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Abstract: Under high burnup conditions (local burnup > 50MWd/kgU) and
temperatures below 1000°C, nuclear fuel undergoes restructuring that leads to the
formation of the high burnup structure, characterized by sub-micron grains and
inter-granular porosity. These changes significantly affect fuel thermo-mechanical
behavior and must be accurately modeled to ensure safety, particularly as higher
burnup targets are pursued for economic and operational benefits. This thesis
Advisor: presents a physics-based model for the evolution of inter-granular porosity in the
Prof. Lelio Luzzi restructured region, developed to improve current modeling tools. The model is de-
Co-advisors: veloped in the SCIANTIX 2.0 code, a 0-D meso-scale open-source code designed to
Davide Pizzocri be coupled with fuel performance codes, and retains its original treatment of high
Giovanni Zullo burnup structure formation and pore coalescence. Key advancements include the
introduction of vacancy absorption, fission gas sweeping from the non-restructured
matrix to the restructured one and a consistent coupling between intra-granular
and grain boundary gas behavior. The model has been calibrated and validated
through separate-effect simulations against both experimental data and reference
models. Results show improved agreement with experimental data, especially at
burnups above 100MWd/kgU, where benchmark models often diverge. The new
formulation enables a more rigorous and physically consistent estimation of poros-
ity, free from arbitrary thresholds or empirical fits. Overall, the model provides
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a robust framework for simulating porosity evolution in oxide fuels and lays the
foundation for future integration into multiscale simulations.
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1. Introduction

The high burnup structure (HBS) is a microstructural configuration that develops during reactor operation,
significantly different from the as-fabricated fuel structure. Its formation is primarily driven by two concurrent
conditions: the accumulation of irradiation damages, e.g., fission products and dislocation loops, and their



limited recovery due to relatively low operating temperatures, generally below 1000°C' [1-3].

HBS typically occurs at fuel rod burnup above 45-50 MWd /kgU. This restructuring process progressively trans-
forms the initial microstructure, characterized by micrometric grains, into a fine-grained configuration composed
of sub-micrometric recrystallized grains without extended defects and a novel population of inter-granular pores
of micrometric dimensions. This phenomenon is also known as the 'rim effect’, a term that originates from
its initial observation in the outermost region of Light Water Reactor (LWR) fuel pellets, where it was first
identified and studied [4]. However, similar microstructural transformations have also been observed in various
other fuel types, including Pu-rich regions of heterogeneous U-Pu mixed oxides (MOX) [1], the peripheral zones
of Fast Breeder Reactor (FBR) U-Pu oxides [5], U-Pu carbides [6], and U-Mo alloys [7].

In addition to grain recrystallization and pore formation, the HBS is also characterized by several other mi-
crostructural features. These include a high density of dislocations forming an entangled network and a marked
depletion of intra-granular fission gases (FG). Such features are generally interpreted as the result of either
recrystallization or polygonization processes *. These microstructural features are believed to govern the struc-
tural reorganization of the fuel under high burnup conditions. Gerczak et al. [8] (Fig.1) used electron microscopy
to provide insight into the restructuring process at different radial locations within a fuel rod irradiated in H.B
Robinson, a commercial pressurized water reactor (PWR) located in South Carolina, USA, used for several
post-irradiation examination (PIE) campaigns. Fig.1 also highlights the evolution of grain-boundary misorien-
tation with increasing radial distance from the center of the pellet. Specifically, the rim region shows a depletion
of low-angle grain boundaries (LAGBs) and a predominance of high-angle grain boundaries (HAGBSs).

HBS development has a direct impact on several critical aspects of fuel performance. The associated porosity
introduces an additional source of fuel swelling that must be properly captured to predict the thermo-mechanical
behavior of the fuel at high burnups. Moreover, the evolution of the HBS affects key material properties such as
thermal conductivity [9] and elastic modulus [10], with implications for heat transport and mechanical integrity.
Notably, the large amount of FG stored in the HBS pores plays a decisive role during transient scenarios such as
Loss-of-Coolant Accidents (LOCA) [11] and Reactivity-Initiated Accidents (RIA) [12]. Under these conditions,
burst fission gas release (FGR) and high burnup fuel fragmentation (HBFF) (with consequent relocation), es-
pecially at burnup above 60 MWd /kgU, can pose significant safety challenges.

From the economic perspective, the appealing interest in increasing the maximum fuel rod burnup, and thus the
irradiation time, constitutes a driving force for the development of advanced models describing HBS behavior, to
be integrated into fuel performance codes (FPCs). These models are essential to ensure that extended operation
regimes do not compromise fuel integrity or safety margins under both normal and off-normal conditions [11].
For these reasons, modeling the formation and evolution of the HBS is critical for fuel performance simulations
at high burnup.

Several empirical, semi-empirical and mechanistic models have been developed and implemented in FPCs such
as

TRANSURANUS [13], FALCON [14], and SCIANTIX [15]. Building upon this foundation, the present work
develops and integrates an extended model for inter-granular pore evolution in the HBS region within the
SCTANTIX 2.0 code [16]. The model improves the physical consistency of gas conservation by coupling pore
evolution with grain boundary behavior and explicitly distinguishing between non-restructured (NR) and re-
structured (i.e., HBS) domains. Key mechanisms such as HBS formation, pore nucleation, growth, and coales-
cence, already implemented in SCIANTIX 2.0, are retained in the present formulation. Additionally, several
new physics-based contributions are introduced: vacancy absorption driven by pore over-pressurization, gas
sweeping from the NR to the HBS fuel regions and the abandonment of the empirical porosity assumption
adopted in the previous version of the code, in favor of a mechanistic treatment.

The model’s predictive capabilities are evaluated through comparisons with experimental datasets and estab-
lished models, focusing on key figures of merit such as pore number density, average pore radius and HBS
porosity. In addition, a separate-effect validation is conducted by simulating radial profiles at different burnup
levels and a sensitivity analysis is performed to calibrate the grain boundary vacancy diffusion coefficient. To-

IRecrystallization involves the nucleation of sub-grains within specific regions of the original grains, followed by their
growth into fully recrystallized domains. On the other hand, polygonization is the progressive subdivision of existing
grains through the formation of dislocation cell structures, which eventually evolve into new grain boundaries within the
original grain volume.



gether, these efforts aim to provide a more accurate and physics-grounded description of FGB in the high burnup
regime, contributing to the advancement of fuel performance modeling under normal and transient conditions.

