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Self-passivating  W–Cr–Y  shows  the best  oxidation  performance  of  all tested  alloys.
WO3 formation  and  evaporation  in  dry  atmosphere  is fully  mitigated.
A  mechanism  which  makes  oxidation  in  humid  atmospheres  so  challenging  for  the  W–Cr–Y  is introduced  and  a solution  is  proposed.
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a  b  s  t  r  a  c  t

Tungsten  is  considered  the main  candidate  material  for the  first-wall  in  DEMO  due  to its  high  melt-
ing  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  sublimation  of  volatile  neutron  activated  tungsten  oxide.  Self-passivating  tungsten
alloys  introduce  a passive  safety  mechanism  by forming  a  stable  chromic  oxide  scale  on the  surface  act-
ing as  a diffusion  barrier  for oxygen  and  preventing  the  formation  of  tungsten  oxide.  Self-passivating
tungsten  alloys  optimized  for oxidation  resistance  containing  ∼12  wt.%  Cr and  ∼0.6  wt.% Y  are  investi-
gated  under  conditions  of  argon–oxygen,  humid  argon  and  humid  air  atmospheres  at  different  partial
pressures  and  temperatures  ranging  from  1073  to  1273  K. Thin  films  with  ∼3.5  �m  thickness  produced
by  magnetron  sputter  deposition  are  used  as a model  system.  The  oxidation  resistance  of  these  films  in

an argon–20  vol.%  oxygen  atmosphere  is sufficient  to  prevent  formation  and  release  of  tungsten  oxide  at
temperatures  of  from  1073  to  1273  K. The  sublimation  of  Cr in nitrogen–oxygen–water  atmosphere  at
T  ≥ 1273  K  is  discussed.  A  deeper  understanding  of the  governing  processes  for  oxygen/Cr  diffusion  under
different  atmospheres  is  gained,  supported  by  SEM/EDX  in  combination  with  FIB  cross-section  and  TGA
measurements.

© 2017  The  Authors.  Published  by  Elsevier  B.V.  This  is  an  open  access  article  under  the  CC  BY-NC-ND
. Introduction

The conditions in a demonstration fusion reactor like DEMO
ose a significant challenge for materials [1]. Accordingly, tung-
ten (W)  is considered the main candidate material for the first
all of a future fusion reactor for its high melting point, low erosion
ield, and low tritium retention [2]. Also, in case of a loss-of-coolant
ccident in combination with air-ingress, W shows a major safety
ssue. Caused by its linear or catastrophic oxidation behavior, W
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forms WO3 which is highly volatile at the predicted temperatures
of around 800–1450 K [3]. This could result in the sublimation of
several hundred kg h−1 of the neutron activated WO3 [4]. For theses
reasons, oxidation of W has to be prevented. In literature typically
coatings are applied to prevent W from oxidation in volatilization
[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 solution for the challenge
of oxidation is alloying of W with elements like Cr which form a

protective oxide-scale on the surface and so preventing the for-
mation of volatile WO3 as it was  proposed and studied in Refs.
[6–11,4]. After the formation of a continuous oxide scale, the diffu-
sion of oxygen through the growing oxide scale becomes the rate
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Table 1
Oxidation gas mixtures, flow rates, and pressures (p) for the different investigated
atmospheres.

Condition Atmosphere [vol.%] Flow [ml  min−1] p [Pa]

A Ar–20O2 10 105
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Table 2
Measured parabolic oxidation constants (kp) (measured with TGA) for different con-
centrations (WDXRF), temperatures (T) thicknesses (d) (Dektak) in dry Ar–20 vol%
O2 atmosphere condition A (Table 1).

