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Recent studies addressing the change of mechanical properties after high temperature irradiation of tungsten
have reported substantial increase of the ductile to brittle transition temperature as well as increase of the
hardness. In this work, we performed microstructural analysis by means of transmission electron microscopy
(TEM) on various tungsten grades earlier exposed to high temperature neutron irradiation at 1200 °C up to 1 dpa.
The latter corresponds to the expected irradiation temperature on the surface of a tungsten monoblock during the
steady state operation in ITER. TEM was applied to five tungsten (W) materials including ITER specification pure
W and precipitate strengthened W alloys. The analysis of TEM data coupled with its discussion led to a number of
important conclusions regarding the damage induced at 1200 °C neutron irradiation such as: (i) weak effect of
recrystallization on the accumulation of the lattice damage; (ii) promising results on the tolerance of damage
accumulation in W-Y,03 grade and (iii) internal oxidation of TiC particles which may contribute to the huge

increase of the irradiation induced hardening.

1. Introduction

Tungsten (W) is selected as armor material in fusion devices (i.e. JET,
ITER, and candidate for DEMO applications [1-3]) because of its ability
to withstand high heat loads, prolonged interaction with plasma and
acceptable nuclear activation [3]. During the operation in the fusion
environment, 14 MeV fast neutrons will penetrate the plasma facing
components causing atomic displacement damage (measured in units of
displacement per atom, dpa) and subsequent formation of structural
lattice defects such as voids, dislocation loops and transmutation prod-
ucts [4-6]. The presence of those defects will suppress plastic defor-
mation mechanisms which otherwise help to dissipate thermal stresses.
Accordingly, upon the operation in a nuclear fusion environment the
material is gradually converted from ductile into brittle state.

In the specific case of W, even in the non-irradiated state, the ductile-
to-brittle transition temperature (DBTT) is rather high, being
300-400 °C [7,8]. Even though the main function of W is armor, it also
includes a structural function in the current ITER divertor design [3,9].
Given the unavoidable degradation of W properties due to the irradia-
tion, the design of the divertor components should account for the
change of the mechanical properties after neutron irradiation. The
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modification of the microstructure due to the neutron irradiation in the
hot part (i.e. close to the plasma surface) may result in the reduction of
thermal conductivity as well as alter the trapping of tritium and helium
coming from the plasma [6]. This was the incentive for the recent
experimental studies addressing high temperature neutron irradiation
(up to 1200 °C) and its effect on the mechanical properties such as
change of hardness and DBTT [10-12]. The cited studies included both
ITER specification tungsten products (produced by Plansee Austria and
ALMT Japan) as well as particle strengthened W alloys (W-TiC and W-
Y203) manufactured by innovative processing such as powder injection
molding.

The hardening induced after 1200 °C irradiation up to ~1 dpa,
assessed in these studies, have shown a number of important findings,
namely: (i) the irradiation hardening in W-TiC is abnormally high
compared to the other W grades which were irradiated face-to-face, the
origin of which remains unclear; (ii) although the irradiation hardening
at Ty = 1200 °C is lower than at lower irradiation temperatures e.g.
600 °C and 1000 °C, it is by far not negligible and it amounts to about
30-60% of the reference hardness value. Thus, even at high irradiation
temperature (T,/3), the accumulation of irradiation defects in tungsten
is apparently not suppressed by the thermally activated diffusion and
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subsequent self-annihilation; (iii) the smallest irradiation hardening (i.
e., the best resistance to the irradiation damage) is observed in materials
with the highest density of sinks. However, in the case of 1200 °C
irradiation, it is not clear whether thermally activated microstructural
recovery would occur in the course of the irradiation (achieving 1 dpa in
W in this experiment took about 125 days of irradiation). All the above
listed observations explain the need for characterization of the micro-
structure after the high temperature irradiation.

