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Abstract

In the WEST tokamak, ITER-like divertor targets sisting of tungsten monoblocks bonded
via an OHFC-Cu compliance layer to CuCrZr coolinbgds were exposed to plasma during
the 2018 experimental campaign in which modestitggiower was available. Up to 2.5
MW/m? divertor surface heat flux was attained. Inspectad the components after the
campaign revealed a wide variety of damage at le@tling and trailing monoblock edges,
and at the optical hot spots which are the prajestialong magnetic field lines of the toroidal
gaps between monoblocks onto the poloidal leadidgeg Cracking, deformation, and
melting occurred. Consideration of the large boélypast work on high heat flux testing,
combined with the expected loading conditions in3VEsuggests that fractures form during
the first transient events such as disruptionsobeétion occurs under subsequent exposure
to steady state heat loads. Nearly identical danveae observed on reciprocating probes
made of W-La(10%) alloy under measured irradiattomditions, lending credence to this
hypothesis.

1 Introduction

The ITER divertor will consist of tungsten monolkec(MB) bonded to poloidally-
running CuCrZr cooling tubes, with ~0.5 mm toroidajps between them. Assessing what the
thermal loads in gaps could be is a key point fier $afe operation of the divertor in ITER
because gaps introduce sharp edges onto which aladiax will be focused, leading to
intense local overheating inducing tungsten reatlygation, melting, and consequently,
potential limitations on divertor lifetime [1]. Erpmentally evaluating the evolution of
ITER-like plasma-facing units (PFU) in a realisticsion reactor environment is one of the
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main missions of the WEST tokamak [2] and complaséoth theoretical calculations and
tests in high heat flux facilities.

The WEST divertor is a flat, open design with natcal dome. It is divided into 12
sectors each composed of 38 poloidally-running PWlits width varying between 26 and 31
mm in the toroidal direction. The toroidal widthries poloidally because the divertor is tilted
in the poloidal plane, and thus its nominal plasa@ng surface is conical. The phase |
divertor, in operation since December 2016, is igosbmposed of uncooled W-coated,
graphite PFUs with °Ltoroidal bevels to protect poloidal leading edf#@s Some of them
were equipped with Langmuir probes [4], thermoceaplnd novel optical fibers equipped
with Bragg gratings [5,6]. This exhaustive suitedidgnostics provides a powerful tool for
estimating the heat flux to the divertor in theaslg state, flat top phase.

During the third WEST experimental campaign in sikeond half of 2018 (referred to as
the C3 campaign), one of the lower divertor secteas partially equipped with 12 actively
cooled ITER-like PFUs provided by three differeapgliers (3 from China, 3 from Japan,
and 6 from Europe), each of which has 35 MBs (FedUrof 12 mm poloidal width separated
by 0.5 mm toroidal gaps. They were monitored byeayiahigh-resolution infrared camera
(3.9um wavelength, minimum temperature threshold0<3, 0.1 mm/pixel) [7]. The ITER-
like PFUs were not beveled; some of them had 1 rhamders at both leading and trailing
edges, while others had sharp edges. While moteoPFUs were aligned within the ITER
tolerances (at most +0.3 mm perpendicular stepsdset neighbouring PFUs), three of them
were not: for example, at the outer strike poinSR) PFU#7, PFU#12, and PFU#19 were
measured to protrude respectively +0.31 mm, +0.748, mand +0.63 mm above their
neighbours (Figure 2).
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Figure 1. Photograph of the WEST lower divertorteethat was equipped with 12 ITER-like PFUs for
the C3 experimental campaign. PFUs are numbered frdo 38 running in the toroidal direction (from
left to right on the image), and the MBs are nuralédrom 1 to 35 running in the poloidal directioorh
the HFS to the LFS. The poloidal length of the ITH&® PFUs (437 mm) is indicated. The remaining
PFUs are made of graphite with a 15 pm coating offtAé direction of the parallel heat flux is indiee

at the inner and outer strike points (ISP and OSP).



