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ARTICLE INFO ABSTRACT

PACS: The main objectives of the JET ITER-like Wall Project are to provide a beryllium main wall and tungsten
52.40.Hf divertor with at least a 4 year lifetime to allow full evaluation of the materials and related plasma scenar-
g;?gg? ios for ITER. Tungsten coatings will be used over most of the divertor area and this paper describes the

latest developments in the coating technology and an analysis of the implications for the coating lifetime

and machine operation. Both steady state and transient heat loads are assessed.

© 2009 Published by Elsevier B.V.

1. Introduction

In October 2004, a workshop was held to discuss the options for
an implementing an ITER-like Wall in JET. The outcome of this
meeting was a proposal to implement an all tungsten divertor
and beryllium main wall which was approved in April 2005 [1]
as the main element in a larger package of JET upgrades (EP2)
[2]. This choice is now convergent with the current material choice
for the DT phase of ITER. The main scientific and technical objec-
tives will be to study material erosion, migration and tritium reten-
tion and to develop compatible plasma scenarios in preparation for
ITER operation. It was not feasible to re-engineer the whole of the
JET divertor for solid tungsten or a different type of CFC and so a
programme of R&D was launched to test 14 different types of W-
coatings on JET relevant 2D CFC (Dunlop DMS798) [3]. To manage
the risk that thick coatings were not technologically feasible, R&D
was also launched into the design of a bulk W tile to be positioned
at the outer strike point [4,5].

In March 2006, the outcome of the 9 month programme of W-
coating R&D was reviewed. The reference divertor configuration
which was then selected is shown in Fig. 1. Due the limited avail-
ability of 2D CFC material, time for production and testing in the
GLADIS ion beam facility [3], relatively small samples were used
(~8 cm x 8 cm). Tests were also carried out with ELM-like loads
in the JUDITH1 e-beam facility [6]. The results showed that
200 pm VPS coating with W/Re interlayer produced by Plansee
performed at least as well as the thin PVD coatings (5 and
10 um) under steady heat loads. In response to ELM-like loads
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however, the VPS coating performed better, possibly due to the fact
that the heat pulse did not penetrate to the interface between the
CFC and the coating on the short timescale of the pulse. Also it is
obvious that a thicker coating will give better margin on the nor-
mal erosion lifetime. However, it was also recognised at this time
that there were risks in scaling VPS technology to realistic tiles
and in mass production. For this reason a bulk W tile (Tile 5 in
Fig. 1) was included in the project.

For main chamber tiles requiring W-coating, the best perform-
ing of the thin PVD coating systems was selected. This was a
10 um W coating with Mo interlayer produced by CMSII (com-
bined magnetron sputtering and ion implantation). This coating
process has now been successfully developed to an industrial scale
process [7].

2. Scaling of W-coating processes to realistic tiles

After the R&D phase of the ITER-like Wall project was com-
pleted, work began on scaling up the VPS W-coating process for
industrial production of divertor tiles. Coating 2D CFC material
with tungsten is intrinsically challenging not only because of the
anisotropic thermal expansion mismatch [3] but also because of
the variable micro-structure of the CFC surface. Many details can
have an effect on performance including the exact properties of
the base material, the machining process used to cut the surface,
the angle at which the fibres meet the surface and the preparation
of the surface. The quality of VPS coatings is also affected by
numerous parameters from the angle of the plasma torch to the
cooling rate between passes over the surface. This makes a com-
plex multi-variable problem and for this reason it was decided to
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Fig. 1. Cross section of the JET divertor showing the numbering system for the JET tiles. In 2006, 200 um VPS was selected as the preferred W-coating option for tiles 0, 1, 3, 4,
6, 7 and 8. A 10 um CMSII coating process was chosen for tiles 5a, B and C whilst solid tungsten was selected for tile 5 which is used in plasma configurations with ITER

relevant triangularity.

produce sample tiles for testing in GLADIS whose material,
machining, geometry, size, surface preparation and coating pro-
cesses were very close or identical to those of the production tiles.
The design selected for the test tiles was closely based on Tile 7
(T7-like), Fig. 1, which was felt to be the most challenging.

Due to early problems experienced in trying to scale the VPS
coatings to realistic size tiles, testing of a 14 um PVD W/Re mul-
ti-layer, Fig. 2, similar to the base layer of the VPS coating was also
started to provide a fallback option. This multi-layer structure im-
proves the ductility at the interface with the CFC and provides a
diffusion barrier to restrict the formation of brittle tungsten car-
bides at high temperatures to the first tungsten layer [8].

All the divertor tiles (1-8) apart from Tile O (Fig. 1) have fibre
planes normal to the surface. Although 5 pm PVD W-coatings were
successfully tested on parallel fibre tiles during the R&D phase,
thick VPS coatings were not evaluated. More recent work to fill this
gap has shown that due to low thermal expansion of parallel fibre
CFC in both surface dimensions, a satisfactory VPS coating cannot
be achieved even before heat flux testing. The 14 pm PVD W/Re
multi-layer however, performed well in GLADIS tests of realistic
tiles whose geometric features were representative of Tile 0. No
defects were observed after thermal cycling of this tile type at a le-
vel appropriate for its peripheral location in JET (4 MW m ™2, 0.5,
100 cycles).

