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Abstract

In this work, we present a model of fission gas behavior in U3Si2 under light
water reactor (LWR) conditions for application in engineering fuel performance
codes. The model includes components for intra-granular and inter-granular
behavior of fission gases. The intra-granular component is based on cluster dy-
namics and computes the evolution of intra-granular fission gas bubbles and
swelling coupled to gas diffusion to grain boundaries. The inter-granular com-
ponent describes the evolution of grain-boundary fission gas bubbles coupled
to fission gas release. Given the lack of experimental data for U3Si2 under
LWR conditions, the model is informed with parameters calculated via atom-
istic simulations. In particular, we derive fission gas diffusivities through density
functional theory calculations, and the re-solution rate of fission gas atoms from
intra-granular bubbles through binary collision approximation calculations. The
developed model is applied to the simulation of an experiment for U3Si2 irradi-
ated under LWR conditions available from the literature. Results point out a
credible representation of fission gas swelling and release in U3Si2. Finally, we
perform a sensitivity analysis for the various model parameters. Based on the
sensitivity analysis, indications are derived that can help in addressing future
research on the characterization of the physical parameters relative to fission
gas behavior in U3Si2. The developed model is intended to provide a suit-
able infrastructure for the engineering scale calculation of fission gas behavior
in U3Si2 that exploits a multiscale approach to fill the experimental data gap
and can be progressively improved as new lower-length scale calculations and
validation data become available.
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1. Introduction1

Accident tolerant fuel (ATF) systems are being considered worldwide to2

replace the UO2–zirconium system conventionally employed in light water reac-3

tors (LWRs), in order to withstand a severe accident for a considerably longer4

period of time than the traditional design, while preserving or improving per-5

formance under normal operation conditions [1–4]. In this context, the United6

States Department of Energy has accelerated research in this area, promoting7

the Fuel Cycle Research and Development Advanced Fuels Campaign (AFC).8

The goal of the ATF program of the AFC is to guide the selection of promising9

fuel concepts to start a test rod irradiation in a commercial reactor by 2022.10

Focusing on the nuclear fuel, uranium silicides are potential candidates to11

substitute uranium dioxide in LWRs. Among uranium silicides, compounds such12

as U3Si, U3Si2, and U3Si5 emerge, thanks to their interesting thermophysical13

properties and high uranium densities [5,6]. Those characteristics make these14

compounds attractive from the economic and safety point of view.15

A wide experience exists worldwide in using uranium U3Si and U3Si2 as fuel16

for research and test reactors [7–12]. On the other hand, to the best of the17

authors’ knowledge, only one experiment has been carried out for U3Si2 under18

power reactor conditions [13]1.19

Based on the experience with research and test reactors, potential concerns20

about the adoption of uranium silicides in commercial reactors are related to21

the progressive amorphization of the crystalline structure under irradiation and22

high swelling rates [15–17]. In particular, amorphization of U3Si2 has been ob-23

served in research reactor conditions [18,19], where fuel temperatures are lower24

compared to LWR conditions. However, recent studies carried out on U3Si2 with25

Xe ion implantation [20–24] suggest that U3Si2 would remain crystalline under26

irradiation in LWRs conditions. The polycrystalline structure of U3Si2 irradi-27

ated at power reactor temperatures finds confirmation in the post-irradiation28

metallographic images in [13].29

Given the aggressive schedule, the AFC is carrying out comprehensive ex-30

periments to characterize the innovative fuel systems, as well as computational31

analyses to investigate the proposed materials. In this framework, given the32

importance of fission gas swelling and release in the thermo-mechanical perfor-33

mance of nuclear fuel rods, the accurate modeling of fission gas behavior as part34

1In addition, a new experiment is underway in the framework of the ATF–1 tests series of
the AFC/ATF program, with two rodlets of U3Si2 pellets with ZIRLO R© cladding being irradi-
ated in the Idaho National Laboratory Advanced Test Reactor (ATR) under LWR conditions.
The first non–destructive and metallography examinations demonstrated a good performance
under irradiation of the U3Si2 fuel, at least at the low burnup (less than 20 GWd tHM−1)
targeted [14].
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of engineering fuel rod analysis is of the utter importance [25]. Mechanistic35

modeling of fission gas behavior calls for the description of complex processes,36

both within the fuel grains and at the grain boundaries. Intra-granular behavior37

involves gas bubble evolution and swelling coupled to gas atom diffusion to grain38

boundaries. Grain-boundary processes include precipitation, growth and coa-39

lescence of lenticular bubbles contributing to fuel swelling, and the eventual gas40

venting from the grain boundaries leading to thermal fission gas release (FGR).41

Venting occurs after extensive gas bubble growth and interconnection, driven42

by gas atom and vacancy diffusion to the bubbles [25].43

Rest [26] proposed a model for fission gas behavior (FGB) in U3Si2, tailored44

for research reactor conditions, where fuel amorphization occurs. In the afore-45

mentioned work, the nucleation of fission gas bubbles was described as related46

to the amorphization process itself. This latter aspect constitutes a limitation47

to the application of the model in the analysis of U3Si2 in LWRs conditions.48

Miao et al. [27] adopted the GRASS-SST rate theory model [28], calibrating49

it with a combination of experimental data on U3Si2 from research reactors50

and density functional theory calculations. They studied fission gas swelling51

in U3Si2 under LWR conditions, simulating an idealized fuel rod irradiated at52

constant power (average linear heat rate equal to 20 kW m−1) for about 3 years.53

Moreover, they developed a steady-state gaseous swelling correlation based on54

the rate theory model to be included in the BISON fuel performance code [29].55

The GRASS-SST model is based on rate theory and calculates fission gas bub-56

ble size distributions considering the evolution of clusters of fission gas atoms57

of different sizes explicitly. While such a level of complexity provides valuable58

insight into the physical details, a simpler approach that only targets the aver-59

age bubble size and number density may allow for a more efficient application60

in engineering codes, while still providing accurate calculation of the quantities61

of interest for the fuel rod thermo-mechanical analysis, i.e., bubble swelling and62

FGR.63

In this work, we propose a multiscale model of fission gas swelling and re-64

lease in U3Si2 under LWR conditions for application in engineering fuel anal-65

ysis. The model includes components for intra-granular and grain-boundary66

behavior of fission gases. The intra-granular component describes the evolu-67

tion during irradiation of the average size and number density of intra-granular68

fission gas bubbles coupled to gas diffusion to grain boundaries. The grain-69

boundary component is based on the modeling approach originally developed70

for UO2 in [30], and describes the evolution of inter-granular fission gas bub-71

bles coupled to fission gas release from the grain boundaries to the fuel rod free72

volume. Experimentally derived values for important modeling parameters,73

such as the lattice diffusion coefficient of gas atoms and the rate of irradiation-74

induced re-solution of gas atoms from intra-granular bubbles, are unavailable75

at this time for U3Si2 under LWR condition. To overcome this limitation, we76

adopt a multiscale modeling approach (e.g., [31–34]), whereby the engineering77

scale model is informed with parameters extracted at the lower-length scale via78

atomistic simulations. In particular, we calculate the fission gas atom and point79

defect diffusivities through density functional theory (DFT) calculations, and80
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the re-solution rate through binary collision approximation (BCA) calculations.81

For an initial assessment of the model, we analyze the U3Si2 irradiation ex-82

periment from [13] and compare the results to the experimental data of gaseous83

swelling and fission gas release. Finally, we performed a sensitivity analysis to84

assess the importance of the various model parameters on the calculated fission85

gas swelling and release, and to derive recommendations for future research on86

the characterization of the physical parameters.87

Extensive model validation will be performed as more substantial experi-88

mental data for U3Si2 under LWR conditions become available. The work is89

intended to provide an initial framework for the engineering analysis of fission90

gas behavior in U3Si2 that is able to exploit lower-length scale modeling for the91

fundamental parameters. Such a multiscale approach is particularly beneficial92

to accelerate progress in modeling new fuel concepts such as U3Si2, for which ex-93

perimental data is limited. The developed model can be progressively improved94

as new lower-length scale calculations and validation data become available.95

The outline of the paper is as follows. In Section 2 we present the lower-96

length scale calculations for the derivation of model parameters. In Section 3 we97

describe the new engineering fission gas behavior model for U3Si2. In Section 498

we apply the model to the simulation of an irradiation experiment for U3Si2 ir-99

radiated at temperatures compatible with LWR conditions. In Section 5 we100

present the sensitivity analysis. Finally, in Section 6 we draw the conclusions101

and discuss perspectives for this work.102

2. Lower-length scale calculations103

In this Section, we present the methodology and the results of the lower-104

length scale calculations for the derivation of the parameters used in the en-105

gineering scale model. The DFT calculations employed to derive fission gas106

and point defect properties in U3Si2 are presented in Section 2.1, while the107

calculation of the re-solution rate is presented in Section 2.2.108

2.1. Density functional theory calculations of defects and fission gas properties109

The fission gas model derived in this paper requires the diffusion rates of Xe110

atoms and uranium vacancies in U3Si2. We rely on density functional theory111

calculations to provide initial estimates of these rates. The full results of the112

