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Self-passivating tungsten based alloys for the first wall armour of future fusion reactors are expected
to provide a major safety advantage compared to pure tungsten in case of a loss of coolant accident
with simultaneous air ingress, due to the formation of a stable protective scale at high temperatures in
presence of oxygen which prevents the formation of volatile and radioactive WOs.

Bulk W-15Cr, W-10Cr-2Ti and W-12Cr-0.5Y alloys were manufactured by mechanical alloying followed

Armour material by can encapsulation and HIP. This route resulted in fully dense materials with nano-structured grains.

Mechanical alloying The ability of Ti and especially of Y to inhibit grain growth was observed in the W-10Cr-2Ti and W-

HIP 12Cr-0.5Y alloys. Besides, Y formed Y-rich oxide nano-precipitates at the grain boundaries, and is thus
expected to improve the mechanical behaviour of the Y-containing alloy. Isothermal oxidation tests at
800 °C (1073 K) and oxidation tests under accident-like conditions revealed that the W-12Cr-0.5Y alloy
exhibits the best oxidation behaviour of all alloys, especially in the accident-like scenario. Preliminary
HHF tests performed at GLADIS indicated that the W-10Cr-2Ti alloy is able to withstand power densi-
ties of 2 MW/m? without significant damage of the bulk structure. Thermo-shock tests at JUDITH-1 to
simulate mitigated disruptions resulted in chipping of part of the surface of the as-HIPed W-10Cr-2Ti
alloy. An additional thermal treatment at 1600 °C (1873 K) improves the thermo-shock resistance of the
W-10Cr-2Ti alloy since only crack formation is observed.

© 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/).

1. Introduction

In future fusion reactors such as DEMO, a potential loss-of-
coolant accident with simultaneous air ingress into the vacuum
vessel would involve temperatures of the in-vessel components
above 1000°C (1273 K) because of the decay heat [1]. Under this
situation, the use of pure tungsten, presently planned for the blan-
ket protecting first wall armour [2], represents an important safety
issue due to its high oxidation rate at high temperatures, which
would lead to full oxidation of the armour layer. Since tung-
sten oxide is rather volatile at the involved temperatures, part of
the tungsten would be mobilized with the consequent release of
highly activated species [3]. A possible way to avoid the risk of ra-
dioactive release during such a scenario would be the addition of
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oxide forming alloying elements to tungsten, resulting in the for-
mation of a stable protective oxide scale at high temperatures in
presence of oxygen. During normal operation, the surface of this
self-passivating alloy will consist of pure tungsten, owing to pref-
erential sputtering of the alloying elements.

In previous works [4-6], different bulk tungsten alloys of the
systems W-Cr-Si and W-Cr-Ti were manufactured by mechanical al-
loying (MA) and densification by Hot Isostatic Pressing (HIP). The
addition of Cr and Si or Ti as alloying elements resulted in a re-
duction of the oxidation rate by several orders of magnitude at
temperatures up to 1000°C (1273 K) compared to pure tungsten,
due to the growth of a protective oxide layer [4,7-9]. Nevertheless,
Si tends to form brittle intermetallics with detrimental effect on
the workability of the alloys and Ti contributes to enhance tritium
retention [10]. Both reasons have motivated the search for alter-
native systems avoiding Si [6,8] and Ti as alloying elements. Bi-
nary W-Cr alloys represent a feasible alternative; such alloys have
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been subject to several investigations aiming at improving the ox-
idation behaviour of tungsten [11] and at enhancing its irradia-
tion resistance by nano-structuring [12]. A recent study [13] has
been focused on the determination of the optimum Cr concen-
tration range in W-Cr binary thin film alloys for achieving lower
oxidation rates though the development of an effective protective
layer, leading to values between 10 and 16 wt.%. In addition, thin
films of the system W-Cr-Y recently produced by magnetron sput-
tering were shown to exhibit lower oxidation rate by isothermal
oxidation than similar alloys of the W-Cr-Ti system [14]. The high
affinity of Y to oxygen can contribute to reduce the oxygen impu-
rity content from the grain boundaries (GB) due to its oxygen get-
ter effect, thus contributing to reduce the ductile-to-brittle transi-
tion temperature (DBTT) of tungsten [15]. Furthermore, the addi-
tion of up to 1.5wt.% Y to tungsten inhibits grain growth resulting
in grain size refinement [15-17] due to the pinning effect of finely
dispersed Y,03 nanoparticles in the W matrix. From all previously
mentioned, alloys of the W-Cr-Y system appear to be especially at-
tractive for first wall armour application.

