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ABSTRACT

Three graphite tiles coated with B4C were mounted in the X-point strike region
of JET during operations in 1991. The coatings remained adherent, though areas
reached temperatures at which local melting occurred. Boron and deuterium
analyses in the area surrounding the tiles suggest sublimation of boron was an
important release mechanism, and that the region between the strike zones (the
private flux region) is a majdr redeposition area.

INTRODUCTION

In recent years the development of low-Z materials for plasma-facing
components (PFC's) has progressed beyond the all-carbon first wall to include the
even lighter elements boron and beryllium. JET has evaporated Be over the first
wall and operated with a mixture of Be and carbon PFC's(1), whilst many other
tokamaks have incorporated boron in the first wall either from gaseous
sources(?) or by using B-C composite components®®). One method of introducing
boron being investigated is the use of B4C - coated components#), which offers
the possibility of in-situ refurbishing of eroded components by plasma spraying.
Three B4C - coated tiles were included in the upper X-point strike area of JET
during 1991, and the post-mortem analysis of these tiles is described below.

However, the B4C coatings were included in JET not as a material test, but to
provide a source element (boron) to study redeposition in the divertor channel.
Modelling of erosion and redeposition in divertors is of vital importance for the
ITER design(®), and any experimental information may be useful in developing
or validating theoretical models. Erosion at the JET X-point plates at the time of
the exposure of the B4C coatings was very variable, and the results are the
culmination of about 370 X-point discharges. Nevertheless, the analyses give
some interesting pointers to transport phenomena in the divertor channel.
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EXPERIMENTAL .
()  Coating the tiles with BsC -

The upper X-point tiles were made of Aerolor graphite, and were coated by low
pressure plasma spraying at the Technical University of Aachen (RWTH). Three
tiles were sprayed with B4C in a single pass to produce a coating approximately
70pum . thick. . Analysis by scanning, electron. microscopy (SEM) revealed. ~ 2% of.
metals (Ni, Cr, Fe) as a surface contamination, which was believed to be due to
pickup of impurities in the powder feed hopper. The impurity level was reduced
to ~0.3% by sand-blasting the surface with B4C particles.

2) Mounting and plasma exposure in JET

Figure 1 shows a layout of tiles on a section of the roof of the JET torus. The
three coated tiles (indicated by hatching) form a poloidal set across the regions of
maximum plasma-surface interaction for X-point discharges (the "strike zones").
The position of the tiles in relation to the vessel cross-section (and the plasma
during the so-called "X-point" phase) is shown in Figure 2. The tiles are
mounted on separate plates for each of the 40 sectors of the vessel, to avoid
bridging the bellows which increase the resistivity of the torus. The breaks
between sectors are indicated by slight gaps in the plan (Figure 1). The central
sector of each octant (C) is covered by two plates, and there is a small gap (also
shown in Figure. 1) between them: the B4C - coated tiles were at the edge of this
central space. A problem with this design of wall protection was that slight
misalignments between sectors (or even between tiles on a plate) resulted in
high heat loads (hot spots) at raised edges because the plasma is incident at ~2° to
horizontal. Many of the sector joints evinced such hot spots. For normal
magnetic field configurations the plasma forms a hot spot to the left of a break
(in Figure 1) at the outer strike point or to the right of the break at the inner
strike point. A number of discharges were also run with either reversed field or
reversed plasma current. The B4C-coated tile at the outer strike point (SC47) was
severely eroded midway along its edge adjacent to the sector break (other tiles
showing some erosion were SC7 and SC15 [right side] and SC12, SC13 and SC43
[left side]).

The tiles were present during operations in JET from June to August 1992. (In
September a redesigned set of carbon-fibre-reinforced graphite tiles were
installed). 370 discharges with X-point phases were run during this period, the X-
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point phases usually lasting about 5 secs (interaction between the plasma and the

tiles during limiter discharges, and during the limiter phases of X-point

discharges: is muclt less: and' can be disregarded). ' THere were 37 sessions of Be-
evaporation. spread: throughout the: period; during which: ar total’ of

approximately 1.5 x 1018 Be atoms cm-2 is estimated to have been deposited over

these X-point tiles.

(3) Ion Beam Analysis (IBA) and Scanning Electron Microscopy (SEM)

Following their removal from the torus, the tiles were examined using the ion
beam analysis techniques Rutherford backscattering (RBS), proton induced X-ray
emission (PIXE) and Nuclear Reaction Analysis (NRA). The combination of
these techniques allowed all elements present in the outer few microns of the
tile surfaces to be determined. In particular the NRA reactions 11B(p, o) 8Be
using 0.7 MeV protons, and 12C (3He, p) 14N, 9Be (3He, p) 11B and 2D (3He, p) 4He
using 2.5MeV 3He ions were used to quantify B, C, Be and D in the outermost
1pm (approx). The area of analysis (beam size) is Imm diameter.

