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Abstract

The anticipated benefits of large grains in Cr,O3-doped UOj; pellets include improved me-
chanical and fission gas retention properties. To support the assessment of fission gas release
(FGR) from doped pellets, the impact of doping on fission gas diffusivity for in-reactor condi-
tions must be understood. In this work, we tackle this issue by informing the fission gas model
within the BISON fuel performance code using material models developed at the atomic scale.
The investigation of intra-granular fission gas diffusivity in Cr,O3-doped UO; is carried out
by adapting a cluster dynamics model that, accounting for UO, thermochemistry, is capable
of describing Xe diffusion under irradiation in undoped UO, as the starting point. Using a
thermodynamic analysis, it is shown that in stoichiometric UO, with additions of Cr,0O3, the
oxygen potential is defined by the Cr-Cr,O3 two-phase equilibrium. Using the cluster dynam-
ics model, the predicted Xe diffusivity in doped UO, was significantly increased in both the
intrinsic and irradiation-enhanced regimes compared to undoped UO,, as a result of higher
concentrations of uranium and oxygen vacancies, respectively. This is a consequence of the
more oxidizing conditions at high temperature, and more reducing conditions at low tempera-
ture, as a result of doping. Arrhenius functions have been fitted to the cluster dynamics results
to enable implementation of the new diffusivities in the BISON fission gas behavior model. BI-
SON simulations were carried out, showing the competing effects of the enlarged grains and
the new fission gas diffusivity model, which act to suppress and enhance fission gas release,
respectively. The new physics-informed model was validated against in-reactor experimental
measurements under normal operation. Additionally, benchmarking was carried out for power
ramp conditions. The predicted fission gas release agreed well with the experimental data,
showing noticeable improvements over the standard UO, model.

1. Introduction

UO; has been the dominant nuclear fuel material for commercial light water reactors (LWRs)
since their conception. Many of the standard UO, material properties make it suitable for
LWR operation, including the accommodation of non-stoichiometry and fission products, a
high melting point, radiation tolerance, and chemical stability [1]. The extensive operational
experience in LWRs makes UO; a well understood and predictable fuel. Advanced fuel con-
cepts are under development for use in LWRs in order to potentially provide enhanced fuel
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performance and/or better economics than conventional UO,. Typically, compounds with high
thermal conductivity and high U density are considered, such as U3Si, [2], as those are the
main deficiencies of UO,. Alternatively, more incremental advanced-UO; concepts have been
developed that can inherit much of the operational experience and property characterization
accumulated for standard UO, fuel. A range of additives, such as the oxides of Cr, Nb, Mg,
and Ti, have been combined with UO, during fabrication to alter the microstructure of the fuel
pellet [3-9]. In particular, fuel vendors have developed advanced oxide fuel concepts by doping
UO, with Cr,05 (Cr-doped) or with a mixture of Cr,O5 and Al,O3 (Cr+Al-doped) to enhance
grain growth during fabrication [3]. While the primary intended benefit of large grains is a re-
duction in the strength of the fuel to increase the pellet-cladding interaction (PCI) margins [10],
they are also anticipated to enhance fission gas retention.

During fabrication, dopants are typically blended with UO, powder in quantities of around
~ 1000 wt. ppm, which is near the solubility limit at sintering temperatures [5, 11, 12]. Work by
Bourgeois et al. showed that there is a peak of 70 ym in the grain size at the solubility limit [5].
Similarly, Arborelius et al. observed UO, grain sizes of 44 ym for additions of 1000 wt. ppm
Cr;03, and 52 ym when co-doped with a mix of 500 wt. ppm Cr,O3 and 200 wt. ppm Al,O3 [3].
Bourgeois et al. showed further grain size enhancement could be attained through additions of
dopant significantly in excess of the solubility limit, as long as temperatures exceed that of the
CrO eutectic (1925 K) [5]. However, it is advantageous to limit dopant content to the solubility
limit to minimize the potential impact on other material and neutronic fuel properties, while
maintaining the benefits of large grains. From a fuel performance modeling perspective, this
means a significant proportion of the UO, materials models, which have been well-validated
with data from extensive experimental work and operational experience, could be inherited for
doped UO,. For example, the change in specific heat capacity, due to 1000 wt. ppm of doping,
has been reported to be negligible by Arborelius et al. [3].

While it is unsurprising such small additions of dopant would not impact the specific heat
capacity, other properties might be more sensitive to the composition of the fuel or the grain
size. For example, the reduction in the fracture strength of standard UO, as a function of grain
size was measured by Oguma [13]. Similarly, large grains cause smaller, but more numerous,
cracks in the periphery of doped UO,; pellets, which is beneficial in terms of PCI performace,
compared to the fewer, larger cracks seen in undoped UO, [14]. Doped fuel has also shown
improved creep, oxidation, and fuel washout behavior compared to conventional UO, [15]. By
increasing the intra-granular diffusion length, large grains also play a role in FGR that can be
captured in the physics-based FGR and gaseous fuel swelling model developed by Pastore et
al. [16-18] and implemented in BISON [19].

FGR is a multistep process: i) fission gas is produced by fission in the bulk UO, lattice,
where unperturbed diffusion occurs; ii) trapping of the insoluble gas in intragranular bubbles
and its resolution back into the lattice by irradiation occur and can be assumed to rapidly reach
equilibrium under most conditions of practical interest [20, 21]; iii) the resultant concentration
of gas in the bulk diffuses to the grain boundaries (with the diffusion rate during equilibrium
trapping and resolution captured by an effective diffusion coefficient) and forms inter-granular
bubbles; and iv) growth of the inter-granular bubbles leads to fuel swelling, bubble intercon-
nection, and gas release upon the formation of pathways to a free surface [17]. The fission gas
behavior model in BISON incorporates the above processes in order to calculate the coupled
fission gas release and swelling concurrently [16-18]. Owing to its physical basis, the model,
which was originally developed for standard UO, fuel, can be leveraged for the analysis of
other fuel types, such as Cr-doped UO,, provided that the values for the physical parameters
are adapted. For instance, the grain size is a key model parameter that reduces the rate of
gas arriving at inter-granular bubbles (lowering FGR) by increasing the intra-granular diffu-
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sion length. The gas atom diffusivity in the bulk is another key parameter that affects the gas
diffusion rate to grain boundaries.

Che et al. demonstrated the use of this FGR model for fuel performance modeling of large-
grain doped UO, [22]. In that work, an empirically tuned enhanced effective diffusivity, based
on experimental observation by Killeen [4], across all temperatures as a preliminary approach
to account for the diffusivity enhancement in Cr-doped UO, compared to undoped UO,, show-
ing good agreement with Halden FGR validation tests. Here, we build upon the work of Che
et al. [22] by investigating the origins of the enhanced effective diffusivity through the im-
pact of the dopant on the unperturbed fission gas diffusivity. The objective is to produce a
mechanistically-derived doped UO, diffusivity model capturing the temperature dependence
in enhancement (or suppression), as expected in an activated process governed by Arrhenius
laws.

Experimental results on fission gas diffusivity in doped and undoped UO, are shown in Fig-
ure 1. Data from Killeen [4] and Kashibe and Une [24] indicate that Cr-doped UO, can exhibit
higher fission gas diffusivity than undoped UO,. Killeen only provides a single doped and a
single undoped UO, data point, making it impossible to determine the temperature depen-
dence of the respective diffusivities. On the other hand, Kashibe and Une [24] measured fission
gas diffusivity for doped and undoped UO, between 1472 K and 1878 K. Above 1525 K, the
diffusivity is greater in doped UO, than undoped UO, by up to a factor of 1.9, whereas below
1525 K it is suppressed. The activation energy for fission gas is 0.54 eV greater in doped UO,
compared to undoped UO,.