In this work, alloys with different compositions of the system
W-Cr-Ti as well as new binary and ternary systems, W-Cr and
W-Cr-Y respectively, are studied. The alloys are manufactured by
MA followed by can encapsulation and HIP. The W-Cr phase dia-
gram is characterized by a miscibility gap below 1677°C (1950 K),
leading to decomposition of the high-temperature bcc solid solu-
tion into a Cr-rich and a W-rich solid solution phases, known as
spinodal decomposition [18]. In the case of the W-Cr-Ti samples,
a subsequent thermal treatment at a temperature above the cor-
responding decomposition temperature is performed after HIP to
achieve a single bcc phase microstructure. In this way the pres-
ence of the Cr-rich phase, more prone to oxidation than the W-
rich phase [4,9], is avoided, and the oxidation resistance of the al-
loy is expected to be improved; the presence of a single W-rich
bce phase is also preferred in view of an improved mechanical be-
haviour, since misfit strains and thermal stresses induced by the
second phase are avoided. Microstructural investigations, thermal
conductivity and microhardness of the alloys after HIP and after
the subsequent thermal treatment (only for the W-Cr-Ti system)
are presented. A summary of the results of different tests is shown:
oxidation tests at various conditions, high heat flux (HHF) tests at
GLADIS (Garching Large Divertor Sample Test Facility) [19] as a first
“proof of principle” test according to the expected load at the blan-
ket first wall, and thermo-shock tests at JUDITH-1 (Juelich Divertor
Test Facility Hot Cells) [20] to simulate conditions under mitigated
disruptions in a DEMO-like device.

2. Experimental details

Elemental powders of pure W (99.95%, 15-30 um), Cr (99.95%,
74pm), Ti (99.5%, 40pm) and Y (99.9%, 20-30 um) were used to
produce samples of composition W-10Cr-2Ti, W-15Cr and W-12Cr-
0.5Y in wt.% (corresponding to W-27Cr-6Ti, W-38Cr and W-32Cr-
0.8Y in at.%). The starting powders were mechanically alloyed un-
der Ar in a planetary ball mill Retsch PM400 using WC grinding
jars and balls. The MA parameters were those found as optimum
for W-Cr-Ti systems in previous works [4-5]. Metallic capsules of
@ 15mm and 40 mm height filled with the alloyed powder were
evacuated, degassed at high vacuum, sealed and HIPed at 1220 °C
(1493 K) for 2 h at 150 MPa. The oxygen and nitrogen contents after
MA and HIPing were determined using the inert gas fusion method
(ASTM E1569, measured with a LECO TC-400), and the carbon con-
tent by the combustion method (ASTM E1019, measured with a
LECO CS-200). Powders and bulk samples were characterized by
field emission gun SEM (FEG-SEM), energy dispersive X-ray spec-
troscopy (EDS) and X-ray diffraction (XRD). The relative density of
the samples was determined from the geometrical and theoretical

densities. The average grain size of the dense materials was deter-
mined by quantitative metallography. Vickers microhardness of the
HIPed materials was measured applying a load of 0.5 kg for 5 sec-
onds. The thermal conductivity up to 900 °C (1173 K) was obtained
by the laser flash method. A thermal treatment (TT) on W-10Cr-2Ti
HIPed samples was performed at 1600 °C (1873 K) in H,.