2.5,
— = = CAD model

—— Graphite inertial ISP /
—— Chamfered ITER-like q;
2 || ——sharp edge ITERike

Figure 2. Representation of the results of a meglstudy
before the C3 experimental campaign illustratinge th
misalignments of the PFUs with respect to their imain
positions (dashed lines). The beveled graphite PBtés
shown in blue, the chamfered W PFUs are in red (the
chamfers are not shown here because the exaggerated
vertical scale does not yield a useful image), tiedV PFUs
with sharp edges are in black. These toroidal [@®fare
centered on MB#17 at the ISP (upper panel), antliB#25

at the OSP (lower panel). Note that the verticalesds
greatly exaggerated in order to clearly show the
11 m misalignments.
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During the C3 experimental campaign, significanbgoess was made in improving
plasma performance. A total of 2h30 plasma exposa® cumulated over 1076 discharges,
corresponding to a total injected energy of 5 Gike Taximum plasma current was 818 kA,
and the maximum discharge duration was 37.5 s. lianxiheating was mostly provided by
lower hybrid antennas, coupling a maximum of 5.3 Nb\the plasma. The maximum steady
state surface heat load wgs~2.5 MW/n? corresponding to parallel heat flux gf~50
MW/m? for a typical B-field incidence angle of ~3° aetbuter strike point. There was a large
number of disruptions (730) and many discharges gigdificant magnetohydrodynamic
(MHD) activity, both of which can deliver intenseamsient heat pulses to plasma-facing
components (PFCs) having durations of the ordarfefv ms.

2 Visual inspection after the C3 experimental campaig

The ITER-like PFUs were inspected under an optroadroscope following the C3
experimental campaign [8]. Observations were mdda wariety of damage on the PFUs
including cracking, melting, and in particular aleavidence of optical hot spots (direct
plasma impact on poloidal leading edges of MBsujlotoroidal gaps), predicted to occur in
ITER [9]. The damage is observed on the full pabiextent of the divertor, even on zones
that normally should receive little or no heat fluxsteady state. This paper will focus on
PFU#12 (provided by the European Domestic Agendyiclvwas the most poorly aligned
(+0.79 mm) and which has sharp leading edges. &incihmage was also observed on
chamfered PFUs [8] but will not be discussed here.

2.1 A bulk melting event



A detailed survey of the damage to PFU#12 is cosdpith Figure 3. During the flat top
phase, and depending on the X-point height, theraitike point (OSP) can impinge on the
left hand side of MBs 23 to 28, and the inner stiploint on the right hand side of MBs 14 to
17. Despite being on the trailing edges of MBsd 3@, a significant amount of melting was
observed there half way through the C3 campaigthbyrobotic articulated inspection arm
that can penetrate into the tokamak and take phaotdsr vacuum [10]. Melt layer motion
and splashing of liquid W were clearly observal@milar localized damage was not
observed on any other PFUs. Furthermore, at theoétlkde campaign (Figure 4), the zone
showed no evidence of evolution, leading us toevelithat it was induced by a single event.
The impact on the trailing edge of the MBs suggéséd perhaps a disruption or even an
impact of runaway electrons was responsible dutirggfinal instants when the magnetic
equilibrium was collapsing. There was no evideinzd the presence of this damage hindered
the experimental campaign. Indeed, we were unabléntl any precise data that would
indicate when it occurred.
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Figure 3. Summary of observed damage on misaligpied#12. The zones where the strike points
impacted the divertor are indicated by black bRexd bars indicate MBs on which leading edge melting
occured. Blue bars indicate the presence of créciastly vertical but some horizontal). Green bars

indicate clear evidence for optical hot spots.



Figure 4. Side (left panel)
and top (right panel) views
of the trailing edge of
MB#14. The images were
taken after dismounting
PFU#12 following the C3
experimental campaign.
Melting of the leading edge
to a depth about 1 mm and
splashing of the melt layer
over a few mm on the top
surface are observed.

1mm

Figure 5. Images of MBs on the left hand side of
PFU#12. The discoloured band is 0.8 mm wide and
corresponds to the misalignment of the PFU with
respect to its neighbour, PFU#11. Cracks (mostly
vertical) and deformation (or perhaps fine scaldtintg
to be confirmed) are observed. The crack density an
the severity of the deformation/melting decrease
‘ _ ! towards the extremities of the affected zone, a&hs

: ; to be the most severe at the location of the O®R. S
Figure 1 for the locations of the MBs on the PFU.

HFS LFS /exposed

Excluding the localized zone where an exceptiorelting event occurred, the leading
edges from MB#8 to MB#32 on the left hand sideh&f PFU show a number of interesting
features (Figure 5). On the front faces of the MBgliscoloured band ~0.8 mm high is
visible. This corresponds exactly to the misalignmef PFU#12 with respect to its
neighbour, PFU#11. There are a number of verticatks that often extend to the bottom of
the plasma-wetted surface, but sometimes pengjra@eper into the shadowed area. The
cracks are separated typically by 0.2 to 1.0 miménpoloidal direction. The crack density is
lower at the poloidal extremities of the affectedaa and higher around the OSP location.
Small scale melting is observed from MB#11 to MB#again, excluding MB#13-16 where
the severe melting event occurred). At the poloitemities of the damaged region the
melting seems to be limited to the sharp leadingegedvhereas towards the center of the