Three temperature regimes exist for unperturbed fission gas diffusion in UO, during reac-
tor operation [23]: D; intrinsic diffusion at high temperatures (T 21650 K), which is equiv-
alent to out-of-pile diffusion, D, irradiation-enhanced diffusion at intermediate temperatures
(1650 K 2 T 2 1300 K), and D3 athermal irradiation driven diffusion at low temperatures
(1300 K 2 T). The in-reactor Killeen data points [4] were taken at high temperatures where
Dj is dominant. The samples used for the Kashibe and Une data [24] were irradiated to intro-
duce fission gas but were assessed for out-of-pile conditions and they only indicate the effect
of doping on D;. By comparison, the undoped UO, data used by Turnbull et al.were taken
under irradiation and over a wide range of temperatures representing D, and D3 [23], which
were combined with the Davis and Long data on D; [25] to give a description of fission gas
diffusivity over the full temperature range. The objective of this work is to provide a similar
understanding of D;, D;, and Dj for doped UQO,. It is clear from Figure 1 that there is signifi-
cant variability for D; diffusivity, be it for out-of-pile or high temperature in-pile fuel samples.
This is likely caused by different oxygen potentials and deviations from stoichiometry in UO,.,
which strongly influences the concentration of the defects responsible for diffusion.

Extensive atomic scale work has been undertaken to study fission gas behavior in undoped
UO, [27-36]. Among other studies, our previous work [37], which was used as the founda-
tion for the present study, employed density functional theory (DFT) calculations of enthalpy
in conjunction with empirical potential entropy calculations to give accurate predictions of in-
trinsic Xe diffusion (D;) by U vacancy assisted transport of Xe in U-O divacancies, {Xe: V; : Vp}
(this modified Kroger-Vink notation indicates Xe accommodation within the vacancy cluster but
without specifying a site). In the work of Perriot et al., a set of DFT data was generated that
included large clusters of U and O vacancies containing Xe atoms [37]. A number of those large
clusters exhibited low migration barriers however, under thermal equilibrium, their concentra-
tions are not sufficient to contribute significantly to D; diffusion. In order to consider the role
of defect production on diffusion (D), a cluster dynamics model formulated in terms of the free
energy of the system (labeled free energy cluster dynamics or FECD) has been devloped [38, 39]
using the DFT data from Perriot et al. [37].
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Figure 1: The out-of-pile diffusion data from Kashibe and Une {24] for Cr-doped (blue) and undoped UO,
(orange). The increase in activation energy due to dopingis 0.54 e¢V. The single Cr-doped (open triangle)
and single undoped (closed triangle) UO, measurements from Killeen [4] are also shown. The description
of fission gas diffusivity under irradiation for undoped UO; from Turnbull et al. [23, 26] is shown by
the gray lines (dashed are separate contributions D;, and the solid line is the total D) - D; is from the
Davies and Long data [25]. Note that the Killeen (high temperature) data, and the Kashibe and Une (out-
of-pile) data correspond to D;, whereas the Turnbull model (in-pile, wide temperature range) includes
contributions from Dy, D;, and Dj3.

Cluster dynamics simulations using the FECD model (as implemented in the Centipede
code [39]) predict that under in-reactor conditions, the concentration of the large cluster {Xe: 4V : 3Vp}
is significantly enhanced by irradiation and is responsible for D, diffusion. Good agreement
with the empirical Turnbull model for Xe diffusion in undoped UO, (as currently used in BI-
SON) was obtained. In order to achieve this result, a very large number of clusters were con-
sidered, including Xe-bearing vacancy clusters consisting of 1-8 Vy; associated with various
numbers of V. Additionally, a critical consideration was the inclusion of the mobile {U; : 20;}
clusters and their interaction with sinks, without which high concentrations of uranium inter-
stitial species would suppress the concentration of {Xe: 4V : 3V} through annihilation. In
total, 48 defects and clusters were considered. Finally, it was important to consider the oxygen
potential, which not only influences the stability of point defects in UO,, but also, by exten-
sion, the number of oxygen vacancies in Xe-bearing clusters. This governs the mobility of such
clusters and affects their contribution to the total Xe diffusivity.

Our hypothesis is that additions of Cr,03 to UO, can change the oxygen potential and,
therefore, the Xe diffusivity in doped UO, relative to undoped UO,. More specifically, the
possibility that the Cr-Cr,O3 two-phase equilibrium defines the oxygen potential in doped UO,
for a wide range of reactor conditions is tested through thermodynamic investigation. The Cr-
Cr,0j3 two-phase oxygen potential is then implemented within the Centipede simulations of
Xe diffusivity, showing that intra-granular diffusion is enhanced through doping. The new Xe
diffusivities are implemented in BISON, and validated against experiments from the Halden
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Reactor Project and transient tests carried out by the commercial fuel vendor Framatome.

2. Methods

2.1. Free energy cluster dynamics (FECD) model

The FECD framework was developed by Matthews et al. and is implemented in the Cen-
tipede code [38, 39]. The framework has been applied to the concentration and diffusivity of
defects to describe self-diffusion [38] and Xe diffusion [39] in UO, under irradiation. The re-
sults demonstrate the successful application of this framework to capture the D;-D, transition
for self and Xe diffusion. In this work, we employ the Xe diffusion version [39] that was parame-
terized using DFT data published by Perriot et al. [37]. A detailed description of the framework
can be found elsewhere [38, 39], while a brief description of the method will be given here for
sake of completeness.

The concentrations of defects in the UO, 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 recombination of Frenkel pairs, inter-
action with sinks, and clustering of point defects. For the concentration, x,, of a given defect,
d, the ODE can be expressed as:

dx , . .
i =hat ) Raclaxe, T.G)= ) Sqslxax, T,6) (1)
C s

where t is time, ff; describes the source rate of defects through irradiation, Ry c and Sy, are
the cluster and sink rates, respectively, which depend on the defect concentration (x;), the
concentration of a given cluster (x¢), the sink concentration (x;), the temperature T, and the
Gibbs free energy of the system G. Centipede simulations find the steady-state solution to this
coupled set of ODEs, such that ddif <R for all defects, where R is the convergence criteria. The
reaction rate, Ry, for a given reaction, A+ B — Y + Z, can be expressed as:

I;)—’ZDxAxB[l —exp(kBLT)], if f <0,

R, =
d g—szxyxz [exp(kBLT)_l], otherwise

(2)
where kg is the Boltzmann constant, Q is the atomic volume, k; is a reaction rate constant, and
D = Dy + Dy is the sum of the diffusivities of the reactants. x4 and xg are the atom fractions
of the reactants, and xy and x; are the atom fractions of the products. The driving force, f, is
non-zero if a particular reaction is not at thermal equilibrium and it acts to return the system
to equilibrium. If the driving force, f, is less than zero, the net rate is for the reaction to go
forwards, otherwise it goes backwards. The driving force is given by the change in the free
energy of the system due to the reaction:

G G
£=) 5 ) ®)
peP reR

where P and R are the set of products, p, and reactants, r, respectively. The free energy con-
tributions from each defect (reactant or product) are given by the defect energies calculated by
Perriot et al. [37]. A detailed explanation of the application of Egs. (1) to (3) to Xe in UO, is
given by Matthews et al. [38, 39].
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2.2. BISON fuel performance simulations

Due to the relatively small concentration of chromia doped in UO; (~1000 wt. ppm), many
standard undoped UO, properties are expected to be readily transferable to doped UO,. Ar-
borelius et al. measured the thermal diffusivity of fresh fuel, noting only a small change due to
doping [3]. It is expected that this small difference will become negligible after some burnup, as
the degradation in thermal conductivity will become dominated by the accumulation of fission
products and irradiation induced defects. The larger grain size of doped UO; is expected to
have a negligible effect on thermal transport, given that molecular dynamics (MD) simulations
indicate grain size must be on the sub-micron scale to have a noticeable impact [40]. There-
fore, the Halden thermal conductivity correlation for undoped UO,, as a function of burnup
(as documented in Refs. [19, 41]), is used for simulations of the Halden tests in this study. In
the simulations of Framatome power ramp tests, the thermal conductivity model for undoped
UO, from the Nuclear Fuels Industry Reseach (NFIR) Program is adopted [42]. It is noted that,
due to the impact of doping on FGR (through the grain size and Xe diffusivity) and the degrada-
tion of thermal conductivity due to Xe in the lattice, there may be an indirect effect on thermal
transport. Although the coupling of fission gas release to thermal conductivity has been omit-
ted in this work, the doped UO, fission gas release models developed here could be used in
conjuction with the multiscale thermal conductivity model of Tonks et al. [43] in future work.

