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Abstract

TRISO fuel particles are candidates for use in next generation reactors including gas reactors, fluoride
salt-cooled high temperature reactors, and micro-reactors. The UCQO fuel kernel consists of a uranium
dioxide (UO32) and uranium carbide mixture. The addition of UCs helps suppress the formation of carbon
monoxide gas, which led to failures during initial TRISO developmient. The addition of uranium carbide
alters the chemistry of the UOs pellet, which is known to influence performance parameters such as fission
gas diffusivity, although the impact has not been quantified and no models exist that take the change
in chemistry into account. Therefore, better understanding and more accurate models of the impact of
chemistry on fuel performance are of high priority. In this paper, a first-principles density functional theory
(DFT) and empirical potential based multi-scale study has been carried out to model the diffusivity of fission
gas xenon (Xe) in UCO TRISO fuel kernels. The focus is on the UO2 component in the UCO fuel kernels,
as that represents the largest volume fraction of the fuel kernels. The study relies on DFT and empirical
potential calculations to determine Xe and point defect properties, which are then used in thermodynamic
and kinetic models to predict diffusion for intrinsic conditions. In addition, the information is utilized
in cluster dynamics simulations using the Centipede code to estimate the impact of irradiation on defect
transport. The presence of UCy or UC,_, in the UCO fuel kernels is shown to have a substantial impact on
the UO2 non-stoichiometry by inducing oxygen vacancies and driving UO2 sub-stoichiometric, which causes
much slower Xe diffusion in UCQO compared to light water reactor UOs fuel. The application of this model
in fuel performance simulations using the Bison code is also demonstrated.

1. Introduction sity functional theory (DFT) calculations. More
recently, TRISO fuels are also being considered for
usage in fluoride salt-cooled high temperature reac-

tors (FHR) [3], as well as in micro-reactor technol-

Tristructural isotropic  coated (TRISO) fuel
particles have historically been used in high-
temperature gas-cooled reactors (HT'GR), and con-

sist of a uranium bearing kernel in the form of either
UO; or UCO, a porous carbon buffer, an inner py-
rolytic carbon (IPyC) layer, a silicon carbide layer,
and an outer pyrolytic carbon (OPyC) layer [1, 2].
UO, was initially utilized as the fuel form, but
fuel oxidation during burnup caused reaction with
the porous carbon buffer and formation of CO gas,
which led to safety issues [1]. UCO fuel kernels are
made from a mixture of UO5 and uranium carbide,
and are considered to be more accident tolerant for
use in next generation reactors. This is because
the reducing nature of uranium carbides prevents
formation of CO gas, as will also be further dis-
cussed in this paper based on first-principles den-
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ogy [4].

Given the importance of TRISO fuels for ad-
vanced reactor concepts that are actively pursued
by industry, better understanding and more accu-
rate performance models of the TRISO fuel kernels
are high priorities [5]. This includes the diffusion
parameters governing transport of the fission gas
xenon (Xe) and fission products such as silver (Ag)
and palladium (Pd), which are important input pa-
rameters to the fission gas and product release mod-
els used in fuel performance codes. The current
state-of-the-art models in fuel performance codes
such as PARFUME [6] still use models based on
the Xe release data obtained from light water reac-
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tor (LWR) UOs fuel, which is nearly stoichiometric
or slightly hyper-stoichiometric. However, in actual
UCO fuel kernels, the fission gas release rate is ex-
pected to be different, as a consequence of the more
reducing conditions in UCO compared to LWR UQOs
fuel. The Xe diffusion coefficient is known to be
very sensitive to the fuel non-stoichiometry [7].

Experimental measurements of fission gas release
in UCO fuel kernels have been very limited. In the
early days of the HTGR endeavor, which was ac-
tive until 1977, the experimental efforts to measure
diffusivity data were focused on pure UO5, ThOs,
UCy, or UN. These measurements were critically re-
viewed by Matzke [8]. While UCO fuel kernels had
been conceived and manufactured starting in the
early 80s, most experimental work focused on tech-
nology comparison, i.e., to determine what is the
minimum fraction of required uranium carbides in
UCO fuel kernels to avoid formation of CO gas [9-
11], with much less emphasis on the fission gas re-
lease rates.

In the present study, lower length scale modeling
and simulations of fission gas — here focusing on Xe
to estimate the behavior of all fission gases — diffu-
sion in UCO TRISO fuel kernels have been carried
out. This work extends earlier investigations of fis-
sion gas diffusion in UO;y for light water reactors
under both intrinsic conditions and under irradia-
tion [12-15]. The approach relies on DFT and em-
pirical potential calculations to determine Xe and
point defect properties, which are then used in ther-
modynamic and kinetic models to predict diffusion
for intrinsic conditions. In addition, the informa-
tion is utilized in cluster dynamics simulations for
the irradiation response. The result is a model for
fission gas diffusivity as a function of temperature
and fission rate in UCO fuel kernels that can be
used for simulations of fission gas retention/release
in fuel performance codes, such as Bison [16-18].
The application of this model in Bison simulations
is also demonstrated. The new Xe diffusion model
is the first Xe diffusion model specifically developed
for UCO fuel kernels and, as will be shown, the pre-
vious assumption that diffusion is similar to that
in LWR UOs fuels leads to rather significant over-
prediction of fission gas diffusion and release. In
order to develop the Xe diffusion model for UCO
fuels, a number of supporting analysis steps were
first carried out. They include the following,

e DFT calculations of phase stability of the
constituent UOy, UC, and U(O,C)y solution
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phases in UCO fuel kernels;

e DFT and empirical potential calculations, and
thermodynamic analysis of non-stoichiometric
UOs in UCO fuel kernels;

e DFT calculations of fission gas migration ener-
gies in the UO4 phase of UCO fuel kernels;

e Cluster dynamics simulations of point defects
and cluster concentrations in irradiated UCO
fuel kernels using the Centipede code [14, 15],
which enables calculation of diffusion coeffi-
cients under irradiation conditions.

Although the work is heavily based on DFT and
empirical potential calculations of defect formation
and migration energies and entropies, without a
good understanding of the thermo-chemistry in the
UCO system it is not possible to predict the rel-
evant diffusivities, which motivates starting off by
inyestigating the foundational thermo-chemistry of
UCO TRISO fuel kernels. After accounting for the
UCO thermochemistry, the final step of the study
involves using the Centipede cluster dynamics code
[14, 15] with parameters obtained from DFT and
empirical potential calculations to predict the fis-
sion gas (Xe) diffusivity under both thermal equi-
librium and irradiation conditions in UCO fuel ker-
nels. The study is focused on the UO5 component,
since that is the dominant phase in the UCO fuel
kernels.

The structure of this paper is as follows: After
introduction of the methods used, the results of the
steps outlined above are each separately reported,
followed by the implementation of the new diffu-
sivity model into Bison simulations, and finally a
summary is presented.

2. Methods

2.1. DFT+U calculations

DFT+U calculations are used for defect ener-
gies, defect volumes and migration barriers. The
calculations are performed with the Vienna ab ini-
tio simulation package (VASP) [19-21] using the
projector-augmented-wave (PAW) method [22, 23].
The GGA-PBE exchange correlation potential is
used with Hubbard U (onsite Coulomb parameter)
and J (onsite exchange parameter) terms included
for the uranium 5f orbitals in order to capture
the effects of strong correlations. The rotational
invariant functional form due to Liechtenstein et



al. [24] is employed. To simplify the calculation
of defect properties, spin-orbit coupling and non-
collinear magnetism are ignored. The collinear 1k
anti-ferromagnetic (AFM) ordering of uranium (U)
spins is considered, which is slightly different from
the 3k AFM ordering observed in experiments at
low temperatures but it is known to be a reasonable
approximation for the high-temperature paramag-
netic state of interest to nuclear fuel applications.
The U and J parameters are set to 4.5 and 0.51 eV,
respectively, as determined from analysis of X-ray
photoemission spectra [25]. We apply this choice of
parameters to both UO5 and UCs, as was practiced
in an earlier study [26].

For defect calculations, a 2x2x2 (96 atoms) su-
percell expansion of the UO, fluorite unit cell and a
2x2x2 (48 atoms) supercell expansion of the UCy
tetragonal unit cell are used. 2x2x2 (UO3) and
4x4x2 (UCs2) Monkhorst-Pack k-point meshes and
a plane-wave cutoff energy of 500 eV are used for
the defect calculations. The force convergence cri-
teria is 0.05 eV/ A for ionic relaxations. The migra-
tion barriers are calculated using the Nudged Elas-
tic Band (NEB) method with the improved climb-
ing image algorithm [27].

DFET+ U calculations for UO4 are known to yield
metastable electronic solutions [28]. In order to
avoid this problem all simulations are performed
without any assumptions regarding the crystal sym-
metry, this is done through introduction of small
distortions. At least one of the following ap-
proaches, the orbital matrix occupation control
methodology developed by Dorado et al. [28] or the
U ramping method due to Meredig et al [29] have
been applied to avoid metastable solutions. The
VASP calculations for the UO5 supercell structures
use the ISYM=2 tag, even though the structural
relaxations-assume no symmetry through introduc-
tion of small distortions. It has been shown that
this setting gives results consistent with UOq with-
out Jahn-Teller distortions [13]. If symmetries are
completely turned off (ISYM=0) then the full Jahn-
Teller solution is obtained. The charged defect cal-
culations are carried out by adding or removing
electrons from the supercells and the energy cor-
rections due to the charged supercells employ the
procedure suggested by Taylor and Bruneval [30].
The corrected total energy is expressed as,

E(ep) = Eg + gep + correction term, (1)

where Fj is the total energy from the charged su-
percell calculations (before correction), ¢ is the to-
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tal charge of the supercell, er is the Fermi level
starting from the top of the valence band, and the
correction term is the associated Coulomb correc-
tion and potential shift (for which we apply the
procedure suggested by Taylor and Bruneval [30]).
This treatment is similar to charged defect calcu-
lations in actinide oxides from other works, for ex-
ample, charge effects for UO2 clusters [13], iodine
charge effect [31], and Cr doping effects in UO [32].
The Fermi level can go from zero to the bandgap of
UO., for which the experimental value of 2.1 eV [33]
is used.