region, both on HFS and LFS MBs, the melting catuoover the entire depth of the exposed
surface, notably along the edges of the cracksedims that the damage is maximal at the
leading edges around the OSP, but it exists evaheotrailing edges of MBs at the ISP (both
being on the left hand side of the PFU). Duringrtata and ramp-down, and during
disruptions, the strike points sweep poloidally aad lead to heat flux transiently striking the
MB trailing edges. That is, during transient moveiseof the strike points, trailing edges that
are nominally shadowed during the flat top phase lmaefly become leading edges with
respect to the heat flow.

At the top surface the same cracks that are obdeymethe front surfaces of the MB
leading edges are observed to propagate up tol-thbt in the toroidal direction (Figure 6).
The geometry of the loaded leading edges has chaiige not possible to conclude whether
the volume of metal between the cracks has migratéke toroidal and poloidal directions,
forming a pattern of corrugation, or whether maileat the crack locations has gone missing.
The poloidal separation between the cracks is wegylar, about 0.4 mm on average (there
are 31 columnar structures over the 12 mm poloMBI width). The PFUs were again
exposed during the C4 experimental campaign in Z0tPshall be inspected to see how the
cracks evolved.

Figure 6. The pper panel is a microscope imagepzirt of the top surface near the eosed leating
of MB#29 (left hand side, near OSP). An image effthl poloidal width of the leading edge is shoam
the lower panel. Both images were taken after 684 C3) experimental campaign.

At the right hand side of the PFU around the IS€ation (Figure 7), there is also
cracking and what appears to be fine scale meltaithough the crack density and
deformation of the surface are qualitatively leaportant than at the OSP location (Figure 5).
At the leading edges of the MBs that were impabigthe exceptional melting event on their
trailing edges, there appear to be metal droptaikisg to the plasma-wetted area.



Figure 7. Side images of MBs on the right hand side
of PFU#12, at the ISP. The discoloured band
corresponds to the misalignment of the PFU with
respect to its neighbour, PFU#13. Vertical crackd a
fine scale melting are observed. On the leadinggdg
of MBs#13-15, that were severely melted at their
trailing edges, there appear to be droplets ofidiqu
metal that stuck to the plasma-wetted area. Sagé¢ig

1 for the locations of the MBs on the PFU.
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2.3 Optical hot spots on exposed leading edges

Charged particles propagating along magnetic fields can penetrate through the
toroidal gaps between MBs and strike the leadirgeeaxf the downstream PFU at near normal
incidence, leading to localized spots of intensa flax. The image of the gaps on the leading
edge, calculated by field line tracing, are knoven"aptical hot spots" (OHS). Modelling
predicts that in ITER, hot plasma released frompibeestal during ELMs could trigger flash
melting or even W boiling at the OHSs, dependingt@nplasma scenario and the alignment
of the MBs with respect to each other [9]. Numdrgtadies are important and contribute to
improving the future divertor designs by proposiogtimization solutions such as MB
shaping [11,12]. The results presented in [8] aisdu$sed in more detail here comprise the
first experimental evidence for OHSs.

Figure 8 contains a remarkable image of the leftdheorner of MB#1 at the HFS
extremity of PFU#12. A perfect image of its upstneaeighbour, PFU#13, is visible, as if the
image had been captured on an old-fashioned phagibgr plate from the nineteenth century.
The gray band and the triangular protrusion atttpe of the image represent surfaces to
which magnetic field lines connect from the SOLdalong which plasma can arrive to
impact the leading edge. In ITER, the upper bandlevmot be visible due to the 0.5 mm
toroidal bevel, but the triangular imprint, the OHSIl be [9,12]. The trailing faces of MB#1
and MB#2 of PFU#13 (dark bluish squares) as wethasnterior of the toroidal gap (lighter
gray) between them can be seen. The differencaspact are likely related to the different
origins of particles striking the surface (for exaen neutral particles reflecting from the
trailing edges of the upstream MBs versus neutedflecting from inside the walls of the
toroidal gap). To appreciate the image, the readarimagine being a microscopic observer
inside the poloidal gap between the PFUs, and fgpkilong the magnetic field lines from
PFU#12 towards PFU#13. The view is similar to thetp a tourist might take looking down
a city street between two skyscrapers.



