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ABSTRACT

Self-ion irradiation of pure tungsten with 2 MeV W ions provides a way of simulating microstructures
generated by neutron irradiation in tungsten components of a fusion reactor. Transmission electron mi-
croscopy (TEM) has been used to characterize defects formed in tungsten samples by ion irradiation. It
was found that tungsten irradiated to 0.85 dpa at relatively low temperatures develops a characteristic
microstructure dominated by dislocation loops and black dots. The density and size distribution of these
defects were estimated. Some of the samples exposed to self-ion irradiation were then implanted with
deuterium. Thermal Desorption Spectrometry (TDS) analysis was performed to estimate the deuterium
inventory as a function of irradiation damage and deuterium release as a function of temperature. In-
crease of inventory with increasing irradiation dose followed by slight decrease above 0.1 dpa was found.
Application of Positron Annihilation Spectroscopy (PAS) to self-irradiated but not deuterium implanted
samples enabled an assessment of the density of irradiation defects as a function of exposure to high-
energy ions. The PAS results show that the density of defects saturates at doses in the interval from 0.085
to 0.425 displacements per atom (dpa). These results are discussed in the context of recent theoretical
simulations exhibiting the saturation of defect microstructure in the high irradiation exposure limit. The
saturation of damage found in PAS agrees with the simulation data described in the paper.
© 2021 The Authors. Published by Elsevier B.V.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

1. Introduction

Tungsten has relatively high thermal conductivity, high sput-
tering resistance, and mechanical strength at high temperatures.

Abbreviations: TEM, Transmission Electron Microscopy; TDS, Thermal Desorption
Spectrometry; PAS, Positron Annihilation Spectroscopy; NRA, Nuclear Reaction Anal-
ysis; TRiICEM, Tritium Retention in Controlled and Evolving Microstructure; WBDF,
Weak Beam Dark Field; BF, Bright Field; SEM, Scanning Electron Microscopy; SPB-
DB, Slow Positron Beam coupled to a Doppler Broadening; SRIM, Stopping and
Range of lons in Matter; CRA, Creation-Relaxation Algorithm; MRF, Materials Re-
search Facility; H3AT, Hydrogen-3 Advanced Technology.
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These properties have favoured its selection as the primary candi-
date material for the divertor of ITER [1,2], as well as a prospective
material for the divertor and first wall components in DEMO [3,4].
It is expected that in ITER and DEMO tungsten will be exposed
to extreme operating conditions, including direct contact with fu-
sion plasma as well as high neutron flux. The challenges associ-
ated with the operation of tungsten components include making
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a quantitative characterization of the effects of the operating envi-
ronment and understanding the evolution of mechanical properties
as well as providing a realistic estimate of tritium retention. Re-
tention of hydrogen and its isotopes is known to alter the physical
and mechanical properties of materials, and the loss of radioactive
tritium inventory is problematic both in terms of fuel efficiency
and regulatory constraints [5]. Furthermore, exposure to high en-
ergy ions and neutrons gives rise to displacement cascades and
production of defects in the microstructure. This requires investi-
gating the damage that irradiation generates in tungsten, including
the production of defects (vacancies and interstitials), their com-
plexes (cavities and loops), and extended dislocation network. One
of the significant questions related to the assessment of hydrogen
isotope retention is the evaluation of how the density of defects,
particularly vacancies, depends on the irradiation dose, since va-
cancies and vacancy clusters are known to act as traps for hydro-
gen isotopes and helium [6-8].

Deuterium retention in tungsten has been subject of numerous
studies. Often, a single method of characterization has been used,
such as elastic recoil detection [9], TDS [10], or nuclear reaction
analysis (NRA) [11,12]. Combination of TDS and scanning electron
microscopy morphology study was performed by Tyburska et al.
[13]. Wielunska et al. [14]| performed a combined TDS and NRA
study of retention in tungsten irradiated by different ions. In this
paper, we describe an experimental study of self-irradiated tung-
sten that uses several techniques and is supported by theoreti-
cal analysis and simulations. The study was performed within the
UKAEA-led Europe-wide Tritium Retention in Controlled and Evolv-
ing Microstructure (TRiICEM) project. Some of the tungsten sam-
ples were exposed to deuterium plasma at room temperature in a
new facility that enables studying the interaction of hydrogen iso-
topes with nuclear fusion relevant first wall materials, as well as
the retention and release of these isotopes. The new facility en-
ables the implantation of a range of gases into the samples, in-
cluding tritium. The design of this facility and the commissioning
results are described in detail in a recent publication [15]. After
implantation, the samples were studied using several experimen-
tal techniques, including Thermal Desorption Spectroscopy (TDS)
and Transmission Electron Microscopy (TEM). Our aim is to iden-
tify peaks in the TDS spectra of irradiated tungsten, to investigate
the dependence of deuterium inventory on irradiation damage, and
to compare the data with earlier experimental results. Next, we
performed Positron Annihilation Spectroscopy (PAS) analysis of the
samples, as PAS is an established technique for the detection of
vacancy-type defects [16-18]. PAS is sensitive to small defects from
a single vacancy to vacancy clusters and has lower detection limit
(depending on the material and the nature of the defects) in the
range from about 1023 m - 3 down to about 102 m - 3, hence
enabling a fairly precise determination of the density of defects.

The paper is organized as follows. In Section 2, we describe the
preparation of samples used in this study, and their characteriza-
tion using electron microscopy and TDS. In Section 3, we present
the results of PAS analysis and give estimates for the level of dam-
age as a function of irradiation dose. We discuss the results and
their relation to recent developments in modelling and simulation
of defects in materials in Section 4 and conclude in Section 5.

