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Abstract

An exhaustive analysis based on density functional theory (DFT) simulations of the accumulation
of several He atoms has been performed at the vicinity of a non-coherent W(110) /W (112) interface.
The He impurities have been placed both at interstitial positions along the grooves present at each
side of the interface and inside the most stable interfacial single vacancy. At such areas, the
electronic charge density is lower and the repulsion with the metallic atoms is minimized. Our
results show much lower formation energies at both positions studied here as compared to the
equivalent bulk cases, confirming the effective great attraction exerted on helium by this kind of
interfaces. The most stable groove is completely filled before the system prefers to promote the He
atoms to other alternative groove. On the other hand, the vacancy can admit at most seven He
atoms, but the successive ones find the best accommodation in the surrounding sites thereafter.
This result corroborates the well-known picture of vacancies as efficient sinks for He atoms in W.
The binding energy estimation suggests a larger attraction between the He atoms and the vacancy.
From the low values obtained at the interface and the energy barriers estimated, we can infer a
decreasing mobility of the He clusters along the interface for a given temperature. This situation
could favor their accumulation in the stable grooves until they are filled and the outgassing process
could subsequently take place.Therefore, a tungsten system with many interfaces, the so-called
nanostructured W, can be considered as a good candidate for plasma facing material in a future

nuclear fusion reactor.
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1. INTRODUCTION

Nuclear fusion energy has been long foreseen as an environmentally clean and virtually inex-
haustible energy source. A deep understanding of materials behavior in extreme environments,
such as the intense irradiation and high temperature intrinsic to a future fusion reactor, is essen-
tial in order to improve the reliability, lifetime, integrity and efficiency of the structural materials
building up those advanced reactors. In the aftermath of a nuclear fusion reaction, high-energy
neutrons can induce a large number of defects such as vacancies or interstitial clusters and trans-
mutation of reactor elements. Additionally, the significant interaction with plasmas can produce
He bubbles and voids coupled to H impurities. All these defects can lead to volume swelling and
blistering that result in embrittlement and instability of reactor components, reducing their ser-
vice life [1-3] (and references therein). Hence, the ability to mitigate radiation-induced defects and
control helium bubble growth is crucial to improving the radiation tolerance in nuclear materials.
Furthermore, a key strategy for designing such resistant compounds consists in enhancing the effi-
ciency of self-healing defect recombination processes [4-6]. Computational simulations can reduce
the high costs of the hazardous experiments that should be performed under extreme conditions
in order to mimic the environment envisaged within the chamber of an eventual fusion reactor. A
limited number of potential materials can be selected with the theoretical calculations, accelerating
the choice of more appropriate and resistant compounds [7, 8].

Materials containing a high concentration of interfaces, grain boundaries (GB) and secondary
phase features promise to offer very high resistance to radiation damage accumulation [9]. Layered
heterointerfaces between incoherent metallic nanosized multilayers characterised by a strong crystal
structure and lattice parameter mismatch have shown an enhanced radiation performance acting as
effective sinks for defect recombination at intersections between misfit dislocations [10]. Typically,
fce/bee heterophase interfaces have been designed, even from a more general mathematical [11],
elastic [12], electronic [13] or thermodynamic [18] viewpoint, with Cu or Ag as the fcc metals and
refractory metals (Nb, Mo, Ta, W) as their bce counterparts. Experimentally, multilayered Cu/Nb
and Cu/W composites with nanodimensional interlayer spacing exhibit a notorious resistance to
irradiation-induced damage accumulation [14-16, 20-26]. In these materials, the high mixing
energy between the two components results in the rapid annealing of defects. Several theoretical
works have also been recently devoted to the examination of Cu/Nb interfaces [27-30]. Only a

few [31-35] were based on the Density Functional Theory (DFT) [36, 37] formalism, mostly due



to the heavy computing power load required to simulate realistic interfacial systems. Such DFT
works showed that the metallic vacancies as well as the He atoms have a great tendency to find
the interface in the three different cases analyzed. The calculated formation energy reveals that
the most stable site for a He atom is found inside a Cu monovacancy at the three interfaces
mentioned above. The analysis performed shows that helium reduces its repulsive interaction with
the metallic surrounding atoms when it is occupying a vacancy at the interface, explaining the
preferential accommodation found for these configurations, as suggested in a previous work [38].
Depending on the interfacial reconstruction, a He atom is able to migrate through the interface
or it is trapped on the attractive (or less repulsive) sites. These results show the strong influence
of the relative orientation between both metals forming the interface, allowing the selection of the
most adequate interface to reduce the undesired He bubbles ultimately responsible for detrimental
radiation damage in the metallic compound. Subsequently, the applicability of such analysis has
been experimentally validated on Cu/W interfaces [39] promoting the attention on this system by
other experimental groups [40-44].

On the other hand, the so-called nanostructured tungsten (NW), i.e., W with a great number
of grain boundaries (GBs) has been proven to be a superior alternative than the standard coarse-
grained tungsten (CGW) for the mitigation of radiation damage [46-50] (and references therein).
The superior properties and the behaviour of defects produced by irradiation damage in bulk W
have been extensively simulated in the last decade using multiscale modelling methodologies, viz.
kinetic Monte Carlo (kMC), Molecular Dynamics (MD) and/or DFT (see [51] for a thorough and
recent review), that in turn have been compared to experiments. Furthermore, the He and H
behaviour in W/W GBs has been also studied by these methodologies [34, 52, 54, 55], evidenc-
ing the great avidity of both light elements to reach the GBs. For example, DFT calculations
carried out for symmetric GBs [56] and in realistic non-coherent W (110)/(112) interfaces [57]
confirmed the experimental speculation that hydrogen is trapped at GBs [46]. Finally, a recent
DFT-parametrised kMC-based theoretical work [47] has concluded that NW would be able to re-
sist the deleterious effects of He after irradiation, definitely making it a potential plasma facing
material (PFM).

In the present article, we have interpreted the stability and clustering behavior of He atoms at
the W (110)/(112) interface previously created in agreement with the experimental evidence [57].

We have found that He atoms tend to be accumulated along the lines or grooves formed by the



clean open spaces in between the atomic rows of both surfaces. When a vacancy is present in the
calculation, the first He atom prefers to stay at this hollow area instead of at the pure defectless
interface. Approximately within this site, helium is accumulated up to a cluster of seven atoms,
but the subsequent ones prefer to accommodate in positions close to the vacancy, leading to an
apparent increase on the size of the cluster, that in turn could foster bubble formation. In this
situation, the He atoms shall move along the interface promoting the outgassing process. In both
cases, we have confirmed that helium tends to move to the regions endowed with a lower electronic

density where the He-W repulsion is minimized.

2. METHODOLOGY.

DFT simulations were performed using the well-known plane-wave Vienna Ab initio Simula-
tion Package (VASP) code [58]. It uses the pseudo-potential approximation following the Pro-
jector Augmented Wave (PAW) methodology [59], as well as the Perdew-Burke-Ernzerhof (PBE)
parametrisation of the Generalised Gradient Approximation (GGA) for the exchange and correla-
tion energy functional [60]. The pseudo-potentials have been taken from the VASP code library,
whereby six valence electrons have been considered for W (4 3d and 2 4s) and two Is valence
electrons for He. Within these approximations, the lattice parameter of W was estimated to be
3.172 A for the cutoff energy of 400 eV used for the plane waves, in good agreement with the
experimental room temperature result (3.165 A) [61].

To the best of our knowledge, the most favorable relative orientations of the W/W interfaces
have not been described experimentally, but it was established that W(110) and W(112) surfaces
are commonly found in experiments with NW [57]. We have restricted our calculations to the
particular reconstructed configuration that can be found in that reference. Using the lattice pa-
rameter previously mentioned, the GB can be built. Since the two surfaces do not fit perfectly and
the interface is intrinsically incoherent, the W(112) surface had to be slightly expanded (~ 1 %)
in the X-direction of figure 1) when periodic boundary conditions are applied before performing
the relaxation of the system.