LAGBs from 2-5° are shown in
green, LAGBs 5-15° in yellow,
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Figure 1: Grain boundary misorientation map overlaid on image quality map for locations - from
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2. Limitations in current HBS modeling

As previously stated, the proper modeling of the formation and evolution of the HBS is a critical aspect of nuclear
fuel performance analysis. Several empirical, semi-empirical and mechanistic models have been proposed over
the years to describe the key phenomena associated with the HBS, such as progressive grain recrystallizaion,
intra-granular fission gas depletion and the development of porosity. However, this section highlights the main
limitations of current modeling approaches by reviewing their implementation in existing FPCs.

2.1. State of the art of the codes

In the FAST-1.0 code [17], the HBS observed at the pellet periphery is modeled empirically in terms of grain
recrystallization and porosity increase. The restructured region is defined by the parameter ¢yijm, which sets the
thickness of a surface layer composed entirely of sub-micron grains (fixed at 0.15pm). An adjacent transition
zone of the same width is treated as a linear mixture of restructured and unrestructured grains, with the fraction
of restructuring progressively decreasing toward the core. No restructuring is assumed in axial nodes where the
temperature exceeds 1000°C. The porosity increase in the rim is also empirically determined, based on fits to
experimental data [18-20] and is activated only when the local burnup exceeds a threshold of 57 MWd/kgU.
This porosity is subtracted from the input theoretical density and affects the local power generation: as rim
porosity increases, the power produced in the outer radial nodes is slightly reduced.

This treatment provides a simplified yet practical representation of the HBS, relying on empirical correlations
to account for its microstructural and thermal implications. The FAST code is a regulatory code developed
under the authority of the U.S. Nuclear Regulatory Commission (NRC) and it’s a merger of the NRC’s previous
steady-state fuel performance code FRAPCON-4.0 and transient fuel performance code FRAPTRAN-2.0.

In TRANSURANUS [13], the HBS treatment historically relies on the model by Lassmann et al. [4], which
describes intra-granular xenon depletion through an empirical exponential decay with burnup. This formula-
tion does not account for temperature effects explicitly; it requires an HBS formation threshold as an input
parameter and does not provide an explicit treatment of porosity. Holt et al. [21], subsequently refined the
temperature threshold criteria adapting the effective burnup concept within the Lassmann framework. This
latter version currently represents the standard HBS model in TRANSURANUS.

Lemes et al. [22] extended the approach of Lassmann by incorporating krypton behavior and introducing a
semi-empirical model for porosity evolution. Their approach combines empirical correlations with mechanistic
elements, such as the adoption of the Blair model [23] to account for pore interaction effects at high burnups
(above 100 MWd /kgU). This extended model is currently implemented in the DIONISIO code [24].

Khvostov and co-workers [25, 26] proposed a more comprehensive framework implemented in the GRSW-A
model [27], later integrated into the FALCON code [14]. The HBS restructuring is described using a Kol-
mogorov—Johnson-Mehl-Avrami (KJMA) relationship [28]. This formulation introduced the concept of effective
burnup, which weights burnup accumulation based on local temperature, thereby accounting for thermal an-
nealing of irradiation defects. The semi-empirical description of HBS formation is then paired to a mechanistic
description of intra- and inter-granular gas behavior. Porosity evolution is modeled as the accumulation of gas
and point defects in pre-existing or newly formed pores, driven by a phenomenological grain size reduction and
a restructuring-dependent enhancement of vacancy diffusivity. Pore coalescence is included via probabilistic
models, and a-thermal FGR is also taken into account [29].

Noirot [30] developed a detailed model for HBS evolution, implemented in the MARGARET module and
integrated into the ALCYONE code. Pore nucleation is assumed to be proportional to the local degree of
restructuring, while pore growth results from the combined absorption of fission gas and the inflow of vacancies
due to over-pressurization. The model uses a mean-field diffusion-limited reaction framework and introduces a
vacancy diffusivity enhancement factor. Coalescence is not considered.

More recently, Pizzocri et al. [31] proposed a semi-empirical model that interprets HBS formation as a gradual
reduction in grain size from the original micrometric structure to sub-micrometric dimensions, as a function



of local e ective burnup. In this framework, xenon depletion is modeled by solving a di usion problem within
shrinking grains, which accelerates the transport of gas atoms towards grain boundaries.

Kremer et al. [32] proposed an empirical approach for porosity prediction in the MFPR/F code, calibrated
against experimental porosity data from Cappia et al. [33]. The model is coupled with a mechanistic descrip-
tion of HBS formation and intra-granular bubble behaviour.

BISON [34] incorporates an advanced representation of the HBS through a combination of mechanistic and
empirical approaches. HBS formation can be modeled using either the empirical formulation by Lassmann or
the mechanistic model proposed by Barani et al. [35], treating the fuel as a mixture of NR material and the
HBS. As restructuring progresses, FG transfer from the NR fuel to the HBS region is accounted for. The pore
number density in HBS is modeled using a simpli ed version of Barani's formulation, while HBS porosity is
treated empirically through a correlation adopted from the stand-alone ssion gas code SCIANTIX [15, 16],
calibrated on experimental data [33, 36]. Pore radius is computed assuming spherical geometry, and coalescence
is considered following the methodology proposed by Barani.

Beyond semi-empirical approaches, mechanistic models based on defects evolution and rate theory have also
been developed to describe HBS restructuring and porosity growth.

Rest [37, 38] proposed a mechanistic model for HBS formation and porosity evolution based on rate theory.
The restructuring process is interpreted as the transformation of the microstructure driven by the develop-
ment of cellular dislocation networks, which act as nucleation sites for recrystallized grains and interact with
intra-granular gas bubbles. A threshold condition for HBS onset is derived from thermodynamic considerations
by comparing the free energies of the initial and restructured phases as a function of the local ssion density.
However, the model does not fully capture the experimentally observed restructuring, which typically initiates
from the grain boundaries and is associated with the emergence of high-angle grain boundaries [8].