2.2. Empirical potential calculations

Vibrational defect entropies are calculated from
the normal mode phonon frequencies, an approach
similar to our earlier works [12, 34-36]. The phonon
frequencies are calculated using GULP [37] employ-
ing the many-body potential developed by Cooper,
Rushton and Grimes (CRG) for UO [38]. At tem-
peratures higher than the Debye temperature, the
entropy of crystalline solids can be approximated
as

3N-3 hy
S =—kp n; In (kBT> + (3N =3)kp, (2)

where N is the number of atoms in the crystal, kg
is the Boltzmann constant, T is the temperature,
and v, is the normal vibrational frequency of the
crystal. There are three modes that are zero for ev-
ery supercell, corresponding to translational modes,
which are neglected. In the harmonic approxima-
tion used here, the normal mode vibrational fre-
quencies are calculated by diagonalizing the dynam-
ical force matrix of the system at a constant volume.

The entropy relevant for nuclear fuels is at con-
stant pressure (Sp), which is calculated from the
constant volume entropies according to

Sp =Sy + BVre, (3)

where [ is (%)T, V is the volume. V.. is the
volume change at zero pressure for the crystal with
defects. For UO,, 8 is computed to be 0.447 kB/A?’.
The defect volumes are obtained from DFT cal-
culations. At high temperatures, anharmonic ef-
fects contribute to the defect formation entropies
and energies. This contribution can be included
through the quasi-harmonic approximation, which
calculates energies and phonons at several different



volumes to account for the effect of thermal expan-
sion. The neglect of anharmonicity in our calcula-
tions could affect the accuracy of the results at high
temperatures.

2.3. Defect model

Point defect concentrations under thermal equi-
librium conditions may be computed using a point
defect model. The particular approach applied here
is described in detail in earlier publications [35, 39].
Within this model, the concentration of a given de-
fect ¢ is determined by its associated Gibbs free en-

ergy, _

¢; = m;exp(—AG} /kpT), (4)
where m; is the multiplicity of the defect. The
Gibbs free energy is,

AGYy = AE —TAS + gipie + Y e, (5)

where p. is the electron potential of the system, g;
is the charge of the defect, and the chemical poten-
tial of species « is given by po. AE and AS are
determined by atomic scale simulations according
to,

AE = Edefect - Eperfect7 (6)
AS = Sdefect - Sperfecta (7)
where E and S denote DFT supercell energies and
empirical potential supercell entropies, respectively.

The oxygen and uranium chemical potentials are
defined by!:

0.0024887  kpTlog(Po,/PY,)
jo = 523075 — —— 50
(in eV)
(8)
LU = puo, — 2po, (9)

where T is temperature, Pp, is the oxygen partial
pressure of the system, P82 is the reference stan-
dard atmosphere pressure, and pyo, equals to the
Gibbs free energy of UO5 per formula unit.

IThe second term without the factor T in Eq. (8) corre-
sponds to the entropy contribution in the oxygen chemical
potential, which is set equal to % of the standard entropy
value of an oxygen molecule at 900 K, 240 J/K.mol (28.87
kp) [40]. See also Table 3. In reality, this term depends on
temperature, but the current approximation is sufficient for
the present analysis and consistent with previous treatments
[14, 15, 32, 41]
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The total charge concentration in the system is
defined by > gic;. All defects have their formal
i

charges (e.g., oxygen vacancy has a formal charge
of +2 |e]). The concentrations of all charged defects
in the system vary as a function of u. due to its
influence on the formation energies. p. is adjusted
until the criteria for charge neutrality, > g;c; = 0,

1
is achieved and the final defect concentrations are
determined (for a given T and Pp,).

2.4. Centipede cluster dynamics simulations

The free energy cluster dynamics (FECD) frame-
work was developed by Matthews et al. and is im-
plemented in the Centipede code [14, 15]. The
framework has been applied to the concentra-
tion and diffusivity of defects to describe self-
diffusion [14] and Xe diffusion [15, 41] in UO, under
irradiation. The results demonstrate the successful
application of this framework to capture the tran-
sition between irradiation enhanced diffusion and
thermal equilibrium diffusion for uranium self- and
Xe diffusion. For this work, we have extended the
Xe diffusion model [15], which was parameterized
using DFT data published by Perriot et al. [13]. A
detailed description of the framework can be found
elsewhere [14, 15], however a brief description of the
method will be given here.

The concentrations of defects in the UOy system
under irradiation are calculated by solving a set of
ordinary differential equations (ODEs) that capture
a number of phenomena including: production of
Frenkel pairs through irradiation, mutual recombi-
nation of Frenkel pairs, interaction with sinks, and
clustering of point defects. For the concentration,
cq, of a given defect, d, the ODE can be expressed
as:

de ) .
cTtd = Ba+ Z Ry c(cq,co,T,G)
© (10)

- Z Sd,s(cdy cs, T, G)

where Bd describes the source rate of defects
through irradiation. Rd,C and S'd, s are the cluster
and sink rates, which depend on the defect con-
centration (cq), the concentration of a given cluster
(cc), the sink concentration (cs), the temperature
T, and the free energy of the system G. Centipede
simulations find the steady-state solution to this
coupled set of ODEs, such that dd%i <R for all de-
fects, where R is the convergence criteria. The re-



action rate, Ry, for a given reaction, A+ B — Y +Z,
can be expressed as:

%ZD [JZACL‘B — Ty Tz exp (?TGTO)] )
. (if AG® < 0)
R4

2
%D [mAmB exp (—ﬁTG;) — wyl’z] ,
(otherwise)

(11)
where kp is the Boltzmann constant, 2 is the
atomic volume, k; is a reaction rate constant, and
D = Dy + Dp is the sum of the diffusivities of
the reactants. x4 and xp are the atom fractions
of the reactants and xy and xz are the atom frac-
tions of the products. AGY is the binding energy
of the reaction. A detailed explanation of the ap-
plication of Egs. (10) and (11) to Xe in UO; is
given in Refs. [14, 15]. Note that the switching
criteria in Eq. (11) is based on the change in the
concentration-independent defect energies of the re-
action, AG?, and not the driving force, f, which
was mistakenly utilized in previous work. It is also
worth noting that the modeling choices adapted in
(14] differ from traditional cluster dynamics tech-
niques through the modification of the reaction rate
when AG? < 0. This is motivated by evidence from
previous theoretical studies [42] and atomistic sim-
ulations [43] that show the activation barrier is not
completely independent on the net energy of the
reaction. Both models (Eq. (11) with and without
the conditional term) have been tested and shown
to have minimal impact on the steady-state sim-
ulations performed here; and those from previous
works [14, 15, 41]. Xe diffusion in UO4_,, which is
the composition range of interest in UCO fuel ker-
nels, may involve a few mechanisms related to oxy-
gen vacancy defects that were not included in the
previous analysis, since they were not expected to
be important in the UOg, range relevant for LWR
fuel. The new mechanisms and calculation of the
corresponding model parameters will be discussed

in Section 5.

2.5. Bison simulations

Given the fission gas diffusivity model calculated
by Centipede, the fission gas release (FGR) from
the UCO fuel kernel can be calculated using Bison.
Here, FGR represents the amount of fission gas that
is released by the UCO kernel into the void volume
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of the TRISO particle (kernel and buffer porosities
and buffer-IPyC gap).

The FGR is calculated from both direct recoil
release and diffusive release as:

FGR = (RFrecoil + [10 - RFrecoil]RFBooth) FGP

(12)
where RFpecoii and RFEpooin, are the release frac-
tions of fission gas by direct recoil and diffusion,
respectively, and F'GP is the amount of fission gas
produced in the kernel.

2.5.1. Direct recoil

Direct kinetic release of fission gases from the ker-
nel to the buffer is accounted for by geometrical
considerations and fission fragment ranges derived
from compiled experimental data [44].

The fission gas mixture is essentially composed
of krypton (Kr) and Xe, with relative fractions of
18.5 and 81.5% [6]. Hence, the recoil fraction is
given by:

RFrecoil = 0-185RFrecoil,KT + 0-815RFrecoil,Xe
(13)
where RFyccoit, kr and RFjccoil, xe are the respec-
tive release fractions of Kr and Xe due to recoil.

2.5.2. Booth model

Diffusive release through kernel grains to the
grain boundaries and subsequent transport through
the interconnected porosity is estimated by the
Booth equivalent sphere diffusion model [45].

The Booth release fraction is given by:

2 o 1.0 — exp (77"22”2[)“”)

6.07r2 . . i
RE o, = 1.0 orain 3

Dt nimrd

n=1
(14)
where 74,4 is the radius of the diffusing sphere
(i.e., the average grain radius), Deg is the diffusivity
of the fission gas in the grain, and ¢ is the diffusion
time.

The effective diffusivity is described as [46]

b
Doy =D bt (15)
where g is the trapping rate, b is the resolution rate
and D is the unperturbed diffusivity.
The trapping [47] and resolution [48] parameters
are given by:
g=47RND, (16)



and
b= 3.03f’"7rlf(R—|—Z0)7 (17)

where [ = 6 x 107% m is the length of a fission
fragment track, Zy = 10™° m is the radius of influ-
ence of a fission fragment, and f”’ is the fission rate
density. The bubble radius and bubble density, R
and N respectively, are given as [48]

R=15x10"1%(1 4106 - exp(—8691.6/T)), (18)

and

1.52 x 10%7
N= % ~ 3.3 % 10%, (19)

The unperturbed Xe diffusivity model utilizes the
total diffusion coefficient, D, formulated for UO4
fuel from a recent work by Matthews et al. [15] as:

3
D= Di=D;+Dy+Ds (20)

i=1

where D1, D5, and D3 are the diffusion coefficients
of the mechanisms controlling diffusion at different
temperature ranges. The parameters detailed be-
low are the currently existing ones, also termed as
“the UO2 model”, before incorporating the lower
length scale Xe diffusivity model (developed for
UCO fuels) into Bison.

