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Abstract

A number of materials, in a form of limiters, have been tested at the TEXTOR tokamak as candidates for plasma

facing components in future devices. The results for fuel distribution and content in sole tungsten and composites

(vacuum plasma sprayed tungsten layer on graphite and a B4C coating on copper) are reported and compared with

earlier obtained results for sole tungsten and graphite. In sole tungsten the deuterium content is below 1� 1015 cm�2,

whereas in case of the composite targets the inventory found in the hottest parts of the limiters is one at least order of

magnitude greater. The fuel content on composites is predominantly related to the co-deposition process with carbon

and boron. The influence of material damage (melting, detachment of a coating) and material mixing processes on the

fuel retention is also addressed.

� 2002 Elsevier Science B.V. All rights reserved.

1. Introduction

Fuel retention in plasma facing components (PFC)

predominantly derives from the local and global ion

transport in the plasma edge [1,2]. The quantitative ef-

fects are strongly material [3] and temperature depen-

dent [4]. Significant inventory of hydrogen isotopes

measured in controlled fusion devices with the first wall

made of graphite or carbon fibre composites (CFC) [1–6]

is related to the carbon erosion [7,8] and consecutive co-

deposition of eroded and transported species together

with large quantities (even over 30 at.%) of hydrogen

isotopes [1–6]. Therefore, the major challenge is to de-

crease the in-vessel fuel inventory and the corresponding

level of radioactivity in case of D–T operation. This is a

driving force stimulating studies of materials, other than

carbon, as acceptable plasma facing materials (PFM).

An application of the all molybdenum wall in Alcator

C-Mod leads to a decreased fuel inventory [9] in com-

parison to that observed in carbon containing machines.

Several long experimental campaigns were performed at

ASDEX Upgrade with tungsten coated graphite tiles

covering the divertor (coating thickness 500 lm) [10,11]
and the central column (500 nm thick layer) [12]. Se-

lection and testing of materials for next-step devices is

also an important and strongly addressed point in the

research programme carried out at the TEXTOR toka-

mak [13–16]. The aims of testing are: (i) to evaluate the

impact of a candidate material on the plasma perfor-

mance, (ii) to recognise the material erosion and dam-

age, i.e. to assess its lifetime, (iii) to determine the fuel

retention. In recent years experiments with some tens of

various materials serving as limiters and various con-

figurations of those limiters have been performed.

The intention of this work is to give a concise over-

view of fuel retention and material mixing processes

occurring on limiters at TEXTOR. The results previ-

ously obtained for sole targets such as tungsten and

graphite are compared with those for composites man-

ufactured by vacuum plasma spraying (VPS): a tungsten

coating on graphite and a B4C layer (tetraboron carbide)
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on a thick copper substrate. The latter composite was

tested at TEXTOR as a candidate for the first wall

components of the Wendelstein-7X stellarator [17,18].

As already shown in the reported works, in graphite

and CFC the retention is determined by a co-deposition

process [1–6] whereas in case of sole tungsten (in areas

free of carbon co-deposition), the inventory is mostly

connected with a direct implantation of ions and neu-

trals [15]. However, the data regarding fuel inventory

and material mixing on composites exposed to extreme

power loads (of around 20 Wm�2) in tokamak experi-

ments have been gathered for the first time.

2. Experimental procedure

TEXTOR is operated with graphite PFC heated to a

base temperature of up to 350 �C. Plasma radius is de-

fined by two major arrays of limiters moveable in radial

direction: a belt toroidal (ALT II [19]) consisting of eight

blades (total area of 3.4 m2, i.e. approximately 9% of the

first wall area) and a main poloidal composed of two

sets, each of them containing five tiles (total area of 0.06

m2). There is also an inner bumper limiter and rf an-

tenna protection tiles. In addition, so-called test limiters

of mushroom shape are used for studies dedicated to

material erosion and transport.

