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e The binding energies of an X atom to X, or X,—Vacancy clusters were obtained.
e The migration energies of X atoms and X clusters were discussed.
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To study the behavior of noble gas atoms (He, Ne and Ar) in bulk tungsten, new DFT-based potentials for
W-—He, W—Ne and W—Ar interactions were developed by fitting the results obtained from density
functional theory calculations. The new potentials adopt the embedded atom method (EAM) formalism,
and the “s-band model” is used to describe the many-body interactions between each of the noble gas
atoms and its neighboring W atoms. These potentials reproduce the formation energies of point defects
and the migration barriers of single noble gas atoms. The simulations using these potentials successfully
predict that the tetrahedral interstitial site is more stable than the octahedral interstitial site for X (= He,
Ne or Ar) interstitials. Based on these new potentials, the binding interactions of a single X atom with the
X, and X;—Vacancy clusters and the diffusion properties of X, clusters in bulk W were studied using
molecular dynamics (MD) simulations. The present results indicate that the binding energies obtained
using the new potentials are good in agreement with the results of DFT calculations. The migration
energies of the clusters increase with both the increase in the atomic radius of noble gases and the
increase in the size of the clusters.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

The plasma-facing materials (PFMs) in fusion devices will be
subjected to extreme environments, such as heavy heat load, high
energy neutrons and high flux H/He plasma bombardment. Tung-
sten (W) is considered to be one of the most promising candidate
PFMs due to its high melting point, high thermal conductivity and
low sputtering characteristics [1,2]. Recently, Takamura et al. [3]
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found for the first time that deeply nanostructured tungsten (or
“fuzz”) with an arborescent shape was formed on tungsten-coated
graphite via high-flux He plasma irradiation. This structure was
demonstrated to greatly change the physical properties of the W
surface such as the heat transfer, fuel (deuterium/tritium) retention
and erosion rates, which severely impact the operation of fusion
devices [4—8]; therefore, it is very important to understand the
formation mechanism of fuzz on the surface. To date, various
mechanisms have been advocated to explain the formation of such
nanostructures experimentally and theoretically. Krasheninnikov
[9] presented a viscoelastic model of W fuzz growth that the
formed bubbles promoted the flowing of W atoms from the base to
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the surface, which finally resulted in the formation of a nano-fiber.
Kajita et al. [ 10] considered that the pinholes on the surface and the
over-pressured He bubbles resulted in the formation of nanowires.
Sefta et al. [11,12] suggested that the accumulation of surface ada-
tom islands resulting from single self-interstitial migration, bubble
bursting and prismatic loop punching were responsible for the
initial stages of fuzz formation. Hu et al. [13] studied the trap
mutation and dissociation of He clusters in the near-surface region
of tungsten, which has significant impact on the W surface
morphology and near-surface structure. More recently, Sandoval
et al. [14] have studied the growth process of He bubbles in W and
found that the evolution of surface morphology is very sensitive to
the growth rate of He bubbles. The above studies imply that He
bubbles are necessary for the initiation of fuzz formation in W bulk.

Both Ne and Ar are noble gas elements and they were also
found to form bubbles in materials, such as Si and PtSi [15—17]. Ne
and Ar gases are usually introduced into the fusion Tokamaks as
coolants [18]. Many properties of Ne and Ar are in common with
He, however, the fiber-formed nanostructures were not formed on
the W surface by exposure to Ar or Ne plasmas [18], even under
the irradiation condition that W nanostructures were formed by
He plasma irradiation. Furthermore, Takamura and Miyamoto [19]
observed that the pre-existing fibers on W surface were elimi-
nated after they were treated with Ar plasma. The different in-
fluence on W surface microstructure caused by He, Ne and Ar
plasma irradiation is receiving more attention recently. The
penetration depth, which impacts the distribution of noble gas
bubbles, has been studied by experiments and binary-collision-
approximation-based simulation [18,20]. The results indicated
that He atoms, even with lower incident energy, can penetrate
into a deeper position than Ne and Ar, which implied that He
atoms had a higher probability to cluster in the deeper area far
away from the surface. The bubbles at various depths caused
different degrees of damage to the surface microstructure and the
sufficient penetration (several atomic layers) under the sputtering
energy was a necessary condition for the formation of fiber
nanostructures [11,20]; therefore, the shallow penetration depth
of Ne and Ar under the sputtering energy was one of the reasons
why the nanostructures failed to form on W surface by Ne and Ar
plasma irradiation [18]. The clustering and growth mechanisms of
bubbles also play an important role in the formation of nano-
structures. Based on the results of various W—He empirical po-
tentials, it can be found that the binding and diffusion properties
of He cluster are very critical in forming bubbles [21—-25]. Due to
the lack of the interatomic potentials for W—Ne and W—Ar, these
properties of Ne or Ar interstitials and clusters in W bulk have not
been studied up to now. Based on first-principles density func-
tional theory (DFT) results, three new Embedded-atom method
(EAM) potentials for W—X (X = He, Ne, or Ar) were developed in
the present study. First, these potential parameters were fitted
and validated carefully. Next, these potentials were used to predict
the most stable interstitial sites for X atoms, to calculate the
binding energies of an X atom additional to X, and X,—V clusters,
and to discuss the diffusion properties of single X atoms and Xj,
clusters.

