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The study summarizes the experimental results on fusion relevant pure heat load exposures of different 

tungsten products in the electron beam devices JUDITH 1 and 2. Besides steady state heat loading, up to 

10 6 transient ELM-like pulses were applied. A detailed postmortem analysis reveals a wide and complex 

range of thermally-induced surface modifications and damages, such as roughening due to plastic defor- 

mation, cracking, and melting of parts of the material surface. Different industrially available tungsten 

products with varying thermal and mechanical properties were investigated in order to examine their 

influence on the thermal shock response. Furthermore, recrystallisation of the material, which will take 

place during long term operation, will additionally deteriorate the mechanical strength of the plasma 

facing material. The results show that the mechanical strength of the material has a significant influence 

on the formation and evolution of damage. Especially, recrystallisation and melting/resolidification will 

make the material more prone to thermal shock and fatigue, accelerating the evolution of damages. The 

combination of different material modifications/damages accompanied by the degradation of mechanical 

properties will have a strong impact on the plasma performance and lifetime of plasma facing materi- 

als/components. 

© 2016 Elsevier Ltd. 

This is an open access article under the CC BY-NC-ND license. 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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1. Introduction 

The use of plasma facing materials (PFM) over a long period

of time (on the order of many years for the first ITER divertor)

entails serious lifetime challenges. Tungsten, which will be used

in the divertor region, will be exposed to severe and complex

environmental conditions. Beside steady state heat loads of up

to 20 MWm 

−2 and transient events with power densities up to

1 GWm 

−2 during normal operation, the PFMs also have to with-

stand high H, He and, although due to geometrical reasons partially

shielded, neutron fluxes [1–3] . So called off-normal events, such as

vertical displacement events (VDEs) and plasma disruptions, will

deposit even higher power densities on the PFM [1–3] . Most of

the current research directed towards material resilience does not

consider long term effects like surface fatigue by high frequency

transient thermal loads or morphology changes due to creep

induced by (quasi-) stationary thermal loads [4–6] . The current
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tatus and available experimental results, as well as the issues that

ave been identified but not yet tackled, will be presented. 

In the frame of previous studies the mechanical properties of

arious industrially produced tungsten products with different

echanical properties (especially the W-Ta alloys) were charac-

erised and tested under fusion relevant thermal loads in the

lectron beam devices JUDITH 1 and 2 [7–9] . Special attention

as paid to the grain orientation/microstructure, as well as to the

ecrystallised state of the materials which will have a significant

nfluence on the material behaviour and its mechanical properties

10–12] . In order to investigate the dependence of the damage for-

ation on the grain structure and mechanical strength, low pulse

umber tests on different tungsten products with different power

ensities and base temperatures were performed. High pulse num-

er tests (up to 10 6 pulses) were applied on only one material but

ith different grain orientations, as well as in the recrystallised

tate, to investigate the fatigue and long term behaviour of the

aterial. Additionally, tensile tests at different base temperatures

nd grain orientation were done. The obtained results reveal how

he microstructure and mechanical properties are interconnected,

nd how that relationship affects the thermal shock response of

ungsten as a PFM in a tokamak, like ITER or DEMO. 
nse. ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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Fig. 1. Top view light microscope images of representative examples of the deformed microstructure after the forging process: a) perpendicular to the forging direction (L); 

b) parallel to the forging direction (T); c) in the recrystallised (R) state (1600 °C for 1 h). The area heated by electron beam is indicated by a red square. (For interpretation 

of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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. Material properties and experimental conditions 

Four tungsten products manufactured by Plansee SE, Aus-

ria were subject to microstructure analysis, tensile tests, and

ow pulse number experiments in JUDITH 1. These products

re ultra-high purity tungsten (W-UHP, 99.9999 wt%), tungsten-

acuum-metallizing-tungsten (WVM, 15 – 40 ppm potassium)

13] , and two tungsten tantalum alloys with 1 wt% (WTa1) and

 wt% (WTa5) of tantalum, respectively. The materials were sin-

ered into a rod shape, thermo-mechanically deformed in an axial

irection to obtain a round blank, with a height of ∼29 mm and a

iameter of ∼160 mm, and stress relieved at 10 0 0 °C. Due to axial

orging, the grains, were heavily deformed to a disc-like shape

erpendicular to the forging direction as shown in Fig. 1 a and b. 