Veshchunov and Shestak [39] also developed a rate-theory-based model, focusing on the evolution of point, line,
and volume defects under irradiation. The formation of HBS is triggered when the predicted dislocation density
exceeds a critical threshold, calibrated against experimental data [40]. While the model o ers a consistent
physical description of defect evolution, the transition from pristine to restructured microstructure is treated
as abrupt, limiting its ability to capture the gradual xenon depletion observed in PIE. Furthermore, the use
of mean- eld assumptions for vacancy and interstitial concentrations may be inadequate in the HBS environ-
ment. The associated porosity model, integrated into the broader UQ porosity framework, accounts for pore
interactions with gas and vacancies di using from the grains. Pore growth is primarily attributed to vacancy
precipitation, although in later work [41] the authors identify dislocation punching as the dominant mechanism
at high burnup. Pore coarsening is treated via a triple-collision interconnection model assuming a polydisperse
pore population. The complete model is implemented in the MFPR/R code, and is also included in the SFPR
and BERKUT fuel performance codes [42].

Barani and coauthors [29, 35] developed a comprehensive mechanistic framework for HBS modeling, whose re-
sults form the basis for the present work. These publications cover several key aspects of HBS behavior, includ-
ing the formation of the restructured region, intra-granular xenon depletion and the evolution of inter-granular
porosity. The latter is tackled utilizing a Fokker Planck approximation of the master equations governing s-
sion gas behavior (FGB) at the grain boundaries. Since the pores are generally over-pressurized, the model also
includes vacancy absorption as an additional growth mechanism, alongside the coalescence of immobile pores
via interconnection and impingement. This model has been implemented in SCIANTIX 2.0 in a simpli ed way.
SCIANTIX is a 0-D open-source computer code designed to simulate FGB in nuclear fuels, at the scale of the
fuel grains [15, 16]. The code can operate both as a stand-alone computer program and coupled to integral
thermomechanical FPCs if a suitable code interface is provided. Notably, SCIANTIX has been coupled with
TRANSURANUS [43]. Both separate-e ect and integral irradiation studies are present in the SCIANTIX vali-
dation database.

In the current release (version 2.0), HBS porosity is modeled using an empirical approach, as shown in Fig.
2a, and is predicted as a function of the local burnup up t015% The formulation is based on the model by
Lassmann [4], tted to the experimental data of Spino (2006) [36]. A threshold burnup of 50 MWd/kgU was
chosen to start the pore growth process. Barani's physics-based model [29, 35] is considered for the evolution



of the porosity distribution in terms of pore number density (Fig.2b), average number of gas atoms per pore
and variance of the number of gas atoms per pore. While the size of the HBS pores is derived semi-empirically
as a function of the porosity and the number density of pores, in line with state-of-the-art models available in
similar codes [32], Fig.2c.

(a) Empirical porosity (b) Pore number density

(c) Pore average radius.

Figure 2: Figures of merit of the SCIANTIX 2.0 HBS porosity model, taken from [16]

Despite the considerable progress made in modeling HBS formation and evolution, current FPCs still exhibit
signi cant limitations that re ect the nature of their modeling strategies. Tab. 1 provides a summary of the main
FPCs mentioned in this section and their respective approaches to modeling HBS phenomena. Empirical ap-
proaches, such as those adopted in FAST and TRANSURANUS, rely heavily on burnup-dependent correlations
calibrated to experimental data. While computationally e cient, these methods often lack predictive capability
outside the calibration range and fail to capture the underlying physical mechanisms driving microstructural
changes. As a result, they are generally not transferable to other fuel types or irradiation conditions. Moreover,
these models typically include arbitrary burnup thresholds for the onset of restructuring or porosity growth,
which further limits their generality and physical accuracy. Semi-empirical models, like those implemented in
DIONISIO, FALCON or BISON, attempt to bridge this gap by combining empirical formulations with mecha-
nistic ones (e.g., e ective burnup, enhanced di usivity, or pore interaction models). However, they still rely on
phenomenological assumptions and tted parameters that limit their generalizability.

Mechanistic models such as those developed by Rest, Veshchunov (MFPR/R) and Barani strive for a more rig-
orous description of defect kinetics, restructuring and porosity evolution using frameworks based on rate theory
or cluster dynamics. These o er greater physical delity but often at the expense of computational complexity,
and therefore rely on simplifying assumptions (e.g., mean- eld treatments or abrupt transitions) introduced to
reduce the numerical cost. These assumptions, however, can limit realism, particularly in capturing the gradual
nature of intra-granular depletion or the spatial heterogeneity of restructuring.



Among the codes reviewed (the most relevant of which are summarized in Tab.1), SCIANTIX stands out for its
exibility and modularity, o ering a valuable platform for integrating both empirical and mechanistic models of
FGB. Nevertheless, in its current release (version 2.0), SCIANTIX remains a ected by the same simpli cations
that limit other semi-empirical approaches. Speci cally, HBS porosity is modeled through a xed empirical
correlation capped at 15%, initiated at a prede ned burnup threshold, and not explicitly coupled to grain
boundary or pore evolution mechanisms.

The goal of the present work is to overcome these limitations by developing and integrating into SCIANTIX

a physics-based model for HBS porosity evolution. The new formulation enhances the physical delity of the
code by explicitly coupling inter-granular pore evolution with grain boundary behavior, distinguishing between
non-restructured (NR) and restructured (HBS) domains and ensuring gas conservation across restructuring in-
terfaces. Core mechanisms such as ssion gas sweeping, vacancy absorption driven by pore over-pressurization
and pore coalescence are modeled through a reduced system of di erential equations derived from cluster dy-
namics. This contribution represents a step toward a more predictive and mechanistically consistent modeling
of high burnup fuel behavior.

