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Engineering self-organising helium
bubble lattices in tungsten

R.W. Harrison(®), G. Greaves(®), J. A. Hinks(® & SS. E. Donnelly

The self-organisation of void and gas bubbles in solids into superlattices is an intriguing nanoscale
: phenomenon. Despite the discovery of these lattices 45 years ago, the atomistics behind the ordering
Accepted: 29 June 2017 : mechanisms responsible for the formation of these nanostructures are yet to be fully elucidated. Here
Published online: 10 August 2017 © we report on the direct observation via transmission electron microscopy of the formation of bubble
. lattices under He ion bombardment. By careful control of the irradiation conditions, it has been possible
. to engineer the bubble size and spacing of the superlattice leading to important conclusions about the
. significance of vacancy supply in determining the physical characteristics of the system. Furthermore,
no bubble lattice alignment was observed in the <111> directions pointing to a key driving mechanism
for the formation of these ordered nanostructures being the two-dimensional diffusion of self-
interstitial atoms.
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: The formation of void and gas bubble superlattices is an intriguing nanoscale phenomenon'~’. Authors have pre-
- viously reported the formation of void and gas bubble superlattices in tungsten under irradiation conditions®-.
. Tungsten is regarded as a primary candidate for use as a plasma facing material in the divertor of the International
Thermonuclear Experimental Reactor (ITER) and the DEMOnstration (DEMO) fusion reactors’. During its
operational lifetime, the divertor will be subject to bombardment from He atoms and 14.1 MeV neutrons result-
ing from D-T fusion reactions leading to a mixture of displacement damage and He implantation'’. The condi-
tions needed (e.g. radiation damage dose and temperature) for void and gas bubble superlattice formation® !*- 12
are likely to be experienced by the divertor in-service. Therefore, thorough characterisation and understanding of
these superlattices and the fundamental mechanisms behind their creation are crucial.
Void superlattices (henceforth referred to as “lattices” for brevity) have been observed in neutron-irradiated
W (where the He concentration is <1 appm) by Sikka and Moteff'?> where they irradiated up to a fluence of
~10%2 n.cm? in the Experimental Breeder Reactor (EBR-II) at 823 K. They reported an average void diameter
of 3nm and a void-lattice spacing of 19.5nm. Tanno ef al.'>'* also reported the formation of a void lattice in
fast-neutron-irradiated W at 1023 K at a similar fluence of ~10% n.cm™ (~1.5 displacements per atom (DPA)),
finding similar void-lattice parameters to those reported by Sikka and Moteff'? with a void diameter of 5nm and
void-lattice spacing of 20 nm. The slightly-larger void diameter reported by Tanno et al.!>!* may have been due
to the higher temperature of their experiments compared to those of Sikka and Moteff'2. Helium bubble lattices
in W have been reported by Johnson and Mazey® using 50 keV He ions up to a fluence of 1.5 x 10" jons.cm2. The
bubble diameter reported by Johnson and Mazey® was ~2 nm with a bubble-lattice constant of 6.2 £+ 0.2 nm found
from both transmission electron microscopy (TEM) image and selected area diffraction pattern (SADP) analysis.
These void and bubble lattices observed in both body-centred cubic (BCC) and face-centred cubic (FCC) metals
have received much attention in previous decades in attempts to understand their formation mechanism(s)!-*>%11-22,
Models proposed have been based on elastic interaction between cavities®, isomorphic decomposition?, phase
instability, interstitial loop punching®, 1-D self-interstitial atom (SIA) diffusion'® and/or 2-D SIA diffusion’®. In
the case of mechanisms based on anisotropic SIA migration'> %, cavities nucleate randomly and those that are
serendipitously aligned with one another along the direction or plane of SIA migration will experience a shadow-
ing effect from anisotropically migrating SIAs (we use “cavity” to refer to either bubbles or voids without distinc-
tion). However, the precise nature of the formation mechanism of these cavity lattices is still, after several decades,
a subject of much debate? *1%18:26.27 Tn BCC metals, a 1-D SIA diffusion mechanism may occur along the close
packed <111> directions (shown in Fig. 1a). However, void lattices observed in neutron-irradiated Mo did not
show alignment along these directions putting this model into question®®?°. The 2-D SIA diffusion mechanism
proposed by Evans'®!® involved the diffusion of <110> dumbbells along the {110} planes in BCC metals (shown
in Fig. 1b and c) which is consistent with ordering of both void and bubble lattices on {110} planes. However,
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Figure 1. Schematic showing: (a) Diffusion of a <111> crowdion in the close-packed <111> direction in