As recently suggested [32, 35, 57], the inclusion of at least 6 layers of each surface is highly
recommended to perform a correct DF'T simulation of this kind of interfaces as it is shown in figure
2. The complete system contains a total of 456 W atoms, 288 and 168 in the W(110) and W(112)

surfaces, respectively. We have started the calculations from the structure presented in [57] (see
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Figure 1: (color on-line) Frontal view of the W(112)/W(110) interface. The light (dark) blue spheres represent the
W atoms in the (112) [(110)] surface. The interfacial atoms are represented by the larger spheres. The red-dashed
rectangle corresponds to a two-dimensional view of the the supercell used in the simulations; b) Lateral view of the

slab used in the simulation.

the procedure followed there in order to create the initial interface). A vacuum of 12 A separates
the two free surfaces of the slab that contains the interface. Subsequently, all the structures have
been fully relaxed until the forces were lower than a pre-fixed tolerance value of 0.025 eV /A. The
bottom layer of each surface remained fixed during the calculations in order to simulate atomic
bulk positions. Due to the large size of the two-dimensional (2D) supercell, the structure was first
relaxed using only the gamma point in the irreducible Brillouin zone (IBZ), as in previous works
[32, 35, 57] and a cutoff energy of 400 eV. Subsequently, the calculation was refined by including
8 k-points in the IBZ following the Monkhorst-Pack scheme [62] and the recommended 479 eV
for calculations involving He atoms [38] and W surfaces [63]. A slightly lower value in the cutoff
energy has led to qualitative good results, see for example [64].

In order to test the stability of the GB, we can estimate the difference between the isolated
surfaces and the relaxed structure obtained when they are adjoined to form the interface. This last
structure is more stable by 89 eV, i.e., around 2500 n.J/m?. We can compare this value with other
configurations found in the literature. For example, Wang et al. [53] analyzed the GB ¥ 3 (110)
111 using the same methodology while Yang and coworkers studied many other coherent sigma
interfaces [65] and obtained in all the cases a lower value than the one presented here. In the former
article, the authors speculated that a higher GB energy leads to an easier grain growth. From our
results, it can thus be inferred that the GB presented here will show a much easier growth than
the GBs analyzed in the aforementioned references, reinforcing the interest of the present analysis.

Some years ago, von Alfthan et al. suggested a methodology to create a GB with different



numbers of vacancies with the aim of finding the most stable initial configuration [66]. Borovikov
et al. applied such a procedure to three different W GBs and found that the interfaces free of
vacancies were the most stable geometries [67]. Taking this result into consideration, our analysis
has started with the pure W interface and, in a second step, an energetic study of a metallic vacancy
at the GB has been performed. After that, the atomic configuration of the relaxed interface and
the most stable vacancy has been fixed in order to calculate the electronic density, defined as
p(r) = |¥(r)[>. This means that it has a dependence on the wave functions that appear in the
Kohn-Sham equations [37].

Generally, the formation energy of a system Ef(Npgeny.) containing n,,. W vacancies and
Ny helium atoms can be easily estimated using the corresponding energies taken from the DFT

simulations. Following the same recipe as in other previous systems involving interfaces, we can

define it [32, 35]:

Ef(NHenvac) - ETot(NHenvac) + nvacE<W) - NHeE(H€> - EW/W7 (]->

where Ery(Nyenyae) is the energy obtained in the relaxation of such an interface, E(W) is the
energy of one W atom in the perfect bulk and E(He) is the energy of one isolated He atom placed
inside a large empty simulation box. Finally Eyy/y is the energy of the relaxed clean interface. In
the present case, we have used only a single vacancy because a larger periodicity in the Y-direction
should be required to simulate larger vacancy clusters.

Once the formation energies of all the structures have been calculated, the binding energies
(Ep) can be estimated following an atom-by-atom procedure. This means that the £ is calculated
for a system formed when one single He atom is added to an initial structure with Ny, — 1 atoms.
In general, the number of objects forming the mixed structure can be larger than just two defects
(in our case, the initial structure and the upcoming He atom). The expression of the binding
energy can be written in terms of the formation energies of the system with the Ny s objects close

together and the system in which all the ig.; objects are far apart [68-71]:

Ngey

Ey(Naes) = Y Bfliaes) — E(Nacy) (2)

igef=1

In a final step, we have analyzed the He mobility in some selected cases. For this purpose,
we have used the Nudged Elastic Band (NEB) procedure [72] as implemented in VASP. This

methodology finds the path that minimizes the energetic cost for a displacement between two
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Figure 2: a) Lateral view of the unit cell used in the simulations (the X and Z directions have been indicated),

b) differential charge distribution of the W(110)/W(112) interface. The dark/white areas mean the lower/higher

electronic charge density. A red circle shows the zone for the Hel position.

initial and final geometries by following the most favourable trajectory along the interface. Using
this procedure, we can obtain the energy barrier required to jump between the two different

configurations.

3. RESULTS.

3.1. He atoms at the W(110) /W(112) interface.

The starting point of our simulations is the W(110) /W (112) interface that has been extensively
studied in a previous work [57]. The most stable position of a single H atom has been analyzed in
great detail therein. Here, we follow an essentially similar procedure for the first He impurity atom
in order to find its most stable site at the interface. In figure 1, the white spheres represent the
different possible He positions obtained in this work after relaxation. These structures have been
simulated individually for just one single He atom and in all the cases that He atom has found
its preferential accommodation close to the (112) surface. Furthermore, He atoms tend to sit at
the grooves formed in between the atomic rows of each surface. The first effect can be explained
by the preference shown by helium to stay close to the areas with lower electronic charge density,
as recently shown for the well-studied Kurdjumov-Sachs (KS)-Cu/Nb interface [33]. Figure 2 b)
shows exactly that situation. The 2D-map shows the charge density of the full interface in a plane
perpendicular to the X-direction. The dark zones correspond to the areas where the He tend to

move, being the darkest one (indicated with a red circle) the Hel position of figure 2.

7



Ef(eV)
Interface | bulk | V-interface | V(bulk)
Hel 3.07 6.25 3.33 4.65
He2 6.08 11.54 5.69 7.67
He3 9.04 16.34 8.21 10.76
He4 11.90 20.99 10.74 13.74
Heb 14.80 26.86 13.09 17.75
Heb6 17.65 32.06 15.24 21.21
He7 20.25 17.85 25.20
He8 23.41 20.55 28.99
He9 26.20 23.17 33.12

Table 1: Formation energies of the most stable structures found for the different He cluster sizes at the interface and

within the most stable vacancy at the interface The corresponding bulk values are shown as well for comparison.

The second effect, somehow related to the previous one, can be directly linked to the affinity
of helium to move to regions of lower atomic population where the repulsive interactions among
He and the metal atoms can be minimized, as we explained in a previous work [38]. The red
spheres of figure 1 reflect the areas where He can find a lower electronic charge density, thereby
reducing the repulsion with the metallic atoms. The numerical labels presented in figure 1 are
related to the energetic ordering of each site, so that Hel denotes the most favourable location
with a formation energy of 3.07 eV (see Table 1). Interestingly, the position of the Hel is close to
the most stable site for a H atom previously studied [57]. Additionally, as happened with the H
atom, the formation energy is much lower than the value obtained for the perfect bulk (6.15 eV
[76], namely, 6.25 eV obtained by us with the same methodology [63].) This energetic reduction
was already found in other interfaces composed of two elements, such as Cu/W or Cu/Nb [32, 35],
and can be considered as a general manifestation of the strong attraction exerted by the interfaces
and GBs on the He atoms.

Once the most stable position of the first He atom has been determined, our interest is driven
to the analysis of the atomic arrangement in the entire interface in the presence of new He impurity
atoms. It is expected that the second He atom could occupy the site labeled as He2 in figure 1 or
an Hel equivalent position at the interface belonging to another x1 unit cell in the Y-direction. In

the latter case, this second He atom could be either far away from or as close as possible to the first
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Figure 3: Sketch of the migration mechanism for one He atom separating (joining) to: a) an additional He atom
and b) two He atoms; c) the corresponding migration energies with respect to their corresponding more stable

structures.

one. Our simulations show that He atoms tend to accumulate in clusters as the latter configuration
is 0.05 meV more stable than the arrangement of the two atoms along the same atomic row but at
a larger distance. Furthermore, the He2 position leads to a 0.09 meV less stable structure. This
can be understood as caused by mechanical effects. The first He produces a deformation on its
surrounding atomic environment at the expense of an energy cost. When the second He atom is
placed at a distant location, a similar energy cost can be expected, while for a position close to
the first atom that value is reduced. Additionally, we have simulated the case with two separated
He atoms but a small distance, i.e., the position just before both adjoin, see the sketch in Figure
3 a). The second He has to jump an energy of 0.86 eV to meet the first one due to the strong
atomic reconfiguration around the He path. The inverse process (the separation) requires a larger
value, estimated in 0.92 eV (see the discussion below).

From the relaxed structures, we can easily estimate the value of the free volume. In recent
works, the Voronoi concept was used [33, 34|, but here we are going to define such free volume
in a more intuitive way as the free open space among the eight first neighboring W atoms in the
interface. We have included a sketch in figure 2 a). The volume contained in such geometrical
structure is estimated to be 20.7 A3, much larger than the accessible free volume in the bulk, that
is about 16.0 A®. This great difference clearly justifies the assumption that He atoms move to
free areas. In fact, the value is a little bit larger when we take into account the relaxed structure,

leading to a volume of 20.9 A3. Using the result for two He atoms, the accessible free volume grows



to 21.7 A3, ie. 10.8 A® per atom. Additionally, it is important to notice that the first He atom
creates a hole in the charge density around it, favouring the approach of the subsequent atoms
(33, 34].

