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Introduction

Most present-day commercial Light Water Reactor (LWR) nuclear fuels consist of hermetical zirconium alloy cladding tubes filled with sintered cylindrical UO 2 fuel pellets characterized by a granular structure. Approximately 30% of the fission products created during normal operation are noble gases (xenon and krypton) that dissolve poorly in the UO 2 matrix [START_REF] Olander | Fundamental Aspects of Nuclear Reactor Fuel Elements[END_REF][START_REF] Cacuci | Handbook of Nuclear Engineering[END_REF]; they therefore migrate out of the matrix into pre-existing pores, form bubbles inside and on the boundary of UO 2 grains, or ultimately escape to the fuel-to-cladding gap and plenum. The presence of gaseous fission products in the UO 2 fuel is detrimental to the thermomechanical properties of the fuel [START_REF] Olander | Fundamental Aspects of Nuclear Reactor Fuel Elements[END_REF]. Furthermore, the release of gaseous fission products from the fuel pellets to the gap is a safety issue for two reasons: fission gases degrade the thermal conductivity of the gap, leading to an increase of fuel center temperature and by positive feed-back to further fission gas release (FGR), as illustrated in Fig. 1, which increases the inner pressure exerted onto the cladding. Second, the fuel pellet is the first barrier preventing the release of fission products to the environment; it is therefore desirable that it retains as much gas as possible. The above reasons make it necessary to better understand gaseous fission product transport and release and possibly enable changes that minimize the escape of fission gases from the pellets to the gap and plenum.

Gas release occurs within UO 2 fuel through three stages: first, transport of gas atoms through the bulk of the grain; second, grain face bubble nucleation, growth and interconnection with grain edge bubbles; third, the transport of gas through interconnected grain edge tunnels to free surfaces for release. Fig. 2 illustrates the differences between grain faces and edges, and their corresponding fission gas bubbles. In addition, some gas release can occur due to non-diffusion-based mechanisms. Empirically based and simplified mechanistic models of bulk experiments have been used for decades to predict fission gas release. However, state-of-the-art computational techniques and specific experiments aimed at providing physical parameters to mechanistic models that account for the various stages of gas release have given rise to a multi-scale approach to understanding this behavior. Even with state-of-theart techniques, applying a multiscale approach to understand real fuel behavior is far from trivial.

The present paper is a critical review of the state-of-the art knowledge on the unit mechanisms of fission gas behavior. The scope of the work is restricted to the normal operating conditions and operational transients of commercial LWR UO 2 fuel up to medium burn-ups; the unique aspects of high burn-up will not be reviewed in this work. Special emphasis is given to simulation results and relevant experimental data and their relation to model parameters. In addition, key areas where experimental and simulation work is needed are identified.

Stage 1: gaseous fission production and transport in the bulk

Generation of fission gases

In LWR UO 2 fuels, fission gases are created from the fission of Fig. 1. Illustration of the three stages of diffusional fission gas release and the impact of fission gas release on fuel centerline temperature (taken from Ref. [START_REF] Pastore | Uncertainty and sensitivity analysis of fission gas behavior in engineering-scale fuel modeling[END_REF]). 235 U nuclei by thermal neutrons (with kinetic energy around 0.025 eV) and by the subsequent beta decay of the unstable nuclei created. The fission gases Kr and Xe are the most abundant gaseous elements created in LWR UO 2 fuel, with a total yield of around 0.3 atoms/fission; 12.7 wt% of all fission products are Xe and 1.1 wt% are Kr in a UO 2 LWR fuel element with 45 GWd/tU burn-up [START_REF] Bailly | Le combustible nucl eaire des r eacteurs a eau sous pression et des r eacteurs a neutrons rapides: conception et comportement[END_REF].

Of these two gaseous elements, Xe has the highest fission yield and is found in UO 2 LWR fuels with the following isotopic composition (half-life, yield) [START_REF] Katcoff | Fission-product Yields from Neutron-induced Fission[END_REF][START_REF] Lisman | Fission yields of over 40 stable and long-lived fission products for thermal neutron fissioned 233 U, 235 U, 239 Pu, and 241 Pu and fast reactor fissioned 235 U and 239 Pu[END_REF]: 129 Xe (stable, 0.8%), 131 Xe (stable, 2.93%), 132 Xe (stable, 4.38%), 134 Xe (stable, 8.06%) and 136 Xe (2.11 Â 10 21 years, 6.46%). Kr is found with the following isotopic composition (half-life, yield): 83 Kr (stable, 0.54%), 84 Kr (stable, 1.00%), 85 Kr (10.78 year, 0.29%) and 86 Kr (stable, 2.02%). The nuclear reactions leading to the formation of each isotope can be found in Ref. [START_REF] Katcoff | Fission-product Yields from Neutron-induced Fission[END_REF]. The most important fission gas isotopes with short halflives are 133 Xe (5.25 days) and 135 Xe (9.1 h). 135 Xe is easily transmuted into 136 Xe by capture of thermal neutrons, making 135 Xe a potent neutron-absorbing nuclear poison that can lower the fuel reactivity.

When predicting the quantity of fission gas released to the cladding or trapped in the fuel, it is critical to know the quantity of fission gas atoms produced by irradiation. This is typically computed using the expression y Ḟ, corresponding to the production rate of fission gas in a unit volume of fuel, with Ḟ the fission rate density of 235 U and y the total cumulative yield of the fission gas (y is usually assumed to be independent of irradiation time).

The 235 U fission rate for a given type and design of fuel can be obtained by neutron transport codes. These codes are coupled to nuclear databases, such as JEFF-3 (The Joint Evaluated Fission and Fusion File, OECD-NEA) [8] or ENDF (Evaluated Nuclear Data File, USA) [START_REF] Chadwick | ENDF/B-VII.1 nuclear data for science and technology: cross sections, covariances, fission product yields and decay data[END_REF], which contain fission cross sections and fission yield values. Fuel performance codes, such as ALCYONE [START_REF] Michel | Simulation of pelletcladding interaction with the pleiades fuel performance software environment[END_REF], MFPR [START_REF] Veshchunov | Development of the advanced mechanistic fuel performance and safety code using the multi-scale approach[END_REF], or BISON [START_REF] Williamson | Multidimensional multiphysics simulation of nuclear fuel behavior[END_REF], usually contain a simplified module (PRODHEL for ALCYONE [START_REF] Marelle | New developments in ALCYONE 2.0 fuel performance code[END_REF], BONUS for MFPR [START_REF] Veshchunov | An advanced model for grain face diffusion transport in irradiated UO2 fuel. Part 1: model formulation[END_REF]) for fission rate density calculations, validated against more accurate neutron transport codes [START_REF] Sanchez | APOLLO2 year 2010[END_REF]. The coupling of fuel performance and neutronics codes is still an area of active research [START_REF] Mer-Nkonga | Coupling of fuel performance and neutronic codes for PWR[END_REF][START_REF] Gaston | Physicsbased multiscale coupling for full core nuclear reactor simulation[END_REF].

Transport

The underlying timescale for fission gas evolution is determined by the diffusion rate of fission gas atoms in bulk UO 2 [1,18e28]. The release rate is further modified by interaction with the fuel microstructure, in particular the capture of gas atoms by intragranular bubbles and resolution of gas atoms from these bubbles due to the impact of fission fragments [START_REF] White | A new fission-gas release model[END_REF][START_REF] White | The development of grain-face porosity in irradiated oxide fuel[END_REF]. The latter effects are typically modeled based on a coupled set of rate equations that define an effective fission gas diffusion coefficient from the unperturbed bulk diffusion rate and the capture and resolution rates from bubbles [START_REF] White | A new fission-gas release model[END_REF][START_REF] White | The development of grain-face porosity in irradiated oxide fuel[END_REF][START_REF] Speight | A calculation on the migration of fission gas in material exhibiting precipitation and Re-solution of gas atoms under irradiation[END_REF]. In this section, transport refers to unperturbed diffusion in the bulk lattice; interaction with fission gas bubbles or other sinks is discussed later.

The basic fission gas diffusion properties are determined by the location of gas atoms in the lattice and the interaction with thermal and irradiation induced defects. Many studies employing density functional theory (DFT) [29e42] and molecular dynamics (MD) with empirical potentials [28,29,43e49] have shown that large fission gas atoms such as Xe prefer uranium vacancy trap sites. In most cases this is accompanied by additional oxygen vacancies, though the detailed balance is a function of the oxygen chemical potential or non-stoichiometry, represented as the x in UO 2±x [START_REF] Andersson | U and Xe transport in UO2: density functional theory calculations[END_REF][START_REF] Nerikar | Thermodynamics of fission products in UO 2 ± x[END_REF][START_REF] Vathonne | Determination of krypton diffusion coefficients in uranium dioxide using atomic scale calculations[END_REF][START_REF] Govers | On the solution and migration of single Xe atoms in uranium dioxide e an interatomic potentials study[END_REF]. See Fig. 3 for an example configuration from a DFT calculation. DFT and empirical potential calculations generally agree that the preferred Xe trap site is a bound Schottky defect (one uranium and two oxygen vacancies) for UO 2-x , a divacancy for UO 2 (one uranium and one oxygen vacancy), though the trivacancy is quite close in energy, and a single uranium vacancy for UO 2þx . Since UO 2 is a semiconductor, characterization of trap sites and other defects must also specify the charge state, i.e., the number of bound holes or electrons, which is determined by the position of the Fermi level [START_REF] Andersson | U and Xe transport in UO2: density functional theory calculations[END_REF][START_REF] Vathonne | Determination of krypton diffusion coefficients in uranium dioxide using atomic scale calculations[END_REF][START_REF] Andersson | Atomistic modeling of intrinsic and radiation-enhanced fission gas (Xe) diffusion in : implications for nuclear fuel performance modeling[END_REF]. The Fermi level varies with both temperature and doping concentration (predominantly the oxygen nonstoichiometry). For UO 2-x and UO 2 all trap sites are fully charged (no bound holes), while partial charges may be present in the Fig. 2. Illustration of concepts used in this review: (a) shows a grain from a polycrystalline material such as UO 2 , where the bulk of the grain would be within the surface shown in the figure, the grain faces are the 2D grain boundary planes marked in gray, and the grain edges fall between grain faces and are shown in black (taken from Ref. [START_REF] Li | Topological correlations of grain faces in polycrystal with experimental verification[END_REF]); (b) shows grain face bubbles that are crucial in stage 2; (c) shows grain edge gas tunnels that are critical in stage 3 and result in gas release to free surfaces. UO 2þx regime. Recently, this computational prediction of Kr and Xe location in Schottky defects in UO 2 was experimentally confirmed in Refs. [START_REF] Martin | Experimental evidence of Xe incorporation in Schottky defects in UO2[END_REF][START_REF] Martin | Behavior of fission gases in nuclear fuel: XAS characterization of Kr in UO2[END_REF] by X-ray Absorption Spectroscopy. Table 1 summarizes some of the calculated Xe solution energies, which measure the preference for various trap sites (the solution energy is equal to the trap formation energy and the incorporation energy of the fission gas atoms in the trap site). This table lists the solution energy, while a comprehensive analysis should also include the entropy contributions [START_REF] Vathonne | Determination of krypton diffusion coefficients in uranium dioxide using atomic scale calculations[END_REF][START_REF] Andersson | Atomistic modeling of intrinsic and radiation-enhanced fission gas (Xe) diffusion in : implications for nuclear fuel performance modeling[END_REF]; however the preferred trap site obtained from the full analysis is generally the same as that obtained from the energy alone [START_REF] Vathonne | Determination of krypton diffusion coefficients in uranium dioxide using atomic scale calculations[END_REF]. The absolute values depend on the reference state of, e.g., the fission gas atom and different choices reference state choices prevent direct comparison between studies, though the relative ordering is not affected by the reference state and exhibit consistent trends between most calculations.

