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Abstract

Tungsten—tantalum (W-Ta) alloys containing 1-5%Ta were developed for fusion
reactor applications. For the mechanical properties and resistance against recrystallization in
the non-irradiated state, Ta-alloying improved the performance of W. Grain refining and
solute Ta improved the recrystallization temperature and strength. In addition, W-1%Ta
exhibited a superior ductility, including ductile-to-brittle transition temperature (DBTT),
which might be attributed to the strength of sub-grain boundary. Proton irradiation study at
1500 °C to 0.5 dpa revealed a decrease in irradiation hardening (increase in hardness) in
recrystallized specimens and a decrease in hardness reduction in as-received specimens with
increasing Ta concentration. With respect to the high temperature irradiation of the
as-received specimens, microstructural recovery followed by recrystallization could be one of
the dominant factors affecting the hardness change. As a material performance required for
the actual components of fusion reactors, resistance against high heat flux exposure have
been studied through thermal shock tests. Thorough this experiment, it was clarified that the

degradation by high heat flux exposure could be suppressed due to Ta-alloying.
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1. Introduction

Brittleness at low temperature [1-9], recrystallization-induced embrittlement [10-
13], and neutron-irradiation-induced embrittlement [14-17] are some of the drawbacks
associated with tungsten (W) when applied to fusion reactors. In addition, the intrinsic
brittleness of W results in its poor workability. It is known that the brittleness of W is mainly
attributed to the absence of close-packed planes and week grain boundary strength. To
overcome these drawbacks, grain refining [18], work hardening [19], solid solution alloying
[20, 21], and dispersion strengthening [21, 22], have been applied to W materials. For solid
solution alloying, rhenium (Re) is one of the most effective elements [20, 21]. According to
the previous study [23], W materials alloyed by Re exhibited a better ductility and
workability than pure W, which could be induced by the improved dislocation mobility [24,
25], grain refining [26], and an increase in the recrystallization temperature [27] by solute Re.
For dispersion strengthening, oxide and carbide particles, such as yttria (Y.03) [28],
lanthanum oxide (La,O3) [29, 30], titanium carbide (TiC) [31, 32], tantalum carbide (TaC)
[33], and zirconium carbide (ZrC) [34], with sizes ranging from nm to um, have been used as
dispersants. In contrast to such solid particle cases, W dispersion strengthened by potassium
(K) bubbles, known as K-doped W, is also well known as a dispersion strengthened W
material with 1mproved mechanical properties [22]. Because the movement of grain
boundaries and dislocations could be suppressed by these dispersants, dispersion
strengthening could be realized in addition to grain refining and inhibition of recrystallization
[22, 35-37].

In our previous studies, as well as the grain refining and work hardening, K-doping
and/or Re-alloying have been applied to powder-metallurgical-processed W, which was
finalized by a hot-rolling or swaging accompanied by a stress-relief heat treatment. After

evaluating the K-doped and/or 3%Re-alloyed W plates and rods, whose major production
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conditions (cold isostatic pressing (CIP), sintering, rolling/swaging, and heat treatment) were
the same, K-doping and/or Re-alloying exhibited positive effects in the non-irradiated state.
K-doped W, W-3%Re, and K-doped W-3%Re alloys demonstrated increased resistance to
recrystallization, strength and ductility, ductile-to-brittle transition temperature (DBTT), and
the other various properties compared to pure W [38-54]. After neutron irradiation in the
temperature range of 600-1000 °C to 0.5 dpa with no production of solid transmutation
elements, hot-rolled plates made of the three alloys demonstrated no significant degradation
of tensile properties [55, 56]. However, for neutron irradiation in the temperature range of
600-1100 °C to 1 dpa with a certain level of production of transmutant Re and osmium (Os),
the irradiation-induced embrittlement (increase in DBTT) of K-doped W-3%Re occurred,
whereas K-doped W exhibited a suppressed degradation [57]. It is possible that the enhanced
formation of irradiation-induced/enhanced precipitates and solute-rich clusters caused the
embrittlement [57-73].

To avoid the possibility of embrittlement enhanced by solid transmutation, alloying
by a complete solid solution element in W might be a better choice. According to the binary
phase diagrams, tantalum (Ta), vanadium (V), niobium (Nb), and molybdenum (Mo) fall into
this category [74]. From the perspective of induced radioactivity, it is considered in general
that the use of Nb and Mo should be avoided in the fusion reactors [75, 76]. In contrast,
although Ta and V do not have such intrinsic issues, no clear improvement in ductility
(decrease in DBTT) owing to Ta- and V-alloying was observed according to the previous
studies [77, 78]. W-5%Ta and W-5%V forged materials exhibited a brittle fracture by Charpy
impact tests, even at 1000 °C, whereas the forged pure W obtained through the same
production route exhibited a ductile fracture above 700 °C [77]. In contrast, W-1%Ta
obtained through the same production route exhibited a ductile fracture above 700 °C,

however no significant improvement compared to the pure W was observed [77]. In addition,
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the fracture toughness of forged W-Ta alloys evaluated by the three point bending tests was
not improved due to the change in Ta concentration from 1 to 10 % [78]. Based on these
previous studies and other related studies, W-Ta and W-V alloy systems were not considered
promising for fusion reactor applications [79, 80]. However, the thermo-mechanical
properties of most alloyed materials might be influenced not only by the solid solution
alloying itself but also by the fabrication methods and conditions. Therefore, the
thermo-mechanical properties of materials with the same major chemical composition could
be controlled by the fabrication methods and conditions. According to our previous studies
[46, 49, 53], pure W and K-doped and/or Re-alloyed W fabricated by various methods (e.g.,
hot-rolling or swaging) and under various conditions (e.g., reduction ratio in rolling and
swaging) exhibited different strength and ductility by tensile test, DBTT and upper shelf
energy (USE) by Charpy impact test, and recrystallization and grain growth behaviors, even
if the major chemical composition and concentration of dispersant were the same.