The specific heat capacity of doped UO, has been noted to be within 3% of that for un-
doped UO, [3]. Therefore, we have applied the Fink data for undoped UO, [44] to doped UO,.
Arborelius et al. note that Cr+Al doped UO, has the same thermal expansion as undoped
UO; [3]. Therefore, the standard BISON UO, thermal strain model [46] will be adopted here
for Cr-doped UO,. In BISON, the grain growth of standard UO, due to the high temperatures
experienced in-reactor is described by the model from Ainscough et al. [47]. Although this
model is also applied here for doped UO,, it does not result in significant grain growth due to
the large initial grain size of doped UO; (~ 40-70 um). This behavior is expected due to the
stability of large grains.

The fission gas behavior model for oxide fuel in BISON incorporates the fundamental phys-
ical mechanisms for FGR 17, 19]. The diffusion of fission gas from the bulk to the grain bound-
aries is governed by the unperturbed diffusivity of single gas atoms through the UO, lattice (D),
trapping at intra-granular bubbles (g), and resolution from intra-granular bubbles (b). Trans-
port from within a spherical grain (as assumed in this model [17]) to the grain boundary can be
described by:

aCig b

g _ Y pvre
o b+gDvclg+,3 (4)

where Cj, (atoms-m~2) is the intra-granular gas concentration, g (s7!) is the trapping rate, b

(s7!) is the resolution rate, D (m2?s7!) is the unperturbed diffusivity, and § (atoms-s~!) is the
source term for the generation of gas atoms through fission. The effective diffusivity can be
described as [20]:

b
Deff =D -——
eff b+g (5)
The trapping and resolution parameters, g [48] and b [49], are given by:
g=4nRND (6)
b =3.03Fnls(R+Zo) (7)

where Iy = 6 x 107 m is the length of a fission fragment track, Z, = 10~ m is the radius of
influence of a fission fragment [49], and F is the fission rate density. The bubble radius and



Journal Pre-proof

bubble density, R and N respectively, are solved for during the BISON simulations using the
model described by Pizzocri et al. [50].
The unperturbed fission gas diffusivity for undoped UQ; is given by the Turnbull model [23,

26]:
D=D;+D,+D; (8)
Dy =7.6x107" exp(-4.86x 107%/(ksT)) (9)
D, =5.64x1072°VE -exp(-1.91x107%/(ksT)) (10)
Dy =8x10740F (11)

where Dy, D,, and Dj represent the intrinsic, irradiation-enhanced, and athermal contribu-
tions to fission gas diffusivity, respectively. Since it is assumed that D3 is unaffected by small
additions of dopant, as it is driven by atomic mixing during high energy damage cascades, this
work will focus on using atomistic simulations to predict the change in D; and D, due to Cr-
doping. The fission gas model also accounts for the evolution of inter-granular bubbles, the
associated gaseous fuel swelling, and the eventual saturation of the grain boundaries resulting
in FGR to the fuel rod free volume. Swelling due to intra-granular bubbles is not considered
in the present work, as it is generally less important than that due to inter-granular bubbles in
UO, under normal operating conditions, at least for burnups below 45 GWd/t [45]. Further
details of the fission gas model can be found in Refs. [16-19]. As Eq. (4) is solved, the effect
of the grain size on the rate of diffusion to the grain boundaries is naturally accommodated for
in the model. Note that there is also an effect of the grain size on the grain boundary stage
of fission gas release (i.e. the grain surface-to-volume ratio affects the saturation behavior of
grain boundaries and, consequently, the amount of gaseous swelling and FGR). In contrast to
intra-granular diffusion, the surface-to-volume ratio effect on grain boundary bubble behavior
tends to increase FGR with a larger grain size (see details given by Pastore at al. [18]).

While gaseous swelling is determined by the fission gas model and the effect of doping is
accounted for by changes to the grain size and diffusivity within that model, swelling due to
the accumulation of solid fission products is given by an empirical relation [46] and is assumed
to be unchanged due to doping.

During irradiation nuclear fuel undergoes further densification beyond the beginning of
life sintered density. Observations during the Halden Reactor Project [51, 52], showed that a
densification of 0.1-0.2% occurred for Cr-doped UO, fuel rods. Therefore, the standard UO,
densification ESCORE model [53] was used for doped UO, but with the maximum densification
set to 0.15% in the simulations of the Halden tests. Densification information is not available
for the Framatome ramps test, hence the standard value of 1% for undoped UQO, is applied to
doped UO,. Such small additions of dopant are not expected to influence the uncracked elastic
behavior and, as such, typical elastic constants for standard UO, are applied. Larger grains
can reduce the fracture strength of UO, [13]. However, in the absence of a specific model for
Cr-doped UO,, the isotropic softening model for fuel cracking from Barani et al. for undoped
UO, is used [54]. The creep rate is considered using the MATPRO correlations for standard
UO, [46]. The creep model has not yet been developed for doped UO; and should be addressed
in future work.

3. Results and Discussion

3.1. Thermodynamics of the Cr-U-O system
In this section, we discuss the influence that the Cr-Cr,O3 equilibrium has on the thermo-
dynamics of the Cr-U-O system. Temperatures relevant to normal LWR operation are typically
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below 1600 K for the centerline of the fuel pellet, which is the hottest part of the fuel (see Sec-
tion 3.6). Extrapolation of a Cr,Oj3 solubility model [55] derived by analysis of experimental
data under sintering conditions indicates that at reactor operating temperatures most of the
dopant will be out-of-solution (asuming typical Cr,O3 additions of 1000 wt. ppm or more).
Similarly, atomic scale calculations predict low solubility at temperatures relevant to steady-
state reactor operation [56, 57]. For example, DFT calculations have been used to predict neg-
ligible solution of Cr below ~ 1700 K [56]. Therefore, the incorporation of Cr as defects in the
lattice is not expected for in-reactor conditions and cannot result in gas-dopant atomic scale
binding that would interfere directly with the migration of fission gas. However, that does not
mean that the presence of a Cr secondary phase does not impact the defect chemistry, and thus
Xe diffusivity, of UO, indirectly. In this section, we investigate the possibility that additions of
Cr,03 to UO, can change the oxygen potential of the fuel pellet and influence the concentra-
tions of vacancies that govern diffusion.

Figure 2 shows the oxygen potential of UO,., as a function of temperature for fixed values
of x. Here we define the oxygen potential as kzTIn(Pp,), where the Py, is the oxygen partial
pressure in atmospheres. Note that the chemical potential used within the Centipede code to
determine defect stability also includes a reference O, energy. The results using the Calphad
approach [58] implemented in Thermo-Calc [59], with a database combining the description of
U-O from Guéneau et al. and the SGTE Substances database v6 (SSUB6) for Cr-O, are shown
in Fig. 2A [60, 61], and Fig. 2B shows the results using the Lindemer and Besmann model [62].
The gray lines represent UO,,, the yellow lines represent UO,_,, and the black lines represent
exactly stoichiometric UO,. The oxygen potential for the Cr-Cr,03 two phase equilibrium is
shown by the green line and is defined by the following reaction:

2/3Cr,04 < 4/3Cr + O, (12)

In Figure 2A and B, the SSUB6 Calphad database [61] and JANAF data [63] were used, re-
spectively. Comparison of A and B indicates similar behavior for both sets of data, particularly
for the oxygen potential of stoichiometric UO, and the Cr-Cr,0O3 equilibrium, which will be
used in this study.

