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Abstract:



The thermophysical performance and solid mechanics behavior of UO2-36.4vol % BeO fuel pellets cladded with Zircaloy, SiC, and FeCrAl, and Zircaloy cladding materials coated with SiC and FeCrAl, are investigated based on simulation results obtained by the CAMPUS code. In addition, the effect of coating thickness (0.5, 1 and 1.5 mm) on fuel performance and mechanical interaction is discussed. The modeling results show that Zircaloy claddings are more effective in decreasing fuel centerline temperature and fission gas release than other kinds of cladding material because of the smaller gap between cladding and fuel at the same burnup. SiC claddings and SiC-coated Zircaloy claddings possess smaller plenum pressure than other kinds of cladding. SiC claddings contribute more to fuel radial displacement but less to fuel axial displacement. FeCrAl claddings exhibit very different radial and axial displacements in different axial positions. FeCrAl-coated Zircaloy claddings have a lower fuel centerline temperature than Zircaloy claddings at burnup below 850 MWh/kg U, but a higher fuel centerline temperature at higher burnup. The gap between FeCrAl-coated Zircaloy claddings and fuel pellets closes earlier than that of Zircaloy claddings. SiC-coated claddings increase fuel radial and axial displacements, and cladding axial displacements of inner and outer cladding surfaces.
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1. Introduction


Accident tolerant fuel (ATF) systems have attracted significant attention regarding the safety margins of commercial light water reactors (LWRs) since the Fukushima Daiichi nuclear accident in 2011. The desired ATF needs to not only buffer against a loss of cooling for a considerably long period, but also improve fuel performance while enhancing fuel safety at normal operation. One way to meet these demands is to develop a UO2 composite fuel. The low thermal conductivity of UO2 fuel has become one of the major concerns limiting nuclear reactor performance and safety. Incorporation of UO2 with high thermal conductivity particles such as BeO or SiC could improve fuel thermal conductivity, one of the key criteria in balancing thermal energy and reactor safety demands [1,2]. Another way to mitigate against severe accidents is to develop enhanced strength and ductility ATF cladding, as this would alleviate the severity of reactivity-initiated accidents, and oxidation-resistant ATF cladding in the case of a loss-of-coolant accident (LOCA) [3]. Zr alloys, which have low neutron absorption cross-sections and a good neutron irradiation resistance, are currently used in nuclear fuel cladding for commercial LWRs [4]. However, in accident scenarios, Zr alloys react with hot steam, generating massive oxidation heat and hydrogen in a very short period. Additionally, the mechanical strength of Zr alloys undergoes significant recession and degradation during accidents. Therefore, it is important to develop new accident-tolerant fuel cladding materials [4]. SiC possesses an extremely low hydrogen liberation rate, excellent high temperature mechanical properties, a high melting point, and little irradiation creep compared with Zr alloys [5]. FeCrAl alloys present slower oxidation rates in high-temperature steam, which may help to preempt further damage resulting from an accident [6]. Surface-coated Zr alloy cladding is also a candidate for ATF owing to its improved corrosion performance compared with Zr alloy cladding and its high neutron economy compared with FeCrAl alloys [7].



The mechanical interactions between fuel and cladding are essential factors for ATF development. In this study, a fully coupled multiphysics fuel performance and solid mechanics analysis is performed with different cladding materials, namely, Zr, SiC, FeCrAl, SiC-coated Zr, and FeCrAl-coated Zr, to compare the mechanical interactions of fuel and cladding materials, using the CityU Advanced Multiphysics Nuclear Fuels Performance with User-defined Simulations (CAMPUS) code. The effects of coating thickness (0.5, 1 and 1.5 mm) on fuel performance and mechanical interaction are also discussed in this study. A fuel material of UO2-36.4vol % BeO is chosen as optimal due to its promising application in commercial LWRs to achieve better fuel performance. Temperature-dependent material properties, such as thermal conductivity, density, specific heat capacity, and thermal expansion, are incorporated into the CAMPUS code, and the fuel centerline temperature, gap size evolution, fission gas release, plenum pressure, and fuel and cladding axial and radial displacements are calculated and discussed in detail.