2. Material preparation and characterization
2.1. Preparation

Hot-rolled, 99.95% purity guaranteed pure sheet sections of
tungsten were purchased from Plansee. The material was annealed
in a vacuum (6 x 10~ mbar) furnace for 20 h at 1500 °C. Circu-
lar discs of 500 pm thickness were cut using a Struers cutting saw.
The samples were then polished in several stages with abrasive SiC
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paper form FEPA P250 to P4000 to 100 pm thickness, producing a
flat surface with a thin deformation layer. Chemo-mechanical pol-
ishing using colloidal silica suspension (0.05 pm) has been used
to obtain a mirror surface finish. The polished samples were then
cleaned in an ultrasonic bath with isopropanol for 15 min and
then acetone for a further 15 min. Discs of 3 mm diameter were
punched out from the polished specimen. Then, two types of spec-
imen were electropolished. Specimens prepared for TEM character-
isation before irradiation were double-side jet electropolished in
a Tenupol-5 thinning device to produce electron-transparent thin
foils. The polishing bath was composed of 2 g NaOH in 1 litre
of demineralized water following Yi et al. [19]. Specimens pre-
pared for irradiation were only one-side jet electropolished for a
few seconds to obtain mirror finished dimpled discs. After irradi-
ation, the irradiated side has been protected with a varnish and
TEM thin foil has been obtained by back-electropolishing using
the same electrolyte as used before irradiation. The thickness of
the analysed area was around 100 nm, as determined by classi-
cal thickness fringes method. Dimpled discs prepared for irradia-
tion were shipped to the accelerator laboratory at the University of
Helsinki where damage was produced by the exposure to high en-
ergy ions. Irradiation was performed using raster-scanned beam at
room temperature. The ion species used for this work are 2 MeV
W+. The dependence of damage (measured in displacements per
atom, dpa) as a function of depth from the surface is shown in
Fig. 1. It was calculated for the total fluence of 1 x 108 jon/m?,
using two methods: the SRIM software [20-22] and the Iradina
[23] codes using the Kinchin-Pease model as suggested in [21] as-
suming the displacement threshold energy E; = 55 eV [24,25]. The
maximum damage at around 75 nm from the surface was found
to be close to 0.85 dpa. With another commonly used value of the
threshold energy E; = 90 eV, this dpa value, as well as all other
damage levels given in this paper would have been reduced by
about 1.6 times.

The samples used in this study are described in Table 1. Deu-
terium implanted samples were used for TDS and TEM studies,
whereas un-implanted samples were studied using Positron Anni-
hilation Spectroscopy method.

2.2. Electron microscopy

A conventional FEI 20 G2 Tecnai Transmission Electron Micro-
scope, located at CEA Saclay and equipped with a LaBg source de-
livering 200 keV electrons, was used. Bright Field (BF) and Weak
Beam Dark Field (WBDF) images were recorded to study irradia-
tion features such as dislocation loops and lines. A camera Gatan
Orius 200D has been used to record images and movies. The latter
were recorded at a rate of 30 images per second.

Before irradiation, the material presented a typical annealed
structure, composed of micrometric grains with low density of dis-
location lines (~10'2/m?) (Fig. 2). The mean grain size, as deter-
mined by scanning electron microscopy (SEM), was about 90 pm,
although much smaller grains were also present (Fig. 2, right).

After irradiation, the formation of high density of irradiation
defects was detected (Fig. 3). They are in the form of dislocation
loops and black dots. An automated analysis of the visible features
seen in this region has been performed to determine the size dis-
tribution of defects. The same method as in the procedure out-
lined in Appendix A of [27] has been used, as shown in the Fig. 4.
Altogether, 1279 objects have been considered for the measure-
ments. The mean size and volume density of defects are equal to
34 + 0.1 nm and (3.94+0.1) x 10'3 loops/m?, respectively. A sta-
tistical error is also shown.

An electron beam induced defect mobility has also been noted
during the observation with 200 keV electrons at room tempera-
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Fig. 1. Damage profile (in dpa, left axis), and the density of implanted ions per unit area in the samples irradiated up to the total fluence of 1 x 10'® ion/m2. The calculations
use the Kinchin-Pease formula and were performed using the SRIM [20-22] and Iradina [23] codes, both based on the binary collision approximation [26].

Table 1
List of the samples used in the current study.

Sample Irradiation fluence (2 MeV W+), atoms/m? Irradiation time (s)  Self-irradiation dose (dpa)  Deuterium implanted?  Characterization
S17 0 0 0 Yes TDS
S37 0 0 0 Yes TDS
S40 1x 108 180 0.85 No TEM
Yes TDS
S41 1.2 x 10"7 19 0.102 Yes TDS
S42 1.8 x 10'6 3 0.0153 Yes TDS
S112 0 0 0 No PAS
S113 1 x 1016 53 0.0085 No PAS
S116 1 x 107 477 0.085 No PAS
S119 5 x 10'7 2289 0.425 No PAS
S123 1x 1018 4424 0.85 No PAS
S125 2 x 1018 8406 1.7 No PAS

ture. Examples of loop jumps are given in Fig. 5. Similar mobility
was reported recently [28].