2. Methodology
2.1. The interatomic potentials of W—He, W—Ne and W—Ar

To study the properties of noble gas atoms in the bulk and
surface of tungsten, the interatomic potentials (W—W, He—He,
Ne—Ne, Ar—Ar, and W—X) are required for performing the atomic-
scale simulations. Here and in the following, “X” indicates the noble
gas atom He, Ne or Ar. More than 30 potentials for W have been

published in the literature, as mentioned in a recent review paper
[26]. In the present study, the ‘EAM?2’ potential for W constructed
by Marinica et al. [27] was chosen to describe the interactions be-
tween W atoms, which was validated by Bonny et al. [26] as one of
the most appropriate potentials for describing the properties of
extended defects in line with DFT data (qualitatively or quantita-
tively). To minimize the errors, the same HFD-B-type pair potentials
presented by Aziz et al. [28—30] were used to describe the in-
teractions of He—He, Ne—Ne and Ar—Ar. Based on the Har-
trec—Fock-Dispersion (HFD) potential, an additional parameter was
added into the HFD-B potential, where not only the Hartrec—Fock
repulsion but also the dispersion interaction had been taken into
considered [31—33].
The potentials for W—X are based on the EAM formalism, which
is the same as that of the W—W potential presented in [27]:
N
E(ry,...tN) =)
i=1

N
lz V(ry) + Fs(m] . (1)

j>i

Here E, V(r) and Fy(p) are the total energy, pair potential and many-
body interaction (or embedding function), respectively. The pair
potential V(r) is described by a summation of cubic knot functions

9
V(r) =" ag(ry —1)°H(rg — 1), (2)
k=1

where H(r, —r) is the Heaviside function. The many-body inter-
action Fy(p) for W—X is given as follows:

Fs(pi) = b1y/pi + b2p?, (3)

where p; is the electron density in position i. Fy(p) is the sum of the
contributions of the electron densities from the surrounding W and
noble gas atoms. The parameters by, by, ax and ry (k=1-9) are
determined by fitting to the first-principles DFT data.

The noble gas X atoms have closed-shell electronic structures,
and the bonding interaction with the host is weak due to electronic
hybridization [34]. The hybridization of the electron density be-
tween the interstitial X atoms and its nearest-neighboring W atoms
has been verified by first-principles DFT calculations [35]. For the
new W—X potentials, the many body interactions contributed by
the hybridization of the electron density were described by the “s-
band model”, which has the same scheme as the “Two-band
model” [36]. In our previous papers, the “s-band model” was suc-
cessfully used to describe the many-body interactions of Fe—He
[37] and Er—He [38]. According to the “s-band model”, the Slater
function is used to handle the mixed-pair electron density:

ps = Z(DS, (4)

oWV He — Nyrdexp(—2¢;), (5)
o' "Ne = NyrPexp(—2¢y), (6)
OWAT — Ner7exp(—2¢s). (7)

Here, N; is chosen to be 20.0. & is an average ¢ (Slater orbital
exponent) from the 1 s/2 s/3 s and 6 s Hartree—Fock orbitals for He/
Ne/Ar and W [39,40]. To attain a higher fitting precision, £ was
adaptively adjusted.
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2.2. Fitting database and approach for the potential parameters