Parts of these materials were recrystallised (see Fig. 1 c) ac-

ording to the specifications of the supplier. W-UHP, WVMW and

Ta1 were recrystallised at 1600 °C while WTa5 had to be heated

o 1800 °C, because the high amount of tantalum increases the

ecrystallisation temperature. All four tungsten grades were kept

t these temperatures for 1 h. 

Based on differences in grain structure three different sample

ypes were cut from each material. Longitudinal (L) with grains

riented parallel to the loaded surface/direction, transversal (T)

ith a perpendicular grain orientation, which is the preferred one

or ITER, and recrystallised (R) (see Fig. 1 for schematic drawings).

he elongation/deformation perpendicular to the forging direction

s the same for all four tungsten products. After recrystallisation,

he anisotropy of the grains nearly disappeared. 

The major microstructural difference between the three tung-

ten grades is the grain size. W-UHP (average grain area ∼4 4 45

m ², aspect ratio L 0.8; T 0.3) grains are much larger than the

rains of WVMW (average grain area ∼533 μm ², aspect ratio L 0.5;

 0.2), WTa1 (average grain area ∼34 μm ², aspect ratio L 0.5; T

.3), or WTa5 (average grain area ∼74 μm ², aspect ratio L 0.7; T

.2). The WTa materials have the smallest grains of all investigated

aterials. A possible explanation for the differences in grain size

ould be the addition of foreign atoms (potassium/tantalum). 

Foreign atoms represent obstacles and accordingly limit grain

rowth during the manufacturing process. However, all materi-

ls show a more homogeneous grain structure and exhibit grain

rowth after above mentioned thermal treatment (see Fig. 1 c) [14] .

Tensile tests with a deformation rate of 0.2 mm/min (deforma-

ion rate 10 −4 s −1 ) were performed for all four tungsten products

ith L, T and R microstructure (see Fig. 1 ) at temperatures of

0 0 °C and 50 0 °C in a high temperature vacuum furnace set-up

t SCK 

•CEN, Mol [15] . Fig. 2 shows the obtained engineering
tress-strain curves. 
 

b  
Besides the expected decrease of the mechanical strength and

ncreasing ductility at elevated temperatures for all L and R tung-

ten products [16,17,18] , it can be stated that with an increasing

mount of tantalum, the mechanical strength of the material in-

reases. However, this improvement of tensile strength is accom-

anied by a significant reduction of the total elongation. Both ef-

ects can be explained by the solid solution hardening of tungsten

btained by adding tantalum in the matrix [17,18] . W-UHP exhibits

he lowest tensile strength and fracture strain, which is caused by

he much higher purity and the resulting lack of foreign atoms that

lso causes an increase of the DBTT (ductile-to-brittle-transition-

emperature) [17,19] . In contrast to the L specimens, the T sam-

les exhibit much lower mechanical strength and show brittle be-

aviour even at 500 °C. The reason for this anisotropic behaviour

f material parameters is the so called texture strengthening ef-

ect [17,20] . For the R samples, the tensile strength is the lowest

f all tested materials and grain orientations. However, the total

longation is significantly higher than for the L or T grain orienta-

ion. The changes of the material parameters after recrystallisation

an be explained by the thermally-activated reduction in the defect

ensity and the resulting poor cohesion between single grains [16] .

The simulation of transient thermal shocks was done with

he electron beam devices JUDITH 1 and 2 at Forschungszentrum

ülich. 

.1. JUDITH 1 

For the low pulse number thermal shock tests in JUDITH 1,

2 × 12 × 5 mm ³ samples were cut from all four materials with L,

 and R microstructure (see Fig. 1 , bottom row). All samples were

echanically polished (SiC paper and diamond paste down to 0.25

m) to a mirror finish to define an undamaged state with a surface

oughness of approx. 0.1 μm. The samples were loaded with ELM

elevant power densities between 0.19 GW/m ² and 1.51 GW/m ².
hese values were calculated by taking an electron absorption

oefficient of 0.55 into account. A homogeneous loading of the

amples was achieved by exposing a small area (4 × 4 mm ²) with

 focused electron beam (diameter of ∼ 1 mm) at very high scan-

ing frequencies (47 kHz in x-direction and 43 kHz in y-direction).

ll tests were performed with a pulse duration of 1 ms and a

otal number of 100 pulses. The inter-pulse time was ∼ 3 s to

llow a complete cool down. In addition to tests performed at

oom temperature (RT), a graphite holder with a tubular heating

artridge was used to achieve base temperatures up to 600 °C. 

