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Abstract. Surface and near-surface morphology evolution of helium-irradiated
tungsten due to thermal cycling up to the ITER-relevant temperature of 1350 K was
studied using electron microscopy and positron annihilation spectroscopy techniques.
Holes at the surface and bubbles in the near-surface of recrystallized polycrystalline
tungsten samples were created by 75eV helium plasma irradiation with the fluence
of 3 x 1022Hem~2 at the surface temperature of 1073K. Subsequent annealing
experiments were combined with a detailed electron microscopy analysis to investigate
the shape and density changes of holes and helium bubbles with respect to grain
orientation. We show that the initially circular holes and round bubbles became
faceted upon heating with 1K/s ramp up to 870 K. Annealing cycles up to 1350K
induced resulted in bubbles removal in the first 5nm below the surface and surface
smoothing. Electron energy loss spectroscopy measurements allowed estimation of
helium gas density and pressure inside bubbles. Positron annihilation spectroscopy
allowed to investigate the nature of defects and their evolution in the helium-irradiated
tungsten with thermal cycling.
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1. Introduction

The choice of tungsten (W) as plasma-facing material (PFM) for the divertor of ITER
fusion experiment is justified by its high melting point, good thermal conductivity,
resistance to sputtering and low hydrogen isotopes retention as compared with
previously used carbon PFM [1]. The ITER divertor will be subjected to high thermal
loads (up to 20 MW /m?) and intense particle fluxes composed of hydrogen isotopes (HI)
and helium (He) ash. In particular, it has been found that accumulation of He in W PFM
due to He-seeding, tritium decay or transmutation significantly affects the morphology
of W, inducing formation of various surface structures [2, 3] and bulk damages such as
crystal defects [4, 5], cavities filled with He gas (so-called helium bubbles) [2, 6] or even
a highly porous W “fuzz” structures [7]. He presence in W and the associated structural
changes can alter erosion resistance [8], mechanical properties [9] and HI trapping and
release mechanisms [10, 11, 12] - major concerns for the divertor. Furthermore, according
to the current ITER research plan [13], ITER will demonstrate high confinement mode
with He plasma to ensure that nuclear activation of the vacuum vessel components
will not take place. Thus, W PFM of ITER will be enriched with He even before the
beginning of the Fusion Power Operation phase.

It is expected that the surface temperature at the ITER divertor strike—points will
exceed 1000 K during the discharges due to the high heat loading [1] and might drop
down to 340 K between the discharges due to the active cooling of the W plasma-facing
units. Such thermal cycles may result in an evolution of the He-induced morphological
changes in W which in its turn will lead to further material properties modification. As
we showed recently [10], thermal cycling above the irradiation temperature of ~1053 K
significantly affects HI retention mechanisms in He-irradiated W resulting in an increase
of D retention at low D fluence as compared with pristine W.

The kinetic energy of incident ions in the ITER divertor region is expected to be
below the sputtering threshold of 107eV [14]. The corresponding implantation range
of He ions is on the order of several nanometers [15]. Due to the high particle fluxes
(~ 10**ionsm~2s™!) [1], the near-surface region of W PFM will be enriched with He
where numerous helium bubbles can be formed.

Numerical simulations [16, 17] have shown that the grain orientation of the W
surface plays a significant role in helium depth distribution and helium retention.
Experimental studies by Sakamoto et al. [2, 3] revealed a formation of undulated surface
structures with a periodic arrangement on {111} and {110} grain orientations under
low-energy He irradiation for surface temperatures below 1053 K. Additionally, the
experimental work of Parish et al. [18] and the modelling work of Hammond et al. [19]
showed a formation of several types of faceted surface structures on He-irradiated W
depending on the grain orientation: pyramidal structures on {111} surfaces, simple
higher-up surfaces on (211) surfaces, sheet-like features on {100} and {110} surfaces.
Results suggested that the appearance of the faceted structures is a cumulative effect
of forming a low-surface-tension and of overpressurized bubbles bursting whose size and
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distribution depends on the grain orientation. Recent experimental studies on single
crystal W by Fan et al. [20, 21] showed that surface orientation affects the size and
depth distribution profile of helium bubbles after irradiation at an energy higher than
the threshold energies for sputtering and displacement. Thus, it is important to consider
the grain orientation as an another parameter having an impact on the shape, density
and distribution of surface and bulk morphological structures of W subjected to He ions
especially at the low kinetic energy expected in ITER.

In this work we investigate the density and shape evolution of the He-induced
structural changes in W with respect to the grain orientation due to thermal and
D implantation cycles. We aim to expand our knowledge on the behaviour of the
metal under temperature and He flux conditions relevant to ITER and to give a
clearer understanding on the fundamental mechanisms of HI retention in presence of
He. The surface and near-surface morphology evolution is investigated by scanning
electron microscopy (SEM) and cross-sectional transmission electron microscopy (TEM)
techniques respectively. Positron annihilation spectroscopy (PAS) is used to study
evolution of voids and defects in the samples. Thermal cycling experiments were
performed in a temperature programmed desorption (TPD) setup. Additionally, a set of
in situ low-energy low-fluence deuterium (D) ion implantation experiments were realised
on one of the samples to probe HI retention properties of the He-enriched near-surface
layer of W. In this contribution we also aim to study the effect of a low quantity D
presence on He bubbles shape evolution as well as to provide an experimental evidence
on He gas presence inside the bubbles.

2. Experiment

Five identical polycrystalline tungsten (PCW) samples, named W0, W1, W2, W3 and
W3 bis (99.995%, Toho Kinzoku Co. Ltd.), with a square shape of 7 x 7mm? and
thickness of 0.3mm, a mechanically polished mirror-like surface and recrystallised at
1773 K in vacuum for 2 h were used in these experiments. Re-crystallisation creates a
homogeneous grain structure which is helpful for material analysis and removes some
of the natural bulk defects capable of trapping incident HI [11]. The W1, W2 and W3
samples were simultaneously irradiated to helium plasma in the linear plasma device
PSI-2 (Jiilich, Germany) [22]. The typical incident helium kinetic energy was 75eV that
is below the threshold energies for the displacement damage and sputtering of W by
He [23]. Before the He exposure, the samples were pre-heated up to 1053 K by a resistive
heater installed on the sample carrier under the samples. This temperature is below the
threshold temperature for the fuzz formation [2]. During the 13s plasma exposure in
the PSI-2, the heating was turned off as the samples were heated by the plasma itself. A
thermographic measurement showed nearly constant temperature of the samples during
the exposure. The incident helium flux measured by the reciprocating Langmuir double
probe was 2.3 x 10?2 Hem~2s~! and the total incident fluence was 3 x 102 Hem~2. The

sample W3 bis was also irradiated with 75eV He ions with the total incident fluence
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of 3 x 102> Hem~2 but at lower flux of 2.9 x 102 Hem 25! at 1073 K. Just after the
exposure, the samples were cooled down to room temperature (RT) within a few minutes
by the water-cooled sample carrier. Oxygen is the main impurity in PSI-2 and is on
the order of 0.1% [24]. Detailed information about the layout of the PSI-2 device, its
parameters and operational conditions can be found in [22].

