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The oxidation behaviour of W-2Ti (wt%) alloy has been evaluated in dry air at 600, 700 and 800 °C for 100 h and
the kinetics compared with those for pure tungsten. Titanium addition exerts a beneficial effect on the oxidation
resistance of pure tungsten. The mass gain is almost five times smaller than in the case of commercial tungsten
and three times smaller than that of tungsten prepared by powder metallurgy at 600 °C. This effect is even higher
at 700 and 800 °C, where the titanium addition suppresses catastrophic oxidation of pure tungsten. Major in-

fluence of titanium regards the suppression of massive microcracking in the scale, avoiding the development of
the typical non-protective multilayered scale pattern formed on pure tungsten.

1. Introduction

Tungsten is considered the best candidate material for some of the
fusion engineering most demanding applications such as the armour of
the divertor, the first wall components and the structural components of
the blanket, due to its unique combination of properties [1,2]. Tungsten
has a very high melting temperature and thermal conductivity, and also
exhibits a good sputtering and radiation resistance to the 14 MeV fusion
neutrons [3,4]. Furthermore, it is one of the few elements with low
activation under irradiation with the 14 MeV fusion neutron [5]. One of
the last modifications of the ITER (International Thermonuclear
Experimental Reactor) design before its construction started was the
introduction of W monoblocks in the vertical target of the divertor to
assess this material in a truly representative service environment [6].

Even though the results of the extensive qualification program
developed by the ITER Organization (I0) support its suitability as ma-
terial for the plasma facing components, some challenges remain not
only concerning the performance of W in more advanced fusion reactors
under design, such as DEMO, but also with the safety hazards of the use
of tungsten under some accident scenarios of a fusion reactor due to its
low oxidation resistance [7,8].

A loss of the vacuum integrity of the vessel (LOVA) would produce
the full oxidation of the W components, the formation of highly volatile
radioactive tungsten oxides and the possible emission of this waste to the
environment [9]. A much worse accident would be a LOVA in
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conjunction with a LOCA accident (Lost of Coolant Accident) or mal-
function of the first wall cooling systems, that would produce the rise of
the temperature of the first wall components up to ~1200 °C, main-
taining the temperature over ~500 °C for a period longer than ten days
due to the nuclear decay heat, with estimated sublimation rates of the W
oxides for a full W armoured reactor of 10-100 kg h™! [9]. Moreover, in
the next generation of fusion reactors neutron fluxes will be higher than
in ITER, resulting in significantly higher tungsten transmutation rates
and the accumulation of Re, Ta and Os, which are the primary trans-
mutation products for W. These would worsen the consequences of a
LOVA accident due to the formation of highly toxic and volatile osmium
oxides [10].

This research is the continuation of a series of published works
devoted to the study of the temperature oxidation behaviour of pure
tungsten, tungsten alloyed with low activation refractory elements (Ta
and V) and tungsten reinforced with different dispersions of hard par-
ticles (Y203 and TiC) [8,11,12,13]. The results show that W with a small
addition of Ti exhibits the best oxidation resistance of all studied ma-
terials, significantly increasing the oxidation resistance with the tem-
perature. The work focuses on the study of tungsten with 2 %wt. Ti
because previous results have shown that a higher Ti content produced
an alloy with a less refined microstructure and slightly lower mechanical
properties, see results in Refs. [14-16].
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2. Experimental procedure

W-2wt%Ti alloy (hereinafter W-2Ti) was prepared from tungsten
and titanium elemental powders from Alfa Aesar® (Thermo Fisher
(Kandel) GmbH, Germany), with purities of 99.94% and 99.97%,
respectively. The particle sizes of the elemental powders were in the
range 1-5 um for tungsten, and smaller than 100 um for titanium. The
processing of the material was performed under a high purity argon
atmosphere following a powder metallurgy route consisting of me-
chanical alloying in a high-energy planetary ball mill for 75 h and
subsequent consolidation by HIP for 2 h at 1300 °C and 195 MPa. A
detailed description of the production route can be found elsewhere.
Two materials have been used as reference: a billet of pure W (PM-W)
prepared following the W-2Ti production route and commercial tung-
sten (CP-W) in compliance with the ITER requirements for tungsten in
divertor applications based on ASTM B760 specification.

