
WPMAT-CPR(18) 20016

F Klein et al.

Sublimation of Advanced Tungsten
Alloys Under DEMO Relevant Accidental

Conditions

Preprint of Paper to be submitted for publication in Proceeding of
30th Symposium on Fusion Technology (SOFT)

This work has been carried out within the framework of the EUROfusion Con-

sortium and has received funding from the Euratom research and training pro-

gramme 2014-2018 under grant agreement No 633053. The views and opinions

expressed herein do not necessarily reflect those of the European Commission.



This document is intended for publication in the open literature. It is made available on the clear under-
standing that it may not be further circulated and extracts or references may not be published prior to
publication of the original when applicable, or without the consent of the Publications Officer, EUROfu-
sion Programme Management Unit, Culham Science Centre, Abingdon, Oxon, OX14 3DB, UK or e-mail
Publications.Officer@euro-fusion.org

Enquiries about Copyright and reproduction should be addressed to the Publications Officer, EUROfu-
sion Programme Management Unit, Culham Science Centre, Abingdon, Oxon, OX14 3DB, UK or e-mail
Publications.Officer@euro-fusion.org

The contents of this preprint and all other EUROfusion Preprints, Reports and Conference Papers are
available to view online free at http://www.euro-fusionscipub.org. This site has full search facilities and
e-mail alert options. In the JET specific papers the diagrams contained within the PDFs on this site are
hyperlinked



Sublimation of Advanced Tungsten Alloys Under DEMO Relevant Accidental Conditions

Felix Kleina, Andrey Litnovskya, Tobias Wegenera, Xiaoyue Tana,c, Jesus Gonzalez-Juliana, Marcin Rasinskia, Janina Schmitza,b,
Christian Linsmeiera, Martin Brama, Jan Willem Coenena
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Abstract

Tungsten (W) is deemed as the main candidate for the first wall armor material of future fusion power plants such as DEMO.
Advantages of W include a high melting point, low erosion yield, low tritium retention, and a high thermal conductivity. One issue
concerning W is the oxidation resistance in case of a loss-off-coolant accident with simultaneous air ingress. The major challenge in
such a scenario is to control the sublimation which is responsible for a release of radioactivity. This work studies an alloy containing
tungsten (W), 12 weight % chromium (Cr), and 0.6 weight % yttrium (Y) in DEMO-relevant conditions: a temperature in the range
of 1100 K to 1473 K in humid air. The sublimation rates are measured for the first time in humid air. Tungsten oxide sublimates at a
rate of 1 × 10−4 mg cm−2 s−1 at 1273 K in humid air. At the same conditions the alloy suppresses sublimation by more than one order
of magnitude as compared to that of pure W. This suppression is achieved due to the formation of a protective chromium oxide layer
on the surface of the sample. Details about the protection mechanisms are presented and discussed.
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1. Introduction

Future fusion power plants require the development of a first
wall armor material withstanding extreme particle and radiation
loads [1, 2]. Considering safety, the formation of long-lived
radioactive isotopes when irradiated with neutrons and a tritium
inventory has to be prevented [3]. As tungsten (W) meets these
safety requirements, has a low erosion rate, high melting point,
and high thermal conductivity, it is a promising candidate for
the first wall armor [4].

Besides embrittlement of tungsten [5], there is another import-
ant safety consideration: in a loss of coolant accident (LOCA),
cooling systems fail and air ingress into the vacuum vessel may
occur. Due to the nuclear decay heat, temperatures in the range
from 1200 K to 1450 K for several weeks are predicted in such a
scenario [6]. The radioactive W oxidizes and volatilizes, posing
a severe hazard for the environment [7]. For a successful future
fusion power plant like DEMO, a new material is required. The
new material should preserve the advantages of W coupled with
suppressed sublimation in case of an accident.

Different elemental compositions and manufacturing routes
were tested [7, 8, 9]. The alloy containing tungsten (W), 12
weight % chromium (Cr), and 0.6 weight % yttrium (Y) (in
the following written as W-12Cr-0.6Y) consolidated by Field
Assisted Sintering Technology shows promising results: during
exposures to deuterium plasma, erosion yields are similar to
pure W [10]. Moreover, the oxidation resistance is significantly
improved: complete mechanical destruction is avoided for at
least three weeks [11].
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Previous studies on bulk alloys focused on testing and devel-
opment in dry atmosphere [11, 12, 13, 14]. Humidity was only
considered in one study on thin films [15] which do not allow
to study long exposure times due to a limited material reservoir
[16]. However, both the atmospheric air itself as well as water
cooling systems are a potential source of humidity in case of an
accident. Therefore, the presence of humidity is likely in case of
a LOCA. This paper investigates the oxidation and sublimation
of bulk W-12Cr-0.6Y alloys for the first time in humid air. In this
paper the term ’humid air’ means synthetic air with a relative
humidity level of 70 % at 313 K corresponding to 5 volume %
humidity.

