
Contents lists available at ScienceDirect

Fusion Engineering and Design

journal homepage: www.elsevier.com/locate/fusengdes

Smart Tungsten-based Alloys for a First Wall of DEMO
Andrey Litnovskya,*, Janina Schmitza,b, Felix Kleina, Karen De Lannoyea,c, Sophie Weckaufa,
Arkadi Kretera, Marcin Rasinskia, Jan W. Coenena, Christian Linsmeiera, Jesus Gonzalez-Juliana,
Martin Brama, Ivan Povstugard, Thomas Morgane, Duc Nguyen-Manhf, Mark Gilbertf,
Damian Sobierajg, Jan S. Wróbelg
a Forschungszentrum Jülich GmbH, Institut für Energie und Klimaforschung, 52425, Jülich, Germany
bDepartment of Applied Physics, Ghent University, 9000, Ghent, Belgium
c Vrije Universiteit Brussel, 1050, Elsene, Belgium
d Forschungszentrum Jülich GmbH, Zentralinstitut für Engineering, Elektronik und Analytik, ZEA 3 Analytik, 52425, Jülich, Germany
e DIFFER Dutch Institute for Fundamental Energy Research, De Zaale 20, 5612 AJ Eindhoven, the Netherlands
f CCFE, United Kingdom Atomic Energy Authority, Culham Science Centre, Abingdon, Oxfordshire, OX14 3DB, United Kingdom
g Faculty of Materials Science and Engineering, Warsaw University of Technology, Wołoska 141, 02-507, Warsaw, Poland

A R T I C L E I N F O

Keywords:
DEMO
Passive safety
Tungsten alloys
Suppressed oxidation
Plasma-facing material
Yttrium

A B S T R A C T

During an accident with loss-of-coolant and air ingress in DEMO, the temperature of tungsten first wall cladding
may exceed 1000 °C and remain for months leading to tungsten oxidation. The radioactive tungsten oxide can be
mobilized to the environment at rates of 10–150 kg per hour. Smart tungsten-based alloys are under develop-
ment to address this issue. Alloys are aimed to function as pure tungsten during regular plasma operation of
DEMO. During an accident, alloying elements will create a protective layer, suppressing release of W oxide.

Bulk smart alloys were developed by using mechanical alloying and field-assisted sintering technology. The
mechanical alloying process was optimized leading to an increased powder production by at least 40 %. Smart
alloys and tungsten were tested under a variety of DEMO-relevant plasma conditions. Both materials demon-
strated similar sputtering resistance to deuterium plasma. Under accident conditions, alloys feature a 40-fold
reduction of W release compared to that of pure tungsten.

1. Introduction and motivation

In a future fusion power plant, such as the DEMOnstration Power
Plant (DEMO) safety of operation will be of highest importance [1,2].
Presently, due to a number of advantages, such as a high melting point,
low sputtering by plasma particles, relatively short-term activation, low
tritium retention and high thermal conductivity, tungsten (W) is
deemed as a preferred candidate material for a plasma-facing first wall.
At the same time, assessment of accident conditions revealed severe
issues with using pure tungsten [3]. In the case of a loss-of-coolant
accident, accompanied by air ingress into the vacuum vessel, tungsten
first wall would be in contact with surrounding atmosphere. In the
absence of a coolant, the temperature of the tungsten cladding can
climb to 1000 °C and even higher due to the nuclear decay heat and
remain at such a level for weeks [3]. At such temperatures, neutron-
activated tungsten, and its radioactive isotopes, will form volatile
oxides. According to calculations made for DEMO [4], the amount of

radioactive oxides sublimated into atmosphere from the first wall will
be in the range of 50−150 kg/hour. Such a dramatic radioactive re-
lease must be suppressed to the highest possible extent.

Self-passivating tungsten based alloys were originally proposed and
developed by Koch and Bolt [5–7]. These, so-called “Smart Alloys”
(SA), change their properties depending on environment. During reg-
ular plasma operation, the lighter alloying elements such as chromium
(Cr), zirconium (Zr) or yttrium (Y) will be more easily sputtered by
plasma particles leaving almost a pure W surface facing the plasma and
having all the aforementioned advantages of pure tungsten. During an
accident, the remaining alloying elements in the bulk will diffuse to the
surface and form their own oxides protecting tungsten from oxidation
and subsequent sublimation into atmosphere.

