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4.4.5

Fracture behaviour of W2Ti1La

i) Flexural strength
The flexural σ- curves in air (fig. 4.60, left) showed linear elastic behaviour until
fracture over the entire temperature range with a slight strain at 1273 K, but
not enough to satisfy the 0.2% yield strength offset criterion. Under vacuum,
however, the σ- curves (fig. 4.60, right) experimented high strain above 5%
without breakage.

Fig. 4.60 Flexural σ- curves at different temperatures for the W2Ti1La alloy
in air (left) and under vacuum (right).

The results in air (fig. 4.61, left) exhibited improved flexural strength
relatively to those for pure tungsten. The values remained nearly the same,
approximately 600 MPa, over the entire temperature range. The results under
vacuum (fig. 4.61, right) showed similar values as in an oxidising atmosphere with a
strong degradation in strength at 1473 K. Even so, ductile behaviour was observed
at this temperature.
The influence of the atmosphere on the strength values is minimal, which
suggests a good protection to the tungsten with these alloying elements. In both
cases, the strength drastically decreased above 1273 K.
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Fig. 4.61 Average flexural strength as a function of temperature for the
W2Ti1La alloy in air (left) and under vacuum (right).

ii) Fracture toughness
The flexural force-displacement curves experimented linear elastic behaviour over
the temperature range (fig. 4.62). No large differences were observed between the
air and vacuum atmospheres and only a slight ductile behaviour at 1473 K was
observed in vacuum.

Fig. 4.62 Flexural force-displacement curves at different temperatures for the
SELNB specimens for the W2Ti1La alloy in air (left) and under vacuum (right).
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The fracture toughness results showed improvement relative to pure tungsten.
The results in air (fig. 4.63, left) experimented a maximum value of approximately
p
8 MPa m at 873 K, although the results were quite scattered. The subsequent
decrease in the fracture toughness was not very strong; the results at 1273 K
were on the same order as those obtained at 300 K. The homogeneous results
that were obtained may be due to the blunting of the defects in the notch root
radius since the results after the vacuum tests (fig. 4.63, right) were a bit more
complex. Although the alloy was three times less brittle than pure tungsten over
the entire temperature range, it exhibited a strong decrease in fracture toughness
at 1273 K. This detriment was previously observed in pure tungsten and other
alloys. However, an unusual fracture toughness recovery to values previous to
p
the drop with a very small dispersion (7.4 0.9 MPa m) was observed at 1473 K.

Fig. 4.63 Average fracture toughness as a function of temperature for the
W2Ti1La alloy in air (left) and under vacuum (right).

iii) Fracture surfaces
The fracture surfaces at 300 K (fig. 4.64) exhibited brittle behaviour with
flat breakage in a plane perpendicular to the maximum stress without plastic
deformation. On the microscopic scale the fracture surfaces exhibited brittle
fracture via grain decohesion and transgranular fracture with cleavage of the
larger grains.
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500nm

Fig. 4.64 Fracture surface of W2Ti1La at 300 K in air.

The tests in air showed that the brittle micromechanisms persisted at least up
until 873 K (fig. 4.65, left), however, due to the fine microstructure of the alloy
these mechanisms are difficult to distinguish. At 1273 K, however (fig. 4.66, left),
some changes can be observed. Some oxides, likely vanadium oxides, developed
on the surface and the fracture surface was completely masked.

500nm

500nm

Fig. 4.65 Fracture surfaces for W2Ti1La at 873 K in air (left) and under
vacuum (right).

Under vacuum, the fracture surfaces of the test specimens were free of
oxides (figs. 4.65 and 4.66, right). Therefore, it was possible to observe that
the micromechanisms of failure at 1273 K were the same as those at 300 K:
intergranular decohesion of the fracture surfaces with cleavage in the coarse grains.
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500nm

500nm

Fig. 4.66 Fracture surfaces of W2Ti1La at 1273 K in air (left) and under
vacuum (right).

4.4.6

Fracture behaviour of W4Ti1La

i) Flexural strength
The flexural σ- curves show the same behaviour as in previous alloy: linear elastic
behaviour until fracture over the entire temperature range for tests performed in
air (fig. 4.67, left). Under vacuum (fig. 4.67, right), meanwhile, ductile behaviour
was observed at 1473 K with more than 2% strain without breakage.

Fig. 4.67 Flexural σ- curves at different temperatures for the W4Ti1La alloy
in air (left) and under vacuum (right).
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The flexural strength results in air (fig. 4.68, left) exhibited results that were
improved relative to those of pure tungsten with values over 450 MPa from 473
to 1073 K. Above 1073 K, however, temperature a decrease in strength was
observed. Under vacuum (fig. 4.68, right), the values were below 400 MPa over
the entire temperature range. However, an increase in strength was observed in
comparison with pure tungsten. It seems that the values stabilised between 1073
and 1273 K but that a subsequent ductile behaviour and a strong decrease in the
values were observed.

Fig. 4.68 Average flexural strength as a function of temperature for the
W4Ti1La alloy in air (left) and under vacuum (right).

ii) Fracture toughness
The flexural force-displacement curves exhibited linear elastic behaviour until
fracture without exceptions, as was seen for the W2Ti1La alloy. Any differences
between the two atmospheric environments were not found.
The average fracture toughness exhibited an increase over the entire
temperature range. The results in air (fig. 4.69, left) exhibited a decrease around
473 K, but at higher temperatures they experimented a strong increase in ductility
p
until attaining a maximum of approximately 8 MPa m at 873 K. A subsequent
decrease was observed, but the values remained similar to the values observed at
lower temperatures. The fracture toughness was double than that of pure tungsten.
The results under vacuum (fig. 4.69, right) yielded lower fracture toughness
than in air, a decrease in ductility was observed above 300 K with a maximum
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p
of approximately 6 MPa m. Overall, results exceed those of pure tungsten over
the entire temperature range but do not support a substantial improvement in the
ductility of the alloy.

Fig. 4.69 Average fracture toughness as a function of temperature for the
W4Ti1La alloy in air (left) and under vacuum (right).

iii) Fracture surfaces
At 300 K the W4Ti1La alloy exhibited brittle fracture with flat breakage on
the macroscopic level. At the microscopic, however, fracture produced by grain
decohesion were observed. Furthermore, no signs of cleavage in the coarse tungsten
grains were observed, as in previous alloys (fig. 4.70).

500nm

Fig. 4.70 Fracture surface of W4Ti1La at 300 K in air.
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The fracture surfaces in air at 873 K (fig. 4.71, left) showed a small oxide scale
that covered the entire surface with the exception of the titanium pools. They
showed mainly intergranular fracture with a few transgranular fracture occurring
preferably in the titanium pools. At higher temperatures, however (fig. 4.72, left),
the entire surface was covered by the oxides and the micromechanisms of fracture
were not visible. Even so, some round, coarser particles were observed.
Meanwhile, the tests under vacuum revealed fracture by grain decohesion in
the nano-sized grains and cleavage in the coarse Ti-rich areas at least up to 873 K
(fig. 4.71, right). Transgranular fracture was not observed in the tungsten grains,
which is probably attributable to their small size compared with titanium pools.
At higher temperatures, only brittle fracture by grain decohesion were observed
(fig. 4.72, right).

500nm

500nm

Fig. 4.71 Fracture surfaces of W4Ti1La at 873 K in air (left) and under
vacuum (right).

500nm

500nm

Fig. 4.72 Fracture surfaces of W4Ti1La at 1273 K in air (left) and under
vacuum (right).
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4.5
4.5.1

Discussion
W-1%Y2 O3 alloy - Effect of the addition of yttria

With the addition of 1 wt.% Y2 O3 , the microstructure of the alloy did not
substantially change compared to pure tungsten. Coarse polyhedral micro-sized
grains were mainly found with few populations of grains below 0.5 µm (fig. 4.73).
The yttria nanoparticles were mostly located at the grain boundaries of the
tungsten grains (fig. 4.1), although a few Y-rich particles were also found (see
the arrows in fig. 4.73).

Fig. 4.73 Microstructure of the W1Y alloy.

