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Abstract

Six tungsten grades were irradiated in the Belgian material test reactor (BR2) and
characterized by Vickers hardness tests in order to investigate the irradiation-induced
hardening. These tungsten grades included: Plansee (Austria) ITER specification tungsten,
ALMT (Japan) ITER specification tungsten, two products from KIT (Germany) produced by
powder injection molding (PIM) and strengthened by 1% TiC and 2% Y,0O; dispersed
particles, and rolled tungsten strengthened by 0.5% ZrC from ISSP (China). The materials
were irradiated face-to-face at three temperatures equal to 600 °C, 1000 °C, and 1200 °C to the
dose of ~1 dpa. The Vickers hardness tests under 200 gf (HV0.2) were performed at room
temperature. The Vickers hardness increases as the irradiation temperature increases from 600
to 1000 °C for all materials, except for the ZrC-reinforced tungsten, for which the increase of
hardness does not depend on irradiation temperature. The irradiation-induced hardness
decreases after irradiation at 1200 °C. This is a result of defect annealing enhanced by
thermally activated diffusion. However, even at 1200 °C, the impact of neutron irradiation on
the hardness increase remains significant; the hardness increases by ~30 to 60% compared to
the non-irradiated value. In the case of TiC-strengthened material, the irradiation hardening
progressively raises with irradiation temperature, which cannot be explained by the
accumulation of neutron irradiation defects solely.

Keywords: tungsten, neutron irradiation, irradiation hardening, microindentation
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1. Introduction

Tungsten is a mainstream candidate material for divertor and
armor of plasma facing components (PFCs) owing to a high
melting point, low erosion rate, and other attractive proper-
ties [1-3]. Although commercial ITER specification tungsten
is available on the market, various particle reinforced grades
and alloys from novel manufacturing processes have been
recently developed to ease the machining process and/or to
improve the low temperature mechanical properties and resis-
tance against recrystallization at high temperature [4—6]. One
of the novel manufacturing processes applicable for parti-
cle reinforced tungsten grades is the powder injection mold-
ing (PIM), which has the potential to be implemented for
future divertor because of good industrial scalability poten-
tial and only limited post-machining requirements [7]. Another
promising tungsten grade is reinforced with ZrC particles and
processed by thermo-mechanical treatment (TMT). This ZrC
reinforced tungsten grade is an attractive candidate since it has
fine grain structure, low ductile to brittle transition temper-
ature (DBTT), and improved microstructure stability at high
temperature (i.e. resistance against recrystallization) [§—10].
During the nuclear phase of ITER operation and other
magnetic confinement fusion devices, fast neutrons generated
from the deuterium—tritium (D-T) nuclear fusion reaction will
degrade the mechanical properties of PFCs materials. More-
over, the divertor PFCs based on the tungsten monoblock
design will also be exposed to high-heat-flux during normal
operation. This high flux of low energy plasma ions causes ero-
sion and thermal loads (inducing thermo-mechanical stresses),
which eventually cause cracking phenomena at the surface
of the plasma-facing divertor components [11]. Furthermore,
fast neutrons penetrate deep in the bulk and cause degrada-
tion of the bulk properties. The studies by Hasegawa et al and
Fukuda et al focused on irradiation hardening and microstruc-
tural evolution induced by neutron irradiation produced by
various test reactors (HFIR, JOYO, and JMTR) in tungsten
alloys [12—15] and in other advanced tungsten grades [16].
Their results show that the composition of the tungsten alloys
and the addition of strengthening particles affect the resis-
tance to the irradiation hardening. For instance, in tungsten
alloyed with Re and in ultra-fine grain tungsten reinforced by
TiC, the resistance against the irradiation hardening increases,
whereas in tungsten alloyed with La, the resistance to
irradiation hardening decreases at doses lower than 0.5 dpa.
Moreover, the density of irradiation-induced defects like voids,
dislocation loops, and precipitates vary with irradiation condi-
tions (i.e. irradiation temperature and dose). Since each type
of irradiation-induced defect has its unique contribution to the
overall irradiation hardening [17], a tungsten grade with differ-
ent defect populations will exhibit different mechanical perfor-
mance. Therefore, investigating the high temperature neutron
irradiation effects at higher irradiation temperature on tungsten
grades produced with the above mentioned novel manufactur-
ing processes is absolutely necessary in order to understand
their potential resistance to irradiation damage under different
irradiation conditions. This knowledge can assist industry to
develop new types of irradiation resisting tungsten alloys, and

engineers can implement the new tungsten alloys to optimize
the design of PFCs, offering durable and safe operation in the
nuclear fusion environment.

