Formation of helium-bubble networks in tungsten
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Abstract

The nucleation and subsequent growth of helium bubbles in bulk tungsten is in-
vestigated using molecular dynamics simulations. By considering a setting that
includes the diffusion process of helium clusters, we study their attachment to
existing bubbles and their interaction with tungsten crowdion structures gener-
ated in the bubble growth process. We find that incoming helium atoms, and
especially small helium clusters, can become trapped in the crowdion structures,
providing nucleation sites for new helium bubbles, and leading to a distributed
network of bubbles rather than a single, growing bubble. The nature of this net-
work depends on both the temperature and the implantation flux of helium. Our
results indicate that the kinetic interaction of He with generated dislocations is
a key factor dictating the evolution of bubble distributions in plasma-exposed
tungsten.
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1. Introduction

Tungsten is a leading candidate as a surface material for magnetic confine-
ment fusion reactors [1, 2], mainly due to its favorable plasma-facing properties:
low hydrogen solubility, low sputtering yield, high melting point, and high ther-
mal conductivity [3]. Despite these attractive attributes, the material is still
significantly affected by the plasma and fusion by-products. One key issue is
the formation of a “fuzz”-like nanostructure that develops on the surface [4],
whose origin has been ascribed to the nucleation and growth of helium bubbles
[5], but whose precise formation mechanism, in particular the dependence on
temperature, remains the subject of much debate.

Under the conditions expected in the ITER’s divertor, low-energy helium
ions (< 100eV) impact a high-temperature tungsten surface (~ 1000K) [6].

Email addresses: danny perez@lanl.gov (Danny Perez), blas@lanl.gov (Blas P.
Uberuaga)

IPresent address: AMA Inc., Thermal Protection Materials Branch, NASA Ames Research
Center, Moffett Field, California, 94035, USA.

Preprint submitted to Acta Materialia July 10, 2018



Approximately two thirds of these particles are desorbed from the surface after
contact; the rest penetrate the material defining a depth distribution with a
mean value of ~ 1nm [7]. The maximum energy transferable from the collision
is significantly below the tungsten displacement threshold [8], so no tungsten
defects are created during the actual impact. After a non-thermal transient
phase (~ 1ps [7]), the helium atoms start to diffuse. Eventually they form
helium clusters, which diffuse at lower rates, depending on cluster size [9]. At
a critical helium content (~ 8 Heatoms) a trap mutation event triggers the
nucleation of a Frenkel pair [10]. The entity composed by the helium cluster,
the tungsten interstitial (crowdion) and vacancy, practically immobile under
molecular dynamics (MD) time scales, is the seed that produces a helium bubble
by additional attachment of diffusing helium clusters. As the content of helium
atoms in the bubble increases, more Frenkel pairs are nucleated: new tungsten
vacancies allow the helium bubble to grow, and the tungsten interstitials form a
(111) dislocation line attached to the bubble; that is, the ends of the dislocation
line are touching the bubble. After some time the dislocation detaches from the
bubble as a (closed) loop, which, if close to the surface, can displace tungsten
atoms toward the surface [11, 12, 13].