It was observed an increase in the porosity (9.6% for W1Y) in comparison
to pure tungsten (8.4%). Meanwhile, a decrease relative to the value previously
reported for the W-0.5% Y2 O3 alloy (hereafter referred to as W0.5Y) was
exhibited; this W0.5Y alloy was produced by the same fabrication route and
showed a porosity of 11.1% [Aguirre, 2014]. These results are in accordance with
Itoh and Ishiwata (1996) who reported a decrease in the porosity with increasing
yttria content. Compared with pure tungsten, the elastic modulus was slightly
decreased and the hardness showed a small enhancement to 3.5 GPa with no
significant influence on the applied load.
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After TPB tests on the smooth specimens, W1Y exhibited linear elastic
behaviour until fracture with the exception of tests performed at 1473 K under
vacuum; these tests revealed ductile behaviour without specimen breakage. The
high temperature flexural strength was improved in accordance with the results
of Itoh and Ishiwata (1996), Veleva (2011) and Battabyal et al. (2012). The W1Y
alloy showed the same trends in both atmospheres, although values of the flexural
strength in air were slightly higher due to the blunting of defects produced by the
superficial oxidation (fig. 4.74). Maximum strength values of over 400 MPa were
obtained in both atmospheres at 873 K. An improvement, although less obvious,
was observed for the fracture toughness at the lowest and highest temperatures;
the W1Y alloy exhibited a reduced fragility (fig. 4.75).

Fig. 4.74 TPB test results for the smooth specimens in air and under vacuum
for W1Y compared with pure tungsten.

The DBTT did not exhibit any enhancement, but the addition of 1% Y2 O3
nanoparticles improved the high temperature stability and corrosion resistance.
Additionally, a mass gain much smaller than that of pure tungsten and other of
the alloys was observed at 1273 K (fig. 4.27), in addition to a reduced oxide scale
(fig. 4.28).
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Fig. 4.75 TPB test results for the SELNB specimens in air and under vacuum
for W1Y compared with pure tungsten.

A comparison of the flexural strength in air with the W0.5Y alloy shows
the influence of the yttria content (fig. 4.76). W1Y exhibited an improvement
in flexural strength at higher temperatures, whereas W0.5Y did at lower
temperatures. The increase in yttria content provided enhanced corrosion
resistance at high temperature but was accompanied by a decrease in strength
and ductility. This fact, supported by the results of Itoh and Ishiwata (1996),
become clear from 873 K, the temperature at which tungsten tends to oxidise
(section 4.3.4). The main difference between the alloys, however, concerns the
DBTT: W1Y showed no signs of ductile behaviour and the W0.5Y alloy showed
ductile behaviour over almost the entire temperature range above 473 K.
The TPB results for the W-2% Y2 O3 (hereafter referred to as W2Y) composite
reported by Battabyal et al. (2012) cannot be directly compared with the W1Y
alloy since this alloy was sintered and then consolidated by hot forging. In
general, W2Y showed an improvement in mechanical properties. It exhibited
ductile behaviour starting at 673 K and very high flexural strength values at
300 K (1250 MPa) that continuously decrease up to 1273 K (600 MPa), which
were higher than for the present alloy. Such good properties are mainly attributed
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to its negligible porosity (0.7%) together with the proper dispersion of yttria
nanoparticles. Nonetheless, previous results of the same group of W1Y alloys also
processed by HIP reported analogous fracture toughness behaviour than for W1Y
[Veleva, 2011].

Fig. 4.76 Average flexural strength as a function of temperature for W0.5Y
[Aguirre et al., 2009] and W1Y [Palacios et al., 2014] alloys both produced by
MA and HIP.

The fracture surfaces were in accordance with the σ- curves, with flat
breakage in a plane perpendicular to the maximum traction stress without plastic
deformation and brittle fracture by intergranular decohesion on the microscopic
scale (fig. 4.77). In air the micromechanisms are presumably maintained according
to the σ- behaviour, although this fact cannot be confirmed because the surfaces
are completely covered by an oxide layer approximately at 873 K. At 1203 K,
however, the oxide layer was disappeared and only a needle-shape oxide was
observed. Under vacuum, however, it can be confirmed that the micromechanisms
of brittle fracture are the same over the entire temperature range. At 1473 K some
macroscopic ductile behaviour without specimen breakage was observed, so the
fracture surfaces were not examined. Despite that, intergranular grain growth of
the notch in the transversal section was observed.
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Fig. 4.77 Evolution of the fracture surfaces of W1Y after TPB tests at different
temperatures in air and under vacuum.
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4.5.2

W-V-Y2 O3 alloys

4.5.2.1

W-2%V-0.5%Y2 O3 alloy

The combined addition of 2 wt.% V and 0.5 wt.% Y2 O3 exhibited a significant
refinement of the microstructure. It is composed of vanadium pools (black
patches) produced by the segregation of vanadium during fabrication, which
is likely due to contamination, and tungsten grains with dispersed yttrium
(fig. 4.78). However, the segregation of vanadium also has a beneficial effect: the
filling of the pores between the grains leads to a high densification with only
2.6% porosity. The EBSD analysis revealed a mean tungsten grain size of 200 nm
with a population of 20% under 100 nm and few micro-sized grains (less than 10%).
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Fig. 4.78 Microstructure of the W2V0.5Y alloy.

The W2V0.5Y alloy exhibited improved mechanical properties with hardness
values of approximately 13 GPa that were much higher than those of pure
tungsten. Furthermore, the alloy exhibited an increase in the results of the
TPB tests for both smooth and SELNB samples (figs. 4.79 and 4.80). The
flexural strength reached higher values with a maximum of approximately
1 GPa at 1073 K, although from that temperature the strength started to
decrease. Ductile behaviour was exhibited and therefore an improved DBTT
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compared with that of pure tungsten. The fracture toughness, meanwhile, showed
a decrease in brittleness, particularly above 873 K under vacuum with values
p
of approximately 7–8 MPa m, but also an increase in the dispersion of the results.

Fig. 4.79 TPB test results for the smooth specimens in air and under vacuum
for W2V0.5Y compared with pure tungsten.

The fracture surfaces, in accordance with the TPB tests, exhibited flat
breakage on the macroscopic scale (fig. 4.81). At the microscopic meanwhile, they
exhibited brittle fracture by grain decohesion for the nanostructured grains and
transgranular fracture for some of the coarse tungsten grains, some of which were
aligned. In air, the micromechanisms were maintained at least up until 673 K,
the temperature at which oxides begin to mask the surface. Although the surface
could not be distinguished, differences from the pure tungsten surface and its
oxides could be observed. Under vacuum, intergranular fracture and cleavage of
coarse grains was shown up until 1473 K.
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Fig. 4.80 TPB test results for the SELNB specimens in air and under vacuum
for W2V0.5Y compared with pure tungsten.
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Fig. 4.81 Evolution of the fracture surfaces of W2V0.5Y after TPB tests at
different temperatures in air and under vacuum.
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4.5.2.2

W-4%V-0.5%Y2 O3 alloy

The addition of 4 wt.% V and 0.5 wt.% Y2 O3 produced an even more refined
microstructure than that of W2V0.5Y (fig. 4.82). The analysis of the EBSD data
revealed a mean tungsten grain size of 200 nm with a 20% volume fraction below
100 nm and a reduced 3% of micro-sized grains. The EDX chemical microanalysis
revealed larger vanadium pools than those seen in W2V0.5Y and nano-sized
tungsten grains with dispersed yttrium. Some grains, regardless of their size, were
aligned forming elongated shapes.
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Fig. 4.82 Microstructure of the W4V0.5Y alloy.

In some previous W4V alloys [Palacios, 2010; Aguirre, 2014], acicular structures
attributed to vanadium oxides have appeared within vanadium pools. Although
the EDX profile microanalysis of such areas showed an increase in the oxygen
content, no signs of such structures were found. This change in the microstructure
of the vanadium pools may be a consequence of the extra addition of 0.5% Y2 O3
to the alloy.
As in the previous case, the segregation of vanadium pools produced a reduction
in the pores of the material to 5.4%, which was smaller than that of pure tungsten.
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The elastic modulus remained almost the same, whereas both the micro and
nanohardness considerably improved to approximately 12 GPa.
The flexural σ- curves exhibited linear elastic behaviour until fracture over
almost the entire temperature range. The exceptions to this trend were observed
in tests in air at 1273 K and tests under vacuum at 1473 K. An increase in the
flexural strength was observed in general, although above 873 K a degradation
of the properties was found in both atmospheres (fig. 4.83). W1Y attained a
maximum value of approximately 700 MPa at 873 K.

Fig. 4.83 TPB test results for the smooth specimens in air and under vacuum
for W4V0.5Y compared with pure tungsten.

The fracture toughness values also exceeded those of pure tungsten, but a
decrease in the values was observed above 873 K. The alloy reached a maximum
p
fracture toughness of approximately 10 MPa m at 873 K (fig. 4.84).
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Fig. 4.84 TPB test results for the SELNB specimens in air and under vacuum
for W4V0.5Y compared with pure tungsten.

