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Abstract

This study and a second part dedicated to the mechanical characterization provide a better knowledge of tungsten (W)-
vanadium (V) alloys reinforced with yttrium oxide (Y>0s3) particles, which have been scarcely investigated. Two W alloys (W-2
or 4 wt.% V-0.5 wt.% Y,03) and a pure W material processed by powder metallurgy and consolidated by hot isostatic
pressing were analysed. Along this part, the microstructure of the materials at room temperature is mainly analysed with a
field emission scanning electron microscope.

The densification in the compacts show an increase with the V and Y,0; additions. Porosity is reduced because of the
formation of a W-V solid solution and V pools that fill the pores between the grains, although such effect is mainly observed
in the W2V0.5Y. The microstructure of pure W is composed of coarse polyhedral grains whereas a few coarse W grains, V
pools and a nanostructured area, composed of fine W grains with dispersed Y, form the alloys. In contrast to previously
studied W-4wt.% V alloys, the V pools exhibit a reduction in the oxygen content, which prevents the formation of acicular
oxide structures. Finally, the refinement of the microstructure induced by the addition of V and Y,0s was analised by
electron backscattered diffraction measurements. Pure W is presented in high amounts (around 60% of the volume fraction)
of grains over 1 um and only 2% below 100 nm; in these new alloys, grains smaller than 100 nm represent the 20% whereas
the population of micron size is highly reduced to less than 10%.

1. Introduction

Fusion power reactors have an enormous power density that can produce environmentally clean and safe energy for our
future needs. Nevertheless, these systems require long-lasting materials capable of resisting the damaging effects of high
heat flux and intense radiation released by the long-term operation of the reactor [1]. Tungsten (W), the metal with the
highest melting point, is considered a premium candidate for high temperature applications such as Plasma Facing
Components (PFCs) or structural applications. However W is limited by its inherent brittleness that compromises the
structural applications.

With a ductile-brittle transition temperature between 473-673 K and very dependent on the fabrication route or
determination method, the development of new high-performance W-based materials with enhanced mechanical properties
and radiation tolerance become necessary. At the moment, the main strategies to ductilize bulk W are the alloying with
elements such as Ta, V, Ti to refine the grains down to a nanometric scale or an homogeneous dispersion of reinforcing
nanoparticles like Y03 or La;03 [2-5]. The Mechanical Alloying (MA) followed by sintering at temperatures below grain
growth would be the most suitable method to produce a fine-grained Oxide Dispersion-Strengthened (ODS) material which
fulfil both conditions [6-9]. The addition of V improves the relative density and features an unique capability to withstand
intense neutron irradiation, however this remains theorethical and requires some experimental validation [10]. The addition
of ODS Y,03 particles enhances the high temperature strength and creep resistance because it features excellent chemical
and thermal stability [11, 12]. Eventhougth a modest progress was achived with the production of new tungsten alloys, at
present, developed W-based materials do not satisty the required properties for structural aplications or PFCs for the future
reactors under design such as DEMO.

In this study, an extensive microstructural characterization of the produced W-V reinforced alloys was performed using
Electron BackScatter Diffraction (EBSD) analysis, which is a powerful technique used for the characterization of local
crystallograpic characteristics. Although sample preparation requires some special attention for a reliable analysis, it is a very
yielding method that provides many quantitative post-processing results derived from one single analysis such as grain size,
grain orientation, local texture or strain and phase identification. The effect of the production route on the microstructure is
discussed in terms of solid solution and diffusion phenomena of the vanadium.



2. Materials and samples

A pure W material as reference and two W-based alloys were studied. The alloys had the target composition of W-2 wt.% V-
0.5 wt.% Y,03 and W-4 wt.% V-0.5 wt.% Y,03, hereafter referred to as W2V0.5Y and W4V0.5Y, respectively. All materials
were prepared by mixing starting powders (Table 1) for 4 h. The powder mixtures then underwent MA inside a sealed WC
vessel filled with a high purity Ar atmosphere for 40 h in a high-energy planerary ball mill. Afterwards, the alloyed powders
were canned and degassed at 673 K for 24 h under vacuum atmosphere before vacuum sealing. A subsequent Hot Isostatic
Pressing (HIP) at 1573 K for 2 h at 195 MPa consolidated the canned powders. Further information about materials
processing can be found in Savoini et al. [13]. From this fabrication process, we obtained cylinders with dimensions of 30 mm
diameter and 50 mm in length that were used for all measurements and analysis.

Table 1

Starting powder properties [13].