2. Materials and Methods


2.1. Thermal Conductivity


Based on previous research by Fink [8] and Lucuta et al. [9], the influences of dissolved fission products, precipitated fission products, porosity, deviation from stoichiometry, and radiation damage all must be considered in relation to the thermal conductivity of UO2-BeO fuel during irradiation. The irradiated fuel thermal conductivity k is calculated as follows:
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[image: ]—Dissolved fission products correction;



	
[image: ]—Precipitated fission products correction;
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[image: ]—Radiation damage correction.
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The as-fabricated thermal conductivity of UO2-BeO fuel is calculated from the Hasselman and Johnson model, as shown below [10]. Considering the fabrication process of UO2-BeO fuel, introduced by Ishimoto et al. [2] and Solomon et al. [11], UO2 is treated as a particle corresponding to subscript p in the Hasselman and Johnson model, and BeO is treated as a matrix, which corresponds to subscript m in the Hasselman and Johnson model.
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[image: ]—Thermal conductivity of the composite; [image: ]—Volume fraction of particles; [image: ]—Radius of particle; [image: ]—Interfacial thermal conductance. Subscripts p and m are particle and matrix, respectively.



The interfacial thermal conductance is estimated by
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[image: ]—Density; [image: ]—Specific heat capacity of matrix; [image: ]—Phonon velocity. Subscripts p and m refer to particle and matrix.
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where [image: ] and [image: ] are the longitudinal and transverse phonon velocities, respectively.



The thermal conductivity of BeO is obtained by interpolation, based on experiment data from Touloukian [12] as listed in Table 1.



Table 1. BeO thermal conductivity experiment data.







	
T (K)

	
301.4

	
319.4

	
325.8

	
332.9

	
359

	
367.6

	
397

	
426.2

	
475.2

	
514.7

	
524.6




	
k(BeO)

	
219

	
204

	
194

	
187.9

	
167.4

	
164.7

	
145.4

	
131.6

	
113.1

	
99.5

	
94.2




	
T (K)

	
560.5

	
652.7

	
712.4

	
850

	
905

	
1080

	
1182

	
1270

	
1360

	
1405

	
1490




	
k(BeO)

	
87.2

	
70.4

	
61.4

	
58.3

	
57.1

	
39.1

	
34.3

	
26.1

	
22.3

	
21.2

	
20.5










The thermal conductivity of UO2 is from Fink [8]. The thermal conductivity of cladding materials of Zir [13], SiC, and FeCrAl [14] are calculated as follows:
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Figure 1 plots a comparison between the measured thermal conductivity of UO2-BeO fuel reported by Latta et al. [15], the modeled thermal conductivity of UO2-36.4vol % BeO fuel by the CAMPUS code, and the thermal conductivity of Zr, SiC, and FeCrAl cladding materials.


Figure 1. Thermal conductivity of UO2-36.4vol % BeO with measured and modeled results, and Zr, SiC, and FeCrAl cladding materials.
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2.2. Thermal Expansion


The thermal expansion coefficient for a fuel composite is obtained by considering the thermal expansion coefficient and volume fraction of UO2 and BeO.
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The thermal expansion coefficient of UO2 and BeO are calculated as suggested by [16,17], respectively.
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For T ≤ 923 K, [image: ].



For T > 923 K, [image: ].
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Zircaloy cladding has different thermal expansion coefficients in radial, angular, and axial directions, as shown below [18]:
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The thermal expansion of fuel composites and Zircaloy cladding are obtained from the difference between the thermal expansion coefficient and temperature.
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Wu et al. [14] provided thermal expansions of SiC and FeCrAl claddings.
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The thermal expansion of UO2-BeO fuel, Zircaloy cladding (in r, phi, and z directions), SiC cladding, and FeCrAl cladding are plotted in Figure 2.


Figure 2. Thermal expansion of UO2-36.4vol % BeO, Zr (in r, phi, and z directions), SiC, and FeCrAl.
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The other material properties, including heat capacity, density, Young’s modulus and Poisson ratio, can be found in Appendix A for UO2-BeO fuel, and Zr, SiC, and FeCrAl claddings.




2.3. Model Implementation


2.3.1. Heat Transfer


In the CAMPUS code, temperature is calculated by the heat transfer model. Based on a calculation of temperature evolution, fission product behaviors and fuel pin mechanics are also calculated.
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where [image: ] is the volumetric heat generation rate.