the BCC structure as described by the 1-D SIA model; (b) diffusion of a <110> dumbbell in the (110) plane as
described by the 2-D SIA diffusion model; and (c) forbidden rotation of a <110> dumbbell onto the (011) plane
which would give rise to 3-D SIA diffusion.

this mechanism assumes that the <110> dumbbell does not rotate onto another {110} plane (giving 3-D mobil-
ity) due to an energy penalty (Fig. 1¢). Such an energy penalty is supported by experimental observation of
electron-irradiated Mo at 5 K*’. Evans®! proposed that the planar 2-D migrating defect must be a di-interstitial
as simulations predicted cavity lattices at much lower DPAs than were observed experimentally. Thus, it was
concluded that the di-interstitial which is present in a much lower concentration than the mono-interstitial must
be responsible.

The mechanism proposed by Evans'® based on the 2-D diffusion of <110> type dumbbells is, however, incon-
sistent with recent density functional theory (DFT) simulations in which the <110> dumbbell was found to be
stable only in Fe and the <111> crowdion was found to be the most stable SIA configuration for other BCC met-
als including W*2 Recent molecular dynamics (MD) simulations®® based on the <111> crowdion configuration
predicted from DFT simulations® have been used to examine the dynamics of these defects at elevated tempera-
tures. The simulations indicated that for temperatures up to 400 K, motion of the SIAs was restricted to 1-D with
the SIAs performing stochastic longitudinal motion on the <111> axes with a migration energy of 0.018eV. At
temperatures above 400K, the crowdion was able to rotate into one of the three other equivalent <111> configu-
rations with an activation energy of ~0.4 eV. Rotation between the <111>> axes involves passing through a <110>
type configuration which has been linked to a slowing of the migration rate*’. Heinish and Singh?” examined the
1-D migration of crowdion clusters, with an occasional Burgers vector change, in the context of void alignments
using kinetic Monte Carlo simulations in the FCC structure. The authors found that, for near-perfect void lattices,
the mean free path (L) of the SIA moving in 1-D before it rotated had to be around three times larger than the
bubble nearest-neighbour mean distance for the void lattice to form. Amino et al.?® used high-voltage (1 MeV)
TEM at a low temperature (16 K) coupled with object kinetic Monte Carlo simulations to explore the growth of
interstitial clusters in W and showed that the growth rate of these clusters follows rate kinetics as predicted by the
1-D SIA diffusion model. This is to be expected to occur at this temperature as, according to MD simulations, the
rotation of the <111> crowdion is not possible below ~400 K*3.

Reviews of void and gas bubble lattices by Krishan'* and by Johnson and Mazey® noted the differences in lat-
tice parameters between void lattices and bubble lattices with the former being generally 5-10 times larger. With
regard to void-lattice spacings in neutron-irradiated metals, Hihner and Frank® concluded that the void-lattice
parameter is related to the void density in the random phase before anisotropic SIA migration results in ordering.
It is important to develop a fundamental understanding of the effects of He on these superstructures in W as He
bubble and void lattices are produced in temperature regimes (0.2-0.4 T,,) and irradiation conditions expected
across the divertor structure in the ITER and DEMO reactors. Using TEM with in situ ion irradiation, it is possi-
ble to vary the amount of He injected into a thin film simply by altering the energy of the incident He beam. This
paper reports on the use of the in situ TEM technique to explore the effect of varying He concentration/damage
on the He bubble-lattice parameters.

