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Abstract

Tungsten is considered the main candidate material for the first-wall in DEMO due to its high melting point, low erosion yield and
low tritium retention. Nevertheless, it can cause a substantial safety issue in a loss-of-coolant accident (LOCA) in combination
with air ingress into the plasma vessel, due to the formation and evaporation of volatile neutron activated tungsten oxide. Self-
passivating tungsten alloys introduce a passive safety mechanism by forming a stable chromic oxide layer on the surface acting as a
diffusion barrier for oxygen and preventing the formation of tungsten oxide. Self-passivating tungsten alloys optimized for oxidation
resistance containing ~ 11 wt.% chromium and ~ 0.6 wt.% yttrium are investigated under conditions of argon-oxygen, humid argon
and humid air atmospheres at different partial pressures and temperatures ranging from 1073-1273 K. Thin films with ~3.5 um
thickness produced by magnetron sputtering are used as a model system. The oxidation resistance of theses films in an argon-
20 vol.% oxygen atmosphere is sufficient to prevent formation and release of tungsten oxide at temperatures of from 1073-1273 K.
The evaporation of chromium in nitrogen-oxygen-water atmosphere at T > 1273 K is discussed. A deeper understanding of the
governing processes for oxygen/chromium diffusion under different atmospheres is gained, supported by SEM/EDX in combination

with FIB cross-section and TGA measurements.
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1. Introduction

The conditions in a demonstration fusion reactor like DEMO
pose a significant challenge for materials [1]. Accordingly,
tungsten (W) is considered the main candidate material for the
first wall of a future fusion reactor hence, its high melting point,
low erosion yield, and low tritium retention [2]. Also, in case of
a loss-of-coolant accident in combination with an air-ingress W
shows a major safety issue. Caused by its linear or catastrophic
oxidation behavior W forms WO, which is highly volatile at the
predicted temperatures of around 800-1450K [3]. This could
result in the evaporation of several hundred kg h™! of the neu-
tron activated WO, [4]. For theses reasons, oxidation of W
has to be prevented. In literature typically the application of
coatings are applied to prevent W from oxidation in volatiliza-
tion [5]. However, this is not applicable in a working fusion
reactor as all materials facing the plasma are eroded, hence
the choice of W due to its low erosion yield. A possible so-
lution for the challenge of oxidation is alloying of tungsten
with elements which form a stable oxide-layer on the surface
and so preventing the formation of volatile WO, as it was pro-
posed and studied in (ref. [6, 7, 8, 9, 10, 11, 4]). After the
formation of a continuous oxide layer, the diffusion of oxygen
through the growing oxide layer gets the rate determining step

*Corresponding author
Email address: t.wegener@fz-juelich.de (Tobias Wegener)

Preprint submitted to Elsevier

[12]. This is resulting in so called parabolic oxidation which
can be given as k, the parabolic oxidation rate. The previous
work [4] concentrated on the optimization of the alloy element
content and the corresponding samples were only oxidized in
dry argon-20 vol.% oxygen (Ar-20 vol.% O,) atmospheres over
rather short periods of time of about ~ 2 h. In this study the W-
Cr-Y alloys are further investigated for longer oxidation times
of up to 60 h in dry Ar-20vol.% O, at 1073 K and 1273 K and
further for oxidation in Ar-5vol.% H,O and air-5 vol.% H,O
at 1273 K. This was performed, to test the actual performance
under humid air conditions.

2. Materials and methods of investigations

The samples for this study were produced by magnetron
sputtering. The magnetron sputter process was described in [4].
Tungsten, chromium and yttrium targets operate simultane-
ously. For the deposition process chromium (99.95 wt.%) and
tungsten (99.95 wt.%) targets were operated by a DC power
supply at 180-275 W and 420-500 W. The yttrium (99.9 wt.%)
target was operated with a RF power supply at 140-330 W to
achieve reliable deposition rates even at low yttrium concen-
trations in the alloys. The alloys were deposited on sapphire
substrates, as recommended in ref. [6]. They have a diam-
eter of 12mm and 0.5 mm thickness, the deposited films are
~ 3.5 um thick. The composition of the samples is determined
separately for each process by Wavelength-Dispersive X-Ray
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Fluorescence (WDXRF) using a sequential x-ray spectrom-
eter (PW2404, PHILIPS). Oxidation testing was performed
in a a symmetrical double-oven thermogravimetric system
(TGA) TAG 16 from Setaram. Furthermore, the system is
also equipped with the steam generator. Accordingly, it was
possible to perform experiments in Ar-5vol.% H,O and air-
5vol.% H,0. All parameter for the different experiments given
in Tab: 1.

