 (see table 2).  

Table 2: Pulse duration and power density of disruptions and ELMs with their surface 
temperature, strain rate and number of events during the ITER lifetime 

 Disruptions ELMs 
Pulse duration [ms] 5 0.1- 0.5 
Power density [MJ/m2] 10 < 1 
Surface Temp. rise [°C] Up to 3410 < 1750 
Strain rate during subsurface layer expansion [s-1] < 3 < ~8 
Number of events during ITER lifetime 200 106 
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Temperature dependence of flow stress 
The temperature dependence of the mechanical response of the W-1%La2O3 can be studied 

by measuring the flow stress sustained by the material at various strains and strain rates as a function 
of temperature. Since the strain hardening of this material (like most of the BCC metals) does not 
appear to change with increasing strain rate (Fig. 4a), it is sufficient to examine the flow stress 
variation with temperature at a single fixed strain for low and high rates of deformation. A strong 
reduction of the flow stress with temperature is observed for the low strain rate (Fig. 3). This is 
characteristic of the thermomechanical behavior of BCC metals, as is the fact that the strain hardening 
does not change significantly with test temperature. At lower temperatures (<300°C), premature 
fracture of T-oriented specimens could be found (Fig. 3b). Therefore, indendation specimens were 
fabricated out of the undamaged parts of the tensile test heads that showed premature fracture and 
tests were performed at the same temperature and strain rate. Below 1000°C, the yield strength in the 
L-orientation is larger than in the T-orientation. Because of the particle heterogeneity (elongated La2O3 
– particles), the effective cross section in L- and T-orientation are different resulting in a better ductility 
in the L-orientation at lower temperatures.  
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Figure 3: Stress-strain curves at the slow strain rate of 2.10-4 s-1 for increasing temperatures (300°C 

up to 2000°C) for (a) L-oriented and (b) T-oriented specimens.  

 
Rate dependence of flow stress 
The loading rate dependence of the W-1%La2O3 grade is best determined by considering the 

variation of flow stress (measured at fixed strain) as a function of the strain rate. For the full 
temperature range (RT up to 2000°C), the yield strength increases with the strain rate. In figure 4a 
only one stress strain curve for each grain size orientation for the slow, medium and high strain rate 
are shown. These measured curves are representative for the tested W-1%La2O3 grade. The L-
orientation showed remarkable signs of ductility at 500°C for all strain rates (see Fig. 4a), whereas the 
T orientation (fig. 4b) goes from fully brittle at the high strain rate (8 s-1) to semi-brittle at the lowest 
strain rate (2.10-4 s-1). From these figures it is clear that the DBTT in the L-orientation is lower than in 
the T-orientation. It can be expected that during thermal shock loading on specimens with a reference 
temperature around 500°C, T-oriented specimens still can exhibit major cracks during the cool down 
period. Of course major crack formation is not only due to the brittleness of the material but also 
depends on the temperature rise (and therefore strain rate) and whether the thermal stresses exceed 
or not the yield strength of the material [9, 19].  

In figure 5a, the slope of the stress strain curves at 1000°C and 1500°C are shown for the T 
orientation. The change in slope during the slow strain rate tests is similar for the L orientation. Above 
1000°C, the T-orientation exhibits similar and even slightly higher strength than the L-orientation. 
However, at low strain rates, significant creep deformation occurs above 1000°C in both orientations 
(see Fig. 5a for the T-orientation). As it can be seen, the drop of slope for the slow strain rate cannot 
be attributed only to the change of the Young's modulus but also to an additional creep deformation. 
The slope in the high strain rate case lies within the scatter of the elastic modulus.  
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Figure 4: Stress-strain curves with increasing strain rate for (a) L-oriented (-) and (b) T-oriented (--) 

specimens at a test temperature of 500°C.  