2.3.2. Deformation Mechanics


The mechanical analysis adopts Cauchy’s equation to describe fuel elements’ elastic deformation behavior.
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where [image: ] and [image: ] are the Cauchy stress tensor and the body force per unit volume, respectively. Applied forces, thermal expansion, materials creep, fuel densification, and fission gas swelling are all considered in [image: ]. Stress is calculated as
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where [image: ] is the material matrix and [image: ] is the elastic strain vector. The elastic strain is calculated as the total strain, defined as [image: ] (with [image: ] as the displacement vector), minus any sources of inelastic strain. In the 2D axisymmetric case, as used in this paper, the strain components are given by:
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(23)







In this study, thermal strain, isotropic strain, and creep are all considered in fuel mechanics analysis. Specifically, we consider the effect of thermal strain in relation to Zircaloy cladding creep, the thermal strain of SiC cladding, and the thermal strain and creep of FeCrAl cladding.



Only some important physical phenomena models are listed here. A more detailed set of physical phenomena models can be found in [19].






3. Results and Discussions


Figure 3a shows fuel centerline temperature of Zircaloy, SiC, and FeCrAl claddings. From Figure 3a, we can see that the fuel temperature tendencies of the Zircaloy and FeCrAl claddings are almost equivalent, while the SiC cladding is quite different. At the beginning of burnup, the SiC cladding has a lower fuel centerline temperature than the Zircaloy and FeCrAl claddings. After the initial power-up, the fuel centerline temperatures of the Zircaloy, SiC, and FeCrAl claddings all increase slightly and then decrease. At a burnup of around 400 MWh/kg U, the fuel centerline temperature of the SiC cladding increases dramatically, while the fuel centerline temperatures of the Zircaloy and FeCrAl claddings increase only slightly. The fuel centerline temperatures of the Zircaloy and FeCrAl claddings begin to decrease at a burnup of around 700 MWh/kg U, while the fuel centerline temperature of the SiC cladding continues to increase. At burnup of 750 MWh/kg U, the fuel centerline temperature of the SiC cladding begins to exceed the fuel centerline temperature of the FeCrAl cladding and finally reaches 1100 K. These differences in fuel center temperature are due mainly to the lack of creep in the SiC cladding during irradiation. This leads to a delayed gap closure, resulting in a poor performance of pellet cladding mechanical contact. As shown in Figure 3a, neither the SiC nor FeCrAl cladding can effectively decrease the fuel centerline temperature compared with the Zircaloy cladding at a high burnup.


Figure 3. (a) Comparison of fuel centerline temperature vs. burnup, with various cladding materials; (b) Gap size evolutions with Zircaloy, SiC, and FeCrAl claddings.
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The gap width is compared across the different cladding materials, and the tendencies of the Zircaloy, SiC, and FeCrAl claddings are shown in Figure 3b. The gap size evolution tendencies of the Zircaloy and FeCrAl claddings are almost equivalent, while the SiC cladding shows a gentle incline. From Figure 3b, the initial values of the Zircaloy, SiC, and FeCrAl claddings are different. The SiC cladding has the smallest gap size, around 60 µm, while the FeCrAl cladding has the largest gap size, around 85 µm, due to the different thermal expansions of Zircaloy, SiC, and FeCrAl. Then, due to fuel densification, the gap sizes of the Zircaloy, SiC, and FeCrAl claddings all show a slight increase during the short burnup range, after which the gap size decreases almost linearly with burnup increase. Finally, fuel and cladding contact is achieved, which leads to gap size becoming zero for the Zircaloy cladding at a burnup of 1050 MWh/kg U. At a burnup of 1350 MWh/kg U, the gaps of the SiC and FeCrAl claddings are not yet closed.



The fuel displacements against the axial positions of the Zircaloy, SiC, and FeCrAl claddings, at a burnup of 1200 MWh/kg U, are presented in Figure 4. Figure 4a shows that the fuel radial displacement of the Zircaloy cladding is the smallest, due to it having the lowest fuel centerline temperature, while the fuel radial displacement of the SiC cladding is the largest, due it having the highest fuel centerline temperature. From Figure 4b, we can see that the fuel axial displacements of different cladding materials show the same trend as fuel radial displacements. This demonstrates that both fuel radial and axial displacements depend significantly on fuel temperature. At a burnup of 1200 MWh/kg U, UO2-BeO fuel with SiC cladding possesses the highest fuel centerline temperature, leading to the largest fuel radial and axial displacements, while UO2-BeO fuel with Zircaloy cladding possesses the lowest fuel centerline temperature, which leads to the smallest radial and axial displacements.


