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ABSTRACT

In this work, the behavior of dilute interstitial helium in W-Mo binary alloys was explored through the application of a first principles-informed
neural network (NN) in order to study the early stages of helium-induced damage and inform the design of next generation materials for fusion
reactors. The neural network (NN) was trained using a database of 120 density functional theory (DFT) calculations on the alloy. The DFT database
of computed solution energies showed a linear dependence on the composition of the first nearest neighbor metallic shell. This NN was then
employed in a kinetic Monte Carlo simulation, which took into account two pathways for helium migration, the T-T pathway (T: Tetreahedral)
and the T-O-T pathway (a second order saddle in both W and Mo) (O: Octahedral). It was determined that the diffusivity of interstitial helium in
‘W-Mo alloys can vary by several orders of magnitude depending on the composition. Moreover, T-O-T pathways were found to dominate the T-T
pathways for all alloy compositions for temperatures over about 450 K. Heterogeneous structures were also examined to account for radiation-
induced segregation. It was observed that diffusion was fast when W segregated to the grain interior region and Mo to the grain outer region and
was slow for the reverse situation. This behavior was explained by studying the energy landscape. Finally, thermodynamic simulations indicated that
Mo-rich regions of the alloy were most favorable for binding the interstitial helium and may be the sites for the nucleation of helium bubbles.
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its operational lifetime, and cause contamination of the plasma.”™

Therefore, there has recently been a growing interest in investigating
tungsten alloys instead such as W-Mo,” "2 W-Re,'>!* wW-y,!>1©
W-Ti,'” and W-Ta alloys'® as potential candidate plasma-facing
materials. It has indeed been shown that such alloying may lead to

INTRODUCTION

Fusion reactors offer a promising source of a sustainable,
abundant form of alternative energy that does not emit greenhouse
gases, reduces long-lived radioactive waste, and has limited risk of
proliferation compared with fission reactors.” One of the important

challenges with developing fusion reactors is the development of
materials that can withstand harsh environments during opera-
tion.” Tungsten is a candidate for use in plasma-facing materials of
fusion reactors due to its superior thermomechanical properties
including high temperature strength, low sputtering erosion, and
limited tritium retention.” Nevertheless, and despite these favor-
able characteristics, tungsten possesses poor toughness and a high
ductile-to brittle transition temperature (DBTT) and is known to
undergo significant surface morphology evolution due to its interac-
tion with energetic helium particles, which can escape from the
plasma. Helium can form bubbles, fuzz, and blisters in tungsten,
which may cause its fragility and degradation, impose a limitation on

improved characteristics compared with bulk tungsten. For example,
an ab initio study on W-Mo binary alloys'’ and an experimental
investigation of W-Mo-Cu alloys'” revealed improved ductility com-
pared with tungsten. El-Atwani et al.”’ reported that W-Ta-Cr-V
alloys (38 at. % W, 36 at. % Ta, 15at. % Cr, and 11 at. % V) displayed
exceptional radiation resistance when exposed to a 1-MeV Kr'?
beam at 1073 K, with no signs of irradiation-induced dislocation
loops after eight displacements per atom (dpa). This impressive radi-
ation tolerance was attributed to the equal mobilities of point
defects. Hasegawa et al.”" observed that a small amount of rhenium
(3-5)at.% in W-Re alloys was effective in suppressing void
formation.
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In order to assess the suitability of the material for use in
fusion reactors, it is imperative to examine its interaction with
helium particles and to develop and enhance our fundamental
understanding of the atomistic processes that lead to bubble forma-
tion and subsequent material evolution. Such knowledge may play
a vital role in informing the design of mitigation strategies and
improving material performance. Despite the extensive literature
reporting on helium behavior in bulk tungsten,”™** investigations
of helium interaction with tungsten alloys have been limited. Zhang
et al.'® irradiated W-V binary alloys (5wt.% V) by 60 keV He>"
ions. They observed reduced blistering and helium desorption com-
pared with bulk tungsten, and this behavior was attributed to grain
refinement and the alteration of trapping sites. Buzi et al.'” ana-
lyzed retention properties and morphological changes after expo-
sure to deuterium (D) and helium (He) plasma at 50eV and
surface temperatures of 500 and 1000 K and observed that nano-
grained W-Ti alloys exhibited a lower concentration of blisters on
their surface than pure W, including nano-grained W. Chen et al.”’
conducted a study on helium ion implanted W/Ni bilayer nano-
composites and concluded that dispersing nickel-nanoparticles into
tungsten can protect tungsten against the deleterious effects of
helium. Wu et al.”’ studied the effects of alloying and transmuta-
tion impurities on the stability and mobility of helium in tungsten
under a fusion environment. The authors showed that 3d and 4d
transition metals bind He more strongly than 5d transition metals
and that He prefers to occupy sites of low charge density surround-
ing the impurity. They also reported a sequential relationship
between diffusion energy barriers of He around the possible alloy-
ing elements as Ti>V > Os > Ta > Re. In another study, Wu et al.”
also showed that the binding energies between the substitutional
impurities and He increase linearly with the relative charge densi-
ties at the He occupation site, implying that He atoms easily aggre-
gate at low charge density sites.

Density functional theory (DFT) provides a powerful tool for
investigating the behavior of helium in tungsten alloys, especially
considering the extreme conditions under which experiments must
be performed. Furthermore, developing a complete picture of the
accumulation, migration, and retention of helium in tungsten alloys
begins by a detailed understanding of the mechanisms and pro-
cesses governing the behavior of interstitial helium atoms in tung-
sten alloys. In this work, we will employ a DFT database of
interstitial helium solution energies in W-Mo alloys to train a
neural network (NN), which will then be utilized to explore the
behavior of helium in the full range of this binary alloy.

