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a b s t r a c t 

In case of an accident in the future fusion power plant like DEMO, the loss-of-coolant may happen simul- 

taneously with air ingress into the vacuum vessel. The radioactive tungsten and its isotopes from the first 

wall may become oxidized and vaporized into the environment. The so-called “smart” alloys are under 

development to suppress the mobilization of oxidized tungsten. Smart alloys are aimed at adjusting their 

properties to environment. During regular operation, the preferential sputtering of alloying elements by 

plasma ions should leave almost pure tungsten surface facing the plasma. Under accidental conditions, 

the alloying elements in the bulk will form an oxide layer protecting tungsten from mobilization. 

The first direct comparative test of pure tungsten and smart alloys under identical plasma conditions 

was performed. Tungsten–chromium–titanium alloys were exposed simultaneously with tungsten sam- 

ples to stationary deuterium plasma in linear plasma device PSI-2. The ion energy and the temperature 

of samples corresponded well the conditions at the first wall in DEMO. The accumulated fluence was 1.3 

× 10 26 ion/m 

2 . The weight loss of pure tungsten samples after exposure was �m W 

= 10 0 0–1150 μg. The 

measured weight loss of sputtered smart alloy sample �m SA = 1240μg corresponds very well to that of 

pure tungsten providing experimental evidence of good resistance of smart alloys to plasma sputtering. 

Plasma exposure was followed by the oxidation of alloys at 10 0 0 °C accomplishing the first test of 

these new materials both in a plasma environment and under accidental conditions. Compared to pure 

tungsten, smart alloys featured the 3-fold suppression of oxidation. Plasma exposure did not affect the 

oxidation resistance of smart alloys. At the same time, the self-passivation of the protective layer did not 

occur, calling for further optimization of alloys. 

© 2016 The Authors. Published by Elsevier Ltd. 

This is an open access article under the CC BY-NC-ND license. 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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ntroduction and motivation 

In future fusion power plant like DEMO, the in-vessel compo-

ents will be subjected to the unprecedented steady-state parti-

le and neutron loads. Currently envisaged materials for fusion re-

ctor experiments will face the challenge of the rapidly degrad-

ng performance in the power plant [1] . Presently, tungsten is

eemed as the best-suited plasma facing material for the first wall

f DEMO. Tungsten features low fusion fuel retention, low sput-

ering by plasma ions and perfect thermal conductivity at elevated

emperatures. However in the case of an accident in fusion power
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lant, the application of tungsten could be questionable. During

he so-called loss-of-coolant accident (LOCA) combined with an

ir ingress, the tungsten plasma-facing components (PFCs) will be

eated up to 10 0 0 °C–120 0 °C due to nuclear decay heat [2] . Such

n elevated temperature will remain for months at the absence of

n active cooling. At such a temperature the radioactive tungsten

nd its isotopes will form volatile oxides, which can be then mo-

ilized into atmosphere with the rates 10–100 kg per hour. There-

ore, the oxidation of tungsten must be suppressed at the maxi-

um possible extent. 

New advanced tungsten-based so-called “smart alloys” repre-

ent an attractive option for providing the intrinsic safety to the

usion power plant. These materials possess the capability of ad-

usting their properties according to environment. During the rou-

ine plasma operation in the power plant, the first few nanometers
nder the CC BY-NC-ND license. ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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Fig. 1. Smart alloys and tungsten samples: (a) a view of a typical sample with the measurement locations: arrow shows the location of surface roughness scan with stylus 

profiler, large area is the location of SEM surveys, smaller square in the middle is the location of SIMS depth profiles and the smallest square shows the location of FIB cut 

and (b) Exposure of smart alloys and pure tungsten samples in steady-state deuterium plasma of PSI 2 linear device. A side view to the heated tungsten and smart alloy 

samples mounted into the holder and glowing during plasma exposure is presented. 
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of the surface will be sputtered by the plasma ions. The lighter

alloying elements will be sputtered earlier, leaving almost a pure

tungsten surface facing the plasma. In the case of an accident how-

ever, the alloying elements in the bulk of the smart alloy will react

with oxygen and create their own stable oxides to protect tungsten

from mobilization. 

There are severe constraints in the choice of possible alloying

materials. The candidate materials should: 

• Have low activation, at least comparable to that of tungsten. 
• Form stable, well adhesive hard-melting oxides. 
• Allow the suppression of oxidation without significant volume

increase. 

The development of self-passivating tungsten alloys and oxida-

tion tests of their performance under accidental conditions was re-

ported in [3–7] . However, besides the suppressed oxidation, new

materials need to be qualified under plasma exposure. The first re-

sults of such a plasma exposure along with the subsequent oxida-

tion of exposed tungsten and smart alloy samples are reported in

this paper. 