In the present study, hot-roilled W plates alloyed by Ta with various concentrations
were developed to re-investigate the availability of W-Ta alloy system for fusion reactor
applications. In addition to the thermo-mechanical properties with no irradiation effects, the
irradiation response (microstructure evolution and irradiation hardening) was evaluated by
using an accelerator-based ion irradiation. In addition to the W-Ta alloy plates, pure W and
W-3%Re alloy plates, whose major conditions of material fabrication were the same as those
of W-Ta alloys, were also investigated for comparison. Some of the properties of pure W and
W-3%Ta in the non-irradiated state were previously obtained, having been reported in open
literature [38, 39, 46, 47, 49-53, 81].

The previous irradiation studies wusing ion irradiation have reported the
microstructure evolution, irradiation hardening, and effect of helium, where not only W-Ta

but also W-Re and W-Re-Ta alloys were examined to clarify the individual and simultaneous
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effects of solute Ta and Re [82-89]. The ion irradiation in the temperature range of 300—
750 °C induced the formation of dislocation loops in pure W, W-5%Ta, and W-5%Re alloys
[83, 86, 87]. In this temperature range, higher number density and smaller size of dislocation
loops were observed in the W-5%Ta alloy compared to in pure W. After the irradiation
increased to higher doses, irradiation-induced clustering of Re occurred in W-2%Re and
W-2%Re-1%Ta alloys, whereas no clustering was observed in W-4.5%Ta. In the
W-2%Re-1%Ta alloy, the number density and volume fraction of Re clusters were lower than
those of W-2%Re alloy, which resulted in a suppressed irradiation hardening [82, 84, 85]. In
contrast, high temperature irradiation and post-irradiation annealing at temperatures above
800 °C induced the formation of voids in pure W and W-5%Ta alloy [86, 88]. In this
temperature range, the vacancy mobility and void formation were suppressed by Ta-alloying,
which was explained by a solute-vacancy trapping mechanism. Most previous irradiation
studies on the microstructure and irradiation hardening examined the arc-melted and annealed
materials (e.g., materials consisted of the recrystallized grains accompanied by very low
number density of dislocations) at irradiation temperatures below 1000 °C. In the present
study, not only recrystallized but as-produced (just after the hot-rolling accompanied by
stress-relief heat treatment) materials were examined at irradiation temperatures above
1000 °C, which was aimed at simulating the actual temperature condition of a fusion reactor

component, for instance, divertors.

2. Experimental
2.1 Materials and microstructure characterization

W plates alloyed by 1%, 3%, and 5%Ta, whose fabrication was ordered to A.L.M.T.
Corp., were used to clarify the effects of Ta-alloying. Powder metallurgy (CIP and sintering)

and hot rolling followed by stress-relief heat treatment were applied to these materials.
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Hereinafter, the materials after these procedures are referred to as materials in the as-received
condition.

Concentrations of alloying elements (Ta and Re) and interstitial impurity atoms
(carbon (C), nitrogen (N), and oxygen (O)) in pure W, those three W-Ta alloys, and W-3%Re
alloy are summarized in Table 1. Although it was concerned that such interstitial impurities
might influence the movement of grain boundaries, and other material behaviors owing to
their segregation at grain boundaries, the concentration of O in W-Ta alloys was slightly
higher than the level (<10 ppm) of W materials examined in the previous studies [51, 53].
Because the chemical affinity between Ta and O is known to be high, it was possible that a
slight contamination of O occurred during the fabrication process (e.g. CIP, sintering, and
hot-rolling).

The grain structure and grain size of the W-Ta alloys were investigated on the L x S
surface after mechanical polishing, followed by electrolytic polishing. The definitions of the
L, T, and S directions are shown in Fig. 1 (a). The grain sizes were measured based on the
ASTM E112-85 standard using metallographic optical microscope images after polishing
[90]. In addition, microstructural observations were performed using a transmission electron
microscope (TEM) with a thin foil specimen produced by electrolytic polishing using a single
jet apparatus. Furthermore, X-ray diffraction (XRD) analysis was performed to evaluate the

lattice constants of the pure W and W-Ta alloys in the as-sintered condition.

2.2 Annealing and hardness measurement

The recrystallization behavior of W-Ta alloys was evaluated through an isochronal
annealing for 1 h in the temperature range of 12002300 °C. Vickers hardness was measured
on the L x S surfaces of the annealed materials (load: 1.96 N, dwell time: 15 s). The same

method as discussed in the previous section was used for grain size measurement after
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annealing.

2.3 Tensile test

Tensile tests of W-Ta alloys were performed at temperatures ranging from room
temperature to 1300 °C in vacuum at a strain rate of 1 x 10 s. An SS-J type specimen
aligned along the L direction was used. The gauge length, gauge width, and thickness of the
specimen were 5, 1.2, and 0.5 mm, respectively (see Fig. 1 (b)). As tensile properties,
ultimate tensile strength (UTS), 0.2% proof stress (cp2), uniform elongation (UE), total
elongation (TE), and reduction in area (RA) were evaluaied. The ruptured specimens were
observed using a scanning electron microscope (SEM) to evaluate the RA and fracture
manner. Because the cross-head displacement was controlled in the tensile tests, the strain
values obtained in the present study (cross-head displacement/gauge length) would be larger

than the actual strain in gauge section.

2.4 Charpy impact test

Charpy impact tests of W-Ta alloys were performed at temperatures below 1000 °C
in vacuum, which were based on the EU standard DIN EN 1SO 14556:2017-05 [91]. A KLST
Charpy V-notched specimen aligned along the L-S direction was used. The length, width,
height, notch depth, and notch root radius of the specimen were 27, 3, 4, 1, and 0.1mm,
respectively (see Fig. 1 (c)). The span of the lower-die of the testing machine was 22 mm.
The definition of the L-S direction is shown in Fig. 1 (a). As Charpy impact properties,

absorbed energy, USE, and DBTT were evaluated.

