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a b s t r a c t

The description of intra-granular fission gas behavior during irradiation is a fundamental part of models
used for the calculation of fission gas release and gaseous swelling in nuclear fuel performance codes.
The relevant phenomena include diffusion of gas atoms towards the grain boundaries coupled to the
evolution of intra-granular bubbles. While intra-granular bubbles during normal operating conditions
are limited to sizes of a few nanometers, experimental evidence exists for the appearance of a second
population of bubbles during transients, characterized by coarsening to sizes of tens to hundreds of
nanometers and that can significantly contribute to gaseous fuel swelling. In this work, we present a
model of intra-granular fission gas behavior in uranium dioxide fuel that includes both nanometric
fission gas bubble evolution and bubble coarsening during transients. While retaining a physical basis,
the developed model is relatively simple and is intended for application in engineering fuel performance
codes. We assess the model through comparisons to a substantial number of experimental data from
SEM observations of intra-granular bubbles in power ramp tested uranium dioxide samples. The results
demonstrate that the model reproduces the coarsening of a fraction of the intra-granular bubbles and
correspondingly, predicts gaseous swelling during power ramps with a significantly higher accuracy than
is allowed by traditional models limited to the evolution of nanometric intra-granular bubbles.
© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

The behavior of the gaseous fission products xenon and krypton
significantly affects the performance of nuclear fuel rods during
irradiation [1,2]. Gas atoms are created in the fuel grains during
fission events and due to their low solubility, tend to precipitate
forming bubbles. Intra-granular bubble evolution is governed by
gas atom trapping from the matrix into the bubbles and the
counteracting mechanism of irradiation-induced re-solution of gas
atoms from the bubbles back into the matrix. Concomitantly,
diffusion to grain boundaries of atoms dissolved in the matrix oc-
curs [3e8]. The behavior of gas at grain boundaries determines
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inter-granular gaseous swelling and fission gas release to the rod
free volume [2,8]. Although inter-granular swelling due to grain-
boundary bubbles is the dominant contribution to gaseous fuel
swelling under normal operating conditions, intra-granular
swelling becomes significant during transients to high tempera-
tures and at high burnups [9e14].

During normal operating conditions, intra-granular fission gas
bubbles are generally limited to sizes of one to a few nanometers
[15]. However, experiments have shown the appearance of a second
population of bubbles characterized by sizes of tens to hundreds of
nanometers, which has been observed following post-irradiation
annealing, power ramps and in high-burnup fuel [9e18].
Although the mechanisms for such abnormal bubble growth are
largely unknown (see, e.g. Refs. [14,15,17,18]), there is evidence that
the larger bubbles are associated with dislocations [9,10,14,19]. The
population of larger bubbles can account for local gaseous swelling
of up to 7e8% volumetric fraction [13,14,16] and is therefore of high
engineering interest.
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Nomenclature

ab Re-solution rate of atoms from bulk bubbles (s-1)
ad Re-solution rate of atoms from dislocation bubbles (s-

1)
b0 Trapping rate at dislocations (s-1)
bb Trapping rate at bulk bubbles (s-1)
bd Trapping rate at dislocation bubbles (s-1)
d Wigner-Seitz radius associated to a dislocation

bubble (m)
dHS Hard sphere diameter of a xenon atom (m)
DVf

Vf
Gaseous fuel swelling (/)

h Number of bubbles nucleated per fission fragment
(bubble per fission fragment)

g UO2-bubble surface energy (J m-2)
nb Nucleation rate of bubbles in the bulk (m¡3 s-1)
nd Nucleation rate of bubbles at dislocations (m¡3 s-1)
U Volume of a vacancy (m3 vacancy-1)
u Volume of a gas atom (m3 atom-1)
rd Space-averaged dislocation density (m m-3)
sh Hydrostatic stress (Pa)
v Atomic density in dislocation bubbles (atom m-3)
~y Packing fraction in the Hard Sphere equation of state

(/)
z Sink strength of a dislocation bubble (/)
B Volume of a gas atom into bulk bubbles (m3 atom-1)
b Burgers vector magnitude in UO2 (m)
c Concentration of single gas atoms in the matrix

(atom m-3)
D Single gas atom bulk diffusion coefficient (m2 s-1)
Dd Single gas atom diffusion coefficient close to the

dislocation core (m2 s-1)
Di;bulk Bulk diffusion coefficient of interstitials (m2 s-1)

Di Interstitial diffusion coefficient along the dislocation
core (m2 s-1)

Dv;bulk Bulk diffusion coefficient of vacancies (m2 s-1)
Dv Vacancy diffusion coefficient along the dislocation

core (m2 s-1)
F Fission rate density fission (m¡3 s-1)
K Number of bubbles nucleated per dislocation (bubble

m-1)
k Boltzmann constant (J K-1)
mb Concentration of gas atoms in bulk bubbles (atom m-

3)
md Concentration of gas atoms in dislocation bubbles

(atom m-3)
Nb Number density of bulk bubbles (bubble m-3)
nb Number of atoms per bulk bubble (atom bubble-1)
Nd Number density of bubbles at dislocations (bubble m-

3)
nd Number of atoms per dislocation bubble (atom

bubble-1)
nv Number of vacancies per dislocation bubble (vacancy

bubble-1)
p Pressure of dislocation bubbles (Pa)
peq Equilibrium pressure of dislocation bubbles (Pa)
Rb Radius of bulk bubbles (m)
Rd Radius of dislocation bubbles (m)
rd Effective dislocation core radius (m)
rws;d Wigner-Seitz cell radius associated with a dislocation

(m)
T Temperature (K)
Vb Volume of a bulk bubble (m3)
Vd Volume of a dislocation bubble (m3)
y Yield of gas atoms per fission event (atom fission-1)
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Given the importance of fission gas behavior (FGB) in fuel rod
performance, models for fission gas release and gaseous fuel
swelling have been developed and incorporated in engineering fuel
performance codes [5,8,13,20e30]. However, these models are
generally limited to the evolution of nanometric bubbles
[5,21,24,26,28e30]. Developing models able to represent the bub-
ble coarsening (i.e., abnormal growth) effect and that can be
effectively applied in fuel performance codes appears necessary in
order to accurately model fuel behavior in high temperature tran-
sients and high-burnup conditions. Modeling fuel gaseous swelling
during transients such as power ramps has implications, for
example, in the analysis of pellet-cladding interaction (PCI) [31].