Fig. 1 shows the microstructure of the W-2Ti alloy in the as-HIP
condition. The HIP treatment appears to produce some titanium segre-
gation giving rise to the formation of small titanium pools. The W-2Ti
alloy exhibit an intermingled grain structure that consists of a popula-
tion of submicron-sized grains and another one of coarser grains with
sizes around 1 pm. EDX (Energy Dispersive X-Ray Analysis) analysis
confirms that the alloy consists in tungsten with titanium in solid solu-
tion, being the titanium pools only composed of this element within the
sensitivity of this technique. The microstructure and mechanical prop-
erties have been reported elsewhere [15].

Oxidation tests were carried out on coupons 10 x 10 x 1 mm?>. All
major surfaces were abraded on successively finer silicon carbide pa-
pers, then mechanically polished with 1 um diamond paste and cleaned
with ethanol. Mass gain curves in the temperature range from 600 °C to
800 °C were determined by continuous isothermal thermogravimetry for
exposures up to 100 h using a CI PRECISION MK2-M5 microbalance.
Samples were suspended inside a quartz glassware system and inserted

Fig. 1. Bright-field transmission electron microscopy images (TEM) showing
the equiaxed microstructure of W-2Ti alloy. Some segregation of titanium is
observed forming titanium pools (white arrows). The samples were prepared by
focused ion beam (FIB) with Ga™ ions close to normal incidence.
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in a vertical tube furnace. Oxidation tests were carried out under a
continuous flow of 50 ml/min of dry air (dewpoint below —40 °C)
supplied by an electric compressor [8,11,12,13]. The oxidation kinetics
were determined by adjusting the mass gain curves to a power law of the
form AW = kt" (AW is the mass gain per unit area, k the oxidation rate
constant, n the rate exponent, and t the exposure time).

The characterization of the oxide scale was done on samples used for
mass-gain determination, as well as on samples isothermally oxidized
for different exposure times. Cross-sections were prepared by conven-
tional metallographic techniques. To prevent scale loss during the
metallographic preparation of the samples, the surfaces were coated first
with a thin sputtered gold layer and then with a thicker layer of elec-
trolytically deposited copper. Surfaces and cross-sections of the oxidized
specimens were studied by scanning electron microscopy (SEM). Phase
identification of the oxide scale was performed by X-ray diffraction
(XRD) using Co-K, radiation and energy dispersive X-ray microanalysis
(EDX).

3. Results

Mass gain curves of the W-2Ti alloy oxidized in dry air at 600, 700
and 800 °C are presented in Fig. 2, yielding mass gain values of 2, 13 and
81 mg/cm? after 100 h of exposure at 600, 700 and 800 °C, respectively.
At 600 and 700 °C, oxidation process proceeds uniform over the entire
exposure time at which the kinetics follow quasi-parabolic laws (n ~
0.75) and almost parabolic laws (n = 0.6), respectively. This indicates
that the oxide scale established at 700 °C is more protective than that
formed at 600 °C. At 800 °C, the oxidation behaviour is more complex
than that found at 600 and 700 °C because the curve alternates periods
at which the oxidation rate slows down to minimum values, with periods
at which the oxidation rate is significantly accelerated (see periods of
time identified with arrows in Fig. 2). At short oxidation times, the
thermogravimetric curve shows a uniform mass gain from the initial
stages of oxidation with a mass gain of 33.4 mg/cm? in the first 40 h of
exposure. During this initial stage, the kinetics are governed by para-
bolic laws as the oxidation exponent is 0.5. Mass gain is progressively
accelerated in the following 20 h, with a mass gain in this period of 20.6
mg/cm?. The oxidation exponent reaches a value of 1.6 during this stage
of oxidation, so the kinetics are governed by laws higher than linear.
This behaviour is repeated during further exposure, although the time
for the occurrence of slow and rapid oxidation periods tends to shorten
as the oxidation proceeds.

The colour of the oxide scale after exposure for 100 h at 600 and
700 °C is grey, but at 800 °C it has the typical yellowish colour of the
scale generated on pure tungsten with short wings at the edges [8].
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Fig. 2. Isothermal mass gain curves for W-2Ti oxidized for 100 h at 600, 700
and 800 °C in dry air. The horizontal arrows mark the periods at which the
oxidation rate is accelerated at the testing temperature of 800 °C.
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According to the XRD pattern of Fig. 3, the scale consists exclusively of
the monoclinic WO3 oxide, not appearing reflections of Ti-rich or mixed
W-Ti oxides, probably due to the lower volume fraction of Ti-containing
phases in the alloy. Since pure WOj3 colour is yellow, the change in
colour of the oxide could be attributed to the dissolution of some tita-
nium in the crystalline structure of WO3 [17]. It is worth noting that
information provided by XRD measurements is restricted to the outer-
most part of the scale due to the high average atomic number of tungsten
oxides. Thus, changes in the composition of the oxides composing the
scale cannot be ruled out in the samples subject to high mass gains, i.e.
the samples oxidized at 700 and 800 °C.