Recent studies have shown the benefits of W-Cr-Y systems [4,8,9].
These SA have demonstrated greatly superior oxidation resistance. The
research formerly based on laboratory-scale thin films, has been rapidly
changed towards bulk samples. Usually, mechanical alloying (MA) [10]
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was used to obtain the SA. The samples were produced by using hot
isostatic pressing [11]. Recently, field-assisted sintering technology
(FAST) [12] was applied for the production of bulk samples, reducing
the time necessary for the compacting and sintering of alloyed powders
down to minutes [9,13]. New SA systems produced using FAST featured
superior oxidation properties [9,13–15] and acceptable plasma per-
formance [16–19]. The technology of production was treated as ad-
vanced enough to allow material performance tests on the timescale of
their expected lifetime in DEMO.

In this paper, further optimization of the mechanical alloying route
is explained followed by the results of the plasma tests of the SA under
DEMO-relevant conditions. These investigations are accompanied by
the assessment of bulk SA under accident conditions in DEMO. A
summary of results and an outlook to future studies conclude the paper.

2. Optimized mechanical alloying

Mechanical alloying is a standard technique used for the production
of bulk systems. The elemental powders, in our case, W, Cr and Y, are
placed in a milling jar with tungsten carbide balls and then milled for
several hours using a planetary mill. In the case of successful milling,
the resulting powder represents the W-Cr alloy without residual W and
Cr constituents. With the commissioning of a new powder metallurgical
lab, the PowderLab at Forschungszentrum Juelich GmbH, the new
planetary mill Retsch PM 400 MA became available. In contrast to
previously used PM 400 in former studies, the new mill features higher
rotational ratio 1: (-3). In this ratio, the first number is the normalized
speed of base in a planetary system. The second number is a normalized
speed of the milling jar with respect to the base. Higher rotational ratio
allows the transfer of more energy to the powder i.e. it may potentially
result in better and faster alloying. On the other hand, higher power
exerted to the powder may lead to pressing the powder to the jar´s walls
and as a consequence, to incomplete milling. Other important para-
meters for milling are the ball-to-powder ratio (BPR) and the free re-
maining volume. The former mainly influences the intensity of the
mechanical contact between the powder and the balls i.e. the efficiency
of energy transfer to the powder. The latter parameter is important for
ensuring that a sufficient amount of energy is transferred during a
single contact of the powder with a milling ball.

Based on the aforementioned expectations, a parametric optimiza-
tion was made. During such an optimization, usually one milling
parameter was varied while all the remaining ones were fixed. The
tungsten carbide milling jars with a total volume of 250 mL. were used
for optimization. The rotation speed of the milling base was kept at
250 rpm. Unless otherwise stated, the reported results were obtained
via milling for 60 h using the 10 mm balls of tungsten carbide. The
quality of the alloying was investigated using the Bruker Discover D8,
X-Ray diffraction system at FZJ. The current results of the optimization
are shown in Table 1.

As can be seen from the table, experiments 1 and 2, copying of the
milling parameters from the former planetary mill did not result in
complete mechanical alloying. Interestingly enough allowing smaller
milling balls into the jar did not bring any advantages in milling, ex-
periment 7. The most promising results were obtained by either redu-
cing the free volume necessary for alloying (experiment 3) or by re-
ducing the BPR i.e. by allowing more powder in the milling jar
(experiment 5). With new parameters of mechanical alloying, it was
possible to attain at least 40 % more of the fully alloyed powder per one
milling session, experiments 3 and 5. In the next optimization step the
milling time was reduced from 60 to 30 h, assuming the quality of al-
loying will not degrade. The corresponding optimization is ongoing, the
first results are available (experiment 9) and investigations on samples
created with a new milling scenario are underway.

