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ARTICLE INFO ABSTRACT

Keywords: During the 2017-2019 WEST operation, a set of ITER-like plasma-facing units consisting of tungsten monoblocks
Cracks was installed on the lower divertor. Despite modest heating power, 27 % of these monoblocks had cracks on their
WEST poloidal leading edges, which were not protected by a toroidal bevel. A comprehensive experimental charac-
Ezgf;ten terization of the 133 cracked monoblocks indicates that damage occurs near the plasma strike point areas where
Length neat cracks separated by 0.15-0.5 mm in the poloidal direction were observed. Cracks are up to 1 mm long and 1
Density mm deep and did not affect the lower divertor ability to sustain long pulses. The most important parameter
affecting crack formation is the relative vertical misalignment between components.
Introduction ITER, emphasizing the need to characterize these cracks.

During its first phase of operation, WEST has operated with a set of
actively-cooled ITER-like plasma facing units (PFUs) prototypes on one
of the lower divertor sectors, called divertor test sector. These pro-
totypes are using the tungsten monoblock technology and were deliv-
ered by six different suppliers from China, Japan and Europe (F4E), each
having their own manufacturing processes.

Visual inspections of the divertor test sector in the course of
2017-2019 revealed surprising crack formations on these PFUs [1,2,3].
Depending on the degree of damage, cracking may have significant
impact on the lifetime and reliability of the divertor. Cracking can be
induced by different parameters: the impact of the plasma on the PFUs
(during steady state or transient events), the PFUs assembly procedure
(relative vertical misalignment) or/and the PFUs features related to
their fabrication and design (W grade, toroidal bevel, surface machining,
chamfers on the poloidal edges, thermo-mechanical treatments affecting
the W microstructure, etc).

Because of this wide range of parameters that may be inter-related,
the mechanism of W cracking in a tokamak environment is not yet
well understood. Yet it is crucial to understand the cause of crack
initiation and propagation to better avoid them in future tokamaks like

! See http://west.cea.fr/WESTteam.

https://doi.org/10.1016/j.nme.2024.101746

Therefore, in this paper we provide an experimental characterization
of the cracks formed on the leading edges of non-beveled ITER-like PFUs
in WEST during the 2017-2019 period in order to better see the impact
of certain parameters on the cracking response. This exhaustive char-
acterization aims in particular to assess the impact of chamfering on
crack formation, the differences between the inner strike point (ISP) and
outer strike point (OSP), the impact of vertical misalignment of the
components on their level of damage as well as to detect any differences
in behavior due to manufacturing choices.

Materials and method
Materials

Between 2017 and 2019, WEST had run 4 experimental plasma
campaigns referred to as C1 to C4. While C1 and C2 were devoted to
developing plasma scenario, C3 and C4 experienced more particle and
power loads. During that same period, ITER-like PFUs (ILP) made of 35
tungsten monoblocks (MBs) each were progressively installed on the test
divertor sector. The ILPs were not toroidally bevel (flat top geometry) as
foreseen in ITER. In this paper, chamfering refers to the 1x1mm chamfer
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that some PFUs had on both their leading and trailing edges.

During the C3 campaign (2018), 12 ILPs were installed on the lower
divertor, including 2 PFUs with unchamfered poloidal edges. They were
exposed to the plasma for about 2 h (L mode operation, divertor peak
heat flux ~ 1-2.5 MW/m? at the outer strike point, leading to an esti-
mate of parallel heat flux of ~ 40-50 MW/m?) but experienced a sig-
nificant number of transient events (~700 disruptions).

During the C4 campaign (2019), 2 ILPs with unchamfered poloidal
edges were added to the sector, leading to a total of 14 PFUs. Between C3
and C4, the toroidal position of some ILPs changed to meet the needs of
the experimental program. They were exposed to about 3.5 h (L mode
operation, divertor peak heat flux ~ 6 MW/m?, leading to an estimate of
parallel heat flux of ~ 70-90 MW,/m?).

In this paper, PFUs are identified as ILPi in reference to their toroidal
position. More details on PFU identification and their toroidal position
for each campaign can be found in [1].