The geometrical effect is confirmed by the inclusion of more He atoms along the same groove
at the interface. The third He atom prefers to be aligned in the same row close to the already
present He atoms. The formation energy of such a configuration amounts to 9.03 eV, less than
three times the value for one single He atom. This third atom is placed on the following x1
unit cell in the Y-direction where more free space is available with a relatively low energetic cost
to produce a deformation in the lattice that affects the neighboring atoms. For this reason, the
free volume analysis is not directly comparable to the previous cases. On the other hand, the
formation energy grows by 0.08 eV for a distant site along the same groove and by 0.13 eV in
the He2 position. We can do again a calculation to let a the third He atom join the pre-existing
cluster of 2 He atoms. Now, the barrier takes a higher value than before, namely 1.10 eV, while
the inverse process is slightly larger (1.14 eV). This value (together with the previous one obtained
for two atoms) suggest that, even though this is the best-case scenario, only at high temperatures
will He atoms coalesce to form bubbles. A more feasible procedure should be associated with a
preference of He atoms to reach the interfacial deformed areas where other He atoms are already
present, favouring thus bubble formation.

For the fourth atom we have only tried the position closer to the previous configuration as well
as the site at the He2 position. Again, the most stable situation implies the accumulation of He
atoms aligned along the selected groove: the formation energy is 11.90 eV, that is 0.33 eV lower
than the latter option.

Up to this point, we consider that the quality of our results is guaranteed by the x4 periodicity
chosen in the Y-direction, i.e., the He atoms are located in consecutive two x1 unit cells. The
deformation induced on the atomic rows in the following cells in the Y-direction is in the limit
of the acceptable. Consequently, additional He atoms have been placed along the same atomic
row where the energy cost for the deformation of the surrounding atoms is lower than in an area
free of He atoms. We can continue adding He atoms until the binding energy of the system takes
on a negative value meaning that, although the structure can be stable at 0K temperature, it
will certainly be unfavorable at finite temperature. In our system, this happens for 8 He atoms,

implying that the W(110) /W (112) interface accepts around two He atoms at each groove of the x1
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Figure 4: (color on-line) Lateral view of the charge density distribution of the W(110)/W(112) interface with the
most a He atom in the most stable vacancy (indicated with a red circle). The dark/white area correspond to the

lower /higher electronic charge density.

unit cell in the Y-direction. This is somehow equivalent to filling an infinite row due to the periodic
boundary conditions inherent to the DFT approach. Anyway, as a relevant conclusion of these
calculations, we can establish that the He atoms prefer an approximately linear distribution along
a groove over the accumulation inside a x1 unit cell or the dispersion of the atoms in different

grooves. Binding energies will be discussed later in the 4 section.

3.2.  Accumulation of He atoms inside a monovacancy.

Now our attention turns to the accumulation of He atoms in the most stable vacancy found at
the W(110) /W(112) interface. In a previous work [57], we found that such vacancy is formed at
the W(112) side of the interface and far from the most stable groove (see the circle marked with a
yellow cross in figure 1). Moreover, we have tested that this place corresponds to the most stable
vacancy where the first He atom can be placed. As happened for the bulk, the He atom tends
to occupy the empty space left by the lost W atom, i.e., the area with a lower electronic charge
density as shown by figure 4. The red circle indicates the position of the vacancy and it correspond
to the darkest area on the image. The formation energy takes a value of 3.33 eV, much lower than
the result found for the perfect bulk, namely, 4.75 eV [38]. Surprisingly, this value is yet slightly
larger than the energy obtained for the most stable groove at the interface (3.07 eV, see above).

This last data is in contradiction with the results obtained for a H atom in the same vacancy on

11



the same GB and with other metallic interfaces, such as Cu/Nb and Cu/W (see Refs. [32], [35]),
probably because, in such last cases, the most stable vacancy was at the fce-Cu side. Interestingly,
if the He atom is placed in the Hel site of figure 1, the energy is 1.05 eV larger, meaning that
helium will prefer to stay within the vacancy when it is close enough to the interfacial groove
analysed above.

The second He atom forms in the vicinity of the vacancy a (110) dumbbell-like structure with
the first one (see figure 5 a)). The corresponding formation energy reaches a value of 5.69 eV,
more than 0.20 eV lower than other three alternative structures tried in this work (not shown).
It is important to notice that now the formation energy is lower than the value in the perfect
interface, namely 6.08 eV, (and much lower than 7.67 eV in the bulk, see table 1), suggesting that
He atoms will prefer to accumulate in the vacancies. This geometry is 0.69 eV more stable than
the arrangement with one atom in the vacancy and the second one at the Hel site. When the third
atom arrives, the three He atoms form a triangle (figure 5 b)) and the formation energy grows to
8.22 eV, this time 0.51 eV lower than the structure with 2 He atoms in the vacancy and the third at
the Hel position. Similar calculations involving the addition of a growing number of He atoms have
been performed. In all cases, the accumulation of helium close to the monovacancy undisputedly
represents the most favorable configuration. For four, five, six and seven He atoms an internal
rearrangement of the He cluster takes place (see the evolution of the most stable structures in
figure 5), leading to formation energies of 10.74 eV, 13.10 eV, 15.24 eV and 17.86 eV, respectively.
Again, the value grows with the number of He atoms included in the calculation. In all these
configurations, we have tried three alternative structures.

The last two panels of figure 5 show the most stable geometry found for a He cluster of 8 and
9 atoms, respectively, out of the three different initial He arrangements attempted. In both cases,
some of the He atoms (indicated by a red arrow) have left the volume assigned to the vacancy, or in
other words, the empty space in between the site of the missing original W atom and its first nearest
neighbors. Both structures are more stable than the geometries generated from the combination
of the most stable 7 and 8 He atoms configurations and the addition of an extra He atom at the
Hel site by 0.26 and 0.55 eV, respectively. This result has two important implications: first, seven
may be defined as the maximum number of He atoms that the vacancy can accommodate and
second, the growth mechanism of the He cluster seems to imply a redistribution of the newcoming

atoms at the interfacial areas close to the vacancy. The figure 1 can give an explanation to this
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Figure 5: The most stable configurations found for the most stable monovacancy at the W(112)/W(110) interface
with: a) 2, b) 3, ¢) 5,d) 6, e) 7, and f) 9 He atoms, respectively.

behaviour: close to the vacancy analyzed here, there are some very stable sites (labeled as He4
and He5 in the figure with a formation energy only 0.14 eV higher than Hel) where the upcoming
He atoms can be accommodated. As a consequence, even though the formation energy is lower
at some points of the interface as compared to the vacancy site, the latter can be considered as a
prominent bubble nucleation site at which the aggregation of He atoms at the interface can begin.

It is important to notice that the number of He atoms accumulated in a monovacancy in the
ideal bulk was previously estimated in 9 [38]. In such case, a 5x5x5 supercell was used, while here
only a x4 periodicity in the Y-direction is considered. This slight difference could lead to a potential
decrease in the number of accepted He atoms because maybe the system can not accommodate
the deformation. Thus, it might well be that this number could grow up to 9 with a larger unit
cell, but the behavior of the successively added atoms should essentially be the same.

In apparent contradiction with our result, a recent article based on MD simulations performed
for a symmetric W GB suggests that the accumulation of He atoms in a vacancy at the interface
produces a trap-mutation process by removing surrounding W atoms [77]. As a consequence, the
size of the vacancy increases and more He atoms can be added until another W atom is pulled
out from the GB. These simulations were performed at a temperature of 1000K. We can speculate
that there is a temperature dependence of the expulsion of He or W atoms from the n-vacancy.
Probably, at some temperatures both processes would compete. Even there can be a dependence
on the type of GB studied. For this reason, a deeper analysis of the effects of temperature on this

(and many others) GB should be performed in future works in order to shed light on these ideas.
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We can do an estimation of the free volume in all these cases using the same procedure previ-
ously followed for the pure interface. In the ideal bulk of a bee structure, the empty space around a
vacancy can be defined as the volume within a cube with a side equivalent to the lattice parameter.
In the W case, the volume takes the value 31.9 A3 (the real value is slightly smaller due to the
atomic compression of the atoms around the hole). The free volume in the most stable vacancy
in the present GB is much larger, namely 40.0 A% justifying the preference of the He atoms for
the open spaces and the lower formation energy of the first He in the vacancy at the interface. In
fact, the free volume accessible for the first He atom is lower (39.1 A®) than the value obtained
for the atomic positions of the initial interface (before the vacancy is created). With the inclusion
of more atoms, the total space available for the He atoms grows from 39.8 to 51.0 A3 for two and
seven atoms respectively. This growth is due to the gradual displacement of the neighboring W
atoms, but the effective free volume per atom is reduced from 19.9 to 7.3 A3. As the 8th He atom
prefers to move to the interface, we can expect that the latter value will be similar regarding the
reception of new He atoms in larger n-vacancies at the interface. This limit is much larger than
in the bulk, namely about 4.3 A® (for this calculation we have used the most stable structure
previously obtained [38] for 9 He atoms in a monovacancy), suggesting a great influence of the

surrounding open spaces at the interface.