First, the experimental methods are presented. There is a par-
ticular focus on how the contribution of sublimation is measured
independently of the oxidation. Second, the results on oxidation
and sublimation at 1273 K in humid air are presented and dis-
cussed. Third, the limits for application of the present material
are investigated by varying the temperature in the range from
1100 K to 1473 K for the first time in humid air.

2. Experimental

The sample production process starts with mechanical alloy-
ing, more details on the chosen parameters are found in [12].
The obtained powder is compacted by Field Assisted Sinter-
ing Technology (FAST). The main sintering parameters are the
heating rate of 200 K min−1, a pressure of 50 MPa, a maximum
sintering temperature of 1740 K, and a holding time at the max-
imum sintering temperature of 0 s to 30 s. More details on the
sintering process and reasons for the chosen parameters are writ-
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Figure 1: Schematic of the measurement for oxidation and sublimation. (a) The
sample is placed directly into a holder and the mass change of the sample is
recorded. (b) The sample is hung into a catcher, without direct contact, and the
mass change of the catcher is recorded.

ten in [11]. After sintering the samples are ground with a surface
finish using P1200-grade silicon carbide abrasive paper.

The carbon (C) content of the samples is determined using the
device Leco CS600. The material is combusted in a stream of
purified oxygen and the C content is determined by the infrared
absorption.

The microstructure of the samples is characterized using
the Carl Zeiss CrossBeam XB540, a combined Scanning Elec-
tron Microscopy (SEM) and Focused Ion Beam (FIB) system
equipped with Energy Dispersive X-ray analysis (EDX) and
an In-lens Energy-Selective-Backscatter detector (ESB). Before
making FIB cuts, a layer of platinum (Pt) is locally deposited
onto the sample to avoid damage of the surface of the sample.

Oxidation and sublimation are measured using the thermogra-
vimetric analyzer TAG-16/18 from Setaram. Measurement of
oxidation and sublimation requires two measurements of two
identical samples. In the first setup as illustrated in Fig. 1 a, the
sample is placed into an alumina holder and the mass change of
the sample relative to an inert product compensating for buoy-
ancy effects is measured. This measurement yields the total mass
change of the sample - the sum of mass gain due to oxidation and
the mass loss due to sublimation. The second setup is illustrated
in Fig. 1 b. The sample is hung into an alumina catcher. Sample
and catcher have no mechanical contact. Material sublimating
from the sample can deposit onto the catcher, causing a mass
increase which is measured.

Calibration to determine what fraction of the sublimated ma-
terial deposits onto the catcher is carried out in the following
way at 1273 K in humid air: films of pure W and pure Cr with
a thickness a few micrometers are deposited onto a substrate
using magnetron sputtering. The films are fully oxidized. These
oxides are placed into the holder setup as shown in Fig. 1 a, and
the mass loss due to sublimation is measured. The results of
the sublimation measurements are shown in Fig. 2. Sublima-
tion rates of 1 × 10−4 mg cm−2 s−1 and 2 × 10−6 mg cm−2 s−1 are
found for W and Cr, respectively.

In a second experiment bulk samples of pure W and pure
Cr are hung into the catcher also at 1273 K in humid air. The
mass increase of the catcher, corresponding to mass loss of
the sample, is found to be 6 × 10−5 mg cm−2 s−1 for W and
−3 × 10−8 mg cm−2 s−1 for Cr, see Fig. 2. The rate for Cr
is within the measurement uncertainties of the micro-balance.
Theses rates can be compared with the rates measured with ox-
ides. It can be concluded that around half of the sublimating
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Figure 2: Calibration measurement of the catcher at 1273 K in humid air. There
are two setups: First, a fully oxidized sample is placed into the holder and the
mass change due to sublimation is measured. Second, a sample is hung into the
catcher and the mass gain of the catcher due to deposition of sublimated material
is set to the mass loss of the sample.

tungsten oxide deposits onto the catcher whereas the deposition
of chromium oxides is below the detection limit.

