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(1) Effects of K-doping on the Charpy impact properties of hot-rolled W plate were
investigated.

(2) K-doped W showed increase in USE and decrease in DBTT compared to pure W with the
same deformation ratio.

(3) DBTT and USE of W materials from different production routes could be predicted using
Hall-Petch type relations regardless of the K-doping.

(4) K-doping simultaneously induced grain refining, suppression of recrystallization, increases

in strength, ductility, and impact properties.
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Abstract

Low temperature brittleness and high ductile-to-brittle transition temperature
(DBTT) are potential drawbacks related to the mechanical properties of tungsten (W) for
divertor application in fusion reactors. To improve the mechanical properties of W, potassium
(K) doping has been applied as a dispersion-strengthening method. In this paper, the effects
of K-doping on the Charpy impact properties of W plate fabricated by powder metallurgy and
hot rolling in the as-received condition were investigated. In addition, the correlation among
the impact properties, tensile properties, and grain structure and the advantages of K-doped

W for divertor application of fusion reactor were discussed.
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1. Introduction

Tungsten (W) is a promising plasma-facing material for fusion reactor divertors
because of its high melting point, high thermal conductivity, low tritium retention, and low
sputtering rate [1]. However, there remain some drawbacks related to the mechanical
properties of W materials, e.g., low temperature brittleness, high ductile-to-brittle transition
temperature (DBTT) [2-10], recrystallization-induced embrittlement [11-14], and
neutron-irradiation-induced embrittlement [15-18]. These issues will restrict the operating
temperature window of fusion reactor divertors using W as a plasma-facing material.

To suppress the brittleness of W, various approaches including alloying and
microstructural control have been explored. Grain refining [19], work hardening [20], solid
solution alloying [21, 22], and dispersion strengthening [22, 23] are known as conventional
methods for improving the mechanical properties and suppressing the recrystallization of W
materials. Potassium (K) doping is a dispersion-strengthening method for W materials and
has been historically used for W filaments etc. [23-26]. K-doped W contains nano-bubbles
including K atoms (on the order of ppm), which are mainly dispersed at the grain boundaries
[23]. K bubbles are produced during sintering by the volatilization of K, which is added to the
raw material powder. Because K bubbles can hinder the motion of grain boundaries and
dislocations, they lead to strengthening at a high temperature and suppression of
recrystallization [24, 26]. In addition, K-doping can produce finer grains compared to pure W
because K bubbles inhibit grain boundary migration in general [26]. This grain refining also
leads to strengthening, which can be explained in general by the Hall-Petch law [27, 28].
Improvement in the mechanical properties by grain refining have been observed for most
metals including W [29, 30]. Moreover, it is expected that neutron-irradiation-induced
embrittlement can be suppressed in K-doped W compared to pure W because it contains a

large number of grain boundaries that act as sinks for defects formed by the neutron



irradiation.

Because most applications of K-doping have been for filaments etc. [23-26], limited
data are available for bulk K-doped W materials, which can be applied to the plasma-facing
material of a fusion reactor divertor. Most bulk K-doped W materials, which are expected to
be applied to plasma-facing materials, showed improvements in their thermo-mechanical
properties compared to pure W, including the recrystallization temperature, tensile properties,
low cycle fatigue life, and thermal shock resistance [31-38]. However, the K-doping showed
no significant positive effects on the impact properties below 1000 °C in the case of
hot-rolled W plates [39, 40]. In the case of swaged W rods, K-doping induced decreases in
the upper shelf energies (USE) above 800 °C in comparison with pure W, although it induced
a decrease of 50-100 °C in the DBTT [39, 40]. In principle, the effects of K-doping on the
mechanical properties were expected especially at a higher temperature, e.g., above half of
the melting temperature inducing creep deformation. For W materials, the method of
K-doping was originally developed to suppress creep deformation caused by grain boundary
sliding. Therefore, no significant positive effects of K-doping on the impact properties could
be found below 1000 °C.

On the other hand, grain refining, which can generally improve the strength, was
achieved by K-doping. In our previous studies [33-38], K-doped W plates and rods showed
an improvement in the tensile strength below 1000 °C in comparison with that of pure W
materials, which could be attributed to K-doping. As mentioned before, these improvements
were considered to be mostly caused by grain refining due to K-doping and by the dispersion
of K bubbles, which can hinder the motion of grain boundaries and dislocations. The impact
properties are simultaneously influenced by the strength and ductility. Therefore, it is
necessary to further investigate the effects of K-doping on the impact properties of W

materials from strength, ductility, and microstructural viewpoints.



