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Abstract

Fusions reactors have to handle numerous of specifications before being able to show viable
commercial operation, of which finding a proper Plasma Facing Material (PFM) which can
withstand the high heat loads of several tens of megawatts per square meters combined with
the pulse operation of a tokamak and many others problematics [1]. Nowaday, only tungsten
is considered as PFM for high heat flux areas of a tokamak divertor . Tungsten has been
selected due to its favorable physical properties but tungsten has a major drawback: it is
brittle under temperatures typical for water-cooled plasma-facing component (PFC). Under
these temperatures the damage threshold due to thermal fatigue induced by ELM is very low,
which will dramatically reduce life-time of the tungsten PFC. The ANSY'S simulations and
experiments with millisecond pulsed laser demonstrate a strongly improved ability to
withstand thermal fatigue by micro-structuring of the tungsten surface with help of 150-

240 pum diameter tungsten fibers.

Keywords: tungsten, fusion, tokamak, plasma, facing, component, ITER, material, micro-structure, fibre, thermal stress, heat

load

1. Introduction

Tokamaks, which were invented in the 50’s, are one of the
most studied ways to achieve controlled fusion reaction with
power generation in mind. However, due to high electrostatic
repulsion forces, bringing two nuclei to fuse into a bigger one,
while releasing energy due to the difference of masses
between reactants and products, implies, in most cases, very
high temperatures. These temperatures of about 10 millions of
Kelvin in the centre of the Sun need to be risen by another
factor 10 in tokamaks because of the comparatively lower
density. At such temperatures, reactants and products are
under the form of plasma, and kept away from the reactor wall

by magnetic confinement. Still, the wall receives a major
fraction of injected and released energy by direct heat
radiation but also by intensive particle bombardment, with a
magnitude of order between 10 MW/m? (average) to 1 GW/m?
(short term events like ELMs or electron runaway).

Both the intersect pulse operation of tokamaks and the
repetitive short term events makes it a necessity for the first
wall material to have strong thermal cycling capabilities.
Tungsten has been mainly selected so far because of its highest
melting point of all metals, pretty low hydrogen (and tritium)
retention, and low sputtering regarding particle bombardment.
However, it has a major drawback - its propensity to crack
under repeated thermal loads. This is mainly due to its low
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ductility which also may lead to possible catastrophic failures
without warning, which is a serious issue in a fusion reactor.

The materials science community addressed this issue by
trying to add some ductility (or pseudo ductility) by alloying
tungsten with other elements [2], by compositing it with fibres
[3] or by controlling its granular structure. Unfortunatelly, all
these methods may be countered in time by the neutron
irradiation that occurred during fusion, as it may change
significantly their composition (due to transmutations) but
also because of others factors (recrystallization by operational
temperature peaks, helium embrittlement...). In the present
article, the authors tried to mitigate the stresses induced by the
loads applied on first wall material by means of micro-
castellation. Reducing loads on the PFM, present the
advantage to remove the need of higher ductility, tungsten can
be used as it is. The whole concept behind micro-structured
tungsten, its possible benefits and all initial experimental
parameters have been described in a previous paper [4]. It was
shown that the power handling, the erosion and the fuel
retention, within the experimental boundary conditions, was
comparable to ITER grade bulk tungsten. However, thermal
fatigue withstanding capabilities of micro-structured samples
revealed to be much higher than its reference bulk tungsten
counterpart.

Figure 1. Sample contains about 5000 fibres of 150 pm
diameter forming a square of 10x10 mm implemented in a
copper heatsink of 12x12 mm.

2. Combined sequential deuterium plasma
followed by laser irradiation
2.1 Pyrometer measurements

The previous SEM inspections [4] revealed the absence of
any damage on the micro-structured sample after 10° heat
pulses, while cracking, roughening and melting appeared on
bulk reference sample after only 10 pulses of the same
intensity [4].