2.1. 200 um VPS W-coating tests

The T7-like tiles are half the toroidal length of a real tile 7
(15cm long by 17 cm tall) but otherwise geometrically similar
including details such as a 1 mm edge radius which was shown
to be necessary by the earlier R&D for VPS coatings. Seven of these
tiles were coated using the standard W/Re multi-layer PVD base
layer with a VPS layer on top but only two were of acceptable qual-
ity for testing in GLADIS.

The first VPS tile tested showed hot spot early in the test and
melting after exposure to 43 pulses at 16.5 MW m~2 of duration
0.5 s (Tmax = 1200 °C). The second tile achieved 100 cycles without
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Fig. 2. Cross section of the 14 um PVD W/Re multi-layer back-up coating taken
with an optical microscope. The layer thickness starting from the CFC are: 6 um Re,
2 um W, 2 pm Re and a top layer of 4 pm W.

failure for a heat flux of 10.5MWm™2 of duration 1s
(Tmax = 1050 °C).

Examination of the sectioned tiles after testing, Fig. 3, revealed
that, in contrast to the small R&D samples, the VPS coating had a
layered structure (corresponding to each pass of the plasma torch
used to deposit the layer). The greater time left for cooling between
passes and halo of poorly adhered material at the edges of the
torch footprint are likely causes of these sub-layers. Analysis of
the melted coating showed that delamination within the VPS coat-
ing was responsible. This mode of failure which had not occured on
the small samples used in the original R&D was also observed in
ELM-like transient heat load tests on similar large tile coatings in
the JUDITH1 e-beam high heat flux facility (0.33 GW m~2, 1 ms,
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Fig. 3. Stratified structure of the 200 um coating as viewed with an optical
microscope after exposure in GLADIS. The coating is actually almost twice as thick
as the nominal value. A section through a normal thermal expansion crack can be
seen.

500pulses). The failures tend to occur at the central ridge (radius
50 mm) because this is where there is a component of the com-
pressive stress normal to the surface.

2.2. 14 um W/Re multi-layer tests

Similar GLADIS and JUDITH1 tests were carried out on the thin
PVD coatings as on the thick VPS coatings. The slow thermal cy-
cling in GLADIS produced no significant coating defects. However,
a few very small hot spots (<10) appeared in the first few cycles of
the ion beam but these did not increase in number when a total of
200 pulses was applied. Subsequent SEM analysis showed that
these were caused by small buckling defects [3] which were
<0.5 mm across and located on top of the fibres which run along
the tile surface. The small non-growing number of these defects
indicates a highly localised adhesion problem at the interface be-
tween the W-coating and the carbon fibres running along the
CFC surface. The total area of carbon exposed by such defects is
minuscule and not a threat to the objectives of the project [1] since
it is unlikely to contribute significantly to the residual carbon
sources inside the machine. Previous GLADIS tests on a full size Tile
5 showed no defects at all. During production up to 100% of the ac-
tual divertor tiles will be heat flux tested in the JUDITH2 facility [9]
under conditions similar to those of the GLADIS tests but for fewer
cycles to ensure uniformity of the production coating quality. The
tested fraction will in practice be determined by the number of de-
fects detected in initial screening runs and throughput of the up-
graded JUDITH2 facility.

The JUDITH1 ELM-like loading tests were also very successful
with no damage observable after 1000 cycles at 0.33 GW m 2 of
duration 1 ms. The surface temperature rise during this fast pulse
is not directly measured but comparisons with finite element cal-
culations show that it can be reasonably approximated for the JET
material by the analytical semi-infinite solid formula
AT[°C] ~ 56P[MWm 2]t[s]®°. This predicts a temperature rise of
560 °C for the 0.33 GW m~2 1 ms pulses (0.33 M] m~2). When the
power density was increased to 0.4 GW m (0.4 MJ m2) for a fur-
ther 100pulses, slight cracking and melting was observed along the
in-plane fibres. This is thought be a threshold effect in the power
density although fatigue can be a factor in much larger numbers
of pulses. The coating on top of the fibres which run into the sur-
face showed no damage.

3. Experimental programme requirements/constraints
3.1. W-Coating lifetime due to physical sputtering

The erosion of tungsten marker tiles exposed in JET provide us
with the most reliable way of estimating the erosion rate of a fully
coated divertor. Two experiments have been carried out:

i. A 3 pum thick PVD W-stripe 2 cm wide was exposed to
42000 s of plasma operation (campaigns C5-14). The highest
erosion was observed on Tile 7 [10] and at the most common
strike point position, the peak mean erosion determined
from ion beam analysis is 0.06 nm s~!. No erosion of the
W-stripes was observed at the inner divertor due to the fact
that it is a deposition zone.

ii. A single Tile 5 was coated with two W-stripes 8 cm wide
toroidally, one was 1.6 um thick and the other 0.8 um thick
[11]. In this case, 38000s of plasma (campaigns C15-C18)
was run on the tile. The peak mean erosion rate from ion
beam analysis is 0.01 nm s~

These erosion rates are very similar to those seen in ASDEX Up-
grade (<0.06 nm s~!) [10]. The lower erosion rate seen on Tile 5
compared to Tile 7 is not understood. However, the tungsten re-
deposition fraction is expected to be higher for the wider stripe
but the calculations are complicated by the fact that it is very den-
sity sensitive [12] and that the erosion is totally dominated by
impurity sputtering and not by deuterium ions.