4. Discussion.

We would like to start this section summarizing some general results obtained for the formation
energies. Taking into consideration the data presented in table 1, it is important to remark that
all formation energies at the interface are lower than in the bulk for both the ideal defectless and
monovacancy systems. The values for the ideal interface are around one half of the values for the
perfect bulk. This result shows the great attraction (in fact, the lower repulsion) exerted by the
interface on the He atoms. If the great mobility of the He atoms within the bulk is added to the
description, we can expect that a great part of the helium inside a tungsten matrix is capable
of moving at ease toward the interfaces or GBs. This result has been previously found in other
different W GBs using kMC [73]. These regions would thus precisely represent outstanding initial
structures that can help reducing irradiation damage in the materials of interest.

Once the first He atom arrives at the interface, our first-principles formation energy data seem

to reveal a competition between the most stable vacancy and the positions surrounded by more
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Figure 6: Binding energy obtained via the one-by-one procedure for the cases analyzed in this work for the Ng.-
clusters: along the most stable groove at the interface (black squares) and in the most stable vacancy at the W(110)

surface (red circles).

open space at the perfect interface. Considering the individual calculations separately, helium
prefers to be at the so-called Hel site instead of the vacancy. As we mentioned before, this is in
contradiction with the results in other semi-coherent interfaces. Interestingly, when the vacancy
is present in the configuration, the He atom prefers to occupy the vacancy site instead of the
apparently more convenient Hel site. This means that for the He atom inside the vacancy the
global deformation is less important than when it occupies the Hel site, implying an important
reduction in the energetic cost. The successively inserted He atoms prefer to be accumulated
in the vacancy until the empty space is completely filled, when they start to be distributed in
the competitively stable (He4 and Heb) sites of the interface in the vicinity of the vacancy. In
our opinion, this competitive behaviour agrees well with the picture that He will preferentially
segregate at pre-existing sites at the interface [2].

For a deeper analysis of our energetic results, we have estimated the He binding energies at the
interface with and without the monovacancy following the one-by-one procedure explained in the
section 2, i. e., adding the He atoms one by one to the system. The resulting curves can be found
in figure 6. The binding energy can be considered as a measure of the bond established between
two objects, comparing the total energy obtained for the complex when both of them are together
to the case with the objects far apart. Such situation is found by simulating each object in two

different calculations. These energies are essential for the performance and understanding of the
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kMC results for much larger systems. In previous kMC simulations, researchers have used only
bulk parameters in all the system assuming that the He atoms disappear when they reach a surface
or a GB [47, 74]. This collection of parameters can improve the performance of such simulations.

The inclusion of the second He atom at the interface leads to a binding energy of 0.07 eV that
can be compared to the value for the ideal W-bulk, namely, 1.03 eV [47]. This small value suggests
that it is highly probable that one of the two He atoms may migrate through the interface, but in
the previous section we showed that when both atoms are together there is a large energy barrier
to split them up. Consequently, for relatively low temperatures one single atom could migrate
only if it is not adjacent to the second one. We have estimated the energy barrier of such single
He atom migration along the most stable interfacial groove using the NEB methodology [72]. The
value is 0.35 eV (see the sketch and the barrier in figure 7), much larger than that in the bulk
(0.08 eV) previously found by the authors [75] in very good agreement with the literature [64].
Again, this larger barrier at the interface than in the bulk is in contradiction with the H atom
case, where the migration energy was estimated to be 0.12 eV, lower than the 0.21 eV in the
bulk [57], so it seems probable that H atoms can move more easily than He atoms along this
GB. Moreover, we have calculated the migration energy for both He atoms moving together. The
resulting energy grows to 0.45 eV, reflecting a more complex mechanism (see the sketch in Figure
7 b)). In order to complement the analysis, we have performed a similar calculation for three
He atoms and the migration energy has grown to 0.54 eV. Furthermore, the calculated energy
barriers indicate that for low temperatures the He atoms will be able to move from the bulk to
the interfaces, where they accumulate at their most stable grooves. For a certain temperature,
the isolated He atoms will migrate through the interface and, as the temperature grows, other
different mechanism can be expected. Probably, when the groove ends up completely filled (and
consequently all the neighboring arrangement of W atoms has been deformed) the He atoms could
move more easily and the outgassing process is favored.

The binding energies of the successively added He atoms (from three to six) slightly rise from
0.12 eV to 0.22 eV. Interestingly, the seventh atom gives rise to an important increase of the
binding energy (0.48 eV), while the inclusion of the eighth atom leads to a negative value. As
explained in section 3.1, the inclusion of the last atoms simulates an infinite and completely filled
groove due to the limited size of our unit cell and the periodicity (x4 in the Y-direction) used in

our simulations. For a more accurate calculation of the binding energy, or at least of these two
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Figure 7: Sketch of the migration mechanism along the most stable groove of the interface for: a) one He atom,
b) two He atoms together and c) three He atoms together; d) the corresponding migration energies with respect to

their corresponding more stable structures.

latter cases, a larger unit cell is required. Due to the limitations of DFT techniques when dealing
with this kind of large unit cells, the MD methodology is highly recommended.

On the other hand, the binding energy of the first atom in the vacancy (0.99 eV) is much larger
than at the interface, but more than four times lower than the value for the vacancy in the perfect
bulk, namely, 4.67 eV [47], suggesting a higher mobility in the vacancy at the GB comparing to
the almost immobility in the bulk. Subsequently, the binding energy decreases to 0.72 eV for two
He atoms, while it is stabilized for three and four atoms at 0.55 eV. For the bulk vacancy a similar
behaviour is observed, since the binding energy decreases to around 3.20 eV, still much larger
than at the corresponding situation for the interface. While in the bulk case the binding energy
maintains a decreasing trend, albeit always higher than 2.00 eV, at least up to 9 atoms, for the
present interfacial vacancy the value grows back to 0.93 eV for six He atoms. Now, the binding
energies oscillate between 0.59 eV and 0.26 eV from 7 to 9 He atoms. As mentioned in the previous
section, from the seventh atom onwards, the additional He are distributed at the interfacial sites
close to the vacancy. This result explains why the values are close to the case of the most stable
groove at the interface. With these binding energies, we can expect that new atoms can be added
to this cluster, and that they can migrate along the groove at the interface. We can consider this as

a second highly desirable effect that can contribute positively to the He outgassing of the material.
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5. CONCLUSIONS.

In conclusion, we have studied the accumulation of He atoms at a W(110)/W(112) GB with
and without a monovacancy using DF'T techniques. We have proven the superior stability of the
He atoms at the interface. Contrary to interfaces previously analysed in the literature, the He
atom has a lower formation energy at the interface instead of in the vacancy. On the other hand,
helium prefers the vacancy when both the most stable site and the vacancy are close enough in
the interface. Succesive atoms can be accumulated at the interface with and without the vacancy.
From the second He atom onwards, helium has a lower formation energy in the vacancy and for
all the He-clusters examined the values are much lower than in the bulk. The He atoms tend to
be aligned in the areas with no non-coincident sites for the W atoms on both surfaces, a similar
behaviour as in the so-called misfit dislocation intersections of the KS-Cu/Nb interface. He atoms
find a better accommodation in those open spaces until the groove is completely filled. Finally, He
atoms are accumulated in the monovacancy up to a number of seven. Contrary to the bulk case,
here the new He atoms are placed in sites close to the vacancy, thus increasing the cluster size. The
binding energies obtained in such cases, as well as in the perfect interface, suggest that the atoms
placed in the groove could migrate through the interface, favoring the outgassing process. However,
the increasing barriers with the size of the He cluster indicate that probably such outgassing will
be done at high temperatures or when the grooves are completely full and deformed, so that the
energetic cost could be reduced. Thus, this GB will efficiently adsorb He atoms until the He atoms
can move out of the interface. Taking all these features into consideration, we can conclude that
this kind of GBs or interfaces in W will positively contribute to the widespread consideration of
nanoestructured tungsten as an adequate material for future fusion reactors or, more generally, for

high radiation-affected environments.
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Abstract