Code Porosity Coalescence Vacancy Xe HBS Ref.
absorption depletion threshold

FAST-1.0 Empirical 7 7 Neglected 57 MWd/kgu [17]

TRANSURANUS Empirical 7 7 Empirical input required | [13]

DIONISIO Semi- 3 3 Empirical 60 MWd/kgU [24]
empirical

FALCON Mechanistic 3 3 Mechanistic 7 [14]

MARGARET Semi- 7 3 Semi- 7 [30]
empirical empirical

MFPR/R Mechanistic 3 3 Empirical 7 [41]

BISON Empirical 3 7 Empirical 50 MWd/kgU [34]

SCIANTIX 2.0 Empirical 3 7 Mechanistic 50 MWd/kgU [15, 16]

Table 1: Summary of HBS treatment in fuel performance codes
3. Model

This chapter presents the physics-based model developed in this work for describing the formation and evolution
of inter-granular HBS pores in UO, fuel. The model describing HBS formation has been retained as imple-
mented in SCIANTIX 2.0. Consistently with the objectives outlined so far, the main developments introduced
in this study include:

the application of cluster dynamics master equations to describe inter-granular gas behavior, in a revised
form compared to Barani's model,

the inclusion of vacancy absorption driven by pore over-pressurization as an additional pore growth
mechanism;

the introduction of an exchange term between the two fuel matrices involved in the phenomenon;

the coupling of intra-granular with grain boundary behaviour;

the estimation of HBS porosity from the pore number density and pore average radius, as derived from
the modeled coupling mechanisms;

In addition pore interconnection by impingement is accounted for and integrated. Each physical mechanism
introduced above is represented through dedicated equations and couplings, which are detailed in the next
subsections.



3.1. HBS formation model

The model describes the progressive restructuring of the fuel matrix as a function of local e ective burnup,
using the KIMA formalism traditionally employed for phase transformation kinetics [28, 44]:

r =1 exp( Kt ) (1)

where | (/) is the restructured volume fraction, K (s ) is the transformation rate constant, (/) is the so-
called Avrami constant, and t (s) is the time. In this application, however, time is replaced by the local e ective
burnup, while maintaining the functional structure of the KIJMA relationship. The e ective burnup is a concept
introduced by Khvostov and coauthors [25] to account for the buildup of irradiation damage at temperatures
where defect annealing is suppressed. In the work of Barani and coworkers, the de nition proposed by Holt [21]
is adopted instead:
Z
but = (T T)dbu 2

where f (T) is the Heaviside step function, T(°C) is the local temperature and T is a threshold temperature
assumed to be equal to 100C. The two coecients K and were obtained via least-square tting of the
experimental data on the restructured volume fraction, combining both existing literature datasets [45] and
extracted data derived from image analysis and fuel performance simulations of recent irradiation experiments
[8].

The tting procedure yields K =2:77 10 " and = 3:54, expressing the e ective burnup in units of MWd/kgU,
leading to the nal expression:

=1 exp[ 277 10 (buegr )*°4 (3)

Although the coe cients used in Eq.(3) result from a tting procedure, they retain a clear physical interpre-
tation rooted in the theoretical framework of the KJIMA model. In particular, the exponent of the e ective
burnup variable, i.e., the Avrami constant , is indicative of the nature of the transformation process. A value
of =4 corresponds to a transformation driven by bulk nucleation at a constant rate, followed by isotropic
bulk growth of the second phase, here identi ed with the HBS. Conversely, a value of = 3 is associated
with transformations occurring at grain boundaries or from pre-existing nucleation sites, still under a con-
stant nucleation rate. In Barani's formulation, the tted Avrami exponent lies between 3 and 4, suggesting a
mixed transformation mechanism: one involving both bulk nucleation and growth, and one proceeding from
pre-existing sites such as grain boundaries. This interpretation contrasts with the model proposed by Khvostov
et al. [25], where an Avrami exponent of 3 was assumed, thus considering only boundary-driven transforma-
tion. However, experimental observations and theoretical studies support the existence of both mechanisms. In
particular, several works report evidence of intra-granular HBS formation [1, 45], which would not be captured
by a boundary-driven transformation alone. The exponent derived in that work, therefore, re ects the com-
bined contributions of multiple restructuring pathways and is consistent with the di erent experimental ndings.

It is also important to consider the applicability of the assumptions underlying the KIMA formalism, namely
constant temperature during the transformation and the random and homogeneous distribution of nuclei. The
experimental data employed in Barani's study [8], supported by other recent works [46], con rm the plausibility
of homogeneous nucleation within the original fuel microstructure. However, the assumption of random spatial
distribution is more questionable: both grain boundaries and intra-granular ssion gas bubbles have been
identi ed as preferential sites for sub-grain formation. As for the isothermal condition, it is inherently satis ed
in this context, since the transformation kinetics are expressed as a function of local e ective burnup Eq.(3),
which remains independent of temperature below 100C (Eq.(2)).

3.2. Cluster dynamics master equations

To describe the evolution of HBS porosity, a cell model similar to that used by Barani [29] is adopted. In

this approach, a regular 3D array of spherical Wigner Seitz cells represents the pore pattern. A 2D sketch
of the representation is provided in Fig.3a. These phenomena are mathematically described by the cluster
dynamics master equations, which account for pore nucleation, re-solution and gas precipitation from the grain



boundaries, as sketched in Fig.3b. Nucleation and re-solution rates are considered to be heterogeneous, meaning
that bubble formation occurs locally where ssion fragments interact with the lattice, while re-solution involves

the abrupt destruction of entire bubbles due to the passage of such fragments. In the cluster dynamics model,
a cluster is de ned by its size (the number of gas atoms contained within the cluster) and the number density
for each species of clusters is governed by a partial di erential equation.

€Y (b)

Figure 3: Left: sketch of the model employed in this work to represent HBS pore growth, taken from
[29]. Right: schematization of the phenomena accounted by the CD master equations, taken from [47].

The CD model adopted here is based on several simplifying assumptions: (i) di usion is allowed only for single
gas atoms, while larger clusters are considered immobile; (ii) cluster cluster interactions such as coalescence are
neglected; (iii) nucleation is assumed to occur via dimer formation (i.e., clusters originate from the pairing of
two gas atoms). These assumptions are consistent with standard formulations in the literature and allow for a
tractable mathematical description of the cluster distribution. The master equations of cluster dynamics are:
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where Eis the ssion rate density (fiss m *s 1), y is the ssion yield (atoms fiss '), Dgj' (m* s ') is
the di usion coe cient of single gas atoms at grain boundaries, ¢; (atoms m 2) is the concentration of single
gas atoms, andcy, Cs, ..., ¢, (clusters m 3) are the number densities of clusters of atomic size 2, 3,..., n,
respectively.