Open literature contains several transmission electron microscopy
(TEM) studies on various tungsten grades, exposed to neutron irradia-
tion at high temperatures (Tj > 900 °C) to establish relations between
the irradiation-induced microstructure and the modification of the me-
chanical properties [11,13-16]. These studies typically focus on
radiation-induced defects, such as dislocation loops, micro-voids and
transmutation-induced precipitates. Several grades of tungsten were
irradiated by neutrons at 600, 800 and 1200 °C and characterized by
Dubinko et al. [11]. The highest irradiation temperature (1200 °C)
resulted in the lowest dislocation loop and micro-void densities, attrib-
uted to absorption by defect sinks. However, micro-voids are more sta-
ble at high irradiation temperatures (1200 °C) and contribute more
significantly to the hardness than the dislocation loops. In a TEM study
by Papadakis et al. [16], a microstructural comparison was made be-
tween non-irradiated, as-forged tungsten annealed at 1200 °C and
tungsten neutron-irradiated at 1200 °C. The study showed the formation
of radiation-induced voids due to the diffusion of small vacancy clusters
caused by the high irradiation temperature. Grain boundaries act as
sinks for voids and have a denuded zone up to 30 nm wide. In addition to
dislocation loops and voids, the presence and spatial distribution of
transmutation elements, like Rhenium and Osmium, also contributes to
radiation-induced hardening. To reveal the spatial distribution of
transmutation elements, both single and polycrystalline pure tungsten
samples were exposed to neutron irradiation at 900 °C and characterized
by TEM [14]. The results revealed that Re segregates on voids and grain
boundaries in polycrystalline tungsten, while it forms Re-rich pre-
cipitates throughout the lattice in single crystal tungsten. The irradiation
temperature has a significant influence on the structure of the trans-
mutation products. To investigate that, identical polycrystalline tung-
sten samples were exposed to neutron irradiation within a temperature
range between 460 and 1100 °C [15]. The results showed that, the
tungsten irradiated at 1100 °C contains acicular precipitates rich in Re
and Os, indicating the stability at high temperature. However, at an
irradiation temperature around 500 °C, Re and Os were distributed as
nanoscale clusters, proving the dependence of the mobility of trans-
mutation elements and their binding into specific phases on the irradi-
ation temperature. Overall, the high temperature irradiation in tungsten
still leads to progressive void formation and high density of precipitates,
despite intensive thermal diffusion which should help to recover the
irradiation induced defects, causing embrittlement and loss of thermal
conductivity [17-19].

The above discussed knowledge covers the microstructure induced in
pure tungsten. However, numerous efforts have been made over the last
decade to improve properties of tungsten by alloying (see e.g. [20-25]
and references therein). Accordingly, the investigation of the high
temperature irradiation effects in those innovative materials is impor-
tant for the validation of the thermal stability of the initial microstruc-
ture which was beneficial for the properties of those materials in the
non-irradiated state. In addition, one also needs to explore up to
which extent the formation of voids and transmutation precipitates
pursues at high temperature irradiation in those tungsten alloys.

The present work aims at exploring the microstructural changes
induced in several advanced tungsten grades, that were earlier exposed
to 1200 °C neutron irradiation in the BR2 reactor [10] to a fluence
comparable to the end of design life of ITER (i.e. 1 dpa). The materials
can be categorized into two groups: commercially available tungsten
conform with ITER specification and particle reinforced tungsten alloys.
The three ITER specification tungsten materials include Plansee forged

bars in the conditions as-forged and as-recrystallized (at 1600 °C for one
hour), and ITER specification tungsten rolled plate produced by A.L.M.
T. The other two tungsten materials are particle reinforced grades:
tungsten alloyed with 1 wt% of TiC, and tungsten alloyed with 2 wt% of
Y20s3. A particular advantage of these W alloys is the fine grain size as
well as superior resistance against recrystallization and grain growth
achieved as a result of the stabilization of grain boundaries by the fine-
scale precipitates. In view of the fine grain size and assuming that grain
boundaries act as neutral sinks for the irradiation defects, the original
expectation was to observe a better resistance of these materials against
irradiation in terms of the increase of the hardness. Nevertheless, as it
was shown by Yin et al. [26], the additional hardness induced by the
1200 °C irradiation turned out to be very high in W1TiC, much higher
than any other of the tungsten grades irradiated face-to-face with
WITIC. On the other hand, the increase of the hardness in WY,03 was
the smallest of all investigated materials. This effect is illustrated in
Fig. 1, which plots the radiation induced hardness increase as a function
of irradiation temperature for each of the five alloys. Another unclear
result of the previous study was a considerable difference in the irradi-
ation hardness induced after 1200 °C in IGP and ALMT materials.

Given these unexpected results, the main objective of this study was
to perform a thorough microstructural characterization by TEM to (i)
assess the density and size distribution of loops and voids; (ii) reveal
possible heterogeneities in the loop/void spatial distributions; (iii)
characterize the background microstructure (dislocation density/sub-
grain size) as much as the observation zone would allow; (iv) charac-
terize the microstructure of the strengthening particles; (v) characterize
the microstructure near the particle-matrix interface in the set of tung-
sten grades irradiated face-to-face at 1200 °C in [26].