The objectives of the present study are to investigate the grain structure, tensile
properties, and Charpy impact properties of pure W and K-doped W plates and to discuss the
effects of K-doping on the impact properties observed from these experiments. It is well
known that rolled W materials show a microstructural anisotropy, which is strongly
dependent on the fabrication conditions. The materials used in the present study also have a
microstructural anisotropy, as discussed in section 3.1, which will induce anisotropies of
thermo-mechanical properties. A few published papers have already reported anisotropy in
the tensile and Charpy impact properties of some materials used in the present study [33, 39].
However, the tensile and Charpy impact properties along the selected direction were
evaluated in the present study to evaluate the effects of K-doping. The effect of the

microstructural anisotropy will be discussed in future papers.

2. Experimental
2.1 Materials and grain structure evaluation

A pure W plate with a thickness of 4 mm (PW-4), a pure W plate with a thickness of
7 mm (PW-7), and a K-doped W plate with a thickness of 7 mm (KW-7) were examined in
the present study, which were fabricated by powder metallurgy (cold isostatic pressing at
room temperature and sintering at 1800-2200 °C) and hot rolling at 1400-1600 °C followed
by a final heat treatment at approximately 900 °C for stress relief. The concentration of
carbon (C), oxygen (O), and nitrogen (N) as interstitial impurities in all three materials were
approximately 10 ppm, less than 10 ppm, and less than 10 ppm, respectively. The
concentration of K in KW-7 were approximately 30 ppm. The thickness mentioned above
were those obtained directly after rolling. The reduction ratio (deformation ratio) for the
hot-rolling of PW-4 was approximately 10% higher than those of PW-7 and KW-7. All three

materials were prepared in the as-received (hot-rolled and stress-relieved) condition.



The purposes of utilizing these three materials were not only to evaluate the direct
availability of these materials as the plasma-facing material of fusion reactor divertors but to
evaluate the effectiveness of grain refining and K-doping from the viewpoints of the
thermo-mechanical properties of W materials for divertor applications. Although it is possible
that the thicknesses of 4 mm and 7 mm are not sufficient for divertor fabrication (e.g., the
thickness of around 12 mm for ITER monoblock divertor targets), the effect of grain refining
due to the increase in the deformation ratio and the effect of K-doping, which includes the
dispersion of K-bubbles and grain refining with no increase in the deformation ratio, could be
estimated by comparisons between PW-4 and PW-7 and between PW-7 and KW-7,
respectively. Because a material with a sufficient volume for divertor application and the
same microstructure as the materials used in the present study could be obtained by using
appropriate fabrication facilities (facilities for sintering, rolling, etc.), the knowledge obtained
in the present study will be available for the future development of fusion reactor divertors
using W materials.

To observe the grain structure and measure the grain size, mechanical polishing and
electrolytic polishing using a solution of sodium hydroxide and potassium ferricyanide were
conducted on the “L x T,” “T x S,” and “S x L” surfaces. The orientations of the L, T, and S
directions are shown in Fig. 1. The L direction corresponds to the rolling direction of the plate.
The grain sizes were measured based on the ASTM E112-85 standard [41] with

metallographic images after polishing.

2.2 Tensile test
To investigate the tensile properties (ultimate tensile strength, 0.2% yield stress, total
elongation, and reduction in area) of PW-4, PW-7, and KW-7, tensile tests along the L

direction were carried out at various temperatures. Some tensile tests were performed in



previous studies and data have already been published [33, 37, 38]. Flat-plate specimens were
used for the tensile tests, as shown in Fig. 1 (a) as the SS-J tensile specimen. The dimensions
of the specimen gauge section were 5 mm x 1.2 mm x 1.0 mm. The loading axis of the
specimens was aligned along the L direction (rolling direction) of the materials. The tensile
tests were carried out at temperatures ranging from room temperature to 1300 °C in vacuum
at a pressure of approximately 107 Pa at a strain rate of 1 x 10 s™*. Specimens were held for
1 h at each test temperature before tensile tests. The number of tests at each temperature was
one or two. The ultimate tensile strength, 0.2% yield stress, total elongation, and reduction in
area were evaluated using the average value if the number of tests was two. The ruptured
specimens were observed by a scanning electron microscope (SEM) to evaluate the reduction
in area.