DFT calculations are presented elsewhere [35]. Here, we briefly outline the113

computational methodology and the key results used in the fission gas model114

presented in Section 3.115

The approach and underlying model are the same as those described in [27],116

but the calculations were performed on 2×2×3 instead of a 2×2×2 U3Si2 su-117

percells and a few assumptions regarding entropies were slightly modified. The118

reason for increasing the size of the supercell is to improve the accuracy of,119

in particular, migration barriers in the c lattice direction of U3Si2. However,120

none of these updates in the methodology give rise to substantial changes as121

compared to [27]. As an example, the predicted barriers decrease by a few122
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tenths of an eV compared to the earlier results [27]. The DFT calculations123

were performed with the Vienna Ab initio Simulation Package (VASP) [36,37]124

and the projector augmented-wave (PAW) method for the core electrons. The125

exchange-correlation potential was described by the Perdew-Burke-Ernzerhof126

(PBE) potentials and a Hubbard U parameter was added for the uranium 5f127

electrons [38], which follows the same methodology as used by Noordhoek et128

al. [39], Middleburgh et al. [40], and Miao et al. [27]. Migration barriers were129

calculated using the Nudged Elastic Band method (NEB) [41]. The energy130

cut-off for the plane-wave expansion of the wavefunctions were set to 500 eV131

and sampling in reciprocal space was performed on 2 × 2 × 2 Monkhorst-Pack132

meshes. All defect structures were fully relaxed (volume and atomic positions),133

while migration barriers were calculated for the volume fixed at that of the134

initial state.135

Diffusion in U3Si2 is anisotropic due to its tetragonal crystal structure, which136

results in unique diffusion rates in the basal a-b plane and along the c axis.137

The migration barriers of vacancies and Xe atoms were calculated for a range of138

possible mechanisms, see [35] for additional details. Here we are only concerned139

with the fastest diffusion rate of Xe and uranium vacancies. For both of these140

species the highest diffusivity is obtained for vacancy mechanisms along the c141

axis. The Xe diffusion mechanism refers to a Xe atom occupying a U 2a trap142

site in the U3Si2 crystal structure, with an assisting U 2a vacancy providing the143

diffusion pathway. A schematization of the aforementioned diffusion process144

is provided in Fig. 1. The rate limiting step is given by the U 2a vacancy145

migrating from one side of the cluster to the other in order to initiate a new146

step. The intra-cluster step for the Xe atom has a much lower barrier, similar to147

Xe migration in UO2 [42]. In addition to the Xe-vacancy cluster migration rate,148

the diffusion coefficient is a function of the relative concentration of mobile Xe149

clusters, which is determined by the binding energy of a U 2a vacancy to a Xe150

atom occupying a U 2a trap site and the concentration of U 2a vacancies in the151

bulk. The concentration of vacancies in bulk U3Si2 is estimated from the U 2a152

Frenkel reaction and assuming close to perfect U3Si2 stoichiometry, which is here153

assumed to imply an equal concentration of interstitials and vacancies such that154

the vacancy formation energy is equal to half of the U 2a Frenkel energy. It is also155

important to point out that the U 2a substitutional position is the most favorable156

trap site for Xe. The fastest uranium vacancy migration mechanism also involves157

a U 2a vacancy moving along the c axis of the U3Si2 crystal structure. The158

rate applicable to the present study is the uranium self-diffusion rate, which in159

addition to the vacancy migration properties also includes the concentration of160

vacancies obtained from the formation energy discussed above in the context of161

binding to the Xe trap site. These two mechanisms are assumed to provide the162

most relevant rates governing fission gas behavior in the present study. Note163

that anisotropy in diffusion may also affect these rates, however, the evaluation164

of this aspect is left as future work.165

The defect formation and migration energies used to estimate diffusion prop-166

erties are listed in Table 1.167

In order to predict the actual diffusion rates, the entropies that correspond168
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Table 1: The point and Xe defect properties used to estimate the diffusion rates in
U3Si2.

Energy (eV) Entropy (kB) Attempt frequency (s−1)

U 2a Frenkel reaction 2.55 5 N/A
U 2a vacancy formation 1.275 2.5 N/A
U 2a migration along c axis 1.22 N/A 5× 1012

Binding of U 2a vacancy
to Xe in a U 2a site -0.90 0 N/A

Migration of the bound
Xe-U 2a vacancy cluster 1.62 N/A 5× 1012

to the energies discussed above as well as the attempt frequencies for migration169

must be estimated. Those values require calculations of phonons in U3Si2 as170

well as in U3Si2 containing defects, which is a much more challenging and time171

consuming task than the energies. For this reason, we have resorted to approx-172

imations based on experience from other materials such as UO2 [33]. Note that173

these assumptions are meant to give an order of magnitude result rather than174

an exact value. The U 2a Frenkel entropy was set to 5 kB, the binding entropy175

of a vacancy to the Xe atom in U 2a trap site to 0 kB and the attempt frequency176

for all migration events to 5 × 1012 s−1. These values are also summarized in177

Table 1.178

The final diffusion rates are calculated from

D = va2Z exp (−Ga/(kBT ))
/

6 (1)

where v is the attempt frequency (s−1), a the jump distance (m), and Z (-)179

the number of sites available for the Xe atom or vacancy to jump to, Ga (eV)180

is the activation free energy given by the migration enthalpy and the defect181

formation and binding energies and entropies. The resulting activation energies182

and pre-exponential factors for diffusion are listed in Table 2.183

The diffusion model above only applies to intrinsic diffusion, which implies184

regimes where the thermal concentration of point defects dominates over irra-185

diation induced defects. Estimation of the latter contribution would require a186

combination of extensive molecular dynamics simulations of cascades and cluster187

dynamics modeling. This is beyond the present scope and must be left as future188

work. Neglecting the contribution of irradiation-enhanced diffusion is expected189

to lead to an underestimation of the diffusion rates at low temperature.190

2.2. Intra-granular re-solution calculation191

The re-solution rate, or rate of fission gas knock-out from bubbles, is a192

key parameter for calculation of intra-granular fission gas concentrations. The193

balance between absorption by bubbles and knock-out leads to a pseudo steady-194

state concentration of mobile fission gas atoms within the grain that ultimately195

leads to growth of grain-face bubbles, interconnection, and fission gas release.196
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The full results of the calculation of re-solution in uranium silicide will be pre-197

sented elsewhere, with a brief overview of the methodology given below in order198

to provide a reference for the values utilized in Section 3.199

The total re-solution rate at which atoms are knocked back into the fuel can
be calculated by,

Ṙ
(
s−1
)

= Ḟ

∫
α0(Rb)n(Rb)ρ(Rb)dRb, (2)

where Rb is the bubble radius, Ḟ is the fission rate density, α0 is the re-solution
parameter, n is the number of atoms in a bubble, and ρ is the bubble concen-
tration distribution function,

N
(
m−3

)
=

∫
ρ(Rb)dRb. (3)