2. Investigated materials and experimental procedures
2.1. Investigated materials

The basic information about the fabrication route of the studied
materials is summarized below together with the acronyms used
throughout this paper to refer to those materials:

IGP: Commercially pure ITER specification tungsten grade produced
by Plansee, Austria. The material is supplied as a rod (with square cross-
section 36 mm x 36 mm) which was hammered on both sides, more info
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Fig. 1. Irradiation induced hardness in the investigated materials which was
studied by Yin et al. [26].
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on the properties of this material can be found in [27]. The material is
studied in the as-fabricated stress-relived state.

IGP-RX: IGP material exposed to thermal annealing at 1600 °C for 1
h to induce the recrystallization. The recrystallized material is expected
to occur in the upper part of the heat treated monoblock, from where a
sample was extracted.

ALMT: Commercially pure ITER specification tungsten grade pro-
duced by A.L.M.T., Japan. The samples were cut from the mono-blocks.
The material has microstructure and chemical composition very similar
to what is reported by Nogami et al. [28].

W2YO: Pure tungsten doped with 2% Y03 particles, produced by
powder injection molding and sintered at 2400 °C by Karlsruhe Institute
of Technology, Germany.

WITiC: Pure tungsten doped with 1% TIC particles, produced by
powder injection molding and sintered at 2400 °C by Karlsruhe Institute
of Technology, Germany.

Basic information on the material composition and grain size is
provided in Table 1.

2.2. Irradiation conditions

Disk shaped specimens of 12 mm diameter and 0.5 mm thickness
were irradiated in the Belgian Reactor 2 (BR2) at a temperature of
1200 °C. The specimens were placed in a steel capsule, which also acted
as a shield for thermal neutrons. The capsule was filled with inert gas to
prevent oxidation due to the high irradiation temperature. The accu-
mulated fast neutron (E > 1 MeV) fluence was ~1.5 x 10%° n/m? cor-
responding to a dose of 1.05 dpa, as calculated by the ALEPH code [29].
The same code was applied, using the accessible nuclear cross section
databases [30-32], to calculate the amount of Re and Os emerging as a
result of transmutation. The calculated concentrations of transmuted Re
and Os at 1.05 dpa are 2.2 at.% and 0.25 at.%, respectively.

2.3. TEM investigation

Samples were prepared for TEM analysis with a ThermoFisher Scios
dual beam focused ion beam/scanning electron microscope (FIB/SEM)
instrument using a Ga liquid metal ion source. A similar procedure was
applied for all samples. Two or three lamellas were extracted from the
same area in the middle part of the sample and attached to a Cu TEM
grid. Lamella thinning was performed at 30 kV using 1 nA, 0.5 nA and
0.1 nA currents until electron transparency. At the end, lamella clean up
steps were performed at 5 kV and 2 kV. In the case that a first TEM
analysis indicated that the lamella was still relatively thick, the lamella
was reloaded in the FIB and additional ion milling at 30 kV, 0.1 nA was
applied.

The lamellas were analyzed in a JEOL JEM-ARM300F2 TEM equip-
ped with a cold field emission gun as electron source and operating at
300 kV. The instrument can be operated in regular TEM mode as well as
in scanning TEM mode. Defects were analyzed in TEM mode using
classical bright field imaging. Cavities were revealed in out-of-focus

Table 1

bright field images. TEM cannot distinguish whether the cavities are
empty (voids) or filled with gas (bubbles). Only for large cavities there is
an indirect indication in the sense that spherical cavities are most likely
pressurized bubbles, while faceted cavities are voids or under pressured
bubbles. As the tungsten was only subjected to neutron irradiation and
not exposed to H or He, there is no reason to assume that cavities will be
filled with these elements. Therefore, the cavities are believed to be
voids and they will be called so in this paper. The local thickness of the
lamella was determined using convergent beam electron diffraction
(CBED) patterns. In addition, A JEOL DUAL DRY SD 320 Energy
dispersive X-ray spectroscopy (EDS) system is attached to the TEM. It
has two windowless SDD detectors of 160 mm? surface. The TEM was
operated in STEM mode to obtain detailed elemental maps.

3. Results
3.1. IGP tungsten

The grain structure of the material can be recognized in the back-
scattered electron (BSE) image in Fig. 2a. It consists of small grains of
the order of a few micrometers elongated perpendicular to the surface.
The grain structure agrees with the expected structure in IGP tungsten
and the reported grain size in Table 1 with the plane normal to LD.

