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Abstract

The aim of the present study is to extend the knowledge about the formation and
thermal stability of vacancy-type defects in tungsten under neutron irradiation,
thereby mimicking the temperature and neutron flux expected in the ITER divertor.
Neutron irradiation of single crystal tungsten, W(100), in the temperature range
600-1200 °C is performed up to 0.12 dpa. Positron annihilation spectroscopy is
employed to detect the presence of open volume defects, while hardness tests are
applied to relate the irradiation-induced defects with the modification of mechanical
properties. Rationalization of the experimental results is enhanced by the
application of a kinetic Monte Carlo simulation tool, applied to model the
microstructural evolution under the neutron irradiation process. The relation
between radiation microstructure and hardness is explained via a dispersed barrier

model.

1. Introduction

Electricity produced by nuclear fusion reaction is considered as a complementary energy source
to reduce fossil fuel consumption after 2050 [1]. Extraction of thermal energy by using thermo-
nuclear fusion implies transfer of the kinetic energy of reaction neutrons to surrounding
materials, thereby converting it into heat. Thus, the materials operating in a nuclear fusion

environment are exposed to a high heat and fast neutron flux simultaneously.
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Under irradiation by fast neutrons, materials exhibit modification of their properties,
namely: their thermal, physical and mechanical properties degrade [2]. Among the different
types of fusion reactor designs, the Tokamak has a high potential for commercialization, and it
therefore serves as the main concept for DEMO (DEMOnstration Power Station) and ITER
(International Thermonuclear Experimental Reactor) [3]. For both of these fusion facilities,
tungsten is selected as primary candidate armor material for the plasma facing components.

The expected operational conditions of DEMO and ITER will lead to thermal shock,
thermo-mechanical fatigue and radiation embrittlement in the first wall materials [4]. The
choice of tungsten (W) is thus determined by its high melting point, low erosion rate, high
thermal conductivity and resistance to thermal stresses [5]. One of the main caveats of W is its
intrinsically high ductile to brittle transition temperature (DBTT), being around 200-400 °C
(depending on the production route, purity and testing standard) [6]. Fast neutron exposure
leads to the creation and accumulation of lattice defects, which obstruct plasticity, and therefore
the DBTT of W will raise even further under operation [7-9].

Indeed, the point defects and their clusters created in atomic cascades diffuse and
coalesce to form voids and dislocation loops, the two main types of neutron irradiation-induced
microstructural defects [10]. Both voids and loops pin the dislocation movement at the nano-
scale [11-13] and will therefore cause stress concentrations at the meso-scale and embrittlement
at the macro-scale [8]. In addition, the development of voids results in the reduction of thermal
conductivity [14, 15], which suppresses the heat transfer and enhances the risk of overheating
of the plasma facing components.

In addition to the fast neutron flux, the penetration of energetic particles (i.e. hydrogen
isotopes and helium) also have important consequences on the performance of the plasma
facing components. In addition, the accumulation of tritium in the plasma facing components
has a direct impact on the balance of plant (fuel supply) and safety margins on the tritium
retention inside the in-vessel components [4]. Thereby the diffusion and retention of these
energetic particles is governed by the concentration and morphology of irradiation-induced
vacancies and vacancy clusters [16, 17].

Because of all the above, the understanding of the evolution of radiation defects and
vacancy-type defects in particular, is critical for the assessment of the impact of fusion
operational conditions on the performance of W in terms of ductile deformation, fracture
toughness, thermal conductivity and tritium retention.

The experimental investigation of vacancy-type defects involves two complimentary

methods: transmission electron microscopy (TEM) and positron annihilation spectroscopy
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(PAS). In the literature, many works are available studying the neutron irradiation-induced
microstructure via TEM in various tungsten grades [10, 18-26]. For irradiation temperatures
below ~400 °C, mostly dislocation loops are observed, while above this temperature, both voids
and loops are observed. Around the irradiation temperature of ~800 °C and above, the
irradiation-induced microstructure is dominated by voids, rather than by loops. With increasing
irradiation dose, the produced transmutation products, i.e., mostly Re and Os, cluster together
to form non-cohesive sigma- and chi phase precipitates [27, 28].