Figure 2 shows that the Cr-Cr, O3 equilibrium occurs at an oxygen potential that is commen-
surate with slightly hyper-stoichiometric UO,,,. The reducing environment that doped fuel is
sintered under makes it likely that the O/U ratio is close to 2 and the oxygen potential is close
to the Cr-Cr,0j3 equilibrium. For example, Bourgeois et al. observed both Cr metal and Cr,0;
oxide phases present in the same sample after sintering UO, doped with 0.25 wt.% Cr,03 in 1
vol.% H,O in H, [5].

It is our hypothesis that in Cr-doped UO, the oxygen potential is governed by the Cr-Cr,03
equilibrium over the range of temperatures relevant to normal reactor operation (typically
<1600 K). To examine this hypothesis, Thermo-Calc was used to calculate the oxygen potential
of the Cr,05-UO,., system as a function of x, T, and Cr,O3 content. Figure 3 represents the ex-
cess oxygen in the UO,,, phase at a given temperature for several different systems. Firstly, the
blue line represents the case for x in UO,, ,, with the oxygen potential defined by the two-phase
Cr-Cr,0j3 equilibrium over the full temperature regime, showing that at low temperatures the
system approaches exactly stoichiometric UO; (x = 0) and at high temperatures a peak excess
oxygen value of x = 4.6 x 107 is reached. The change from x = 0 to x = 4.6 x 107* is below
the typical accuracy for measurements of non-stoichiometry. However, such subtle changes in
composition may still correspond to significant variation in the concentrations of defects that
govern diffusion (as will be explored using an atomistic approach in Section 3.3). The gray ver-
tical lines indicate the effect of varying the initial value of x in the UO,,, phase. This shows
that for stoichiometric UO, with additions of 1000 wt. ppm Cr,O3 the oxygen potential is gov-
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Figure 2: The oxygen potential of UO,,, (gray lines), UO; (black line), and UO,_, (yellow lines) for
various values of x from A) Calphad and B) the Lindemer and Besmann [62] model. The oxygen potential
of the two-phase Cr-CryO3 equilibrium is shown by the green line for A) Calphad and B) the JANAF
tables. Additionally, the oxygen potential of stoichiometric UO; in the uncalibrated (blue) and calibrated
(red) Centipede simulations are shown in B). Calibration of the point defect energies in the Centipede
simulations are shown in Table 1.

erned by the Cr-Cr,0O3 equilibrium from 300 K to 2500 K. Conversely, if the initial value of x is
greater than 4.6 x 107 then Cr,03 remains stable over the full temperature range and there is
no influence of Cr-Cr,O3 on the oxygen potential. For 0 < x < 4.6 x 107, the temperature range
over which the Cr-Cr,03 equilibrium dominates varies. All cases discussed so far represent the
UO; pellet without the presence of a reducing external gas and are representative of conditions
the pellet might experience in-reactor, given that the fuel rod is backfilled with inert He.
Alternatively, when sintering the doped pellets or performing diffusivity measurements,
the pellets would be in equilibrium with an external gas. The dashed/colored lines in Figure 3
show the impact of varying the atom fraction of a 1 vol.% H,O in H, static gas, the dopant
content, and the initial value of x in the gas-Cr,03-UO;,, system. It can be seen that the
excess oxygen is no longer governed by the Cr-Cr,03 equilibrium below 1500 K for all gas
fractions studied. If the system is initiated with stoichiometric UO,, 0.01 atom fraction of a
gas with composition 1 vol.% H,O in H, (=~ 0.06 L of gas in equilibrium with a pellet 1 cm in
both diameter and height), and 1000 wt. ppm Cr,0Oj3 (green line), the Cr-Cr,03 equilibrium
dominates from 1500 K to 2750 K. The red line indicates that inclusion of 0.50 atom fraction
of gas (=3 L of gas in equilibrium with a pellet 1 cm in both diameter and height) results
in the Cr-Cr,05 equilibrium dominating from just 1950 K to 2010 K. However, the residual
influence of reducing Cr,0Oj3 to Cr and transferring oxygen to the UO; phase continues to higher
temperatures, as can be seen by the difference in the "no dopant" and "1000 wt. ppm" red lines.
The yellow and gray lines show the effect of modifying the initial value of x in the UO,,, phase.
In short, the presence of a 1 vol.% H,O in H, gas has a significant influence on the range of
temperatures and the way in which the dopant influences the O/U ratio of the UO,,, phase.
Generally, the reactive 1 vol.% H,O in H; gas can be said to limit the impact that the dopant
has, making fission gas behavior sensitive to the conditions of a given furnace. However, for
in-reactor conditions, the omission of a reactive gas is justified due to the backfill gas consisting
of inert He and the large molar fraction of UO, that makes up the contents of the fuel rod.
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Figure 3: The excess oxygen in the UO;,, phase at a given temperature (shown as T(x)) for several dif-
ferent systems. The blue line indicates x in UO3, when in equilibrium with Cr-Cr,O3. The vertical gray
lines indicate different starting values of x, whereby their intercept with the blue line shows the tempera-
ture range over which the Cr-CrpO3 equilibrium is important. The colored dashed lines indicate systems
of UOp4y (x =-0.01, 0.00, and 0.01) with either no dopant or 1000 ppm weight ratio (w.r.) of Cr,O3 and in
the presence of 0.01 or 0.50 atom fraction of 1 vol.% H,O in Hj gas (~0.06 L and ~3 L of gas respectively).

Therefore, assuming an initially stoichiometric UO, phase with additions of 1000 wt. ppm
Cr,0j; (vertical gray line labeled x = 0 in Fig. 3), it is justified to treat the oxygen potential
in-reactor as governed by the Cr-Cr,O3 equilibrium for temperatures up to at least 1700 K.
Above this temperature, it is acknowledged that Cr solubility in UO,, which has been omitted
from these calculations, may begin to influence the results in Figure 3. However, this does not
impact our primary conclusion that the Cr-Cr,0O3 equilibrium governs the oxygen potential for
temperatures relevant to normal operating conditions (<1600 K).

3.2. Calibration of thermodyanmic parameters in Centipede simulations

Having identified a route through thermodynamics by which doping can influence the fis-
sion gas behavior, the thermodynamic accuracy of the DFT data used in the Centipede simula-
tions is ascertained. The O/U ratio predicted by the Centipede simulations for a given oxygen
potential and temperature is governed by the underlying oxygen point defect energies calcu-
lated from DFT and empirical potentials in Perriot et al. [37]. The oxygen interstitial and va-
cancy formation reactions are described by Egs. (13) and (14), respectively. Based on the for-
mation energies associated with these reactions, the oxygen potential at which UO, is exactly
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stoichiometric is given by Eq. (15):

1 X AGo; ” °

502+ V) +2Uy —= O +2Up (13)
AGVO 1

Oo+2UU—>V5’+2U£,+EOZ (14)

2K ~(AGy,, -AGp))

0 Vo Vo O;
= = _— 1

P = T exp( o (15)

where standard Kroger-Vink notation is used [64], formal defect charges are applied, AGp, and
AGy, are the oxidation and reduction energies, respectively, and Ko, and Ky, are the corre-
sponding reaction coefficients. Given that Frenkel disorder is dominant in UO,, for stoichio-
metric UO,, [Vp] = [O;] and the oxygen partial pressure at which UO, is exactly stoichiometric,
p%z, can be derived, as in Eq. (15). The factor of 2 is based on the defect concentrations being
defined as per UO, formula unit. Hence, there are two possible V{; sites per UO, and one O;
site.

Figure 2B shows the reference thermodynamic data for UO, and Cr-Cr,03, alongside the
oxygen potential for stoichiometric UO, as defined by Eq. (15) and the original DFT data
(blue line) [37]. It can be seen that the oxygen potential of stoichiometric UO; in the original
model exceeds that of the thermodynamic data from Lindemer and Besmann [62]. In fact, the
oxygen potential defined by the Cr-Cr,03 equilibrium, Eq. (12), is commensurate with hypo-
stoichiometric UO,_, in the version without alterations to the DFT data (i.e. the green line lies
below the blue line). Comparison with the thermodynamic data of Lindemer and Besmann [62]
indicates that driving the system into the hypo-stoichiometry regime is inaccurate. The same
result is obtained using the Calphad model, as shown in Figure 2A.