These first results could be confirmed by further analysis of
recorded experimental data, as the pyrometer trace showed
that the surface temperature of the @150 pm fibre (2.4mm
long) micro-structured sample, shown in figure 1, remained
stable (once passed a short thermal transient phase) while the
surface temperature of the reference sample was constantly
increasing with the number of pulses up to 10* pulses of 0.64
GW/m? as seen on figure 2. This is because of surface damage
and roughness increase that increase the absorbed energy
amount from the laser pulse with constant power. This
increase of the absorption coefficient in the laser spot area is
also visible on a metallographic microscope micrograph, as a
dark area
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Figure 2. Surface temperature temporal profiles of the bulk
reference sample (left) and the micro-structured sample
(right) measured by pyrometer at different pulse numbers.

The same behaviour was observed with another micro-
structured sample made of larger @240 pm fibres. The surface
temperature’s temporal profile and peak value inside the laser
spot does not change from 10* to 10° pulses at the power
density of 0.5 GW/m? (A = 1064 nm, d = 3mm), as shown in
figure 3 because no surface degradation occurs, which could
increase surface emissivity and absorption of the laser beam
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energy. The surface temperature measurements are consistent
with the SEM observation reported in [4].
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Figure 3. Surface temperature temporal profiles of micro-
structured sample produced from @240 um fibres along 10°
laser pulses of 0.5 GW/m2,

2.2 FEM thermal transient analysis with

ANSYS

Using the results shown on figure 2, a transient thermal
analysis including a fit was performed with help of ANSYS
code and 3D design software. For the calculations, the same
thermal dependent thermal and mechanical material properties
of tungsten were used for both bulk tungsten and tungsten
fibre. For the micro-structured sample, pure copper properties
were used to simulate the effect of the heatsink. The
environment temperature was set to steady state temperature
measured during experiment [4] in order to take into account
transient effects. The laser pulse energy absorbed by the
sample was defined by emissivity coefficient. The analysis
was performed to estimate the change in the emissivity
coefficient of the bulk tungsten sample between the 6th pulse
after transient phase and the 6042th. ANSYS calculations
show that the emissivity at the laser wavelength (A= 1.064 um)
was increased by about 30% as seen on figure 4.

Pyrometer trace Vs FE transient thermal analysis
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Figure 4. Sample surface temperature temporal profiles of
bulk and micro-structured samples measured by pyrometer
and fitted with help of ANSYS simulations.
The calculations showed that the emissivity coefficient is
correlated with the progressive increase in surface damages,
turning the electro-polished surface of reference sample into
a heavily damaged surface by surface roughening and
cracking, which is visible both under SEM [4] or optical
microscopy. The increase of the surface damage results in the
enhanced absorption of the laser pulse and accordingly the
rize of the surface temperature.

3. Tungsten fuzz on micro-structured tungsten

and laser irradiation

To confirm the previous experimental results and the
improvement factor of at least 10° in fatigue over bulk
tungsten that was observed in [4], it was decided to set up
another experiment, similar within the protocol and goal [5]
[6] but using different physical parameters.

3.1 Reproducibility of previous results

The same PSI-2 linear machine [7] was operated with a
deuterium plasma having 6% helium (80 and 20 sccm for
deuterium gas and helium gas flows respectively). Total ion
flux on samples was about a 7.3x10%* m2 s for a total fluence
of about 8.5x10%° m™ on the reference sample and exactly
double (due to exposure time) for the micro-structured sample.
The helium and deuterium mixed plasma at the ion energies
of about 100 eV (due to the samples’ biasing) present the
advantage of producing surface modification of exposed
tungsten samples with formation of nano-structures called
“fuzz” [8]. These structures can get molten/sublimated under
high heat flux like the ones produced by the additional laser
irradiation, which was performed sequentially after plasma
exposure). The other main difference is the range of steady-
state temperature which was significantly higher (700-800°C)
than in the previous experiment [4] (150-250°C). A detailed
description about fuzz phenomenon and reference bulk sample
behaviour can be found [M. Gago PFMC 2019, proceeding].
One of the main advantage of the fuzz presence is the
possibility to visualise the laser irradiation area by the
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melt/sublimation of the fuzz, which can be detected with both
SEM and optical microscopes, while fuzz do not prevent or
interfer with the typical thermal shock damages (roughening,
crack, recrystalisation or melt) in the near surface layer, as it
is visible on the bulk sample.
MR -

€

Figure 5. a) Surface micrograph of the bulk reference
sample (left, SEM) after 10° laser pulses and b) the micro-
structured sample (right, optical) after respectively 10° and
7.10% laser pulses .