Isothermal oxidation tests at 800°C (1073 K) for up to 60 h were
performed by thermogravimetric analysis (TGA). Besides, tests un-
der accident-like conditions were also performed. These tests con-
sist of a preheating in Ar up to 600°C (873 K) followed by oxida-
tion in a mixture of 80vol.% argon and 20 vol.% oxygen (H,O con-
tent < 3 ppm) at linear increasing temperature from 600 to 1000°C
(873 to 1273 K) during about 17 h, two isothermal oxidation steps
in air at 1000°C (1273 K) for 1 h, each of them followed by isother-
mal steps in Ar at 1000°C (1273 K) for 1 h, and cooling down in Ar.
Preliminary HHF tests at GLADIS were performed on an as-HIPed
W-10Cr-2Ti sample of dimensions 10 x5 x 6 mm3 by applying 30
pulses of 2 MW/m? for 2 s with a neutral hydrogen beam, accord-
ing to the power load expected at the first wall [2]. The 2 s pulse
duration was chosen to achieve 1000°C (1273 K) surface tempera-
ture at the end of the pulse. The samples were not actively cooled
and thus, a cooling time of 7 minutes after each pulse was required
to prevent overheating. The adiabatic loading generates high tem-
perature gradients, which allow a preliminary assessment of the
thermo-mechanical behaviour of the material. Besides, the rela-
tively long cooling time permits to evaluate the thermal stability
of the bulk structure and possible grain growth.

Thermo-shock tests were performed at the electron beam fa-
cility JUDITH-1 [20] on an as-HIPed W-10Cr-2Ti sample and on a
W-10Cr-2Ti sample after HIP and TT at 1600°C (1873 K). The sam-
ples, of dimensions 10 x 10x4 mm?3, were exposed to 100 pulses
of a power density of 0.38 GW/m?2 for 1 ms at a base temperature
of 400°C (673 K). These conditions correspond to a heat flux fac-
tor (HF) of 12 MW/m? . s'/2 (heat flux factor=P,,+/f-) which is a
measure of the temperature increase:

t
AT=2-Fa\ | 56,
N Eaverse

Therein, Py, is the absorbed power density, t the pulse dura-
tion and A, p and c are thermal conductivity, density and specific
heat, respectively. The base temperature is achieved by means of
a heated graphite holder, which is electronically controlled via a
thermocouple. To ensure an almost homogeneous loading, a small
area (4 x4 mm?) was scanned with a focused electron beam (beam
diameter ~1 mm) at very high scanning frequencies (fx=40kHz,
fy=31kHz). After exposure, the samples were investigated by opti-
cal microscopy and SEM. Additionally, the cross section of the sam-
ples was analyzed by metallography to study the crack propagation
into the bulk material.

3. Results and discussion

Mechanically alloyed powders of composition W-15Cr, W-10Cr-
2Ti and W-12Cr-0.5Y in wt.% were can encapsulated and HIPed at
1220 °C (1493 K) for 2 h achieving relative densities above 99%, i.e.
the material obtained can be considered fully dense within the ex-
perimental error. In Table 1 the relative density as well as the O,
C and N contents of the as-HIPped materials are shown, which are
comparable to those reported in previous works [5,6].

3.1. Microstructure

The microstructure of the three alloys is compared in Fig. 1.
A very fine and homogeneous microstructure can be appreciated
in all systems, with two main phases identified by EDS as a W-
rich phase with Cr in solution (bright grey majority phase) and a
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Table 1

Relative density, impurities content, average grain size and microhardness of the materials produced by MA+HIP. For comparison, the
microhardness of pure polycrystalline tungsten at the same average grain size is included.

Relative Impurities (ppm) Average grain Microhardness Microhardness of
density (%) (0] N C size (nm) (HV 0.5) pure W [25] (HV)
W-15Cr 99.5 1000 + 100 70+£20 380+10 190 +2 997 + 2 1076
W-10Cr-2Ti 100 1100 £ 100 110+ 10 140+20 110+6 1206 + 10 1304
W-12Cr-0.5Y 99 1300 + 200 90 + 10 170 + 10 87 +2 1228 +£ 5 1422

Fig. 1. FEG-SEM images of W-15Cr (a-b), W-10Cr-2Ti (c-d) and W-12Cr-0.5Y (e-f) alloys after HIP at 1220 °C (1473 K).