The fracture surfaces were in accordance with the TPB test results showing flat
breakage on the macroscopic level and intergranular decohesion with some cleavage
in the bigger grains. The fracture surfaces in air, oxidised from 673 K and exhibited
similar morphologies to the W2V0.5Y alloy, although the structures were larger
(fig. 4.28). Under vacuum, the brittle micromechanisms of intergranular decohesion
were observed up to 1473 K, however, transgranular fracture of the coarse tungsten
grains was not seen.
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Fig. 4.85 Evolution of the fracture surfaces of W4V0.5Y after TPB tests at
different temperatures in air and under vacuum.
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4.5.2.3

Effect of the addition of vanadium and yttria

The effect of the simultaneous addition of vanadium and yttria on the
microstructure of the alloys was mainly grain size refinement. The alloys were
composed of black patches (in their majority vanadium pools, although some small
areas corresponded to intergranular porosity) and tungsten grains with dispersed
yttrium, preferentially located at the grain boundaries. The aforementioned
refinement was studied by EBSD microanalysis of the alloys that provided the
crystallographic orientation, and henceforth the grain size distribution. The results
showed a strong decrease of the mean grain size to 200 nm compared to the coarse
size exhibited for pure tungsten (1 µm). An increased population (of approximately
20% of the volume fraction) of nano-sized grains was observed and a reduction
of the micro-sized, more intense in the case of the W4V0.5Y (3%) than for the
W2V0.5Y (10%).
In general, the addition of a metallic element with complete solubility to
tungsten favoured the densification of the alloy. However, an increase in the relative
density with increasing vanadium content was not observed. The W4V0.5Y alloy
yielded a higher porosity (5.4%) than the W2V0.5Y alloy (2.6%), in disagreement
with previous experience. Earlier W2V and W4V alloys produced by the same
powder metallurgic route of MA and HIP, exhibited 3.7% and 1% porosity,
respectively [Palacios et al., 2013; Aguirre, 2014]. Although fully dense alloys were
not foreseen because of the influence of the yttria nanoparticles (a porosity above
10% was reported for the W0.5Y alloy [Aguirre et al., 2009]), the tendency of
porosity reduction with increasing vanadium content was expected. In a similar
way, tungsten alloys consolidated by spark plasma sintering (SPS) exhibit an
increase in densification with increasing of vanadium content at a linear rate
[Arshad et al., 2014]. The densification produced for all the materials was due
to the complete solubility of the W-V phase diagram (fig. 1.10), that allowed the
solution to fill in the pores between the grains. Therefore, the anomalous increase in
the porosity observed in the W4V0.5Y alloy may be the result of a poor solubility
during fabrication and the subsequent formation of a net of interconnected pores.
Even so, the vanadium content minimally affected the elastic modulus since its
values were of approximately 350 GPa. However, a major discrepancy was found in
comparison to W2V and W4V alloys due to the increasing porosity of W4V0.5Y.
The hardness, on the other hand, was considerably improved and attained values
of at least 12 GPa. A synergistic effect on the results was observed since the
values were surprisingly higher than those to W2V, W4V or W0.5Y (table 4.7).
It was observed an increase in the Vickers microhardness compared with the W-V
materials produced by SPS [Arshad et al., 2014]. An increase in the Berkovich
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nanohardness was also observed in comparison to the W-2Y2 O3 processed by
sintering and hot forging [Battabyal et al., 2012].
The TPB tests on smooth specimens revealed values that were approximately
three times higher than those of pure tungsten over the entire temperature range
for both atmospheres (fig. 4.86). The flexural strength in air was similar for both
alloys below 1073 K, the temperature at which W2V0.5Y exhibited its maximum
value of approximately 1 GPa, whereas W4V0.5Y showed values 30% lower.
Under vacuum, meanwhile, both alloys yielded similar results. In general, only at
higher temperatures such as 1473 K were the values under vacuum higher than
those in air because of the severe thermal degradation above 1000 K. The DBTT
accordingly experienced a slight improvement in air considering that ductile
behaviour was not observed in the case of pure tungsten and only appeared above
1073 K for the W-V-Y2 O3 alloys. Under vacuum, the DBTT remained the same
as for pure tungsten.

Fig. 4.86 TPB test results for the smooth specimens in air and under vacuum
for W2V0.5Y and W4V0.5Y compared with pure tungsten.
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Table 4.7 Comparison of the physical and micromechanical properties of the previously reported W2V, W4V and W0.5Y
with the pure W, W2V0.5Y and W4V0.5Y.
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The TPB tests on the SELNB specimens (fig. 4.87) revealed an improvement
in the fracture toughness for both alloys by a factor of two compared with the
values exhibited for pure tungsten. Although the results for W4V0.5Y were
slightly lower than those of W2V0.5Y, the standard error overlapped in most
p
cases, and the alloy attained its maximum fracture toughness of 9.5 MPa m at
873 K for the tests in air. The oxidation was relevant over 673 K and 873 K for
W2V0.5Y and W4V0.5Y, respectively, since the values under vacuum surpassed
those in air for those temperatures.

Fig. 4.87 TPB test results for the SELNB specimens in air and under vacuum
for W2V0.5Y and W4V0.5Y compared with pure tunsgten.

The fracture surfaces exhibited in most cases flat breakage with brittle fracture
micromechanisms, which was in accordance with the linear elastic until fracture
curves obtained during the TPB tests. The breakage was mainly produced by grain
boundary decohesion with transgranular fracture by cleavage in some of the coarse
grains (figs. 4.81 and 4.85).
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4.5.3

W-Ti-La2 O3 alloys

4.5.3.1

W-2%Ti-1%La2 O3 alloy

The combined addition of 2 wt.% Ti and 1 wt.% La led to a refinement of the
microstructure. The W2Ti1La alloy exhibited more extended black patches than
the previous vanadium pools and a rough nanostructured area formed by tungsten
grains with dispersed lanthanum. Although a solid solution should have appeared
because of the solubility of the W-Ti diagram, the titanium was segregated and
most of the black patches corresponded to titanium pools. A small fraction of the
black patches, however, corresponded to the 4.7% calculated porosity.
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Fig. 4.88 Microstructure of the W2Ti1La alloy.

The elastic modulus is in the range of the pure tungsten (approximately
350 GPa) with no significant differences between methods. The measured hardness,
however, exhibited higher values than those reported for similar alloys (nearly
14 GPa). Slightly higher values were obtained through nanoindentation, however,
they were within the range because of the increasing dispersion of the results.

127

Chapter 4. Bulk-Tungsten Materials

The TPB test results for the smooth specimens exhibited linear elastic
behaviour until fracture over the entire temperature range with the exception
of tests at 1473 K under vacuum that showed a strain higher than 5%. In
that case, although the yield strength exhibited a strong decrease, the values
still exceeded those of pure tungsten (fig. 4.89). Meanwhile, for the rest of the
temperatures, W2Ti1La exhibited improved flexural strength. The values in air
and under vacuum were very similar, suggesting that the atmosphere has only
a small influence on the alloy. These results were in accordance with the high
temperature stability tests in air that showed the smallest mass gain with negative
values at 1273 K. The formation of volatile oxides and thinner oxide scales than
for the rest of the materials even at 1243 K with an estimated maximal thickness
of approximately 60 µm are in agreement with the similarity of the results for both
atmospheres.

Fig. 4.89 TPB test results for the smooth specimens in air and under vacuum
for W2Ti1La compared with pure tungsten.

The results for the fracture toughness are in accordance with the flexural
strength results and the values were very similar for the tests in air and under
vacuum (fig. 4.90). The W2Ti1La alloy exhibited improved values in comparison
with pure tungsten. The maximum values were obtained under vacuum with values
p
nearly of 8 MPa m at approximately 1000 K.
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Fig. 4.90 TPB test results for the SELNB specimens in air and under vacuum
for W2Ti1La compared with pure tungsten.

The fracture surfaces (fig. 4.91) showed flat breakage with intergranular
decohesion and some cleavage of the bigger grains but less than that of the
W-V-Y2 O3 alloys. The tests in air maintained the micromechanisms of failure
at least until 873 K. At 1273 K, there were many differences compared with pure
tungsten that likely arise due to the formation of vanadium oxides. Under vacuum,
brittle fracture with grain boundary decohesion was observed at least up to 1273 K.
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Fig. 4.91 Evolution of the fracture surfaces of W2Ti1La after TPB tests at
different temperatures in air and under vacuum.
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4.5.3.2

W-4%Ti-1%La2 O3 alloy

The addition of 4 wt.% Ti and 1 wt.% La produced a microstructure very similar
to that exhibited by the W2Ti1La alloy. The black patches mainly represented
titanium pools and tungsten grains with dispersed nano-sized lanthanum particles
(fig. 4.92). However, some of the black areas likely corresponded to porosity
because it was calculated a high percentage of approximately 11%.
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m

Fig. 4.92 Microstructure of the W4Ti1La alloy.