Although interstitial Xe diffusion is rapid [START_REF] Liu | Mechanism for transient migration of xenon in UO2[END_REF], its high-energy state compared to vacancy trap sites leads to negligible contribution to thermal or intrinsic diffusion (out-of-pile). This is likely also the case for in-pile conditions. However, Kr interstitials have been shown to be important for highly reducing conditions [START_REF] Vathonne | Determination of krypton diffusion coefficients in uranium dioxide using atomic scale calculations[END_REF], for which the availability of vacancies is strongly decreased. For other conditions, fission gas diffusion occurs through vacancy mechanisms involving at least one additional uranium vacancy bound to the Xe (or Kr) vacancy trap sites. The binding energy of the second assisting uranium vacancy is negative for all clusters and in many cases forms a very stable complex with the original trap site [START_REF] Andersson | U and Xe transport in UO2: density functional theory calculations[END_REF][START_REF] Andersson | Atomistic modeling of intrinsic and radiation-enhanced fission gas (Xe) diffusion in : implications for nuclear fuel performance modeling[END_REF][START_REF] Ball | A comparison of the behaviour of fission gases in UO2±x and a-U3O8Àz[END_REF][START_REF] Govers | On the solution and migration of single Xe atoms in uranium dioxide e an interatomic potentials study[END_REF]. The fission gas atom easily moves between the two vacancies of the mobile cluster and in most cases the Xe atom even occupies the central position of the cluster, i.e., in-between the two constituent U vacancies [START_REF] Thompson | Pathway and energetics of xenon migration in uranium dioxide[END_REF][START_REF] Andersson | U and Xe transport in UO2: density functional theory calculations[END_REF][START_REF] Ball | Diffusion of Xe in UO2[END_REF][START_REF] Ball | A comparison of the behaviour of fission gases in UO2±x and a-U3O8Àz[END_REF]. The rate-limiting step for Xe diffusion is migration of one of the vacancies to another nextnearest neighbor position, which can either occur by a direct migration jump or by traversing over a second nearest neighbor position [START_REF] Thompson | Pathway and energetics of xenon migration in uranium dioxide[END_REF][START_REF] Andersson | Atomistic modeling of intrinsic and radiation-enhanced fission gas (Xe) diffusion in : implications for nuclear fuel performance modeling[END_REF]. A similar mechanism has been identified for Kr [START_REF] Vathonne | Determination of krypton diffusion coefficients in uranium dioxide using atomic scale calculations[END_REF]. The resulting diffusivity can be expressed in terms of the effective vacancy formation energy, the binding energy to the trap site and the cluster migration barrier [START_REF] Andersson | U and Xe transport in UO2: density functional theory calculations[END_REF][START_REF] Vathonne | Determination of krypton diffusion coefficients in uranium dioxide using atomic scale calculations[END_REF][START_REF] Andersson | Atomistic modeling of intrinsic and radiation-enhanced fission gas (Xe) diffusion in : implications for nuclear fuel performance modeling[END_REF][START_REF] Ball | Diffusion of Xe in UO2[END_REF][START_REF] Govers | On the solution and migration of single Xe atoms in uranium dioxide e an interatomic potentials study[END_REF]. Refined models may take into account additional atomic jumps within the cluster to properly define the diffusion correlation factor [START_REF] Vathonne | Determination of krypton diffusion coefficients in uranium dioxide using atomic scale calculations[END_REF]. A complete analysis of diffusion should account for migration of each mobile cluster and then weigh them according to the concentration in the lattice. In practice, this can be captured by adding an additional term to the activation energy for diffusion that measures the cluster stability with respect to the most favorable trap site. Defect formation energies (enthalpies), migration barriers, and binding energies (enthalpies) can be calculated from DFT, while the corresponding entropies are more challenging for DFT calculations and have so far only been investigated using calculations based on empirical potentials [START_REF] Vathonne | Determination of krypton diffusion coefficients in uranium dioxide using atomic scale calculations[END_REF][START_REF] Andersson | Atomistic modeling of intrinsic and radiation-enhanced fission gas (Xe) diffusion in : implications for nuclear fuel performance modeling[END_REF][START_REF] Andersson | Multiscale simulation of xenon diffusion and grain boundary segregation in UO2[END_REF]. The resulting diffusivities increase going from UO 2-x , to UO 2 and UO 2þx [START_REF] Vathonne | Determination of krypton diffusion coefficients in uranium dioxide using atomic scale calculations[END_REF][START_REF] Andersson | Atomistic modeling of intrinsic and radiation-enhanced fission gas (Xe) diffusion in : implications for nuclear fuel performance modeling[END_REF][START_REF] Ball | Diffusion of Xe in UO2[END_REF]. This is a consequence of both an increase in the concentration of uranium vacancies and a reduction in the migration barrier of clusters involving fewer oxygen vacancies, though the latter effect is at least partially counteracted by a reduction in the vacancy binding energy. Table 2 summarizes calculated Xe activation energies and compares the results to available experimental data. Where available, pre-exponential factors are also listed.

Experimental data on fission gas diffusion coefficients primarily rely on measuring the gas release in post-irradiation annealing experiments. As a result, the uncertainty of the fission gas diffusion coefficient as function of temperature is quite high [START_REF] Lawrence | A review of the diffusion coefficient of fission-product rare gases in uranium dioxide[END_REF], and is usually ascribed to variations in the sample non-stoichiometry, which is very sensitive to the experimental conditions. The sample non-stoichiometry is controlled by the temperature and the chemistry of the experimental setup, for example, whether the measurement was carried out in vacuum or in flowing H 2 gas, and the material used for the sample holder. Xe diffusion studies on nominally stoichiometric UO 2 yield activation energies from 2.87 eV to 3.95 eV and pre-exponential factors from 5 Â 10 À4 m 2 /s to 2.90 Â 10 À12 m 2 /s [START_REF] Andersson | Atomistic modeling of intrinsic and radiation-enhanced fission gas (Xe) diffusion in : implications for nuclear fuel performance modeling[END_REF]. Typically, higher activation energy is compensated by a higher pre-exponential factor, which is expected since the stoichiometry is maintained close to UO 2 for all cases. In order to systematically explore the variation of the diffusivity with non-stoichiometry, experiments have been performed under the same initial irradiation conditions for samples in the UO 2-x , UO 2 and UO 2þx (non-)stoichiometry ranges. These experiments established clear trends for the three ranges, which provide data suitable for validation of atomistic simulations. Most calculations qualitatively capture the variation in the diffusivity as function of nonstoichiometry, though there are still questions as to the quantitative agreement. The foremost reason for this uncertainty is that DFT cannot model UO 2 without the addition of an empirical energy function, commonly referred to as "þU", that is implemented either using the Local Density Approximation (LDA þ U) [START_REF] Becke | Density-functional exchange-energy approximation with correct asymptotic behavior[END_REF] or the Generalized Gradient Approximation (GGA þ U) [START_REF] Perdew | Generalized gradient approximation made simple[END_REF]. There is a difference in the cluster migration barriers predicted by LDA þ U and GGA þ U calculations, which can be traced back to the difference in equilibrium lattice volumes [START_REF] Andersson | U and Xe transport in UO2: density functional theory calculations[END_REF][START_REF] Dorado | First-principles calculations of uranium diffusion in uranium dioxide[END_REF]. This gives rise to a spread in the predicted activation energies of up to 1 eV. Defect formation energies are, however, quite similar between the two DFT approaches [START_REF] Andersson | U and Xe transport in UO2: density functional theory calculations[END_REF]. Nevertheless, the complexity of the UO 2 electronic structure also gives rise to uncertainties in the calculated thermodynamic properties. Moreover, in order to compare to experiments the correct thermodynamic conditions must be applied, which is a hard problem and, in many cases, we do not know the exact experimental conditions, making comparison difficult.

In FGR models the intrinsic diffusion coefficient discussed so far is used at high temperature (above approximately 1600 K). At lower temperatures, the annealing of radiation damage is no longer complete and the increased concentration of point defects must be accounted for [START_REF] Turnbull | The diffusion coefficients of gaseous and volatile species during the irradiation of uranium dioxide[END_REF], both in terms of assisting uranium vacancies and as a potential shift in the preferred trap site for fission gases. This gives rise to radiation-enhanced diffusion dominating over intrinsic diffusion in an intermediate temperature range (from about 1300 to 1600 K). The activation energy has been derived from a rate theory model of the concentration of radiation-induced vacancies (proportional to the square root of the fission rate) and the assumption that the rate-limiting step for Xe transport is diffusion of uranium vacancies, which gives an activation energy that is much lower than in the intrinsic regime and a very low preexponential factor. Atomistic simulations are presently not able to reproduce this behavior, as the mobility predicted by DFT and empirical potential calculations for the defect clusters examined to date is too low [START_REF] Andersson | Atomistic modeling of intrinsic and radiation-enhanced fission gas (Xe) diffusion in : implications for nuclear fuel performance modeling[END_REF][START_REF] Andersson | Multiscale simulation of xenon diffusion and grain boundary segregation in UO2[END_REF]. This discrepancy may be a consequence of neglecting the mobility of extended Xe-vacancy clusters, i.e. clusters involving more than one bound uranium vacancy and additional oxygen vacancies, or possibly Xe interstitials which are known to be highly mobile but also energetically very unfavorable. Uranium divacancies form under irradiation and they migrate with a much lower barrier than single uranium vacancies, quickly contributing to the overall diffusivity. A similar mechanism could be active for Xe trap sites if they bind a sufficient number of uranium vacancies to enable cluster migration according to a fast uranium divacancy mechanism instead of a slower single vacancy mechanism. This hypothesis implies that, in order to develop accurate models of Xe diffusion under irradiation, it is critical to understand the interaction between Xe and vacancies leading to the formation of extended clusters with potentially increased mobility. As the extended clusters grow to form small bubbles, the mobility is expected to decrease. There is still significant uncertainty in the theoretical analysis of radiation-enhanced diffusion; additional work is required to resolve these issues. Below about 1300 K, Xe diffusion is athermal and driven directly by irradiation damage processes. MD simulations have captured this behavior with rather good accuracy [START_REF] Cooper | Simulation of radiation driven fission gas diffusion in UO2, ThO2 and PuO2[END_REF].

Defect trapping by intragranular bubbles, dislocations

The solubility of fission gases in the UO 2 matrix is very low and the incorporation of fission gases is highly connected to the characteristics of the point defects in which their incorporation might be possible. Because the calculated incorporation energies are positive (less positive in large Schottky defects), which means that the fission gas atoms are not stable in the fuel matrix in isolated defects. This will induce a tendency for fission gases to be easily trapped in more stable configurations in various clusters or sinks, the precipitation of gases into bubbles being one of the main examples as well as trapping on dislocations or at grain boundaries.