3. Oxidation and Sublimation at 1273 K

Characterization of the samples after sintering and grinding
yields a grain size of around 0.2 µm with yttria particles of 10 nm
to 20 nm at the grain boundaries, as seen in the cross section
imaged by SEM shown in Fig. 3 a. The C content is 2 × 102 ppm.
For pure W such an amount would yield an increase of the ductile
to brittle transition temperature of several hundred kelvin [17].
The consequences of C impurities on W-Cr-Y alloys are not yet
studied systematically. However, the amount of C should be
reduced anyways due to 14C activation [3]. One approach to
reduce the C content could be using W-foil instead of C-foil to
pack the powder into the die during sintering.

EDX spectra on the surface after 10 days of oxidation in hu-
mid air, see Fig. 3 b, show 37 atomic % Cr, 62 atomic % O, and
0.3 atomic % W. Thus, a protective Cr2O3 layer forms on the
surface. Fig. 3 c shows an overview image of the surface. The
lamella-like structure in the ’thick’ region indicates that multiple
layers are above each other. Only in the ’thin’ region a single
layer of Cr2O3 is found.

Cross sections are cut in both regions: in the ’thin’ region,
see Fig. 3 d, a closed protective oxide layer with a thickness of
2.8 µm is found on the surface. Below the metal internal Cr2O3
is found. In the ’thick’ region a Cr2O3 layer with a thickness
beyond the cutting depth of the crater is found, see Fig. 3 e. The
observed pores coincide with the lamella like structure seen in
Fig. 3 a. The brighter spots within the Cr2O3 are identified as
W-Y-oxide using EDX. Graphical image analysis of the contrast
on in Fig. 3 e yields that around 5 % of the cross section is
covered with W-containing oxide. However, the W-containing
oxide is trapped within the Cr2O3, thus not posing a radiological
hazard.

W-containing oxides on the surface may sublimate in contrast
to the trapped oxides. The oxides on the surface are quantified
using ESB, resolving contrast even on the non-polished oxide
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Figure 3: Microstructure shown by electron microscopy images: (a) Cross
section of the material after sintering. (b)-(f) shows microscopy after oxidation
for 10 days at 1273 K in humid air: (b) an overview surface image with regions
’thin’ and ’thick’, (c) a cross section in the ’thin’ region, (d) a cross section in
the ’thick’ region, (d) a high magnification ESB image with a grid voltage of
1 kV resolving both W-Y oxide and Cr-oxide representative for regions ’thin’
and ’thick’, and (e) an EDX spectrum on the surface.

surface. An exemplary ESB image is shown in Fig. 3 f. Graph-
ical analysis of seven images on randomly selected spots on the
surface of the sample yield a surface coverage of 1 ± 0.8 % with
W-containing oxides.

Such a strong suppression of W-oxide formation was not
observed in previous studies conducted in dry air [11], despite
the fact that samples from the same production route were used.
The reason is the presence of water in the atmosphere of the
experiments in the present study. Oxidation is mainly caused by
the dissociation of water [18]. H2O has a Gibbs free energy of
−353 kJ mol−1 at 1273 whereas Cr2O3 has a Gibbs free energy of
−530 kJ mol−1 [19]. Thus, the water reacts with the Cr leaving
free H. Once there appears an excess amount of O the oxygen
has two options: it can react with W or with H. The Gibbs free
energy of WO3 is −347 kJ mol−1 which is less negative than the

one of water [19]. Thus, WO3 is only formed if not only Cr but
also H is depleted. This is a major difference to the studies in
dry atmosphere - in the dry case, there is no H which may act
as a buffer to suppress the formation of WO3 until more Cr has
diffused to the surface.

The expected sublimation rate can already be estimated based
on the aforementioned results: Cr2O3 sublimates at a rate sCr =

2 × 10−6 mg cm−2 s−1 as shown in Fig. 2. WO3 sublimates at a
rate sW = 1 × 10−4 mg cm−2 s−1 as shown in Fig. 2. Since only
1 % of the surface of the alloy is covered with W-containing
oxide (see Fig. 3 f), a sublimation rate s can be estimated to

s = 0.99sCr + 0.01sW = 3 × 10−6 mg cm−2 s−1.

The contribution of W is also measured using a second
method: oxidation inside a catcher as illustrated in Fig. 1 b.
The result is shown in Fig. 4: sCatcher = 2.3 × 10−7 mg cm−2 s−1

of material from the sample deposit onto the catcher. The
calibration in Fig. 2 showed that about half of the tungsten
oxide sublimating from the sample deposits onto the catcher.
Thus, the sublimation of W-oxide from alloy is measured to be
sA

W = 2scatcher = 0.5 × 10−6 mg cm−2 s−1. Here, the contribution
of W to the total sublimation rate is half as compared to the
estimation based on the ESB-image analysis. The total sublim-
ation rate of Cr-oxide and W-oxide from the alloys can still be
estimated to 3 × 10−6 mg cm−2 s−1.