.2. JUDITH 2 

High pulse number tests were performed in the electron

eam facility JUDITH 2 at Forschungszentrum Jülich. The test
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Fig. 2. Engineering stress-strain diagrams of W-UHP, WVMW, W Ta1 and W Ta5 with longitudinal (a + b) and transversal (c + d) grain orientation as well as in the recrys- 

tallised state (e + f) with a deformation speed of 0.2 mm/min at 30 0 °C and 50 0 °C. 
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Fig. 3. Thermal shock damage mappings after 100 thermal shock events for (a) W-UHP, (b) WVMW, (c) WTa1 and (d) WTa5 with longitudinal (L) grain orientation [21,22] . 
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omponents consisted of tungsten tiles measuring 12 × 12 × 5

m ³ brazed to an actively-cooled copper block. The tiles were

ut from the pure tungsten grade with L, T and R grain structure

nd polished to mirror-like finish. The thermal shock tests were

erformed with power densities ranging from 0.14 to 0.55 GW/m 

2 

electron absorption coefficient of 0.55), a pulse duration of

.48 ms, pulse numbers between 10 3 –10 6 (loading frequency 25

z) and a SHL (stationary heat load) of 10 MW/m 

2 . As the cooling

ircuit is operated with 100 °C hot water and the transient pulses

lso heat up the sample, the resulting surface temperature (T surf )

mmediately before the next transient pulse is 700 °C. All tests

ith > 10 4 pulses were interrupted every 10 4 pulses (i.e. after

00 s) for 20 s, allowing the component to return to its initial

emperature (100 °C) and resembling a single ITER discharge. 

After the exposure in JUDITH 1 and 2 the induced damages

ere investigated by SEM and laser profilometry. Subsequently, the

ross sections of the samples were investigated by metallographic

eans to analyse the crack propagation into the bulk material. 

. Results and discussion 

.1. Low pulse number tests – JUDITH 1 

Low pulse number tests (100 pulses) in JUDITH 1 were per-

ormed to compare the thermal shock behaviour of four different

ungsten products in order to investigate which material param-

ters (mechanical strength, ductility and microstructure) influence

he thermal shock damage response of tungsten. The obtained

urface modifications and damages for all four materials with L

rain orientation are depicted in Fig. 3 . In these so called damage

appings the induced surface modifications and damages are

olour and shape coded. This method of presentation helps to

learly define damage (no visible damage formation below a

ertain power density) and cracking (no crack formation above a
ertain base temperatures) thresholds for each material after 100

hermal shock events. 

The comparison of the four different materials/damage map-

ings shows that there are significant differences in the damage

esponse. One of the most interesting results is the location of the

amage and cracking threshold of WTa5 L. The damage threshold

s located between 0.4 GW/m ² and 0.6 GW/m ² and is roughly

wice as high as that for the other three materials, for which the

amage threshold is located at about 0.2 GW/m ². Furthermore

he cracking threshold for WTa5 L is located at a much lower

emperature (between RT and 100 °C) than for the other materials

here it varies between 100 °C and 150 °C for W-UHP L and

etween 20 0 °C and 30 0 °C for WVMW L and WTa1 L, respectively.

n explanation for the difference in the damage behaviour can

e found in Fig. 2 a and b. The engineering stress-strain curves

how clearly that the mechanical strength of WTa5 L is two times

igher than that for the other materials, which is due to the

olid solution hardening by tantalum as the other materials. For

xample, the yield strength of WTa5 L at 500 °C is 931 MPa while

he yield strength for W-UHP L and WVMW L is 408 MPa and

13 MPa, respectively. WTa1 L has a value of 652 MPa which is

lso higher than that for W-UHP L and WVMW L but due to the

ower tantalum content, not high enough to have a significant

nfluence on the location of the threshold values. Admittedly, WTa

 is not as ductile as the other materials due to the high content

f foreign atoms but the significant increase of the mechanical

trength seems to compensate this at least for low pulse numbers.