Fig. 2 shows the defect structure in the IGP grade tungsten. Typical
radiation induced defects include dislocation loops and voids. The
dislocation structure is revealed in the bright field image of Fig. 2b. A
high number of elliptical features can be recognized that can be attrib-
uted to dislocation loops. Care needs to be taken with the interpretation
of the contrast. The ion milling process introduces defects into the la-
mellas that are quite similar to the radiation induced dislocation loops. It
is reasonable to assume that the loops introduced during the irradiation
at high temperature have grown to a larger size than the FIB induced
defects. The loop density was estimated based on this assumption, but it
must be noted that the counting of the loops may be biased. Therefore,
no error bar is given on the defect density. Considering these remarks, a
loop density of 2.2 x 10%2/m® was obtained the IGP material.

The loops size distribution was constructed by analyzing about
hundred loops and it is given in Fig. 2¢c. Most of the loops have a size in
the range of 5-8 nm, but a significant fraction of the loops has grown to
sizes above 10 nm and up to 20 nm. This results in an average loops size
of (7.9 4 3.5) nm, where the error bar is a measure of the width of the
size distribution.

Voids are revealed in the out-of-focus images of Fig. 2d and e. The
void density in the grain interior was compared to the voids near a grain
boundary, but no significant differences could be noted. If a void
depleted zone is present near the grain boundary, its width is <10 nm.
The void density measured in this sample was (3.7 + 1.0) x 10%2/m3
and the void size, measured on 131 voids, was (4.3 & 1.4) nm. The size
distribution is given in Fig. 2f.

Chemical composition and grain size of different tungsten grades [26]. The compositions of the commercial grades were provided by the manufacturer.

Materials Major composition (by weight) Equivalent diameter (pm)

Plane normal to* W grain Particle

D10 D50 D90 D10 D50 D90

IGP Pure W (>99.97%) ND 14.5 52.7 103.9 - - -

LD 4.8 15.8 31.5 - - -
ALMT Pure W (>99.97%) ND 5.9 19.5 41.0 - - -

LD 4.3 9.9 19.2 - - -
IGP-RX Pure W (>99.97%) - 31.7 60.4 108.4 - - -
WITiC 99% W + 1% TiC - 1.8 6.0 9.8 0.4 0.9 1.6
W2YO 98% W + 2% Y503 - 2.2 6.2 11.8 0.6 1.2 2.0

" ND: normal direction, LD: longitudinal direction.
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Fig. 2. a) BSE SEM image showing the grain structure of the IGP tungsten. b) Bright field image focusing on the radiation induced dislocation loops. ¢) Loops size
distribution. d) and e) Under-focus images, with a defocus value of about 1 pm, revealing voids in the bulk and near a grain boundary. f) Voids size distribution.

3.2. Recrystallized IGP tungsten

The recrystallization treatment at 1600 °C resulted in a significant
increase of the grain size. It is possible to extract a lamella from within a
single grain, but for this study, the location of the lamella was chosen
across a grain boundary. The BSE image in Fig. 3a reveals a grain
boundary from the upper right to the lower left part of the lamella.

The dislocation loops are shown in the bright field image of Fig. 3b.
Considering the potential confusion with FIB induced loops, the loops
density was estimated to be 5.6 x 1022/m®. Loops have grown to large
sizes of >20 nm, and it may even be possible that dislocation segments
observed at the bottom of Fig. 3b are in fact loops that have grown >50
nm. No such segments were observed in the thicker part of the lamella,
and it is not excluded that the proximity of a surface influenced the loop
growth. These features were not added to the analysis of the loop size.
On the other hand, many loops of smaller size were observed as well.
This is reflected in the size distribution of Fig. 3c, where a double
population of loops appears to be present. A first population has an
average size around 6 nm, while the second population reaches a
maximum around 12-13 nm. Including all, it leads to an average loop
size, measured on 129 loops of (7.7 + 4.0) nm, which is comparable to
the not-recrystallized IGP tungsten.

The voids are shown in the under-focus images of Fig. 3d and e, in the
grain interior and at the grain boundary respectively. The void density
was measured to be (2.4 + 1.0) x 10%2/m® and the void size, measured
on 151 voids, was (4.8 &+ 1.5) nm. The grain boundary in Fig. 3e was
recorded edge-on. There appears to be a narrow band of about 10 nm

wide with a lower void density. It indicates the presence of a small void
depleted zone.