Here, N is the total concentration of bubbles in the sample.200

Using Equation 2, the physics of re-solution can be distilled in a single re-201

solution parameter for a given fuel type, α0, effectively separating environmental202

variables such as fission rate, temperature, and the bubble concentration distri-203

bution. The re-solution parameter has units of knocked-out atoms per atoms in204

the bubble per fission, and essentially gives the probability of any given atom205

in a bubble to be knocked-out per fission.206

The first conceptual model of fission gas re-solution was the so called homo-207

geneous model presented by Nelson in 1969 [43]. The homogeneous model treats208

the collision of fission fragments ballistically, with gas atoms being knocked out209

of a gas bubble due to a collision with the fission fragments, or indirectly through210

a damage cascade produced by an adjacent fuel atom. In contrast to the chip-211

ping out process described by Nelson, Turnbull’s model of re-solution published212

in 1971 was based on the assumption of total-destruction of the fission gas bub-213

ble by passing fission fragments [44].214

The apparent conflict between the two re-solution theories lies directly with215

the difference of oxide nuclear fuel; calculations by Blank and Matzke showed216

that the poor thermal conductivity of UO2 results in a very large, localized ther-217

mal spike around the passing fission fragment, on the order of 2000 K [45,46].218

The large temperature gradient results in a strong thermo-mechanical pulse,219

causing mixing of the lattice and destruction of nearby bubbles [47]. The same220

calculations performed for uranium carbide, which benefits from a metallic-like221

thermal properties [45] showed a corresponding thermal spike on the order of222

50 K, with effectively no resulting thermo-mechanical pulse. In light of the223

differences between UO2 and UC, it is easy to see why Turnbull’s theory has224

seen success in oxide fuels, while Nelson’s theory has seen success in non-oxide225

fuels [48]. As a first approximation, the thermal conductivity of the fuel can226

be used as an indicator of the energy transfer mechanism, with poorly conduct-227

ing fuels (here only UO2) suffering from large heterogenous re-solution, and228

highly conducting fuels (UC, UN, U3Si1,2,5) exhibiting homogenous re-solution229

behavior.230
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Modern calculations of re-solution have focused on UO2 through utilization231

of Molecular Dynamics (MD) simulations [49–51], but ultimately suffer from232

the high computational cost of MD. In light of the above discussion, re-solution233

in fuels with good thermal behavior can be modeled using the homogeneous234

model, allowing less computationally expensive models and codes to capture235

the re-solution behavior.236

Recently, the Binary Collision Approximation (BCA) has been utilized to237

calculate the re-solution rate in uranium carbide fuels for a wide range of bubble238

sizes [48]. Benefiting from the simplification of the collision kinematics to a two-239

body problem, the code 3DOT (3D Oregonstate TRIM) utilizes the TRIM (the240

Transport of Ions in Matter) algorithm [52] to capture the full cascade behavior241

of fission fragments interacting with fission fragments in fuel.242

Utilizing the techniques provided in Matthews et al. [48], the re-solution243

parameter for U3Si2 was calculated for a variety of different conditions such as244

bubble shape, surface energy, bubble radius, and temperature. Beyond a general245

decrease in α0 as a function of radius, many of the parameters that go into the246

BCA calculations result in minimal deviation in the re-solution parameter α0.247

As a result, a simple correlation provided in Table 2 can be utilized for these248

studies. Further parametric studies on the impact of parameters in the 3DOT249

simulation is left as future work.250

3. Engineering-scale fission gas behavior model251

Considering that U3Si2 under LWR conditions retains a polycrystalline struc-252

ture, fission gas behavior is modeled as consisting of two main stages for intra-253

granular and inter-granular behavior, by analogy with UO2 (e.g., [25,30,53–56].254

The intra-granular component of the model (Section 3.1) includes the fundamen-255

tal mechanisms of nucleation and re-solution of intra-granular fission gas bub-256

bles, gas atom trapping from the matrix into the bubbles, and gas atom diffusion257

to grain boundaries. The inter-granular component (Section 3.2) also adopts a258

mechanistic but relatively simple approach that encompasses grain-boundary259

bubble growth with inflow of gas atoms and vacancies, bubble coalescence, and260

fission gas release from the grain boundaries. The modeling approach is based261

on the concepts originally developed for UO2 in [30,57]. However, the current262

model is tailored to the specific physical mechanisms and material properties263

for U3Si2.264

3.1. Intra-granular fission gas behavior model265

The intra-granular component of the model provides calculation of the gas266

diffusion rate to grain boundaries and of the intra-granular fission gas bubble267

swelling. The latter is computed based on a description of intra-granular bubble268

evolution in terms of number density and average size. A detailed description269

of intra-granular bubble evolution can be accomplished by employing cluster270

dynamics approaches to calculate the entire bubble size distribution and the271
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evolution of the distribution over time. However, these detailed modelling ap-272

proaches are computationally intensive and simpler models are normally used273

for engineering fuel performance code applications.274

Following Clement and Wood [58], we derive our model starting from the275

detailed cluster dynamics representation, but we simplify the problem by con-276

sidering only the moments of the size distribution of the clusters. Assuming277

that bubbles include all clusters containing two or more gas atoms, we define278

the total concentration of bubbles N (m−3) and the mean of the size distribution279

n̄ (/), respectively280

N =

∞∑
n=2

cn (4)

n̄ =

∞∑
n=2

ncn

N
(5)

where cn (at m−3) is the number density of atom clusters (or bubbles) containing281

n atoms (with c1 indicating the concentration of single gas atoms). The detailed282

cluster dynamics formulation of the master equations considered here is [59]283



∂c1
∂t

= D∇2c1 +G− 2ν + α2c2 −
∞∑

n=2

βncn +

∞∑
n=3

αncn

∂c2
∂t

= D2∇2c2 + ν − (β2 + α2)c2 + α3c3

...

∂cn
∂t

= Dn∇2cn + βn−1cn−1 − (βn + αn)cn + αn+1cn+1

(6)

where αn (s−1) represents the probability per second that an atom is re-solved284

from a cluster containing n atoms, βn (s−1) the probability per second that285

a single atom is trapped by a cluster containing n atoms, Dn (m2 s−1) is the286

diffusion coefficient of the cluster containing n atoms, ν (at m−3 s−1) is the287

nucleation rate of fission gas dimers, and G (at m−3 s−1) is the production rate288

of gas atoms.289

A schematic of the master equations governing the bubbles’ nucleation,290

growth due to single atom trapping and shrinkage due to re-solution of sin-291

gle atoms in the fuel matrix is reported in Figure 2.292

The re-solution of gas atoms from the intra-granular bubbles into the fuel293

matrix is modeled as an irradiation-driven mechanism. Accordingly, we express294

the re-solution rate for U3Si2 as295

α = α0Ḟ (7)
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where α0 (m3) is a coefficient, which can in principle depend on the cluster size,296

and Ḟ (m−3 s−1) is the fission rate.297

The trapping of gas atoms into intra-granular bubbles is modeled as a purely298

diffusion-driven process, and the trapping rate is calculated according to the299

formulation by Ham [60], considering immobile and dilute clusters300

βn = 4πDRnc1 (8)

where D is the single gas atom diffusion coefficient in the fuel matrix, Rn (m)301

is the cluster size, and c1 is the concentration of atoms in the matrix.302

The nucleation of bubbles in U3Si2 is modeled as a diffusion-dependent pro-303

cess, consisting of dimer formation upon interaction of single gas atoms driven304

by atom diffusion in the matrix (so-called homogeneous nucleation [61,62]). The305

resulting nucleation rate can be expressed as [63]306

ν = 8πDRsgfnc
2
1 (9)

where D is the diffusion coefficient of single gas atoms in the fuel matrix, Rsg (m)307

is the radius of a gas atom, and fn (-) is the nucleation factor.308

Combining Eqs. 5-6, we derive a single-size model consisting of expressions309

for the time evolution of N and n̄, as follows. After algebraic summation, a first310

order Taylor expansion in the phase space is performed, namely311

(βn, αn, cn) = (β(n), α(n), c(n)) ≈ (βn̄, αn̄, cn̄) +
∂(β, α, c)

∂n
dn... (10)

Introducing the further assumption that the nucleation process occurs on312

a faster time scale compared to the growth process (i.e., dN/dt ≈ 0 in the313

equation for dn̄/dt ), leads to314

dN
dt = ν − α2c2 = ν − α2φN

dn̄
dt = βn̄ − αn̄

(11)

where we account for the fact that homogeneous (one by one atom) re-solution315

in fact results in complete bubble destruction if the re-solution event occurs316

for a dimer. The factor φ = c2/N represents the fraction of dimers over the317

total number of bubbles. The term α2φ represents the probability per second of318

bubble destruction applied to the total number density of clusters, N . A bubble319

of size n̄ will require on average n̄ − 1 homogeneous re-solution events before320

being destroyed. Considering this, in the single-size approach we estimate φ as321