Based on the damage mappings for the L orientation (see

ig. 3 ), a reasonably reduced number of test parameters located

round the damage threshold were chosen for further testing,

ecause of the limited amount of samples/material. Fig. 4 shows

amage mappings for WTa5 T and R, which are chosen as a repre-

entative example for the damage behaviour of these grain orien-

ations and illustrate the superior performance of the L orientation.
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Fig. 4. Damage mapping of WTa5 with (a) transversal grain orientation and (b) in the recrystallised state. 

Fig. 5. Light microscope images of metallographic cross sections of WTa5 with (a) L, (b) T and (c) R grain orientation/structure exposed to 100 thermal shock events at RT 

with an absorbed power density of 0.76 GW/m ². 
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Both T and R grain structures show a severe degradation in

thermal shock performance. The damage threshold drops below

0.19 GW/m ² (heat flux factor F HF ≈ 6 MW/m ²s 0.5 ) and the crack-

ing threshold increases to base temperatures above 400 °C. This

degradation is caused by the significant drop of the mechanical

strength for the T and R samples (roughly by a factor of two),

as well as the brittle behaviour of tungsten with a transversal

grain orientation, even at 500 °C (see Fig. 2 c and d). As a result

the damage evolution seems to be much faster for the T and R

structures than for the L structures, and damages such as small

cracks and thermal shock crack networks appear at lower power

densities and higher base temperatures. 

Beside the general investigation and classification of the in-

duced thermal shock damages it is also of great importance to

have a detailed look at the surface degradation due to ther-

mal shock exposure. Fig. 5 gives representative examples of the

thermal shock crack propagation in the material for different

microstructures. 

The crack propagation of the L (see Fig. 5 a) and R ( Fig. 5 c)

samples look very similar. They first propagate perpendicular to

the loaded surface into the material, stop at a certain depth, and

start to grow parallel to the surface. These parallel cracks act as

a thermal barrier and cause overheating as well as melting of the

surface and pose the risk to erode complete parts of the surface.

Closer investigations show that for the L samples, the cracks

propagate trans- and intergranular, while for the R samples, the

cracks predominantly grow intergranular, which is a result of the

poor cohesion between single grains [23] . This is also the reason

for the grain loss during the preparation of the cross sections (see

Fig. 5 c) and the generally much larger crack depth in the recrys-

tallised samples. These correlations between the crack propagation

(  
nd the microstructure were found for all five tested tungsten

roducts. The grain loss could become a major problem during

ong term operation. In contrast to L and R, the T samples show

o cracking parallel to the loaded surface, and cracks propagate

long the grain boundaries into the material. However, the crack

ensities are much higher due to the low mechanical strength and

he brittle behaviour of the T sample. The abundance of surface

racks create a very dense network of leading edges on the surface

hich might become overheated and molten during long term

peration in fusion devices and should be investigated in more

etail in the future [24] . 

.2. High pulse number tests – JUDITH 2 

High pulse number tests were performed on pure tungsten

99.97 wt%) with different grain structures (L, T and R) which have

imilar mechanical properties compared to the pure tungsten ma-

erial tested in Section 2 , Fig. 2 . The low pulse number tests have

hown that thermal shock damages are induced for L samples at

igher power densities than for the T and R samples due to their

igher mechanical strength. Therefore, the high pulse number

ehaviour of the L samples was investigated first. Induced surface

odifications and damages for the L samples are depicted in a

amage mapping (see Fig. 6 ) with the same colour and shape cod-

ng as for the low pulse number tests. The only difference between

he plots is that the X axis in Fig. 6 shows the number of applied

hermal shock pulses and not the base temperature of the samples.

In contrast to the low pulse number tests discussed before,

he high pulse number tests were performed at a fixed base

emperature of 700 °C, and therefore the material is in a ductile

egime (see Fig. 2 ) [8,9] . First, the damage threshold is lower

below 0.27 GW/m ² or F ≈ 6 MW/m ²s 0.5 ), than it was in the
HF 
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Fig. 6. Thermal shock damage mapping of pure tungsten with longitudinal grain 

orientation at a base temperature of 700 °C [26] . 

Table 1 

Crack depth evolution of longitudinal tungsten samples with increasing number of 

pulses at a base temperature of 700 °C. 

