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Abstract

One of the most critical issues affecting tungsten (W) as plasma facing material is
ductile-to-brittle transition behavior. It is well known that the microstructure of W materials
is influenced by the fabrication methods and histories, which can affect those behaviors. In
this paper. the current status of Charpy impact properties (ductile-to-brittle transition
temperature (DBTT) etc.) of pure and modified W materials fabricated by several methods
and histories are reviewed based on the open literatures and the possibility of integrated
interpretation of Charpy impact properties of W materials from different production routes is

discussed.
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1. Introduction

Plasma facing components (PFCs) of fusion reactors, such as divertor and blanket,
are subjected to high heat flux (HHF) loading during operation. To protect these components
from HHF loading from a few to 20 MW/m?, plasma facing material (PFM) is applied to the
surface of PFCs [1]. Tungsten (W) is a primary candidate of the PFM because of its high
melting point, thermal conductivity, sputtering resistance, and low tritium retention [2].
However, improvement of thermo-mechanical properties of W materials are still required to
overcome the potential disadvantages of W materials, and then to provide an additional
margin of safety, reliability, and lifetime of PFCs. The most critical issues affecting the
thermo-mechanical properties of W materials are ductile-to-brittle transition [3-11] and
recrystallization [12-15]. Most of W materials show the ductile-to-brittle transition above
room temperature (low temperature brittleness of as-fabricated materials) and show
brittleness after recrystallization at elevated temperature (embrittlement caused by
recrystallization). Therefore, low temperature brittleness and recrystallization embrittlement
should be suppressed in W materials, which can limit the operation temperature of PFCs.

It is well known that the as-fabricated microstructure of W materials and its recovery
and recrystallization behaviors under elevated temperatures are strongly influenced by the
fabrication methods and histories. Furthermore, microstructural anisotropy cannot be
negligible in worked W materials (i.e., rolled plates and swaged rods) [16—20]. Therefore, the
microstructure and its anisotropy induced by individual fabrication methods and histories
should be taken into account in W materials even if their major chemical composition is the
same.

Although the ductile-to-brittle transition temperature (DBTT), which strongly
depends on the testing method, cannot be directly used as a parameter for structural design

and operation, it has been utilized for evaluation of the ductile-to-brittle transition behavior of



structural materials and for systematic screening studies of them. The Charpy impact testing
is one of the most available and widespread techniques to evaluate the DBTT. In the case of
W materials, data of DBTT has been limited because there are very few Charpy impact
testing machine with a high temperature vacuum furnace, which can evaluate the DBTT
above room temperature with suppression of environmental effects (e.g., oxidation effect).
Therefore, systematic interpretation of the effects of microstructural and compositional
modifications (e.g., grain-refining, alloying, and dispersion-strengthening) is currently not
enough.

This paper reviews the current status of the Charpy impact properties of W materials
developed for the PFM applications, including pure and modified ones fabricated by several
methods and histories, based on the open literatures during recent ten years, and then discuss
for the integrated interpretation of Charpy impact properties of W materials from different
production routes. All the data shown in this paper are obtained using a Charpy impact testing
machine with a high temperature vacuum furnace of the Institute of Applied Materials (IAM),
Karlsruhe Institute of Technology (KIT), Germany [21]. Most of the data, which are those of
W materials from European communities for the PFM applications, have already been
published in several papers [21-26] and some data, which are those of W materials from

Tohoku university, Japan, also for the PFM applications are newly obtained for this paper.

2. Current status of Charpy impact properties
2.1 Hot-rolled plates

Among W materials, plate fabricated by powder metallurgy and rolling is one of the
key forms for the PFM applications. In the current design of ITER full W monoblock divertor
target, hot-rolled pure W plate is a leading candidate material [27]. Fig. 1 (a) shows the

Charpy impact properties of as-received hot-rolled plates with 4 mm thickness made of pure



W and W materials, which are dispersion-strengthened by potassium (K) bubbles (K-doped
W) and by lanthanum oxide (La;O3) particles (W-1%La,03) [21-25]. Specimen and methods
of the instrumented Charpy impact testing in this section is the same as those described in the
section 3.2. The nomenclature of the directions of hot-rolled W plates and specimens is
shown in Fig. 2 (a). The L direction correspond to the rolling direction of the plate. The first
letter of the L-S etc. indicates the direction perpendicular to the expected crack plane while
the second letter stands for the expected direction of crack growth.