An infrared (IR) camera is positioned above the test divertor sector to
monitor the surface temperature of monoblocks [4]. However, due to its
limited field of view (a few monoblocks), it does not allow global
monitoring. It is mainly used to monitor components dedicated to spe-
cific experiments [5,6], limiting the IR analysis in this paper.

Method

After the C3 and C4 shutdown, the ITER-like PFUs dismounted and
removed from the divertor were systematically observed using a DINO-
LITE digital microscope to determine their state of damage. This was
used to determine the number of components/monoblocks showing
cracks on the leading edge, as well as the location of the cracks in
relation to the configuration of the test divertor sector. After C1/C2, no
PFUs could be observed but 5 PFUs and 13 PFUs were available for
observation after C3 and C4, respectively.

An in-depth analysis using chromatic confocal microscopy (STIL [7])
was then carried out of all available cracked PFUs to evaluate the
average crack length and density. In total, 133 monoblocks were ana-
lysed by confocal microscopy (identified in yellow in Fig. 2). To opti-
mize the process, the analysis was carried out on the top surface of the
monoblocks only and measurements were taken at the center of the
leading edges of the monoblocks, with dimensions of 7x2 mm2 (see
Fig. 1a). Resolution in the toroidal direction was 4 ym and 2.5 pum in the
‘s’ direction. Acquisition frequency was 300 Hz.

The acquired image was then directly analyzed using ImageJ soft-
ware coupled to the Kappa ‘curvature analysis’ plugin. Cracks were
identified by the software based on the image contrast. Using the

Nuclear Materials and Energy 41 (2024) 101746

unchamfered ITER-like PFUs
— cracks observed after C3 without evolution after C4
— cracks observed after C4

monoblocks analyzed by confocal microscopy for
crack length and density

Fig. 2. Photograph of the lower divertor sector after the 2019 campaign (c4)
showing the location and the number of monoblocks with cracks on their
leading edges.

number of pixel and a calibrated scale, the software calculates the length
of each crack and thus an average crack length can be given for each
monoblock. The crack density was determined by calculating the num-
ber of identified cracks and dividing it by the scanned length along the
‘s’ coordinate. This allowed to express the crack density as cracks per
millimetre. An example describing the data analysis process for ILP4
MB16 is given in Fig. 1b,c.

Finally, a number of the cracked PFUs/monoblocks were cut into
small samples and examined using optical microscopy (PRESI, HZ30-4)
and scanning electronic microscopy (SEM) (ZEISS Evo Ma1l0 and ZEISS
DSM 982 Gemini) to assess the morphological features of the cracks.

A metallographic analysis was also performed on chamfered ILP7
and unchamfered ILP6 to evaluate the crack depth as these cracks could
have a significant impact on the components ability to extract heat. In
the case of the chamfered component, the entire width of MB27 was
examined by successive grinding steps up to 2 mm into the leading edge
(see Fig. 5) in order to get a global insight and solid statistics of the crack

500 um

Fig. 1. (a) schematic illustration showing the 7x2mm? area on the leading edge where the crack analysis was performed. (b) image obtained by confocal microscopy,
here in the case of MB16 ILP4. (c) This image is then analyzed by ImageJ which identifies each crack and calculates its length and density. Here the average crack

length was 231 um and the crack density was 2.71 ym for MB16 ILP4.
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depth distribution along the MB width and as a function of the distance
from the leading edge.

Results
Visual inspection

Fig. 2 shows the configuration of the test divertor sector during the
C4 campaign (2019). The 14 ITER-like PFUs installed in toroidal posi-
tion from 7 to 20 are visible with their ILPi identification. Unchamfered
PFUs are indicated by green diamonds, while the location of the inner
striking point (ISP) and the outer striking point (OSP) is indicated by
black dotted lines.

