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A B S T R A C T

Self-passivating tungsten based alloys for the first wall armor of future fusion reactors are expected to provide an
important safety advantage compare 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 preventing
the formation of volatile and radioactive WO3. In this work, Zr is added to self-passivating W-10Cr-0.5Y alloy,
manufactured by mechanical alloying and HIP, in view of improving its mechanical strength and thus, its
thermal shock resistance. The as-HIPed W-10Cr-0.5Y-0.5Zr exhibits a nanocrystalline microstructure with the
presence of an extremely fine nanoparticle dispersion. After heat treatment at 1555 °C for 1.5 h, the grain size
growths from less than 100 nm to 620 nm and nanoparticles are present both at the grain boundaries and inside
the grains. Oxidation tests at 1000 °C revealed that the alloy with Zr exhibits also a strong oxidation reduction
compared to pure W. The long-term oxidation rate is similar to that of the alloy without Zr. Under thermal shock
loading simulating 1000 ELM-like pulses at the divertor, the heat treated Zr-containing alloy did not present any
damage.

1. Introduction

Tungsten is currently the main candidate armor material for plasma
facing components of future fusion reactors such as DEMO. However,
the use of pure tungsten implies a potential risk in terms of safety. In
case of a loss-of-coolant accident with simultaneous air ingress, a
temperature increase of the in-vessel components above 1000 °C is
expected due to the decay heat, remaining at high temperature for tens
of days [1]. Under this situation, the use of pure tungsten would result
in full oxidation of the armor because of its high oxidation rate at high
temperatures, causing the formation of volatile and radioactive tung-
sten oxides that could be released to the atmosphere [2,3]. A possible
way to avoid this safety issue is the addition of oxide-forming alloying
elements to pure tungsten, resulting in the formation of a self-passi-
vating layer at high temperatures in presence of oxygen. Besides high
affinity to oxygen to form stable oxides with high melting temperature,
the alloying elements have to form adherent oxide scales and to exhibit
low volume increase of the oxides and low activation by neutron

irradiation [4–7]. During normal operation, the surface of the self-
passivating alloy will consist of pure tungsten due to preferential
sputtering of the alloying elements by plasma ions. The material of the
blanket first wall (FW) requires a high thermal shock resistance to
withstand, not only the expected thermal load during normal plasma
operation, but also transient thermal loads like so-called edge localized
modes (ELMs), during which a large amount of energy is loaded on the
plasma facing materials in a very short time [8].

In previous works [9], it has been shown that bulk alloys of the
system W-Cr-Y, manufactured by mechanical alloying (MA) and sub-
sequent hot isostatic pressing (HIP) with an additional heat treatment at
1550 °C present acceptable mechanical properties and good thermal
shock resistance. Furthermore, these self-passivating alloys result in a
reduction of the oxidation rate by 3–4 orders of magnitude at tem-
peratures up to 1000 °C compared to pure tungsten [10–12]. In other
investigations [13–16] Zr was added to tungsten in view of improving
its mechanical properties by strengthening the grain boundaries (GBs)
with a nanodispersion of ZrO2. In this way, Zr “cleans” the GBs from
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oxygen. Besides, Z.M. Xie et al [17] reported the existence of a coherent
interface between tungsten and ZrC dispersoids contributing to lock GB
sliding, thus increasing their cohesion. This mechanism allows im-
proving the strength and ductility of tungsten. In this context, adding
elemental Zr to W-Cr-Y alloys would lead to its combination with un-
desirable interstitial oxygen and carbon introduced by MA. On the
other hand, Zr may also contribute to improve the oxidation resistance,
as recently reported for thin film alloys of the system W-Cr-Zr [18],
with a comparable passivating behaviour to thin films of W-Cr-Y [11].
The addition of Zr in form of ZrC may also be of interest to produce a
strengthening of the GBs.

The aim of this research is to develop Zr-containing self-passivating
alloys with good oxidation resistance and high thermal shock resistance
improving the results obtained in previous work with the W-10Cr-0.5Y
system. In the present work, three different systems with compositions
W–10Cr-0.5Zr, W-10Cr-0.5Y-0.5ZrC and W–10Cr–0.5Y–0.5Zr are
manufactured by MA and HIP. Screening oxidation tests are performed
to select the best alloy regarding oxidation and thus, the best way for
introducing Zr (in elemental form or as a carbide). The selected Zr-
containing alloy is subjected to oxidation and thermal shock tests. The
results of these tests as well as microstructural analysis are presented
and compared to the W-10Cr-0.5Y alloy of previous investigations.