To investigate the effect of the strain rate on the fracture manner of PW-7 and KW-7,
tensile tests along the S direction were carried out at various strain rates. Flat-plate specimens
were used for the tensile tests, as shown in Fig. 1 (b) as the VS-T tensile specimen. The
dimensions of the specimen gauge section were 1.05 mm x 1.2 mm x 1.0 mm. The loading
axis of the specimen was aligned along the S direction of the materials. Tensile tests were
carried out at room temperature and 700 °C in vacuum at a pressure of approximately 10° Pa
at strain rates of 1 x 10° s™ and 1 x 10™ s™. Specimens were held for 1 h before tensile tests
at 700 °C. The number of tests at each temperature was one. The ruptured specimens were

observed by an SEM to evaluate the fracture manner.

2.3 Charpy impact test
The specimens and methods for instrumented Charpy impact testing were based on
the EU standard DIN EN ISO 14556:2017-05 [42]. KLST Charpy V-notched specimens with

a length of 27 mm, a width of 3 mm, and a thickness of 4 mm were utilized, as shown in Fig.
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1 (c). The depth and root radius of the notch were 1 mm and 0.1 mm, respectively. The span
of the lower-die of this testing machine was 22 mm for all tests. Charpy impact tests along
the L-S direction were carried out at temperatures ranging from 300 °C to 1000 °C in vacuum
at a pressure of approximately 10 Pa using a Charpy impact testing machine with a high
temperature vacuum furnace at the Institute of Applied Materials (IAM), Karlsruhe Institute
of Technology (KIT), Germany [39]. The nomenclature of the L-S direction is shown in Fig.
1 (d). The first letter (L) indicates the direction perpendicular to the expected crack plane
while the second letter (S) stands for the expected direction of crack growth. Specimens were
held for 1 h at each test temperature before impact tests. The number of tests at each
temperature was one, except the test of KW-7 at 600 °C (The number of tests was two.). The
ruptured specimens were observed by an SEM to evaluate the fracture manner. Some Charpy
impact tests were performed in previous studies and data have already been published [39, 40,

43-47].

3. Results and Discussion
3.1 Grain structure

Fig. 2 shows images of the grain structures of PW-4, PW-7 [47], and KW-7, which
were obtained by optical microscope observations and electron backscatter diffraction
(EBSD) analyses. All three materials showed grains with a “pancake” shape, which is
particular to W materials fabricated by powder metallurgy and hot rolling.

Fig. 3 shows the average grain sizes along the L, T, and S directions (d., dt, and ds,
respectively) of PW-4 [47], PW-7 [47], and KW-7. The orientations of these directions are
shown in Figs. 1 and 2. The L direction corresponds to the rolling direction of the plate. The
grain sizes of PW-4 were smaller than those of PW-7 regardless of the direction. Because the

deformation ratio for the hot-rolling of PW-4 was approximately 10% higher than that of
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PW-7, the grains of PW-4 could be refined to a much greater degree than those of PW-7.

The grain sizes along all three directions of KW-7 were smaller than those of PW-7.
As mentioned in section 1, K-doping can induce the grain refining of W in general, even if
the deformation ratio is the same, because the K-bubbles dispersed in the grain boundaries
could hinder the motion of grain boundaries and dislocations [26]. Because the deformation
ratio for the hot-rolling of KW-7 was the same as that of PW-7, smaller grains could be

achieved in KW-7 compared to those in PW-7 by K-doping.

3.2 Tensile properties
3.2.1 Strength

The test temperature dependences of the tensile properties (ultimate tensile strength,
0.2% yield stress, total elongation, and reduction in area) at a strain rate of 1 x 10 s™ along
the L direction of PW-4, PW-7 [33, 37, 38], and KW-7 [33, 37, 38] are shown in Fig. 4. As
shown in Figs. 4 (a) and (b), the ultimate tensile strength and 0.2% yield stress of PW-4 were
higher than those of PW-7. It is well known that grain refining can improve the strength of
most metals including W [29, 30], even if their major chemical compositions are the same,
which can be explained in general by the Hall-Petch law [27, 28]. Therefore, the
strengthening in PW-4 could be attributed to grain refining caused by the increase in the
deformation ratio for the hot-rolling, as mentioned in the last section.

KW-7 showed a higher ultimate tensile strength and 0.2% vyield stress compared to
those of PW-7, which were similar to those of PW-4. As mentioned in the last section, grain
refining could occur by K-doping compared to pure W despite no change in the deformation
ratio for the hot-rolling. Therefore, it was possible that K-doping was one method for
strengthening W materials based on the grain refining effect with no increase in the

deformation ratio. The effect of the dispersion of K bubbles on the tensile strength was
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uncertain from the results of the present study.