2.5 Proton irradiation and post-irradiation experiments
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Irradiation tests of pure W, W-Ta alloys, and W-3%Re alloy in the as-received and
recrystallized (annealed for 1 h at temperature of 2300 °C) conditions were performed using a
3 MeV proton beam from the 4.5 MV Dynamitron accelerator at Tohoku University. Fig. 2
shows the distribution of displacement damage (unit in dpa) in W-5%Ta after 3 MeV proton
irradiation calculated using the SRIM-2013 (The Stopping and Range of lons in Matter) code
[92]. The value and distribution of the displacement damage did not vary significantly with
the concentrations of Ta and Re. For this calculation, the threshold displacement energies of
W and Ta were assumed to be 90 eV [93]. The displacement damage of the uniformly
irradiated region was approximately 0.5 dpa, which ranged from the specimen surface to a
depth of approximately 15 um. The irradiation temperature was 1500 °C. The L x T surface
was irradiated.

After the ion irradiation, Vickers hardness measurements were performed on the
irradiated surface to evaluate the irradiation hardening (load: 0.49 N, dwell time: 15 s).
Microstructural observations of pure W and W-5%Ta were performed using a TEM on a thin
foil specimen, which was produced through electrolytic polishing using a single jet apparatus.
Specimens were thinned from the proton-irradiated side until they reached the depth for
observation (approximately in the range of 3-5 um from the specimen surface) and
subsequently polished on the backside until the thickness became suitable for the TEM

observation.

2.6 Thermal diffusivity measurement

The heat removal capability is important for the plasma-facing materials of fusion
reactor high-temperature components such as divertors. Thus, thermal properties were
evaluated as well as the aforementioned mechanical properties. In general, the thermal

conductivity of alloyed materials is lower than that of pure material. Therefore, the
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modification of W materials by solid solution alloying could degrade their thermal properties.
Thus, balancing thermal and other properties is important for the development of new
materials. In the present study, thermal diffusivity was measured to investigate the thermal
properties of W-Ta alloys. The measurements were performed along S direction at
temperatures ranging from room temperature to 500 °C in argon using a xenon flash
apparatus. Disk-shaped specimens with a diameter of 10 mm and thickness of 2 mm were
prepared for these measurements. Correlation of the raw data was performed according to

Cowan et al. [94].

3. Results and Discussion
3.1 Microstructure

The grain structures observed on the L x S surface of pure W and W-Ta alloys
through an optical microscope are shown in Fig. 3. Most W materials, which are fabricated
through rolling, exhibits elongated grains along the rolling (L) direction. The grains are
surrounded by high-angle grain boundaries (HAGBs). As well as these materials, the
materials used in the present study exhibited elongated grains along the L direction, as
indicated by chemically etched metallographic images shown in Fig. 3. Such worked W
materials consist of grains surrounded by HAGBs and cells in the grains. The cell walls
consisted of -tangled dislocations, which are low-angle grain boundaries (LAGBs). The
average sizes of grains surrounded by HAGBs of the pure W and W-Ta alloys in as-received
condition, which were measured along the L and S directions, are summarized in Fig. 4. The
average sizes of grains along L and S directions decreased with Ta concentrations; 106 and 28
pum for pure W, 64 and 14 um for W-1%Ta, 53 and 13 um for W-3%Ta, and 51 and 12 pum for
W-5%Ta. The TEM images shown in Fig. 5 indicate the cells in the grains. The average sizes

of cells of the pure W, W-1%Ta, and W-3%Ta in as-received condition were approximately 2,

10
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1.5, and 1.4 pm, respectively. As shown in Figs. 8 (a) and (b), 1%Ta-alloying caused
significant refining of grains and cells, however, only a slight decrease in these sizes was
induced by increasing the Ta concentration to 5%. The refining of grains and cells might be
caused by the suppressed movement of grain boundaries and dislocations by solute Ta.
Precipitates were randomly formed in W-3%Ta (Fig. 5 (c)), whereas no such
precipitates were observed in pure W (Fig. 5 (a)) and W-1%Ta (Fig. 5 (b)). The XRD analysis
of pure W and W-Ta alloys in the as-sintered condition revealed no signals indicating
precipitates such as oxides. To discuss the solution status of Ta in pure W and W-Ta alloys,
the lattice constants were evaluated using the XRD analysis results. First, the lattice constant,
a, was determined as expressed by the following equations for each peak of the XRD

analysis;

a=d-(h*+K+1)" 1)

d = 2/(2sind), @)

where d denotes the lattice plane spacing, h, k, and | are the miller indices, 1 is the
wavelength (1.540598 A for CuKa), and 20 is the diffraction angle. Thereafter, the lattice
constants were plotted against the Nelson-Riley's function, 1/2-(cos26/sing + co0s26/6). By
extrapolating this relation to ¢ = n/2, the lattice constant a of each material was determined.
Fig. 6 shows the relationship between the lattice constant and Ta concentration of the pure W
and W-Ta alloys. In this figure, the theoretical relation calculated by the following equation

based on Vegard's law was also plotted as a dotted line [95]:

a=aw'Nw + ata'N,, (3)

11
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where aw (3.1648 A) and ar, (3.2960 A) denote the lattice constants of W and Ta, and Ny and
N+, denote the molar fractions of W and Ta, respectively. According to a comparison between
the experimental and theoretical lattice constants, most of the Ta atoms in W-Ta alloys in the
as-sintered condition could exist as a solid solute. Therefore, it is possible that the precipitates
observed in the W-3%Ta alloy shown in Fig. 5 (c) could be formed during fabrication
processes after the sintering (during hot-rolling and heat treatment for stress relief, etc.).
Based on the TEM and XRD results, the number density of the precipitates could be very
small. Therefore, the effect of precipitates on the thermo-mechanical properties might not be
significant. Unfortunately, no evaluation of the lattice constant of materials after sintering
could be performed because of the low accuracy, probably owing to plastic deformation
introduced during hot-rolling.