Figure 8. Photograph of the leading edge of
MB#1 (the first MB on the HFS of
PFU#12). The plasma heat flux is directed
into the page. The image is repeated on the
right panel, with lines indicating the MB
edges to guide the eye. This deposition

|~ - pattern is akin to a true photograph, and
(GUEN G RS  shows an image of what a microscopic
ftrailing s dall : observer would see looking along the field
pacees fece i lines through a toroidal gap between MBs.
The OHS is the triangular region.

On most MBs the OHS is visible, even in regionshsas MB#1 where very little
plasma flux is expected. In regions nearer thekestpoints where cracks and fine scale
melting were observed on the exposed leading edgesOHSs in many cases are also
damaged. Cracks often descend vertically throughful depth of the OHS (Figure 9), and
horizontal cracks branch out from them in some<ase

Figure 9. Examples of optical hot spots on the

leading edge of MB#16 (right hand side, near

ISP) and MB#28 (left hand side, OSP). The

plasma heat flux is directed into the page in each
case. There appears to be deformation at the
edges of cracks on the exposed leading edge.
Cracks extend down into the OHSs , and

branching horizontal cracks are also seen
(indicated by arrows).

:

left side |

2.4 Could the damage be caused by transient heat loads?

Early on it was recognized that thermal shock logdf pure sintered W below the
ductile-to-brittle transition temperature (DBTT)stdts in brittle fracture formation [13].
Experiments were usually aimed at studying thecefté intense transient heat loads due to
ELMs, disruptions, and vertical displacement evemigolving energy fluences expected in
ITER, and were so intense that they would typicphlgvoke surface melting, particle ejecta,
or even boiling. The melt layer, as it cools belthe DBTT, experiences stress which may
generate cracks. For example in [14], on W samp#esng initial temperature below the
DBTT, grain boundary macro cracks accompanied bgtavork of fine cracks were observed
after irradiation by the VIKA-93 hydrogen plasmangwith an energy fluence of 7.5 M¥m
for up to 360 ps (heat flux factor = 400 MW?rg"?). The heat flux factor is defined as the
incident heat flux multiplied by the square rootloé exposure time for a constant heat pulse.
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It is an engineering parameter, derived from thmigefinite 1D heat conduction model, that
provides an estimate of the surface temperaturease resulting from a transient heat pulse
[15]. As a reference, an energy fluence of 1.0 MJ&rsufficient to cause shallow surface
melting of W (see Figure 41 of [9]). For temperatiabove the DBTT under the same
loading conditions only fine surface cracks weresesbed. It was deemed essential that
plasma-facing components made from pure sinterdme\Weated above the DBTT for use in a
fusion reactor to avoid this severe brittle cragkjh6]. Due to the expected embrittlement of
W (increase of the DBTT) under neutron irradiatiafforts continue to find W-based
materials with lower DBTT [17].

Brittle fractures also occur for lower heat loadattdo not cause melting, but there is
evidence that there is an energy threshold belowhbrittle fracturing does not occur on W
samples having temperatures below the DBTT. Instady [18] of pure W with longitudinal
grains running parallel to the irradiated surfacehi¢h corresponds exactly to the
configuration of the leading edges of WEST MBs,miite grain elongation in the direction
from the top surface downwards towards the coolirge), the threshold was found to be
~200 MW/nt for an irradiation time of 1 ms, correspondingatbeat flux factor of merely 6
MW m2 s'2, In another study of ITER-grade W heated to 20@0 below the DBTT) [19],
macro cracks were observed to form for single Ipetges as low as 150 MW?nfor 5 ms
(heat flux factor = 11 MW i st?), but in that case the grains were oriented pefigatar to
the surface. At preheating temperatures above BiIETDmacro cracks did not appear. It was
concluded that to provide safe operating conditionfsision reactors, limiting brittle fracture
formation, the base temperature of W PFCs has tdiigker than the DBTT. Similar
investigations [20] found that the DBTT of recryst@d W can be significantly higher than
sintered W, and that brittle crack formation in gex follows the grain boundaries with the
possibility of cracks forming parallel to the sudaat depths of 200-600 pum, which degrades
the heat conduction properties of the material.