Results and Discussions
Characterisation of He bubble-lattice parameters. Bubble lattices were formed at all He ion energies
studied. Examples are given in Fig. 2a and b showing bright field (BF) TEM images in under and overfocus of a
sample irradiated at 773 K with 15keV He ions to a fluence of 1.1 x 107 ions.cm 2 (He concentration of 1.2 x 10°
appm and dose of 3.0 DPA with He-appm/DPA ratio ~40,000). The images were taken close to the [001] W zone
axis as confirmed by the SADP in Fig. 2c and ordering of bubbles along the {110} planes is clear. Measurement of
the djpp1(110) spacings from the image yielded 3.1+ 0.4 nm corresponding to a ay,. of 4.4 £ 0.4 nm. These val-
ues are in good agreement with the lattice constants measured from the SADP in Fig. 2d where the d,;,(110) was
found to be 3.2+ 0.2 nm and @y, = 4.6 £ 0.2 nm corresponding to a density of ~2.05 x 10" bubbles.cm™ (calcu-
lated from the measured lattice parameter and the assumption that the bubble lattice adopts the BCC structure).
Figure 3 shows a plot of the log of He-appm/DPA ratio versus ay,,,o measured from the images and SADPs.
This reveals a linear trend showing that as the He appm/DPA decreases (i.e. as He concentration decreases)
the lattice parameter increases (BF-TEM images of bubble lattices for each irradiation can be found in the
Supplementary Material). The value of @y, reported by Johnson and Mazey® using 50 keV He ion irradiation of
W at 773K falls in line with the trend observed in this work as can be seen in Fig. 3. In that work®, bulk samples of
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Figure 2. W sample irradiated with 15keV He ions at 773 K up to 1.1 X 10" ions.cm~2 to 3.0 DPA: (a) BF-TEM
image of a He bubble lattice taken at 1.2 pm overfocus; (b) BF-TEM image of a He bubble lattice taken at 1.2 pm
underfocus; (¢) SADP of the region in (a); and (d) DP of the He bubble lattice around the 000 spot. The scale
marker in (a) applies to both micrographs.
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Figure 3. He bubble-lattice parameter in He ion-irradiated W samples as a function of the log of the He-appm/DPA
ratio with previous work on He ion irradiation® and void-lattice spacings from neutron-irradiated W'> 3. (Line of
best fit shows linear fit of data reported in this work only.)
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Figure 4. He bubble diameter in He ion-irradiated W samples as a function of the log of the He-appm ratio
with previous work on He ion irradiation® and void diameters from neutron-irradiated W'2. (Line of best fit
shows linear fit of data reported in this work only.)

W were He ion irradiated and then back-thinned from the non-irradiated side to a thickness of 50-100 nm thus
effectively selecting an amount of implanted He as well as total DPA. The corresponding range in He-appm/DPA
ratio is represented by the x-error bar in Fig. 3 as calculated from SRIM. Void-lattice parameter measurements
from neutron-irradiated W from Sikka and Moteff'> and Tanno et al.':* also fall onto the exponential trend
observed in the current work. For the neutron-irradiated cases, the He concentration due to transmutation reac-
tions and DPA has been estimated using the FISPACT-II* neutron-transport code. Figure 4 shows that bubble
diameters also followed the same trend demonstrating a decrease in size with increasing He concentration. This
indicates that there is a direct relationship between He bubble-lattice parameter and He appm/DPA ratio which
has not previously been explored in a systematic manner as far as the authors are aware.

Effect of He concentration on bubble-lattice parameters. The mobility of defects in neutron- and
ion-irradiated W has been the subject of many studies into the mechanisms which drive radiation damage recov-
ery!':3-41 The first stage of recovery is the diffusion of free interstitials which occurs below 100K*. Above 100K,
interstitials can escape from traps and annihilate at sinks (e.g. vacancy-type defects, grain boundaries and sur-
faces). Monovacancy migration in W has an activation energy of 1.7 eV?***? and becomes important at temper-
atures above 620 K. In this work, there is an excess of vacancies created compared to He atoms implanted with
displacements per ion impact >3. Thus it is more likely a migrating He atom will encounter a vacancy rather
than another He atom. Gonzalez and Iglesias* calculated migration energies of He and He-vacancy complexes
in W and reported that the migration energy of a monovacancy increases from ~1.8 to 4.83 eV with the addition
of a single He atom. At higher He appm/DPA ratios, there will be a greater likelihood of less-mobile He-vacancy
complexes compared to monovacancies and vacancy clusters thus preventing these He-vacancy complexes from
migrating and being absorbed by other He-vacancy complexes. This will give rise to a higher nucleation density
of small bubbles and He-vacancy complexes during the random nucleation phase and thus a smaller inter-bubble
spacing (dygpp1e) When the bubble lattice forms during ordering due to anisotropically migrating SIAs.