2.216 x 1077 exp(—2522)
T +29.0 exp(—2498)

(21)

23209
Dy =2.821 x 10722 exp(—T)\/f”’(mQ/s),
(22)

D3 =85 %1072 £ (m?/s), (23)

where T is the temperature of the kernel in K;
S is the fission rate density, which is used to cre-
ate agreement with the revised experimental results
reported, as [49] compared to [50].

2.5.3. Fission gas production
The amount of fission gas produced by the kernel,
FGP, during a time interval At, is calculated as:

Tref" Vit

FGP =
G N,

(24)
where I'p¢ is the combined fractional fission yield
of Kr and Xe atoms per fission, Vj is the volume of
the kernel, and N, is Avogadro’s number.
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3. Thermo-chemistry and defect analysis

3.1. Uranium carbides in UCO fuel kernels

Understanding the thermo-chemistry of complex
fuel materials such as UCO involves investigating
the possibility of a solution phase versus a compos-
ite multi-phase microstructure, as well as the im-
pact of the phase distribution on non-stoichiometry
of the constituent phases. The importance of ther-
mochemistry for nuclear fuel performance and fis-
sion gas release has been demonstrated for doped
U0, [32, 41], where the change in the oxygen chem-
ical potential due to addition of CroO3 shifts the
non-stoichiometry of UOq,, sufficiently to impact
the irradiation enhanced Xe diffusivity significantly
compared to the undoped case. As will be shown
later, the impact of carbides on the oxygen poten-
tial, and by extension Xe diffusion, is even bigger.
The thermo-chemistry of UCO fuel kernels depends
on the uranium carbide phases present. Uranium
carbide can exist in three forms in nature, UC,
UCs,, and UsCy [51-53], and can form according
to the following chemical reactions between carbon
and metallic uranium (a-U),

a-U +C = UC, (25)
a-U +2C = UGy, (26)
o-U +3C — U203. (27)

In the uranium-carbon phase diagram, both
UyC3 and UCsy exist for C/U ratio of around 2,
with UsC3 suggested as the more stable phase be-
low 1787 K [52]. 1t is reported [51] that UCy can
decompose into UyCjs through the following reac-
tion,

2U0Cy; — UsC3 + C, (28)

however, this reaction has very slow kinetics and,
consequently, it is typically not considered [51].
From recent experimental characterizations, it is
clear that UO5, UCs, and UC co-exist in UCO ker-
nels in TRISO fuels [54]. For carbides, the tetrag-
onal phase (a-UCy) of UCy dominates [54]. While
the possible existence of or transition to UC and
U,C3 is also worth further exploration, we have
focused our modeling effort on understanding the
thermo-chemistry of UCO fuel in terms of UO4 and
UCs mixtures. The phase mixture containing UC
(UOg, UC, UCy,) [53] is not considered in our mod-
eling work. Thus, our work will not cover phase
regions involving UC compound in the phase dia-
gram [53]. The main conclusions from this study



should extend to cases with other or additional car-
bides phases present, even though the Xe diffusivity
is expected to change slightly as function of changes
in oxygen partial pressure induced by other or addi-
tional carbides being present in the phase mixture.

3.2. UOy-UCy dilute heats of mizing

Figure 1: The lowest energy configuration with a pair of
oxygen atoms in UCs. Solid red spheres are oxygen atoms.
Grey spheres are uranium atoms. Brown spheres are carbon
atoms.

The ground state of UCy (a-UC3) is an
AFM, metallic tetragonal phase with space group
I4/mmm, stable up to 2073 K [55]. The first step in
the DFT+U study is to compute the dilute heats
of mixing of the UO, and UCy phases. These are
calculated as the energy cost for a C atom to re-
place an oxygen atom in UOs (substitutional mix-
ing) or an oxygen atom to replace a C atom in UCy
(substitutional mixing) with the parent phases as
references. < The effect of bonding environment on
mixing is investigated by adding two oxygen im-
purity atoms close to each other in the UCy host
matrix phase. This gives us an indication of how
well a single substitution atom works as a model for
the solution thermodynamics. The choice of UCy
over UOq for the impurity bonding study is based
on a geometrically simpler bonding arrangement in
this phase. The different geometrical arrangements
of oxygen pairs in UCy are calculated and the low-
est energy configuration, as shown in Fig. 1, is se-
lected for the reported dilute heats of mixing ener-
gies. The results are listed in Table 1. Due to the
high positive heats of mixing values (> 2 eV) , we
conclude that UOy and UCs are insoluble in each
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other, and should exist as separate crystal phases
in the UCO fuel kernels. This agrees with experi-
mental observations [56]. In addition, the ternary
phase diagram of Ref. [53] also shows UOs and UCy
do not significantly mix.

Table 1: The dilute heats of mixing of UC2 in UO2 and
UOz2 in UCy from DFT+U calculations. All energies listed
are per impurity atom.

UCz in UO2  UO2 in UCy
AHp, (eV) 2.91 2.51
AHy, (eV) (impurity pair) - 2.66

8.8. UCO thermo-chemistry and oxygen vacancy
defects in UO,

After establishing that UO2 and UCs, exist as sep-
arate phases in UCO fuel kernels, calculations are
performed to understand the role of UC5 on forma-
tion of CO gas and UO2 non-stoichiometry. In the
early experimental measurements of high tempera-
ture phase equilibria in the carbon-oxygen-uranium
system [57, 58], the so called “carbothermic” reduc-
tion involving the following chemical reactions,

U0, +4C — UC, + 200, (29)
UOy 4+ 3UCy — 4UC + 2C0, (30)

were studied. From these experimental measure-
ments, the thermodynamic functions were deter-
mined, i.e., the formation enthalpy (AH) and en-
tropies (AS). These chemical reactions are the re-
actions to produce the UCO fuel kernel in the pro-
duction stage. However, they are not the reactions
that determine the UCO thermal equilibrium in the
fuel kernel.

Table 2: DFT+4 U calculated reaction enthalpy in chemical
reaction Eq. (31) and Eq. (32), in comparison with the cal-
culated reaction enthalpy using thermodynamic functions.
For the calculated reaction enthalpy using thermodynamic
functions, Eq. (33) instead of Eq. (31) is used. The units are
in eV. The reaction entropies using the the thermodynamic
functions are also listed, with units in kp.

Reacti DFT + U thermo. functions
eactions AH AH AS

Eq. (31) (eV) -10.6 -10.3  -22.5

Eq. (32) (eV) -6.4 -6.3  -0.45

Due to the effects of burn-up, the UOy compo-
nent in the UCO fuel kernel is expected to gener-
ate excess oxygen (oxygen interstitials in UO3) due
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Figure 2: The carbon vacancy formation energy in UCs
computed from DFT+ U for different on-site Hubbard term
(U — J) used in the DFT+ U calculations.

to the fissioning of U atoms. In UCO kernels, the
excess oxygen may react with the carbide phase ac-
cording to the following two chemical reactions,

UCy + 0y — U0 +2C, (31)
%UCQ + 0y — %UO2 + CO. (32)

We have performed DFT+ U calculations for these
two reactions. The results are listed in Table 2, in
comparison with calculations using thermodynamic
functions derived from experiments [52, 59]. In Ta-
ble 2, since only the enthalpy differences are used,
the temperature dependence of the enthalpy is not
considered and we assume the temperature depen-
dence to cancel. For the thermodynamic functions,
the standard state values, or the experimental data
at room temperature (298 K) are used. For the
DFT data, 0 K values are used. Both chemical
reactions are exothermic. In agreement with ex-
periments, DET calculations confirm that reaction
Eq. (31) has much larger enthalpy reduction than
reaction Eq. (32), therefore, carbon (in graphite
form) is preferred over CO gas as a reaction prod-
uct. The prevention of CO gas formation is the
rationale for adding the carbide phase in the first
place and effectively eliminates CO pressure in the
UCO fuel kernels. Further consideration of reac-
tion entropies does not change this trend. Includ-
ing sufficient UC5 in the fuel serves the purpose of
gettering the excess oxygen produced by UOy dur-
ing fission reactions, thereby avoiding formation of
CO while still taking advantage of the superior re-
tention of fission products in UOy [1]. The results
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of our calculations are, consequently, in agreement
with this intended purpose of the UC, additions.
For the rest of this paper, reaction Eq. (31) is as-
sumed to determine the UCO thermal equilibrium
in the fuel kernel.

The experimental phase diagram [52] indicates
that UCy may accommodate sub-stoichiometry,
UCso_,, with z typically equal to 0.1 (UCyy).
Eq. (31) then becomes,

UCy_ 5+ 0 —UO2 + (2 - {E)C, (33)

which implies that the same mechanism to prevent
CO formation is still valid. In order to test if the
DFT+U calculations agree with the formation of
sub-stoichiometry UC5_,, the carbon vacancy for-
mation energy in UCs is calculated. As shown in
Fig. 2, the carbon vacancy formation energy in UCq
is low (less than 0.5 V), with actual values depend-
ing on the Hubbard term (U-J) used in the DFT+ U
calculation®. The low value of the vacancy forma-
tion energy confirms the high-temperature experi-
mental phase diagram, which also justifies the use
of the thermodynamic functions of UC,_, in our
work, using Eq. (33) (based on the experimental
measurements of a non-stoichiometric UCz).