Moreover, p (poresm 3 s 1) is the pore nucleation rate while , and , (s ') represent the probability of
re-solution from and gas precipitation into HBS pores, respectively. The expression for the re-solution rate is
taken from Veshchunov and Tarasov [48] and considers a size-dependent process:

3dy

- 23 \
n=2 10 TR TR (SR ®)

wheredy (m) is the critical distance from the pore surface within which atom re-solution occurs, v (m) is the
thickness of the re-solution layer around the pore, andRP (m) is the radius of a cluster (pore) containing n
atoms.



Trapping rate is evaluated with Goséle [49] formulation:

n=4D gcgpRh(1+1:8 3 6)

where cgp (atoms m 3) is the gas concentration at the grain boundaries not trapped in pores and (/) is the
HBS porosity.

It's crucial to underline that the appreciable shift in the tilt angle of grain boundaries observed during the HBS
formation triggers an increase in di usivity, both of single atoms and vacancies. Barani and coworkers [29] have
introduced a preliminary modi cation of the di usion coe cient at grain boundaries with respect to that in
pristine fuel:

sin[4 (1 ()+40 ]

D%= D(T) sin (4 )

(7)

where D(T) (m? s 1) is the single gas atom or vacancy di usion coe cient at the grain boundaries and the
correction term considers a weighted average between the average tilt angle observed in the non-restructured
region (i.e., 4 ) and the average tilt angle observed in the fully restructured region (i.e., 40). This correction
factor spans between 1 and about 10, at the beginning and at the end of restructuring, respectively.
Unlike the two previous parameters, the pore nucleation rate was not explicitly modeled, but was simply
considered to be proportional to the local restructuring rate following Barani's model [29]:

d
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p=5 10 ot (8)

where ; (/) is the restructured volume fraction and buss (MW kgU 1) the e ective burnup.

The simultaneous solution of Eq.(4) provides the complete cluster size distribution. However, the system consists
of thousands of coupled di erential equations, making its direct application in engineering codes impractical.
To reduce the system's dimensionality, a moment-based approach is introduced. Clusters are grouped into two
categories: those of size n=1 (single atoms) and those with n>1 (pores). The analysis then focuses on the rst
three central moments of the cluster size distribution, de ned as follows:

x
Np = Cn 9)
n=2
b3
A = Chn (10)
n=2
b
B= G(n n)? (11)
n=2

wheren (atoms pore 1) is the mean of pore size distribution. A (atoms m 2) and B (atoms? m 2) represent the
Xe concentration in HBS pores and its variance, respectively. Combining Eq.(4), (9), (10) and (11), considering
only linear terms, it's possible to obtain a system of three partial di erential equations:

g N, _

S - M
dA

E e =2 p nA+ an (12)
dB

) E: p(n 2)2 nB+ naNp

The resulting system provides a physics-based yet tractable description of the pore distribution dynamics. This
model forms the core of the HBS evolution framework and will be complemented by a separate formulation
describing grain boundaries behavior in the following sections.

10



3.3. Modeling of gas transfer across the NR HBS interface

To complete the description presented above, the reduced cluster dynamics model is coupled with a grain
boundary sweeping model that accounts for inter-granular xenon release. This coupling ensures consistency

with intra-granular behavior by tracking the migration of gas atoms from the non-restructured region (NR) to
the HBS region.

Figure 4: Diagram of the gas exchange mechanism between NR and HBS regions

The schematic representation in Fig.(4) illustrates the conceptual model adopted to describe the migration and
trapping of ssion gas atoms in the UO, fuel microstructure, with explicit distinction between the NR and HBS
zones. In the NR region, ssion gas atoms are initially present within the grains Gs, intra-granular gas) and
bubbles (Gg). Through di usion, atoms belonging to one of these two regions could migrate toward the other
one. Moreover, part of the ssion gas is stored in the grain boundary bubblesBg ), which could contribute to
release (R).

As the burnup progresses and the restructuring volume fraction ; becomes bigger and bigger, gas atoms ac-
cumulated along NR grain boundaries are transported into the HBS region, where the microstructure changes

drastically, being characterized by sub-micron grains, high porosity and abundant open boundaries. Within the
HBS, gas atoms can exist in three di erent states:

Gs: intra-granular gas, as in NR region;
Bs: soluble gas at the grain boundaries, representing the mobile fraction available for further trapping;
P: gas precipitated and trapped within over-pressurized pores;

The transitions between these states (and the previous ones) are governed by several competing mechanisms:
i. Sweeping from the NR region to the HBS region, occurring both along grain boundariesBg Bs) and
within the intra-granular region ( Gs + Gg Gs);
ii. Direct di usion into HBS pores from HBS grains (Gs  P), characterized by a coe cient w;
iii. Diusion of soluble boundary gas from HBS grains (Gs Bs);
iv. Nucleation and Trapping into HBS pores from soluble gas at HBS grain boundary Bs  P);
v. Re-solution from HBS pores back to soluble gas at HBS grain boundary (P Bs);

Note that the last two mechanisms have already been treated in the previous section.

The sweeping phenomenon (i) is modeled through an exchange term, proportional to the time evolution

11



of restructured volume fraction, as proposed by Zullo [50] that connected both the NR and HBS grain bound-
aries and the NR and HBS grain interiors:

1 @
1 |, @t
while the depletion, i.e., (ii) and (iii), is described by w; which accounts for the quantity of gas atoms that directly

di uses in HBS pores instead of HBS grain boundaries and it's computed after simple geometric considerations:

w= 4 RNy (14)

a

where a (m) is the HBS grain radius, and the numerator and the denominator represent the surface-to-volume
ratios of HBS pores and HBS grains, respectively.

Following the same approach as in [29], the system of equations (12) has been coupled with the grain boundary
behavior, introducing the key innovation of treating the NR and HBS grain boundaries separately. Furthermore,

a holistic approach to ssion gas conservation has been applied, ensuring that the gas released from the grains
is consistently redistributed between the grain boundaries and the inter-granular pores. To achieve this, two
source terms representing the intra-granular gas release have been introduced and explicitly partitioned between
the three recipient regions. Finally, it's possible to include in a unique system of di erential equations all the
phenomena described so far:

8 an, _
o
(:;7?:2 P nA+ an+WU2
dB
= P 27 B N (19)
dcgp:1
1= Lggpqt+ U
dt Cgb;1 1
. dcdg:;z =1 wU (@2p nA+ nNp)+ Lcgpa

where the pedixes 1 and 2 represent the NR and HBS regions, respectively); and U, (atoms m 2 s 1) are
the gas source terms, de ned as the volumetric ux of ssion gas atoms leaving the NR and HBS grain interiors
respectively:

Uy = Dar 2Cy (16)

Uz = Dzr 2C2 (17)

whereC; (atoms m 3) represents the concentration of ssion gas in dynamic solution within the non-restructured
matrix, D; (m? s 1) the di usivity in the non-restructured matrix, then C, and D, are the equivalent param-
eters in the restructured matrix.

