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Due to the superior thermal conductivity and high uranium density, U3Si2 is an excellent candidate for conventional UO2 nuclear fuel and shows great potential application in accident-tolerant fuel (ATF) assembly of light water reactors (LWRs). Currently, the behavior of Xe bubbles with internal or applied stress is rarely investigated, restricting further understanding of swelling in U3Si2. The mesoscopic phase-field method has been developed in this work to study the spatial and temporal Xe bubble evolution in U3Si2. The results show that the bubble density and its average size increase as the fission rate increases. Applied stress accelerates the nucleation and growth of gas bubbles, reshaping the bubbles’ morphology from spherical in a stress-free state into elongated along the applied direction in a stressed state. The gas bubbles in a local dislocation stress field nucleate preferentially at stress-concentrated sites and spread over the whole system in succession, and the bubble coarsening is controlled by the stress overlap of the dislocation pair. The results show a practical phase-field method for Xe bubble evolution study in U3Si2, which can be expanded into swelling behavior investigation in other fuels and lay a solid foundation for the development of ATF assembly.
Keywords: U3Si2 fuel, phase-field simulation, Xe bubble evolution, fission rate, applied stress, dislocation stress field
1 INTRODUCTION
U3Si2 has been considered a promising accident-tolerant fuel (ATF) to take the place of the UO2 pellets clad in Zircaloy used in light water reactors (LWRs) since the Fukushima-Daiichi accident (Bischoff, 2014). The reasons ascribed to the U3Si2 show higher thermal conductivity and uranium density than UO2 (White et al., 2015) though it has a lower melting temperature than UO2 (Miao et al., 2018). Owing to the extremely low solubility in the nuclear fuel, the fission gas atoms produced during the nuclear reaction process tend to accumulate in voids or grain boundaries. The voids or grain boundaries filled with gases form gas bubbles, leading to fuel pellets’ volume swelling and cracking, affecting fuel performance and the reactors’ safety. Hence, predicting and understanding gas bubble evolution is crucial for the scientific design of U3Si2 nuclear fuel, optimizing fuel operation, and reducing uncertainty in operational and safety margins. We know that the swelling of dispersion U3Si2 fuel is a significant issue in research reactors (Finlay et al., 2004); however, the swelling mechanism remains unclear when U3Si2 fuel is used in the typical temperature and fission rate of commercial LWRs.
Up to now, we lack available experimental data in light water reactors due to the oxidation of the U3Si2 samples at a specific temperature and fission rate. Therefore, researchers are considering using computer simulation to study the performance of U3Si2 fuel. On the other hand, gas bubble evolution in U3Si2 nuclear fuel is a highly complex process that involves tremendous time and length scales from the scale of femtoseconds and nanometers to the scale of years and meters; thus, it is popular to study U3Si2 using a multiscale simulation method. The phase-field simulation is a mesoscopic method based on the Ginzburg–Landau phase transition theory. It can deal with large length and time-scale issues such as the evolution of voids and bubbles under irradiation. Other approaches with comparable length and time-scales to the phase-field are kinetic Monte Carlo methods (KMC) (Soneda et al., 2003; Caturla et al., 2006; Torre et al., 2006), object kinetic Monte Carlo (OKMC) (Domain et al., 2004; Surh et al., 2004), cluster dynamics (Xu et al., 2012a; Xu et al., 2012b), and rate theory (Veshchunov, 2000; Surh et al., 2005; Bonilla et al., 2006; Veshchunov et al., 2006; Ortiz et al., 2007; Veshchunov et al., 2007). These studies have been used to study nuclear materials and provide us with helpful knowledge. The phase-field method is advantageous in taking into account the local microstructure inhomogeneity and long-range elastic interactions, making it capable of modeling the evolution of the microstructure and properties in U3Si2 and bridging atomistic and macroscopic simulations.