3. Plasma performance under DEMO-relevant conditions: lifetime
tests

Previous studies have already demonstrated good sputtering re-
sistance of developed smart alloys at ion energies below sputtering
threshold of W [17,19]. As expected, the alloying elements on the
plasma-facing surface were sputtered, whereas the pure tungsten layer
remained. Such a tungsten layer provided a protecting action for the
underlying smart alloy so that the resulting sputtering resistance of SA
and pure tungsten becomes very similar. These experiments, previously
performed in linear plasma device PSI-2 [20], were recently continued
in the Magnum-PSI linear plasma facility [21], hosted by the Dutch
Institute of the Fundamental Energy Research (DIFFER) in Eindhoven,
The Netherlands.

The basic arrangements of plasma exposures applied during earlier
experiments on PSI-2 [17,19] remained. The SA and pure W samples
were exposed to the steady-state deuterium plasma under as similar as
possible conditions. Plasma parameters were monitored using the
moveable Langmuir probe in PSI-2, whereas in Magnum-PSI the
Thomson scattering was employed for such a purpose [22]. The tem-
perature of the samples was surveyed in PSI-2 using the multi-zone
infrared camera (FLIR) calibrated using the thermocouple mounted
beneath one of the samples. In experiments on Magnum-PSI the tem-
perature of samples was monitored using a spectroscopic pyrometer.

In all experiments, the sample temperature was kept in the range
620 °C–700 °C i.e. at the temperature expected for the first wall in
DEMO. In all experiments, the ion energy was about 120 eV, which was
attained by active biasing of the samples. During all exposures, the SA
and tungsten samples were placed at the position of the maxima of
corresponding electron density and temperature. A key difference in the
exposures on both machines was the way the samples were exposed. In
PSI-2, all SA and W probes were exposed simultaneously (Fig. 1a) under
identical plasma conditions [17] taking an advantage of a hollow
plasma profile and rather large diameter of a plasma column. In in

Table 1
Results of MA optimization.

No. BPR Free volume, ml Powder amount after milling, g Result

1. 5:1 195 110 old mill, reference regime, complete alloying
2. 5:1 195 110 new mill, repetition of a reference regime, incomplete alloying
A. Reducing the free volume
3. 5:1 172 156 complete alloying
B. Changing BPR
4. 3:1 195 168 incomplete alloying
5. 2:1 195 232 complete alloying risk of non-alloyed powder pressed to the jar
C. Attempting to find an optimum combination
6. 2:1 160 385 Non-alloyed powder pressed on the jar
7. 3:1 195 169 Incomplete alloying, 10 and 5 mm milling balls
8. 3:1 192 179 Complete alloying, milling time 70 h
Shorter milling with reduced free volume from A.
9. 5:1 172 156 Complete alloying, milling time 30 h.
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Magnum-PSI only one sample can be exposed at once, see Fig.1b.
Therefore, in order to ensure the direct comparison between pure
tungsten and smart alloys, pairs of identical exposures at the same
plasma fluence were conducted for SA and W samples for each fluence.
Exposures in Magnum-PSI brought advantages of reaching the higher
fluxes and hence, attaining higher fluence.

Here, we introduce the following nomenclature of experiments,
which will be followed in our subsequent papers. The first capital letter
designates the main plasma ion species; the following number re-
presents the ion energy in eV, the capital letter afterwards, e.g. “P” or
“M” stays for the facility: “P” for PSI-2 and “M” for Magnum-PSI. The
last letter is the number of the particular experiment. As an example,
“D120P2” would mean the second experiment performed on PSI-2 with
deuterium plasma, having ion energies around 120 eV.

The main parameters and the results of exposures are summarized
on Table 2. In Magnum-PSI it was possible to obtain the highest plasma
fluence of 2.0 × 1027 ion/m2.This is a factor ∼ 12 higher than the
highest one attained in PSI-2. Taking into account the estimates for
expected fluxes on the first wall in DEMO [23], the highest attained
fluence corresponded to that in about 20 days of continuous DEMO
operation. The experiments in Magnum-PSI have confirmed a similarity
of sputtering resistance of W-Cr-Y smart alloys and pure tungsten.