Recently it was highlighted that the interaction of helium clusters with rela-
tively large helium bubbles is far from a trivial process [14]. It was shown that
trap mutation is enhanced in the bubble’s neighborhood, which facilitates the
nucleation of “satellite” bubbles from He clusters that would be sub-critical in
bulk. These bubbles are subsequently absorbed or annihilated by the larger pre-
existing bubble. While the bubbles were “clean” in the aforementioned study,
i.e., free of bound tungsten interstitials, the role of defects has also been consid-
ered. Experimentally, it was suggested that all of the entrapment of He occurs
at vacancies [15]; however, recent simulations have revealed a more complex sce-
nario. Juslin et al. [16] observed the binding of helium to tungsten interstitials,
reducing the mobility of both defects. Kobayashi et al. [17] highlighted a self-
induced bubble growth mechanism where small bubbles become arranged along
the (111) direction in a short period of time. Smirnov et al. [18] showed that the
dislocations loops bound to a bubble also can trap helium atoms as they slip and
serve as precipitation locations for formation of new bubbles. Krasheninnikov
and Smirnov [19] presented a theoretical model describing the helium cluster
evolution in tungsten taking into account the role of helium traps generated
in the bubble growth process, specifically dislocation lines. Motivated by these
results, we here investigate the interaction between growing bubbles, potentially
decorated by tungsten interstitials, and incoming helium clusters. We find that
the interaction of incoming He with the dislocation lines emitted by overpres-
surized bubbles leads to He trapping, which can enhance the nucleation of new
bubbles in their vicinity. Critically, this effect depends on the temperature, in-
dicating that the bubble network that forms is very sensitive to the conditions
within the material.
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Figure 1: Simulation setup: A cluster containing eight helium atoms is located at the center
of a tungsten sphere with a radius of 4.5 nm (23538 tungsten atoms). The helium cluster is
large enough to easily nucleate a tungsten Frenkel pair via the self-trapping mechanism. At
3 nm from the center a spherical reflective wall is defined affecting only helium atoms. The
wall also separates the exterior thermostated region from the central region where the atoms
evolve according to the micro-canonical ensemble. New helium atoms are introduced in the
system at a distance of 2.5 nm from the center, randomly on the corresponding spherical shell.



2. Methodology

The simulation setup is described in Fig. 1. A cluster containing eight he-
lium atoms is located at the center of a tungsten sphere with a radius of 4.5
nm (23538 tungsten atoms). This helium cluster is large enough to easily nu-
cleate a tungsten Frenkel pair via self-trapping, which happens during the first
picoseconds of the 1-ns equilibration period. A spherical reflective wall that
affects only helium atoms, (whose purpose is to maintain a prescribed density
of He atoms by preventing their escape from the simulation region) is imposed
3 nm away from the center. The wall also separates the exterior thermostated
(via Langevin dynamics) zone from the central region where the atoms evolve
according to the micro-canonical ensemble. New helium atoms are introduced
in the system at a distance of 2.5 nm from the center, randomly positioned on
the corresponding spherical shell. Note that this setup is designed to simulate
bulk-like conditions, that is, evolution of deep helium bubbles. We have consid-
ered the insertion of only monomers (single helium atoms) and dimers, having
in mind a situation close to experimental conditions where monomers dominate
the population of clusters diffusing in the tungsten matrix [20]. The insertion
rate has been fixed to 1 x 10° Hes™!, which we found to be slow enough to
allow one cluster at a time to diffuse and interact with the central bubble. We
have focused on the temperature range from 600 K to 2000 K, which includes
the temperatures expected at ITER [21]. Molecular dynamics (MD) simulations
were performed with the open source code LAMMPS [22]. The interaction be-
tween W atoms is determined by an Ackland-Thetford potential [23], modified
at short distances by Juslin and Wirth [24]. He-W interactions were obtained
from Juslin and Wirth [24], while the He-He potential corresponds to the one
used by Beck [25] modified at short distances by Morishita et al. [26]. Tung-
sten point defects are detected by the Wigner-Seitz analysis as implemented in
OVITO [27].

3. Results and Discussion

To highlight the main features observed in the simulations, we first dis-
cuss simulations at 1000 K where only monomers were inserted. Representative
snapshots are shown in Fig. 2. In this work we consider the term helium cluster
as a synonym of mobile helium interstitial cluster, and helium bubble as a con-
glomerate of helium atoms located in one or more tungsten vacancies, an entity
practically immobile at the time-scales considered here, but which were recently
shown to be able to move on longer timescales [28].

