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The consequences of tungsten (W) damaging processes, such as cracking and melting, on divertor lifetime and
plasma operation are high priority issues for ITER. A sustained melting experiment was conducted in WEST using
a 2 mm deep groove geometry on the upstream mono-block (MB) to overexpose the sharp leading edge (LE) of
the downstream MB. W-cracking has been evidenced for the first time with a very high spatial resolution infrared
camera before tungsten melting was reached. These cracks develop when the monoblock temperature is about
2600 °C, thus higher than both ductile to brittle transition and softening threshold of tungsten, suggesting that
these cracks are different from the ones observed in previous campaigns where brittle failure was involved,
because of transient events on cold monoblock. Post-exposure analyses have been performed on the damaged
monoblock, highlighting 12 main cracks on the LE, with a width varying from 33 um to 77 pm, and an average
spacing of 0.45 mm. Parallel heat flux about 90 MW/m? has been derived from infrared temperature mea-
surements, with a heat flux decay length on the target of 4 mm. The T-REX modelling code suggest here that with
these thermal inputs, a crack can initiates due to thermal cycling without disruption, with a ductile failure, under

1 to 5 cycles for a tungsten DBTT varying from 400 °C to 500 °C.

Introduction

Since the purpose of the divertor is to ensure continuous power
exhaust in the tokamak devices, it is of prime interest to maintain its
integrity and thus to well understand the mechanisms that leads to
plasma facing components damaging. In WEST phase I, the lower
divertor was equipped with a mix of W-coated graphite component and
actively cooled ITER-like Plasma Facing Units (PFUs). The PFUs tech-
nology consists of tungsten monoblocks (MBs) bonded on a CuCrZr
cooling tube, with ~ 0.5 mm toroidal gaps between blocks [1]. Tungsten
(W) monoblocks (MBs) cracking has already been observed at both
leading and trailing edges of the MBs during previous WEST C1-C3
experimental campaigns [2]. At this time, the MB were unshaped and
prone to intense heat load on the leading edge (in particular when two
consecutive PFUs are misaligned). As the MB heat load derived from IR
data [3] and embedded sensors [4] in C3 experimental campaign were
small (below 3 MW.m ™2 on the top surface) the thermal conditions did
not allow tungsten softening and ductile cracking. Numerical

https://doi.org/10.1016/j.nme.2023.101537

simulations and post-exposure analysis suggested that the cracks high-
lighted during these experiments have been initiated during the cooling
phase after transient events such as disruptions [2,5]. During this type of
events the high heat flux deposited on a very short time leads to brittle
failure of the MB when the stress exceeds the yield stress on cold
component.

The melting experiment during the C5 campaign in WEST
(2019-2020), were conducted with high injected power leading to higher
heat flux (up to 6 MW/m?) than measured during the C3 experimental
campaign. One PFU was deliberately overexposed (2.3 mm height
exposed area (Fig. 1)) to the very high parallel heat flux to reach tungsten
melting, with a dedicated magnetic configuration and MB design (see
section 2). Here, for the first time, cracks have been detected during
operation, with the very high spatial resolution infra-red camera (VHR) of
WEST, thanks to the cavity effect (further detailed in section 3). These
cracks initiated when the surface temperature of the MB exceed both the
ductile to brittle transition temperature (DBTT) and the softening
threshold of the tungsten (T ) (Fig. 2) (400°C < DBTT,, < 500°C [5,6],
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Fig. 1. Specific monoblock design manufactured for the melting experiment.
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Fig. 2. Maximal temperature and injected LH power over the C5 melting ses-
sion. Only pulses with duration over 3 s.

Tw,rx 1200°C), as the maximal temperature on the component is about
2600 °C. These conditions suggest that these cracks probably initiate due
to a different mechanism from the ones observed in the previous cam-
paigns (brittle failure on cold component). The present work aims at
verifying relying on the use of the T-REX tool [7], the viability of a ductile
cracking before tungsten melting, in steady state operation phase due to
heating/cooling cycling.

