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POST MORTEM ANALYSIS OF A TUNGSTEN COATED TILE FROM THE
OUTER DIVERTOR STRIKE POINT REGION OF ASDEX UPGRADE

E. Fortuna-Zalesna®”, M. Andrzejczuk®, L. Ciupinski', K. Rozniatowski', K. Sugiyama?® M.
Mayer?, K.J. Kurzydlowski', ASDEX Upgrade Team

YWarsaw University of Technology, 02-507 Warsaw, Poland
’Max-Planck-Institut fiir Plasmaphysik, D-85748 Garching, Germany

Abstract

In the present study, the structure and the composition of co-deposited layers developed at the
outer divertor strike point tile 1 in ASDEX Upgrade during three campaigns from 2009 to
2013 were examined. The samples were cut from representative locations which differed in
received flux: private flux, strike point, the highest plasma fluence and “moderate" flux
regions. High resolution scanning (SEM) and transmission electron microscopy (HRSTEM)
combined with energy-dispersive X-ray spectroscopy (EDS) and optical profilometry have
been used to identify deposits composition and morphology as well as to assess coating
degradation. The aim of the post-mortem analyses was the evaluation of materials mixing and
evidence of plasma-induced damage.
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Introduction

Tungsten (W) is a candidate material for the ITER divertor [1-2]. A detailed understanding of
the in-service performance of W plasma-facing components (PFCs) is essential for assessing
their degradation by plasma interactions and formation of mixed materials. In the current and
the past fusion experiments tungsten has been used both as a bulk material and as coatings
deposited (by evaporation and plasma-spraying) on carbon substrates (TEXTOR, ASDEX
Upgrade, JET and JT-60U) [3-5].

In the present work the performance of the tungsten coating in the ASDEX Upgrade divertor
has been investigated in the context of: (a) the erosion and deposition pattern at the outer
divertor strike point region and (b) damage of the material caused by the power loads from a
fusion plasma.

Experimental

The investigations were carried out at four samples from the outer divertor tile no 1 of
ASDEX Upgrade, exposed to the conditions of three campaigns in the period 2009 — 2013.
These samples were cut from representative locations and differed in the received flux, as
described in Table 1 and in Figure 1. The total fluence onto the outer divertor was in the range
of 10°® m™. The machine operated with relatively low heating power input in 2009, mostly
below 10MW. Higher heating power was exercised in the later campaigns. The tile was
coated with a tungsten layer using the combined magnetron sputtering and ion implantation
method (CMSII) [6]. The initial thickness was approximately 10 microns. A 2-3 um thick Mo
interlayer was deposited between the tungsten layer and the graphite substrate in order to
improve the adhesion of the layer.

Tab. 1. Samples description

Name | Description

1-1A private flux region, limited plasma contact, thick co-deposition




1-3A strike point region, exposed to high heat load

1-4A the highest plasma fluence region

1-10A | "moderate™ region
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Fig. 1. Drawing of Tile 1 explaining sampling locations. All dimensions in mm.

The surface morphology investigations were performed with a Hitachi SU-70 FE-SEM
scanning electron microscope combined with energy-dispersive X-ray spectroscopy (EDS)
using Thermo Scientific Ultra Dry and YAG BSE (backscattered electrons) detectors. The
structure of the surface layers was determined by cutting samples with a focused ion beam
(FIB/SEM Hitachi NB5000) and examining with scanning transmission electron microscopy
(STEM, Aberration Corrected Dedicated STEM Hitachi HD-2700). The surface morphology
was quantified with the use of optical profilometer VeecoWyko NT 9300.

Results

SEM examinations revealed that the surface of all examined samples was modified due to
exposure to the conditions of the 2009-2013 campaigns as evidenced by the images in Fig. 2.
The investigated samples have distinctly smoother surfaces in comparison to their initial
morphology, which has been described in [7]. The surface shows a specific erosion/deposition
patterns in the form of: (i) elongated remains of the initial grain structure, which are at an
angle of approximately 45° to the lines of the toroidal magnetic field and (ii) deposits in the
shadowed areas.

Fig. 2. SEM images of the coating morphology of sample 1-1A, (a), and 1-3A, (b). Black
arrows indicate the direction of the erosion, whereas the white arrow in (a) indicates the
direction of the lines of the toroidal magnetic field. Deposit is encircled in the oval in (b).




The highest roughness has been measure for the sample 1-1A shown in Fig. 2a. The surface is
covered by a thick, cracked, stratified deposit of good adhesion to the coating. Small
fragments of deposit are chipped off, very likely contributing to the dust production.

5.0kV 15.2mm x1.00k SE(M) 7 50.0um 5.0kV 14.7mm x15.0k SE(M)
Fig. 3. SEM images of the coating and deposit morphology: a) sample 1-4A, b) sample 1-
10A. Deposit is encircled in the oval.

The surface morphology of the three other samples is different. They exhibit a more
pronounced surface smoothening, as evidenced by the SEM images in Figure 2b and 3a. Their
surface is also covered by deposit, however, of a different character, with a tungsten-based,
sponge like structure shown in Figure 3b. Glass-like layers, rich in boron were also found.
The thickness of the deposit is inhomogeneous and higher in the shadowed areas, as indicated
in Figures 2b and 3a. Particles rich in boron were also found and elongated artefacts as
observed already before by M. Balden [8] — see Figure 3a.

The morphology of the samples surfaces as described above agrees with the results of the
measurements of surface roughness. Sample 1-1A is characterized by the highest value
Ra=1500 nm. The surface roughness of the samples 1-3A and 1-4A is at similar level Ra=820
and 735 nm, respectively. The surface of sample 1-10A is the smoothest with Ra=490 nm.