Surface views of the sample oxidized at 600 °C evidence extensive
cracking which appears as an irregular mesh, although the scale remains
adhered to the metallic substrate (see Fig. 4). Since there is not a change
in the oxidation rate once the steady state is achieved, formation of these
cracks are surely the result of large strains induced in the scale by
thermal stresses and/or the considerable changes in volume associated
with allotropic transformations of tungsten oxides during cooling,
especially WO3 [18]. Minor cracks are clearly visible in Fig. 4a as grey or
dark regions with a linear crack in the middle. In addition, other still
minor cracks are randomly distributed on the surface of the scale asso-
ciated with the development of small protuberances. A close magnifi-
cation of the scale, Fig. 4b, reveals a smooth dark scale overgrown by
small crystals, not larger than 0.5 um. Similarly, the surface of the oxide
scale after 100 h at 700 °C presents a continuous uniform oxide scale
spattered by numerous protuberances cracked at the top (Fig. 5). A
detail observation of the uniform scale reveals a continuous fine-grained
scale with a crystal size around 150-200 nm which is overgrown by
coarse-grained clusters (crystal size up to 600 nm). The amount of coarse
oxide crystals overgrowing the smooth oxide layer is much higher at
700 °C, as can be observed by comparing Fig. 4 and the inset of Fig. 5a,
along with a noticeable increase in the size of the nodules. These nodules
are usually divided by several cracks running from the base of the nodule
towards its top, where the size of oxide crystals achieves the maximum
values, from 1 to 2 um, as observed in Fig. 5b. At this temperature, parts
of the scale spall off during cooling, leaving a thin fine-grained oxide
layer close to the metal substrate. The aspect of the surface of the sample
oxidized at 800 °C for 30 min resembles rather well that of the sample
oxidized at 600 °C for 100 h (Fig. 6a). This similitude in the surface
morphology among both scales would indicate that oxidation proceeds
in the same way during the initial stages of oxidation at 800 °C and after
100 h of exposure at 600 °C, as it could be expected from their similar
mass gain values (1.05 mg/cm? after 30 min of exposure at 800 °C
against 2.3 mg/cm? for the sample exposed 100 h at 600).
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Fig. 3. XRD pattern of the oxide scale formed on W-2Ti alloy after oxidation at
600 °C for 100 h (xWO3).
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Fig. 4. Surface views of the scale formed over the W-2Ti alloy after oxidation at
600 °C for 100 h in dry air. (a) General view of the scale showing macro- and
microcracking. Black arrows marked some examples of the microcracks present
in the scale. (b) Close magnification of the surface scale showing the
morphology of oxide crystals.

However, the morphology of the scale evolves more rapidly to that
observed after 100 h of exposure at 700 °C as the oxidation test pro-
gresses (Fig. 6b). Thus, the smooth scale is almost totally overgrown by
coarse oxide crystals after 30 h of exposure at 800 °C (see the inset of
Fig. 6b). This morphology hardly changes for longer exposure times, as
Fig. 6¢ shows for the sample oxidized 100 h. Compared to the sample
exposed 30 h, only a complete densification of the outermost layer
consisting of coarse crystal oxides is noticed. As already observed at
lower temperatures, the oxide scales readily cracks and spalls off during
cooling irrespective the exposure time.

Fig. 7a depicts a cross-section of the oxide scale of W-2Ti exposure at
600 °C, showing that the thickness of the scale formed after 100 h is
about 20 pym. The scale is very uniform and homogeneous in thickness
and it clearly matches the underlying microstructure of the alloy, so the
isolated black regions embedded inside the oxide scale resemble fairly
well the Ti-rich pools embedded in the tungsten matrix (see the inset of
Fig. 7a). Perpendicular cracks, with a characteristic separation of
~2100-200 um between them, run across the entire thickness of the scale.
These cracks correspond to those observed in surface views of Fig. 4a. No
evidence of cracks running parallel to the metal surface, as usually re-
ported during oxidation of pure tungsten [8], is found within the scale.
The nature of the scale developed at 700 °C is similar to that found after
oxidation at 600 °C, but the thickness is kept uniform at about 105 um,
as can be checked in Fig. 7b. A close view of the scale allows to dis-
tinguishing some differences between the upper and lower halves of the
scale; the outer half of the scale, about 65 pym in thickness, is less
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Fig. 5. (a) Surface view of the scale formed over the W-2Ti alloy after oxidation
at 700 °C for 100 h in dry air. The morphology of tungsten oxide crystals is
shown in the inset. (b) A typical example of the nodules developed on the
surface of the scale.

compact than the 40 um thick innermost half which presents a much
finer microstructure (see inset of Fig. 7b).