3.2.2 Ductility

As shown in Figs. 4 (c) and (d), the total elongation and reduction in area of PW-4
were lower than those of PW-7. Because most of metals simultaneously show an increase in
strength and a decrease in ductility in general, these results were plausible.

There were no significant differences in the total elongation and reduction in area for
PW-7 and KW-7 from 300 °C to 900 °C. In contrast, the total elongation and reduction in
area of KW-7 were higher than those of PW-7 at test temperatures below 300 °C. Although
the total elongation and reduction in area of PW-7 were zero below 100 °C, those of KW-7
were not zero above room temperature. Therefore, it was possible that K-doping was one
method for improving the ductility, especially in the low temperature range. At a test
temperature of 1300 °C, the total elongation and reduction in area of PW-7 and KW-7 were
relatively large compared to those at the other test temperatures. According to the report by
Sheng et al. [32], recrystallized W materials showed no visible dislocation lines and a
relatively large elongation in a tensile test, while the as-received materials showed dislocation
lines and a relatively small elongation. As described in section 3.4 in detail, recrystallization
started in the ranges of 1100-1200 °C in PW-7 and 1200-1300 °C in KW-7 [48]. Therefore,
relatively large values of the total elongation and reduction in area could be attributed to the

recrystallized grains with a very low density of dislocations caused by annealing.

3.3 Charpy impact properties
3.3.1DBTT and USE
The test temperature dependences of absorbed energy from Charpy impact tests of

KLST specimens of PW-4, PW-7, and KW-7 along the L-S direction are shown in Fig. 5. The

13



data of PW-4 and PW-7 were taken from our previous studies [39, 40, 43-45, 47]. This figure
also includes the data of a pure W round-blank with a diameter of 175 mm and a thickness of
29 mm (PW-29) fabricated by powder metallurgy and forging [45, 46]. The DBTT and USE
varied widely among the materials. The DBTTs of PW-4, PW-7, PW-29, and KW-7 were
approximately 450, 550, 710, and 350 °C, respectively. The USEs of PW-4, PW-7, PW-29,
and KW-7, which were the average values of the absorbed energy from the DBTT to 1100 °C,
were approximately 6.8, 5.5, 4.0, and 7.6 J, respectively. As shown in Fig. 6, a linear relation
between the DBTT and the USE was obtained regardless of the production methods, histories,
and K-doping. In this figure, the error bars of the USE indicate the difference of the
maximum and minimum absorbed energies from the USE. These wide-ranged impact
properties might be attributed to the individual particular microstructure dependent on the
fabrication methods, histories, and K-doping. According to our previous study [47], the facts
that the impact properties of PW-4 were better than those of PW-7 and that the impact
properties of PW-7 were better than those of PW-29 can be explained by the strengthening
due to grain refining, which was caused by the increase in the deformation ratio. Compared to
these three pure W materials, KW-7 showed superior impact properties. Although the
superior performance of KW-7 could be also related to the grain refining, it was produced not
only by the increase in the deformation ratio but by the K-doping. The details of the effects of
K-doping (grain refining, K bubbles, etc.) on the impact properties are discussed in section

3.3.5.

3.3.2 Fracture manner
The appearances of the KLST specimens of PW-7 and KW-7 after the impact tests
are shown in Figs. 7 (a) and (b), respectively. Below the DBTT, brittle fracture and a mixture

of brittle and delamination fractures were observed at test temperatures of 400 °C for PW-7
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and 300 °C for KW-7. The fracture surfaces of PW-7 and KW-7 showed cleavage and
intergranular at sub-grain boundaries, respectively, as shown in Figs. 8 (b) and (d). According
to the report by Curry and Knott [49], the cleavage fracture stress of several steels could
increase with refining the grain size. Therefore, cleavage fracture was suppressed in KW-7
because of grain refining compared to PW-7. In contrast, as shown in Figs. 7 (a) and (b),
delamination fracture was observed in both materials at all test temperatures above the DBTT
and below 1000 °C. The direction of delamination was parallel to the rolling direction (L
direction). These fracture manners below and above the DBTT were similar to those observed
for PW-4 [39, 40, 43-45] and PW-29 [45, 46]. As shown in Figs. 8 (a) and (c), the fracture
surfaces for delamination showed intergranular at sub-grain boundaries, which were observed

in both materials at all test temperatures above the DBTT and below 1000 °C.