He, Ne and Ar interstitials are quite insoluble in W because of
the large solution energies [35]. Single X atoms usually occupy the
tetrahedral interstitial site (TIS), octahedral interstitial site (OIS), or
substitutional site (SS) in W bulk. To obtain the parameters of the
W-—X potentials, the formation energies of the point defects, the
binding energies of X—X atoms, and the corresponding atomic
configurations of the X atoms in W bulk are chosen as the fitting
data obtained by the first-principles DFT calculations. The forma-
tion energy (Ef) of one X atom or X;Vy, cluster in W bulk can be
calculated by

Ef (XnVim) = Etot(XnVim) — (nE)C( +(N— m)ES\,), (8)

where N is the total number of W atoms in a perfect crystal, and n
and m are the numbers of X atoms and vacancies (V) in a X,V
cluster, respectively. Eior(XnVm) is the total energy of the system
containing one X,V cluster. E)C( and E\CN represent the cohesive
energies of X in gases and bcc W crystal, respectively.

The binding energy (Ep) of an X atom to another X atom or an
XnVm cluster can be obtained by

Ep(X) = Ef(X) + Ef(XnVim) — Ef(Xn11Vim), (9)

where E¢(X) is the formation energy of a single X interstitial in the
W bulk. When n and m are equal to 1 and 0, respectively, Ep, is the
binding energy between two X atoms. In Section 3.2, Eq. (9) is used
to calculate the binding energies of an X atom to X, clusters and
X,V clusters. According to this expression, the formation energies
of these clusters must be calculated. However, for large clusters, the
most stable configurations are difficult to find because the X atoms
in the clusters are arranged in random ways; therefore, in this
study, thousands of those configurations with X atoms located at
different positions in the clusters are generated and then fully
relaxed to a minimum of potential energy by molecular statics with
quick-min method. The configuration with the lowest formation
energy is considered as the most stable one.

Similar to the Fe—He system [37], the parameters of W—X po-
tentials are fitted by the least squares method

Table 1

U=>"wlfi(n) - F?, (10)

where U is the objective function, and F; is the fitting data obtained
from our DFT results. The initial values are given to the fitting pa-
rameters A. Based on these parameters, MD simulations are oper-
ated to calculate f; in a box of 6a x 6a x 6a with 432 W atoms,
where a is the lattice constant (0.314 nm, obtained from the W
potential in Ref. [27]). w; represents the weight of each of the fitting
data. The simulated annealing algorithm and the simplex method
are used to search for the potential parameters for which U reaches
the local minima.

2.3. Modeling and simulation methods

The DFT calculations in this study are implemented in the
Vienna ab initio Simulation Package (VASP) [41]. The interactions
between ions and electrons are described using the projector-
augmented wave (PAW) potentials [42]. The generalized gradient
approximation (GGA) with exchange and correlation functional
proposed by Perdew and Wang (PW91) are used in the calculations
[43]. The plane-wave energy cutoff is set to 500 eV. The fitting data
mentioned above are studied in a 4ag x 4ap x 4ap supercell with
128 atoms, where qay is the lattice parameter (0.3177 nm) of bcc W
bulk. Periodic boundary conditions are adopted in three directions.
The Brillouin zones are sampled with 3 x 3 x 3 k-points generated
by the Monkhorst—Pack scheme [44]. The convergences are veri-
fied with different k-points, plane-wave energy cut-off values and
cell sizes during the calculations. All of the fitting data required are
listed in Table 1.

Based on the newly developed W—X potentials, MD simulations
with MOLDY computer code [45] are used to study the most stable
interstitial sites for point defects, the interactions of X atoms with
clusters and the diffusion properties of X atoms and X, clusters in
W bulk. A 10a x 10a x 10a box containing 2000 W atoms is con-
structed. The NVT ensemble and periodic boundary conditions are
used in the present simulations. The velocity scale method is
adopted to control the temperature of the system. The migration
energies of single X atoms predicted by the present potentials are
obtained using two methods: the mean-square displacement

The formation energies (E) of point defects, the binding energy (E) of X—V or X—X atoms and the migration energy (E;,) of a single X (= He, Ne or Ar) atom in bulk W obtained
using the DFT and empirical potential (EP) calculations. AEyis the energy difference of the X atom at the OIS and TIS. The energy units are in eV. The diffusion path for the NEB

calculation is from one TIS to its nearest neighbor one.