In the literature, many works are available applying PAS to characterize the effects of
ion irradiations, including He and/or H isotope implantation [29-37]. However, few works [38-
40] are available where the neutron irradiation-induced microstructure was studied by PAS. In
the works by Taylor et al [39, 40], neutron irradiated W samples (0.025-0.03 dpa) were exposed
to a deuterium plasma in the temperature range 100-500 °C and various stages of radiation
damage and deuterium retention were characterized. In the work by Hu et al [38], the effects of
post-irradiation annealing on low-dose (0.006-0.03 dpa) low-temperature (~90 °C) neutron
irradiated single crystal W were studied.

The aim of the present study is to extend the knowledge about the formation and thermal
stability of vacancy-type defects in tungsten under neutron irradiation, thereby mimicking the
temperature and neutron flux expected in the ITER divertor. Neutron irradiation of single
crystal tungsten, W(100), in the temperature range 600-1200 °C is performed up to 0.12 dpa.
Positron annihilation spectroscopy is employed to detect the presence of open volume defects,
while hardness tests are applied to relate the irradiation-induced defects with the modification
of mechanical properties. Rationalization of the experimental results is enhanced by the
application of a kinetic Monte Carlo simulation tool, applied to model the microstructural
evolution under the neutron irradiation process. The relation between radiation microstructure
and hardness is explained via a dispersed barrier model.

Following this introduction, in section 2 the used experiment and simulation methods
are described. In section 3, the results obtained from PAS, micro-hardness and object kinetic
Monte Carlo simulations are presented. In section 4, the measured and simulated radiation
microstructure is linked to the measured radiation hardening, and apparent inconsistencies
between the different data sets rationalized. In section 5, the global conclusions are

summarized.

2. Experiment and Simulation Methods



2.1. Material and Irradiation Conditions

The single crystal tungsten, W(100), used in this study was produced by MaTeck (Germany) in
a form of cylindrical rod with 12 mm diameter. The nominal purity of the material was
99.999%. Disc shaped specimens of about 0.8 mm thickness were cut using electric discharge
machining (EDM) and subsequently polished to remove EDM damage. A mirror-like surface
was achieved before the samples were placed in the irradiation rig. After neutron irradiation,
optical imaging confirmed that the surface kept its good quality (i.e. no traces of mechanical
damage or oxidation) after the irradiation.

Neutron irradiation was performed in the Belgian Reactor 2 (BR2) in Mol, Belgium.
The irradiation rig was placed inside a fuel element to maximize the fast-to-thermal neutron
ratio. This was done to reduce the transmutation rate of W into Re and Os, which is higher than
expected in a fusion irradiation environment. The samples were located in the central part of
the reactor core, where the maximum fast neutron (> 0.1 MeV) flux could reach up to 7x10*
n.cm?.s?,

During the irradiation, the samples were under a helium inert atmosphere and the
nominal irradiation temperatures were 600, 800, 900 and 1200 °C following thermal and
neutronic calculations. The irradiation dose was 0.12 displacement per atom (dpa), as calculated
by MCNPX 2.7.0, based on the total fast neutron fluence calculated post factum [41].

The dpa cross sections for W were prepared from the JENDLA4 file (MT444) for the
threshold displacement energy of 55 eV, following the recommendation by IAEA [42, 43]. The
transmutation of Re and Os was calculated based on the ALEPH code developed at SCK CEN
and available nuclear databases [44, 45]. For the irradiation position of the samples, 0.25-0.33
at.% Re and 0.07-0.10 at.% Os was produced via transmutations.

In addition to neutron irradiation, electron irradiation was performed on recrystallized
tungsten foils with the purpose of inducing a controlled concentration of vacancies and assess
their effects on the positron annihilation spectroscopy (PAS) measurements. A commercially
pure (99.99%) tungsten foil of 100 um thickness was supplied by Plansee (Austria) and the foil
was annealed at 1600 °C for 1 hour in an inert atmosphere. After the annealing, the grain size
of the foil reached about 500 um, and most of the grains had a <110> orientation (as expected
based on the surface energy minimization). Thus, the samples exposed to the electron
irradiation could be considered as single crystals.

