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ABSTRACT.

Six JET divertor tiles were coated with tungsten marker stripes for erosion/deposition studies. The
thickness of the coating was measured by profilometry and Rutherford backscattering spectrometry
(RBS). The average thickness was 3.4mm and the film was uniform within 5% across and within
10% along the stripe. The major impurities were determined using time-of-flight elastic recoil
detection analysis, particle induced X-ray emission, X-ray fluorescence spectrometry, RBS and
secondary ion mass spectrometry. Small amounts of C, Fe, Ni and Cr were found. The in-plane
stress was determined by X-ray diffraction peak shift. Resistance to high heat loads was tested in
the Neutral Beam Test-bed at JET. A coated carbon fibre composite block was exposed to a total of
113 pulses with a maximum peak power density of 15.7MWm . At this power density the surface
temperature went up to 1280°C. No visible changes as a result of thermal cycling nor sputtering of
the film by deuterium could be detected. RBS spectra along the sample, taken before and after the

NB tests were compared and found to be nearly identical.

1. INTRODUCTION

Erosion of and deposition at plasma facing surfaces of JET have been studied since 1986 [1,2].
Recently, large-scale erosion or deposition has been determined by using accurately machined and
measured mechanical markers, and smaller changes have been traced by measuring layer thicknesses
of the deposited layers or marker coatings on tile surfaces [3]. A marker film structure used in
earlier studies consisted of a boron doped carbon layer and a rhenium interlayer on carbon fibre
composite (CFC) material. Here we describe the preparation and characterisation of tungsten marker
coatings on a set of six CFC tiles that were installed in JET during the 2001 shutdown.

The tungsten marker stripes were deposited using a DIARC ® plasma method. The quality of
the coating was assessed by a direct analysis of the coated tiles by Rutherford backscattering
spectrometry (RBS) and X-ray fluorescence (XRF) spectrometry, and indirectly using similarly
coated trial samples which were analysed by profilometry, time-of-flight elastic recoildetection
analysis (TOF-ERDA), particle induced X-ray emission (PIXE), RBS and secondary ion mass
spectrometry (SIMS). Resistance to severe conditions in a fusion device was tested in a Neutral

Beam Test-bed at JET. In-plane stress was determined from X-ray diffraction peak shifts.

2. DEPOSITION OF TUNGSTEN MARKER STRIPES

Poloidal tungsten stripes on the six JET divertor tiles (CFC by Dunlop) were deposited by the
company DIARC Technology Inc. using the DIARC ® plasma method. A tungsten beam was created
by plasma generators and masked tiles were exposed to it while being rotated in a rack (Figure 1).
The deposition was carried out in vacuum at room temperature. To determine the thickness of
deposited layers two pieces of silicon wafer were fitted to the mount at positions on opposite sides
of the rack and coated together with the tiles. Prior to deposition nine spots were marked on the

monitor samples with a marker pen, which were removed with acetone after processing and the



thickness of the deposited tungsten layer was measured with a profilometer. The two monitor samples
also served to check whether the position in the rack, variation in the distance from the ion source
or from the center of the beam had a significant influence on the coating thickness.

Before depositing tungsten stripes on the tiles, trial coatings were prepared on silicon wafers
and smaller CFC blocks for characterisation by ion beam techniques and SIMS, and for tests at a
Neutral Beam Test-bed at JET.

3. THICKNESS PROFILES
By profilometry of the monitor samples the thickness profiles across the stripe were constructed. In
the centre of the beam the average measured thickness was 3.4 wm and the coating thickness was
uniform within + 0.1um across the 2 cm stripe area. The profiles of the two monitor samples were
almost identical meaning that small variations in distance between sample and ion source are not
significant.

Direct measurements by RBS gave an average tungsten areal density of (2.06 +0.22) - 10 19 cm
-2 on the six tile coatings, corresponding to 3.3 wm average thickness obtained using bulk tungsten
density. The averages for individual tiles ranged from 1.92 - 10 19 cm -2t02.22 - 10 19 cm -2 . The
profiles along the stripe were uniform to within better than £ 10 % on the flat parts of the tiles, but
due to shadowing during deposition the coating was thinner by 20 — 30 % on curved parts (Figure
2). The layer thickness across the stripe was determined for three of the tiles and was found to be

uniform within + 5%, confirming the profilometry results.

4. IMPURITIES

The main impurities found in the trial coatings on silicon and CFC were nickel and iron, which are
components of the steel used in the deposition equipment. In both trial samples 3.6 at-% of nickel
and 0.13 at-% of iron were found by PIXE (Figure 3). The content of nickel was surprisingly high,
considering that RBS and TOF-ERD analysis did not detect nickel in the coating on silicon. There
may be a contribution to the Ni peak caused by overlap of a W escape peak with the Ni Ka line, so
that the measured amount of nickel is only an upper bound. A SIMS depth profile of nickel, iron
and carbon, another common impurity, shows that the elements were not always evenly distributed
in the tungsten film (Figure 4) probably reflecting changes in process parameters. XRF spectrum
analysis of tile coatings yielded a nickel content of approx. 2 at- %, 1 at-% of iron and 0.3 at-%
chromium. Oxygen and carbon contents were below the RBS detection limit of about 10 at-%. In
other similar tungsten films deposited by the DIARC ® plasma method the oxygen content around
1 at-% has been measured with SIMS.

