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Abstract: W and W alloys are currently considered promising candidates for plasma facing components in future fusion reactors but most of the 
information on their mechanical properties at elevated temperature was obtained in the 1960s and 1970s. In this investigation, the strength and 
toughness of novel Y2O3 doped W Ti alloys manufactured by powder metallurgy were measured from 25 �C up to 1000 �C in lab oratory air and the 
corresponding deformation and failure micromechanisms were ascertained from anal yses of the fracture surfaces. Although the materials were fairly 
brittle at ambient temperature, the strength and toughness increased with temperature and Ti content up to 600 � C. Beyond this tempera ture, 
oxidation impaired the mechanical properties but the presence of Y2O3 enhanced the strength and toughness retention up to 800 �C.

1. Introduction

The design of future fusion reactors demands the availability of
plasma facing components (PFCs) fabricated with materials that
can withstand extreme conditions of temperature, irradiation and
thermal stresses. These plasma facing materials (PFMs) have to
present high melting temperature, good thermal conductivity,
thermal shock resistance, minimal tritium retention, low sputter
ing and erosion rates and, furthermore, be resistant to damage in
duced by fusion neutrons. W has all these properties and is being
considered as potential PFM.

Experiments carried out with W coated PFCs in ASDEX Upgrade 
have demonstrated the viability of W as a PFM and its advantages 
for high heat flux components under plasma operation in steady 
state conditions [1 3], though the use of W in structural applica
tions is limited because of its high ductile brittle transition tem
perature (DBTT) and poor ductility. However, pure W and some 
oxide dispersed strengthened W alloys, such as W 1%La2O3 (WL10) 
or K doped alloys (WVM), have been envisaged as poten tial 
structural materials in the modular He cooled divertor concept of 
the near term demonstration reactor DEMO [4]. The operating 
temperature window (OTW) for these materials appears to be 
presently established between 800 �C and 1200 �C according to the 
reported values for their DBTT and recrystallization tempera ture 
(RCT) [4 6]. The required OTW for the structural materials

of the thimble and cooling unit of a modular He cooled divertor
should be between 600 �C and 1300 �C, at least [4]. Subsequently,
a requirement of the divertor design is the development of W al
loys having DBTT values somewhat below 600 �C and RCT around
1300 �C.

The first studies on the mechanical behavior of W and W alloys at 
high temperature were published around 1960. They were de voted 
to analyze the evolution of mechanical properties (mainly yield 
strength and ductility) with temperature and in the determi nation 
of the parameters that control the DBTT [7 11]. The recent interest 
in these materials for fusion reactors has led to the explo ration of 
new ways to improve these properties. For instance, it has been 
shown that La2O3 dispersion or Al K Si doping can signifi cantly 
improve the mechanical strength and the RCT of W, but it appears 
that the DBTT cannot be lowered this way [6,12 14]. Y2O3 additions 
strengthen W and increase its creep resistance [15,16] and it has 
recently been reported that Y2O3 doped W pro duced by powder 
metallurgy (PM) and consolidated by hot iso static pressing (HIP) 
achieves certain ductility at 400 �C [17]. I n  addition, this Y2O3

doped W presented enhanced mechanical properties and a 
remarkable oxidation resistance at high tempera tures, in 
comparison to W produced by the same procedure [17].

After rejecting the W Re alloys for economic and practical
reasons, it has been put forward that sintered W heavy alloys
(WHA) might fulfill the requirements of the current divertor de
signs. In particular, W (3 5)%Ni (1 2)%Fe alloys have been pro
posed [6]. Nevertheless, other WHAs, for instance W Ti and W V,
might exhibitmore suitable characteristics for divertor applications
because they would have less induced activation and, in all likeli
hood, a higher melting point and more favorable microstructure.

* Corresponding author at: Departamento de Ciencia de Materiales & CISDEM,
Universidad Politécnica de Madrid. E. T. S. de Ingenieros de Caminos, 28040 Madrid,
Spain.

E-mail address: jllorca@mater.upm.es (J. LLorca).