In the high temperature range (> 1000°C), observation with the SEM (scanning electron 
microscope) revealed a difference in surface fracture morphology. The slow strain rate (2.10-4 s-1) 
specimens showed a network of micro-cracks along the gauge length (fig. 5b) without necking, 
whereas the specimens tested at the medium strain rate (5.10-2s-1) showed only fracture by necking. 
This remarkable feature could explain that for low-temperature rises (low strain rate), micro-crack 
formation becomes dominant before several micro-cracks nucleate into a final fracture. Higher 
temperature rises (high strain rate phenomena) would not reveal any micro-crack formation, i.e. 
seemingly giving rise to disappearing micro-crack network at higher power densities. 
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Figure 5: (a) Linear part of the stress-strain curves of the T-oriented specimens tested at 1000°C and 

1500°C for slow (2.10-4 s-1) and medium (5.10-2 s-1) strain rate. Significant contribution of creep is 
visible at 1500°C for the slow strain rate compared with the medium strain rate. (b) Picture of a W-

1%La2O3 specimen in T orientation (slow strain rate= 10-4 s-1, test temperature 2000°C) revealing the 
numerous micro-crack formations along the gauge length. No necking at the fracture surface was 

detected. 

 
Model description 
It is known that material deformation occurs according to a thermally–activated slip process [15-

16]. Basically, the yield strength can be represented by the sum of two components: 
- the thermally activated stress, σth, accounts for short range obstacles (<10 atom diameters) to 

dislocation motion. These short-range barriers include the Peierls-Nabarro stresses and dislocation 
forests.  
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- the athermal stress, σath, accounts for the interaction between dislocations with long range 
obstacles (precipitates, grain boundaries, ...);  
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Figure 5: Flow stress versus temperature for W-1%La2O3 in L and T orientation. The full lines 
represent the double kink nucleation model. Top line for the medium strain rate, bottom line follows the 
low strain rate data. The markers are the experimental data at low strain rate (bright markers ~10-4 s-1) 

and medium strain rate (dark markers ~3. 10-2 s-1). 

The yield strength as a function of strain rate ( ε ) and temperature (T) can be described by the 
following equation:  
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where Hc is the activation energy (enthalpy) of a given barrier, σP is the so–called effective Peierls 

stress, is the intrinsic strain rate sensitivity of the material, m and m' are constants that describe the 
lattice energy barrier, k is the Boltzmann constant and the constant α is the coefficient of temperature 
dependence of the Young's modulus. This yield strength model is also called double kink nucleation 

0ε

model [17]. Note that other formulations than Eq. (1) could also be used without any difficulty as far as 
they represent the experimental data. A fairly good agreement could be found between the model and 
the experimental obtained data (see Fig.  5). 
 
3.3 Electron beam facility JUDITH 

Thermal shock tests were performed by the electron beam test facility JUDITH [13]. The e-
beam is installed in the Hot Cells of Forschungszentrum Juelich, Germany; giving the possibility to test 
irradiated and toxic samples such as beryllium. Electrons are generated by a tungsten cathode and 
accelerated to a voltage of 120 kV. Since the acceleration voltage is high, relatively deep beam 
penetration causes volumetric loading (penetration depth was estimated to be 5–6 µm in W by a 
Monte–Carlo simulation) instead of surface loading. The electron beam was scanned over a well-
defined square area, with a frequency of 31 kHz in x-direction and 40 kHz in y-direction. The given 
power density is a time averaged value. The loading is fairly homogeneous in area and constant in 
loading time because of (i) fast scanning ((x,y) = (~31 kHz, ~40 kHz)), on (ii) a small area (4 X 4 mm2), 
with (iii) a relatively large focused beam spot (diameter of 1 mm). 
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3.4 Transient heat loads: disruptions and ELMs 

Two different W grades, i.e. sintered W and strongly deformed W delivered from Plansee AG 
were studied. After cutting out samples (bars: 12 X 12 X 3 mm3 of the sintered W; discs: 12 mm 
diameter and 3 mm thickness of the deformed W), the samples were annealed in a high temperature 
vacuum furnace above 1750 °C for 2 h. After the heat treatments, the microstructures were 
characterized and compared with the microstructure of the original grades. The results showed that 
the recrystallization resistance significantly depends on the grades (fig.6).  