There are a number of known inaccuracies in the underlying atomic scale data that could
lead to a different oxygen potential for a given composition. For example, the bandgap of UO,
is measured to be 2.0 eV [65], whereas the energy of the electron-hole reaction,

2y - U +U (16)

is 1.36 eV from LDA+U [37].

Here, we calibrate the point defect energies so that the oxygen potential for stoichiometric
UO, in the Centipede simulations matches that given by Lindemer and Besmann [62]. While it
is our intention to match the description of O/U as a function of oxygen potential and T, ideally
for a given O/U and T the underlying defect concentrations will not be significantly changed
compared to the original model so that the fundamental diffusion mechanisms are still correctly
predicted (e.g., the importance of the {Xe: 4V : 3V} cluster for D, diffusion [39]). To achieve
this and due to a greater degree of confidence in stoichiometric reactions rather than oxidation
and reduction reactions, the alterations made to the energies of the oxygen Frenkel, uranium
Frenkel, Schottky, and anti-Schottky reactions, listed below, are minimized:

Op+V; > V5 +0!

Uy+V, > V" + U
Uy +200 — V" + 2V + UO,
3V, + U0, — U +20/

(17
(18
(19
(

= = = —

20

The changes to the point defect energies and entropies are summarized in Table 1, alongside
the changes to the energies and entropies of Eqs. (17) to (20). The enthalpy and entropy that

11
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define the stoichiometric UO, oxygen potential (described by Eq. (15)) have been shifted by
-1.73 eV and 3.46 kg, respectively. This is demonstrated in Fig. 2 by a reduction in the intercept
(enthalpy) and an increase in the gradient (entropy) of the oxygen potential of stoichiometric
UO; in the calibrated model (red line) compared to the uncalibrated model (blue line). It can be
seen from Fig. 2B that an excellent fit to the reference thermodynamic data [62] is now achieved.

Table 1: (left) Adjustments to the point defect energies and entropies used in the Centipede simulations
to match the Lindemer and Besmann thermodynamic data for stoichiometric UO; [62]. (right) The impact
of the point defect energy and entropy changes on key reactions in the Centipede simulations.

Defect | AHeV  AS (k) Reaction AH eV  AS (kp)
o7 -0.44 -1.00 Oxygen Frenkel Pair, Eq. (17) -0.10 0.00
%Y 0.34 1.00 Uranium Frenkel Pair, Eq. (18) 0.00 0.00
v -0.67 -2.00 Schottky Defect, Eq. (19) 0.00 0.00
upeee 0.67 2.00 Anti Schottky Defect, Eq. (20) -0.20 0.00
Up 0.14 -0.37 Electron-hole pair, Eq. (16) 0.75 0.00
Uy, 0.61 0.37 O; formation, Eq. (13) -0.17 -1.73
Vo formation, Eq. (14) 1.57 1.73

A large number of clusters are also included in the cluster dynamics simulations for Xe dif-
fusion. The cluster energies, Gj,s1er, have been modified to ensure that the binding energy,
Gpg, to form the cluster from the constituent point defects, G;, is unchanged. This restriction is
enforced since there is greater confidence in the binding energies than the absolute energy of a
given defect cluster. Furthermore, such clusters have no influence on the observable thermody-
namic information (governed by oxygen point defects) and, thus, their absolute energies could
not be reliably fitted to the reference thermodynamic data.

Having calibrated the thermodynamics of the Centipede simulations to match the refer-
ence data, it is possible to directly apply the oxygen potential of the Cr-Cr,O3 equilibrium
to describe the oxygen potential in simulations of doped UO,. There are a number of other
uncertainties in the model relating to the kinetics of defect production and annihilation. To
examine the influence of these on the fission gas diffusivity, two cases are tested: one where
minimal alterations are made to the underlying DFT data (Case A), and another where the pos-
sibility that DFT overestimates the migration barrier of Vi, is tested (Case B). These two cases
are motivated based on experience from Matthews et al. [38]. In that paper, comparison to the
experimental data of Sabioni et al. [66] for the U self-diffusivity in the intrinsic regime, showed
an underestimation of one order of magnitude for the baseline case [38]. This may be explained
by environmental conditions (uncertainty in the true oxygen partial pressure) or parameter un-
certainty, as explored in Matthews at al. [38]. The migration barrier of the uranium vacancy
was identified as one of the most influential parameters in this context [38]. Moreover, the
transition between the intrinsic and irradiation-enhanced regimes occurs at a rather high tem-
perature for both U self-diffusion [38] (1850 K) and Xe diffusion [39] (1650 K), which is mainly
controlled by the uranium vacancy migration properties similar to self-diffusion. Although the
arguments above are indicative rather than conclusive, we use them to motivate treating two
cases for the U vacancy migration barrier: one identical to previous studies and one where the
barrier is reduced by 0.34 eV (a reasonable adjustment based on typical uncertainty in DFT cal-
culations on UO;). In both cases, the sink and source strengths are also recalibrated to ensure
a good agreement with the Turnbull model for D, diffusivity for Xe in UO,. Note that there
is large uncertainty in the sink and source terms of up to an order of magnitude [49, 67]. The
final changes to the kinetic parameters for Case A and Case B are shown in Table 2.
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Table 2: Changes to kinetic parameters in the Centipede simulations [38, 39] that govern the migration
energy, Emigl of Vy, the source strength, and the sink strength.

Parameter Case A Case B
Emig, VU unchanged | —0.34 eV
Source strength x0.2 x10
Sink strength | unchanged x5

As discussed previously by Matthews et al. [38, 39], in the case of undoped UO, the actual
oxygen potential is not well known during the measurements of Xe D, diffusivity. Therefore,
the oxygen potential in the model is similarly fitted to ensure the predicted undoped Xe diffu-
sivity remains close to that given by Matthews et al. [39] and the Turnbull model [23, 26], which
is used for the standard UO, model in BISON. The oxygen potential applied for undoped UO,
(calibrated here for Case A and B) and doped UO, (taken directly from the Cr,O5; formation
energy in Chase [63]) are given by:

undoped, A

Fon =-6.50+12.59kgT eV (21)
ouioPe B~ 610+ 10.46kT eV (22)
doped
Hor o ==7.79+20,63ksT eV (23)

The agreement obtained for Xe diffusivity in undoped UO, with the Turnbull model will be
shown in Section 3.4 for Case A and Case B alongside the impact of doping on diffusivity.

3.3. Defect concentrations in CryO3-doped UO,

At high temperatures, the oxygen potential of doped UO, is greater (more oxidizing) than
in undoped UO,, and, at low temperatures, the oxygen potential of doped UO, is lower (more
reducing). In previous work [37, 39], it was shown that the defect clusters important for Xe dif-
fusion are {Xe: 2V} : Vp} for intrinsic diffusion and {Xe: 4V} : 3V} for irradiation-enhanced
diffusion. As building blocks that affect the concentrations of these larger clusters, the con-
centrations of the Vi; and V{ point defects are critical in governing the fission gas diffusivity.
Figure 4 shows the concentrations of the V; and V5 point defects for the undoped UO, and
Cr-doped UO,; oxygen potentials for Case A and Case B.

At high temperatures, both Vi; and Vg are in thermal equilibrium and, as such, their con-
centrations are sensitive to changes in the oxygen potential. It can be seen that the increase in
oxygen potential at high temperatures due to doping results in more oxidizing conditions and,
therefore, an increase in the hyper-stoichiometric V; defect concentration and a suppression of
the hypo-stoichiometric V; defect concentration.