COMPUTATIONAL METHODOLOGY
DFT calculations

Spin-polarized ab initio calculations were performed under
the density functional theory (DFT) framework with pseudopoten-
tials generated using Blochl’s projector-augmented wave (PAW)
method”>”” as implemented in the Vienna ab initio Simulation
Package (VASP).”*”> The generalized gradient approximation
(GGA)*® was used for the exchange-correlation functionals as
parametrized by Perdew, Burke, and Ernzerhof (PBE).”” The first
order Methfessel-Paxton method for Fermi surface smearing’®
with a small broadening width of 0.1eV was employed in all
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calculations. The valence electron wave functions were expanded in
a plane wave basis with cutoff energies of 500 eV. The reported
DFT database was obtained by performing calculations on 4 x 4 x 4
supercells (containing a total of 128 atoms), and the Brillouin zone
was sampled by a T'-centered 3 x 3 x 3 Monkhorst-Pack grid.”” The
positions of the atoms as well as the volume and shape of the
supercell were fully relaxed. In this work, the electronic self-
consistent calculations converged to an accuracy of 1077 eV, and
the atomic relaxation steps (of positions and shape/size of the
supercell) were allowed to continue until the total energy of the
system satisfied a threshold of 10™* eV between successive ionic
relaxation steps. The reported solution energy for helium was
obtained via the following equation:

E; = E(W,_.Mo,He) — E(W,_,Mo,) — E(He)

1)
for 0 <x<1,
where E(W;_,Mo,He) represents the energy of the binary alloy
system containing interstitial helium, E(W;_,Mo,) is the energy of
the alloy supercell without the interstitial defect, and E(He) is the
energy of an isolated helium atom (which was taken to be 0 eV).
The kinetics were examined by conducting a series of climbing
image nudged elastic band (CI-NEB) calculations'”"' to determine
the saddle points for the interstitial helium hopping between differ-
ent tetrahedral sites. The calculations were performed with the
springs of elastic constants of 5eV/A? and with the optimization
being performed using the quickmin method.*” The CI-NEB calcu-
lations were performed on our 4x4x4 supercells with a
I'-centered 3 x 3 x 3 Monkhorst-Pack grid using the same settings
as before.

Neural network model for the helium solution energy

The structure of the artificial neural network (NN) used to
represent the helium solution energies is illustrated schematically in
Fig. 1. The input layer contains characteristics of the local atomic
environment (LAE) surrounding the interstitial defect (eight inputs
were used in this work), whereas the output layer yields the associ-
ated solution energy. In between the two layers is a hidden layer
containing two nodes. All nodes in each layer are connected to the
nodes in the adjacent layers by real-valued weight parameters,
which initially are chosen randomly. The matrix W" contains the
weight parameters connecting the input layer with the hidden layer
(which has a size of 2x 8 and 16 elements in total for our case),
and the matrix W® contains the weight parameters connecting the
hidden layer with the output layer (which has a size of 1 x2 and 2
elements in total for our case) and no bias was used in the present
work. The nodes in the hidden layer and the output layer are asso-
ciated with activation functions. In the illustrated NN, sigmoid acti-
vation functions were utilized for the hidden layer and a linear
activation function was used in the output layer.

The input to the illustrated neural network was derived from
localized clusters* about the interstitial atom to describe the local
atomic environment (LAE) surrounding the defect. Each bcc lattice
site (i) was assigned an occupation variable o; = +1 or —1 depend-
ing on whether it was occupied by a W (+1) or a Mo (—1) atom.
Several clusters were considered in this work: the one-body figure

J. Appl. Phys. 127, 175904 (2020); doi: 10.1063/1.5144891
Published under license by AIP Publishing.

127, 175904-2


https://aip.scitation.org/journal/jap

Journal of
Applied Physics

54

x
T

x
N -3 @ @& N
' X ‘)_’ Y )’

x

LAE —
X
X hy
o VA A —
[x | w! w2
Input Layer Hidden Layer

(x;) that physically corresponds to the helium occupying a T-site
without interactions with any surrounding metal atoms and several
two-body figures (comprising the helium occupying the T-site and
one metal atom in the figure). These included the interactions of
helium with metal atoms in the first, second, third, and fourth
nearest neighbor shells corresponding to inputs x,, X3, X4, and Xs,
respectively. Three 3-body figures containing the interstitial helium
at the T-site and two metal atoms were also used. These three-body
clusters are illustrated in Figs. 2(a)-2(c) corresponding to inputs
X6 X7, and Xg, respectively. In considering these local clusters (con-
taining the tetrahedral site), equivalent structures derived from
point symmetry were treated equivalently and averaged, and no
translations were included because the clusters are localized about
the tetrahedral site. Only T-sites were considered because T-sites

(a)
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FIG. 1. An illustration of the structure
of the neural network used in this work
to compute the helium solution energy
in W-Mo alloys after being trained with
a DFT database.

=so0l

Output Layer

(b)

bind helium more strongly than octahedral sites and, hence, it is
reasonable to assume that interstitial helium atoms in dilute con-
centrations will occupy these sites. In constructing a representation
for the solution energy, He-He interactions were ignored and
hence the neural network representation is only valid in the dilute
limit.

Training and data selection

For training the neural network, the backpropagation algo-
rithm using the batch method was implemented.*>"” In the batch
method, each weight update is calculated for all the errors of the
training data, and the average of the weight updates is used. The
epoch identifies the number of completed training cycles for all of

FIG. 2. An illustration of the three-body clusters used as input for describing the local atomic environment about the interstitial helium (a) was used for xg (b) was used for

X7 and (c) was used for xg.
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the training data. In the batch method, the number of training pro-
cesses per epoch is one (since all the available training data is used
to update the weights), and 200 000 epochs were used for training the
neural network. At the beginning of the training process, the learning
rate was 0.7 and was then increased to 0.9 after 100 000 epochs for
faster convergence. The DFT data for training the neural network
were selected as follows: the first 60 data points were selected by gen-
erating random structures of 25 at. %, 50 at. %, and 75 at. % tungsten
and randomly placing the helium atom at a T-site. This group of
data points allowed for an initial parametrization of the neural
network. After this initial training was performed, the trained model
was subsequently used to search for minimum energy configurations
via a genetic algorithm (whose details are described in the Appendix)
finding the most favorable configurations about an interstitial helium
atom for a specified overall composition of the alloy. These configura-
tions were then used as input structures for additional DFT calcula-
tions, and the output of these calculations was added to the database.
This process was repeated until the neural network was able to reli-
ably predict helium solution energies given input regarding the local
atomic environment surrounding the T-site in question.

RESULTS AND DISCUSSION

The equilibrium lattice constants for tungsten and molybdenum
were calculated to be 3.17 A and 3.15 A, respectively. These values
agree with previous calculations™*®"” and with experimental mea-
surements of 3.165A and 3.147 A for tungsten and molybdenum,
respectively.” Helium solution energies in bulk bcc tungsten and
bulk bcc molybdenum were computed using both the PBE density
functional”’ and the Perdew-Wang (PW91) density functional®’
according to Eq. (1). Both the tetrahedral sites (T-sites) and octahe-
dral sites (O-sites) were examined. The results were recorded in
Table I and compared to other calculations in the literature. All cal-
culations performed in this work were found to be non-magnetic.

The results of Table I indicate that our calculations are consistent
with the literature and that the T-sites are more stable than the O-sites
for helium binding in both tungsten and molybdenum.”*”'~
Furthermore, the relative values for the solution energy of helium in
T-site compared to O-site are consistent for the two density function-
als. For the remainder of this work, we chose to employ PBE
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exchange-correlation functionals. The minor differences between cal-
culations utilizing different density functionals are not expected to
have a significant impact on the results reported in this work.

The zero-point energy corrections to the minima and the
saddle points were determined by displacing the helium atom and
four metal atoms and summing up the zero-point normal vibra-
tional frequencies Ezpz =13 hv;, where v; are the frequencies of
the normal modes. Our restlts for the zero-point energy correc-
tions appear to be consistent with values reported in the literature
for Mo (none are reported in the literature for W) as shown in
parentheses in Table I.

In our calculations, two different pathways were considered
for helium migration in bcc W and bcc Mo. The first pathway
was the T-T pathway, and the second pathway was the T-O-T
pathway, which was found to be a second order saddle (associ-
ated with two imaginary frequencies). The hopping frequencies
were determined via Vineyard’s method’* where the hop fre-
quencies were found using harmonic transition state theory in
the classical limit:

3N
[T v

HBN—I vT >

=1 7]

2

Vo =

where v; and v} are the real normal mode frequencies at the
initial state and the transition state, respectively. The results are
reported in Table II, and the pathways are shown in Fig. 3.

The results reported in Table II are consistent with values
reported in the literature. Becquart and Domain® reported a migra-
tion energy of about 0.06 eV for interstitial helium in bec tungsten
for the T-T pathway [without considering the zero-point energy
(ZPE) correction]. For the T-T and T-O-T pathways of interstitial
helium in bec molybdenum, You et al.” reported migration energies
of 0.06 eV and 0.17 eV, respectively (without the zero-point energy
correction). After including the ZPE correction, they reported values
of 0.05eV for the T-T pathway and 0.12 eV for the T-O-T pathway
in agreement with our reported results for migration energies in Mo.
Runevall and Sandberg’' calculated a migration energy of 0.053 eV
for helium traveling along the T-T pathway in bcc Mo (without

TABLE I. The solution energies for helium in tetrahedral (T-site) and octahedral (O-site) interstitial sites of bcc W and bce Mo using different density functionals. The reported
results in parentheses account for the zero-point energy corrections. The other results do not.

Bcc W Bcec Mo
T-site Eq) (V) O-site Eqyy (eV) T-site Ey,) (eV) O-site Eq (eV)
This work (PBE) 6.30 (6.36) 6.51 (6.52) 5.40 (5.47) 5.56 (5.58)
Literature (PBE) 6.23," 6.36" 6.48,'6.58" N/A N/A
This work (PW91) 6.17 6.37 5.29 ‘ 545
Literature (PW91) 6.16,°6.19¢ 6.38,° 6.41¢ 5.33,% 5.28,° 5.39 (5.47)’ 5.48,% 5.45° 5.56 (5.59)"

Lee et al.®
®Zhao et al.”’
“Becquart et al.”
9Zu et al.”’
*Runevall ef al.’’
You et al.”

J. Appl. Phys. 127, 175904 (2020); doi: 10.1063/1.5144891
Published under license by AIP Publishing.

127, 175904-4


https://aip.scitation.org/journal/jap

Journal of
Applied Physics

TABLE II. The migration energies for the T-T and T-O-T pathways interstitial helium
in bcc W and bce Mo with and without the zero-point energy (ZPE) corrections cal-
culated via the climbing image nudged elastic band (CI-NEB) method. The hopping
frequencies calculated through Vineyard’s method®* are also reported.

BCCW BCC Mo
Pathways T-T T-O-T T-T T-O-T
Migration energy (eV)  0.065 0.2044 0.051 0.15
Migration energy (eV)  0.081 0.154 0.0397 0.1

(with ZPE correction)

Hopping freq (Hz) 1.1x 10" 84x10" 56x10" 9.6x10"

considering the ZPE correction), which again agrees with our result.
Finally, it is interesting to note that for both bcc W and bcec Mo, the
hopping frequency for interstitial helium to migrate via the T-O-T
pathway is over an order of magnitude higher than that associated
with the T-T pathway. This result is expected to have some implica-
tions for the diffusion process.

The calculated database for interstitial helium solution ener-
gies in W-Mo binary alloys (whose construction was described in
the Computational Methodology section) included a total of 120
entries. The reported calculations do not include ZPE corrections
and are shown in Fig. 4(a). This database only considered intersti-
tial helium atoms placed at T-sites of the W-Mo alloys. This is a
reasonable assumption in the dilute limit of He concentrations
since the T-sites are more stable for binding interstitial helium.

Figure 4(a) illustrates the complex behavior of helium in the
binary alloy and underlines the failure of a simple interpolation of
the solution energies of helium in bulk bcc W and beec Mo in cap-
turing the behavior of the helium in the alloy. From Fig. 4(b), there
emerges a clear pattern and the solution energy generally appears
to almost vary linearly with the solution energy increasing (becom-
ing more unfavorable) with the number of tungsten atoms in the
first nearest neighbor shell surrounding the T-site where the
helium is located. A weaker pattern emerges from Fig. 4(c) where it
still appears that the solution energy becomes more positive with
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increasing the tungsten occupation fraction in the second nearest
neighbor metallic shell surrounding the T-site. However, it is diffi-
cult to glean any information from Fig. 4(d), and the tungsten
atoms in the third nearest neighboring shell are expected to play a
smaller role in determining the solution energy compared with the
metal atoms in the first and second nearest neighbor shells.

The neural network was trained with this database using the
backpropagation algorithm implemented with the batch procedure as
described in the Computational Methodology section. The results of
this fit along with the final weight parameters are illustrated in Fig. 5.

Figure 5 shows that the trained neural network model fits the
DFT data well and can reasonably produce the DFT values
given information about the local atomic environment as input.
Figure 5(b) depicts the weight parameters that result at the end of
training the neural network. Figure 5(c) is a parity plot, which
gives another illustration of the capability of the model in repro-
ducing the data. The data points appear scattered about the y=x
line. Figure 5(d) shows a histogram of the errors in fitting the data
points. This histogram approaches a normal distribution about 0,
which indicates the absence of systematic errors. The root mean
square error of the fit was calculated as 0.035 eV. Finally, it is inter-
esting to note that our observation regarding Fig. 4(b) indicating
the dependence of the solution energy on the composition of the
first nearest neighbor metal shell is directly reflected in the weight
parameters reported in Fig. 5(b). In particular, the first two
columns of matrix W (with the first column corresponding to
the input from the one-body cluster and the second column corre-
sponding to the input from the two-body cluster consisting of the
He atom and the first nearest neighbor) are the largest elements in
magnitude for that weight matrix consistent with our expectations.

A good measure of the predictive power of the neural network is
to examine the Leave-K-out cross validation (CV) score. To examine
the fit, it was chosen to randomly leave out 15% of the DFT data
points used for training the neural network (18 data points), use the
rest of the data to train the network, and then test its performance on
the data that were left out. This process was repeated 3000 times, and
the results of this analysis are included in Fig. 6.

(b)

FIG. 3. An illustration of the two path-
ways for interstitial helium hopping in
bcc W and bcc Mo: (a) the T-T
pathway and (b) the T-O-T pathway.
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FIG. 4. (a) The DFT database (no ZPE corrections included) as a function of the global alloy composition. (b) The local atomic environment in the first nearest neighbor
shell about the interstitial helium (at the T-site). (c) The local atomic environment in the second nearest neighbor shell about the interstitial helium (at the T-site). (d) The
local atomic environment in the third nearest neighbor shell about the interstitial helium (at the T-site).

Figure 6(a) depicts the spread of the root mean square errors
(RMSESs) of the 3000 fits performed for the 18 data points left out
at the beginning of each cycle. The calculated cross validation score
is 0.042 eV, and the model appears capable of predicting the left
out data points well. Furthermore, another output of this analysis
is 3000 sets of weight parameters. A sample of the distribution of
a few of the weights is included in Fig. 6(b). It is clear from
examining the figure that the fit is quite stable and that a normal

Esol,j — Lsol,i

distribution for each of the parameters (centered about its
optimum value when all data are included) is recovered.

To analyze the diffusivity of the interstitial helium in the alloy
using the neural network representation of the solution energy, a model
is needed to represent the saddle point energies. The kinetically resolved
activation barrier (kRA) model was used for this purpose.””*® The
details of this model for calculating the saddle point energy for a hop
from T-site (i) to T-site () are included in Eq. (3),

lEsol,j - Esol,i |

2 + Ea’ |Esal,j - Esul,i| S + an
. . |Esol,j - Esul,i|
Eparrier(i —>]) = E:ol,j — Es; +0.01eV, Esol,j > Egoli and |Esal,j e Esol,il < f + E,, (3)
Eco1j — Esori
0.01eV, Egqp > Esol,j and |Esol,j - sol,il < w + E,.
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FIG. 5. The performance of the neural network trained to predict the DFT solution energy data. (a) The variation of the uncorrected (no ZPE) binding energy as a function
of the global alloy composition. Both the calculated DFT results (red circles) and the neural network (NN) results (blue + signs) are shown. (b) The weight parameters that
result from training the NN with the DFT database. (c) A parity plot showing the agreement between the DFT recorded data and the neural network (NN) model. The data
points are clustered about the y =x line. (d) The distribution of errors at the end of training the NN.
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FIG. 7. The diffusivity of helium in W-Mo binary alloys as a function of temper-
ature and composition.

E, was obtained via interpolating between the values of the
ZPE-corrected barriers for a hop in bcc W and bee Mo (as reported
in Table IT) based on examining the first nearest neighbor shells for
the initial and final states of the hop in the alloy. In addition, the
solution energies utilized in the model (E,,) were obtained from
the neural network and included an additional contribution, which
accounted for the ZPE corrections by interpolating between the
ZPE values for He in the T-sites of bcc W and bcc Mo based on
the composition of the first nearest neighbor metallic shell. In the
present implementation of the kRA method, both the T-T and
T-O-T pathways were accounted for and a blocking model was uti-
lized in the kinetic Monte Carlo (kMC) simulation. In the blocking
model, only one helium atom was allowed to occupy a single T-site
at a time. For each concentration/temperature combination, we
constructed three different random representations of the alloy and
then performed kMC simulations and averaged the results. The
rates used for the allowed hops in the kMC simulation are given by
Eq. (4),

E arrier
V= exp(— ZB—T>, 4

with v, being the frequency of the hop under consideration (T-T
or T-O-T), which was also calculated by interpolating between the
values in Table II based on the overall composition of the alloy and
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was held constant throughout the simulation. The value of Epqprier
used in Eq. (4) is derived from the kRA model [Eq. (3)].

All simulations were performed using 20 x 20 x 20 supercells
of the alloy with 40 He atoms diffusing (0.25 at. %) by averaging
the mean square displacements of the 40 atoms collected over
1 x 10® time steps. Periodic boundary conditions (PBCs) were used
in all directions for all simulations. The results of this analysis were
recorded as a function of both the homogeneous alloy composition
and temperature and were included in Fig. 7.

An inspection of Fig. 7 reveals the complex behavior of
helium in the alloy and that a simple interpolation between the two
end points is not accurate. It is clear that interstitial helium diffu-
sivity in the homogeneous alloy can vary by several orders of mag-
nitude depending on composition. For example, at temperature
300 K, the diffusivity can slow down by up to six orders of magni-
tude depending on the alloy composition. This can have significant
implications for analyzing the kinetics of helium migration through
the alloy and the formation of helium bubbles in the material. The
results in Fig. 7 seem to indicate that the lowest diffusivity is
reached when the alloy composition is in the range 75-90at. %
tungsten. Arrhenius fits of the diffusivity data reported in Fig. 7
were performed, and the results are included in Table III.

Several comments can be made with regard to the results of
Arrhenius fits reported in Table III. The highest migration energy
as a result of the Arrehnius fits is found to occur at around
90 at. % W. Therefore, by preparing W-Mo homogeneous alloys
with 90 at. % W composition, it is possible to significantly slow
down the helium migration and perhaps mitigate the damaging
effects of helium interaction. Moreover, it is interesting to note that
the diffusion of helium in bulk bcc tungsten and bec molybdenum
appears to be dominated by the T-O-T pathways since the activa-
tion energy obtained by Arrehnius fitting is close to the T-O-T
barrier in both cases. This may be due to the relatively large
attempt frequencies calculated for these hops, which are over an
order of magnitude bigger than the attempt frequencies for the T-T
hops. To better characterize this phenomenon, a series of kinetic
Monte Carlo simulations were performed. In these simulations, the
trajectory of one interstitial helium particle was tracked in a
10 x 10 x 10 supercell of bcc W, bec Mo, and several random con-
figurations of each of the following compositions: Wy 75Moyg s,
WosMogs, and W ,5Mog 5. Periodic boundary conditions were
utilized in all simulations. Every step of the process involved six
possibilities for hopping; four different options for hopping along
the T-T pathway and two options for hopping along the T-O-T
pathway. Each simulation tracked the helium trajectory every step
of the simulation, and the simulation was performed for 10* steps.
This process was repeated six times and the results were averaged.
The goal of this simulation was to track the number of steps the
particle traveled along the T-O-T relative to the total number of

TABLE lll. The results of Arrhenius fits of the diffusivity data at four temperatures (T =300, 500, 1000, and 1500 K).

At % W 0 10 25 50 75 90 100
E. (eV) 0.099 0.095 0.136 0.31 0.43 0.5 0.14
Dy (m?%/s) 1.06 x 107¢ 5.4x1077 6.9%x107° 13%x107° 9.5%x 1077 3.5x 1077 7%x1077
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kMC steps. This was recorded as a function of the simulation tem-
perature. The results are included in Fig. 8.

The results of Fig. 8 suggest a temperature-dependent switch
in the mode of migration such that the diffusion in the low temper-
ature regime is dominated by the T-T pathway where the migration
barrier is low (0.081 eV in bcc W and 0.04 eV in bcc Mo) com-
pared with the T-O-T pathway (0.154 eV in bcc W and 0.1 eV in
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TABLE V. Calculated interstitial helium diffusivity in W-Mo heterogeneous and
homogeneous binary alloys at 500 K and 1000 K.

Diffusivity at Diffusivity at

500 K 1000 K

(m?/s) (m?/s)
Homogeneous alloy W, sMog s 99x107'%  42x107®
W Grain interior and Mo outer region 2.3 x 107° 12x1077
Mo Grain interior and W outer grain  3.2x 107> 1.0x107"°

region

bcc Mo). However, once the temperature exceeds about 430 K, then
the additional thermal energy allows the diffusing helium to over-
come the T-O-T barrier more easily and the interstitial atoms begin
to sample this pathway more frequently. From Fig. 8, it is clear that
the switch from the T-T to the T-O-T migration pathway occurs at a
lower temperature for helium in tungsten compared with molybde-
num and molybdenum alloys. At 250 K, the fraction of T-O-T steps
taken in bcc W already exceeds half of all kMC steps. This switch in
the migration mode does not occur until about 400 K for helium dif-
fusion in bec Mo and about 450 K for all W-Mo alloys. Hence, most
of the temperatures in the range of 300-1500 K are high enough to
favor the T-O-T pathway and sample it more frequently than the
T-T pathway for all alloy compositions. This conclusion is supported
by observations from molecular dynamics (MD) calculations of
helium in tungsten where a switch from the T-T pathway to the
T-O-T pathway was reported with increasing temperature.”’

Upon exposure of alloys to radiation, it is known that
radiation-induced segregation of elements may occur.”®™*" This
happens when radiation-induced point defects migrate to low

FIG. 9. An illustration of the structure being considered in the case of radiation-induced segregation of the binary alloy. These structures represent chemically segregated
structures that were designed to mimic the effects of grain boundary segregation though no grain boundaries were explicitly considered here. (a) shows the exterior region
of the computational supercell (element A); (b) shows the interior region of the computational supercell (element B); (c) shows the total structure.
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FIG. 10. A realization of the energy landscape for helium migration through the structure depicted in Fig. 9. (a) The case where W segregates to the inner region of the
grain and Mo to the outer grain region. (b) The case where Mo segregates to the grain inner region and W to the grain outer region. The plane-averaged energies reported
include the plane-averaged energy for every z (red line with circles), the plane-averaged energy taking into account only the path along the grain inner region (green line
with + marks), and the plane-averaged energy for the path taken along the z direction traversing the grain outer region (blue dashed line).

energy sites such as grain boundaries thereby creating a defect flux,
which may preferentially associate with an alloying element thereby
leading to segregation.”’™** This phenomenon has recently also
been studied in tungsten alloys.”*" In order to further explore
the kinetics of interstitial helium in the W-Mo alloy, we consider
the case of radiation-induced segregation to simulate conditions
that may arise in a fusion reactor. To mimic this effect, simulation
structures in Fig. 9 were considered. Here, it is important to note
that grain boundaries were not explicitly modeled in this work, but
rather a compositional segregation pattern to mimic a situation that
may arise upon radiation exposure. In one case, tungsten was local-
ized to the interior of the computational cell and molybdenum to
the outer region of the computational cell, and in the other case, the
opposite situation was considered. kMC simulations were performed
on these structures that consisted of 10 x 10 x 10 supercells with an
outer region thickness of one unit cell in each direction and an
overall composition of roughly W, sMoy 5 as shown in Fig. 9.
Periodic boundary conditions and the blocking model were uti-
lized in all simulations just as described previously, and the results
were obtained by using 20 helium atoms and calculating the mean
squared displacement at 500 K and 1000 K, which are included in
Table IV. These results show that the helium migration for the case

of a W grain interior and Mo outer grain region is much larger than
the case of the homogeneous alloy whereas the migration for a situa-
tion with a Mo grain interior and a W outer grain region is slower.
Due to the relatively low migration energies for interstitial helium
reported (Table II) compared with the variations in the solution
energy landscape observed in the alloy [a range of about 1eV as
shown in Fig. 4(a)], it is reasonable to assume (to first order) that
the diffusion of the interstitial helium in the binary W-Mo alloy is
dominated by the solution energy landscape. Hence, and to further
analyze the observed results, an averaged energy landscape was
plotted for both cases in Fig. 10.

For the case of a tungsten inner region and a molybdenum
outer region [Fig. 10(a)], it is more favorable for the diffusing helium
to move along the grain outer region (the green marked line) due to
the low migration energy needed thereby completely avoiding the
grain interior. The diffusivity values reported here are comparable to
the values in bulk bec Mo reported in Fig. 7. In the case when
molybdenum segregates to the grain interior, and tungsten to the
grain outer region, then the minimum energy pathway indicates that
the helium atom becomes trapped in the molybdenum inner region
and must overcome a large barrier of about 0.9 eV to escape from
the grain inner region, only to get trapped in the next grain inner

TABLE V. The DFT calculated interstitial He—He interactions in bcc tungsten and molybdenum. The helium atoms were placed in first, second, and third nearest neighbor
T-sites at the beginning of the simulation and the final He-He distance at the end of the calculation is reported.