3.3. ALMT

In the BSE image of Fig. 4a, it can be observed that the ALMT grade
tungsten has grains of similar size as the IGP tungsten, but with a more
isomorphic shape. This observation agrees with the values reported in
Table 1.

The dislocation loops are shown in the bright field image of Fig. 4b.
The loops density was, considering the potential confusion with FIB
induced loops, estimated to be 4.3 x 10%2/m°. A fraction of the loops has
grown to large sizes of >20 nm. On the other hand, many loops of
smaller size were observed as well. This is reflected in the size distri-
bution of Fig. 4d, where even three maxima appear to be present in the
size distribution. A first population has an average size around 6 nm. A
second population reaches a maximum around 11-12 nm. Only a small
number of the largest loops was found, but they form a third population
with a maximum around 21 nm. Including all, it leads to an average loop
size of (8.9 + 6.1) nm, measured on 128 loops.

The voids are shown in the under-focus bright field image of Fig. 4c
and the size distribution is shown in Fig. 4e. The void density in this
sample was (2.8 + 0.5) x 10%%/m®. the average void size, measured on
175 voids was (3.5 £+ 1.3) nm.
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distribution.
3.4. W2Y0O

An overview bright field image of the lamella extracted from the
Y203 doped tungsten is shown in Fig. 5a. The spherical light gray areas
are the Y503 particles. They are located in the grain interior as well as at
the grain boundaries. No orientation relation was observed between the
Y203 particles and the tungsten, neither at the grain boundaries nor in
the grain interior, indicating that the particles are incoherent.

Fig. 5b focuses on the radiation induced dislocation loops. A high
number of elliptical features can be observed that can be attributed to
dislocation loops. The loop density was, considering the potential FIB
induced defects, estimated to be 7.4 x 10%2/m>. The size distribution
measured on 120 loops, is represented in Fig. 5c. Even though a limited
number of large loops are present, there are no clear signs of loop
populations of different size. The average loop size is (8.4 + 4.1) nm.
Loops were also formed in the Yo0j3 particles, and a few can be observed
in Fig. 6b. The contrast agrees with loops formed on a {111} plane. The
loops were not analyzed in further detail.

Voids were observed in the bulk tungsten (Fig. 5d) as well as in the
Y203 grains (Fig. 5e). The measured voids densities are (0.7 & 0.2) x
10%2/m? in the tungsten and (11.0 £+ 1.0) x 10%2/m3 in the Y203 grains.
Moreover, as shown in Fig. 6a, a single large void of the order of 100 nm
in size was observed in several Y203 grains. The void is faceted and has
an octagon shape in projection on the (011) plane. The average void
sizes are (3.4 & 1.2) in W and (2.7 #+ 0.8) nm in Y503, which means that
the voids are, on average, larger in the W phase, but it is not sufficient to

end up with a comparable void volume fraction.

3.5. WITiC

Fig. 7a shows an overview bright field image of a lamella extracted
from the W1TiC material. The different phases were verified in a STEM-
EDS analysis and the result is shown in Fig. 8. The lighter gray areas in
the bright field image can be attributed to TiC particles. They are located
at the grain boundaries as well as in the grain interior. It has been re-
ported that the TiC particles have a semi-coherent interface with the
tungsten where [011]7ic// [001]w [33] and at least a partial coherency
could be confirmed in the present TEM analysis. The porous grain
indicated by the white arrow is different. Here the TiC particle reacted
with oxygen forming titanium oxide instead. In the presented lamella,
only one TiC grain had oxidized, but more were found at other locations.

Fig. 7b show a bright field image of the radiation induced disloca-
tions loops. Within the limitation of the measurement, a loop density of
(4.6 £0.5) x 10%2 /m® was obtained. The loop size distribution is shown
in Fig. 7c. It shows a single maximum around 7 nm with a tail towards
larger loop sizes. The average loop size, measured on 132 loops was (9.8
+ 4.7) nm.

The void distribution is revealed in the under-focus images of Fig. 7d
and e. It is quite different from the other tungsten materials. No voids
were observed in the bulk tugnsten and in the TiC particles. Only at the
grain boundaries or near the W-TiC interfaces a narrow band of voids is
observed. The width of this band is of the order of 50 nm. The local void
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Fig. 4. a) BSE SEM image revealing the grain structure in ALMT grade tungsten. b) Bright field image showing the radiation induced dislocation loops. ¢) Under-
focus image, with a defocus value of about 1 pum, reveling the presence of voids. d) and e) Size distributions of the loops and voids.

density in this narrow band equals 4.6 x 1022 1/m>. The void size dis-
tribution is shown in Fig. 7f. It is comparable to the void sizes measured
in the bulk of the other samples and an average size of (4.0 + 1.4) nm
was measured. The absence of voids in the bulk W does not exclude the
presence of high amounts of vacancies, vacancy clusters or voids smaller
than 1 nm, since these defects would not be resolved in the TEM images.