At low temepratures, where doping lowers the oxygen potential, the thermal equilibrium
concentrations of Vi; and Vj, are suppressed and enhanced, respectively. However, the concen-
tration of Vy; in the D, regime is dominated by irradiation processes and is, thus, independent
of the dopant-induced oxygen potential. Conversely, Vy is as assumed to be in thermal equi-
librium, given that their high mobility ensures that any defects generated by irradiation are
rapidly eliminated through mutual recombination and interaction with sinks. Therefore, in
the irradiation-enhanced regime, there is an increase in V5 due to doping, while the V}; con-
centration is unaffected. As discussed in previous work [38, 39], the mobile {U; : 20;} cluster
plays an important role in the concentrations of larger vacancy clusters, as it can annihilate
and reduce their concentration. It can be seen in Fig. 4 that the oxygen potential has a limited
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Figure 4: The concentrations of the Vi, Vo, O;, U;, and {U;20;} defects predicted under irradiation for
Case A and B for undoped UO; (solid lines), and doped UO; (dashed lines). Vp and O; are always at
thermal equilibrium and are unaffected by irradiation, whereas uranium-type defect concentrations are
influenced by irradiation.

impact on the concentration of {U; : 20;}, given that it is a stoichiometric defect. Conversely,
the more reducing conditions increase the concentration of the hypo-stoichiometric U; defect
at low temperatures. While the above discussion applies to both Case A and Case B, the trends
are more pronounced for Case B.

Changes to the point defect concentrations due to doping will have an impact on the con-
centrations of all larger clusters in the system that are composed of those point defects. Figure 5
shows the concentrations of a selection of the clusters considered in the Centipede simulations.
Importantly, the concentrations of the two clusters that dominate Xe diffusion, {Xe:2Vy : Vp}
(D1) and {Xe :4Vy : 3V} (Dy), are enhanced by doping. This is due to the more oxidizing con-
ditions at high temperatures and more reducing conditions at low temperatures induced by Cr
doping. For {Xe:2Vy : Vp}, the enhancement at high temperatures is due to the enhanced Vy;
concentration, which favors {Xe: 2V : Vp} over the dominant {Xe: V;: Vp} cluster through
the {Xe: Vyy : Vo}+Vy — {Xe: 2V : Vo) reaction. Although Vj concentrations are lower in this
regime, there is no influence on the equilibrium of this reaction as both clusters involved have
the same number of Vj defects.

In the D, regime, the concentration of V}; is unaffected by doping, despite the more reducing
conditions. Similarly, the {U; : 20;} concentration is unchanged. These two defects are critical in
governing the accumulation of point defects to form the large clusters responsible for diffusion,
and would at first glance indicate little change in behavior due to doping. However, the increase
in the V5 concentration causes the {Xe: 4V : 3V} cluster to also increase in concentration.
Otherwise, in undoped UO, the {Xe: 4V : 2V} cluster dominates. This is due to the increased
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Figure 5: The defect concentrations of a range of Xe-bearing clusters predicted by cluster dynamics sim-
ulations for Case A and Case B for undoped UQj (solid lines), and doped UO; (dashed lines) under
irradiation. For clarity this represents a subset of clusters considered.

relative stability of {Xe: 4V : 3Vy} compared to {Xe: 4V : 2V} under the more oxygen-poor
conditions induced by Cr-doping. This is important for fission gas diffusivity, given the finding
of Matthews et al. that the more mobile {Xe: 4V : 3V} cluster is responsible for irradiation-
enhanced diffusivity [39]. As for the host defects discussed previously, the trends for Case A
and B are similar but are more pronounced for Case B.

3.4. Fission gas diffusivity in Cr,O3-doped UO,
Having calculated the change in the concentration of all defect clusters in the system due to
doping, the total Xe diffusivity can be calculated as:

D= ZZLXD (24)

where D; and x; are the diffusivity and concentration of a given cluster, i, and ) ; x; fulfills the
total Xe concentration. The concentrations of a select number of clusters were shown previously
in Fig. 5. The diffusivities of all clusters are determined and summed in Eq. (24) to give the total
Xe diffusivity, as shown in Fig. 6 for undoped UO; and doped UO, by the solid and dashed
black lines, respectively. As discussed previously in Section 3.3, there is uncertainty regarding
the oxygen potential in the experimental setups used to measure the fission gas diffusivity. As
such, when comparing to the standard model for undoped UO, (the Turnbull model), which
was derived from these experiments, the oxygen potential (see Eqs. (21) and (22)) and the sink
and source strengths (see Table 2) in the Centipede simulations are calibrated to achieve a
reasonable agreement in the D, regime, given its dominance at reactor operating temperatures
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(as shown in Fig. 6). For both Case A and B, a good agreement is obtained for the diffusivity
in undoped UO, compared to the Turnbull model, particularly in the range where the cluster
dynamics simulations remain within the point defect limit (delineated by the vertical black
lines in Figure 6).

The enhancement in the relative concentration of {Xe : 2V, : V} due to doping, shown in
Fig. 5, translates directly to an increase in the Xe diffusivity for the intrinsic D; diffusion regime,
as shown in Fig. 6. Similarly, the increase in the relative concentration of {Xe : 4Vy : 3V}
results in greater Xe diffusivity in the irradiation-enhanced D, diffusion regime. Enhanced
D, diffusion is in qualitative agreement with the observations made by Kashibe and Une for
out-of-pile experiments [24]. However, the Centipede simulations, while in good agreement
with the Turnbull model [23], predicts Xe diffusivity to be over one order of magnitude greater
than the data from Kashibe and Une (shown in Fig. 1) for both undoped and doped UO,. This
is likely due to variation in the oxygen potential between the Kashibe and Une experiments,
as compared to that used in our model and in the experiments used to derive the Turnbull
model. The Centipede results presented here provide evidence that the irradiation-enhanced
D, diffusivity is also enhanced by Cr doping. This is particularly for D, diffusion, which is
dominant for the temperatures experienced by the pellet in-reactor.
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Figure 6: The Xe diffusivity predicted from cluster dynamics simulations for doped and undoped UO;.
The Turnbull model for undoped UOj3 is included for comparison. A) and B) correspond to Case A and
B, respectively, as also shown in Table 2. The Arrhenius fits to the Centipede simulation results that were
used to derive the parameters for Eq. (25) are shown by dashed lines (also see Table 3).

3.5. Analytical expressions for use in BISON

Solving the full set of ODEs is too computationally challenging and time consuming to be
directly implemented into a fuel performance code, such as BISON. To enable the application of
our predictions in the FGR model in BISON, for Case A and B, four Arrhenius functions (shown
by dashed lines in Fig. 6) have been fitted to four regimes: i) D; undoped, ii) D; doped, iii) D,
undoped, and iv) D, doped. The functions were not fitted to Centipede simulations results
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below 1275 K (Case A) and 1325 K (Case B) because the uranium vacancy concentrations began
to exceed 1% and the dilute limit assumption broke down, making the predictions less reliable.
The four Arrhenius functions have been reformulated into a single expression for each case
that describes the enhancement in Xe diffusivity, relative to the baseline undoped UO;, model,
as follows:

AHy (1 1 AH, |1 1
Ddoped — exp(— kBl T _ Tl )Dimdaped n exp(— 2 [_ _ _:|)D2undoped i D;mdoped (25)

where the parameters T, T, AH;, and AH, are reported in Table 3 for Case A and Case B.

Table 3: Parameters for the multiscale analytical enhanced diffusivity models derived for Cr-doped UO»,
see Eq. (25).

Parameter | Case A Case B
=T, ()| 1773 1773

AHy (eV) | 0.3198 | 0.3282
AH, (eV) | -0.3345 | -0.6998

Figure 7 shows the result of applying Eq. (25) to Dy, D5, and D3 from the standard empirical
model of Xe diffusivity in undoped UO; used in BISON (see Egs. (8) to (11)). It can be seen from
Fig. 7 that the unperturbed Xe diffusivity in doped UO; (D?°P?) is enhanced in both the high
temperature D and lower temperature D, regimes, as expected from Fig. 6. Case B (assuming
a lower Vi migration energy) indicates greater enhancement in D, diffusivity than Case A.