The previous results shown in [4] were confirmed despite the
breakdown of the laser, which resulted in the micro-structured
sample being exposed to 7-10* laser pulses which is less in
comparison with the 10° laser pulses of the bulk sample
exposure. Figure 5 clearly shows the exact same type of
damage on the bulk reference sample (Fig. 5a) and the total
absence of any damage visible (up to resolutions of 5Snm/pixel)
on the micro-structured one (Fig. 5b), in the exact same pattern
as it was shown in [4]. The reference sample shows deep
cracking, roughening of its surface, recrystallization and
melting of sharp edges, while the micro-structured sample did
not show any of these changes despite comparison of pre and
post experiment micrographs through a full mapping of its

surface at a resolution of 20 um (in addition to the local SEM
pictures at higher resolution).
3.2 Tracing fuzz melting

The creation of fuzz allowed tracing the laser irradiation as

fuzz melted and/or sublimated. This is clearly visible on the
macroscopic scale as fuzz has strong light absorption and
appears dark (Fig. 5b), and has a typical structure easily
recognizable by SEM as seen on figure 6.
The SEM analysis shows that the fuzz is slightly wider (about
34 nm) on the bulk reference sample (Fig. 6a) in comparison
with the micro-structured sample (about 19 nm) (Fig. 6b),
while plasma parameters were the same. This difference could
be due to the differences of the original grain sizes and shapes
of the two samples (1-10 um for bulk sample and 0.2-1 um for
the fibres, [4]).
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sample (left) and of (b) micro-structured sample (right) after
only plasma irradiation of D,/He mixture with ion energy of
100eV.

As foreseen, the melt of fuzz allows to precisely determine
the area of the laser irradiation by the surface modification
(Fig. 7a). Due to the fibres’ insulation relative to the others, it
is even possible to spot the transition between two fibres (Fig.
7b), when power density reaches the fuzz’s damage threshold
on one fibre (right) but not on its direct neighbour (left). This
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method allowed to track down laser irradiation on the micro-
structured sample because the laser irradiated area is clearly
visible in both visible light microscopy and SEM.

Figure 7. Molten fuzz structure of (a) micro-structured
sample (left) and (b) laser irradiation transition between two
fibres (right).

4. Exploring thermal fatigue capabilities

One can argue that an improvement by a factor of 10% in the
thermal fatigue resistance of the micro-structured sample,
could come from the extraordinary property of the fibre
material due to the thinner tungsten grain structure but do not
come from the micro-structuring. Such case would be
problematic as it would make the micro structuring a non-
durable solution regarding recrystallization or transmutation
as previously discussed. The following specific experiment
was performed to check the influence of the grain size of the
fibres on the thermal fatigue ability of micro-structured
sample.

4.1 Recrystallized fibres sample

Same @150 pm fibres previously used [4], were
recrystallized during 5 hours at 2000°C, which brought their

average (transversal) grain size from an average size of 510+
6 nm to an average of about 1.35£0.33 pwm which is similar to
the grain size found in the bulk tungsten sample. Fibres were
assembled in a 5x5 mm sample and fatigue experiment
described in [4] was reproduced (sequential deuterium plasma
exposure followed by 10° laser pulses at 0.50 GW/m?).