Experimental evidences of in-reactor or in-pile intragranular bubble formation and growth have been reported in numerous references, including the initial works of Turnbull [START_REF] Turnbull | The distribution of intragranular fission gas bubbles in during irradiation[END_REF], Cornell et al. [START_REF] Cornell | An electron microscope examination of matrix fission-gas bubbles in irradiated uranium dioxide[END_REF], and Baker [START_REF] Baker | The fission gas bubble distribution in uranium dioxide from high temperature irradiated sghwr fuel pins[END_REF]. More recently, Kashibe et al. [START_REF] Kashibe | Formation and growth of intragranular fission gas bubbles in UO2 fuels with burnup of 6e83 GWd/t[END_REF] and Nogita and Une [START_REF] Nogita | High resolution TEM of high burnup UO2 fuel[END_REF][START_REF] Nogita | High resolution TEM observation and density estimation of Xe bubbles in high burnup UO2 fuels[END_REF] reported similar observations. Typically, the diameter of the intragranular bubbles ranges from one to 10 nm, and their density is about 10 23 m À3 , with a narrow size distribution. The bubbles size increases and their concentration decreases slightly with increasing temperature and burn-up or with decreasing fission rate.

At higher burn-ups and/or temperatures a second bubble population is created (20e100 nm in size, 10 21 m À3 in density), often located at dislocations [START_REF] Matzke | Oxide fuel transients[END_REF][START_REF] Thomas | Microstructural analysis of LWR spent fuels at high burnup[END_REF]. At high temperatures, these bubbles are surrounded by a very high density of tiny bubbles (mean diameter less than 10 nm), and there exist large areas completely free of bubbles [START_REF] Baker | The fission gas bubble distribution in uranium dioxide from high temperature irradiated sghwr fuel pins[END_REF][START_REF] Donnelly | Fundamental Aspects of Inert Gases in Solids[END_REF]. The bubbles are often found in contact with similar size so-called ε-phase particles containing the noble metals molybdenum, ruthenium, palladium, technetium, and rhodium.

The intragranular bubbles are facetted (the (111) plan is favored), highly pressurized (~2e4 GPa at ambient temperature) [START_REF] Garcia | A study of xenon aggregates in uranium dioxide using X-ray absorption spectroscopy[END_REF] and their size and concentration are, at least partly, controlled by the resolution phenomena described in section 2.4. At high temperature in annealing conditions, bubble coarsening results in the formation of very large bubbles in the center part of the grain and a so-called bubble-denuded zone near grain boundaries [START_REF] Kashibe | Formation and growth of intragranular fission gas bubbles in UO2 fuels with burnup of 6e83 GWd/t[END_REF][START_REF] Zacharie | Thermal treatment of uranium oxide irradiated in pressurized water reactor: swelling and release of fission gases[END_REF][START_REF] Une | Fission gas release during post irradiation annealing of BWR fuels[END_REF].

The mobility of the bubbles is low and the mechanism by which migration occurs depends on the bubble size, moving from surface diffusion to volume diffusion and to evaporation/condensation with increasing bubble size. A quite complete review of bubble mobility is given by Veshchunov [START_REF] Veshchunov | Modelling of grain face bubbles coalescence in irradiated UO2 fuel[END_REF].

Intragranular bubble nucleation can be homogeneous, occurring within the perfect crystal lattice, or heterogeneous, occurring at segregation sites such as defects. Bubble nucleation is one of the most difficult processes to understand, as it cannot be observed directly. However, several experiments in which UO 2 samples have been irradiated and analyzed showed that many of the bubbles were aligned in straight lines [START_REF] Turnbull | The distribution of intragranular fission gas bubbles in during irradiation[END_REF]. A possible interpretation of these observations is that nucleation takes place in the wake of fission fragments [START_REF] Turnbull | The distribution of intragranular fission gas bubbles in during irradiation[END_REF][START_REF] Baker | The fission gas bubble distribution in uranium dioxide from high temperature irradiated sghwr fuel pins[END_REF]. Homogeneous nucleation can be modeled using a two-atom approach, in which gas atom/vacancy clusters migrate and combine, eventually forming bubbles when enough atoms come together. This model is more accurate when additional nucleation sites from extended defects are not in significant concentration. In Ref. [START_REF] Veshchunov | Development of the advanced mechanistic fuel performance and safety code using the multi-scale approach[END_REF], a bubble nucleation model is further refined by adding, as a nucleation probability, the vacancy concentration stabilizing gas atoms clustering, following the developments given in Ref. [START_REF] Veshchunov | On the theory of fission gas bubble evolution in irradiated UO2 fuel[END_REF]. Recently, a more general model was proposed (applied to fission gases in U-Mo matrix) for a multi-atom gas-bubble nucleation mechanism [START_REF] Rest | An analytical study of gas-bubble nucleation mechanisms in uraniumalloy nuclear fuel at high temperature[END_REF].

Gas bubble growth is also difficult to observe directly. The main mechanisms responsible for bubble growth were reviewed in Ref. [START_REF] L€ Os€ Onen | On the behaviour of intragranular fission gas in UO2 fuel[END_REF]. These mechanisms include those related to individual bubble growth, such as absorption of gas atoms and vacancies or dislocation loop punching, and those related to increases in the mean bubble size, such as migration-coalescence and Ostwald ripening. Reliable modelling of bubble growth remains a difficult challenge for simplified models. One classical example is gas atom capture by bubbles, often described by assuming the bubbles to be a perfect spherical sink to give a simple relation for the gas atom capture rate. In post-irradiation annealing, this simplified approach leads to a strong overestimation of the capture rate. Another important deficiency of simplified models is the lack of consideration of the effect of point and extended defects on bubble relaxation and growth.

Modern advances in atomic scale simulation and detailed single effect experimental design have facilitated a deeper understanding of bubble formation and behavior [START_REF] Garcia | Nucleation and growth of intragranular defect and insoluble atom clusters in nuclear oxide fuels[END_REF]. Ion-implanted UO 2 samples have proven to be a promising approach for the study of bubble formation. In Refs. [75e77], transmission electron microscopy (TEM) experiments were performed on a set of UO 2 thin foils following the implantation of Xe ions. TEM results revealed dislocation and dislocation loop formation, as well as the formation of nanometer-sized Xe aggregates. At concentrations of 0.4 at.%, Xe precipitation occurred above 870 K. The threshold temperature for Xe precipitation decreased to 670 K for the higher concentration samples (2 at.%). The formation of nanometer-sized voids was observed [START_REF] Michel | Etude du comportement des gaz de fission dans le dioxyde d'uranium : m ecanismes de diffusion, nucl eation et grossissement de bulles[END_REF] following the ballistic effects of implanted ions, though these voids were unstable without gas atoms. These experimental results were successfully compared to classical MD simulations [START_REF] Martin | Irradiation-induced heterogeneous nucleation in uranium dioxide[END_REF], which showed that heterogeneous nucleation is the most likely. It was preceded by the formation of vacancy clusters in the central part of the collision cascade (whereas interstitial clusters were formed in the external part of the cascade). These vacancy clusters acted as traps for gas atoms, forming the initial nanometer size bubble population. A more classical mechanism of bubble nucleation was simulated in Ref. [START_REF] Moore | Molecular dynamics simulation of Xe bubble nucleation in nanocrystalline UO2 nuclear fuel[END_REF]. In this work, Xe atoms migration through Schottky defects was simulated and it was found that the clustering of these Xe-Schottky defects formed nanometer size bubbles. However, the calculated bubble size was underestimated compared to experimental values and the defect concentration was artificially enhanced in the simulation cell.

Ion-implanted UO 2 samples have also been used to investigate the thermodynamic state of bubbles using X-ray absorption experiments [START_REF] Martin | Behavior of fission gases in nuclear fuel: XAS characterization of Kr in UO2[END_REF][START_REF] Garcia | A study of xenon aggregates in uranium dioxide using X-ray absorption spectroscopy[END_REF]. In Ref. [START_REF] Garcia | A study of xenon aggregates in uranium dioxide using X-ray absorption spectroscopy[END_REF], X-ray absorption near edge spectroscopy (XANES) and Extended X-ray absorption fine structure (EXAFS) measured Xe bubbles pressures of 2e5 GPa at low temperature. When extrapolated to higher temperatures, the high gas pressure could reduce the sink efficiency close to zero, preventing gas atoms capture. These results were confirmed in Ref. [START_REF] Martin | Behavior of fission gases in nuclear fuel: XAS characterization of Kr in UO2[END_REF] for Kr. With 8 at%, pressurized bubble with solid gas were observed at room temperature, while at 1670 K a bimodal distribution was observed with larger cavities only partially filled with Kr. For 0.5 at %, Kr was found in Schottky defects at room temperature, in highly pressurized bubbles at 1270 K, and in bubbles with a bimodal distribution at 1670 K. Besides these experimental evidences, the MD simulations reported in Ref. [START_REF] Murphy | Free energy of Xe incorporation at point defects and in nanovoids and bubbles in UO2[END_REF] gave additional insights. A thermodynamic driving force for bubble nucleation from point defects is highlighted by the substantial reduction in the free energy of Xe atoms contained within larger bubbles, relative to the accommodation at point defects in the lattice. In addition, gas atoms were observed to force the oxygen ions from the bubble surface into the crystal lattice to relieve the pressure inside the cavity. These studies suggest that gas atom capture is prevented in pressurized bubbles.

Bubble growth was exhaustively studied in Ref. [START_REF] Michel | Etude du comportement des gaz de fission dans le dioxyde d'uranium : m ecanismes de diffusion, nucl eation et grossissement de bulles[END_REF], varying many possible impacting parameters in ion irradiated samples. This study clearly showed that migration-coalescence is not relevant for intragranular bubble growth, and that growth by atom capture and vacancy absorption is more likely. The study also showed that bubbles grow faster near extended defects such as dislocations or grain boundaries which could act as vacancy sources.

Another significant sink for fission gas atoms are dislocations, and these sinks were recently investigated using MD simulations. Nerikar et al. [START_REF] Nerikar | Segregation of xenon to dislocations and grain boundaries in uranium dioxide[END_REF] investigated Xe segregation to edge and screw dislocations (and representative grain boundaries). The segregation trends were found to depend significantly on the dislocation characteristics. Xe prefers to segregate to screw dislocation rather than to edge (segregation energies 5.5 eV and 2.7eV, respectively). The Xe segregation to dislocations is therefore found to be thermodynamically favorable. To go further, Murphy et al. [START_REF] Murphy | Xe diffusion and bubble nucleation around edge dislocations in UO2[END_REF] performed MD simulations using empirical potentials of Xe diffusion around edge dislocations in UO 2 to establish the importance of this pathway for fission gas release. The results suggest that for isolated atoms near a dislocation, the activation energy for Xe diffusion is dramatically reduced relative to the bulk. However, Xe atoms diffusing along the dislocation aggregate to form small bubbles, which incorporate all of the isolated mobile Xe atoms and inhibits fast diffusion of Xe along the dislocation core.

As discussed above, the behavior of intragranular fission gas bubbles in UO 2 is fairly well understood. However, the incorporation of this understanding in modeling is still limited. A simplified description of intragranular bubble behavior is included in fuel performance codes such as ENIGMA [START_REF] Rossiter | Development of the enigma fuel performance code for whole core analysis and dry storage assessments[END_REF] and TRANSURANUS [START_REF] Lassmann | The TRANSURANUS codeepast, present and future[END_REF] and an improved description is used in the more mechanistic approaches taken in BISON [START_REF] Pastore | Uncertainty and sensitivity analysis of fission gas behavior in engineering-scale fuel modeling[END_REF], MARGARET from ALCYONE [START_REF] Noirot | MARGARET: an advanced mechanistic model of fission gas behavior in nuclear fuel[END_REF], and MFPR [START_REF] Veshchunov | Development of the advanced mechanistic fuel performance and safety code using the multi-scale approach[END_REF]. Nevertheless, the newer insights, such as those on bubble nucleation and pressure still need to be included.