For material testing reported in this paper all 10

graphite blocks of the poloidal array were replaced by

tiles coated with sprayed tungsten [20]. In separate ex-

periments, test limiter systems were used for the expo-

sure of sole tungsten, graphite and B4C coated copper.

The test specimens were installed in the torus on special

manipulators to allow the change of the radial position,

the rotation and heating of the limiter heads [15,21].

Heating is indispensable for sole W targets in order to

avoid their damage by thermal shocks, i.e. to maintain

the limiters� temperature above the ductile-to-brittle

transition temperature of about 450 �C. Basic charac-

teristics and exposure conditions of specimens are briefly

summarized in Table 1.

The exposed targets were retracted from the machine,

transferred to a surface analysis station and then exam-

ined with a number of methods. The amount and distri-

bution of deuterium and boron was determined by means

of nuclear reaction analysis using a 3Heþ (0.7 and 1.5

MeV) and a Hþ beam (0.65 MeV), respectively. The in-

formation depth in D analysis on carbon substrates is

around 1.2 lm with a 0.7 MeV beam and 4.5 lm at 1.5

MeV. In case of tungsten the depth is approximately 50%

smaller. The content of other elements (e.g. W, Si, Cu)

was examined with Rutherford backscattering spectro-

scopy, whereas enhanced proton scattering was applied

for tracing the carbon deposit on tungsten surfaces.

Scanning electron microscopy (SEM) combined with en-

ergy dispersive X-ray spectroscopy (EDS) allowed studies

of topographical details and the composition of VPS-W

coating before and after its exposure to the plasma.

3. Results and discussion

Results from various tokamaks reveal non-uniform

distribution of retained fuel and co-deposited plasma

impurity atoms on PFC [1,4–6,22]. In this sense, the

results presented below are in line with that fact. How-

ever, we want to focus on material aspects. For that

reason, in case of the VPS coated targets we have chosen

to examine in detail tiles partly damaged by the plasma,

i.e. with partly detached or melted coating. Such ap-

proach gives a good insight into morphological changes

(structure and composition) induced by the plasma op-

eration in various regions of the targets. First we de-

scribe the morphology of the VPS coated specimens and

this is followed by the comparison with the results pre-

viously obtained for sole tungsten and graphite.

3.1. Tungsten coatings

Fig. 1 shows a poloidal limiter tile with the detached

and partly melted VPS-W coating. The tile shown here

was a component of the poloidal array placed in the

bottom of the machine. Though the coating was de-

tached it did remain on the underlying substrate. Both

sides of the coating (plasma facing side and the one

originally attached to graphite), re-crystallized pieces of

W, the underlying graphite substrate and side surfaces

(i.e. areas being in gaps between the tiles) of the block

were analyzed as marked in Fig. 1(a). The other side of

the tile (facing the ion drift direction) and a detached

Table 1

Material characteristic and exposure conditions of limiters at TEXTOR

Limiter material Material characteristic Type of limiter Exposure time (s) Surface Tmax (K)

W Sole metal Test Up to 600 >3600

VPS-W layer on EK98

graphite

500 lm coating with a W-Re sandwich inter-

layer as a diffusion barrier between W and C

Main poloidal 750 >3600

C Graphite EK98 Test Up to 600 >3000

VPS-B4C layer on Cu 170 lm coating Test 100 >2700
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piece of tungsten with a molten zone are shown in Fig.

1(b). The presence of interference colours indicates the

formation of co-deposits on all side surfaces, whereas

the top part of the VPS-W coating remains shiny

metallic suggesting less deposition. Detailed results for

the content of trapped fuel and co-deposited atoms in

those various regions on the top of the limiter are col-

lected in Table 2. The amount of fuel is relatively small

(1016–1017cm�2 range) but the results clearly indicate the

retention on the VPS coating to be strongly influenced

by co-deposition of deuterium with carbon, boron and

eroded and promptly re-deposited tungsten. Because of

material mixing process no definite clue as to the D

trapping in the tungsten layer itself can be obtained.