In engineering fuel performance calculations, fission gas models
are called, for each time step and each non-linear iteration, in every
element of the computational mesh, thus they need to be compu-
tationally efficient. The authors previously developed models to
calculate fission gas release and gaseous swelling in UO2
[27,30,32,33], which constitute the foundation of mechanistic FGB
calculations in the TRANSURANUS and BISON fuel performance
codes [34e37]. In particular, in Refs. [30] a model for intra-granular
fission gas behavior was developed. The model is limited to the
evolution of nanometric fission gas bubbles during normal oper-
ating conditions and represents the bubble size distribution with
the mean size and the total number density (‘single-size’model). In
this work, we extend the description of intra-granular FGB pre-
sented in Ref. [30] to consider bubble evolution and coarsening
during high-temperature transients in addition to behavior during
normal operating conditions.
Amodel for bubble coarsening under post-irradiation annealing
conditions was proposed by White [13]. In particular, White
considered the role of the dislocation network in the fuel acting as a
vacancy sink or a vacancy source, with vacancy absorption at intra-
granular bubbles being dependent on the dislocation density.
White's model only covered annealing conditions and the popula-
tion of coarsened bubbles visible through Scanning Electron Mi-
croscopy (SEM), without consideration of bubble nucleation and re-
solution. A purely empirical model of intra-granular bubble coars-
ening was proposed by L€os€onen [18,21]. In this model, coarsening
was triggered at the attainment of a temperature threshold, with
the average bubble radius during coarsening being calculated as a
function of time with an exponential relation leading to a (fixed)
saturation value of 100 nm. Mechanistic modeling of intra-granular
bubble coarsening under irradiation was considered by Veshchu-
nov and coworkers [24,28,38]. In this case, bubble coarsening
during transients was ascribed to bubble-size dependent re-
solution of fission gas atoms from bubbles. In particular, as re-
solution becomes less effective with increasing bubble radius, it
was postulated that a fraction of the bubbles may surmount a
‘critical’ size beyond which they are able to further grow without
significant restriction.

Themodel developed in the present work considers the reduced
effectiveness of re-solution with increasing bubble radius on the
basis of atomic-scale calculations but invokes the role of disloca-
tions as a source of vacancies and preferential growth along dis-
locations as the mechanism for bubble coarsening. The model
computes the average size and number density of both populations
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of nanometric bubbles in the fuel bulk and coarsening bubbles
along dislocations, the corresponding gaseous fuel swelling, and
diffusion of single gas atoms to grain boundaries which is coupled
to bubble evolution. While both nanometric and coarsening bub-
bles are modeled, only the average size of each population is
considered. In this sense, the new model can be considered as a
‘two-size’ description of intra-granular bubble evolution.

The model presented in this work integrates information ob-
tained from atomistic calculations for the parameters (in particular,
for re-solution rate and defect diffusivities). Yet, it is meant for
inclusion in engineering-scale fuel performance codes, thus retains
a focus to end-user, industrial applications.

Model predictions, in terms of bubble size, number density and
gaseous swelling, are compared to the extensive experimental
database of White and coworkers [14], consisting in SEM obser-
vations of power ramp tested UO2 samples.

The outline of the paper is as follows. In Section 2, we discuss the
physical processes considered for fission gas behavior and the
related modeling, including the developed theory for bubble
coarsening. In Section 3, we present the general formulation of the
intra-granular FGB model. In Section 4, we present the comparison
of model predictions to experimental data. Conclusions are drawn
in Section 5.
2. Physical processes

2.1. General considerations

The in-pile evolution of intra-granular bubbles in oxide nuclear
fuels is mainly governed by the following processes: bubble
nucleation, irradiation-induced re-solution of gas atoms from the
bubbles back into the lattice, absorption of gas atoms (trapping)
and vacancies at bubbles, and bubble coalescence.

During normal operating conditions, intra-granular bubbles
generally have number densities of the order of 1023� 1024 m¡3,
spherical and/or faceted shape,1 diameters of one to a few nano-
meters, and a gas density of 3e7 g cm¡3 [17,19,41e45], close to the
density of solid-state Xe (e.g. Refs. [5,6,15,19,45]). In these condi-
tions, intra-granular bubbles are strongly overpressurized, as
concluded by authors analyzing fuels irradiated in commercial light
water reactors up to 80 GWdt�1 [43,46]. The over-pressurization
and small size of intra-granular bubbles during normal operating
conditions has been ascribed to a ‘vacancy starvation’ effect, which
has been postulated for UO2 under both irradiation and annealing2

conditions [13,46,49,50].
During high-temperature transient and high-burnup3 condi-

tions, while the population of nanometric bubbles is still present, a
second population of coarsened bubbles with lower number den-
sities and larger sizes of tens to hundreds of nanometers has been
observed [9e14]. Coarsened bubbles can be associated with sig-
nificant fuel gaseous swelling [13,14,16]. This selective bubble
growth under certain conditions suggests that a threshold process
exists for the activation of significant absorption of vacancies at a
fraction of the bubbles.

We refer to the abnormal growth of a fraction of the intra-
1 In UO2, faceted bubbles have been observed by a few authors (e.g. Ref. [39,40]),
especially when the radii reach values of multiple nanometers.

2 An exception is represented by the evolution during annealing tests of intra-
granular bubbles located near grain boundaries, which can act as a source of
thermal vacancies, allowing for localized bubble coarsening and/or vacancy-
assisted migration [11,47,48].

3 Here, we do not refer to the inter-granular porosity developing at the periphery
of light water reactor fuels at high burnup. Instead, we refer to the intra-granular
bubble population in the non-restructured fuel irradiated up to high burnups.
granular bubbles as bubble coarsening. When dealing with a
diluted phase in a two-phase system, this term is usually adopted in
the literature in reference to the growth of larger particles
absorbing solute atoms which are made available by smaller par-
ticles [51e53]. This process, known as Ostwald ripening, has been
considered by several authors to describe the growth of gas bubbles
and voids in nuclear materials (e.g. Ref. [54e59]). While we refer to
the abnormal intra-granular bubble growth adopting the same
terminology, we do not consider Ostwald ripening as the phe-
nomenon responsible for abnormal growth of intra-granular bub-
bles during irradiation, as we detail in the following.

Mechanisms that have been proposed for bubble coarsening
under in-pile and annealing conditions include bubble coalescence
through bubble migration due to surface or volume diffusion, and
Ostwald ripening [11,15,28,54e56]. An additional mechanism of
bubble growth has been investigated by molecular dynamics
employing empirical pair potentials by Murphy and co-workers
[60]. They suggest that nanometric intra-granular bubbles would
force the surrounding oxygen ions into the lattice to relieve the
internal pressure. Even though this mechanism may contribute to
relaxing the bubble internal pressure, we consider that further
evidence is needed before it can be regarded as a primary contri-
bution to bubble coarsening.