 

     

    
Figure 6: Microstructure on the top surface of the strongly deformed tungsten grade: a) as-received, b) 

re-crystallized (annealed at 1750°C for 2 hours) and the sintered grade: c) as-received, d) re-
crystallized (annealed at 1750°C for 2 hours).  

Table 3: Summary of loading parameters and responses of W materials, i.e. cracking, 
roughening, swelling behaviour after e-beam loading with pulse duration of 5ms on a loaded area of 

4X4mm2. 

Power density Sintered W Strongly deformed W 
[GW/m2] As-received Re-crystallized As-received Re-crystallized 

0.22 
- 
- 
- 
- 

- 
- 
- 
- 

- 
- 
- 
- 

- 
- 
- 

surface roughening 

0.33 
- 
- 
- 
- 

random cracks 
microcracks 

slight swelling 
- 

random cracks 
- 
- 
- 

random cracks 
- 

slight swelling 
surface roughening 

10 shots of 0.33 
- 
- 
- 
- 

random cracks 
microcracks 

swelling 
- 

random cracks 
- 
- 
- 

random cracks 
- 

swelling 
surface roughening 

0.55 
- 

a few microcracks
- 
- 

boundary 
cracks 

microcracks 
swelling 

- 

random cracks 
- 

swelling 
- 

random cracks 
intergranular cracks 

swelling 
surface roughening 
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Finally four different samples were prepared for the thermal shock tests, i.e. (a) as-received 
sintered W, (b) recrystallized sintered W, (c) as-received deformed W and (d) recrystallized deformed 
W. Thermal shock loading was performed on the deformed W grade with the grain elongation parallel 
to the heat load or perpendicular to the surface. In the study of Uytdenhouwen [9], three different 
power densities (0.22, 0.33 and 0.55 GW/m2) well below the melting threshold were selected (pulse 
duration 5ms) and loaded at room temperature (loaded area 4X4mm2). In previous experiments [18] it 
was found that the threshold power density for melting of a W grade lies around 0.88 GW/m2 for 5 ms. 
Table 3 summarizes the results of the thermal shock tests. The sintered W showed better thermal 
shock resistance than the deformed W in this condition. The as-received sintered W had obviously a 
higher damage threshold, close to 0.55 GW/m2; whereas, as-received deformed W had a damage 
threshold around 0.22 GW/m2. Recrystallization caused clearly degradation of thermal shock 
resistance. The damage thresholds after recrystallization were at around 0.22 GW/m2 for both W 
grades. Cracks, micro-cracks and surface roughening were enhanced after multiple shots, however, 
newly induced damage, i.e. fatigue damage, was not observed after 10 shots. The damage 
mechanism in cracking regime below the melting threshold was discussed in [9]. 
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Figure 7: W-1%La2O3, thermal shock tested at 0.55 GW/m2 for 5 ms on an area of 4X4 mm2. a) Grain 

elongation perpendicular to the heat load or parallel to the surface (vertical direction) gives rise to 
parallel crack patterns. b) Grain elongation parallel to the heat load or perpendicular to the surface 

reveals a random crack network.  

W-1%La2O3 became a promising material due to its higher DBTT and recrystallization 
temperature. In this study, no clear grain growth has been observed even after annealing at 1750°C 
for 2 hours. This is reflected in the thermal shock resistance, since no change in the cracking 
behaviour or degradation could be found. The cracking pattern depends on the grain orientation with 
respect to the heat loading direction as shown in figure 7. The parallel cracks follow the elongated 
grain structure and can be explained by the difference in ductile to brittle transition temperature in the 
two orientations (see fig. 4a). The optical microscopy images reveal darkened areas in the heat loaded 
spot. The 'X' shape shown in the centre of the loaded area represents diffusion of La2O3 particles to 
the surface as detected by EDX (fig. 8). It is caused by the high frequency scanning of the electron 
beam which results in a slightly higher power deposition in certain areas during the last few beam 
scans. For the applied power density of 0.55GW/m2, the surface temperature rise was estimated to be 
~2230 °C based on the thermal properties of bulk W at room temperature. The melting point of La2O3 
particles in the W bulk is around 2300°C. Alloying of material to improve the mechanical properties 
and thermal shock resistance should therefore be done with care because all the La2O3 particles will 
pollute the plasma when they escape from the surface. They will leave cavities and porosities who 
could act as sinks for tritium retention.  
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Figure 8: EDX spectra and SEM image of W-1%La2O3, thermal shock tested at 0.55 GW/m2 for 5ms 
on an area of 4X4mm2. Diffusion of LaO particles (dark area in optical microscopy images (fig.7) and 
SEM). EDX spectra 1 taken in the dark areas at the surface has a high content of LaO compared with 