Ef,SS Ef,T[S Ef,O[S AEf Eb,X—V Eb,X—X Em References
NEB MSD
He
477 6.15 6.37 0.22 457 1.02 0.07 Present DFT results
6.29 6.67 0.38 0.06 Tamura’s DFT results [35]
4.70 6.16 6.38 0.22 4.57 1.03 0.06 Becquart’s DFT results [48,49]
4.82 6.13 6.25 0.12 4.80 0.75 0.12 0.10 Present EP results
3.63 4,77 4,76 -0.01 0.81 0.24 Wilson’s EP results [53]
6.29 8.20 7.94 -0.26 0.82 0.29 Henriksson’s EP results [54]
4.70 6.16 6.31 0.15 5.09 0.86 0.21 Juslin’s EP results [21]
473 6.15 6.38 0.23 4.98 1.66 0.11 Wang'’s EP results [22]
4.70 6.21 6.39 0.18 5.03 0.63 0.02 0.06 Li’s EP results [23]
0.19 4.55 1.01 0.09 Bonny’s EAM1 results [24]
0.23 4.54 0.51 0.06 Bonny’s EAM2 results [24]
Ne
6.25 11.17 11.70 0.53 8.11 2.29 0.16 Present DFT results
11.55 12.17 0.62 2.72 0.17 Tamura’s DFT results [35]
6.10 11.67 11.94 0.27 9.06 2.23 0.23 0.23 Present EP results
Ar
9.14 14.55 15.69 1.14 8.60 1.98 0.25 Present DFT results
14.99 16.05 1.06 1.58 0.19 Tamura’s DFT results [35]
9.30 14.58 1491 0.33 8.77 1.51 0.27 0.27 Present EP results
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(MSD) method and the nudged-elastic band (NEB) method [46,47].
The migration energies of X, clusters are only calculated by the
MSD method. By tracking the position ri(t) of a single X atom or the
mass center of an X, cluster, the MSD is obtained by
MSD = ([ri(t) — 1i(0))%), (11)
where ‘(...)’" denotes the averaging over all the atoms; then the

diffusion coefficient (D) is determined using the Einstein relation
equation

D = MSD/6t. (12)
According to the Arrhenius’s relation of the prefactor (Dg) and
activation energy (E;,) of diffusion
D = Dyexp|[—Em/kgT], (13)
it is obtained that InD is linearly correlated with 1/T; thus Dy and Ep,
can be estimated by the intercept and slope of the fitted line,
respectively.

The NEB method is used to find the minimum energy path
(MEP) of an X atom from its initial state to final state. In this study,
the initial state and final state refer to one TIS and its nearest
neighbor one, respectively. Thirteen images are constructed be-
tween them. After the MEP reaches the convergence precision (the
residual force on each atom is less than 0.01 eV/A), the migration
energy is determined by the energy of the highest saddle point
along the MEP.

3. Results and discussion
3.1. Fitting and validation of the W—X potentials

The results of our DFT calculations are listed in Table 1. The
defect formation energies of X atoms at TIS, OIS and SS are obtained
first. The formation energies for He, Ne and Ar at TIS are 6.15 eV,
11.17 eV and 14.55 eV, respectively. The energy difference between
the TIS and OIS for He, Ne and Ar atoms are 0.22 eV, 0.53 eV and
1.14 eV, respectively, which indicate that the X atoms at TIS are
energetically more favorable than those at the OIS. Our DFT results
agree well with those of Becquart et al. [48,49] for He atoms in W
bulk and also agree reasonably with those of Tamura et al. [35] for
He, Ne and Ar atoms in W bulk. With the NEB method, we deter-
mined that the migration energy from one TIS to nearest neighbor
one was 0.07 eV, 0.16 eV and 0.25 eV for He, Ne and Ar atoms,
respectively, and found that an X atom migrated directly along the
TIS—TIS path without passing the OIS, which is in consistent with
the results of Tamura et al. [35]. The migration energy for He ob-
tained experimentally is 0.24—0.32 eV, which is much higher than

Table 2
Parameters for the W—He, Ne and Ar potentials.