An exhaustive analysis based on density functional theory (DFT) simulations of the accumulation
of several He atoms has been performed at the vicinity of a non-coherent W(110) /W (112) interface.
The He impurities have been placed both at interstitial positions along the grooves present at each
side of the interface and inside the most stable interfacial single vacancy. At such areas, the
electronic charge density is lower and the repulsion with the metallic atoms is minimized. Our
results show much lower formation energies at both positions studied here as compared to the
equivalent bulk cases, confirming the effective great attraction exerted on helium by this kind of
interfaces. The most stable groove is completely filled before the system prefers to promote the He
atoms to other alternative groove. On the other hand, the vacancy can admit at most seven He
atoms, but the successive ones find the best accommodation in the surrounding sites thereafter.
This result corroborates the well-known picture of vacancies as efficient sinks for He atoms in W.
The binding energy estimation suggests a larger attraction between the He atoms and the vacancy.
From the low values obtained at the interface and the energy barriers estimated, we can infer a
decreasing mobility of the He clusters along the interface for a given temperature. This situation
could favor their accumulation in the stable grooves until they are filled and the outgassing process
could subsequently take place.Therefore, a tungsten system with many interfaces, the so-called
nanostructured W, can be considered as a good candidate for plasma facing material in a future

nuclear fusion reactor.
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1. INTRODUCTION

Nuclear fusion energy has been long foreseen as an environmentally clean and virtually inex-
haustible energy source. A deep understanding of materials behavior in extreme environments,
such as the intense irradiation and high temperature intrinsic to a future fusion reactor, is essen-
tial in order to improve the reliability, lifetime, integrity and efficiency of the structural materials
building up those advanced reactors. In the aftermath of a nuclear fusion reaction, high-energy
neutrons can induce a large number of defects such as vacancies or interstitial clusters and trans-
mutation of reactor elements. Additionally, the significant interaction with plasmas can produce
He bubbles and voids coupled to H impurities. All these defects can lead to volume swelling and
blistering that result in embrittlement and instability of reactor components, reducing their ser-
vice life [1-3] (and references therein). Hence, the ability to mitigate radiation-induced defects and
control helium bubble growth is crucial to improving the radiation tolerance in nuclear materials.
Furthermore, a key strategy for designing such resistant compounds consists in enhancing the effi-
ciency of self-healing defect recombination processes [4-6]. Computational simulations can reduce
the high costs of the hazardous experiments that should be performed under extreme conditions
in order to mimic the environment envisaged within the chamber of an eventual fusion reactor. A
limited number of potential materials can be selected with the theoretical calculations, accelerating
the choice of more appropriate and resistant compounds [7, 8].

Materials containing a high concentration of interfaces, grain boundaries (GB) and secondary
phase features promise to offer very high resistance to radiation damage accumulation [9]. Layered
heterointerfaces between incoherent metallic nanosized multilayers characterised by a strong crystal
structure and lattice parameter mismatch have shown an enhanced radiation performance acting as
effective sinks for defect recombination at intersections between misfit dislocations [10]. Typically,
fce/bee heterophase interfaces have been designed, even from a more general mathematical [11],
elastic [12], electronic [13] or thermodynamic [18] viewpoint, with Cu or Ag as the fcc metals and
refractory metals (Nb, Mo, Ta, W) as their bce counterparts. Experimentally, multilayered Cu/Nb
and Cu/W composites with nanodimensional interlayer spacing exhibit a notorious resistance to
irradiation-induced damage accumulation [14-16, 20-26]. In these materials, the high mixing
energy between the two components results in the rapid annealing of defects. Several theoretical
works have also been recently devoted to the examination of Cu/Nb interfaces [27-30]. Only a

few [31-35] were based on the Density Functional Theory (DFT) [36, 37] formalism, mostly due



to the heavy computing power load required to simulate realistic interfacial systems. Such DFT
works showed that the metallic vacancies as well as the He atoms have a great tendency to find
the interface in the three different cases analyzed. The calculated formation energy reveals that
the most stable site for a He atom is found inside a Cu monovacancy at the three interfaces
mentioned above. The analysis performed shows that helium reduces its repulsive interaction with
the metallic surrounding atoms when it is occupying a vacancy at the interface, explaining the
preferential accommodation found for these configurations, as suggested in a previous work [38].
Depending on the interfacial reconstruction, a He atom is able to migrate through the interface
or it is trapped on the attractive (or less repulsive) sites. These results show the strong influence
of the relative orientation between both metals forming the interface, allowing the selection of the
most adequate interface to reduce the undesired He bubbles ultimately responsible for detrimental
radiation damage in the metallic compound. Subsequently, the applicability of such analysis has
been experimentally validated on Cu/W interfaces [39] promoting the attention on this system by
other experimental groups [40-44].

On the other hand, the so-called nanostructured tungsten (NW), i.e., W with a great number
of grain boundaries (GBs) has been proven to be a superior alternative than the standard coarse-
grained tungsten (CGW) for the mitigation of radiation damage [46-50] (and references therein).
The superior properties and the behaviour of defects produced by irradiation damage in bulk W
have been extensively simulated in the last decade using multiscale modelling methodologies, viz.
kinetic Monte Carlo (kMC), Molecular Dynamics (MD) and/or DFT (see [51] for a thorough and
recent review), that in turn have been compared to experiments. Furthermore, the He and H
behaviour in W/W GBs has been also studied by these methodologies [34, 52, 54, 55], evidenc-
ing the great avidity of both light elements to reach the GBs. For example, DFT calculations
carried out for symmetric GBs [56] and in realistic non-coherent W (110)/(112) interfaces [57]
confirmed the experimental speculation that hydrogen is trapped at GBs [46]. Finally, a recent
DFT-parametrised kMC-based theoretical work [47] has concluded that NW would be able to re-
sist the deleterious effects of He after irradiation, definitely making it a potential plasma facing
material (PFM).

In the present article, we have interpreted the stability and clustering behavior of He atoms at
the W (110)/(112) interface previously created in agreement with the experimental evidence [57].

We have found that He atoms tend to be accumulated along the lines or grooves formed by the



clean open spaces in between the atomic rows of both surfaces. When a vacancy is present in the
calculation, the first He atom prefers to stay at this hollow area instead of at the pure defectless
interface. Approximately within this site, helium is accumulated up to a cluster of seven atoms,
but the subsequent ones prefer to accommodate in positions close to the vacancy, leading to an
apparent increase on the size of the cluster, that in turn could foster bubble formation. In this
situation, the He atoms shall move along the interface promoting the outgassing process. In both
cases, we have confirmed that helium tends to move to the regions endowed with a lower electronic

density where the He-W repulsion is minimized.

2. METHODOLOGY.

DFT simulations were performed using the well-known plane-wave Vienna Ab initio Simula-
tion Package (VASP) code [58]. It uses the pseudo-potential approximation following the Pro-
jector Augmented Wave (PAW) methodology [59], as well as the Perdew-Burke-Ernzerhof (PBE)
parametrisation of the Generalised Gradient Approximation (GGA) for the exchange and correla-
tion energy functional [60]. The pseudo-potentials have been taken from the VASP code library,
whereby six valence electrons have been considered for W (4 3d and 2 4s) and two Is valence
electrons for He. Within these approximations, the lattice parameter of W was estimated to be
3.172 A for the cutoff energy of 400 eV used for the plane waves, in good agreement with the
experimental room temperature result (3.165 A) [61].

To the best of our knowledge, the most favorable relative orientations of the W/W interfaces
have not been described experimentally, but it was established that W(110) and W(112) surfaces
are commonly found in experiments with NW [57]. We have restricted our calculations to the
particular reconstructed configuration that can be found in that reference. Using the lattice pa-
rameter previously mentioned, the GB can be built. Since the two surfaces do not fit perfectly and
the interface is intrinsically incoherent, the W(112) surface had to be slightly expanded (~ 1 %)
in the X-direction of figure 1) when periodic boundary conditions are applied before performing
the relaxation of the system.