3.3.3 Effect of strain rate

In general, the strain rate applied during a Charpy impact test is higher than that of
ordinary static mechanical tests. To investigate the effect of the strain rate on the fracture
manner of PW-7 and KW-7, tensile tests were carried out along the S direction using VS-T
specimens at room temperature and 700 °C at strain rates of 1 x 10 and 1 x 10™ s™. The
ultimate tensile strength, 0.2% yield stress, total elongation, reduction in area, and fracture
manner from these tensile tests are summarized in Table 1. The fracture surfaces observed
using an SEM are also shown in Fig. 9.

At a lower strain rate (1 x 102 s, Figs. 9 (a), (b), (e), and (f)), most of the
specimens showed intergranular fracture at sub-grain boundaries, except PW-7 at room
temperature, which showed cleavage fracture, as shown in Fig. 9 (a). As described in the last
section, the cleavage fracture stress could increase with refining the grain size [49]. Because

larger grains were observed in PW-7 compared to KW-7, the cleavage fracture stress of PW-7
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could be lower than that of KW-7. Therefore, it is possible that PW-7 and KW-7 showed
different fracture manner at room temperature because of the difference in their cleavage
fracture stresses. On the other hand, at a higher strain rate condition (1 x 10" s, Figs. 9 (c),
(d), (g), and (h)), no difference in the fracture manner was observed for PW-7 and KW-7.
Both showed intergranular fracture at sub-grain boundaries regardless of the test temperature.
In contrast, the Charpy impact tests, which could induce loading with a relatively high strain
rate in materials, showed a difference in the fracture manner between them at temperatures
below the DBTT. PW-7 and KW-7 showed cleavage fracture and intergranular fracture at
sub-grain boundaries, respectively. Therefore, the results of the tensile tests along the S
direction at room temperature and 700 °C at strain rates of 1 x 10° s™ and 1 x 10" s™ could
not support the differences in the fracture manner from the Charpy impact tests. Further

investigation of the effect of strain rate is planned as future work.

3.3.4 Effect of strength and ductility

To discuss the effects of the strength and ductility on the Charpy impact properties at
test temperatures above the DBTT, the correlation between the absorbed energy from the
Charpy impact tests described in this section and the tensile properties described in section
3.2 was evaluated. Fig. 10 shows the relationships between the Charpy absorbed energy
above the DBTT and the tensile properties (ultimate tensile strength, 0.2% yield stress, total
elongation, and reduction in area) at the same test temperature for PW-4, PW-7, and KW-7.
The test results at temperatures below the DBTT, where brittle fracture with a very low or
zero absorbed energy was detected from the Charpy impact tests, are not included in this
figure. As shown in Figs. 10 (a) and (b), the Charpy absorbed energy above the DBTT
increased with the ultimate tensile strength and 0.2% vyield stress. In contrast, no clear

correlations between the absorbed energy and the total elongation and reduction in area were
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observed, as shown in Figs. 10 (c) and (d). Therefore, it was possible that a material’s
strength could directly affect the Charpy absorbed energy above the DBTT. On the other hand,
it was not certain whether the total elongation and reduction in area, which were factors that
determine a material’s ductility, could directly affect the Charpy absorbed energy.

At test temperatures below the DBTT, a higher strength (ultimate tensile strength
and 0.2% vyield stress) and higher ductility (total elongation and reduction in area) were
observed for KW-7 compared to PW-7 from the tensile tests, as mentioned in section 3.2 (see
Fig. 4). Moreover, it is known that highly deformed W materials with relatively small grains,
such as W foils, narrow rods, and wires, tend to show a higher strength and non-zero
elongation (ductility) at low temperatures [29, 30, 50]. Therefore, it was possible that grain
refining and K-doping could induce a higher strength and higher ductility in W materials,
resulting in a lower DBTT. The details of the effects of grain refining and K-doping on the

impact properties are discussed in the next section.