Resolution

It has been known for more than five decades that thermal and radiation effects can cause changes in the mean size and spatial distribution of fission gas bubbles by resolution into the nuclear fuel matrix. There is considerable interest in reliably estimating resolution under a variety of operating conditions to understand fuel swelling and FGR, leading to pellet-clad interaction, cladding creep and cladding failure.

MacInnes and Brearley developed a simple model [START_REF] Macinnes | A model for the release of fission gas from reactor fuel undergoing transient heating[END_REF] for the thermal resolution from intragranular gas bubbles and considered this mechanism as a controlling factor for gas release from fuel subjected to rapid transient heating. They considered thermal resolution as the dominant mechanism over radiation damage (ballistic resolution). Turnbull developed a fission gas model [START_REF] Turnbull | The distribution of intragranular fission gas bubbles in during irradiation[END_REF] assuming that intragranular bubbles are typically small (radius of 0.5 nm) and nucleated along fission tracks, their life is short, and the gas atoms in the bubble are resolved by an encounter with a single fission fragment. This model assumed a uniform distribution of immobile bubbles of 1 nm radius that merely act as sources and sinks for the gas, which was considered to migrate by single atom diffusion within the fuel matrix. White and Tucker [START_REF] White | A new fission-gas release model[END_REF] incorporated the ideas of Turnbull [START_REF] Turnbull | The distribution of intragranular fission gas bubbles in during irradiation[END_REF] to develop an improved fission gas model. Jackson and Catlow [START_REF] Jackson | Trapping and solution of fission Xe in UO2[END_REF] used molecular statics with ionic potentials to study single Xe atom trapping and migration. They obtained large energies for solution of gas atoms from underpressurized bubbles and concluded that thermal resolution from them is unlikely.

Olander and Wongsawaeng [START_REF] Olander | Re-solution of fission gas e a review: Part I. Intragranular bubbles[END_REF] have reviewed the resolution of fission gas bubbles by two radiation induced mechanismsdheterogeneous involving complete resolution of a bubble by a fission fragment and homogeneous involving the resolution of individual fission gas atoms by collisions with energetic recoils. Models of irradiation-induced resolution that do not specify if the resolution is homogeneous or heterogeneous have also been proposed. The minimum energy for homogeneous resolution has been arbitrarily assumed to be 300 eV [START_REF] Nelson | The stability of gas bubbles in an irradiation environment[END_REF]. Subsequently, Parfitt and Grimes [START_REF] Parfitt | Predicting the probability for fission gas resolution into uranium dioxide[END_REF] performed MD simulations that showed the minimum energy for homogeneous resolution to be about 56 eV. The homogeneous resolution parameter (reciprocal of mean lifetime) was estimated to be two orders of magnitude smaller than the heterogeneous resolution parameter [START_REF] Olander | Re-solution of fission gas e a review: Part I. Intragranular bubbles[END_REF]. The heterogeneous nucleation and resolution model fits electron microscopy data for the number density of intragranular bubbles but the estimate of bubble size is off by a factor of 2e4 relative to experiment [START_REF] Olander | Re-solution of fission gas e a review: Part I. Intragranular bubbles[END_REF].

Recent MD simulations have disagreed on the relative roles of homogeneous and heterogeneous resolution. Schwen et al. [START_REF] Schwen | Molecular dynamics simulation of intragranular Xe bubble re-solution in UO2[END_REF] studied homogeneous resolution from a bubble of radius 1 nm using Monte Carlo and MD simulations. They obtained a resolution parameter that was lower than previous estimates by a factor of fifty. The same group [START_REF] Huang | Molecular dynamic simulation of fission fragment induced thermal spikes in UO2: sputtering and bubble re-solution[END_REF] subsequently combined MD simulation with a two temperature model to study the effect of fission track damage on a similar Xe bubble in UO 2 . They did not observe complete bubble destruction and concluded that heterogeneous resolution is likely to be insignificant compared to homogeneous resolution of fission gas. In contrast, recent MD simulations of lower energy recoils and higher energy thermal spikes by Govers et al. [START_REF] Govers | Molecular dynamics study of Xe bubble re-solution in UO2[END_REF] showed that thermal spikes destroy Xe bubbles completely in UO 2 and they are more effective at gas resolution than primary knock on atoms.

Based on the work of Govers et al. [START_REF] Govers | Molecular dynamics study of Xe bubble re-solution in UO2[END_REF] and the previous use of a fission-rate based resolution parameter [START_REF] L€ Os€ Onen | Modelling intragranular fission gas release in irradiation of sintered LWR UO2 fuel[END_REF], Pastore et al. [START_REF] Pastore | Uncertainty and sensitivity analysis of fission gas behavior in engineering-scale fuel modeling[END_REF] have performed a sensitivity analysis of fission gas behavior by considering variation of the resolution parameter over two orders of magnitude. The model was incorporated into the BISON fuel performance code [START_REF] Williamson | Multidimensional multiphysics simulation of nuclear fuel behavior[END_REF]. The study showed that engineering scale modeling of fission gas behavior is limited by large uncertainties, which limit the improvement of predictive power by the incorporation of more physical details or the increase of model complexity. To improve the predictive power of fission gas behavior in nuclear fuel, we need to enhance our understanding of the parameters that go into the models and engineering scale codes, and quantify the uncertainties associated with these parameters. DFT calculations and MD simulations are needed to determine important parameters, such as migration energies of vacancies, interstitials and fission gas atoms, defect recombination volumes, interfacial energies, and binding energies of fission gas atoms with point and line defects. These quantities can serve as inputs to phase field models and rate theory calculations.

Needs and recommendations

Though much progress has been made in our understanding of the basic mechanisms governing stage one of fission gas release, there are still many areas in which further work is needed. In this section, we present four open questions that need to be answered in the future using new experimental and modeling and simulation efforts.

The first question that needs to be answered is: how does nonstoichiometry impact the intrinsic diffusion of Xe in UO 2 ? While the impact of stoichiometry has been investigated in the past using experiments and DFT calculations, as discussed above, the comparison between the two is difficult due to uncertainty in the experiment conditions. Thus, new experimental data is needed with carefully controlled sample stoichiometry and environmental conditions. One possible way of doing this would be to measure fission gas release in unirradiated samples in which Xe has been added during sample fabrication, or afterwards using implantation. Then, new calculations would need to be conducted that duplicate the chemistry conditions as closely as possible. The comparison between measured and calculated diffusivities at various nonstoichiometries would provide critical information and would help in validating the simulations.

The second question is: what defects drive the acceleration of diffusion due to radiation at temperatures between 1300 and 1600 K? The rapid Xe diffusion that occurs at these temperatures cannot be explained by intrinsic diffusion nor by athermal diffusion fully driven by radiation damage. As discussed previously, some atomistic studies have begun to investigate this, but more work is needed. New experimental data in this regime could provide significant value, but would be very difficult as the diffusion must be measured during irradiation. New simulation approaches to model this behavior that can reach long enough times and large enough spatial resolutions to resolve the extended defects and their impact on this diffusion regime could also provide significant value.

The third question regarding stage one of fission gas release is: what drives the formation of a multimodal intragranular bubble size distribution at higher temperature and burnup? Experimental observation has clearly demonstrated the formation of large intragranular bubbles at high temperatures and burnups, but the driving force for this is unknown. Again, new experimental data could be extremely valuable in answering this question, but obtaining such data would be difficult as post-irradiation annealing would not be sufficient since the samples do not experience resolution. Simulating the formation of the bimodal distribution would also be difficult as long time scales are needed and both small bubbles (<10 nm radius) and large bubbles (between 20 and 100 nm) must both be resolved.

The final open question for stage one is: what is the relative importance of homogeneous and heterogeneous resolution of gas atoms from intragranular bubbles? Direct observation of fission gas resolution would be very difficult to achieve experimentally, and efforts using simulation to determine the relative importance of homogeneous and heterogeneous resolution have returned conflicting results. Thus, additional simulations are needed to clarify this important point.

Stage 2: gaseous fission products on grain boundaries

The migration of fission gases toward grain boundaries is the first stage of FGR. Grain boundaries are structurally and energetically different from the interior of grains and may provide faster diffusion paths for fission gases and serve as regions for heterogeneous nucleation and growth of fission gas bubbles. The second stage, and the subject of this section, is the formation and growth of fission gas bubbles on grain boundaries and their interlinkage by both growth and migration to form paths for FGR to grain edges. A survey of the basic mechanisms related to the role of grain boundaries in fission gas behavior can be found in the classical literature [START_REF] Olander | Fundamental Aspects of Nuclear Reactor Fuel Elements[END_REF][START_REF] Speight | A calculation on the migration of fission gas in material exhibiting precipitation and Re-solution of gas atoms under irradiation[END_REF][START_REF] Speight | Vacancy Potential and Void Growth on Grain Boundaries[END_REF]. In recent years, these models have been enriched by refining the related microstructure representation [START_REF] White | A new fission-gas release model[END_REF][START_REF] White | The development of grain-face porosity in irradiated oxide fuel[END_REF][START_REF] Veshchunov | Modelling of grain face bubbles coalescence in irradiated UO2 fuel[END_REF][START_REF] White | A new mechanistic model for the calculation of fission gas release[END_REF][START_REF] Rest | The effect of irradiation-induced gas-atom re-solution on grainboundary bubble growth[END_REF].

It is generally recognized that transfer of fission gas from grain boundaries to grain edge tunnels is dominated by growth and interconnection of grain boundary bubbles as opposed to grain boundary diffusion. Olander and Van Uffelen [START_REF] Olander | On the role of grain boundary diffusion in fission gas release[END_REF] assessed the migration distance of a Xe atom in a grain boundary containing a population of traps with characteristics that roughly encompass the grain boundary bubble populations observed in irradiated UO 2 fuel. Their finding that gas atoms will be trapped after a migration distance equal to the size of a grain or less provided a theoretical justification for the rejection of grain boundary diffusion as a FGR mechanism in favor of bubble network evolution. Gas release through bubble interconnection has been often represented through a saturation limit for the fraction of grain boundary area covered by gas bubbles, or the grain boundary fractional coverage [25,70,98e100].