In this work, we perform a parametric study addressing
the effect of high temperature neutron irradiation on the hard-
ness change in two types of particle reinforced tungsten and
compare them to several tungsten grades, which includes the
results from the same campaign already published in refer-
ence [18]. The neutron irradiation is performed over a wide
range of temperatures, being relevant to the ITER operational
conditions. The samples made of different materials are irra-
diated face-to-face to ensure equivalent irradiation history,
thus enabling a comparative study. The hardness of reference
and as-irradiated samples is measured using Vickers hardness
indentation at room temperature.

2. Experimental procedures

2.1. Materials

Six different tungsten grades are investigated. The materials
can be categorized into two groups: commercial pure tungsten
grades (also called ITER baseline grades) and particle rein-
forced grades. The three ITER baseline grades are ITER spec-
ification tungsten materials produced by Plansee (henceforth
referred to as IGP), recrystallized IGP tungsten (henceforth
referred to as W-RX, also known as IGP-RX in our previ-
ous work [18]), and ITER specification tungsten produced by
A.L.M.T. (henceforthreferred to as IGA, also known as ALMT
in our previous work [18]). The W-RX is produced by heating
up the IGP to 1600 °C and holding this temperature for 1 h
in a protective hydrogen atmosphere. The other tungsten prod-
ucts are particle reinforced grades, namely: tungsten alloyed
with 0.5 wt% of ZrC (henceforth W0.5ZrC), tungsten alloyed
with 1 wt% of TiC (henceforth W1TiC), and tungsten alloyed
with 2 wt% of Y,03 (henceforth W2YO). W0.5ZrC material
is produced by the Institute of Solid State Physics, China, and
supplied as a plate product, which is sintered at 2200 °C under
a pressure of 70 MPa for 20 h in vacuum, followed by rolling
and TMT. Both WITiC and W2YO are produced by PIM tech-
niques (sintered at 2400 °C) by Karlsruhe Institute of Technol-
ogy, Germany. Table 1 summarizes the composition of these
tungsten grades. In the upcoming sections results and discus-
sion, table 2 summarizes the main characteristics of these six
materials.

2.2. Microstructure

A scanning electron microscope equipped with energy-
dispersive x-ray spectroscopy (EDS) and electron back-
scattered diffraction (EBSD) systems is employed for
microstructural characterization. In order to perform chemi-
cal composition analysis, the samples are finally ground with
P4000 SiC paper. After grinding with P4000 SiC paper, addi-
tional electropolishing is applied to the final surface just before
the EBSD scan for the EBSD analysis. The electrolyte for elec-
tropolishing is 1.5 wt% NaOH solution, and the parameters are
25V with a flow rate of 18 L min~! in the mask area of 2 cm?
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Table 1. Composition of the tungsten grades (the main composition is provided by the manufacturers,
and the impurities of pure tungsten can be referred to [19]). More information on the composition of
W-0.5ZrC and PIM tungsten grades can be found in [7, 8], respectively. The tungsten grades in the
literature and investigated here were produced by the same manufacturing process and

institute/company.
Impurities of pure W (ppm in weight)
Materials Mai siti igh
aterials ain composition (weight) Cr 0 Cu Fo Ni Mo
IGP >99.97% W 1.1 13 34 52 0.4 5.1
IGA >99.99% W 0.3 8 0.4 1.4 0.4 0.7
WO0.5ZxrC 99.5% W + 0.5% ZrC — — — — — —
W-RX >99.97% W 1.1 13 34 52 0.4 5.1
WITiC 99% W + 1% TiC — — — — — —
W2YO 98% W + 2% Y,03 — — — — — —
Table 2. Dimensions of the grains and of the strengthening particles of
different tungsten grades.
Equivalent diameter (xm)
Materials W Grain Particle
Plane normal to D10 D50 D90 D10 D50 D90
ND 14.5 52.7 103.9 — — —
IGP LD 4.8 15.8 31.5 — — —
ND 5.9 19.5 41.0 — — —
IGA LD 43 9.9 19.2 — — —
ND 1.9 4.5 9.2 02 04 038
WO0.5ZrC LD 14 2.8 5.5
W-RX — 31.7 60.4 108.4 — — —
WITiC — 1.8 6.0 9.8 04 09 1.6
W2YO — 2.2 6.2 11.8 0.6 12 20