2.3. Thermal desorption spectrometry

After exposure to deuterium plasma up to an estimated flu-
ence of 1023 D/m2, with ion energy 400 eV and sample’s sur-
face temperature 50 °C, TDS measurements were performed on
the implanted samples using Hiden Analytical Type 640,100 TPD
workstation. Linear temperature ramp from room temperature to
1000 °C was used, with a constant heating rate of 10 K/min. Re-
lease signals of deuterium-containing molecules - HD (mass 3)
and D, (mass 4) were recorded using line-of-sight quadruple mass
spectrometer; these were quantified using calibrated hydrogen and
deuterium leaks, with calibration factor for HD signal being the av-
erage between the factors for H, and D,. Total atomic deuterium
release was then calculated as a sum of molecular release signals,
namely Foeomic(D)=Fmotecuiar(HD)+2* Finojecutar(D2)- The overall inven-
tory is given in Table 2. The total deuterium retention for unir-
radiated samples rapidly decreases with time after the exposure,
falling by almost a half after 14 days (samples S17, S37). For the ir-
radiated samples, the total retention rises with irradiation dose up
to 0.102 dpa (S41), then falls by around 20% in sample S40 irradi-

ated to 0.85 dpa. We estimate the error of TDS inventory measure-
ments to be +£10%, based on analysis of several identical reference
samples. This alone, or combined with a difference in delay time, is
not sufficient to explain the difference between the 0.102 dpa and
0.85 dpa total retention. One possible explanation for further de-
crease is a slight offset of the spectrum of the 0.85 dpa sample on
the temperature axis compared to the other samples (Fig. 6). Off-
sets on this axis are likely due to differences in mounting on the
heating stage of the TDS. This may have led to an underestimate
of the deuterium retention in the 0.85 dpa sample. On the other
hand, it might be a genuine effect, deserving further study. Similar
decrease of retention was found in a recent nuclear reaction analy-
sis study of W samples irradiated to 0.5 and 5 dpa ([29], Fig. 2). In
any case, it is clear from the TDS results that there is no significant
increase in retention between the 0.102 dpa and 0.85 dpa samples,
despite an order of magnitude difference in irradiation dose. This
is broadly in line with the saturation of vacancy density observed
in the PAS results discussed below.

The resulting TDS spectra are shown in Fig. 6. Several charac-
teristic temperature regions can be identified, in which there are
notable differences between the unirradiated and irradiated sam-
ples. The first region is a wide maximum between 350 and 400 K
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Fig. 3. BF (a) and WBDF images (b) of tungsten irradiated up to 0.85 dpa at peak at room temperature. Images were performed in a (001) zone axis by using a (011) type
diffracting vector. (c) and (d): the same images with the background subtracted and identified defects obtained by D. Mason’s code [27].

Table 2
Total deuterium inventory of the samples analysed by TDS.

Sample  Self-irradiation dose (dpa)  Delay time between deuterium exposure and TDS (days)  Total deuterium inventory (x10' atoms/m?)

S17 0 1 4.693
S37 0 14 2.594
542 0.0153 43 2.589
541 0.102 47 4.408
540 0.85 49 3.564
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Fig. 4. Size distribution of the loops formed in tungsten irradiated up to 0.85 dpa
at peak at room temperature. BF images has been used to obtain the distribution.
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Fig. 5. Three series of images extracted from the observation using 200 keV electron beam in tungsten irradiated up to 0.85 dpa at peak at room temperature (WBDF image,
z=<001>, g=<110>). An example of image subtraction is shown in the middle to highlight the loop jump between A and B, C and D, and E and F frames. The initial position
of the moving loop is highlighted by red circles in all the images, whereas the final position of the loop is highlighted by yellow circles.
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and 550-600 K, present in the spectra of all the samples. In the ir-
radiated samples (S40-S42) the higher temperature peak contains
more deuterium, whereas in the un-irradiated samples (S17 and
S37) the ratio is significantly different. The substantial decrease of
the low-temperature peak in un-irradiated sample S37 compared
to S17 can be attributed to a longer delay between implantation
and TDS measurements for S37, allowing the weakly bound deu-
terium to be released. It should be noted that the spectra of ir-
radiated samples feature this low-temperature release stage even
though the delay between D implantation and TDS measurement
was significantly longer. This allows making a distinction between
several kinds of traps with similar trapping energies - some of
which are caused by irradiation while others are intrinsic and are
present even in the unirradiated material. This maximum has been
detected previously in the case of low-temperature implantation
[30] and it was suggested that it might be attributed to release of
deuterium from several possible weak traps, such as grain bound-
aries or surface adsorption sites; these are the abovementioned in-
trinsic defects. On the other hand, vacancies with multiple occu-
pancy might contribute to desorption in this temperature range for
irradiated samples, as it was shown that as the occupancy of traps

t,+1/30s

55
1:05:07 PM, # v:7
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Fig. 6. TDS spectra of implanted samples with damage levels between 0 and 0.85 dpa. Time period between exposure to deuterium plasma and the TDS is shown in the

inset.

increases, the binding energy of hydrogen isotopes decreases [7,8].
These are possible candidates for the irradiation-induced traps.

A second region is characterized by a narrow peak centred
around 700-750 K, in agreement with results reported elsewhere
[30-32]. This peak is present in all release spectra; however, it
is evident that its magnitude significantly increases for the pre-
damaged samples as compared with unirradiated ones, which in-
dicates that this peak is associated with the defects introduced
by displacement damage due to high-energy ion irradiation. The
height of this peak increases with the increase of irradiation dose
to 0.1 dpa. Usually, this peak is attributed to deuterium release
from single vacancies. It is important to stress here the role of de-
lay between implantation and the TDS. In particular, the compar-
ison of TDS spectra between two unirradiated samples: S17 (next
day TDS), and S37 (TDS 14 days after exposure) shows large de-
crease of the 750 K peak. Even the smallest irradiation dose of
0.0153 dpa (sample S42) results in higher 750 K peak than in S37,
despite even longer delay between exposure and the TDS (43 days).
This confirms creation of single vacancies at very low irradiation
doses.

Finally, a small broad peak was detected at around 1100 K in
all the irradiated samples, with its height increasing with the in-
crease of irradiation dose, while at the same time it is absent in
the non-irradiated ones. Again, this indicates that this peak is asso-
ciated with deuterium trapping on the defects associated with the
displacement damage. In the literature release peak at this temper-
ature is attributed to the release of deuterium from the gas-filled
under-surface voids or vacancy clusters [33,34].