4. Discussion

Attempts were made to obtain information about the distribution of
the transmuted Re and Os, as precipitation was reported by Klimenkov
et al. under similar irradiation conditions [13]. Bright field images and
selected area diffraction patterns were analyzed for small precipitates,
which would appear as small dots in the bright field images or additional
reflections in the diffraction patterns, but none could be identified. In
addition, STEM EDS maps were recorded, also at higher magnification
than in Fig. 7, but only homogeneously distributed Re and Os signals
were obtained. The overlap of the M-peaks of W, Re and Os and an in-
crease background at the location of the L-peaks by X-rays generated in
the Cu grid, however, increase the detection limit of these elements and
may have obscured the presence of small precipitates in the current
analysis.

Application of the dispersed barrier model (DBM) to analyze the
correlation between irradiation induced hardening and microstructure
is a common approach in this kind of studies. The application of the DBM
is a simple and convenient way to analyze contributions coming from
different types of defects as was for example done by Hu et al. [34] for
single crystal tungsten. The increase of the hardness, can be calculated
as:

AHg = 3.2 M apb+ (Nd)'/? )

Here, M = 3.06 [35], p = 161 GPa, b = 0.274 nm (the Burgers vector
of the moving line dislocation), N = the density of defects, and d = the
mean size of the defects. o is a measure of the barrier strength and differs
for loops voids and precipitates. Following Hu et al. [34], the dislocation
loops are weak obstacles (with the barrier strength of 0.15, irrespective
of its size), while the strength of the voids depends on the size, and it
increases from 0.25 up to 0.4 as the void size increases from 1 to 2 nm up
to 4 nm (and higher). To account for multiple types of barriers, the
contributions to the hardening of each barrier are superimposed. Two
limiting cases of superposition of the contributions can be considered,
namely linear and squared superposition. Here, we have applied both
linear and squared superposition rules to compare with the experi-
mentally measured increase of the hardness AHeyp. The results of the
calculations and the input taken for these calculations is given in Table 2
and Table 3, accordingly.

Given the calculated contributions coming from the loops (AHjgops)
and voids (AHyciqs) as presented in Table 2, the hardening induced by
voids dominates in all the cases except W-Y,03 where the void density in
the bulk tungsten (for the voids resolved in TEM) was much lower than
in the ITER grades. The fact that at high irradiation temperature the
hardening is dominated by the voids is in agreement with the results of
Hu et al. [34].

Secondly, one can see that for the ITER grades, the application of
linear superposition yields to a total hardness that largely exceeds the
experimental value, keeping in mind that some extra contribution
coming from the non-resolved Re/Os precipitates was even not included.
This is an argument in favor of using the squared superposition rule for
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Fig. 5. a) Bright field image of the entire lamella prepared from the Y,03 doped tungsten. b) Bright field image showing the presence of radiation induced dislocation
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Fig. 8. Quantified STEM-EDS map of the W1TiC material showing the distri-
bution of C, O, Ti, W and Re.

the evaluation of the hardening in this irradiation condition. However,
even for the squared superposition rule, the total hardening exceeds the
experimental value for IGP, IGP-RX and W2YO. Probably, a certain
annealing of the initial microstructural defects in the material before
irradiation (i.e. line dislocations, sub/low-angle grain boundaries, ...)
was induced by the high temperature irradiation so that the contribution
of the initial defect structure to the total hardness is lower than before
irradiation. To estimate the contribution of the initial defect structure to
the hardness, the difference can be considered between the hardness of

Table 2

Change of hardness measured in experiment and according to DBM i.e. AH ¢
3.2 M-a-pb+(Nd)!/2 The strength of the loops and voids were taken following
Hu et al. [34]. a loops  0.15; a voids  0.4.