As shown in Fig. 1 (a), significant difference of upper shelf energy (USE) of
hot-rolled pure W plates among the L-S, L-T, and T-L directions are observed. Although the
DBTT along T-L direction is not clarified, the effect of test direction on the DBTT of pure W
will not be also small. In general, the impact properties along L-S and T-L directions are the
best and the worst among them, respectively. These anisotropies of the impact property could
be attributed to the as-fabricated microstructure and its anisotropy [16—-20].

Grain refining [28], work hardening [29], solid solution alloying [30, 31], and
dispersion strengthening [31] are known as conventional methods to improve the mechanical
properties of W materials. The K-doping is one of the dispersion strengthening methods
[32-34]. K-doped W contains nano bubbles filled with K, which are mainly dispersed at the
grain boundaries [35]. The K-bubbles hinder the motion of grain boundaries and dislocations,
leading to higher strength at high temperatures and suppression of recrystallization.
Dispersion strengthening by nano particles by oxide and carbide such as La,O3 and titanium
carbide (TiC) is another well-known method not only for W materials but for the other metals
[36-38]. Although the optimization of these oxide/carbide dispersion strengthened W
materials is not so easy, some materials showed excellent mechanical properties [38].

As shown in Fig. 1 (a), the dispersion of K bubbles and La,O3 particles showed no

significant positive effects on impact properties of hot-rolled W plates below 1000 °C. In



principle, their effects on mechanical properties are expected especially at higher temperature.
For example, the K-doping is originally developed to suppress creep deformation caused by
grain boundary sliding of W. Therefore, no effects of dispersion of K bubbles and La,0O3
particles on impact properties could be detected because of relatively low test temperatures.
However, grain refining, which can generally improve the strength, is achieved by
the K-doping without any heavy rolling [20, 39—42]. As a consequence, the different K-doped
W plates from those in Fig. 1 (a) showed the improvement of tensile strength below 1000 °C
in comparison with the pure W plates, which could be attributed to the K-doping [18, 20, 39,
41, 42]. Therefore, it is necessary to further investigate the effect of K-doping and La,Os

particles dispersion in hot-rolled W plates based on the microstructural viewpoints.

2.2 Forged round-blanks

Round-blanks of W materials fabricated by powder metallurgy and forging were
developed for the PFM applications, especially by European community. Fig. 1 (b) shows the
Charpy impact properties of as-received round-blanks with 175 mm diameter and 29 mm
thickness made of pure W and W alloyed by tantalum (Ta), molybdenum (Mo), and vanadium
(V) [24, 26]. Specimen and methods of the testing in this section is the same as those
described in the section 3.2. The nomenclature of the directions of forged W round-blanks
and specimens is shown in Fig. 2 (b). The L direction correspond to the radial direction of the
round-blanks. The first and the second letters of the L-S etc. indicate the same meanings as
the hot-rolled plate.

The round-blank of pure W shows smaller difference of the USE and DBTT between
the L-S and L-T directions than the hot-rolled plate of pure W. In the case along L-S direction,
the USE and DBTT of round-blank of pure W are lower and higher than the hot-rolled plate

of pure W, respectively. In the case along S-L direction, the round-blank of pure W shows



brittle impact properties with no DBTT at all temperatures below 1000 °C.