Vickers hardness in the as-received condition were 480 for pure W, 513 for W-1%Ta,
518 for W-3%Ta, and 538 for W-5%Ta (see Fig. 7). These results indicated that solid solution
strengthening by Ta occurred. As shown in Fig. 8 (c), a clear increase in hardness with
addition of 1%Ta and a further slight increase with addition of 3-5% occurred. The behavior
of hardness change dependerit on Ta concentration was similar for both the as-received and
recrystallized materials. Therefore, the difference in hardness between the as-received and
recrystallized materials (AHV =100-110) could be attributed to the dislocations and cells
formed during fabrication (hot-rolling, etc.) and their densities might not vary with Ta

concentration.

3.2 Microstructural recovery and recrystallization
Vickers hardness change shown in Fig. 7 (a) indicated a microstructural recovery
followed by recrystallization of pure W and W-Ta alloys during isochronal annealing up to

2300 °C for 1 h [49, 51, 53, 81]. The recrystallization temperature, which was determined as

12
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the temperature immediately after the steep reduction in hardness, was 1250 °C for pure W,
1600 °C for W-1%Ta, 1650 °C for W-3%Ta, and 1650 °C for W-5%Ta. Based on these results,
Ta-alloying could improve the resistance to recrystallization, which might be caused by the
suppressed movement of grain boundaries and dislocations by solute Ta. As shown in Fig. 7
(b), the effect of 1%Ta-alloying on the recrystallization temperature was significant, however,
Ta concentrations ranging from 1 to 5% induced slight difference. In contrast, the hardness
reduction owing to microstructural recovery was more significant when the Ta concentration

was lower.

3.3 Mechanical properties

The effect of test temperature on the tensile properties of pure W and W-Ta alloys in
the as-received condition along L direction is shown in Fig. 9 [38, 39, 49-51, 53, 81].
Ta-alloying induced an increase in strength (UTS and o) at all test temperatures (see Figs. 9
(a) and (b)). As well as the Ta concentration dependences of grain size and hardness (see Fig.
8), the strength clearly increased with addition of 1%Ta and a further slight increase by
addition of 3-5%Ta occurred. Thus, the increase in strength might be caused by the grain
refining and solid solution strengthening by Ta.

In contrast, ductility (TE and RA) of W-Ta alloys was similar to or lower than that of
pure W, except for the W-1%Ta alloy tested at 100 °C (see Figs. 9 (c) and (d)). At 100 °C,
W-1%Ta exhibited 13% TE and 25% RA, whereas the other materials exhibited no TE and
RA. As shown in Fig. 10, the surface of the test section of specimens after tensile test
exhibited plastic deformation with slip lines in the test temperature range, where elongation
was detected. The area showing visible slip lines tended to extend with a decrease in the test
temperature. Considering our previous study [39], this phenomenon could be explained based

on the relationship between strain rate and dislocation velocity. As well as the present study, a

13
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previous study on K-doped W plate indicated that the area occurring plastic deformation with
slip lines increased with an increase in the strain rate and decrease in the test temperature, and
these phenomena were explained by the relationship between the strain rate and dislocation
velocity. If the strain rate was constant, the mobile dislocation density could increase with a
decrease in temperature.

For the tensile tests at 100 °C, the effect of Ta concentrations ranging from 1 to 5%
induced a difference in ductility and macroscopic deformation behaviors. In contrast, the
fracture surfaces exhibited the same fracture manner, as shown in Fig. 11. All four materials
exhibited brittle cleavage fractures at 100 °C. For the tensile tests at 200 °C, no significant
difference in ductility and macroscopic deformation behaviors were observed among the
materials. In contrast, W-1%Ta and W-3%Ta exhibited a brittle cleavage fracture, whereas
pure W and W-1%Ta exhibited a ductile fracture. The ductility, deformation behavior, and
fracture manner could be dominated by several factors such as material features, test
temperature, strain rate, and specimen shape. Further investigations are necessary to clarify
the mechanism of these phenomena and the effect of Ta concentration.

The lower strength (UTS and o) and higher ductility (TE and RA) of pure W were
observed at temperatures ranging from 1100 to 1300 °C compared to W-Ta alloys. It is known
that recrystallized W materials could exhibit the lower strength and higher ductility, which is
attributed to the low dislocation density [96, 97]. According to the present study on
isochronal annealing, the recrystallization temperatures of pure W and W-Ta alloys were
1250 °C and ranged from 1600 to 1650 °C, respectively. Therefore, the lower strength and
higher ductility of pure W compared to the W-Ta alloys could be due to recrystallization. For
the W-Ta alloys, the RA decreased at temperatures ranging from 900 to 1300 °C, which could
be attributed to the enhanced grain boundary sliding and crack formation with test

temperature, as shown in Fig. 12. Because the number density and opening width of cracks

14
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formed in W-5%Ta alloys were larger than those of W-1%Ta and W-3%Ta, the RA of
W-5%Ta at 1300 °C was lower than that of W-1%Ta and W-3%Ta. Related to these results,
dimple density in the fracture surface of W-5%Ta was smaller compared to W-1%Ta and
W-3%Ta (see Fig. 11). In contrast to the W-Ta alloys, no such grain boundary sliding and
crack formation were observed in pure W at 1300 °C. Similar to the W-Ta alloys in the
present study, a reduction in RA accompanied by the grain boundary sliding and crack
formation was observed in K-doped W-3%Re after tensile tests at 1500 and 1800 °C [98].
Based on these results, it was considered that the dominant factor in the deformation of W
materials could be changed from a transgranular plastic deformation to grain boundary
sliding and crack formation with increasing test temperature. Although one condition of strain
rate was applied in the present study, the mechanism of high temperature deformation (e.g.,
dislocation motion and grain boundary sliding) would vary even with the strain rate [99].