The section 2 presents the machine and plasma configuration, as well
as the VHR camera. Section 3 focusses on the cracks detection and post-
exposure characterization. The heat load is assessed and the T-REX tool
are described in section 4. Finally the results from T-REX tool are pre-
sented in section 5.
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Experimental set-up
Plasma facing unit design

For the C5 experimental campaign of WEST, two 30° sectors of the
divertor were equipped with 38 ITER-like PFUs (plasma facing unit) [8].
Each of these sectors are made of 38 PFUs, and each of these PFUs
consists of 35 tungsten MBs joined on a CuCrZr pipe. The following study
focusses on MB28 PFU#8 located on the low field side (LFS) of the
divertor and on the maximum heat flux area due to the ripple modula-
tion of the magnetic field [9]. A dedicated design was manufactured for
C5 melting experiment in order to maximize the power density applies
on the MB28 PFU#8 [10]. PFU#8 have a flat top surface (i.e. without 1°
bevel), with sharp leading edges (LE) and it is 0.3 mm vertically mis-
aligned with respect to the previous PFU (PFU#7). Moreover, the up-
stream MB28 (PFU#7) was machined with a 9x2 mm (width x depth)
groove on its surface. The poloidal LE of the MB28 PFU#8 is then
overexposed on a 9 mm wide and 2.3 mm depth area (2 mm groove +
0.3 mm misalignment) [10](Fig. 1).

The very high spatial resolution IR camera

The spectral radiance of the MBs (Lig »(Tug)) is monitored here with
the WEST very high spatial resolution infrared camera (VHR). With a
spatial resolution about 0.1 mm/px [11], this diagnostic is well adapted
for studies at the MB scale. The VHR operates with a medium wave-
length infrared (MWIR) filter centered on A = 3.9 £+ 0.1 pm. The tem-
perature threshold is about 250 °C (black body temperature).

The spectral radiance Lz, can be expressed by the following equa-
tion when the self-reflection of the tungsten component is neglected:

Lig;(Tus) = €w,(Tup)Lasi(Tvs) + (1 — ew,:(Twan) ) Las,, (Twar) (@)

where L, is the spectral radiance measured by the VHR at the wave-
length A, Lgp, the black body spectral radiance, ey, the tungsten emis-
sivity, Typ the MB temperature and T, the temperature of the vacuum
vessel wall (it means the background).

As the temperature of the MB is high enough regarding the wall
temperature (Typ 10 x Ty,qq), the second term of the equation (1) be-
comes negligible, and the spectral radiance of the component Lig ; (Tug)
appears directly proportional through its emissivity, to its black body
radiance at the same temperature.

As the IR data processing system consider ey, equal to 1, the
experimental temperature profiles obtained from the raw IR data are
black body (BB) profiles (Tﬁf). These black body profiles need to be
converted into corrected profiles by using emissivity correction. Post-
exposure measurements shown that on the strike point location
(erosion area), the emissivity of the component is close to the value for
the pristine tungsten (e, = 0.1) [12]. The temperature dependency of
the emissivity is studied in [13]. By linear extrapolation at 2600 °C, for
this study, the BB profiles will be corrected by assuming ey, = 0.3. The
resulting corrected temperature profiles will be called T%®. Here, the
viability of the linear extrapolation is justified by the quasi linear
behavior of the emissivity variation in this temperature range (see
Hagen-Rubens curve [14]).

Magnetic equilibrium and plasma exposure

A dedicated plasma scenario with a farther outer strike point (OSP)
has been set-up to maximize the integrated power into the groove and
reach tungsten melting on MB28 PFU#8. The X-point height varies from
102 to 112 mm. Plasma current is equal to 500kA with a magnetic field
Br = 3.7 T. The heating power is injected with the two lower hybrid (LH)
launchers for 5 s [10].

