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The in-pile performance of SiC cladding with different kinds of end plug were studied. The effect of end plug structure on the mechanical performance of cladding was investigated. The results indicated that obvious stress concentration appeared on the corner between the cladding and end plug for all kinds of cladding. The cladding with a scarf end plug possessed the lowest hoop, axial, and radial stress, which ensured the structural integrity of the fuel element. The cladding with a butted lap end plug suffered rather large axial stress, the maximum valve of which was up to 450 MPa at the end of life, which was higher than the yield strength of SiC ceramics. A scarf end plug can meet the requirements of the cladding, which may be used as an end plug for fuel rods in the future.
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1 INTRODUCTION
SiC is an attractive material used as a light water reactor (LWR) cladding material due to its excellent features, such as high strength at high temperature, excellent irradiation tolerance, and good resistance of water corrosion (Pint et al., 2013; Katoh et al., 2014; Deck et al., 2015). Compared to monolithic SiC ceramics, continuous SiC fiber-reinforced SiC-matrix composites exhibit pseudo-ductile mechanical behavior, which improves the reliability of SiC cladding (Hasegawa et al., 2000). Many methods have been used to fabricate SiC composite cladding, including nano-infiltration transient eutectic-phase sintering (NITE), chemical vapor infiltration (CVI), precursor impregnation, and pyrolysis (PIP) and melt infiltration (MI) (Shimoda et al., 2009; Kim et al., 2015). SiC cladding possesses two layers, including an inner continuous SiC fiber-reinforced SiC-matrix composite layer and outer monolithic SiC ceramic layers. Layered ceramic composites and stress concentration have been widely investigated (Zhou et al., 2015). The in- and out-pile properties of SiC composite cladding have also been studied, such as the mechanical and thermal properties and irradiation swelling under different neutron fluxes and temperatures (Rohmer et al., 2014; Kim et al., 2015).
Despite the proven advantageous features of SiC composite cladding, its usage in LWRs requires solving the sealing of cladding because of its poor welding properties (Idris et al., 2015; Cozzo and Rahman, 2018). Many experiments and research have been conducted to solve the sealing of cladding. Hybrid preceramic polymer/chemical vapor infiltration was employed to seal SiC composite cladding by Khalifa and coworkers (Khalifa et al., 2015). Four different kinds of end plugs were prepared, and the out-pile performance was studied, including the leak rate and apparent strength of the cladding with an end plug. The scarf and butted scarf possessed high failure loads, which can meet the requirements of the end plug. Joining technology for SiC cladding was investigated by Ishibashi and coworkers (Ishibashi et al., 2016); silicon brazing in local heating technology was optimized, and the shear strength of the joint was tested, with the average shear strength of the joint up to 99 MPa. The in-pile performance of the joint SiC cladding was not studied.
The in-pile performance of SiC cladding was studied by irradiation testing and a simulation method. The effect of irradiation temperature and neutron flux on the thermal and physical properties has been widely studied (Koyanagi et al., 2014; Qiu et al., 2020). SiC exhibits large swelling at low irradiation temperatures. A swelling model was established by Katoh et al., which was employed in this article (Katoh et al., 2013; Katoh et al., 2016). The thermal-mechanical performance of SiC cladding under irradiation conditions has been simulated. For example, Belgacem et al. (2014) used LAPACK software to calculate and compare the thermal-mechanical behavior of SiC composite cladding under steady state, 1-D, and 2-D models. The hoop, axial, and radial stress at BOL and EOL was calculated and the failure probability of SiC cladding was estimated. Avincola et al. (2016) used ADINA software to investigate the mechanical performance of three-layered SiC cladding. The effect of end plug on the performance was also studied; however, the influence of end plug structure was not studied. COMSOL software was employed to investigate the stress field within a spherical electrode particle (Zhou et al., 2013). COMSOL software was used to analyze the in-pile performance of fuel elements in our previous works (Chen et al., 2019; ZhangWu et al., 2021).
In this article, the thermal-mechanical performance of SiC composite cladding with an end plug is simulated by using finite element analysis software coupled with multiple physical fields (COMSOL software). The influence of end plug structure on the performance was studied, and the structure was optimized according to the simulation results.