As for bubble migration either via surface or volume diffusion,
from a theoretical perspective, the effectiveness of both phenom-
ena in UO2 under irradiation is drastically reduced at bubble radii
exceeding z10 nm [28,47,61,62] This is due to the dependence of
volume and surface diffusivities on the bubble radius, with diffu-
sivities being proportional to R�3

b and R�4
b [47], respectively.

Moreover, the activation energy of cations in UO2 is deemed too
high to cause an appreciable volume diffusion mechanism [28].
Also, various mechanisms of surface diffusion suppression under
irradiation have been elucidated in the literature [15,47]. Ostwald
ripening involves a transfer of gas atoms from small bubbles to
larger ones. This mechanism is inhibited if the bubbles are strongly
overpressurized [15,54,56], as is the case for the nanometric bub-
bles in UO2 grains experiencing the vacancy starvation condition.
Moreover, Ostwald ripening involves (thermal) re-solution of gas
atoms from small bubbles being transferred to larger ones. Thermal
re-solution would entail high solubility of gaseous fission products
in the UO2 crystal, to enable a substantial flux of gas atoms from the
small bubbles to the larger ones. On one hand, xenon should retain
a non-zero solubility in the crystal matrix close to intra-granular
bubbles and its solubility should increase with temperature and
bubble over-pressurization. On the other, the expected low value of
solubility prevents a substantial thermal re-solution to take place
[60,63,64]. Lastly, in-pile experimental intra-granular bubble size
distributions reported in Ref. [14] exhibit a right skewness which is
not compatible with Ostwald ripening effects (cf. [53]). Neverthe-
less, it must be noted that in high temperature annealing experi-
ments on irradiated UO2 Ostwald ripening may play a role in the
coarsening of intra-granular bubbles, together with vacancy-
assisted migration and coalescence (e.g. Refs. [11,13,38,47,59,65]).
In fact, grain boundaries in these conditions may act as source of
thermal vacancies for the intra-granular bubble population.
Nevertheless, the focus of the model presented in this paper is on
in-pile transients.

The observations of coarsened bubbles being along dislocations
[9,10,14,19] suggest a role of dislocations in favoring selected bubble
growth under certain conditions. It is accepted that fission gas
bubbles at grain boundaries grow to micrometric sizes through
vacancy absorption (e.g. Ref. [23]), which is favored at grain
boundaries compared to the bulk of the fuel. Bubble growth due to
vacancy absorption at grain boundaries driven by bubble over-
pressure has been broadly considered in modeling inter-granular
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fission gas behavior (e.g. Refs. [23,27]). As a conceptual extension of
the accepted behavior at grain boundaries, we propose bubble
growth through vacancy absorption at line defects, i.e., dislocations,
as a mechanism of intra-granular bubble coarsening. Bubbles along
dislocations may absorb vacancies from the region of the medium
where dislocations induce a compressive local stress state, which
convoys vacancies. The condition for the activation of vacancy ab-
sorption is considered as the bubble internal energy (pressure)
exceeding the mechanical equilibrium pressure. Also, as coarsened
bubbles may reach a size compatible with the inter-bubble dis-
tances, bubble coalescence by impingement is also considered.

The effect of size-dependent re-solution as put forward in Refs.
[24,28,38] provides an explanation for bubble coarsening that is
alternative, or complementary, to the role of dislocations, and may
be further investigated in the future.

In the following, we discuss modeling of the individual physical
processes considered for the evolution of nanometric bubbles in
the bulk and for bubble coarsening at dislocations, before pre-
senting the formulation of the overall model in Section 3.

2.2. Bubble nucleation

Two different approaches have been proposed to model the rate
of fission gas bubble nucleation in UO2. The homogeneous mech-
anism describes bubble nucleation as a consequence of diffusion-
limited precipitation of gas atom dimers [6,38,66], while the het-
erogeneous mechanism considers nucleation as a direct conse-
quence of fission spikes [30,67,68]. Although both mechanisms are
presumably active, following our previous work [30] we model the
nucleation of small intra-granular bubbles in the bulk of the grain
as heterogeneous. The nucleation rate nb (m¡3s¡1) is calculated as

nb ¼2hF (1)

where h (bubble per fission fragment) is in the range 5e25 [19,67],
F (fission m¡3s¡1) is the fission rate density, and the factor of 2
corresponds to the approximate number of fragments generated by
each fission event.

Nucleation of bubbles lying along dislocations may be due to the
precipitation of gas in the region where dislocations induce a ten-
sile stress state, due to the larger radii of fission gas atoms with
respect to U [69]. Rather than directly describing this mechanism,
we choose to adopt a simplified approach. We consider a step-wise
nucleation of dislocations and a subsequent constant value for
simplicity, thus a one-off nucleation of associated bubbles, reading

Ndðt ¼ 0Þ ¼ Nd;0
nd ¼ 0 (2)

where Nd (bubble m¡3) is the number density of bubbles at dislo-
cations, Nd;0 ¼ K,rd, with rd (m m¡3) being the space-averaged
dislocation density in the fuel grain and K (bubble m¡1) a model
parameter representative of the number of bubbles nucleated per
dislocation, and nd (bubble m¡3s¡1) the nucleation rate of bubbles
at dislocations. While this approach is followed here for simplicity,
a more refined treatment is envisaged where the nucleation rate is
calculated as

nd¼K,
drd
dt

(3)

and coupled to a model describing the time evolution of the
dislocation density (e.g. Ref. [24]). In this work, we assume an
overall representative dislocation density, without distinguishing
among the different types of dislocations. Furthermore, we assume
that the dislocations are immobile, i.e., we neglect conservative and
non-conservative dislocation motion. The latter phenomenon is
indeed playing a role at temperatures of interest for the application
of the model presented here, but its inclusion in the analysis would
call for a dislocation evolution model, which is beyond the scope of
the present work and is left as future development.