for 1 min at room temperature. The grain size, grain orienta-
tion, and grain boundary misorientation angles are identified
by analyzing the EBSD data using EDAX-TSL OIM analy-
sis software. The equivalent 10% diameter (D10), equivalent
medium diameter (D50), and equivalent 90% diameter (D90)
of grains are identified, where D10, D50, and D90 indicate that
there are 10%, 50%, and 90% (in area fraction) of the grains
or particles smaller than this diameter, respectively. Therefore,
the grain size distribution of each tungsten grade can be evalu-
ated based on D10, D50, and D90 values. The particle identifi-
cation procedure is implemented by combining back-scattered
electron (BSE) signal and EDS mapping. The particle size is
analyzed using the ImagelJ software. As will be shown later,
the hardness of the materials is linked to the size and shape
of the grains. This is not surprising given that the hardness is
linked to the ability of the material to accommodate the exter-
nal load into elastic and plastic deformation. In the general case
of equiaxed grains, the yield stress is proportional to D=2 (D
is grain size) as expected from Hall-Petch relationship. Given
that some of the studied materials exhibit non-equiaxed grains,
we have used EBSD data to find a rigorous mathematical rela-
tionship between the grain size/shape parameters and Vickers
hardness. The basic idea is to link the Vickers hardness with the
linear density of interfaces (i.e. grain boundary or precipitate
interface), which are inversely proportional to grain size (or
precipitate size) and expected to obstruct plastic deformation

(and therefore contribute to the hardness) [20]. The analysis
performed here is mainly based on the results of the EBSD and
EDS measurements of the reference microstructure. As will be
discussed in the results section, the present work would very
much benefit from a detailed microstructural study of the neu-
tron irradiated samples by employing EBSD and transmission
electron microscopy (TEM). However, this is currently impos-
sible to perform due to the very high residual activity of the
samples (well exceeding 50 mSv h™!, so that even cutting the
samples into smaller pieces would not resolve the activation
issue). Further cooling is required to proceed with the prepa-
ration of the samples for the microstructure investigation of
as-irradiated materials. The next paragraph provides a brief
explanation of the quantification of the linear density of the
interfaces.

In general, the shape of an elongated grain of the
rolled/forged tungsten grade can be well approximated by an
ellipsoid, as shown in figure 1. A and B, are the major and
minor medium length values (in area fraction) given the pro-
jection of a grain on a plane perpendicular to the normal direc-
tion (ND). B, and C are the major and minor medium length
values for the projection on a plane normal to the longitu-
dinal direction (LD). The meaning of A, C, By, and B, can
be easily understood from figure 1. These measurements are
analyzed using the EDAX-TSL OIM software, where the min-
imum number of pixels required to define a grain is 2, and
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Figure 1. The projected shape of an ellipsoidal grain on (@) plane
normal to ND and () plane normal to LD.

the minimum misorientation angle of 2° is selected for all the
grains, including sub-grains, and 15° is applied for grains with
high angle grain boundaries (HAGBs). The volume (V.), the
approximated surface area (A.) [21, 22], and the grain bound-
ary surface area to volume ratio (Sy) of the ellipsoidal grain
can be described as follows,

4
Ve: g?TABC, (1)
PRP L APCP 1 BPCP\ /P
Ae:47r<AB +A3C +BC> ’ )
A
Sy = i, 3)

where p is a constant equal to 1.6075 [23], which gives a rel-
ative error of 1.061% in area. From the geometrical consider-
ations, B should be equal to both By and B,; B is taken as the
arithmetic mean value of B and B,.