Microscope observations at the end of C4 revealed that 10 out of the
14 PFUs had cracks on their poloidal edges. Cracks on ILP14 (ISP), ILP6,
ILP2 (ISP), ILP13 (OSP) were observed during the shutdown following
the C3 campaign and are therefore attributed to C3. On the other hand,
cracks on ILP14 (OSP), ILP4, ILP2 (OSP), ILP7, ILP9, ILP10, ILP11, ILP13
(ISP) and ILP15 are believed to have formed during C4. ILP3, ILP5 and
ILP8 did not reveal cracks at the end of C4 because their leading edges
were not exposed to the plasma (negative vertical misalignment).
Similarly, ILP9 and ILP15 had no cracks in the OSP because their leading
edges were negatively misaligned (shadowed by their upstream neigh-
bors). There are no data associated with unchamfered ILP12 because it
was not available for the characterization program.

In total, it represents 133 monoblocks with cracks, or 27 % of the
monoblocks. The cracks are located on the leading edges of the mono-
blocks, mainly around the inner and outer strike point areas where
plasma heat load is the highest.

Some cracks are also visible on the private flux region (MB19-23) and
sometimes on the trailing edges. Unchamfered PFUs show the same
behavior in terms of number and location of damaged monoblocks as the
chamfered PFUs.

Observation at low magnification

Fig. 3 shows the topography of the leading edge of 3 cracked MBs
located in the OSP region, coming from unchamfered ILP11, chamfered
ILP13 and chamfered ILP7. The cracks are visible on the top surface of
the MBs propagating in the toroidal direction as well as on their poloidal
side surfaces. On ILP11 and ILP13, the cracks are neat and quite regu-
larly spaced in the ’s’ direction. The cracks therefore appear identical on
components provided by 2 different manufacturers, independently of
the presence or absence of a lmmx1mm chamfer on the leading edges.
Sometimes, but not all the time, there is an alternation of long crack,
then short, then long, reminiscent of EAST’s proposal for the crack
formation process (primary/secondary crack) [8], though never clearly
established in WEST.

Chamfered ILP7 was found to be damaged in a different way to the
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other components. Numerous interconnected cracks resembling a crack
network are visible on the chamfer and top surface, extending several
mm in the toroidal direction. To verify this result, MB35 of the same PFU
was also observed. A network of micro-cracks was observed on the top
surface, despite the fact that this monoblock does not see plasma in the
WEST configuration. This suggests that micro-cracks were initiated
during the fabrication of the component and then developed during
plasma exposure. A comparative metallographic analysis should be
carried out on components from different manufacturers to confirm this
result.

The photos in Fig. 3 are from observations made after the C4
campaign, but it should be noted that several components were observed
after C3 and again after C4, when possible. The PFUs with cracks after
C3 and still misaligned during C4 do not show any crack propagation or
additional cracks (see Fig. 9 of [9]), suggesting that the cracks are quite
stable once they formed.

Observation at high magnification

At higher magnification the cracks appear to be discontinuous as
illustrated on Fig. 4a. The long cracks observed at low magnification are
sometimes the alignment of several small cracks, which do not seem to
be connected to each other. At the leading edge, where the crack is most
open, crack width was measured around 5-15 pm. Another interesting
feature of these cracks is the presence of beads of material on both sides
of the crack groove (Fig. 4b). These bumps are observed for almost all
cracks, in the OSP region but also in the ISP region, for both uncham-
fered and chamfered PFUs. No further characterization has been carried
out to understand the formation of these material’s beads (molten
edges? material deformation during crack opening?). They therefore
remain an open question today.

Metallographic examination

In order to determine the depth of the cracks, and consequently, their
potential impact on the component’s heat exhaust capability, a metal-
lographic analysis was performed on the two most damaged PFUs (ILP7
and ILP6) on OSP-located MBs.

Fig. 5a shows the results obtained for chamfered ILP7 on MB27,
which was vertically misaligned by 0.3 mm with respect to its upstream
neighbour during C4. The leading edge was progressively grinded and
polished up to 2 mm in 5 examination steps, corresponding to exami-
nation layers L1 to L5. The crack depth distribution is quite broad,
ranging from practically zero to the deepest of around 350 ym on this
monoblock. Inside the chamfer, an average crack depth of about 50 ym
was measured. Cracks are deepest at the edge of the chamfer, averaging
up to 130 um. Then, as going deeper into the material, the cracks become
shallower and shallower, with an average of about 30 pm at 2 mm from
the leading edge.

tor. dir. (¢ tor. dir.