Several questions come to mind regarding the role of grain boundary bubbles in FGR in UO 2 nuclear fuel, which may be summed up as the following: how do the density, size distribution and morphology of grain boundary bubbles evolve during fuel service and how does this evolution facilitate FGR and fuel swelling? The role of grain boundary bubbles in FGR cannot be separated from the role of the matrix and the formation of the final pore network through which fission gases are vented to the grain edge network. In this regard, models for the grain boundary effects are tested together with models for the role of the matrix and the global pore network behavior by comparison with global swelling or FGR data. Most models, however, account for the microstructure through certain idealizations to enable the development of coupled evolution equations that govern the global balance of fission gases along with the fission gas bubble population. The postulated scenarios and microstructure idealizations are evident in the works of White and Tucker [START_REF] White | A new mechanistic model for the calculation of fission gas release[END_REF], Kogai [START_REF] Kogai | Modelling of fission gas release and gaseous swelling of light water reactor fuels[END_REF], and White [START_REF] White | The development of grain-face porosity in irradiated oxide fuel[END_REF]. In the latter work, the hypothesis leading to modeling grain boundary bubbles in fission gas swelling and release were supported by Post-Irradiation Examination (PIE) data from the Advanced Gas-cooled Reactor/Halden Ramp Test Programme [START_REF] White | IFPE/CAGR-UOX-SWELL, Fuel swelling Data Obtained from the AGR/Halden Ramp Test Programme[END_REF]. This effort showed that the development of mechanistic grain-face swelling models may include: (a) the nucleation of grain boundary bubbles, (b) growth of such bubbles by collecting gas atoms from the surrounding matrix, (c) bubble growth and coalescence and adjustment of bubble morphology by capillarity forces, and (d) bubble connection with grain edges. Fig. 4 shows a typical experimental result that led to these postulates. The role of grain boundary bubbles is evident from part (c) of this figure, where the grain boundary bubbles formed as isolated bubbles in the early state interlink to create long pores connecting most of the grain face with the grain edge pores that mediate the final venting of fission gases.

Grain boundary bubble nucleation

The question of grain boundary bubble nucleation does not seem to be well addressed in the literature. Most authors rather concentrate on size and number density evolution of bubbles via growth and coalescence, with nucleation not being modeled explicitly. Typically an initial number density of bubbles is considered and further nucleation during the irradiation is neglected (one-off nucleation) [START_REF] White | The development of grain-face porosity in irradiated oxide fuel[END_REF][START_REF] Veshchunov | Modelling of grain face bubbles coalescence in irradiated UO2 fuel[END_REF][START_REF] White | A new mechanistic model for the calculation of fission gas release[END_REF][START_REF] Kogai | Modelling of fission gas release and gaseous swelling of light water reactor fuels[END_REF][START_REF] Pastore | Physics-based modelling of fission gas swelling and release in UO2 applied to integral fuel rod analysis[END_REF]. White [START_REF] White | The development of grain-face porosity in irradiated oxide fuel[END_REF] proposed that, at an early stage, nucleation of fission gas bubbles occurs uniformly throughout the bulk of the irradiated fuel and that the bubbles nucleating within a bubble radius from the grain boundary grow into the boundary and become grain boundary bubbles. Although this assumption simplifies modeling, it violates the well-established notion that nucleation on grain boundaries is considered heterogeneous and is fixed by a density of nucleation sites and activation energies that differ from their bulk counterpart. Evans [START_REF] Evans | The role of directed bubble diffusion to grain boundaries in postirradiation fission gas release from UO2: a quantitative assessment[END_REF] later proposed that the vacancy gradient near grain boundaries drives bubble migration in the bulk toward boundaries.

Growth and interconnection of grain boundary bubbles

Evolution of grain boundary bubbles involves growth of individual bubbles, bubble coalescence and percolation. These mechanisms were assumed early on in modeling the role of grain boundaries in FGR [START_REF] White | A new mechanistic model for the calculation of fission gas release[END_REF]. The pertinent models, however, were refined later by improving the microstructure representation and the kinetics [START_REF] White | The development of grain-face porosity in irradiated oxide fuel[END_REF][START_REF] Veshchunov | Modelling of grain face bubbles coalescence in irradiated UO2 fuel[END_REF][START_REF] Veshchunov | On the theory of fission gas bubble evolution in irradiated UO2 fuel[END_REF][START_REF] Koo | Analysis of fission gas release and gaseous swelling in UO2 fuel under the effect of external restraint[END_REF][START_REF] Tarasov | Models for fuel porosity evolution in UO2 under various regimes of reactor operation[END_REF]. White [START_REF] White | The development of grain-face porosity in irradiated oxide fuel[END_REF] considered coalescence through bubble growth resulting in intersection and merging of bubbles through a geometrical reasoning. Considering an area surrounding each bubble of circular projection into which no other bubble can grow without resulting in coalescence, the coalescence rate is proportional to the increase rate of the bubble projected area on the grain boundary and the square of the bubble number density. White's coalescence model was further developed in Ref. [START_REF] Pastore | Physics-based modelling of fission gas swelling and release in UO2 applied to integral fuel rod analysis[END_REF], introducing the conservation of the total volume of the interacting bubbles. White [START_REF] White | The development of grain-face porosity in irradiated oxide fuel[END_REF] also modeled the morphological relaxation of coalesced bubbles from the bi-lobed shape resulting from coalescence back to the (energetically favored) circular projection. In addition to growth, grain boundary bubble motion was considered as a contributing factor to bubble coalescence [START_REF] Veshchunov | Modelling of grain face bubbles coalescence in irradiated UO2 fuel[END_REF]. The bubble mobility required to understand this effect was modeled by Veshchunov and Shestak [START_REF] Veshchunov | An advanced model for intragranular bubble diffusivity in irradiated UO2 fuel[END_REF], though for intragranular bubbles. In this model, the authors considered bubble motion by surface diffusion, bulk diffusion and evaporation condensation, and it was found that the bubble mobility by volume diffusion can be strongly enhanced under irradiation where high densities of point defects are available.

The equilibrium bubble morphology affects the rate at which grain boundary bubbles interlink, and therefore the rate of FGR to the edge network [START_REF] Millett | Phase-field simulation of intergranular bubble growth and percolation in bicrystals[END_REF]. Grain boundary bubbles assume a lenticular shape where the contact angles are determined by the balance of interfacial energies between the gas and the two grains, and between the grains themselves. Since interfacial energies depend on the orientations of the solid lattice, the grain-grain interfacial energy depends on the misorientation between adjacent grains, and the grain-gas interface may also depend on the orientation of the adjacent grain lattice. Surface adsorption at the grain-bubble interface and accumulation of fission products on the grain The mean projected radius is 220 nm and there are 1.3 bubbles mm À2 . (c) Advanced stage evolution; the fuel was ramped under similar conditions but maintained at 1800 C for 30 min. The mean projected radius is 260 nm, the mean projected length is 1340 nm, and there are 0.43 bubbles mm À2 (taken from Ref. [START_REF] White | The development of grain-face porosity in irradiated oxide fuel[END_REF]).

boundaries may also affect the interfacial energies. It has been observed experimentally that in UO 2 , the contact angle ranges from 40 to 80 [START_REF] Hodkin | The ratio of grain boundary energy to surface energy of nuclear ceramics as determined from pore geometries[END_REF].

Modeling and simulation of grain boundary bubbles

In spite of the fact that many models tried to incorporate grain boundary bubbles as part of representation of the microstructure, some recent models still simplified the role of grain boundaries as a diffusion path of fission gases to the grain edge tunnels or open pores [START_REF] Kim | Theoretical analysis of two-stage fission gas release processes: grain lattice and grain boundary diffusion[END_REF][START_REF] Kim | Two-step two-stage fission gas release model[END_REF]. The resulting models consist of a conventional diffusion equation for intragranular fission gas, with a time-varying boundary condition for the concentration along the grain boundary. The boundary values, in turn, are treated as solutions of yet another boundary diffusion equation that takes fission gas atoms ultimately to the grain edge pores, where they are considered released to the grain edge network. The second diffusion equation does not explicitly consider the mechanism of transport along the grain boundary, instead encapsulating it in the diffusion coefficient.

As an overall observation, the majority of existing FGR and swelling models recognize the importance of microstructure representation, especially the role of grain boundaries. As mentioned earlier, this role is threefold; grain boundaries act as saturable fission gas sinks, they provide a diffusion path for fission gases, although as mentioned this range is considered small, and they contribute to fission gas swelling and release by the nucleation and evolution of fission gas bubbles. In addition, grain boundary segregation properties, diffusivities and bubble behavior are anisotropic, varying with the misorientation between the adjoining grains and grain boundary inclination.

Accurately predicting the nucleation of grain boundary bubbles requires understanding the thermodynamics and kinetics of gas atom and grain boundary interactions. For example, the segregation potential for fission gases is required to be computed for various grain boundary types; see Andersson et al. [START_REF] Andersson | Multiscale simulation of xenon diffusion and grain boundary segregation in UO2[END_REF] for a related recent study. Next comes the question of nucleation or, in general, the appearance of fission gas bubbles on the grain boundaries regardless of the nucleation site. Grain boundary energies vary, resulting in a variable density of nucleation sites and nucleation barriers. Atomistic studies can be of critical importance in revealing these characteristics and in understanding their variability; for example in Millett et al. a random walk particle algorithm was used to quantify the impact of grain boundary segregation energy and diffusivity on grain boundary bubble nucleation [START_REF] Millett | Random-walk Monte Carlo simulation of intergranular gas bubble nucleation in UO2 fuel[END_REF]. In addition to the fission gas atom inventory along grain boundaries, the fission gas content in the neighboring grains also impacts the nucleation process. In this sense, grain boundary nucleation does not necessarily conform to the known nucleation models. The impact of cascades on grain boundary nucleation is also expected to be a factor. Because of capillary and stress effects, and the possible grain boundary motion, fission gas nuclei might also appear in the matrix but end on nearby grain boundaries. A similar idea was pointed out by White [START_REF] White | The development of grain-face porosity in irradiated oxide fuel[END_REF].

Grain boundary bubble evolution is the next important step. As earlier models discussed, this evolution involves growth of individual bubbles and bubble coalescence by growth and movement along the boundary. Bubble growth has been so far considered in the sense of growth of a single effective (mean) bubble, and often the so-called mechanical equilibrium condition has been assumed. This condition states that the bubble pressure plus the imposed hydrostatic stress on the material balance out the surface tension of the bubble. Bubbles not satisfying this condition are called nonequilibrium bubbles, and the more general non-equilibrium formulation has been considered in some models [START_REF] Veshchunov | On the theory of fission gas bubble evolution in irradiated UO2 fuel[END_REF][START_REF] Pastore | Physics-based modelling of fission gas swelling and release in UO2 applied to integral fuel rod analysis[END_REF]. The use of the three mechanical variables (pressure, hydrostatic stress, and surface tension times the curvature) to study mechanical equilibrium of bubbles is nothing but an application of the Young-Laplace equation [START_REF] Ibach | Physics of Surfaces and Interfaces[END_REF] for gas bubbles in fluids; it simply states that the pressure difference across a bubble surface is balanced by the surface tension. In solids, however, the gas pressure and the surface tension provide traction components for the corresponding stress problem. When a hydrostatic stress is present it provides an additional component by virtue of the superposition of the elastic solution [START_REF] Pastore | Physics-based modelling of fission gas swelling and release in UO2 applied to integral fuel rod analysis[END_REF]. The stress state at the surface, however, is not simply the net normal force density acting on the surface, which is nothing but the traction boundary condition. A stress solution is thus required to fix the stress state at the surface. On the other hand, the accumulation of gas atoms into bubbles should be considered within the framework of chemical equilibrium, or non-equilibrium of bubbles with gas atoms and vacancies and interstitials. It is the chemical potentials of defects that must then be considered in sorting out the conditions of the bubbles and their stationarity of growth as a function of the local elasto-chemical state of the defects. A consequence of these considerations is the need to investigate grain boundary bubbles simultaneously with the evolution of the entire system. However, multiscale modeling that is needed to accomplish this task remains a challenge even in simple metallic systems [START_REF] Rest | A multiscale method for the analysis of defect behavior in Mo during electron irradiation[END_REF]. In irradiated nuclear fuel, non-stoichiometry, grain restructuring, temperature gradients, and chemical heterogeneity make realistic modeling of FGR a formidable challenge.