Content [wt.%] d [�m] T [K] Time [h] kp [mg2/cm4 s]

W–11.1Cr 3.1 1273 0.25 4 × 10−5

W–10.7Cr–1.1Ti 3.1 1273 0.5 2 × 10−5

W–11.6Cr–0.4Y 3.5 1273 0.5–2.5 3 × 10−6

W–13.3Cr–1.1Y 7.5 1273 0.5–8.5 4 × 10−6

W–13.5Cr–0.7Y 3.5 1073 2–60.0 9 × 10−8

and oxygen is combined (compare to C, Table 1), W shows an even
faster catastrophic oxidation compared to the dry oxygen con-
taining atmosphere case. The short parabolic behavior of W–Cr
is further reduced and scale spallation and sublimation occurs.
B Ar–5H2O 20 105

C N2–20O2–5H2O 20 105

etermining step [12]. This results in so called parabolic oxida-
ion which can be given as kp the parabolic oxidation rate. The
revious work [4] concentrated on the optimization of the alloy
lement content resulting to W–∼12 wt.% Cr–∼0.6 wt.% Y and the
orresponding samples were only oxidized in dry argon–20 vol.%
xygen (Ar–20 vol.% O2) atmospheres over short periods of ∼2 h.
n this study the W–Cr–Y alloys are further investigated for longer
xidation times of up to 60 h at 1073 K and 9 h at 1273 K both in
ry Ar–20 vol.% O2. Furthermore, oxidation in Ar–5 vol.% H2O and
ir–5 vol.% H2O at 1273 K is investigated to test the actual perfor-
ance under humid air conditions.

. Materials and methods of investigations

The samples for this study were produced by magnetron sput-
ering. The magnetron sputter process was described in [4]. W,
hromium (Cr) and yttrium (Y) targets operate simultaneously. For
he deposition process titanium (Ti) (99.995 wt.%), Cr (99.95 wt.%),
nd W (99.95 wt.%) targets were operated by a DC power sup-
ly at 100 W for Ti, 180–275 W for Cr and 420–500 W for W.
he Y (99.9 wt.%) target was operated with a RF power sup-
ly at 140–330 W to achieve reliable deposition rates even at

ow Y concentrations in the alloys. The alloys were deposited
n sapphire substrates, as recommended in Ref. [6]. They have

 diameter of 12 mm and 0.5 mm thickness, the deposited films
re ∼3.5 �m thick. This was measured using stylus profiler Dektak
M from Bruker. The composition of the samples is deter-
ined separately for each process by wavelength-dispersive X-ray

uorescence (WDXRF) using a sequential X-ray spectrometer
PW2404, PHILIPS). Oxidation testing was performed in a symmet-
ical double-oven thermogravimetric system (TGA) TAG 16 from
etaram. Furthermore, the system is also equipped with the steam
enerator. Accordingly, it was possible to perform experiments in
r–5 vol.% H2O and air–5 vol.% H2O. All parameter for the different
xperiments given in Table 1. Before and after oxidation several
nalytical techniques like scanning electron microscopy (SEM) in
ombination with focused ion beam (FIB) cross-sectioning and
nergy dispersive X-ray spectroscopy (EDX) from Carl Zeiss Cross-
eam XB 540, X-ray diffraction (XRD) system from Bruker, were
mployed to examine the microstructure, homogeneity, elemental
omposition, and morphology of the alloys and the oxides.

. Results

.1. Oxidation in dry atmosphere

In dry Ar–20 vol.% O2 atmosphere (condition A, Table 1) W
hows a fast linear (catastrophic) oxidation behavior forming WO3,
hich simultaneously sublimates. Further, the W–Cr alloy shows a
arabolic behavior for about 15 min  then, fast mass loss is detected.

f about 1 wt.% Ti is added to the binary W–Cr the parabolic oxida-
ion behavior is stabilized for up to 30 min. Furthermore, when the
i is substituted by 0.4–0.7 wt.% Y (Y) the parabolic behavior is sta-

le for up to 2.5 h at 1273 K, followed by a linear weight increase.
t 1073 K the parabolic oxidation behavior is increased to more

han 60 h (see Table 2 and Fig. 1). In addition, for a film thickness
Fig. 1. Oxidation of W,  W–Cr, W–Cr–Ti and W–Cr–Y in dry Ar–20 vol.% O2 atmo-
sphere (condition A, Table 1) at 1273 K.

of 7.5 �m this parabolic behavior could even be extended to up to
8.5 h at 1273 K also shown in Fig. 1.

3.2. Oxidation in humid argon

In humid argon atmosphere condition B (Table 1) W shows a
slow linear weight increase in Fig. 2. In fact, slower than all other
tested materials under these conditions. W–Cr shows a rather fast
but stable parabolic weight increase, the ternary W–Cr–Y on the
other hand shows a slower but linear weight gain in Fig. 2.