Cr-rich phase with W in solution (dark grey discontinuous phase).
The compositions of these bcc phases (W, Cr) and («Cr, W) after
HIP were estimated from the shift of the XRD peaks (Fig. 2) using
the Vegard’s law [21]. The amount of Cr dissolved in W is about
5wt.% (16 at.%) whereas the amount of W in solid solution in Cr is
about 41 wt.% (17 at.%), which is consistent with the compositions
predicted by the W-Cr phase diagram [18] at 1220 °C (1493 K)

(Fig. 3). The prior particle boundaries (PPBs) of the powders af-
ter MA can be distinguished (Fig. 1(a), (c) and (e)) due to the
preferential presence in these areas of the largest grains of the
Cr-rich phase. This Cr preferential enrichment of PPBs is more
pronounced in the alloys with the highest Cr content (W-15Cr
and W-12Cr-0.5Y). Cr exhibits a higher affinity to oxygen than
W in the temperature range RT-1600 °C. The Ti-rich phase in
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Fig. 2. XRD spectra of W-15Cr, W-10Cr-2Ti and W-12Cr-0.5Y alloys after HIP at 1220 °C (1473 K) and W-10Cr-2Ti alloy after HIP at 1220 °C+TT at 1600 °C (1873 K).
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Fig. 3. W-Cr phase diagram [18] indicating the composition of the bcc («W,Cr) and («Cr,W) phases after HIP deduced from the peak positions of the corresponding XRD
peaks (red lines). The composition of the single bcc phase expected after TT at 1600°C (1874 K) is also indicated (blue dot). (For interpretation of the references to colour in

this figure legend, the reader is referred to the web version of this article).

W-10Cr-2Ti is also preferentially located close to the PPBs and
adjacent to largest grains of the Cr-rich phase, which is also
consistent with the highest thermal stability of its oxides, com-
pared to those of Cr and W. It is likely that the PPBs, which
exhibit higher oxygen content (probably in form of Cr,O5; af-
ter MA) than the interior of the particles, act as nucleation
points for the (aCr, W) phase. The W-15Cr and W-10Cr-2Ti al-
loys show ultra-fine grained structures with average grain size be-
low 200nm and 120 nm respectively, whereas the W-12Cr-0.5Y

alloy exhibits a nanocrystalline microstructure with average grain
size below 100 nm. This difference in the grain size between the
binary and ternary systems is a clear indication of the ability of Ti
and especially of Y to inhibit grain growth, which is well known
to be beneficial for increasing the strength and reducing the DBTT
[22,23], since grain refinement raises the GB area, thus reduc-
ing the concentration of GB impurities and strengthening the GB.
In addition to the main phases, the darkest phase was identified
by EDS in the W-15Cr alloy as Cr-oxide, and in the W-10Cr-2Ti
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Fig. 4. Microstructure of W-12Cr-0.5Y after HIP at 1220 °C (1493 K) at high magni-
fication.

alloy as a Ti-rich phase containing oxygen, as mentioned above
(Fig. 1(b) and (d), respectively). In the same way, Y-rich oxide
nano-particles of about 15 nm size can be observed in the W-12Cr-
0.5Y alloy at highest magnification (Fig. 4). Considering the highest
oxygen affinity of Y, compared to the other alloying elements, and
the oxygen present in the alloy after HIP (0.13 wt.%, see Table 1), it
can be easily derived that almost all the Y of this alloy is oxidized
as Y,03 nanoparticles. It becomes clear that Y has an oxygen getter
effect, contributing to remove oxygen from the GBs during HIPing
due to the decomposition of less stable oxides, which are responsi-
ble for the low temperature brittleness of W alloys [24]. The Y-rich
ODS-like phase, which is stable up to very high temperatures, is
expected to improve the hot strength and creep resistance of the
alloy and to decrease the DBTT [15-17]. More work is required to
identify by TEM the composition and crystalline structure of this
ODS-like phase and of the other minority phases.