Sample ID, AHexp AHjoops AHyoids AHcale AHcale
material [GPa] [GPa] [GPa] linear squared
[GPa] [GPa]

IGP 1,73 0,84 2,14 2,98 2,30
IGP-RX 2,02 1,32 1,82 3,14 2,25
ALMT 2,9 1,24 1,68 2,92 2,09
W2YO 1,45 1,58 0,83 2,41 1,79
W1TiC 4,85 1,35 2,30 3,65 2,67

non-irradiated IGP tungsten and single crystal tungsten, having no
microstructural defects except dislocations induced by the indenter
during the hardness test, which is 4.6-3.7 = 0.9 GPa [10]. The same
difference between the IGP and IGP-RX grades is 0.8 GPa, which means
that grain size has a larger impact on the hardness than the dislocation
density. As the actual TEM measurements did not reveal signs of
recrystallization and grain growth in IGP and ALMT samples, recovery is
only expressed in a reduction of the dislocation density, which may not
be sufficient to explain the difference between measurement and
calculation. To further clarify this point, more detailed analysis is
needed which would include both measurement of the dislocation
density and precipitate size/density.

As for the advanced alloys, the measured irradiation-induced hard-
ening in W2YO agrees rather well with the value calculated using the
squared superposition method. In the case of W1TiC, although we pro-
vided the prediction of the DBM, the comparison is not adequate
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Table 3
Microstructural information on the materials after irradiation to 1 dpa.

Sample  Loop Loop Void Void Other comments
density size density size
(x10%%/ (nm) (x10%/ (nm)
m>) m>)
IGP 2.2 79+ 3.7 4.3 + small sub-grains are
3.5 1.4 present as in non-
irradiated W. no sign of
recrystallization.
IGP-RX 5.6 7.7 £ 2.4 4.8 + some very large loops
4.0 1.5 are present
ALMT 4.3 8.9+ 2.8 35+ small sub-grains are
6.1 1.3 present as in non-
irradiated W. no sign of
recrystallization
W2YO 7.4 8.4+ 0.7 in W 34+ no void depletion near

4.1 11.0 in 1.21in GBs. No void depletion
Y203 w near Y03 interface,
2.7 + Loops and voids inside
0.8 in Y,03 particle
Y203
WITiC 4.6 9.8 + 4.6 4.0 £ voids are observed only

4.7 1.4 near grain boundaries.

nm

because: (i) the contribution of large oxidized TiC particles is not
accounted for (appropriate characterization of those particles was not
possible given the dimension of the observation area and the complexity
in the sample preparation techniques, likely EBSD study would be more
appropriate for such types of defects); (ii) there is a strong heterogeneity
in the location of voids, so the application of DBM is questionable by its
nature. However, if one would account for the contribution from voids
as if these are present homogeneously over the matrix, even then the
total hardness increase is far smaller than the experimentally measured
value, which indeed confirms a large contribution from the oxidized TiC
precipitates.

The graphical comparison of the mean size and density of the loops
and voids is given in Fig. 9. One can see that there is no essential dif-
ference in the microstructure observed in IGP, ALMT and IGP-RX. The
recrystallization leads to a reduction of the void density and increase of
the loop density. Such effect could be explained assuming that disloca-
tion lines and low-angle grain boundaries, the main intrinsic defects in
as-forged IGP and ALMT, act as sinks for the mobile loops, while these
intrinsic defects are nearly missing in the IGP-RX and this is why the
density of the remaining loops is up to a factor 3 higher.

In the W2YO material, the incoherent interface between the Y503
particle and the W matrix provides additional sinks for radiation

12
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—e— Voids
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E 8-
£
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N
7]
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Q
[
)
4 4
2
T T T T |
IGP IGP-RX ALMT W-YO W-TIiC

induced defects. In addition, the density of voids registered in the Y503
particle is one order of magnitude larger than in the W matrix, while the
mean void size is nearly the same (3.4 nm in W vs. 2.7 nm in Y503). This
is a striking result, because it shows that in the investigated conditions
the susceptibility of Y503 to the void swelling is much larger than that of
tungsten. In addition to the spherical nano-voids, huge octagon-shaped
cavities were observed (see Fig. 6a) with a size of 100-200 nm. Also, the
formation of dislocation loops (see Fig. 6b) was registered, which are
likely the defects formed by the self-interstitials. Although, one needs
further investigation of the structure and morphology of the defects
inside Y203 particles, the currently obtained results are promising as
they show that Y,O3 particles indeed act as sinks for the irradiation
defects in the W matrix and effectively reduce the density of the voids in
the matrix. Moreover, the measured reduction of the defect density in W
matrix correlates well with the smallest increase of the hardness
compared to other studied grades (see Fig. 1).