Irradiation studies have shown that the morphology of grain boundary bubbles is important [START_REF] White | The development of grain-face porosity in irradiated oxide fuel[END_REF]. However effective medium models cannot account for morphology with a high level of confidence [START_REF] Tarasov | Models for fuel porosity evolution in UO2 under various regimes of reactor operation[END_REF]. Emerging models such as phase field models can take the grain/grain boundary and bubble morphology into consideration. Phase field models of the coevolution of fission gas bubbles and grain structure have been developed [113e116], and are being used to inform the development of improved FGR models. A significant benefit of the phase field approach is that it naturally captures bubble coalescence and percolation. In fact, it is not necessary to distinguish intragranular, intergranular, and grain edge bubbles once the local thermodynamics and kinetic quantities account for the differences between bulk, grain boundary, and grain edge behavior. Accurately capturing the stochastic nature of nucleation requires the addition of stochastic terms to the phase field approach, but various nucleation approaches have been presented in the literature [117e119]. In Ref. [START_REF] Millett | Phase-field simulation of intergranular bubble growth and percolation in bicrystals[END_REF], the phase field method was employed to show that the impact of the grain boundary energy on the contact angle of the lenticular bubble shape directly impacts the bubble percolation for a specific grain face. This relationship between energy and fractional coverage explains why experiments have found that neighboring grain faces can have drastically different bubble percolation, as shown in Fig. 5.

Needs and recommendations

While much has been learned about the evolution of grain face bubbles and their impact on FGR, there are still open questions that need to be answered.

The first open question regarding stage two of FGR is: do the majority of grain face bubbles nucleate on grain boundaries or do they nucleate in the bulk before making contact with the grain boundary? The majority of FGR models currently ignore nucleation, and some of those that include it assume that all bubbles nucleate within the bulk. Experimental observations would have the largest impact to answer this question, but experimental observation of bubble nucleation during reactor operation would be very difficult if not impossible. An alternative approach could be to employ Xe ion implantation in situ in a TEM to observe bubble nucleation at or near grain boundaries. The phase field method requires a separate nucleation model to capture nucleation and therefore may not be appropriate to investigate where grain face bubbles nucleate. Monte Carlo approaches could be used to effectively investigate the nucleation behavior.

The second open question is: how does grain boundary character impact the nucleation and percolation of grain face bubbles? Initial simulations have demonstrated that differences in behavior due to grain boundary character could have a significant impact on both nucleation and bubble percolation. However, these findings have not been validated with experimental data and additional simulations are needed to provide more detail on the impact of anisotropy. Careful post irradiation examination on UO 2 fuel with increasing amounts of burnup employing SEM and electron backscatter diffraction could be used to characterize bubble structures on grain boundaries with different misorientation angles. Additional simulations, such as phase field simulations, are needed to determine the impact of grain boundary character on overall fission gas release, to determine if it should be considered in engineering scale FGR models.

The final open question for stage two is: what happens to percolated grain face bubble networks once the gas atoms escape? The remaining pores may shrink and disappear, depending on the conditions and rate at which new gas atoms enter them. This behavior could be investigated using both experiments and mesoscale simulation. Post irradiation annealing could be used to determine the rate at which bubbles shrink once their gas is released. However, gas generation is needed to determine the behavior in reactor. Phase field simulations that consider vacancy and gas atom concentrations separately could provide a means of answering this question.

Stage 3: gaseous fission product release

The third and last stage of thermal FGR in oxide fuel is the development of gas bubbles along grain boundary triple junctions (grain edges), which eventually form a continuous network of porosity extending to the fuel outer surface and providing a route for gas venting to the fuel rod free volume [20,21,121e129]. This interpretation is supported by experimental observations of irradiated fuel, showing populations of lenticular gas bubbles occupying the faces of the grains and long tunnel-like interconnected pores along the grain edges, often open to the exterior of the fuel sample (Fig. 6) [START_REF] Turnbull | The effect of grain size on the swelling and gas release properties of uo2 during irradiation[END_REF][START_REF] Turnbull | The relation between microstructure and the release of unstable fission products during high temperature irradiation of uranium dioxide[END_REF][START_REF] Turnbull | Swelling in UO2 under conditions of gas release[END_REF][START_REF] Reynolds | Examination of neutron-irradiated UO2 using the scanning electron microscope[END_REF][START_REF] Killeen | The effect of additives on the irradiation behaviour of UO2[END_REF].

Experimental evidence of grain edge bubbles

The behavior of grain-edge bubbles is important both because they eventually interlink to provide a path for fission gas atoms to escape from the fuel and because they account for a significant portion of fuel gaseous swelling. Experiments showed that at low burn-up the contributions of grain-face and grain-edge porosities to the overall swelling are about equal, but as irradiation proceeds, the contribution due to grain-edge tunnels exceeds that due to grain-face bubbles [START_REF] Turnbull | The effect of grain size on the swelling and gas release properties of uo2 during irradiation[END_REF][START_REF] Turnbull | The relation between microstructure and the release of unstable fission products during high temperature irradiation of uranium dioxide[END_REF][START_REF] Turnbull | Swelling in UO2 under conditions of gas release[END_REF]. The formation and maintenance of the grain-edge tunnel network is itself dependent upon gas transfer from lenticular gas bubbles at the grain faces to grain edges [START_REF] Turnbull | The effect of grain size on the swelling and gas release properties of uo2 during irradiation[END_REF][START_REF] Turnbull | Swelling in UO2 under conditions of gas release[END_REF][START_REF] Tucker | The transfer of fission gas between grain faces and edges in UO2[END_REF][START_REF] Tucker | Grain boundary porosity and gas release in irradiated UO2[END_REF]. Most of the fission gas atoms trapped in grain-face bubbles are not released to the grain edges until extensive coalescence occurs. Before this happens, however, those bubbles situated near a grain edge will eventually grow into contact with it. In this event, the bubble will move by a surface diffusion mechanism to take up an energetically more favorable cigar shape situated along Fig. 5. Investigation of the impact of bubble contact angle on the fission gas bubble percolation, where (a)e(c) are the final bubble structures after the same amount of simulation time and with contact angles of 40 , 60 , and 80 , respectively (taken from Ref. [START_REF] Millett | Phase-field simulation of intergranular bubble growth and percolation in bicrystals[END_REF]). (d) shows the variation in bubble percolation that occurs on UO 2 grain faces in irradiated fuel annealed for 5 h at 1400 C (taken from Ref. [START_REF] Valin | Modelling the behaviour of intergranular fission gas during out-of-pile annealing[END_REF]). Fig. 6. Scanning electron microscope images of grain edge tunnels. The image on the left shows a fracture surface of a heat treated irradiated (25 GWd/tU) UO 2 sample (taken from Ref. [START_REF] Zacharie | Thermal treatment of uranium oxide irradiated in pressurized water reactor: swelling and release of fission gases[END_REF]). The image on the right shows the external fuel surface with a 'quilting' effect caused by the emergence of grain edge tunnels at the surface (taken from Ref. [START_REF] Turnbull | Swelling in UO2 under conditions of gas release[END_REF]). the grain edge. This cigar shape is essentially cylindrical with a center axis along the grain edge, in contrast with a lenticular grain face bubble that has a circular cross-section on the grain face. In this process, in order to restore mechanical equilibrium with the surface tension force, the volume of the grain-edge bubble increases by absorbing vacancies created on the grain faces. The resulting pore extends along the grain edge to a length considerably greater than the original bubble diameter [START_REF] Tucker | Grain boundary porosity and gas release in irradiated UO2[END_REF]. Indeed, at low swelling values, grain edge tunnels (formed by the coalescence of multiple cigar shaped grain edge bubbles) are inclined to collapse under the effect of surface tension, which provides a driving force for a flow of vacancies from the tunnels to the grain faces [START_REF] Turnbull | Swelling in UO2 under conditions of gas release[END_REF]. The process of collapse and reformation may be repeated again and again, with the tunnel volume growing as a result of each cycle. However, when the volume swelling caused by the tunnels is sufficiently large, the tunnel networks become stable and remain open [START_REF] Turnbull | The effect of grain size on the swelling and gas release properties of uo2 during irradiation[END_REF][START_REF] Turnbull | The relation between microstructure and the release of unstable fission products during high temperature irradiation of uranium dioxide[END_REF][START_REF] Turnbull | Swelling in UO2 under conditions of gas release[END_REF][START_REF] Tucker | The morphology of interlinked porosity in nuclear fuels[END_REF][START_REF] Tucker | Grain boundary porosity and gas release in irradiated UO2[END_REF][START_REF] Tucker | A simple description of interconnected grain edge porosity[END_REF]. Different values have been reported for the critical grain-edge swelling at the formation of extensive interlinked porosity, which generally range from about 5 to 10% [20,121e123]. In this condition, fission gas reaching open tunnels is free to escape from the fuel leading to FGR.

Modeling and simulation of the third stage of gas release

In fission gas behavior models, the third stage of FGR may be modeled explicitly, or alternatively, incorporated within an effective description of the overall gas behavior at grain boundaries. The latter, simpler approach typically involves a saturation limit for the global gas storing capacity of grain boundaries, the excess gas being considered as instantaneously released to the fuel exterior (e.g., [START_REF] Forsberg | Fission gas release under time-varying conditions[END_REF][START_REF] Veshchunov | Modelling of grain face bubbles coalescence in irradiated UO2 fuel[END_REF][START_REF] Massih | Calculation of grain boundary gaseous swelling in UO2[END_REF][START_REF] Pastore | Physics-based modelling of fission gas swelling and release in UO2 applied to integral fuel rod analysis[END_REF]. The more detailed modeling of FGR and grain boundary gaseous swelling calls for an explicit distinction between gas behavior at grain faces and at grain edges. This implies that transfer of gas atoms and vacancies between grain faces and grain edges as well as FGR from the grain edges are described.