A TT at 1600 °C (1873 K) was performed on the W-10Cr-2Ti
HIPed samples, i.e. above the spinodal decomposition (see Fig. 3),
aiming at producing a single phase material without the pres-
ence of the Cr-rich phase, more prone to oxidation, at the risk of
increasing the grain size. In Fig. 5 the microstructure of the W-
10Cr-2Ti alloy after HIP and TT is shown at two different mag-
nifications. It consists of a («W,Cr) main phase with minor pres-
ence of (awCr,W) and Ti-rich phases with finer grain size. The
observed microstructure is in line with the corresponding XRD
spectrum shown in Fig. 2, where the («¢Cr,W) phase is no longer
detected due to its limited presence. In this spectrum the peaks
of the W-rich phase are shifted to higher 20 values, as expected,
due to the higher amount of Cr in solid solution, but their asym-
metric shape including intensity of the peaks from the composition
previous to the TT let assume that a homogeneous phase composi-
tion has not yet been achieved. The obtained microstructure is also
consistent with the W-Cr phase diagram (Fig. 3), where a unique
phase is present at 1600 °C (1873 K). Grain growth up to approx-
imately 1pm can be observed in the («W,Cr) phase after TT and
Ti-rich nano-precipitates of about 20 nm can be also distinguished
at the GB. Again, further work is required to identify by TEM the
composition of these nano-precipitates.

3.2. Microhardness and thermal conductivity

The Vickers microhardness values of the HIPed materials are
reported in Table 1. As a reference, the microhardness of pure
polycrystalline tungsten at the corresponding average grain size is
included, taking into account its Hall-Petch relationship [25]. The
hardness of the three alloys are slightly lower than that of pure

tungsten at the same average grain size, as might be expected
because of the presence of a Cr-rich phase with lower hardness
than W. These values indicate a clear effect of grain size on hard-
ening in the investigated alloys.

In the case of the W-10Cr-2Ti alloy after TT, a decrease in Vick-
ers microhardness from 1206 to 970 HVys was observed, which
can be also mainly explained by the grain size increase.

The thermal conductivity of the W-15Cr and W-10Cr-2Ti alloys
from RT to 900 °C (1173 K) is shown in Fig. 6. The binary system
exhibits higher values than the ternary one, probably due to the
fact that in the W-10Cr-2Ti alloy part of the Ti is in solid solution
in the (¢W,Cr) and («Cr,W) phases, as confirmed by EDS analysis
performed on a foil of this alloy by TEM. The thermal conductivity
of the W-10Cr-2Ti alloy after HIP+TT is similar to, though slightly
lower than, the one after HIP.

3.3. Oxidation tests

Isothermal oxidation tests at 800 °C (1073 K) for 60 hours and
accident-like conditions oxidation tests up to 1000 °C (1273 K)
were performed on the three systems including the heat treated
samples of the W-10Cr-2Ti alloy. The mass increase during isother-
mal oxidation (Fig. 7(a)) appears to follow a linear rate law in all
cases; the binary W-15Cr system starts with a higher linear rate
and changes to a lower rate after about 10 h. The binary system
exhibit a significantly higher oxidation rate under isothermal con-
ditions that the ternary alloys. There is no significant difference be-
tween the isothermal behaviours of the two W-10Cr-2Ti alloys (as
HIPed and HIP+TT), while the W-12Cr-0.5Y alloy shows the lowest
oxidation rate. The results obtained for the W-10Cr-2Ti alloys are
in agreement with those obtained in previous work for a similar
composition [8].

In contrast to the isothermal oxidation at 800°C (1073 K), the
mass increase at the isothermal segments during the accident-like
tests (Fig. 7(b)) follows a parabolic rate law for all alloys. In this
case the thermal treated W-10Cr-2Ti alloy exhibits a notably lower
mass gain than the as-HIPed alloy due to the almost complete ab-
sence of the Cr-rich phase. Surprisingly, the binary W-15Cr alloy
shows a significantly lower mass gain under accident-like condi-
tions than the two W-10Cr-2Ti alloys. The excellent oxidation re-
sistance of this binary alloy under accident-like conditions makes
the W-15Cr alloy a promising first-wall armour material in view of
keeping the hydrogen retention low. Even more promising is the
W-12Cr-0.5Y alloy, which exhibits the lowest mass gain of all al-
loys during accident-like conditions. Another important observa-
tion is the fact that in the isothermal segments without oxygen
there is no mass loss, indicating that there is no evaporation of
tungsten oxides. The analysis of the oxide scales after the tests un-
der isothermal and accident-like conditions and the elucidation of
the underlying oxidation mechanisms will be addressed in a future
work.