1



In particular, the bonding by means of a Ti interlayer between the 
thermal armor of sintered W and a thimble made of W Ti would be 
expected to be more effective than in the case of a WL10 thimble. 
The bonding between sintered W and WL10 appears to be success
fully accomplished using a Ti interlayer [18]. The mechanical 
behavior of W 4%Ti in the range 25 1000 � C has been reported 
else where [17]. This alloy exhibited enhanced strength and brittle 
behavior up to 1000 �C. The extensive oxidation observed in the 
tested samples of this alloy was responsible for the degradation of 
the strength and toughness at high temperature. A Y2O3 dispersion, 
apart from strengthening the matrix and inhibiting grain growth, 
enhances oxidation resistance. In particular, it has been found that 
0.5 wt.% Y2O3 addition remarkably enhances the oxidation resis
tance of PM W [17,19]. Accordingly, it should be expected that Y2O3 

addition contributes to improving the mechanical behavior of W Ti 
heavy alloys. Following these ideas, this work was aimed at 
investigating the mechanical behavior and fracture characteris tics 
of PM W 2%Ti 0.5%Y2O3 and W 4%Ti 0.5%Y2O3 in the temper
ature range 25 1000 �C. It was decided to test in air to check the 
benefits provided by the inhibition of oxidation due to Y2O3 at very 
high temperature (>600 � C). Tests in vacuum are planned in the 
near future.

2. Materials and experimental methods

2.1. Materials

Two tungsten alloys with compositions W 2 wt.% Ti 0.50 wt.%
Y2O3 and W 4 wt.% Ti 0.50 wt.% Y2O3 were studied. The starting
powders were 99.9% pure W and 99.8% pure Ti with an average
particle size of 14 and 20 lm, respectively, and nanometric parti

cles of 99.5% pure monoclinic Y2O3 with sizes between 10 nm
and 50 nm. The powder blends with the target compositions were
milled inside a WC vessel sealed under a high purity Ar atmo
sphere, for 2 h in a high energy planetary mill using WC balls of
10 mm in diameter as grinding media. The milled powders were
introduced in stainless steel cans and degassed at 400 �C for 24 h
and then the cans were vacuum sealed. The starting powders, as
well as the blends and milled powders, were handled in each step
of the procedure under a high purity Ar atmosphere using a glove
box.

Cylindrical billets of 30 mm in diameter and 50 mm in length
were obtained after consolidation by hot isostatic pressing at
195 MPa in two stages: the first one at 1277 �C for 2 h and the
second one at 1700 �C for 30 min [4]. It should be noted that the

(a)

(b)

Fig. 1. Scanning electron micrographs of a polished section of (a) W–2Ti–0.5Y2O3

and (b) W–4Ti–0.5Y2O3 showing the details of the microstructure. W grains are
light grey, a-Ti pools are black and Ti(W) solid solutions are dark grey.

(a)

(b)

(c)

Fig. 2. Secondary electron images of W–4Ti–0.5Y2O3 and EBSD patterns from the
regions indicated in the images. The EBSD patterns match the phases (a) W, (b) a-Ti
and (c) b-Ti(W).
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temperature of the second stage exceeded the melting point of Ti.
Prismatic bars (nominal dimensions 2 � 2 � 25 mm3) were pre
pared by refrigerated electro discharge machining. They were an
nealed at 1000 �C for 1 h in a vacuum in order to remove
residual stresses introduced during machining.

2.2. Experimental methods

The density of the samples was measured using Archimedes’
immersion method with high purity ethanol. Vickers hardness
was measured following the procedure indicated in ASTM standard
384 89 using loads of 9.8 and 98 N for 12 s.

Three point bending tests were carried out on smooth and
notched prismatic bars in a universal electromechanical testing
machine. The bars were tested until fracture in a ceramic three
point bending fixture at different temperatures in the range 25
1000 �C in ambient atmosphere. The loading spans were 16 mm
and 12 mm, respectively, for the tests on smooth and notched bars
and the cross section was always 2 � 2 mm2. Samples for fracture
toughness tests were notched (not precracked) with a diamond
saw. The notch depth was 400 lm and the notch tip radius was
approximately 150 lm.

The bending fixture, connected to the actuator and the frame of
the testing machine by ceramic bars, was placed in a high temper
ature furnace to carry out the tests. The specimens were heated at
50 �C/min and held at the test temperature for 15 min before test
ing. All mechanical tests were performed under stroke control at

100 lm/min. Load and displacement of the load point were contin
uously monitored during testing by means of a load cell and a lin
ear variable differential transformer induction transducer,
respectively. Three to five samples were tested for each material,
temperature and type of bar (smooth or notched).