The elastic modulus was in the range of the rest of the alloys (nearly 350 GPa)
with no significant differences between methods. However, the hardness exhibited
a significant decrease compared with that of the W2Ti1La alloy. It had values of
approximately 8 GPa, almost half than of W2Ti1La. The hardness was mostly
dependent on the relative density rather than the content of the second phase or
the grain size. For that reason, although a high porosity was reported (11%), the
methods exhibited good agreement.
High temperature stability tests revealed a low mass gain, although higher than
that of W2Ti1La due to the larger amount of porosity that likely interconnected
pores and allowed a path for the oxygen to be introduced and accelerate the
oxidation.
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The TPB tests on smooth specimens (fig. 4.93) exhibited linear elastic
behaviour until fracture over the entire temperature range with the exception of
tests performed over 1273 K that showed ductility without specimen breakage.
The flexural strength values exceeded 400 MPa from 473 to 1073 K, the
temperature above which W4Ti1La exhibited an increase in thermal degradation.
The agreement between air and vacuum was not bad but was not as good as that
of W2Ti1La due to the increased porosity.

Fig. 4.93 TPB test results for the smooth specimens in air and under vacuum
for W4Ti1La compared with pure tungsten.

The TPB tests for SELNB specimens (fig. 4.94) exhibited an enhancement
compared with pure tungsten. However, results under vacuum were much lower
than those in air. This fact may be attributed to the blunting of the defects at
the notch tip because of the high thermal degradation and the oxygen diffusion
inward that is promoted by the high porosity.
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Fig. 4.94 TPB test results for the SELNB specimens in air and under vacuum
for W4Ti1La compared with pure tungsten.

The fracture surfaces (fig. 4.95) exhibited flat breakage with grain boundary
decohesion on the microscopic scale. The surfaces in air at 873 K revealed an oxide
scale that covered the tungsten grains. However, the titanium pools remained
unchanged. At higher temperatures the entire surface became degraded. Under
vacuum conditions, however, the same micromechanisms than persisted at low
temperature were maintained; cleavage was also observed in the coarse grains
regardless of composition.
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Fig. 4.95 Evolution of the fracture surfaces of W4Ti1La after TPB tests at
different temperatures.
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4.5.3.3

Effect of the addition of titanium and lanthana

The effect of the simultaneous addition of titanium and lanthana in the
microstructure is the grain size refinement. Although the grain size distribution was
not calculated with the EBSD measurements, the refinement of the microstructure
can be clearly seen in the micrographs (figs. 4.88 and 4.92) compared with pure
tungsten (fig. 4.1). The alloys are composed of titanium pools (most black patches),
tungsten grains with dispersed lanthanum and some cavities.
The porosity was reduced compared with pure tungsten in the case of the
W2Ti1La alloy, but it exhibited a significant increase in W4Ti1La, which is in
disagreement with the literature data. An increase in densification with increasing
titanium content was reported by Aguirre et al. (2011). Such an increase in the
porosity with titanium content cannot be correlated with W-Ti alloys because the
physical and micromechanical properties of the W-2 wt.% Ti (W2Ti) alloy have
not yet been reported. However, in comparison to previous results (table 4.8), the
influence of the addition of lanthana should be relevant since a high porosity (9.4%)
was reported for W1La alloys, and an almost negligible porosity was reported
for the W4Ti alloy (0.5%). The contradictory effects of both alloying elements
showed that while titanium led to an increase in the densification because it
featured complete solubility with tungsten at high temperature (fig. 1.11), the ODS
lanthana particles tended to produce less dense materials. Another possibility to
explain this anomalous behaviour is contamination during the fabrication process
,as in the case of the W4V0.5Y alloy.
A synergistic effect of the simultaneous addition of the alloying elements
in terms of the hardness was observed. V-Ti-La alloys, particularly W2Ti1La,
exhibited a significant increase in their hardness compared with the W4Ti and
W1La alloys. The hardness was nearly 14 GPa for W2Ti1La and approximately
9 GPa for W4Ti1La.
The TPB tests for smooth specimens revealed an enhanced flexural strength
for the W-Ti-La alloys that was pronounced for the W2Ti1La alloy. The flexural
strength exhibited values almost three times higher than that for pure tungsten
(fig. 4.96), reaching values above 600 MPa over the entire temperature range.
However, a decrease in the strength was also observed above 1273 K for both alloys,
the temperature at which the DBTT was observed. However, the best improvement
in these alloys is the good agreement between both atmospheres, particularly for
W2Ti1La. Such an effect was less noticeable in W4Ti1La because of the increase
in the porosity content that allowed oxygen to flow inwards into the alloy and
therefore blunt defects.
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W4Ti*

2.9

3.3

3.2
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9.4

0.3

0.1

0.6

20

6

W1La*

12.8

13.7

15.2

440

350

4.7

0.1

0.3

1.8

30

1

W2Ti1La

7.6

8.6

8.7

280

254

40

2

0.1

0.3

1.9

11.0

W4Ti1La

* Results of alloys produced by the same powder metallurgic route of MA and HIP that were previously reported in
Aguirre (2014) (W4Ti) and Palacios et al. (2013) (W1La).

H (GPa)

E (GPa)

porosity (%)

pure W

Table 4.8 Comparison of the physical and micromechanical properties of the previously reported W4Ti and W1La with
pure W, W2Ti1La and W4Ti1La.
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Similar alloys have been only rarely investigated. However, Aguirre et al.
(2010) have reported for W-Ti-Y2 O3 alloys processed by the same powder
metallurgical route an increase in the flexural strength with increasing content
of titanium. Nevertheless, these authors showed a decrease in the porosity with
increasing titanium content and a large grain size populations (i.e. over 20% of
the area was composed of grains of approximately 15 µm diameter).

Fig. 4.96 TPB test results for the smooth specimens in air and under vacuum
for W2Ti1La and W4Ti1La compared with pure tungsten.

The TPB tests results for SELNB specimens revealed an increase in the fracture
toughness (fig. 4.97). As in the case of smooth specimens the enhancement of
the properties was more pronounced for the W2Ti1La alloy since it possessed
higher densification. The agreement between atmospheres was not as good as in
the flexural strength tests. Even so, the values for W2Ti1La were more similar
than those for W4Ti1La. This alloy exhibited large differences particularly with
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increasing test temperature. Above all, the fracture toughness exceeded the
results for pure tungsten over the entire temperature range, reaching values over
p
8 MPa m for the W2Ti1La alloy around 1000 K. Aguirre et al. (2010) reported
more ductility, however, the results cannot be directly compared with the alloys
studied in this thesis since notches were introduced with the SENB-W method.
Furthermore, as was already demonstrated in chapter 3, the fracture toughness
was overestimated.

Fig. 4.97 TPB test results for the SELNB specimens in air and under vacuum
for W2Ti1La and W4Ti1La compared with pure tungsten.

The fracture surfaces exhibited flat breakage with intergranular decohesion
and some cleavage of the larger grains. Significant differences between the
micromechanisms of failure were not observed between the alloys.
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4.5.4

Effect of the alloying elements on the bulk-tungsten

The flexural strength in air (fig. 4.98) of the alloys exhibited similar tendency
over the entire temperature range with the exception of W2V0.5Y that exhibited
an unexpected decrease at 873 K that quickly recovered at 1073 K. The higher
flexural strength values were obtained for W2V0.5Y, which also exhibited a slight
decrease in the DBTT compared with pure tungsten. Although a significant
decrease in the values was observed above 1273 K, this findings may also occurred
in the rest of the materials. However, the tests were not performed because of the
large degree of degradation at such high temperatures.

Fig. 4.98 Flexural strength of bulk alloys as a function of temperature in air.
The open symbols and dashed-lines represent the ductile test results.
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The W4V0.5Y and W2Ti1La alloys demonstrated flexural strength values in
the range of that of W2V0.5Y, with the exception of tests performed at 1073 K.
The W1Y and W4Ti1La alloys exhibited lower values due to the high porosity
content that allowed for the inward transportation of oxygen into the alloy and
hence earlier degradation. In spite of which, the flexural strengths of W1Y and
W4Ti1La were higher than of pure tungsten.
The flexural strength values under high vacuum (fig. 4.99) exhibited similar
results than of tests in air, although slightly lower. The W2V0.5Y, W4V0.5Y
and W2Ti1La alloys had flexural strength values in the same range within the
standard error. W1Y and W4Ti1La yielded lower values but still higher than
those of pure W, as in the case of the tests in air.