The presence of UCs or UCs_, in the UCO fuel
kernels is shown below to have a substantial impact
on the UO5 non-stoichiometry by inducing oxygen
vacancies and driving UOs sub-stoichiometric. In
thermodynamics, the Ellingham diagram is a use-
ful tool showing the dependence of the compound
stability on temperature, especially in metal oxide
systems. It plots the Gibbs free energy of formation
of metal oxides, AG, as a function of temperature.
The lower the position of a line in the Ellingham
diagram, the greater is the stability of the metal
oxide. In Fig. 3, the Ellingham diagram of four
chemical reactions governing the equilibria in UCO
fuels is plotted. Besides the chemical reaction in
Eq. (33), the three other chemical reactions below
are included,

Oz +2Vp — 200, (34)
U + 02 — U027 (35)
2C + 05 — 2C0, (36)

in which Vo is the oxygen vacancy in UOs. For
reaction Eq. (34), two versions are provided: one

2The carbon chemical potential used for the carbon va-
cancy formation energy calculations in UCsy is solid carbon
in its diamond form.
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Figure 3: Ellingham diagram plot showing chemical reactions (a) U + Oz — UO2 (Eq. (35)), (b) 2C + O2 — 2CO (Eq. (36))
(¢) UC2—5 + O2 — UO2 + (2 — z)C (Eq. (33)), (d) O2 + 2V — 200 (Eq. (34)), without mixing entropy, and (e) same as
(d) but considering mixing entropy. (a)-(d) refer to legend. UCs_, can decompose into U2C3 below 1787 K, however, the
decomposition reaction has very slow kinetics and, consequently, it is not considered here. The thermodynamic functions for
U, C, Og, and CO are taken from [40]. The standard state enthalpies for U, C, Oz are zero.
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Figure 4: The partial pressure of Oz as a function of inverse temperature. The solid line is the Lindemer-Besmann model
fit [60] for stoichiometric UO3. The dashed line is the equilibrium line from UCs_;, UO2, and C (Eq. (33)). The scattered
symbols are experimental data of UO24, from [60-68] and the color corresponds to x.

version with a random mixing entropy included (as- considers the mixing entropy, at high temperatures
suming 1% oxygen vacancies), and another version the reaction in Eq. (34) is less stable than that in
not considering mixing entropy. For the line that Eq. (33), which is the controlling chemical reaction



Journal Pre-proof

107*

103

103

10~7
Equilibrium

10-s| UGz, UG

10—11

Defect concentration per UO,

J— VO
Vp(neutral)

— 0,

— 0;(neutral)

—— XinUOz4y

N

NG
10-12 Lindemer-Besmann
line
10715 H
10724 107 107® 107 1072 10°°
Po,(atm)

Figure 5: The concentration of defects (per UO2 formula unit) as a function of oxygen partial pressure calculated at 1600 K.

The solid black line with symbol “x”

is the calculated “x” in the non-stoichiometric UO2+,. The vertical dashed grey line is

Lindemer-Besmann model [60] for stoichiometric UO2. The vertical dashed red line is the equilibrium from UCg_g, UO2, and

C in the UCO thermal equilibrium Eq. (33).

that determines the UCO thermal equilibrium -in
the fuel kernel. Or vice versa, it is expected that a
high oxygen vacancy concentration will exist in the
UO; phase of UCO fuel kernels. In the Ellingham
diagram plotted in Fig. 3, only Eq. (34) uses data
from DFT+ U calculations. All other lines use ther-
modynamic functions derived from experiments.

As further validation of the above conclusion, it
is possible to directly compare the UCO oxygen
partial pressures toexperimental data of UO2 non-
stoichiometry as function of partial pressure. Lin-
demer and Besmann [60] surveyed past experimen-
tal measurements of non-stoichiometric UOs and
fitted an exactly stoichiometric UOq line describing
the partial pressure of Oy as a function of inverse
temperature (1/7T) for the stoichiometric composi-
tion. In Fig. 4, the equilibrium O, partial pressure
from Eq. (33), which is the controlling chemical re-
action that determines the UCO thermal equilib-
rium in the fuel kernel, along with the Lindemer-
Besmann model [60], as well as the experimental
data points used in the Lindemer-Besmann analy-
sis [60-68], are shown as a function of 1/T. Obvi-
ously, the equilibrium partial pressure of UCsy_,,
UOg3, and C in the fuel kernel points to a strongly
reduced (hypostoichiometric) UO2 phase.

10

3.4. Defect model and non-stoichiometry predic-
tions

To compute the point defect concentrations at
thermal equilibrium conditions in UOs, the defect
model defined in Section 2.3 is used. The O/U ratio
predicted by the defect model for a given oxygen
partial pressure at a specific temperature is gov-
erned by the underlying oxygen point defect ener-
gies calculated from DFT and the entropies calcu-
lated from empirical potentials. There are a num-
ber of known inaccuracies in the atomic scale data
that could lead to a different O/U ratio for a given
oxygen partial pressure than those found in exper-
iments. One known issue is the band gap of UOa,
which has been measured to be 2.1 eV [33], however,
the energy of the electron-hole reaction Eq. (37), is
1.36 eV from DFT+ U,

0—e+h. (37)
As a result, the oxygen partial pressure for stoichio-
metric UOy predicted from the defect model is not
able to match the Lindemer-Besmann model [60],
which was derived by fitting to experimental data.

To match the Lindemer-Besmann model [60], the
DFT computed values are modified in a way that
the essential defect formation energies are mini-
mally changed. The defect formation energies (e.g.,
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Table 3: The modification of DFT enthalpy and entropy values to match the Lindemer-Besmann model [60]. The enthalpies
(H, AH) are in eV while the entropies (S, AS) are in kg [32], and all values, except those of the Oz molecule, are relative
to their corresponding perfect UO2 bulk values. For entropies, the values computed at 900 K are used. The temperature
dependence for the defects entropy will cancel exactly for all reactions considered in this work. The enthalpies (entropies) are
based on calculations using 3 X 3 X 3 (5 X 5 X 5) UO2 unit cells, or 108 (500) UO2 formula units. All enthalpies are evaluated

at 0 K.

Defects modified H original H change in H modified S original S change in S
e 10.76(1) 10.14(5) 0.62 6.33 6.69 -0.36

h -8.65 -8.79 0.14 -5.60 -5.96 0.36
Vu 53.55 54.23 -0.68 12.30 11.21 1.09
Vo -7.65 -7.99 0.34 -10.07 -9.53 -0.55

O; 11.38 11.82 -0.44 15.77 15.23 0.55

O2 molecule -10.48 -10.48 0.0 28.87 28.87 0.0
Reactions modified AH  original AH  change in AH modified AS  original AS  change in AS
Electron-hole pair (Eq. (37)) 2.11 1.36 0.75 0.73 0.73 0.0
Oxygen Frenkel pair (Eq. (38)) 3.73 3.83 -0.10 5.70 5.70 0.0
Schottky trio (Eq. (39)) 6.45 6.45 0.0 8.49 8.49 0.0
Oxidation per oxygen (Eq. (40)) -0.68 -0.51 -0.17 -9.87 -11.13 1.26
Reduction per oxygen (Eq. (41)) 8.63 7.07 1.56 17.03 18.29 -1.26

for an oxygen interstitial) are allowed to change, it
is just the stoichiometric reactions below (Eq. (38)
and Eq. (39)) that are minimally changed. The es-
sential defect formation energies include the oxy-
gen Frenkel pair formation energy, as shown in
Eq. (38), and Schottky formation energy, as shown
in Eq. (39) below,

Oo +V; = Vo + 0y,
Uy +200 — Vi +2Vp +UO>.

In Eq. (38), O; is the oxygen interstitial. Vi is the
uranium vacancy in Eq. (39). The modifications
of the DFT and empirical potential values and the
resulting changes to the oxygen Frenkel pair for-
mation energy (Eq. (38)), Schottky formation en-
ergy (Eq. (39)), electron-hole pair formation energy
(Eq. (37)), as well as to the oxidation (Eq. (40)) and
oxygen reduction (Eq. (41)) energetics as shown be-
low,

%02+Vi—>0i+2h7
O()—)V()-‘y-?(f-f—%OQ7

(40)
(41)

are summarized in Table 3. The same modifications
have already been applied in our recent study of
doped UO, [41].

The predicted point defect concentrations ob-
tained from simulations with the energies and en-
tropies modified to match the experimental thermo-
chemistry are shown in Fig. 5, which specifically
highlights the concentration of different point de-
fects as a function oxygen partial pressure at 1600
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Figure 6: The concentrations of oxygen vacancies, oxygen
interstitials, and uranium vacancies (per UO2 formula unit)
in UO2_, in UCO fuel kernel at different temperatures. The
calculated “x” in UOg2_, is also shown.

K. As expected, the predicted oxygen partial pres-
sure for stoichiometric UO5 matches the Lindemer-
Besmann model [60] (dashed grey line). In Fig. 5,
it is also shown that the oxygen vacancy concen-
tration corresponding to the equilibrium among
UCs_4, UOg_,, and C in the UCO fuel kernels
(dashed red line), as defined by Eq. (33), is sig-
nificant.

Finally, the concentrations of oxygen vacan-
cies, oxygen interstitials, and uranium vacancies in
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Figure 7: Xe migration mechanisms via oxygen vacancies. (a) A Xe atom occupying an oxygen vacancy site (Xep). (b) An
additional oxygen vacancy migrates to Xep from the left side. (c) Xe migration mechanism by path 1: one oxygen vacancy
migrating away from the Xe trap site in the perpendicular direction relative to the direction of the other oxygen vacancy —
Xe atom complex. (d) Xe migration mechanism by path 2: one oxygen vacancy migrating away from the Xe trap site in the

opposite direction relative to the direction of the other oxygen vacancy — Xe atom complex.

Large blue spheres are Xe atoms.

Solid red spheres are oxygen atoms. The hatch pattern red sphere is an oxygen vacancy. Small grey spheres are uranium atoms.

UOg_, in UCO fuel kernels at different tempera-
tures are plotted in Fig. 6. The concentration of
oxygen vacancies is shown to be consistently many
orders of magnitude higher than the concentra-
tion of uranium vacancies and oxygen interstitials,
which is significantly different from the picture in
nearly stoichiometric UOs.