The S, of equiaxed grains can be described as follow,

S.— o @)

D50’

where D50 is the equivalent medium diameter of the grains.
The S, of grains or sub-grains with a misorientation angle
larger than 2° (Sy,g) can be defined as the total S, of sub-
grains (Sysg) and grains (S, ) where sub-grains and grains
are surrounded by low angle grain boundaries (LAGBs) with
misorientation between 2 to 15° and HAGBs with a misorien-
tation angle larger than 15°, respectively. Therefore, Sy sg can
be calculated as:

Svs6 = Svic — Sva- )

Contrary to grain boundaries, the strengthening particles
do not share common interfaces, and therefore the S, of
strengthening particles, Sy, (i.e. valid for W1TiC, W2YO, and
WO0.5ZrC), is defined as:

Sup = —. (©6)

2.3. Neutron irradiation

The disk specimens are irradiated in the Belgian reactor (BR2).
BR2 is a type of materials testing reactor with flexibility to uti-
lize the reactor core configuration and operation mode to adapt
the requirements of experiment in terms of fast and thermal
neutron flux. The specimens are placed in the 1.5 mm thick

Transverse
Direction (TD)

Longitudinal Direction (LD)

Normal Direction (ND)

Figure 2. Sampling scheme for disk samples.

stainless steel capsule filled with inert gas to prevent oxidation.
The stainless steel capsule also acts as a shield to avoid exten-
sive transmutation. The typical transmutation rate was about
2 at.%Re/dpa, which otherwise would be a factor of 5 higher.
The position of the specimens inside the capsule is secured
by centering using Al,O3 holders, spacers and guiding rods in
order to maintain the dedicated gap between the stack of speci-
mens and inner capsule wall to achieve the required irradiation
temperature. Such design has been already applied in a num-
ber of recent experiments carried out on tungsten and tungsten
alloys, more details are available in [24-26]. The capsules
are embedded inside the fuel element, where the fast neutron
(E > 0.1 MeV) fluxis 7 x 10" ncm~2 s~ ! at a reactor power
of 60 MW. The calculation of the irradiation dose in displace-
ment per atom (dpa) units is performed by MCNPX 2.7.0 [27]
for the threshold displacement energy of 55 eV. The irradia-
tion doses and temperatures on the samples are found to be
0.95 dpa at 600 °C, 1.00 dpa at 1000 °C, and 1.13 dpa at
1200 °C using the MCNP calculations (neutron flux, gamma
flux, heat release due to prompt and delayed gamma and neu-
tron heating), reactor power measurements, and finite element
thermal calculations (the irradiation temperatures are nominal
values calculated as average during the cycle). During the reac-
tor cycle, the actual temperature on the samples exhibits an
excursion of about +5% with respect to the nominal value.
The ALEPH code of SCK CEN [28] and accessible nuclear
databases [29-31] are applied for the calculation of transmuted
elements. The summed concentration of transmuted Re and Os
for 0.95 dpa, 1.00 dpa, and 1.13 dpais 1.80 at.%, 1.96 at.%, and
2.13 at.%, respectively. The transmutation of ZrC is assessed
based on the comparison of pure tungsten and tungsten with
1 wt% ZrC (referred as W1ZrC) for a dose of 1 dpa using the
BR2 fuel channel (i.e. relevant for this work) and the DEMO
first wall neutron spectrum. The result indicates that there is no
major difference in terms of transmutation products between
the two grades in the BR2 spectrum (only a negligible amount
of Zr, ~4 appm, is transmuted in W1ZrC). In terms of gas
production, the addition of C will promote the formation of
He in DEMO spectrum from ~0.5 appm for pure tungsten to
7.3 appm for W1ZrC alloy. However, in the BR2 spectrum,
the effect of ZrC in terms of the formation of He is negligi-
ble. The confirmation of the concentration of transmuted ele-
ments requires further investigation by compositional analysis.
Currently, such analysis cannot be performed yet due to high
residual activity of the samples (exceeding 10 mSv h™!).
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Figure 3. Inverse pole figure of tungsten grades showing LAGBs and HAGBs interfaces. (@) IGP plane normal to ND; (b) IGA plane normal
to ND; (¢) W0.5ZrC plane normal to ND; (d) IGP plane normal to LD; (e) IGA plane normal to LD; (f) W0.5ZrC plane normal to LD;

(g) W-RX; (h) WITiC; (i) W2YO.