There are various measurement uncertainties for both meth-
ods: sublimation from the catcher over long times is neglected,
the error bar on the surface-coverage with W-containing oxide is
rather large, it is assumed that the W-containing oxide on top of
the alloy sublimates at the same rate as pure W-oxide. Therefore,
a difference of a factor of two on the contribution of W-oxide
might be acceptable. The order of magnitude of sublimation
from the alloys in case of a LOCA with 1273 K and humid air
is determined to be on the order of 10−6 mg cm−2 s−1 using two
independent methods.

Fig. 4 illustrates these results by showing

• the mass deposited onto the catcher.

• the sublimation of Cr, interpolated from the measurement
shown in Fig. 2.

Pure W, total mass change

Pure W, sublima�on

W-Cr-Y, total mass change

W-Cr-Y, sublima�on onto catcher

Pure Cr, sublima�on
W-Cr-Y, 

total sublima�on
0 50 100 150 200 250

time [h]

−1.0

−0.5

0.0

0.5

1.0

(Δ
m

/A
) [

m
g 

cm
]

−2

Figure 4: The total mass change of the samples due to oxidation and sublim-
ation, and the contribution from sublimation are shown as a function of time.
Measurements are performed at 1273 K in humid air.

3



• the calculated total sublimation rate of the alloy, which is
the sum of the sublimation from Cr-oxide and W-oxide.

• the sublimation of pure W-oxide for comparison.

• the total mass change of the sample for pure W and the
alloy. The total mass change is the sum of mass gain due to
oxidation and mass loss due to sublimation.

In summary, the main component sublimating is shifted from
W to Cr. This change yields a reduction of the sublimating mater-
ial by more than one order of magnitude assuming a LOCA with
1273 K and humid air. However, it remains an open question on
what safety limits are required for a future demonstration fusion
power plant and what additional features will be implemented
to trap material released to the air inside the vessel.

4. Limits of Application

In order to assess different design concepts for DEMO and
the feasibility of the current material it is crucial to measure the
behavior of the material at different temperatures. Thus, three
identical W-11.4Cr-0.6Y samples are oxidized in humid air at
different temperatures for 44 h. The total mass change of the
samples is shown in Fig. 5.

At 1473 K mass loss at a rate of 5 × 10−4 mg cm−2 s−1 is meas-
ured after 4 h of oxidation, see Fig. 5. The sublimation rate is
even higher as this rate includes the mass gain from oxidation.
After 44 h the sample is mechanically destroyed as shown in the
photograph.

At 1273 K a linear mass gain of 2 × 10−5 mg cm−2 s−1 is meas-
ured, see Fig. 5. At 1100 K this rate is reduced by a factor of
20 due to the lower temperature. The samples do not exhibit
classical passivation as the mass gain is linear and not para-
bolic. Nevertheless, the sample can withstand the exposure up
to 1273 K by forming a protective Cr2O3 layer suppressing the
release of W-oxides as shown in section 3. The photographs in
Fig. 5 show that the samples can maintain their cubic shape,
which is important for the stability of the wall after a LOCA.
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Figure 5: The total mass change of samples due to oxidation and sublimation
as a function of time. Measurements are performed in humid air at different
temperatures as specified in the figure. All photographs are taken after 44 h of
oxidation.

5. Conclusions

The advanced tungsten alloys containing W-11.4Cr-0.6Y are
a promising candidate as first wall armor material for future
fusion power plants. This alloy provides intrinsic safety in case
of a loss-off-coolant accident with simultaneous air ingress up
to a temperature of 1273 K.

The influence of humidity on the oxidation resistance has
been studied in detail. Two main consequences are found: first,
the sublimation rate of Cr2O3 is enhanced in the presence of
humidity. Second, the formation of W-containing oxides is
almost completely suppressed. The suppression is achieved as
a protective Cr2O3 layer forms on the surface. Experimental
evidences are given that the material would withstand a LOCA
for at least 10 days. The sublimation is dominated by Cr-oxide,
the rate will be on the order of 10−6 mg cm−2 s−1 which is a
suppression of the release by more than one order of magnitude
as compared to pure W. The protection cannot be maintained at
1473 K.
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Highlights
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• DEMO relevant conditions: bulk alloys in humid air above
1200 K

• Suppression of sublimation by more than one order of
magnitude as compared to W

• Investigation on the applicability and its limits of advanced
W-Cr-Y alloys

• Sublimation rate of 10−6 mg cm−2 s−1 of advanced W-alloys
in humid air at 1273 K
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