2. Experimental

Elemental powders of pure W (99.95%, 15–30 µm), Cr (99.95%,
74 µm), Y (99.9% 40–50 µm) and Zr (99%, 4.5–6.5 µm), as well as ZrC
(99.5%, 44 µm) were used to produce samples of four different systems:
W-Cr-Y (considered as reference alloy), W–Cr-Zr, W-Cr-ZrC and W-Cr-Y-
Zr. The Cr and Y contents were 10 wt% and 0.5%, respectively, for all
systems, and the ZrC or Zr contents 0.5 wt%. These powders were

mechanically alloyed under Ar atmosphere in a planetary ball mill
using WC balls and jars. The MA parameters were those considered as
optimum for the W-Cr-Y system in previous work [19]. Metallic cap-
sules with the alloyed powder were evacuated, degassed, sealed and
HIPed at 1250 °C for 2 h at 140 MPa. A HT at 1555 °C for 1.5 h under
hydrogen atmosphere was performed on HIPed samples to obtain a
single-phase material. The density of the samples was determined by
the Archimedes method and from weight and volume. The theoretical
density was calculated by the rule of mixtures. Powders and bulk
samples were characterized by field emission scanning electron mi-
croscopy (FE-SEM) and energy dispersive X-ray spectroscopy (EDS) as
well as by X-ray diffraction (XRD). The average grain size of materials
after HIP or HT was determined by quantitative metallography. The
oxygen and nitrogen contents of powders bulk samples were measured
with a LECO TC-400, using the inert gas fusion method (ASTM E1569),
and the carbon content by the combustion method with a LECO CS-200
(ASTM E1019).

In a first step, samples of each system were exposed to isothermal
oxidation in a furnace under atmospheric air at 1000 °C for 24 h as a
kind of screening to select the best system regarding oxidation. Then,
the selected system (W-Cr-Y-Zr) was tested under isothermal oxidation
at 1000 °C up to 60 h by thermogravimetric analysis (TGA) using a
mixture of 80 vol% Ar and 20 vol% O2 at atmospheric pressure with
preheating and cooling down both in Ar. The mass gain of the samples
due to oxide formation was measured by a thermobalance with a sen-
sitivity of 0.025 μg. The procedure is described in detail in [20]. Oxi-
dation tests simulating accident-like conditions were also conducted.
These tests consisted of a preheating in Ar up to 600 °C followed by
oxidation in a mixture of 80 vol% Ar and 20 vol% O2 at linear in-
creasing temperature from 600 to 1000 °C during about 17 h, two
isothermal oxidation steps in Ar/20% O2 at 1000 °C for 1 h, each of

Fig. 1. FEG-SEM images after HIP of (a) W-10Cr-0.5Y, (b) W-10Cr-0.5Y-0.5Zr, (c) W–10Cr–0.5Zr and (d) W-10Cr-0.5Y-0.5ZrC alloys.
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them followed by isothermal steps in Ar (without O2) at 1000 °C for 1 h,
and cooling down in Ar. Surfaces and cross sections of oxidized samples
were analyzed by FE-SEM, EDS and focused ion beam (FIB).

Thermal shock tests were performed at the linear plasma device PSI-
2 on samples of dimensions 10 × 10 × 5 mm3. The procedure is de-
scribed in detail in [21]. Samples were exposed at a base temperature of
400 °C to loads consisting of 100 and 1000 pulses with power densities
of 0.19 GW/m2 (only 1000 pulses) and 0.38 GW/m2 for 1 ms to si-
mulate the conditions expected at the divertor under ELMS. Samples
were also subjected to one disruption-like load of 1.6 GW/m2 and 2 ms
duration to simulate a disruption event. After exposure to both ELMs-
and disruption loads, the surface and cross section of the samples were
analyzed by optical microscopy.

3. Results and discussion

3.1. Screening of Zr-containing alloys

Mechanically alloyed powders of compositions W–10Cr–0.5Y, W-
10Cr-0.5Zr, W–10Cr–0.5Y-0.5Zr and W-10Cr-0.5Y-0.5ZrC were en-
capsulated, sealed and HIPed at 1250 °C for 2 h. The relative density
was in all cases practically 100%.