Power Purity (%) Average particle size (um)
w 99.9 <5

Vv 99.5 <40

Y203 99.5 0.01-0.05

3. Experimental methods

To measure the experimental density (pexp) Of the samples, the Archimedes method using high purity ethanol at room
temperature was used. In addition, theoretical density (pw) of the alloys W-xV-0.5Y,03 (for x=2 or 4) was calculated using
the density of each component and the following formula (1):
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where py is the density (pw=19.25 g/cm3, py=6.11 g/cm? and pv203=5.03 g/cm?, respectively) of the corresponding elements
in the alloy. Based on these two results (experimental and theoretical densities), relative density (pr) was also calculated to
determine the porosity of the materials.

For the microstructural characterization, the samples were examinded in an Auriga column Field Emission Scanning
Electron Microscope (FE-SEM) from Zeiss (Germany) equipped with an Energy Dispersive X-ray spectrometer (EDX) and EBSD
detector. To perform the microstructural analysis, samples were mechanically polished up to 1 um diamond suspension and
etched with the solution (10 g KOH, 10 g KsFe(CN)sin 100 ml distilled water) for 7 s. Because sample surfaces in EBSD must be
free of relief for good quality EBSD patterns and realiable results, a final polishing with colloidal silica was performed as well.
Even though this step can be achieved with other methods like electropolishing or ion milling, colloidal silica was used
because it is suitable for materials with very high atomic number. The objective of this step was to remove the deformation
layer during the mechanical polishing and slightly etch the sample surface. This was done even though sample preparation on
materials with a high atomic number is not as critical because they have stronger Kikuchi patterns [14].

After the acquisition, images from the EBSD patterns were reconstructed using the MTex v4.0.16 data analysis software
[15]. The applied criterion for discriminating the boundaries was a crystallographic misorientation more than 5° between
adjacent crystalline domains. Only results with high percentage of indexed patterns i.e. high image quality were used. This
way, it was possible to apply the noise reduction procedure to suppress the zero solution (unindexed patterns) and to
conduct reliable microstructural characterization. Otherwise, the presence of many dark pixels (low indexed patterns) led to
unreliable characterization. For the grain size measurements a minimum of 1000 complete grains per single map were
considered. Great care was taken to identify the grains from the EBSD data analysis, a detailed description of the applied
criteria can be found in Mingard et al. [16]. The grain size distribution, meanwhile, was determined from the EBSD
measurements from an improved approach of the Johnson-Saltykov stereological method to obtain the spatial grain size
distribution of the 3D microstructure from 2D dimensional grain size measurements [17].




4. Results and discussion
4.1 Density

The relative density (pr) of the W2V0.5Y and W4V0.5Y alloys was improved in comparison to pure W (Fig. 1). The porosity
was reduced from 8.4% in pure W to 2.6% with the addition of 2V0.5Y. With increasing V content up to 4 wt.%, the resulting
porosity increased to 5.4%, but this is still lower than pure W. On the contrary to these results, some previous materials
produced by HIP showed a decreased porosity when increasing the V content [18, 19]. Similarly, W alloys consolidated by
spark plasma sintering have been reported that exhibited an increase in the densification with linearly increasing V content
[20]. This densification was produced because a V-rich phase or pure V fill the pores between grains, even thorugh the W-V
phase diagram features complete solubility [21]. This contradictory result may be the consequence of an incomplete
solubility of V in the W matrix during the MA process or a segregation of V by diffusion processes during the sintering.
Therefore, the decrease in p, for W4V0.5Y versus W2V0.5Y may be the result of a formation of a net of small, interconnected
pores during processing. The increase of the V content in the W4V0.5Y alloy, makes more difficult to obtain an homogeneous
solid solution of W-V by MA, the powder particles exhibit an homogeneous microstructure, but some small regions are V-
enriched [13]. Such regions, are very small in comparison with the V pools observed after sintering. Although the effect of the
ODS particles to W does not favour the densification (9.6% porosity for W1Y materials), they do provide other benefits to the
alloy such as stabilization of the microstructure at high temperatures [22, 23].

4.2 Micromechanical characterization

Scanning electron micrographs of the materials at low magnification (Fig. 2) reveal the great difference between pure W and
W-V-Y,03 alloys. The pure W microstructure is clearly visible under low magnification and consists of a relatively well-mixed
equiaxial grains and many intergranular porosity. However, to better understand the microstructure of the W2V0.5Y and
W4V0.5Y alloys, further magnification is needed. In spite of this, both alloys exhibit similar microstructures with an increased
amount of black areas in the W4VO0.5Y alloy that corresponds to the increase in the V content (primarily the larger areas) but
also to increasing porosity with respect to W2V0.5Y (Fig. 2, bottom).

For higher magnification (Fig. 3), the W-V based alloys with Y,03 reinforcement exhibit similar microstructure as anticipated.
The refined microstructure is composed of a greyish zone with large grains (W grains), black patches (V pools) and a
nanostructured area (W-V solid solution). The size and morphology of these black patches were examined along the whole
surface during the analysis. It was found that it is indiferrent from the material, because both big and small pools were
observed in the two W-V-Y alloys; although there was an obvious increase in the number found in W4V0.5Y because of the
higher V content.