The evolution of gas bubbles is affected by two main factors: fuel fabrication conditions, such as stress and grain size, and operation conditions of reactors, such as temperature and fission rate. Due to the initial stage of different types of bubbles being considered to be similar that start as isolated fission gas atoms inside grains, understanding the mechanism of the nucleation and growth of intragranular bubbles plays a critical role. Some typical phase-field models have been proposed to study the evolution of bubbles in irradiated materials (Stan et al., 2007; Hu et al., 2009; Hu et al., 2010; Millett et al., 2011; Millett and Tonks, 2011; Millett et al., 2012a; Millett et al., 2012b; Li et al., 2013; Hu et al., 2015; Hu et al., 2016; Xiao et al., 2020). Few phase-field models can reproduce the stable intragranular gas bubble morphological changes upon irradiation. These models consider factors such as initial bubble density and the contact angle. However, they do not sufficiently consider the fuel fabrication conditions, such as stress and operating conditions of reactors in service, especially related to the extremely important ATF fuel U3Si2. Aagesen et al. (2020) developed a model for U3Si2 intergranular fission gas bubble behavior in LWRs. This phase-field model studied the growth, interconnection, and venting of intergranular fission gas bubbles, as well as determined fractional grain boundary coverage at gas saturation. Larry revealed the behaviors of intergranular fission gas bubbles but did not refer to intragranular gas bubbles in U3Si2 under different operating conditions. Wang et al. (2022) employed a phase-field model to describe the evolution of intragranular gas bubbles in tungsten under external loading. They found that intragranular fission gas bubbles vary with the direction and magnitude of external loading, and bubbles growth is accelerated along the loading direction. All the aforementioned studies provide us with a knowledgeable understanding of bubbles. It is well known that microstructures inhomogeneous are pretty common in materials in service.
The microstructures’ inhomogeneity will cause local elastic energy or interface energy, which will not only affect the spatial distribution of the vacancy and gas atom but also their combination in the crystal, further affecting the formation of bubbles. The influence of internal microstructures on bubble formation is scarcely mentioned. The stress, irradiation, and microstructures’ inhomogeneous effect on gas bubble formation wait to be revealed. Our current work provides a more comprehensive phase-field model of gas bubble evolution, a better understanding of intragranular Xe bubble evolution, and a solid foundation for the future study of the nucleation and growth of intergranular Xe bubble in U3Si2 fuel.
In this work, we mainly control three variables, the fission rate, applied stress, and dislocation stress field, to study their influence on intragranular Xe bubble evolution. The work is organized as follows. Section 2 presents the functional free energy and equation of motion to illustrate the model construction procedure. Section 3 demonstrates the Xe bubble evolution diagram for various fission rates (Section 3.1), bubbles upon applied stress (Section 3.2), and bubbles in a dislocation dipole stress field (Section 3.3). Section 4 draws the main conclusions.
2 PHASE-FIELD MODEL FORMULATION AND PARAMETRIZATION
In this section, we develop a two-dimensional phase-field model with the assumption that the dominant defect species are U vacancies and fission gas atoms on U lattice sites. The insoluble fission gas atoms are described as Xe on U sites due to Xe production occurring at a rate nearly ten times that of Kr (Olander, 1976). Moreover, the phase-field model describes the evolution of intragranular Xe bubbles in U3Si2 fuels under irradiation conditions. The irradiated interstitials diffuse several orders of magnitude faster than vacancies; they either recombine quickly with vacancies or become trapped by dislocations and grain boundaries, leaving abundant vacancies and fission gas atoms interior. Hence, only gas atoms and vacancies are considered in formulating the functional free energy. In general, the total free energy F of the system is written as a function of phase-field variables cgas (for gaseous atoms) and cvac (for vacancies).
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The total free energy F is a volume integral of free energy density, which consists of chemical energy, gradient energy, and elastic interaction energy. F(cgas, cvac) is the chemical energy. κgas and κvac are gradient coefficients associated with the gradient energy of gas bubbles, Felastic is the elastic energy associated with the stress field, and cgas(r,t) and cvac(r,t) represent the gas atom concentration and vacancy concentration at site r and time t.
2.1 Chemical energy
The evolution of Xe bubbles in the phase-field model is driven by the minimization of the total free energy of the system. Chemical energy is a crucial part of the total free energy of the system, and it is usually difficult to calculate the chemical free energy of U3Si2 fuel when defects and irradiation-induced phases are considered. Based on the simulation observations of gas bubbles (Hu et al., 2009), we give the form of chemical energy as
[image: image]
where fvac, fgas, fbind, b0, b1, b2, and b3 are constants, and constant fbind is associated with the binding energy between vacancy and gas atom. Here, fgas, fvac, b0, b1, b2, and b3 are affected by the equilibrium properties, and [image: image] and [image: image] are the solubility of the gas atom and vacancy in the matrix phase, respectively.