3.1.1. Microstructure
In Fig. 1 the microstructure of the as-HIPed W-10Cr-0.5Y-0.5Zr, W-

10Cr-0.5Zr and W-10Cr-0.5Y-0.5ZrC is shown and compared to the one
of the reference W-10Cr-0.5Y alloy, whose grain size is 110 ± 4 nm
[9]. When comparing the microstructure of the W-10Cr-0.5Y-0.5Zr
alloy (Fig. 1(b)) with the one of the reference alloy W-10Cr-0.5Y
(Fig. 1(a)) it can be clearly seen that the addition of elemental Zr to W-
10Cr-0.5Y results in a significant reduction of particle size: matrix
grains with average size well below 100 nm and a higher density of
significantly smaller nanoparticles (NPs) are appreciated in the W-10Cr-
0.5Y-0.5Zr alloy. This is an indication that both Y and Zr are very ef-
ficient inhibitors of grain growth. The Y-rich and Zr-rich NPs cannot be
distinguished, and TEM analysis would be required to identify them and
to determine whether Zr is present in form of ZrO2 or also as ZrC. It is
assumed that most of the elemental Zr will form ZrO2 due to its much
more negative Gibb’s energy of formation compared to ZrC (−1092 kJ/
mol at RT for the oxide compared to –96 kJ/mol for the carbide [22]).
Nevertheless, it is likely that, once the reservoir of oxygen introduced
during MA is consumed for the oxide formation, the remaining Zr may
be combined with the residual carbon also introduced during MA to
form ZrC.

If only elemental Zr (without Y) is introduced (comparison of W-
10Cr-0.5Zr, Fig. 1(c), with the reference W-10Cr-0.5Y alloy Fig. 1(a)),
then the grain size clearly increases, indicating that Y is a more efficient
grain growth inhibitor than Zr. The Zr-containing NPs are significantly
larger than in the previous case and are not located at the GBs, as in the
W-10Cr-0.5Y-0.5Zr and W-10Cr-0.5Y alloys, but inside the matrix
grains.

If ZrC is added to W-10Cr-0.5Y (comparison of W-10Cr-0.5Y-0.5ZrC
Fig. 1(d) with the reference W-10Cr-0.5Y alloy), a slight decrease of
particle size is observed. The NP are smaller than those observed in the
alloy without ZrC and they seem to be located both at the GB and inside
the grains. According to this, one can assert that ZrC further contributes
to inhibit grain growth.

If Zr is added to W-10Cr-0.5Y in form of ZrC instead of elemental Zr
(comparison of W-10Cr-0.5Y-0.5Zr (b) and W-10Cr-0.5Y-0.5ZrC (d)
alloys), it can be clearly observed that the inhibition of grain growth is
more efficient with the addition of elemental Zr than by adding it as
ZrC.

Summarizing all observations, we can conclude that

- The addition of Zr and Y leads to a very effective inhibition of grain
growth

- The addition of only Zr is not so an efficient grain growth inhibitor,
since the NPs are larger and located mainly inside grains

- Elemental Zr is a more efficient grain growth inhibitor than ZrC

According to these results, the W-10Cr-0.5Y-0.5Zr is the best system
from the point of view of the microstructure.