10 ³ pulses 10 4 pulses 10 5 pulses 

0 .41 GW/m ² 10 ± 2 μm 53 ± 32 μm 162 ± 102 μm 

0 .55 GW/m ² 21 ± 4 μm 63 ± 20 μm 218 ± 57 μm 
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ow pulse number tests for the L samples (see Fig. 3 , below F HF ≈
 MW/m ²s 0.5 ). Above this threshold value, fatigue effects are clearly

isible. At 0.27 GW/m ², the tungsten surface shows roughening

ue to plastic deformation at up to 10 4 pulses. Further exposure

nduces small, arbitrarily distributed cracks which evolve into a

hermal shock crack network after 10 6 pulses. The basic damage

echanism is the same for high and low pulse number tests. 

During the thermal shock, the materials are subjected to

hermal expansion, which is restricted by the colder surrounding

aterial, generating compressive stresses. These stresses lead to

lastic deformation if they overcome the yield strength of the

aterial. After the thermal shock, the material shrinks during the

ool down phase, but cannot return to its original state depending

n the degree of plastic deformation, and the compressive stresses

re converted into tensile stresses. Depending on the base tem-

erature (below or above DBTT) these stresses can result in brittle

racks, which are formed during the first couple of pulses (see

igs. 3 and 4 ) or in fatigue cracks (see Figs. 6 and 8 ), respectively

25,26] . Fatigue cracks are caused by the weakening of a material

y repeatedly applied loads and the accumulation of defects like

islocations. Once formed, these cracks constantly grow under

urther loading deeper into the material [25,27] . This fatigue crack

rowth is observed during the high pulse number tests, as is can

e seen in Table 1 . The cracks still grow deeper up to 10 5 thermal

hock pulses in contrast to the brittle crack formation observed

uring the low pulse number test which are formed during the

rst 10 pulses and do not change in crack depth during further

oading. It is likely that the cracks stop in a certain depth where

he thermal gradients/stresses are insufficient to drive the crack

eeper into the material. If the fatigue crack depth saturates or

ontinuously grows with increasing number of pulses cannot be

nswered based on these results. 

Besides the damage categories that have already been defined

uring the low pulse number tests, a new category, cracking plus

elting, was found for the high pulse number tests. A represen-

ative example for this new damage category is shown in Fig. 7 .

n addition to the strong plastic deformation and cracking, small

roplets of molten material are visible on the loaded surface,

lthough the surface temperature on a pristine surface (base tem-
erature plus temperature rise during the thermal shock of 0.41

W/m ² is ∼ 1200 °C and for 0.55 GW/m ² ∼ 1400 °C) is not high

nough to melt tungsten (see Fig. 7 a). The explanation for this is

hat due to the severe plastic deformation and cracking, small parts

f the materials lose contact with the bulk material. This causes

 significant drop of the heat dissipation and results in overheat-

ng and melting of these structures. The loose contact of these

tructures to the bulk also poses the risk of enhanced erosion. 

Metallographic cross sections of these structures (see Fig. 7 b)

how that the fatigue cracks tend to propagate not only per-

endicular, but also parallel to the loaded surface, which causes

verheating of the surface. As a result, the material starts to

ecrystallise in the near-surface region, even though the base

emperature is below the recrystallisation temperature. Only the

dditional temperature rise during the thermal shock heats the

aterial above the recrystallisation temperature. Tensile test re-

ults (see Fig. 2 ), in combination with the low pulse number tests

see Fig. 4 b), show that recrystallisation has a significant influence

n the mechanical properties of the materials and could increase

he damage evolution significantly even if the pristine materials

ad much higher mechanical strength. 

Similar to the low pulse number tests, the T and R microstruc-

ures were also exposed to high pulse number tests. The results

re shown in Fig. 8 . In contrast to the L samples the damage

hreshold drops below 0.14 GW/m ² (F HF ≈ 3 MW/m ²s 0.5 ) for the

 and R samples, which mirrors the surface response during low

ulse number tests. Furthermore, the formation of cracks starts at

 lower number of pulses, i.e. small cracks are already formed after

0 4 pulses at 0.27 GW/m ². Furthermore, the crack depth increases

ith increasing power density and number of pulses like the L

amples (see Table 1 ). Similar to the low pulse number tests, the

eason for this degradation of the thermal shock performance is

ue to the reduced mechanical strength of the T and R structures

ompared to the L orientation. Accordingly, damage evolution for

 and R is much faster than for the L orientation [10,11,25,26] . 