First, a helium bubble and a tungsten interstitial are formed via self-trapping
from the initial helium cluster located at the center, approximately 25 ps after
the simulation starts. The corresponding tungsten crowdion changes directions
as the tungsten interstitial diffuses around the helium bubble with a hopping
frequency of ~ 101° s~ [29]. New He atoms, inserted at a rate of 1 x 10° Hes™!,
attach to the bubble, increasing the bubble pressure until a second Frenkel pair
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Figure 2: Formation of a bubble network at T = 1000 K corresponding to an insertion rate
of 1 x 10° Hes~!. Here, helium atoms are gray, tungsten interstitials are red, and tungsten
vacancies blue. We have also highlighted with green the tungsten atoms corresponding to the
deformed lattice around tungsten interstitials (crowdions).



is nucleated, as shown in Fig. 2(a-b). The two crowdions now diffuse in a coor-
dinated way around the bubble, keeping the same orientation in adjacent (111)
rows. Note that these two tungsten interstitials form an incipient dislocation line
attached to the bubble. After new helium atoms are captured by the bubble a
third Frenkel pair is nucleated. At this stage, the crowdions become less mobile,
rarely changing orientation over simulation timescales (Fig. 2(c)). Incoming he-
lium atoms are observed to interact with the bubble (being captured), or with
the crowdion structure (being temporarily trapped) as shown in Fig. 2(d). He-
lium atoms trapped in the crowdion structure are not completely immobilized,
as they can diffuse along the crowdions or even jump to the helium bubble; how-
ever, for the temperature and insertion rate studied here, these helium atoms
can also act as nucleation centers for new bubbles, as shown in Fig. 2(e-g). That
is, whether they first reach the existing bubble or form the nucleus of a new
bubble depends on their mobility relative to the arrival rate of additional He
to the region. Subsequently inserted helium atoms now can be either captured
by the original bubble, captured by the clusters or bubbles nucleated in the
crowdion structure, or trapped by the crowdions themselves. Eventually, the
crowdion structure can detach from the bubble conglomerate, leaving behind a
clean bubble network, as shown in Fig. 2(h). In this final structure, there are
three distinct bubbles separated spatially from one another. Thus, the interac-
tion of incoming helium with the tungsten interstitial structure around the first
bubble leads to a more complex network of small helium bubbles rather than a
single growing bubble.

To understand the importance of the relative He rates (arrival versus migra-
tion and trapping/detrapping in the bubble region) that drive the kinetic evo-
lution of this system, we also performed simulations at different temperatures
(600 K, 700 K, ..., 2000 K), considering two insertion modes: only monomers,
and a mixed insertion of monomers and dimers [20] (where dimers were in-
serted 20 times less often than monomers). For each of the 15 temperatures
and two insertion modes, we performed two simulations with different random
seeds for the Langevin thermostat, for a total of 60 simulations. In Fig. 3 we
show representative snapshots corresponding to the final state (after 55 helium
atoms were inserted). These snapshots show a marked difference in the number
of bubbles and clusters trapped by the evolving crowdion structure as a func-
tion of temperature. As the temperature is increased, helium atoms are more
likely to find existing bubbles than becoming trapped by the crowdions for long
enough that a new bubble is nucleated. At the highest temperature, only one
bubble is formed. This behaviour is in close agreement with experimental re-
sults where smaller helium bubbles are observed at lower temperatures [30, 31].
To quantify this apparent trend, Fig. 4 reports the number of helium clusters
and bubbles as a function of the temperature, after 55 helium atoms have been
inserted. Two helium-insertion modes have been considered (two simulations
per insertion mode): only monomers at a rate of 1 x 10° Hes™! (blue circles),
and monomers (same rate) plus three dimers inserted at t= 10,30, and 50 ns.
The results show a clear temperature effect on the process of bubble formation
via trapping of helium clusters in the crowdion structures induced by growing
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Figure 3: Formation of bubble networks at different temperatures and helium-insertion