The mechanism responsible for brittle crackingsisadlows [18]. A heat pulse causes
the temperature of the near surface to rise aboeeDBTT allowing it to become ductile,
while the material immediately below it remainsttiei Constrained by the colder material
below, the hot surface layer can undergo plastfordetion. After the heat pulse, the hot
layer cools back down below the DBTT almost indtaanhd returns to its brittle state, this
time experiencing tensile stress as it tries tarreto its original volume. If the tensile stress
exceeds the yield strength, the material crackstidbmal simulations of a heat pulse just
below the brittle cracking threshold observed ilDJTH-1 [18] are shown in Figure 10. The
temperature at the leading edge, and 0.1 and 0.2munthe bulk are shown. The thermal
response was calculated by the simple finite défiee model introduced in [9,12]. The model
assumes the temperature-dependent thermal prapeiftizingsten adopted by ITER. Each

450

Figure 10. Thermal response of a 0.8 mm exposetinga
edge to a square heat pulse of 190 MWampplied for 1 ms
(heat flux factor = 6 MW m s?). The temperature at the
surface (0.0 mm, full curve) and at two depths Wwethe
surface (0.1 mm, dashed curve; 0.2 mm, dot-dastefare
shown. The initial temperature is 70°C.
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tungsten grade has different properties dependinigsgroduction route, composition, purity,

microstructure, thermal/irradiation history, and @o, so these calculations should only be
taken as qualitatively illustrative. A broad raragfeDBTT can be found in the literature, from

as low as 250°C [21] but not exceeding 500°C [24.a concrete example, a study of the
mechanical properties of hot rolled versus hotddr§V for the European Spallation Source
[23] reported that the ductility of hot rolled Wgseater than that of hot forged W. The DBTT
was found to be 250-300 °C for the former and al3&@ °C for the later. We shall assume
the DBTT to be in the range 250-350°C in what falo

Figure 11. Thermal response of a 0.8 mm exposelingadge to
a square heat pulse as a function of parallel fheatind exposure
time. The dashed curve corresponds to a constantfloe factor
of 6 MW 12 s¥2 which is the threshold for brittle crack formation
deduced in [18]. (a): Peak surface temperature: @gak
temperature at a toroidal depth of 0.2 mm fromléaeling edge.
(c): The difference between (a) and (b).

At [ms]

100 200 300 400 500 600
q, MW/m?)

Returning to Figure 10, the surface temperatwesrio 400°C, just slightly above the
DBTT, so it is perhaps consistent that cracking was$ observed under those loading
conditions in JUDITH-1 [18]. In order to explorerfiuer the conditions that could lead to
brittle fractures, thermal simulations were made daange of incident heat flux and pulse
durations. The peak surface temperature (Figurg ddratours follow those of constant heat
flux factor, as they should. The heat flux factontour of 6 MW n¥ s'2 coincides with the
contour 1.0=400°C. The bulk temperature 0.2 mm into the MBp, TFigure 11b) remains
below the DBTT when following the same heat flugtéa contour. However, for lower heat
fluxes and correspondingly longer pulse duratidims,heat pulse has more time to diffuse into
the bulk, resulting in smaller thermal gradientslded, in the limit of very small heat flux and
very long heating time, the temperature profile lddee nearly flat and no stresses would be
generated. The heat flux factor alone is therefooe enough to determine whether brittle
cracking could occur. High heat flux and short pullsirations result in stronger temperature
gradients (Figure 11c), which should be more edfitiat producing compressive stress during
the heating phase, and tensile stress during thienggphase.
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Disruptions are the most obvious source of trartdieat pulses in WEST. Based on
estimates from other tokamaks [24] we estimatg#ak heat flux to the divertor during a
thermal quench as

Qpk = fwWaia/2mR f;lﬂ'q At (1)
where 0.1%y<0.5 is the fraction of the nominal thermal ene(gye takeWsiz==100 kJ as a
typical value in WEST), 55<10 is the widening of the SOL heat flux decay tarduring the
thermal quenchig~5-15 mm in WEST [4,25,26]), andt=(t+tq)/2 is the time scale for
energy deposition on the divertor. The heat putsthé divertor following a thermal quench
has a roughly triangular waveform (see Chapteio8[27]). There is an initial fast rise of the
heat fluxtr on the time scale of the thermal quench itselfciwhs observed to be in the range
of a few 100 ps in medium-sized tokamaks such &8BE&SUpgrade [28]. A mean value of

in ASDEX-Upgrade was about 500 us, but valuesasa® 100 us (the time resolution of the
infrared camera) and as high as 1 ms were obseAftnt.peaking, the heat load decays with
a time scalagthat is slower, up to 2 ms. The fast rise corredpdo the initial ergodization
of the magnetic flux surfaces and the first conioecof the PFCs to the core plasma, while
the second time is likely related to the transpione of cold plasma along the field lines to
the wall (i.e. the time needed to "empty" the catee flux tubes, analogous to the
mechanism of heat flux deposition on the divertmirt an ELM [29]).