Beer e and Reynolds [START_REF] Beer | The morphology and growth rate of interlinked porosity in irradiated UO2[END_REF] investigated the free energy of a system of interlinked grain-edge pores as a function of its dimensions and gas content, assuming a simplified geometry composed of connected spheres and frusta. Their model predicted that gas release may occur only after attainment of a critical swelling for the establishment of interlinked tunnels, and release occurred by repeated venting and re-sintering of the tunnels. Turnbull and Tucker [START_REF] Turnbull | Swelling in UO2 under conditions of gas release[END_REF] developed a model to describe the kinetics of grainedge swelling beyond the threshold value for extensive tunnel interlinkage and FGR. The diffusive flux of vacancies between the grain faces and the grain-edge tunnels is modeled considering two components, i.e., the swelling flux associated with the release of fission gas from grain-face bubbles and the sintering flux driven by the surface tension in the tunnel walls. Within this model, they adopted a simplified geometrical representation considering tetrakaidecahedral grains with circular cylindrical tunnels at grain edges representing the interlinked porosity. A more accurate description of the geometry of grain-edge porosity was proposed by Tucker and Turnbull [START_REF] Tucker | The morphology of interlinked porosity in nuclear fuels[END_REF], who developed a model for interconnected grain edge porosity based on a system of interlinked catenoid-like surfaces ("catenoid model"). The solid is considered as composed of identical tetrakaidecahedral grains. Based on geometric considerations, they determined the curvature of the tunnels and the fraction of the grain area forming tunnel surface as a function of the fractional volume swelling. An implication is the existence of the critical swelling value, below which the tunnel structure is unstable and tends to collapse. Given the complexity of the catenoid model, which makes it unfit for coupling with vacancy-diffusion based swelling calculations (such as those from Turnbull and Tucker [START_REF] Turnbull | Swelling in UO2 under conditions of gas release[END_REF]), Tucker [START_REF] Tucker | A simple description of interconnected grain edge porosity[END_REF] developed a simpler model in which the tunnel surfaces are represented as segments of a toroid ("toroid model"). The toroid model is consistent with the catenoid model above the critical swelling and has the added advantage of also describing the porosity in the lower swelling range which, although inherently unstable, is constantly reforming after collapse. Koo et al. [START_REF] Koo | Analysis of fission gas release and gaseous swelling in UO2 fuel under the effect of external restraint[END_REF] developed a model for FGR and swelling in UO 2 , explicitly considering the gas behavior at grain edges. Using the assumptions that a UO 2 grain surface consists of 14 identical circular faces and that a grain-edge bubble can be represented by a triangulated tube around the circumference of three circular grain faces, the model calculates gas bubble swelling at grain edges and FGR. Thermal FGR is proportional to the arrival rate of gas at the grain edges and the fraction of grain-edge bubbles linked to the fuel surface. The latter is a representation of the formation of release tunnels and is considered proportional to the grain-edge swelling.

There has been recent work considering explicit tunnel interlinkage through network percolation simulations by Millett et al. [START_REF] Millett | Grain boundary percolation modeling of fission gas release in oxide fuels[END_REF][START_REF] Millett | Percolation on grain boundary networks: application to fission gas release in nuclear fuels[END_REF], and Sabogal-Su arez et al. [START_REF] Sabogal-Su Arez | Fission gas bubble percolation on crystallographically consistent grain boundary networks[END_REF], and examples are shown in Fig. 7. These simulations consider a network of interconnected grain edges each of which may be in either an open or closed state. When an interconnected chain of edges reaches a free surface (pellet surface or a crack) the gas contained on those edges is considered to vent. Millett [START_REF] Millett | Percolation on grain boundary networks: application to fission gas release in nuclear fuels[END_REF] was the first to apply this percolation approach to FGR, considering 2D circular and 3D cylindrical Fig. 7. Examples of grain edge tunnel simulations using network percolation models, where (a) shows a 3D simulation of a fuel pellet slice with radial cracks for a fixed fraction of open vs closed grain faces [START_REF] Millett | Percolation on grain boundary networks: application to fission gas release in nuclear fuels[END_REF], (b) shows an 2D axisymmtric simulation with the grain face percolation evolving with time according to a 2-stage Booth equation after 1157 days [START_REF] Millett | Grain boundary percolation modeling of fission gas release in oxide fuels[END_REF], and (c) shows a 2D slice of a pellet with cracks and a crystallographically consistent grain boundary network [START_REF] Sabogal-Su Arez | Fission gas bubble percolation on crystallographically consistent grain boundary networks[END_REF].

geometries. Radial cracks were included, but only significantly impacted the FGR when a temperature gradient was included. Millett et al. [START_REF] Millett | Grain boundary percolation modeling of fission gas release in oxide fuels[END_REF] enhanced the initial model using axisymmetric geometries and a time dependent model where gas accumulates on the grain edges as a result of a 2-stage Booth equation [START_REF] Speight | A calculation on the migration of fission gas in material exhibiting precipitation and Re-solution of gas atoms under irradiation[END_REF][START_REF] Booth | A Method of Calculating Gas Diffusion from UO2 Fuel and its Application to the X-2-f Test[END_REF][START_REF] Speight | Vacancy Potential and Void Growth on Grain Boundaries[END_REF] in the adjacent grain. Once the grain edge saturation is reached, which depends on the contact angle, the edge is marked open. When the chain of interconnected porosity vents, all of the connected edges are marked closed, representing the annealing of the tunnel. These simulations show that the venting primarily occurs along the hot, inner region towards the top and bottom of the pellet, and that the grains in the cooler outer region never reach the saturated criteria. Their simulations also show that the requirement for percolation delays the release of gas on the grain edges, which allows greater gas resolution to occur, reducing the overall FGR. When the gas resolution rate is set to zero, the percolation condition predictions are similar to those of the 2-stage Booth model; as the gas resolution rate increases to ~10 À5 s À1 , the onset of FGR is delayed, and the total release fraction drops by 25e40%.

Sabogal-Su arez et al. [START_REF] Sabogal-Su Arez | Fission gas bubble percolation on crystallographically consistent grain boundary networks[END_REF] considered a cylindrically symmetric model using a crystallographically consistent grain boundary network, and included the effects of radial cracks. Their simulations are static, in which the probability of a grain edge being open is a function of the misorientation angle and the radial position, which represents the effects of a radial temperature profiles on grain face saturation. To obtain a crystallographically consistent network, they assigned each grain a random orientation and calculated the edge misorientation angles from this information, as compared to Millet [START_REF] Millett | Percolation on grain boundary networks: application to fission gas release in nuclear fuels[END_REF] whose misorientation angles were random. Sabogal-Su arez et al. showed that crystallographic consistency results in a texture with more clustering of open edges, which limits the extent of interconnected chains and thus the fraction of vented gas at each venting event. They also demonstrate that the radial cracks help penetrate the cooler outer regions in order for percolation to occur faster, however they acknowledge that in a model including axial displacement along the hot centerline, the impact of radial cracks may be diminished.

White [START_REF] White | The development of grain-face porosity in irradiated oxide fuel[END_REF] explicitly considered the evolution of grain boundary bubble morphology and modeled FGR through venting of elongated bubbles to the grain edges, with a phenomenological treatment of bubble-length/grain-edge intersection probability.

Needs and recommendations

Introducing the explicit description of the third stage of FGR as part of a detailed fission gas behavior model calls for suitably describing the physical mechanisms that characterize the gas behavior at grain edges, however there are still open questions regarding these mechanisms.

The first open question in the third stage of FGR is: are some grain edges more likely to form tunnels and if so, does this anisotropy significantly impact FGR? Post irradiation examination of UO 2 samples with increasing burnup, using SEM and EBSD, could determine if certain grain edges (characterized by the orientations of the three grains that meet to create the grain edge) are more likely to form tunnels. 3D phase field simulations could be used to quantify the impact of grain edge anisotropy on the overall FGR, though they would be very expensive calculations. 3D network percolation algorithms that represent each triple junction could be a more computationally efficient alternative.

The second open question is: how is gas transferred from grain faces to grain edges? Answering this question using experiments would be extremely difficult, as it is difficult to track the migration of gas atoms through the bubble networks. Modeling of gas transfer from grain faces to edges may be based on the mechanism put forward by Turnbull [START_REF] Turnbull | The effect of grain size on the swelling and gas release properties of uo2 during irradiation[END_REF], whereby bubbles nucleated on the grain faces grow until they coalesce with the porosity along the grain edges, where they discharge their gas. This would be captured using a geometrical reasoning. The model may involve a saturation value for the coverage of grain faces by bubbles, for which gas is transferred to the grain edges after attainment of the saturation coverage [START_REF] White | The development of grain-face porosity in irradiated oxide fuel[END_REF][START_REF] Pastore | Physics-based modelling of fission gas swelling and release in UO2 applied to integral fuel rod analysis[END_REF][START_REF] Koo | Analysis of fission gas release and gaseous swelling in UO2 fuel under the effect of external restraint[END_REF]. A more detailed approach may be based on 3D network percolation algorithms or 3D phase field modeling.

The final open question for stage three is: how do grain edge bubbles evolve over time? Investigating the evolution of bubbles with experiments could possibly be answered using postirradiation annealing in situ with a non-destructive 3D characterization approach such as high energy X-ray diffraction microscopy. In the simplest modeling approach, this may be obtained by representing grain-edge bubbles as triangulated tubes in mechanical equilibrium with the surrounding material, so that bubble volume and swelling can be calculated based solely on the gas atom flux from the grain faces and an equation of state [START_REF] Koo | Analysis of fission gas release and gaseous swelling in UO2 fuel under the effect of external restraint[END_REF]. For a more detailed physical description, the direct modeling of vacancy diffusion between the grain-face bubbles and the grain-edge tunnels during coalescence may be explored. The grain-edge bubble volume and swelling would then be determined by the flux of gas atoms and vacancies to the grain-edge porosity and the sintering vacancy flux acting in the opposite direction. This could be pursued, for instance, by taking up the approach of Turnbull and Tucker [START_REF] Turnbull | Swelling in UO2 under conditions of gas release[END_REF] and evolving it to consider a more accurate description of the geometry of grain-edge porosity [START_REF] Tucker | A simple description of interconnected grain edge porosity[END_REF].

Non-diffusional mechanisms

As discussed in the previous sections, the primary mechanism for FGR is the diffusion of gas atoms through the UO 2 matrix, the percolation of grain face bubbles, and the release of gas to free surfaces through grain edge tunnels. However, it has been clearly observed that there are some mechanisms for FGR that are not caused by diffusion. One such mechanism is release due to direct recoils from fission events or by knockouts. Another occurs during rapid power transients, resulting in a jump in the FGR as shown in Fig. 7 [101,135e139]. This phenomenon is typically called "burst release." In single crystals, the effect appears to be caused by a knockout mechanism [START_REF] Carroll | In-pile fission-gas release from single-crystal UO 2[END_REF]. The effect is more pronounced in polycrystalline fuel, and appears to be caused by microcracking along grain boundaries induced by rapid thermal stresses and gas bubble pressure, also shown in Fig. 8.

Release due to recoil and knockouts

Early investigations of the FGR in UO 2 single crystal samples below 1000 C showed the presence of very short-lived fission products with temperature independent release rates. Based on the relative immobility of fission gases at these temperatures, it was concluded that the observed releases should correspond to direct recoils from fission events or knockouts, when the primary fragment interacts with other fission gases in the lattice. Only fission products formed at the external surface of the UO 2 pellets can escape by these mechanisms. These processes were studied by Olander [START_REF] Olander | Fundamental Aspects of Nuclear Reactor Fuel Elements[END_REF], Wise [START_REF] Wise | Recoil release of fission products from nuclear fuel[END_REF], and Lewis [START_REF] Lewis | Fission product release from nuclear fuel by recoil and knockout[END_REF] to understand their importance on releases in fuel operating at low powers. Based on the mathematical treatment developed by Lewis [START_REF] Lewis | Fission product release from nuclear fuel by recoil and knockout[END_REF] applied to the analysis of several experiments [144e146], it was demonstrated that recoil plays an important role on modelling gas releases from low-powered fuel and it is the dominant gas release mechanism for fuel debris deposited on in-core surfaces.