After IBA the tiles were examined in an SEM fitted with energy-dispersive X-ray
analysis (EDX). In order to avoid contaminating the SEM with beryllium, the
tiles were first washed with a proprietary detergent (tiles SC44 and SC47) and
distilled water (all three tiles). The tiles were baked in the SEM vacuum system
to 80°C for 12 hours before analysis. The beam size in the SEM is <0.1pum, but
the EDX analyses have all been taken from areas between 10 x 10pm and 100 x
100pum (depending on the raster size) and are of the outermost Ium (approx).

RESULTS

Analysis of the B4C coated tiles after exposure in JET on the millimetre scale
(IBA) showed that the coating was intact everywhere though the boron count
was reduced by about a factor of ten near the edges of the tiles likely to be eroded
by the plasma. The higher spatial resolution of the SEM reveals a more
complicated picture. The B4C coating is generally intact and appears to be
overlaid by a smoother deposit which has a widespread network of cracks
("crazing”), the individual islands so formed being typically 200-500pm in
diameter as is clearly seen in Figure 3 which is a secondary electron image from
near the centre of tile SC47. Also shown in Figure 3 is an area without the crazed
appearance with a rounded feature on its right. Figure 4 shows a somewhat
similar area from the centre of SC47, this time the image being formed by back-
scattered electrons (BSE). This BSE image demonstrates more clearly that the
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agglomerations are due to film melting. (The crazing of the film over the
unmelted areas which s similar to that in Figure 3 is not as obvious in the BSE.
dgpgel. Lecalised melt.regions. are widespyead omer SCA7 but. hawe. got been
observed on SC39 or SC44. EDX analyses (using a windowless- detector) hawve.
been taken from many points on each tile, the low energy region of two from the
areas indicated on Figure 3 being given in Figure 5. The melt droplet was rich in
boron (as was invariably the case from such areas) whilst away from the melt
area the spectrum shows predominantly carbon and oxygen. The carbon to
oxygen.ratios recorded from-the tiles from. unmelted. regions vary considerable.
with sometimes a shoulder on the carbon peak indicating some boron. It should
be noted that there may be significant beryllium concentrations near the surface
(Be is undetectable by EDX), and this may account for variations in the oxygen
levels.

Melting of B4C coatings has been observed at substrate temperatures of 2100°C
and above(4): this is lower than the melting point for solid B4C of 2400°C
probably due to imperfect thermal contact between coating and substrate. SC 47 is
likely to have been the hottest of the three tiles and has clearly been approaching
the melting temperature on occasions. The variable ratio of boron to carbon may
reflect differences in the thickness of the overlying layer of material redeposited
by the plasma which will contain principally C, Be and deuterium, and by
analogy with deposits in all-carbon machines may be referred to as a-Be/C:H/D.

During X-point discharges boron (and carbon) will have been sputtered (and
perhaps evaporated) from the B4C - coated tiles (particularly from the edges of
SC47 and SC39, and from larger areas at the start of the campaign before most of
the surfaces were covered by redeposition from the plasma). After travelling a
short distance the sputtered atoms will be ionised, entrained in the particle flux
along the field lines and redeposited some distance away from the source point.
A number of the surrounding tiles have been surveyed for boron, and selected
results are shown in Figure 6 and 7. Figure 6 gives the boron counts recorded
from points on a toroidal line across sector VIII C passing through the centre of
SC39 (and thus between the two strike zones). Figure 7 shows data from analyses
along two poloidal survey lines, their positions relative to the coated tiles being
shown on Figure 1. Analyses close to tile edges are frequently out of line with
analyses on the flat surfaces nearby due to the different flux density on the
curved edges, which sometimes leads to erosion and sometimes extra deposition,
so should be disregarded. The symmetry in Figure 6 is consistent with the right-
hand edge of SC39 (and SC47) acting as source, and transport in either toroidal
direction being equally probable. The folding length for the (final) redeposition
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is of the order of 100mm. Figure 7 shows that most of the boron is redeposited in
the private flux region between the strike zones, and is not peaked along the
lines of the strike zones (or in the plasma scrape-off-layers (SOL)).