There are no fast infrared camera measurement&E8&Wso we shall assume that the
time scale of thermal quenches is similar to ASDEgrade. Taking random combinations
of the parameters as specified above generatestrébdiion of possible heat loads, 50% of
which lie in the range 1@x<30 MW/n?. For a typical B-field angle of 3°, the peak phsial
heat flux would be in the range 2af<600 MW/nt so it seems plausible, with regards to
[18] that disruptions in WEST can exceed the tho&skifor brittle fracturing of the exposed
MB leading edges.

Another source of transient events could be |&#D crashes. Crude estimates of
the associated heat flux based on Langmuir prolesarements were presented in [8], but the
time scale of the phenomenon is comparable to thtage sweep rate of the probes (1 kHz)
making the analysis tricky, so work on statistisaimpling is needed to obtain more precise
estimates. Nonetheless, is seems plausible thgg MIHD crashes which result in magnetic
connection of the divertor to the confined plasmald result in heat fluxes similar to those
that are expected during a thermal quench thaede=sca disruption.

2.5 Could the damage be caused by steady state heatds&

During high heat flux tests, under cyclic heat iogdat 20 MW/n? large cracks are
sometimes observed at the center of MBs abovedbkng tube [30,31]. They extend across
the entire poloidal width of the MBs (12 mm) andncaeach down to the soft copper
interlayer. Elastic-plastic finite element analysimwed that strain due to toroidally-directed
compressive stress in the heating phase can exiceadeld strength of tungsten and lead to
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plastic deformation [32]. Poloidally-oriented crackmation (perpendicular to both the stress
direction and the vertical temperature gradientjaseved to occur once the W recrystallizes
to a depth of ~3 mm [33,34]. During the heating gghahe temperature decreases linearly
over the 6 mm W thickness from ~ 1800°C at the sopface to ~550°C at the W-Cu
interface. We shall take this gradient (dT/dz~206%@) as an indication of loading
conditions which can generate stresses high endoglexceed the vyield strength of
recrystallized W, and cause fatigue cracking.

The heat flux to the surfaces of a WEST unshapedviB calculated by ion orbit
modelling [9] on a PFU that is misaligned by 0.8 miith respect to its upstream neighbour
(Figure 12). To represent the highest performamaehdrges that were obtained in the WEST
C3 campaign, the heat flux to the top surface was2.5 MW/n?, ion and electron
temperatures wergi=Te=40 eV, the magnetic field weB=4 T, and its angle of incidence
with the top surface wag=1.9°. The peak heat flux on the exposed leadirge edlas 70
MW/mZ,

30

Figure 12. Toroidal profile of the heat flux to asaligned
WEST MB normalized by the heat flux to the top agd
) 1 Opk=2.5 MW/n?. The leading edge is at,=0 mm; negative
values correspond to the front face inside theidatagap. The
MB is misaligned by +0.8 mm.

Stur (mm]

The peak temperature at the exposed leading edp&eFl3, after a 5 s exposure to
this heat flux profile, attained 1726°C, above therystallization temperature range of W.
The local temperature gradient at the leading edggd IT=700°C/mm. The contour on which
O0T=200°C/mm forms a quarter circle centered on thdilgy edge with a radius of ~2.0 mm.
The temperature along that contour is ~1000°C, ian@ughly at the lower bound of the
expected range of recrystallization temperatures.

¥

2"”’7 =) Figure 13. Surface temperature of a misaligned Mposed for 5 s to a heat

| | flux to the top surfacep=2.5 MW/n?. The 0.8 mm exposed leading edge is
irradiated by the parallel heat flux which, whem iorbit effects are accounted
for, peaks atjs,:=70 MW/n?. The 3D heat flux profile from which a toroidal
slice was shown in Figure 12 was used for the sarfaoundary condition of
this thermal calculation.

This simple calculation indicates that

(1) the leading edges of misaligned monoblocks @n@bably recrystallized in a
volume that extends ~1 mm in the toroidal and galtilirections, and
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(2) the strain in that volume could potentially deto poloidal stresses that exceed
those which can lead to the macro-cracking abogedoling tube that is sometimes observed
in high heat flux tests at 20 MW#ni700°C/mm calculated here versus 200°C/mm caledlat
for the high heat flux tests).