Manufacture of smart alloy, pre-characterization and plasma 

exposure 

The W–Cr–Ti smart alloy samples were produced at CEIT

(Spain) from elemental tungsten, chromium and titanium powders

mechanically alloyed using the planetary ball mill with tungsten

carbide vials and milling balls. The alloyed powder was encapsu-

lated and underwent hot isostatic pressing (HIP) at 1200 °C at the

pressure of 150 MPa in argon atmosphere. Manufactured bulk ma-

terial featured nanocrystalline tungsten grains of about 90–110 nm

and contained 10 wt% of Cr, 2 wt% of Ti and the rest of W. Details of

the manufacturing process and the initial characterization of man-

ufactured materials are provided in [8] . The ingot of the W–Cr–Ti

smart alloy was delivered to Forschungszentrum Jülich (FZJ) where

samples were produced out of this material using the spark ero-

sion following the standard methods for tungsten processing with-

out any changes made specifically for smart alloys. The samples

had dimensions of 10 × 10 mm and 10 × 15 mm with the thickness

of 3 and 3.5 mm respectively. Samples were mechanically ground

to remove the rest deposits remaining from spark erosion cutting.

Both tungsten and smart alloy samples were characterized before

the plasma exposure. The total weight of the sample was measured

using Sartorius MSA225P micro balance with an accuracy of 10 μg

in the MirrorLab [9] . Surface roughness R a was evaluated using the

stylus profiler Dektak 6 M from Bruker. Scan locations are shown
n Fig. 1 (a). Each scan of surface roughness consisted from five to

even measurements, the final result was averaged. 

Time-of-flight Secondary Ion Mass-Spectrometry (ToF SIMS) in-

estigations were made in the middle of each sample using ToF-

IMS IV (IONTOF GmbH, Münster, Germany) facility on locations

hown in Fig 1 (a). SIMS measurements provided a depth profil-

ng of the elemental composition of all samples. The investigations

ere made with both 2 keV Cs + sputter ions for better sensitivity

or non-metallic elements and oxides and with 2 keV O 2 
+ ions for

etter sensitivity for metals. 

Scanning electron microscopy (SEM) surface surveys were made

n each sample on the area shown in Fig. 1 (a) using the Carl

eiss CrossBeam XB 540 microscope equipped with the focused

on beam (FIB). Cross-section viewing by FIB was performed in the

entral area of each sample shown with the smallest square in Fig.

 (a). Special markers were made with an ion beam on the side sur-

ace of each FIB crater. The distance between the two neighboring

arkers corresponded to 1 μm. The markers were used to directly

easure the material sputtered during plasma exposure. 

The pre-characterized samples were installed to the designed

ample holder and exposed to steady-state deuterium plasma

n linear plasma device PSI-2 [10] . For all samples, an area of

0 × 10 mm was directly exposed to plasma. The photo of the sam-

les during the plasma exposure is shown in Fig. 1 (b). During

xposure plasma parameters were monitored using the moveable

angmuir probe. The measured electron temperature was 30-35 eV,

he plasma density was N e ∼7 × 10 11 ion/cm 

3 . The measured ion

ux was 1 × 10 18 D/(cm 

2 × s). Samples were biased at −250 V,

he resulting ion energy was about 220 eV, providing the conser-

ative upper boundary for ion sputtering expected for DEMO in

11] . The temperature of the samples was controlled via thermo-

ouple mounted behind the sample and using the infrared cam-

ra FLIR SC7500. During the exposure the temperature of samples

as ranging from 576 °C to 715 °C as provided in Table 1 , matching

ell the expected temperature of the first wall in DEMO [11] . Apart

rom the fact, that such temperatures are not affecting the sput-

ering coefficients, temperatures for the pairs of samples W1-SA1

nd W2-SA2 correlate fairly well, providing an evidence of identi-

al plasma conditions for these pairs of samples. The total duration

f the exposure was 3.6 h, the total accumulated fluence was esti-

ated to be 1.3 × 10 26 D/cm 

2 . 

esults of exposure and analysis 

After the exposure the samples were weighed. For exposed

ungsten sample W1 a mass loss of 10 0 0 μg was measured, tung-
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Table 1 

Characteristics of tungsten and smart alloy samples during and after plasma exposure. 

Sample Temperature during 

exposure, °C 
Weight loss during 

exposure, μg 

Roughness R a before 

exposure, nm 

Roughness R a after 

exposure, nm 

W1 702 10 0 0 215 255 

W2 665 1150 232 324 

SA1 715 1240 690 377 

SA2 576 N.a. 500 N.a. 

