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UO2–Gd2O3 fuel is mostly used as a burnable absorber fuel in the form of a homogenous mixture of Gd2O3 and UO2. More effective reactivity control can be achieved by lumping Gd2O3 within the UO2 because this enhances the spatial self-shielding factor of the burnable absorber fuel. The fabrication of lumped burnable absorber fuel containing lumped Gd2O3 spherical particles or compacts has been experimentally demonstrated using yttrium-stabilized zirconia (YSZ) as a UO2 fuel surrogate. Interfacial cracks or gaps forming under the interfacial stress that develops during the fabrication of the fuel can be eliminated by controlling the initial density of the lumped Gd2O3. In this study, this interfacial stress during the fabrication process was simulated using finite element methods. The effect of the size, shape, and initial density of the lumped Gd2O3 on the distribution and magnitude of the interfacial stress was investigated. The addition of Gd2O3 spherical particles resulted in a lower and more uniform interfacial stress distribution than the addition of cylindrical Gd2O3 compacts. The interfacial stress was increased with increasing Gd2O3 size and initial density. The calculated interfacial stress was compared with experimental results to estimate the threshold stress for crack development in a lumped burnable absorber fuel.
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INTRODUCTION

The potential use of Gd as a burnable absorber was recognized many years ago, considering its extremely high thermal neutron absorption cross-section. Gd is usually used in the form of Gd2O3 uniformly mixed with UO2 as a fuel matrix. Owing to the relatively high thermal neutron absorption cross-section, few fuel rods must contain Gd2O3. However, the main limitations of Gd2O3 are the significant end-of-cycle penalty due to the existence of Gd isotopes with higher thermal neutron absorption cross-sections (i.e., 155Gd and 157Gd) (Grossbeck et al., 2001) and the degradation of the fuel’s thermophysical properties (IAEA, 1995; Durazzo et al., 2013; Choe et al., 2016a). One possible way to overcome these limitations is changing the design of the UO2–Gd2O3 mixed fuel.

Several burnable absorber fuel designs have been developed for small modular pressurized water reactors (SMPWRs) in order to eliminate the use of soluble boron and improve the reactor performance in terms of increasing the fuel cycle length while maintainig a flat power distribution. Choe et al. (2016b) have proposed the use of a thin-layer of Zr-167Er (∼ 0.1–0.2 mm) on the inner side of the cladding as a new burnable absorber fuel design. A low burn-up swing of 548 pcm and cycle length of 26.5 months can be obtained for SMPWRs loaded with this burnable absorber fuel design. Another advanced burnable absorber fuel design integrated four azimuthally B4C pads, with a thickness up to 90 μm and span up to 70o, in the guide-thimble ring (Yahya and Kim, 2017a). This burnable absorber fuel design achieved a cycle length of about 53 months and a burnup swing between 634 and 800 pcm. Recently, a new design for burnable absorber fuel, called centrally shielded burnable absorber (CSBA), was developed (Nguyen et al., 2019). The CSBA comprises lumped Gd2O3 in the center of a UO2 fuel pellet. The lumping of Gd2O3 results in a slower burn-out rate and longer suppression of the excess of reactivity due to spatial self-shielding effect (Galperin et al., 1986; Yahya and Kim, 2017b). It was found that the spherically lumped burnable absorber has a higher self-shielding factor than other lumped burnable absorber designs like cylindrical or slab due to the its higher volume-to-surface-area ratio (Fleming, 1982). Nguyen et al. (2019) studied the effect of the size and number of spherically lumped Gd2O3, and found that a more excess reactivity subression and flat power distribution can be obtained by increasing the Gd2O3 sphere radius from 1 mm to 1.3 mm or the number of Gd2O3 sphere (radius = 1 mm) from 1 to 3. They found that a low burn-up swing (∼1100 pcm), long cycle length (∼37 months), and higher burnup (∼30 GWd/tU) can be obtained for a small modular reactor loaded with one Gd2O3 sphere (radius = 1.69 mm) in the center, two Gd2O3 spheres (radius = 1.26 mm) in the intermediate region, three Gd2O3 spheres (radius = 0.7 mm) in the outer region (Nguyen et al., 2019). The fabrication of CSBA using yttria-stabilized zirconia (YSZ) as a surrogate for UO2 and either lumped Gd2O3 pellets, spherical particles, or rods was recently demonstrated (Mistarihi et al., 2018).

