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ARTICLE INFO ABSTRACT

Keywords: Micro structured tungsten is a new approach to address one of the main issues of tungsten as high heat flux
Micro-structured tungsten (HHF) plasma facing material (PFM), which is its brittleness and its propensity to crack formation under pulsed,
PFC ELM like, heat loads (Loewenhoff et al., 2015; Wirtzet al., 2015 [2,3]). With power densities between 100 MW/
PI?M m? and 1 GW/m?, progressive thermal fatigue induced damages like roughening, subsequent cracking and even
?ﬁi&;:laz;:; ig melting will occur in dependence on the pulse number and PFM base temperature. This represents a serious issue

for the usage of tungsten as HHF-PFM. In future tokamaks, such as ITER, about 10% ELMs are expected to occur

Retention . | o
Erosion during the operational lifetime.
Emissivity Several approaches have been tried to overcome this brittleness issue, e.g. alloying tungsten with others

elements (Linsmeier et al., 2017 [4]) or introducing pseudo-ductility due to the additions of fibres thus creating
composites (Reiser et al., 2017 [5]). Micro-structured tungsten showed a significant improvement in comparison
with any of these approaches with respect to the damage expected by ELMs. This investigation on both bulk
reference and micro-structured tungsten was performed in the PSI-2 facility (Kreter et al., 2015 [8]). A se-
quential load was applied combining steady state deuterium plasma (5.1 X 10**D + m™2 51 eV, 240 °C,
150 min) loading with laser pulses (up to 10° pulses of 0.5 GW/m?, 3.6 mm spot diameter, 20 J, 1 ms pulse
duration, up to 25 Hz pulse frequency). In contrast to reference bulk tungsten, none of the applied loading
conditions caused any evident damage on the micro-structured tungsten. The maximum surface temperature
within the loaded area measured with a fast pyrometer was increased by about 800 °C at the end of the laser
exposure for the reference sample. This is related to the emissivity changes and local temperature increase
caused by surface degradation. Meanwhile, the micro-structured sample did not show any change of its tem-
perature response from the 10th to the 100 000th pulse.

1. Introduction

Fusion experimental reactors nowadays are mainly turned towards
metallic and especially tungsten based plasma-facing components (PFC)
at least in high heat flux areas like divertor (while beryllium is foreseen
for less loaded areas, at least for ITER). This is due to the number of
benefits of tungsten, like high melting point, its low sputtering, mod-
erate hydrogen isotopes retention as limited both co-deposits formation
and chemical reactivity with hydrogen, but also its good thermal
properties, which are an advantage for proper power exhaust. Its re-
lative stability under neutron irradiation and the transmutation into
mostly non-radioactive elements is also a non-negligible advantage.
However, tungsten suffers of a major drawback which is its propensity
to crack and go under catastrophic failures under repeated heat loads,
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especially when loaded under its ductile to brittle temperature (DBTT),
which is usually around 300 °C [2,3].

Scientific community addressed this problem within several ap-
proaches for now several years [4-7], of which most commons are al-
loying tungsten with other elements and/or controlling its grain mi-
crostructure. However, a couple of years ago emerged a new one which
is the micro-structuring of the tungsten based PFC. It was first de-
monstrated an improvement of factor of at least 10° over traditional
tungsten as plasma facing material in the area of ELMs induced thermal
fatigue (considering induced surface damage as evaluation criterion),
while not showing any other main concern or drawback in the areas of
fuel retention, power handling or erosion [9]. These first results were
confirmed later by additional means including in situ surface degrada-
tion monitoring through temperature and visual aspect (sublimation of
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Fig. 1. Average grain size of recrystallized fibres depending on container type,
temperature and duration.
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previously implemented fuzz), and a 10° improvement factor could be
again observed but also confirmed by means of finite element analysis
[10]. In the current paper, we are going to demonstrate that this im-
provement is still observable even after recrystallization of the base
tungsten material.