C5 melting experiment extends over about 50 pulses from the pulse
#56492 to the pulse #56543 for a total of 104 s of plasma exposure for
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the MB28. This plasma time is computed by excluding all the pulses
shorter than 3 s (21 pulses remain) and removing 3 s to all the other
pulses in order to roughly keep only the diverted phase. The injected LH
power (PLU;’) was increased gradually during the session to reach 5.5 MW

over 5 s. Tungsten melting occurred during the four pulses with Pf,;’
between 5 and 5.5 MW over 5 s (pulses #56538 to 56542, circled in
black in Fig. 2). Along the whole session, the maximal temperature
(assuming ew, 0.3 mm) is higher than DBTT,, and for most of the pulses

higher than Ty (Fig. 2).

In-operando cracks detection and post-operation
characterization

For the first time, cracks are detected in operation on a component
surface thanks to the VHR IR camera. Indeed, we can observe a local
increase of the apparent temperature (around 10 to 20 °C) due to the
multiple reflections which occur inside the cracks. This effect is known
as the cavity effect. The cracks are visible on both VHR images (Fig. 3)
and poloidal temperature profiles during the cooling phase (Fig. 4) after
the pulse #56535. Cracks cannot be observed neither during the tem-
perature rise phase, nor during the heating plateau. There is not enough
signal before the power injection because the component is cooling
down to 70°C between each pulse thanks to the active cooling, and the
slight temperature enhancement due to the cavity effect becomes un-
detectable at high temperatures, during the heating plateau. Indeed, the
cavity effect is still present at high temperatures, so theoretically the
cracks should detectable. However, the very strong temperature
gradient in the poloidal direction —almost 200 °C per millimeter
(Fig. 4)-, and the fact that the strike point moves slightly during the
pulse enter in competitions with the cavity effect, and tend to blur is
effect. Regarding Fig. 4, the cracks seems to initiate with an injected LH
power Pff ~ 4.6MW over 5 s, which corresponds to the pulse #56535.

Here the temperature of the MB is about 2600 °C on the LE. Follow-up of
the cracks has been performed with the VHR during progressive increase
of LH power up to the melting point reach for the pulse #56541. In this
temperature range (from crack initiation ~ 2600 °C, up to melting point
~ 3400 °C), tungsten softening due to restoration and recrystallization is
expected.

The twelves main cracks on the LE will be named C,, with n from 1 to
12 from high field side (HFS) to low field side (LFS). Five main cracks are
visible on both temperature profiles and IR images (C;, Cs, Cs, C¢ and
Cg). Cs disappears from IR observations between pulse #56538 and
#56541, which corresponds, to the pulses where tungsten melting
occurred (Fig. 3 and Fig. 4). This is due to melt bridging the crack
[15,16,17]. But it reopened later, as it is visible on post-exposure
observations.

Fig. 3. View of MB28 PFU#8 with the VHR IR camera. Pulses #56538 (left)
before melting and #56543 (right) after melting.
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Fig. 4. Detection of cracks on IR poloidal temperature profiles (MB28 PFU#8)
compared to post-exposure and VHR images.

The confocal microscopy observations performed after C5 campaign
on MB28 PFU#8 highlights both vertical and horizontal cracking on the
overexposed LE (Fig. 5 ¢, d, e). The main cracks vary in width from 26
pm (Cs) to 77 pm (C3) and propagate on the top surface in the toroidal
direction up to 2.5 mm. Crack number 3 (C3) is the largest one observed
post experiments (Fig. 5). The spacing between the cracks varies from
0.23 mm to 1.47 mm. The average spacing is 0.45 mm which is com-
parable to the value of the previous work [5], but with a higher standard
deviation (0.27 mm). This is explainable by the molten area, where the
cracks analysis is not relevant because of all the phenomenon occurs in
this zone. We can note that the density of cracks seems to be higher on
the LFS.