One of the major challenges in CSBA fuel design is the formation of interfacial cracks that may form under the stress mismatch developed during the sintering or cooling processes. This may arise from mismatches in the densification and thermal expansion coefficients (TECs), as well as phase transformations, of the sintered materials (Sglavo and Bellettati, 2017). The existence of these interfacial cracks can increase the intensity of fuel cracking during reactor operation and eventually limit fuel performance. In our previous study (Mistarihi et al., 2018), we concluded that interfacial cracks were not formed in YSZ pellets containing lumped Gd2O3 because of the TEC mismatch or the phase transformation of Gd2O3. The TECs of YSZ and Gd2O3 are similar and interfacial cracks were absent from Gd2O3 mini-pellets pre-sintered at temperatures below the phase transformation temperature. Thus, interfacial cracks could be mainly attributed to the sintering stresses resulting from the shrinkage rate mismatch.

Several factors control the sintering stresses that develop during the processing of composites, including shrinkage rate mismatch, volume fraction, and the shape and size of inclusions (Davidge and Green, 1968). The results of our previous study (Mistarihi et al., 2018) showed that, in YSZ oxide pellets containing lumped Gd2O3 mini-pellets, interfacial cracks were formed only when using mini-pellets with high initial densities. However, no interfacial cracks were observed in the case of YSZ oxide pellets containing lumped Gd2O3 spherical particles with high initial densities. The fabricated Gd2O3 spherical particles and mini-pellets had similar relative densities, but they differed in size and shape. Therefore, the effect of the shape, size, and shrinkage rate of the lumped Gd2O3 on the formation of interfacial cracks during the manufacturing of YSZ oxide pellets containing lumped Gd2O3 is investigated in this study.

One method to investigate interfacial crack formation during the processing of composites is to determine the stress distribution. By determining the stress distribution, areas of high stress concentration can be located. These areas are important for the integrity of composites because failure, signified by the formation of interfacial cracks, begins in them (Agarwal, 1972). Several analytical studies based on the theory of elasticity have been performed to determine stress distributions in composites using simplified physical models such as spherical particles (Selsing, 1961) or fibers (Delale, 1988) distributed in infinite matrices. However, the behaviors of powder compacts during sintering are not elastic, and the relationship between the stress and deformation during the sintering process is complex. Nonetheless, the finite-element analysis (FEA) method allows the implementation of complex stress–deformation relationships and the analysis of complex geometries.

Because powder compacts exhibit viscoelastic behaviors, several phenomenological models have been developed to describe their behaviors during sintering. Riedel et al. (1993), using a simple 2D hexagonal grain structure with pores at the triple points, developed an isotropic linear viscous constitutive equation to describe sintering-dominated grain boundary diffusion. Olevsky (1998) developed a phenomenological model based on the continuum theory of sintering by determining the sintering parameters from the rheological behaviors of porous materials during sintering. This model was implemented in an FEA code (COMSOL) and used to study the sintering behavior of different powder compacts (Al2O3 and YSZ) processed by spark plasma sintering (Olevsky et al., 2012) and microwave sintering (Manière et al., 2017). In these studies (Olevsky et al., 2012; Manière et al., 2017), FEA was mostly used to predict the shrinkage rate and temperature distribution of the powders during sintering. Li et al. (2020) used the finite element software (ABAQUS) to study the stress distribution in the cladding of dispersed plate-type fuel as a function of irradiation time and temperatures by implementing nuclear fuel correlation as a subroutine.

In this study, the Olevsky model for sintering was implemented in the COMSOL Multiphysics code and used to understand the stress distribution formed during the manufacturing of YSZ oxide pellets containing lumped Gd2O3. In addition, the applicability of the CSBA to UO2 was investigated, and the stress distribution in UO2 containing lumped Gd2O3 was determined and compared with that of the YSZ-based pellets. The novelty of this study is to estimate the stress distribution and magnitude in the lumped burnable absorber fuel design during the fabrication process.