The authors are not aware of any high heat fluktsteaving been conducted with
steady state heat fluxes of the order of 100 M¥Wheing applied to a narrow strip at the
leading edge of an actively cooled MB. Such testsn@eded to be able to draw conclusions.
Nonetheless, the poloidal stresses that would bduged, if they are strong enough, would
lead to the crack orientation that is observed IBESWV (i.e. running downwards into the
poloidal gaps, and toroidally along the top suréacef the MBs). Elastic-plastic
thermomechanical analysis such as in [22] is ne@dedodel crack propagation in such a
case. This will depend on the temperature gradiersisle the MB, the accumulation of
plastic deformation, and recrystallized fractiorthm each W grain. Given the conjectural
nature of the preceding discussion, and the residltsigh heat flux tests on cold W that
already exist, we feel that brittle fracturing i®shlikely responsible for the observed damage
in WEST, but it would be useful and interestingitvestigate, both experimentally and
numerically, the effect of a huge steady state logat onto the leading edge or onto the OHS
of an actively cooled MB.

2.6 Cracks on reciprocating Langmuir probes

WEST is equipped with a mobile outboard limiterttie used to protect the RF
antennas during plasma startup. Two magneticallyedrreciprocating Langmuir probes are
mounted on the rear face of the limiter and malkef leixcursions into the SOL to measure the
plasma parameters [35]. The delicate internal corapts of the probes are protected by 2cm
diameter cylindrical heat shields manufactured fidfria(10%) alloy (Figure 14a). When
not in operation, the tip of the heat shield isaeted 3 mm behind the W-coated CFC armour
tiles.

Most of the first year of WEST operation (C1 cangpai2017) was spent trying to
obtain a sustained plasma breakdown [36]. Durimag time the probes were not used. During
the C2 campaign in the first half of 2018, divertpthsmas were obtained and the
reciprocating probes were commissioned. They wepesed about 50 times to very tenuous
and low temperature plasmas, with parallel heat liégs than 1 MW/ They were impacted
by 4 disruptions. Following the C2 campaign in 28, the lower probe was removed to
make room for another experiment, while the uppebe remained in operation for the C3
and C4 campaigns until the end of 2019. It maded8l@ciprocations into the SOL, with
heat fluxes reaching several 10s of MW/as plasma performance improved over time. It
also experienced a number of disruptions. In 2028 apper probe was removed for
maintenance and that is when we learned that rottep had cracked in the same way as the
divertor MBs.
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On the lower probe (Figure 14c), the cracks areg Wlein and difficult to see even
under a microscope. Assuming that the cracks oh poibes developed in the same way
during the C2 campaign, those on the upper probh&hmvas much more exposed to plasma,
seem to have evolved (Figure 14b). Near the tigh@fprobe they have opened up and exhibit
fine scale melting at their edges. The length efdracks (~1 cm) corresponds roughly to the
characteristic SOL decay length in WEST. The sgpbietween cracks (~0.5 mm) and their
appearance are nearly identical to those obsemdtieoexposed leading edges and OHS of
the divertor MBs.

Figure 14. (a) Photograph of the lower reciproaatin
probe on the mobile outboard limiter before firkigma
in WEST. The visible cylindrical part is a W-La(10%
heat shield. (b) The tip of the upper probe's Ishdétld
after ~1000 reciprocations and a number of disoumsti
(c) The tip of the lower probe's heat shield aftely 50
reciprocations and 4 disruptions during the eanlgse of
WEST operation (C2 campaign, 2018).

The remarkable similarity between the cracks onsMihd those on the probes
suggests that they were formed the same way. Megtdi's irradiation history folds in every
plasma and transient event since the beginningpefation, making it impossible to draw
conclusions about what caused the cracks to folm. dbservation of similar cracks on the
lower probe that measured very weak plasma flux experienced only 4 disruptions lends
credence to the hypothesis that the cracks fornmelérua mode of brittle fracture. Exposure
to a steady state SOL heat flux less than 1 M¥ona few tens of ms (the duration of the
reciprocation) leads to a surface temperature asereof merely a few °C. The cracks,
therefore, could only have been formed during theistuptions. The observations of the
upper probe show that once formed, and upon irtiadiao higher steady state loads and
increasing numbers of disruptions, the cracks evabver time, opening up, with the
appearance of localized edge melting. It is impmssto know whether the evolution is
continuous, or saturates at some point. Both probik their respective surface states (the
lower probe having barely visible cracks, and tppar probe having cracks visible to the
naked eye), will be reinstalled for the next expemtal campaign (C5, late 2020). The probes
will be inspected between future experimental cagmsmto see how the cracks on both
probes evolve.

14



3 Conclusions

On ITER-like PFUs under modest additional heatinghe WEST tokamak, cracking
was observed on misaligned leading edges and bpttapots over a broad poloidal extent
of the misaligned PFU#12, but also on other PFs$ Were not discussed here (see [8] for
more details). MBs 8-21 at the HFS and LFS strigmts and also in the private flux region
exhibit cracking on both leading and trailing edgekich suggests that the cracks could have
been formed during extreme strike point movementese happen during the formation of
the X-point and during ramp-down, and disruptioftero occur at those times. This leads us
to hypothesize that the cracks are brittle in origand likely occurred very early in the
campaign, perhaps on the first disruption that paserful enough to exceed the cracking
threshold.