The effect of test temperature on the Charpy impact properties of pure W and W-Ta
alloys in the as-received condition along L-S direction is shown in Fig. 13 [46, 49-51, 53, 77,
81]. In this figure, previous test results of the various hot-rolled W plates (K-doped and/or
3%Re-alloyed W) [46, 49-51, 53] and the forged round-blanks of pure W, W-1%Ta, and
W-5%Ta [77] are also plotted for comparison purposes. The major fabrication conditions of
the former materials were the same as those of pure W and W-Ta alloys in the present study.
For the materials used in the present study, the USE and DBTT by Charpy impact test
(hereinafter, DBTTchapy) Were significantly improved by 1%Ta-alloying, whereas
3%Ta-alloying induced almost no improvement. When defining the DBTTrensie by
temperature dependence of TE, clear improvement of DBTT by 1%Ta-alloying and no
improvement by 3%Ta-alloying were clarified for both DBTTchapy and DBT Trensite. FOr
5%Ta alloying, no positive effects on DBTT were expected according to the tensile tests in

the present study and Charpy impact tests by Rieth et al. [77].

15
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As shown in Fig. 14, W-3%Ta obeyed a Hall-Petch-type relations between USE,
DBT Tcharpy, and grain size (ds), which were developed for the previously tested materials [46,
49-51, 53, 77, 81, 100-103]. In this evaluation, the USE was the average of the absorbed
energies obtained by the tests at temperatures above DBTTchapy. The Charpy impact
properties of the materials, that obeyed the Hall-Petch-type relation, could be explained by
the strengthening and toughening due to grain refining. The Hall-Petch-type relation between
DBTT and grain size of W materials was also reported by Bonnekoh et al. [104]. The size of
cells simultaneously decreased with the size of grains (see Figs. 8 (a) and (b)). Thus, as well
as the refining of grains surrounded by HAGBES, it was possible that the refining of cells
might influence the strengthening and toughening. LAGBs could act as a dislocation source
and thus reduce the DBTT [104]. In contrast to the aforementioned materials, the
experimentally determined USE and DBT Tcparpy 0f W-3%Re and K-doped W-3%Re did not
agree with the values expected from the Hall-Pelch-type relations. Therefore, it was indicated
that the Charpy impact properties of these materials could be explained by the strengthening
and toughening not only owing to grain refining but owing to other mechanisms, for instance,
a solid solution strengthening and softening due to solute Re [53]. As well as these materials,
higher USE and lower DBTTcharpy 0f W-1%Ta in the present study compared to the values
expected from the Hall-Petch-type relation could also indicate the presence of other
mechanisms in addition to grain refining.

The previous studies on the Charpy impact properties of W materials revealed that
Charpy impact test specimens, in which elongated grains were aligned along the specimen
length direction (e.g., along the L-S direction), did not exhibit a direct transition from brittle
to ductile fractures with an increase in test temperatures and exhibited a delamination fracture
between them [46, 49-51, 53, 77, 100-103]. Therefore, the DBTT of such materials was

generally defined as the transition temperature from brittle to delamination fractures.
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Specimens along the L-S direction made of W-Ta alloys in the present study also exhibited a
brittle fracture at temperatures below DBTTchapy, delamination fracture at temperatures
above DBTTchapy, and no ductile fracture up to 1000 °C. In contrast, specimens along the
L-R direction made of some swaged W rods exhibited a ductile fracture even at temperatures
below 1000 °C in addition to the brittle and delamination fractures [53, 77, 100-102]. Typical
appearances of specimens after the Charpy impact test at temperatures above DBTT charpy
made of plate materials along the L-S direction are shown in Fig. 15 [46, 49-51, 53, 81]. Pure
W and W-3%Ta tested at temperatures ranging from DBT Tcharpy to 1000 °C exhibited a large
area of delamination with a plastic bend deformation (see Figs. 15 (c) and (d)). The materials
involving such fracture behavior exhibited relatively low USE and high DBTTchapy. IN
contrast, W-1%Ta and K-doped W-3%Re tested at temperatures ranging from DBTT charpy t0
1000 °C exhibited a small area of delamination with a plastic bend deformation (see Figs. 15
(a) and (b)). The materials involving such fracture behavior exhibited relatively high USE
and low DBTTchapy. Moreover, the specimens with no notches (3 mm x 3 mm x 27 mm)
made of pure W plate exhibited higher USE and similar DBTTchapy COmpared to the
specimens with a notch (4 mm x 3 mm x 27 mm, notch depth = 1 mm) (see Fig. 15 (e)). The
un-notched specimens tested at temperatures above DBT Tcharpy €xhibited just a plastic bend
deformation with no delamination. Thus, these results indicate that the formation and
propagation of delamination made the USE lower, while induced a small influence on the
DBTTchanpy.

The fracture surface of the delamination of most W plates tested at temperatures
below DBTTchapy Was an intergranular fracture at sub-grain boundaries [49-51, 53].
Therefore, it is possible that the plate materials exhibiting a relatively low DBTTcharpy like
W-1%Ta and K-doped W-3%Re, which involved a small area of delamination, would have a

higher strength of sub-grain boundary. Thus, controlling the sub-grain boundary strength
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might be an important factor for strengthening and toughening of W materials.