Fig. 2. Surface morphology and cross-section viewing of pure tungsten sample be- 

fore and after exposure to steady-state deuterium plasma: (a) top surface before 

exposure, (b) top surface after exposure, (c) cross-section viewing before exposure 

and (d) cross section viewing after exposure. The FIB labels are marked on Fig. 2(c) 

with the dashed lines. The thickness of removed layer is shown on Fig. 2(d). 
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Fig. 3. Surface morphology and cross-section viewing of smart alloy sample before 

and after exposure to steady-state deuterium plasma: (a) top surface before expo- 

sure, (b) top surface after exposure, (c) cross-section viewing before exposure and 

(d) cross section viewing after exposure. The FIB labels are marked on Fig. 3(c) with 

dashed lines. The thickness of removed layer is shown on Fig. 3(d). 
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ten sample W2 exhibited the mass loss of 1150 μg as provided in

he Table 1 . The decrease of the mass loss of exposed smart alloy

A1 sample was measured to be 1240 μg. The exposed area of all

amples was 1 cm 

2 . Measured mass loss of tungsten was used to

stimate the experimental sputtering rate for this material. The at-

ained sputtering yield of 2.4 × 10 −4 at/ion corresponds well to the

xperimental data provided in [12] however, it is a bit higher than

hat expected from theory [13,14] . The reason for more effective

rosion in plasma of PSI 2 linear device may be attributed to the

mall 0.1% fraction of oxygen in plasma. The calculated removal of

aterial by sputtering from the mass loss measurements was es-

imated to be: 50 0 nm for tungsten and about 80 0 nm for a smart

lloy. 

The sputtered depth was measured directly using the craters

re-marked with the focused ion beam as described earlier. The

omparison of the cross-section viewing before and after exposure

s provided on Fig. 2 for pure tungsten sample W1 and on Fig. 3

or smart alloy SA1. The removed amount of material due to sput-

ering from the weight loss measurements was compared for tung-

ten with the value measured using FIB crater. The expected loss of

ungsten was 500 nm, whereas the direct measurements showed

60 nm outlining the perfect correlation between weight loss and

irect measurements of sputtered material. The measured material

emoval from the smart alloy sample was about 900 nm which is

n a very good correlation with the weight loss measurements. 

Surface morphology of all the samples was investigated with

EM microscope before and after exposure. The respective SEM

hotos can be found in Fig. 2 for tungsten sample W1 and on

ig. 3 for the smart alloy sample SA1. Observations show the slight

orphology changes under the ion bombardment. On the surface

f the smart alloy some hole-like structures with the size less than
00 nm have been detected. Most probably, these structures were

ormed on locations of alloying elements sputtered by plasma ions.

Surface roughness was measured in the middle of all samples

fter exposure in PSI 2 on the locations shown in Fig 1 (a). The

esults of surface roughness measurements are presented in Table

 . A slight increase of surface roughness from 215 to 255 nm for

ample W1 and from 232 to 324 nm for tungsten sample W2 was

etected. Such an increase of roughness can be due sputtering of

olycrystalline tungsten by plasma ions. Differently oriented grains

f a polycrystalline material are sputtered with the different effi-

iency leading to the increase of surface roughness. The impact of

lasma exposure on surface roughness of smart alloy is more sur-

rising at a first glance. The initially high roughness of the sample

A1 of 690 nm decreased down to 377 nm – a value similar to that

easured on pure tungsten samples. The observed effect can be

escribed by the initial fast sputtering of the lighter alloying ele-

ents having higher efficiency of sputtering by plasma ions. The

epleted surface contains almost pure tungsten and its evolution

ecomes similar to that of pure tungsten sample. The measured

aterial removed from the smart alloy sample during plasma ex-

osure is 900 nm which already exceeds the initial surface rough-

ess value. This finding implies that the final surface morphology

fter plasma exposure is dominated mostly by the plasma sputter-

ng and not by initial surface roughness. 

The evidence of such a preferential sputtering of alloying ele-

ents was provided by the dedicated SIMS measurements made

n all samples on locations shown on Fig 1 (a). Prior to exposure,

ll smart alloy samples featured the homogeneous distribution of

ungsten and alloying elements along the bulk of the sample. The

xample of the SIMS depth profile measured on the sample SA1

fter the plasma exposure is shown in Fig. 4 . Concentrations of

ungsten (W) as well as alloying materials (Cr and Ti) are plotted
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Fig. 4. The distribution of tungsten and alloying elements in the depth of the smart 

alloy sample after plasma exposure. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5. Mass gain caused by the oxidation of the pure tungsten and W–Cr–Ti smart 

alloys. 
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along the depth of the sample. As it can be inferred from the depth

distributions, tungsten material matrix remains almost unchanged

during the exposure whereas Cr and Ti fractions are depleted at

the surface till the depth of ∼50 nm and reach the stationary val-

ues only at the depth > 75 nm. These results support our initial ex-

pectation of preferential sputtering of alloying elements and can

explain the observed increasing similarity of the surface roughness

of smart alloys and pure tungsten samples reported above. 