4. Xe migration mechanisms in UCO

Under reducing conditions in UCO fuel kernels,
diffusion of the fission gas Xe in UO; is expected
to occur via an interstitial mechanism, an oxygen
vacancy mechanism; or via uranium vacancy clus-
ters that dominate for nearly stoichiometric and hy-
perstoichiometric UOy. The oxygen vacancy mech-
anism was not investigated carefully in previous
studies, because it was not expected to be impor-
tant in LWR UQO; fuel. Consequently, the ther-
modynamic and kinetic properties of point defects
related to the oxygen vacancy mechanisms must be
determined following the same methodology as pre-
viously used for UO; fuel under LWR conditions (in
order to ensure self-consistency) [13].

First, the energy of Xe incorporation into dif-
ferent possible lattice sites in UOs_, is calculated.
The Xe incorporation energy is the energy required

12

to incorporate an Xe atom in the gas state into a
pre-existing defect site in the bulk oxide. An energy
of 9.19 eV is required for Xe to occupy the octahe-
dral interstitial site in UOg, while the energy for Xe
to be incorporated into an existing oxygen vacancy
site is 7.48 e¢V. Obviously, both energies are high,
with the oxygen vacancy being slightly lower. For
stoichiometric UQOs, the overall concentration of Xe
in oxygen vacancy sites would be smaller than in in-
terstitial sites. This is because the concentration of
available oxygen vacancy sites is controlled by the
oxygen Frenkel pair formation energy. Such term
must be added to the incorporation energy to ob-
tain the solution energy, determining the site pref-
erence. However, under reducing conditions the va-
cancy formation energy is lowered and the concen-
tration goes up, which decreases the solution energy
of Xe in oxygen vacancy sites. It is expected that
the concentration of Xe in oxygen vacancy sites is
comparable to Xe interstitials in UO5_,. Centipede
automatically takes care of this by solving the site
distributions.

Next, the Xe interstitial migration energetics is
investigated. There are three possible migration
mechanisms for Xe diffusion by interstitials: (1) di-
rect hopping, (2) asymmetric hopping [36], and (3)
interstitialcy [69]. In asymmetric hopping, the Xe



Table 4: The migration energy for Xe diffusion by various
Xe interstitial mechanisms.

Regular DFT
1.6 eV [69]

DFT + U

1.0 eV, -0.3 eV [70]
2.1 6V, 0.6 eV [70]
5.5 6V [70]

Interstitialcy
Asymmetric hopping
Direct hopping

@ This work.

4.5-5.3 eV [71, 72]

interstitial pushes a neighboring oxygen atom out
of its lattice site, away from one of the neighbor-
ing U atoms in the migration process. In Table 4,
the migration barriers for Xe diffusion by various
Xe interstitial mechanisms are reported. The di-
rect hopping energy is rather high for Xe intersti-
tials, more than 4.5 eV from DFT, as previously
reported [71, 72], which was also confirmed in a
more recent DFT+ U study [70]. In our work, we
find that the lowest-energy migration barrier for Xe
interstitial diffusion is by the interstitialcy mecha-
nism, confirming the earlier calculation based on
regular DFT [69], with a notably lower migration
energy of 1.0 eV compared to the earlier report of
1.6 eV [69]. The second lowest migration energy
occurs via asymmetric hopping of Xe interstitials,
2.1 eV. The asymmetric hopping mechanism was
identified during the study of a helium interstitial
migration in UO, [36], which was found to be the
lowest migration event in that case. Comparing
to a more recent DFT+ U study [70], although the
trend in the Xe interstitial migration mechanisms
is similar, the actual values are quite different. The
reason for this difference is not yet understood. One
possible source of the discrepancy could be due to
rigidly applying the on-site orbital occupation ma-
trix of bulk UO, as a starting point for defect calcu-
lations in the previous work [70]. In our experience,
when the lattice distortions surrounding the defect
are large, such as in the Xe interstitial case, this ap-
proach often results in a higher (metastable) energy
state.

Following the interstitial migration mechanisms,
Xe diffusion by oxygen vacancies is explored. The
mechanism investigated involves Xe in an oxygen
vacancy site diffusing by the binding a second oxy-
gen vacancy (Xep,). In Fig. 7(a), a Xe atom in an
oxygen vacancy site is shown and in Fig. 7(b), an
additional oxygen vacancy migrates to Xep from
the left side. Xe is found to be located approx-
imately mid-way between the two bound oxygen
vacancies, which results in a binding energy of -
0.3 eV, where the negative sign corresponds to at-
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traction. For Xe diffusion via an oxygen vacancy
mechanism, we consider two cases. Case 1 is an
oxygen vacancy migrating away from the Xe trap
site in the direction perpendicular to the original
Xe trap site (as shown in Fig. 7(c)). The other case
(case 2) is for an oxygen vacancy migrating away
from the Xe trap site in the opposite direction (as
shown in Fig. 7(d)). In both cases, the Xe atom
will have a net displacement starting from its origi-
nal position occupying an oxygen vacancy. In case
1, the migration energy is 0.92 eV, while the mi-
gration energy in case 2 is 0.69 eV. In case 2, the
final configuration is 0.46 eV higher than the start-
ing configuration. In the absence of Xe, the oxygen
vacancy migration barrier was calculated to be 0.67
eV by Dorado ¢t al. using DEFT+ U [73]. This is al-
most same as the 0.69 eV migration energy barrier
for the case 2 mechanism. Based on these DFT+ U
results; the effective migration energy for Xe diffu-
sion by oxygen vacancies is set to 0.69 eV. The mi-
gration frequencies for both migration mechanisms
(by Xe interstitial and by the oxygen vacancy) were
assumed to be 1012 Hz.

Table 5: Xe migration and binding energies from DFT+U.

Binding energy  Binding entropy = Migration energy

(eV) (kp) (eV)
Xe; 9.19 3.76 1.0
Xeo 7.48 -0.76 -
Xeo, 6.49 -0.2359 0.69

In order to include Xe diffusion by interstitials
and oxygen vacancies in the Centipede cluster dy-
namics model previously developed for UO; in
LWR applications [13], the thermodynamic defect
properties (binding energies) must be calculated in
addition to the migration properties. The binding
energies are used for determination of the defect
concentrations under thermal equilibrium, which is
also important for the calculation of driving forces
under irradiation. The binding energies are all rel-
ative to the Xeyo cluster, which is defined as the
zero energy reference state [13], although neither
the results nor the conclusions are sensitive to the
choice of reference. For example, in the case of Xep,

the chemical reaction
Xeyo = Xeop + Vi, (42)

defines the binding energy of Xep. This means that
the binding energy can be calculated as,

Eb(Xeo) = Eb(Xer) =+ EXeO + EVU - EX&UO'
(43)



This is done similarly for Xe; and Xep,. The reac-
tions are,

Xeyo = Xe; + Vo + Vy, (44)
and,

Xeyo + Vo = Xeo2 + Vi, (45)

respectively®. The binding entropies are calculated
in a similar way using results from empirical poten-
tial calculations. Table 5 lists the values calculated
from DFT. The DFT and empirical potential en-
ergy and entropy values are used as inputs to the
Centipede cluster dynamics simulations (see Sec-
tion 6), together with the data for Xe occupying
uranium and oxygen vacancy clusters in UOq [13].
In thermal equilibrium, the concentration of a de-
fect cluster Xey, o, can be computed by the follow-
ing formula,

Gy(Xeyzo0,)

= Cu,o0,[Vu] "V [Vo]¥ Ve T,

(46)
where Cy, o, is the multiplicity factor, [Vy] is the
uranium vacancy concentration, [Vp] is the oxy-
gen vacancy concentration, and Gy(Xey,o0,) is the
Gibbs free energy for the binding energetics of the
cluster Xey,0,- The analytical solution for ther-
mal equilibrium conditions can be used for valida-
tion of the Centipede code (in the absence of irra-
diation), which solves the full set of equations de-
scribing the defect evolution under both thermal
equilibrium and irradiation.

[(Xev.o0,]
[Xer]

5. Thermal and irradiation-enhanced fission
gas diffusion coefficients

The final thermal and irradiation-enhanced Xe
diffusion coefficients in UCO fuel kernels are calcu-
lated by using the cluster dynamics code Centipede.
In order to extend from simulations focused on UO»
for LWR applications to UCO or UOy_, fuel ker-
nels, three main changes are made in Centipede to
accommodate the new physics. These are: (1) New
partial pressure formulation (Eq. (33)), which is key
for capturing defect formation energies; (2) Addi-
tion of Xe + oxygen vacancy clusters based on the
properties calculated from atomistics; and (3) Xe

3For Xe; and Xep, the binding energies as defined by
Eqgs. (44) and (45) respectively, have the same values as the
values of the Xe incorporation energies.
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interstitial sourcing effect — Xe knockout from small
clusters into interstitial sites — which represents a
reaction that conserves species, for Xe; behavior.
By using the approximation that oxygen defects
are so fast that they maintain thermal equilib-
rium under irradiation at all temperatures of inter-
est [15], the relative concentrations of defects that
differ by the oxygen vacancy or interstitial coordi-
nation can be trivially calculated. For example,

[(Xev,0,lth

[X6U304]th ‘ (47)

[X€U403] = [X6U4O4]

Similarly, Xe in an oxygen vacancy can be treated
much the same way with respect to the Xe intersti-
tial,

[Xeo] = [Xei]%, (48)
[Xeo,] = [Xei]%. (49)

This turns Xep and Xep, into linked clusters, in
that their concentrations can be analytically calcu-
lated given the concentration of Xe;, and vice versa.
The code internals do not explicitly solve each of
these reactions, but rather propagate the concen-
tration loss across all linked clusters:

50
51
52
53
54
55

Xe; +Vu +yVo = Xevo,,

Xei +Vu, + yVo = Xev,0,,

Ui + Xevo, = Xe; +y'Vo,
Xeo, +Vu + (y—y)Vo = Xevo,,
Xeo,, +Vu, + (y —y")Vo = Xev.0,,

(
(
(
(
(
Ui+ Xevo,, + (y —y')Vo = Xeo,, (

)
)
)
)
)
)

, where 3’ and y indicate the range of oxygen va-
cancies bound to each cluster on the left- and right-
hand side of the equations, respectively. The corre-
sponding oxygen vacancies are added to the equa-
tions for species conservation. The linkage occurs
through these oxygen vacancies, which, as previ-
ously mentioned, are assumed to be in thermal equi-
librium due to the rapid diffusion of oxygen defects.