spectra 2 of W-1%La2O3. 

Since tungsten material is brittle at room temperature, tests were performed to investigate the 
cracking behaviour of tungsten under thermal shock above the DBTT. Brittle cracks during the heat up 
and cooling phase of the material could be avoided by preheating the samples (see fig. 9) above 
600°C. The strongly deformed tungsten grade showed major crack formation for a power density of 
0.33 GW/m2 (5ms) in the parallel direction (grain elongation parallel to the heat load). After preheating, 
the surface shows only roughening induced by the plastic deformation.  
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Figure 9: Optical microscopy images of strongly deformed tungsten grade in the parallel orientation 
(grain elongation parallel to the surface). Thermal shock loaded with power density of 0.33 GW/m2 

(5ms, 4X4mm2), (a) at room temperature, (b) preheated specimen at 600°C (above the DBTT). 

It can be concluded that the tungsten grade (grain size and orientation) influences very 
strongly the cracking behaviour. After a long operation time in the fusion reactor, it can be expected 
that the tungsten material will be subject to recrystallization. Again a strong degradation after grain 
growth could be detected for various grades. These results together with some specific material 
properties (DBTT, mechanical strength, recrystallization resistance, microstructure) gave a first 
understanding of a physical model based on the mechanical properties of the tungsten material. The 
thermal stresses induced during the severe thermal shock creates roughening and cracking of the 
material. Roughening and micro-cracks are formed at the surface due to thermo-plastic deformation 
caused by the strong temperature gradient [19]. Major crack formation can be avoided by pre-heating 
the targets above their ductile to brittle transition temperature. 
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4 NEUTRON IRRADIATION DEGRADATION 

This neutron irradiation study deals with the evaluation of the influence of radiation effects on 
the thermal shock resistance of potential metallic plasma facing materials. The focus will be on the 
one hand on pure tungsten and W-1%La2O3, both produced by PLANSEE AG, Austria; pure tungsten 
grades from NEGELE and LOUIS RENNER and various beryllium grades from BRUSCH-WELLMAN. 

Table 4: Material grades and their respective irradiation damage obtained in the neutron 
irradiation. 

Material Grade Irradiation damage 
[dpa (in steel)] 

Beryllium S65C (ITER grade) 
O30H (improved thermal 
conductivity) 
S200E 

0.71 
0.71 
0.71 

Tungsten 
Powder metallurgy 

 
 
 

Plasma spraying 
 
 
 
 

Chemically vapor deposited

 
heavily deformed W 
deformed W-1%La2O3 
slightly deformed W 
sintered W 
VPS W on C 
VPS W on W 
WSPS W on steel 
WSPW W-Cu on steel 
HTPS W on steel 
CVD W on Cu 

 
0.22 & 0.78 

0.78 
0.22 
0.22 
0.78 
0.78 
0.78 
0.78 

0.22 & 0.78 
0.78 

(VPS= vacuum plasma sprayed, WSPS= water stabilized plasma spraying, HTPS= hybrid torch  
plasma spraying, CVD= chemically vapour deposited) 

 
The materials summarized in table 4 were part of an irradiation experiment named "IBeTuTS" 