Experimental evidence of burst release

During post-irradiation annealing, both rapid increases and decreases in temperature have resulted in fission gas burst release. However, burst release primarily occurred within a specific temperature range, with maximum release at about 1500 C [START_REF] Une | Fission gas release during post irradiation annealing of BWR fuels[END_REF][START_REF] Rothwell | The release of kr85 from irradiated uranium dioxide on postirradiation annealing[END_REF][START_REF] Ducros | Synthesis of the VERCORS experimental programme: separate-effect experiments on Fission Product release, in support of the PHEBUS-FP programme[END_REF], though it depends on burn-up. In transient irradiations, the kinetics of FGR is determined from measurements of the pressure within the fuel rod. Notley and MacEwan [START_REF] Notley | Stepwise release of fission gas from UO 2 fuel[END_REF] and Carroll et al. [START_REF] Carroll | Fission density, burnup, and temperature effects on fission-gas release from UO 2[END_REF] ascribed these sudden jumps in FGR during transients to micro-cracking along grain boundaries. Transient-tested UO 2 fuel rods exhibit grain face separations [START_REF] White | IFPE/CAGR-UOX-SWELL, Fuel swelling Data Obtained from the AGR/Halden Ramp Test Programme[END_REF][START_REF] Hastings | Fission gas release from power-ramped UO2 fuel[END_REF][START_REF] Walker | Concerning the development of grain face bubbles and fission gas release in UO2 fuel[END_REF][START_REF] Rest | The mechanistic prediction of transient fission-gas release from LWR fuel[END_REF] observed using microscopy, and it was postulated that these cracks released all fission gas stored on the cracked grain boundaries. This postulated mechanism explains the rapid kinetics of burst release and why some grain boundaries release their gas but others do not. Cayet [27] suggests a different mechanism; he ascribed the rapid change in pressure during a power drop to the opening of the gap, allowing gas released previously but unable to reach the plenum to transport to the plenum and be detected by the pressure transducer. However, this mechanism does not fully describe the behavior, as burst release has been observed in transient experiments where pelletcladding interaction was absent [START_REF] Une | Fission gas release during post irradiation annealing of BWR fuels[END_REF][START_REF] Rothwell | The release of kr85 from irradiated uranium dioxide on postirradiation annealing[END_REF][START_REF] Ducros | Synthesis of the VERCORS experimental programme: separate-effect experiments on Fission Product release, in support of the PHEBUS-FP programme[END_REF].

Modeling and simulation of burst release

Attempts to model fission gas burst release have been focused on the engineering scale, to provide a means to represent this phenomenon in fuel performance codes. The one exception from this is the work from Chakraborty et al. [START_REF] Chakraborty | Modeling the influence of bubble pressure on grain boundary separation and fission gas release[END_REF] in which finite element simulations were used to determine the bubble pressure required for grain boundary separation. For fuel performance codes, various models have been developed to describe the increase in FGR during transients [151e155]. Some approaches [START_REF] Hering | The kwu fission gas release model for lwr fuel rods[END_REF][START_REF] Koo | Cosmos: a computer code to analyze LWR UO2 and MOX fuel up to high burnup[END_REF][START_REF] Van Uffelen | Development of a transient fission gas release model for TRANSURANUS[END_REF] add a contribution of gas release from grain boundaries due to micro-cracking when specific empirical conditions regarding the power occur. In addition, a burn-up dependent temperature threshold is used in some of the models [START_REF] Koo | Cosmos: a computer code to analyze LWR UO2 and MOX fuel up to high burnup[END_REF][START_REF] Van Uffelen | Development of a transient fission gas release model for TRANSURANUS[END_REF]. The model from Bernard et al. [START_REF] Bernard | An efficient model for the analysis of fission gas release[END_REF] reduces the gas concentration at grain boundaries after the beginning of a transient according to an exponential function. The model of Hering [START_REF] Hering | The kwu fission gas release model for lwr fuel rods[END_REF] includes a restoration of the gas storing capacity of cracked grain to account for crack healing. Pastore et al. [START_REF] Pastore | Modelling of transient fission gas behaviour in oxide fuel and application to the BISON code[END_REF] extend an existing diffusion-controlled FGR model by reducing the grain-face gas inventory and storing capacity as the local temperature varies during transients. An empirical temperature-dependent function is developed to represent the micro-cracking mechanism. Compared to previous ones, this model allows for continuous kinetics of FGR and preserves the physical coupling between FGR and gaseous swelling. This model was further improved by introducing an explicit dependence of transient release on fuel burn-up, and applied in multiple fuel performance codes [START_REF] Barani | Analysis of transient fission gas behaviour in oxide fuel using BISON and TRANSURANUS[END_REF].

Needs and recommendations

Although the process of burst release is still a subject of active discussion, the theory involving grain-boundary separation due to micro-cracking is acknowledged by several authors and finds support in the available experimental evidence. However, a definitive answer is still needed for the primary question: what is the mechanisms that drives burst release? One possible experimental approach to answer this question would be to characterize fuel microstructures directly after burst before they have had a chance to heal. 3-D characterization that determines grain orientations, such as high energy x-ray diffraction microscopy, would be especially valuable to determine which grain boundaries are most likely to separate. Atomistic simulation could then be used to quantify the properties of these grain boundaries. Atomistic and mesoscale simulation approaches could be used to model the grain boundary separation and determine quantitative thresholds for when separation occurs.

All new insights into burst release should then be used to develop mechanistic models for fuel performance codes to describe burst release. All current burst release models use empirical thresholds for when grain separation occurs, but for a fuel performance code to be truly predictive, these models need to physically describe the primary mechanisms.

Conclusions

The production and release of fission gases in UO 2 reactor fuel has a large impact on the fuel performance, causing swelling and the degradation of properties such as thermal conductivity and fracture toughness, and reducing the gap conductivity and increasing the gap pressure. Due to its importance, fission gas behavior and release have been studied experimentally and modeled for many years. These studies have found that the majority of FGR results from three stages: in stage one gas atoms are produced and migrate through the bulk; in stage two grain face bubbles nucleate, grow, and interconnect until they contact grain edges; in stage three gas transports through interconnected grain edge tunnels until it reaches a free surface and is released. In addition to these mechanisms that are based on gas atom diffusion, some gas release occurs due to knockout and recoil and burst release. In this work, experimental findings from the literature for each stage of gas release and for the non-diffusional mechanisms have been reviewed. A summary has also been provided of the modeling and simulation efforts that have been carried out to predict fission gas behavior.

In addition to the review of past work on fission gas, needs and recommendations have been provided that focus on open questions that still need to be answered. For the convenience of the reader, these questions are restated here, and suggestions on how these questions could be answered can be found in their corresponding sections.

Stage 1 of gas release:

How does non-stoichiometry impact the intrinsic diffusion of Xe in UO 2 ? What defects drive the acceleration of diffusion due to radiation at temperatures between 1300 and 1600 K? What drives the formation of a multimodal intragranular bubble size distribution at higher temperature and burnup? What is the relative importance of homogeneous and heterogeneous resolution of gas atoms from intragranular bubbles? Stage 2 of gas release Do the majority of grain face bubbles nucleate on grain boundaries or do they nucleate in the bulk before making contact with the grain boundary? How does grain boundary character impact the nucleation and percolation of grain face bubbles? What happens to percolated grain face bubble networks once the gas atoms escape? Stage 3 of gas release Are some grain edges more likely to form tunnels and if so, does this anisotropy significantly impact FGR? How is gas transferred from grain faces to grain edges? How do grain edge bubbles evolve over time? Non-diffusional mechanisms What is the mechanism that drives burst release?

The mechanistic understanding of fission gas behavior surveyed in this work has the potential to revolutionize our ability to predict fission gas behavior during reactor operation and to design fuels that have improved fission gas retention, though more work needs to be done. In addition, the combined efforts of experiments and modeling applied to understand FGR can serve as a model of how this combined approach could be applied to understand the unit mechanisms behind other critical behaviors in reactor materials. 

Fig. 3 .

 3 Fig. 3. Migration mechanism of a Kr atom trapped in a Schottky defect in UO 2 involving an additional uranium vacancy. Uranium ions are shown in green, oxygen in red, krypton in purple and vacancies in empty circles. Taken from Ref. [41]. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Fig. 4 .

 4 Fig. 4. Evolution of grain boundary porosity. (a) Early stage evolution at a burn-up of 13 GWd/tU. The fuel was fast ramped and held at 1700 C for 2 min. The mean projected bubble radius is 85 nm, and there are approximately 9 bubbles mm À2 of boundary. (b) Intermediate stage evolution at 21 GWd/tU. The fuel was fast-ramped and held at 1800 C for 2 min.The mean projected radius is 220 nm and there are 1.3 bubbles mm À2 . (c) Advanced stage evolution; the fuel was ramped under similar conditions but maintained at 1800 C for 30 min. The mean projected radius is 260 nm, the mean projected length is 1340 nm, and there are 0.43 bubbles mm À2 (taken from Ref.[START_REF] White | The development of grain-face porosity in irradiated oxide fuel[END_REF]).

Fig. 8 .

 8 Fig. 8. Examples of fission gas burst release, where the plot on top shows a measured plot of FGR in a transient reactor test along with simulation results (taken from Ref. [141]). The figure on the bottom shows post-ramp fuel structures, with (a) section, (b) fuel periphery, (c) fuel center, all optical ceramographs and (d) fuel center, scanning electron micrograph showing intergranular fission gas bubbles (G) and grain edge tunnels (T) (taken from Ref. [137]).
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Table 1

 1 Xe solution energies in UO 2±x . The subscripts denote the type of trap site. EP refers to static empirical potential calculations.

	Trap site type	EP [43,44]	DFT [40]	DFT [31]
	UO 2-x			
	Xe O	13.34	9.61	
	Xe U	18.32	9.89	11.19
	Xe UO	12.93	6.27	7.37
	Xe UO2	9.57	3.88	5.78
	Xe U2O2	19.78		
	Xe I	17.23	11.10	
	UO 2			
	Xe O	16.75	11.48	
	Xe U	11.50	6.13	6.93
	Xe UO	9.52	4.40	5.24
	Xe UO2	9.57	3.88	5.78
	Xe U2O2	12.96		
	Xe I	17.23	11.10	
	UO 2þx			
	Xe O	20.16	13.25	
	Xe U	4.68	2.61	2.67
	Xe UO	6.11	2.63	3.11
	Xe UO2	9.57	3.88	5.78
	Xe U2O2	6.13		
	Xe I	17.23	11.10	

Table 2

 2 Xe and Kr activation energies and pre-exponential factors for fission gas diffusion in UO 2±x . EP refers to static empirical potential calculations.

	Calculated Properties	DFT & EP [42]	E P [ 46]	DFT & EP [41]	Exp [53]
	UO 2-x				
	Xe DH (eV)	6.39	6.5		6.0 ± 0.1
	Xe D 0 (m 2 /s)	2.06 Â 10 À3			4 Â 10 -2 1.6 Â 10 1
	Kr DH (eV)			9.54	
	Kr D 0 (m 2 /s)			5.35 Â 10 À8	
	UO 2				
	Xe DH (eV)	3.94	4.0		3.9 ± 0.4
	Xe D 0 (m 2 /s)	3.17 Â 10 À9			5 Â 10 À6 -5 Â 10 À4
	Kr DH (eV)			5.27	
	Kr D 0 (m 2 /s)			7.08 Â 10 À9	
	UO 2þx				
	Xe DH (eV)	1.71e2.73	2.4		1.7 ± 0.4
	Xe D 0 (m 2 /s)	1.19 Â 10 À13 -2.21 Â 10 À8			1 Â 10 À12 -1 Â 10 À8
	Kr DH (eV)			0.73	
	Kr D 0 (m 2 /s)			3.07 Â 10 À7	
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