3.3. Oxidation in humid air

Under the most challenging of all conditions where humidity
Fig. 2. Oxidation of W,  W–Cr, and W–Cr–Y in Ar–5 vol.% H2O atmosphere (condition
B, Table 1) at 1273 K.
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Fig. 5. Oxidation of W–Cr–Y in different atmospheres at the top, with the corre-
sponding FIB cross-sections of W–Cr–Y thin-film alloys (a) after 75 min oxidation
in  Ar–20 vol.% O2 atmosphere (A, Table 1), (b) after 120 min oxidation in Ar–5 vol.%
ig. 3. Oxidation of W,  W–Cr, and W–Cr–Y in N2–20 vol.% O2–5 vol.% H2O atmo-
phere (condition C, Table 1) at 1273 K.

–Cr–Y shows a very low weight gain with indications for sub-
imation by ∼10 min  nearly no weight gain is detectable at the last
40 min  of the curve eve weight loss becomes apparent in Fig. 3.

.4. Investigation of oxidation and sublimation in H2O
tmospheres

To investigate, which elements are sublimating under the humid
ir conditions C, thin-film test samples of pure Cr and W were pre-
ared and oxidized under conditions B and C (Table 1). In a first
tep, the thin films are fully oxidized. Hence, the weight gain of
xidation is not competing with weight loss of sublimation. In the
econd step, the weight change over time is recorded as shown in
ig. 4. Accordingly, every further weight loss corresponds to subli-
ation of the species. There is no sublimation detectable for pure

r in humid Ar atmosphere (B, Table 1), as the weight signal stays
onstant. However, in humid air (C, Table 1) sublimation is clearly
etectable and has a rate of 5 × 10−6 mg  cm−2 s−1. Furthermore,
ure W shows a one order of magnitude higher sublimation rate

 × 10−5 mg  cm−2 s−1 compared to Cr under the same conditions.
o compare the differences in the formed oxide-scales caused by
he different atmospheres on the W–Cr–Y alloys, focused ion beam
ross-sections were prepared as shown in Fig. 5 with the corre-
ponding oxidation curves on top.

In Fig. 5(a), a 250 ± 30 nm thick and dense protective Cr2O3 scale
n top is visible, with no indications for WO3 and just minor internal

xidation in the alloy (dark spots) which was formed under the
tmospheric condition A, Table 1. The lighter gray spots in the lower
art of the image represent Cr rich (˛Cr, W)  phase which forms
t 1273 K similar as the Cr–W phase diagram predicts [13]. This

ig. 4. Weight loss coursed by sublimation after oxidation of pure Cr in Ar–5 vol.%
2O and N2–20 vol.% O2–5 vol.% H2O (conditions B + C, Table 1) and for pure W in
2–20 vol.% O2–5 vol.% H2O (conditions C, Table 1).
H2O (B, Table 1), and (c) after 75 min  oxidation in (C, Table 1) at 1273 K. (For inter-
pretation of the references to color in this figure citation, the reader is referred to
the  web  version of this article.)

sample corresponds to the 3.5 �m thick W–Cr–Y samples in Fig. 1,
for which the oxidation was stopped at 75 min  to investigate the
favored stable parabolic oxidation behavior.

In Fig. 5(b), vast amounts of internal oxidation are visible, which
is dominantly located on the grain boundary and the (  ̨ Cr, W)
(gray spots), the surface oxide scale is 190 ± 30 nm thick and so
∼60 nm thinner than in Fig. 5(a) even though the oxidation time
was increased from 75 min  to 120 min  and weight gain at the point
of the FIB-cross section is three times higher. For these reasons, the
majority of the weight gain depicted in the curve W–12.3Cr–0.7Y
in Fig. 2 is corresponding to internal oxidation in humid argon (B.
Table 1). In addition, small amounts of WO3 are detected on the
surface as light spots on the very surface of the oxide marked with
yellow.