3. PAS analysis
3.1. Description of the PAS system and method used

The samples were characterized by using a slow positron beam
coupled to a Doppler broadening spectrometer (SPB-DB) available
at the CEMHTI laboratory. A comprehensive description of the ex-
perimental setup and the basics of this powerful method are de-
scribed in [35]. A monoenergetic positron beam, with a diameter

of 3 mm, was generated from a 22Na source. The energy of the
beam was varied in the range of 0.5 to 25 keV. The spectrum of
the y-ray annihilation photons (centred at 511 keV) coming from
the sample is recorded using a high-resolution gamma spectrome-
ter equipped with a germanium detector (1.24 keV resolution at
514 keV). This Doppler broadened spectrum is characterized by
two line-shape parameters: S and W. S, defined as the ratio of
counts in the central region of the spectrum to the total counts,
represents the fraction of positron-electron pairs annihilated with
low momentum and is thus related mostly to annihilations with
valence electrons. W, the ratio of counts in the wing regions of the
spectrum to the total counts, represents the fraction of positron-
electron pairs annihilated with high momentum and hence is more
specifically related to the annihilations of positrons with core elec-
trons. For our experiments, the momentum ranges for the calcu-
lation of S and W are 0-|2.80| x 10~3 mec and|10.61| x 103
-126.35] x 103 mec, respectively, where m, is the electron mass
and c the speed of light. These momentum ranges correspond to
ranges of energies of photons emitted as a result of annihilation
of 510.28 - 511.72 keV for the S photons, and 504.27 - 508.29 keV
and 513.71 - 517.73 keV for the W photons. Each material exhibits
specific S; and W; values, as a signature of the momentum dis-
tribution of electrons in the perfect lattice in the absence of va-
cancy defects. The sensitivity of the PAS technique to the type
and concentration of vacancy defects in solids is based on the fact
that positrons are more susceptible to being trapped at open vol-
ume defects where the electron density is low, before annihilation
[16]. When positrons are trapped at vacancies, their smaller over-
lap with core electrons narrows the positron-electron momentum
distribution, resulting in an increase of S and decrease of W. Hence
S and W yield information about the presence of vacancy defects
in solids as parameter S increases and W decreases. Each type of
vacancy cluster j is characterized by some specific values of S; and
W;. Generally, S increases and W decreases when the number of
vacancies n in the cluster V, increases.

For this study, S(E) and W(E) were recorded as functions of
positron energy E spanning the range from 0.5 to 25 keV. This en-
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Fig. 7. Implantation profiles of 5, 10, 15, 20 and 25 keV positrons in tungsten compared to the SRIM calculations of the damage profile of 2 MeV W+ ions implanted at a
1 x 10 atoms/cm? fluence at room temperature, taking a displacement threshold energy of 55 eV [24,25] in the Kinchin-Pease model as recommended by Stoller et al.

[21].

ergy range corresponds to the mean positron implantation depth
in tungsten between approximately 0.4 and 300 nm. Note that the
full-width-at-half-maximum of the implanted positrons distribu-
tion increases with the energy, to reach ~ 380 nm at 25 keV. At
this energy, positrons probe up to ~ 700 nm depth below the
tungsten surface, i.e. all the damaged region, as can be seen in
Fig. 7. The S value measured at energy E depends on the defect dis-
tribution and diffusion properties of the positrons in the sample. A
modified version of VEPFIT program [36] allows the calculation of
S(E) and W(E) taking into account positrons implantation and their
diffusion, assuming that the defect depth profile is a sequence of
homogeneous layers. Note that the diffusion of positrons is lim-
ited by their trapping at defects and hence the effective diffusion

length that L:f 7 can be written as follows [37]:

Lt _ b 1
N A+ Y K (M)

where K; are the positron trapping rates at various detected de-
fects (single vacancy, vacancy clusters Vj, dislocations etc.), Dt is
the intrinsic positron diffusion coefficient (D* = 1.26 x 10~4 m2/s
for tungsten [38]), and A; the lattice annihilation rate (A, = 1/t,
T;= 101-105 ps [39,40]). Hereafter, VEPFIT is used for consistently
fitting the S(E) and W(E) curves allowing the extraction of the S(z)
and W(z) depth profiles and the effective diffusion length in each
layer. Note that the data for the positron energy below 2.0 keV
were discarded because for this low energy, the positron’s migra-
tion does not result, in the present case, in a diffusion process.
The line-shape parameter S(z) (or in the case where the vacancy
defect depth profile is modelled as a succession of homogeneous
layers, Sj4,(i) corresponding to the S value in layer i) is related to
the specific values S; of the trapping defects j at which positrons

are annihilating and the fraction of annihilation of these defects f;
as given in Eq. (2) below. Also, W(z) (or Wj,,(i)) can be expressed
in the same way:

m m
Siay()) = fu x SL+ Y S x fj, Wigy()) = fu x Wi+ ) W x f; (2)
j=1 Jj=1

where the specific annihilation fractions f; for annihilation in the
lattice and f; for the case of positron trapping at traps j from which
no detrapping can occur because the trapping energy at these traps
is high enough for the measurement temperature [10], can be writ-
ten as follows:

f — # — L
v+ YK A+ Y1 K)

Siay(i) and Wi, (i) values are related to the total positron trap-
ping rate K; at the detected defects j. K; is the product of the traps
concentration C; by their specific trapping coefficient y;. The spe-
cific trapping coefficient py, of single vacancy in tungsten is ap-
proximated to the value determined for the single vacancy in Ta
which has Z value close to tungsten (uy = 6 + 3 x 1072 cm3/s
[16]). It is expected that the specific trapping coefficient for va-
cancy clusters Vj, is n times the trapping coefficient of a single va-
cancy (Uy, = n x py) when n is lower than 10 [16].

Some annihilation characteristics have been already experimen-
tally determined in tungsten. For the perfect lattice, the annihila-
tion characteristics are S; = 0.367(4) and W; = 0.084(5); for the
single vacancy, Sy = 0.417(1) and Wy = 0.057(1) [41,42]. The |(Sy-
SL/(Wy-Wp) | ratio is equal to 1.85(3) and can be assigned to anni-
hilation of positrons as trapped at single vacancy. The annihilation
characteristics Sy,, Wy, of vacancy clusters are not known, only for
some V,, positron lifetimes (7y,) have been already calculated [39].

fi 3)
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Annihilation characteristics Sg,s and Sg,s for surface, Siqy(i), Wiqy(i), and Ligy(i) for layers i = 1,2, extracted from fitting of the S(E) and W(E) curves with the VEPFIT program
using a three layers model for irradiated samples at different damage doses between 0.0085 and 1.7 dpa.

Damage dose (dpa)

0.0085 0.085 0.425 0.85 1.7
Surface Ssurf 0.419(1) 0.430(1) 0.432(1) 0.431(1) 0.431(1)
2 0.057(1) 0.054(1) 0.053(1) 0.054(1) 0.054(1)
Layer 1 Stay 0.418(1) 0.432(1) 0.438(1) 0.440(1) 0.440(1)
Wiay 0.058(1) 0.053(1) 0.051(1) 0.050(1) 0.050(1)
(Stay_St); (Wiay-Wy) 1.96(4) 2.10(4) 2.15(4) 2.15(4) 2.15(4)
L* Lay (am) 14(4) 4-6 4-5 5-7 5-7
Thickness (nm) 100(5) 90(5) 110(10) 120-170 120-170
Layer 2 Siay 0.402(1) 0.417(1) 0.425(1) 0.428(5) 0.428(5)
Wiy 0.067(1) 0.059(1) 0.057(1) 0.054(2) 0.054(2)
L Lay () 60 50 45 30 30
Thickness (nm) 510(10) 510(20) 570(10) 610(45) 610(45)
Vacancy concentration (m ~ 3) 9.2 x 10%
Mean defect size by TEM (nm) 34 +0.1

Mean defect volume density by TEM (loops/m?)

(3.94:+0.1)x10"3

Ty, increases with n, meaning that it increases as a function of
the size of a vacancy cluster. Ty, becomes constant when n is so
high that the positron annihilates close to the surface of the clus-
ter, as the electron density is negligible inside the vacancy clus-
ter. Saturation occurs when n becomes larger than 20 vacancies
[39]. The maximum and minimum values of line-shape parame-
ters were obtained in earlier studies that we carried out in tung-
sten and are as follows: Spax = 0.5026, W), = 0.0364. Sy and
W)yin are most probably related to the annihilation in vacancy clus-
ters with the maximum size detectable with SPB-DB that means Vy
where N is equal or larger than 20 as it has been also observed for
the positron lifetime in the theoretical study from [39]. The |(Smax—
S/ Wpin-Wp )| ratio (equal to 2.8) can be assigned to annihilation
in vacancy cluster Vy where N is equal or larger than 20 vacancies.

Note that positrons can be also trapped at (100) edge and '
(111) screw dislocations as it has been calculated for iron and
tungsten [43] and observed in iron [44] and in tungsten [45]. The
specific annihilation characteristics S;, W; of this type of defects
have not yet been determined in tungsten. Only the calculated
positron lifetimes can be found in literature [43,46G]. Depending on
the nature of a dislocation, the lifetime varies generally between
a value close to the lifetime in the perfect lattice (t|, =101 ps in
tungsten) [39] and the one in a single vacancy (ty =193 ps in
tungsten) [35] due to the fact that open volume is lower in the
core of a dislocation than in a vacancy. The positron lifetime in the
core of % (111) screw and (100) edge dislocations has been calcu-
lated as 130 ps and 161 ps, respectively [43]. When vacancies are
bound to the dislocation line, the lifetime increases and reaches a
value close to the lifetime of a positron in a bound vacancy cluster.
The same trends have been found in iron [43]. Recently the values
of Sy;s and Wy specific to dislocations have been determined for
iron [47]. As expected, the characteristic | (Sgis-Sp)(Wyis-Wy)| ratio
is lower than the same ratio for a single vacancy V | (Sy-S;)/(Wy-
W;)|. The same relationship is also expected for the bce tungsten.
The trapping coefficient of positrons at a dislocation pg ;g is not
known for tungsten.

3.2. Unirradiated samples results

The S(E) and W(E) curves measured in unirradiated tungsten
sample are plotted in Fig. 8. These experimental data can be fit-
ted with the VEPFIT program, considering the sample as one ho-
mogeneous layer. The results are reported in Table 3. The line-
shape parameters for unirradiated sample are S, = 0.370(1),
Wynirr = 0.083(1). These values are respectively slightly higher and
lower than the perfect lattice parameters S; and W;. This indicates
that some of the positrons annihilate while trapped in vacancy de-

fects, but the concentration of these defects remains low. This is
also confirmed by the high value of the effective diffusion length
of 80+1 nm which appears to be very close to the values avail-
able in literature for perfect crystalline tungsten [37,41], namely
80-135 nm. This indicates that the concentration of defects in the
bulk of un-irradiated sample is low, and lower than 1024 m - 3,

3.3. Irradiated samples results

Line-shape parameters S(E) and W(E) measured after irradiation
with 2 MeV tungsten ions at various fluences are plotted in Fig. 8.
With increasing irradiation dose, the S and W values drastically in-
crease and decrease, respectively. This indicates that positrons re-
spond to the presence of defects generated during implantation for
all the fluences studied.

For the sample irradiated at the lowest dpa level (0.0085 dpa),
S remains constant in the energy range between 0.5 and 8 keV
and then decreases slowly. This indicates that the damage level de-
creases when the depth increases, in agreement with SRIM calcula-
tions. The | (S-Sp)/(W-W;)| ratio for the plateau values (1.96(4)) is
higher than the one for the single vacancy (1.85(3)) indicating that
vacancy clusters are detected. These clusters are probably formed
in collision cascades. Fitting of S(E) and W(E) with the VEPFIT pro-
gram requires a model with a minimum of 3 homogeneous layers
to correctly describe the experimental curves. Models with 3 and
4 layers have been tested. The one with 3 layers has been chosen
because the number of parameters is minimized, and the quality
of the fit is acceptable (as seen in Fig. 8). In these fits the annihi-
lation characteristics of the last layer, which is not damaged, have
been fixed at values Sjqy(3) = 0.370, Wi4y(3) = 0.083 and the effec-
tive diffusion length L;,,(3) was taken to be 80 nm in agreement
with the values obtained for the bulk of unirradiated samples. The
annihilation characteristics extracted for layers 1 and 2, S;qy, Wigy,
and Liqy are reported in Table 3 with the annihilation character-
istics Sgyr and Wyy,r at the surface of the samples. The thickness
of the first layer is about 100 nm for the irradiated samples with
damage dose lower or equal to 0.425 dpa. This value is close to
the depth of maximal damage at the maximum dpa level calcu-
lated using SRIM (see Fig. 7). When the dpa level becomes equal
or larger than 0.85 dpa, the thickness of the first layer increases to
about 170 nm. The Sy (1), Wiqy(1) values extracted from the fit-
ting correspond to the maximum damage induced for each damage
dose. Note that these values represent the mean of S(E) and W(E)
calculated in the energy range between 7 and 8.5 keV.

Siqy(1) increases and Wiqy(1) decreases first rapidly when dam-
age dose reaches 0.085 dpa and then more slowly to 0.85 dpa.
Then, they remain constant when damage dose is increased again
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Fig. 8. Evolution of the positron annihilation characteristics in unirradiated tungsten sample and in samples after irradiation to doses between 0.0085 and 1.7 dpa. (a) Low
momentum fraction S, and (b) high momentum fraction W as functions of the positron energy. (c) W plotted as a function of S. The S, W values for the annihilation in
lattice (S, W), single vacancy (Sy;, Wy ), and maximum S and minimum W are also plotted (Syax, Wwax)- The experimental data are plotted in open symbols and the fitted
curves are given in continuous line. (d) the S(z) and W(z) depth profiles extracted from S(E) and W(E) using VEPFIT (see details in the text).

by a factor of 2. The saturation values of S;q,(1) and W4 (1) are
Ssat(1) = 0.440(1) and W4 (1) = 0.050(1). Note that they are the
same as the values obtained for damage dose of 1 dpa and also 12
dpa using other irradiation conditions (20 MeV W™ ions at room
temperature [48]). The Siq,(1)/S; normalized values measured in
the irradiated samples are plotted as a function of dpa level in
Fig. 9.

The effective diffusion length Liqy, (1), is 14(4) nm after irradia-
tion at the lowest damage dose. It is much lower than in the virgin
sample (80(1) nm) indicating a high positrons trapping rate at de-
fects. Lqy (1) decreases to a very low value of 4-6 nm when irradi-
ation fluence increases indicating that the concentration of defects
increases. Finally, L4, (1) remains constant for high damage dose
equal or higher than 0.085 dpa.

The | (Siay(1)-SIAW 1qy(1)-W;)| ratio also increases slightly
when the dose increases up to 0.425 dpa, indicating that the pro-
portion of the largest vacancy clusters increases with the damage
dose probably because of the overlap of collision cascades. As the
values of S;q(1) and Wigy(1) and Ly, (1), this ratio doesn’t change
for the highest damage doses larger or equal than 0.85 dpa. Over-
all, PAS results detect a saturation when the dpa level becomes
higher than 0.425 dpa indicating that the types of vacancy defects
detected no more change. Such saturation can be due to either the
saturation of the induced damage or to the saturation of positron
trapping at the detected type of defects and no change in the an-
nihilation characteristics can be observed. This point will be dis-
cussed in Section 4. Similar saturation in tungsten has been ob-
served by Ogorodnikova and Gann [49] when studying deuterium
concentration after irradiation with 20 MeV W ions, with satura-
tion dose of ~0.45 dpa, very close to 0.425 dpa in the present
study. The effect of saturation was also found in Eurofer steel at

0.25 dpa [50], while another study [15] found rapid saturation (be-
low 0.1 dpa) in Fe-Cr alloy but decrease of overall deuterium con-
centration in Eurofer at 1 dpa compared to 0.1 dpa. It can be added
that if the concentration of defects would increase with damage
dose the PAS results show that the proportion of the different de-
fects does not change.

4. Discussion

We have seen above that the S and W values obtained in the
most damaged zone of self- irradiated tungsten samples vary with
damage dose. The S, W values in the sample irradiated at the low-
est damage dose (0.0085 dpa) are very close to the annihilation
characteristics of a single vacancy suggesting that single vacan-
cies represent the majority of vacancy type defects. The concen-
tration of these individual vacancies Cy can be estimated from the
effective diffusion length using a one trap trapping model where
positrons can annihilate in only one type of defect, a single va-
cancy. Cy can be extracted from (1) where K; with j > 1 is equal to
0 as it has been done already for Ni containing a high concentra-
tion of defects [51]. Thus Cy can be written as follows:

_ A o\
G = L/uv[( i) 1} (4)

where L;rff is the effective diffusion length in the damaged layer,

L* is the intrinsic positron diffusion length (80-135 nm), A; the
lattice annihilation rate (A, = 1/t;), and uy the trapping coeffi-
cient of a positron at a single vacancy.