MATERIALS AND METHODS


Governing Equations

Thermal, mechanical (linear elastic and sintering), and densification models were coupled by the FEA method (COMOSOL Multiphysics 5.4 code) and used to study the temperature, stress, and density distributions during the manufacturing of YSZ or UO2 oxide pellets containing either lumped Gd2O3 spheres or mini-pellets. The heat-transfer model applied to the entire pellet is expressed by the following equation:
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where ρ is the material density (g.cm–3), Cp is the heat capacity (J.kg–1K–1), T is the temperature (K), t is the time (s), and k is the thermal conductivity of the material (W.m–1.K–1).

The Gd2O3 spherical particle or mini-pellet was assumed to exhibit pure elastic behavior, wherein the relationship between the stress and deformation is expressed by Hooke’s law:
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where σij is the stress tensor (N.m–2), [image: image] is the strain tensor (s–1), and C is a fourth-order tensor that is a function of the shear modulus (G) and Young’s modulus (E) of the material.

The YSZ and UO2 powder compact was assumed to exhibit a non-linear viscous behavior expressed by Olevsky (1998) phenomenological model (Eqs 3–6) based on the continuum theory of sintering:
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where A(T) is the creep rate factor having the form of an Arrhenius-type equation, Q is the activation energy for deformation, A is a pre-exponential factor, φ is the shear viscosity (Pa.s), Ψ is the bulk viscosity (Pa.s), [image: image] is the shrinkage rate (s–1), δij is the identity tensor, S is the effective sintering stress (Pa), P is the porosity, α is the surface energy (J.m–2), Q is the activation energy (J.mol–1), R is the gas constant 8.314 (J.mol–1.K–1), and r is the average particle radius (m).

The densification of YSZ and UO2 during the manufacturing process is expressed as the evolution of density during the fabrication process. The density can be related to porosity using the following expression:

[image: image]

where ρeff is the effective density of the material during the sintering process and ρt is the theoretical density of the material. Therefore, the densification of YSZ and UO2 during the fabrication process can be calculated by the evolution of the porosity, which evolves according to the equation of mass conservation:

[image: image]



Materials Properties

For Gd2O3, the experimentally measured densities of the 1400 °C, 1500 °C, and 1600 °C pre-sintered Gd2O3 were obtained from our previous study (Mistarihi et al., 2018) and used in the simulation. These densities were approximately 6.29 ± 0.13, 7.10 ± 0.04, and 7.75 ± 0.0.6 g/cm3, corresponding to relative densities (RDs) of 75.5 ± 1.5, 85.2 ± 0.5, and 93.4 ± 0.8%, respectively. The RD equals to the experimentally measured density divided by the theoretical density.

The elastic and shear moduli of Gd2O3 as functions of temperature for samples with an RD of 96.75% were measured by Dole and Hunter (1976). Haglund and Hunter (1973) measured the elastic properties of polycrystalline Gd2O3 with different initial porosities ranging from 2.5% to 36.7% as functions of temperature. The elastic properties were found to decrease linearly with the initial porosity of the sintered samples. The initial porosity of the sintered samples was varied by changing the sintering temperature (Haglund and Hunter, 1973). The reported values of E and G of Gd2O3 as functions of T and RD were fitted to first-degree polynomials; the determined parameters of the fitting function are shown in Eqs 9 and 10.

[image: image]

Using the experimentally measured RDs of the 1400 °C, 1500 °C, and 1600 °C pre-sintered Gd2O3, E and G as functions of T were calculated using Eqs 9 and 10.

The thermal conductivity of the fully sintered Gd2O3 as a function of temperature was experimentally measured using the laser flash method, and the results are shown in Figure 1. The thermal conductivity of fully dense Gd2O3 at temperatures higher than 800 °C was extrapolated from the experimentally measured data.


[image: image]

FIGURE 1. Thermal conductivity of fully dense Gd2O3 with increases in sintering temperature from 25 °C to 800 °C.


The thermal conductivities of the 1400 °C, 1500 °C, and 1600 °C pre-sintered Gd2O3 as functions of T were calculated from the thermal conductivity of the fully densified Gd2O3 using a modified Maxwell–Eucken correlation (Eq. 11):
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where K100 and Kp are the thermal conductivities of fully dense and porous Gd2O3, respectively.