3.4 Irradiation hardening

According to the previous studies regarding the recrystallized pure W and W-Ta
alloys, dislocation loops were the major irradiation defect under the ion irradiation at
temperatures below 800 °C [83, 86, 87]. The higher number density and smaller size of
dislocation loops in the W-Ta alloys compared to pure W resulted in a higher irradiation
hardening. In contrast, high temperature irradiation and post-irradiation annealing at
temperatures above 800 °C induced the formation of voids in both pure W and W-Ta alloys
[86, 88]. A decrease in the number density and an increase in the size of voids occurred in the
W-Ta alloys with increasing temperature. Ta-alloying suppressed void formation, which was
explained by a solute-vacancy trapping mechanism [86, 105]. In this temperature range,
investigation of irradiation hardening has not been reported in open literature. The results of
the present study of materials proton-irradiated at 1500 °C to 0.5 dpa are shown in Fig. 16.
Proton irradiation induced a small irradiation hardening of specimens made of pure W and
W-Ta alloys in the recrystallized condition. Irradiation hardening decreased with increasing
Ta concentration. According to the aforementioned previous studies, it is possible that the
reduction in irradiation hardening would be caused by the suppression of void formation,
however, further microstructural studies are required to clarify this.

In contrast to the irradiation response of the recrystallized specimens, specimens
made of pure W and W-Ta alloys in the as-received condition exhibited a reduction in Vickers
hardness by proton irradiation compared to the non-irradiated state. The absolute value of
hardness reduction in as-received materials was higher than the value of hardness increment
(irradiation hardening) of recrystallized materials. For the pure W in the as-received condition,

voids were observed as irradiation-induced defects, whose diameter was in the range of 3-5
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nm, as well as the previous studies on recrystallized materials (see TEM image in Fig. 16).
Moreover, no dislocations and cell structures were observed, which could indicate that the
microstructure (dislocations and cells, etc.) formed during material fabrication were tended to
disappear during the proton irradiation at 1500 °C. This microstructural change could be
attributed to the microstructural recovery followed by recrystallization during irradiation.
Because a relatively slight increase in hardness due to void formation and a relatively
significant decrease in hardness by recovery and recrystallization occurred simultaneously, a
relatively significant hardness reduction could occur in the as-received pure W after proton
irradiation. In contrast to the pure W, W-5%Ta in the as-received condition exhibited no
visible irradiation defects, no dislocations and cell structures, and a relatively slight reduction
in hardness. Suppression of void formation might occur owing to 5%Ta-alloying. Because the
recrystallization temperature of W-5%Ta was higher than that of pure W (see Fig. 7), the
recovery and recrystallization of W-5%Ta during proton irradiation could not be advanced
compared to pure W. Therefore, reduction in hardness during proton irradiation was smaller
for W-5%Ta than for pure W. As mentioned before, Ta concentrations ranging from 1 to 5%
induced small differences in recrystallization temperature. In contrast, the hardness reduction
owing to microstructural recovery was more significant, when the Ta concentration was low
(see Fig. 7). Therefore, the decrease in the hardness reduction with increasing Ta
concentration could be owing to not only the difference in resistance to recrystallization but
also the difference in resistance to microstructural recovery. Based on these experimental
results, one of the major factors determining the hardness change of as-received materials by
proton irradiation at 1500 °C could be recovery and recrystallization during irradiation. To
clarify whether the hardness reduction was either due to irradiation or recrystallization, or due
to both of them, rather detailed TEM observations are required in addition to hardness

measurements.
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As well as the W-3%Ta in the as-received condition, hardening reduction occurred in
W-3%Re in the as-received condition, which was larger than that of W-3%Ta. If recovery and
recrystallization were the major factors determining the hardness change of as-received
materials by proton irradiation at 1500 °C, difference in the hardness reduction between
W-3%Ta and W-3%Re would be attributed to the difference in resistance to recrystallization.
The recrystallization temperature of W-3%Re through isochronal annealing for 1 h was
1500 °C [50]. However, the microstructure evolution of W by irradiation could be
significantly changed by Re-alloying, for instance, void formation by irradiation below 0.5
dpa was suppressed by the solute Re [53, 58, 61, 62, 64-66]. Thus, further microstructural
study is planned to clarify the effects of Ta and Re at a higher temperature range above
1000 °C.

According to the present study, the formation and growth of irradiation defects
accompanied by thermally induced microstructural recovery and recrystallization should be
simultaneously considered under high temperature irradiation (e.g., above 1000 °C) of W
materials in the as-received condition. Below a certain level of displacement damage (e.g.,
below 0.5 dpa), it is possible that the hardness change of materials in the as-received
condition during irradiation could be dominated by recovery and recrystallization rather than
irradiation defects. In contrast, above a certain level of displacement damage, it is possible
that the behavior of the hardness change of materials in the as-received condition during
irradiation would be close to that of the material in the recrystallized condition because the
change in microstructure owing to recrystallization could be saturated. Subsequently, the
irradiation defects could accumulate in the recrystallized microstructure. Advanced W
materials such as W-Ta and W-Re alloys could exhibit improved recrystallization resistance
compared to pure W. Thus, the behavior of irradiation hardening is important for these

materials during a period in which thermally induced recovery and recrystallization cannot be
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negligible.

3.5 Validity of Ta alloying for fusion reactor applications

The present study revealed that W-Ta alloys (Ta: 1-5%) could be promising for
fusion reactor applications from the perspective of fundamental mechanical properties and
resistance to recrystallization in the non-irradiated state. In particular, W-1%Ta alloy
exhibited superior ductility (TE, RA, USE, and DBTT) compared with the other alloys. The
recrystallization temperature and DBTT could be factors in determining the available
temperature range of the actual components of the fusion reactors. Thus, as shown in Fig. 17,
temperature range from DBTT (DBTTrensie and DBTTcrapy) to the recrystallization
temperature by isochronal annealing for 1 h (Tre) in the non-irradiated state was compared
among hot-rolled W plates made of pure W, W-Ta alloys, and K-doped and/or Re-alloyed W
[53]. It was clarified that W-1%Ta could be competitive, even in this integrated evaluation.