In Fig. 5(c) an identical period of 75 min  was  chosen as for the
oxidation in dry Ar–20 vol.% O2 case. The oxidation follows the
depicted curve of W–11.6Cr–0.4Y alloy in Fig. 3. The oxide scale on
the surface is 280 ± 70 nm similarly thick as for the dry oxidation,
but it is to note that also WO3 was formed at the surface. Further-
more, the internal oxidation is slightly more pronounced than in
case of the dry Ar–O2 oxidation.

4. Discussion

The W–11.6Cr–0.4Y alloy in Fig. 5(a) shows a kind of ideal oxi-
dation behavior as:

1 main mechanism formation of a thick and dense protective Cr2O3
scale → parabolic oxidation,

2 no indications for WO3 formation,
3 minor internal oxidation visible in the cross-section (dark gray

spots).
However, after 2.5 h for the 3.5 �m thick W–11.6Cr–0.4Y alloy
in Fig. 1 linear oxidation behavior is detected which is correlated
to exhaustion of Cr to a content of ∼8 wt.%, as discussed in [4]. The
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xhaustion of Cr, is followed by formation of WO3 on the surface
detected by additional EDX measurements), which results in the
inear oxidation behavior. This failure, can be delayed by simply
ncreasing the alloy thickness. For example, W–13.3Cr–1.1Y with a
hickness of 7.5 �m in Fig. 1 shows an increased parabolic oxidation
ehavior for 8.5 h.

For Ar–H2O in Fig. 5(b) the internal oxidation is the domi-
ant process. This could be caused by a different diffusion and
dsorption mechanism. As, Cr2O3 forms an ionic lattice so the only
robable transport is the diffusion of ions through the oxide scale
12]. Further that means, O2 and H2O have to first adsorb to the
urface to form ions by electron exchange. This is more feasible
or the H2O, as it forms thermodynamically more stable ions by
H2O + 2e− � H2 + 2OH− with less charge, distributed on a bigger

on compared to (O2 + 4e− � 2O2−) the double charged O2− ion.
ltogether, this could lead to a faster adsorption and then diffusion
f oxygen, in form of OH− ions through the Cr2O3 scale. Further-
ore, the increased amount of hydrogen interstitials originating

rom (4Cr + 6OH− � 2Cr2O3 + 3H2) at the metal-oxygen interface
ombined with low solubility of H2 in W [2], could expand the W
attice sufficiently so that the diffusivity of oxygen interstitials is
ncreased (as discussed for steels in [14]). This could explain the
igher internal oxidation in both humid atmospheres (B and C,
able 1).

For the case of the combination of humidity and oxygen (C,
able 1), the initial partial pressure of oxygen (pO2 ) is significantly
igher so the formation of Cr2O3 is faster. Moreover, the diffusion
f the OH− is added so we see a similar behavior on the surface
ith a rather thick Cr2O3 scale and a increased amount of internal

xidation compared to dry Ar–20 vol.% O2. The formation of WO3
ould be correlated to the additional increased pO2 at the oxide-
etal interface, which would make it possible that also Wx+ ions

orm and diffuse to the surface to form WO3.

. Summary

Overall, the oxidation in dry atmosphere as depicted in Fig. 1
s very promising and shows for the W–Cr–Y system the favorable
arabolic oxidation behavior. The end of this behavior seems to be
orrelated with the exhaustion of the Cr reservoir as it was already
iscussed in Ref. [4]. Accordingly, it is shown that the time period
f parabolic oxidation could be increased by simply increasing the
hickness and thereby the Cr reservoir of the alloy (7.5 �m curve
ig. 1). In addition, for a future fusion reactor like DEMO the first-
all armor thickness is for foreseen to be in the order of ∼2 mm [1].

t seems probable that this thickness would be sufficient to stay in
he parabolic oxidation behavior for a full period of a loss-of-coolant
ccident.

However, the performance of the W–Cr–Y in humid atmosphere

as to be improved drastically as sublimation of neutron activated
r and especially the ten times higher sublimation of W has to be
revented under all circumstances. One way to improve the situa-
ion, at least for Cr is to alloy small amounts of manganese (Mn), as

[

[

nd Design 124 (2017) 183–186

it is done for alloys directly developed to reduce the Cr sublimation
[14]. This and the production of bulk test alloys will be subject in
future studies.
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