For YSZ, the thermal conductivity and heat capacity as a function of T and density were provided by Manière et al. (2017) and used in the simulation (Eqs 12-13). The surface energy was provided by Tsoga and Nikolopoulos (1996) as given by Eq. 14. The density was calculated from the determined porosity. The average particle radius of 700 nm (Sigma Aldrich) was used in the simulation. The creep factor (Eq. 15) was determined by fitting the experimentally determined density of YSZ with those predicted by the FEA of YSZ oxide pellets without Gd2O3 spheres or mini-pellets. The density of YSZ was determined from the experimentally measured shrinkage of YSZ after correcting its TEC (9.75 × 10–6 K–1) (Song et al., 2011).

[image: image]

For UO2, the surface energy as a function of T from 273 to 3120 K was provided by Hall and Mortimer (1986). Fink (2000) summarized this reported data and provided a correlation for the mean value of the surface energy of UO2 as a function of T (Eq. 16):

[image: image]

The heat capacity of the stoichiometric UO2 was measured by Kerrisk and Clifton (1972) over the temperature range 483–3107 K. These data were summarized and fitted to Eq. 17 in MATPRO (Siefken et al., 2001):
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where Y is the oxygen-to-metal ratio (equal to 2), R is the universal gas constant (8.3143 J/mol⋅K), and M is the Einstein constant (535.285). The constants K1, K2, K3, and ED are equal to 296.7, 2.43 × 10–2, 8.745 × 107, and 1.577 × 105.

Lucuta et al. (1996) summarized the thermal conductivity of non-irradiated and fully dense UO2 and fitted the data to a function comprising a hyperbolic term for the lattice contribution through phonon–defect and phonon–phonon scattering processes and an exponential term for polaron contributions. The exponential term becomes dominant for high temperatures T > 1900 K.
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The creep factor of UO2 was generated in a similar way to that of YSZ and is expressed by Eq. 19.

[image: image]

An average particle radius of 2400 nm was used for the simulation of UO2 (Yeo et al., 2013).

The shrinkage rates of the green YSZ, UO2, and Gd2O3 compacts and the 1400 °C, 1500 °C, and 1600 °C pre-sintered pellets were measured by a dilatometer (DIL 402C) up to 1600 °C in an air atmosphere with a heating rate of 10 °C/min and a holding time of 3 h. The results are shown in Figure 2.


[image: image]

FIGURE 2. Shrinkage behaviors of Gd2O3 compact, sintered Gd2O3 pellet, YSZ compact, and UO2 compact.




Geometric Models

2-D axisymmetric simulation models were developed to study the sintering stress distributions during the fabrication process of YSZ pellets containing lumped Gd2O3 mini-pellets or spherical particles. The geometrical models used in the FEA simulations are shown in Figure 3.
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FIGURE 3. Geometrical models of YSZ oxide pellet containing (A) lumped Gd2O3 spherical particle and (B) mini-pellet.


In order to determine the critical sintering stress for cracking, simulation models of YSZ oxide pellets with a Gd2O3 mini-pellet pre-sintered at 1400 °C, 1500 °C, or 1600 °C having the average measured dimensions of the pre-sintered pellets (see Table 1) and the measured shrinkage rates of the pellets sintered at 1400, 1500, and 1600 °C (see Figure 2) were developed. Simulation models of YSZ oxide pellets containing either lumped Gd2O3 spherical particles or mini-pellets of the same size and the shrinkage rate of the 1400 °C pre-sintered pellets were also developed to understand the effect of the lumped Gd2O3 shape on the formation of interfacial cracks. In addition, simulation models of YSZ oxide pellets with lumped Gd2O3 spherical particles of 1.5, 2, or 3 mm in diameter and the shrinkage rate of the pellets pre-sintered at 1400 °C were developed to determine the critical size of the lumped Gd2O3 spherical particles. Finally, simulation models of YSZ oxide pellets with a Gd2O3 spherical particle having the shrinkage rate of the pellet at 1400 °C, 1500 °C, or 1600 °C and the size of 1.5 mm were developed to understand the effect of the shrinkage rate on the formation of interfacial cracks.


TABLE 1. Dimensions of Gd2O3 mini-pellets after pre-sintering at different temperatures.

[image: Table 1]


Initial and Boundary Conditions

The simulation models were assumed to have an initial temperature of 25 °C. The outer surfaces of the simulation models of the YSZ oxide pellets containing a lumped Gd2O3 sphere or mini-pellet were heated from 25 °C to 1500 °C or 1600 °C for the case of YSZ or UO2 with a heating rate of 10 °C/min, in accordance with the experimental procedures.