φ =
1

n̄− 1
(12)
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We define the total concentration of gas in bubbles, m (at m−3), as322

m = n̄N (13)

With the approximations of Eq. 10 and considering Eqs. 13 and 11, Eqs. 6323

reduce to324



dN

dt
= ν − αφN

∂c1
∂t

= D∇2c1 − βn̄N + αφm+G− 2ν

∂m

∂t
= 2ν + βn̄N − αφm

(14)

Note that we introduced the additional assumption of immobile bubbles,325

with the diffusion term being considered for single gas atoms only. Differently326

from previous formulations of the single-size homogeneous model [62], the evo-327

lution of the bubble number density, N , considers also a term of bubble de-328

struction, which corresponds to dimers affected by a homogeneous re-solution329

event. Moreover, homogeneous nucleation is consistently considered as a pro-330

cess of formation of dimers rather than considering nucleation at the average331

bubble size, which in previous work has been deemed as “the Achilles heel of332

the single-size method because it implies essentially instantaneous growth of333

dimers” to the average bubble size [62]. Hence, our model derived from a de-334

tailed cluster dynamics approach retains important bubble-distribution related335

effects in a formulation that in its final form only includes equations for the336

average quantities. Furthermore, the present model includes gas diffusion to337

grain boundaries in conjunction with bubble evolution.338

The set of coupled partial differential equations (Eqs. 14) is solved using339

the recently developed PolyPole-2 algorithm [64], extended to the solution of340

the 3-equation system. Details of this extension are not given here for brevity,341

however, the concept of the algorithm is the same as described in [64].342

3.1.1. Calculation of bubble size and swelling343

The solution of Eqs. 14 provides the bubble number density, the rate of sin-344

gle gas atom diffusion to grain boundaries, and the average number of atoms345

per bubble. While for UO2 substantial experimental data is available, including346

data on the gas density in intra-granular bubbles that can be used to determine347

the average bubble size given the average number of gas atoms per bubble in a348

simple way [57,62], such information is missing for U3Si2 under LWR conditions.349

Therefore, we developed a physics-based approach to model intra-granular bub-350

ble growth considering the interactive gas atom and vacancy absorption at the351

bubbles, as follows.352
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Intra-granular fission gas bubbles are assumed spherical. The mechanical353

equilibrium of a spherical bubble is governed by the Young-Laplace equation354

peq =
2γ

Rb
− σh (15)

where peq (Pa) is the equilibrium pressure, γ (J m−2) is the U3Si2/gas specific355

surface energy and σh (Pa) is the hydrostatic stress (considered negative if the356

medium is under compression). In general, the bubbles are in a non-equilibrium357

state and tend to the equilibrium condition by absorbing or emitting vacancies.358

The bubble volume is calculated through359

dVb
dt

= ω
dn̄

dt
+ Ω

dniv
dt

(16)

where Vb (m3) is the bubble volume, ω (m3) is the van der Waals atomic volume360

for xenon, and Ω (m3) is the vacancy volume. The variation rate of the number361

of atoms per bubble, dn̄/dt , is obtained from Eqs. 13 and 14. The vacancy362

absorption/emission rate at the bubble, dniv/dt , is calculated based on [65] as363

dniv
dt

=
2πDv

igρ

kTζ
(p− peq) (17)

where niv (/) is the number of vacancies per intra-granular bubble, Dv
ig (m2

364

s−1) is the intra-granular vacancy diffusion coefficient, ρ (m) is the radius of the365

equivalent Wigner-Seitz cell 2 (e.g., [66]) surrounding a bubble, k (J K−1) is the366

Boltzmann constant, T (K) is the local temperature, and ζ (/) is a dimensionless367

factor calculated as [67]368

ζ =
10ψ(1 + ψ3)

−ψ6 + 5ψ2 − 9ψ + 5
(18)

where ψ = Rb/ρ is the ratio between the radii of the bubble and of the cell.369

The present model for vacancy absorption/emission at intra-granular bubbles is370

a reformulation of the Speight and Beere model for behavior at grain boundaries371

of bubbles of circular projection (2D problem) [56,65]. In particular, Eqs. 17, 18372

represent the equivalent model for vacancy absorption/emission at spherical373

bubbles in the bulk (3D problem). The different dimensionality of the problem374

yields a different expression for ζ relative to [65]. Eq. 18 was first derived in [67]375

for the problem of pore growth in the UO2 high burnup structure.376

2The radius of the Wigner-Seitz cell is determined from the relationship 4/3 πNρ3 = 1.
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Considering a rearranged formulation of the van der Waals equation of state3
377

and Eq. 16, the pressure of the gas in the bubble is378

p =
kT

Ω
η (19)

where η (/) is the ratio between n̄ and niv.379

The intra-granular bubble radius is380

Rb =
3

√
3Vb
4π

(20)

Finally, the fractional volume change due to intra-granular fission gas swelling381

is calculated as382

(
∆V

V

)
ig

= VbN (21)

3.2. Inter-granular model383

The inter-granular component of the model for fission gas behavior in U3Si2 is384

based on the model originally developed for UO2 in [30,68], assuming that the385

same qualitative assumptions for gas behavior at grain boundaries apply to386

UO2 and U3Si2. In particular, we consider the development of a population of387

lenticular bubbles at grain faces, bubble coalescence during bubble growth, and388

fission gas release following saturation of the grain boundaries [30,56]. These389

similarities to UO2 appear coherent when considering that both materials ex-390

hibit a polycrystalline structure under LWR conditions. They are also corrob-391

orated by the evidence from the metallographic images of U3Si2 irradiated at392

power reactor temperatures from [13].393

The inter-granular model allows for the concurrent calculation of fission gas394

swelling due to grain-boundary bubbles and FGR through a direct description395

of bubble evolution [30]. The main features of the model are the following.396

The absorption rate of gas at the grain-boundary bubbles is assumed to equal397

the arrival rate of gas at the grain boundaries [56,69]. An initial number density398

of grain-boundary bubbles, Ngf,0, is considered, and further nucleation during399

the irradiation is neglected (one-off nucleation, e.g., [56]). All grain-boundary400

bubbles are considered to have, at any instant, equal size and equal lenticular401

shape of circular projection. The flux of gas atoms from the grain boundaries to402

the grain interior by irradiation-induced re-solution of grain-boundary bubbles403

is neglected, in line with [30,70]. Grain-boundary bubble growth (or shrinkage)404

by inflow of gas atoms from within the grains and concomitant absorption (or405

3For xenon, the actual van der Waals equation of state can be reduced to Eq. 19, neglecting
the pressure correction due to xenon covolume (e.g., [25]).
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emission) of vacancies from the grain boundaries is considered. The bubble406

growth/shrinkage rate is calculated as407

dVgf
dt

= ω
dng
dt

+ Ω
dnv
dt

(22)

where Vgf (m3) is the bubble volume, ω (m3) the van der Waals’ volume of a408

fission gas atom, ng (/) the number of fission gas atoms per bubble, Ω (m3)409

the atomic (vacancy) volume in the bubble, and nv (/) the number of vacan-410

cies per bubble. The gas atom inflow rate at the bubble, dng/dt , is obtained411

from Eq. 14. The vacancy absorption/emission rate at the bubble, dnv/dt , is412

calculated using the model of Speight and Beere [65]413

dnv
dt

=
2πDv

gbδgb

kTS
(p− peq) (23)

where Dv
gb (m2s−1) is the vacancy diffusion coefficient along grain boundaries,414

δgb (m) the thickness of the diffusion layer in grain boundaries, and the param-415

eter S (-)4 depends on the fraction of grain faces covered by bubbles (fractional416

coverage) as detailed in [56]. The pressure of the gas in the bubble, p (Pa), is417

calculated based on the van der Waals equation of state as [56]418

p =
kT

Ω

ng
nv

(25)

The mechanical equilibrium pressure, peq (Pa), is given by the sum of the bubble419

surface tension force and the hydrostatic stress in the surrounding medium420

(analogous to Eq. 15). Given the volume (Eq. 22) of a lenticular bubble of421

circular projection, the bubble radius of curvature is422

Rgf =

(
3Vgf

4πϕ (θ)

) 1/3

(26)

where ϕ = 1−1.5cos (θ)+0.5cos3 (θ) is the geometric factor relating the volume423

of a lenticular bubble to that of a sphere, and θ is the bubble semi-dihedral angle.424