In the neutron irradiation case, relatively-little He is present (<1 appm He). At temperatures where vacan-
cies are mobile and can be captured by voids or otherwise lost to sinks, a lower density of larger voids would be
generated in the random phase which results in larger void-lattice spacings compared with the bubble-lattice
spacings in this work. Voids in neutron-irradiated W have been reported to be around 3nm (ref. 12) and 5nm
(ref. 13) in diameter whereas bubble diameters in the present work were found to be smaller at ~1.4 nm (similar
to the value of ~2nm reported by Johnson and Mazey® for He ion-irradiated W). This difference of around a
factor of two is consistent with the arguments put forward here in which the pinning of vacancies is less likely
in neutron-irradiated W resulting in a lower nucleation density and greater cavity size; whereas the chance of
vacancies becoming pinned is increased in the presence of He leading to a higher density of bubbles with smaller
diameters under He irradiation.

On the mechanism of bubble lattice formation. Figures 5a-d show BE-TEM images in overfocus con-
ditions of a W sample irradiated at 773 K with 15keV He ions to a fluence of 1.1 x 10'7 ions.cm~2 (He concentra-
tion of 1.2 x 10° appm and dose of 3.0 DPA with a He-appm/DPA ratio ~40,000). Figures 5a and b show BF-TEM
images of the sample imaged close to the [111] zone axis; it can be seen from the image and the FFT inset in
Fig. 5a that there is alignment of bubbles on all {110} type planes (lobes on FFT are equally separated by ~60°
matching well with the [111] direction). However, Figs. 5c and d show BF-TEM images of the same sample
imaged close to the [011] zone axis. Alignment can be seen in the (011) plane and [011] direction from the FFT
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Figure 5. W sample irradiated with 15keV He ions at 773 K up to 1.1 x 10" ions.cm™2 to 3.0 DPA: (a) BF-TEM
image of a He bubble lattice close to the [111] zone axis with inset showing the corresponding FFT; (b) enlarged
region of white dashed box in (a); (¢) BF-TEM image of He bubble lattice close to the [011] zone axis with inset

showing the corresponding FFT; and (d) enlarged region of white dashed box in (c).

inset into Fig. 5¢. The additional lobes in the FFT arose from directionality in the (211) planes as these indexed
well with the (110) FFT lobes as they were separated by an angle of ~55°. However, no directionality is observed
in the <111> directions from Figs. 5c and d. The 1-D SIA migration mechanism would result in bubble ordering
in the <111> directions and within the {111} planes. In the absence of this observation, our results agree with
previous work*® ? where no void alignment in neutron-irradiated Mo in <111>> directions was observed. This
indicates the 2-D SIA mechanism is responsible for this phenomenon contrary to recent simulation®> ** and
experimental work? supporting the 1-D SIA migration mechanism.

Conclusion
He bubble lattices in W were observed for all He ion irradiations at 773 K. The main conclusions arising from this
work are:

(1) Observation of a novel trend between bubble-lattice parameter and He concentration/damage ratio. This
is attributed to higher He concentrations inhibiting the mobility of vacancies and thus producing a high
nucleation density of small closer-spaced bubbles in the random phase before ordering occurs.

(2) The formation mechanism of these bubble lattices results from 2-D SIA migration as no bubble ordering
was observed in the <111> directions which would result from a 1-D SIA migration mechanism in BCC
materials.

(3) Bubble lattices readily form under these irradiation conditions (He concentration, temperature and DPA)
which are anticipated under in-service conditions in ITER. This has great importance to further work
aimed at elucidating the potential materials challenges and problems, such as enhanced degredation of me-
chanical properties, that could result from an ordered, rather than random, arrangement of bubbles.
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Methods

Samples of W were prepared by punching 3 mm discs from foil (Alfa- Aesar, 99.95 wt.%, main impurity C 0.003
wt.%). The discs were then annealed at 1673 K for two hours under vacuum (0.1 Pa) to remove any pre-existing
effects from cold working. After annealing, the discs were electro-chemical jet polished at room temperature with
0.5 wt.% NaOH solution using a Tenupol-5. Samples were subsequently washed in three separate baths of CH;OH
to remove any residue from the electrolyte.