3.1.2. Screening oxidation tests
A screening isothermal oxidation test was performed at 1000 °C for

24 h in a furnace under atmospheric air in order to have a first im-
pression of the oxidation behavior of the three Zr-containing systems
and to compare them to the reference alloy. The surfaces of the oxidized
samples and the formed scales were analyzed by FEG-SEM and EDS
(analysis not included here). It is observed that the thickness of the
oxide scale is similar for the alloys with and without Zr, indicating that
the addition of only Zr (elemental) lead also to a strong reduction of
oxidation, even though the combination of Y + Zr seems to lead to a
better passivating effect. It was also observed that Zr is always asso-
ciated to the thin Cr2O3 passivating surface layer formed at the re-
ference W-10Cr-0.5Y and described in previous works [9,10,23]. Be-
sides, in the sample containing ZrC (W-10Cr-0.5Y-0.5ZrC), a slight
cobalt contamination originated from the WC (containing a small
amount of Co as binder) vials and balls during MA is detected at the
surface, which was not noticed at the bulk due to its low concentration.
This contamination could be due to the abrasive nature of ZrC. It seems
that Co diffuse preferentially to the surface during oxidation so that it
can be just detected by EDS. This Co contamination is also present at
the sample with only Zr addition (without Y, i.e.W-10Cr-0.5Zr) but to a
less extent, probably because of the lower hardness of ZrO2 formed
during MA compared to that of ZrC [24]. No contamination was found
in the W-10Cr-0.5Y-0.5Zr alloy. Such a Co contamination was never
detected in previous samples of the W-Cr-Y system. The reason can be
the lower hardness (and thus less abrasive effect) of Y2O3 compared to
that of ZrO2, since in the W-10Cr-0.5Y-0.5Zr alloy Y combines first with
oxygen and then with Zr due to the higher affinity of Y to oxygen [22].

Summarizing the previous screening oxidation results, we can
conclude that

- -There are no relevant differences among samples with Zr addition
and compared to the reference alloy with regard to their oxidation
behavior.

- -Zr is always associated to the thin Cr2O3 layer and seems to slightly
reinforce its passivating effect.

- -In the alloys with only Zr (W-10Cr-0.5Zr) and with Zr in form of
ZrC (W-10Cr-0.5Y-0.5ZrC) there is a slight Co contamination from
vials/balls from MA. This is not the case for the W-10Cr-0.5Y-0.5Zr
alloy.

According to these results, the W-10Cr-0.5Y-0.5Zr is also the best
system from the point of view of Co-contamination from vials and balls
during MA.

3.2. Characterization and testing of W-10Cr-0.5Y-0.5Zr alloy

New samples of the selected Zr-containing alloy, W-10Cr-0.5Y-
0.5Zr, and of the reference W-10Cr-0.5Y alloy were manufactured. After
HIPing the relative densities of the materials were above 99% in all
cases. The contents of interstitial elements after MA for both alloys are
listed in Table 1. These amounts remain unchanged after HIPing. The
amount of oxygen in the Zr-containing alloy is such that, if only Y and
Zr combine with oxygen, the whole Y content and part of the Zr content
will exhaust the whole oxygen content, cleaning the GBs from oxygen
(Y2O3 has a lower Gibbs energy than ZrO2 and will react first). Besides,
the amount of residual Zr content is approximately the one required to
react with the whole carbon present in the alloy to form ZrC.

A HT was performed after HIP at 1555 °C in order to dissolve the Cr-
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rich phase obtaining a single-phase material. After HT, a slight density
reduction of about 1.5% is observed for the reference alloy, while for de
Zr-containing alloy this reduction is about 0.2%, i.e. almost negligible.
This density decrease was found to be caused by the presence of un-
alloyed Cr-particles, to which porosity is always associated. According
to [25], Cr has a much higher amount of vacancies than W, and Cr
atoms exhibit a significantly higher mobility than W atoms, so that the
latter can be regarded as immobile compared to Cr atoms. For this
reason, Cr atoms cannot diffuse into W (negligible mobility, no va-
cancies) while W atoms can jump into vacancies of Cr. W atoms diffuse
towards unalloyed Cr particles and the GBs will move towards the Cr-
rich side, while Cr atoms diffuses much faster out of the unalloyed Cr
grain though the GBs. I.e., there is a Kirkendall effect generating por-
osity inside the unalloyed Cr particles. The fact that in the Zr-alloy, the
density reduction is significantly lower in spite of the presence of some
unavoidable unalloyed Cr particles may indicate that Cr diffusion is
hindered by the presence of a high density number of very small NPs.

3.2.1. Microstructure after HT
The microstructure of the W-10Cr-0.5Y-0.5Zr and reference alloy

after HIP and subsequent HT at 1555 °C is shown in Fig. 2. It consists of
a single (αW,Cr) phase with equiaxed grains of an average size of
813 ± 4 nm for the reference alloy and 620 ± 12 nm for the alloy
with Zr. Significant grain growth after HT is thus observed, but in the
case of Zr-containing alloy, it is less remarkable. However, the main
difference between the alloys with and without Zr after HT is the pre-
sence of much smaller NPs in the alloy containing Zr, located not only
at the GBs but also inside the grains. TEM analysis is required to
identify the composition of the NPs. However, since the amount of
oxygen is not enough to combine with the whole amount of Y and Zr
present in the alloy, it is assumed, as mentioned above, that part of the
Zr combines with the C introduced during MA to form ZrC. This has to
be confirmed by TEM in future work. In any case, it can be assumed that
the presence of such a fine NP dispersion will positively influence the
mechanical properties.