Grain-boundary bubble coalescence is described using an improved model425

of White [30,56]. The variation rate due to coalescence of the bubble number426

4As mentioned above, the parameter S depends on the geometrical representation of the
emission/absorption phenomena. For behavior on a surface (grain boundary), the expression
for S reads [56]

S = −
(3 − Fc)(1 − Fc) + 2 lnFc

4
(24)

Where Fc = NgfAgf (-) is the fractional coverage. Equation 24 is conceptually identical to
Eq. 18, but considers an emission/absorption process constrained to a 2D geometry.
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density, Ngf (m−2), is calculated as a function of the variation rate of the427

bubble projected area on the grain face, Agf = πR2
gf (m2). More details are428

given in [30]. A lower limit Ngf,low = 1010 m−2 is set.429

Under the above assumptions, the fractional fuel volume change due to grain-430

boundary fission gas swelling is calculated at each time step as431

∆V

V
=

1

2

3

rgr
NgfVgf (27)

where V (m3) is the fuel volume, rgr (m) the grain radius, and 3/rgr represents432

the grain surface to volume ratio.433

Thermal FGR is modeled based on a principle of grain face saturation. More434

precisely, after the fractional coverage attains a saturation value, Fc,sat, further435

bubble growth is compensated by gas release in order to maintain the constant436

coverage condition437

dFc

dt
=

d (NgfAgf )

dt
= 0 if Fc = Fc,sat (28)

In the absence of specific experimental data for the saturation coverage in438

U3Si2, we choose Fc,sat = π/4 , which corresponds to the theoretical, geometri-439

cal interlinkage condition for uniformly arranged bubbles of circular projection.440

This value has been used also for UO2 [71], although more recent models gener-441

ally adopt a lower value of 50% that is based on the empirical evidence available442

for UO2 [56]. A specific investigation of the saturation coverage in U3Si2, e.g., by443

means of meso-scale techniques such as phase field modeling, would be useful to444

provide a more accurate saturation threshold. This improvement is being pur-445

sued in the near future. Also, at this stage, the model does not take into account446

the effect of as-fabricated porosity in fission gas behavior, i.e., gas trapping at447

fabrication pores.448

Note that fission gas release and swelling are described as inherently coupled449

phenomena, as fission gas release from the grain faces counteracts bubble growth450

and thereby fission gas swelling.451

3.3. Values for the model parameters452

Nominal values and correlations used for the parameters of the model pre-453

sented in Sections 3.1 and 3.2 are summarized in Table 2. These values are454

based either on the lower-length scale calculations performed in the present455

work (Section 2) or on information available from the literature. As signifi-456

cant uncertainties still exist in many of the parameters, a sensitivity analysis is457

performed in Section 5.458

The adopted single gas atom diffusion coefficient, D is the one for the mi-459

gration of Xe in a U (U 2a) vacancy assisted by a second U 2a vacancy along460

the c axis of the ideal U3Si2 unit cell. Indeed, this is the dominant mechanism461

over the temperatures of interest for LWR applications, as it is associated with462
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Table 2: Values adopted for the parameters of the models.

Symbol Value or expression Reference

D D0 exp(− ∆Ha/kT ) Section 2.1 and Ref. [35]

D0 = 5.91 · 10−6 m2 s−1

∆Ha = 4.41 · 10−19 J
fn 10−4 e.g., Veshchunov [72]

α0 2.80 · 10−25

(
5 · 10−10

R
b

)0.23

m−3 Section 2.2

γ 1.16 J m−2 Miao et al. [27,73]

Dv
ig Dv

ig,0 exp
(
− ∆Hv

a,ig

/
kT
)

Section 2.1 and Ref. [35]

Dv
ig,0 = 3.35 · 10−6 m2 s−1

∆Ha = 4.63 · 10−19 J
Ω 4.09 · 10−29 m3 Kogai [71]
ω 8.5 · 10−29 m3 -
Dv

gb 106 ·Dv
ig Olander and Van Uffelen [69]

δgb 5 · 10−10 m Kogai [71]
θ 50◦ Assumption

a larger diffusivity compared to the other processes, as discussed in Section 2.1.463

For analogous reasons, for the intra-granular vacancy diffusion coefficient, Dv
ig,464

we chose the one for the U (U 2a) vacancy diffusion along the c-axis.465

The nucleation factor, fn, represents a sort of nucleation efficiency, i.e. the466

probability that, after impinging, two atoms actually form a dimer. For this467

parameter, we adopt a value within the accepted range for UO2, e.g. [72]. In-468

deed, the nucleation factor is one of the most uncertain parameters (even for469

UO2), and specific information for U3Si2 is missing. Investigation of the impact470

of this parameter on the results is included in the sensitivity analysis presented471

in Section 5.472

To the best of our knowledge, no values for the grain-boundary vacancy diffu-473

sion coefficient, Dv
gb, for U3Si2 under LWR conditions are available at this time.474

As a preliminary approach, we choose to employ the intra-granular vacancy dif-475

fusion coefficient derived in Section 2.1 and reported in Table 2, multiplied by476

a scaling factor equal to 106. The magnitude of the scaling factor is related477

to atomic jump frequencies at grain boundaries, which are roughly 106 times478

higher than jump frequencies for lattice atoms [69].479

For the semi-dihedral angle of grain-boundary bubbles, we tentatively use a480

value of 50◦, commonly accepted for UO2 (e.g., [56]). Using a specific U3Si2 value,481

which can be derived from recent molecular dynamics calculations of grain482

boundary and surface energies in [74], is planned for the near future.483
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4. Irradiation experiment simulation484

In this Section, we present and discuss the simulation of the U3Si2 irradiation485

experiment from Shimizu [13]. To the best of the authors’ knowledge, this is486

the only in-pile experiment on U3Si2 fuel under temperatures and irradiation487

conditions compatible with commercial LWRs and whose details and data are488

available in the open literature. The simulation is intended to demonstrate489

a physically meaningful representation of fission gas behavior of U3Si2 under490

LWR conditions with the model presented in Section 3. The more substantial491

validation of the model will require a larger amount of experimental data and492

will be the subject of future work as new experiments are performed, e.g., in493

the framework of the AFC.494

4.1. Description of the analyzed experiment495

The considered experiment, referred to as AI-7-1 [13], was performed by496

Atomics International to determine U3Si2 irradiation behavior characteristics,497

i.e., dimensional stability and fission gas release. The irradiation involved a498

single fuel rod. The fuel column (H30.5 cm, �0.889 cm) was made of six slugs499

of 10% 235U enriched, slightly hypo-stoichiometric U3Si2. The cladding was500

stainless steel (SS 304) and the gap between the fuel and the cladding was filled501

with sodium to provide efficient heat transfer. The fuel was irradiated to a502

maximum average burnup of 7.3 GWd tU−1 at a power of 46 kW m−1 with a503

maximum center and surface temperatures of 1230 K and 970 K, respectively.504

In particular, in this work we focus on one of the slugs composing the fuel505

column, labelled as specimen #14, whose irradiation conditions are summarized506

in Table 3. We chose to focus on this slug for several reasons:507

• The specimen did not crack under irradiation, allowing for a higher pre-508

cision in determining the dimensional changes of the fuel.509

• The thermocouple installed near the slug exhibited a stable behavior510

throughout the irradiation, enabling a proper estimation of local fuel tem-511

perature.512

• After irradiation, the slug was sectioned and a metallographic image in513

the fuel central region was taken. Based on this metallographic image,514

an estimation of local fuel swelling due to fission gas bubbles was possible515

and has been performed [75].516

Detailed post-irradiation examinations (PIE), have been produced during the517

experimental campaign. Those data have been complemented by recent image518

analyses to determine gaseous swelling and grain size [75]. The original PIE data519

reported by Shimizu on specimen #14, together with the recent data from image520

analysis according to [75], are reported in Table 4. This first set of experimental521

data is used here for comparison with model calculations.522
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Table 3: Irradiation conditions for the fuel slug labelled specimen #14 from the AI-7-1
irradiation experiment.

Irradiation conditions

Fresh fuel stoichiometry (wt.%) 7.08
Linear heat rate (kW m−1) 37.4
Burnup (GWd tU−1) 6.0
Average centerline temperature (K) 1050
Average surface temperature (K) 850

Table 4: Post-irradiation examination and image analysis results for fuel slug #14
from the AI-7-1 irradiation experiment [13].