2 STRUCTURE AND MATERIAL PROPERTIES
2.1 Structure and boundary conditions
Two-layered SiC cladding was established; the inner layer was composed of a SiCf/SiC composite fabricated using the CVI process, which was called the CVI layer. The outer layer was a monolithic SiC ceramic fabricated using the CVD process, which was called the CVD layer. The thickness of the SiC cladding was 1 mm and the thickness of the CVI and CVD layers was 0.8 and 0.2 mm, respectively. The inner diameter of the cladding was 10 mm.
The structure and boundary conditions used in the current simulation are shown in Figure 1. The structure parameters are also shown in Figure 1. A two-dimensional axisymmetric model was established to simulate the in-pile performance of the SiC cladding. An internal pressure (Pi) was induced due to the fission gas release of the fuel, and Pi was defined as the function of burnup. The external pressure (Pe = 15 MPa) was set as constant, which equals the pressure of the coolant.
[image: Figure 1]FIGURE 1 | Boundary conditions and structure of the simulated model.
Three different kinds of end plug with different structures were designed and their influence on the in-pile performance of the SiC cladding was calculated. The structure and parameters of the end plugs are shown in Figure 2. The end plugs with different structures were labeled as butted, butted lap, and scarf. Three different kinds of end plug have been fabricated previously and the fracture models have been investigated (Khalifa et al., 2015). In this article, the in-pile performance of end plugs with different geometries was simulated.
[image: Figure 2]FIGURE 2 | Schematic representation of end plugs with different structures, (A) butted, (B) butted lap, (C) scarf.
2.2 Materials properties
COMSOL software provides a computational platform for thermal-mechanical performance analysis of the SiC composite cladding. The solid heat transfer and solid mechanics modules in COMSOL software were used in this article. An irradiation property model for the materials was introduced to simulate the in-pile behavior of the cladding.
The mechanism of irradiation-induced swelling of SiC was different at low and high temperatures. Point defect–induced swelling of SiC was the main reason at relatively low temperatures, while Frank faulted loops were the dominant defects that appeared at higher temperatures and extremely high doses. The irradiation swelling of SiC was a function of temperature and neutron flux. According to the literature, CVI and CVD layers possess the same swelling (Belgacem et al., 2014). The swelling model can be written as follows:
[image: image]
where S is the swelling rate (s−1), Ks is the coefficient of the swelling rate (dpa−2/3), γ is the neutron flux (dpa), and γsc is the characteristic dose for swelling saturation by the negative feedback mechanism (dpa). The swelling of SiC can be obtained from time integration of Eq. 2.
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where Ss and γsc are the function of the temperature, and can be expressed as Eqs 3, 4 respectively (Belgacem et al., 2014):
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Thermal conductivity affects the temperature profile in the cladding for a given cladding structure; thus, it greatly affects the thermal stress of the cladding and requires accurate assessment. The thermal resistance of SiC cladding can be written as follows (Katoh and Ozawa, 2015):
[image: image]
where R is the thermal resistivity and the subscripts m, gb, U, and id are the matrix, grain boundary, Umklapp (phonon–phonon), and irradiation defect, respectively. The thermal resistivity of SiC can be divided into prior- and post-irradiation parts; thus the thermal conductivity of SiC can be expressed in Eq. 6 (Katoh et al., 2014; Katoh and Ozawa, 2015):
[image: image]
where R0 and Rirr are the thermal resistance (K/W) of the prior- and post-irradiated SiC ceramic, respectively.
CVI and CVD layers possess different thermal resistances before the irradiation process due to their different porosities and microstructures. The expressions for the thermal resistance before irradiation for the CVI and CVD layers can be written as follows in Eqs 7, 8 respectively (Belgacem et al., 2014):
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The irradiation-induced thermal resistance of the CVI and CVD layers can be expressed as Eqs 9, 10 (Katoh and Ozawa, 2015):
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The thermal conductivity of the CVI and CVD layers can be calculated according to Equation 5.
The CVI and CVD layers possess the same specific heat, and the specific heat of SiC ceramic was 1,000 J/(kg∙K) in this article. The elastic modulus and elastic Poisson ratio of the CVI layer were 250 GPa and 0.18, respectively. The elastic modulus and elastic Poisson ratio of the CVD layer were 450 GPa and 0.21, respectively.