Figure 4. Fuel displacement evolution against the axial positions of Zircaloy, SiC, and FeCrAl claddings, at a burnup of 1200 MWh/kg U. (a) Fuel radial displacement and (b) fuel axial displacement.
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The cladding displacements on both the inner and outer surfaces of Zircaloy, SiC, and FeCrAl claddings at a burnup of 1200 MWh/kg U are depicted in Figure 5 as a function of axial position. From Figure 5a we can see that for all cladding types, the radial displacements of the inner and outer surfaces change simultaneously at the same axial position. The radial displacements of the Zircaloy and FeCrAl claddings arch toward the fuel, while the radial displacement of the SiC cladding shifts toward the coolant. The different displacement directions illustrate that plenum pressure, thermal expansion, and creep all contribute to the radial displacement of cladding. For the Zircaloy and FeCrAl claddings, the inner surface experiences larger radial displacements than the outer surface, which may be due to larger temperature-driven thermal expansions of the inner surface. For the SiC cladding, the outer and inner surfaces experience almost the same radial displacement. The inner and outer surfaces of the FeCrAl cladding show the largest differences at the same axial position, while the inner and outer surfaces of the SiC cladding show the least differences at the same axial position. This means that the FeCrAl cladding endures more deformation inside the cladding material. There are no significant changes in the axial displacement of the SiC cladding on either the inner or outer surfaces in any of the axial positions shown in Figure 5b, perhaps due to the effects of plenum pressure and the thermal expansion of the SiC cladding. For the Zircaloy cladding, the axial displacements of both inner and outer surfaces slightly increase as axial position changes from −6 to 4.5 mm, and then decrease again. The axial displacements of the inner and outer surfaces of the FeCrAl cladding show dramatic changes as the axial position changes; these become increasingly disparate at the same axial position, which may indicate that the effect of plenum pressure suppresses the effect of thermal expansion of the FeCrAl cladding.


Figure 5. Cladding displacement of inner and outer surfaces of Zircaloy, SiC, and FeCrAl claddings at a burnup of 1200 MWh/kg U. (a) Cladding radial displacement and (b) cladding axial displacement.



[image: Metals 08 00065 g005]






Figure 6 shows the burnup-dependent fuel centerline temperatures of Zircaloy, Zircaloy coated with 0.5, 1 and 1.5 mm SiC claddings, and Zircaloy coated with 0.5, 1 and 1.5 mm FeCrAl claddings, respectively. From Figure 6a, we can see that the fuel centerline temperature tendencies of the SiC-coated claddings are quite different from that of the Zircaloy cladding. For the SiC-coated claddings, the fuel centerline temperatures are lower than those of the Zircaloy cladding at the beginning of a burnup and then show a slight decrease as the burnup increases. However, as the burnup reaches 400 MWh/kg U, the fuel centerline temperature tendencies of the SiC-coated claddings increase rapidly, while the fuel centerline temperature of the Zircaloy cladding continues to decrease. The lower fuel centerline temperature of the SiC-coated claddings at the early burnup stage is due mainly to the smaller gap size (shown in Figure 7a), which causes better gap conductance. There is no big difference in the fuel centerline temperature of Zircaloy coated with 1 and 1.5 mm SiC claddings. Zircaloy coated with 0.5 mm SiC cladding shows lower fuel centerline temperatures than the 1 and 1.5 mm coated claddings; this is due to better gap conductance resulting from a smaller gap width. From Figure 6b, we can see that the initial fuel centerline temperature of coated claddings is higher than that of the Zircaloy cladding at power-up, due to its relatively poor gap conductance. The fuel centerline temperature of Zircaloy coated with FeCrAl claddings then decreases rapidly as gap size decreases, and finally shows a slight increase as the gap closes. The fuel centerline temperature of Zircaloy coated with FeCrAl claddings increases as coating thickness increases at the same burnup, a result of the gap size increasing as the thickness increases at the same burnup rates, as shown in Figure 7b.