Quantity Value Reference

Final local fuel stoichiometry (wt.%) 6.79 [13]
Overall density variation (%) -12.6 [13]
Specimen length variation (%) 3.0 [13]
Specimen diameter variation (%) 3.0 [13]
Fission gas release (%) 2.6 [13]

Final grain radius, 3D (µm) 28±7 [75]
Intra-granular gaseous swelling (%) 2.9 [75]
Inter-granular gaseous swelling (%) 9.2 [75]

4.2. Setup of calculations523

We performed the calculations using a stand-alone C++ code for the fission524

gas behavior model presented in Section 3. The irradiation conditions applied525

in our simulation are coherent with those reported in [13] and summarized in526

Table 3. In particular, we performed a local analysis for the centerline portion527

of the specimen, where local experimental data from image analysis [75] are528

available. Local temperature considered for the simulation is 1050 K (Table 3).529

4.3. Results and discussion530

In Figure 3, we compare the results of our simulations in terms of fission gas531

release and gaseous swelling to the experimental data. FGR is defined as the532

ratio of the released to generated gas, whereas gaseous swelling is calculated as533

defined in Section 3 and is the sum of the intra- and inter-granular contributions.534

FGR (dashed-blue line) exhibits an incubation behavior [76], with no release535

being observed until the grain-boundary bubble coverage attains a saturation536

level. Also, as fission gas swelling and release are described as inherently coupled537

in the model (Section 3.2), a change of the swelling rate can be observed at the538

onset of FGR. In particular, the swelling rate is reduced by loss of gas from539

the grain faces as FGR takes place. The agreement between calculations and540

the experimental results appears reasonable for a preliminary model. Note that541
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the FGR comparison is not fully consistent, as the calculation refers to the542

centerline (hottest) portion of the specimen only. As expected, FGR is thus543

over-estimated.544

In Figure 4, we report results specific to the intra-granular model (Sec-545

tion 3.1). In particular, the calculated number density and radius of intra-546

granular fission gas bubbles are shown. The results point out a lower number547

density and a higher radius of intra-granular bubbles compared to UO2 under548

operational LWR conditions (e.g., [57,62]). This appears consistent with the549

metallographic images from [13] and with the higher diffusivities of gas atoms550

and vacancies in U3Si2 compared to UO2 as indicated by the lower-length scale551

calculations performed in this work (Section 2).552

Figure 5 reports results specific to the inter-granular model (Section 3.2).553

In Figure 5a, we report the time-evolution of the areal number density and ra-554

dius of curvature of grain-boundary fission gas bubbles. The decrease in the555

bubble density is due to the progressive bubble coalescence during growth. Cor-556

respondingly, the bubble radius increases. The evolution during irradiation of557

grain-boundary fractional coverage and grain-boundary swelling are illustrated558

in Figure 5b. FGR commences at the attainment of saturation coverage (see559

Fig. 3), and the swelling rate correspondingly decreases.560

5. Sensitivity analysis561

The irradiation experiment simulation presented in Section 4 is comple-562

mented with a sensitivity analysis aimed at assessing the impact on the sim-563

ulation results of the model parameters. This sensitivity analysis is essential564

for at least two reasons: (i) in view of the lack of data for U3Si2, in the selec-565

tion of some parameters (i.e., nucleation factor, diffusion coefficient of vacancies566

at grain boundaries, inter-granular bubbles dihedral angle) assumptions were567

made; (ii) a sensitivity analysis can provide guidance for future research on568

characterization of the physical mechanisms and the associated engineering pa-569

rameters, including both experimental and lower-length scale modeling efforts.570

In this Section, we present the methodology employed for the sensitivity analysis571

and discuss the results obtained.572

The parameters considered in the sensitivity analysis are reported in Table 5573

along with the considered nominal values and ranges of variation.574

We performed the analysis for various temperatures, i.e., from 800 to 1200 K575

at intervals of 50 K. For the other boundary conditions (including irradiation576

time, fission rate, grain size) we adopted the same as in Section 4. For each one577

of the considered temperatures, we performed 10,000 simulations, randomly578

sampling the scaling factors in the ranges specified in Table 5, i.e., adopting a579

Monte Carlo approach. Uniform distributions were assumed for the parameters.580

The tool employed to carry out the sensitivity analysis is the RAVEN statistical581

analysis framework [77,78], developed at INL. Considered figures of merit for582

the analysis are calculated fission gas release, intra-granular swelling and inter-583

granular swelling.584
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Table 5: Parameters considered in the sensitivity analysis and corresponding ranges
of variation.

Parameter Nominal value Scaling factor range

Intra-granular diffusion coefficient, 5.91 · 10−6 exp
(
− 4.41 · 10−19

/
kT
)

[0.1; 10]
atoms (m s−2)
Intra-granular diffusion coefficient, 3.35 · 10−6 exp

(
− 4.63 · 10−19

/
kT
)

[0.1; 10]
vacancies (m s−2)
Nucleation factor (/) 10−4 [10−5; 102]

Re-solution rate (s−1) 2.80 · 10−25

(
5 · 10−10

R
b

)0.23

· Ḟ [0.1; 10]

U3Si2/gas specific surface energy (J m−2) 1.16 [0.5; 1.5]

Inter-granular diffusion coefficient, 106 ·Dv
ig [10−2; 102]

vacancies (m s−2)
Inter-granular bubbles 2 · 1012 [10−3; 103]
initial number (bbl m−2)
Inter-granular bubbles dihedral angle (deg) 50 [0.5; 1.5]

Saturation coverage of grain faces (/) π/4 [
2

π
; 1]

In Figures 6-8, we report the results of the sensitivity analysis in terms of585

Pearson correlation coefficient and normalized sensitivity coefficient on the three586

selected outputs, namely fission gas release, intra- and inter-granular swelling.587

The Pearson coefficient indicates how strong the correlation of a certain parame-588

ter is with respect to the chosen figure of merit, while the normalized sensitivity589

coefficient provides a measure of the relative variation of the figure of merit with590

respect to the variation of a specific parameter.591

The re-solution rate and the intra-granular nucleation factor exhibit a strong592

correlation with FGR (Figure 6) on all the considered temperature range, being593

characterized by the highest Pearson coefficient. However, only the re-solution594

rate is associated with an appreciable sensitivity coefficient. Results suggests595

that the choice of the nucleation factor, which involved a strong assumption596

based on the experience on UO2, has a low impact on the calculation.597

As shown in Figure 7, the calculated intra-granular swelling results are598

mostly sensitive to the re-solution rate and specific surface energy, while the599

dominant parameters for the calculated inter-granular swelling (Figure 8) are600

the grain-boundary bubbles dihedral angle and saturation coverage. The esti-601

mation of the saturation coverage in U3Si2 through phase field techniques or602

experimental measurements, complemented by the recent molecular dynamics603

calculations for grain boundary and surface energies [74], will be used to improve604

the presented inter-granular model in the near future.605

In Figure 9, we show the sensitivity coefficients calculated at the same tem-606

perature as the simulation in Section 4, i.e., 1050 K. It is noted that the vacancy607

diffusion coefficients are associated with low sensitivity coefficients, indicating608

that both intra- and inter-granular bubbles rapidly reach the equilibrium pres-609

sure and size (Section 3) due to the high mobility of vacancies in U3Si2.610
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6. Conclusions611

In this work, we presented a model for fission gas behavior in U3Si2 un-612

der LWR conditions. The model includes components for intra-granular and613

grain-boundary behavior of fission gases and describes the evolution of fission614

gas bubbles within the grains and at grain boundaries, intra-granular gas atom615

diffusion, and fission gas release. In order to fill the gap in the experimental data616

available for U3Si2 under LWR conditions, we adopted a multiscale approach617

whereby lower-length scale modeling for the parameters is used to inform the618

engineering scale calculation. In particular, we derived the intra-granular single619

gas atom diffusion coefficient and point defect properties through DFT calcu-620

lations, and the re-solution parameter through BCA calculations. The model621

was applied to the simulation of an experiment for U3Si2 at power reactor622

temperatures available in the literature, pointing out a physically meaningful623

representation of fission gas swelling and release. Moreover, we carried out a624

sensitivity analysis to assess the importance of various model parameters in the625

calculated fission gas swelling and release. On the one hand, the saturation626

coverage of grain faces, the re-solution parameter, and the U3Si2/gas specific627

surface energy emerged as a set of high-priority parameters to be further inves-628

tigated. On the other, the sensitivity analysis indicated that some of the most629

uncertain parameters of the model, i.e. the intra-granular nucleation factor630

and the grain-boundary vacancy diffusion coefficient, are associated with weak631