For the Charpy impact properties, hot-rolled W-Ta alloy plates in the present study
exhibited better performance compared to the forged round-blank W-Ta alloys in the previous
study, regardless of the Ta concentration [77]. This might be caused by the condition of the
raw material (e.g., W powder) and ingot, the microstructure controlled by the fabrication
processes, and the impurities introduced during fabrication. The details are not certain,
however, in any cases, it is not appropriate to discuss the goodness of a material based on its
major chemical composition alone.

The material performance required for the actual components of fusion reactors has
also been studied in the framework of our research. As well as the fundamental mechanical
properties in the non-irradiated state, several studies have indicated the promising feasibility
of W-Ta alloys.

Considering the utilization of the material for high-temperature components of
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fusion reactors, thermal properties are very important. In general, the thermal conductivity of
alloyed materials is lower than that of pure material. Therefore, degradation of the thermal
conductivity caused by Ta-alloying was concerned before the present study. As part of the
evaluation of thermal properties, the thermal diffusivity of W-Ta alloys in the as-received
condition was measured and compared with that of pure W and W-Re alloys in the previous
studies (see Fig. 18) [44, 47]. Although the thermal diffusivity of W-Ta alloys was lower than
that of pure W, the reduction ratio was not higher than that of W-Re alloys with the same
concentration of alloying elements. Moreover, the operation temperature of high-temperature
component of fusion reactors is higher than the coolant temperature (e.g., approximately
300 °C for water-cooled devises). Because the thermal conductivity and diffusivity of alloyed
materials grew close to those of pure material with increasing temperature, the negative
effects of alloying could be small if high temperature operation is considered.

As well as the thermal properties, the resistance against high heat flux exposure
expected in the plasma-facing materials of fusion reactor components should be considered.
As part of the evaluation of the resistance against high heat flux exposure, thermal shock tests
of pure W and W-3%Ta were performed [81]. These materials were the same as those used in
the present study. In this experiment, a linear plasma device, PSI-2, at Forschungszentrum
Julich was used. Simultaneous exposure of a pulsed Nd:YAG laser and steady state deuterium
(D) plasma was applied under the following conditions; base temperature, number of laser
pulses, laser power density, and D-plasma fluence were 700 °C, 10°-10°, 0.38 GW/m?, and
10?*-10% m, respectively. D-plasma exposure was applied to investigate the effect of the
high chemical affinity of Ta with hydrogen and hydrogen-induced embrittlement of Ta. Fig.
19 shows the surface images and surface roughness values after the thermal shock tests under
the most severe condition. Surface degradation of W-3%Ta was suppressed compared to that

of pure W regardless of the test conditions. Although it was concerned that the effect of
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D-plasma exposure might be much more pronounced in the W-Ta alloy, the present study
revealed no clear negative effects.

Advanced W materials such as the W-Ta alloy proposed in the present study would
be mostly applied to the DEMO reactor and beyond. For such applications, the neutron
irradiation response is a key factor in the structural strength and life of the components. The
present study indicated that the effect of thermally induced microstructural recovery and
recrystallization is an important factor for understanding the time history of the evolution of
irradiation hardening. According to the present study, W-Ta alloys exhibited no negative
response to proton irradiation compared with pure and Re-alloyed W materials. Moreover,
according to the previous studies [82, 84, 85], the Re-clustering in the W-Re-Ta ternary alloy
was suppressed compared to that in the W-Re binary alloy, which resulted in suppressed
irradiation hardening owing to cluster formation. The solid transmutation reaction could
produce Re in W, and thereafter, the formation of Re-clusters and precipitates could occur,
resulting in enhanced irradiation hardening in addition to hardening owing to displacement
damage [58-73]. Thus, the application of Ta-alloying to W materials could be promising from
the perspective of improving the long-term irradiation resistance accompanied by solid
transmutation, as well as the thermo-mechanical properties in the non-irradiated state.
However, the irradiation conditions adopted in the present study were limited. Therefore, it
might be difficult to comment about the performance of the material under fusion irradiation
conditions. Consequently, further irradiation studies are required to clarify the validity of Ta

alloying for fusion reactor applications.

4. Conclusion
W plates alloyed by 1-5%Ta were developed to investigate the availability of W-Ta

binary alloy system for fusion reactor applications. In addition to the mechanical properties
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and recrystallization resistance, the following material performances required in actual fusion
reactors were studied in the framework of this research; thermal properties, resistance against
high heat flux exposure, and irradiation response. Through this study, W-Ta alloys were
demonstrated to be promising for fusion reactor applications. The individual investigation

results are summarized as follows:

(1) Ta-alloying induced a refining of grains and cells, however, Ta concentrations ranging
from 1 to 5% made no significant difference.

(2) Grain refining and solute Ta increased the resistance to recrystallization and improved
strength. For ductility and toughness, W-3%Ta and W-5%Ta alloys exhibited no
improvement compared to pure W, whereas W-1%Ta alloy exhibited superior ductility,
including DBTT, which might be related to the improved strength of sub-grain boundary.

(3) Proton irradiation study was performed at 1500 °C to 0.5 dpa. For the materials in the
recrystallized condition, the irradiation hardening (increase in hardness) decreased with
an increase in Ta concentration. In contrast, the materials in the as-received condition
exhibited a reduction in hardness. The hardness reduction decreased with an increase in
Ta concentration. One of the major factors determining the hardness change of the
as-received materials at such high temperature irradiation could be a microstructural
recovery followed by recrystallization.

(4) For the thermal properties important for high-temperature components of fusion reactors,
the reduction ratio of thermal diffusivity by Ta-alloying was lower than that of
Re-alloying when the concentration of the alloying element was the same.