2.4. Micro-hardness test

The specimens for micro-hardness tests are disks with a diam-
eter of ~12 mm and 0.5 mm in thickness. The two sampling
orientations for the disks are shown in figure 2. The final sur-
face undergoing the indentation is polished with P2000 SiC
paper or higher grit before irradiation. No sample prepara-
tion was applied after the irradiation. The micro-hardness test
is performed by Vickers indentation under a force of 200 gf
inside the shielded hot cell operated by remote manipulators at
room temperature. The time to reach the maximum force and
the hold time is 10 s each. ASTM standard E384 is referred for
the calculation of Vickers hardness (HV, with a unit of GPa). In
order to generate statistically reliable data, up to nine idents are
made on each specimen in different areas around the center of
the disk. The hardness tests are performed on the plane orthog-
onal to ND for W0.5ZrC (as demonstrated in figure 2, P1 disk)
and on the plane orthogonal to LD for IGP and IGA grades (as
demonstrated in figure 2, P2 disk). This choice is made because
the plane of IGP and IGA (orthogonal to LD) will correspond
to the side of the PFCs facing the plasma beam in the Tokamak.
This plane, selected to face the plasma, has been chosen to
prevent grain debonding on the tungsten surface (expected to
result from the crack deflection), which would lead to contam-
ination of the plasma. Differently from IGP and IGA, the pref-
erence plasma facing plane for W0.5ZrC is not decided yet.
Moreover, the grain size of W0.5ZrC is much smaller than that
of the two commercial tungsten grades, and thus the anisotropy

of hardness (depending on the indented plane) is much smaller.
Therefore, the plane orthogonal to ND is selected for W0.5ZrC
to perform hardness tests in this work since manufacturing the
samples is easier for this orientation.

3. Results and discussion

3.1. Microstructure

Figure 3 shows the microstructure represented by inverse pole
figures for the different tungsten materials. The thick black
lines and thin black lines indicate, respectively, the HAGBs
(with misorientation > 15°) and LAGBs (with misorientation
between 2 to 15°). HAGBs and LAGBs can also be described
as boundaries between grains and sub-grains, respectively. As
shown in figures 3(a) and (d), the grains of IGP are elongated
in the LD. Since the width of the grain along the ND and
transverse direction is small, one can describe the shape of
IGP grains as carrot-like bodies. The grain shape of W-RX is
shown in figure 3(g). The elongated carrot-like grains of IGP
have evolved towards equiaxed grains after recrystallization.
Differently from IGP, the grains of both IGA and W0.5ZrC
exhibit a pancake-like shape with a major axis parallel to LD,
as shown in figures 3(b), (¢), (e) and (f). However, the grain
size of W0.5ZrC is much smaller than that of IGA because of
the TMT applied to W0.5ZrC [8]. The PIM manufacturing pro-
cess did not include any mechanical post-treatment, and there-
fore W1TiC and W2YO products have equiaxed shaped grains.
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BSE

EDS

Figure 4. BSE image and EDS map of particle reinforced tungsten
grades. (a) BSE and (b) EDS of WITIC; (c) BSE and (d) EDS of
W2YO; (e) BSE and EDS of W0.5ZrC. Red, green, and yellow
colors indicate elements of Ti, Y, and Zr, respectively.

The strengthening particles in W1TiC, W2YO, and W0.5ZrC
grades are homogeneously distributed in the matrix, as shown
in figure 4. D50, D10, and D90 values for the grains and the
strengthening particles are given in table 2.

As shown in table 3, the medium length of the major axis
and minor axis of the grains and sub-grains are measured for
IGP, IGA, and W0.5ZrC in the planes normal to ND and LD
in order to calculate the S g, and Sy s based on equations (3)
and (5) since these grades exhibit elongated grains. And the
Svg, and Sysg of W-RX, WITiC, and W2YO, which exhibit
equiaxed grains, are calculated using equations (4) and (5)
where the S, g and Sy can be calculated from the HAGBs D50
(as shown in table 2) and D50 with the misorientation angle
larger than 2° (W-RX: 59.3 pum; WITIC: 5.7 um; W2YO:
5.9 pm), respectively. Equation (6) is applied to calculate the
Syp for the particle reinforced tungsten (W0.5ZrC, WITiC, and
W2YO). The calculated Sy g, SysG, and Sy, of various tungsten
grades are summarized in figure 5.

Particle reinforced tungsten grades exhibit high total
boundary surface area to volume ratio Sy o (the sum of Sy,
SysG, and Syp) apparently because of the small strengthening
particles embedded in the tungsten matrix. The strengthen-
ing particles suppress grain growth (during sintering) helping
to keep grain size small in comparison with the commercial
tungsten grades. W0.5ZrC grade has the highest S, and S,
among other tungsten grades because it has the smallest grain
size and particle size, which is also reported in the earlier study
[9].