3.2.2. Oxidation tests
Isothermal oxidation tests at 1000 °C for 60 h as well as tests si-

mulating accident-like conditions up to 1000 °C were performed on the

as-HIPed and HIP + HT W–10Cr–0.5Y–0.5Zr alloy and compared to the
reference alloy (also as-HIPed and HIP + HTed). In Fig. 3, the mass
gain per unit area of each alloy during isothermal oxidation is shown.
The orange line represents the mass gain of pure W, whose oxidation
rate is 3–4 orders of magnitude higher than self-passivating W-Cr-Y
alloys [9]. The overall mass gains for the reference and Zr-containing
alloys are quite similar, being those for the Zr-containing alloy lower
after high exposure times. The oxidation kinetics is parabolic for the
initial phase, becoming linear for longer exposure times with similar
linear oxidation rates for the reference and Zr-containing alloy (same
slope of the linear part). Besides, there is no significant difference be-
tween the isothermal behavior of the as-HIPed and the HIP + HTed
Zr–containing alloys. In the case of the reference alloy, the curve of the
HTed sample coincides with the one of the Zr-containing alloys at the
initial parabolic phase while after about 25 h there is a slow transition
to higher mass gains, probably associated with a deterioration and
subsequent recovery of the protective Cr2O3 scale.

The results of oxidation tests simulating accident-like conditions up
to 1000 °C are presented in Fig. 4. The Zr-containing alloys exhibit the
lowest mass gain, being the as-HIPed alloy slightly better than the HTed
alloy even though the difference is within the drift of the thermo-bal-
ance. In the isothermal steps with oxygen, especially in the second one,
the oxidation kinetics is parabolic with a higher rate for the reference
alloy, in agreement with the isothermal oxidation tests shown above.
Besides, during the isothermal segments without oxygen there is a slight
linear mass gain with higher slope in the first step and almost negligible
slope for the reference alloy during the second step. The mass gain
during these steps without oxygen can be due to the residual oxygen
present in Ar, or to oxygen solved or trapped in the oxide layer. In any
case, it indicates that tungsten oxide sublimation leading to mass loss
does not have an important influence on the oxidation behavior.

The cross-sections of the HTed Zr-containing and reference alloy
after isothermal oxidation are presented in Fig. 5. Three different layers
can be distinguished: a thin Cr2O3 layer, a thin Cr2WO6 scale just below
followed by a thicker WO3 scale, in agreement with previous works
[9,24,12]. Oxygen diffusion through the whole oxide scale towards the
alloy results in the formation of Cr2O3 at the GBs of the (αW,Cr) matrix.
In both alloys, the total oxidized scale thickness after isothermal oxi-
dation at 1000 °C for 60 h is approximately 17 µm, which means that Zr
does not provide relevant improvement (nor worsening) compared to
the reference alloy concerning oxidation.

3.2.3. Thermal shock tests
The as-HIPed and the HIP + HTed Zr-containing alloys were ex-

posed at the PSI-2 facility to 1000 heat pulses of 0.19 GW/m2 for 1 ms
at 400 °C and subsequently to 100 and 1000 pulses of 0.38 GW/m2

simulating ELM-like loading in the divertor. The sample surfaces after
1000 pulses of 0.38 GW/m2 are shown in Fig. 6. A fine crack network

Table 1
Impurity contents after MA in the reference and Zr-containing alloys.