(5) For the resistance against high heat flux exposure expected in the fusion reactor
components, the degradation of W-3%Ta was suppressed compared to pure W after

thermal shock tests by simultaneous exposure of pulsed laser and steady state D-plasma.
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Although it was concerned that the effect of D-plasma exposure might be much more
pronounced in the W-Ta alloy, the present study revealed no clear negative effects.
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Table 1 Concentrations of Ta and interstitial impurity atoms (C, O, and N) in pure W,

W-1%Ta, W-3%Ta, W-5%Ta, and W-3%Re plates.

Material C [ppm] O [ppm] N [ppm] Ta [mass %]
Pure W <10 <10 <10 -
W-1%Ta <10 20 <10 0.96
W-3%Ta <10 10 <10 3.0
W-5%Ta <10 20 <10 5.0
W-3%Re <10 <10 <10 —

38



Journal Pre-proof

Fig. 1 (a) Definitions of directions of materials and specimens (L, T, S, and L-S direction),

and drawings of (b) tensile and (c) Charpy impact test specimens.
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Fig. 2 Distribution of displacement damage in W-5%Ta after 3 MeV proton irradiation

calculated using SRIM-2013 [92]. Threshold displacement energies of W and Ta was were

assumed to be 90 eV [93].
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Fig. 3 Metallographic images after electrolytic polishing of (a) pure W, (b) W-1%Ta, (c)

W-3%Ta, and (d) W-5%Ta in as-received condition.
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Fig. 4 Average grain sizes of pure W, W-1%Ta, W-3%Ta, and W-5%Ta in as-received

condition. d,_and ds are for sizes along L and S directions.
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Fig. 5 TEM images of (a) pure W, (b) W-1%Ta, and (c) W-3%Ta in as-received condition.
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Fig. 6 Relationship between Ta concentration and lattice constant obtained by XRD analysis
of pure W, W-1%Ta, W-3%Ta, and W-5%Ta in as-sintered condition. Theoretical relation

calculated by the equation based on the Vegard's law is also plotted as dotted line [95].
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Fig. 7 (a) Vickers hardness after isochronal annealing for 1 h measured on L x S surface of
pure W [49, 51, 53], W-1%Ta, W-3%Ta [81], and W-5%Ta. (b) Ta concentration dependences

of recrystallization temperature determined by (a).
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Fig. 8 Ta concentration dependences of (a) grain size along L and S directions (d. and ds), (b)

cell size, and (c) Vickers hardness measured on L x S surfaces in as-received and

recrystallized (annealed at 2300 °C for 1 h) conditions.
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Fig. 9 (a) UTS, (b) co2, (c) TE, (d) RA, and (e) UE by tensile tests along L direction of pure
W [38, 39, 49-51, 53], W-1%Ta, W-3%Ta [81], and W-5%Ta in as-received condition.
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Fig. 10 Optical microscope images of test section of specimens after tensile tests along L

direction of pure W, W-1%Ta, W-3%Ta, and W-5%Ta in as-received condition.
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Fig. 11 SEM images of fracture surface after tensile tests along L direction of pure W,

W-1%Ta, W-3%Ta, and W-5%Ta in as-received condition.
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Fig. 12 Optical microscope images of test section of specimens after tensile tests at 1300 °C

along L direction of W-1%Ta, W-3%Ta, and W-5%Ta in as-received condition.
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Fig. 13 Absorbed energy by Charpy impact tests along L-S direction of hot-rolled plates
made of pure W, W-1%Ta, W-3%Ta, K-doped W, W-3%Re, and K-doped W-3%Re in
as-received condition [46, 49-51, 53, 81] and forged round-blanks made of pure W, W-1%Ta,

and W-5%Ta in as-received condition [77].
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Fig. 14 Relationships between grain size along S direction (ds) and (a) USE and (b)
DBT Tchapy by Charpy impact tests along L-S direction of hot-rolled plates made of pure W
(7 mm thick), pure W (4 mm thick), W-1%Ta, W-3%Ta, K-doped W, W-3%Re, and K-doped
W-3%Re in as-received condition [46, 49-51, 53, 81, 100-103] and a forged round-blank

made of pure W in as-received condition [77].
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Fig. 15 Appearances of specimens made of hot-rolled plates after Charpy impact tests along
L-S direction. (a) W-1%Ta at 400 °C, (b) K-doped W-3%Re at 500 °C, (c) W-3%Ta at 800 °C,
(d) pure W at 800 °C, and (e) pure W at 600 °C (un-notched specimen with 3 mm x 3 mm x

27 mm) [46, 49-51, 53, 81].
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Fig. 16 Changes in Vickers hardness by 3 MeV proton irradiation at 1500 °C to 0.5 dpa of
pure W, W-1%Ta, W-3%Ta, W-5%Ta, and W-3%Re in as-received and recrystallized
(annealed at 2300 °C for 1 h) conditions. TEM images of pure W and W-5%Ta in as-received

condition after proton irradiation are also shown.
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Fig. 17 Schematic illustration of temperature range from DBTT (DBT Tensile and DBTT charpy)
to recrystallization temperature by isochronal annealing for 1 h (Tgre) Of hot-rolled plates
made of W-1%Ta, W-3%Ta, and W-5%Ta in the present study and pure W, K-doped W,

W-3%Re, and K-doped W-3%Re in the previous study [53].
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Fig. 18 Thermal diffusivity of pure W [44, 47], W-1%Ta, W-3%Ta, W-5%Ta, W-1%Re [47],

and W-3%Re [47] in as-received condition.
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Fig. 19 SEM images of surface of pure W and W-3%Ta in as-received condition after thermal

shock tests with background steady state D-plasma exposure. Arithmetic mean surface

roughness, R,, is shown in each image [81].

Devise: PSI-2 (FZJ), base temperature: 700 °C, number of laser pulse: 1 X 10°,
laser power density: 0.38 GW/m?, pulse duration: 0.5 ms, D-plasma fluence: 4.1 X 10% m?

57