DFT results [50,51] and the discrepancy was attributed to the large
binding energy between He atoms [49]. The binding energies (Ep) of
X—X atoms are found to be 1.02 eV, 2.29 eV and 1.98 eV for He, Ne
and Ar atoms, respectively, which imply that Ne interstitials in W
bulk have the strongest binding abilities. The binding energies of
X-V for He, Ne and Ar are much stronger than X—X atoms, as
shown in Table 1. Those results also agree well with those of Bec-
quart et al. [48,49] and Tamura et al. [35].

By fitting to the above DFT results (the formation energies of X
defects and the binding energies of X—X atoms) as listed in Table 1,
the detailed parameters of the pair potential and the “s-band
model” many-body interaction were determined, as presented in
Table 2 for He, Ne and Ar atoms, respectively. The curves of the pair
potentials, many-body interactions and electron density are shown
in Fig. 1. The interactions between W and noble gas atoms clearly
increase with increasing atomic radius of the noble gas atoms,
especially at the shorter range. Compared with the pair potential of
W-X, the contribution of many-body interactions to the total en-
ergy is much smaller due to the very low electron densities, but it
cannot be ignored here. For studying the radiation effects of the
W-—X system, the ZBL function should be connected smoothly with
the pair potential by a Fermi function at a short range [37,52].

The results obtained using the present and previous empirical
potentials (EPs) and DFT calculations are all listed in Table 1 for
comparison [21—-24,35,48,49,53,54|. Due to the lack of W—Ne/Ar
potentials, we only compared the results of the W—He potentials
with the results of the other EPs. The W—He potentials constructed
earlier have some obvious differences in the calculation of the
formation energies of He defects compared to DFT results. The
potentials of both Wilson et al. [53] and Henriksson et al. [54] even
provided the incorrect favorite site for the interstitial He atom in W
bulk. More recently, Juslin and Wirth [21], Wang et al. [22], Li et al.
[23] and Bonny et al. [24] significantly improved the results of the
W-—He potentials. All of these potentials reproduced well the for-
mation energies of the He defects and demonstrated that the He
atom at TIS was the most stable configuration in W bulk, which was
in good agreement with the results obtained by the DFT calcula-
tions [35,48,49]. Predicted by the present W—X potentials, as listed
in Table 1, the favorite interstitial site for He, Ne and Ar atoms is the
same TIS.

To further validate the present W—X potentials, the diffusion
properties of a single X atom and the interactions between X—X
atoms have been studied. The diffusion properties are investigated
using the NEB method. The minimum migration energies of a single
He, Ne and Ar atom migrates from one TIS to the nearest-neighbor
one are 0.12 eV, 0.23 eV and 0.27 eV, respectively, which agree well
with the results of ours and Tamura’s DFT calculations [35]. The
results indicate that the migration energies of single X atoms in-
crease with increasing the radius of X atoms. The same conclusion
is also obtained via the MSD method, as shown in Section 3.3.

Pair potential

Many-body interaction (s-band model)

ay (eV/A3) 1 (A)
He Ne Ar He Ne Ar He Ne Ar
a; 68.164276 26.616738 31.481460 ry 1.364158 1.323031 1.010000 by (VA1) 0.025104 0.079917 0.1803396
ax 14.281313 78.987917 —31.851694 2 1.473713 1.816813 1.050000 by (eVA™) 1.183700 1.081073 1.3422720
as —2.712702 —52.011158 332.427517 T3 1.702224 2.102621 1.120157 £ (A 3.235548 3.150047 3.9168382
as —20.09063 49.9919306 144.295805 T4 1.841117 2.301297 2.187636 Ng (A1) 20.00 20.00 20.00
as 9.8950515 11.6359716 22.7443424 Is 2.323359 2476551 2.320271 Teut (A) 3.94 3.92 3.99
as —1.3911472 —17.556539 —2.9850419 e 2.815915 2.637815 2.819555
a; —0.0239992 4.98318030 —0.6523709 ry 3.012327 2.828261 3.058007
ag 0.43256746 —0.0685376 —0.0053067 rg 3.171508 3.183116 3.171508
ag 0.14893734 0.43457101 0.86209432 1) 3.639649 3.618947 3.687246
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Fig. 1. Pair potentials (a), many-body interaction functions (b) and electron density
functions (c) for W—He, W—Ne and W—Ar, respectively.