Solid solution alloying is very common to improve the properties of W materials
including impact properties, strength, ductility, and recrystallization resistance [18, 30, 31,
41]. As shown in Fig. 1 (b), the alloying by 1%Ta and 50%Mo in W round-blanks shows no
or very small positive effects on impact properties below 1000 °C, which is dependent on the
test temperature, although the big scatter of absorbed energy is observed in the W-1%Ta. In
contrast, the degradation of impact properties is caused due to the alloying by 5%Ta, 20%Mo,
and 5%V. In these cases, brittle impact properties with no DBTT at all temperatures below
1000 °C are observed, which are similar to those observed in the round-blank of pure W
along S-L direction.

Rhenium (Re) and iridium (Ir) are known as solid solution alloying element to
improve ductility, strength, and recrystallization resistance of W materials, which are caused
by the difference in the electronic structure [18, 30, 31, 41, 43-46]. Therefore, the effects of
alloying by Re and Ir on the impact properties of W materials are expected to be clarified in

future although there is a cost issue in these elements.

2.3 Swaged rods

Among W materials, rod fabricated by powder metallurgy and swaging is also one of
the key forms for the PFM applications. In the current design of ITER full W monoblock
divertor target, swaged pure W rod is another leading candidate material [27]. W narrow rods
and wires have been widely explored as filament etc., however, limited data is available on
bulk W rods for the PFM applications [20, 46-48]. Fig. 1 (c) shows the Charpy impact
properties of as-received swaged rods with different diameters made of pure W, K-doped W,
W-1%La,03, and W-1%Re-1%La,03 [21, 24-26]. Specimen and methods of the testing in

this section is the same as those described in the section 3.2. The nomenclature of the
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directions of swaged W rods and specimens is shown in Fig. 2 (c). The L direction
correspond to the axial direction of the rods. The first and the second letters of the L-S etc.
indicate the same meanings as the hot-rolled plate and forged round-blank.

The USE of the pure W rods is the highest among three pure W forms (plate,
round-blank, and rod). Fractography of specimens after the impact tests points out that the
delamination fracture along L direction is observed in the pure W plate and round-blank
specimens along L-S direction above DBTT to 1000 °C, while the pure W rod specimens
along L-R direction showed the delamination fracture above DBTT to 800 °C and the ductile
fracture above 800 °C to 1000 °C [21, 24, 26]. Due to this difference in the fracture manner,
very high USE could be obtained in the pure W rod.

In case of the W rods with 6.9 mm diameter, the K-doping and La,O3 particles
dispersion decreased the DBTT by 50-100 °C in comparison with the pure W. In contrast,
decrease in USE above 800 °C occurred due to the K-doping and La,Oj3 particles dispersion.
According to the fractography of these materials [21, 24, 26], the K-doped W and
W-1%La,03 show the delamination fracture from DBTT to 1000 °C and show no ductile
fracture, which is observed in the pure W above 800 °C. Therefore, decrease in the USE is
caused by the suppression of the ductile fracture at higher temperature conditions.

The decrease in diameter of rods, which corresponds to the increase in the reduction
ratio along the radial direction of rods in the swaging process, is effective to improve the
impact properties. In case of the pure W and W-1%La,03, the DBTT shifted to lower
temperatures by approximately 100 °C due to the decrease in the diameter from 20 mm to 6.9
mm. It is known that the strength and ductility of swaged W rods and wires along the axial
direction, especially at low temperatures, could be improved by the fiber-like structure with
elongated grains produced by the increase in the reduction ratio [49, 50]. Therefore, the

improvement of impact properties of pure W and W-1%La,O3 rods by decrease in diameter
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could be attributed to the improvement of strength and ductility, especially at low
temperatures, caused by the particular microstructure with elongated grains. However, the
optimization of reduction ratio is essential for the W rods for the PFM applications. Although
the PFCs of fusion reactors, such as divertor and blanket, requires enough volume to fabricate
them, some W rods with relatively large diameter shows non-uniform microstructure,

especially along radial direction [46, 48].

3. Integrated interpretation of Charpy impact properties
3.1 Introduction

According to the Charpy impact properties of W materials (hot-rolled plates, forged
round-blanks, and swaged rods) mentioned in the chapter 2 based on the open literatures

during recent ten years, the followings are clarified and could be pointed out as issues:

1) The Charpy impact properties (DBTT, USE, absorbed energy, and fracture manner) are
strongly dependent on the fabrication methods and histories even if their major chemical
composition is the same.