To estimate the effective diffusivity, the intra-granular bubble radius and number density, R
and N in Egs. (6) and (7), must be provided. While BISON explicitly evolves N and R during
the simulation [50], for the purposes of plotting the effective diffusivity in Fig. 7, the following
correlations from White and Tucker are used [49]:

R=5x10"19(1+106-exp(-8691.6/T)) m (26)
1.52 x 10?7
- + ~3.3x10% bubbles-m™3 (27)

The effective diffusivity is shown as a function of T by the dashed lines in Fig. 7. It can be seen
that doping results in a significantly enhanced effective diffusivity at temperatures dominated
by the irradiation-enhanced intra-granular diffusivity of Xe, thus emphasizing the importance
of the FECD treatment of irradiation effects carried out in previous sections. At high temper-
atures where intrinsic (D, ) diffusivity dominates, there is no impact of doping on the effective
diffusivity because it is already at its maximum value, as defined by b/(47tRN) (see Egs. (5)
to (7))

These three different diffusivity models (undoped, Case A, and Case B) will be evaluated
against experimental FGR studies, as follows: Section 3.6 compares the model to experiments
conducted in the Halden reactor and Section 3.7 compares the models to experiments con-
ducted by the Commissariat a ’énergie atomique et aux énergies alternatives (CEA) and Fram-
atome (formerly known as AREVA).

3.6. Modeling fission gas release during IFA-716.1 Halden experiments

Carried out between January 2011 and May 2015, the IFA-716.1 experiment investigated the
FGR, swelling, and densification behavior of Cr,03-doped fuel and large-grained UO, fuel by
irradiating six rods in the Halden reactor [52, 68]. Initially, the rods were irradiated for 12 cycles
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Figure 7: The Xe diffusivity in Cr-doped UO; predicted by applying Eq. (25) to the standard empirical
undoped UO; diffusivity in BISON. Solid lines show the unperturbed diffusivity and the dashed lines
show the resultant effective diffusivity, once trapping and resolution has been included using Eq. (5).

and subsequently were reloaded for 3 more cycles. Two of the rods contained Cr,03-doped
UO,, supplied by Framatome, and are suitable as validation cases for the fission gas diffusivity
models for doped UO, developed in this work. The plenum pressure and fuel temperature were
measured in-situ by the pressure transducers and fuel centerline thermocouples equipped on
each one of the rods. For each rod, the thermocouple was placed in the drilled section at the top
of the fuel stack. The evolution of fractional fission gas release was estimated from normalized
pressure, and rod 6 was punctured at the end of life providing a more accurate FGR estimation.

Integral simulations of the Cr,03-doped fuel rods in the Halden IFA-716.1 test were per-
formed with the BISON code, using the doped UO, material models outlined in Section 2.2.
Several different variations of the fission gas diffusivity were evaluated for fuel behavior during
Halden tests (see Figs. 8 to 10): i) the standard UO, empirical (Turnbull) model (blue lines), ii)
Case ‘A (solid black lines), and iii) Case B (dashed black lines) of the lower length scale (LLS)
informed diffusivity model developed in this work. For the empirical undoped UO, (Turnbull)
model, a smaller (5.5 pm) grain radius, typical of undoped UO,, was tested in addition to the
large grains reported in Table 4 that pertain to the actual fuel in the simulated experiments.
This was done in order to investigate the effect of the grain size on FGR in the calculations. For
all other diffusivity cases, only the large grain size was used.

Figure 8 shows the measured upper centerline thermocouple temperature from the Halden
tests for rods 1 and 6 (red lines), alongside BISON predictions of the temperatures at the same
position using the different diffusivity models. All diffusivity models show a similar agreement
with the measured data. Regardless of the diffusivity model selected, there is a significant
over-estimate of the centerline temperature during the later irradiation cycles. It is worth not-
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Table 4: Fabrication characteristics of IFA-716.1 rod 1 and 6 simulated in this work [52, 68].

IFA-716.1 Rod 1 | IFA-716.1 Rod 6
Cladding material Zircaloy-4 Zircaloy-4
Fuel material UO,+Cry03 UO,+Cr,03
Fill gas He He
Total active fuel stack length (mm) 399.5 399.3
Drilled active section length, top (mm) 110 110
Drilled active section length, bottom (mm) - -
Pellet inner diameter, drilled sections (mm) 1.8 1.8
Pellet outer diameter (mm) 9.12 9.12
Diametral gap (ym) 180 180
Cladding thickness (mm) 0.725 0.725
Cladding outer diameter (mm) 10.75 10.75
Free volume (cm?) 5.80 6.0
Fill gas pressure (MPa) 1 1
Fuel CrpOj3 content (ppm) 1580 1050
Fuel U-235 enrichment (%) 4.9 4.89
Initial fuel density (kg/m?3) 10500 10530
Fuel average grain radius (ym) 35 29.5

ing that independent calculations with the ALCYONE fuel performance code for IFA-716.1 rod
6 [69] have led to similar results in terms of an over-estimate of the fuel centerline temper-
ature during the later irradiation cycles. The fact that independent calculations showed this
behavior may indicate that the linear heat rate (LHR) provided by the Halden Project, which
form the basis for the input LHR histories used in the calculations, are affected by inaccura-
cies during the later portion of the irradiation. Indeed, this issue has been postulated for other
Halden tests such as IFA-677, with inaccuracies in the power data potentially arising following
a core configuration change, the effect of which is not taken into account in the power distribu-
tion reconstruction [70, 71]. This may have occurred also for IFA-716.1, for example following
temporary rig unloadings from the core, which were performed during periods where excess
reactor power was expected [52]. Additionally, in general, there is an uncertainty of at least 7
% in the LHR data. To this end, the fuel centerline temperature is roughly proportional to the
local LHR.

Figure 9 shows the comparison of the measured plenum pressure and BISON predictions
using different diffusivity models. The pressure transducer on rod 1 failed after around 625
irradiation days [52]. For this reason, the measured plenum pressure data after that time is not
meaningful, and has been omitted from Fig. 9a. The standard UO, diffusivity with standard
UO, grain sizes (5.5 ym) model severely overestimates the plenum pressure because of substan-
tial FGR. On the other hand, using the standard empirical UO, diffusivity model together with
the actual larger grain size underestimates the plenum pressure due to excessively suppressed
FGR. This result clearly demonstrates the benefits of large grains for fission gas retention with-
out any considerations for the impact of doping on fission gas diffusivity. Case A and Case B
both include the impact of enhanced fission gas diffusivity informed from LLS techniques in
Section 3.4 and the large grain size reported in Table 4. As a result, both LLS-informed cases
provide more accurate predictions of the plenum pressure, with Case A matching better with
experimental data for rod 1 and Case B performing better for rod 6.

The FGR as a function of burnup for the IFA-716.1 test is shown in Figure 10. The on-
line measurement of FGR was estimated from the rod pressure assuming that no FGR occurs
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Figure 8: The upper thermocouple temperature measured during the IFA-716.1 test on CrpO3-doped fuel
(red lines) for a) rod 1 and b) rod 6 [52]. The BISON results using the LLS-informed enhanced diffusivity
model developed in this work are shown by the black lines for Case A and Case B. Comparison is made to
results using the standard empirical undoped UO; model with small and large grains (blue lines).

until the power uprate [52]. This assumption may, partly explain the discrepancies between
the burnups at the onset of FGR for the measured and calculated data. Due to the failure of
the pressure transducer in rod 1 at around 625 irradiation days [52], the measured on-line
FGR is cut-off similarly to the pressure data shown previously. It can be clearly seen that, by
applying the standard empirical undoped UO; diffusivity model, there is poor agreement with
the measured data for both rods: if large grains are used, there is a tendency to under-estimate
the FGR; and, if small grains are used, it is greatly over-estimated. As expected, by applying
the LLS-informed enhanced diffusivity models derived in this work there is an increase in the
FGR with respect to the baseline empirical undoped UO, model. Both Cases A and B provide
reasonable agreement with the Halden tests. In particular, there is excellent agreement between
the predicted and the measured FGR data for rod 6.
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Figure 9: The pressure measured during the IFA-716.1 test on Cr,O3-doped fuel (red lines) for a) rod 1
and b) rod 6 [52]. The BISON results using the LLS-informed enhanced diffusivity model developed in
this work are shown by the black line for Case A and Case B. Comparison is made to results using the
standard empirical undoped UO;, model with small and large grains (blue lines).
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Figure 10: The measured FGR (inferred from rod pressure) during the IFA-716.1 test on CryO3-doped fuel
(red lines) for a) rod 1 and b) rod 6 [52]. The BISON results using the LLS-informed enhanced diffusivity
model developed in this work are shown by the black lines for Case A and Case B. Comparison is made to
results using the standard empirical undoped UO; model with small and large grains (blue lines).
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3.7. Modeling transient fission gas release during Framatome experiments