Unlike Ne and Ar atoms, the migration properties of single He
atoms have been widely studied using various empirical potentials
[21—-25,55]. The value of E, for He in W bulk calculated by Juslin
and Wirth [21] is 0.21 eV, however, the diffusion path is not spec-
ified. Based the Juslin’s potential, Wang et al. [55] obtained that the
migration energy for He are 0.147 and 0.149 eV via TIS—TIS and
TIS—OIS—TIS, respectively which is consistent with the results
calculated by Perez et al. [25]. The Julsin’s potential slightly over-
estimate the migration energy compared to the values obtained by
the DFT calculations of Becquart and Domain [49] and Tamura et al.
[35]. Wang et al. [22], Liet al. [23] and Bonny et al. (EAM2) [24] well
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Fig. 2. Binding energies of (a) an additional He atom to a He, cluster obtained using
DFT and different empirical potentials (EP) and (b) an additional X (= He, Ne and Ar)
atom to X, clusters obtained using the present W—X potentials.

predicted the Ej, of the interstitial He atom but there was a large
discrepancy in the He—He binding energy calculated by these po-
tentials and DFT method [49], as presented in Table 1. Compared
with the previous potentials, the present W—He potential not only
provides the Ejp for dimer He—He more close to the DFT results [49]
but also the correct order of stability for interstitial He in W bulk
and a reasonable E;, of a single He atom. The binding energies of
Ne—Ne and Ar—Ar obtained from the present potentials and the
DFT method indicate that the net attractive interactions of Ne—Ne
and Ar—Ar are stronger than those of He—He, although the present
potentials slightly underestimated the binding energies

3.2. The binding energies of X, and X,—V clusters

The binding energies of an additional He atom to He, clusters
were calculated using the present W—He potential, as shown in
Fig. 2(a). The results of Juslin and Wirth [21] and Li et al. [23] are
also provided here for comparison. The binding energies of the
He—He,, clusters calculated by the present W—He potential are
0.75eV, 1.30eV, 1.31 eV and 1.64 eV when n equals 1, 2, 3 and 4,
respectively, which suggests that the binding energies between a
He and He; clusters increase with the increase in the size of the
clusters. The positive binding energies indicate the net attractive
interactions between He and He,, clusters. The binding energy of
dimer He—He in W bulk calculated by Juslin and Wirth [21] and Li
et al. [23] is 0.86eV and 0.63 eV, respectively, as presented in
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Fig. 3. The binding energies of (a) an additional He atom to He,—V clusters using
different empirical potentials (EP) and (b) an additional X atom to X,—V clusters ob-
tained using the present W—X potentials and the DFT calculations.

Table 1. Compared with the DFT calculation of Becquart and Domain
[49], the three empirical potentials all slightly underestimate the
He—He binding energy. However, the He—He; binding energies
obtained with these empirical potentials agree well with the DFT
results. The He—Hes binding energy calculated by Juslin and Wirth
[21] and the He—He4 binding energy calculated using the present
potential are in excellent agreement with the DFT results [49].
Although there are some quantitative differences, the binding en-
ergies calculated using these potentials are all in reasonable
agreement with the trend of the results of the DFT calculations. Due
to the net attractive interactions and very low migration energies of
He interstitials, pure He clusters can form without any other defects
in metals [56], which is the so-called self-trapping mechanism and
makes the He interstitials act as traps for their surrounding He
atoms. The binding energies of He,,, Ne,, and Ar,, clusters obtained
using the present W—X potentials were compared in Fig. 2(b). The
binding energies of Ne, and Ar;, clusters were also found to increase
with the increasing size of the clusters in general. The net attractive
interactions between Ne atom and Ne, clusters are much stronger
than the other two noble gas atoms, and the He,, clusters have the
smallest binding energies among the three gases. The binding en-
ergies of Ne, clusters are higher than those of He,, and Arj, clusters,
which are within the ranges of 1.48—2.65eV and 0.72—1.84 eV,
respectively, for different n values. Therefore, self-trapping
behavior might also occur for Ne and Ar atoms in bulk W,
although their migration energies are larger than that of He atoms.