After the He plasma exposure, the W2, W3 and W3 bis samples were introduced
into the ultra-high vacuum setup CAMITER (Marseille, France) where they were heated
with a constant temperature ramp of 1Ks~! up to 870K and then left to cool down
to RT. Then, the W3 and W3 bis samples experienced a further sequence of four D ion
implantation /thermal cycling experiments. 500eV Dj ions were implanted in the centre
of the samples on an area of 30 mm~2 at RT before each thermal cycling experiment: the
first one at a peak temperature of 1250 K and the last three ones at a peak temperature
of 1350 K. The flux of D ions was about 3 x 10 Dm~2s7! corresponding to the incident
fluence by the end of each cycle of 4.5x 10 Dm~2. The implantation range of 500 eV D3
ions in W is ~15nm according to SRIM calculations [15] and corresponds to the depth
of the maximum density of He bubbles created during He irradiation of the samples.

Surface and near-surface analysis was performed on the W1 sample (after He
irradiation), on the W2 sample (after heating up to 870 K) and on the W3 and W3 bis
samples (after all D implantation/thermal cycling experiments) in the centre of the
sample (i.e., He and D implantation area) and in the corner of the sample (i.e., He
implantation area). This allowed to investigate effects of He irradiation and subsequent
thermal cycling up to 870 K and up to 1350 K on the material structure evolution as
well as the effect of D ion co-implantation.

SEM observations of the surface morphology were performed in a Zeiss GeminiSEM 500
microscope coupled with an EDAX Electron Backscattered Diffraction (EBSD) detector
used to determine grain orientations of the polycrystalline samples. In-lens secondary
electron detection was employed for imaging at 1kV. The low voltage acquisition was
suitable for surface studies since it increases topographic contrast. EBSD scans were
performed at 15kV.

Thin lamellae for TEM investigations were cut from grains with {100} surface
orientation using the focused ion beam (FIB) technique in a FEI Helios 600 nanolab
Dual Beam apparatus. For the successful FIB cutting without damage creation in the
near-surface layer of the lamellae, SiO and Pt layers were deposited on the surface of
the lamellae. Cross-sectional observations of the near-surface region of the samples were
realised on the lamellae with the scanning TEM technique at the acceleration voltage
of 200kV in a TEM FEI Titan 80-300 microscope. The Gatan Image Filter Tridiem
installed in the microscope allowed Electron Energy Loss Spectra (EELS) acquisition
for elemental detection in the material. The energy resolution for EELS measurements
was 1 eV under STEM conditions. High-angle annular dark-field (HAADF) images and
EELS spectra were acquired on He bubbles to check the presence of trapped helium.

A procedure [25] was developed to analyze the collected SEM images to investigate the
size distribution of holes. The ImageJ software [26] was used to identify particles of
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interest (holes at the surface and bubbles in the near-surface) on several SEM images (a
typical surface area covered by an image was ~ 3.7um?). Firstly, brightness and contrast
adjustment of the images was performed. Then, the FFT bandpass filter was used to
remove blurring effects and an appropriate threshold was applied to the particles from
the background. Area of particles was computed assuming an ellipsoidal shape and the
mean diameter is used for the bubbles distribution. A similar analysis was performed on
TEM images. To correctly identify bubbles, under- and over- focused TEM images of the
same area of the lamella were compared automatically using a numerical code written in
Python language. Due to the weak contrast of the TEM images, the number of helium
bubbles with diameters less than 3 nm is underestimated in our analysis. Identification
of the bubble location with respect to the surface allowed to compute bubble density
and size as a function of depth. The error was estimated as the standard deviation from
several SEM or TEM images acquired on grains of the same orientation.

The presence of defects and their depth distribution in the W0, W1, W2 and W3
samples were evaluated by PAS which is a non-destructive technique. In this study, a
beam of mono-energetic positrons (e™) with an energy up to 25keV is used to probe the
first 700 nm under the tungsten’s surface. When interacting with electrons (e™) of the
material, positrons annihilate and y-rays are emitted at the energy of around 511 eV [27].
Positrons preferentially annihilate in low electronic density areas such as vacancy-type
defects (monovacancies, vacancy clusters, dislocation loops, vacancy-helium clusters)
and He bubbles. The y-ray spectra is characterized using two parameters: S and W.
The S parameter represents the positron annihilation fraction with low momentum
electrons (mainly valence e~). The W parameter represents the positron annihilation
fraction with high momentum electrons (core e~). Thus, each annihilation state (i.e.,
surface, bulk, defect, etc.) is characterized with specific S and W parameters. If a
positron is not efficiently trapped in the metal, it can diffuse and be re-emitted from the
surface as free positron or bound to an electron to form a positronium. The positronium
(ete” bound state) Ps fraction fp, is another parameter indicating the presence of
defects in a metal. The fraction of the Ps emitted from surface (Ps fraction) depends
on the concentration of defects. More details on the PAS technique, the measurement
system and data analysis can be found in [28].

Note that some annihilation characteristics have been already experimentally
determined in tungsten [29]: S = 0.367(4) and W, = 0.084(5) for the perfect lattice,
Sy =0.417(1) and Wy = 0.057(1) for a single vacancy. The annihilation characteristics
Svnw, Wynw of vacancy clusters in tungsten are not known but the maximum and
minimum values of S and W ever measured in this material are: Sy, = 0.5026,
Wrin = 0.0364.  Sprex and Wy, most probably correspond to the annihilation in
vacancy clusters Vyy with the maximum size detectable with SPB-DB of N > 20 [30].
The annihilation characteristics S and W as well as the positron lifetime are sensitive to
helium trapped in vacancy clusters. Theoretical lifetime of positrons in a cluster Vy He,,
with n = 6 He atoms decreases from around 272 to about 140 ps when the number of
He atoms trapped in the cluster increases to n = 10 [31]. It was also observed that
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the low momentum annihilation fraction S decreases and W increases in neutron and
He-irradiated Nickel due to He trapping in vacancy clusters [32].