2.2 Elastic energy
The fuels suffer mechanical or thermal stress upon processing or heat treatment, and they may also be subjected to complicated applied stress in service. In addition to that, various inner inhomogeneous microstructures, such as dislocations or defect clusters, will also inevitably introduce local distortion. These applied or internal stresses cause gas atoms or vacancies to diffuse directionally, reshaping the bubbles’ morphology (Braski et al., 1979; Suzuki et al., 1990; Wang et al., 2022). It is necessary to consider the elastic effects in the bubbles model for U3Si2. In this study, both the applied stress and dislocation stress field were considered in the elastic term, and the elastic energy Felastic is given by
[image: image]
where [image: image] are the elastic strain and λijkl is the elastic stiffness tensor. Here, the elastic stiffness is assumed to be inhomogeneous and is described as a statistical average of the stiffness of the matrix and gas (Hu et al., 2009).
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The formula ensures elastic constants are zero in voids where cvac = 1 and cgas = 0. In gas bubbles where cvac equals 1, the elastic constants depend on the gas concentration cgas. The effect of dislocation on the Xe bubble is introduced through a pair of stable dislocation configurations into the elastic term of the free energy density. Then, the intrinsic strain is composed of three parts, which can be written as
[image: image]
where [image: image] is the eigenstrain related to vacancy, [image: image] is the eigenstrain related to gas atom, and [image: image] is the eigenstrain associated with a spatial distribution of dislocations. The dislocation stress field causes the change of elastic energy in the form of eigenstrain, and the formula is as follows:
[image: image]
Here, [image: image], [image: image], and d are the Burgers vector, the normal of the slip plane, and the interplanar distance of the slip plane, respectively.
In this work, a pair of dislocation dipoles (consisting of two edge dislocations) is introduced on the (110) slip plane. We choose the crystal direction [[image: image]], [[image: image]], and [[image: image]] as the x-, y-, and z-axis, respectively, and inserted the edge dislocation with Burgers vector [image: image] in the (110) plane, where a0 is the lattice constant.
2.3 Evolution equations and parametrization
The movement of vacancy and gas atoms is described by the Cahn–Hilliard equations (Cahn, 1961).
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where Mgas and Mvac are the mobility of gas atoms and vacancies, respectively. Here, F is the total free energy given by Eq. 1, and [image: image] and [image: image] are the generation rates of gas atoms and vacancies, respectively.
The generation rates of gas atoms and vacancies terms are given by
[image: image]
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where [image: image] is a constant rate of Xe production and hm is a switching function that has the value of 1 in the fuel matrix and 0 inside the bubble.
The Xe production rate is written as
[image: image]
where [image: image] is the fission rate and YXe is the fission yield of Xe; YXe equals 0.2156 based on the thermal neutron Xe yield for U-235 (Agency, 2017). Based on the typical operating conditions for commercial LWRs (Olander, 1976), [image: image] can be estimated to be 1.26×1013 cm-3s-1, 3.26×1013 cm-3s-1, 5.26×1013 cm-3s-1, and 7.26×1013 cm-3s-1; in addition, a zero fission rate condition is also included in our simulation. The generation rates of vacancies have not been determined to our knowledge, and we assume a value of [image: image].
To improve solution efficiency and ensure all quantities are of order unity, the governing equations Eqs 8, 9 were non-dimensionalized, using the characteristic length r0 = 0.1 μm, and the shear modulus of the matrix can be seen in Chattaraj and Majumder (2018).
[image: image]
where C44 is the shear modulus of the matrix and [image: image] is the characteristic mobility. Table1 shows the value of the model parameters used in our simulations.
TABLE 1 | Parameters used for phase-field simulations.
[image: Table 1]3 RESULTS AND DISCUSSION
3.1 Xe bubble evolution under different fission rates
First, a comparative study of the intragranular Xe bubbles at typical fission rate conditions in LWRs is checked, and the fission rates’ effect on bubble morphology is explored. The stress effects are not considered to clarify the fission rate’s contribution. The simulations were implemented at a typical temperature of 1200K in LWRs, with a mesh grid of 128 and ∆l = 0.2 nm, using the implicit Fourier transformation method. To improve evolution efficiency and enhance the simulation effect, we introduce ξg = 0.0025 and ξv = 0.0025 as the thermal fluctuations of gas atoms and vacancies, respectively. The simulation evolution results of the intragranular Xe bubbles under different fission rates and statistical analysis are shown in Figure 1 and Figure 2, respectively.
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[image: Figure 1]FIGURE 1 | Two-dimension evolution diagram of the Xe bubbles at time t = 250t*, 9000t*, and 10000t* under fission rates of 1.26×1013 cm-3s-1, 3.26×1013 cm-3s-1, 5.26×1013 cm-3s-1, and 7.26×1013 cm-3s-1.
[image: Figure 2]FIGURE 2 | Comparison of the (A) number, (B) mean radius, and (C) volume fraction of Xe bubbles at different fission rates.