Table 1: Oxidation gas mixtures and flow rates for the different investigated
atmospheres

condition atmosphere [vol.%] flow [mlmin~'] p [Pa]
A Ar-20 O, 10 10°
B Ar-5H,0 20 10°
C N,-20 O0,-5 H,0 20 10°

Before and after oxidation several analytical techniques like
scanning electron microscopy (SEM) in combination with fo-
cused ion beam (FIB) cross-sectioning and energy dispersive X-
ray spectroscopy (EDX) from Carl Zeiss CrossBeam XB 540,
X-ray diffraction (XRD) system from Bruker, were employed
to examine the micro structure, homogeneity, elemental com-
position, and morphology of the alloys and the oxides.

3. Results

3.1. Oxidation in dry atmosphere

In dry Ar-20vol.% O, atmosphere (condition A, Tab. 1) W
shows a fast linear (catastrophic) oxidation behavior forming
WO, which simultaneously evaporates. Further, the W-Cr al-
loy shows a parabolic behavior for about 15 min then fast mass
loss is detected.
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Figure 1: Oxidation of W, W-Cr, W-Cr-Ti and W-Cr-Y in dry Ar-20 vol.%O2
atmosphere (condition A, Tab. 1) at 1273 K

If about 1 wt.% titanium (Ti) is added to the binary W-Cr
the parabolic oxidation behavior is stabilized for up to 30 min.
Furthermore, when the Ti is substituted by 0.6 wt.% yttrium (Y)
the parabolic behavior is stable for up to 2.5h at 1273 K and
for more than 60h at 1073 K (see Tab. 2). In addition, for a

film thickness of 7.5 um this parabolic behavior could even be
extended to up to 8.5h at 1273 K shown in Fig. 1.

Table 2: Measured oxidation constants for different concentrations and thick-
nesses in dry Ar-20 vol%O, atmosphere condition A (Tab. 1).

content [wt.%] d[um] temp. [K] time [h] k,,[:?n%zs]

W-10.5Cr 3.1 1273 0.25 4x107°
W-10.7Cr-1.1Ti 3.1 1273 0.5 2x 1073
W-11.4Cr-0.6Y 3.3 1273 0.5-2.5 3x10°
W-13.3Cr-1.0Y 7.5 1273 0.5-85 4x10°°
W-13.5Cr-0.4Y 3.5 1073 2-60.0 9x1078

3.2. Oxidation in humid argon

In humid argon atmosphere condition B (Tab. 1) W shows a
slow linear weight increase in Fig. 2. In fact, slower than all
other tested materials under theses conditions. W-Cr shows a
rather fast but stable parabolic weight increased, the ternary W-
Cr-Y on the other hand shows a slower but linear weight gain.
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Figure 2: Oxidation of W, W-Cr, and W-Cr-Y in Ar-5vol.% H,O atmosphere
(condition B, Tab. 1) at 1273 K

3.3. Oxidation in humid air

Under the most challenging of all conditions where humidity
and oxygen is combined (compare to C, Tab. 1), W shows an
even faster catastrophic oxidation compared to the dry oxygen
containing atmosphere case. The short parabolic behavior of
W-Cr is further reduced and scale spallation and evaporation
occurs. W-Cr-Y shows a ver low weight gain with indications
for evaporation (no weight gain or even loss after about 10 min
and at the end of the curve in Fig. 3).

3.4. Investigation of oxidation and evaporation in H,0 atmo-
spheres

To investigate, which elements are evaporating, thin-film test
samples of pure Cr and W were prepared and oxidized under
conditions B and C (Tab. 1). First, the thin films are fully ox-
idized. Second the weight loss (which is the evaporation) is
recorded as shown in Fig. 4. There is no evaporation detectable
for pure Cr in humid Ar atmosphere (B, Tab. 1). However, in
humid air (C, Tab. 1) evaporation is clearly detectable and has a
rate of 5x 107 mgcm=2 s~!. Furthermore, pure W shows a one
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Figure 3: Oxidation of W, W-Cr, and W-Cr-Y in N2—20 vol.% 02—5 vol.% HZO
atmosphere (condition C, Tab. 1) at 1273 K
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Figure 4: Evaporation after oxidation of pure Cr in Ar-5vol.% H,O and N,-
20 vol.% 02-5 vol.% HZO (conditions B + C, Tab. 1) and for pure W in N2-
20 vol.% 0,-5 vol.% H, O (conditions C, Tab. 1)

To compare the differences in the formed oxide-layers caused
by the different atmospheres on the W-Cr-Y alloy, focused ion
beam cross-sections were prepared as shown in Fig. 5. In the
Fig. 5(a) a thick and dense protective Cr,O; layer on top is vis-
ible, with no indications for WO, and just minor internal ox-
idation in the alloy (dark spots) which was formed under the
atmospheric condition A, Tab. 1. This sample corresponds to
the 3.5 um thick W-Cr-Y samples in Fig. 1, for which the oxi-
dation was stopped at 75 min to investigated the favored stable
parabolic oxidation behavior.