Electron irradiation was performed at the Moscow National Research Nuclear
University (Mephi) using 3.5 MeV electrons and a current of 40 pA/cm?, with a flux of 2.5x10%
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e” cm?.s’t, The irradiated samples had the dimension 10x10x0.1 mm? and a stack of two
samples (stacked normal to the beam) was irradiated for 5 hours. Two stacks were irradiated to
provide three pairs of samples required to perform PAS analysis. The number of displacement
events was calculated using cross sections taken from [46]. Given the uncertainty in the
threshold displacement energy (55-90 eV) a range for the concentration of point defects was
assessed for the two samples located in the stack as: 30-60 appm for the first 100 um layer and
10-20 appm for the second layer. The irradiation was performed at room temperature and the
holder had active cooling at the back side to avoid overheating of the samples. In such
irradiation conditions, 3.5 MeV electrons produce solely Frenkel pairs without clusters of point
defects (unlike the case of cascade damage induced by neutrons and heavy ions) [47].

Self-interstitial atoms exhibit fast one-dimensional diffusion and annihilate at sinks, i.e.,
free surface and grain boundaries (note that the diffusion of self-interstitial defects occurs at
temperatures as low as a few tens of Kelvins [48]) while vacancies remain immobile as their
diffusion is activated around 450 K [47, 49]. As a result, the application of recrystallized
tungsten foil exposed to 3.5 MeV electron irradiation at room temperature provides PAS
samples that are suitable to establish the correlation between the PAS response and
concentration of isolated vacancies.

Finally, also samples exposed to controlled plastic deformation were prepared, as
positrons are also known to exhibit affinity to dislocations and the deformation induced
vacancies. The procedure for the controlled deformation and microstructural characterization is
taken from our earlier works [50-52]. Hot-rolled polycrystalline W with a purity of 99.97 wt.%
manufactured by Plansee (Austria) was used. A number of dog bone-shaped tensile specimens
with an overall length of 120 mm and gauge section dimensions of 50x11x1.1 mm?® were cut
by EDM from a bar of the material. In order to minimize the initial density of dislocations, grain
boundaries, and gaseous impurities, the tensile samples were recrystallized at 1600 °C (just like
the foils for electron irradiation) for 1 h in vacuum (0.02 Pa).

To produce specimens with various dislocation densities, interrupted uni-axial tensile
tests were carried out. The tensile tests were performed in air at the two temperatures 300 and
600 °C, and up to three different engineering strains: low (3%-5%), medium (20%-22%), and
high (36%-38%). The whole gauge section of each sample was homogeneously deformed since
no local necking was formed even at the highest applied strain. The initial dislocation density
(after 1600 °C annealing) was estimated using TEM as 5x10*2 m™2. The evolution of the

dislocation density with the applied strain was 1x10% - 2 x10% - 5x10'® m™, as the deformation



strain reached 3, 20 and 36%, respectively. An in-depth study of the microstructural evolution

under controlled plastic deformation in tungsten is reported elsewhere [53].

2.2. Post Irradiation Examination

Positron annihilation spectroscopy (PAS) was used to determine the coincidence Doppler
broadening (CDB) spectrum in the irradiated samples. The CDB setup [54-56] consists of two
movable high-purity Ge detectors (coaxial HPGe detector from Canberra type GC3018) with
high-energy resolution (FWHM = 0.8 keV at 122 keV and FWHM = 1.8 keV at 1332 keV) and
build-in preamplifier (model 2101P).

A digital signal processor (DSP Canberra Model 2060) for each detector and personal
computer (PC) with LabView acquisition board card were used to collect the spectra. Both the
electronics (two detectors and coincidence) as well as the hardware (biological shielding and
mobility of the detectors) were optimized to measure highly active specimen with moderate
detector dead time (< 20%) and very low background.

The measurements were performed at room temperature using a 2’Na positron source.
The positron source was sandwiched between two identical samples, such that the fraction of
positron annihilations outside the samples is negligible.

The low and high-momentum regions in the CDB spectrum were quantified based on
the S- and W-parameters, respectively. The S- and W-parameters were defined as the ratio of
low momentum (|c p,| < 2.5 X 1073 m,c) and high momentum (15 X 1073 myc < |[c p,| <
25 X 1073 myc) regions in the CDB spectrum to the total region, respectively. Here ¢ denotes
the lightspeed, m, the electron rest mass and p, the longitudinal component of the positron-
electron momentum along the direction of the y-ray emission.

The micro-hardness was determined using the Reichert-Jung Micro-Duromat 4000 E
Vickers hardness test bench. A Vickers indenter was used with a load of 200 g. The load was
applied with a load rate of 10 g/s and held for 10 s. The indents were measured via an optical
microscope equipped with a digital camera. The calculation of the hardness value follows the
ASTM standard E384. For statistics, nine indents per sample were performed randomly across

the sample’s surface.