Such an approach not only improves the physical consistency of the model but also enables a more accurate
prediction of porosity and gas retention under varying irradiation conditions. It represents a signi cant step
forward compared to previous implementations, in which the interaction between pore evolution and grain
boundary behavior was either simpli ed or treated in a decoupled manner.

Even though the sweeping mechanism is explicitly modeled at the grain boundaries, the same migration process
has been modeled in another section of the code for intra-granular regions:

8

%%Qt = Dyr 2C; gC +bm; LCi+(1 ,)S
g % =gC bm Lm;y (18)
: %:Dzr 2Co+ L(Ci+ m)+ S

whereg (s 1) is the trapping rate, b (s 1!) is the re-solution rate, m; (atoms m 3) represents the concentration
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of ssion gas trapped in intra-granular bubbles within the non-restructured matrix and S (atoms m 3 s 1) is
the production rate of gas atoms. However, since this intra-granular contribution is already accounted for in
the gas source termdJ; and U, and does not directly in uence the coupled GB concentrations, the ODEs of
the last system of equations (18) are not included explicitly in the nal system (15).

The framework explained in this subsection enables a physics-based and spatially resolved interpretation of
ssion gas behavior across di erent microstructural zones. By explicitly distinguishing the NR and HBS regions
and ensuring a consistent redistribution of released gas, the model introduces a signi cant advancement over
previous simpli ed or decoupled treatments.

3.4. Pore size calculation

HBS pores are known to be strongly over-pressurized due to the continuous in ow of FG, primarily xenon, from
the surrounding depleted grains. This internal pressure provides a strong driving force for vacancy absorption
from the matrix, acting as a mechanism of pressure relief. A fully detailed treatment of this process would
require extending the cluster dynamics model to a two-species framework that simultaneously tracks both gas
atoms and vacancies. While such an extension is feasible in specialized cluster dynamics solvers, it would prevent
the use of the moment-based reduction presented earlier, as it would require a multidimensional expansion and
considerably increase computational cost. To maintain tractability, a simpli ed approach has been adopted:
vacancy absorption is governed by the average pore radius rather than being treated explicitly for each cluster
size. This approximation a ects the calculation of distribution moments, since the pore radius depends on
the number of absorbed vacancies. Despite its simpli ed nature, the approach captures the essential physical
behavior and remains consistent with the single-size model structure de ned in Eq.(12).

The rate of vacancy absorption into the pores is expressed as:

dt ke T

where nyp (/) is the number of vacancies per pore,Dgj, (m? s 1) is the vacancy di usion coe cient at grain
boundaries, p (M) is the radius of the Wigner-Seitz ? cell assigned to each porekg (J K 1) is the Boltzmann
constant, T (K) is the local temperature and is a dimensionless factor calculated as:

P

pEq) (19)

10 1+ 3
6+5 2 9 +5 (20)
where = % is the ratio between the radii of the pore and of the Wigner-Seitz cell. This factor, taken from

Barani et al. [29] is geometrically derived and captures the in uence of pore radius and number density on the
rate of vacancy precipitation within a spherical domain. The original factor was introduced by Speight and
Beere [51] to account for a bi-dimensional sink at the grain boundaries, and it was extended to three-dimensional
objects in [52].

The deviation from equilibrium, quanti ed by the pressure di erence pP pg’q , provides the thermodynamic
driving force for vacancy exchange, allowing the pore to adjust its internal pressure. The equilibrium pressure
of a spherical pore of radiusRF is given by the capillarity relation:

P 2

Peq = W h (21)

where (J m ?)is the surface tension and |, (Pa) is the hydrostatic stress (assumed negative under compres-
sion).

Pore pressure is instead evaluated starting from an equation of state of the fornﬁ% = Z. In this case the Hard
Spheres (HS) Equation of State (EoS) as proposed by Carnahan and Starling [53] has been chosen:

PPVP _l+y+y®

keT - (1 W 22)

2The radius of the Wigner-Seitz cell is determined from the relationship g N p ﬁ = 1. A sketch of the system is
reported in Fig. 3a.
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The packing fraction y is computed asy = LA

and s (m) is the Xe HS diameter:

(/), where A (atoms m 2) is the atomic density in the pore

TK]
6375) (23)

being Xe the only ssion gas considered in this model. The total pore volume variation over time includes
contributions from both ssion gas absorption and vacancy incorporation, and is described by:

ns =4:45 10 1°(0:8542 0:03996 log

% _ dn N dnyp
dt dt dt
where! (m3) is the volume occupied by each gas atom, (m?®) is the vacancy volume andn is the mean number
of gas atoms in the pore. The content of gas atoms is calculated from A, obtained solving Eq.(15) by simply
n= r\%’ while the number of absorbed vacancies is computed as described above.
Eq.(23) is useful, combined with the de nition of y, to evaluate the volume occupied by each gas atom in the
pore:

(24)

3
T HS

A 6

From Eq.(24), the average pore radius can be directly obtained. Subsequently, the HBS porosity is evaluated
using the following expression:

(25)

4

= 5 No(R7)’ (26)
In addition to growth by gas and vacancy absorption, pores may also grow through interconnection by impinge-
ment, which occurs when neighboring pores coalesce due to expansion. This mechanism is modeled following

the approach in [52], and the corresponding equation for the pore number density evolution is:

dN, _

Ppn2
. 4 PN/ 27)

where P = 2(1 M) is a correction factor limiting the interconnection rate when high local porosity is achieved
and accounting for the non-superposition of hard spheres. Although P increases with porosity, it re ects the
physical limit to further pore interconnection as pores become more closely packed. The denominator ensures
that the interconnection rate grows non-linearly with porosity and saturates as the pore network approaches a
dense packing regime.