3.3.5 Effect of K-doping
According to several reports on the effects of grain size on the impact properties and
fracture toughness of metals, the DBTT could be determined by the grain size (d), and the

following Hall-Petch-type relation could be applied [51-53]:

DBTT = Apgrr — Kpgrr-d 2 (1)

where ApsTT [OC] and KpeTT [OC'Ml’nll2

] were constants independent of the grain size. This
relation indicated that grain refining could cause a decrease in the DBTT. Although there
were very few examples of the application of this relation to W materials, Bonnekoh et al.

reported that the DBTT of cold-rolled pure W sheets obtained by fracture toughness tests
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showed good agreement with this equation [30].
In our previous study [47], not only Eq. (1) but the following equation were shown

to fit the experimentally determined DBTT and USE of PW-4, PW-7, and PW-29 very well:

USE = AUSE — KUSE'd71/2 (2)

where Ause [J] and Kyse [\]'},ll’nl/2

] were constants independent of the grain size. In the present
study, to evaluate the effect of grain refining on the Charpy impact properties of pure W and
K-doped W fabricated with different production methods and histories and to discuss effects
of K-doping on the impact properties of W materials, Egs. (1) and (2) were applied to KW-7.
Fig. 11 shows the relationships between the grain size along the thickness (ds) and the USE
and DBTT obtained by Charpy impact tests of KLST specimens (L-S direction) of four
materials. The values of ds were 19, 22, 63, and 11 um for PW-4 [47], PW-7 [47], PW-29
[47], and KW-7 (see Fig. 3). The USEs were the average values of the absorbed energy above
the DBTT to 1100 °C. The error bars indicate the difference of the maximum and minimum
absorbed energies from the USE. As shown in Fig. 11, Egs. (1) and (2) also fit the
experimentally determined DBTT and USE of KW-7 very well. Thus, in case of W materials
fabricated by powder metallurgy, it was possible that the both DBTT and USE from the
Charpy impact tests could be predicted by the grain size using Hall-Petch-type relations,
even if their production methods and histories were different and if K-doping was or was not
used. However, the Hall-Petch-type relations included only the factor of grains. On the other
hand, the effect of K-doping was roughly distinguished as the effects of grain refining and
dispersion of K-bubbles at the grain boundaries. Therefore, the dispersion of K-bubbles could
not directly influence the Charpy impact properties below 1000 °C, although the

improvements in the impact properties due to grain refining caused by K-doping were
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significant. Because the effect of K-doping was originally expected, especially at higher
temperatures such as the temperature ranges inducing creep deformation, an investigation of
the impact properties at much higher temperatures above 1000 °C is planned as future work

to clarify the effect of K-doping in further detail.

3.4 Advantages of K-doped W

As mentioned in section 1, the low temperature brittleness, high DBTT, and
recrystallization-induced embrittlement are drawbacks of W materials as the plasma-facing
material of a fusion reactor divertor. In the present study, it was clarified that grain refining
was a promising method for suppressing the low temperature brittleness and lowering the
DBTT. However, it is known that the resistance to recrystallization of most metals becomes
lower as the deformation ratio increases [54]. Therefore, the suppression of the low
temperature brittleness and high DBTT by an increase in the deformation ratio alone could
simultaneously induce recrystallization from a lower temperature range. On the other hand,
K-doping could induce grain refining without any increase in the deformation ratio, as
mentioned in section 3.1. The grain sizes along all three directions of KW-7 were smaller
than those of PW-7 (see Fig. 3). Moreover, according to our previous study [48], the initiation
of recrystallization was suppressed in KW-7 (from 1200-1300 °C) compared to PW-7 (from
1100-1200 °C), as shown in Fig. 12. This result indicated the ability to suppress the
recrystallization of W materials by K-doping. From the results of these experiments, it was
expected that the suppression of the low temperature brittleness, lowering the DBTT, and the
suppression of recrystallization of W materials could be simultaneously achieved by
K-doping. As a consequence of these advantages, it was possible that a fusion reactor divertor
using K-doped W as a plasma-facing material could have a wider operating temperature

window than that using conventional pure W.
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However, there remain several factors to be considered when determining the
availability and applicability of K-doped W as the plasma-facing material of a fusion reactor
divertor, which are sputtering, tritium (T) retention, the effects of plasma exposure, high heat
flux loading, and neutron irradiation (displacement damage, transmutation, and production of
radionuclides), and so on. In our previous simulation study, the lifetime of ITER-like
monoblock divertor targets under high heat flux loading up to 20 MW/m? by using K-doped
W in place of pure W was extended [55]. Because the improvement in the low temperature
ductility and the suppression of recrystallization in K-doped W were clarified in the present
study, it is possible that the structural strength and lifetime of divertor targets could be
improved by using K-doped W. However, these investigations include no consideration of
changes in the sputtering coefficient, T retention, and the effects of plasma exposure and
neutron irradiation. From the viewpoints of neutron irradiation effects, our previous report
showed no difference in irradiation hardening between pure W and K-doped W after neutron
irradiation up to about 0.45 dpa at temperatures from 531 °C to 756 °C, which was one of the
non-negative effects of K-doping under the neutron irradiation [56]. However, the irradiation
dose in that study was very low compared to the expected one (15 dpa per 5 years by Bolt et
al. [57]). Therefore, high-dose neutron irradiation studies are required in the future. In
addition, the production of radionuclides such as **Ar is a major concern that should be
assessed, and the corresponding lifetime should be estimated. Thus, it is important to
investigate not only the thermo-mechanical properties reported in this paper but the other
important factors described above and to comprehensively evaluate the availability and

applicability of K-doped W as the plasma-facing material of a fusion reactor divertor.