Methodology of crack mechanism identification
Heat load assessment

To explain the cracks appearance and the damage mechanisms

s LS A Imm]
Poloidal direction

to LFS
l:,‘ Molten area * Max heat flux position * Max strain

Fig. 5. Post-exposure observations on MB28 PFU#8. Top view a), LE on
poloidal view b), zooms on LE c), d) and e).
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occurred for the tungsten leading edge, the T-REX modelling are per-
formed and relying on assumptions such as the relevant WEST heat load.

The heat load on the MB is derived from the comparison between the
temperature profiles simulated with finite element method (FEM) and
the experimental ones obtained via the VHR camera. Three-dimensional
parametric heat load is generated based on optical approximation (OA).
The optical approximations neglects the Larmor radius, assuming thus
that all the particles follow strictly the magnetic field lines (MFL). Using
the OA, the heat flux on the different surfaces of the MB can be computed
as follow, depending on « the incident angle of the MFL and the parallel
heat flux at the target location (qﬁ):

4. = gsina 2.1)
g = qﬁ sin(a + f) (2.2)
Gioro = quSIIlHH (2~3)

q“‘, gn and gy, are respectively the incident heat fluxes arriving on the

divertor target, on the top surface (normal incidence) and on the sharp
LE side. a is the incident grazing angle of the MFL, f the angle between
the top surface and the side of the MB (8 = 90" for sharp LE), and 4| is
the angle between the projection of the MFL on the top surface, and the
toroidal surface.

q‘fI is computed by using the equation (3) [18]. The /1“1 parameter is

the decay length value at the target location. It describes the evolution of
the heat flux in the Scrape-Off layer (SOL) part. S is the spreading factor
of the Gaussian part, also at the target location. This parameter char-
acterizes the heat flux diffusion in the private flux region (PFR).

2
oo (2] —5 S5
qzeXP<<2%> l;)”ffC(Z% 5 +dsc 3

where qo is the separatrix value, gpg represent the background contri-
bution. 5 = s —sp, where s and sy are respectively the relative position
and the OSP position along poloidal axis.

Poloidal and toroidal temperature profiles are extracted from each
simulation. These simulated temperature profiles will be named Trgy.
To simulate the pixel size, optical blurring and deformation, these nu-
merical profiles are convoluted with the modulation transfer function
(MTF) of the VHR camera to obtain synthetic temperatures (Tysr) [19].
This MTF is modelled by a Gaussian function with an 0.175 mm standard
deviation [20]. Since the temperature gradient is higher in the toroidal
direction, the effect of the MTF will be more significant on toroidal
profiles than on poloidal ones. As the temperature gradient is very high
over the first millimeter of the toroidal profile, it is sufficient to take a
poloidal profile 2 or 3 mm from the LE to make the effect of the MTF
negligible. But as it is necessary here to access the maximum tempera-
ture, the profile must be taken on the LE. To represent properly the MTF
effect on the maximum temperature, 25 toroidal profiles were extracted
all along the MB. Then the MTF of the VHR camera is applied to each of
them, and finally the poloidal profile is rebuilt from these synthetic
toroidal profiles. FEM and MTF profiles are reported on Fig. 6 to be
compared with the experimental IR profiles. Once the black body tem-
perature profile is extracted on the LE from the VHR movie (black curve
on Fig. 6), it is corrected by using the assumed emissivityew, = 0.3 (see
section 2.2). The T2 obtained represents an approximation of the true
temperature on the MB surface (blue curve on Fig. 6). The maximum
temperature is 6 mm far from the upper toroidal edge (LFS edge).