2.3. Simulation Method



The irradiation-induced evolution of the microstructure was simulated using the object kinetic
Monte Carlo (OKMC) technique. In past works, an in-house developed OKMC code was fine-
tuned to reproduce neutron and self-ion irradiation experiments, in a wide dose (0-1 dpa) and
temperature range (400-1000 °C) [57-59]. An identical approach is taken in this work, and the
most important aspects of the model are briefly summarized in what follows. It is worth noting
that no simulations at temperatures higher than 1000 °C were performed, as it goes beyond the
calibrated limits of the model.

A cubic OKMC simulation box of size 140x140x140 a3 (i.e. 44.4x44.4x44.4 nm®) is
used and periodic boundary conditions are applied to emulate an infinite material. The
minimum resolvable number density (when one single defect is found in the OKMC simulation
box) is thus 1.144x10% m3, However, this number is reduced by an order of magnitude by
conducting 10 independent simulations for each irradiation condition.

No grain boundary sinks are defined, while dislocation line sinks are defined with the
low density of 10° m?2, consistent with experimental observations (5x107-3.5x10 m?,
depending on the employed measurement technique) [60]. Additionally, for the sake of
computing efficiency, free-migrating self-interstitial atom (cluster) defects are automatically
eliminated from the simulation volume after they travelled an equivalent distance of 10 um in
the box without interacting with other point defects. Considering that the latter diffuse one-
dimensionally, such cases occur when no other defects are found in their glide cylinder.

Irradiation events are defined accounting for the prescribed dose rate of 107 dpal/s,
consistent with the BR2 reactor conditions. Point defects and their clusters are injected in the
simulation box, following predefined catalogues of debris resulting from atomic collision
cascades (triggered by impinging neutrons in the material) at the relevant primary knock-on
atom energies (see more details in Refs [57-59]).

Once injected in the simulation box, point defects follow simple rules of thermally
activated diffusion and mutual interactions, as extensively described in [57-59]. Key parameters
are migration energies (accounting for transmutation induced Re), dissociation energies for
clusters, and interaction energies with C impurities (whose concentration is set to 20 appm). All
underlying interaction parameters were determined based on lower level physical models such

as density functional theory and molecular dynamics [61-65].

3. Results

3.1. Coincidence Doppler Broadening



To identify the effect of irradiation temperature on the CDB spectra, I;.., they are normalized

against the spectrum of unirradiated single crystal (SC), I.«¢. The relative CDB spectra, [i -/ Iref,

for all investigated irradiation temperatures, T;., IS presented in Fig. 1.
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Fig. 1 — Relative CDB spectra, I;./Ief, Tor the investigated irradiation temperatures, Tj.

For Ty in the range 600-900 °C, I;./Ires > 1 for p, < 4 x 1073 mgc and Ly /Lo < 1
for p, >4 x 1073 myc. A plateau, or slight increase of I;../I..¢ is observed for 10 X
1073 myc < p, < 17 X 1073 myc; and a progressive decrease of I;../I..s above p, > 17 x
1073 myc. This outspoken profile converges to I;.. /I = 1 with increasing Tj... In fact, no
significant irradiation effects are observed in the CDB spectrum for T;.. = 1200 °C.

The CDB profiles observed in this work are fully consistent with the profiles reported
by Hu et al [38]. In that work, SC was irradiated in the high flux isotope reactor (HFIR) up to
0.006-0.03 dpa at 90 °C. It is noted that at 90 °C, the profiles are more outspoken with a
maximum value for I;../I..s Of about 1.3 compared to about 1.1 for T;.. = 600 °C in this work.
Thus, these data also suggest that I, /I..¢ cOnverges monotonously to unity with increasing T,

in a wider temperature range than the one investigated in this work.
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Fig. 2 — S-W plot for the investigated irradiation temperatures, T;... For comparison, electron

irradiated foils and plastically deformed W were added.

In Fig. 2, the S- and W-parameters derived from the CDB spectra are presented in a so-
called S-W plot for the different irradiation temperatures, Ti... To signify the impact of the
neutron irradiation-induced damage, the values for electron irradiated and plastically deformed
W samples are added to the plot. As expected from Fig. 1, the S-parameter decreases with
increasing T;,-, while the W-parameter increases with T;... At T;,, = 1200 °C, the values for S-
and W-parameter are close to those of the unirradiated sample (reference).