2.3. Gas atom trapping

In the present model, we consider the trapping of single gas
atoms at bubbles as well as at dislocations. In turn, gas atoms
trapped at dislocations are considered to provide an additional
contribution to gas inflow at bubbles that lie along dislocations.
Bubbles are assumed to be spherical. Following Ham [70], the
trapping rate at bubbles in the bulk is calculated as

bb ¼ 4pDRbNb (4)

and the trapping rate at bubbles along dislocations is calculated as

bd ¼4pDRdNd (5)

where b (s¡1) is the trapping rate, D (m2s¡1) the single gas atom
diffusion coefficient, R (m) the bubble radius, and N (bubble m¡3)
the number density of bubbles, and the subscripts b and d refer to
bubbles in the bulk and along dislocations, respectively. For the
trapping rate at dislocations, we write

b
0 ¼ 2pDdrd

ln rws;d
rd

� 3
5

(6)

where b
0
(s¡1) is the trapping rate, Dd (m2s¡1) is the xenon diffu-

sivity close to the dislocation core, rws;d ¼ 1=
ffiffiffiffiffiffiffiffi
prd

p
(m) the radius of

theWigner-Seitz cell associated with a dislocation, and rd (m) is the
dislocation core radius, taken equal to five times the magnitude of
the UO2 Burgers vector. The diffusion coefficient of single gas atoms
in the bulk of the grain is calculated according to Turnbull and co-
workers [71], whereas the gas diffusivity close to the dislocation
core has been derived from the work of Murphy and co-workers
[72]. The corresponding correlations are reported in a subsequent
section of this work.

As a modeling assumption, gas atoms captured by dislocations
are considered as instantaneously trapped into bubbles along dis-
locations. The hypothesis is justified by the rapid diffusion of spe-
cies near the core of dislocations (pipe diffusion), as shown, e.g., by
Murphy et al. [72]. In addition, direct trapping of gas atoms from the
bulk at bubbles along dislocations is considered. It follows that the
total rate of gas atom trapping at bubbles along dislocations is given
by bd þ b

0
.

2.4. Re-solution

As for the re-solution of gas atoms from the bubbles, no clear
consensus emerges from the literature regarding the dominating
mechanism in uranium dioxide, i.e., whether the interaction of
intra-granular bubbles with fission fragments occurs by complete
bubble destruction (so-called heterogeneous mechanism) or by
gradual re-dissolution of individual gas atoms (homogeneous
mechanism). Heterogeneous re-solution was advocated by legacy
theoretical works (e.g., by Turnbull [67], Blank and Matzke [73]),
while the homogeneous mechanism was originally proposed by
Nelson [74] and more recently by Schwen and coworkers [75,76].
Molecular dynamics calculations performed by Govers et al. [77]
and more recently, by Setyawan et al. [78] provided support for re-
solution being induced by the thermal spike due to electronic
stopping, which corresponds to the heterogeneous re-solution
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model, while at the same time allowing for a partial redissolution of
the gas for sufficiently large bubbles, a behavior closer to the ho-
mogeneous model. In the present model, we adopt the following
expression or the re-solution rate developed through molecular
dynamics calculations by Setyawan et al. [78], which we apply to
both bubbles in the bulk and at dislocations:

a¼
�
aexpð�b1 ,RÞþ

b0 � a
1þ c,R2

exp
�
�d ,R2

��
,F (7)

where a (s¡1) is the re-solution rate, R (m) is the bubble radius and
a, b0, b1, c, d are parameters from Ref. [78]. In particular, we
consider the parameters corresponding to a ratio between the
thermal spike energy and the total electronic stopping power of
0.73, as suggested in Ref. [78]. The formulation by Setyawan et al.
for the re-solution rate improves and extends through atomistic
methods the legacy work on re-solution from Turnbull [67], and
introduces consideration of the thermal spike energy dissipation,
the off-centered ballistic distance (i.e., the distance between the
thermal spike and the bubble center), and the reduced efficiency of
re-solution with increasing bubble radius. The latter aspect is
particularly important for the present work, where large coarsened
bubbles are considered. The reduced re-solution efficiency with
increasing bubble radius evaluated by Setyawan and coworkers
through lower-length scale modeling confirms the theoretical
conclusions fm other authors, e.g., Ref. [18,20,28].

A sketch of the processes described above is reported in Fig. 1.

2.5. Bubble coarsening along dislocations

In the proposed model, the bubble coarsening mechanism is
naturally activated during transient conditions according to the
physical representation adopted.

We assume that bubbles at dislocations may absorb vacancies
when their internal energy (pressure) exceeds the mechanical
equilibrium pressure. This condition is favored during transients to
high temperatures, when additional gas atom trapping at bubbles
due to enhanced thermal diffusion acts to increase bubble pressure.
It is also favored for bubbles along dislocations, which undergo
additional inflow of gas atoms following trapping at dislocations
(Section 2.3), compared to bubbles in the bulk. As we assume that
vacancies are available near dislocations, once the condition is met,
Fig. 1. Sketch of the gas atoms trapping into and re-solution from bubbles considered
in the model. In particular, bn , bnd

, and b
0
represent the trapping of single gas atoms

into bulk intra-granular bubbles, into dislocation bubbles, and on dislocation lines,
respectively while an and and represent the re-solution of gas atoms from bulk and
dislocation bubbles, respectively, to the matrix.
vacancy absorption at bubbles along dislocations and the associ-
ated bubble growth are considered. Modeling details are given
below.
2.5.1. Vacancy absorption
The rate of vacancy absorption at a dislocation bubble is calcu-

lated using an adaptation of the Speight-Beere model [23,79e81],
as

dnv
dt

¼2pDvd

kTz

�
p�peq

�
(8)

where nv (vacancy bubble�1) is the number of vacancies per bubble,
Dv (m2s¡1) the vacancy diffusion coefficient along dislocations,
d (m) the radius of the equivalent Wigner-Seitz cell associated with
a dislocation bubble,4 k (J K�1) the Boltzmann constant, T (K) the
local temperature, p and peq (Pa) the bubble pressure and the
equilibrium pressure, respectively, and z (/) a dimensionless factor
calculated as [81].

z¼ 10j
�
1þ j3�

�j6 þ 5j2 � 9jþ 5
(9)

where j ¼ Rd=d is the ratio between the radii of the dislocation
bubble and of the Wigner-Seitz cell. The pressure of the gas in the
bubbles associated to dislocations is evaluated considering the hard
sphere equation of state, in the formulation by Carnahan and
Starling [82], reading

pV
ndkT

¼1þ ~yþ ~y2 � ~y3

ð1� ~yÞ3
(10)

where Vd (m3) is the bubble volume, nd (atom bubble�1) the
number of atoms per bubble, ~y ¼ p=6ðd3HSyÞ (/) the packing fraction,
y (atom m¡3) the atomic density in the bubble, i.e., the ratio be-
tween the average number of atoms per bubble and the bubble
volume, and dHS (m) the hard sphere diameter for xenon. The latter
is calculated according to Brearley andMacInnes [83], considering a
modified Buckingham interatomic potential and reading

dHS ¼4:45,10�10
�
0:8542� 0:03996 , log

�
T

231:2

��
(11)

With the local temperature, T, expressed in K. The Carnahan-
Starling equation of state is considered more suitable for the
pressure ranges of interest in the present study, relative to other
options such as the perfect gas law or the van derWaals equation of
state [84,85].