Fig. 4.99 Flexural strength of bulk alloys as a function of temperature under
vacuum. The open symbols and dashed-lines represent the ductile test results.

140

Teresa Palacios Garcı́a

The TPB tests of the SELNB specimens performed in air (fig. 4.100) revealed
slightly improved fracture toughness for all of the alloys expect for W1Y.
This alloy exhibited even more brittle behaviour than pure tungsten at high
temperatures. W2V0.5Y and W2Ti1La, which exhibited higher densification
than W4V0.5Y and W4Ti1La, also exhibited slightly higher and more consistent
fracture toughness over the entire temperature range. In most of the cases,
however, the standard error ensured that the values overlapped.

Fig. 4.100 Fracture toughness of bulk alloys as a function of temperature in air.
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Although the results of the TPB tests under vacuum (fig. 4.101) exhibited a
significant dispersion, particularly for the W2V0.5Y alloy, the fracture toughness
values were more consistent than the results of the tests in air. In general, the
W2V0.5Y alloy exhibited the highest fracture toughness although its values were
very similar to those of W2Ti1La in most of the cases. The fracture toughnesses
of W4V0.5Y and W4Ti1La were lower than those of W2V0.5Y and W4Ti1La,
respectively. Finally, W1Y exhibited a brittleness in the range of pure tungsten
over the entire temperature range except for tests above 1073 K that revealed
improved fracture toughness behaviour.

Fig. 4.101 Fracture toughness of bulk alloys as a function of temperature under
vacuum.
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Tungsten Foils

This chapter describes a preliminary microstructural,
fractographical characterisation of annealed tungsten and
tungsten foils. The keen interest in these foils arises because
in pure tungsten foils of 0.1 mm thickness have been already
temperature [Reiser et al., 2012]. Therefore, the aim here is
knowledge of the properties to sinter tungsten laminates for
divertor applications.

mechanical and
potassium-doped
ductile behaviour
reported at room
to acquire broad
use in structural

For this reason, TPB and in situ tensile tests, in addition to Vickers and
Berkovich indentation tests, were performed at room temperature to determine
the mechanical properties of the tungsten and potassium-doped tungsten foils.
In addition, an analysis of the evolution of the microstructure with increasing
annealing temperature was performed. Finally, the fracture surfaces after the TPB
and tensile tests were analysed. Because these preliminary results in annealed
tungsten and potassium-doped tungsten foils of 0.2 mm thickness are promising,
further investigations should be conducted.
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5.1

Materials and samples

Technically pure tungsten (99.97% tungsten pure) and potassium
0.005 wt.% potassium-doped tungsten (hereafter referred to as WVM) are
displayed in this chapter. These commercially available materials were produced
by Plansee SE, Reutte (Austria) with a thickness of 100 and 200 µm for pure
tungsten and 215 µm for WVM following a powder metallurgical route of sintering
and subsequent hot and cold rolling with a high degree of deformation.
For both materials of approximately 200 µm thickness, some specimens were
cut into dimensions 10 15 mm2 with the longer side in the rolling direction (RD)
(fig. 5.1). These specimens subsequently underwent a heat treatment of annealing
at different temperatures: 1073, 1173, 1373, 1473, 1573, 1673, 1873, 2073, 2273,
2473 and 2673 K for 1 h in vacuum. The specimens of the materials as-received
and after the heat treatment were used to perform indentation and TPB tests.
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Fig. 5.1 Specimen dimensions of tungsten foils used to perform indentation and
TPB tests. The longer part of the specimen corresponds to the RD.

For pure tungsten foil of 100 µm thickness, some other specimens were cut into
dimensions 30 2 mm2 to perform the in situ tensile tests, as explained in detail
in chapter 3.

5.2

Microstructural characterisation

The microstructure of the pure tungsten and the WVM foils in the as-received
condition (fig. 5.2) is laminar with fine grains oriented along the RD as a result of
the high degree of deformation during the cold and hot rolling of the fabrication
process. Based on the analysis with the FE-SEM some slight differences can be
observed between the materials, however, both microstructures are similar.
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A preliminary study of the evolution of the microstructure with increasing
annealing temperature was performed using EBSD microanalysis. The goal was to
determine the temperature at which the microstructure of the materials starts the
recrystallisation, i.e. the nucleation of new grains. However, such a temperature
was not clearly determined and additional studies need to be conducted to verify
whether the foils experienced recrystallisation or just grain growth. Nevertheless,
the results of the EBSD assessment at three annealing conditions (1 h at 1173 K,
1 h at 1673 K and 1 h at 2473 K) that were analysed revealed the dissimilar
evolution of the microstructure for both materials.

5µm

5µm

Fig. 5.2 Cross-sections of the pure tungsten (top) and WVM (bottom) foils in
the as-received condition. The RD is from left to right.

The elongated grains displayed in the as-received condition for both materials
(fig. 5.2) progressively disappeared with increasing annealing temperature,
particularly for pure tungsten foils. After the EBSD analysis, a preferential
orientation of the grains was observed for both materials as a consequence of
the rolling during fabrication. At a relatively low annealing temperature (1 h at
1173 K), the microstructure of both foils (fig. 5.3) maintained its laminar structure
with elongated grains in the RD. However, the grains of the pure tungsten foil
looked slightly coarser than those in the WVM foil.
The differences between both materials became clearer with increasing
annealing temperature. The foils annealed for 1 h at 1673 K (fig. 5.4) showed an
obvious dissimilar evolution in microstructure although the preferential orientation
of the grains for both materials was still observed. The pure tungsten foil presented
polyhedral relatively coarse grains, whereas the WVM foil showed elongated
structure with fine grains, still preserved from the as-received condition.
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Fig. 5.3 EBSD cross-section of 0.2 mm pure tungsten (top) and WVM
(bottom) foils annealed 1 h at 1173 K. The x direction is the RD, y is
perpendicular to the RD and z is out of the plane.
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Fig. 5.4 EBSD cross-section of 0.2 mm pure tungsten (top) and WVM
(bottom) foils annealed 1 h at 1673 K. The x direction is the RD, y is
perpendicular to the RD and z is out of the plane.
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At higher annealing temperatures (2473 K for 1 h; fig. 5.5) a pronounced
difference between the materials was observed. The pure tungsten foil exhibited
coarse quasi-symmetric grains with dimensions almost as large as the thickness of
the foil. Meanwhile, the WVM foil showed finer microstructure with some grains
still elongated. No evidence of recrystallisation of the grains was observed since
the preferential orientation remained the same even for the annealing condition of
1 h at 2473 K. The results are in accordance with those of previous studies of pure
tungsten foils of 0.1 mm thickness processed by the same powder metallurgical
route [Reiser et al., 2012]. Grain growth was observed in pure tungsten foils but
no evidence of recrystallisation was found. Meanwhile, WVM foils preserved their
microstructural features from the fabrication process such as elongated grains.
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Fig. 5.5 EBSD cross-section of 0.2 mm pure tungsten (top) and WVM
(bottom) foils annealed 1 h at 2473 K. The x direction is the RD, y is
perpendicular to the RD and z is out of the plane.

Even though the preferential orientation of the grains could not be observed in
the optical micrographs of the cross-sections (fig. 5.6), the dissimilar evolution of
the microstructure with increasing annealing temperature from 1873 to 2673 K was
revealed. The differences between both materials were easily identified. The foils
annealed at 1873 K for 1 h showed completely equiaxial tungsten grains for the pure
tungsten foil, whereas the elongated structure of the grains was still maintained
for the WVM foil. With increasing temperature the divergence between the
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microstructures became larger. And finally, at the most severe annealing condition
(2673 K for 1 h), the pure tungsten foil was composed of quasi-single crystals
because its grain growth was so large that grains covered the entire thickness of
the foil. Meanwhile, the foil that had a with small addition of potassium showed a
stabilised microstructure, and the WVM foil annealed 1 h at 2673 K still showed
some elongated structure along its cross-section.
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Fig. 5.6 Optical micrographs of the evolution of microstructure with increasing
annealing temperature for pure tungsten (left) and WVM (right) foils. The RD
is from left to right.