To match the VHR IR profiles, the simulation takes the following
inputs: 2! _ = 4mm, St = 2mm and qﬁ = 90MW/m? with a strike point 4
mm far from the upper toroidal edge. By assuming 2.5 < o < 2.6°, the
heat flux on the top surface reach g, ~ 4 MW,/m? while gy is about 90
MW/m?2. Due to the magnitude 10 between the maximum heat flux on
the toroidal gaps and the one on the top surface (magnitude 100
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Poloidal temperature profiles on the LE of MB28 PFU#8
pulse #56535
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Fig. 6. Poloidal temperature profiles along the leading edge of MB28 PFU#8.
TEB in black, T%® in blue, Trpy in magenta (assumingzlfl = 4 mm andS’ = 2 mm)
and Tyrr in red (poloidal profile rebuilt from 25 synthetic toroidal profiles).
The three grey areas at the bottom represent MB27, 28 and 29 respectively. The
green areas materialize the 0.5 mm poloidal gaps between the MBs. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

compared to the leading edge), these heat fluxes are neglected in this
section and the T-REX tool is run with only heat flux on top and poloidal
surfaces.

The T-REX tool: Assumption and model

T-REX is a modelling code based on an elastic-viscoplastic model,
which considers the progressive tungsten mechanical properties changes
due to softening [7]. Outputs of the tool give the opportunity to study
the evolution of the tungsten softening fraction as well as plastic strain
accumulation over the thermal cycles to assess the component lifetime
(number of cycles to failure). Here the simulations are run for 5 thermal
cycles of 10 s (5 s ON/ 5 s OFF), which is consistent with both the
duration of the power plateau, and the cooling time performed in WEST.
The softening kinetics and the mechanical behavior taken into account
in the model for tungsten are the same as presented in [7].

3D model considered here is presented figure Fig. 7. Monobocks
model is composed of 55,896 linear elements. Routine developed at CEA
[21] is used to calculate the heat transfer coefficients assuming the
following WEST cooling conditions: T = 70 °C, v =10 m/s and P = 3.3
MPa. Thermal heat flux assessed in the previous section is applied along
the curvilinear abscissa (in blue Fig. 7) with the maximum peak heat flux
is applied on the leading edge. The pattern of the heat flux along the
curvilinear abscissa considered in the upcoming modelling is presented
in Fig. 7 (bottom).

Numerical results and discussions
Simulation related to the pulse #56535

In the following a special focus is made on pulse #56535. For this
specific pulse, the cracks have been detected via VHR camera for the first
time (Fig. 4). 90 MW/m? peak heat flux assessed in the previous section
is consider at the LE in the upcoming T-REX modelling.

Fig. 8.b presents the softening gradient obtained in the tungsten bloc
after five thermal cycles. In the poloidal gap, the model predicts 90 to
100 % softening over the first 2.3 mm and softening gradient between
2.3 and 3.4 mm. Likewise on the top surface, with almost 100 % soft-
ening on the first 1.6 mm and softening gradient until 2.7 mm (Fig. 8.b).
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Fig. 7. Numerical model assumed (top) and temperature profile along the
curvilinear abscissa (bottom).
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Fig. 8. Results from T-REX code. a) View of a MB with sharp LE and flat top
surface. b) Tungsten softening map. c¢) Plastic strain accumulation map. In red
the maximum value. (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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As shown in Fig. 8.¢, the maximum plastic strain rate is located at the
bottom of the overexposed area (2.1 mm below the LE). The lifetime
assessment given is based on the plastic strain increment generated over
a thermal cycle which is decomposed as two quantities: one related to a
fraction of plastic increment generated at high temperature (above the
tungsten DBTT) and one related to a fraction of plastic increment esti-
mated at lower temperature (below the tungsten DBTT). The method
used to assess the lifetime is presented in [22]. A minimum lifetime was
founded below the LE where the maximum plastic strain is assessed (1.2
cycles) compared to the maximum strain at the LE (4.8 cycles) assuming
350 °C. Nevertheless, regarding the LE damaged observed the upcoming
work is build based on the maximum of plastic strain extracted at the LE.
The lifetime is therefore calculated using the maximum value of plastic
strain accumulation at the LE. This maximum value is located at about
3.5 mm from upper toroidal edge for q“‘ =90 MW/m?, which corre-
sponds to the approximate location of the largest crack (Cs, at 3.6 mm,
Fig. 5). Assuming conservative DBTT (350 °C) modelling assessed that
crack should occur at the LE after 4.8 cycles (Table 1).