Figure 6. Fuel centerline temperature of (a) Zircaloy, Zircaloy coated with 0.5, 1 and 1.5 mm SiC claddings; (b) Zircaloy, Zircaloy coated with 0.5, 1 and 1.5 mm FeCrAl claddings.
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Figure 7. Gap size evolutions of (a) Zircaloy, Zircaloy coated with 0.5, 1 and 1.5 mm SiC claddings; (b) Zircaloy, Zircaloy coated with 0.5, 1 and 1.5 mm FeCrAl claddings.
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Figure 7 shows the gap size evolutions of Zircaloy, Zircaloy coated with 0.5, 1 and 1.5 mm SiC claddings, and Zircaloy coated with 0.5, 1 and 1.5 mm FeCrAl claddings, respectively. For the SiC-coated Zircaloy claddings, the gap size is smaller than pure Zircaloy claddings before the burnup reaches 250 MWh/kg U, but then tends to be larger than Zircaloy claddings as the burnup rates increase. The gap sizes of Zircaloy coated with 1 and 1.5 mm SiC claddings have almost the same gap size evolution, while Zircaloy coated with 0.5 mm SiC cladding shows a smaller gap size at the same burnup rates. For the FeCrAl-coated Zircaloy claddings, all of the gap sizes are smaller than for the pure Zircaloy cladding and are closed before the burnup reaches 650 MWh/kg U. As the coating thickness of FeCrAl increases, the gap size increases at the same burnup rate. The gap size is affected by plenum pressure, fission gas release, and other factors, as demonstrated in our previous work [19].



Figure 8 presents the fuel radial displacement evolutions of Zircaloy, Zircaloy coated with 0.5, 1 and 1.5 mm SiC claddings, and Zircaloy coated with 0.5, 1 and 1.5 mm FeCrAl claddings at a burnup of 1200 MWh/kg U. For both the SiC- and FeCrAl-coated claddings, the fuel radial displacement increases as the thickness increases. However, the SiC-coated claddings show more obvious differences in fuel radial displacement at a burnup of 1200 MWh/kg U. The coating causes larger fuel radial displacements than pure Zircaloy when examined at the same axial position as SiC- and FeCrAl-coated claddings, which have higher fuel centerline temperatures than pure Zircaloy. The SiC-coated claddings have more influence on fuel radial displacement than the FeCrAl-coated claddings, as the SiC-coated claddings have higher fuel centerline temperatures. Figure 9 plots the fuel axial displacement evolutions of Zircaloy, Zircaloy coated with 0.5, 1 and 1.5 mm SiC claddings, and Zircaloy coated with 0.5, 1 and 1.5 mm FeCrAl claddings, at a burnup of 1200 MWh/kg U. This shows that the coatings result in more fuel axial displacement overall than the pure Zircaloy cladding when considered at the same burnup rate, and that the SiC-coated Zircaloy claddings experience more axial displacement than the FeCrAl-coated Zircaloy due to its higher fuel centerline temperature. However, no significant difference in fuel axial displacement can be observed with different coating thicknesses.


Figure 8. Fuel radial displacement evolutions of (a) Zircaloy, Zircaloy coated with 0.5, 1 and 1.5 mm SiC claddings; (b) Zircaloy, Zircaloy coated with 0.5, 1 and 1.5 mm FeCrAl claddings, at a burnup of 1200 MWh/kg U.
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Figure 9. Fuel axial displacement evolutions of (a) Zircaloy, Zircaloy coated with 0.5, 1 and 1.5 mm SiC claddings; (b) Zircaloy, Zircaloy coated with 0.5, 1 and 1.5 mm FeCrAl claddings, at a burnup of 1200 MWh/kg U.
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Figure 10 depicts the cladding radial displacement evolutions of the inner and outer surfaces of Zircaloy, Zircaloy coated with 0.5, 1 and 1.5 mm SiC claddings, and Zircaloy coated with 0.5, 1 and 1.5 mm FeCrAl claddings, at a burnup of 1200 MWh/kg U. The SiC-coated claddings show little radial displacement, while the FeCrAl-coated claddings show large displacements toward the fuel direction. The difference between the displacements of the FeCrAl-coated cladding on the inner and outer surfaces is more obvious than those of the pure Zircaloy cladding. More radial displacements occur at the extremities for the FeCrAl-coated claddings. Figure 11 shows the cladding axial displacement evolutions of Zircaloy, Zircaloy coated with 0.5, 1 and 1.5 mm SiC claddings and Zircaloy coated with 0.5, 1 and 1.5 mm FeCrAl claddings, at a burnup of 1200 MWh/kg U. The SiC-coated claddings swell in the axial direction, while the Zircaloy and FeCrAl-coated claddings shrink axially. The axial expansions of the SiC-coated claddings increase as the coating thickness increases. For the FeCrAl-coated claddings, the axial displacement changes dramatically as the axial position changes. At axial point 0.015 m, the largest displacement occurs for 0.5, 1 and 1.5 mm FeCrAl-coated claddings. From 0 to −6 mm, Zircaloy coated with 0.5 mm FeCrAl cladding has more displacement than the thicker 1 and 1.5 mm FeCrAl claddings.