3.2. The effect of surface roughness

The simple picture of uniform erosion of the coating does not
hold at the microscopic level. SEM analysis shows that JET coatings
can be eroded up to 4 times quicker on a length scale linked to the
surface roughness [10]. Fig. 4 shows that in both ASDEX and JET
there is similar offset linear behaviour. Although the fine grain
graphite used in ASDEX is much smoother, the W-coating was
0.56 pum thick compared with 3 um in JET. A conservative view is
that the peak local erosion in JET is four times the mean value
determined by ion beam analysis i.e. 0.24 nm s~ for the tile 7 data
and 0.04 nm s~ ! for Tile 5. However, one might expect a lower rate
once the coating is thicker than the surface roughness.

3.3. Risk of coating damage due to giant ELMs

The largest ELMs seen in JET which are well documented are
0.7 MJ [13] with a rise time of 200 ps but with the heating upgrade
which is being carried out in parallel with the wall [2], ELMs up to
1.6 MJ might be possible. In a deliberately low flux expansion con-
figuration (~4), the temperature rise at the outer strike point for
the 0.7 MJ ELM was AT = 780 °C. The JUDITH1 results suggests that
ELMs with an energy over 0.5 M] run in low flux expansion config-
urations have the potential to damage the 14 pm multi-layer coat-
ings at the outer strike point.

3.4. Impact of coating failures

Experience in ASDEX Upgrade has shown that local coating fail-
ures usually do not jeopardise the scientific goals or operation of
the machine. Most of the main chamber in ASDEX is coated with
1.5—4 um PVD W. The W-coating has been eroded from tile edges
in the upper divertor but there is no evidence that the tungsten or
carbon released have affected the programme. VPS coatings be-
tween 200 and 500 pm thick on fine grain graphite (a good expan-
sion match to W) have been used in the ASDEX divertor for some
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Fig. 4. Exposed area of carbon vs. mean erosion for 0.56 um thick W-coatings on fine grained graphite in ASDEX Upgrade compared with 3 pm on 2D CFC in JET. The back
scattered electron images, which are 250 pm wide, show the progressive exposure of carbon in JET.

time. Occasional failures of VPS coatings have occurred due to
delamination at interface with the graphite and more recently
sub-layer delaminations, as seen in the JET R&D. The results cannot
be discussed in detail here but the general conclusion is that fail-
ures of thick VPS coatings have the potential to affect machine
operation through elevated tungsten levels, although this is not al-
ways the case. There is also more potential for progressive damage
to occur with thicker layers due to peeling and formation of drop-
lets which do not wet a carbon surface.

4. Conclusions

The decision to stop further development of VPS W-coatings for
the JET divertor tiles resulted from problems encountered in scal-
ing the process to full sized tiles. Recent experience in ASDEX Up-
grade has shown that even with a well matched substrate, VPS W-
coating failures can occur which affect subsequent machine oper-
ation. In the case of JET, this would represent an unacceptable risk
due to the length of time required for repairs. The W/Re PVD coat-
ing used as a base layer for the VPS top coat was retained as the
back-up option on the basis that the divertor tiles were likely to
spend significant time at high temperatures and there was exper-
imental evidence that this particular coating structure acts as a dif-
fusion barrier for carbon and suppresses carbide formation in the
top surface [14].

From extrapolations of existing in-situ tungsten marker analysis
and allowing for the effect of surface roughness, a conservative
lower limit for the lifetime of a 14 pm W/Re multi-layer coating
until the CFC substrate is exposed is about 60000 s. Rhenium is
the next element up in atomic number from tungsten and has sim-
ilar hydrogen retention properties [15] so suppression of carbon is
more critical to the objectives of the ITER-like wall than the
appearance of rhenium at the tile surface. However, to provide
more margin, tests have now been completed, on PVD coatings

up to 30 um thick (14 pm W/Re + 16 pm W) and the behaviour in
GLADIS was indistinguishable from the original 14 pm W/Re layer.
The lifetime of the coating could also be greatly extended by lim-
iting the number of pulses whose outer strike point is run off the
bulk tungsten Tile 5. Giant ELMs have the potential to damage
the W-coating in the JET divertor but a relatively modest restric-
tion on maximum ELM size and minimum flux expansion is re-
quired to avoid this for plasma configurations which are not run
on the bulk W tile. We therefore expect that the lifetime of the
W-coated areas of the JET divertor will be sufficient for at least
4 years of exploitation of the ITER-like Wall and will impose only
very modest constraints on the planning of the EP2 programme.
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