(Irradiation of Beryllium and Tungsten Thermal Shock specimens), which was carried out in the PWR 
loop (CALLISTO) at the high flux reactor BR2 in Belgium (SCK•CEN). The samples were inserted in 
closed tubes under helium gas atmosphere to avoid contact with the BR2 reactor water and to 
simulate closer the ITER environment during irradiation. The temperature (300°C) has been chosen as 
the lower limit of the operation regime [20] to study worst case scenarios excluding self healing effect 
expected at higher temperatures as much as possible. In addition the neutron dose of 0.25 and 0.75 
dpa (in steel) for the tungsten grades is close and far beyond the expected doses in ITER (tungsten: 
~0.1 dpa) [20]. The parameters that are thought to be dominating in the material degradation are 
irradiation hardening (accumulated dose), helium embrittlement and bubble formations. These will be 
assessed by performing thermal shock examinations after irradiation to investigate increased crack 
formations in tungsten grades, increasing surface temperature rise due to degradation in thermal 
conductivity of graphite substrates [21] and helium/tritium gas release in the case of the beryllium 
grades [22]. It is expected to gain a better idea of the key influencing factors and possible synergies 
between these factors on the material degradation under thermal shock after neutron irradiation.  

All beryllium and tungsten based materials were already tested under disruption like 
conditions and for the tungsten several ELM-like loading conditions up to 1000 pulses were 
performed. Post-mortem characterizations are under way. In another irradiation campaign [21] it was 
found that pure W and W-1%La2O3 which both exhibit cracking and swelling in their reference state, 
show an increased crack density in combination with a smaller crack width after irradiation. All the 
tests performed in this study were thermal shock loaded with pulse duration of 1ms. This shorter pulse 
duration is more closely related to ELM like loading, whereas the results presented in the previous 
chapter are performed under disruption loading (5ms). Since only a limited number of irradiated 
samples are available, screening tests were performed on un-irradiated tungsten samples were the 
roughening, cracking and melting threshold could be determined for several grades of materials (see 
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above). These reference materials were all tested with the standard pulse duration of 5ms for the 
disruption samples. It was chosen that the disruptions after irradiation were also tested with pulse 
durations of 5ms below the melting threshold of tungsten. Degradation after multiple disruption shots 
resulted in particle erosion and additional melting even when loading was far beneath the melting 
threshold of the material. The induced cracks are not only causing degradation of the material but 
each crack aligned perpendicular to the incoming plasma flow is also a potential "leading edge", an 
effect that is even enhanced by the lifting of the material (see fig. 10a) at the respective crack 
positions. This is resulting in a localised overheating and enhanced melt formation even for surface 
heat fluxes which are below the erosion and melting thresholds (see fig. 10b).  
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Figure 10: (a) scanning electron microscopy image of sintered W (0.55 GW/m2 during a single pulse 
load of 5ms) with marking of lifting, micro-crack formation and cracking around a particle that could 
lead to particle erosion in subsequent shots. (b) Schematical representation of a leading edge at a 

crack perpendicular to the plasma flow enhanced by lifting of the material that can cause overheating 
and melt formation in following pulses. 
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Figure 11: Scanning electron microscopy images before and after irradiation of the W coatings on 

graphite after e-beam simulation (power density: 0.55 GW/m2, 5ms pulse length, loaded area: 
4X4mm2).  
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Figure 12: E-beam simulation with a power density of 0.55 GW/m2, 5ms pulse length (loaded area of 4 
X 4 mm2) on W coatings on graphite substrate for the reference and irradiated sample (300°C, 

0.71dpa). Left: absorbed current, right: surface temperature rise (emissivity of the pyrometer was set 
to =1).  