3.5. Choice of model parameters

The expressions of parameters employed in this model are reported in Table 2, accompanied with relative
references, and discussed in this section.

Parameter Value Reference
Dgt’,* SA =2 10 ®exp(gerig =7) [54]
DY, =8: 86 10 Sexp(-57212)+5 10 “E This work
dy 1 [nm] [48]

v 1 [mm] [48]
1[dm 2 [55]

4.09 10 ?°[m3] [55]

a 150 [nm] [22]

Table 2: Model parameters

Single atom diusion coe cient at grain boundaries has been chosen from the work of Xia [54] to have a
satisfying t of experimental data. Furthermore the vacancy di usion coe cient along the grain boundaries is

accounted for through an expression complementing the coe cient proposed by White [56] with an a-thermal
factor, as considered by Jernkvist [57] and Barani et al. [29]. This a-thermal contribution, similar in nature
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to the di usion coe cient of gas atoms along grain boundaries, is subject to signi cant uncertainty, as it is
typically inferred from di usional creep data rather than measured directly. It has a big relevance in controlling
the kinetics of pore growth, particularly in the early stages, as con rmed by Eq.(19). Given its uncertainty and
its role in the transient regime, the value adopted in this work was selected based on a sensitivity analysis, in
order to ensure a physically consistent evolution without compromising the general behavior of the model. The
former analysis is performed in A subsection. As for the other parameters listed in the table, typical values for
the system under consideration were selected based on the available literature.

4. Results and separate-e ect validation

This chapter critically examines the model's predictive capabilities, comparing its output with experimental
benchmarks and established references. The analysis begins with key gures of merit. i.e. pore number density,
pore radius and HBS porosity, focusing on the performance of each model across di erent burnup regimes. This
is followed by a separate-e ect validation aimed at highlighting the strengths and limitations of this work. The
goal is to assess the model's delity to observed data and to identify areas for future re nement.

4.1. Results

The results presented in this section were obtained by implementing the proposed model into the SCIANTIX
code. Model predictions are compared with those obtained using the approach by Barani et al. [29], as well as
with the results from the previous version of SCIANTIX, shown in Fig.(2). The comparison is carried out in
terms of pore number density, average pore radius, and HBS porosity as functions of the local e ective burnup.
For reference, available experimental data from the literature are also included.

The calculated quantities have been obtained considering an irradiation history representative for the conditions
met in the periphery of a fuel pellet in PWRs, namely, a temperature of 723 K, a ssion rate density equal to

2 10Y fissm 2 s 1, and a hydrostatic stress equal to 20 MPa representative for pellet-cladding mechanical
interaction. The considered experimental databases, taken from Lassman [58], Spino and coworkers [36], Cappia
and coworkers [33], Noirot [1] and Une et al. [19] consist of samples coming from a homogeneous set of material
composition (i.e., uranium dioxide) and irradiation (i.e., commercial LWRs). Note that the comparisons only
account for the burnup because no other details of the speci c irradiation histories are accessible in the open
literature. Despite this limitation, we propose these comparisons to provide an indication of the model ability

to represent the dependence of HBS porosity and the other two gures of merit on the local burnup observed
experimentally.
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Figure 5: Comparison of experimental and predicted HBS pore number densities from current, previous,
and state-of-the-art models

In Fig.(5), the predicted pore number densities are shown. The model developed in this work reproduces the
overall trend of pore density evolution, with a peak around 100 MWd/kgU, although it remains slightly conser-
vative in the burnup range between 80 and 150 MWd/kgU compared to Cappia's data. At low burnup levels, all
models predict negligible pore density, in agreement with experimental observations. However, SCIANTIX 2.0
and Barani's model display a steeper initial increase in pore density, whereas the present model features a more
gradual rise that aligns more closely with the experimental data by Spino. Unlike Barani's model, which tends
to overestimate the maximum pore number density at high burnup, the present model o ers a more conservative
estimate that better follows the lower bound of the experimental data scatter.

Fig.(6) compares the predicted evolution of HBS porosity against a wide set of experimental data. The present
model captures the general trend of porosity accumulation with burnup and shows good agreement with the
upper envelope of the experimental data, particularly with the data of Cappia et al. in the high burnup regime
(above 130 MWd/kgU), where SCIANTIX 2.0 tends to underestimate the porosity. Unlike the plateau behavior
seen in the SCIANTIX 2.0 results, the proposed model continues to evolve smoothly, better re ecting the
progressive nature of pore growth observed experimentally. Barani's model underpredicts porosity across most
of the burnup range, especially beyond 100 MWd/kgU, suggesting that it may not fully account for coalescence.
At low burnup values (<50 MWd/kgU), all models predict negligible porosity, in agreement with experimental
observations. Notably, the proposed model reproduces the onset of porosity at the correct burnup range without
relying on any prede ned threshold, unlike empirical formulations.

Overall, the new model o ers an improved and more continuous description of porosity evolution in the HBS,
particularly in capturing the porosity growth mechanism at high burnup levels, where accurate predictions are
critical for swelling and gas release modelling.
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Figure 6: Comparison of experimental and predicted HBS porosity from current, previous, and state-
of-the-art models

Figure 7: Comparison of experimental and predicted HBS pore average radius from current, previous,
and state-of-the-art models
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All models shown in Fig.(7) exhibit the expected increasing trend of pore radius with burnup, consistent with
the underlying mechanisms of ssion gas and vacancies accumulation and of pore coarsening. However, clear
di erences emerge in both the rate of growth and the absolute values predicted. The present model predicts a
more rapid increase in pore size starting from the onset of restructuring, and continues to grow steadily with
burnup. This behavior is in good agreement with the upper experimental data envelope, particularly in the
high burnup regime (above 130 MWd/kgU), where pore coarsening becomes dominant. In contrast, Barani's
model underestimates the pore radius at that burnup range, con rming a limited treatment of coalescence. The
SCIANTIX 2.0 prediction falls between the two, capturing the initial size correctly but showing slower growth
beyond 150 MWd/kgU, resulting in underestimation at high burnup levels. This behavior may be attributed to

the lack of vacancy absorption modeling in the previous version of the code.

4.2. Separate-e ect validation

In order to assess the physical accuracy and robustness of the proposed model, a separate-e ect validation has
been carried out. The rst aspect examined in this chapter is the radial distribution of HBS porosity.