2) The microstructural anisotropy strongly affects the Charpy impact properties.

3) The hot-rolled plates and round-blanks along the L-S direction showed the delamination
fracture above DBTT to 1000 °C regardless of the dispersion strengthening and alloying.

4) The swaged pure W rods along the L-R direction showed the delamination fracture above
DBTT to 800 °C and the ductile fracture above 800 °C. In contrast, the K-doped W and
W-1%La,03 show the delamination fracture from DBTT to 1000 °C and show no ductile
fracture.

5) The effects of K-doping, La,Os particles dispersion, and alloying by Ta, Mo, and V on the

Charpy impact properties could not be understood systematically based on the
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microstructural viewpoints.

It is well known that the grain refining can cause the improvement of mechanical
properties of most metals including W [28, 51] even if their major chemical composition is
the same, which can be explained in general by the Hall-Petch law [52, 53]. The grain
refining is achieved by the increment of reduction ratio in the rolling, forging, and swaging in
general. Therefore, the strong dependence of Charpy impact properties on the fabrication
methods and histories might include the effect of grain size and shape. The diameter
dependence of impact properties of swaged W rods as-mentioned in the section 2.3 could also
involve the grain refining effect.

On the other hand, the K-doping and alloying by Re also induce the grain refining of
W even if the reduction ratio is the same [41, 54]. Although the details of grain structure (size
and shape etc.) of W materials mentioned in the chapter 2 are not clearly reported, the effects
of K-doping, La,0O3 particles dispersion, and alloying by Ta, Mo, and V would be understood
by distinguishing the effects of these individual material modifications (the dispersion
strengthening by K-bubbles and La,O3 particles at grain boundary and the solid solution
strengthening and softening) and the effects of grain structure, which could be changed with
those modifications.

Based on these discussions, the effect of grain size on the Charpy impact properties
of pure W from different production routes are investigated in the present study for the

integrated interpretation of them.

3.2 Experimental procedures
Three kinds of pure W were evaluated in the present study. Information of these

materials are summarized in table 1. The first one is a pure W plate with 7 mm thickness
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fabricated by powder metallurgy and hot rolling, which is provided by Japanese industries.
The second one is a pure W plate with 4 mm thickness fabricated by powder metallurgy and
hot rolling, which is provided by European industries (see section 2.1). The third one is a
pure W round-blank with 175 mm diameter and 29 mm thickness fabricated by powder
metallurgy and forging, which is provided by European industries (see section 2.2). Grain
size along thickness (ds) are 22, 19, and 63 pum for the 7 mm thick plate, 4 mm thick plate,
and 29 mm thick round-blank, respectively, which are measured in the present study based on
the ASTM E112-85 standard [55] using metallographic images of those materials after
electrolytic polishing as shown in Fig. 3 (a).

Specimen and methods of the instrumented Charpy impact testing in the present
study are based on the EU standards DIN EN 1SO 14556:2017-05 [56]. Specimen is a KLST
type V-notched one, which has 27 mm length, 3 mm width, and 4 mm thickness. The depth
and root radius of the notch are 1 mm and 0.1 mm, respectively. To evaluate the effect of
V-notch on Charpy impact properties, an un-notched specimen with 27 mm length, 3 mm
width, and 3 mm thickness are also examined (see a photo in Fig. 7). Span of the lower-die of
this testing machine is 22 mm for all the tests.