Thermal creep for SiC cladding is ignored in this analysis since the onset of this process (>1,400°C) is well above the temperature range pertinent to cladding operation under nominal LWR conditions. Irradiation creep of SiC is active at low temperatures, which can affect the stress distribution of the SiC cladding. The effect of irradiation creep was considered in the current analysis. According to the literature, the irradiation creep of CVI and CVD layers can be expressed as Eq. 11 (Lee et al., 2017):
[image: image]
where K1 is a temperature-dependent creep coefficient, the value of K1 was 0.4 × 10−31 n/(m2∙MPa), [image: image] is the neutron flux in n/(m2∙s), and [image: image] is the effective stress.
The coefficient of thermal expansion (CTE) was considered, which can affect the deformation of the SiC cladding due to a temperature gradient along the thickness direction. The effect of irradiation on the CTE of SiC is negligible, which is a function of temperature. The CET of the two layers can be written as Eq. 12 (Katoh et al., 2014; Katoh and Ozawa, 2015):
[image: image]
3 RESULTS AND DISCUSSION
3.1 Stress distribution of SiC cladding with different end plugs
The Mises stress distribution of the SiC cladding with different kinds of end plugs at the beginning of life is shown in Figure 3. The maximum stress appeared on the inner and outer surfaces of the cladding for claddings with butted and butted lap end plugs; this phenomenon was different at the end of life, as shown in Figure 4. However, the maximum stress appeared in the junction part, between the end plug and cladding for the scarf plug. The maximum Mises stress of the butted, butted lap, and scarf plug was 138, 135, and 106 MPa, respectively, at the beginning of life. The stress concentration at the corner of the scarf end plug and cladding caused the maximum stress to appear on the corner of this kind of end plug. The corner was set at 90°, and the stress concentration may be relieved by chamfering the corner. The effect of angle on the mechanical performance will be studied in future work.
[image: Figure 3]FIGURE 3 | Mises distribution of SiC cladding with different end plug structures at the beginning of life (approximately 0.1d): (A) butted, (B) butted lap, and (C) scarf.
[image: Figure 4]FIGURE 4 | Mises distribution of SiC cladding with different end plug structures at the end of life ∼720d: (A) butted, (B) butted lap, and (C) scarf.
Figure 4 shows the Mises stress distribution of SiC cladding when the operation time reached 720 days. SiC cladding possessed low Mises stress, except at the junction part between the end plug and cladding. The gap between the cladding and pellet was set big enough, and the contact between the pellet and cladding was ignored. All the claddings with different end plugs possessed a similar stress distribution. The maximum stress appeared in the junction between the end plug and SiC cladding. Cladding with different kinds of end plugs possessed different maximum Mises stress. The cladding with a scarf end plug suffered the lowest stress and the butted end plug exhibited the highest stress. The maximum Mises stress of the butted, butted lap, and scarf end plug was 448, 373, and 106 MPa, respectively, at the end of life.
3.2 Stress variation with operation time
The stress variation of the SiC cladding with operation time was detected by detecting probes offered by COMSOL software. The detecting probe was set according to the insets shown in Figures 3, 4. The detecting part of the cladding, with different end plugs, is shown in Figure 5, and the probes were labeled for identification. The probes were placed on the contacting corner between the end plug and cladding, and the contacting part between the CVD, CVI, and end plug was selected. These parts suffered larger stress, as shown in Figure 4. The probes in these parts exhibited stress variation with operation time.
[image: Figure 5]FIGURE 5 | Illustration of probes for cladding with different end plugs: (A) butted end plug, (B) butted lap end plug, and (C) scarf end plug.
The hoop stress variation of the SiC cladding with different kinds of end plug with operation time is shown in Figure 6. The detecting probe areas of the cladding are shown in Figure 5. All the claddings possessed a similar current trend. The outer surface of the cladding suffered compressive stress, and tensile stress appeared on the conjoining part (probe 3) between the end plug and cladding; the tensile stress increased quickly at first and the maximum stress appeared at approximately 100 days. The internal pressure of the fuel element increased, which caused the hoop stress to increase. Stress concentration was observed on the conjoining part between the end plug and cladding, which may be caused by the difference in properties between the end plug and cladding. High stress may cause breaking of the cladding. The SiC cladding and end plug swelled at the beginning and saturated at approximately 100 days, as shown in Equation 1. The butted lap end plug possessed the largest hoop stress; the maximum value was up to 125 MPa. The hoop stress of the scarf end plug was much smaller than the others; the maximum hoop stress of the scarf end plug was only approximately 25 MPa. A lower hoop stress can ensure the integrity of the fuel element.