Thermo-oxidation of tungsten samples and smart alloys 

In order to study the effect of plasma exposure on oxidation

properties of smart alloys, series of thermo-oxidation studies were

performed after plasma exposure. Thermo-oxidation studies were

performed in the newly built ThermoLab at the FZJ using the

symmetrical double-oven thermogravimetric (TGA) facility KEP Se-

taram TAG 16. The characteristic feature of this TGA facility is

the double-oven system providing low-noise reliable the measure-

ments. 

During the thermo-oxidation measurements, the samples were

placed in highly controlled and well characterized synthetic air at-

mosphere containing 80 vol% N 2 and 20 vol% O 2 at 1 atmosphere

and oxidized isothermally at the temperature 10 0 0 °C for ten

hours. The choice of temperature corresponds to the expected

value during the accident on the fusion power plant. The sam-

ples were exposed under identical conditions. During the thermo-

oxidation tests the mass gain due to oxide formation occurs. The

mass gain may turn to a mass loss, if the sample experiences

failure, as e.g. delamination or evaporation. The mass change was

measured during the exposure of samples with the precision better

than 0.1 μg. 

Three samples were chosen for thermo-oxidation tests: pure

tungsten sample, manufactured and rolled according to the ITER

specifications, smart alloy which were never exposed to plasma

and smart alloy after plasma exposure. The resulting dependen-

cies are presented in Fig. 5 as the mass gain over time. Pure tung-

sten sample is remarkable for the by far highest linear oxidation

rate of 6 × 10 −3 mg/(cm 

2 × s). Smart alloys feature the signifi-

cant suppression of oxidation: the measured oxidation rate of 2 ×
10 −3 mg/(cm 

2 × s) was detected for W–Cr–Ti smart alloy systems

both exposed and non-exposed to plasma. The same oxidation be-

havior of smart alloys confirms our expectations that plasma expo-

sure does not have any negative effect on oxidation advantages of

smart alloys. 

At the same time, the mass gain during the oxidation is linearly

proportional to time for all studied systems. Whereas expected for

the pure tungsten samples, this result means that the suppression

of oxidation in the studied smart alloys is not yet accompanied

with self-passivation of protecting oxide film. Should this happen,

the oxidation would follow diffusion-driven parabolic dependence
n time. This finding outlines explicitly the need in future opti-

ization of smart alloys despite of significant advantageous sup-

ression of tungsten oxidation already detected in the course of

resent studies. 

ummary and outlook 

The bulk advanced W–Cr–Ti smart alloys with the suppressed

xidation became manufactured using mechanical alloying fol-

owed by HIP procedure described above. Smart alloy samples

ere machined with conventional tools used for tungsten process-

ng without any modifications of tooling or machining procedures. 

For direct comparison, the data is provided for smart alloy sam-

le previously exposed to plasma as well as for the sample that not

xperienced plasma exposure. 

First direct comparative plasma test of advanced smart

ungsten-based alloys and pure tungsten samples was made un-

er conditions expected at the first wall in DEMO. Exposed un-

er identical plasma conditions, tungsten and smart alloy samples

emonstrated similar sputtering under plasma ion bombardment

n the PSI 2 linear device. Only a moderate change of surface mor-

hology was detected after exposure despite of 500 nm of removed

aterial for tungsten samples and about 900 nm of material re-

oved from smart alloys. At the same time, the expected pref-

rential sputtering of alloying elements during the plasma expo-

ure of smart alloys was confirmed experimentally. The final sur-

ace roughness of smart alloys after plasma exposure was similar

o that of pure tungsten samples. Controlled oxidation of smart al-

oys did not reveal any negative effect of plasma exposure on the

uppressed oxidation. Both exposed and non-exposed smart alloys

eatured the 3-fold suppression of the oxidation as compared to

ure tungsten. These findings outline promising features of new

dvanced tungsten – based materials for the use in future fusion

ower plants and call for continuation of this promising study. At

he same time, despite of significant suppression of tungsten mo-

ilization, the self-passivation of the protective oxide layer was not

et achieved calling for further optimization of the smart alloys. 

New yttrium-containing tungsten smart alloys became available

ecently. The new W–Cr–Y systems feature more effective long-

erm suppression of tungsten oxidation coupled with better long-

erm stability of protective layers. The plasma tests of these inno-

ative new smart alloys are in preparation. The sputtering of new

mart alloys by plasma, corresponding surface changes and the

euterium retention in the exposed samples is in focus of future

esearch. The combined full working cycle test including plasma

nd oxidation testing of new systems is of prime importance. Fu-

ure studies will be carried out to optimize the overall perfor-

ance of smart alloys including further suppression of oxidation

y self-passivation and investigations of deuterium inventory. Ded-

cated efforts will be made on optimization of thermo-mechanical
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roperties of smart alloys such as thermal conductivity, hardness

nd ductile-to-brittle transition temperature. 
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