RESULTS AND DISCUSSION


YSZ pellet

Figure 4 shows the FEA simulation results for the maximum sintering stress in YSZ oxide pellets containing a lumped Gd2O3 mini-pellet pre-sintered at 1400 °C, 1500 °C, or 1600 °C during heating from 25 °C to 1500 °C.


[image: image]

FIGURE 4. FEA-predicted maximum sintering stresses in YSZ oxide pellet containing a lumped Gd2O3 mini-pellet pre-sintered at 1400 °C, 1500 °C, or 1600 °C.


As shown in Figure 4, the maximum sintering stress in the YSZ oxide pellets containing a lumped Gd2O3 mini-pellet was almost constant in the temperature range 25–1100 °C and began increasing almost exponentially at approximately 1150 °C, corresponding to the temperature at which the YSZ pellet started to shrink (see Figure 2). As the pre-sintering temperature increased from 1400 °C to 1600 °C, the maximum sintering stress increased, which could be attributed to the increase in the shrinkage rate mismatch (see Figure 2). Previous experimental observations (Mistarihi et al., 2018) showed no interfacial cracks in YSZ pellets containing lumped Gd2O3 mini-pellets pre-sintered at 1400 °C, while cracks appeared in the YSZ oxide pellets containing lumped Gd2O3 mini-pellets pre-sintered at 1500 °C or higher. The maximum sintering stress in the YSZ oxide pellet containing a lumped Gd2O3 mini-pellet pre-sintered at 1400 °C during the fabrication process was calculated by FEA as approximately 120 MPa; that with the mini-pellets pre-sintered at 1500 °C was approximately 150 MPa. This indicates that sintering stresses in the range 120–150 MPa would result in the formation of interfacial cracks in the YSZ oxide pellet containing lumped Gd2O3. The flexural strength of the fully dense YSZ at room temperature is approximately 1000 MPa (Masaki, 1986) and it decreases almost linearly with increasing porosity to 170 MPa for YSZ with an RD of 40% (Gain et al., 2006). However, simulation studies of the residual stresses during the fabrication of ceramic composites have shown that residual stresses as low as 25 kPa (Schoenberg et al., 2006) or 90 MPa (DeHoff et al., 2008) can cause the formation of interfacial cracks in ceramic composites.

Figure 5 shows the stress distribution in the YSZ oxide pellet containing either a lumped Gd2O3 sphere (r = 0.75 mm) or mini-pellet (r = h = 0.83 mm) with the same volume of approximately 1.77 mm3 and the shrinkage rate of the 1400 °C pre-sintered Gd2O3 at a sintering temperature of 1300 °C.
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FIGURE 5. Stress distributions in YSZ oxide pellets containing lumped Gd2O3 (A) sphere (r = 0.75 mm) or (B) mini-pellet (r = h = 0.83 mm). (r is the radius of the sphere or mini-pellet and h is the height of the mini-pellet).


As shown in Figure 5, the addition of Gd2O3 spheres resulted in the formation of symmetric stresses around the interface. Meanwhile, the Gd2O3 mini-pellet caused the formation of localized stresses at the edges of the mini-pellet. The formation of these localized stresses indicates that cracks would form in these areas, which is in good agreement with the experimental observation presented in our previous study (Mistarihi et al., 2018), where interfacial cracks in YSZ pellets containing lumped Gd2O3 mini-pellets were observed at the mini-pellet edges.

The FEA-calculated maximum sintering stresses in YSZ oxide pellets containing either a lumped Gd2O3 sphere (r = 0.75 mm) or mini-pellet (r = h = 0.83 mm) with equal volume and shrinkage rates during the sintering process are shown in Figure 6. In order to investigate the effect of the dimensions of the Gd2O3 mini-pellets on the sintering stresses developed during the manufacturing of YSZ oxide pellets containing lumped Gd2O3 mini-pellets, simulation models were also developed with Gd2O3 mini-pellets of equal volume to the spheres but the reduced r/h ratio of 0.5. The maximum sintering stresses developed during the manufacturing of the YSZ oxide pellet containing a lumped Gd2O3 mini-pellet (r = 1/2h = 0.65 mm) as calculated by FEA are also shown in Figure 6.