The ratio of the mass of removed material both from the W and SA
samples was estimated taking into account the same surface recession
caused by sputtering of both SA and W samples and using the theore-
tical density of SA of 15.9 g/cm3 [24]. The theoretical ratio ΔmW/ΔmSA

is 0.82. As can be seen from the Table 2, the actual ratios measured in
the course of all exposures match the theoretical value very well. The
only exclusion detected for an experiment D120M1 was due to a very
short exposure time and hence, a larger uncertainty of results. Gen-
erally, a good agreement between the modeled and experimental ratios
of mass loss for SA and pure W evidences an absence of additional loss
of alloying elements during the described plasma exposures. Thus, clear
evidences of the feasibility of plasma operation with smart alloys as
plasma-facing material were obtained.

At the same time, the exposures performed at energies above the
sputtering threshold of tungsten and exposures made with seeded

plasmas have shown unfortunately, a vulnerability of both W and SA
[17,18]. Certainly, these questions need to be addressed in greater
details in future. The preparation of the overview of plasma perfor-
mance of smart alloys is presently underway.

4. Smart alloys under accident conditions

Ensuring good performance under the expected severe accident
conditions is another fundamental condition of viability of smart alloys.
For this purpose, several studies were performed on controlled oxida-
tion of smart alloys in the air-containing atmosphere in a dry and later
on, in a humid environment [13–15,25–27]. The aim of these studies is
to evaluate the oxidation resistance of smart alloys under conditions as
close as possible to those expected during opening of a fusion power
plant to the atmosphere in the case of a severe accident as described in
the introduction. All studies were performed in the thermogravimetric
(TGA) facility Setaram TAG 16/18 equipped with the steam generator
Setaram WetSys located in the ThermoLab [28] in Forschungszentrum
Jülich.

Usually, in the course of controlled oxidation the mass increase of a
sample caused by oxidation is recorded. The radioactive hazard in the
fusion power plant will not however, be directly caused by oxidation. It
is sublimation of oxidized tungsten and transmutation elements, which
is responsible for a radioactive hazard. Recently, the TGA facility in
Jülich was upgraded in such a way, that direct measurements of sub-
limation became possible [15], to our knowledge for the first time. The
time evolution of the mass decrease due to sublimation from smart alloy
is presented in Fig. 2. The smart alloy sample was exposed in an at-
mosphere containing 20 vol.% of synthetic humid air and 80 vol. % of
argon. The sample was kept at 1000 °C during the exposure. The syn-
thetic humid air having 70 relative % of humidity was fed at a tem-
perature of 40 °C to the SA sample. The resulting mass loss due to
sublimation is presented via curve A on Fig. 2 Curve B represents the
tungsten oxide sublimation as measured in fully oxidized tungsten thin
film. Curve C shows the sublimation mass loss for the tungsten oxide
released from the bulk pure tungsten sample. Curves B and C therefore,
create an area where we could expect the WO3 sublimation from the
pure tungsten sample.

As mentioned in [15] with the present setup of the TGA it was
impossible to detect any Cr sublimation. Only W sublimation could be
detected. The sublimation curve A from the smart alloy therefore, re-
presents only the W sublimation out of the surface of the smart alloy. In
order to evaluate the possible maximum contribution of chromium
sublimation, a reference model chromium thin film was fully oxidized

Fig. 1. Photographs of plasma exposures in linear devices: a) simultaneous
exposure of smart alloy and pure tungsten samples in linear device PSI-2 and b)
consecutive one-by-one exposure in MAGNUM Psi.

Table 2
Main parameters and results of plasma exposures in PSI-2 and Magnum-PSI
linear devices.

Experiment Fluence,
ion/m2

Sample
temperature,
oC

ΔmW/
ΔmSA

Results

D120P1 1.0 × 1026 620−700 0.81 Similar sputtering of W
and SA. Protecting W
layer on the surface of SA.
Insignificant change of
morphology. Low
deuterium retention of
order of 1 × 1014 D/cm2

in PSI-2 [24]

D120P2 1.7 × 1026 620−700 n.a
D120M1 1.0 × 1026 630−670 0.62
D120M2 5.0 × 1026 630−670 0.89
D120M3 1.0 × 1027 630−670 0.83
D120M4 2.0 × 1027 630−670 0.82

Fig. 2. Mass reduction due to sublimation as a function of exposure time for W-
Cr-Y smart alloy (curve A), fully oxidized tungsten thin film (curve B), oxidized
bulk W sample (curve C) and for oxidized pure Cr film (curve D) in humid air at
1000 °C.
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and then the sublimation of chromium oxide was measured. The con-
ditions of exposure were identical to those described above. The re-
sulting evolution of mass loss due to Cr sublimation is presented via
curve D in Fig. 2. The comparative analysis of the W sublimation from
the smart alloys and from the pure W samples yields more than 40-fold
suppression of W release on the time scale of 10 days, outlining the
remarkable performance of bulk smart alloys produced by FAST under
accident conditions.