He-He interactions First nearest neighbor

Second nearest neighbor Third nearest neighbor

—0.83 eV (1.44 A)
—0.74€V (1.44 A)
—0.74€V (1.49 A)

W supercell (this work)
W (Becquart et al)*
Mo supercell (this work)

—1.10eV (1.52 A)
—1.01eV (1.51 A)
—0.82¢eV (1.58 A)

—1.04€eV (1.49 A)
—0.94eV (1.49 A)
—0.94eV (1.54 A)
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10-9 “LELELE W NI BLEL AL AL BB region [green marked path in Fig. 10(b)], so the helium diffusion
SN slows down compared with the homogeneous case.
=0 In this work, helium-helium interactions had not been con-
10-10 . o sidered up to this point with the exception of the blocking model
= employed in all kMC simulations. In an effort to explore the kinet-
N 75 at% W ics of helium beyond the dilute level, DFT calculations were per-
é 10"k e 500 K with int - formed to obtain the helium-helium interaction energies in bulk
> = *_E ;ggoKKNv:;:'mt bec W and bulk bec Mo for first nearest neighboring T-sites and
S — © — 1000 K No int second nearest neighboring T-sites. The energies were calculated by
g 10-12 » = using Eq. (5),
= ~
= - e P, Ei = E(A+ He,) + E(A) — 2E(A+ He) for A=WorMo, (5)
10 | i = -
g where E(A—He,) is the energy for the metal supercell with two
10'14 "SRR PR BT MR | helium atoms bound to T-sites, E(A) is the energy of the metallic
0 5 10 15 20 supercell in the absence of helium, and E(A—He) is the energy of

the metallic supercell with one interstitial helium atom bound to
the tetrahedral site. All calculations were performed on 4 x4 x 4

supercells using the same settings described in the computational
FIG. 11. Helium diffusivity in bcc W-Mo alloy (75 at. % W) taking into account details. The results are included in Table V.

the helium-helium interactions up to the second nearest neighbor shown for two The reported results are consistent with those reported b
different temperatures as a function of the amount of helium in the simulation B % D i’ wh d the PW9I densi If’ . a}i
[reported as at.% interstitial helium = (number of He/number of metal ecquart and Domain™" who used the PW91 density function

atoms)x100%). compared with the PBE density functional used in this work. It is
clear that He-He interactions are relatively strong, attractive, and
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FIG. 12. (a) An illustration of the structure of the W—Mo supercell constructed for GCMC simulations. (b) The helium binding isotherms as functions of the chemical poten-
tial recorded for temperatures 300 K and 1000 K.
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long range in both tungsten and Mo although they appear to be
stronger in tungsten. Moreover, helium-helium interaction appears
to be strongest for the third nearest neighbor for tungsten (of the cal-
culations performed here), whereas the second nearest neighbor
attractive force is strongest in the case of interstitial helium in bec
molybdenum. The results of Table V suggest that the strength of
He-He interactions may be related to an optimum distance between
the atoms. These strong attractive forces are expected to play a signif-
icant role in influencing the behavior of the helium in the metal
beyond the dilute limit. In order to gain some insight into this,
the interaction energies up to the second nearest neighbor were
incorporated into the kMC model described earlier (with block-
ing) and a much higher fraction of helium atoms was considered.
This was done by limiting the supercell size to 5x 5 x 5 unit cells
and considering the case of 25 helium atoms and 100 helium
atoms for two different temperatures. The results of this analysis
were compared to the results of the same simulations performed
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without He-He interactions beyond the blocking model. The
results are included in Fig. 11.

Upon inspection of Fig. 11, it is clear that considering these
attractive interactions led to a significant reduction of the calculated
diffusivity by several orders of magnitude. Therefore, and for
helium concentrations beyond the dilute limit, it is important to
consider these interactions as they can significantly impact the
results. Furthermore, and beyond the dilute limit, it is important to
consider cluster dynamics®*” where helium clusters begin to
migrate with their own migration energies. While this topic is
undoubtedly important, it is beyond the scope of this work, and we
shall restrict ourselves to analyzing behavior in the dilute limit.
Hence, it is important to emphasize that the results of the present
work provide an important first step toward understanding the
behavior of helium in W-Mo alloys and further yield important
input parameters needed for higher level models (such as cluster
dynamics models or others).®*%°

-

0 20 40 60 80 100
z in units of lattice constant

FIG. 13. (a) Helium plane-averaged occupation profile as a function of the z coordinate shown for several values of the chemical potential at T=300K. (b) Helium
plane-averaged occupation profile as a function of the z coordinate shown for several values of the chemical potential at T =1000 K. (c) The helium solution energy land-

scape in the supercell as a function of the z coordinate.
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Next, the neural network model for the helium solution
energy in W-Mo binary alloys was used in conjunction with Grand
Canonical Monte Carlo (GCMC) simulations to examine the ther-
modynamic behavior of helium in the alloy. A supercell of size
8 x 8 x 102 unit cells was constructed with a gradually varied com-
position from 100 at. % Mo to 100 at. % W and back to 100 at. %
Mo along the z direction in order to apply periodic boundary con-
ditions (PBCs) in all directions. At each z level, the Mo concentration
was specified (varied by 2 at. %) and a number of atoms correspond-
ing to that concentration was randomly chosen and assigned as Mo.
GCMC simulations”® were performed on this supercell at two differ-
ent temperatures, 300 K and 1000 K. An illustration of the supercell is
included in Fig. 12(a), and the binding isotherms recorded for the
two temperatures are shown in Fig. 12(b). The total occupation was
defined as the number of helium atoms normalized by the number of
available T-sites in the system. From Fig. 12(b), it is clear that helium
uptake begins at a lower helium chemical potential (corresponding to
a lower helium partial pressure) for the higher temperature case.

To gain better insight into the thermodynamic behavior of
helium in binary W-Mo alloys, snapshots of the helium occupation
profiles were analyzed, averaged over 5000 sweeps and plotted for
several chemical potentials as a function of temperature, and these
results are included in Figs. 13(a) and 13(b). The energy landscape
is illustrated in Fig. 13(c).