To obtain stable test results, fabrication conditions of the V-notch are considered. Fig.
4 shows cross-sectional metallographic images of notch region of KLST specimen made of
the as-received pure W plate with 7 mm thickness. Smooth surface with no scratch is
obtained after the optimization of fabrication conditions, as shown in Fig. 4 (c) and (d). No
significant difference is observed between the notch surfaces fabricated by diamond grinding
(DG) and electrical discharge machining (EDM), as shown in Fig. 4 (a) and (b). Therefore,
specimens fabricated by the EDM under the optimized conditions are applied in the present

study.
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3.3 Results

Test temperature dependences of absorbed energy of Charpy impact tests of KLST
specimens along the L-S direction made of the as-received pure W plate with 7 mm thickness,
as-received pure W plate with 4 mm thickness [21-25], and as-received pure W round-blank
with 175 mm diameter and 29 mm thickness [24, 26] are shown in Fig. 5. The DBTT and
USE are varied widely with materials. The DBTTs of 7 mm thick plate, 4 mm thick plate, and
29 mm thick round-blank are approximately 550 °C, 450 °C, and 710 °C, respectively. The
USEs, which are the average values of absorbed energy from the DBTT to 1000 °C, of 7 mm
thick plate, 4 mm thick plate, and 29 mm thick round-blank are approximately 5.5 J, 6.8 J,
and 4.0 J, respectively. These varied values of impact properties might be attributed to the
individual particular microstructure dependent on the fabrication methods and histories. As
shown in Fig. 6, a linear relation is obtained between these DBTTs and USEs. In this figure,
the error bars of USEs mean the difference of the maximum and minimum absorbed energies
from the USE.

Appearance of KLST specimens after the impact tests made of the as-received pure
W plate with 7 mm thickness are shown in Fig. 7 (a). Below the DBTT (approximately
550 °C), a brittle fracture and a mixture of brittle and delamination fractures are observed at
the test temperatures of 400 °C and 500 °C, respectively. In contrast, the delamination
fracture is observed at all the test temperatures above the DBTT. These fracture manners
observed in this plate with 7 mm thickness of the present study are similar to those observed
in the plate with 4 mm thickness [21-25] and round-blank with 175 mm diameter and 29 mm
thickness [24, 26].

Test temperature dependences of absorbed energy of Charpy impact tests of
un-notched specimens (3 mm x 3 mm x 27 mm) along the L-S direction made of the

as-received pure W plate with 7 mm thickness and the appearance of those specimens after
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the impact tests are shown in Fig. 8 and Fig. 7 (b), respectively. The DBTT of un-notched
specimen is approximately 500 °C, which could be recognized as the same value as that of
the V-notched KLST specimen (DBTT = 550 °C). Below the DBTT, the un-notched specimen
showed the brittle fracture as the V-notched specimen tested at 400 °C showed. In contrast, a
plastic bending with no cracks and no fracture surfaces are observed at 600 °C and 800 °C in
the un-notched specimen, which is completely different fracture manner from the V-notched
specimen tested at the same temperatures. In addition, the absorbed energy above DBTT and
the USE (approximately 8.7 J) of the un-notched specimen are approximately 30% higher
than those of the V-notched specimen. According to these test results, the DBTT value under
the tests along L-S direction is not affected by the V-notch, while the absorbed energy and
fracture manner above DBTT are strongly affected by that. Considering the particular
microstructure like “pancake” as shown in Fig. 3, it is possible that the delamination fracture
above DBTT is peculiar for the tests along L-S direction.

The effect of notch fabrication method on the absorbed energy and fracture manner
above DBTT is evaluated in the present study. Fig. 8 and Fig. 7 (c) show the test temperature
dependences of absorbed energy of Charpy impact tests of KLST specimens fabricated by the
DG along the L-S direction made of the as-received pure W plate with 7 mm thickness and
the appearance of those specimens after the impact tests, respectively. The absorbed energy
and fracture manner at 600 °C and 800 °C of specimens fabricated by the DG are the same as
those of specimens fabricated by the EDM. Therefore, the effect of notch fabrication method

could be negligible.