As recently suggested [32, 35, 57], the inclusion of at least 6 layers of each surface is highly
recommended to perform a correct DF'T simulation of this kind of interfaces as it is shown in figure
2. The complete system contains a total of 456 W atoms, 288 and 168 in the W(110) and W(112)

surfaces, respectively. We have started the calculations from the structure presented in [57] (see
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Figure 1: (color on-line) Frontal view of the W(112)/W(110) interface. The light (dark) blue spheres represent the
W atoms in the (112) [(110)] surface. The interfacial atoms are represented by the larger spheres. The red-dashed
rectangle corresponds to a two-dimensional view of the the supercell used in the simulations; b) Lateral view of the

slab used in the simulation.

the procedure followed there in order to create the initial interface). A vacuum of 12 A separates
the two free surfaces of the slab that contains the interface. Subsequently, all the structures have
been fully relaxed until the forces were lower than a pre-fixed tolerance value of 0.025 eV /A. The
bottom layer of each surface remained fixed during the calculations in order to simulate atomic
bulk positions. Due to the large size of the two-dimensional (2D) supercell, the structure was first
relaxed using only the gamma point in the irreducible Brillouin zone (IBZ), as in previous works
[32, 35, 57] and a cutoff energy of 400 eV. Subsequently, the calculation was refined by including
8 k-points in the IBZ following the Monkhorst-Pack scheme [62] and the recommended 479 eV
for calculations involving He atoms [38] and W surfaces [63]. A slightly lower value in the cutoff
energy has led to qualitative good results, see for example [64].

In order to test the stability of the GB, we can estimate the difference between the isolated
surfaces and the relaxed structure obtained when they are adjoined to form the interface. This
last structure is more stable by 89 eV, i.e., around 2500 n.J/m?. We can compare this value with
other configurations found in the literature. For example, Wang et al. [53] analyzed the GB X
3 (110) 111 using the same methodology while Yang and coworkers studied many other coherent
sigma interfaces [65] and obtained in all the cases a lower value than the one presented here. In
the former article, the authors speculated that a higher GB energy leads to an easier grain growth.
From our results, it can thus be inferred that the GB presented here will show a much easier
growth than the GBs analyzed in the aforementioned references, reinforcing the interest of the

present analysis. Some years ago, von Alfthan et al. suggested a methodology to create a GB with



different numbers of vacancies with the aim of finding the most stable initial configuration [66].
Borovikov et al. applied such a procedure to three different W GBs and found that the interfaces
free of vacancies were the most stable geometries [67]. Taking this result into consideration, our
analysis has started with the pure W interface and, in a second step, an energetic study of a
metallic vacancy at the GB has been performed. After that, the atomic configuration of the
relaxed interface and the most stable vacancy has been fixed in order to calculate the electronic
density, defined as p(r) = |¥(r)|*>. This means that it has a dependence on the wave functions
that appear in the Kohn-Sham equations [37].

Generally, the formation energy of a system Ef(Npgeny.) containing n,,. W vacancies and
Ny helium atoms can be easily estimated using the corresponding energies taken from the DFT

simulations. Following the same recipe as in other previous systems involving interfaces, we can

define it [32, 35]:

Ef(NHenvac) - ETot(NHenvac) + nvacE<W) - NHeE(H€> - EW/W7 (]->

where Ery(Nyenyae) is the energy obtained in the relaxation of such an interface, E(W) is the
energy of one W atom in the perfect bulk and E(He) is the energy of one isolated He atom placed
inside a large empty simulation box. Finally Eyy/y is the energy of the relaxed clean interface. In
the present case, we have used only a single vacancy because a larger periodicity in the Y-direction
should be required to simulate larger vacancy clusters.

Once the formation energies of all the structures have been calculated, the binding energies
(Ep) can be estimated following an atom-by-atom procedure. This means that the £ is calculated
for a system formed when one single He atom is added to an initial structure with Ny, — 1 atoms.
In general, the number of objects forming the mixed structure can be larger than just two defects
(in our case, the initial structure and the upcoming He atom). The expression of the binding
energy can be written in terms of the formation energies of the system with the Ny s objects close

together and the system in which all the ig.; objects are far apart [68-71]:

Ngey

Ey(Naes) = Y Bfliaes) — E(Nacy) (2)

igef=1

In a final step, we have analyzed the He mobility in some selected cases. For this purpose,
we have used the Nudged Elastic Band (NEB) procedure [72] as implemented in VASP. This

methodology finds the path that minimizes the energetic cost for a displacement between two
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Figure 2: a) Lateral view of the unit cell used in the simulations (the X and Z directions have been indicated),

b) differential charge distribution of the W(110)/W(112) interface. The dark/white areas mean the lower/higher

electronic charge density. A red circle shows the zone for the Hel position.

initial and final geometries by following the most favourable trajectory along the interface. Using
this procedure, we can obtain the energy barrier required to jump between the two different

configurations.

3. RESULTS.

3.1. He atoms at the W(110) /W(112) interface.

The starting point of our simulations is the W(110) /W (112) interface that has been extensively
studied in a previous work [57]. The most stable position of a single H atom has been analyzed in
great detail therein. Here, we follow an essentially similar procedure for the first He impurity atom
in order to find its most stable site at the interface. In figure 1, the white spheres represent the
different possible He positions obtained in this work after relaxation. These structures have been
simulated individually for just one single He atom and in all the cases that He atom has found
its preferential accommodation close to the (112) surface. Furthermore, He atoms tend to sit at
the grooves formed in between the atomic rows of each surface. The first effect can be explained
by the preference shown by helium to stay close to the areas with lower electronic charge density,
as recently shown for the well-studied Kurdjumov-Sachs (KS)-Cu/Nb interface [33]. Figure 2 b)
shows exactly that situation. The 2D-map shows the charge density of the full interface in a plane
perpendicular to the X-direction. The dark zones correspond to the areas where the He tend to

move, being the darkest one (indicated with a red circle) the Hel position of figure 2.
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Ef(eV)
Interface | bulk | V-interface | V(bulk)
Hel 3.07 6.25 3.33 4.65
He2 6.08 11.54 5.69 7.67
He3 9.04 16.34 8.21 10.76
He4 11.90 20.99 10.74 13.74
Heb 14.80 26.86 13.09 17.75
Heb6 17.65 32.06 15.24 21.21
He7 20.25 17.85 25.20
He8 23.41 20.55 28.99
He9 26.20 23.17 33.12

Table 1: Formation energies of the most stable structures found for the different He cluster sizes at the interface and

within the most stable vacancy at the interface The corresponding bulk values are shown as well for comparison.

The second effect, somehow related to the previous one, can be directly linked to the affinity
of helium to move to regions of lower atomic population where the repulsive interactions among
He and the metal atoms can be minimized, as we explained in a previous work [38]. The red
spheres of figure 1 reflect the areas where He can find a lower electronic charge density, thereby
reducing the repulsion with the metallic atoms. The numerical labels presented in figure 1 are
related to the energetic ordering of each site, so that Hel denotes the most favourable location
with a formation energy of 3.07 eV (see Table 1). Interestingly, the position of the Hel is close to
the most stable site for a H atom previously studied [57]. Additionally, as happened with the H
atom, the formation energy is much lower than the value obtained for the perfect bulk (6.15 eV
[76], namely, 6.25 eV obtained by us with the same methodology [63].) This energetic reduction
was already found in other interfaces composed of two elements, such as Cu/W or Cu/Nb [32, 35],
and can be considered as a general manifestation of the strong attraction exerted by the interfaces
and GBs on the He atoms.

Once the most stable position of the first He atom has been determined, our interest is driven
to the analysis of the atomic arrangement in the entire interface in the presence of new He impurity
atoms. It is expected that the second He atom could occupy the site labeled as He2 in figure 1 or
an Hel equivalent position at the interface belonging to another x1 unit cell in the Y-direction. In

the latter case, this second He atom could be either far away from or as close as possible to the first
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Figure 3: Sketch of the migration mechanism for one He atom separating (joining) to: a) an additional He atom
and b) two He atoms; c) the corresponding migration energies with respect to their corresponding more stable

structures.

one. Our simulations show that He atoms tend to accumulate in clusters as the latter configuration
is 0.05 meV more stable than the arrangement of the two atoms along the same atomic row but at
a larger distance. Furthermore, the He2 position leads to a 0.09 meV less stable structure. This
can be understood as caused by mechanical effects. The first He produces a deformation on its
surrounding atomic environment at the expense of an energy cost. When the second He atom is
placed at a distant location, a similar energy cost can be expected, while for a position close to
the first atom that value is reduced. Additionally, we have simulated the case with two separated
He atoms but a small distance, i.e., the position just before both adjoin, see the sketch in Figure
3 a). The second He has to jump an energy of 0.86 eV to meet the first one due to the strong
atomic reconfiguration around the He path. The inverse process (the separation) requires a larger
value, estimated in 0.92 eV (see the discussion below).

From the relaxed structures, we can easily estimate the value of the free volume. In recent
works, the Voronoi concept was used [33, 34|, but here we are going to define such free volume
in a more intuitive way as the free open space among the eight first neighboring W atoms in the
interface. We have included a sketch in figure 2 a). The volume contained in such geometrical
structure is estimated to be 20.7 A3, much larger than the accessible free volume in the bulk, that
is about 16.0 A®. This great difference clearly justifies the assumption that He atoms move to
free areas. In fact, the value is a little bit larger when we take into account the relaxed structure,

leading to a volume of 20.9 A3. Using the result for two He atoms, the accessible free volume grows



to 21.7 A3, ie. 10.8 A® per atom. Additionally, it is important to notice that the first He atom
creates a hole in the charge density around it, favouring the approach of the subsequent atoms
(33, 34].