A series of ramp tests were performed by Framatome between late-2000 and mid-2005 in
the Dampiere 1 pressurized water reactor (PWR). Three of the rodlets in assembly FX13AW
used UO, fuels with the additive Cr,0Oj3, and they are identified as K14-2, N07-2 and G04-2
according to their rod position and segment number. Rodlets K14-2 and N07-2 went through
two cycles of base-irradiation in the Dampiere 1 reactor before being removed for ramp tests
in the ISABELLE 1 test loop in the OSIRIS reactor at Saclay, France. Rodlet G04-2 experienced
a more complicated power history. For benchmarking purposes in this work, only K14-2 and
NO07-2 are modeled in BISON.

Framatome benchmarked the ramp tests in BISON using the empirical Che et al. method-
ology [22] for K14-2 and N07-02 using BISON. For the two ramped tests, the ratio of predicted
FGR over the measured FGR at the end of the power ramp was 0.77 (K14-2) and 0.91 (N07-02).
The measured FGR in Framatome ramp tests are proprietary, and thus no absolute values are
given here. Since Framatome did not have access to the new diffusivity models developed in
this work at the time the validation work was completed, we first reran BISON with the Che et
al. model [22] with non-proprietary available information on K14-2 and N07-02 ramp tests.

An initial base irradiation in a PWR with a constant power level of 25 kW/m was modeled in
BISON, reaching a burnup level of 29.7 MWd/kgU and 29.9 MWd/kgU for rodlets K14-2 and
NO07-2, respectively, at the end of the base irradiation. A subsequent pause in power history
was inserted to simulate the transfer from the PWR to the test loop. During the ramp test,
rodlet K14-2 (N07-2) was conditioned at ~22 kW/m (~21 kW/m) for 14 hours, followed by
a power ramp to ~47 kW/m (~50 kW/m), and eventually held at this terminal power for 12
hours. The same version of BISON was used in our reproduction of the Framatome simulation
for consistency, and the reproduced average fuel temperatures are compared to the Framatome
results in Table 5.

Table 5: BISON simulated average fuel temperature by Framatome and reproduced results using the Che
et al. model [22].

K14-02 temperatures (K) NO07-02 temperatures (K)
Conditioning phase | Holding phase | Conditioning phase | Holding phase
Framatome 917.15 1363.15 923.15 1514.15
Reproduced 917.10 1363.32 922.85 1508.88

As listed in Table 5, the predicted average fuel temperatures are very close to the Framatome
results during both the conditioning and holding phases. The average fuel temperature during
the holding phase for N07-02 is slightly underestimated by around 5 K, which is not expected to
significantly impact the FGR at the end of a power ramp. Then, we applied the same diffusivity
models as described in Section 3.6 in BISON to compare to the Che et al. model [22], with the
FGR prediction at the end of the power ramps shown in Table 6. The back-calculated FGRs are
used as an approximation of the measured FGR based on the ratio given by the Framatome val-
idation work, as shown Table 6. For both rodlets, the LLS-informed Case A model offers similar
predictions to the results of the empirical Che et al. model [22], in line with the performance for
the Cr,O3-doped fuel Halden test IFA-716.1. Table 6 also includes results if only the grain size
is changed for the BISON'’s standard FGR model. As listed, the standard UO, empirical diffu-
sivity model either overestimates the FGR by nearly a factor of 3 if standard (5.5 ym) grains are
assumed, or underestimates FGR by a factor of 2-4 if large grains are accounted for. Similarly to
comparison with the Halden experiments, this indicates that fission gas diffusivity is underesti-
mated by using the standard UO, model. It is noteworthy that Case B tends to overestimate the
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FGR at the end of power ramps, while its superiority maintains to standard empirical UO, dif-
fusivities that either severely underestimate or overestimate the FGR for large or normal grain
sizes. The ability of the LLS-informed models (particularly Case A) to reproduce the transient
test results, with a mechanistic description of the underlying processes, provides confidence in
the physical robustness of the fission gas behavior model for doped UO,.

Table 6: The relative FGR (calculated divided by measured) at the end of Framatome ramp tests of Cr-
doped UO;, with different assumptions on UO; diffusivity in BISON.

Che et al. [22] Std. UO, Std. UO, LLS-informed | LLS-informed
Rodlet model* (small grain) | (large grain) Case A Case B
K14-2 0.77 2.83 0.25 0.79 1.76
N07-2 0.91 2.88 0.45 0.95 1.46
*Only this column represents actual comparison with Framatome data; other columns are subject to

uncertainty in the reproduction of Framatome simulation results shown in Table 5.

4. Conclusions

The doping of UO, with Cr,0j3 is designed to increase grain size during fabrication. One of
the anticipated benefits of large grains is the reduction of fission gas release by extending the
rate limiting intra-granular diffusion step. Another key parameter in fission gas release is the
Xe diffusivity, which may be sensitive to the impact of doping on the UO,., chemistry. In this
work, using a thermodynamic investigation, we show that the oxygen potential of stoichiomet-
ric UO, doped with 1000 wt. ppm Cr,O3 is controlled by the Cr-Cr,O3 two-phase equilibrium
below 2500 K. On that basis, we have adapted a cluster dynamics model for D, and D, Xe diffu-
sivity in undoped UO,, developed by Matthews et al. [38, 39], to study the impact that changes
in the oxygen potential, due to doping, have on Xe diffusion. The DFT point defect energies
used within the cluster dynamics simulations were calibrated to reproduce the oxygen poten-
tial of stoichiometric UO, defined by Lindemer and Besmann [62]. By then using the Cr-Cr,0j3
equilibrium oxygen potential as the dominant oxygen buffer reaction in doped UO, and input
to the calibrated cluster dynamics simulations, enhanced Xe diffusivity was predicted for D,
and D, as a consequence of doping. At high temperatures (D;), the more oxidizing conditions
resulted in an enhancement in the concentration of Vy; leading to stabilization of the mobile
{Xe:2Vy : Vo) cluster. At lower temperatures (D;), the Vi; concentration was unaffected by
the oxygen potential, as it is governed by irradiation processes. Conversely, the V5 concen-
tration was enhanced due to the more reducing conditions introduced through doping. This
resulted in an increase in the concentrations of several larger Xe-bearing clusters, in particular
the {Xe: 4Vy : 3V} cluster that controls irradiation-enhanced D, diffusion.

An analytical expression that describes the predicted enhancement in Xe diffusivity due to
doping has been derived and implemented in BISON. Simulations of fission gas release using
the new model in BISON have been validated through integral analyses of the Halden fuel rod
tests on Cr,O3-doped UO,; in IFA-716.1, achieving good agreement. A comparison has also
been made to the results of Framatome simulations of power ramp tests, indicating an im-
provement in the predictions when using the new mulitscale diffusivity model. In summary,
for both the steady-state and transient conditions, the lower length scale informed models of
enhanced fission gas diffusivity derived in this work compare well against the available data
and, in particular, greatly improve upon the standard empirical model for undoped UO,. The
results support the idea that the impact of both large grains and enhanced fission gas diffu-
sivity must be accounted for within the mechanistic model of fission gas release to accurately
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capture the in-reactor performance of doped UO,. The work also provides motivation for the
utilization of multiscale modeling to assess the performance of other advanced fuels in support
of accelerated fuel development.
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