The predicted effect of the fission rate on the intragranular Xe bubble evolution in fuel U3Si2 is displayed in Figure 1 and Figure 2. Five typical fission rate conditions of 0, 1.26×1013 cm-3s-1, 3.26×1013 cm-3s-1, 5.26×1013 cm-3s-1, and 7.26×1013 cm-3s-1 are investigated in the simulations. The concentrated vacancies generated upon irradiation segregate and form vacancies clusters at the beginning. The limited solubility of fission gases in the U3Si2 matrix drives the gases to fill into these clusters through short-range diffusion steps. The void nucleation and gas filling co-occur, and gases swelling and void shrinkage effect attains equilibrium at the gas concentration approaches roughly 0.3 in a void. The voids persistently grow and coarsen by absorbing both vacancies and gases in such an equilibrium state for an extended period. With the increased fission rate, the incubation period of Xe bubbles is generally advanced, and the final bubble number, the average radius, and the volume fraction are enhanced. The volume fraction of Xe bubbles is highest for the enormous fission rate. As presented in Eqs 7, 9, the defect production rate is proportional to the fission rate; the point defects then rises with an increased fission rate. Although the defects annihilate simultaneously, numerous defects accumulation are generally found with enhanced fission rate, and the defects are condensed in high fission rate conditions. The condensed vacancies and gases in higher fission rate conditions accelerate the incubation process, and Xe bubbles appear significantly advanced. Compared to the drastically reduced incubation period and enlarged volume fraction of bubbles upon enhanced fission rate, the average size is not severely coarsened.
3.2 Xe bubble evolution under applied stress
The fuels are suffering stress originating from the processing process, in-service environments, or inhomogeneous microstructures, which makes the bubbles in a stress state different from those in the stress-free state, as previously described. To clarify the Xe bubble evolution in U3Si2 in a stress state, we consider the external stress and elastic inhomogeneity in the mathematic model in Eq. 3, based on the linear elasticity assumption caused by those stress. The conditions under the fission rates of 1.26×1013 cm-3s-1 and 7.26×1013 cm-3s-1 with applied stress were performed, and we obtained the evolution results and statistical analysis as exhibited in Figure 3 and Figure 4, respectively.
[image: Figure 3]FIGURE 3 | Xe bubble evolution with applied stress under different fission rates (D) 1.26×1013 cm-3s-1 and (E) 7.26×1013 cm-3s-1.
[image: Figure 4]FIGURE 4 | Comparison of the (F) number, (G) mean radius, and (H) volume fraction of Xe bubbles at 1.26×1013 cm-3s-1 and 7.26×1013 cm-3s-1.
As shown in Figure 3, the predicted bubble pattern under applied stress is quite different from that in a stress-free state. The applied stress induces bubbles’ nucleation and accelerates the growth and coarsening. After 5000 steps of time evolution, the stress-free bubbles are still incubating; however, coalescence and Ostwald ripening occur in the stress-assisted bubbles. The stress state of a system is metastable, and void or bubble formation occurs as a consequence of stress relaxation. Voids or bubbles formation is accomplished through the interior gases and vacancies diffusion guided by the stress. With continuous production of point defects and gas atoms, the bubbles grow faster in the direction parallel to the applied stress, and the cross-sectional shape of bubbles with applied stress becomes stripped eventually. According to our analysis, the applied stress can significantly promote the growth rate of the bubble along with the applied stress and can help gases and vacancies overcome the energy barrier of bubble nucleation. To quantitatively evaluate the applied stress effect on the evolution feature of the Xe bubble, the number, mean radius, and volume fraction of bubbles are statistically displayed in Figure 4. By comparing the curves of bubbles evolution in Figure 4, the applied stress boosts the increment of the number, mean radius, and volume fraction of bubbles, manifesting severe irradiation damage.
3.3 Xe bubble evolution under dislocation stress field
Intrinsic line defects, such as edge/screw dislocations or dislocation loops, widely existed in irradiation samples. U3Si2 fuel that suffers severe irradiation will produce massive defects, causing dislocation boosts. The high dislocation densities inevitably reshape the Xe bubble arrangement or morphology. A typical experimentally observed dislocation configuration consisting of a pair of dislocations with opposite signs is considered to investigate the dislocation-induced bubble formation. Based on the linear elasticity assumption and inclusion theory, the strain caused by the dislocation pairs is taken as inclusion; the strain is thus given by Eqs 5 and 6. The Xe bubble nucleation effect can be studied by adding an elastic energy term caused by the dislocation pair through the generalized Hooke law. At the fission rates of 1.26×1013 cm-3s-1 and 7.26×1013 cm-3s-1, we obtain the evolution results and statistical analysis that are displayed in Figure 5 and Figure 6, respectively.