At 800 °C, cross sections reveal significant differences in the struc-
ture of the scale with the exposure time. A relatively dense scale of about
2.5-3 pm is formed after 30 min of oxidation (Fig. 8). The isolated
porosity observed in the scale coincides with the titanium pools of the
alloy, which are embedded by the scale as it grows inwards into the
metallic substrate. This layer considerably thickens as the oxidation
progresses, and after 30 h of oxidation the thickness of the oxide scale is
close to 400 um (Fig. 9). In the central part of the scale a thick discon-
tinuity is generated, dividing the scale in almost two halves, the outer
part of the scale is 220 pm thick while the inner part is about 140 pm. At
both sides, the structure of the scale resembles that found for the sample
oxidized at 700 °C, although the innermost part of the scale exhibits
large isolated cavities randomly distributed across its thickness.

A similar structure of the scale is observed in the sample oxidized for
100 h, but in this case two discontinuities are seen, so the scale could be
considered to be subdivided into three layers with identical visual
appearance, which are separated from each other by an almost contin-
uous cavity/crack, as can be observed in Fig. 10. The total thickness of
the scale is around 810 um; where the first 230 um corresponds to the
outermost part of the scale from the surface to the first discontinuity, the
following 340 um to central part of the scale comprised between the two
discontinuities and the last 240 pm to the innermost part of the scale
from the second discontinuity to the metallic substrate. As observed at
700 °C, there is a gradient in the amount of small cavities present along
the thickness of the scale that increases towards the metallic substrate.
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Fig. 6. Surface views of the scale formed over the W-2Ti alloy after oxidation in
dry air at 800 °C for several times: (a) 30 min, (b) 30 h and (c¢) 100 h. The
morphology of the scale is shown in the corresponding insets.

4. Discussion

The temperature of 600 °C is considered the maximum temperature
at which the oxide scale developed on pure tungsten can provide some
protectiveness in air [12,19,20]. Above this temperature, linear oxida-
tion kinetics as well as WO3 volatilization precludes the use of pure
tungsten at high temperatures in oxidising atmospheres. The beneficial
effect of 2 wt% Ti addition on the oxidation resistance of tungsten at
600 °C is clearly observed in the thermogravimetric curves of Fig. 11,
that compares the mass gain curves of the W-2Ti alloy with those ob-
tained for CP-W and PM-W. This result confirms the beneficial effect of
titanium additions reported during short-term oxidation resistance, up
to 30 min, for W-Ti coatings between 600 and 1000 °C [21,22], although
the titanium content in the coating was much higher (10 wt%).
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Fig. 7. Cross section of the scale formed on the W-2Ti alloy at different tem-
peratures: a) After 100 h of exposure at 600 °C, b) After 100 h of exposure at
700 °C. Close views of the scales are presented in the corresponding insets.

Isolated porosity

Fig. 8. Cross section of the scale formed on the W-2Ti alloy after 30 min of
exposure at 800 °C. The inset shows a close view of the scale.

At 600 °C, titanium addition induces a significant decrease in the
mass gain, being its value about a half and one-fourth of the corre-
sponding values reported for PM-W and CP-W, respectively [8,12].
Curiously, the mass gain reduction cannot be directly associated itself
with the formation of a more protective oxide. The main oxide consti-
tuting the scale is monoclinic WO3 which is the same oxide reported in
previous studies for pure tungsten [8]. Furthermore, the yellowish
colour characteristic of WO3 changes to the grey colour of the oxide
formed over the W-2Ti alloy not only at 600 °C but also after exposure at
700 °C, and finally the colour turns yellow after exposure at 800°.
Although the oxide is the same, WO3 according to XRD pattern of Fig. 3,
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Fig. 9. Cross section of the scale formed on the W-2Ti alloy after 30 h of
exposure at 800 °C.

Fig. 10. Cross section of the scale formed on the W-2Ti alloy after 100 h of
exposure at 800 °C.
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Fig. 11. Comparison among the isothermal mass gain curve for W-2Ti oxidized
for 100 h at 600 °C with those of pure tungsten processed by two different
routes; Conventional processing CP-W [8] and powder metallurgy PM-W [12].

the aspect of mass gain curves is completely different depending on the
oxidation temperature.