Discussions

During the session, two disruptions occurred respectively at the end
of pulses #56529 and #56530. These events happened when the LH
power was decreasing. Their related impact remains to be precisely
assessed. Nevertheless, no disruption occurred between pulses #56531
and #56535, i.e. five pulses including #56535, which may be sufficient
to initiates cracks with gj =90 MW/m? As the most impacting pa-
rameters for the lifetime assessment are the peak parallel heat flux in-
tensity (qﬁ) and the tungsten DBTT, simulations have been run assuming
different values of DBTTy (from 350 °C to 500 °C) and qﬁ (from 80 to 90
MW/m?) The results are presented on the Table 1.

With the heat load derived from the IR temperature measurement for
the pulse #56535 (q‘tI = 90MW/m?), the simulation predicts 1.1 to 2.8
cycles to crack, depending on the DBTTy, value. This number increases
to reach 4.8 cycles if DBTTy, decreases to 350 °C (Table 1). By looking at
the pulse history before the pulse #56535, we can note than the 9
previous pulses are quite similar in terms of injected power and maximal
IR black body temperature. Indeed, the maximal deviation for the
temperature stayed under 7 % as it is summed up in the Table 2. As the
evolution of the maximal temperature with the parallel heat flux is quasi
linear, we can suppose a maximal error of 10 % on the heat flux esti-
mation for these 9 pulses. It is thus reasonable to assume that the parallel
heat flux for this 9 pulses is between 80 and 90 MW/m? based on the
estimation for the pulse #56535. Withqﬁ = 80 MW/m? andDBTTy =
350 °C, T-REX predict 11.7 cycles to failure.

In this condition there are enough pulses (cycles heating/cooling)
before the #56535 to explain the initiation of at least one of the cracks
(Cs, the largest one) even for DBTT value lower than the one expected
for the component (case at DBTTy, = 350°C) withqﬁ =90 MW/m>

Conclusion

For the first time, progressive cracking of a monoblock leading edge
is highlighted in operando in WEST tokamak. Based on the thermal in-

Table 1
Estimated lifetime of a tungsten bulk MB in number of cycle before crack initi-
ation, in function of the DBTTy and qlf‘.

Lifetime (number of cycles to crack)

DBTTw(°C) ) =90 MW/m? g =80 MW/m?
350 4.8 11.7

400 2.8 -

500 1.1 -
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Table 2
Pulse history before the #56535. Pulses corresponding to the minimal and
maximal deviation are highlighted in bold. #56535 used as reference.

Pulse n° Pl (MW) T8 (°C) AT (%)
56,525 4.3/5s 1230 —4.6
56,526 4.4/4s 1205 —6.5
56,527 4.4/5s 1207 —6.4
56,528 4.6/5s 1243 -3.6
56,529 4.5/3.5s 1252 —-2.9
56,531 4.3/5s 1235 —4.2
56,532 4.2/5s 1245 -3.4
56,533 4.3/5s 1214 -5.8
56,534 4.4/5s 1233 -4.3
56,535 4.6/5s 1289 0.0

puts derived from IR temperature measurements on the pulse #56535,
the T-REX tool predicts a maximum of 11 thermal cycles before crack
initiation at the leading edge. As there are 9 pulses before the #56535
with qﬁ > 80 MW/m?, this study shows that T-REX lifetime assessment

are consistent with the WEST experiment number of cycles performed.

This study suggests thus a possible ductile cracking mechanism for at
least the largest crack observed on the leading edge (Cs); but it remains
to estimate a number of cycles to failure for each of the 12 main cracks,
as there is a strain and stress gradient all along the LE of the tungsten
MB. Moreover, for further investigation, and modelling, the DBTTy
should be precisely study for the tungsten grade embedded in the WEST
divertor.
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