[image: Figure 5]FIGURE 5 | Dislocation dipole distribution model (I) and Xe bubble evolution with dislocation stress field under (J) 1.26×1013 cm-3s-1 and (K) 7.26×1013 cm-3s-1.
[image: Figure 6]FIGURE 6 | Comparison of the (L) number, (M) mean radius, and (N) volume fraction of Xe bubbles at 1.26×1013 cm-3s-1 and 7.26×1013 cm-3s-1.
In this case, the dislocation dipole set in the investigated system causes local elastic inhomogeneous. According to the analysis of Section 3.2, this inhomogeneous local stress will induce bubbles formation. As shown in Figures 5J and K, two bubbles form first near the dislocation dipole. The local stress concentrates nearby the line core, attracting vacancies and gases to relax the severe dislocation stress nearby. The segregation of vacancies and gases leads to microstructure instability, forming two bubbles at the most stress-concentrated sites. The local inhomogeneous stress breaks the homogenous nucleation of bubbles for the primary Xe bubbles to deplete the surrounding vacancies and gases, and then the rest nucleate in succession a little far away from the primary ones. These secondary Xe bubbles form at the periphery of the primary ones, arranged in dot-like layers roughly in two. With prolonged time, these bubbles coarsen in the dislocation stress at a different pace; some are elongated, and some are still spherical. These multiple morphologies of the bubbles are believed to be related to the stress overlap of the two dislocation pair, and it leads to the stress being reinforced in some regions while stress is offset in others. Bubbles nearby the stress-reinforced region coarsen faster than those in the stress-offsetted region. Eventually, these bubbles evolve into different cross-sectional shapes.
For a better prediction of the dislocation stress field on the evolution of Xe bubbles, the number, mean radius, and volume fraction of bubbles are statistically shown in Figure 6. Based on the analysis of Figure 6, the dislocation stress field encourages the nucleation and growth rate of bubbles around this pair of dislocations. In view of this phenomenon, it is believed that the elastic energy introduced by the dislocation pair drives gas atoms and vacancies to overcome the energy barrier of nucleation, providing heterogeneous nucleation sites. The inhomogeneous interior microstructures and local stress concentration caused by these microstructures are essential factors that contribute to bubble swelling.
4 CONCLUSION
In this work, typical irradiation and fabricated conditions for U3Si2 fuel are used in the simulations; i.e., the fission rates are 1.26×1013 cm-3s-1, 3.26×1013 cm-3s-1, 5.26×1013 cm-3s-1, and 7.26×1013 cm-3s-1, and the temperature is 1200K. Within our framework of the phase-field model, we systematically investigate the nucleation and growth of irradiation-induced intragranular Xe bubbles in U3Si2 fuel under different fission rates, applied stress, and dislocation stress field. From the simulated results, the following conclusions are summarized:
1) The intragranular Xe bubbles are sensitive to the fission rates. With increased fission rate, the bubble incubation periods are advanced, and the bubbles’ final number and average radius rise but are not severely coarsened.
2) The Xe bubbles, from their evolution process and their morphologies, are significantly affected by the applied stress. The stress induces the nucleation process, generating more bubble nucleus in a shorter time than those in the stress-free system. The stress-guided vacancies and gas diffusion reshapes the bubbles’ morphology, cause directional growth and coarsening along the load direction, and form elongated and strip bubble arrangement.
3) The Xe bubbles will preferentially nucleate nearby the stress-concentrated sites of the dislocation pair. The primary Xe bubbles deplete the surrounding vacancies and gases, leading to the non-random nucleation of roughly two-layers of secondary bubbles aligned at the periphery of the primary ones. The subsequent coarsening is influenced by the overlapped stress of the dislocation pair, forming elongated shapes in stress-reinforced regions and spherical ones in stress offset regions.
Our simulations demonstrate that the phase-field method is a promising and predictable computational tool for quantitatively studying and predicting microstructure evolution in U3Si2 fuel. Moreover, our study shows that the fuel fabrication and irradiation conditions may be used to control the bubble-induced swelling in U3Si2 fuel. Undoubtedly, the evolution of intergranular Xe bubbles can also be affected by different fission rates, applied stress, and dislocation stress field. Hence, future studies should be extended to consider the nucleation and evolution of intergranular Xe bubbles under fuel fabrication and irradiation conditions.
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