A survey of deuterium concentrations obtained by NRA has also been made
over the tiles. Deuterium is co-deposited with carbon and to a first
approximation indicates the amount of carbon redeposited in that area.
However, deuterium concentrations within plasma deposits can be reduced by
heating the substrates to high temperatures, so tiles exhibiting erosion may be
expected to have lower deuterium levels. Within this sector tiles SC13, SC43,
SC7, SC15 and SC47 fall within this category and on these tiles the D
concentration was generally <1018 atoms cm-2 and in some areas <1017 atoms
cm-2. Of the remaining tiles, SC45 has the lowest average D concentration,
which apart from points close to the edge, averages ~ 8 x 1017 atoms cm-2. Tiles
SC37, SC38, SC39 and SC9 (between the strike zones) average 4.0 x 1018, 1.7 x 1018,
2.8 x 1018 and 3.0 x 1018 atoms cm-2 (respectively). The inner row of tiles SC42,
SC44 and SC14 average 6.1 x 1018, 5.2 x 1018 and 4.0 x 10’8 atoms cm-2, whilst a
poloidal scan on SC12, despite there being some erosion elsewhere on the tile,
averaged 6.1 x 1018 atoms cm2 . These NRA analyses refer to the outermost
1um (approx). However, it is clear from the spectra and from other analyses that
for levels much above 1018 atoms cm-2 the actual D concentrations are
underestimated, because the redeposited films are clearly thicker than 1 pm (but
there is little contribution from the inner part of the film to the NRA signal).

Although these D analyses are variable due to irregularities in tile positioning
etc, there is a clear trend of increasing D level towards decreasing plasma radius.
At and beyond the outer strike point the D levels are relatively low, with all the
thicker layers being in the private zone or at the inner strike zone.

DISCUSSION

The B4C coating exposed in JET remained adherent after ~370 pulses (with
attendant thermal cycling). Local melting occurred on one tile, suggesting that
this tile probably reached ~2000°C during high power X-point discharges. Due to
the mounting system and tile design used at this time, many tiles in the X-point
region were slightly prominent (generally at sector joints but randomly
distributed) and received much higher fluxes. Temperatures in excess of 2000°C
- were not unusual for such tiles and although these coated tiles were not in the
field of view of any of the viewing cameras, it is quite possible that SC47 reached
such temperatures.



The distribution of boron in the areas surrounding the coated tiles was
unexpected. The predication®) from the linked kinetic and Monte Carlo codes of
Brooks(6) is that atoms sputtered from the divertor plates will, once ionised,
travel along field lines to be redeposited. Since the angle of incidence toroidally
(~2°) is much less than the poloidal angle of incidence to the target (~45°), the
majority of the movement is toroidal and downstream from the sputtering
point. This is not important for a toroidally uniform source (eg. carbon from
graphite targets), but is relevant for a discrete source.

Densities at the JET divertor separatrix (~ 1019m-3(7)) are one to two orders of
magnitude less than those predicted for ITER, so that the ionisation path length
for sputtered atoms in JET is of the order of centimetres rather than millimetres
or less in ITER. It may be, therefore, that boron sputtered at near-normal
directions from the strike zones can travel toroidally out of the sector before
returning along the field lines to the target surface and is not detected. Boron
atoms sputtered at large angles from the normal to the surface may either be
ionised within the private flux region and return to the surface within the area
surveyed, or in the other direction travel poloidally out of the area surveyed.
Most transport should be away from the private zone, due to the angle of the
field lines to the target plate, and this effect should dominate over the random
angle of sputtering ).

Although tiles from outside the area analysed are not available to check for
boron, the fine details of the B redeposition seen do not fit comfortably with the
above suggestions. Firstly, the shape of the fall-off in B toroidally (figure 6) is not
that to be expected if most boron is travelling out of the sector. Furthermore, the
largest amount of redeposited boron observed (on SC7) is up to 7.6% of the boron
signal from a B4C coating standard and ~ 14% of the average recorded from flat
regions of the exposed, coated tiles SC39, SC44 and SC47. (The lower B levels on
these tiles may be due to the overlaying deposits and/or selective loss of boron
during operations). These percentages suggest one is seeing the major
redeposition sites rather than the statistical tail of the distribution. The
deuterium distribution also suggests that the private zone is a major
redeposition site. Redeposition remains large in line with the inner strike zone,
but this strike zone can on occasions be located on the tile inboard of the three
analysed tiles, so the fall-off in D may be just starting. If the transport
mechanisms outlined above dominated, then the largest deposition should
occur in the SOL beyond the strike zones, but this does not appear to be the case.
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A partial explanation for the above inconsistencies may be that the dominant
mechanism causing boron to leave the surface is sublimation. Atoms emitted
thermally have kinetic energies 2-3 orders of magnitude lower than sputtered
atoms, so ionisation will take place much closer to the source, and the deposition
profile in figure 7 would be understandable. Sublimation of carbon is believed to
be occurring at the hot spots during the carbon blooms frequently observed using
these tiles (8). Since sublimation of boron occurs at lower temperatures than for
carbon, it is likely that it occurred at the edges of SC47 and SC39. It is not clear
that sublimation rather than sputtering sources will effect the poloidal
distribution of boron or deuterium. However, further analyses will be carried
out over a larger poloidal range, and modelling techniques will be used to
compare transport of sublimed rather than sputtered atoms with the complete
experimental data set.