[image: image]

FIGURE 6. FEA-calculated maximum sintering stress in YSZ oxide pellets containing lumped Gd2O3 spheres and mini-pellets of the same volume and shrinkage rate.


The addition of mini-pellets yielded higher sintering stress over the entire temperature range, which can be attributed to the localized stresses at the edges of the mini-pellets. These higher localized sintering stresses are mainly caused by the outward bending of the Gd2O3 mini-pellet due to the shrinkage of the YSZ. The temperature gradient caused uniform shrinkage of the Gd2O3 spheres, yielding lower and symmetric sintering stresses in the YSZ oxide pellet containing a lumped Gd2O3 sphere. DeHoff et al. (2008) studied the stress distributions of bilayer open-ended cylindrical ceramics and spherical-core ceramics and found that the open-ended cylinder ceramics showed localized stresses at the upper edges of the cylinders, whereas the spherical-core ceramics had symmetric stress distributions around the core–shell interface. This indicates that the use of spherical Gd2O3 is better than that of mini-pellets to maintain the integrity of the CSBA fuel during fabrication. The localized stresses developed in the YSZ pellet containing a lumped Gd2O3 mini-pellet can be reduced by decreasing the aspect ratio of the mini-pellet because this diminishes the outward bending caused by the temperature gradient.

Figure 7 shows the FEA-calculated maximum sintering stress in YSZ oxide pellets containing lumped Gd2O3 spheres of equal size (r = 0.75 mm) but the shrinkage rates of Gd2O3 sintered at 1400 °C, 1500 °C, and 1600 °C. As shown in Figure 7, the maximum sintering stress during fabrication was increased with increases in the pre-sintering temperature of the lumped Gd2O3, which could be attributed to the increases in the shrinkage rate mismatch.
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FIGURE 7. FEA-calculated maximum sintering stress in YSZ oxide pellets containing lumped Gd2O3 spheres of equal size (r = 0.75 mm) but different shrinkage rates.


According to the experimental observation in our previous study (Mistarihi et al., 2018), interfacial cracks were observed in YSZ oxide pellets containing lumped Gd2O3 mini-pellets pre-sintered at 1500 °C or higher, but not in YSZ containing lumped Gd2O3 spherical particles pre-sintered at 1600 °C. As can be seen from Figure 7, the calculated maximum sintering stress in the YSZ pellet containing a 0.75-mm-radius lumped Gd2O3 sphere pre-sintered at 1600 °C is approximately 105 MPa. The maximum calculated sintering stress in the YSZ pellet containing the 1500 °C pre-sintered mini-pellet was approximately 150 MPa (Figure 4). Therefore, the absence of interfacial cracks in the case of the YSZ pellet containing Gd2O3 spherical particles pre-sintered at 1600 °C could be attributed to the reduced symmetric sintering stress relating to their smaller sizes and spherical shapes, compared to those of the 1500 °C pre-sintered mini-pellet.

The effect of the Gd2O3 sphere size on the maximum sintering stress in YSZ oxide pellets containing lumped Gd2O3 spheres with the shrinkage rate of the 1400 °C sintered Gd2O3 during sintering is shown in Figure 8. As shown, the maximum sintering stress was increased with increases in the size of the Gd2O3 spheres. However, the increase was much smaller than that observed with increases in the Gd2O3 shrinkage rates. This indicates that the sintering stresses developed in the YSZ oxide pellets containing lumped Gd2O3 spheres are mostly controlled by the Gd2O3 shrinkage rate.
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FIGURE 8. FEA-calculated maximum sintering stress in YSZ oxide pellets containing lumped Gd2O3 spheres of different sizes but equal shrinkage rates.




UO2 Fuel Pellet

Experimental studies using UO2 are expensive and present high levels of radiotoxicity. In an experimental demonstration (Mistarihi et al., 2018) of the fabrication of oxide pellets containing lumped Gd2O3 spherical particles, mini-pellets, or rods, YSZ was used as a surrogate for UO2 because it has a similar crystal structure, high melting temperature, and sintering kinetics. However, for fabrication studies, the shrinkage rate and TEC of YSZ and UO2 must be similar, as well as the diffusivity of Gd3+ in the YSZ and UO2 matrices.