Distribution of D and B on the side surface is plotted

in Fig. 2. Equal amounts of species can be considered

incidental. More important are their nearly identical

radial profiles from which net erosion and net deposition

zones are clearly distinguished. In the net deposition re-

gion the e-folding length (k) can be determined: kD ¼ 17

mm and kB ¼ 19 mm. Besides of D and B there are also

significant re-deposited and mixed species of carbon (not

possible to determine quantitatively on the graphite

substrate) and tungsten (over 1018 cm�2). This indicates

significant amounts of W being eroded from the VPS

coating and transported to the side surfaces and also to

the gaps between the tiles.

The damage to the coating will be discussed in a

separate paper being under preparation. However, we

want to mention that out of 10 tiles, two were seriously

damaged by the plasma. The reason for the exfoliation

could be related to some manufacturing failure but,

certainly, also thermo-mechanical properties of the in-

terlayer components are to be taken into account: (i) the

mismatch between linear thermal expansion coeffi-

cients of graphite (aC ¼ 3:9� 10�6 K�1) and rhenium

(aRe ¼ 6:2� 10�6 K�1) and (ii) the difference of melting

temperatures between tungsten (Tm ¼ 3407 �C) and

rhenium (Tm ¼ 3180 �C). These differences could play an
important role in the destruction of the rhenium layer

[23,24] when the power load to the limiter exceeded 20

MWm�2 causing the temperature rise above 3000 �C
[20]. Such high and strongly localized power loads might

also be the reason that the damage to the VPS-W

coatings at TEXTOR was more severe than that

Fig. 1. A damaged tile of the poloidal limiter. Dimensions of

the limiter block: projected length 120 mm (toroidal direction),

width 50 mm (poloidal direction), height 78 mm. (a) The de-

tached VPS-W coating and the graphite block. Lines of analysis

on the coating and the graphite substrate are shown by dashed

lines. (b) The view from the ion drift direction.

Table 2

Distribution and content of deuterium and other species in various areas of the VPS-W coated poloidal limiter

Area D (1017 cm�2) C (1017 cm�2) B (1017 cm�2)

VPS coating (front side)

e-side (1) 2.4–3.6 52–83 14–28

Top, central part (2) 0.8–1.6 6–14 9–17

i-side (3) 0.04–0.4 14–34 0.5–4

VPS coating (back side)

Graphite substrate <0.003 Up to 5 <0.003

e-side 0.6–1.2 C deposit not determined on the

graphite substrate

0.01–0.1 over the whole area

Central part 0.03–0.3

i-side 0.7–1.0

M. Rubel et al. / Journal of Nuclear Materials 307–311 (2002) 111–115 113



observed on the divertor tiles of ASDEX-Upgrade where

the power load (6 MWm�2 [10]) was evenly distributed

over a larger area. The formation of micro-cracks on a

few tiles only (out of some hundreds) has been reported.

3.2. B4C coating

The appearance of the exposed B4C coated limiter is

shown in Fig. 3(a). In the areas of the highest heat loads,

the coating is damaged (exfoliated and/or molten) but

no layer detachment has occurred and no bare copper

substrate is perceived. There are pits caused by arcing on

the whole surface. Their shape and structure are shown

in detail in Fig. 3(b). This type of damage has not been

observed on sole W and C test limiters exposed under

very similar conditions. The analyses were done along

several lines in the toroidal (solid lines in Fig. 3(a)) and

the poloidal (dashed lines) direction in order to recog-

nize the D content in damaged and non-damaged zones,

i.e. in areas of possibly different chemical composition.