At the standard strike point positions, fine scahelting at the crack edges and
deformation of the material between the crackshseoved. This could be a result of the
steady state loading. The stresses can be veryatitie exposed leading edge and plastic
deformation could lead to the formation of the ootulike structures that are seen. In
addition, the material at the leading edge may rbeéhe process of recrystallizing. The
resulting degradation of the thermal propertiesaloimed with cracks that form perpendicular
to the direction of heat flow, might be responsitolethe melting. At the same time, there are
no experimental studies on intense steady statengeaf an exposed leading edge in high
heat flux devices; given the very high local tengpare gradient, the resulting poloidal stress
could conceivably lead to fatigue cracking. Caltioles and dedicated high heat flux tests are
needed.

To summarize, a hypothetical scenario that seerfis tm the observations is that brittle
cracks form very early in the life of the PFU. ey never see intense steady state heat flux,
then they will not evolve in time. The justificatidfor this conjecture is that the cracks
observed at the extreme poloidal extremities of dffected areas on the divertor, where
intense steady state heat loads are not expectedesry thin, without much modification of
the surrounding W. The cracked material at thekestpoint positions on the other hand,
subjected to intense steady state heat loadsrtieefumodified by repeated exposure to the
parallel heat flux, and undergoes plastic deforama&nd melting. The damaged PFUs are
presently under inspection and post-mortem analigdiswing the 2019 C4 experimental
campaign to see whether the damaged surfaces beherf evolved. The findings are too
fresh to be shown here and will be reported inrituork.

Two reciprocating probes made of W-La(10%) exhib# same type of cracks as the
MBs. One of the probes was not exposed to sigmifisteady state heat flux, but experienced
4 disruptions. Fine cracks were observed. The seqoabe remained in the tokamak for
another year and a half, and experienced at |eastorders of magnitude more plasma
irradiation. The cracks evolved over time, widenimaar the probe tip, with the formation of
fine scale melting at their edges. These obsemsiticombined with the fact that the probe's
irradiation history is directly measured by thelpratself, are strong evidence that the cracks
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are formed under a mode of brittle fracture, maadly during disruptions, and then evolve
under steady state heat loading.

ITER MBs will not have plasma-wetted poloidal leagliedges thanks to 0.5 mm toroidal
beveling, but they will have OHSs [9,12]. The baperating temperature of the divertor will
be 70°C [37], below the DBTT of W. Based on WESS3ults, if our hypothesis is correct, we
can expect cracking at the OHS in the first ITEBcHarges. Starting in 2020, WEST Phase 2
will begin, with the progressive installation offi@l W divertor featuring toroidally beveled
MBs having the same geometry and the same OHS<ERs Monitoring the evolution of the
OHSs and any long term impact of damage on plagraeton will be a high priority.

In the first phase of ITER operation (5 MA plasmarent), present scaling laws predict
that even with grazing B-field angles, uncontrolleldM energies will be sufficient to largely
exceed the brittle cracking threshold of the topfasies of the tungsten monoblocks (see
Figure 19 of [1]). The energy available in disrops in WEST can produce parallel heat
fluxes capable of exceeding the threshold forlbrittacking of the exposed poloidal leading
edges of "cold" tungsten monoblocks having tempeest below the ductile-to-brittle
transition temperature (250-350°C). The damage rebdeon exposed leading edges in
WEST can thus be expected on the top plasma-fatirfgces of MBs in ITER at the earliest
stages of operation, if uncontrolled ELMs occurthiéy follow the predicted scaling law for
ELM energy fluence [29], and if the heat flux s&skcold MBs. Based on decades of well-
known results from high heat flux tests, the fingtnsient event, or perhaps the first few
events, will cause brittle cracking in ITER. If fner submitted to steady state heat loading,
the cracks could serve as seed points for the towmaf plastically deformed structures
accompanied by fine scale melting. These obsensij8], strengthened by simple thermal
analysis in this paper, constitute the first evmerfor brittle cracking in a tokamak
environment, and seem to be consistent with thairfgs of high heat flux tests. Furthermore,
the observations presented here, if confirmed bst-pwrtem analysis, would support the
affirmation in [1] that an ELM-free H-mode, or agalst reliable ELM and disruption
mitigation systems will be essential to protectfR€R divertor.
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