3.4 Discussion
According to several reports on the effect of grain size on impact properties and

fracture toughness of metals, the DBTT can be determined by the grain size (d) and a
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Hall-Petch type relation expressed by the following equation can be applied [57-59]:

DBTT = Apgrr — Kpgrrd 1)

where Apgrt and Kpgrr are constants independent of the grain size. This relation indicates
that the grain refining can cause the decrease in DBTT. Although there are very limited
examples of application of this relation to W materials, Bonnekoh et al. reported that the
DBTT of cold-rolled pure W sheets obtained by a fracture toughness tests showed good
agreement with this equation except very fine grain material [51].

In the present study, to evaluate the possibility of integrated interpretation of the
Charpy impact properties of W materials from different production routes, the Hall-Petch
type relation is applied not only to the DBTT (see the equation (1)) but to the USE (see the
following equation (2)) obtained by specimen along the L-S direction of pure W materials

fabricated by the powder metallurgy and hot rolling, forging, and swaging:

USE = AUSE — KUSE'd71/2 (2)

where Ause and Kyse are constants independent of the grain size. As a grain size for those
relations, the grain size along thickness (ds) is applied, which means a grain size toward crack
propagation. The values of ds are 22, 19, and 63 um for the 7 mm thick hot-rolled plate, 4
mm thick hot-rolled plate, and 29 mm thick forged round-blank, respectively. The
relationships between ds and USE and DBTT are shown in Fig. 9. The USEs are the average
values of absorbed energy above the DBTT to 1000 °C. The error bars mean the difference of
the maximum and minimum absorbed energies from the USE. Although the number of data
point is very limited, those equations (1) and (2) are clarified to fit very well to the

17



experimentally determined DBTT and USE of the hot-rolled plates and forged round-blank as
a consequence. Therefore, in case of the pure W materials by powder metallurgy, it is
possible that the DBTT and USE under the Charpy impact tests could be integratedly
understood using Hall-Petch type relations even if these materials are from different
production routes. As a future work, validity of those relations to the other pure W materials
(cold-rolled, warm-rolled, and swaged materials by powder metallurgy and materials by
mechanical alloying (MA) and hot isostatic pressing (HIP) etc.) and modified W materials
(dispersion-strengthened materials and solid solution strengthened alloys) from different

production route and with different microstructure will be investigated.

4. Conclusion

The current status of Charpy impact properties of W materials for the PFM
applications below 1000 °C, including pure and modified ones fabricated by several methods
and histories, are reviewed based on the open literatures during recent ten years and the
possibility of integrated interpretation of Charpy impact properties of W materials from

different production routes are discussed. The results of this study are summarized as follows:

(1) The Charpy impact properties (DBTT, USE, absorbed energy, and fracture manner) are
strongly dependent on the fabrication methods and histories even if their major chemical
composition is the same.

(2) The microstructural anisotropy strongly affects the Charpy impact properties. In case of
the hot-rolled plates and forged round-blanks, the impact properties along L-S and T-L
(S-L) directions are the best and the worst, respectively.

(3) A brittle fracture below DBTT and a delamination fracture above DBTT to 1000 °C are

observed in most of the W materials. The pure W swaged rod only showed a ductile
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fracture above 800 °C to 1000 °C, which induces the highest absorbed energy among all
W materials evaluated in the present study.

(4) The effects of dispersion strengthening (K-doping and La,Os particles dispersion) and
solid solution strengthening and softening (alloying by Ta, Mo, and V) on the Charpy
impact properties could not be clearly understood based on the microstructural
viewpoints.

(5) In case of the pure W materials by powder metallurgy, it is possible that the DBTT and
USE under the Charpy impact tests could be integratedly understood using Hall-Petch
type relations (DBTT, USE = A — K-d2, where A and K are constants independent of the

grain size) even if these materials are from different production routes.
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Table 1 Information of pure W materials used and referred in the present study.

Material Grain size along
' thickness, ds [um] Remarks
Form Method Size [mm] * ,ds [
Plate Hot-rolling t7 22

Charpy impact test
Plate Hot-rolling t4 19 data were obtained
from ref. 21-25.

Charpy impact test

Round-blank Forging o175 x 129 63 data were obtained
from ref. 24 and 26.