The Sysg (i-e. the density of LAGBs) of IGP, IGA, and
WO0.5ZrC grades is much larger than the one of W1TiC and
W2YO materials. This is expected since W1TiC and W2YO
are produced using the PIM process, which applies sintering
at a temperature higher than 2000 °C [7] without any further

mechanical processing such as rolling or forging. As a result,
the LAGB density of WITiC and W2YO is lower than that of
the rolled or hammered tungsten grades.

Respectively, the W0.5ZrC and W-RX grades exhibit the
highest and lowest Sy (o1 among the studied products. The low
Sviotal Of W-RX is clearly an outcome of the recrystallization
process, keeping in mind that before the annealing, the IGP had
avery high S, s, being one of the driving forces for the recrys-
tallization process. During the recrystallization process, the
LAGBs sweep across the grains and thereby getting removed.
As a result, large grains with a high misorientation angles are
formed.

3.2. Vickers hardness and irradiation hardening

As shown in figure 6, the hardness of non-irradiated tungsten
grades varies as a logarithmic function of Sy (o1,. As discussed
above, the boundaries act as obstacles or barriers, restraining
the mobility of dislocations. Therefore, W0.5ZrC has the high-
est hardness because of the excessively high Sy . Besides
the grain boundary and strengthening particles, the bulk dis-
location lines and networks also contribute to the hardness
[20]. As reported by Dubinko, et al [32], the dislocation den-
sity of W0.5ZrC is around 10'* m~2, which is higher than
the dislocation density of IGP (4.2 x 10'> m~?) and W2YO
(2.4 x 10' m~2). This could explain why the average hard-
ness of WO0.5ZrC seems to be higher than the grey trendline,
even though the trendline crosses the error bar.

The neutron irradiation hardening and the ratio of irradia-
tion hardening to Vicker hardness for the non-irradiated state
of the various tungsten grades are shown in figure 7. For all the
investigated tungsten grades, except for W0.5ZrC, the irradia-
tion hardening increases as the irradiation temperature (7';)
goes from 600 up to 1000 °C. However, for WO0.5ZrC (as
reported in our recent work [18]), the irradiation hardening at
600 °C is similar to that at Ty, = 1000 °C. It might be the result
of the high sink strength (i.e. high S\ ota1), Which offers better
resistance to irradiation (i.e. lower increase of the hardness)
by reducing the accumulation of damage, as will be discussed
below.

With the exception of W1TiC, all tungsten grades exhibit a
decrease of the irradiation hardening as the irradiation tem-
perature rises from 1000 °C to 1200 °C. The reduction of
the irradiation hardening can be the result of the annihi-
lation of irradiation-induced defects and possibly recrystal-
lization/recovery taking place simultaneously. For W1TiC,
W2YO, and W-RX, only the annihilation of irradiation-
induced defects is expected as these grades must be resistant to
recrystallization up to 1200 °C and even up to higher temper-
atures. The reason for the resistance of the PIM grades comes
from the fabrication, as the sintering was performed at very
high temperature (up to 2000 °C). W-RX has already been
recrystallized at 1600 °C for 1 h. Thus, these materials exhibit
extremely low dislocation/LAGBs density, which is the driv-
ing force for the recrystallization process in as-fabricated ITER
specification tungsten [32]. Moreover, the strengthening par-
ticles in the PIM tungsten grades can restrain the movement
of grain boundaries [7]. However, the W1TiC material does
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Table 3. The medium length of the major and minor axes of grains of IGP, IGA, and

WO0.5ZrC products.
Materials Medium length (x4m)
Grains or sub-grains with misorientation > 2° Grains with HAGBs
A B B C A B, B, C
IGP 39 16 20 1.2 77.1  10.0 125 438
IGA 25 14 20 1.1 15.6 5.7 8.1 29
WO0.5ZrC 1.7 09 14 0.8 5.1 1.7 19 1.0
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Figure 6. Relationship between total boundary surface to volume
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not involve the annihilation of irradiation-induced defects, as
the hardness increases with increasing irradiation tempera-
ture. The absence of the reduction of the irradiation hardening
in WITIC requires further investigation. Differently from the
PIM particle reinforced grades and W-RX, IGP and IGA have
a high density of LAGBs, higher density of bulk dislocations,
and do not contain strengthening particles. As indicated by