For the lowest damage dose, L;ff has been found to be equal
to 14(4) nm (see Table 3) and the corresponding vacancy concen-
tration has the mean value of 9.2 x 102> m3. As the damage dose
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Fig. 9. Low momentum annihilation fraction in the most damaged zone as a function of dpa level in self irradiated (2 MeV W+ ions) tungsten samples.

increases, we observe that L:ff decreases and that the |(SLay(1)-

SIwW Lay(l)—WL)| ratio increases, indicating that positron trapping
increases and that vacancy clusters are detected. The one trap trap-
ping model can no longer be used, and the values of S and W
become the results of annihilation of positrons trapped in a vari-
ety of vacancy defects, single vacancies, vacancy clusters and pos-
sibly at some dislocation type defects. TEM results presented in
Section 2.2 showed that dislocation loops are generated in self-
irradiated samples as it was already observed in literature (see
[52], for example). Their density per unit area is estimated to be
(3.94+0.1) x 10" loops/m? at 0.85 dpa. If we consider that the
thickness of the sample is in the range from 50 to 150 nm (to
ensure that the sample is transparent to 200 keV electrons) the
loops volume density can be estimated to be in the range from 3
to 8 x 1020 m — 3. We note that this density was evaluated us-
ing only one diffraction vector g =<110>. If we assume that both
families of (100) and ' (111) loops are generated in the same pro-
portion during irradiation, we estimate from the invisibility rules
that only 60% of the dislocation loops are detected. As showed in
[45], the fraction of the (100) loops is expected to be lower than
the 4<111> loops. If we consider, as the worst-case scenario, that
no (100) loops are created, only 50% of loops are detected in the
observation conditions used in this study. Even if we take into ac-
count that not all the dislocation loops are detected, their concen-
tration remains low and at most can be twice the one measured
in TEM micrographs, meaning that it is in the range from 0.6 to
1.6 x 102! m — 3 for 0.85 dpa. At this damage dose the fraction
of positrons that could be trapped at dislocation loops is negligible
and positron annihilation characteristics are only representative of
vacancy defects, including single vacancies and vacancy clusters V.

The value of the|(Syay(1)-SL(W 1qy(1)-W,)|ratio in the dam-
aged layer reaches 2.15 at the maximum when the damage dose
becomes equal or higher than 0.425 dpa. This value corresponds
to an intermediate value between the Vy related ratio (|(Smax-
SI/(Wpin-W) | =2.8) and the single vacancy one (| (Sy-S.)/(Wy-
Wp)| = 18). It suggests that vacancy clusters V, detected in the
damaged layer are small and n is probably not larger than 5-7.
When the dose becomes larger than 0.0085 dpa, positrons anni-

10

hilate in single vacancy defects and in vacancy clusters V,, where
n varies from 2 to 5-7. The concentration of each type of defect
cannot be determined because not only are the specific values Sy,
Wy, of vacancy clusters V;, are not known but also because their
corresponding annihilation fractions cannot be extracted. Never-
theless the total positron trapping rate K can be written as the
sum of the trapping rate in single vacancies and the trapping rate
in each type of vacancy clusters: Ko :KV+22;Z Ky,. The con-
centration of each type of defect cannot be determined because
not only are the Sy;, Wy; of vacancy clusters not known, but also
because their corresponding annihilation fractions cannot be ex-
tracted. It is however possible to extract from the effective diffu-
sion length LT.. obtained in the damaged layer the total vacancy

eff

defects concentration. Indeed, L

can be written as follows:
eff

Lt = \/ D,
eff A+ Ky + SN0 Ky,

where Ky and Ky, are the positron trapping rates at the single va-

cancy and the vacancy clusters Vj respectively. For L;rf ;= 4 nm

(see Table 3), Ky + > n_3 Ky,= 7.2 x 102 s = 1. Ky is the product
of the trapping coefficient py by the vacancy concentration Cy and
Ky, = wy, x Gy, and py, = n x py. It follows that the total vacancy
defect concentration Ci, which is the sum of the concentration of
isolated vacancies and concentration of vacancy clusters, can be es-
timated from equation

(3)

5-7 K,
= G+ nCy,=—>.

m (6)

n=2

Kio¢ could be estimated from the value of the effective diffu-
sion length as it has been done just above for the lowest damage
dose. However, the extraction of the effective diffusion length be-
comes difficult for damage dose higher than 0.0085 dpa. The ob-
tained values range between 4 and 7 nm and depends strongly
to the annihilation characteristics of the second layer, in particu-
lar its thickness and the effective diffusion length. The concentra-
tion of vacancy defects cannot be determined, and it is possible
to estimate a lower limit of C;* assuming that the effective diffu-
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Fig. 10. Variation of vacancy content in tungsten as a function of canonical dpa (c-dpa) predicted by simulations performed using the creation-relaxation algorithm (CRA)
for two different interatomic potentials [53]. The values are normalised to the asymptotic high dose vacancy content, which for the Marinica potential [55] is close to 5%

and for the Mason potential [56] is close to 2%.