In the Fig. 5(b) huge amounts of internal oxidation are visi-
ble, the surface oxide layer is thinner than in Fig.5(a) even so
the oxidation time was increased from 75 min to 120 min and so
most of the weight gain (depicted in the curve W-Cr-Y in Fig. 2)
was caused by internal oxidation in humid argon (B. Tab.1). In
addition, small amounts of WO, are detected on the surface as
a light spot on the very surface of the oxide.

In the cross-section of Fig. 5(c) an identical period of 75 min
was chosen as for the oxidation in dry Ar-20vol.% O, case.
The oxidation is following the depicted curve of W-Cr-Y alloy
in Fig. 3. The oxide layer on the surface similarly thick as for
the dry oxidation, but it is to note that also WO, was formed at
the surface. Furthermore, the internal oxidation is slightly more

(a) Ar+0,, 75 min

(b) Ar+H,0, 120min  (c) N,+0,+H,0, 75 min

Figure 5: FIB cross-sections of W-Cr-Y thin-film alloys (a) after 75 min oxi-
dation in Ar-20vol.% O, atmosphere (A, Tab. 1), (b) after 120 min oxidation
in Ar-5vol.% H,O (B, Tab. 1), and (c) after 75 min oxidation in (C, Tab. 1) at
1273K

pronounced than in case of the dry Ar-O, oxidation.

4. Discussion

The W-Cr-Y alloy in the Fig. 5(a) shows a kind of ideal oxi-
dation behavior as:

e main mechanism formation of a thick and dense protective
Cr, 0, layer — parabolic oxidation

e no indications for WO, formation

e minor internal oxidation visible in the cross-section (dark
spots)

On the contrary in Fig. 5(b) the internal oxidation is the domi-
nant process. This could be caused by a different diffusion and
adsorption mechanism. As, Cr,O, forms an ionic lattice so the
only probable transport is the diffusion of ions through the ox-
ide layer [12]. Further that means, O, and H,O have to first
absorb to the surface to form ions by electron exchange. This is
more feasible for the H,O, as it forms thermodynamically more
stable ions by 2H,0 + 2e” == H, + 2 OH" with less charge,
distributed on a bigger ion compared to (O, +4 &~ — 0%) the
double charged O% ion. Altogether, this could lead to a faster
adsorption and than diffusion of oxygen, in form of OH™ ions
through the Cr, O, layer.

Furthermore, the increased amount of hydrogen interstitials
originating from (4Cr + 60H" —= 2Cr,0; + 3H,) at the
metal-oxygen interface could expand the W lattice sufficiently
so that the diffusivity of oxygen interstitials is increased (as dis-
cussed for steels in [13]). This could explain the higher internal
oxidation in both humid atmospheres (B and C, Tab. 1. For the
case of the combination of humidity and oxygen (C, Tab. 1) the
initial partial pressure of oxygen (po,) is significantly higher so
the formation of Cr, O, is faster in addition the diffusion of the
OH is added so we see a similar behavior on the surface rather
thick Cr,O; layer and a increased amount of internal oxidation
compared to dry Ar-20 vol.% O,. The formation of WO, could
be correlated to the additional increased po, at the oxide metal
interface, which would make it possible that also W** ions form
and diffuse to the surface to form WO;.



5. Summary

Overall the oxidation in dry atmosphere as depicted in Fig. 1
is very promising and shows for the W-Cr-Y system the favor-
able parabolic oxidation behavior. The end of this behavior
seems to be correlated with the exhaustion of the Cr reservoir
as it was already discussed in ref [4]. Accordingly, it is shown
that the time in which parabolic oxidation takes place could be
increased by simply increasing the thickness and thereby the Cr
reservoir of the alloy (7.5 um curve Fig.1). In addition, for a fu-
ture fusion reactor like DEMO the first-wall armor thickness is
for seen to be in the order of ~ 2 mm [1]. It seems probable that
this thickness would be sufficient to stay in the parabolic oxi-
dation behavior for a full period of a loss-of-coolant accident.
However, the performance of the W-Cr-Y in humid atmosphere
have to be improved drastically as evaporation of neutron acti-
vated Cr and especially W have to be prevented under all cir-
cumstances. One way to improve the situation, at least for Cr is
to alloy small amounts of manganese (Mn), as it is done for al-
loys directly developed to reduce the Cr evaporation [13]. This
and the production of bulk test alloys will be subject in future
studies.
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