5.3
5.3.1

Mechanical characterisation
Indentation tests

The hardness of the foils was measured using Vickers microindentations and
Berkovich nanoindentation tests, as explained in chapter 2. For each material and
annealing temperature at least six measurements were conducted.
The hardness of both materials displayed a similar tendency for the two
indentation methods (fig. 5.7). However, higher results were obtained for the
nanoindentations tests. Size effect was not expected to occur because both loads
were similar (0.6 N and 0.98 N for Vickers and Berkovich, respectively), however,
the higher nanoindentation results were influenced by the different approach used
for the calculation. With the Berkovich tip the contact area of the indentation
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was deduced from the penetration depth under the maximum load. Meanwhile,
for the Vickers tip the contact area was not determined directly, but the diagonals
of the indentation mark were optically measured after unloading and therefore
the elastic recovery was not considered.

Fig. 5.7 Vickers microhardness (HV ) and Berkovich nanohardness (nH) for the
tungsten and WVM foils after annealing for 1 h. The standard error for each
test is also shown but is too small to be seen in some cases.

The evolution of the hardness was similar for both indentation methods, it was
separated into three different regimes:
In the as-received condition, pure tungsten and WVM foils have the same
hardness. It remains nearly constant for foils annealed for 1 h at 1073 K
although a small decrease can be observed in some cases.
With increasing annealing temperature (above 1073 K for 1 h), both
materials experiment a strong decrease in hardness. The reduction of the
hardness is more pronounced in the tungsten than in the WVM foil and
occurs at lower annealing temperatures in the case of pure tungsten foil. This
slight hardening of the WVM foil is similar to that observed in tungsten foils
of 100 µm thickness [Reiser et al., 2012].
At higher temperatures, the hardness stabilises and remains nearly constant
with an almost asymptotic behaviour.
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5.3.2

Microtensile tests

In situ tensile tests (performed inside a FE-SEM) for pure tungsten foils of
0.1 mm thickness in the as-received condition were performed using two different
geometries as explained in the corresponding section of chapter 3.
Despite the complication of introducing the femtosecond laser notches due
to the slenderness of the specimens, the samples with double-edge notches were
almost symmetric. A small difference in the alignment of the notches at both
sides of the specimen was observed, however, the misalignment was approximately
50 µm (fig. 5.8) over a width of 20 mm, which had a negligible influence on the
results.

200μm

Fig. 5.8 FE-SEM image of the double-edge notched specimen before tensile test.

The tensile test performed with the double-edge notched specimens showed
more consistent force-displacement data (fig. 5.9). Even so, the tests were not
stable. Using the appropriate formulas from Tada et al. (2000) a breathtaking
p
fracture toughness of 51
2 MPa m was obtained, which is almost ten times
that for bulk-tungsten materials.
The fracture surfaces after the tensile tests (fig. 5.10) clearly showed
delamination of layers of tungsten grains, as in the case of macroscopic tensile test
performed by Reiser et al. (2013b). Based on this fracture surface examination,
it was also observed that the notch tip was not straight, it needed to be
improved. Due to this issue, notch lengths were not measure from the top view
of the specimens (fig.5.8) but instead from the fracture surfaces (fig. 5.10). The
notch length was shorter in the centre of the foil and larger on both surfaces,
therefore, the mean value of both measurements was used in the fracture toughness
calculations.
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Fig. 5.9 Force-displacement curves for in situ tensile tests of double-edge
notched specimens.

Fig. 5.10 Fracture surface after in situ tensile tests of double-edge notched
specimen.
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To facilitate the sample preparation, single-edge notched specimens were
produced. The introduction of a femtosecond laser notch in the middle of one of
the sides of the specimen is a much easier, cheaper and quicker task than aligning
both notches. The results of the force-displacement data (fig. 5.11), however,
revealed inconsistent results and maximum force with lower values than those of
p
the double-edge notched specimens. A fracture toughness of 39 1 MPa m was
obtained using the appropriate formulas from Tada et al. (2000).

Fig. 5.11 Force-displacement curves for in situ tensile tests of single-edge
notched specimens.

During the video recording of the tensile test inside the FE-SEM, the sample
was moving in more directions than the traction axis. This geometry therefore, was
not suitable since the slenderness and the non-symmetric geometry of the specimen
resulted in complex stresses and momentum apart from the uniaxial tensile being
applied to the sample. As a result, the fracture toughness could not be computed
using the formulas for uniaxial tensile tests. Therefore, despite the complexity of
introducing two notches, the use of the double-edge notched specimens is required
to measure the fracture toughness of the foils.
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5.3.3

Three-point bending tests

TPB tests were performed on the pure tungsten and WVM foils of 0.2 mm
thickness at room temperature. The macroscopic analysis of the specimens after
testing did not reveal any non-lineal propagation of cracks in the foils (fig. 5.12).
The TPB tests on the tungsten foils yielded evidence of brittle behaviour at all
temperatures, however, in the as-received condition and after annealing for 1 h
at 1073 K the specimens did not completely break but instead delaminated. In
contrast, the WVM foils were completely ductile in their as-received condition;
after annealing for 1 h at 1073 K they exhibited brittle behaviour but did not
break during the TPB tests. Delamination of the WVM foils was observed after
the TPB tests over almost the entire temperature range.
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Fig. 5.12 Foils status after TPB tests for pure tungsten (top) and WVM
(bottom) foils.

5.3.4

Fracture surfaces after the TPB tests

The fracture surfaces after the TPB tests at room temperature showed many
differences between the materials, consistent with the mechanical tests. However,
after annealing for 1 h at 1273 K, both materials exhibited similar surfaces with
intergranular fracture by grain decohesion and some transgranular fracture of their
larger grains, particularly in the WVM foil. The laminar structure with fine grains
was still observed (fig. 5.13). Additionally, the WVM foil showed delamination in
the fracture surface produced during the TPB tests (fig. 5.13, right).
With increasing annealing temperature to 1373 K (fig. 5.14), the tungsten
foil experimented grain growth, although it still preserved some of its elongated
structure from the deformation process during fabrication. In contrast, the WVM
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foil experienced very pronounced elongated structures along the RD and no signs
of grain growth.

5µm

5µm

Fig. 5.13 Fracture surfaces of tungsten (left) and WVM (right) foils after the
TPB tests of specimens annealed at 1273 K for 1h.

5µm

5µm

Fig. 5.14 Fracture surfaces of tungsten (left) and WVM (right) foils after the
TPB tests of specimens annealed at 1373 K for 1h.

The fracture surfaces of the specimens annealed at 1473 K for 1 h showed
a pronounced difference between the materials (fig. 5.15). The WVM foil still
preserved a similar appearance to the as-received condition with elongated
grains and laminar structure; it showed mainly transgranular fracture. The pure
tungsten foil, on the other hand, exhibited coarse polyhedral grains with mainly
intergranular fracture by grain boundary decohesion and cleavage in some grains.
These differences are in agreement with findings of other mechanical properties
such as hardness (fig. 5.7) in which a significant discrepancy in the results was
obtained for samples annealed for 1 h at 1673 K.
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Fig. 5.15 Fracture surfaces of tungsten (left) and WVM (right) foils after the
TPB tests of specimens annealed at 1473 K for 1h.

The tendency of grain growth in the pure tungsten foils and the still
laminar structure in WVM foils became more evident with increasing annealing
temperature. It can be observed the pronounced contrast between materials
annealed for 1 h at 1573 K (fig. 5.16) and 1 h at 1676 K (fig. 5.17). An even larger
contrast was found for materials annealed for 1 h at 1873 K (fig. 5.18). Such
evolution is in accordance with the optical micrographs shown previously (fig. 5.6)
and the EBSD microanalysis data (fig. 5.5) at higher annealing temperatures.
The fracture surfaces of the pure tungsten foils showed coarse grains with
intergranular fracture between grain boundaries. On the contrary, the fracture
surfaces of the WVM foils exhibited smaller grains with some elongated structure
and transgranular fracture of the larger grains for all temperatures.

5µm
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Fig. 5.16 Fracture surfaces of tungsten (left) and WVM (right) foils after the
TPB tests of specimens annealed at 1573 K for 1h.
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5µm
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Fig. 5.17 Fracture surfaces of tungsten (left) and WVM (right) foils after the
TPB tests of specimens annealed at 1673 K for 1h.