Figure 9 shows the FEA-calculated maximum sintering stress in UO2 pellets containing a lumped Gd2O3 sphere with a shrinkage rate of 1400 °C pre-sintered Gd2O3 but different sizes (r = 0.75, 1, 1.5 mm). As shown in Figure 9, the maximum sintering stress during the fabrication process was increased with increases in the size of the lumped Gd2O3. However, the calculated maximum sintering stresses in the UO2 fuel pellets were higher than those reported for YSZ pellets. The maximum sintering stresses in UO2 containing lumped Gd2O3 sphere with a radius of 1.5 mm at 1300 °C, 1400 °C, and 1500 °C were about 45.2, 80.3, and 101 MPa, respectively, whereas the maximum sintering stresses determined in YSZ pellet containing the same Gd2O3 sphere and at the same sintering temperatures were about 11.4, 29.2, and 68.8 MPa, respectively (see Figure 8). This could be attributed to the greater mismatch in the shrinkage rates of UO2 and Gd2O3 relative to that of YSZ and Gd2O3 (see Figure 2).


[image: image]

FIGURE 9. FEA-calculated maximum sintering stress in UO2 pellets containing lumped Gd2O3 spheres of different sizes but equal shrinkage rates.


The stress distribution in the UO2 pellet containing a lumped Gd2O3 sphere (r = 0.75 mm) with the shrinkage rate of 1400 °C pre-sintered Gd2O3 at the sintering temperature of 1300 °C is shown in Figure 10. The stress distribution was symmetric, similar to that in the YSZ pellet with the same conditions; however, the stress values were higher than those reported in YSZ, which can again be attributed to the higher shrinkage rate mismatch between UO2 and Gd2O3 relative to that between YSZ and Gd2O3 (see Figure 2).


[image: image]

FIGURE 10. Stress distribution in UO2 pellet containing a lumped Gd2O3 sphere (r = 0.75 mm).


Owing to the absence of sufficient experimental data for CSBA fuel using UO2, it is difficult to set threshold stress values for the formation of interfacial cracks in UO2-based CSBA. However, the fabrication of UO2 oxide pellets containing lumped Gd2O3 spherical particles pre-sintered at 1400 °C was reported by Oh et al. (2017) using the conventional fabrication conditions for UO2 of pressing under 3 ton/cm2 followed by sintering at 1700 °C for 4 h in an H2 atmosphere at approximately 5 °C/min. Similar results were observed regarding the absence of interfacial cracks and the formation of the gadolinium urinate phase at the interface between UO2 and Gd2O3.



CONCLUSION

The sintering stresses developed in the YSZ oxide pellets containing either lumped Gd2O3 spheres or mini-pellets during fabrication from 25 °C to 1500 °C were simulated using the FEA method. Thermal and linear elastic models were used to simulate the sintering stresses in lumped Gd2O3, while thermal and sintering models based on the continuum theory of sintering were used to simulate those in the YSZ powder compact. These models were coupled and implemented using COMSOL Multiphysics code.

The critical sintering stresses for the formation of interfacial cracks in YSZ oxide pellets containing lumped Gd2O3 were determined by comparing the FEA-calculated stresses in YSZ oxide pellets containing lumped Gd2O3 mini-pellets with the shrinkage rates of 1400 °C, 1500 °C, and 1600 °C sintered Gd2O3 with experimental observations. It was found that sintering stresses in the range of 120–150 MPa could cause the formation of interfacial cracks in these pellets.

The effects of the shape, shrinkage rate, and size of lumped Gd2O3 on the formation of cracks during fabrication were studied. It was found that the addition of cylindrical Gd2O3 mini-pellets resulted in localized and higher stresses at the mini-pellet edges. In contrast, the addition of Gd2O3 spherical particles yielded symmetric and lower stresses at the interface between the Gd2O3 and YSZ. Increases in the shrinkage rate and size of Gd2O3 resulted in higher sintering stresses in the YSZ oxide pellets containing lumped Gd2O3.

The sintering stresses developed during the fabrication of UO2 containing lumped Gd2O3 spheres were also estimated. Similar behaviors to those of YSZ were observed. However, the magnitude of the sintering stress was higher because of the higher shrinkage rate mismatch between UO2 and Gd2O3 relative to that between YSZ and Gd2O3.
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