The geometrical effect is confirmed by the inclusion of more He atoms along the same groove
at the interface. The third He atom prefers to be aligned in the same row close to the already
present He atoms. The formation energy of such a configuration amounts to 9.03 eV, less than
three times the value for one single He atom. This third atom is placed on the following x1
unit cell in the Y-direction where more free space is available with a relatively low energetic cost
to produce a deformation in the lattice that affects the neighboring atoms. For this reason, the
free volume analysis is not directly comparable to the previous cases. On the other hand, the
formation energy grows by 0.08 eV for a distant site along the same groove and by 0.13 eV in
the He2 position. We can do again a calculation to let a the third He atom join the pre-existing
cluster of 2 He atoms. Now, the barrier takes a higher value than before, namely 1.10 eV, while
the inverse process is slightly larger (1.14 eV). This value (together with the previous one obtained
for two atoms) suggest that, even though this is the best-case scenario, only at high temperatures
will He atoms coalesce to form bubbles. A more feasible procedure should be associated with a
preference of He atoms to reach the interfacial deformed areas where other He atoms are already
present, favouring thus bubble formation.

For the fourth atom we have only tried the position closer to the previous configuration as well
as the site at the He2 position. Again, the most stable situation implies the accumulation of He
atoms aligned along the selected groove: the formation energy is 11.90 eV, that is 0.33 eV lower
than the latter option.

Up to this point, we consider that the quality of our results is guaranteed by the x4 periodicity
chosen in the Y-direction, i.e., the He atoms are located in consecutive two x1 unit cells. The
deformation induced on the atomic rows in the following cells in the Y-direction is in the limit
of the acceptable. Consequently, additional He atoms have been placed along the same atomic
row where the energy cost for the deformation of the surrounding atoms is lower than in an area
free of He atoms. We can continue adding He atoms until the binding energy of the system takes
on a negative value meaning that, although the structure can be stable at 0K temperature, it
will certainly be unfavorable at finite temperature. In our system, this happens for 8 He atoms,

implying that the W(110) /W (112) interface accepts around two He atoms at each groove of the x1
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Figure 4: (color on-line) Lateral view of the charge density distribution of the W(110)/W(112) interface with the
most a He atom in the most stable vacancy (indicated with a red circle). The dark/white area correspond to the

lower /higher electronic charge density.

unit cell in the Y-direction. This is somehow equivalent to filling an infinite row due to the periodic
boundary conditions inherent to the DFT approach. Anyway, as a relevant conclusion of these
calculations, we can establish that the He atoms prefer an approximately linear distribution along
a groove over the accumulation inside a x1 unit cell or the dispersion of the atoms in different

grooves. Binding energies will be discussed later in the 4 section.

3.2.  Accumulation of He atoms inside a monovacancy.

Now our attention turns to the accumulation of He atoms in the most stable vacancy found at
the W(110) /W(112) interface. In a previous work [57], we found that such vacancy is formed at
the W(112) side of the interface and far from the most stable groove (see the circle marked with a
yellow cross in figure 1). Moreover, we have tested that this place corresponds to the most stable
vacancy where the first He atom can be placed. As happened for the bulk, the He atom tends
to occupy the empty space left by the lost W atom, i.e., the area with a lower electronic charge
density as shown by figure 4. The red circle indicates the position of the vacancy and it correspond
to the darkest area on the image. The formation energy takes a value of 3.33 eV, much lower than
the result found for the perfect bulk, namely, 4.75 eV [38]. Surprisingly, this value is yet slightly
larger than the energy obtained for the most stable groove at the interface (3.07 eV, see above).

This last data is in contradiction with the results obtained for a H atom in the same vacancy on

11



the same GB and with other metallic interfaces, such as Cu/Nb and Cu/W (see Refs. [32], [35]),
probably because, in such last cases, the most stable vacancy was at the fce-Cu side. Interestingly,
if the He atom is placed in the Hel site of figure 1, the energy is 1.05 eV larger, meaning that
helium will prefer to stay within the vacancy when it is close enough to the interfacial groove
analysed above.

The second He atom forms in the vicinity of the vacancy a (110) dumbbell-like structure with
the first one (see figure 5 a)). The corresponding formation energy reaches a value of 5.69 eV,
more than 0.20 eV lower than other three alternative structures tried in this work (not shown).
It is important to notice that now the formation energy is lower than the value in the perfect
interface, namely 6.08 eV, (and much lower than 7.67 eV in the bulk, see table 1), suggesting that
He atoms will prefer to accumulate in the vacancies. This geometry is 0.69 eV more stable than
the arrangement with one atom in the vacancy and the second one at the Hel site. When the third
atom arrives, the three He atoms form a triangle (figure 5 b)) and the formation energy grows to
8.22 eV, this time 0.51 eV lower than the structure with 2 He atoms in the vacancy and the third at
the Hel position. Similar calculations involving the addition of a growing number of He atoms have
been performed. In all cases, the accumulation of helium close to the monovacancy undisputedly
represents the most favorable configuration. For four, five, six and seven He atoms an internal
rearrangement of the He cluster takes place (see the evolution of the most stable structures in
figure 5), leading to formation energies of 10.74 eV, 13.10 eV, 15.24 eV and 17.86 eV, respectively.
Again, the value grows with the number of He atoms included in the calculation. In all these
configurations, we have tried three alternative structures.

The last two panels of figure 5 show the most stable geometry found for a He cluster of 8 and
9 atoms, respectively, out of the three different initial He arrangements attempted. In both cases,
some of the He atoms (indicated by a red arrow) have left the volume assigned to the vacancy, or in
other words, the empty space in between the site of the missing original W atom and its first nearest
neighbors. Both structures are more stable than the geometries generated from the combination
of the most stable 7 and 8 He atoms configurations and the addition of an extra He atom at the
Hel site by 0.26 and 0.55 eV, respectively. This result has two important implications: first, seven
may be defined as the maximum number of He atoms that the vacancy can accommodate and
second, the growth mechanism of the He cluster seems to imply a redistribution of the newcoming

atoms at the interfacial areas close to the vacancy. The figure 1 can give an explanation to this
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Figure 5: The most stable configurations found for the most stable monovacancy at the W(112)/W(110) interface
with: a) 2, b) 3, ¢) 5,d) 6, e) 7, and f) 9 He atoms, respectively.

behaviour: close to the vacancy analyzed here, there are some very stable sites (labeled as He4
and He5 in the figure with a formation energy only 0.14 eV higher than Hel) where the upcoming
He atoms can be accommodated. As a consequence, even though the formation energy is lower
at some points of the interface as compared to the vacancy site, the latter can be considered as a
prominent bubble nucleation site at which the aggregation of He atoms at the interface can begin.

It is important to notice that the number of He atoms accumulated in a monovacancy in the
ideal bulk was previously estimated in 9 [38]. In such case, a 5x5x5 supercell was used, while here
only a x4 periodicity in the Y-direction is considered. This slight difference could lead to a potential
decrease in the number of accepted He atoms because maybe the system can not accommodate
the deformation. Thus, it might well be that this number could grow up to 9 with a larger unit
cell, but the behavior of the successively added atoms should essentially be the same.

In apparent contradiction with our result, a recent article based on MD simulations performed
for a symmetric W GB suggests that the accumulation of He atoms in a vacancy at the interface
produces a trap-mutation process by removing surrounding W atoms [77]. As a consequence, the
size of the vacancy increases and more He atoms can be added until another W atom is pulled
out from the GB. These simulations were performed at a temperature of 1000K. We can speculate
that there is a temperature dependence of the expulsion of He or W atoms from the n-vacancy.
Probably, at some temperatures both processes would compete. Even there can be a dependence
on the type of GB studied. For this reason, a deeper analysis of the effects of temperature on this

(and many others) GB should be performed in future works in order to shed light on these ideas.
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We can do an estimation of the free volume in all these cases using the same procedure previ-
ously followed for the pure interface. In the ideal bulk of a bee structure, the empty space around a
vacancy can be defined as the volume within a cube with a side equivalent to the lattice parameter.
In the W case, the volume takes the value 31.9 A3 (the real value is slightly smaller due to the
atomic compression of the atoms around the hole). The free volume in the most stable vacancy
in the present GB is much larger, namely 40.0 A% justifying the preference of the He atoms for
the open spaces and the lower formation energy of the first He in the vacancy at the interface. In
fact, the free volume accessible for the first He atom is lower (39.1 A®) than the value obtained
for the atomic positions of the initial interface (before the vacancy is created). With the inclusion
of more atoms, the total space available for the He atoms grows from 39.8 to 51.0 A3 for two and
seven atoms respectively. This growth is due to the gradual displacement of the neighboring W
atoms, but the effective free volume per atom is reduced from 19.9 to 7.3 A3. As the 8th He atom
prefers to move to the interface, we can expect that the latter value will be similar regarding the
reception of new He atoms in larger n-vacancies at the interface. This limit is much larger than
in the bulk, namely about 4.3 A® (for this calculation we have used the most stable structure
previously obtained [38] for 9 He atoms in a monovacancy), suggesting a great influence of the

surrounding open spaces at the interface.