CONCLUSIONS

Three B4C - coated tiles were used in the X-point target region of JET during
operations in 1991. The coating remained adherent, but localised melting
occurred in small areas over one of the tiles which is believed to have regularly
reached temperatures of the order of 2000°C.

The amount of boron redeposition on other tiles in the sector of the vessel
containing the coated tiles have been mapped. The toroidal plot of the
redeposition shows a short mean free path which is more consistent with
sublimation of boron from the source tiles than sputtering..

Poloidal plots of the redeposition of boron in the sector are clearly peaked in the
private zone between the plasma strike points. The expected peaks in
redeposition outside the strike zones were not observed, but may have been
missed by being beyond the region analysed. However, the amount of
deuterium trapped by redeposition from the plasma within the sector is also
peaked within the private zone. These analyses will be continued to provide a
more complete data set for modelling which is of clear relevance to the future
JET divertor operation and to ITER.



ACKNOWLEDGEMENT

The authors are indebted to Prof P C Stangeby (University of Toronto) and Dr L
de Kock (JET) for helpful discussions.

REFERENCES

m
[2]

(3]

(4]

(5]

el
(7]

8l

P R Thomas and the JET Team, ] Nuclear Materials 176 and 177 (1990) 3.

] Winter, H-G Esser, H Reimer, L Grobusch, ] von Seggern and P Wienhold,
] Nuclear Materials 176 and 177 (1990) 486.

C Boucher, F Martin, B L Stansfield, B Terrault, the TdeV Team, Y Hirooka,
B Conn, T Matsuda, ] Winter and H G Esser, Proc 10th Plasma Surface
Interactions Conference, Monterey, USA, March 1992 (to be published in J
Nuclear Materials).

S Deschka, J Linke, H Nickel and E Wallura, Fusion Engineering and Design
18 (1991) 157.

S A Cohen, R F Mattas and K A Werley, Princeton Plasma Physics
Laboratory report PPPL-2823 (Feburary 1992) (available from National
Technical Information Service, Springfield, Va 22161, USA).

J Brooks, J Nuclear Materials 170 (1990) 164.

] A Tagle, S Clement, A Loarte, L de Kock, P J Harbour, D O'Brien, S K
Erents, G Janeschitz, C Nicholson and J Vince, Proc 10th Plasma Surface
Interactions Conference, Monterey, USA, March 1992 (to be published in J
Nuclear Materials).

C G Lowry, W N Ady, D ] Campbell, P Carman, S Clement, E B Deksnis, A
Gondhalekar, P ] Harbour, L Horton, G Janeschitz, M Lesourd, J Lingertat, M
A Pick, G Saibene, D D R Summers and P R Thomas, Proc 10th Plasma
Surface Interactions Conference, Monterey, USA, March 1992 (to be
published in J Nuclear Materials).



! | 1 b u | _ssozs0ze]
\ NN N h |
Sc45| SC46 wcn@’ x4| xa| |scis
\
\
\
1

’\? s_‘f:37 SC38 NSC39\]| SCe| scs| (sC7y N

—_ Approx

‘\ \\\\\ 1T radial

' — ositions of
scazNscaaseas | sciafScigy sei2 R ke oo

Direction of | N
increasing “ x -—
radius, R | \ -~
1 \ '

N
= 0 =~ Inner
A f
Vil BV C Octant VIl VIC/VIIL D
sector joint centre line sector joint

N\ Eroded areas \\ B,C-coated tiles

——— Lines of analysis
in other figures

Figure 1: Plan view of a sector of graphite tiles at the upper X-point region of the
JET machine, showing the B4C - coated tile positions.

Positions of the
B,C-coated graphite tiles

\

ii\
e
7 N SN

Separatrix

\

NG

AN

R
\e.

AN
\

Private
B / region

f

&
J

Plasma core \
Figure 2: Diagram showing a part of the cross-section of JET containing the tiles
shown in figure 1 and the relative plasma position.

JGe2.517/2



00015 1000pm a
- ~’
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Figure 4: Another area in the central region of the coated tile SC47, imaged using
back-scattered electrons.
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