While these results are still preliminary, metallographic
pictures presented on figure 8 verify the absence of damage
visible at the macroscopic levels, which need to be confirmed
at higher resolution by the mean of SEM. However, the
difference with the heavily damaged reference bulk tungsten
sample is very noticeable.
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Figure 8. Metallographies of reference bulk (Top, (a)
before and (b) after plasma and laser irradiation) and micro-
structured sample (bottom, (c) before and (d) after plasma and
laser irradiation).
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4.2 Mitigating thermal stress with micro-
structuring

A derivative thermo-mechanical analysis from the transient
thermal analysis described in the section 2.2 was performed to
evaluate the thermal stress induced by the laser irradiation
pulses, as a representation of ELMs like events. The same
power loading and induced temperatures that have been shown
in the section 2.2 were used. No residual stress was added
from manufacturing (considered stress free at room
temperature), and the volumes were clamped by using
frictionless sliding contact (to avoid creating artificial stress
concentration from thermal expension).

Itis clearly seen in figure 9 that von Mises normalised thermal
stresses are reduced in the micro-structured tungsten in
comparison with the bulk tungsten. The peak value is reduced
from 1.5 GPa for the bulk tungsten sample to only 150 MPa



Terra et al

for the tungsten fibre. The same is also valid for the maximum
principal stress that is also reduced from a range of 500 MPa
for the bulk sample to about 50 MPa for the fibre. In both cases
it corresponds to a factor 10 reduction of the induced thermal
stress.

Additionally, it is interesting to consider tungsten yield
strength (YS) and ultimate tensile strength (UTS), which are
respectively about 175 and 200 MPa for industrial grade
tungsten at 1500°C (and respectively 75 and 125 MPa when
considering recrystallized tungsten) [4]. The results
demosntrate that in case of the bulk sample, this limit is clearly
overcome, which is the reason of the cracks and permanent
damages, meanwhile for the fibre, we remain under YS which
means that it will be able to remain in the elastic domain and
prevent the accumulation of plastic deformation. This
calculation beside its limitation, show the evidence of the
intersect mechanism that gives the micro-structured tungsten
its thermal fatigue performance.

) Equivalent Stress
M “ Equivalent Stress (Von- . (Von-Mises) Pa

““ Mises) (Pa)

Figure 9. Peak thermal stress (Von Mises) of the bulk
reference sample (left, (a)) and an @240 um fibre under an
ELM like event of 500 MW/m? at 1 ms (the end of the laser
pulse).

5. Conclusion

In this paper, it is reported some further analysis of previous
experiment results [4]. The pyrometer measurements of the
surface temperature evolution during laser pulses are
confirming the previous SEM observation of the absence of
any surface damages of the micro-stuctured tungsten in
contrast to the bulk tunsten samples.

All these results were also confirmed by a new experiment,
which added fuzz creation to the experimental protocol in
order to better characterise the laser irradiation at high energy
densities. All put together, it confirms the considerable
improvement (+107%) that micro-structured tungsten
represents over bulk tungsten, when considering thermal
fatigue withstanding ability.

In addition, it was confirmed also that the impovement gain
observed at first at low temperature range (150-250°C) are
also observable at higher ranges (700-800°C). This was
expectable and previously stated [4] because the lower
temperatures present the most brittle scenario for tungsten

The sample produced from recrystallized tungsten fibres
has been tested by both plasma and laser loading. While still
preliminary, the first result showed the absence of visible

surface damages by optical microscopy. This observation
confirms that the fiber material property can’t be considered
as (fully?) responsible for the improved resistance of the
micro-structured tungsten to thermal fatigue.

Transient thermo-mechanical analysis with ANSYS
software have been couple to the experimental results and
demonstrates the effectiveness of the micro-structuring and
the reduction of thermal stress induced by ELM’s like events
by a factor of 10. Once compared to the standard tungsten
material properties (YS and UTS), it is possible to explain the
previously observed improvement gains.

To finalise, let us to remind that the value of at least 108
type | ELM events with power densities up to 1 GW/m?2
foreseen for ITER, which allow to have a perspective for the
micro-structured plasma-facing components.
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