4. Discussion.

We would like to start this section summarizing some general results obtained for the formation
energies. Taking into consideration the data presented in table 1, it is important to remark that
all formation energies at the interface are lower than in the bulk for both the ideal defectless and
monovacancy systems. The values for the ideal interface are around one half of the values for the
perfect bulk. This result shows the great attraction (in fact, the lower repulsion) exerted by the
interface on the He atoms. If the great mobility of the He atoms within the bulk is added to the
description, we can expect that a great part of the helium inside a tungsten matrix is capable
of moving at ease toward the interfaces or GBs. This result has been previously found in other
different W GBs using kMC [73]. These regions would thus precisely represent outstanding initial
structures that can help reducing irradiation damage in the materials of interest.

Once the first He atom arrives at the interface, our first-principles formation energy data seem

to reveal a competition between the most stable vacancy and the positions surrounded by more
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Figure 6: Binding energy obtained via the one-by-one procedure for the cases analyzed in this work for the Ng.-
clusters: along the most stable groove at the interface (black squares) and in the most stable vacancy at the W(110)

surface (red circles).

open space at the perfect interface. Considering the individual calculations separately, helium
prefers to be at the so-called Hel site instead of the vacancy. As we mentioned before, this is in
contradiction with the results in other semi-coherent interfaces. Interestingly, when the vacancy
is present in the configuration, the He atom prefers to occupy the vacancy site instead of the
apparently more convenient Hel site. This means that for the He atom inside the vacancy the
global deformation is less important than when it occupies the Hel site, implying an important
reduction in the energetic cost. The successively inserted He atoms prefer to be accumulated
in the vacancy until the empty space is completely filled, when they start to be distributed in
the competitively stable (He4 and Heb) sites of the interface in the vicinity of the vacancy. In
our opinion, this competitive behaviour agrees well with the picture that He will preferentially
segregate at pre-existing sites at the interface [2].

For a deeper analysis of our energetic results, we have estimated the He binding energies at the
interface with and without the monovacancy following the one-by-one procedure explained in the
section 2, i. e., adding the He atoms one by one to the system. The resulting curves can be found
in figure 6. The binding energy can be considered as a measure of the bond established between
two objects, comparing the total energy obtained for the complex when both of them are together
to the case with the objects far apart. Such situation is found by simulating each object in two

different calculations. These energies are essential for the performance and understanding of the
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kMC results for much larger systems. In previous kMC simulations, researchers have used only
bulk parameters in all the system assuming that the He atoms disappear when they reach a surface
or a GB [47, 74]. This collection of parameters can improve the performance of such simulations.

The inclusion of the second He atom at the interface leads to a binding energy of 0.07 eV that
can be compared to the value for the ideal W-bulk, namely, 1.03 eV [47]. This small value suggests
that it is highly probable that one of the two He atoms may migrate through the interface, but in
the previous section we showed that when both atoms are together there is a large energy barrier
to split them up. Consequently, for relatively low temperatures one single atom could migrate
only if it is not adjacent to the second one. We have estimated the energy barrier of such single
He atom migration along the most stable interfacial groove using the NEB methodology [72]. The
value is 0.35 eV (see the sketch and the barrier in figure 7), much larger than that in the bulk
(0.08 eV) previously found by the authors [75] in very good agreement with the literature [64].
Again, this larger barrier at the interface than in the bulk is in contradiction with the H atom
case, where the migration energy was estimated to be 0.12 eV, lower than the 0.21 eV in the
bulk [57], so it seems probable that H atoms can move more easily than He atoms along this
GB. Moreover, we have calculated the migration energy for both He atoms moving together. The
resulting energy grows to 0.45 eV, reflecting a more complex mechanism (see the sketch in Figure
7 b)). In order to complement the analysis, we have performed a similar calculation for three
He atoms and the migration energy has grown to 0.54 eV. Furthermore, the calculated energy
barriers indicate that for low temperatures the He atoms will be able to move from the bulk to
the interfaces, where they accumulate at their most stable grooves. For a certain temperature,
the isolated He atoms will migrate through the interface and, as the temperature grows, other
different mechanism can be expected. Probably, when the groove ends up completely filled (and
consequently all the neighboring arrangement of W atoms has been deformed) the He atoms could
move more easily and the outgassing process is favored.

The binding energies of the successively added He atoms (from three to six) slightly rise from
0.12 eV to 0.22 eV. Interestingly, the seventh atom gives rise to an important increase of the
binding energy (0.48 eV), while the inclusion of the eighth atom leads to a negative value. As
explained in section 3.1, the inclusion of the last atoms simulates an infinite and completely filled
groove due to the limited size of our unit cell and the periodicity (x4 in the Y-direction) used in

our simulations. For a more accurate calculation of the binding energy, or at least of these two
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Figure 7: Sketch of the migration mechanism along the most stable groove of the interface for: a) one He atom,
b) two He atoms together and c) three He atoms together; d) the corresponding migration energies with respect to

their corresponding more stable structures.

latter cases, a larger unit cell is required. Due to the limitations of DFT techniques when dealing
with this kind of large unit cells, the MD methodology is highly recommended.

On the other hand, the binding energy of the first atom in the vacancy (0.99 eV) is much larger
than at the interface, but more than four times lower than the value for the vacancy in the perfect
bulk, namely, 4.67 eV [47], suggesting a higher mobility in the vacancy at the GB comparing to
the almost immobility in the bulk. Subsequently, the binding energy decreases to 0.72 eV for two
He atoms, while it is stabilized for three and four atoms at 0.55 eV. For the bulk vacancy a similar
behaviour is observed, since the binding energy decreases to around 3.20 eV, still much larger
than at the corresponding situation for the interface. While in the bulk case the binding energy
maintains a decreasing trend, albeit always higher than 2.00 eV, at least up to 9 atoms, for the
present interfacial vacancy the value grows back to 0.93 eV for six He atoms. Now, the binding
energies oscillate between 0.59 eV and 0.26 eV from 7 to 9 He atoms. As mentioned in the previous
section, from the seventh atom onwards, the additional He are distributed at the interfacial sites
close to the vacancy. This result explains why the values are close to the case of the most stable
groove at the interface. With these binding energies, we can expect that new atoms can be added
to this cluster, and that they can migrate along the groove at the interface. We can consider this as

a second highly desirable effect that can contribute positively to the He outgassing of the material.
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5. CONCLUSIONS.

In conclusion, we have studied the accumulation of He atoms at a W(110)/W(112) GB with
and without a monovacancy using DF'T techniques. We have proven the superior stability of the
He atoms at the interface. Contrary to interfaces previously analysed in the literature, the He
atom has a lower formation energy at the interface instead of in the vacancy. On the other hand,
helium prefers the vacancy when both the most stable site and the vacancy are close enough in
the interface. Succesive atoms can be accumulated at the interface with and without the vacancy.
From the second He atom onwards, helium has a lower formation energy in the vacancy and for
all the He-clusters examined the values are much lower than in the bulk. The He atoms tend to
be aligned in the areas with no non-coincident sites for the W atoms on both surfaces, a similar
behaviour as in the so-called misfit dislocation intersections of the KS-Cu/Nb interface. He atoms
find a better accommodation in those open spaces until the groove is completely filled. Finally, He
atoms are accumulated in the monovacancy up to a number of seven. Contrary to the bulk case,
here the new He atoms are placed in sites close to the vacancy, thus increasing the cluster size. The
binding energies obtained in such cases, as well as in the perfect interface, suggest that the atoms
placed in the groove could migrate through the interface, favoring the outgassing process. However,
the increasing barriers with the size of the He cluster indicate that probably such outgassing will
be done at high temperatures or when the grooves are completely full and deformed, so that the
energetic cost could be reduced. Thus, this GB will efficiently adsorb He atoms until the He atoms
can move out of the interface. Taking all these features into consideration, we can conclude that
this kind of GBs or interfaces in W will positively contribute to the widespread consideration of
nanoestructured tungsten as an adequate material for future fusion reactors or, more generally, for

high radiation-affected environments.
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