2. Experimental setup
2.1. Samples

The micro-structured samples were prepared in the exact same way
as it was previously done [9,10], with about 1500 fibres of @150 um
diameter (2.4 mm long), potassium doped fibre embedded in an in-
dustrial grade copper matrix (Cu-ETP), up to approximately 2/3 of their
height, all tight packed and arranged into a compact hexagonal lattice.
Each sample, of reference bulk tungsten or micro-structured, offered a 5
by 5 mm surface. However, compared to previous experiments, pre-
liminary to the fabrication of the samples, the fibres of the micro-
structured samples have been previously recrystallized in argon neutral
atmosphere at 2000 °C for about 5 h. Preliminary tests were performed
with two different oven container types, ZrO, (Fig. 1 green coloured
bars) and tungsten foil (Fig. 1 blue coloured bars), which did not show
any significant influence on the fibres grain size at different tempera-
tures and heating durations as shown on Fig. 1. SEM cross-sections were
made on both samples (Fig. 3a and 3b). For each, about 2000 grains
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Fig. 2. Compared tungsten grain size of recrystallized fibres and bulk reference
sample.
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were sampled to find an average grain size of about 1.35 = 0.33 pm
(Fig. 2) (over 10 to 40 pm in length, along fibre axis). This need to be
compared to the original un-recrystallized fibres that displayed grains
around 0.51 pm ( * 0.06) (Fig. 2) and to the bulk reference cold forged
tungsten, which has an average grain of 2.15 um with a standard de-
viation of 0.99 um (Fig. 2).

It has to be reminded that a first experimental demonstration of a
10° factor improvement for micro-structured tungsten over bulk ‘ITER-
grade’ tungsten concerning ELM-like induced thermal fatigue was al-
ready made [9]. It was shown that even after 10° pulses at 0.5 GW/m?2,
micro-structured sample did not show any damage, unlike reference
bulk sample that revealed some cracks even after a single pulse at such
power density. The mechanism of this improvement was qualitatively
explained within the same paper, however it was quantitatively eval-
uated, later, in [10] by means of finite element simulation (and by the
same occasion re-tested), which also allowed to identify the physical
mechanism behind. This mechanism is mainly the possibility of the
material for free expansion owning to the gaps between the fibres in
combination with a sufficiently small diameter of the fibres. This pre-
vents to the build-up and accumulation of stress in material that results
in damages like cracks or roughening. However, the production of a
cold forged bulk tungsten bar, for the reference sample, and of extruded
sub-millimetric fibres, for the micro-structured sample, strongly differs
one to the other. Consequentially they offer significantly different grain
structures and intrinsic different material properties, it could not be
completely excluded that some of the improvement observed could also
partially result from these material properties differences. This is why
the current protocol has been implemented in order to bring the ma-
terial grain microstructure of the two samples as close as possible to
each other. Despite it, grains microstructure of fibres and bulk tungsten
obviously hold differences (Fig. 2 and Fig. 3).

2.2. Experimental protocol

Experiment was performed at PSI-2 linear plasma facility [8]. At
first, a deuterium plasma was applied for 150 min
(3.42 x 10®D* m™2 ion energy 41-62 eV, ~240 °C steady state)
(Fig. 4). Additionally, a Nd:YAG laser (LASAG FLS 352 N) was used
(A = 1064 nm), with a pulse energy of 20 J (3.6 mm spot diameter,
1 ms pulse duration, 25 Hz pulse frequency) in order to simulate up to
up to 10° ELM like pulses at 0.5 GW/m?. It has to be noted, that un-
fortunately, laser broke down during experiment, after delivering 10°
pulses to the micro-structured sample but only 7 x 10* to the bulk
tungsten reference sample. This protocol obviously has limitations like
any others, but which are considered as limited as all samples are ex-
posed to same conditions, and analysis and conclusion are drawn from
comparison to each other’s.

3. Experimental results
3.1. Thermal response

Temperatures during plasma irradiation as during laser fatigue tests
were measured at the back of each sample with the help of two K-type
thermocouple. Steady state temperature under D, plasma was 244 °C
for the micro-structured sample and 239 °C for the reference bulk
tungsten sample at the beginning of the exposure.

Fig. 5 shows thermo-couples trace during the sequential exposure to
deuterium plasma followed by the 10 batch of 10* laser pulses
(0.5 GW/m?, 25 Hz, 1 ms) on the micro-structured sample. This re-
presents an average power density (in the laser @ 3.6 mm spot area) of
about 12.5 MW/m? for about 66 min, or 5.1 MW/m? when considering
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Fig. 3. Respective grain microstructure of bulk reference sample and recrystallized fibre sample.

the whole front sample surface. It can be noticed that both samples
display very similar temperatures during plasma irradiation despite
being structurally different, which confirms the assumptions made in
[9] about higher emissivity of the micro-structured sample. Same
plasma load leads to same bottom surface temperature.

Meanwhile, during the transient phase, reference sample see its
temperature increase, by a lower margin, by thermal conduction, as
both sample are mounted on same holder with same mask. It has to be
reminded that that this is a sequential load, and only the

microstructured sample is loaded by laser, so temperature increase
noticed on reference comes only from thermal conduction.