3.4. High heat flux and thermo-shock tests

Preliminary HHF tests consisting of 30 pulses of 2 MW/m? for
2 seconds were performed on as-HIPed W-10Cr-2Ti samples at
GLADIS. The mean particle energy of the H beam was 9keV and
the total applied fluence 1 x 1023 m~2. This corresponds to a calcu-
lated erosion in pure W of 3 nm due to physical sputtering, while
the erosion in Cr is about two times the one of W. Fig. 8 shows
the affected surface layer after the thermal load. The alloy with-
stood the load without significant damage of the bulk structure;
only surface erosion of the Cr-rich phase can be observed, as indi-
cated in the red circle of Fig. 8(a). This can be partly explained by
the higher erosion rate of Cr compared to W. Other additional rea-
sons for the higher erosion of Cr can be its high vapour pressure.
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Fig. 5. FEG-SEM images of the W-10Cr-2Ti alloy after HIP at 1220 °C (1493 K) and subsequent TT at 1600 °C (1873 K).
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Fig. 6. Thermal conductivity of the as-HIPed W-15Cr and W-10Cr-2Ti alloys and of
the W-10Cr-2Ti alloy after HIP+TT as a function of temperature.

Further investigation of the material behaviour under heat and H
particle loading is required to assess these observations. Taking
this result into account, one can assert that a thermal treatment
at 1600°C (1873 K) may be beneficial as practically only a (oW,
Cr) phase is present in the material. In any case, these prelimi-
nary results indicate that the W-10Cr-2Ti alloy has the potential

Time [h]
0 10 20 30 40 50 60

Linear oxidation
rates
K [mg/(cm*s")]

3.210°

Am/A [mg cm™)
T

to be used as self-passivating plasma-facing material for first-wall
application.

An as-HIPed W-10Cr-2Ti sample and a W-10Cr-2Ti sample after
HIP and TT at 1600°C (1873 K) were exposed to 100 heat pulses
of 0.38 GW/m? for 1 ms at a base temperature of 400°C (673 K) at
the electron beam facility JUDITH-1. These heat loads simulate the
conditions expected during ELMs in the divertor, while the load
at the blanket first wall during ELMs will be significantly lower.
Nevertheless, in a DEMO-like device massive gas injection will be
used to mitigate or avoid disruptions; this gas injection will pro-
duce photon flashes which result in very similar loads at the first
wall to those applied here in a single pulse. Thus, this test simu-
lates the load at the first wall after 100 mitigated disruptions.

Taking into account the heat flux factor of 12 MW/m?2s!/2
and the thermo-physical properties of the materials at the base
temperature of 400°C (673 K), a temperature increase of about
1150K is expected. The fast increase in surface temperature dur-
ing thermo-shock loading and the formation of a steep tempera-
ture gradient causes high compressive stresses in the small heat
affected zone. At temperatures above the DBTT the ductility of the
material should be able to compensate the plastic deformation and
the induced stresses resulting in an increased surface roughness.
In contrast, at temperatures below the DBTT the risk of brittle
crack formation increases due to fast cooling across the DBTT. In
the present case, part of the surface of the as-HIPed W-10Cr-2Ti
chipped off after loading (Fig. 9(a)). On the contrary, there was
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Fig. 7. Mass increase per unit area during isothermal oxidation test at 800 °C (1073 K) for up to 60h (a) and during accident-like conditions test (b). The corresponding
linear oxidation rates after the isothermal tests are indicated at the right hand side of (a). The “X” in (a) corresponds to the mass increase after the experiments as measured
with a micro balance. The shaded areas are the possible drift of the thermo-balance according to the manufacturer.
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Fig. 9. SEM images of (a) as-HIPed W-10Cr-2Ti alloy and (b) HIPed+TTed W-10Cr-2Ti alloy after loading in JUDITH-1 with 100 ELM-like pulses.

no chipping after loading at the alloy after HIP and TT but only
cracking (Fig. 9(b)) with crack depths varying from 100 to several
100 pm. The cracks were not only perpendicular but also parallel
to the sample surface. In both cases brittle crack formation occurs.