Impurities (ppm)

O N C

W-10Cr-0.5Y (ref.) 1100–1400 100 – 200 250–400
W-10Cr-0.5Y-0.5Zr 2100–2300 70–100 300–400

Fig. 2. Microstructure after HIP + HT of (a) W-10Cr-0.5Y and (b) W–10Cr–0.5Y–0.5Zr.
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without chipping is observed in the as-HIPed Zr-containing alloy (Fig. 6
(a)) while no damage is detected in the HTed alloy (Fig. 6 (b)). For
comparison, the surface of the reference alloy (as-HIPed and HTed at
1550 °C) after the same loading at the JUDITH-1 electron beam facility
is also shown in Fig. 6 (c,d), where chipping was detected in the as-
HIPed sample, whereas in the sample with additional HT a crack net-
work without chipping was observed [9]. Wirtz et al. [26] exposed the
pure tungsten reference material IGP W to the same loading conditions
at the JUDITH-1 facility, resulting in roughening and a crack network

with cracks lengths of a few 100 μm.
In Fig. 7, the cross sections of these crack networks are shown.

These results confirm those observed on the surface where the HTed
alloy with Zr presents the best thermal shock resistance with no cracks.
Assuming that the thermal conductivity of the Zr-containing alloy is
similar to the one of the reference alloy, the improvement of the
thermal shock behavior can be attributed to the presence of the pre-
viously described (Fig. 2(b)) fine NP dispersion of Y- and Zr-rich oxides
at the GB and probably ZrC at the GB and inside the grains, acting as

Fig. 3. Mass gain per unit area during isothermal oxidation at 1000 °C for 60 h of as-HIPed and HIP + HTed W–10Cr-0.5Y-0.5Zr and reference alloy. The error bars
corresponds to the drift of the thermo-balance provided by the TGA manufacturer.

Fig. 4. Mass increase per unit area during oxidation under accident-like conditions on as-HIPed and HIP + HTed Zr-containing alloy and reference alloy. After
preheating in pure Ar up to 600 °C, Ar/20% O2 is introduced and the temperature is increased linearly from 600 to 1000 °C, followed by 1 h isothermal oxidation in
air at 1000 °C, an isothermal step in pure Ar for 1 h, repetition of the two isothermal steps and cooling down in Ar.
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reinforcement. According to this, it becomes clear that Zr has a very
positive influence on the mechanical strength of W-Cr-Y alloys, re-
sulting in an improvement of thermal-shock resistance compared also to
pure W. In future work, the mechanical properties of HTed
W–10Cr–0.5Y–0.5Zr alloy will be measured.

It has to be taken into account that the materials were tested under
conditions relevant for ELMs at the divertor in order to compare them

with existent tests on pure W reference materials. However, self-passi-
vating alloys are developed mainly for the blanket FW, where the load
will be significantly lower. Nevertheless, in a DEMO-like device massive
gas injection will be used to mitigate or avoid disruptions; this gas in-
jection will produce photon flashes, resulting in similar loads at the
blanket FW to those applied here in a single pulse. Thus, the tests
presented here would simulate the load at the first wall after 1000

Fig. 5. Cross-section after HIP + HT of (left) W-10Cr-0.5Y and (right) W-10Cr-0.5Y-0.5Zr s after isothermal oxidation tests.

Fig. 6. Surface after loading at PSI-2 with 1000 ELM-like pulses of 0.38 GW/m2 for 1 ms at 400 °C on (a) as-HIPed and (b) HIP + HTed W-10Cr-0.5Y-0.5Zr alloy. For
comparison, surface after the same loading at JUDITH-1 on as HIPed (c) and HTed (d) W-10Cr-0.5Y alloy.
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mitigated disruptions.
The Zr-containing alloys were also subjected to one pulse of 1.6 GW/

m2 for 2 ms at 400 °C at the PSI-2 facility simulating a disruption-like
load. In a previous work, the samples of the reference material were ex-
posed to 1.13 GW/m2 during 5 ms at 400 °C at JUDITH-1. Even though
the conditions are not exactly the same, the heat flux factors (72 MW/
m2·s½ for the Zr–containing alloy and 80 MW/m2·s½ for the reference
alloy) are similar for both tests and can be considered as comparable.

The surfaces of HIP + HTed W–10Cr–0.5Y-0.5Zr and reference al-
loys are shown in Fig. 8. Spherical pores as well as depressions and
protrusions can be observed suggesting partial surface melting in both
alloys. According to the W-Cr phase diagram [27] the melting tem-
perature of the alloy is about 2750 °C. Assuming that the Zr-containing
alloy has the same thermal conductivity and specific heat than the re-
ference alloy [9], the expected temperature increase calculated ac-
cording to [28] is above 6000 °C, in line with the experimental ob-
servations. Even though the samples do not exhibit catastrophic failure,
it is clear that the material would not survive a disruption. Never-
theless, the HTed Zr-containing alloy would be able to withstand many
mitigated disruptions without damage. This reaffirms the need for de-
veloping strategies for controlling and mitigating disruptions in DEMO.