Pearson and sensitivity coefficients over the considered temperature range.632

We conclude that the work (i) demonstrated an operational multiscale mod-633

eling approach for fission gas behavior in U3Si2, (ii) provided a modeling frame-634

work with a promising potential for the calculation of fission gas swelling and635

release in U3Si2 under LWR conditions for engineering fuel analysis, and (iii)636

provided indications that can help addressing future research on the charac-637

terization of the parameters through a sensitivity analysis. The model can be638

progressively improved as new data become available from theoretical and ex-639

perimental research.640

The model of fission gas behavior in U3Si2 presented in this paper is currently641

available in the BISON fuel performance code of Idaho National Laboratory.642

Further developments of the presented FGB model for U3Si2 under LWR con-643

ditions should include a refinement of the considered physical processes involved644

in determining the intra-granular gas behavior, e.g. considering the impact of645

thermal re-solution and, in case, accounting for it. Furthermore, exploiting new646

atomistic and meso-scale modeling results in order to account for irradiation-647

driven lattice diffusion of fission gas atoms, include improved estimations for648

the grain-boundary bubble coverage at saturation and for grain-boundary and649

surface energies, is envisaged.650
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Irradiations with LEU–Plates at KFA Jülich, in: Proc. of the Int. Meeting688

on Reduced Enrichment Fuels for Research and Test Reactors, San Diego,689

California, USA, 19–22 September, 1988.690

22



[10] M. Ugajin, M. Akabori, A. Itoh, H. Someya, T. Nakagawa, K. Ohsawa,691

Capsule Irradiation Tests of U-Si and U-Me (Fe,Ni,Mn) Alloys for Use in692

Research Reactors, in: Proc. of the Int. Meeting on Reduced Enrichment693

Fuels for Research and Test Reactors, Oarai, Ibaraki, Japan, October, 1993.694

[11] D. Sears, M. Primeau, C. Buchanan, D. Rose, Post-Irradiation Examination695

Of Prototype Al-64 wt% U3Si2 Fuel Rods from NRU , in: Proc. of the Int.696

Meeting on Reduced Enrichment Fuels for Research and Test Reactors,697

Williamsburg, Virginia, USA, 18–23 September, 1994.698

[12] A. Leenaers, S. Van Den Berghe, E. Koonen, P. Jacquet, C. Jarousse,699

B. Guigon, A. Ballagny, L. Sannen, Microstructure of U3Si2 fuel plates700

submitted to a high heat flux, Journal of Nuclear Materials 327 (2-3) (2004)701

121–129.702

[13] H. Shimizu, The properties and irradiation behavior of U3Si2, Tech. Rep.703

NAA-SR-10621, Atomics International (1965).704

[14] J. M. Harp, F. Cappia, Accident Tolerant Fuels (ATF-1) Irradiation Tests:705

overview of the ongoing post-irradiation examinations, in: 2018 ANS An-706

nual Meeting, Philadelphia, USA, 2018.707

[15] G. Hofman, Crystal structure stability and fission gas swelling in inter-708

metallic uranium compounds, Journal of Nuclear Materials 140 (3) (1986)709

256–263.710

[16] R. Birtcher, J. Richardson Jr, M. Mueller, Amorphization of U3Si by ion or711

neutron irradiation, Journal of Nuclear Materials 244 (3) (1997) 251–257.712

[17] M. R. Finlay, G. L. Hofman, J. L. Snelgrove, Irradiation behaviour of ura-713

nium silicide compounds, Journal of Nuclear Materials 325 (2-3) (2004)714

118–128.715

[18] R. C. Birtcher, J. W. Richardson, M. H. Mueller, Amorphization of U3Si2716

by ion or neutron irradiation, Journal of Nuclear Materials 230 (2) (1996)717

158–163.718

[19] Y. S. Kim, G. L. Hofman, J. Rest, A. B. Robinson, Temperature and719

dose dependence of fission-gas-bubble swelling in U3Si2, Journal of Nuclear720

Materials 389 (3) (2009) 443–449.721

[20] Y. Miao, J. Harp, K. Mo, S. Bhattacharya, P. Baldo, A. M. Yacout, Short722

Communication on ”In-situ TEM ion irradiation investigations on U3Si2 at723

LWR temperatures”, Journal of Nuclear Materials 484 (2017) 168–173.724

[21] Y. Miao, J. Harp, K. Mo, S. Zhu, T. Yao, J. Lian, A. M. Yacout, Bubble725

morphology in U3Si2 implanted by high-energy Xe ions at 300 ◦C, Journal726

of Nuclear Materials 495 (2017) 146–153.727

23



[22] Y. Miao, J. Harp, K. Mo, S. Zhu, T. Yao, A. M. Yacout, Bubble morphology728

in U3Si2 implanted by high-energy Xe ions at 600 ◦C, Journal of Nuclear729

Materials (2017) 1–9.730

[23] T. Yao, B. Gong, L. He, J. Harp, M. Tonks, J. Lian, Radiation-induced731

grain subdivision and bubble formation in U3Si2 at LWR temperature,732

Journal of Nuclear Materials 498 (2018) 169–175.733

[24] T. Yao, B. Gong, L. He, Y. Miao, J. M. Harp, M. Tonks, J. Lian, In-situ734

TEM study of the ion irradiation behavior of U3Si2 and U3Si5, Journal of735

Nuclear Materials 511 (2018) 56 – 63.736

[25] D. R. Olander, Fundamental Aspects of Nuclear Reactor Fuel Elements,737

Technical Information Center – Energy Research and Development Ad-738

ministration, University of California, Berkeley, CA, USA, 1976.739

[26] J. Rest, A model for fission-gas-bubble behavior in amorphous uranium740

silicide compounds, Journal of Nuclear Materials 325 (2004) 107–117.741

[27] Y. Miao, K. A. Gamble, D. Andersson, B. Ye, Z. G. Mei, G. Hofman, A. M.742

Yacout, Gaseous swelling of U3Si2 during steady-state LWR operation: A743

rate theory investigation, Nuclear Engineering and Design 322 (2017) 336–744

344.745

[28] J. Rest, GRASS-SST: A Comprehensive Mechanistic Model for the Predic-746

tion of Fission-Gas Behavior in UO2–Base Fuels during Steady-State and747

Transient Conditions, Tech. Rep. ANL-78-53 (1978).748

[29] R. L. Williamson, J. D. Hales, S. R. Novascone, M. R. Tonks, D. R. Gaston,749

C. J. Permann, D. Andrs, R. C. Martineau, Multidimensional multiphysics750

simulation of nuclear fuel behavior, Journal of Nuclear Materials 423 (2012)751

149–163.752

[30] G. Pastore, L. Luzzi, V. Di Marcello, P. Van Uffelen, Physics-based mod-753

elling of fission gas swelling and release in UO2 applied to integral fuel rod754

analysis, Nuclear Engineering and Design 256 (2013) 75–86.755

[31] M. Stan, Discovery and design of nuclear fuels, Materials Today 12 (11)756

(2009) 20–28.757

[32] E. Kotomin, Y. Mastrikov, S. Rashkeev, P. Van Uffelen, Implementing first758

principles calculations of defect migration in a fuel performance code for759

UN simulations, Journal of Nuclear Materials 393 (2) (2009) 292 – 299.760

[33] D. Andersson, P. Garcia, X.-Y. Liu, G. Pastore, M. Tonks, P. Millett,761

B. Dorado, D. Gaston, D. Andrs, R. Williamson, R. Martineau, B. Uberu-762

aga, C. Stanek, Atomistic modeling of intrinsic and radiation-enhanced fis-763

sion gas (Xe) diffusion in UO2±x: Implications for nuclear fuel performance764

modeling, Journal of Nuclear Materials 451 (1) (2014) 225 – 242.765

24



[34] M. R. Tonks, X. Y. Liu, D. Andersson, D. Perez, A. Chernatynskiy, G. Pa-766

store, C. R. Stanek, R. Williamson, Development of a multiscale thermal767

conductivity model for fission gas in UO2, Journal of Nuclear Materials 469768

(2016) 89–98.769

[35] D. Andersson, X.-Y. Liu, B. Beeler, S. Middleburgh, A. Claisse, C. Stanek,770