Both alloys have practically the same thermal conductivity.
Thus, the reason for a better behaviour of the alloy with additional
TT has to lie in the different microstructure of both alloys and
more precisely in the presence of practically one single bcc phase
in the alloy after the TT, compared to the as-HIPed material ex-
hibiting two bcc phases. Even though the smaller grain size of the
as-HIPed material should result in a higher strength, it becomes
clear that the second («Cr,W) bcc phase induces misfit strains and
thermal stresses during repeated thermo-shock loading, resulting
in a reduced thermo-shock resistance.

Nevertheless, the results confirm that the materials are brittle
up to high temperatures, as already measured in previous works
for the as-HIPed alloy [5,6] where the DBTT was found to be of
the order of 900 °C (1173 K). The reasons for such a high DBTT
are various: a high content of interstitials, especially oxygen (see
Table 1), which segregate mainly at the GB and lead to a weaken-
ing of the GB strength. The extremely small grain size leading to a
very high GB area of the as-HIPed alloy do not compensate for the
high amount of oxygen. Besides, alloying with a relative large Cr
amount results in embrittlement, if no cold working is performed
to increase the amount of edge dislocations, which are known to
reduce the DBTT [23].

Taking the previous results into consideration, the addition of
small amounts of Y as alloying element is expected to be very ben-

eficial in view of removing the oxygen from the GB by forming
Y-rich oxide nanoparticles and hence contributing to reduce the
DBTT. Y-rich oxide nanoprecipitates should also contribute to re-
inforce the material, increasing the high temperature strength and
creep resistance.

The simulated heat loads corresponds to the values expected at
the blanket first wall during 100 mitigated disruptions in a DEMO-
like device. This means that a reduced DBTT or an increase in
toughness may be necessary to allow the use of such an alloy at
the first wall of DEMO. It needs to be assessed whether the ex-
pected beneficial effect of Y does provide the required improved
mechanical properties to withstand the thermo-shock loading dur-
ing mitigated disruptions. Furthermore, the impact of the observed
crack network has still to be assessed in more detail taking into ac-
count that the armour material has no structural function for the
blanket first wall.

4. Conclusions

Self-passivating bulk W-15Cr, W-10Cr-2Ti and W-12Cr-0.5Y al-
loys were manufactured by MA followed by can encapsulation and
HIP. This powder metallurgical route resulted in fully dense mate-
rials with a very fine and homogeneous microstructure consisting
of two main bcc phases, (¢W,Cr) and («Cr, W). The ability of Ti
and especially of Y to inhibit grain growth was observed in W-
10Cr-2Ti and W-12Cr-0.5Y alloys. Furthermore, Y is effective in re-
moving oxygen from the GB forming an ODS-like phase of Y-rich
oxide nano-precipitates, and it is thus expected to contribute to a
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reduction of the DBTT and to increased high temperature strength
and creep resistance.

During isothermal oxidation at 800°C (1073 K) all alloys showed
a linear rate law, while during accident-like conditions up to
1000°C (1273 K) they presented a parabolic rate law. The binary W-
15Cr alloy exhibited significantly lower mass gain under accident-
like conditions than the W-10Cr-2Ti alloy, making it a promising
material in view of keeping the hydrogen retention low. Even more
promising is the W-12Cr-0.5Y alloy, which exhibits the lowest mass
gain of all alloys, especially under accident-like conditions.

Preliminary HHF tests performed at GLADIS indicated that the
W-10Cr-2Ti alloy is able to withstand power densities of 2 MW/m?
without significant damage of the bulk structure; however, surface
erosion of the Cr-rich phase is observed. This result let assume that
a thermal treatment at 1600°C (1873 K) may be beneficial in view
of avoiding this second phase. The result confirms the potential of
the W-10Cr-2Ti alloy as self-passivating plasma-facing material for
first-wall application.

Thermo-shock tests at JUDITH-1 to simulate conditions under
100 mitigated disruptions in a DEMO-like device resulted in chip-
ping of part of the surface of the as-HIPed W-10Cr-2Ti alloy. An
additional TT at 1600°C (1873 K) improves the thermo-shock resis-
tance of this alloy since no chipping is observed but only crack
formation. This improvement is due to the absence of the sec-
ond (aCr,W) bcc phase which induces misfit strains and thermal
stresses during repeated thermo-shock loading.
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