(a)

(b)

Fig. 3. Scanning electron micrograph of a polished section of the W–4Ti–0.5Y2O3
alloy showing the size and distribution of Y-oxide inclusions. (a) Secondary
electrons image. (b) Mapping of W (blue) and Y (green) in the selected area of (a).
The dark region corresponds to Ti. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
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Fig. 4. Size distribution of the W grains.

Table 1
Vickers hardness.

Alloy HV (GPa) (9.8 N) HV (GPa) (98 N)

W ([15]) 2.85 ± 0.10
W–4Ti ([12]) – 4.47 ± 0.03
W–4Ti–0.5Y2O3 3.55 ± 0.02 3.82 ± 0.01
W–2Ti–0.5Y2O3 3.14 ± 0.07 3.12 ± 0.04
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Fig. 5. Bending strength of the W–4Ti, W–2Ti–0.5Y2O3 and W–4Ti–0.5Y2O3 alloys
tested in three-point bending as a function of temperature. The error bars
correspond to the standard deviation of the experimental data.
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The fracture surfaces of tested samples were analyzed in a scan
ning electron microscope. The analysis of the fracture surfaces was,
however, hindered in the samples tested at 600 �C and above by the

presence of an oxide layer. Thus, the broken specimens were cut
through the middle and the cross sections were mounted in epoxy
resin and polished on SiC paper to 1000 grit finish and then on a
diamond slurry, up to 1 lm. The polishing process finished on silica
and specimens were cleaned in water and by ultrasound in acetone.
The surfaces were etched with different reagents to determinate
the microstructure and grain size (Murakami/Kroll and hydrogen
peroxide/FH, respectively). They were studied in optical and scan
ning electronmicroscopes, the latter equippedwith systems for en
ergy dispersive X ray microanalysis and electron backscattered
diffraction, to analyze the microstructure and determine the dom
inant deformation and fracture micromechanisms as a function of
the temperature. Samples were coated with Au by sputtering to im
prove the resolution in the scanning electron microscope.

3. Microstructure

The microstructures of the W 2Ti 0.5Y2O3 and W 4Ti 0.5Y2O3

materials are shown in Fig. 1. They are characterized by W particles 
(light grey) surrounded by a Ti(W) solid solution (dark grey) and 
sparsely distributed Ti pools (black). The Ti(W) solid solution is 
found surrounding the W particles in the W 4Ti 0.5Y2O3 alloy, 
Fig. 1b, whereas it is predominantly located around the larger Ti 
pools in the W 2Ti 0.5Y2O3 alloy, Fig. 1a. Energy dispersive X
ray microanalyses revealed that the W content in Ti(W) solid solu
tion was higher in W 4Ti 0.5Y2O3 than in W 2Ti 0.5Y2O3 and also 
than in the reference W 4Ti alloy processed following the same 
route and under the same conditions [4]. Moreover, the Ti pools 
in W 4Ti 0.5Y2O3 presented smaller size than in the reference
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Fig. 6. Nominal fracture toughness of W–4Ti, W–2Ti–0.5Y2O3 and W–4Ti–0.5Y2O3

alloys tested as a function of temperature. The error bars correspond to the
standard deviation of the experimental data.

(a)

(b)

(c)

(d)

Fig. 7. (a) Fracture surface of W–4Ti–0.5Y2O3 alloy tested at ambient temperature showing intergranular cracking and cleavage (marked with c) of largeW grains. (b) Idem for
W–2Ti–0.5Y2O3. (c) Cross-section of theW–4Ti–0.5Y2O3 alloy showing the polygonal crack profile due to intergranular cracking. (d) Fracture of an elongated Ti pool in theW–
2Ti–0.5Y2O3 alloy showing both intergranular cracking (marked with i) and cleavage (marked with c).
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W 4Ti material [4], with a similar heterogeneous distribution. In 
the case of W 2Ti 0.5Y2O3, the Ti pools were elongated and ap
peared to be outlining preferentially orientated W grains (Fig. 1). 
Fig. 2 shows secondary electron images and EBSD patterns of W
4Ti 0.5Y2O3. The indexation of the EBSD patterns from the Ti(W) 
regions and Ti pools revealed that their crystal structure corre
sponded to hcp and bcc, respectively.