sion length is equal to 6 nm. In this case, (/" would be higher or
about 5 x 1026 m — 3 for damage dose of 0.085 dpa. From 0.425
dpa, we have seen in Section 3.3 that PAS results detect a satu-
ration when the dpa level increases indicating that the types of
vacancy defects detected no more change. Such saturation can be
due to either the saturation of the induced damage or to the sat-
uration of positron trapping at the detected type of defects. The
values of Siqy(1) and Wygy(1) and Ligy (1), and the | (Spqy(1)-SL W
Lay( 1)-W;)| ratio don’t change for the highest damage doses larger
or equal than 0.85 dpa indicating that if the concentration of defect
would increases with damage dose the proportion of each would
not evolve indicating a saturation state in the defects size distribu-
tion. Moreover, it can be observed that the thickness of the high-
est damage region (layer 1) increases when damage dose increases
above 0.425 dpa and changes from approximately 100 nm for the
lowest dpa levels to up to 170 nm for the highest ones. These re-
sults can be compared to the TDS inventory data, where overall
deuterium content was found to be close for the S40 sample irra-
diated at 0.1 dpa (4.408 x 10" atoms/m?2) and for the S41 sam-
ple irradiated at 0.85 dpa (3.564 x 10'° atoms/m?). It is known
that hydrogen isotopes trapping (the number of atoms in each de-
fect type) depends on defect nature. From PAS we know that the
change in the size distribution of vacancy defects is low between
these two damage doses. The |(Siqy(1)-SL)/(Wiay(1)-W,)| ratio is
2.10(4) for 0.085 dpa and reaches the saturation value of 2.15(4). It
follows that the change in concentration of vacancy defects should
be also low if we consider the H release which is even lower for
the highest damage dose. It suggests that the concentration of va-
cancy defects reaches a saturation when irradiation induced dam-
age becomes higher than 0.5 dpa.

A similar trend, indicating that the vacancy content in crys-
talline tungsten exposed to irradiation increases as a function of
dose and reaches saturation at a dose above approximately 0.5
dpa, was also found in direct atomistic simulations of highly irra-
diated tungsten and iron performed using the creation-relaxation
algorithm [53]. This simulation approach assumes a uniform spa-
tial probability distribution of generation of defects, where at each
step of execution of the algorithm, a randomly chosen atom is dis-

1

placed to a random location within the simulation cell. Upon cre-
ation of a Frenkel pair, conjugate gradient minimization of the re-
sulting atomic structure is employed to relax the position of all
the atoms towards a local potential energy minimum. The subse-
quent events of creation and relaxation of defect structures grad-
ually generate microstructures whose statistical descriptors do not
change with respect to further irradiation, showing no further in-
crease of defect content as a function of dose. The dose itself, ex-
pressed in terms of the canonical dpa parameter, is defined as the
ratio of the total number of Frenkel pairs created from the start
of the simulation to the total number of atoms in the simulation
cell. A detailed discussion of the relation between the measure of
radiation exposure (dpa), related to the rate of defect production
by impacts of energetic particles, and the cdpa parameter used in
CRA simulations, is given in Ref. [54]. While the cdpa provides a
mechanistic measure of generation of defects, applicable to a ma-
terial with any structure, other measures of exposure to irradiation
typically involve steps where the energy of an impact is converted
into the number of defects that the impact event is expected to
produce. Establishing a connection between the two parameters,
cdpa and NRT dpa, involves the evaluation of the slope of a curve
describing how the concentration of defects varies with the dose
in the infinitely small dose limit. The corresponding procedure is
illustrated in Fig. 1 of Ref. [54], where an explicit link between the
dpa and cdpa parameters is established.

The simulations, illustrated in Fig. 10, show that after a brief
period of linear accumulation that ends at ~ 0.02 dpa, the va-
cancy content gradually saturates as a result of build-up of inter-
nal spatially fluctuating microscopic stress caused by the defects.
Similarly to the experimental curve shown in Fig. 9, saturation is
predicted to occur at the dose close to 0.5 dpa. Simulations also
show that the density of dislocation loops in the limit of high dose
is relatively low, since the majority of self-interstitial defects are
now incorporated into an extended dislocation network and hence
become no longer detectable by transmission electron microscopy
in the form of isolated individual dislocation loops. The creation-
relaxation algorithm generates microstructures that evolve solely
by the relaxation of stress produced by the events of formation of
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Frenkel pairs, and involves no thermally activated processes. The
observed saturation is the result of accumulation of high concen-
tration of vacancies, leading to a dynamic equilibrium between
the generation and annihilation of defects. Simulations show that
dynamic saturation occurs at ~ 0.1 dpa [53], similar to what is
found in direct cascade overlap simulations [57,58]. The validity of
the pattern of microstructural evolution in tungsten derived from
creation-relaxation algorithm simulations is confirmed by the ob-
servation of variation of lattice strain as a function of exposure to
irradiation [59]. The origin of saturation, while related to the over-
lap between the spatial regions affected by collision cascades [49],
is fundamentally related to the evolution of defect microstructure
and occurs at a significantly higher exposure to ion irradiation than
the dose of ~0.01 dpa characterising the onset of spatial overlap
between the subsequent cascade events [21].

The creation-relaxation algorithm [53] simulates microstruc-
tural evolution driven by local stress and not by thermal fluctu-
ations, and as a result it is expected that the simulations should
overestimate the absolute vacancy content [59]. However, given
that in irradiated tungsten vacancies do not diffuse appreciably be-
low 350 °C [60,61], the assumption that the thermal relaxation of
defect structure is impeded and effectively does not occur at room
temperature, is broadly justified and agrees with direct real-space
electron microscope observations of thermal annealing of extended
dislocation microstructure of heavily irradiated tungsten, which re-
mains thermally stable at temperatures up to 800 °C [62].

5. Conclusion

This study shows that tungsten irradiated to high dose at rela-
tively low temperatures close to room temperature, and below ap-
proximately 350 °C, develops a characteristic microstructure dom-
inated by vacancy type defects. The density of self-interstitial dis-
location loops is relatively low, in agreement with recent simula-
tions [53], suggesting that self-interstitial defects tend to incorpo-
rate themselves into an extended dislocation network that read-
ily forms in the material at doses exceeding 0.1 dpa. At the same
time, isolated vacancy defects, according to predictions derived
from simulations, dominate the microstructure. The saturation of
damage found in PAS agrees with simulated microstructures gen-
erated using the creation-relaxation algorithm. Implications of the
observed saturation for the retention of hydrogen isotopes in ir-
radiated tungsten and other materials are profound, and will be
assessed in further work involving materials exposed to higher ir-
radiation doses, and involving other hydrogen isotopes.
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