Nine radial positions within the rim region of the fuel pellet (0:8 R:‘ax 1) were simulated using the
model developed in this work, by appropriately tuning the ssion rate density and local fuel temperature for
each location. Speci cally, the following ranges were adopted:1:58 10'° < F-< 3:89 10° ss m 3s ! and
666< T < 861K . The corresponding average radial burnup was estimated at approximately 79 MWd/kgU. The
resulting radial pro le was then compared with experimental datasets and existing reference models, spanning
di erent average burnup values, in order to validate the model's capability to accurately reproduce porosity
evolution across the whole HBS region.

Figure 8: Comparison between experimental results [20, 59], simultions performed in [22, 60] and radial
locations simulated by SCIANTIX for the HBS porosity vs. the relative radial position in the pellet

The results shown in Fig.(8) are satisfactory, as the simulated points lie between two reference curves corre-
sponding to average burnups of 67 and 97MWAd/kgU, which is consistent with the estimated average burnup of
buny =79 MWd/kgU. This is also in agreement with the expected trend of increasing porosity with increasing
burnup. Moreover, the model follows the same behavior observed in both the reference models and the experi-
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mental data, particularly the measurements reported by Spino and the simulations performed by Lemes.

Figure 9: Comparison between experimental results, models and radial locations simulated by
SCIANTIX for the radial evolution of average pore radius

A similar separate-e ect validation methodology was applied to the other key gures of merit describing the
HBS microstructure; for these cases, simulations were carried out using a di erent average burnup value (i.e.,
90 MWd/kgU for the average pore radius and 40, 57 and 67 MWd/kgU for the pore number density) to enable
a more meaningful comparison with the available data. The results are presented in Figs.(9, 10). In particular,
the average pore radius exhibits a trend that closely mirrors that of the porosity pro le, showing an increase
with burnup and a radial dependence consistent with the restructuring behavior. The predictions are again
in good agreement with the experimental observations reported by Spino [36] and with the simulation results
published by Lemes et al. [22], con rming the model's capability to capture the main physical mechanisms
governing pore evolution in the HBS region.
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Figure 10: Comparison between experimental results, models and radial locations simulated by
SCIANTIX 2.0 for the radial evolution of pore humber density

While the previous comparisons have con rmed the model's consistency with reference data, the results shown
in Fig.(10) highlight a noticeable deviation. In this case, the predicted pore number density is signi cantly
higher than reported in experimental studies and alternative model predictions. A decreasing trend due to
coalescence is observed in the simulation results at average burnups of 57 and 67 MWd/kgU. However, this
behavior is not supported by the experimental data from Spino [18], although it is in line with the observations
reported by Cappia [33], which have been converted as a function of the relative radial position. Only the case
at 40 MWd/kgU shows a trend consistent with both experimental datasets of Spino and simulations by Matzke
[61], even if at little bit higher values. This agreement suggests that, at this lower burnup level, the threshold

e ective burnup required to initiate coalescence has not yet been reached, and, as a consequence, the number
of pores continues to increase. Conversely, at 57 and 67 MWd/kgU, this threshold appears to be exceeded,
at least according to the present model, which predicts the onset of pore coalescence around a local e ective
burnup of 100MWd/kgU. This discrepancy with Spino's data may be explained by considering that the pore
number density predicted by the model (Fig. 5) starts to grow at slightly lower burnups than the canonical

45 50 MWd/kgU threshold often reported in the literature. As a consequence, the coalescence threshold may
be reached earlier, especially at the pellet periphery where the local burnup is highest. Furthermore, both
experimental datasets and reference models typically lack data for radial positions very close to the pellet
edge, where these threshold conditions are most likely to occur. This further supports the hypothesis that
coalescence may not yet be visible in those references partly because the necessary local burnup levels were not
reached. However, this remains a hypothesis, as the detailed irradiation histories and radial burnup pro les of
the benchmark datasets are not available.

5. Conclusions

This work has addressed the challenge of accurately modeling the microstructural evolution of the HBS inter-
granular porosity in UO, nuclear fuel. A critical review of existing models and their implementation in major
FPCs has revealed signi cant limitations, especially in the treatment of porosity growth and gas behavior under
high burnup conditions. Empirical and semi-empirical approaches, while computationally e cient, often rely
on xed thresholds and calibration to speci ¢ datasets, limiting their applicability to di erent fuel types and
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irradiation histories. Mechanistic models provide a more physically grounded description, but are typically
simpli ed to ensure computational tractability.

Building upon the physics-based framework of SCIANTIX 2.0, which, however, relied on an empirical cor-
relation for HBS porosity, this study introduced a new model that enhances the physical consistency of gas
conservation by coupling pore evolution with grain boundary behavior and explicitly distinguishing between
restructured and non-restructured regions. New key mechanisms such as vacancy absorption and ssion gas
sweeping have been added to the code and integrated into the reduced cluster dynamics framework, improving
physical accuracy without compromising computational e ciency. Pore coalescence, already implemented in
the code, has been retained and is considered after the cluster dynamics system. The model has been calibrated
and validated through a separate e ect validation against recent experimental data, showing good agreement
in the evolution of pore number density, average pore radius, and HBS porosity across a wide burnup range. In
addition, its predictions have been compared with those from the previous SCIANTIX implementation and the
Barani model, demonstrating improved performance and closer adherence to experimental observations. This
is particularly evident in the prediction of HBS porosity, which is, among the three gures of merit considered,
the most relevant for fuel performance analysis. In particular, the model performs best at high burnup levels
(above 100 MWd/kgU), where experimental evidence shows signi cant restructuring. In this regime, the pro-
posed approach provides more accurate predictions than the benchmark models, which tend to deviate from
experimental data.

These developments mark a step forward in the predictive capabilities of meso-scale codes for high burnup
fuel behavior. The improved porosity treatment not only enhances the accuracy of HBS porosity predictions,
thus swelling and gas release, but also lays the groundwork for more robust multi-scale coupling with thermo-
mechanical fuel performance simulations. As a future development, an integral validation of the model is foreseen
within the coupled SCIANTIX TRANSURANUS framework, in order to assess its predictive capabilities in full
fuel rod simulations. Furthermore, the modeling approach could be extended to other fuel types, contributing
to the safe and e cient operation of various reactor technologies at high burnup levels.
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