Inclusions of complex Y oxides with different composition and 
a typical size of several microns were observed along the bound
aries of the W grains and Ti pools (Fig. 3). Energy dispersive X
ray analyses revealed different compositions of the complex Y oxi
des: Ti O Y oxides were found inside the Ti pools, whereas the 
oxides surrounding W grains were W enriched. The morphology 
and distribution of these oxides appeared to be similar in both 
materials and point to their formation during sintering by an eu
tectic reaction. According to the phase diagram of the Ti O system, 
this type of reaction can take place at �1670 �C and �1720 �C for O 
contents in liquid Ti of �64 and �57 at.%, respectively [25].

The size distribution of the W grains was measured in both al
loys on etched, polished cross section. The presence of the Ti(W) 
solid solution surrounding the W particles made it difficult to 
establish a good detection threshold of the particle boundaries, 
particularly for small grains. The area fraction as a function of the 
average grain diameter is plotted in Fig. 4 for both alloys. It shows 
wide distributions in both alloys with average grain sizes of 10 15 
lm in W 2Ti 0.5Y2O3 and of 15 25 lm in W 4Ti 0.5Y2O3. These 
results indicate that higher Ti contents can activate grain growth 
when Y2O3 is present.

The density of the alloys was 16.545 ± 0.006 g/cm3 and
16.76 ± 0.01 g/cm3 for the W 2Ti 0.5Y2O3 and the W 4Ti
0.5Y2O3, respectively. They were slightly lower than those reported
[4] for fully dense materials, leading to porosities of 1.5% and 0.8%
for W 2Ti 0.5Y2O3 andW 4Ti 0.5Y2O3, respectively. These results
are in agreement with the observed residual microporosity.

4. Mechanical properties and failure micromechanisms

The values of the Vickers hardness for both alloys are shown in
Table 1, which also includes the data in [20] and [17] for W and 
fully dense W 4Ti, respectively, processed following the same 
route. The hardness values for pure W are similar to those reported 
in [21] for sintered W with densities in the range 87 92%. They are, 
obviously, much lower than those measured in fully dense 
wrought W (which can reach 4.5 GPa [22]) whose yield strength 
has been increased by plastic deformation (extrusion, swaging, 
etc.). The addition of Ti substantially increased the hardness of W 
and this behavior is in agreement with nanohardness tests re
ported in [23], which showed that the nanohardness of the Ti(W) 
solid solution regions was significantly higher than that of pure W 
grains. The W 4Ti 0.5Y2O3 alloy hardness was slightly lower than 
that of W 4Ti and this difference could be attributed to the 
porosity of the former.

The smooth bars tested under three point bending presented 
linear load displacement curves until fracture in the whole tem
perature range studied (25 1000 � C). Thus, the bending strength 
was obtained from the Strength of Materials theory for an elastic 
beam of square cross section. The average bending strength is plot
ted in Fig. 5 as a function of the temperature for both alloys, to
gether with the results corresponding to the W 4Ti alloy 
reported in [17]. The toughness of the alloys as a function of tem
perature was assessed from three point bending on notched bars. 
The load displacement curves were also linear until fracture in 
the whole temperature range and the fracture toughness was com
puted from the maximum load and the initial notch length in each 
test using the appropriate expression for the stress intensity factor

[24]. They are plotted as a function of temperature in Fig. 6, to
gether with the results corresponding to the W 4Ti alloy [17]. They 
were in good agreement with those reported in the literature for W 
alloys manufactured by powder metallurgy [14].

The dominant failure mechanisms at ambient temperature were 
similar in both materials: intergranular cracking as well as fracture 
by cleavage of large W grains (Fig. 7a and b). The fracture surfaces 
also showed the presence of small intergranular pores. These brittle 
fracture mechanisms were responsible for the low toughness of the 
materials and led to a polygonal crack profile, as shown in Fig. 7c. 
The Ti pools were also fractured in a brittle manner with evidence 
of both intergranular cracking and cleavage (Fig. 7d). The strength 
and toughness of both alloys was signifi cantly lower than that of 
the W 4Ti alloy in [17], which also pre sented equivalent failure 
micromechanisms. The differences can

(a)

(b)

(c)