Pintsuk, et al [19] and Tsuchida, et al [33], both IGP and IGA
will be recrystallized up on long-term thermal exposure at a
temperature of 1200 °C. Although W0.5ZrC also contains high
LAGBSs density (shown in figure 5), the resistance against the
recrystallization is known to be higher than that of the rolled
pure tungsten [9]. Therefore, the combined effect of irradiation
enhanced and thermally assisted recrystallization (reduction of
dislocation density, reduction of LAGBs density, nucleation of
new grains with an equiaxed shape) on the resulting hardness is
expected to play a role in the case of the commercial tungsten
grades i.e. IGP and IGA, while the microstructure of the parti-
cle reinforced materials is expected to be stable against thermal
exposure during irradiation. Although the hardness measured
after irradiation at 1200 °C is lower than the one at the other
two irradiation temperatures (except for W1TiC), the hardness
after irradiation at 1200 °C still rises by 30%—60% compared
to the reference value, as shown in figure 7(b). In other words,
the annihilation of irradiation-induced defects does not fully
suppress the accumulation of irradiation-induced defects at
1200 °C (roughly one-third of the melting point of tungsten).
Additional experimental data on the neutron irradiation
hardening taken from the literature [12, 14, 34, 35] for two
different tungsten materials irradiated in HFIR and JOYO are
also added on figure 7. The grade irradiated in HFIR is the
hot rolled pure tungsten annealed at 1300 °C for 1 h, and the
grade irradiated in JOYO is from an arc-melted pure tungsten
ingot annealed at 1400 °C for 1 h [12]. Although the grain
properties of these two types of tungsten are unknown, their
Sy and Sy sg are expected to be similar to W-RX because of
the annealing process. With a similar dose (~1 dpa), the irra-
diation hardening resulting from the irradiation in HFIR and
JOYO reactors is around two times higher than the one mea-
sured after the irradiation in BR2. Three possible reasons can
be put forward to explain this difference. Firstly, since the irra-
diation at HFIR was performed in the flux trap channel, the
ratio of thermal to fast neutron flux was very high. In the case
of BR2 irradiation, the specimens were placed directly inside
the fuel element to reduce thermal to fast ratio as much as pos-
sible, and a thick stainless steel wall is used to absorb thermal
neutrons coming from other fuel elements. As a result, the cal-
culated concentration of the transmuted element (Re and Os) in
the HFIR irradiation [12] is higher than the one in BR2. Large
amount of precipitation has been observed in the HFIR irradi-
ation specimens, which is a result of the high concentration of
transmuted elements [12]. And, within all types of irradiation-
induced defects, precipitation has the highest contribution to
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from our recent work [18].

hardening [17], which is the reason why the irradiation hard-
ness of HFIR is larger than the one of BR2 irradiated materials.
Secondly, as reported by Hasegawa et al [12], the specimens
irradiated in JOYO reactor are fabricated from the arc-melted
ingot annealed at 1400 °C for 1 h. Therefore, these specimens
are expected to have a large grain size. Since their grain size
is larger than most of the specimens’ grain size studied in this
work, more irradiation-induced defects (voids and dislocation
loops) are expected to form (due to the effect of the sinking
at grain boundaries [36]). Thirdly, the dose rate of JOYO is
higher than for both BR2 and HFIR. Given a higher dose rate,
the irradiation time to reach an equivalent dose is shorter for
the irradiation in JOYO reactor. As the irradiation dose rate
increases, the lattice defects (Frenkel pairs and defect clus-
ters) are injected more frequently while their diffusion coeffi-
cients (controlling the rate at which defects reach static sinks)
remain constant given constant irradiation temperature [37].
As a result, under higher dose rate, a high concentration of
defects becomes available for mutual interaction leading to
the formation of larger clusters, turning later into voids and
loops. However, the high concentration of stable irradiation
defects leads to the lower growth rate, because newly intro-
duced defects are distributed among the sinks and stable irra-
diation defects [37]. That is the reason why the high irradiation
flux has a lower void and dislocation loop growth rate (but high
density of those defects) compared to a low irradiation flux.
Thus, the neutron irradiation with a higher dose rate results in
a larger number density of the irradiation-induced defects of a
smaller size, which should introduce a higher hardening effect
(mainly driven by the defect density). However, the concen-
tration of transmuted elements after the irradiation in JOYO
reactor should be the lowest since it is a fast reactor. Thus, the

combination effect of sink strength, dose rate, and concentra-
tion of transmuted elements may explain why the irradiation
hardening resulting from the JOYO irradiation is lower com-
pared to the one induced by the irradiation in HFIR reactor but
higher than the one in BR2.