The binding energies of an additional He atom to He,,—V clusters

obtained using the present and previous potentials, as well as by
the DFT calculations, are plotted in Fig. 3(a). The binding energies
are found to decrease with the increase in the size of the He,—V
clusters in general. The positive binding energies indicate the net
attractive interactions between He and He,—V clusters. The binding
energies obtained using the present potential are very close to
those obtained using the potentials of Juslin and Wirth [21] and Li
et al. [23]. Compared with the DFT results of Becquart and Domain
[48], these empirical potentials overestimated the binding energies
for large He clusters, but the tendencies of the binding energies
calculated using these potentials and those determined by the DFT
method are basically consistent. The W—He potential of Bonny et al.
(EAM2) [24] provides excessively large binding energies compared
to the DFT method. The net attractive interactions of the He atom to
the He,—V (n = 1—4) clusters calculated using the potentials of the
present study, Juslin and Wirth [21] and Li et al. [23] are much
stronger than those of the same-sized He, clusters. This conclusion
is also applicable to the DFT results, except for He4 and Hes—V
clusters, because there is a sharp reduction in the He—Hes—V
binding energy. The vacancy enhances the binding abilities be-
tween single He atoms and clusters. This mechanism is called trap
mutation and was first proposed by Caspers et al. [57]. The com-
parison of the binding energies of the three noble gases calculated
using the present potentials and our DFT results is shown in
Fig. 3(b). The binding energies of an additional Ne atom to the
Ne,—V clusters exhibit a minor fluctuation in the range of
3.65—4.70 eV but a slightly decreasing trend with increasing size of
the clusters. The binding energies calculated using the present
W-—Ne potential agree with our DFT calculations within 0.61 eV.
The net attractive interactions of Ar to the Ar,—V clusters are
smaller than those of the Ne atoms but are very close to those of the
He atoms calculated using the present potentials. Although the
migration energies of single Ne and Ar atoms are higher than that of
He atoms, the stronger binding energies can prompt the occurrence
of trap mutation. Compared with pure Ne,/Ar, clusters, the net
attractive interactions of Ne,/Ar,—V clusters with Ne/Ar atoms are
stronger for small clusters.

3.3. The diffusion properties of X atoms and clusters

To obtain reasonable activation energy, the temperature range
was chosen to be from 500 K to 1400 K for the diffusion of X atoms
and their clusters in W bulk. Temperatures were avoided at which
the clusters would have dissociated, self-interstitial atoms (SIA’s)
would have been emitted, or at which the clusters would hardly
have moved. In the present work, the diffusion properties of single
X interstitials and clusters in W bulk were studied using classical
MD simulations and MSD analysis. For X clusters, the trajectories of
the center of mass were tracked. The diffusivity-temperature
curves of a single X atom and X, clusters are all shown in Fig. 4.
The migration energy barriers E;;, and the prefactors Dy obtained
using the present and previous potentials are presented in Table 3.
From Fig. 4, the diffusion coefficient is found to increase with
increasing temperature, which indicates that the increase in tem-
perature promotes the diffusion of X atoms and X;, clusters. A single
X interstitial atom can easily change its position when the tem-
perature is high enough. The migration energies of single He, Ne
and Ar atoms are 0.098 eV, 0.230 eV and 0.266 eV, respectively.
These values are slightly larger than those of the DFT method [35]
but agree well with our DFT calculations (as listed in Table 1). The
use of the present potentials also successfully predicted that the He
atom is the easiest among the three to migrate in W bulk. With the
increase in the atomic radius, the diffusion of atoms becomes more
difficult.