conditions. The left column shows snapshots after insertion of 55 helium monomers at a
rate of 1 x 109 Hes—!. For comparison, the right column shows snapshots after 49 helium
monomers have been inserted, also at 1 x 10° Hes™!, plus three helium dimers inserted at
t=10, 30, and 50 ns (we allow 2 ns for dimer diffusion before inserting the next monomer). As
before, helium atoms and tungsten vacancies are denoted by gray and blue spheres, respec-

tively.
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Figure 4: Number of helium clusters and bubbles, as a function of the temperature, once
55 helium atoms have been inserted. Two helium-insertion modes have been considered (two
simulations per insertion mode): only monomers at a rate of 1 x 10° Hes™! (blue circles),
and monomers (same rate) plus three dimers inserted at t =10, 30, and 50 ns (red squares).

bubbles. Also, the simulations with dimers included indicate a slight increase
in the numbers of nucleated clusters and bubbles, suggesting that the nature of
the incoming He further modifies the balance of rates that dictate the forma-
tion of the bubble network. However, more simulations are required to precisely
quantify this effect.

The previous simulations clearly show that, once a crowdion structure de-
velops around a bubble, it interacts with incoming helium, either impeding its
ability to find the central bubble or even trapping it. To examine this behavior
in more detail, we have simulated the interaction between isolated crowdions
and helium interstitial clusters. We have considered eight cases corresponding
to one or two crowdions interacting with clusters containing one to four helium
atoms. For these simulations, the tungsten interstitials and the helium atoms
are inserted in a bcc tungsten periodic lattice containing 8640 atoms. Their
initial separation is 1 nm. After 10 ps of equilibration at 1000 K and 0 GPa,
the system evolves according to the microcanonical ensemble for 10 ns. We find
that the interaction between a helium atom and a single tungsten crowdion is
relatively weak, as the average trapping time (the time until the two entities
come apart) is ~ 100 ps. The average trapping time for a helium atom and
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Figure 5: Interaction between tungsten crowdions and helium clusters at 1000 K. The top
snapshots show a single tungsten crowdion and a helium dimer, both diffusing in a perfect
tungsten lattice. The bottom left snapshot shows two adjacent crowdions, and a helium cluster
containing four helium atoms, whose interaction is able to nucleate a Frenkel pair (an addi-
tional crowdion and a vacancy). Helium atoms, tungsten interstitials, and tungsten vacancies
are denoted by gray, red and blue spheres, respectively. We have also highlighted the tungsten
atoms corresponding to the deformed lattice around tungsten interstitials (crowdions).



Crowdions 1He | 2He | 3 He | 4 He
1 (this work) | 0.44 | 0.60 | 0.83 | 1.15
1 (DFT [32]) | 1.03 | 1.06 | 1.63 | 2.24
2 (this work) | 0.44 | 1.01 | 1.59 | 1.96

Table 1: Binding energies, in eV, of helium clusters to a single crowdion (first row), and
two contiguous crowdions (third row), as determined by the classical potentials used in this
work. In order to calculate these values, we subtract the energy of a (minimized) system
containing the helium cluster attached to the crowdion(s), from the energy of a system where
crowdion(s) and helium cluster are separated (the simulation box, containing ~ 16000 atoms,
was big enough to avoid interaction). On the second row we show DFT data from Ref. [32].