Various tungsten coatings on various substrates (W, C, steel) were examined. The vacuum 
plasma sprayed tungsten coatings from PLANSEE exhibited the best thermal-shock resistance. No 
melting could be induced for the highest possible power density that JUDITH I could handle during a 
disruption like pulse (5ms) before irradiation. After irradiation a large degradation could be found for 
the tungsten coatings on the graphite substrates, which was not found so explicitly for the tungsten 
substrate samples. Figure 11 shows a reference and a neutron irradiated (300°C, 0.71 dpa) VPS W 
coating on a graphite substrate after thermal shock loading with a power density of 0.55 GW/m2 for 
5ms. This power density is below the known melting threshold of tungsten grades. Due to the fact that 
the thermal conductivity of graphite degrades strongly after irradiation, the coating sees a strong 
surface temperature increase (fig. 12b) resulting in additional melting. The surface topology in the 
cracks exhibits small granular particles (sizes < 1µm) after irradiation. The emissivity of the pyrometer 
has been set to 1, however the true emissivity of tungsten is around 0.1. The temperature profile only 
gives the relative temperature differences compared before and after irradiation and not the true 
tungsten surface temperature. The absorbed current measurement (fig. 12a) shows a drastic drop, 
revealing emission of thermionic electrons from the surface after irradiation.  
 

5 PLASMATRON VISION I, PLASMA WALL INTERACTION PHENOMENA 

The lack or uncertainty of experimental data on the synergistic effects of plasma steady-state 
flux, material damage by neutrons, tritium retention in pure plasma facing materials (beryllium, carbon, 
tungsten) and the mixed materials implications are closely related to the unavailability of experimental 
nuclear devices that are able to adequately reproduce the boundary conditions between the plasma 
and the first wall. Studies on hydrogen isotopes interaction with first wall materials have been carried 
out mainly with low flux, high energy ions, since these features were commonly obtained using 
standard particle accelerators or ion beam devices. However, it is apparent that results obtained with 
such devices cannot be easily rescaled to the real operating conditions of a fusion reactor, as both 
characteristics such as the flux and the ion energy strongly influence the mechanisms itself (retention, 
implantation, recycling, …).  

Therefore several plasma simulators were build that can reach the very high heat flux and low 
electron temperatures. Their relevant parameters and capabilities are given in table 5 [23]. PISCES-B, 
PSI-2 and the plasmatron VISION I cannot compete with the pilot-PSI facility and certainly not with the 
future Magnum-PSI in terms of the maximum electron density. But the additional advantage of the 
PISCES-B and plasmatron facility VISION I is definitely lying in the capability to work with beryllium 
seeding and beryllium contaminated materials. On the other hand, none of the existing linear plasma 
generators are capable of operating in a nuclear environment and with tritiated gases. Therefore, the 
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plasmatron facility VISION-I (Versatile Instrument for the Study of ION Interaction) would have a 
unique feature that is still missing today in the existing linear plasma devices that is essential for 
addressing/solving several key issues for ITER and DEMO. VISION-I will be capable to investigate the 
synergistic effects of neutron irradiation damage on the tritium retention. The history and the 
background of the facility as well as a detailed description of the plasma chamber can be found in [23, 
24]. 

Table 5: Comparison of various plasma parameters from high fluence, low temperature plasma 
simulators versus ITER (grey shaded parts are close to the ITER situation) 

 PISCES-B Magnum- 
PSI 

Pilot-PSI NAGDIS-
II 

PSI-2 Plasmatron 
VISION I 

ITER 

ne (m-3) 1017-1019 1019 - 1021 1019-1021 <1020 1017-1020 NO DATA 1019-1022 

Te (eV) ~4-40 ~0-10 ~0-7 ~5-10 ~1-20 NO DATA Div: ~3 
MidP:~100 

Tion (eV) 0.1-0.5 Te ~Te ~Te 1-10 0.5-0.6 
Te

20-500 Div: ~15 
MidP: ~500 

σ (m-2 s-1) 1019-1023 1023-1025 <2.1025 <1023 1022-1023 1020-1021 1024-1025 

τ (s) Steady 
state 

Steady 
state 3-10s Steady 

state 
Steady 
state 

Steady 
state 

300-500s - 
steady 
state 

Preheat 
Target 

Plasma 
heating 

Plasma 
heating 

Plasma 
heating 

Room 
temp. 