Fig. 8. (a) Fracture surface of W–4Ti–0.5Y2O3 alloy tested at 400 �C showing
intergranular cracking and cleavage (marked with c) of a large W grain. (b) Fracture
surface of W–2Ti–0.5Y2O3 alloy tested at 400 �C showing intergranular cracking in
small and large W grains. (c) Idem at 600 �C.
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be attributed to the intergranular porosity in the W 4Ti 0.5Y2O3

W 2Ti 0.5Y2O3 samples, which promoted debonding between W
grains. In addition, the average grain size of W 4Ti alloys was
around 6 lm, much lower than that of the alloys in this paper. Fi
nally, increasing the Ti content in the alloy did not significantly im
prove either the bending strength or the fracture toughness at
ambient temperature, very probably because the alloy with higher
Ti content also has the largest W grains which promoted early frac
ture by cleavage.

The toughness of W Ti alloys improved with temperature 
(Fig. 6) and this effect increased with the Ti content. As a result 
of this, the bending strength also improved with temperature 
although the macroscopic behavior remained brittle. The analysis 
of the fracture surfaces at 400 � C and 600 � C showed that 
inter granular cracking was also the dominant failure 
mechanism, as at ambient temperature (Fig. 8a). Fracture of 
large W grains by cleavage was also found at these 
temperatures (Fig. 8a) but it was unusual. Mostly, the large W 
grains failed by intergranular cracking rather than by cleavage at 
400 � C and 600 � C ( Fig. 8b). Ti pools showed failure by 
intergranular cracking and cleavage up to 600 � C but they did 
not control the mechanical behavior. Thus, the improvement in 
toughness and (to a lesser extent) in strength in both alloys with 
temperature could be attributed to a change in the fracture 
initiation mechanisms in the large W grains from cleavage to 
intergranular cracking as the DBTT of W was approached.

This behavior is similar to that reported previously for W Ti al
loy [17] but oxidation rapidly degraded the mechanical behavior of 
this material above 600 � C. It was reported, however, that Y2O3 

particles significantly improved the oxidation resistance of W al
loys [15,19] and W Y2O3 alloys were able to enhance the high tem
perature strength retention of W. The same phenomenon is 
observed in the case of W Ti alloys, and the W 4Ti 0.5Y2O3 alloy 
overcame the mechanical performance of the W 4Ti counterpart at 
800 � C even though they presented inferior strength and tough
ness at ambient temperature. The W 2Ti 0.5Y2O3, whose proper
ties did not improve very much with temperature, presented 
excellent strength retention at high temperature, and its behavior 
at 800 �C and above was better than that of the W 4Ti alloy.

Oxidation of the fracture surfaces hindered the analysis of the 
fracture mechanisms at 800 �C and 1000 �C ( Fig. 9) but the macro
scopic behavior of the materials seems to indicate that there were 
no significant changes in the fracture micromechanisms in this 
temperature range. Fracture was brittle and the degradation in 
mechanical properties was controlled by the nucleation of defects 
by oxidation.

5. Conclusions

Two Y2O3 doped W Ti alloys were manufactured by hot iso
static pressing using standard powder metallurgy techniques.
Their mechanical properties (strength and toughness) were mea
sured by means of three point bending tests on smooth and
notched bars from 25 �C up to 1000 �C in air. The microstructure
of the alloys was characterized by W grains surrounded by a
Ti(W) solid solution and sparsely distributed Ti pools. The size dis
tribution of the W grains was wide and the materials presented
some residual porosity.

The mechanical performance at ambient temperature was very
brittle, in consonance with the failure mechanisms found in the
fracture surfaces. Failure was initiated by cleavage fracture of large
W grains and propagated by intergranular cracking. Both strength
and toughness increased rapidly with temperature up to 600 �C
while the number of large W grains broken by cleavage dimin
ished. Failure at 400 600 �C was nucleated and propagated by
intergranular cracking. Ti pools showed failure by intergranular
cracking and cleavage in the whole temperature range and the
mechanical properties improved with the Ti content. Thus, the
improvement in toughness and (to a lesser extent) in strength in
both alloys with temperature could be attributed to a change in
the fracture initiation mechanisms in the large W grains from
cleavage to intergranular cracking as the DBTT of W was ap
proached. The mechanical properties were rapidly degraded above
600 �C due to oxidation. Nevertheless, it was confirmed that the
presence of Y2O3 was very important to hindering oxidation and
enhancing the strength retention at high temperature.
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