As shown in Fig. 8, at thermal equilibrium condi-
tions, Xe diffusion in the UCO fuel kernel is primar-
ily through Xeq, at low temperatures, and through
Xey,o at high temperatures, with the transition
between the two mechanisms occurring at around
1750 K. This is fundamentally different from the
UO; case in the absence of irradiation where Xe
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Figure 8: Xe diffusivity contributions for UOg in UCO fuels from different defect clusters under thermal equilibrium as a
function of inverse temperature. The total Xe diffusivity under thermal equilibrium is also given (the gray dashed line).
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Figure 9: Xe diffusivity contributions from different defect clusters under irradiation as a function of inverse temperature.
The total Xe diffusivity under irradiation, including the athermal diffusivity, D3, is also given (the grey colored solid line).
The simulations are run with a fission rate density f”/ of 1 x 10 fission/m?s, and the oxygen partial pressure fixed by the

equilibrium from UOg2, UC2_,, and C.

diffusion is mainly through Xey,o at all tempera-
tures considered.

The main contribution of the Centipede simu-
lations is not diffusion under thermal equilibrium
conditions, but rather to estimate the fission gas
diffusivity in UCO fuel kernels under irradiation. In
Fig. 9, the Xe diffusivity under irradiation as a func-
tion of inverse temperature is shown for a standard
fission rate of 1 x 10! fissions per m® per second,

15

and 10? uranium Frenkel pairs generated per fission.
At temperatures up to 2000 K, diffusion is primarily
through Xep,, while at very high temperatures dif-
fusion primarily occurs via the same Xe,o mecha-
nism as under thermal equilibrium conditions. The
transition temperature is at ~2200 K. Again, this is
very different from standard LWR UO; fuels, where
at low temperatures the Xey, o, cluster dominates,
and at high temperatures diffusion occurs due to
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Figure 10: The total Xe diffusivity in UCO under thermal equilibrium (D7 term, turquoise circles) and total Xe diffusivity
under irradiation (the sum of D1 + D2 + Ds, black circles). The light grey solid line is the fission rate density dependent
athermal diffusivity, D3. The total Xe diffusion coefficient in LWR UOQg3 is also plotted (orange solid line). The turquoise solid
line is the fitted result of D1 and the black solid line is the fitted result of D1 + D2 + D3 under irradiation.

the Xey,o cluster. Essentially, larger clusters are
suppressed in the UCO case compared to the stan-
dard LWR conditions. This is mainly due to the
oxygen partial pressure change in the UCO case. It
is clear from the Centipede simulations that both
Xep and Xep, are important for UCO. It is also
confirmed that Xe; sourcing does not have any ma-
jor impact on the overall behavior.

Similar to past treatments of UO5 for LWR appli-
cations, the diffusivity over the entire temperature
range can be split into a temperature dependent
intrinsic high temperature diffusivity, Dy, a fission
rate density dependent athermal diffusivity D3, and
a complex intermediate term dependent on temper-
ature and fission rate density, Dy. The total Xe
diffusivities in UCO under thermal equilibrium and
irradiated conditions are plotted in Fig. 10. The Dg
term is assumed to be the same for both the UCO
and UOy cases. It is clear that diffusion is much
slower in UCO than in UO5 and the Dy transition
occurs at much higher temperatures.

Finally, in order to provide an input that can eas-
ily be used in the Bison fuel performance code, the
Centipede simulation results are fitted to exponen-
tial functions. For the D; term, which represents
Xe diffusion under thermal equilibrium, an equa-
tion with two exponential terms is adequate to de-
scribe the simulation data. The results for the Do
term (radiation-enhanced diffusion) is more com-

16

plicated. The fitted equations are also plotted in
Fig. 10. The fitted equations for the D; and Do
terms are,

4
Dy =5.2122 x 1072 exp(—@)
(56)
51197
+3.4834 x 1077 exp(—T)(mQ /s),
1% 10°6 _ 51800
Dy ST ) (26 (1)

T 14 3.77 x 102! exp(— 105000

The above simulations are run with a fission rate
density £ of 1019 fission/m3s. It has been shown
earlier that Dy term has a square root dependence
on the fission rate density while D3 term scales lin-
early with the fission rate density. After considering
these relationships, the diffusion terms now become,

_ 3.1623 x 10710 exp(—21290)
1+ 3.77 x 102! exp(—1038%0)

VI (m?/s)

(58)
(59)

2
D3 = 8.5 x 10740 " (m? /s)

6. Implementation and testing of UCO dif-
fusion model in Bison

The diffusion coefficients of UO9 in UCO kernels
are tested for a TRISO fuel particle under the rep-
resentative irradiation conditions given in Table 6.



Table 6:

Journal Pre-proof

Irradiation conditions for Bison fuel performance simulations of a TRISO particle.

Conditi Effective Full Power Burnup Fast fluence Irradiation
onditions Day (EFPD) (%FIMA)  (x10%° n/m?), E >0.18 MeV  temperature (K)
1 510 14.5 5.11 1200
2 510 14.5 5.11 1450
3 510 14.5 5.11 1700
4 510 14.5 5.11 1950
5 510 14.5 5.11 2100
The fuel parameters given in Table 7 are based on S ,
the AGR-5/6/7 fuel specification [74]. The com- S0 a0k
position of the fuel has uncertainty with regard to 6 [| gS0 aseK
. . . . - 2
whether it lies within (UO5, UC,, C) or (UO2, UC, & Uc 700K
. . . ! 2
UCs;) phase region. However, since the main pur- 5 [|-B-uco 1950k
. -£1-U0; 1950K
pose of the present study is to test the effect of the UCO 2100K
U0, 2100K
4

UCO diffusion model in Bison simulations, we did
not attempt to modify the analysis to account for
the second phase region listed above. The inclusion
of the second phase could impact the detailed mod-
eling result, although we do not expect the general
trend to change.

The volume used to compute internal pressure
consists of the gap between the buffer and IPyC
layer and voids inside the kernel and buffer layer.
The voids of the buffer layer is calculated as the
ratio of buffer density to its theoretical density.

The FGR (moles), internal pressure and tangen-
tial stress of the SiC layer are plotted in Fig. 11,
Fig. 12 and Fig. 13, respectively. As seen from all
three plots, at temperatures of 1950 K and 2100
K, the difference between the UCO and UO4 diffu-
sion coefficients is invisible. At temperature above
1950 K, both UCO and UO, diffusion coefficients
are sufficiently large that the Booth release frac-
tion computed in Eq. (14) is very close to one. At
other temperatures, the FGR and pressure obtained
for UCO diffusion coefficients are smaller than for
the standard UO5 case, with the largest difference
occurring at 1450 K. As a consequence, the com-
pressive tangential stress in the SiC layer becomes
higher at higher fluence as less internal pressure is
built up by fission gas release. Since a traditional
pressure vessel failure of the SiC layer in TRISO
particles is expected to occur when sufficient pres-
sure makes the tangential stress of the SiC layer
exceed its tensile strength, the pressure vessel fail-
ure is less likely to happen for UCO TRISO fuel
particles.
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Fluence (10%°n/m?)

Figure 11: Fission gas realease calculated in a Bison fuel per-
formance simulation of a TRISO particle. “UO3” cases use
diffusion coefficients of UO2 obtained by [15], while “UCO”
cases use diffusion coefficients of UCO obtained by this lower
length scale study.

7. Conclusions

UCO fuel kernels made from a mixture of UO9
and uranium carbide prevent formation of CO gas
in TRISO fuel particles and are considered to
be more accident tolerant than just UOy for us-
age in next generation reactors, including fluoride
salt-cooled high temperature reactors and micro-
reactors. Given the importance of TRISO fuels
for advanced reactor concepts actively pursued by
industry, better understanding and more accurate
performance models of the TRISO fuel kernels are
high priorities. The current state-of-the-art models
in fuel performance codes such as PARFUME [6]
still use the release data for Xe obtained from light
water reactor UOs fuel, which is nearly stoichio-
metric or slightly hyperstoichiometric. However, in
actual UCO fuel kernels, the fission gas release rate
is expected to be different, because of the more re-
ducing conditions in UCO compared to light water
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Table 7: Fuel parameters for Bison fuel performance simulations of a TRISO particle.

Category Parameter Nominal values
2357 enrichment (wt%) 15.5
Fuel characteristics ~ Carbon/uranium (atomic ratio) 0.4
Oxygen/uranium (atomic ratio) 1.5
Kernel diameter(pm) 425
Particle geometry Buffer thickness(pm) 100
IPyC/OPyC thickness (pm) 40
SiC thickness (pum) 35
Kernel density (g/cm?) 11.0
Kernel theoretical density(g/cm?) 11.4
Buffer density(g/cm?) 1.05
Fuel properties Buffer theoretical density(g/cm?) 2.25
IPyC density (g/cm3) 1.90
OPyC density (g/cm?) 1.90
IPyC/OPyC Bacon Anisotropy Factor (BAF) 1.05

—©-UCO 1200K
-©-U0; 1200K
~#-UCO 1450K
~/~UO; 1450K

20
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Figure 13: Tangential stress at the inner surface of the SiC

Figure 12: Inner pressure calculated in a Bison fuel perfor-
mance simulation of a TRISO particle. “UO2” cases use
diffusion coefficients of UO» obtained by [15], while “UCO”
cases use diffusion coefficients of UCO obtained by this lower
length scale study.

reactor UO; fuel.