4. Conclusion

The grain structure, tensile properties, and Charpy impact properties of pure W and
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K-doped W plates fabricated by powder metallurgy and hot rolling were investigated, and the
effects of K-doping on the impact properties and the advantages of K-doped W for divertor
application in fusion reactors were discussed. The results of this study were summarized as

follows:

(1) As positive effects of K-doping, grain refining with no increase in the deformation ratio,
an increase in the tensile strength below 1300 °C, an improvement in the ductility
(elongation and reduction in area from a tensile test) especially at lower temperatures
below the DBTT, and improvements in the Charpy impact properties below 1000 °C were
found in the present study.

(2) The K-doped W plate showed an increase in USE of approximately 40% and a decrease
in the DBTT of 200 °C compared to pure W with the same deformation ratio.

(3) The improved impact properties of K-doped W were mainly attributed to strengthening
by grain refining, which was caused by K-doping during fabrication and not an increase
in the deformation ratio. In contrast, effects of the dispersion of K bubbles on the impact
properties were not apparent below 1000 °C.

(4) For W materials fabricated by powder metallurgy, the both DBTT and USE from the
Charpy impact tests could be predicted by the grain size using Hall-Petch-type relations
(DBTT, USE = A — K-d 2, where A and K were constants independent of the grain size),
even if their production methods and histories were different and if K-doping was or was
not used.

(5) It was expected that the suppression of the low temperature brittleness, lowering the
DBTT, and the suppression of recrystallization, which were issues related to the
thermo-mechanical properties of W materials for divertor application in fusion reactors,

could be simultaneously improved by K-doping.
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Table 1 Ultimate tensile strength (UTS), 0.2% vyield stress (co2), total elongation (T.E.),
reduction in area (R.A.), and fracture manner by tensile tests along S direction of as-received
pure W plate (7 mm thick) and as-received K-doped W plate (7 mm thick) under strain rates

of 1 x 103 s and 1 x 10" s and test temperatures of R.T. and 700 °C.

. N Strain rate  Test temp. uTsS G TE. R.A.

Material Direction 5] o] P [MPa] [M(::"Za] ] %] T;gﬁt:erf

B RT. 193 - 0 0 cv
Pure W s 10 700 534 490 5 0 IG-SGB
(7 mm thick) Lot RT. 135 - 0 0 IG-SGB
700 276 - 0 0 IG-SGB
B RT. 235 - 0 0 IG-SGB
K-doped W s 10 700 579 548 28 0 IG-SGB
(7 mm thick) L0 R.T. 138 - 0 0 IG-SGB
700 390 - 0 0 IG-SGB

CV: cleavage, SGB: intergranular fracture at sub-grain boundary
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Fig. 1 Shape and dimensions of (a) SS-J tensile specimen, (b) VS-T tensile specimen, and (c)
KLST Charpy V-notched specimen and (d) nomenclature of directions of materials and

specimens.
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Fig. 2 3D metallographic images and 3D inverse pole figure (IPF) images obtained by
electron backscatter diffraction (EBSD) analyses after electrolytic polishing of (a) as-received
pure W plate (4 mm thick), (b) as-received pure W plate (7 mm thick) [47], and (c)

as-received K-doped W plate (7 mm thick).