* t4, t7, and t29 mean 4 mm, 7 mm, and 29 mm in thickness, respectively. ¢175 means 175
mm in diameter.
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Fig. 1 Test temperature dependences of absorbed energy of Charpy impact tests of KLST
specimens made of as-received W materials. (a) hot-rolled plates with 4 mm thickness made
of pure W (L-S, L-T, and T-L directions), K-doped W (L-T, and T-L directions), and
W-1%La,03 (L-T, and T-L directions) [21-25]. (b) forged round-blanks with 175 mm
diameter and 29 mm thickness made of pure W (L-S, L-T, and S-L directions), W-1%Ta (L-S
direction), W-5%Ta (L-S direction), W-20%Mo (L-T direction), W-50%Mo (L-T direction),
and W-5%V (L-T direction) [24, 26]. (c) swaged rods (L-R direction) made of pure W with
6.9 and 20 mm diameters, K-doped W with 6.9 mm diameter, W-1%La,03 with 6.9 and 16

mm diameters, and W-1%Re-1%La,03; with 10 mm diameter [21, 24-26].
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Fig. 2 Nomenclature of directions of materials and KLST specimen. (a) hot-rolled plate, (b)

forged round-blank, and (c) swaged rod.
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Fig. 3 (a) 3D metallographic image after electrolytic polishing and (b) 3D inverse pole figure
(IPF) image obtained by electron backscatter diffraction (EBSD) analysis of as-received pure

W plate (t7 mm).

(a) 3D metallographicimage (b) 3D IPF image by EBSD
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Fig. 4 Cross-sectional metallographic images of notch region of KLST specimen (as-received
pure W plate (t7 mm)) fabricated (a) by diamond grinding (DG) and (b—d) by electrical

discharge machining (EDM). (c) and (d) are typical images before and after the optimization.

28



Fig. 5 Test temperature dependences of absorbed energy of Charpy impact tests of KLST

specimens (L-S direction) made of as-received pure W plate (t7 mm), as-received pure W

plate (t4 mm) [21-25], and as-received pure W round-blank (¢175 mm x t29 mm) [24, 26].
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Fig. 6 Relationship between USE and DBTT obtained by Charpy impact tests of KLST
specimens (L-S direction) made of as-received pure W plate (t7 mm), as-received pure W
plate (t4 mm) [21-25], and as-received pure W round-blank (9175 mm x t29 mm) [24, 26].

The USEs are the average values of absorbed energy above the DBTT to 1000 °C.
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Fig. 7 Appearance of specimens after Charpy impact tests (L-S direction) made of pure W
plate (t7 mm, as-received). (a) KLST specimen (3 mm x 4 mm x 27 mm) fabricated by
electro discharge machining (EDM), (b) un-notched specimen (3 mm x 3 mm x 27 mm)
fabricated by EDM, and (c) KLST specimen fabricated by diamond grinding (DG).

Descriptions in the right column for each specimen indicate fracture manner.
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Fig. 8 Test temperature dependences of absorbed energy of Charpy impact tests of three kinds

of specimens along L-S direction made of pure W plate (t7 mm, as-received). The first

specimen is notched KLST specimen (3 mm x 4 mm x 27 mm) fabricated by electro

discharge machining (EDM), the second one is un-notched specimen (3 mm x 3 mm x 27

mm) fabricated by EDM, and the third one is notched KLST specimen fabricated by diamond

grinding (DG).

=
wv

] —e=with V-notch, EDM
{ =#=w/0 notch, EDM
1 —a—with V-notch, DG

e e e
o = N w =
. .