5. NEUTRAL BEAM TEST
A tungsten coated CFC block of 200 x 150 x 50 mm 3 was mounted under vacuum in the JET

Neutral Beam Test-bed. The coating was exposed to a total of 113 pulses, comprising 95 at a peak



power density of 5.8 MWm -2 ,4 at 8.0 MWm -2 ,6 at 10.0 MWm -2 ,3 at 12.4 MWm -2 and 5 at
15.7 MWm-2 . The duration of each pulse at 5.8 MWm -2 was 3 seconds, which resulted in a
maximum surface temperature of 900 o C, whilst at higher powers the duration was reduced to 1 s
in order to limit the surface temperature (1280 o C at 15.7MWm -2 ). The coating withstood the NB
test well. Visual inspection of the coating after the test revealed no visible changes as a result of the
thermal cycling, and no sputtering of the film by deuterium could be detected. Neither was there
any evidence of variation in adhesion with film thickness which ranged from 0.8 to 3.9 um. RBS
spectra were recorded at several points along the sample before and after the NB tests. The spectra
were very similar (Figure 5) except for a slight reduction in the background within the dip between
the W and C channels. This is due to a reduction of the layer roughness and may be due to particle
loss at extreme points of surface roughness. The non-zero level in the dip between the W step and
the plateau characteristic of the CFC substrate in the left-hand part of the figure is mostly due to the

roughness of the CFC surface and the impurities in the tungsten layer.

6. IN-PLANE STRESS

The in-plane stress state of the tungsten film on a divertor tile was measured by X-ray diffraction
using the sin 2 (phi) method. To obtain stress values from the measured X-ray peak shifts, the
Young’s modulus and Poisson ratio of bulk tungsten were employed, i.e. E =400 GPa and p = 0.28,
yielding compressive stresses with an average value of 965 MPa. This number is relatively low in
comparison with magnetron sputtered coatings, where compressive stress values up to 2.3 GPa
were reported [4] and film delamination was attributed to excessive stress [5]. Since the substrates
were made of a non-homogeneous 2D CFC material, the angular dependence of the stress value

was checked, but no distinct variation was observed (Figure 6).

7. EXPERIENCE IN JET

The tungsten coated tiles can be observed within JET from windows at the top and outer mid-plane
of the vessel. During the first five months of plasma operation in 2002, the coating on the inner
divertor tiles has gradually been covered with a layer of impurities from the plasma operations,
whereas in the outer divertor where there is no net deposition, the coatings are still clearly visible.

It is planned to use the rate of coverage of the film at the inner divertor as an in situ diagnostic tool.

CONCLUSIONS

Tungsten coatings produced for JET on CFC tiles were uniform, adherent and withstood thermal
cyclic tests without any deterioration. Small amounts of impurities were found: nickel, iron and
chromium of steel used in deposition equipment, and carbon, a typical impurity in films deposited
using thin film techniques. Experience in JET has proven the tungsten coatings are a valuable

diagnostic tool.



ACKNOWLEDGEMENT
This work was conducted under the European Fusion Development Agreement and is partly funded
by EURATOM and the Finnish National Technology Agency (TEKES).

References

[1].

[2].

G.M. McCracken, D.H.J. Goodall, P.C. Stangeby, J.P. Coad, J.Roth, B.Denne and R. Behrisch,
J. Nucl. Mater., 162-164 (1989) 356.

G.M. McCracken, R. Behrisch, J.P. Coad, D.H.J. Goodall, P. Harbour, L. de Kock, M.A.
Pick, C.S. Pitcher, J. Roth and P.C. Stangeby, 16th EPS Conf. on Controlled Fusion and
Plasma Physics, Venice 1989.

J.P. Coad, P. Andrew, D.E. Hole, S. Lehto, J. Likonen, G.F. Matthews, M. Rubel and
contributors to the EFDA-JET workprogramme, Erosion/deposition in JET during the period
1999-2001, Proc. 15th Int. Conf. on Plasma Surface Interactions in Controlled Fusion Devices,
Gifu. 2002, to appear.

D.W. Hoffman and J.A. Thornton, Thin Solid Films 45 (1977) 387.

H. Maier et al., Development of tungsten coated first wall and high heat flux components for
application in ASDEX Upgrade, to appear in J. Nucl. Mater.



JG03.231-1¢

Figure 1: Masked JET tiles on a rotating mount after coating.
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Figure 2: Tungsten layer thickness profiles along the stripe measured by RBS. x and 'y are coordinates of the measurement
points at the tile surface depicting the tile profile. a) Inner wall tile b) floor tile. RBS analysis was performed with
2.5MeV protons, and the spectra were fitted with SIMNRA complemented with a code to deal with rough surfaces.
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Figure 3: PIXE spectra of tungsten films on CFC and
silicon.
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Figure 5: RBS spectra of tungsten trial coating on CFC
before and after thermal cycling in the JET neutral beam
test bed. The spectra were recorded using a 2.5MeV proton
beam with the detector at 150 degrees.
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Figure 4: SIMS depth profiles of C, Fe, Ni and W in a
tungsten layer deposited on silicon. 5 keV O," primary ions
were used. Depth scale was determined by profilometry.
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Figure 6: In-plane compressive stress in tile coatings as
measured by X-ray diffraction. ¢ = 0 denotes the direction

parallel to the fibre planes. The dashed line denotes the
average value of —-965 MPa.