(a) Pure W plate (4 mm thick)
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Fig. 3 Average grain sizes along L, T, and S directions (d, dr, and ds) of as-received pure W
plate (4 mm thick) [47], as-received pure W plate (7 mm thick) [47], and as-received

K-doped W plate (7 mm thick).
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Fig. 4 Test temperature dependences of (a) ultimate tensile strength, (b) 0.2% yield stress, (c)

total elongation, and (d) reduction in area by tensile tests (strain rate = 1 x 10 s™) using SS-J

specimens along L direction of as-received pure W plate (4 mm thick), as-received pure W

plate (7 mm thick) [33, 37, 38], and as-received K-doped W plate (7 mm thick) [33, 37, 38].
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Fig. 5 Test temperature dependences of absorbed energy from Charpy impact tests of KLST
specimens (L-S direction) of as-received pure W plate (4 mm thick) [39, 40, 43-45],
as-received pure W plate (7 mm thick) [47], as-received pure W round-blank (175 mm

diameter and 29 mm thickness) [45, 46], and as-received K-doped W plate (7 mm thick).
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Fig. 6 Relationship between USE and DBTT obtained by Charpy impact tests of KLST

specimens (L-S direction) of as-received pure W plate (4 mm thick) [39, 40, 43-45],

as-received pure W plate (7 mm thick) [47], as-received pure W round-blank (175 mm

diameter and 29 mm thickness) [45, 46], and as-received K-doped W plate (7 mm thick). The

USEs are the average values of absorbed energy above DBTT and below 1100 °C.
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Fig. 7 Appearances of KLST specimens after Charpy impact tests (L-S direction) of (a)
as-received pure W plate (7 mm thick) [47] and (b) as-received K-doped W plate (7 mm

thick). Descriptions in the right column for each specimen indicate fracture manner.

(a) Pure W (7 mm) (b) K-doped W (7 mm)
1000 °C 1000 °C
v Del. V Del.
900 °C
Del. M Del.
800 2Ga
Del. w Del.
700 °C
Del. V Del.
600 °C
Del. V Del.
Del. 500 °
+ Del.
Bri.
400 °C
Bri. v Del.
300 °C Del.
\ ‘, +
Bri.

* Del.: Delamination, Bri.: Brittle fracture
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Fig. 8 Fracture surfaces of specimens after Charpy impact tests (L-S direction) of as-received
pure W plate (7 mm thick) tested at (a) 900 °C and (b) 400 °C and as-received K-doped W

plate (7 mm thick) tested at (c) 800 °C and (d) 300 °C.
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Fig. 9 Fracture surfaces of specimens after tensile tests along S direction of as-received pure
W plate (7 mm thick) and as-received K-doped W plate (7 mm thick). Test temperature and
strain rate are (a, €) R.T.and 1 x 102 s, (b, f) 700 °C and 1 x 10® s, (c, g) R.T. and 1 x 10

s, (d, h) 700 °C and 1 x 10" s, respectively.
(a) Pure W (7mm)/R.T./ 103 st (e) K- dopedW(7 mm)/R T./103s1
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Fig. 10 Relationships between Charpy absorbed energy above DBTT and tensile properties
((a) ultimate tensile strength, (b) 0.2% yield stress, (c) total elongation, and (d) reduction in
area) at the same test temperature for as-received pure W plate (4 mm thick) [39, 40, 43-45,
47], as-received pure W plate (7 mm thick) [33, 37, 38, 47], and as-received K-doped W plate
(7 mm thick) [33, 37, 38]. Charpy absorbed energy is obtained by Charpy impact tests of
KLST specimens (L-S direction). Tensile test is performed using SS-J specimens along L

direction under strain rate of 1 x 103 s,
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Fig. 11 Relationships between grain size along thickness (ds) and USE and DBTT obtained

by Charpy impact tests of KLST specimens (L-S direction) of as-received pure W plate (4

mm thick) [39, 40, 43-45, 47], as-received pure W plate (7 mm thick) [47], as-received pure

W round-blank (175 mm diameter and 29 mm thickness) [45-47], and as-received K-doped

W plate (7 mm thick). The USEs are the average values of absorbed energy above DBTT and

below 1100 °C.
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Fig. 12 Inverse pole figures (IPF) and Kernel average misorientation (KAM) images obtained

by electron backscatter diffraction (EBSD) analyses of (a) pure W plate (7 mm thick) and (b)

K-doped W plate (7 mm thick) in as-received condition and after heat treatment at 1100 °C,

1200 °C, 1300 °C, 1400 °C, 1500 °C, and 2300 °C for 1 h in vacuum [48].
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Fig. 2

(b) Pure W plate (7 mm thick)

(a) Pure W plate (4 mm thick)

(c) K-doped W plate (7 mm thick)




Fig. 3
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Fig. 5
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Fig. 6
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Fig. 7

(a) Pure W (7 mm)

(b) K-doped W (7 mm)
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Fig. 8

(@) Pure W (7 mm) / 900 °C (c) K-doped W (7 mm) / 800 °C
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Fig. 10
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Fig. 11

Upper shelf energy [J]
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Fig. 12
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