Finally, we come to the discussion of W-TiC. The addition of coherent
TiC particles to tungsten leads to grain refinement, improved ductility
and reduction of neutron irradiation induced hardening [33]. However,
under the irradiation conditions applied here, the material shows a
significant increase of the hardening at 1200 °C irradiation temperature,
whereas the higher irradiation temperature leads to a hardness decrease
in the other alloys. The coherence of the TiC particles is reported to resist
neutron irradiation and also under the irradiation conditions applied
here, at least partial coherence was noted. A striking feature is the fact
that no voids were observed in W bulk and in the TiC particles, while
dislocation loops were observed readily. The only location where voids
were observed were the near-grain boundary regions or at the W-TiC
interface, the width of this void-rich layer is about 50 nm. In addition,
some porous structures of several pm in size were identified even at the
stage of FIB lamellae preparation. Only one of such structure was
registered per lamella, which means that more material needs to be
analyzed to obtain an accurate number density. Those porous structures
are tentatively attributed to the internal oxidation of TiC particles
forming oxides. The origin for the formation of such oxides must come
from the material itself, because all other studied samples were irradi-
ated in the same holder face-to-face, and no surface oxidation was
identified after the irradiation on or inside other samples. Accordingly,
we can assume that the dissolved oxygen, stored during the production
and sintering of the material, was released from its lattice or chemical
traps due to the high temperature irradiation and this caused the
transformation of small TiC precipitates into larger Ti-C-O particles.
Given that the W-TiC material was sintered at 2400 °C and TiC particles
were stable, the neutron irradiation coupled with high temperature
somehow triggered this process of internal oxidation, while a simple

—&— Loops
7 4|—@—Voids

(b)

Defect density (x10%2 m™)

T T T T T
IGP IGP-RX ALMT W-YO W-TIC

Fig. 9. (a) Mean size of dislocation loops and voids; (b) density of dislocation loops and voids.



W. Van Renterghem et al.
thermal annealing at 1200 °C turned out not to be sufficient.
5. Conclusions

Based on the presented results and discussion, we can provide the
following concluding statements:

1. Based on the measured dislocation loop and void size/density dis-
tributions and by applying the dispersed barrier hardening model
one cannot provide a comprehensible explanation for the difference
in the irradiation-induced hardness in IGP and ALMT materials,
which are both ITER specification grades with comparable purity,
nominal microstructure and mechanical properties. The difference
might be ascribed to a contribution coming from Re/Os precipitates
or some segregation of Re/Os at irradiation defects.

2. Based on the measured dislocation loop and void size/density dis-
tributions for IGP in the as-received and in the recrystallized state (i.
e. IGP-RX), one can conclude that the removal of sub-grains and the
reduction of the dislocation density due to recrystallization has an
insignificant impact on the accumulation of loops and voids at 1 dpa
and Tj;; = 1200 °C. In line with this observation, there is only a minor
difference in the irradiation-induced hardness increase.

3. The lowest irradiation-induced hardening was realized in the W2YO
grade, which is consistent with the calculated hardening according to
the DBM based on the measured loop/void size/density distribu-
tions. This might serve as supporting evidence of the grain refine-
ment concept which helps to reduce the embrittlement under high
irradiation temperature conditions.

4. The TEM inspection of W1TiC material did not reveal an excessively
high density of loops or voids, that could explain the irradiation
hardening. On the contrary, the void density was lower in this ma-
terial as compared to the others investigated here. Hence, the
extraordinary hardness increase in W-TiC cannot be explained by the
matrix damage resolvable by TEM. However, at least a part of this
extra hardening could be explained by the transformation of TiC
precipitates into Ti oxides. We speculate that the dissolved oxygen,
stored during the production and sintering of the material, was
released from its traps due to the high temperature irradiation and
converted part of the small TiC precipitates into larger titanium ox-
ides. We highlight the role of the irradiation involved in this process,
because the sintering of the material was performed at 2400 °C and,
therefore, a simple thermal annealing at 1200 °C should not be suf-
ficient. The suppression of the large void formation could also be
related to the oxygen which may act to stabilize/bind small vacancy
clusters causing their high density at a size that is not yet resolvable
in TEM.

5. The performed TEM analysis did not allow to resolve Re/Os pre-
cipitates in the studied samples, however, their presence in the ma-
terial is undoubtful given the recent investigations done on similar
samples irradiated in the same conditions. The reasons for the failure
to resolve the precipitates were discussed.
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