It should be noted that the surfaces of samples 1-3A and 1-4A, which were from the strike
point and the highest plasma fluence region respectively, revealed a network of cracks shown
in Figure 4. The examinations of coating cross-sections revealed that these cracks go through
the entire CMSII-W and Mo (inter)-layers down to the graphite substrate. It is worth noting
that cracks and other defects have also been revealed underneath the surface of the tungsten
layers (see Fig 5). Thus, it can be concluded that the cracks observed are very likely to initiate
at the graphite/molybdenum interface.



5.0kV 15.2mm x30 SE(M)

Fig. 4. SEM image of cracks on the surface of 1-4A sample.

The observations on cross-sections of the coatings, prepared by FIB — see Figure 5 - showed
the same thickness of the tungsten and molybdenum layers, ~12.5 and ~2.5 pum, respectively.
The thickest deposit, up to 6.5um, was found in sample 1-1A. The deposit on sample 1-10A
was the thinnest and not covering the entire surface. In sample 1-1A crystals rich in boron and
pores up to several microns long were found.
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Fig. 5. SEM images of the coating cross-sections: a) sample 1-1A and b) sample 1-10A.

The EDS measurements showed that the components of the deposit are tungsten, oxygen and
boron. Nitrogen, carbon and iron were also detected.

TEM examinations

The structure of the deposit was investigated by STEM observations of thin lamellas cut by
FIB. In the case of sample 1-1A in the lamella cut from the “flat” region, a stratified structure
of deposited material has been revealed with sub-layers having thicknesses up to 200 nm — see
Figure 6. Observations using a high angle annular dark field (HAADF) mode, also called Z-
contrast, proved differences in their chemical composition. Diffraction patterns obtained from
the deposit area show the presence of both crystalline and amorphous matter.



FigSTEM images of the deposit on sample 1-1A: a) bight field (BF) mode and b)
HAADF mode.

The deposit on the samples designated as 1-3A, 1-4A and 1-10A is similar and reveals re-
deposited tungsten in the form of a three dimensional sponge-like structure illustrated in
Figure 7. The structure is inhomogeneous with pore sizes varying from a few to several tens
of nm. Diffraction patterns from the deposit area proved the presence of both amorphous and
crystalline matter, as shown in Figure 8.
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Fig. 8. Diffraction patterns from deposit present in Fig. 7a



The EDS measurements performed both at the FIB cross-sections and thin foils showed the
higher boron content in the deposit cut from the private flux region.

Discussion

The outer strike point divertor tile 1 coated with CMSII tungsten and exposed in the machine
for three campaigns from 2009 to 2013 was analysed to provide data on materials mixing and
plasma-induced damage of the tungsten coating. In this context it should be noted that the
outer surface of all samples changed its morphology. The changes in the morphology were
induced by two processes: (a) erosion and (b) re-deposition.

As a result of erosion the samples have distinctly smoother surfaces in comparison to the
initial morphology. Also, it should be noted that the erosion has a clear directional character,
with elongated features (residue of the initial tungsten grain structure) at an angle of ~45° with
respect to the lines of the magnetic field.

Re-deposited material was found on all of the examined samples, however, appearing with
varying thickness. Relatively thick deposited layers were formed in shadowed areas, with the
thickest, up to 6.5 um on the sample 1-1A collected from the private flux region.
Examinations of the deposit structure revealed crystals rich in boron and sub-layers up to 200
nm thickness of differed chemical composition on this sample. The deposit on three other
samples (strike point region, the highest plasma fluence and moderate regions) was thinner
and had a sponge-like structure.

It should be noted that the CMSII-W layer preserved its thickness of approximately 10 pm
after three campaigns of AUG operation at high flux/heat-load region, i.e. the net erosion was
comparatively small. The observations on cross-sections of the coatings revealed, however,
micro-cracks around the strike point region. These cracks are caused by thermal stresses due
to periodic heating and cooling of the layer during ELMs. The observed cracks extend
through the entire CMSII-W layer and the Mo interlayer down to the graphite substrate.

The porous tungsten structure was observed first by M. Rasinski [7] at the outer stike point
divertor tile exposed in AUG after one experimental campaign in 2009. The examined
deposits were distinctly thinner in comparison to the layers observed in the present studies,
with the thickness varying from 200 up to 1500 nm, depending on the sample location (s-
coordinates 1038, 1067 and 1231 mm).

A characteristic orientation of elongated features was reported by M. Balden [8], who studied
the surface of polished tungsten specimens after exposure to the outer divertor plasma close to
the strike point in the 2011 campaign. Porous, layered deposits formed around dust particles
stacked at the surface, with an elongation at an angle of approximately 45° to the B field lines.

The examinations of the chemical composition of the deposit proved that the layers from the
private flux region contain larger amount of boron than layers from other places. In this
region large crystals rich in boron were also found. Such a structure is typical for layers
formed in the inner divertor baffle region. The crystals rich in boron found in AUG dust
particles were examined in [9] and identified as boron carbide.

The composition of deposited material, namely tungsten with boron, nitrogen, carbon and
oxygen, is typical for AUG [7, 8, 10]. Nitrogen comes from impurity seeding experiments
started in 2009 [10], boron from regular boronization of the vessel [11] and oxygen from air
uptake. Additionally, in our work locally small amounts of iron were detected. Iron is a



component of stainless steel used in AUG as structural material (SS301) for example in the
main chamber.

The distribution of D, B, C at the examined tile was investigated by Sugiyama by NRA
analysis and will be published elsewhere [13].

Our results confirm that the outer divertor of AUG is generally a net erosion region for
tungsten [4,12]. Strong deposition of eroded tungsten, however, takes place close to the outer
strike point [12].
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