Density functional theory calculations of self- and Xe diffusion in U3Si2,771

Journal of Nuclear Materials 515 (2019) 312 – 325.772

[36] G. Kresse, J. Furthmller, Efficiency of ab-initio total energy calculations773

for metals and semiconductors using a plane-wave basis set, Computational774

Materials Science 6 (1) (1996) 15 – 50.775

[37] G. Kresse, D. Joubert, From ultrasoft pseudopotentials to the projector776

augmented-wave method, Phys. Rev. B 59 (1999) 1758–1775.777

[38] S. L. Dudarev, D. Nguyen Manh, A. P. Sutton, Effect of Mott-Hubbard778

correlations on the electronic structure and structural stability of uranium779

dioxide, Philosophical Magazine B 75 (5) (1997) 613–628.780

[39] M. J. Noordhoek, T. M. Besmann, D. A. Andersson, S. C. Middleburgh,781

A. Chernatynskiy, Phase equilibria in the U-Si system from first-principles782

calculations, Journal of Nuclear Materials 479 (2016) 216 – 223.783

[40] S. Middleburgh, R. Grimes, E. Lahoda, C. Stanek, D. Andersson, Non-784

stoichiometry in U3Si2, Journal of Nuclear Materials 482 (2016) 300 – 305.785

[41] G. Mills, H. Jnsson, G. K. Schenter, Reversible work transition state theory:786

application to dissociative adsorption of hydrogen, Surface Science 324 (2)787

(1995) 305 – 337.788

[42] D. A. Andersson, B. P. Uberuaga, P. V. Nerikar, C. Unal, C. R. Stanek, U789

and Xe transport in UO2±x: Density functional theory calculations, Phys.790

Rev. B 84 (2011) 054105.791

[43] R. S. Nelson, The stability of gas bubbles in an irradiation environment,792

Journal of Nuclear Materials 31 (2) (1969) 153–161.793

[44] J. A. Turnbull, The distribution of intragranular fission gas bubbles in UO2794

during irradiation, Journal of Nuclear Materials 38 (2) (1971) 203–212.795

[45] H. Blank, Properties of fission spikes in UO2 and UC due to electronic796

stopping power, Physica Status Solidi (a) 10 (2) (1972) 465–478.797

[46] H. Blank, H. Matzke, The effect of fission spikes on fission gas re-solution,798

Radiation Effects 17 (1-2) (1973) 57–64.799

[47] C. Ronchi, P. T. Elton, Radiation re-solution of fission gas in uranium800

dioxide and carbide, Journal of Nuclear Materials 140 (3) (1986) 228–244.801

25



[48] C. Matthews, D. Schwen, A. C. Klein, Radiation re-solution of fission gas802

in non-oxide nuclear fuel, Journal of Nuclear Materials 457 (C) (2015) 273–803

278.804

[49] D. C. Parfitt, R. W. Grimes, Predicted mechanisms for radiation enhanced805

helium resolution in uranium dioxide, Journal of Nuclear Materials 381 (3)806

(2008) 216–222.807

[50] D. Schwen, M. Huang, P. Bellon, R. S. Averback, Molecular dynamics sim-808

ulation of intragranular Xe bubble re-solution in UO2, Journal of Nuclear809

Materials 392 (1) (2009) 35–39.810

[51] K. Govers, C. L. Bishop, D. C. Parfitt, S. E. Lemehov, M. Verwerft, R. W.811

Grimes, Molecular dynamics study of Xe bubble re-solution in UO2, Journal812

of Nuclear Materials 420 (1-3) (2012) 282–290.813

[52] J. F. Ziegler, J. P. Biersack, The Stopping and Range of Ions in Matter,814

in: Treatise on Heavy-Ion Science, Springer US, Boston, MA, 1985, pp.815

93–129.816

[53] R. J. White, M. O. Tucker, A new fission-gas release model, Journal of817

Nuclear Materials 118 (1) (1983) 1–38.818

[54] K. Forsberg, A. R. Massih, Fission gas release under time-varying condi-819

tions, Journal of Nuclear Materials 127 (1985) 141–145.820

[55] A. R. Massih, K. Forsberg, Calculation of grain boundary gaseous swelling821

in UO2, Journal of Nuclear Materials 377 (2008) 406–408.822

[56] R. J. White, The development of grain-face porosity in irradiated oxide823

fuel, Journal of Nuclear Materials 325 (2004) 61–77.824

[57] D. Pizzocri, G. Pastore, T. Barani, A. Magni, L. Luzzi, P. V. Uffelen,825

S. Pitts, A. Alfonsi, J. Hales, A model describing intra-granular fission gas826

behaviour in oxide fuel for advanced engineering tools, Journal of Nuclear827

Materials 502 (2018) 323 – 330.828

[58] C. F. Clement, M. H. Wood, Proc. R. Soc. London A368 (1979) 521.829

[59] M. Fell, S. M. Murphy, The nucleation and growth of gas bubbles in irra-830

diated metals, Journal of Nuclear Materials 172 (1990) 1–12.831

[60] F. S. Ham, Theory of diffusion-limited precipitation, Journal of Physics832

and Chemistry of Solids 6 (1958) 335–351.833

[61] J. Rest, G. L. Hofman, An alternative explanation for evidence that xenon834

depletion, pore formation, and grain subdivision begin at different local835

burnups, Journal of Nuclear Materials 277 (2000) 231–238.836

[62] D. R. Olander, D. Wongsawaeng, Re-solution of fission gas – A review: Part837

I. Intragranular bubbles, Journal of Nuclear Materials 354 (2006) 94–109.838

26



[63] J. Spino, J. Rest, W. Goll, C. Walker, Matrix swelling rate and cavity839

volume balance of UO2 fuels at high burn-up, Journal of Nuclear Materials840

346 (2) (2005) 131 – 144.841

[64] G. Pastore, D. Pizzocri, C. Rabiti, T. Barani, P. Van Uffelen, L. Luzzi, An842

effective numerical algorithm for intra-granular fission gas release during843

non-equilibrium trapping and resolution, Journal of Nuclear Materials 509844

(2018) 687–699.845

[65] M. V. Speight, W. Beere, Vacancy potential and void growth on grain846

boundaries, Metal Science 9 (1975) 190–191.847

[66] P. Van Uffelen, Contribution to the modelling of fission gas release in light848

water reactor fuel, Ph.D. thesis, University of Liège, Belgium (2002).849
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Figure 1: Xe diffusion mechanism in U3Si2 involving a Xe atom in a uranium vacancy
trap site and a second uranium vacancy assisting diffusion in the c direction. The
red arrow indicates the migration step of the Xe atom, but the rate-limiting step
corresponds to diffusion of the assisting uranium vacancy from one side of the cluster
to the other as shown by green arrows.

Figure 2: Sketch of the mechanisms of cluster dynamics considering (a) homogeneous
and (b) heterogeneous re-solution.
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Figure 3: FGR and total gaseous swelling as a function of irradiation time for specimen
# 14 of the AI-7-1 experiment. Calculation results and experimental data are included.
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Figure 4: Calculated volumetric number density and radius of intra-granular (IG)
bubbles as a function of irradiation time for specimen # 14 of the AI-7-1 experiment.
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Figure 5: Calculated areal number density and radius of curvature (a) of grain-
boundary (GB) bubbles as a function of time for specimen # 14 of the AI-7-1 ex-
periment. Grain-boundary fractional coverage and swelling (b) as a function of time.
The saturation fractional coverage of π/4 [71] is also reported.
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Figure 6: Pearson coefficient (a) and normalized sensitivity coefficient (b) of the se-
lected parameters to fission gas release at various temperatures.
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Figure 7: Pearson coefficient (a) and normalized sensitivity coefficient (b) of the se-
lected parameters to intra-granular gaseous swelling at various temperatures.
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Figure 8: Pearson coefficient (a) and normalized sensitivity coefficient (b) of the se-
lected parameters to inter-granular gaseous swelling at various temperatures.
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