The same method is also used to study the diffusion of X,
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clusters. An X atom can easily bind with another X atom to form an
X5 cluster due to the large binding energy. For the case of He, the
He; diffuses as a whole at temperatures below 900 K. When the
temperature rises to nearly 900 K, the intense thermal vibrations of
He atoms separate the He; cluster into two single He atoms. This
phenomenon was also observed for He; clusters at 900 K by Li et al.
[58], but it does not occur in the diffusion process of Ne, and Ar;
clusters. This phenomenon can be explained by the fact that the
binding energy of He—He is only 0.75 eV, which is much smaller
than those of Ne—Ne and Ar—Ar clusters, as presented in Table 1.
The migration energies of Hey, Ne, and Ar; clusters in W bulk are
0.198 eV, 0.395 eV and 0.503 eV, respectively. Similar to single X
atoms, the migration energies of X; clusters also increase with the
increase in the atomic radius of the noble gas. The migration energy
of the Ne; cluster is twice as large as that of the He; cluster, and the
Ar; cluster even has a higher migration energy than that of the Ne,
cluster. The Ar; cluster can hardly move at temperatures lower than
700 K. For the three noble gases, the mobility of the atoms is greatly
reduced when they become clusters. The Hes cluster has a larger
binding energy than that of He, clusters, as shown in Fig. 2(a). The
Hejs cluster can diffuse as a whole, even at 1400 K. However, the Ne3
cluster emits an SIA, leaving a vacancy near the cluster at 500 K or
higher temperatures for most of the simulation time; subsequently,
the Nejs cluster becomes trapped by the vacancy and forms a Ne3—V
cluster. The Ne3—V cluster is immobile in the W bulk. Therefore, it is
very difficult to evaluate the MSD curves for the Nes cluster at
temperatures higher than 400 K; as a result, the diffusion coeffi-
cient of the Nej3 cluster is not provided in the present studies. The
emission of SIA is also observed in the case of the Arj cluster. Unlike
the case of the Nes cluster, the SIA in the Ars cluster can recombine
with the vacancy rapidly; this trapping phenomenon is invisible in
the MSD curves. The migration energy of the Ars cluster is 0.29 eV
larger than that of the Hes cluster, as presented in Table 3. For small
He, clusters (n = 1-3), the potentials of the present study, Li et al.
[58] and Perez et al. [25] draw the same conclusion that the
migration energies increase with the increase in the clusters’ size n.
Moreover, the migration energies calculated by the present W—He
potential are much closer to the results of Perez et al. [25]. The
similar results were obtained by Zhou et al. [59], except for He;
cluster.

4. Conclusions

New potentials for W—He/Ne/Ar interactions were developed in
the present study by fitting the first-principles DFT results. The “s-
band model” was used to describe the many-body interactions for
the weak electron hybridization between the noble gases and the
host W materials. These potentials reproduced well the formation
energies of X (= He, Ne or Ar) defects in the W bulk and correctly
predicted the most stable TIS interstitial site for the X atom. The
binding energies of an additional X atom to the X, and X,—V

Migration energy barriers (E,,) and prefactor of diffusion (Dp) of X atoms and clusters calculated using the present and previous potentials.

Cluster Em (eV) Do (10~8 m?/s)
Present Li et al. [58] Zhou et al. [59] Perez et al. [25] Present Li et al. [58] Zhou et al. [59]

He 0.10 0.05 0.13 0.15 2.28 3.28 535

He, 0.20 0.11 0.06 0.25 1.64 2.83 0.65

Hes 0.38 0.18 0.23 0.35 3.18 2.36 13.2

Ne 0.23 - - - 2.46 — -

Ne, 0.40 - - - 431 - -

Ar 0.27 - — — 2.19 — —

Ar, 0.50 - - - 3.79 — -

Ars 0.67 - - - 4.71 — —
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clusters were calculated; the interactions between the X atom and
X, clusters were found to be attractive, and the presence of a va-
cancy was found to enhance the binding ability between X atoms
and its nearby clusters. The positive binding energies of an addi-
tional X atom to the X clusters will increase the possibility of
forming X clusters and bubbles through self-trapping and/or trap-
ping mutation mechanisms in W bulk. The results of the study of
the diffusion properties of single X interstitials and clusters in W
bulk demonstrated that the migration energies of X atoms or
clusters increase with the atomic radius of the X atoms and the size
of the X clusters. Among these noble gas atoms, He interstitials and
clusters diffuse more easily in bulk W. The low migration barriers
and high binding energies promote the He atoms forming clusters
and bubbles in bulk W.
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