. Summary & conclusions 

The obtained results show that the applied thermal shock loads

nduce a wide range of surface modifications and damages, which

re strongly influenced by the material properties and microstruc-

ure. Low pulse number damage mappings of different tungsten

roducts, with different mechanical and microstructural properties,

ave shown that yield/tensile strength as well as ductility, have

 significant influence on the damage behaviour. The transversal

rain orientation, which is the preferred one for ITER to prevent

he formation of cracks parallel to the loaded surface, shows brit-

le behaviour even at elevated temperatures while recrystallised

aterials have a reduced mechanical strength. These changes in

icrostructure and materials properties lead to a significant drop

n the damage threshold. Meanwhile, the solid solution hardening

aused by adding tantalum increases the mechanical strength of

he tungsten material, as well as the damage threshold, at the

xpense of a significant reduction of ductility. 

High pulse number tests of pure tungsten with longitudinal and

ransversal grain orientation, as well as in the recrystallised state,

upport this finding. The results clearly indicate that roughening

ue to plastic deformation is a precursor for fatigue crack forma-

ion. Transversal and recrystallised specimens show thermal shock

amage formation even at power densities below 0.14 GW/m ²
F HF ≈ 3 MW/m ²s 0.5 ) after 10 5 pulses. This is very low compare

o the expected loading conditions in future fusion devices [1] .

herefore, further studies need to focus on the impact of such

hermal shock and fatigue damages on the plasma performance

ike testing pre-damaged (fatigue and molten) components in a

okamak environment. 
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Fig. 7. New damage category cracking plus melting after 10 5 pules with 0.41 GW/m ² at 700 °C: (a) SEM image of the surface; (b) light microscope image of the cross section. 

Fig. 8. Thermal shock damage mapping of pure tungsten with (a) transversal and (b) recrystallised grain structure at a base temperature of 700 °C. 
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Detailed post-mortem analyses of the induced damages showed

critical crack formation parallel to the loaded surface for the longi-

tudinal and recrystallised samples, which act as a thermal barrier

and cause overheating, recrystallisation, and melting of near sur-

face regions. Enhanced erosion of near surface grains is very likely

for tungsten materials in the recrystallised state. Loss of material

could contaminate the plasma, and in the worst case cause a

breakdown of the fusion reaction. Due to the reduced mechanical

strength of the recrystallised materials, damage evolution is much

faster and might lead to an earlier failure of a plasma facing com-

ponent. This leads to the assumption that the operation temper-

ature of the divertor (stationary and transient heat loads) should

stay below the recrystallisation temperature [1,17,28] . Furthermore,

other investigations like [29] show that molten and re-solidified

tungsten surfaces show very similar damage behaviour to re-

crystallised materials. Future studies therefore need to determine

whether melting poses similar risks as recrystallisation does. 

Besides just the pure thermal exposure of tungsten, high

flux particle loading needs to be taken into account. H and He

irradiation will change the mechanical and thermal properties

of tungsten and hence have an influence on the thermal shock

damage response. Due to H/He embrittlement, critical stresses for

damage/cracking formation will be lower and also lead to faster

damage evolution [30,31] . He-induced bubble formation directly

below the surface reduces the thermal conductivity, and could lead

to higher surface temperatures. In addition W-fuzz growth could

lead to enhanced erosion of tungsten material [32,33] . Unfortu-

nately, the impact of high energy neutrons on the performance of

tungsten under transient heat loads, especially for high pulse num-

ber tests and simultaneous particle exposure, is not clear yet [34] . 

 

The combination of this wide range of environmental condi-

ions makes the evaluation of tungsten and the prediction of pos-

ible damages and life-time very difficult and complex. However,

t can be assumed that recrystallisation and molten/re-solidified

urface structures have a detrimental influence on the lifetime of

FM and components. Therefore, further investigations of tungsten

s PFM for long term operation with high accumulated neutron

oses and the study of the influence of pre-damaged surfaces on

he plasma performance in existing tokamaks are at the moment

he important issues to be addressed for future fusion reactors. 
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