The major increase in the mass gain of pure tungsten materials is
related to short periods of time in which the parabolic growth of the
scale changes to a linear one. Since the number of these accelerated
growth events is higher for the CP-W than for PM-W, two and one
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respectively, the highest mass gain corresponds to CP-W. Almost linear
growth at 600 °C in pure tungsten is caused by local microcracking in the
initially protective W1g049 layer. The considerable volume change
associated with the oxidation of tungsten into any kind of tungsten oxide
(the Pilling-Bedworth ratio for WO3 is 3.3) induces high stresses which
are released by localised microcracking in the scale [8,19], allowing
oxygen to easily reach the surface of the alloy to form other less pro-
tective oxides such as W03 go. As the oxidation proceeds, the oxygen
gradient through the scale continuously changes decreasing from the
surface to the interior of the scale. WO3 g2 should transform progres-
sively into WO3 when oxygen partial pressure rises up to the level in
which WO3 could grow [8]. Since no microcracking was noticed in the
scale during oxidation of W-2Ti alloy, the WOj3 scale cannot result from
the progressive transformation of W;3049 into WO3 through the for-
mation of intermediate WO g5.

To verify this point, a W-2Ti sample was oxidized for 1 h and the
oxides constituting the layer were identified by XRD measurements. The
corresponding XRD pattern is presented in Fig. 12, showing that the
oxide scale is mainly composed by W240eg (also named WO3 g3) and
Wi15049 (also known as WOy 75), while small peaks at 47.25° and 69°
correspond to tungsten. This result differs from that reported for pure
tungsten, in which the oxide layer developed in the first hour of expo-
sure consists of W;gO49 and WO,9, [8]. Since protective non-
stoichiometric tungsten oxides, like W13049 and Wo40gs, are found
from the early stages of oxidation, the beneficial effect of small additions
of titanium is not related to a change in the nature of the oxides
composing the scale. It could arise from the fact that Ti could be oxidized
internally as TiOz or a mixed W-Ti oxide. This agrees with results re-
ported during short-term oxidation of W-10Ti (wt%) coatings where
small TiO, particles grow at grain boundaries of the tungsten oxide
layer, obstructing inward oxygen diffusion along grain boundaries
[21,22].

In the case of the present W-2Ti alloy, Ti-containing oxides were
probably not detected in XRD patterns because of their small size and
low volume fraction, but EDX microanalyses reveals that the dark re-
gions in the scale are slightly enriched in titanium. Consequently, it
could be assumed that the main effect of such Ti-containing oxides
would be to break the continuity of tungsten oxides in such a way that
the typical columnar structure of oxide grains developed during the
oxidation of pure tungsten [8,12] is replaced by other more equiaxed.
This effect produced a dramatic difference between the W and W-2Ti
oxidized samples that can be clearly observed with the naked eye. The
tested 10 x 10 x 1 mm°® coupons used for oxidation tests developed a
Maltese cross-like aspect for the oxidized pure W sample due to the
exacerbated growth of the oxide scale, as it is shown in the inset of
Fig. 10 of Reference [8], which was absent in the W-2Ti oxidized sam-
ples. The equiaxed microstructure of the oxide scale minimizes the large
growth stresses associated with tungsten oxides, minimizing the
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tendency for massive microcracking in the scale. Nevertheless, the
protective nature of this scale is less to that provided by W1gO4g in pure
tungsten as can be clearly inferred from the slightly higher value of the
oxidation rate exponent in the steady state: n = 0.75 alloy for W-2Ti and
0.65 and 0.5 for pure CP-W and PM-W materials, respectively. However,
the beneficial effect of the absence of microcracking in the scale formed
on the W-2Ti alloy balances the less protectiveness provided by the less
dense scale so that the total mass gain is much lower in the case of the W-
2Ti alloy than for pure CP-W. This behaviour could indicate that the
interfaces observed at dark regions, where Ti-containing oxides are
present, could act as rapid pathways for inward oxygen transport into
the alloy, resulting in the slightly higher values of the oxidation rate
exponent observed in the steady state. Other aspect contributing to the
lower mass gain of W-2Ti alloy is that the time required to attain the
steady state is much shorter for the W-2Ti alloy than for pure tungsten
materials. As Fig. 11 evidences, the mass gain of CP-W and PM-W ma-
terials after 5 h of exposure is 5 and 3.5 times higher, respectively, than
that of W-2Ti alloy. This demonstrates that the rapid accomplishment of
the steady state is a critical factor to reduce the total mass gain of W-2Ti
alloy and, therefore, the addition of titanium addition should shorten
the period needed for establishing a protective W1g049 layer.