F

100 pm
_H

Unchamfered ILP11, MB26

Fig. 3. SEM images revealing the topography of cracked monoblocks observed on the leading edge in the OSP region (a) MB26 unchamfered ILP11 (b) MB27

chamfered ILP13, (¢) MB27 chamfered ILP7.
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Fig. 5. (a) optical microscopy image showing the crack depth at the edge of the chamfer (examination layer L3) of MB27 ILP7. The table shows the averaged crack
depth measured for each examination plan. (b) IR image of the same MB during shot#54936 at t = 12 s when thermal equilibrium is reached.

Although it is difficult to link post-mortem observations to a specific
plasma event, infrared cameras can be a good tool when discussing
damage to monoblock surfaces [10]. An IR image taken during the C4
campaign (Fig. 5b) (shot#54936, Pj;j = 3.5-4.0 MW, stationary heat
flux for at least 6 s, estimated parallel heat flux 70-90 MW,/m?) shows
that the monoblock surface can reach 500-900 °C (depending on
emissivity), above the ductile-to-brittle transition temperature.

The other component is ILP6, for which cracks were observed after
C3 both in the ISP and OSP areas [2]. During C3 this component was
highly misaligned (+0.8 mm) and an IR image taken during C3 (Fig. 6b)
indicate that the surface temperature of MB27 reached 800-1000 °C
(depending on emissivity) in steady state. A modest parallel heat flux

PRHM © ga5\im 628 um |
629 um §

Mgy
0.8 mm

: ‘ ’I;/IB 24,ILP6

was estimated at 40-50 MW/m?, which is unlikely to have generated
cracks. At that stage, no microstructure observation could be made. The
only metallographic analysis was performed after C4 on MB24 (see
Fig. 6a). It can be seen that damage is more severe than for the previous
MB. A different crack structure is observed, with the presence of cracks
parallel to the surface and much longer cracks, measured up to about
1.1 mm. It is also clear that recrystallization of tungsten occurred near
the surface. Independently of the cause of recrystallization, the damage
is more severe. This difference in damage could be the direct conse-
quences of W recrystallization (degradation in materials properties such
as a loss of mechanical strength, fracture toughness and embrittlement)
or could be the result of a different initial microstructure of W.

=800°C (£=1)
T,,.~1000°C (=0,2)

3

¢
(Do) damyeaadway, Judaeddy

' .

3

3

f

!

§

°

W #54033, C3 campai8n

Fig. 6. (a) Optical microscopy image showing the state of damage of the leading edge of MB24 ILP6 after C4 (surface polished over 300 um). (b) IR image of ILP6

MB27 during shot#54033. The image is taken from [11].
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Crack length and density

An extensive characterization of all 133 cracked monoblocks enabled
us to determine the average length and linear density (number of cracks
/ mm) of the cracks on each monoblock. Fig. 7 shows that cracks in the
OSP region are twice as long as those in the ISP region, with lengths
ranging from 0 to 1000 um in the OSP region and 0 to 500 um in the ISP
region. It should be noted that these values are averages, meaning that
cracks can be longer than 1000 pm in some cases. Furthermore, as
mentioned in the previous paragraph, cracks are discontinuous and
length measurement can therefore be tricky, but this does not change the
trend for longer cracks in OSP than in ISP. No difference is observed
between chamfered MBs (circular markers) and unchamfered MBs (star
markers). As damage is generally related to heat flux, the fact that cracks
are more severe in the OSP than in the ISP seems unsurprising due to the
in/out asymmetry observed in many tokamaks, which gives rise to
higher heat fluxes in the OSP than in the ISP.

The figure also shows the positions of the strike points (SP) during C3
and C4. In the OSP region, the strike point was often positioned very
locally on MB24, or even MB25, where the heat flux is supposed to be
higher. However, cracks are present over a very wide area from MB22 to
MB31. For example, MB30 exhibits cracks up to 300 um long, despite
being located far from the SP zone, where intense steady state heat loads
are not expected. Even with the assumption that the peak heat flux shifts
1 or 2 MBs away from the SP, the figure shows that cracking occurred in
regions where it was not expected. Such significant damage far from the
strike point region reinforces the hypothesis of previous research that
disruptions could have a big role to play in cracking mechanisms
[2,3,12].