All values for S- and W-parameter pairs, corresponding to the electron irradiated and
plastically deformed samples fall in the range of the neutron irradiated SC in the temperature
range 900-1200 °C. For electron irradiation, this corresponds to 10-60 appm of induced
vacancies, while for plastic deformation this amounts to 3-39% accumulated (uniform) strain,
depending on the deformation temperature. Thus, neutron irradiated SC below 900 °C and an
accumulated dose of at least 0.12 dpa induces significantly more open volume damage than the
open volume damage induced by typical electron irradiation and plastic deformation. For
neutron irradiated SC above 900 °C, the accumulated open volume damage is similar to the
open volume damage induced by typical electron irradiation and plastic deformation.

For SC, all data follows a linear trend. This indicates that the formed defects, i.e.,
vacancy clusters, are: i) not decorated by solute atoms; or ii) the decorating solute atoms are
invisible to the PAS-CDB technique. The work by Puska et al [66] reports a positron affinity
of -1.31, -0.97, -0.89 and -2.63 eV for W, Re, Os and Ta, respectively. Since only solute-
(vacancy) clusters with positron affinity smaller than the host (W) can be observed, the PAS
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technique is insensitive to possible (vacancy)ReOs clusters. On the other hand, (vacancy)Ta
cluster are observable, but are not detected by PAS due to the very low content of Ta.

It is noted that the electron irradiated and plastically deformed samples follow the same
trend. Indeed, it is known that positrons have affinity to both dislocations and vacancies,
following the computational studies performed for tungsten [67]. Moreover, for some materials
a correlation between the response of PAS to the presence of vacancies and dislocations is
established [68]. Based on the present results, for W a certain correlation for the equivalence
between the open-volume defects capturing positrons provided by dislocations and isolated
vacancies can also be established.

In particular, a concentration of 10-20 appm of isolated vacancies shows the same CDB
signal as a dislocation density of ~(1-2)x10%** m. This could be rather useful information once
the detailed investigation of the microstructure of the neutron irradiated samples will be
performed by TEM. The latter will hopefully enable the knowledge on the size/density
distribution of the nano-cavities and dislocation loops, whose contribution to the PAS signal
could then be decoupled thanks to the knowledge of individual contributions coming from
isolated vacancies, vacancy clusters [69], voids [69] and line dislocations (based on the

correlation established in this work).

3.2. Micro-hardness

The measured irradiation hardening, AH = H;.. — H,.s, for all investigated T;,.. is presented in
Fig. 3. For comparison, data for single crystal (SC) and polycrystalline (PC) W irradiated up to

a similar dose and T, are added. These data were obtained from irradiation campaigns in the
high flux isotope reactor (HFIR) [25] and Japan material testing reactor (JIMTR) [21, 26].
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Fig. 3 — Comparison between measured irradiation hardening, AH, in this work with values

reported in the literature.

For the reference unirradiated sample, the value H,..s = 3.66 + 0.02 GPa was measured.
Our data show a AH in the range 1.25-1.90 GPa, which corresponds to a 34-52% increase from
H.e¢. The AH increases from 600 to 800 °C and then decreases monotonously up to 1200 °C.
Even though the accumulated dose is low, the maximum AH at 800 °C is consistent with a peak
in void swelling observed ~800 °C [70]. As shown in Section 3.3 and Section 4, the void
population with a maximum density at 800 °C can be correlated to AH.

However, it is noted that while PAS-CDB data converges to the unirradiated reference
for Ty, = 1200 °C, there is still significant irradiation-induced hardening. This apparent
inconsistency is fully rationalized in Section 4.

Except for the data reported by Hu et al [25] (HFIR), our data is in the same range as
the reported values in the literature. The large discrepancy in AH with Hu et al [25] is possibly
due to the large W transmutation rate. In HFIR, starting from pure W, 1.2% Re and 0.08% Os
at 0.1 dpa is reported [24], compared to maximal 0.33% Re and 0.10% Os at 0.12 dpa in BR2.

Although no precipitation was observed at this dose [24, 25, 38], the difference in solute
concentration can have a significant impact on the resulting irradiation-induced microstructure
in terms of void/loop size and density. As discussed in Section 3.3, the void and loop density
(essentially no loops are observed) reported in [38] is significantly smaller than the ones

reported in similar works.