Plots in Fig. 4 show the deuterium distribution along the

toroidal direction: one line crossing the exfoliated area

(limiter center line, filled symbols) and the other one

outside this area (open symbols). First of all, the depo-

sition zones (�20 mm wide), related to carbon transport

and its co-deposition, are observed on far ends of the

limiter. The D content in these zones amounts to

1� 2� 1017 D atoms cm�2 and it is rather dependent on

the exposure time than on the initial target composition,

because the formation of such zones has also been ob-

served on all other test limiters including sole tungsten

and graphite. However, the fuel distribution in the

central part of the B4C coating is highly non-uniform.

There are significant differences, by a factor of 8–10,

in the amount of trapped fuel outside and inside the

damaged areas: 5� 1016 and 4:5� 1017 cm�2, respec-

tively. The difference in fuel content between the zones is

very sharp and, moreover, the depth distribution of

deuterium in the exfoliated zone is deeper (over 3 lm)
than in the adjacent region (<0.5 lm). It gives a clear

indication that the chemical composition of the zones

Fig. 3. B4C coated test limiter after the exposure to the plasma.

Dimensions of test limiters: projected length 120 mm (toroidal

direction), projected width 60 mm (poloidal direction), radius

of curvature 140 mm, height 45 mm, area of the plasma facing

surface 100 cm2. (a) An overview of the limiter surface with

melted zones. The net of analysis scans is marked: solid lines in

the toroidal direction and dashed lines in the poloidal one.

(b) Arcing on the limiter surface.

Fig. 4. Deuterium distribution and concentration, along the

toroidal direction, on the exposed B4C coated test limiter.

Fig. 2. Radial profiles of deuterium and boron on the side

surface of the poloidal limiter.
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differs distinctly. Besides B, C and D the presence of

copper and silicon is detected over the whole surface.

The melted region contains bigger amount of Cu than

observed on the rest of the surface but, nevertheless, Cu

remains the minority species in comparison to B and C.

While the Si presence is related to the machine silicon-

ization, the Cu overlayer originates most probably from

the transport of copper eroded of the sides of the limiter.

The contribution of the arcing on the test specimen to the

spread of copper cannot be excluded. The latter effect,

however, is not considered as the major source because

the plasma contamination by Cu was negligible.

The damage to the coating occurred at the sur-

face temperature exceeding 1800 �C, as inferred from

thermography (TmðB4CÞ ¼ 2460 �C). One may suggest

that the event stimulated chemical reactions and phase

transition in the overheated topmost layer. Detailed

analysis of the literature data [25,26] for Cu–B, Cu–C

(and Cu–Si) systems shows that simple binary com-

pounds, acetylenides or low-copper eutectic alloys can

be excluded. Exact composition of compound(s) [Cu–B–

C–Si] resulting from the high temperature reaction and

material mixing on PFC cannot then conclusively be

inferred. However, the mixture formed has high affinity

towards the retention of deuterium. This feature should

be taken into account when considering B4C coated

copper as a potential candidate material for PFC.

4. Comparison and conclusions

Fuel inventory was studied in four materials used as

limiters at TEXTOR. The results obtained earlier for

sole graphite and tungsten [3] are compared with those

recent results for VPS coatings. Surface morphology in

the topmost part (i.e. exposed to the highest power

loads) of all the limiters is compared. The D-retention

reaching 3:6� 1017 cm�2 is observed on the VPS-W

coating and it is mainly related with W, C and B mixing

on the surface. Also molten parts of the B4C coated

specimen contain similar amount of trapped fuel. The

D-retention in the non-damaged B4C layer (5–7� 1016

cm�2) is therefore 1.5–2 times higher than that observed

in sole graphite (3:5� 1016 cm�2) exposed under similar

conditions. It is nearly two orders of magnitude bigger

than that measured in sole tungsten (<1� 1015 cm�2).

The results clearly show significant differences in fuel

inventories between sole tungsten and carbon-contain-

ing materials. They also might indicate that no co-

deposition of fuel (tritium inventory) should be expected

in a device with PFC made only of tungsten.
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