The equilibrium pressure is determined by the surface energy, g
(Jm-2), and the hydrostatic stress in the surrounding medium, sh
(Pa) via the capillarity relationship, i.e.,

peq ¼2g
Rd

� sh (12)

where peq (Pa) is the equilibrium pressure and Rd the radius of a
dislocation bubble.

As for the vacancy pipe diffusion coefficient along dislocations,
Dv, in the absence of available data, we consider previous work on
bulk diffusivity of defects in UO2 [86] and on pipe diffusion of in-
terstitials [87] to derive a tentative correlation for the vacancy
4 The radius of the Wigner-Seitz cell is determined by the relationship
4=3pNdd

3 ¼ 1.
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diffusivity, as follows. We apply the assumption of the ratio be-
tween the vacancy diffusion coefficients at dislocations and in the
bulk being the same as for interstitial atoms, i.e.,

Dv

Dv;bulk
¼ Di

Di;bulk
(13)

We use the bulk diffusion coefficient for vacancies and in-
terstitials, Dv;bulk and Di;bulk (m

2s¡1), from Andersson et al. [86], and
the interstitial pipe diffusion coefficient,Di (m

2s¡1) from the results
by Murphy et al. [87]. The corresponding relations are as follows:

Dv;bulkðTÞ ¼ 7:12,10�7exp
��4:72eV

kT

�

Di;bulkðTÞ ¼ 1:2,10�6exp
��4:70eV

kT

�

DiðTÞ ¼ 6:4,10�2exp
��1:82eV

kT

�
(14)

Dv:
�
m2s�1

�
: DvðTÞ¼3:8,10�2exp

��1:84eV
kT

�
(15)

The above procedure must be regarded as a tentative approach
to derive an approximate correlation for vacancy diffusivity in the
dislocation core. More refined analyses that better characterize this
parameter are of interest as a future development. Indeed, it can be
noticed how the derived activation energy is compatible with the
analysis by Murphy and co-authors, reported in Refs. [87]. The
diffusion coefficients in Eqs. (14) and (15) are plotted in Fig. 2.
2.5.2. Bubble coalescence
As the radius of coarsened bubbles at dislocations can become

comparable with the average inter-bubble distance [11,14], inter-
connection of bubbles and the associated bubble coalescence
need to be considered. Following [88], we consider intra-granular
bubbles as a three-dimensional system of spheres, randomly
distributed according to a Poisson distribution. Torquato [89]
showed that inter-connection occurs when bubbles are sufficiently
large and high in number, i.e., when their volume fraction (i.e.,
porosity) is sufficiently high, around 10%. This value is consistent
with experimental SEM observations of intra-granular coarsened
bubbles [11,14], supporting the inclusion of a bubble inter-
connection description in the present model.
Fig. 2. Adopted correlations for the diffusion coefficients of vacancies and interstitials
in UO2 as a function of the temperature.
For the system of two populations of intra-granular bubbles
considered in this work, i.e., one in the bulk of the grain and one
associated with dislocations, two modes of inter-connection are
modeled. In particular, we neglect coalescence between nano-
metric bulk bubbles, and account for coalescence between (i) two
large bubbles along dislocations and (ii) one dislocation bubble and
one bulk bubble.

The inter-connection between two large dislocation bubbles is
modeled assuming that only pair interactions take place and
considering bubbles as hard-spheres. The first assumption is made
to overcome the need of knowing the non-trivial complete proba-
bility density function for a system of hard-spheres, which is
replaced by the nearest-neighbor distribution function. The second
assumption avoids the nonphysical possibility for two intra-
granular bubbles to share the same region of a fuel grain.
Following the work done in Ref. [90], the equation for the variation
rate of the number density of dislocation bubbles due to coales-
cence can be obtained from Ref. [89] as

dNd

Nd
¼ � 1

2

ð1þdRd
Rd

1

HðxÞdx (16)

where x ¼ r=2Rd is the normalized distance between two disloca-
tion bubbles, Nd the dislocation bubble number density, and HðxÞ is
the nearest-neighbor distribution function for hard-spheres
[89,91,92]. Equation (16) is reshaped as follows

dNd

dVd
¼ � 4lN2

d (17)

where Vd (m) is the bubble volume, and l ¼ ð2�xÞ=½2ð1� xÞ3� is a
correction factor accounting for the hard-sphere assumption, with
x ¼ 4

3pR
3
dNd being the porosity associated with dislocation bubbles.

As a consequence of coalescence, the number density of dislocation
bubbles decreases while the total gas content remains the same,
which corresponds to a higher number of gas atoms per bubble and
consequently, an increased average radius. It must be noticed that
the current formulation of the interconnection model may need
further investigation to estimate the impact of the array disposition
of bubbles attached to dislocations, which may increase the prob-
ability of interaction [89].

As for the interaction between a dislocation bubble and a bulk
bubble,5 we assume that all the bulk bubbles which belong to a
sphere of volume V*

d ¼ 4
3pðRd þ RÞ3 are captured by the expanding

dislocation bubble, transferring all their gas content to the latter.
The probability that a small bubble is incorporated by a growing
dislocation bubble is Nb,dV

*
d , with dV*

d ¼ 4pðRd þ RÞ2dRd. Conse-
quently, the decrease in number density of bulk bubbles due to
coalescence with dislocation bubbles is given by

dNb

dV*
d

¼ � Nd,Nb (18)
5 The present model does not account for bulk bubble mobility in isothermal
conditions, since we focus on in-pile transients. Although experimentally observed
to some extent [39], no clear consensus arises in the literature about it [48,93]. A
possible way of including bubble mobility in the present modeling framework is
presented in Ref. [94].



6 We assume that fission gas atoms diffuse via neutral complexes of defects
(Schottky trios, i.e., one vacancy from the uranium sublattice and two vacancies
from the oxygen sublattice [95]). Thus, when captured into a bubble, atoms bring
about a contribution to the bubble volume.

7 It must be noted that the swelling we are referring to does not consider the
contribution of fission products dissolved in the fuel matrix.
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3. Model formulation

Considering the mechanisms described in Section 2, the devel-
oped model of intra-granular bubble evolution extends the normal
operating conditions model developed in Ref. [30] by adding
consideration of a second population of bubbles along dislocations,
wubject to coarsening driven by vacancy absorption. Moreover, in
line with the formulation of the re-solution parameter proposed by
Setyawan and coauthors [78], we consider a gradual (homogeneous)
re-solution of atoms from bubbles as opposed to complete bubble
destruction in a re-solution event, similar to the treatment pro-
posed in Ref. [81]. While both small bubbles in the bulk and
coarsening bubbles at dislocations are modeled, only the average
size of each population is considered.