[image: Figure 6]FIGURE 6 | Hoop stress variation of SiC cladding with different kinds of end plug with operation time: (A) butted end plug, (B) butted lap end plug, and (C) scarf end plug.
The axial stress variation of the SiC cladding with different kinds of end plugs was detected by detecting probes offered by COMSOL software. The axial stress of the cladding is shown in Figure 7. The axial stress of the claddings with butted and butted lap end plug possessed a similar variation trend; stress concentration appeared on the conjoining part between the cladding and end plug and the axial stress increased rapidly with operation time, with a maximum value of up to 450 MPa at the end of life. The axial stress was produced by the deformation of the cladding and end plug, which was caused by swelling and thermal expansion. The axial stress was much higher than the cladding strength, which may cause breaking of the cladding. The inner connection part between the end plug and cladding, detected by probe 2, suffered tensile axial stress for the claddings with a butted and butted lap end plug. The conjoining part between the cladding and end plug showed stress concentration for the scarfs; however, the tensile axial stress was much smaller than other claddings, and the maximum axial stress of the scarf end plug was approximately 170 MPa. The scarf plug possessed a bevel between the end plug and cladding, which released the stress concentration. The inner connection part between the end plug and cladding suffered compressive stress for the scarf plug. As can be seen, the scarf structure can significantly release the concentration stress of the cladding.
[image: Figure 7]FIGURE 7 | Axial stress variation of SiC cladding possessing different kinds of end plug with operation time: (A) butted end plug, (B) butted lap end plug, and (C) scarf end plug.
The radial stress of the cladding with different kinds of end plugs is shown in Figure 8. All the outer surfaces of the cladding exhibited compressive radial stress, and the variation of the compressive stress was small during the operation time. The inner part of the connection between the end plug and cladding for the butted and butted lap plugs suffered tensile stress, as shown in Figure 8A, B. The radial stress of the inner connection between the cladding and end plug increased rapidly with operation time for the cladding with a butted end plug; the maximum value was approximately 40 MPa at the end of life. The maximum value of the butted lap plug was approximately 48 MPa. A large radial stress can de-bond the end plug and cladding. The butted and butted lap end plugs were delaminated from the cladding; this phenomenon has been observed in the literature (Cozzo and Rahman, 2018). The claddings with a butted lap and scarf plug possessed a similar variation trend in the radial stress, where the maximum radial stress appeared on the junction part between the end plug and cladding; the maximum value appeared at approximately 100 days. The maximum radial stress of the scarf plug was much smaller than the butted lap plug. The radial stress was only approximately 10 MPa; the low radial stress ensured the structural integrity of the end plug.
[image: Figure 8]FIGURE 8 | Radial stress variation of SiC cladding possessing different kinds of end plug with operation time, (A) Butted end plug, (B) Butted lap end plug, (C) Scarf end plug.
4 CONCLUSION
The in-pile performance of SiC cladding with different kinds of end plugs was studied using COMSOL software. The end plug structure and parameters were designed, including butted, butted lap, and scarf end plugs, and the effect of end plug structure on the stress distribution and variation was investigated. Stress concentration on the junction between the end plug and cladding was observed. The cladding with a scarf end plug possessed the lowest Mises stress at the beginning and end of life. The maximum hoop stress of the cladding with a scarf plug appeared at approximately 100 days and the maximum value was approximately 25 MPa, which was much lower than the yield strength of the multilayered SiC composites and the end plug. The axial stress of the claddings with butted and butted lap plugs increased with operation time, with a maximum value of up to 450 MPa, which was much higher than the yield strength of the cladding; however, the maximum axial stress of the scarf plug was only approximately 150 MPa. The radial stress of the scarf plug was much lower than the butted and butted lap claddings. To sum up, cladding with a scarf end plug suffered the lowest hoop, axial, and radial stress, and this end plug can be used for SiC cladding. The detailed structural parameters of the scarf end plug, including the intersection angle and height, will be optimized in our future work.
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