two adjacent crowdions is similar, at around 200 ps. In contrast, there is a
quite strong interaction between helium clusters containing two, three or four
atoms, and single or double crowdions; in this case the average trapping time is
larger than the simulated time of 10 ns. Representative snapshots are shown in
Fig. 5(a~-d). We can rationalize this behaviour by considering the binding ener-
gies of helium clusters to the crowdions, which are presented in Table 1. A crude
approximation via an Arrhenius expression with a pre-factor of 1 x 102 s pro-
vides values within an order of magnitude of the finite-temperature simulations,
in particular for the interaction of a single helium atom and the crowdions (165
ps for a binding energy of 0.44 eV). In Table 1 we also present DFT results from
Ref. [32] for the case with a single tungsten crowdion. Note that the binding
energies from the classical potentials are approximately half of those reported
in Ref. [32], indicating that our simulations would underestimate the effects ob-
served (time-scales, the role of temperature, topology of the bubble networks,
etc.). However, the overall physical behavior as described by DFT-quality in-
teractions would be similar to that predicted here. Interestingly, the interaction
between two adjacent crowdions and a 4-atom helium cluster is strong enough
to nucleate a Frenkel pair, generating an additional crowdion and a tungsten
vacancy where the helium atoms get trapped (see Fig. 5(d)); that is, the pres-
ence of crowdions can induce self-trapping at smaller helium cluster sizes than
possible in perfect bulk tungsten.

Taking all of our simulations together, we are led to the following picture
of bubble nucleation in tungsten: If a single helium atom temporarily trapped
in the crowdion structure (two or more tungsten interstitials) remains trapped
long enough, without being captured by the existing bubble, it can eventually be
joined by a newly inserted helium atom, forming a dimer whose interaction with
the crowdion structure is even stronger. Once the dimer captures two additional
helium atoms, a Frenkel pair might be formed (as seen in Fig. 5(d)), nucleating
a new helium bubble by self-trapping. The process continues as new bubbles
capture helium atoms, generating more crowdions around them, which, in turn,
can capture diffusing helium atoms. The long term result is the formation of a
network of smaller, more dispersed helium bubbles. These results also suggest
that if the relative population of He dimers increases, the number of trapped
clusters in the bubble network also increases, as they are more easily trapped by

10



the crowdion structure. This would explain the observed trend of fewer trapped
clusters and nucleated bubbles in the monomer-only insertion simulations as
compared to the insertion mode where three dimers have been included. Finally,
if the trapping time of helium by crowdions is decreased, e.g. by raising the
temperature, the probability of helium interstitials reaching the existing bubbles
increases, leading to the formation of fewer but larger bubbles. Thus, the nature
of the bubble network that is formed is sensitive to the various competing rates
in the system, and the dominant rate is a function of temperature.

We highlight here two possible factors affecting the evolution of the bubble
network. First, as bubbles in the network get large, they could potentially cap-
ture the neighboring “satellite” bubbles, as shown in Ref. [14]. This depends on
the ability of helium to reach these bubbles and not be trapped before it gets
there. Also, note that the formation of the bubble network would depend on the
helium flux. If the helium flux is low, the density of helium atoms diffusing in
the tungsten matrix decreases, which means that the helium clusters trapped in
crowdion structures would presumably have time to de-trap, making the forma-
tion of the network dificult. Thus not only temperature but the implantation
flux will dictate the nature of the final bubble network.

Finally, it is intriguing to note that the temperature dependence of the net-
work formation is similar to that of fuzz formation, hinting at a potential link,
though more work is needed to establish a definitive connection.

4. Conclusions

Using molecular dynamics simulations we have investigated the early stages
of helium bubble growth in tungsten following the self-trapping that first brings
the bubble into existence. Crowdion structures generated around the initial
bubble are able to trap incoming diffusing helium clusters. Helium monomers
can interact with single or double crowdions for hundreds of picoseconds without
being captured by the bubble. Even stronger interactions with the crowdions
are observed if the helium clusters contain two or more atoms; these clusters are
trapped for many nanoseconds, acting as new attachment centers for diffusing
helium atoms. According to our simulations, a trapped cluster containing just
four helium atoms can nucleate a Frenkel pair, increasing by one the number of
crowdions, and creating a new bubble. This crowdion-assisted bubble nucleation
process continues, creating a bubble network. We have also observed a clear
temperature dependence; the propensity to form a bubble network is strong
at T = 600 K, and decreases systematically with increasing temperature until
there is essentially no effect at T = 2000 K.
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