Figures 13(a) and 13(b) indicate that the interstitial helium
binds all the Mo-rich regions in the middle of the supercell and then
gradually occupies other sites, and the sites at the two ends of the
simulation cell (with 100 at. % W) are the last to be filled so that at
large enough helium chemical potential, all available binding sites
are occupied. This behavior can be explained by observing the
helium solution energy landscape included in Fig. 13(c). This figure
shows that all the sites in the middle of the supercell have their ener-
gies clustered about 5.5eV and 5.6 eV. This is why we see that for
both temperatures [Figs. 13(a) and 13(b)], the occupation profile
with chemical potential 5.6 eV has a partial occupation of unity for z
located in the middle of the supercell and that the occupation profile
in this middle section suddenly jumps from partial occupation of 0.5
to partial occupation of 1.

CONCLUSIONS

Tungsten alloys are actively being sought as potential materials
to be used for plasma-facing components in fusion reactors due
to their superior properties. One of the important challenges in
developing plasma-facing materials for fusion reactors is their
ability to withstand the interaction with energetic helium ions,
which can escape from the plasma and undermine material integ-
rity. In the present study, an artificial neural network was trained
with a database consisting of 120 DFT calculations to predict
helium solution energies in the binary W-Mo alloys as a function
of the local environment. The neural network was able to repro-
duce the DFT values with a RMSE of 0.035eV. The prediction
power of the neural network was tested by leaving out 15% of the
data points and calculating a cross validation score. This yielded a
CV score of 0.04 eV, and different values of the parameters were
found to be centered about the optimum value indicating a stable
fit. The trained neural network was then utilized in a kinetically
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resolved activation barrier (kRA) model with blocking, and the dif-
fusivity of interstitial helium was examined over the entire range of
homogeneous W-Mo alloys going from Oat.% W to 100 at. %
W. It was observed that alloy composition may significantly affect
interstitial helium diffusion with the slowest diffusion occurring in
homogeneous alloys with compositions in the range of 75-90 at. %
W. Arrhenius fits of the recorded diffusivities showed that helium
diffusion in bulk bce tungsten and molybdenum was dominated by
the T-O-T pathway for the chosen temperatures (300-1500 K). A
sequence of kMC simulations tracking the trajectory of an intersti-
tial helium atom in W-Mo alloys indeed confirmed that the T-T
pathway dominates diffusion for low temperatures. The switch to a
T-O-T-dominated pathway was shown to occur around 250 K for
interstitial He diffusion in bulk bcc tungsten and by 450K for all
W-Mo alloy compositions. Diffusion in heterogeneous structures
was also considered to account for situations of radiation-induced
segregation, and it was found that helium diffusion was fast for
cases where tungsten segregated to the grain inner region and
molybdenum to the grain outer region and was slow for the reverse
situation. These observations were explained on the basis of the
energy landscape. In the former case, it was energetically favorable
for the helium to travel via a network of grain outer regions
thereby completely avoiding the grain interior, whereas in the latter
case, the helium became trapped in the grain inner region and
needed to overcome a large barrier to escape the grain interior.
Interstitial helium-helium interactions were calculated to be strong,
attractive, and long range in both W and Mo consistent with previ-
ous work. In addition, these interactions were shown to significantly
impact the diffusion behavior of helium. Finally, an investigation of
the binding isotherm showed that areas of the alloy rich in Mo are
thermodynamically most favorable for helium binding and may be
the initiation point for helium bubbles in the material. The results of
this study may provide useful input for higher level cluster dynamics
models”**” and inform the design of next generation materials for
plasma-facing components.
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APPENDIX: DETAILS OF THE GENETIC ALGORITHM
USED TO ASSIST IN THE SELECTION OF ADDITIONAL
STRUCTURES FOR THE DFT DATABASE

Here we will give a description of the genetic algorithm men-
tioned in the computational section which was used to aid in gen-
erating input for DFT calculations. The genomes in our problem
represent 4 x 4 x 4 supercells of W-Mo binary alloys. In this imple-
mentation, the overall composition of the alloy was fixed at the
beginning of the simulation WMo, _ (with the number of tung-
sten atoms specified at the beginning of the simulation and fixed
throughout). Binary values were used to specify the genome of an
individual with (+1) for tungsten and (—1) for molybdenum. The
population size, that is, the number of genomes used, determines
the amount of genetic diversity. In this implementation, we used
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Npop = 12. The survival rate for the candidate genomes was set at 4/
12 and that meant that at the end of each generation the individu-
als were ranked and only four members with the best fitness were
retained for the next generation. The way fitness was determined
was by computing the helium solution energies for all the T-sites
in the supercell and selecting the minimum value and the four
individuals with the lowest solution energies were retained for the
next generation. To create a child, two parents were randomly
selected from the existing generation and then one by one the indi-
vidual genes of the child genome were selected from parent 1 or 2
with probabilities proportional to the fitness of these two parents
with the genes of the fitter parent (the one associated with the
lower solution energy) having a higher probability of being selected
to ensure passing on better genetic information. Furthermore, and
after each mating step, mutations could occur and each gene was
allowed to change from 1 to —1 or vice versa with a low mutation
probability (0.15 was used in this work). Of course, this process
may ultimately lead to a child whose composition does not match
the one specified at the beginning of the simulation. Therefore, and
after the creation of each child, its genome was checked, and if it
differed from the required composition, then an appropriate
number of (+1) genes would be randomly selected and flipped to
(—1) or vice versa so that the required overall composition of the
binary alloy is achieved. This process was allowed to occur for 1000
generations to obtain the supercell and the T-site within this super-
cell associated with the most favorable helium solution energy. This
process was repeated three times for each composition, and the
results were used in DFT calculations and added to the DFT data-
base used to train the artificial neural network.
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