Fig. 8 shows the crack density for each monoblock, i.e. the number of
cracks per mm. It is between 2 and 6, i.e. each crack is separated by 0.15
to 0.5 mm in the poloidal direction, whether the monoblock is cham-
fered or not. It therefore appears that once formed and stable, the cracks
have a regular spacing which seems to be an intrinsic behavior of W.

Impact of vertical misalignment

It was then intended to see the variation of the average crack length
with respect to the vertical misalignment of the PFUs (Fig. 9). For the
cracks believed to have formed during C3, the value of the misalignment
of the PFUs during C3 was taken. Otherwise, the misalignment data
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ST T T 500 g
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Fig. 7. Average crack length in the toroidal direction, combined with the po-

sition of the strike points during the ¢3/2018 (blue line) and c4/2019 (green

line) campaigns. (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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Fig. 9. Measured average crack length versus relative vertical misalignment.

pertains to the C4 campaign. The data points circled in green belong to
ILP7, for which a crack network was observed on the leading edge.
Compared to the other PFUs with neat cracks (see 3.2), the measurement
of the crack length is therefore much more difficult for this PFU and
might be inaccurate.

The figure clearly shows that positive misalignment necessarily leads
to cracking, as all non-cracked MBs are associated with negative
misalignment. With the non-beveled geometry of the MB, the leading
edges are not protected, so vertical misalignment plays an important
role. Today, there are no alignment tolerances for these non-beveled
components (existing tolerances only apply to beveled PFUs), but it
can be seen that a misalignment of 0.1-0.2 mm can already result in
cracks > 200 pm. The higher the misalignment the longer the cracks.

Conclusion

Cracking of ITER-type PFUs during WEST operation between
2017-2019 was investigated experimentally through visual observa-
tions, confocal microscope measurements and metallographic
examinations.

The results indicate that 27 % of all monoblocks had cracks on their
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leading edges. The cracks are visible on both the poloidal side surface
and the top surface, propagating up to about 1 mm in the toroidal di-
rection. The cracks are neat but discontinuous, with material’s bead on
the sides on the crack groove.

One PFU exhibits a different cracking structure, with the presence of
a crack network rather than neat cracks. As this component has not been
exposed differently to the plasma than the others, manufacturing
(choice of W material/microstructure, surface machining, etc) could be
the main responsible of this cracking response but a comparative study
between the different manufacturers would be necessary to confirm this
assumption.

With the flat top geometry, the leading edges are not protected and a
chamfer of lmmx1mm on them is not sufficient to mitigate damage, as
cracks were observed on chamfered poloidal leading edges, as well as on
unchamfered leading edges. Any positive misalignment leads to
cracking, and cracks tend to be longer in the toroidal direction when the
misalignment is larger. As for the crack depth, it can vary from < 150 pm
to 1 mm, depending on the component’s alignment configuration, the
presence or absence of a chamfer and the intensity of the heat flux to
which it is exposed.

In WEST, cracking of the monoblocks was evidenced as early as the
2018 campaign, although the peak heat flux reached was relatively
modest (2.5 MW/m? on top surface) and the surface temperature of the
most misaligned monoblocks did not exceed 1000 °C in steady state.
This suggests that much more intense and violent events, such as dis-
ruptions, could have damaged the leading edges of the monoblocks. This
is all the more true as monoblocks far from the strike points, where
almost no heat flux is expected in permanent regime, also cracked.
However, it should not be forgotten that recrystallization can also
degrade the material and lead to premature cracking of the W, or at least
make the damage more severe, as observed in this paper.

Although further studies would be needed to better understand the
mechanisms behind crack formation, it is evident that a toroidal bevel
should be applied to the monoblocks to avoid any risk of damage on the
LE during operation. This design is foreseen in ITER and is currently
being tested with the lower divertor targets installed in WEST since
2021. So far, no cracks on the LE have been observed.
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