3.3. Object Kinetic Monte Carlo
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The results of the OKMC simulations in terms of average void/loop size with diameter, d, and
number density, Nj, are presented for T;,., in the range 600-1000 °C in Fig. 4. For comparison,
data for single crystal (SC) and polycrystalline (PC) W irradiated in a similar dose and T,
range are added to the plot. These data were obtained from irradiation campaigns in HFIR [23,
25, 38] and IMTR [21, 26].
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125 JHFIR-0.15dpa-SC  [TJMTR-0.15dpa-PC T 10% T vcids / loops ivoids / loops
| |voids / loops voids / loops ® O Huetal ] O Hasegawa et al
: Z Hu et al ; L O Hasegawa et al 0 A A Koyanagietal | * % Heetal
10.0+ Koyouaio i bk ;r '\-'et'm aIO — 4 105 Simulation - 0.1 dpa
imulation - 0.1 dpa ¥ Voids
] o 2
- —¥— Voids 2 ] 7 Loops |
7.5 —7—Loops i ~ 10
E o WE 8 A ¥
= i ~—
= & 102 # .
S 5.04 = [
A
2 102" 4 N
2.5+
Al
107 o) ]
00 T T T T T T T T T T
600 700 800 900 1000 600 700 800 900 1000
(a) T(C) (b) T (°C)

Fig. 4 — Simulated irradiation-induced microstructure in terms of a) average void and loop size,
d, and b) average void and loop density, N, with T;... For comparison, data for single crystal
(SC) and polycrystalline (PC) W irradiated in a similar dose and T;.. range are added to the
plot.

The simulations predict that the void size increases from 1.5 to 5 nm with increasing
T;.r, While the loop size remains constant around 2.5 nm. The void number density exhibits a
maximum at 800 °C with N;, = 2 x 10?3 m~3, while the loop number density decreases with
Tyr from N, = 2 x 1022 m™3 down to N, = 1021 m~3 for T, in the range 800-1000 °C. It is
noted that N, = 1021 m~3 is the lower limit for the present simulation set-up.

The maximum void density at 800 °C is consistent with the reported peak swelling at
800 °C [70]. Following the simulations, below 800 °C the microstructure corresponds to void
nucleation and growth (density increase), while above 800 °C the voids coarsen into larger ones
and hence the void number density decreases.

The experimental data show large scatter, especially for the defects’ number density.
While the simulated void size is in excellent agreement with the experimental observations, the
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loop size seems somewhat underestimated, when excluding the data point by Koyanagi et al
[23]. The latter data point shows an opposite trend, i.e., smaller loop size than void size.

For the defect densities, there is large scatter. Different experiments show opposite
trends: Hasegawa et al [21] observes a similar number density of voids and loops, He et al [26]
and Hu et al [24] observe a significantly higher void density than loop density (the plotted value
for the loop density by Hu et al is an upper bound); and Koyanagi et al [23] observed
significantly more loops than voids.

Possible sources for these different observations can be ascribed to different reactors,
hence different neutron spectrum and therefore different transmutation rate (as discussed in
Section 3.2). Even within the same reactor, the neutron spectrum and hence transmutation rate
may differ between channels and the precise axial position within the same channel.

Given these differences, it is impossible to make a full quantitative comparison between
experiment and simulation. It is clear, however, that the simulated results are within the range

of experimental observations.

4. Discussion

In the following, the results from PAS-CDB and micro-hardness are rationalized using
simulations and models. The following apparent inconsistencies are addressed: i) increase in
void size versus monotonous decrease in S-parameter; ii) a maximum in irradiation hardening
versus the monotonous decrease in S-parameter; and iii) non-negligible irradiation hardness at
1200 °C versus almost no visible irradiation effects in the CDB spectrum (S-parameter).

To explain the evolution of the CDB spectrum and S-parameter, it is first noted that
while the void density reaches a maximum and decreases above 800 °C, the void size increases
monotonically (and saturates). Secondly, it is important to realize that the S-parameter is not
simply the integrated free volume. While for individual vacancies and small vacancy clusters,
the S-parameter scales with their integrated volume, i.e. the total number of vacancies, this is
not true for large voids. At the center of large voids, the electron density is negligible and hence
no electron-positron annihilations can occur. Therefore, it is reasonable to assume that most

annihilations occur in the vicinity of the free surface formed by a void.
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experiment and simulations.