=
>
o
)
S 97 +
o \
= ] +
Q
0
- 7
2 °
0 6 1 —
> 5 4 \“
o
s, ] A
O
s Pure W
3 .
7 mm thick plate
2 1 .
+ As-received
1 . .
./. L-S direction
0 [ L] L] L] L] L]
200 300 400 500 600 700 800 900 1000 1100

Test temperature [°C]

32



Fig. 9 Relationship between grain size along thickness (ds) and USE and DBTT obtained by
Charpy impact tests of KLST specimens (L-S direction) made of as-received pure W plate (t7
mm), as-received pure W plate (t4 mm) [21-25], and as-received pure W round-blank ( ¢ 175

mm X t29 mm) [24, 26]. The USEs are the average values of absorbed energy above the

DBTT to 1000 °C.
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fABUE Test temperature dependences of absorbed energy of Charpy impact tests of KLST specimens made of
as-received W materials.

(a) hot-rolled plates with 4 mm thickness made of pure W (L-S, L-T, and T-L directions), K-doped W (L-T, and
T-L directions), and W-1%La,04 (L-T, and T-L directions).

(b) forged round-blanks with 175 mm diameter and 29 mm thickness made of pure W (L-S, L-T, and S-L
directions), W-1%Ta (L-S direction), W-5%Ta (L-S direction), W-20%Mo (L-T direction), W-50%Mo (L-T
direction), and W-5%V (L-T direction).

(c) swaged rods (L-R direction) made of pure W with 6.9 and 20 mm diameters, K-doped W with 6.9 mm
diameter, W-1%La,0; with 6.9 and 16 mm diameters, and W-1%Re-1%La,0; with 10 mm diameter.
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Fig. 2 Nomenclature of directions of materials and KLST specimen. (a) hot-rolled plate, (b) forged round-
blank, and (c) swaged rod.
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Fig. 3 (a) 3D metallographic image after electrolytic polishing and (b) 3D inverse pole figure (IPF) image
obtained by electron backscatter diffraction (EBSD) analysis of as-received pure W plate (t7 mm).

(a) 3D metallographic image (b) 3D IPF image by EBSD




Fig. 4 Cross-sectional metallographic images of notch region of KLST specimen (as-received pure W plate (t7
mm)) fabricated (a) by diamond grinding (DG) and (b-d) by electrical discharge machining (EDM). (c) and (d)
are typical images before and after the optimization.




Fig. 5 Test temperature dependences of absorbed energy of Charpy impact tests of KLST specimens (L-S
direction) made of as-received pure W plate (t7 mm), as-received pure W plate (t4 mm) [21-25], and as-
received pure W round-blank (¢175 mm x t29 mm) [24, 26].
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Fig. 6 Relationship between USE and DBTT obtained by Charpy impact tests of KLST specimens (L-S
direction) made of as-received pure W plate (t7 mm), as-received pure W plate (t4 mm) [21-25], and as-
received pure W round-blank (175 mm x t29 mm) [24, 26]. Upper shelf energy values are the average
values of absorbed energy above the DBTT and below 1000 ° C.
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Fig. 7 Appearance of specimens after Charpy impact tests (L-S direction) made of pure W plate (t7 mm, as-
received). (a) KLST specimen (3 mm x 4 mm x 27 mm) fabricated by electro discharge machining (EDM), (b)
un-notched specimen (3 mm x 3 mm x 27 mm) fabricated by EDM, and (c) KLST specimen fabricated by
diamond grinding (DG). Descriptions in the right column for each specimen show fracture manner.
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Fig. 8 Test temperature dependences of absorbed energy of Charpy impact tests of three kinds of
specimens along L-S direction made of pure W plate (t7 mm, as-received). The first specimen is notched
KLST specimen (3 mm x 4 mm x 27 mm) fabricated by electro discharge machining (EDM), the second one is
un-notched specimen (3 mm x 3 mm x 27 mm) fabricated by EDM, and the third one is notched KLST
specimen fabricated by diamond grinding (DG).
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Fig. 9 Relationship between grain size along thickness (ds) and USE and DBTT obtained by Charpy impact
tests of KLST specimens (L-S direction) made of as-received pure W plate (t7 mm), as-received pure W plate
(t4 mm) [21-25], and as-received pure W round-blank (175 mm x t29 mm) [24, 26]. Upper shelf energy
values are the average values of absorbed energy above the DBTT and below 1000 ° C.
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