The system of coupled partial differential equations governing
the evolution of fission gas atom concentrations is

8>>>>>>><
>>>>>>>:

vc
vt

¼DV2c�ðbbþbdþb
0 Þcþabfbmbþadfdmd�2ðnbþndÞþyF

vmb
vt

¼2nbþbbc�abfbmb

vmd

vt
¼2ndþðbdþb

0 Þc�adfdmd

(19)

where c (atom m¡3) is the concentration of single gas atoms, mb
(atomm¡3) the total concentration of gas in bulk bubbles,md (atom
m¡3) the total concentration of gas in dislocation bubbles, and y
(atom fission�1) the fission yield. The coefficients are defined in
Section 2, with the subscript b and d distinguishing between the
parameters referring to bulk and dislocation bubbles, respectively.
The evolution of bubble number densities is governed by

vNb

vt
¼ nb � anfbNb � Nd,Nb

vVd

vt

vNd

vt
¼ nd � andfdNd � 4lN2

d
vVd

vt

(20)

where the first term corresponds to nucleation, the second to re-
solution and the third to coalescence. As mentioned in Section 2,
we consider a one-off nucleation of dislocations and associated
bubbles, whose initial value is given by the product of the dislo-
cation density times the model parameter K (Eq. (2)). The average
number of gas atoms per bubble for bulk and dislocation bubbles,
respectively, is given by

nb ¼ mb

Nb

nd ¼ md

Nd

(21)

Following [81], the corrections of the re-solution rates ac-
counting for one-by-one re-solution of atoms in the homogeneous
mechanism e namely, fb and fd e are calculated as

fb ¼ 1
nb � 1

fd ¼ 1
nd � 1

(22)

Solution of Eqs. (19)e(21) provides the number densities and
average numbers of atoms per bubble of the two populations. As
discussed in Section 2.5, dislocation bubbles are considered to
absorb vacancies from the compressive-stress region next to the
dislocation core when their internal energy exceeds the
equilibrium value, while this relaxation mechanism is not consid-
ered for bulk bubbles (vacancy starvation [46,49,50]). The volume
of dislocation bubbles (assumed to be spherical) is determined by
their gas atom and vacancy contents according to the following
relationship

Vd ¼nduþ nvU (23)

where u (m3atom�1) is the volume of a fission gas atom, calculated
consistently with the adopted equation of state,6 and U
(m3vacancy�1) is the vacancy volume. The volume of bulk bubbles
(also assumed spherical) is calculated as (e.g. Ref. [6,30])

Vb ¼nbB (24)

where B (m3) is the volume occupied by a fission gas atom in an
intra-granular bubble. Finally, the fractional increment in fuel vol-
ume, Vf (m

3), due to intra-granular gaseous swelling7 is computed
as

DVf

Vf
¼NdVd þ NbVb (25)

The formulation of the model calls for further considerations on
the underlying assumptions. First, the evolution of the dislocation
density under irradiation is not modeled in this work. Rather, we
consider a constant value, not dependent on temperature and/or
burnup. However, Nogita and Une [96] found an exponential
dependence of the dislocation density on the local burnup,
analyzing the rim zone of light water reactor UO2 fuel (i.e., where
temperatures are relatively low throughout the irradiation). These
experimental findings need to be considered if the present model is
applied to high burnup conditions. It is worth noting that the in-
clusion of dislocation evolution in fission gas behavior modeling is
very challenging. In particular, the attempt of describing the evo-
lution of dislocations under irradiation requires detailed modeling
of point and extended defect evolution (e.g. Refs. [97e100]). Such
models account for dislocation evolution in a mechanistic fashion,
yet they are featured by a complexity level which may not be
compatible with requirements of engineering fuel performance
codes. While modeling dislocation evolution (especially accounting
for the non-conservativemotion at high temperatures) is of interest
in perspective, it is out of the scope of the present work.

Considering a constant value for the dislocation density along
with the simplified model for nucleation (Eq. (2)) results in a “one-
off” nucleation of dislocation bubbles, whose number density may
then evolve due to irradiation-induced re-solution and intercon-
nection. Although this is a significant simplification, we choose not
to model explicitly nucleation of bubbles along dislocations to
avoid the introduction of further model parameters which may be
affected by high uncertainties.

The newmodel generalizes the description of the intra-granular
behavior of fission gas bubbles already presented in Ref. [30],
extending it to the evolution of dislocation bubbles and the
coarsening phenomenon. While preserving a physical foundation,
the final model formulation entails a limited number of equations
and parameters, which makes it suitable for incorporation in
engineering-scale fuel performance codes.



Table 1
Nomenclature and corresponding values or correlations for the characteristic rates and parameters of the intra-granular bubble evolution model.

Symbol Definition Value U$O.M. Reference

a Re-solution model parameter 9:49,10�24 m3 [78]

b1 Re-solution model parameter 7:07,10�2 m¡1 [78]

b0 Re-solution model parameter 9:18,10�23 m3 [78]
c Re-solution model parameter 7.982 m¡2 [78]
d Re-solution model parameter 3:71,10�2 m¡2 [78]
K Number of bubbles nucleated per dislocation 1,106 bubblem¡1. Present work
B Volume occupied by a fission gas atom in intra-granular bubbles 4:09,10�29 m3 [6,30,102]
D Diffusion coefficient of fission gas atoms in UO2 m2s¡1 [71]

D ¼ D1 þ D2 þ D3

D1 ¼ 7:6,10�10expð� 4:86 ,10�19 =kTÞ
D2 ¼ 5:64,10�25

ffiffiffi
_F

p
expð� 1:91 ,10�19 =kTÞ

D3 ¼ 2,10�40F
Dd Diffusion coefficient of xenon close to the dislocation core m2s�1 [72]

Dd ¼ 7:74,10�6expð� 1:21 ,10�19 =kTÞ
b UO2 Burgers vector magnitude 3:85,10�10. m e

rd Dislocation core radius 5,b m E.g. [59],
g UO2 gas surface energy 0.7 Jm� 2 E.g. [5],
h Number of bubbles nucleated per fission fragment 25 bubble per fission fragment [5]
rd Average dislocation density in the fuel grain 4,1013 mm¡3 E.g. [14],
U Vacancy co-volume 4:09,10�29 m3 vacancy�1 [102]
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4. Model comparisons to experimental data