20µm

Fig. 5.18 Fracture surfaces of tungsten (left) and WVM (right) foils after the
TPB tests of specimens annealed at 1873 K for 1h.
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Perspectives

6.1

Conclusions

Throughout this work the microstructural, mechanical and fractographical
properties of pure tungsten, potassium-doped tungsten and tungsten-based alloys
were characterised. These materials were produced by diverse powder metallurgical
routes with the aim of improving the inherent brittleness of tungsten for its use
in future fusion power reactors. In particular, these materials will be used in the
divertor of reactors, where they will directly face the plasma. For that reason,
materials with very demanding properties are required to withstand with the
extreme conditions that will occur within a reactor. Tungsten, due to its excellent
thermo-mechanical properties, is a suitable candidate. However, to fit with the
OTW of the divertor its DBTT needs to be decreased.
Many experimental techniques have been used to provide a reliable physical
and mechanical characterisation of each material. Some of these techniques have
been widely used such as TPB or nanoindentation tests; others have been specially
developed and implemented as a part of this PhD thesis. The new methods, which
are mainly focused on fracture toughness measurements, were required because of
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the small size of the specimens and the brittleness and fine grain microstructure
of the materials.
The first type of materials studied were bulk-tungsten alloys produced by
MA and HIP with different compositions: W1Y, W2V0.5Y, W4V0.5Y, W2Ti1La
and W4Ti1La. These materials were characterised from 77 to 1473 K in air and
under vacuum atmospheres. In general, it was observed that with the addition
of alloying elements the materials preserved the inherent brittleness of pure
tungsten, although some of these elements yielded other improvements to the
alloy. Because the addition of alloying elements did not lower the DBTT of the
bulk-tungsten materials, another strategy to ductilise tungsten was also studied:
pure and potassium-doped tungsten foils produced by sintering that will be used
to sinter a laminate. These foils underwent a high degree of deformation during
fabrication to produce an anisotropic microstructure and an annealing at different
temperatures from 1173 to 2673 K. The preliminary results are very promising,
however additional investigation is necessary.
The most relevant contributions obtained from the development and the
successful implementation of the characterisation techniques as well as from the
study of the tungsten materials (bulk and foil) in this thesis are listed in the
following sections.

6.1.1

Experimental methods

Diverse techniques on the nano, micro and macro scale were used to analyse the
microstructural and mechanical behaviour of tungsten-based materials. This way it
was possible to correlate the macroscopic behaviour with the micromechanisms of
failure involved. The most remarkable contributions to the experimental techniques
are:
A novel technique to introduce sharp V-notches into brittle metals; this
technique has hitherto only been used for ceramics. The obtained SEVNB
specimens accurately measure the fracture toughness of brittle materials
with grain size larger than 5 µm. However, the fracture toughness of the
nanostructure materials is overestimated by approximately 20%.
A technique that uses a femtosecond laser to machine ultra-sharp notches
(SELNB) on specimens. This new technique is able to introduce a notch
root radius of roughly the same size as a real crack into brittle metals. It
definitively solves the problem of introducing a notch into brittle metals
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without overestimating the fracture toughness results since it was proved to
determine the real fracture toughness values.
The fracture toughness of 0.1 mm thickness tungsten foils was measured
by in situ tensile tests with FE-SEM. Despite the challenge of introducing
two symmetric laser notches on both sides of the foil, it was proved that
the single-edge notched specimen geometry does not yield the real fracture
toughness. The slenderness and non-symmetric geometry of the specimens
produce non-uniaxial tensile tests and inaccurate fracture toughness values.

6.1.2

Bulk-tungsten alloys

The main effects of the different alloying elements (Y2 O3 , V+Y2 O3 , Ti+La2 O3 )
on the microstructure and mechanical behaviour of the bulk-tungsten alloys that
were studied are listed below. The results were compared with the pure tungsten
material processed by the same power metallurgical route.

6.1.2.1

Influence of the addition of yttria

The addition of 1 wt.% Y2 O3 to pure tungsten does not provide a large
enhancement in the mechanical properties. However, it stabilises the high
temperature behaviour of the alloy. Compared with previously reported materials
an improved high temperature oxidation resistance with increasing yttria content
was observed. Even so, the addition of yttria results in a reduced strength and
ductility. The main conclusions for the W1Y alloy can be drawn as follows:
The microstructure remains mainly the same as for pure tungsten: coarse
polyhedral grains in the order of 1 µm sized with intergranular porosity.
Although yttrium is mainly located at the grain boundaries of the tungsten
grains, some rounded Y-rich particles are also observed.
The TPB test results of the smooth and SELNB specimens do not
significantly improve as a consequence of the increased porosity. However,
a slight enhancement in the flexural strength and fracture toughness was
observed at high temperatures. The DBTT is of the same order as that
of pure tungsten, and the W1Y alloy shows linear elastic behaviour until
fracture in almost the entire temperature range that was studied.
The fracture surfaces show flat breakage in a plane perpendicular to the
maximum traction stress without plastic deformation, which is in accordance
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with the TPB tests. They show brittle fracture with grain boundary
decohesion. Degradation of the surfaces after tests in air is reduced because
of the formation of yttrium oxide structures.
The main contribution of the addition of yttria is an anti-oxidation effect that
stabilises the microstructure at high temperatures. Y-rich particles prevent
the superficial degradation of the alloy and, in turn, the mass gain.
Consequently, the addition of yttria as an alloying element in tungsten-based
alloys is appropriate because it stabilises the microstructure at high temperatures
in oxidising atmospheres. Nevertheless, it should be used in combination with
other alloying elements than can considerably enhance the mechanical properties
and lower the DBTT.

6.1.2.2

Influence of the addition of vanadium and yttria

The simultaneous addition of (2 or 4 wt.%) V and 0.5 wt.% Y2 O3 to pure tungsten
produces grain refinement. However, an increase in the vanadium content does
not yield an enhancement in the mechanical properties. The main conclusions for
W-V-Y2 O3 alloys can be drawn as follows:
The microstructure is highly refined to a mean grain size of 200 nm or below
for both alloys with higher populations of fine grains for W4V0.5Y. Although
successful alloying was achieved between tungsten and vanadium by MA
and HIP, vanadium microsegregation in the intergranular pores was observed
after the sintering. This microsegregation leads to the formation of vanadium
pools that fill the pores between the grains and produce high densification.
Although only 2.6% porosity is observed for the W2V0.5Y alloy, W4V0.5Y
exhibits a surprisingly larger porosity (5.4%).
A synergistic effect of both alloying elements results in hardness values of
approximately 12 GPa, significantly higher than previously reported alloys
produced by the same route but also by SPS.
The TPB test results on the smooth specimens for W2V0.5Y yield a flexural
strength three times higher than that of pure tungsten in both atmospheres
with a maximum at 1073 K of 1 GPa in air and slightly lower for W4V0.5Y.
The results for the SELNB specimens show fracture toughness two times
higher than that of pure tungsten. The DBTT slightly improves compared
with pure tungsten; ductile behaviour for both alloys was observed above
1073 K in air.
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The fracture surfaces exhibits flat breakage mainly produced by grain
boundary decohesion and some coarse grains with transgranular fracture
due to cleavage of the coarser grains.
The alloys exhibit high mass gain and superficial oxidation above 1073 K
particularly for W4V0.5Y due to the increasing porosity that allows for the
inward propagation of oxygen.
Therefore, vanadium should be considered as an alloying element because it
promotes an improvement in mechanical properties. However, its content should
be carefully chosen since an increase in the vanadium content does not enhance
the behaviour of the alloy but increases its porosity. The combined addition
of vanadium with yttria nanoparticles should also provide protection against
oxidation, however the addition of 0.5 wt.% Y2 O3 is not sufficient.

6.1.2.3

Influence of the addition of titanium and lanthana

The simultaneous addition of (2 or 4 wt.%) Ti and 1 wt.% La2 O3 to pure tungsten
produces grain refinement and a good agreement between the TPB test results in
both atmospheres. The main conclusions for W-Ti-La2 O3 alloys can be drawn as
follows:
The microstructure is highly refined. It is composed of titanium pools
produced by the segregation of titanium in the intergranular pores, tungsten
grains and lanthanum dispersion. Although the porosity of W2Ti1La
decreases compared with pure tungsten, it strongly increases with increasing
titanium content to 11% for W4Ti1La.
A synergistic effect of both alloying elements is observed, particularly for
W2Ti1La with hardness values around 14 GPa.
The TPB test results of the smooth specimens enhance the flexural strength,
particularly for W2Ti1La in which the results are three times higher than
that of pure tungsten. Good agreement in the results for both atmospheres
was recorded, however the flexural strength yields a strong degradation above
1273 K. The TPB test results on the SELNB specimens also show an increase
in the fracture toughness that was higher for W2Ti1La since it also features
a higher densification. The DBTT of the W-Ti-La2 O3 alloys is of the same
order as that of pure tungsten.
The fracture surfaces show flat breakage with intergranular decohesion and
some transgranular fracture by cleavage in the coarse grains.
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The alloys exhibit low mass gain or even mass loss even at 1273 K with small
oxide scales. Therefore, the consistent results in both atmospheres are due
to strong protection against oxidation.
In summary, the addition of titanium improves the fracture behaviour.
However, an increase in the titanium content does not increase the mechanical
properties since they yield lower values than that of the W-V-Y2 O3 alloys. A good
agreement between results in air and under vacuum is exhibited, which means that
oxidation does not strongly degrade the alloys.
Since the porosity of the alloys is higher than that of the W-V-Y2 O3 alloys and
the oxidation is highly reduced, the addition of lanthana should contribute to the
oxide protection in a stronger manner than the addition of yttria.