The decrease in mass gain is even more noticeable at 700 °C than that
found at 600 °C, being the mass gain at least ten times lower (see Fig. 13)
and the oxide scale eight times thinner than those reported for pure CP-
W or PM-W [8,12]. The protective nature of the scale developed at this
temperature is reflected in the decrease in the oxidation exponent
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Fig. 13. Comparison among the isothermal mass gain curve for W-2Ti oxidized
for 100 h at 700 °C with those of pure tungsten processed by two different
routes; Conventional processing CP-W [8] and powder metallurgy PM-W [12].
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Fig. 12. XRD pattern of the oxide scale formed on W-2Ti alloy after oxidation at 600 °C for 1 h (e-W, []-W;904g, A-W2406s).
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compared with the value calculated at 600 °C, 0.6 against 0.75,
respectively. This probably is related to the densification of the inner-
most part of the scale during the inward growth of the oxide, so inward
oxygen flow towards the oxide/alloy surface is reduced because of the
decrease in the number of cavities/pores which could act as rapid-
pathways for oxygen ingress. The structure of the scale is totally
different to that reported during oxidation of pure tungsten which
consists of a multilayered structure resulting from periodical massive
events of cracking in the scale close to the scale/metal interface, so
major effect of titanium addition is reducing growth stresses in the scale.
EDX measurements in the grey coloured regions of the scale evidence
certain titanium enrichment, suggesting that the formation of small
particles of a Ti-containing oxide prevents the directional growth of
tungsten oxides, minimizing in this way growth stresses within the scale.
This suppression of cracking events within the oxide scale results in the
excellent oxidation behaviour of the W-2Ti alloy.

At 800 °C, the improvement on the oxidation behaviour is even
better compared to the behaviour of pure tungsten because the total
mass gain of the W-2Ti alloy after 100 h of exposure is practically the
half of pure CP-W or PM-W oxidized just for 20 h (see Fig. 14). The
multilayered pattern of the tungsten scale developed on pure tungsten is
absent in the W-2Ti alloy. Nevertheless, the oxidation mechanism ex-
periences changes in the course of the oxidation exposure at this tem-
perature. Kinetic curves evidence the occurrence of short periods of time
where the scale loses suddenly its protective character (see Fig. 14), as
can be deduced from the shifting of the stress exponent from values close
to parabolic (n~0.5) to values higher than linear (n < 1).

This can be clearly seen in the structure of the oxide scale as the
oxidation progress. During the initial stages of oxidation, the scale is
relatively uniform and dense and only Ti-pools appears interrupting the
continuity of the scale. As the oxidation progresses, an abrupt increase in
mass gain is observed at about 25 h, which is followed by a period at
which the kinetics tend to obey parabolic kinetics. Observation of the
sample exposed for 30 h, confirms the existence of a sharp discontinuity
in the middle of the scale (see Fig. 9), showing on both sides of the
discontinuity almost the same structure found after long-term oxidation
at 700 °C. The observed sudden increase in the oxidation rate is caused
by this massive fail in the scale due to the large continuous crack parallel
to the scale. The subsequent decrease in mass gain indicates that the
protective layer is re-established again until a new event of massive
cracking takes place, as observed in the sample exposed for 100 h (see
Fig. 10). At this time, a second large discontinuity/macrocrack is found
within the scale, which coincides with the second breakdown of the
parabolic behaviour in the mass gain curve.

5. Conclusions

Addition of 2 wt% titanium to tungsten results in a considerable
improvement of the oxidation resistance of the alloy, increasing the
temperature for the use of tungsten in the event of a LOVA accident to
700 °C in compliance with the top-level safety objectives for a nuclear
fusion plant [23]. Even at 800 °C, the lifetime of W-2Ti alloy is signifi-
cantly extended compared to pure tungsten. Compared to pure tungsten
the mass gain of W-2Ti alloy is reduced five times at 600 °C, ten times at
700 °C and eight times at 800 °C. The beneficial effect of Ti addition is
related to prevent directional growth of WOs3, so growth stresses in the
scale are significantly reduced in such a way that massive cracking
events, responsible of accelerated mass gain in tungsten, are suppressed
at 600 and 700 °C, and significantly mitigated at 800 °C.
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