In this Section, we present the comparisons of model pre-
dictions to experimental data. The nominal values of the parame-
ters used in the model are summarized in Table 1. We implemented
the presented model in, and performed the simulations through,
the SCIANTIX code [93], a stand-alone, meso-scale computer code
developed at Politecnico di Milano, aimed at simulating fission gas
behavior in nuclear fuels. It constitutes a flexible tool for the
development, verification, and validation of mechanistic fission gas
behavior models.
Table 3
Detailed description of the power histories performed on the fuel samples of the consid

Rod ID P1 (kWm¡1) t1 t2a (min) P2 (kWm¡1)

4000 14.0 12 d 1.52 40.0
4004 14.0 12 d 1.97 40.0
4005 14.0 12 d 1.32 40.0
4064 20.0 15wk 47.0 43.0
4065 19.3 3wk 47.0 41.8

4135 18.5 1wk 65.0 36.9
13.0 8.0min 40 s 36.9
13.0 0.0 40 s 36.9

4136 16.5 1wk 63.0 36.0
36.0 0.0 2.0 39.0

4140 16.5 1wk 65.0 36.0
4162 18.0 3wk 45.0 40.0
4163 18.0 3wk 45.0 35.0

Table 2
Details about burnup, power histories and SEM analyses of the fuel samples of the cons

Rod ID Burnup (GWdt¡1) Ramp type P

4000 20.7 Fast 4
4004 20.5 Fast 4
4005 20.8 Fast 4
4064 20.1 Slow 4
4065 9.25 Slow 4
4135 15 Slow þ Fast 3
4136 12 Slow þ Fast 3
4140 12 Slow 3
4162 12.6 Slow 4
4163 12.6 Fast 3
4.1. Experimental database

The database chosen to validate the model is the SEM experi-
mental database by White and coworkers [14]. The database con-
sists in measurements performed on 12 UO2 Advanced Gas Reactor
samples of fuel rods irradiated up to burnup between 9 and 21
GWdt¡1 in the Halden reactor. After the base irradiation, rods were
subjected to power ramp or power cycle histories. SEM examina-
tions were then performed at different radial positions, obtaining
from 3 to 7 radial examinations on each sample. The obtained
measurements compose awide database of local measurements for
ered SEM database [14].

t2b (min) t2c P3 (kWm¡1) t3 t4

30.0 100 s 14.0 99.0min SCRAM
2.38 90 s 14.0 99.0min SCRAM
2.0 e SCRAM e e

0.0 e SCRAM e e

0.0 e SCRAM e e

0.0 40 s
80 s 40 s
80 s 40 s 16.0 28 d 6 h

0.0 e

0.0 40 s 16.0 27 d 6 h

0.0 40 s 16.0 27 d 6 h
0.0 40 s 18.0 6min e

0.0 40 s 18.0 41 h e

idered SEM database [14].

eak power (kWm¡1) Hold time SEM radial points

0.0 30.0min 4
0.0 2.38min 4
0.0 2min 4
3.0 e 4
1.8 e 5
6.9 80 s 3
9.0 e 5
6.0 e 3
0.0 e 4
5.0 2.0min 4



Fig. 3. Schematic representation of a generic ramp test from the considered experi-
ments [14]. For the meaning of the symbols, the reader is referred to Table 3.

Fig. 5. Comparisons of model predictions for bubble number density to experimental
data from Ref. [14]. Each symbol corresponds to a local simulation for one of the SEM
radial points in the experimental database. Both results obtained with the new tran-
sient model (red symbols) and with the previous normal operation model [30] (black
symbols) are included. (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)
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sizes and number densities of intra-granular bubbles, and of intra-
granular swelling. Details about the irradiation conditions are given
in Tables 2 and 3, and a sketch of power ramps is provided in Fig. 3.
The specific power, temperature, and hydrostatic stress for each
SEM sample, needed as inputs for SCIANTIX simulations, are
calculated values from the ENIGMA code [101]. The experimental
data considered in this work in terms of intra-granular bubble
radius, density, and resulting swelling refers to the second peak of
the observed, bi-modal intra-granular bubble size distribution as
compiled by White and coworkers [14], which is deemed to be
associated to dislocation bubbles.
4.2. Results

The comparisons of simulations to experimental data from
Ref. [14] are reported in Figs. 4e6 for the average bubble radius
(Fig. 4), number density (Fig. 5), and corresponding gaseous
Fig. 4. Comparisons of model predictions for bubble radius to experimental data from
Ref. [14]. Each symbol corresponds to a local simulation for one of the SEM radial
points in the experimental database. Both results obtained with the new transient
model (red symbols) and with the previous normal operation model [30] (black
symbols) are included. (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)
swelling (Fig. 6). Experimental data and simulation results for both
quantities are collected in Table 4. For comparison, we include also
the results obtained applying themodel by Pizzocri et al. [30] (black
symbols in Figs. 4e6). It must be underlined that the model by
Pizzocri and coworkers does not feature a description of bubble
coarsening. Its inclusion is rather intended as to demonstrate how
Fig. 6. Comparisons of model predictions for bubble swelling to experimental data
from Ref. [14]. Each symbol corresponds to a local simulation for one of the SEM radial
points in the experimental database. Both results obtained with the new transient
model (red symbols) and with the previous normal operation model [30] (black
symbols) are included. (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)



Table 4
Comparison of calculated intra-granular bubble radius and gaseous swelling to experimental data for the analyzed fuel samples from Ref. [14]. A total of 40 sample locations is
considered in the present work.

Sample ID Bubble radius (nm) Bubble density �10�19 (bubble m¡3) Gaseous swelling (%)