In this work, based on prior studies of fission gas
diffusion in UOs for light water reactors under both
intrinsic conditions and under irradiation, a lower
length scale modeling and simulation study of the
fission gas Xe in UCO TRISO fuel kernels have been
carried out. The approach relies on density func-
tional theory and empirical potential calculations
to determine Xe and point defect properties, which
are then used in thermodynamic and kinetic mod-
els to predict diffusion for intrinsic conditions, while
cluster dynamics simulations are used for the irra-
diation response.
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layer calculated in a Bison fuel performance simulation of
a TRISO particle. “UO2” cases use diffusion coefficients
of UO2 obtained by [15], while “UCO” cases use diffusion
coefficients of UCO obtained by this lower length scale study.

The high positive heats of mixing from DFT cal-
culations suggest that UOy and UC; exist as sep-
arate phases in UCO fuel kernels, in agreement
with experimental observations. The presence
of UCy (or UCs_,) and C in the UCO fuel ker-
nels is shown to have substantial impact on the
UO; non-stoichiometry by inducing oxygen vacan-
cies and driving UQO; sub-stoichiometric, which is
also consistent with experiments. In particular, the
equilibrium oxygen partial pressure of UCs_,,, UCs,
and C in the fuel kernel points to a strongly re-
duced (hypostoichiometric) UOg phase. The point
defect concentrations at thermal equilibrium con-
ditions are calculated based on a Gibbs free en-



ergy defect model, with the DFT energies and en-
tropies calculated from empirical potentials modi-
fied to match the experimental thermo-chemistry.
Furthermore, the DFT calculated parameters for
Xe diffusion by interstitials and oxygen vacancies
are incorporated into the Centipede cluster dynam-
ics code previously developed for UOs in LWR ap-
plications. This code solves the full set of equations
describing the defect evolution under both thermal
equilibrium and irradiation. The resulting diffusion
coefficient is lower than in standard LWR UQOs.
The new diffusion coefficients from the Centipede
simulations are then tested for fission gas reten-
tion/release in a TRISO fuel particle under rep-
resentative irradiation conditions in the fuel per-
formance code Bison. At moderate temperatures
between 1200 K and 1700 K, the compressive tan-
gential stress in the SiC layer becomes larger at
higher fluence as less internal pressure is built up
by fission gas release. This causes pressure vessel
failure of the SiC layer to be less likely to occur.

Acknowledgements

We thank Steven Novascone at Idaho National
Laboratory for helpful discussions. This work was
funded by the U.S. Department of Energy (DOE),
Office of Nuclear Energy, Nuclear Energy Advanced
Modeling and Simulation (NEAMS) program. The
results presented in this paper were supported in
part by the DOE Nuclear Energy University Pro-
grams (NEUP) Integrated Research Project 20-
22094 “Multi-physics fuel performance modeling of
TRISO-bearing fuel in advanced reactor environ-
ments”. Los Alamos National Laboratory, an affir-
mative action/equal opportunity employer, is op-
erated by Triad National Security LLC, for the
National Nuclear Security Administration of the
U.S. Department of Energy under Contract No.
89233218CNA000001.

References

[1] P. Demkowicz, B. Liu, J. Hunn, Coated particle fuel:
Historical perspectives and current progress, J. Nucl.
Mater. 515 (2019) 434-450.

[2] D. Petti, An overview of the doe advanced gas reactor
fuel development and qualification program, in: Pre-
sentation given at the Workshop on Advanced Reactors
with Innovation Fuels (ARWIF), Oak Ridge, Tennessee,
February 16 (2005).

[3] Online resource (2020).

URL  https://www.nrc.gov/reactors/new-reactors/
advanced/kairos.html

19

Journal Pre-proof

[4] Online resource (2020).

URL https://inldigitallibrary.inl.gov/sites/sti/
sti/Sort_7262.pdf

[5] J. Powers, B. Wirth, A review of triso fuel performance
models, J. Nucl. Mater. 405 (2010) 74-82.

[6] G. Miller, D. Petti, J. Maki, D. Knudson, W. Sker-
janc, PARFUME Theory and Model Basis Report, Re-
port INL/EXT-08-14497 (Rev.1), Idaho National Lab-
oratory (September 2018).

[7] W. Miekeley, F. W. Felix, Effect of stoichiometry on
diffusion of xenon in UOg2, J. Nucl. Mater. 42 (1972)
297-306.

[8] H. Matzke, Atomic mechanisms of mass transport in
ceramic nuclear fuel materials, J. Chem. Soc., Faraday
Trans. 86 (1990) 1243-1256.

[9] T. Tiegs, T. Lindemer, T. Henson, Fission product be-

havior in UC, Oy, fissile particles made from weak-acid

resins, J. Nucl. Mater. 99 (2) (1981) 222-234.

R. Bullock, Fission-product release during postirradia-

tion annealing of several types of coated fuel particles,

J. Nucl. Mater. 125 (3) (1984) 304-319.

D. Petti, J. Maki, J. Hunn, P. Pappano, C. Barnes,

J. Saurwein, S. Nagley, J. Kendall, R. Hobbins, The

DOE advanced gas reactor fuel development and qual-

ification program, JOM 62 (9) (2010) 62-66.

D. A. Andersson, P. Garcia, X.-Y. Liu, G. Pastore,

M. Tonks, P. Millett, B. Dorado, D. R. Gaston, D. An-

drs, R. L. Williamson, R. C. Martineau, B. P. Uberu-

aga, C. R. Stanek, Atomistic modeling of intrinsic and
radiation-enhanced fission gas (Xe) diffusion in UO244:

Implications for nuclear fuel performance modeling, J.

Nucl. Mater. 451 (2014) 225-242.

R. Perriot, C. Matthews, M. Cooper, B. Uberuaga,

C. Stanek, D. Andersson, Atomistic modeling of out-

of-pile xenon diffusion by vacancy clusters in UOa2, J.

Nucl. Mater. 520 (2019) 96-109.

C. Matthews, R. Perriot, M. W. Cooper, C. R. Stanek,

D. A. Andersson, Cluster dynamics simulation of ura-

nium self-diffusion during irradiation in UOg, J. Nucl.

Mater. 527 (2019) 151787.

C. Matthews, R. Perriot, M. M. Cooper, C. R. Stanek,

D. A. Andersson, Cluster dynamics simulation of xenon

diffusion during irradiation in uo2, J. Nucl. Mater. 540

(2020) 152326.

R. Williamson, J. Hales, S. Novascone, M. Tonks,

D. Gaston, C. Permann, D. Andrs, R. Martineau, Mul-

tidimensional multiphysics simulation of nuclear fuel

behavior, J. Nucl. Mater. 423 (1) (2012) 149-163.

J. Hales, R. Williamson, S. Novascone, D. Perez,

B. Spencer, G. Pastore, Multidimensional multiphysics

simulation of TRISO particle fuel, J. Nucl. Mater.

443 (1) (2013) 531-543.

W. Jiang, J. D. Hales, B. W. Spencer, B. P. Collin, A. E.

Slaughter, S. R. Novascone, A. Toptan, K. A. Gamble,

R. Gardner, Triso particle fuel performance and failure

analysis with bison, Journal of Nuclear Materials 548

(2021) 152795.

G. Kresse, J. Hafner, Ab initio molecular dynamics for

open-shell transition metals, Phys. Rev. B 48 (1993)

13115-13118.

G. Kresse, J. Furthmiiller, Efficiency of ab-initio total

energy calculations for metals and semiconductors using

a plane-wave basis set, Comp. Mater. Sci. 6 (1996) 15—

50.

[21] G. Kresse, J. Furthmiiller, Efficient iterative schemes

(10]

(11]

(12]

13]

(14]

(15]

[16]

(17]

(18]

(19]

20]



Journal Pre-proof

(22]

(23]

(24]

[25]

(26]

(27]

(28]

[29]

(30]

(31]

(32]

(33]

(34]

(35]

(36]

(37]

(38]

(39]

[40]

[41]

for ab initio total-energy calculations using a plane-
wave basis set, Phys. Rev. B 54 (1996) 11169-11186.
G. Kresse, D. Joubert, From ultrasoft pseudopotentials
to the projector augmented-wave method, Phys. Rev.
B 59 (1999) 1758-1775.

P. E. Blochl, Projector augmented-wave method, Phys.
Rev. B 50 (1994) 17953-17979.

A. 1. Liechtenstein, V. I. Anisimov, J. Zaanen, Density-
functional theory and strong interactions: Orbital or-
dering in mott-hubbard insulators, Phys. Rev. B 52
(1995) R5467-R5470.

S. L. Dudarev, D. N. Manh, A. P. Sutton, Effect of
mott-hubbard correlations on the electronic structure
and structural stability of uranium dioxide, Phil. Mag.
75 (1997) 613-628.

X.-D. Wen, S. P. Rudin, E. R. Batista, D. L. Clark,
G. E. Scuseria, R. L. Martin, Rotational rehybridiza-
tion and the high temperature phase of uc2, Inorganic
Chemistry 51 (23) (2012) 12650-12659.

G. Henkelman, B. P. Uberuaga, H. Jonsson, A climbing
image nudged elastic band method for finding saddle
points and minimum energy paths, J. Chem. Phys. 113
(2000) 9901-9904.

B. Dorado, B. Amadon, M. Freyss, M. Bertolus, Dft +
textitU calculations of the ground state and metastable
states of uranium dioxide, Phys. Rev. B 79 (2009)
235125.

B. Meredig, A. Thompson, H. A. Hansen, C. Wolverton,
A. van de Walle, Method for locating low-energy solu-
tions within DFT + U, Phys. Rev. B 82 (2010) 195128.
S. Taylor, F. Bruneval, Understanding and correcting
the spurious interactions in charged supercells, Phys.
Rev. B 84 (2011) 075155.

J.-P. Crocombette, First-principles study with charge
effects of the incorporation of iodine in UO3, J. Nucl.
Mater. 429 (2012) 70-77.