Room 
temp. 20-600 °C Bake temp.

< 230 °C 
Pn (Pa) 5 10-4-10-2 <1 ~1-10 ~0.1-4 0.01 0.05 – 0.5 1-10 
B (T) 0.015-

0.05 <3 0.4 - 1.6 <0.25 0.1 0.2 5.3 

Target 
material 

C, W, Be, 
metals, 
mixed 

C, W, 
metals 

C, W, 
metals 

C, W, 
metals 

C, W, 
metals 

C, W, Be, 
metals, 
mixed 

C, W, Be, 
mixed 

Be Yes No No No No Yes Yes 
T No No No No No Yes Yes 

Nuclear No No No No No Yes Yes 
ne = electron density/ Te = electron temperature/ Tion = ion temperature/ σ =Ion flux density/ τ = pulse 
length/ Pn = neutral gas pressure/ B = magnetic field/ Div = detached divertor area / MidP = midplane 

 

6 CONCLUSIONS AND OUTLOOK 

The cracking behavior of various tungsten grades (sintered, heavily deformed, La2O3 
dispersion strengthened) below the melting threshold has been investigated with the e-beam JUDITH 
I. The cracking pattern (parallel cracking, random crack network, …) depends on the grade, grain size 
and orientation. The plasma facing materials will be subjected for a long operation time to high 
temperatures, therefore it can be expected that the tungsten armour material recrystallizes. Only W-
1%La2O3 is resistant to recrystallization (up to 1750°C for 2 hours) and therefore exhibits no 
degradation in its thermal shock behaviour. The other grades, after grain growth showed a strong 
degradation in their thermal shock resistance. The cracking pattern could be explained by the 
difference in the flow behaviour and DBTT in the various grain orientations by very high tensile tests. 
The contribution of creep for the very fast strain rates, i.e. very high power densities, is negligible. 
Major crack formation can be avoided by pre-heating the targets above their ductile to brittle transition 
temperature. However, micro-crack formation and roughening is enhanced due to thermo-plastic 
deformation caused by the strong temperature gradient. It was also found that depending on the 
strain-rate the fracture behaviour changes. Low strain rate reveals a network of micro-cracks, whereas 
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high strain rates fracture in a single crack by necking. Therefore it is expected that increasing power 
densities will show a disappearing network of micro-cracks.  

The experimental results together with some specific material properties (DBTT, mechanical 
strength, recrystallization resistance, microstructure) gave a first understanding of a physical model 
based on the mechanical properties of the tungsten material. For a further contribution to the 
understanding of crack formation in tungsten grades, compression, low cycle fatigue and fracture 
toughness tests are being performed at the time of writing. The material properties will be 
implemented in finite element modeling for the confirmation of our existing physical model. Presently a 
working model with plastic deformation and damage initiation is being improved. The description fell 
outside the scope of this paper due to limitation of space. 

In parallel to those investigations, the IBeTuTS irradiation campaign has been successfully 
designed, realized and implemented at SCK•CEN. The neutron irradiation performed in the BR2 
fission reactor showed an additional degradation of the materials after thermal shock loading. For bulk 
tungsten, an increased crack formation was observed. The reliability of the tungsten coatings depends 
mainly on the substrate and interlayers. The degradation of the thermal conductivity of the substrate 
material induces large temperature rises at the surface and an earlier onset of melting and erosion. 
Further in depth analysis such as profilometry and cross section analysis on the specimens will be 
performed in future. 

A new experimental set-up is installed at SCK•CEN to investigate tritium retention in plasma 
facing materials with a steady-state plasma. The plasmatron VISION I is unique because it will be 
capable of simulating a high dense, low temperature plasma on neutron irradiated samples with a 
tritium plasma. Studies on the synergistic effects of neutron degradation, thermal shock and tritium 
retention will be possible.  

For terminating, one can thus conclude that the understanding of Plasma Wall Interactions 
(mostly for Tungsten as first wall) is being now better understood and that further investigations are 
under way to characterize the materials in conditions close to the actual ones. 
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