Given the currently established understanding of the irra-
diation damage [36, 37], the irradiation hardening effect is
expected to reduce with increasing grain boundary density
(i.e. reducing grain size) and phase boundary density (i.e.
increasing particle density) because both types of these planar
defects are believed to act as sinks for the irradiation defects.
It is expected that one-dimensionally and three-dimensionally
migrating irradiation defects will get absorbed/attracted at
these planar defects and therefore will not contribute to the for-
mation of voids and dislocation loops inside the grain interior.
The latter defects are the main sources of irradiation hardening
in the limit of relative low irradiation doses, while the Re/Os
transmutation remains low enough. As shown in figure 8, most
tungsten grades follow the expected trend, except for the IGP,
which has low irradiation hardening although S, g is relatively
small for this material.

The Sysg is not included in this discussion because regu-
lar LAGBs have lower sink strength compared to the HAGBs.
Indeed, as indicated in the literature [38], a large grain bound-
ary density will promote the formation of nano-voids within
the grains because of the anisotropy of the diffusion of self-
interstitial atom and of their clusters, which promotes supersat-
uration of the 3D-migrating vacancies. Thus, the population of
the resulting irradiation-induced defects (voids and dislocation
loops) depends not only on irradiation dose and temperature
but also on sink strength, which is linked to the boundary (and
bulk dislocation) density. As shown in figures 5 and 7, IGP
has a lower S, compared to the WITiC, W2YO, and IGA
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material. Consequently, one should expect the void density
established in the IGP to be lower than that in other tung-
sten grades. If that is indeed the case, and since the voids
have a larger contribution to the hardening compared to the
dislocation loops in tungsten [17], the irradiation hardening
in the IGP should indeed be lower. Thus, grain refinement,
required to achieve high strength and low DBTT in the non-
irradiated material, might have a counter-productive effect in
terms of the preferential formation of the voids yielding to
the irradiation hardness and subsequent embrittlement. Unlike
the pure tungsten grades, W1TiC, W2YO, and W0.5ZrC have
strengthening particles that provide phase boundaries as addi-
tional sinks. As shown in figure 8, these additional sinks have a
positive effect on the resistance against irradiation hardening.
This might be explained by the different sink strength and sink
bias between grain boundary and phase boundary (difference
comes the fact that grain boundaries may absorb dislocation
loops, while strengthening particles cannot). Clearly, both of
the above discussed hypotheses require further investigation
by TEM.

4. Conclusions

The irradiation hardening of several tungsten grades irradi-
ated in the BR2 reactor at 600, 1000, and 1200 °C to ~1 dpa
has been assessed by parametric hardness measurements per-
formed at room temperature. Based on the experimentally
measured hardness, the following conclusions can be made:

(a) The highest irradiation hardening is reached at 1000 °C
in all the tested grades except for W1TiC, which shows
an abnormal increase of the irradiation-induced hard-
ness at 1200 °C. Further microstructural investigation is
required on this material to understand the reasons for this
unexpected result.

(b) Although the irradiation hardness at T, = 1200 °C is
smaller compared to the one measured at 600 °C and

1000 °C, it is not negligible and actually amounts to about
30%—-60% of the reference hardness value. Thus, even at
high irradiation temperature (7,/3), the accumulation of
irradiation defects in tungsten is not suppressed.

(c) The smallest irradiation-induced hardness (i.e. best resis-
tance to the irradiation damage) is observed in IGP and
WO0.5ZrC products at T, = 600 to 1000 °C, which can
be explained by a high density of sinks (i.e. the density of
LAGB, HAGB, dislocations, and particles in W0.5ZrC).
The evaluation of the irradiation hardness at T, =
1200°C requires additional EBSD and TEM analysis of
the irradiated samples as certain recrystallization and
bulk dislocation recovery may occur during the extended
irradiation period (125 days of irradiation).
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