The EDS-SEM analysis of the W2V0.5Y alloy (Fig. 4) reveals that the black areas are mainly composed of V pools segregated in
the interstices between W particles, whereas W and Y are distributed along the entire surface. Because Y,03 nanoparticles
are very finely dispersed, it was not possible to identify them from this analysis and further magnification is needed.
Nevertheless, they should be dispersed within the W grains as spheroidal dispersoids of variable size according to our
previous study [22]. Although we have calculated a porosity of 2.4 and 5.4% for W2V0.5Y and W4VO0.5Y, respectively, it is
difficult to distinguish under FE-SEM, or even in the EDX maps.

The presence of acicular structures inside the V pools was previously reported for V alloys in W-4V [19]. They were attributed
to the formation of V oxides due to the high solubility of O in V [24], but such structures were not observed in the V pools of
these ODS-reinforced alloys.

To confirm the composition of the V pools, an EDX line scan along this area was performed (Fig. 5). The profile shows that the
composition of the V pools is composed of more than 90% of V with a slight increase in the oxygen content but not enough to
form the acicular structures because they were not observed. This fenomenon was attributed irregularities during the
fabrication process or to the influence of Y,0s3, since the fabrication process is the same as that for previously reported
materials.



During the quantitative acquisition of the EBSD data, only information from the W areas were collected because Y is too
small and the V pools did not diffract any pattern. This may be due to a mean crystal size smaller than the equipment
resolution or because of an amosphous V structure in these pools. Nevertheless, it is not relevant for our purposes.
Therefore, when considering the porosity of each material, the analysed volume fraction approximately corresponds to 91.6,
92.2 and 86.8% for pure W, W2V0.5Y and V4V0.5Y, respectively.

Additionally, the volume fraction distribution for each population from reconstructed EBSD data (Fig. 6) confirms the
refinement of the grain size for the W-V-Y alloys in accordance with the micrographs. Pure W has 20% of grains with 1 um
size and 40% even larger. Meanwhile, the most probable grain size population for the alloys is considerably smaller, 200 nm,
with 12 and 16.5% for W2V0.5Y and W4VO0.5Y, respectively. During the analysis, step size was 10 pixels, therefore only grains
above 20 nm i.e. min four pixels, are represented. The nanostructured area is clearly observed in the alloys because grains
between 20-100 nm have a higher volume fraction, around 20%, than pure W with less than 2%. Coarse grains, around 2.5
pum, are observed in all the materials, although in different fractions: 3, 2, and 1% for pure W, W2V0.5Y and W4VO0.5Y,
respectively.

5. Conclusions

The effect of adding 2 or 4 wt.% V and 0.5 wt.% Y,0s to pure W produced by mechanical alloying (MA) and hot isostatic
pressing (HIP) on the microstructure of the alloys at room temperature is analysed in this paper. The following conclusions
can be drawn from the results:

- The addition of the alloying elements produce high densification of the materials; W2V0.5Y alloy have reduced porosity to
2.6% because of the complete solubility of W-V that fill the intergranular pores.

- The microstructure of the alloys is formed by coarse W grains, V pools and a rough nanostructured area. Pools have a
composition of more than 90% V with a small amount of O. However, the previously observed acicular oxide structures
were not presented.

- Grains size distribution shows grain refinement in the W-V-Y alloys. The mean grain size is highly reduced and a big
population of the is smaller than 100 nm.
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Fig. 1 Experimental density (pexp), theoretical density (pw) and relative density (p;) for W2V0.5Y and W4V0.5Y alloys. The figure also shows
previously reported results for pure W, W1Y [18], W4V [22] and W2V (unpublished data) for comparison of these new values. Standard
error bars are also presented for pexp and pr but they are inappreciable in some cases because of the very low values.



Fig. 2 Micrographs for pure W (upper), W2V0.5Y (middle) and W4V0.5Y (bottom) at 300 K.



Fig. 3 Micrographs for W2V0.5Y (upper) and W4V0.5Y (bottom). The V pools and the rough nanostructured area can be clearly
distinguished.
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Fig. 4 EDX compositional mapping for W2V0.5Y at 300 K. W4V0.5Y alloy exhibited similar morphology.
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Fig. 5 EDX linescan showing the profile content for a V pool of the W4V0.5Y alloy.
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Fig. 6 Histogram of circle equivalen grain size distribution for pure W (upper), W2V0.5Y (middle) and W4V0.5Y (bottom).
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Fig. 7 EBSD measured W grains coloured as a function of their cicle equivalent diameter for pure W (upper), W2V0.5Y (middle) and
W4V0.5Y (bottom). White regions correspond to cavities or V-rich regions.
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