3.2. Sample damages

It is important to compare the damages that occurred on reference
samples and the micro-structured sample made of recrystallized fibres.
Fig. 6 clearly show the difference between samples damages that can be
seen at macroscopic scales. It has to be noted that as already mentioned
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Fig. 4. Simultaneous plasma irradiation of both bulk tungsten sample (left) and
of micro-structured sample (right).
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Fig. 5. Thermo-couple traces of bulk tungsten reference sample (Tx4, blue) and
of micro-structured sample (Tx2, green). (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this
article.)

in [9] and [10], surface damage slightly increase absorption (< 20%)
but with reduced influence which is why this it is not corrected in
evaluations. It has to be noted that Fig. 6 top image shows that laser
sublimated some of the underneath copper where fibres are embedded
(due to laser incident angle of about 56 deg), which invalidated the
results measured by gravimetric to quantify surface tungsten erosion.
To spot further damages, a complete mapping of the front surface was
made by means of optical microscopy at the resolution of 1 pm/pixel,
before (Fig. 7) and after (Fig. 8) the experiment. This revealed sufficient
to track the appearance of cracks, roughness increase and material
extrusion like observed in [10] but an additional complete SEM mi-
crograph (resolution of 300 nm/pixel) was made to investigate the
possible grain microstructure evolution (Fig. 9).

The difference is obvious regarding the amount of damage that each
sample received. However, optical micrograph of micro-structured
sample reveals that the combination of plasma and laser irradiation
significantly removed interlayer of deposit that was present between

Fig. 6. Time traces of the surface temperature of micro-structured and re-
ference tungsten samples and the laser power (~10* pulse).

fibres. This is believe to be electrolyte residue (from manufacturing
sample) and/or oxide. Some cracks are also visible on single fibres;
however they can be tracked back on the first micrograph, even if some
could appear enlarged.

The SEM micrograph of reference sample (Fig. 9 bottom) reveals
how strong are the damages, but without surprise, in line with [1,2,3]
and [9,10], with extreme roughness increase and material extrusion.
Meanwhile, micro-structured sample (Fig. 9 top), appears to be damage
free. However, this SEM reveals several points, first, it confirms the
mechanism that was explained within its concept [9] (micro-structuring
PFM surface allows thermal expansion to happen without restriction,
allows thermal cycling without secondary stress to build up and accu-
mulate which leads to damages like cracks, roughening etc...), and, in
addition, if the gaps between the fibres are too small, this mechanism
cannot fully apply and may lead also to fibres damages. Fig. 10 is a
good example of it, as thermal expansion results in the edge damages of
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Fig. 7. Optical micrograph of the micro-structured and bulk samples before
experiment.

fibres due to insufficient spacing. It can be observed that both or only
one of the fibres in contact can be damaged, probably due to local
hardness difference.

Fig. 10 also reveals the surface erosion, as we can still spot, electro-
polished surface (bottom left) that was prepared before experiment and
newly eroded grain micro-structure that shows after experiment. This is
also visible on Fig. 11, with bottom having kept almost its electro-po-
lished surface, and top revealing eroded surface.

This brings up another aspect that was previously foreseen, that
some fibres were delivered with inside cracks. This is very normal due
to the wire drawing process that causes the tungsten to endure very
high plastic deformation [11]. However, if these cracks are close

Nuclear Materials and Energy 25 (2020) 100789

Fig. 8. Optical micrograph of the micro-structured and bulk samples after ex-
periment.

enough to the surface, they can be revealed during the experiment, but
from erosion of surface material, and not due to thermal stress (Fig. 11),
and they could possibly lead to false positives (defect or damages).

This is also per this mechanism that the cracks can appear larger
after plasma and laser irradiation.

4. Conclusions
Current paper is the occasion to confirm, with a different combi-

nation of plasma and laser irradiation, the results previously [9,10]
observed concerning the ability of micro-structured tungsten to handle
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Fig. 9. SEM micrograph of the micro-structured and bulk samples after ex-
periment.

very high ELM induced thermal fatigue. This is as much important as
the value of this improvement factor being so high (confirmed 10° so
far)

The mechanism of thermal fatigue resistance is highly independent
of the mechanical properties of the fibre base tungsten material,
therefore, the ability to withstand ELM will not be removed with PFC
utilisation and possible recrystallization, but clearly comes from the
design that was implemented. It cannot be totally excluded that mate-
rial base properties, like ductility play a role within the ability to
withstand thermal shocks, these seem to have a secondary role. This is
reinforced as the manufacturing process of sample make great use of
graphite (mould, guiding tools) which for sure contaminated the fibres,
but also by the lower than DBTT steady state temperatures.
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