This effect can be captured by assuming that the contribution of a vacancy cluster
containing n vacancies to the S-parameter scales as n?/3, rather than simply n. Application of
these assumptions, i.e., AS~ ¥, n?/3 Np(n), on the simulated data (see Fig. 4) is plotted in Fig.
5 and compared to the relative S-parameter change as obtained from the CDB measurements.
Clearly, the simulated AS follows a similar linear trend as the experimental data.

It is emphasized that the total integrated volume of vacancy (clusters), Y., n Np(n),
increases with irradiation temperature. Therefore, the physically based assumption
AS~Y,,n?/3 Np(n) is essential to explain the evolution of S-parameter with irradiation
temperature. It is noted that other integration schemes, e.g., a simple cut-off in contribution to
AS from a certain cluster size, do not respect the linear trend.

Thus, the reduction of S-parameter with irradiation temperature is consistent with the
increase of vacancy cluster (void) size observed in the simulations. This observation is also
consistent with positron annihilation lifetime spectroscopy (PAS-LT) experiments.

PAS-LT results (to be published in a future paper) obtained from SC W(100), irradiated
at the same conditions of the present work, show that after irradiation at 600 °C, the average
lifetime of positrons increases. As the irradiation temperature increases, the lifetime component
of small vacancy (clusters) has the value of that of the unirradiated material, whereas the
lifetime component of the largest vacancy complexes is similar for the irradiation temperatures
in the range 800-1200 °C.
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To rationalize the measured irradiation hardening, it is correlated to the irradiation-
induced microstructure via a dispersed barrier model. Thereby the approach similar to the one
by Hu et al [25] is followed. Following this theory, the increase in Vickers hardness, AH, due

to randomly dispersed obstacles can be estimated as,

AH = 3.20 Maub \/Npd, (1)

with M = 3.06 the Taylor factor, u = 160 GPa the shear modulus of unirradiated W, b =
0.272 nm the Burgers and «a the defect obstacle strength. The factor 3.20 correlates the Vickers

micro-hardness to the yield strength.

—W— Experiment

—</— Simulation - Total
0.2 —O— Simulation - Voids T
—0O— Simulation - Loops

0.1_ D\ _
. : ! .

o
0.0

(H'Href)/ Href
o<«

600 700 800 900 1000 1100 1200
T (°C)
Fig. 6 — The relative irradiation hardening with irradiation temperature from both experiment

and simulations.

Equation 1 was applied using the simulated irradiation-induced microstructure (see Fig.
4) for both loops and voids, and their total hardening was estimated via linear superposition. A
comparison between the simulated and experimental measurements of the relative irradiation
hardening is presented in Fig. 6. The best fit to the experimental measurements was obtained
for a = 0.2 for voids and @ = 0.15 for loops. These values are within the range of the values
used by Hu et al [25].

Clearly, the model follows the experimental trend closely, and shows that voids provide
the main contribution to the irradiation hardening. Thus, the maximum irradiation hardening at
800 °C can be linked to the maximum void density at 800 °C.
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Finally, the observed irradiation hardening, AH # 0, and AS = 0 observed at 1200 °C
is consistent with picture of a low density of large voids. This is also consistent with PAS-LT
(to be published in a future paper) data, where the life time component of large vacancy clusters
is still present at 1200 °C, while the component for small vacancy clusters is only present at
600 °C.

5. Conclusions

Single crystal tungsten (W), W(100), was neutron irradiated up to 0.12 dpa in the temperature
range 600-1200 °C. The evolution of the vacancy (cluster/void) distribution with irradiation
temperature was characterized via PAS-CDB, while the irradiation hardening was measured via
micro-mechanical tests. Simulation of the irradiation microstructure combined with application
of a dispersed barrier model allowed to link the PAS-CDB observations to the measured
irradiation hardening.

It was observed that the CDB spectra converge to the reference one with irradiation
temperature, almost coinciding with it at 1200 °C. The derived S-parameter decreases linearly
with irradiation temperature to almost the reference value at 1200 °C. Simulations of the
irradiation-induced microstructure associate this trend to void formation, with increasing void
size with irradiation temperature.

Irradiation hardening in the range 34-52% was observed at all irradiation temperatures,
with a maximum at 800 °C. Application of a dispersed barrier model linked the peak hardening
to the peak density of voids and showed that voids are responsible to the main contribution of
the irradiation hardening.

The observed irradiation hardening of 32% at 1200 °C and recovery of S-parameter can
be linked to an irradiation microstructure dominated by a low density of large voids.
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