Figure 10. Cladding radial displacements of inner and outer surfaces of (a) Zircaloy, Zircaloy coated with 0.5, 1 and 1.5 mm SiC claddings; (b) Zircaloy, Zircaloy coated with 0.5, 1 and 1.5 mm FeCrAl claddings, at a burnup of 1200 MWh/kg U.
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Figure 11. Cladding radial displacements of inner and outer surfaces of (a) Zircaloy, Zircaloy coated with 0.5, 1 and 1.5 mm SiC claddings; (b) Zircaloy, Zircaloy coated with 0.5, 1 and 1.5 mm FeCrAl claddings, at a burnup of 1200 MWh/kg U.
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4. Conclusions


In this study, the fuel performance and solid mechanics of UO2-36.4vol % BeO fuel with Zircaloy, SiC, FeCrAl, and surface-coated Zircaloy cladding materials are investigated based on simulation results obtained using the CAMPUS code. The modeling results show that Zircaloy cladding is more effective in decreasing fuel centerline temperatures and fission gas release rates because of its smaller gap size compared with other cladding materials at the same burnup rates. SiC and SiC-coated Zircaloy claddings possess smaller plenum pressures than other claddings but have larger fuel radial displacements and smaller contributions to fuel axial displacement. FeCrAl cladding exhibits very different radial and axial displacements depending on the axial position. SiC-coated Zircaloy claddings still show higher fuel centerline temperatures and more fission gas release, due to their larger gap size compared with pure Zircaloy at the same burnup rate. FeCrAl-coated claddings have lower fuel centerline temperatures than Zircaloy cladding until the burnup exceeds 850 MWh/kg U, after which point they become higher. The gaps of FeCrAl-coated claddings are closed earlier than those of Zircaloy cladding. SiC-coated claddings increase the fuel radial, fuel axial, and cladding axial displacements. For cladding inner and outer surfaces, FeCrAl-coated claddings have wide variation, depending on the axial position.
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Appendix A


The heat capacity of fuel composite is defined as


[image: ]



(A1)







The heat capacity of UO2 is given by [20] and the heat capacity of BeO is derived from [21].


[image: ]



(A2)




where [image: ] is the oxygen-to-metal ratio and is initially assumed to be 2 [22], but is then considered to be dynamic [image: ] (oxygen to metal ratio deviation) due to oxygen diffusion; T is the temperature; K1 = 296.7 J/kg K; K2 = 0.0243 J/kg K2; K3 = 8.75 × [image: ] J/kg; R = 8.315 J/mole K; [image: ] = 535.285 K; and ED = 1.577 × [image: ] J/mole.
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The density of UO2-BeO composite fuel is calculated based on
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(A4)







Fink proposed a simulation to calculate the density of solid UO2 [8]:
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(A5)







For T ≤ 923 K, [image: ].



For T > 923 K, [image: ].



The density of BeO is illustrated below [23]:


[image: ]



(A6)







Young’s modulus and the Poisson ratio of the composite are yielded from
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(A7)
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(A8)







Young’s modulus and the Poisson ratio of UO2 were obtained from the formulas suggested by Martin [16].
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(A9)







[image: ]—Oxygen to metal ratio deviation.
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(A10)







For T ≤ 923 K, [image: ].



For T > 923 K, [image: ].



The Young’s modulus and Poisson ratio values of BeO were 350 (GPa) and 0.229, respectively [24].



The heat capacity, density, Poisson ratio, and Young’s modulus of Zir are designated by [13,18].
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(A12)
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(A13)







The thermal conductivity [image: ], heat capacity [image: ], density [image: ], Poisson ratio [image: ], and Young’s modulus [image: ] are calculated based on [14].
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(A14)
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(A15)
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(A16)
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(A17)







The thermal conductivity [image: ], heat capacity [image: ], density [image: ], Poisson ratio [image: ], and Young’s modulus [image: ] are calculated based on [14].
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(A18)
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(A19)
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(A20)







The Poisson ratios of Zircaloy and FeCrAl are 0.32 and 0.3, respectively.
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