Experimental [14] Calculated Experimental [14] Calculated Experimental [14] Calculated
4000eA 91.2 77.0 1.38 2.79 4.39 5.35
4000eB 85.6 72.1 1.26 2.90 3.31 4.54
4000eC 73.5 65.9 2.09 3.02 3.7 3.62
4000eD 65.8 55.3 3.39 3.19 4.05 2.27
4004eA 64.4 57.6 3.80 3.16 4.25 2.54
4004eB 68.1 56.4 4.38 3.18 5.8 2.39
4004eC 45.1 52.5 13.8 3.24 5.29 1.96
4004eD 43.5 46.8 10.9 3.31 3.77 1.42
4005eA 68.2 56.2 4.90 3.19 6.5 2.37
4005eB 56.2 54.4 6.77 3.22 5.04 2.17
4005eC 44.1 50.2 15.9 3.27 5.72 1.74
4005eD 29.7 43.4 21.0 3.35 2.31 1.15
4064eA 61.7 73.7 3.77 2.64 3.71 4.43
4064eB 56.9 71.5 4.20 2.68 3.24 4.10
4064eC 62.9 65.4 3.78 2.77 3.95 3.25
4064eD 51.5 55.9 4.82 2.90 2.76 2.12
4065eA 189.9 80.4 0.14 1.77 3.96 3.86
4065eB 174.6 78.6 0.15 1.78 3.28 3.61
4065eC 141.6 74.3 0.25 1.78 2.93 3.05
4065eD 109.9 71.2 0.52 1.77 2.87 2.67
4065eE 45.5 67.7 4.04 1.76 1.59 2.28
4135eA 27.5 67.2 4.09 2.54 0.37 3.22
4135eB 25.2 67.1 3.57 2.54 0.25 3.21
4135eC 21.8 65.1 5.39 2.56 0.25 2.96
4136eA 52 68.4 0.61 2.34 0.35 3.13
4136eB 47.7 67.0 0.75 2.35 0.34 2.96
4136eC 33.6 63.3 1.52 2.37 0.24 2.52
4136eD 25.8 56.4 2.48 2.40 0.18 1.81
4136eE 19.2 48.7 3.37 2.42 0.10 1.17
4140eA 32.2 59.9 1.36 2.44 0.20 2.19
4140eB 24.9 59.0 2.17 2.44 0.15 2.10
4140eC 21.7 55.6 3.28 2.45 0.14 1.76
4162eA 50.6 65.8 5.28 2.09 2.86 2.49
4162eB 36.7 64.7 8.37 2.09 1.73 2.37
4162eC 30.6 61.6 13.5 2.09 1.62 2.04
4162eD 24.6 55.1 18.9 2.06 1.22 1.44
4163eA 76.4 69.3 1.87 1.47 3.49 2.06
4163eB 55.7 68.9 4.14 1.47 3.0 2.01
4163eC 35.6 65.3 10.9 1.44 2.05 1.68
4163eD 26.9 58.9 17.8 1.42 1.45 1.21
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the previous model is not able to represent the gaseous swelling
due to coarsened bubbles, thus to highlight the added value
brought about by the model we are proposing.

The overall agreement between experimental data and model
predictions (red symbols in Figs. 4e6) appears satisfactory for this
initial application. In particular, sizes of tens to hundreds of nano-
meters for the coarsened intra-granular bubbles, and volumetric
swellings of one to several percent, in these ramp-tested fuel
samples are reproduced. Note that these values are orders of
magnitude higher than bubbles sizes and swellings observed under
normal operating conditions, and could not be captured with
traditional models that do not include specific transient capabil-
ities. This is confirmed by the comparisonwith the results obtained
using the previous model (black symbols).

Calculations with the present model exhibit deviations of
calculated bubble radii from the experimental data smaller than a
factor of 2 for the majority of cases. As for the bubble number
densities, the agreement with the experimental data is less satis-
factory. This suggests that improvements may be needed in
particular for the description of bubble nucleation along disloca-
tions. Indeed, the model from Ref. [30] yields higher deviations
from the experimental data. For gaseous swelling, indeed, appre-
ciable deviations associated with the new model are found, pre-
dominately on a subset of samples (labeled 4135 and 4136), which
are featured by the smallest swelling values in the considered
database. It is worth noting that White and coworkers commented
these lower values of gaseous swelling as unexpected, however, no
justification for these observations was provided.

Fig. 7 illustrates results specific to a case chosen among those
analyzed in this work, i.e. sample 4005eA. The evolution of bubble
pressure during the ramp test is shown in Fig. 7a: the initial rise due
to the temperature increase triggers vacancy absorption, which in
turn results in bubble volume increase. The volume increase asso-
ciated with vacancy absorption leads to bubble pressure relaxation,
as it is demonstrated by the evolution of bubble internal pressure.
In Fig. 7b, bubble coarsening is appreciable in the radius increase,
which is a consequence of vacancy absorption and bubble coales-
cence. Gaseous swelling increases correspondingly.
5. Conclusions

In this work, we presented a model describing intra-granular
fission gas behavior in UO2 that accounts for the bubble coars-
ening phenomenon under in-pile, high temperature transient
conditions, and the corresponding contribution to gaseous fuel
swelling. In particular, the model considers the role of dislocations
as a source of vacancies and preferential growth along dislocations
as the mechanism for bubble coarsening in the fuel grains. This
theory finds support in the experimental observations showing
coarsened bubbles associated with dislocations [9,10,14,19]. It also



Fig. 7. Predictions for the evolution of dislocation bubble pressure and number of
vacancies (a), radius and associated gaseous swelling (b) during the ramp test for the
simulation of the sample 4005eA from Ref. [14].
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appears to be a straightforward conceptual extension to dislocation
defects of the established behavior at grain boundary bubbles.

The model extends a previous work published by the authors
[30] on intra-granular bubble evolution under normal operating
conditions. A multiscale approach was adopted in that the model is
informed with parameters derived through atomistic calculations
for irradiation-induced re-solution and defect diffusivities. The
model combines a physically-sound description of bubble evolu-
tion to a limited complexity and is intended for application in en-
gineering fuel performance codes.

The stand-alone model was applied to simulations of local
fission gas behavior for the experimental database by White and
coworkers. Comparisons to experimental data showed an overall
satisfactory agreement between calculated values and experi-
mental data in terms of both bubble radius and associated gaseous
swelling, while comparisons in terms of bubble number density
were less satisfactory. In particular, sizes of tens to hundreds of
nanometers for the coarsened intra-granular bubbles, and volu-
metric swellings of one to several percent, in these ramp-tested fuel
samples were reproduced. These values are orders of magnitude
higher than bubbles sizes and swellings observed under normal
operating conditions, and could not be captured with traditional
models that do not include specific transient capabilities.
The model has been implemented into Idaho National Labo-

ratory's fuel performance code BISON and is going to be made
available to TRANSURANUS via its coupling with SCIANTIX. Model
application to the simulation of other experimental conditions for
which bubble coarsening has been observed, such as post-
irradiation annealing and high burnup, is left to future work.
Future work will also include the application of the model to in-
tegral fuel rod thermo-mechanics simulations. Model comparisons
to detailed cluster dynamics simulations is also of interest in
perspective. Moreover, future improvements may include the
coupling to a model for dislocation density evolution under irra-
diation, and the development of a more detailed model of bubble
nucleation at dislocations. Finally, the physics-based approach to
the description of intra-granular gas behavior considered in the
present model may be applied to other types of oxide fuels, such as
plutonium-uraniummixed oxide (MOX) fuels both in light water or
fast reactor conditions, provided that model parameters are
updated to comply with the specific material and reactor
peculiarities.
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