3. Results

001 101

Figure 1. a) EBSD mapping of the PCW sample W1 (after He irradiation) showing
several outlined grains of interest. The sets of three arrows indicate projected (100)
directions on each grain surface (an arrow pointing upwards is presented as a circle).
b) Occurrence (density) of grain orientations in the EBSD map.

3.1. Surface morphology observations

Figure 1 shows the polycristalline W surface analysis using EBSD technique. Grain
sizes are about few tens of pym for the larger ones (figure 1 a) and the nearly-{100}
orientation of the grains (red color) is dominant (figure 1 b). There is no clear relation
between the orientation and the grain size. A similar texture was observed on all the
samples used in the study (large grain sizes and dominant {100} orientation) induced
by the recrystallisation [33] of the pristine samples. Several grains of interest with {100}
and {111} orientations were then selected on all samples for the morphological analysis
(e.g., grains G1-G6 with {100} orientation, grain GBlue with {111} orientation on the
W1 samples surface are outlined in figure 1 a).

Figure 2 a (resp. figure 2 d) shows a typical SEM image of {100} surfaces
(resp. of {111} surfaces) of the W1 sample featuring holes (black dots) and some
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Surface morphology changes on grains close to (100) surface orientation:
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Figure 2. SEM images of {100} (resp. {111}) tungsten surface and the corresponding
distribution function of the holes (black dots in SEM images): (a) (resp. d) after He
irradiation (W3), (b) (resp. e) after the first annealing up to 870K (W2) and (c) (resp.
f) after the thermal cycling experiments up to 1350 K (W3). The sets of three arrows
indicate projected (100) directions on the grain surface.

nanostructures (white dots) which are rather irregularities of the surface than re-
deposited W dust particles since their edges are aligned with crystallographic directions
of the substrate. The shape of the holes on all grains was found to be close to circular
with diameter up to ~18 nm. The size distribution of the holes is Gaussian-like centered
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at 7.5+ 3nm. The maximum of the distribution is at 115 % 15 holes per um for {100}
and 175 £ 20 holes per pum for {111} surfaces.

SEM analysis performed on the W2 sample’s surface after annealing up to 870 K revealed
a modification of the shape of the holes from circular to almost square on {100} grains
with edges parallel to (100) directions (figure 2 b). Within the resolution capability
of the SEM images no shape modification of the holes on {111} surfaces was found
(figure 2 e). The density distribution functions of the holes on {100} and {111} grains
did not change significantly upon heating up to 870 K.

SEM analysis on the W3 sample’s surface after the thermal cycling experiments up to
1350 K revealed an annealing effect of the TPD ramps on the surface morphology: the
number of holes decreased by a factor of 10 on {100} and {111} grains (figures 2 ¢ and 2 f
respectively). The shape of the remaining square holes on {100} grains did not change.
No difference was found between the shape of the holes in He and D co-implanted central
area of the sample and He-only-irradiated area in the corners of the sample revealing
that D implantation in our experimental conditions does not play a role on the surface
morphology modification.

Bulk morphology changes on grains close to (100) surface orientation
a) W1: after He irradiation b) W2: after 870 K annealing c) W3: after 1350 K annealing

Ty .

‘Bubbles® ©  bublle® &

% N

Figure 3. Cross-sectional TEM images of the near-surface region of tungsten: (a)
after He irradiation (W1), (b) after the first annealing up to 870 K (W2) and (c) after
the thermal cycling experiments up to 1350 K (W3). In (b) a faceted bubble is outlined
and the inset shows HRTEM image on another faceted bubble and the corresponding
FFT pattern.

3.2. Near-surface morphology observations

Figure 3 shows TEM bright-field images of lamellae cut on {100} grains of the W1, W2
and W3 samples. The images were acquired with orientation near [001] zone axis. He
irradiation caused formation of a significantly damaged 20 nm thick near-surface layer in
tungsten, with presence of numerous He bubbles of different size in the layer (figure 3 a).
Majority of the smallest bubbles with diameters d < 3nm are found just below the
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surface, but they are observed up to ~100 nm deep. Larger bubbles are preferentially
located within 10 — 20 nm layer below the surface (figures 3 a). Observed by TEM in
zone axis (ZA) of [100] direction, the bubbles seem to have a shape close to round.
Furthermore, our observations evidence that the holes at the surface observed with
SEM are open He bubbles located close to the surface. This experimental observation
confirms the findings of molecular dynamics (MD) simulations by Sefta et al. [34] which
predicted the bursting behaviour of subsurface overpressurized helium bubbles.

Initial annealing up to 870 K on the W2 sample did not change the bubble density in the
near-surface (figure 3 b). However, the shape of some He bubbles evolved: they appear
faceted as squares with round corners and edges parallel to (110) directions as presented
in the high-resolution TEM (HRTEM) image in inset of figure 3 b. The FFT spectrum
of the image exhibits a spot pattern indicating that the lamella is a single crystal W
without presence of a large number of crystal defects. Note that He outgassing of about
3.6 x 10® Hem™2 is observed during the initial annealing to 870K [10], which may be
related to the He bubbles reshaping.

The further set of four thermal cycling experiments up to 1350 K on the W3 sample
induced a remarkable change in the microstructure of He-irradiated W (see figure 3 c).
There are no more bubbles within a 5nm subsurface layer (bubble-free zone) of the
sample. Annealing of the open bubbles resulted in the surface smoothing as was
evidenced with SEM at the surface (figure 2 ¢ and f). All remaining bubbles in the
near-surface appear faceted as squares independently on the bubble size. Lamella was
then tilted to observe bubble shapes in different ZA. Figure 4 a shows helium bubbles
having a square shape with edges parallel to (110) directions when observed in ZA of
[100] or shaped close to hexagons when observed in ZA of [110] and [111] in samples
W3 and W3bis. The total amount of He outgassed from the W3 sample during all
thermal cycles is 2.7 x 10 Hem™=2 or less than 0.01% of the incident helium irradiation
fluence [10] suggesting that a significant amount of He remained in the sample.

3.3. FELS analysis on helium bubbles

EELS spectrum presented in figure 5 was acquired at 1 um away from the surface of
the lamella cut from the W2 sample, thus, in the pristine bulk part of the sample
which was not affected by He irradiation. The spectra feature typical bulk W plasmon
EELS spectra with the main peak at 25eV [35]. An increase of W thickness results in
the increase of the plasmon peaks intensity while the position and width of the peaks
remain the same. Note, that the measurements were realized on the samples W2 and
the thickness of tungsten was computed using the model by Iakoubovskii et al. [36].
Figure 6 presents HAADF images featuring bubbles (dark areas), W crystal (bright
area) and red dots which indicate locations where STEM-EELS spectra were acquired.
W bulk spectra (black lines in STEM-EELS figures) were acquired 1 um deep from the
surface. Note that, since position and width of the peak remains same in all three
samples W1, W2 and W3, thermal treatment did not affect the bulk part of the helium-
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a) Experiment:
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Figure 4. (a) TEM images of He bubbles in tungsten (samples W3 and W3bis) in
[100], [111] and [110] zone axis in He and He+D implantation area. (b) Schematic
representation of a rhombic dodecahedron with its projections in [100], [111] and [110]
zone axis and (c) its truncation with the {100} plane.
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91 nm
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Figure 5. Normalized to the zero-loss peak EELS spectrum shape change as a function

of tungsten lamella thickness.

irradiated samples.

Red spectra in figure 6 were acquired close to centre of helium bubbles and feature
additional contributions to the bulk W spectra resulting in an increased width and shape
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a) W1: after He irradiation b) W2: after 870 K annealing [jll c) W3: after 1350 K annealing
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Figure 6. HAADF images (top) and Low-loss STEM-EELS measurements (bottom)
on He bubbles and a bulk part of tungsten (a) after He irradiation (W1), (b) after the
first annealing up to 870K (W2) and (c) after the thermal cycling experiments up to
1350 K (W3). Spectra are normalized to the intensity of the W plasmon at 25eV and
red curves are shifted vertically with respect to black curves for clarity.
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Figure 7. (a) STEM-EELS profile measurements on a He bubble in the sample W2.
(b) EELS spectrum acquired from the centre of the bubble and the corresponding
Gaussian fit. The inset image represents the extracted He peak fitted with a Gaussian.
Spectra are normalized to the zero-loss peak.
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evolution of the EELS spectra in the [5,35] eV domain. The width of the red spectrum
becomes narrower after the annealing cycles and gets close to width of the black (bulk)
spectrum in the sample W3. This indicates a recovery of the helium-induced defects
towards the undamaged W crystal. Indeed, the variations of the W plasmon width
could be only due to the stress field around He bubbles and to defects created by He
irradiation. One can note that contamination of the samples with oxygen which is the
main impurity in the PSI-2 plasma may result in a wider EELS spectrum [37]. However,
since no oxygen peaks were obtained in our experiments (figure 5), the effect of oxidation
can be neglected.

A clearly distinguishable helium peak at around 22 eV is evidenced on bubbles in
W2 and W3 samples (figures 6 b and c respectively). The measured helium peak position
is “blue” shifted from 21.22eV which is the energy of 1s> — 1s2p transition of a free
He atom [35]. This He peak probably contributes to the red shift of the W plasmon
peak which is also visible in the W1 sample. We assume that a shift of the peak in the
sample W1 is also caused by the presence of He but the greater width of the W plasmon
peak due to the large number of defects and high stress could mask the He peak.

To prove the appearance of the He peak on a bubble, an EELS profile measurement
was realised on the sample W2. As shown in figure 7 a, at the position 0 nm the EELS
spectrum does not have any He contribution and represents a typical bulk W spectrum.
A clear He peak starts to appear at the position ~9 nm, reaches a maximum intensity at
the position ~15nm and vanishes at the position ~21 nm. This indicates that the bubble
size might be larger than it appears in the STEM image in figure 7 a or that several
bubbles overlap and He contained in them contributes to the profile measurement.

To extract the He peak from the rest of the spectra, the plasmon peak was fitted
with Gaussian function [38, 39] in the energy range from 19.5 to 21.2eV and from 23.6
to 27.1eV as presented in figure7 b (black curve). He signal is plotted in the inset image
and was also modelled using a Gaussian. The energy position of He peak is then given
by the position of the Gaussian maximum and is equal to 22.2eV.

3.4. Positron annihilation spectroscopy measurements

For relevant comparison of the PAS results on the W1, W2 and W3 samples, the
reference pristine sample W0 was used. From figure 8 a and b it is noticeable that a
strong difference in annihilation characteristic of positrons occurs at the kinetic energy
of 2keV for the W1 and W2 samples (peak in S and a valley in W) while S continuously
decreases and W increases respectively for the WO and W3 samples. In figure 8 ¢, the
S-W curves of the samples W1 and W2 extend more to the upper left corner of the S-W
space i.e. they show the highest level of defects while both, the pristine and W3 samples,
indicate a better tendency towards the perfect W lattice. Figure 8 d shows that low
kinetic energies (< 2keV) positrons are re-emitted from the surface as positroniums Ps.
The higher value of the Ps fraction in the W0 sample in the energy range between 2
and 12keV is an indication of a lower number of the vacancy type defects comparing
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the data with VEPFIT [40]); (c) S and W parameters dependence; (d) positronium
fraction versus positron kinetic energy.

with the samples W1, W2 and W3.

4. Discussion

4.1. Helium-induced formation of surface holes

Holes and bubbles are well known to be formed onto the surface of W with energy below
the sputtering threshold and with high He fluence above 10* He/m? [2, 41, 42]. In our
experiments, formation of holes on the W surface after 75eV/He plasma exposure at
1053 K clearly can not be due to the simple sputtering since the kinetic energy of He
ions was below the sputtering threshold of 105eV [23]). Also, only about 60% of W
atoms of the first surface plane were sputtered by oxygen impurities present in the PSI—
2 plasma. Our TEM observations (figure 3) showing a high density of large bubbles
near the surface confirm that holes are open helium bubbles which presumably bursted
according to the mechanism described by MD simulations of Sefta et al. [34].

During irradiation, He atoms start to accumulate in W in interstitial positions where
they tend to form small helium clusters (so-called self-trapping mechanism) [4, 43, 44].
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When the number of He atoms in the cluster exceeds a temperature-dependent threshold
(6 to 9 He atoms in the cluster), the pressure in the cluster is reduced by creating a
Frenkel pair (a vacancy and a self-interstitial W atom) [45, 46]. This process is called
a trap mutation mechanism. Small mobile clusters are not thermally stable at high
temperatures (e.g., during He irradiation or the thermal cycling) and can contribute to
the other He-vacancy clusters forming He bubbles [46, 47]. Helium accumulation inside
the bubbles may result in bubble growth towards the free surface. The overpressurized
bubbles located close to the surface may undergo pressure relief via bursting resulting in
surface cratering (holes formation) and He release. Bursting of the pressurized bubbles
with mean diameter ~ 7nm in the subsurface layer of our samples (figure 2) results
in a zero density of bubbles for depths lower than 7nm. A maximum density is then
measured at 10-15 nm in depth (figure 9) which is in a good agreement with the numerical
simulations using finite element method performed by Delaporte-Mathurin et al. [46].

Furthermore, surface orientation shows an effect on depth distribution of He and on
size of He bubbles [16]. Greater implantation depth of He is expected on {111} tungsten
surface due to the channeling effect [20, 21]. In our case, there is no effect of orientation
on the mean size of the holes at the surface of the sample W1 (figure 2) suggesting that
the mean size of bubbles in depth is similar for {100} and {111} surface orientations.
This may be due to the low kinetic energy of the incident He ions for which the
channeling effect is negligible [48]. However, there is a difference in the number of holes
at the {100} and {111} surfaces of about 20% which is probably related to a different
He bubbles density and different energy barrier for bubbles bursting. On one hand, the
displacement energy in W is minimal for (100) direction and maximal for (111) [49]
direction. Thus, if initially He bubbles are distributed equally in the near-surface layer
of {100} and {111} grains, less bubbles will be able to burst on {111} surface. On the
other hand, the elevated temperature of the sample of 1053 K during irradiation induces
high diffusion of helium and defects in specific directions on different grains resulting in
a variation of surface holes and He bubbles density. MD simulations by Hammond and
Wirth [16] suggest much higher He concentration below {111} tungsten crystallographic
surface due to the favorable formation of adatom/substitutional helium pairs even by
a single helium interstitial. High concentration of He clusters under the {111} surface
results in the higher density of the ruptured bubbles on {111} surface observed in our
samples.

4.2. Shape of helium bubbles and surface holes

One of the main results of our study is that holes and bubbles become faceted due to the
annealing cycles. Recent experimental works of El Atwani et al. [50, 51] and Ohno et
al. [52] reported bubbles faceting at grain boundaries and in the bulk of He-irradiated
tungsten respectively. Also, Dirrschnabel et al. [53] found faceted voids in neutron-
irradiated W in which He might be aggregated due to transmutation of impurities.
The previous studies about bubbles in metals highlighted that, firstly, shape of
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Figure 9. Depth distribution of helium bubbles in W irradiated with 75eV He ions
at 1053 K and a total incident fluence of 3 x 1023 Hem~2 (error bars are the difference
of the major and minor diameters).

the bubbles is determined by the lattice where anisotropic elastic stress dominates [54].
Secondly, bubbles in bce metals hold uniaxial polyhedral shapes [54]. Thirdly, formation
of the faceted bubbles is favourable in terms of the gas/metal system energy: facets are
developed due to the tendency to minimize the overall free energy of the system [55].
The free energy of helium gas, the internal energy of W matrix without the bubble, the
elastic energy and the free energy of the bubble surface contribute to the system energy.
A change of the total energy of the system depends on the shape and volume of the
bubble, gas pressure and surface energy [54, 55]. At equilibrium, the surface energy of
a bubble is compensated by its internal pressure [56]. Thus, the reduction of the total
energy of the system would lead to a development of low-energy facets in preference
to a spherical shape which has a higher energy. This requirement is satisfied when the
lattice around the bubbles rearranges its surfaces with surface diffusion of atoms and
vacancies and, hence, facets are formed.

Finally, in bee metals, {100}, {110} and {111} faces have the lowest surface energy
since the surface energy of a crystallographic plane depends on its planar density. The
planar density in W crystal is greater for {110} face and, thus, the surface energy is
the lowest for {110} than that of the other faces. This considerations bring us to the
conclusion that the voids in W would form faces of {110}.

Our TEM observations of the bubbles in different zone axis in the samples W3
and W3 bis (figure 4 a) allow to narrow down the real 3D shape of the bubbles in W
to 3 polyhedron shapes: an octahedron, a cuboctahedron and a rhombic dodecahedron
(RhD). RhD has 12 congruent rhombic faces of {110} where every face is a parallelogram
delimited by (110) edges. We suggest that RhD (figure 4 b) is the real 3D structure of
helium bubbles in W. Firstly, the observed [100] ZA square shape with edges parallel
to (110) directions can only be attributed to the RhD shape. Also, hexagon-like shape
is observed in [110] ZA that is also the projection of RhD. The difference between the
experimentally observed shapes and the projections of RhD in [110] and [111] ZA might
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be due to the slight tilt of the lamella away from the ZA for easier bubbles observation.
Secondly, truncation of the RhD shape with {100} plane results in a square shape with
edges parallel to (100) directions as shown in figure 4 ¢. This could be an explanation for
the SEM observations of square holes on the W2 and W3 surfaces after the corresponding
annealing cycles (figure 2). Thirdly, while octahedron-shaped He bubbles were reported
previously for fce crystals [54], theoretical modelling of He atomic configuration in a bce
crystal showed that helium bubbles form a perfect RhD shape [57].

Lastly, our TEM observations of lamellae cut from He irradiated (corner) and He/D
irradiated (centre) areas of the sample W3 revealed no difference in the size, density and
shape of helium bubbles after the implantation/TPD experiments. This suggests that
the presence of minute amount of D does not play a role in the morphology changes of
He-irradiated W. Also, the difference in the incident He flux experienced by the samples
W3 and W3 bis was not found to play a role in bubbles shaping.

4.8. Density and gas pressure in helium bubbles

Though there was no experimental results about helium density and pressure in bubbles
in tungsten up to now, previous numerical studies of He bubbles formation in W and
experimental works on various metals have shown the following trends:

Firstly, bubble size is inversely related with pressure [39]. It is proposed that the
initial step of bubble formation is the diffusion and agglomeration of vacancies with
several He atoms trapped [19, 46]. Considering that a maximum of 6 He atoms can be
accommodated in a single vacancy, the maximum He density for bubbles in W can be
estimated as 6/Q = 373nm 3, where 2 = 1.6079 x 10”2 nm 3 is the atomic volume of W.
Several works [38, 39, 58, 59] estimated He density in bubbles in different metals reaching
up to to 200nm~? (see figure 10 a). These values seem to be high when compared to
the density of liquid He (20nm ™ at 4K and 1 bar).

Secondly, due to the effect of the short-range Pauli repulsion coming from wave
function overlap in neighbouring atoms, high density of He in bubbles can result in an
energy blue shift of the He K-edge (AE = 0.5 —3eV) with respect to its value of 21.218
for the free He atom [39]. Thus, AE indicates internal gas pressure and varies almost
linearly with He density n independently on the surrounding material: AE ~ C'n.

The gas pressure is an important parameter which influences faceting of the bubbles,
their growth and ability to move as well as to retain hydrogen isotopes. The gas density
n inside helium bubbles is directly related with pressure and can be calculated using
quantities experimentally measured by the HAADF-EELS technique. n is related to the
unscattered beam intensity I, (“zero-loss” peak composed by the electrons that pass
through the metal without interaction), the intensity of the helium K-edge 1s — 2p
transition /, and the bubble diameter d according to the following equation [58]:

11,
— 1
= (1)
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where the inelastic scattering cross-section oy, is dependent on the He density in
the bubbles itself and has to be calculated using delocalized wave functions [60].

There are several factors which hamper the He detection in bubbles in W with the
EELS technique. Firstly, the bubble of interest in the sufficiently thin lamella should
not be damaged by the preparation process and contain sufficient amount of He gas.
Secondly, He peak may appear shifted towards the W plasmon in the overpressurized
bubbles [39, 61, 58]. Lastly, a presence of impurities such as oxygen in the substrate (e.g.,
oxidation) or inside the bubble may add another contributions to the spectrum [53].

The EELS spectrum acquired on a round bubble in the sample W1 (figure 6 a) does
not feature a distinct He peak. An increase of the width and a difference in shape of the
spectrum of the W plasmon signal can be explained by the influence of the stress field
around the bubble on the electron beam and a presence of helium peak in the spectra.
Thus, the slight “red” shift of the intensity maximum might be associated with the
presence of an additional peak and can be an indication of He presence in the bubble.

However, the spectra measured on faceted bubbles after the initial annealing up
to 870K and after the thermal cycling experiments up to 1350 K (figure 6 b and ¢
respectively) feature a distinct additional peak at 22.2eV which is close to the He
edge at 21.2eV. Furthermore, since all bubbles appear faceted after the thermal cycling
experiments, we conclude that the bubbles and W lattice are in thermal equilibrium
and, thus, there is no stress field to modify the EELS spectra. These considerations
lead us to the conclusion that the additional peak is the “blue” shifted He K-edge by
AFE = 0.99eV. Also, our results show that He is still present in bubbles after the thermal
cycling up to 1350 K, which is consistent with our TPD results [10] and the expected
behaviour of He in the metal [61].
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For the case of the EELS measurements on the ~ 10 nm bubble in the W2 sample
presented in figure 7 b, % ~ 5.1 x 10*m~'. The lower boundary of the number
density can be calculated considering the scattering cross-section for the free helium
atom. Using a formula derived by Walsh et al. [58], o9, is 6.3 X 107*m? under our
experimental conditions. The estimated He density in the bubble is 8.13 x 10>" Hem >
which is in a good agreement with the experimental data obtained by different authors
as presented in figure 10 a.

In general, helium pressure is often estimated using Laplace-Young equation [39]
p = 2v/R which describes the pressure as a ratio of bubble radius with the internal
pressure. However, the rise in temperature during the initial annealing step leads to
a decrease of helium density without affecting bubble’s size. Therefore this equation
cannot describe the system studied in this paper in a qualitative way.

The other approach relies on the ideal gas law. Considering He implantation at
1053 K, He pressure in the bubble of figure 6 b in W2 sample, of estimated volume
523.6nm 2 is 0.12 GPa (figure 10 b). Our estimated value of the pressure is close to
the value reported by Frechard et al. [39] for the case of the same size He bubble in a
martensitic steel where oy, was also considered to be independent on He density.

Although EELS does not allow direct measurements of He gas pressure in bubbles
in a metal, an estimation of the pressure can be also done using the results of MD
simulations. Hammond et al. [19] suggested a two-parameter empirical correlation for
the number of helium atoms in a bubble, ny., as a function of the number of vacancies,
ny, generated during the bubble formation under 100 eV /He plasma exposure at 933 K
which is close to our He irradiation conditions:

N = 5. (2)

The number of vacancies is related to the bubble size. The volume of a spherical
bubble is approximately V = ny €, where Q = 1.6079 x 1072 m~3 is the atomic volume
of W. Thus, the number of He atoms in a bubble with diameter d is:

Nie = 6.2 x 10** (7d*)**°, (3)

Gas pressure in a bubble can be then estimated using the ideal gas law. Figure 10 b
shows the number of helium atoms per bubble and the corresponding gas pressure in
the bubbles that would be created under our irradiation conditions. Furthermore, the
estimated gas pressure using the empirical relation (3) for ngy. is in agreement with
results of Frechard et al. [39]. On the other hand, MD simulations by Sefta et al. [34]
predict the pressure of 10-30 GPa for the case of overpressurized helium bubbles in W
indicating that the values presented in our work are probably underestimated. The
calculations presented here can be improved by using a more appropriate model linking
the He content to the bubble size.
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Figure 11. Results of the adjustments of PAS data with VEPFIT for the samples
W1, W2, W3 and the pristine PCW sample. (a) S parameter versus W parameter.
(b) Summary of the fit parameters for the different layers identified in the near-surface
of the samples.

4.4. Depth distribution of defects

The VEPFIT program [40] was used to analyze the depth distribution of defects in
the samples. This program solves the positron transport equation taking into account
the implantation, diffusion, drift and trapping of positrons in a material. In practice,
VEPFIT fits the S(F) and W (FE) parameter curves as a function of positron kinetic
energy considering physical properties of the material and the Makhovian implantation
profiles of the positrons. After imposing appropriate boundary conditions for the surface
related processes, the sample can be modelled as a succession of several homogeneous
layers of various thickness with different annihilation characteristics S, W and the
effective diffusion length L, of the positrons. This allows to find the best and
reasonable fit for the PAS data based on the near-surface imaging results obtained
with TEM.

The results of the fit are presented in figure 11. It has to be noticed that the data for
low energy positrons are not taken into account for the fitting, because S and W values
include the annihilation of positronium formed at the surface due to epithermal positron
backscattering. The energy threshold we use as starting point for fitting depends on the
Ps fraction value and its evolution as a function of energy. It can be noticed that the Ps
fraction becomes very low when positron energy is equal or larger than 1.5keV in the
irradiated samples (W1, W2 and W3). For the pristine sample, the energy threshold
is equal to 2keV. Starting from 2keV, the positronium fraction evolution is diffusion
dependent and can be correctly modelled by the VEPFIT program. We began by fitting
the PAS data collected on the pristine sample W0. The data can be fitted considering
that the pristine sample consists of one homogeneous layer. The determined S and W
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parameters are close to the perfect W structure (Sp= 0.367(4) and W,=0.084(5)[29]).
The slight difference means that the layer still contains some of the intrinsic defects
remaining after annealing at 1773 K for 2 h.

The effective diffusion length is lower than the one found in perfect lattice (135nm [62]).
The concentration of vacancy defects still present in the pristine sample can be estimated
considering that the trapping rate of positrons Kp depends on the effective diffusion

(&)1

where L7 is the intrinsic diffusion length in perfect tungsten fixed at 135 nm [62]

length as follows:

Kq= AL

and Ay is the lattice annihilation rate (A, = 1/7) with the lattice positron lifetime
71, of 105ps [31]. The trapping rate Ky at the detected defects d is the product of
their concentration Cy; and their specific trapping coefficient py. Considering that the
trapping coefficient of single vacancies in tungsten (Z = 74) can be approximated to the
value determined for the single vacancy in tantalum (Z = 73, uyy = 6+3x 107571 [63]),
we estimate the concentration of vacancy defects in the pristine sample at about
2 x 10* m=3.

To fit the PAS data for the He-irradiated sample W1, four homogeneous layers have
to be introduced: three of them are in agreement with the bubbles depth profile reported
in figure 9. A 1st 5nm thick layer L; has to be present to fit the PAS data. The positron
effective diffusion length Lg; is only 4nm, S is high (S > Sy) and W is low (W < Wy)
respectively to the annihilation characteristics for the single vacancy (V) as plotted in
figure 11 a. The fact that the SW point for L; is located above the Viy-Wiasice straight
line (doted line in figure 11 a representing positron annihilation in a single vacancy)
indicates detection of vacancy clusters. Also, the SW point is far from the Vi point
representing positron annihilation in empty large clusters with more than 20 vacancies,
i.e., in clusters with a mean diameter of approximately 1nm. Formation of empty
vacancy clusters in W under our irradiation conditions is not expected since creation
of vacancy defects is mostly due to self trapping of He and trap mutation [45]. Thus,
this SW point likely indicates vacancy clusters filled with He which should result to a
decrease in S and an increase in W compared to empty vacancy clusters parameters
Vnw. Experimental work by Bernard et al. [64] on a tungsten sample irradiated at
the same helium flux and fluence but at much lower temperature of 473 K found the
SW values being below the Viy-Wiice straight line clearly indicating high He/V ratio
defects, i.e., He presence in the defects. It is noteworthy to notice that the SW value
obtained in our work does not disagree with the presence of He in the vacancy clusters.
The difference in SW in our work and in Bernard et al. [64] is due to the He/V ratio in
the clusters that should be higher in on our He-irradiated sample at high temperature.

Thus, in our case such SW parameters describe the subsurface layer L; with
numerous small-size defects which could be created by the He irradiation. Furthermore,
numerous small-size holes were detected with the TEM imaging in the subsurface layer
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(figure 3 a). Lyu et al. in their recent work [65] showed that an increase of the S
parameter indicates creation of nano-sized defects even when the kinetic energy of the
incident He ions is below the sputtering threshold.

The 2nd Ly and 3rd Lg layers have thickness of 20 and 45nm respectively. The
shorter effective diffusion length in the layer Ly is in coherence with the higher S and
lower W values as compared with the parameters in the layer Ls. Such difference
indicates that PAS detected more traps in the second layer than in the third which
correlates with our TEM results: the largest bubbles are preferentially distributed within
10-20 nm layer below the surface (figures 3 a and 9). The SW points extracted for both
layers Lo and L3 remain above the Viy-Wace straight line indicating the detection of
vacancy clusters as in L;. But the S (resp. W) in L, is lower (resp. higher) than
the S (resp. W) value obtained for the layer L;. This suggests that either the size
of the detected vacancy clusters is smaller in Ly than in L; or that He content in the
clusters is higher. TEM observations of large bubbles filled with He in the layer L, are
in agreement with the second interpretation.

Furthermore, Pentecoste et al. [28] have shown that a peak in S (and a valley
in W) parameter occurs at low positron energy with increasing He fluence. Since the
size of the bubbles and their depth distribution is determined by the accumulated He
concentration, in other words, by He fluence, we suggest that the peak in S (the valley
in W) parameter (figure 8 a and b) can be attributed to the presence of the large
overpressurized He bubbles. The results indicate that the detected vacancy defects have
a large open volume with a lower density of He for L; than L.

The last layer L, starts below 70nm and has characteristics of the pristine W
sample. It is in correlation with the TEM observations which show very few bubbles
below 70 nm in the sample (figure 9), thus, one should not expect a significant damage
creation in this layer due to He irradiation.

The behavior of S(F) and W (E) measured in W2 is very similar to the ones in
W1. Four homogeneous layers of the same thickness as in W1 were also introduced to
fit the PAS data for the W2 sample. S is larger and W is smaller for W2 than for W1
indicating that the size of vacancy clusters is larger or the He content is lower in W2.
The amount of helium outgassed from the sample up to 850 K ((2.6+0.4) x 10'® Hem™?)
is in agreement with the second interpretation [10]. Finally, the small differences in the
diffusion length, S and W parameters between the samples W1 and W2 can be related
with the effect of the annealing up to 850 K which may have removed a small number
of He-induced defects and led to bubble shaping in the sample W2 (see TEM images in
figure 3 b).

The most complex task was to find the best fit of the PAS data obtained on the
sample W3. Considering the four-layers structure of the sample, a good fit is obtained
for S and W parameters in the L; layer being close to the pristine W case while the
diffusion length is much lower for W3 (59 nm against 89 nm in the pristine sample).
This indicates detection of a low density of defects in the layer. The differences in the
parameters obtained from the fit for the sample W3 and the W1, W2 samples may be
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attributed to the total volume change of detectable defects due to the recovery of the
subsurface layer and a partial removal of the small He bubbles after several thermal
cycling experiments up to 1350 K which is supported by the TEM observations (see
figure 3 c).

The SW point extracted for the layer Ly is on the straight line Viy-Wi,sce that could
be attributed to positron annihilation in single vacancy in a first level interpretation.
However, because single vacancies become mobile at a temperature above 600 K (as the
migration energy of the single vacancies is Fy 1, = 1.66eV) [66] it is expected that single
vacancies agglomerate in larger clusters and bubbles during the three annealing cycles
up to 1350 K [29]. Since the Sp, Wi, point is below the Vyw-Wigice line showing large
empty clusters, we suggest that these S and W values correspond to the detection of
He-filled vacancy clusters or bubbles which is also proven by the EELS measurements
on bubbles.

Finally, the differences in the fit results for the L, and L3 layers in the sample
W3 compared to the W1 and W2 samples may be attributed to the decrease of the
bubbles density and the change in the He density in the bubbles leading to a lower S
and higher W values when He atoms number increase in a bubble of given size. This is
in agreement with the shaping of the bubbles and the highest He outgassing from the
W3 sample as a result of the thermal cycling experiments. Also, Lyu et al. [65] showed
that implantation of D in W irradiated at high He fluence may decrease the S parameter
due to the complex interplay between a formation of new defects by D implantation and
the occupation of the existing defects by D atoms.

An interesting feature of the PAS results on the W3 sample is the absence of the
peak and valley in the S and W parameter evolution with the positron kinetic energy
(figure 8 a and b). It is related to the decrease of the density of bubbles in general and
of the ones for which the He density is low.

In summary, we propose the following interpretation of defects and bubbles
evolution in the He-irradiated W with thermal cycling (see figure 12). In case of the
pristine sample, the positron traps are uniformly distributed within 700 nm thick layer
probed by the PAS technique. The traps can be attributed to the intrinsic defects
remaining after 1773 K annealing for 2h. He irradiation results in a formation of
5nm-thin subsurface layer with a significant number of positron traps (sample W1).
This significantly damaged subsurface layer was observed with TEM technique. The
positron traps in the layer or, in other words defects, might be capable of trapping
hydrogen isotopes and act as a barrier for the HI trapping on He bubbles and other
defects localized deeper in the sample. The largest He bubbles, preferentially distributed
within 20 nm below the subsurface layer, act as weaker positron traps. Initial annealing
up to 870K (sample W2) initiates faceting of surface holes and helium bubbles in the
near-surface which does not significantly affect positron annihilation characteristics in
the layers. Thermal cycles up to 1350 K (sample W3) induce subsurface layer recovery
(annealing of He-induced defects and smallest He bubbles), He bubbles shaping and a
loss of He content. These drastic changes in the sample result in the positron annihilation
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Figure 12. Schematic representation of tungsten {100} near-surface morphology
evolution in our experiments.

characteristics in the 5 nm subsurface layer similar to the pristine W while PAS indicates
the presence of other traps deeper in the near-surface. Thus, we can expect that
HI implanted in the sample W3 can diffuse below the recovered subsurface layer and
be trapped on the largest He bubbles significantly increasing HI retention in the He-
irradiated W. Our new results and the presented here interpretation complement the
earlier study [10] and provide more understanding on the mechanisms of the HI retention
in He-irradiated tungsten.

5. Conclusions

In this work, we used an original methodology coupling scanning and transmission
electron microscopy observations with positron annihilation spectroscopy to investigate
effect of thermal cycling on density and shape evolution of helium bubbles in tungsten.

Our observations show that He-induced morphology changes such as holes at the
surface and bubbles in the near-surface become faceted upon annealing up to 1350 K.
Faceting and annealing of the surface holes are correlated with a change of surface
roughness in the nanometer scale. Annealing of W above He irradiation temperature of
1053 K removed smallest (several nm in diameter) He bubbles in a 5 nm layer below the
surface.

Observations of faceted He bubbles in W under different zone axes allowed to
conclude on their 3D shape to be rhombic dodecahedron consisting of twelve {110}
planes. This shape develops under the minimum energy requirement of the system.
Moreover, the presence of a low quantity of deuterium does not play a noticeable role
in holes and bubbles shaping and density evolution.

For the first time, electron energy loss spectroscopy measurements successfully
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revealed the presence of helium in bubbles in tungsten. He remains in the bubbles even
after annealing cycles up to 1350 K. EELS measurements allowed to determine density
(8.13Henm™3) and pressure (0.12 GPa) inside a bubble with diameter of 10nm. This
values agree well with the experimental data for various metals reported by Taverna [38],
Frechard [39], Walsh [58], Jager [59] and a simple empirical model by Hammond [19]. A
small discrepancy is mainly attributed to the decreased He content in the bubble after
annealing up to 870 K. Also, one needs to develop a better numerical model relating the
size of bubbles and helium content.

Positron annihilation spectroscopy study proved that thermal cycling of the He-
irradiated tungsten significantly affects the density of the defects with a free volume
(vacancies, clusters of vacancies, He/vacancy clusters, helium bubbles) and their depth
distribution, consistently with our TEM observations. Our original study allowed to
identify different layers in W depending on the defect type, density and their positron
characteristics.

Successful application of the methodology on {110} surface orientation opens up an
opportunity of a comparative study on other grain orientations and may help to unravel
the impact of crystallographic effects on the elemental processes of implantation at low
energy and diffusion of defects during high-temperature annealing. Also, in situ TEM
cross-sectional observations on helium bubbles in tungsten during annealing may provide
a better understanding of mechanisms responsible for bubbles diffusion, coalescence and
rupture with respect to the bubble size and grain orientation without an impact of ex
situ effects of oxidation and impurities, etc.

Our results on W exposed with He in laboratory conditions will also prove valuable
as the post-mortem study of W actively-cooled components irradiated during the WEST
tokamak operation are starting. The study will relate a more complex exposure type
with fundamental characterization including the crucial impact of the temperature
parameter.
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