M. W. D. Cooper, C. R. Stanek, D. A. Andersson, The
role of dopant charge state on defect chemistry and
grain growth of doped UO2, Acta Mater. 150 (2018)
403-413.

J. Schoenes, Optical properties and electronic structure
of UOg, J. Appl. Phys. 49 (1978) 1463-1465.

R. Perriot, X.-Y. Liu, C. R. Stanek, D. A. Andersson,
Diffusion of Zr, Ru, Ce, Y, La, Sr and Ba fission prod-
ucts in UO2, J. Nucl. Mater. 459 (2015) 90-96.

M. W. D. Cooper, S. T. Murphy, D. Andersson, The
defect chemistry of U024, from atomistic simulations,
J. Nucl. Mater. 504 (2018) 251-260.

X.-Y. Liu, D. Andersson, Revisiting the diffusion mech-
anism of helium in UOg2: A DFT+U study, J. Nucl.
Mater. 498 (2018) 373-377.

J. D. Gale, GULP: A computer program for the
symmetry-adapted simulation of solids, J. Chem. Soc.
93 (1997) 629-637.

M. W. D. Cooper, M. J. D. Rushton, R. W. Grimes, A
many-body potential approach to modelling the ther-
momechanical properties of actinide oxides, J. Phys.
Condens. Matter. 26 (2014) 105401.

S. T. Murphy, N. Hine, Point defects and non-
stoichiometry in LipTiO3, Chem. Mater. 26 (2014)
1629-1638.

Nist chemistry webbook.

URL https://webbook.nist.gov/chemistry

M. W. Cooper, G. Pastore, Y. Che, C. Matthews,
A. Forslund, C. R. Stanek, K. Shirvan, T. Tverberg,

20

[42]

43]

[44]

[45]

(46]

[47]

(48]

(49]

(50]

(51]

(52]

(53]

(54]

(55]

[56]

[57]

(58]

K. A. Gamble, B. Mays, D. A. Andersson, Fission gas
diffusion and release for cr2o3-doped uo2: From the
atomic to the engineering scale, J. Nucl. Mater. 545
(2021) 152590.

T. R. Waite, General theory of bimolecular reaction
rates in solids and liquids, J. Chem. Phys. 28 (1958)
103.

B. P. Uberuaga, D. Bacorisen, R. Smith, J. A. Ball,
R. Grimes, A. F. Voter, K. E. Sickafus, Defect kinetics
in spinels: Long-time simulations of mgalp04, mggasoy,
and mginzo4, Physical Review B 75 (10) (2007) 104116.
U. Littmark, J. Ziegler, Handbook of Range Distri-
butions for Energetic Ions in All Elements, Pergamon
Press, 1980.

A. Booth, A method of calculating gas diffusion from
UOxz fuel and its application to the X-2-f loop test, Tech.
Rep. AECL-496, Atomic Energy of Canada Ltd. (1957).
M. V. Speight, A calculation on the migration of fission
gas in material exhibiting precipitation and re-solution
of gas atoms under irradiation, Nuclear Science and En-
gineering 37 (2) (1969) 180-185.

F. S. Ham, Theory of diffusion-limited precipitation,
Journal of Physics and Chemistry of Solids 6 (4) (1958)
335-351.

R. White, M. Tucker, A new fission-gas release model,
Journal of Nuclear Materials 118 (1) (1983) 1-38.

J. Turnbull, R. White, C. Wise, The diffusion coefficient
for fission gas atoms in uranium dioxide, in: Interna-
tional Working Group on Water Reactor Performance
and Technology, Proceedings of a Technical Committee
Meeting Organized by the International Atomic Energy
Agency, Preson, 1988, pp. 174-181.

J. Turnbull, C. Friskney, J. Findlay, F. Johnson,
A. Walter, The diffusion coefficients of gaseous and
volatile species during the irradiation of uranium diox-
ide, J. Nucl . Mater. 107 (1982) 168-184.

H. Holleck, H. Kleykamp, Compounds of Uranium with
Carbon, Gmelin Handbook of Inorganic Chemistry, 8th
ed., U-Suppl., no. C12, 1987.

P. Chevalier, E. Fischer, Thermodynamic modelling of
the C-U and B-U binary systems, J. Nucl. Mater. 288
(2001) 100-129.

C. Guéneau, N. Dupin, B. Sundman, C. Martial, J.-C.
Dumas, S. Gossé, S. Chatain, F. D. Bruycker, D. Ma-
nara, R. J. Konings, Thermodynamic modelling of ad-
vanced oxide and carbide nuclear fuels: Description of
the u-pu-o-c systems, J. Nucl. Mater. 419 (1) (2011)
145-167.

I. van Rooyen, Z. Fu, Y. Yang, T. Holesinger, M. Bach-
hav, Microstructure and Fission Product Distribution
Examination in the UCO Kernel of TRISO Fuel Par-
ticles, Paper HTR 2018-3012, HTR 2018, Warsaw,
Poland, 2018.

W. B. Wilson, High-temperature x-ray diffraction in-
vestigation of the uranium-carbon system, Journal of
the American Ceramic Society 43 (2) (1960) 77-80.

F. Homan, T. Lindemer, E. Long, T. Tiegs,
R. Beatty, Stoichiometric effects on performance of
high-temperature gas-cooled reactor fuels from the U-
C-O system, Nucl. Technol. 35 (1977) 428-441.

J. Piazza, M. Sinnott, High temperature phase equi-
libria in the system carbon-oxygen-uranium, J. Chem.
Eng. Data 7 (1962) 451-457.

J. Leitnaker, T. Godfrey, Thermodynamic properties of
uranium carbides via the UCO system, J. Chem. Eng.



Journal Pre-proof

Data 11 (1966) 392-394.

[59] E. J. Huber, C. E. Holley, E. H. Meierkord, The heats
of combustion of thorium and uranium, Journal of the
American Chemical Society 74 (13) (1952) 3406-3408.

[60] T. Lindemer, T. Besmann, Chemical thermodynamic
representation of (UO24,), Journal of Nuclear Materi-
als 130 (1985) 473 — 488.

[61] T. Markin, V. Wheeler, R. Bones, High temperature
thermodynamic data for UOg2+4, J. Inorg. Nucl. Chem.
30 (1968) 807-817.

[62] V. Wheeler, High temperature thermodynamic data for
UO2_z, J. Nucl. Mater. 39 (1971) 315-318.

[63] V. Wheeler, I. Jones, Thermodynamic and composi-
tion changes in UO2+, (x < 0.005) at 1950 K, J. Nucl.
Mater. 42 (1972) 117-121.

[64] N. Javed, Thermodynamic study of hypostoichiometric
urania, J. Nucl. Mater. 43 (1972) 219-224.

[65] S. Aronson, J. Belle, Nonstoichiometry in uranium diox-
ide, J. Chem. Phys. 29 (1958) 151-158.

[66] K. Une, M. Oguma, Oxygen potentials of (U, Gd)O244
solid solutions in the temperature range 1000-1500°C,
J. Nucl. Mater. 115 (1983) 84-90.

[67] K. Une, M. Oguma, Thermodynamic properties of non-
stoichiometric urania-gadolinia solid solutions in the
temperature range 700-1100°C, J. Nucl. Mater. 110
(1982) 215-222.

[68] K. Hagemark, M. Broli, Equilibrium oxygen pressures
over the nonstoicheiometric uranium oxides UO2, and
U3Osg_ at higher temperatures, J. Inorg. Nucl. Chem.
28 (1966) 2837-2850.

[69] X.-Y. Liu, B. P. Uberuaga, D. A. Andersson, C. R.
Stanek, K. E. Sickafus, Mechanism for transient mi-
gration of xenon in UO2, Appl. Phys. Lett. 98 (2011)
151902.

[70] E. Torres, T. Kaloni, Thermal conductivity and diffu-
sion mechanisms of noble gases in uranium dioxide: A
DFT+U study, J. Nucl. Mater. 521 (2019) 137-145.

[71] Y. Yun, H. Kim, H. Kim, K. Park, Atomic diffusion
mechanism of Xe in UO2, J. Nucl. Mater. 378 (1) (2008)
40-44.

[72] Y. Yun, O. Eriksson, P. M. Oppeneer, H. Kim, K. Park,
First-principles theory for helium and xenon diffusion in
uranium dioxide, J. Nuecl. Mater. 385 (2) (2009) 364—
367.

[73] B. Dorado, P. Garcia, G. Carlot, C. Davoisne,
M. Fraczkiewicz, B. Pasquet, M. Freyss, C. Valot,
G. Baldinozzi, D. Siméone, M. Bertolus, First-principles
calculation and experimental study of oxygen diffusion
in uranium dioxide, Phys. Rev. B 83 (2011) 035126.

[74] W. Skerjanc, AGR-5/6/7 Irradiation Test Predictions
using PARFUME, Report INL/EXT-17-43189 (Rev.0),
Idaho National Laboratory (September 2017).

21



redit Aut Journal Pre-proof

CRediT authorship contribution statement

X.-Y. Liu: Conceptualization, Investigation, Writing - original draft, Visualization, Project
administration, Writing - review & editing. C. Matthews: Conceptualization, Investigation,
Writing - original draft, Visualization, Project administration, Writing - review & editing. W.
Jiang: Conceptualization, Investigation, Writing - original draft, Visualization, Project
administration, Writing - review & editing. M.W.D. Cooper: Conceptualization, Investigation,
Writing - original draft, Visualization, Project administration, Writing - review & editing. J.D.
Hales: Project administration, Software, Writing — review. D.A. Andersson: Conceptualization,
Project administration, Writing - review & editing, Funding acquisition.



eclaratio Journal Pre-proof

Declaration of interests

The authors declare that they have no known competing financial interests or personal relationships
that could have appeared to influence the work reported in this paper.

[The authors declare the following financial interests/personal relationships which may be considered
as potential competing interests:




