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ABSTRACT

Diffusion in bec uranium and U-Mo alloys is of great interest because fission gas and other fission products impact the performance
of nuclear fuels. We investigate the mobility of xenon and molybdenum in bcc uranium (y-U) and metallic U-Mo alloys by calculating
the migration energies of xenon and molybdenum for various local compositions using density functional theory. We also calculate the
solute-vacancy binding energies of different solutes to vacancies in bcc uranium. We find that the solute-vacancy binding energy in bec
uranium is significantly higher than it is in other bcc metals (e.g., Fe and W). We also find that the migration energy of molybdenum is
substantially higher than the migration energy of xenon, indicating that xenon is much more mobile than molybdenum in bcc uranium.
The presence of molybdenum in the nearest-neighbor shell around a xenon atom typically increases the migration energy of xenon, which

indicates a reduction of xenon mobility in U-Mo alloys compared to pure bcc uranium.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0059157

I. INTRODUCTION

High-performance research reactors require high-enrichment
uranium (HEU) fuels to attain the desired neutron flux. The
replacement of HEU fuels with low-enrichment uranium (LEU) is
an important antiproliferation initiative. The United States
High-Performance Research Reactor (USHPRR) program is cur-
rently aiming to replace the HEU fuels currently used in high-
performance reactors with LEU fuels." LEU fuels require a higher
uranium density than that of uranium oxides to compensate for the
decrease in U enrichment. Metallic uranium shows great
promise in this regard.

Metallic fuels are usually chosen because of their high
thermal conductivity and high density. Isotropic swelling behavior
is desirable, but uranium, like other light actinides (Pa-Pu), has a
low-symmetry crystal structure (the orthorhombic o phase) at
ambient temperature and pressure, which results in anisotropic
thermal and radiation-induced expansion. Pure uranium has
three allotropes at atmospheric pressure: o (base-centered ortho-
rhombic), B (tetragonal), and y (body-centered cubic). At atmo-
spheric pressure, o-uranium transforms to B-uranium at
approximately 935K, and B-uranium transforms to y-uranium at
approximately 1045 K.”’

The y-uranium allotrope (which is body-centered cubic) is
preferred to o-uranium by nuclear engineers because it undergoes
both isotropic thermal expansion and isotropic radiation-induced
swelling.” It is not possible to retain pure y-uranium under the
required processing and radiation conditions; however, a metastable
bce phase can be obtained at room temperature by alloying with
molybdenum.”™ A study by Kim-Ngan and Havela’ showed that
the bec structure can also be retained at temperatures below the ordi-
nary phase transition temperature by alloying uranium with certain
metals, such as platinum, palladium, niobium, and zirconium.
Molybdenum stabilizes uranium’s y phase at concentrations near the
eutectoid point (11.1 wt. % Mo) and lowers the phase transition tem-
perature from 1045 K for pure y-uranium to 828 K for a U-Mo alloy
at the eutectoid point.'”'" Uranium alloyed with 10 wt. % molybde-
num (U-10Mo, which is 21.6 at. % molybdenum) is currently being
developed as a potential high-density, low-enrichment uranium fuel
for high-performance research reactors.'”"*

Uranium-molybdenum alloys have been studied extensively
both experimentally™'>' and theoretically."’~*' Castellano et al.””
showed that the addition of molybdenum to uranium leads to the
stabilization of the y phase using ab initio molecular dynamics.
This thermodynamic stabilization is important because un-alloyed
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y-uranium is not stable under fuel preparation and irradiation con-
ditions.*® Fission creates a variety of products, resulting in gas
bubbles, metallic precipitates, and solutes in the fuel matrix.
Among the many fission products, fission gas (i.e, xenon and
krypton) produces some of the most significant challenges associ-
ated with nuclear fuel development. Fission gas influences the
thermal conductivity, causes swelling, and impacts the neutron
economy of the reactor.”””* The ratio of xenon to krypton in
fission gases is typically nine to one.”” The most important fission
gas isotopes with short half lives are **Xe (5.25 d) and '*Xe
(9.1h). In particular, **Xe has a very high neutron absorption
cross section (o, =2.7 x 10® + 0.1 barns) that can lower the
fuel’s reactivity. Hence, the evolution of fission gases is directly
related to fuel performance.

Large fission gas atoms (i.e., xenon) are mostly insoluble in
the fuel matrix.”>”” There is a significant driving force for segrega-
tion of fission gas atoms to defects, such as grain boundaries or
dislocations, and consequently gas bubbles form at these sinks.
Post-irradiation analysis of U-Mo alloys showed that the fission
gases distribute themselves both inside the grains and along grain
boundaries.”*>" Fission gas in U-Mo alloys also forms superlatti-
ces, in which the bubbles distribute themselves in an organized
array.”' ™’ To understand the mechanism of the formation of gas-
bubble superlattices, the rate-limiting processes involved in fission
gas transport need to be studied. One of these processes is the
motion of individual gas atoms through the fuel matrix, assisted by
vacancies.

The behavior of fission gas has been extensively researched for
common fuels, such as UO,.”** A number of theoretical approaches
have also been used to understand the behavior of fission products in
UO,, including electronic structure '[heory.Z(”z’ﬁ’”’"15 In particular,
vacancies play an important role in the diffusion of xenon because of
its size relative to the metal atoms.

Solute diffusion in light actinides is a very interesting phenom-
enon because such solutes typically have very high diffusivities."*™**
Diffusion of solutes in metallic uranium has not been studied
extensively. However, there are some early works that provide some
information about defect and impurity diffusion in uranium.**~>°
Smirnova et al.””*" studied self-diffusion in y-uranium and U-Mo
alloys using molecular dynamics. They showed that diffusion in
y-uranium, like that in other light actinides, is anomalously fast
compared to bec transition metals.

In recent years, there have been many attempts to calculate
diffusion coefficients of impurities using electronic structure and
atomistic methods.”™*® Electronic structure calculations based on
DFT and multi-frequency models have shown their usefulness in
various works. Five-frequency models of face-centered cubic
crystals” ™’ and nine-frequency (or sometimes four-frequency)
models of bee crystals’””" have been widely used. Methods based
on electronic structure theory involve calculating the activation
energies of an atom jumping to a vacancy in one of the atom’s
nearest-neighbor positions. This is often referred to as vacancy-
mediated diffusion. The calculations employed here are based on
DFT coupled with classical transition state theory (TST), which
treats vibration using the harmonic oscillator approximation.”*””

In this study, we use DFT and TST to study the diffusion of
xenon and molybdenum in y-uranium alloys, such as U-7Mo and
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U-10Mo, by varying the local molybdenum concentration around
the diffusing solute atom. We find that the migration energy of
molybdenum is much higher than that of xenon in y-U alloys and
that the presence of molybdenum in the local environment of a
xenon atom tends to decrease the mobility of xenon in y-uranium
alloys. We also calculate the vacancy-solute binding energies of
several solutes in y-uranium and find that such binding energies
are generally higher in y-uranium than in iron or aluminum.

Il. THEORY

Diffusion coefficients in crystalline solids are often described
by an Arrhenius equation over a wide range of temperatures.
This model consists of two parameters, the migration energy, E,,,
and the pre-exponential factor, D, with the diffusion coefficient
given by

D = Dye En/ksT, (1)

where kg is the Boltzmann constant and T is the absolute tempera-
ture. If Dy is independent of temperature, an Arrhenius plot (D
against 1/T) gives a straight line; if Dy changes with T, it yields a
curve that falls away from the constant-Dj line at high temperature
(the left of the plot).

The migration energy is the activation energy for an atom to
jump onto a nearby vacancy. According to classical transition state
theory (TST), the rate at which a vacancy exchanges its place with a
neighboring atom can be expressed by the Eyring-Polanyi

equation,””””
v viexp( Z2C0m) JkeT Qs  (—En
TV T )T T Qs P\ T
keT  (—Ep
NT‘”‘P(KT)’ @

where Qs is the vibrational partition function of the initial state
and Qrs is the vibrational partition function of the transition
state with the vibrational mode along the minimum-energy
pathway removed. In the current work, we did not calculate the
jump frequencies, which are part of the Q; terms; we instead
make the approximation that the vibrational partition functions
not associated with the minimum-energy pathway are unity (i.e.,
Qrs/Qis &~ 1). In situations in which all jumps have approxi-
mately the same activation energy, as is the case with self-
diffusion, the diffusion coefficient is proportional to the rate of a
jump: D = vA?/6, where 1 = a/+/8 for bcc lattices”® and a is the
lattice parameter. In situations in which multiple solutes are
present, such as in this work, Eq. (2) gives an estimate of the
rate of each individual jump, but the net diffusion process is
more complicated.

The process of diffusion in solids typically occurs by a series of
jumps, each with a rate given (approximately) by Eq. (2) with differ-
ent migration energies and/or pre-exponential factors, chained
together. The net process of xenon diffusion will thus be linked to
the process of self-diffusion (i.e., uranium diffusion), as well as the
diffusion of solute atoms, such as molybdenum. The formation of
multiple vacancies, which we discount here, would also have drastic
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effects on the rate of net xenon transport—it should be noted that
both divacancies and vacancies paired with substitutional xenon are
known to be bound in y-uranium and U-Mo alloys.”” The effective
diffusion coefficient in Eq. (1) is thus a composite of several steps,
and the effective diffusion coefficient and migration energy are a
composite of the individual steps, weighted by their respective likeli-
hoods of being encountered.

Metals that undergo irradiation have point defects, such as
self-vacancies and self-interstitials, in the lattice. The diffusion of
these defects results in microstructural changes that can impact the
mechanical properties. The diffusion of vacancies is of significant
interest because they form voids, dislocation loops, and clusters,
and they facilitate the diffusion of substitutional solute atoms. This
method of solute diffusion is controlled by the interaction between
a vacancy and a solute atom. The diffusion of vacancies is particu-
larly influenced by the presence of nearby substitutional solute
atoms. Sometimes the vacancy and the solute can coexist as an
atom-vacancy complex. Hence, understanding solute-vacancy
interactions is an important step in developing models of diffusion
in irradiated materials.”*’® The authors are not aware of any previ-
ous results regarding solute-vacancy binding in y-uranium for any
solutes; therefore, we calculated them as part of this work.

We used defects in supercells to calculate the binding energies
of solute-vacancy (X—UJ) pairs. The binding energy is the differ-
ence between the energy at infinite separation and the energy at
nearest-neighbor separation. We used the following expression to
calculate the binding energy of a solute to a vacancy:

By U= B+, — B~ Bowe ®

For a bcc supercell with N sites, the cell may contain no
defects (energy Ey, ) or it may contain a vacancy (energy EE;H ) a

solute impurity (EélN,l ), or a solute-vacancy pair (Eé“i). A positive
binding energy means that the complex is bound. Equation (3) can
also be conveniently written as the energy required to form a

vacancy next to a solute (X) atom. The vacancy formation energy is

N-1

Ef =Eg' - — Buw 4)

where Ey, is the energy of a supercell with N uranium atoms. A
positive formation energy indicates that energy must be added to
form the vacancy.

The disordered nature of U-Mo alloys creates some challenges
for electronic structure studies. The manner in which molybdenum
is distributed among the lattice sites produces different diffusion
pathways for xenon, and there are several ways to arrange molybde-
num atoms on the lattice sites around a particular xenon atom. We
use a combinatorial approach to estimate the probabilities (Table T)
of having various numbers of molybdenum atoms in the
first-nearest-neighbor shell of the bcc structure around a xenon
atom. Assuming that the molybdenum atoms are arranged ran-
domly, the probability (P) of a particular U/Mo combination on
the sites near a xenon atom can be calculated using a binomial
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TABLE |. Probability of having different numbers of molybdenum atoms in the
nearest-neighbor (NN) location for a bce uranium-molybdenum alloy. We have used
Eq. (5) to calculate the probabilities.

U-10Mo U-7Mo

No. of Mo (%Mo =0.216) (%Mo =0.157)
0 0.182 0.302
1 0.351 0.394
2 0.290 0.221
3 0.133 0.069
4 0.037 0.013
5 0.006 0.001
6 0.0006 8.95x107°
7 2.19x107° 2.39x107°
distribution,

P = nk_xllf/[o(l — xMo)nik, (5)

where 7 is the number of available nearest-neighbor positions not
occupied by the vacancy (for bec, n=7), k is the number of
molybdenum atoms in the nearest-neighbor shell, and xy, is the
(overall) mole fraction of molybdenum. According to Table I, the
probability (P) of having more than three molybdenum atoms in
the first nearest-neighbor shell is low (< 5%). We assume, for sim-
plicity, that xx. ~ 0, meaning that these results apply in the limit of
infinitely dilute xenon. This assumption allows us to ignore config-
urations in which two xenon atoms are near each other—this is
reasonable, as such configurations would be likely to form relatively
immobile bubbles as soon as they occurred.

lll. METHODOLOGY

All calculations used the QuanTUMESPRESSO® simulation
package with the projector augmented wave (PAW) method.”" A full
description of the uranium pseudopotential can be found in our
earlier work.®” For the elements Mo, Xe, Fe, Co, Au, Nb, and Zr, we
used PAW-based pseudopotentials from the QuanTuMESPRESSO PS
Library.”>** We used the exchange—correlation functional of Perdew,
Burke, and Ernzerhof (PBE)***° for all calculations.

DFT calculates the ground state properties of a system;
however, y-uranium is mechanically unstable at low temperatures,
which results in negative shear moduli.”” Other elements (e.g., Ti,
Zr, Pr, and Hf) also have high-temperature bcc structures that are
unstable at low temperature.”>" It is consequently challenging to
study y-uranium with DFT, particularly using a supercell that
includes vacancies or defects. To perform our calculations, we used
the so-called shell method,” in which the outer layer of atoms is
fixed at crystallographic coordinates and the rest of the atoms are
allowed to move freely. We used a 3 x 3 x 3 supercell of bcc
uranium, which consists of 54 atoms in the absence of heteroatoms
or vacancies. A convergence test showed that a Monkhorst-Pack
k-point mesh of 5 x 5 x 5 is suitable to yield formation and migra-
tion energies that are converged to within 0.01 eV/A.
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Beeler et al.”” showed that the shell method tends to overesti-

mate interstitial formation energies by 10%-15% but gives accurate
vacancy formation energies. There may be similar overestimation of
migration, binding, and formation energies of the configurations
studied here. Unfortunately, using a larger supercell is both imprac-
tical and, at least for y-uranium, impossible: using a 4 x 4 x 4
supercell or larger with the shell method and the interatomic
potential of Smirnova et al.’' resulted in unrealistically small or
even negative vacancy formation energies (data not shown).

To calculate the migration energy, each initial state was
relaxed with respect to internal coordinates and volume. We deter-
mined the transition state by way of a nudged elastic band
(NEB)”*” calculation with a climbing image as implemented in
QuanTUMESPRESSO. We used five images in the NEB calculations,
all of which used the same shell method as in the single-point
energy calculations. The optimization used the Broyden scheme,
which is the default suggested in the documentation. The stopping
criterion (path_thr) was a force of 0.1 eV/A.

IV. RESULTS AND DISCUSSION

A. Vacancy formation and impurity-vacancy
binding energies

The formation energy of a single vacancy is calculated using
Eq. (4). Our results are compared with previously published DFT
calculations and experimental results in Table II. Our results are in
good agreement with both previous DFT studies. Xian et al.”* also
used 54 atoms in their supercell, but our vacancy formation energy
is higher by 0.2 eV. Discrepancies could arise from their use of a
6 X 6 X 6 k-point mesh, whereas we used 5 x 5 x 5. Beeler et al”’
used a supercell of 128 atoms to calculate the vacancy formation
energy. The experimental values bracket our results and those of
Beeler et al.:”’ The earlier work of Matter et al.”” found a formation
energy of 1.2 + 0.3 eV, whereas Lund et al’® found 1.6 + 0.2 eV.

We are not aware of any previous reports of calculations of
solute-vacancy (X —0J) binding energies in y-uranium; therefore, we
calculated these ourselves. We chose solutes so as to compare to dif-
fusion measurements by Rothman and co-workers.”’”” The results
are shown in Table III. All of the solute-vacancy binding energies in
y-uranium are substantially higher than in other bcc metals. For
example, in iron and tungsten, the X —[J binding energy varies from
—0.6 to 0.6 eV for a variety of solutes.” ' In y-uranium, however,
the binding energy varies from 5.715 (Fe—0J) to 6.619 eV (Cr—0J),
which indicates that the solute-vacancy binding energy is much
higher in bee uranium than it is in other bec metals.

TABLE |I. Vacancy formation energy (eV) of y-uranium compared with previously
published results.

Source Energy (eV)
Present work 1.28
Beeler et al.”’ 1.384
Xian et al.”* 1.08

Matter et al. (expt.)”” 1.2+0.3
Lund et al. (expt.)” 1.6+0.2
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TABLE lll. Solute-vacancy binding energies in y-uranium for various solutes near a
vacancy. Positive energies indicate energetically favorable binding.

Solute Binding energy (eV)
Xe 6.034
Mo 6.249
Fe 5.715
Co 5.876
Au 6.450
Cr 6.619
Zr 6.318
Nb 6.113

The solute-vacancy binding energy characterizes the interaction
between a solute and a vacancy, which modifies the local concentra-
tion of vacancies near a solute. In the case of y-uranium, the interac-
tion between a solute and a vacancy is strongly attractive. The total
solute-vacancy binding energy can be decomposed into two factors:
elastic effects and electrostatic effects.'”’ The elastic energy (or elastic
binding energy) is the energy that is released if the strain fields of a
solute and a vacancy interact.””' " Due to the unstable nature of
y-uranium at low temperatures, the elastic binding energy contrib-
utes significantly to the total solute-vacancy binding energy and may
be the primary reason for the high value of the solute-vacancy
binding energy in bcc uranium. We are uncertain as to whether the
shell method—that is, the frozen layer of atoms near the position of
the solute—has any contributions to the binding energy here, but
suffice it to say that the values in Table III should be interpreted
with caution due to the unstable nature of the uranium bcc lattice
arrangement.

It is difficult to envision using a technique such as Born-
Oppenheimer molecular dynamics to compute these values at finite
temperatures, but that is likely the only way to achieve significant
improvements on these values using DFT-based techniques.

B. Xenon and molybdenum diffusion

The process of xenon diffusion is vacancy-assisted in
y-uranium. The net process likely involves diffusion of a vacancy
(i.e., uranium self-diffusion) to a position near a particular xenon
atom. The xenon atom then exchanges with the vacancy, and the
vacancy jumps away by exchanging with other metal atoms.
Subsequently, another vacancy encounters the same xenon atom,
and it jumps—either back to its original position or to one of the
eight other directions, depending on where the vacancy approaches
it—by exchanging with the vacancy again. The process repeats in
this manner. The result is that xenon diffusion is coupled with
uranium self-diffusion (i.e., the diffusion of vacancies). If we
assume that only the nearest-neighbor lattice sites matter, then the
rate of vacancy exchange with xenon can be estimated by calculat-
ing the activation energy associated with xenon exchange with
vacancies. We will ignore the possibility of multiple adjacent vacan-
cies, as we expect these to form bubbles (with very low rates of
transport) whenever such combinations occur near xenon.
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Migration energies are calculated using the climbing-image
nudged elastic band method. We calculated the migration energies
of xenon and molybdenum moving from the center of the supercell
to one of the nearest-neighbor lattice sites. Such solute-vacancy
exchange is the primary mechanism of diffusion of xenon and
molybdenum because of their size relative to uranium—that is,
xenon occupies substitutional positions on the uranium lattice
rather than interstitial positions. Table IV presents our findings.
Note that in bcc lattices, all eight nearest-neighbor sites are sym-
metrically equivalent; therefore, there is only one unique migration
energy for xenon or molybdenum near seven uranium atoms and
one vacancy. The calculated activation energy of a molybdenum
jump (in the absence of xenon or other molybdenum atoms),
2.067 eV, is consistent with the observed migration energy of
molybdenum in y-U-Mo at various compositions (2.02-2.08 eV)
from the work of Huang et al.'” and slightly higher than the range
(1.53-191eV) found in an earlier study by the same investiga-
tors.'”” The migration energy of xenon in the absence of molybde-
num (0.161 eV) is reasonably close to the (non-rate-limiting) value
of 0.11 eV corresponding to the xenon migration energy between
cation sites in UO, found by Ball and Grimes.*” As the amount of
molybdenum in the nearest-neighbor shell increases, there are
more and more symmetrically distinct migration pathways. The
migration energy of xenon in the absence of any molybdenum in
the nearest-neighbor positions is significantly lower than the migra-
tion energy of molybdenum. The Xe—[ binding energy is also

TABLE IV. Xenon migration energy (E,,) for different configurations.

Composition® Xe jump E,, (eV)
7U (111) [Fig. 1(a)] 0.161
1 Mo 1 [Fig. 1(b)] 0.313
2 [Fig. 1(b)] 0.172
3 [Fig. 1(b)] 0.261
2 Mo 1 [Fig. 2(a)] 0.110
2 [Fig. 2(a)] 0.212
3 [Fig. 2(b)] 0.532
4 [Fig. 2(b)] 0.108
5 [Fig. 2(b)] 0.224
6 [Fig. 2(c)] 0.110
3 Mo 1 [Fig. 3(a)] 0515
2 [Fig. 3(a)] 0917
3 [Fig. 3(a)] 0.265
4 [Fig. 3(a)] 0.579
5 [Fig. 3(b)] 0.201
6 [Fig. 3(b)] 0.384
7 [Fig. 3(b)] 0.386
8 [Fig. 3(0)] 1213
9 [Fig. 3(c)] 0.461
10 [Fig. 3(c)] 0.435
Mo jump E,, (eV)
7U (111) [Fig. 1(a)] 2.067

*The eight nearest-neighbor sites consist of one vacancy plus the atoms
listed, with the remaining sites occupied by uranium atoms.
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lower than the Mo—[ binding energy, which may occur in part
because xenon tends to find its energetic minimum location in
between the empty lattice site and the site closest to the xenon
atom, resulting in shorter jump distances and lower barriers. It
should be noted that xenon tends to agglomerate into bubbles®” ™'
and that these bubbles would not move by the single-vacancy,
single-xenon mechanism assumed here. The net effect is that
xenon would move much more slowly once such bubbles form.
Xenon transport is also affected by radiation-induced defect forma-
tion and localized melting induced by displacement cascades.'**

We studied the xenon migration energy in the presence of
molybdenum in a systematic way by including various numbers of
molybdenum atoms in the nearest-neighbor (NN) shell around a
xenon atom and calculating all symmetrically distinct xenon migra-
tion energies associated with each distinct arrangement of molyb-
denum atoms around a central xenon atom. One molybdenum in
the NN shell creates three symmetrically equivalent xenon jumps
[see Fig. 1(b)]. These three migration pathways (labeled 1, 2, and 3)
show higher activation energies than the case with no molybdenum
atoms in the NN shell.

In the presence of a vacancy, xenon tends to take a position in
between the vacancy and the nearest lattice site at the energy
minimum. This results in a very low migration energy for xenon to
move to the nearest vacancy. This behavior is very similar to how
xenon moves in UO, fuel: in UO,, the xenon atoms prefer to find
their lowest-energy location in between the original trap site and
the second uranium vacancy.”” Adding one molybdenum to the
nearest-neighbor shell increases the migration energies for all three
unique migration pathways. The relative locations of the molybde-
num atom and the vacancy change the minimum-energy location
of the xenon atom. Xenon tends to relax toward the vacancy and
the extra space created by the molybdenum atom. It finds a low-
energy site in between its original site, the vacancy, and the molyb-
denum atom, which increases the migration energy.

There is more than one way to put two molybdenum atoms in
the NN shell around a solute atom in a bcc crystal, and three of
these arrangements create distinct xenon migration pathways.
Figure 2 shows all symmetrically distinct locations for two

(@)

FIG. 1. Diagram of a xenon jump from the center site to a nearest-neighbor
vacancy in y-uranium. (a) All eight possible jumps (initial locations for the
vacancy) are symmetrically equivalent with no molybdenum present (only one is
shown). (b) With one molybdenum atom in the nearest-neighbor shell, there are
three unique initial locations for the vacancy (1, 2, and 3).
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molybdenum atoms around a xenon atom and the resulting symmet-
rically distinct jumps that could result if a vacancy were in another
position nearby. Migration energies with two molybdenum atoms
present range from 0.110 to 0.532 eV. Both the positions of the two
molybdenum atoms and the direction of the jump influence the
migration energy. Directions 1 and 2 [Fig. 2(a)] have migration ener-
gies of 0.110 and 0.212 €V, respectively; direction 2 has almost
double the migration energy of direction 1. Directions 1, 4, and 6,
which all have a molybdenum atom on the corner of the cube adja-
cent to the vacancy, have the lowest migration energies. The
lowest-energy locations for xenon for jumps in directions 1, 4, and 6
are close to each other, which produces a very low migration energy.
Figure 3 shows the symmetrically distinct arrangements of
three molybdenum atoms in the nearest-neighbor shell. This local
concentration creates ten distinct jumps of a xenon atom to a
nearest-neighbor vacancy (Fig. 3). The migration energies for
three-molybdenum configurations vary from 0.201 eV for direc-
tion 5 to 1.213 eV for direction 8. The highest migration energy is
for a xenon atom that jumps to a site between two molybdenum
atoms [site 8 in Fig. 3(c)]. Figure 3(a) shows the arrangements of
three molybdenum atoms on the same (100) plane, which pro-
duces four distinct jumps with migration energies ranging from
0.515 to 0.917 eV, the highest one being for direction 2, where
xenon moves to the opposite corner from the three molybdenum
atoms. Figure 3(b) has a combination of two molybdenum atoms
on one face of the cell and one molybdenum atom in the lower

ARTICLE scitation.org/journalljap

FIG. 2. The three sets of symmetri-
cally inequivalent hops of xenon from
the center with two molybdenum atoms
in the nearest-neighbor shell with
molybdenum atoms initially placed
along the same (a) [100], (b) [110],
and (c) [111] crystallographic direc-
tions. The numbers denote symmetri-

cally distinct locations for the vacancy
and correspond to unique migration
pathways.

corner on the opposite site. This configuration reduces the migration
energy compared to the configuration in which all three molybde-
num atoms are co-planar. Direction 8 [Fig. 3(c)] produces the
highest migration energy for xenon. In this configuration, the initial
minimum-energy position for xenon is equidistant from all three
molybdenum atoms. The final position is not equidistant but creates
a larger activation energy. In the cases of directions 9 and 10, the
location of the vacancy changes the lowest-energy location (final
position) for xenon and reduces the barrier.

We did not calculate the migration energy of xenon with more
than three molybdenum atoms in the nearest-neighbor shell. The
assumption of a random (binomial) distribution (Table I) implies
that the probability of having 0-3 molybdenum atoms near a
xenon solute is much higher (> 96%) than having more than three
molybdenum atoms for either U-10Mo or U-7Mo.

It should be noted that the use of the “shell” method, in
which atoms that are more than approximately 1.5a away from the
center of the supercell are held at their crystallographic positions
and not allowed to move, creates some uncertainty in the values of
all of the migration, binding, and formation energies presented
here. The qualitative trends in all of these values (e.g., that xenon
migration energies in pure uranium are lower than they are with a
single molybdenum atom nearby) are likely to be similar in the
absence of such constraints, but the absolute values may not be. It
is impossible to perform these calculations in an unconstrained
supercell because the y-uranium lattice is not thermodynamically

FIG. 3. The three sets of symmetri-
cally distinct hops from the center site
with three molybdenum atoms in the
nearest-neighbor shell with molybde-
num atoms initially placed in the same
(@) (100), (b) (110), and (c) (111)
crystallographic planes. The numbers
denote symmetrically distinct initial

locations for the vacancy, each of
which creates a unique migration
pathway.
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stable at low temperatures. This instability results in nonsensical
energies for anything larger than an approximately 3 x 3 x 3
“movable” region. The energy values here can be used as bench-
marks for interatomic potentials. The only way to use DFT-based
methods to improve the uncertainty in these calculations would be
to use a time-dependent method, such as Born-Oppenheimer
molecular dynamics, as employed by Castellano et al.”

V. CONCLUSIONS

We calculated solute-vacancy binding energies for different
solutes in bcc uranium. Uranium shows relatively high vacancy-
solute binding energies compared to iron and aluminum. The
unstable nature of y-uranium at low temperature contributes to a
significant increase in solute-vacancy binding energy relative to
other bcc metals. The higher elastic binding energy in bcc uranium
produces a high solute-vacancy binding energy.

We also calculated migration energies of xenon and molybde-
num in pure bcc uranium. Molybdenum’s migration energy is very
high compared to that of xenon, indicating that in pure bcc uranium,
xenon moves much faster than molybdenum. The relatively low dif-
fusivity of molybdenum also supports our assumption that molybde-
num is randomly distributed in uranium-molybdenum alloys
(presuming that the manufacturing process initially starts with a melt
or powder that produces an ideal mixture). We also studied migra-
tion energies of xenon in the presence of molybdenum in U-Mo
alloys. Different arrangements of molybdenum atoms in the
nearest-neighbor shell and the distinct jumps available to xenon
are identified and their activation energies are calculated. The
binomial distribution suggests that having up to three molybde-
num atoms in the nearest-neighbor shell is highly probable in
U-10Mo and U-7Mo alloys. The presence of molybdenum in
the nearest-neighbor shell of a xenon atom has an impact on the
migration energy, but it does not generally increase or decrease
the migration energy; both the locations of the molybdenum
atoms and the direction of the jump influence the migration
energy. Having one molybdenum atom in the nearest-neighbor
shell increases the activation energy between 0.01 and 0.15eV,
depending on the location of the molybdenum atom relative to
the xenon atom and the vacancy. If xenon has two molybdenum
atoms nearby, we found a similar increase, though there are com-
binations for which the migration energy is lower than it is in the
single-molybdenum cases. For xenon with three nearby molybde-
num atoms, the migration energy increases for all molybdenum/
vacancy arrangements. While there are several molybdenum
arrangements that result in decreased migration energies relative
to some of the two-molybdenum configurations, the general trend
with the addition of molybdenum in the nearest-neighbor shell
near xenon is to increase the migration energy, hence reducing
xenon mobility in U-Mo alloys. It should be noted that the acti-
vation energies of most xenon jumps found here are as low or
lower than the calculated activation energies for uranium self-
diffusion, which are in the 0.5-1eV range as calculated with
embedded atom method interatomic potentials.””>>*'*” This sug-
gests that the rate-limiting process in xenon diffusion may be
uranium self-diffusion (excluding the possibility of divacancy for-
mation near xenon).

ARTICLE scitation.org/journalljap

We did not consider the influence of molybdenum in the
second-nearest-neighbor shell in bcc uranium. Future work should
include a determination of the effective diffusion coefficient of
xenon in U-Mo alloys using the kinetic Monte Carlo method.
Future work should also explore the free energy landscape at finite
temperature through techniques such as Born-Oppenheimer
molecular dynamics. Such techniques might address the questions
present here regarding whether the “shell” approximation is ade-
quate to model xenon diffusion in y-uranium.

SUPPLEMENTARY MATERIAL

See the supplementary material for the atomic coordinates of
the solute-vacancy binding energy calculations in Table III.
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