In situ ion irradiation was performed using the Microscopes and Ion Accelerators for Materials Investigations
(MIAMI-1) facility®. This consists of a JEOL JEM-2000FX TEM operating at 200kV coupled to an ion accelerator
operating at energies of up to 100keV. The ion beam is oriented at 30° to the electron beam. In these irradiations
the specimens were oriented normal to the electron beam and were heated using a Gatan 652 double-tilt heating
holder. Post-irradiation examination was also performed with a JEOL JEM-3010 TEM operated at 300 kV. Helium
bubbles were imaged using Fresnel contrast where small cavities appear light in underfocus and dark in overfo-
cus. The cavities are assumed to be bubbles and not voids due to the high concentrations of implanted helium
in these experiments. MoOj; crystals were used to calibrate the image rotation between the diffraction patterns
and micrographs. A clockwise rotation of the diffraction pattern with respect to the image was found with angles
between 4° and 6° when using magnifications of 20k and 40Kk, respectively, for a camera length of 20 cm.

Helium bubble-lattice constants were determined by measuring the distance between the planes directly from
images or from reflections of the He bubble lattice in the SADPs. Where bubble spacings were determined from
an image, a measurement of 30 bubble spacings was taken using Image]*®. The errors in the measurements of
bubble spacings taken directly from the image are given as the standard deviation of the 30 measurements and
errors from SADPs are estimated as 5% due to the imprecision in determination of the centre of the diffraction
spots. SADPs were indexed by matching with reference patterns using SingleCrystal software (CrystalMaker
version 2.2.9) and bubble-lattice parameters (dyy.) Were calculated from these indexed patterns and measured
dpuple SPacings using Equation 1.

Apubble = iV h” + k7 + 12

As the He bubble lattice adopts the BCC structure in W, bubble densities (bubbles.cm ™) were calculated from
these lattice parameters.

Damage and He concentrations were calculated using the Stopping and Range of Ions in Matter (SRIM-2013)
Monte Carlo computer code*’. The damage in units of DPA was calculated via the method proposed by Stoller
et al.*® using the ‘Quick’ Kinchin-Pease option of SRIM for 5000 ions with a displacement energy of 90 eV** and
binding energies set to 0 eV. Helium concentrations were determined from SRIM calculations using the ‘Quick’
method to 99,999 ions to ensure good statistics with the foil thickness set to 50 nm. Samples were irradiated to
3.0 DPA (averaged across the TEM foil) using 15, 30, 60 and 85keV He ions resulting in implanted He concen-
trations of 1.2 x 107, 3.0 X 10%, 6.5 x 10° and 1.6 x 10® appm (averaged across the TEM foil), respectively. Plots of
damage (in DPA) and He concentration (in appm) as a function of depth from SRIM are in the supplementary
information illustrating the relatively-flat damage profiles achieved. Helium concentration was generally peaked
in the centre of the foil. However, He is very mobile in metals and point defects (interstitials and vacancies) will be
mobile at this irradiation temperature leading to a fairly homogeneous distribution of He and damage throughout
the foil. It is assumed cavities observed in all irradiations are bubbles as the high concentration of cavities will
provide the dominant sink for further He trapping. Previous studies have also determined He bubble pressures
and densities of similar-sized bubbles produced from irradiations at He ion energies®” ! or He concentrations
(appm)*? on the same order of magnitude as those reported here. In order to facilitate comparison with previous
He ion irradiation and neutron work, it is important to account for both He-appm and DPA. He-appm/DPA
ratios of 40,000, 9900, 2000 and 500 were achieved for He ion energies of 15, 30, 60 or 85keV, respectively. The
flux was set for each He ion energy so as to keep the DPA rate constant at 107> DPA.s™! and all samples were irra-
diated at 773K as this is 0.2 T, where bubble lattices have been observed previously in the literature® 153,
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