Recent studies of the surface morphology were undertaken using the
Carl Zeiss CrossBeam XB 540 combined scanning electron microscope
(SEM) – focused ion beam device equipped among others, with the
Energy-Dispersive X-Ray spectroscopy (EDX) system for an elemental
analysis. The SEM photograph of the surface of SA after 10 days of
exposure in humid air is presented in Fig. 3. The evaluation of the EDX
mapping yielded to less than 1% surface coverage by the mixed W–Y
oxides in a remarkable contrast to the full WO3 surface coverage of the
pure tungsten.

The operation scenario for smart alloys in the power plant assumes
plasma exposure during regular operation prior to unlikely, but possible
exposure in accident conditions. The oxidation studies of plasma-ex-
posed samples are ongoing continuously, the results are published in
e.g. [9]. The results of the extensive testing of smart alloys produced
using the optimized alloying will be a subject of the dedicated pub-
lication.

5. Summary and outlook

Significant progress has been attained in the research and devel-
opment of self-passivating tungsten-based smart alloys for a future fu-
sion power plant. The bulk W-Cr-Y systems, produced by mechanical
alloying and compacted via field-assisted sintering technology, show
remarkable performance both under regular plasma and under accident
conditions. Developed smart alloy solutions now allow for the testing
under conditions comparable with lifetime conditions in DEMO power
plant. Plasma performance of smart alloys have been tested under
plasma particle fluence expected after up to 20 days of the continuous
DEMO operation.

Due to the initial selective sputtering of the alloying elements, a
layer of pure tungsten has been formed effectively protecting the re-
maining smart alloy from sputtering by the plasma. As a result, both
smart alloys and pure tungsten samples demonstrated to have very si-
milar sputtering resistance given the energies of plasma particles are
below the sputtering threshold for W. The detected mass loss of smart
alloys and of tungsten was identical to the estimated values, confirming
the absence of additional loss of alloying elements in the course of
plasma exposure.

Performance of smart alloys was also extensively tested under

accident conditions. Studies were made with heated SA samples ex-
posed to the humid air atmosphere as expected in the course of a severe
accident in DEMO. Direct measurements of sublimation have been
pioneered in the course of this study. Smart alloys demonstrate at least
a 40-fold suppression of sublimation as compared to that of pure
tungsten. The surface of exposed smart alloy contains less than 1 area %
of W–Y mixed oxides. The formation of volatile WO3 was not detected.
The aforementioned experimental findings coupled with a pronounced
shape preservation even under accident conditions [9] outline the re-
markable progress in R&D on smart alloys.

Certainly, there are still open questions both in physics under-
standing and in technological development of the smart alloy systems.
The role of yttrium in the stabilizing of the W-Cr solid solution is yet to
be understood in sufficient details. Our preliminary ab-initio based
thermodynamic modelling of phase diagram in ternary W-Cr-Y system
showed that in presence of Y, the predicted solute solution temperature
in W-Cr sub-system is reduced in a comparison with those found in the
corresponding binary alloy. The adverse effects caused by high energy
particle sputtering and by seeded plasmas need further investigations.
Among the crucial challenges are the thermo-mechanical properties of
developed systems. Very important are also technological aspects, such
as joining technology for casting smart alloys onto corresponding
structural materials and scaling up the manufacturing technology to the
industrial level. Last but not least, a complete evaluation of neutron
effects, such as transmutation and the assessment of impurity effects on
the smart alloy performance, are of highest importance. A dedicated
research program has been started at the Forschungszentrum Jülich and
the first results are reported in [29].
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