6.1.3

Tungsten foils

The influence of the 0.005% potassium doping and the annealing temperature
on the microstructure and mechanical behaviour of tungsten foils processed by
sintering and hot and cold rolling (0.2 mm thickness) can be summarised as follows:
Vickers microhardness shows a slight enhancement that is more visible
in foils annealed at 1073 K for 1 h. This enhancement becomes more
pronounced at 1673 K for 1 h with an increase of 15%. This difference
was also observed during the analysis of the fracture surfaces: tungsten foil
exhibits coarse recrystallised grains with mostly intergranular decohesion
of grain boundaries, while WVM foil preserves its laminar structure and
transgranular fracture over most of its surface.
The analysis of the samples after the TPB tests shows that tungsten foils
are brittle, but WVM foils are ductile in the as-received condition and that
most of the samples tested did not break during testing but delaminated.
This delamination was also observed in the analysis of the fracture surfaces.
As observed in the optical and scanning electron micrographs, tungsten foil
exhibits grain growth from foils annealed at 1273 K for 1 h. From 1473 to
2673 K tungsten foils exhibit increasing grain growth and disappearance of
elongated structure. In contrast, although WVM foils exhibit grain growth
at higher temperatures, they preserve their laminar microstructure even at
annealing conditions of 2673 K for 1 h.
Therefore, potassium-doped tungsten foil should be preferred to technically
pure tungsten because it prevents grain growth and helps to preserve fine
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and elongated structure. Further studies with thinner foils (0.1 mm thickness)
should be performed since it is very likely that this higher degree of cold work
could improve the interlocked microstructure of potassium bubbles and therefore
enhance the mechanical properties.
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6.2

Perspectives

Bulk-tungsten materials do not enhance the DBTT. As a result, the
characterisation of alloys with increased strength and lower DBTT (e.g.
self-passivating tungsten-based alloys produced by different powder metallurgical
routes) is planned. Tungsten foils, however, show promising results and several
studies are planned to continue with the present work:
The geometry of the foils to perform in situ tensile tests on tungsten foils
should be improved. Since it is not possible to use single-edge notched
specimens for a precise fracture toughness measurement, the fabrication of
double-edge notched specimens needs to be slightly enhanced. A device to
produce more symmetric laser notches on the specimens has been already
designed, and more accurate results for testing inside FE-SEM are expected.
Once the experimental procedure for fracture toughness measurements is
settled, tests inside the FE-SEM can be performed at high temperatures (up
to 1073 K).
Extend the in situ tensile tests to TPB specimens of smooth specimens to
measure the strength of the foils.
Study the microstructure of the annealed foils to determine whether there
is recrystallisation of the tungsten grains or only grain growth. Analyse the
grain size evolution and the texture of the rolled and annealed foils using
EBSD microanalysis.
Perform an in situ study of the evolution of the microstructure with
increasing temperature using a heating plate inside the FE-SEM.
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E. Tejado, A. Muñoz, P. A. Carvalho, M. Dias, U. Correia, J Band Mardolcar,
and J. Y. Pastor. The effects of tantalum addition on the microtexture and
mechanical behaviour of tungsten for iter applications. Journal of Nuclear
Materials, 2015. Under Review.
S. Timoshenko. Strength Of Materials. D. Van Nostrand Company, third edition,
1955.
M. Turon-Vinas and M. Anglada. Assessment in Si3N4 of a new method for
determining the fracture toughness from a surface notch micro-machined by
ultra-short pulsed laser ablation. Journal of the European Ceramic Society,
Jan. 2015. ISSN 09552219. doi: 10.1016/j.jeurceramsoc.2014.12.024.
R. Ulick. The Corrosion and Oxidation of Metals. Edward Arnold Ltd., London,
1976.
L. Veleva. Contribution to the Production and Characterization of W-Y, W-Y2 O3
and W-TiC Materials for Fusion Reactors. PhD thesis, École Polythecnique
Fédérale de Lausanne, 2011.
L. Veleva, Z. Oksiuta, U. Vogt, and N. Baluc. Sintering and characterization
of W–Y and W–Y2 O3 materials. Fusion Engineering and Design, 84(7-11):
1920–1924, June 2009. ISSN 09203796. doi: 10.1016/j.fusengdes.2008.12.001.
J. Wang, W. M. Rainforth, I. Wadsworth, and R. Stevens. The effects of notch
width on the SENB toughness for oxide ceramics. Journal of the European
Ceramic Society, 10:21–31, 1992.
Q. X. Wang, X. H. Wang, Y. Yang, and Z. K. Fan. Preparation of W-15 wt%Ti
prealloyed powders. Int. J. Refract. Met. Hard Mater., 27(5):847–851, 2009.
ISSN 02634368. doi: 10.1016/j.ijrmhm.2009.03.004.
W. W. Webb, J. T. Norton, and C. Wagner. Oxidation of Tungsten. Journal of
The Electrochemical Society, 103(2):107, 1956. ISSN 00134651. doi: 10.1149/1.
2430238.
xii

Teresa Palacios Garcı́a

A. J. Wilkinson and T. B. Britton. Strains, planes, and EBSD in materials
science. Materials Today, 15(9):366–376, sep 2012. ISSN 13697021. doi:
10.1016/S1369-7021(12)70163-3.
S. Wurster, B. Gludovatz, and R. Pippan. High temperature fracture experiments
on tungsten-rhenium alloys. International Journal of Refractory Metals and
Hard Materials, 28:692–697, 2010. ISSN 02634368. doi: 10.1016/j.ijrmhm.2010.
03.002.
S. Wurster, B. Gludovatz, A. Hoffmann, and R. Pippan. Fracture behaviour of
tungsten–vanadium and tungsten–tantalum alloys and composites. Journal of
Nuclear Materials, 413(3):166–176, June 2011. ISSN 00223115. doi: 10.1016/j.
jnucmat.2011.04.025.
A. Xu, C. Beck, D. E. Armstrong, K. Rajan, G. D. Smith, P. A.J. Bagot, and
S. G. Roberts. Ion-irradiation-induced clustering in W–Re and W–Re–Os
alloys: A comparative study using atom probe tomography and nanoindentation
measurements. Acta Materialia, 87:121–127, 2015. ISSN 13596454. doi:
10.1016/j.actamat.2014.12.049.
O. Yeheskel and O. Tevet. Elastic moduli of transparent yttria. Journal of the
American Ceramic Society, 82:136–144, 1999.
Zeiss. Auriga Series Brochure. Carl Zeiss Microscopy GmbH, Germany, 2012.
www.zeiss.com/microscopy.
W. Zhao, P. Rao, and Z. Ling. A new method for the preparation of ultra-sharp
V-notches to measure fracture toughness in ceramics. Journal of the European
Ceramic Society, 34(15):4059–4062, Dec. 2014. ISSN 09552219. doi: 10.1016/j.
jeurceramsoc.2014.05.021.

xiii

List of Publications

Main author:
T. Palacios and J.Y. Pastor. Influence of the notch root radius on the fracture
toughness of brittle metals: Nanostructure tungsten alloy, a case study.
International Journal of Refractory Metals and Hard Materials 52:44-49,
2015. ISSN 02634368. doi: 10.1016/j.ijrmhm.2015.
T. Palacios, J. Reiser, J. Hoffmann, M. Rieth, A. Hoffmann, J.Y.
Pastor. Microstructural and mechanical characterization of annealed
tungsten (W) and potassium-doped tungsten foils. International Journal of
Refractory Metals and Hard Materials 48:145-149, 2015. ISSN 02634368. doi:
10.1016/j.ijrmhm.2014.09.005.
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