A summary of the results obtained during ELM- and disruption-like
loading is shown in Table 2.

4. Conclusions

Self- passivating bulk W-based alloys of compositions W-10Cr-0.5Zr,
W-10Cr-0.5Y-0.5ZrC and W-10Cr-0.5Y-0.5Zr alloys were manufactured
by MA and HIP. The W-10Cr-0.5Y-0.5Zr alloy containing both 0.5 wt% Y
and Zr exhibits a high density number of NP dispersed along GBs –thus
inhibiting grain growth- as well as inside the grains. Besides, screening
oxidation tests reveal that the oxidation behavior of this alloy is similar to
the one of the reference alloy W–10Cr-0.5Y. For alloys containing 0.5ZrC
(W-10Cr-0.5Y-0.5ZrC) or 0.5Zr without Y (W-10Cr-0.5Zr) a slight Co
contamination from MA was detected after the screening oxidation test.
According to these results, the best system with regard to microstructure
and impurity content was W-10Cr-0.5Y-0.5Zr.

Additional samples of W-10Cr-0.5Y-0.5Zr were manufactured. The
as-HIPed material exhibits a nanocrystalline W-rich matrix with grains
sizes below 100 nm and an extremely fine NP dispersion. During HT at
1555 °C grain growth occurs, but the matrix grain size of the Zr-con-
taining alloy remains smaller (620 nm) than the one of the alloy

Fig. 7. Cross sections after loading at PSI-2 with 1000 ELM-like pulses of 0.38 GW/m2 for 1 ms at 400 °C on (a) as-HIPed and (b) HIP + HTed W-10Cr-0.5Y-0.5Zr
alloy. For comparison, cross sections after the same loading at JUDITH-1 on as HIPed (c) and HIP + HTed (d) W-10Cr-0.5Y alloy.

Fig. 8. Sample surface after loading at PSI-2 with one pulse of 1.6 GW/m2 for 2 ms at 400 °C on HTed W–10Cr-0.5Y-0.5Zr alloy (left). For comparison, loading at
JUDITH-1 of 1.13 GW/m2 for 5 ms on HTed W-10Cr-0.5Y alloy (right).
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without Zr (813 nm). Besides, in the Zr-containing alloy a NP dispersion
is found both at the GBs and inside the grains. The oxygen present in the
alloy is consumed by combining with the whole Y amount and part of
the Zr, and it is assumed that part of the Zr combines with the C in-
troduced during MA to form ZrC resulting in a higher strength. This has
to be confirmed by TEM in future work.

Regarding oxidation, the mass gain of the Zr-containing alloy is
slightly lower than the one of the reference alloy in both isothermal
oxidation tests at 1000 °C for 60 h and tests under accident-like con-
dition. However, in both alloys the total oxidized scale thickness after
isothermal oxidation at 1000 °C for 60 h is nearly the same, indicating
that Zr does not significantly improve (nor worse) the passivating
properties compared to the reference alloy.

Under thermal shock loading consisting of 1000 ELM-like pulses, Zr-
containing alloys present better resistance in comparison with the alloy
without Zr, especially in the material after HT (single-phase material)
where the sample does not exhibit any damage.

In view of all results, the HTed W-10Cr-0.5Y-0.5Zr system can be
considered as a promising blanket FW armor material.
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Table 2
Test conditions and results of ELM- and disruption loading.

P (GW/m2) Base T
(°C)

Pulse length
(ms)

Number of
pulses

Damage

W-10Cr-0.5Y W-10Cr-0.5Y-0.5Zr

as-HIPed HIP + HT as-HIPed HIP + HT

0.19 400 1 1000 No No No No
0.38 1 100 Crack network, horizontal

cracks, chipping
– No No

0.38 1 1000 Crack network, chipping Crack network Crack network No
1.13 5 1 Catastrophic failure Crack network and

partial melting
– –

1.6 2 – – Crack network and
partial melting

Crack network and partial
melting
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