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Abstract

:

The complex multiscale and anisotropic nature of silicon carbide (SiC) ceramic matrix composite (CMC) makes it difficult to accurately model its performance in nuclear applications. The existing models for nuclear grade composite SiC do not account for the microstructural features and how these features can affect the thermal and structural behavior of the cladding and its anisotropic properties. In addition to the microstructural features, the properties of individual constituents of the composites and fiber tow architecture determine the bulk properties. Models for determining the relationship between the individual constituents’ properties and the bulk properties of SiC composites for nuclear applications are absent, although empirical relationships exist in the literature. Here, a hierarchical multiscale modeling approach was presented to address this challenge. This modular approach addressed this difficulty by dividing the various aspects of the composite material into separate models at different length scales, with the evaluated property from the lower-length-scale model serving as an input to the higher-length-scale model. The multiscale model considered the properties of various individual constituents of the composite material (fiber, matrix, and interphase), the porosity in the matrix, the fiber volume fraction, the composite architecture, the tow thickness, etc. By considering inhomogeneous and anisotropic contributions intrinsically, our bottom-up multiscale modeling strategy is naturally physics-informed, bridging constitutive law from micromechanics to meso-mechanics and structural mechanics. The effects that these various physical attributes and thermo-physical properties have on the composite’s bulk thermal properties were easily evaluated and demonstrated through the various analyses presented herein. Since silicon carbide fiber-reinforced SiC CMCs are also promising thermal–structural materials with a broad range of high-end technology applications beyond nuclear applications, we envision that the multiscale modeling method we present here may prove helpful in future efforts to develop and construct reinforced CMCs and other advanced composite nuclear materials, such as MAX phase materials, that can service under harsh environments of ultrahigh temperatures, oxidation, corrosion, and/or irradiation.
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1. Introduction


Silicon carbide (SiC) fiber-reinforced SiC matrix composite (SiC/SiC) is a candidate material for many nuclear applications in both fusion and fission reactors as fuel cladding and radiation blankets [1], as well as harsh, high-temperature structural applications, such as hot components in gas turbine engines, heat exchangers, reformers, reactors, and filters for the chemical industry. SiC/SiC exhibits exceptionally high temperature resistance [2], good irradiation stability [3], low neutron absorption [4], reasonable fracture toughness [5,6], and high corrosion resistance [7,8]. Comprehensive discussions on the properties of SiC/SiC composites are found in previous works [9,10]. Thanks to their favorable characteristics, SiC/SiC composites are being considered for use as fuel cladding and channel box materials in light water reactors [11,12] and for fuel and in-vessel components in high-temperature gas-cooled reactors [13,14], fluoride-salt-cooled high-temperature reactors [15], sodium fast reactors [16], and for structural and functional components (e.g., flow channel inserts, pipes, and ducts in divertors) used in fusion reactor applications [17]. There are other candidate materials for accident tolerant fuel cladding applications such as coated and improved Zr alloy cladding and FeCrAl alloy cladding. The over-reliance of the coated Zr cladding on the physical integrity of its coating for its accident tolerance ability and increased neutron absorption of the FeCrAl cladding are the major technical concerns of these respective cladding concepts. Note that MAX phase materials have also been identified as potential materials for use in current and future reactor systems due to their unique combination of properties, including high thermal conductivity, mechanical strength, damage tolerance, and resistance to thermal shock. However, SiC/SiC generally offers superior high-temperature resistance and radiation tolerance, making them potential materials as nuclear fuel cladding. In contrast, MAX phases stand out due to their ease of machinability and thermal conductivity, making them more suitable for components requiring complex shapes, and high thermal stress resistance within a reactor system.



The qualification process requires a better understanding of the material’s performance—as well as that of components made from this material—within the intended environment. Thermal–mechanical computational analysis provides insights into the stresses and temperature distributions pertaining to a given component, as well as its structural integrity and thermal performance under different operating scenarios and accident conditions. Most computational studies conducted on SiC cladding to determine the engineering-scale thermal–mechanical performance of SiC/SiC have assumed a homogenized material, neither resolving the fibers, matrix, interphase, or porous voids nor accounting for the specific architecture of the composite [18,19,20,21,22,23,24]. By focusing only on the composite’s bulk properties, this approach may work for a particular composite with fixed architecture, porosity, fiber volume fraction, etc. However, such analysis is unable to elucidate how the micro-level thermo-physical properties and architecture impact the performance of a component made of composite material. Few studies have investigated the microstructure and architecture of composites in fusion and non-nuclear applications. Nevertheless, historically speaking, analyses of composites are difficult because of the complex multiscale and anisotropic nature of the SiC/SiC composite material itself.



A composite consists of a stack of plies (also called as laminate) each comprising tows of fibers coated with interphase material and embedded inside a matrix material. The composite can feature unidirectional, bidirectional (woven), multidirectional (quasi-isotropic), or randomly oriented fibers. Depending on the intended application, the fibers can be continuous or short in length and may be woven, braided, or knitted. The order and orientation of the plies in the laminate are carefully selected to impart the desired directional and structural properties. To prevent delamination, interlaminar reinforcement is sometimes added through techniques such as stitching or z-pinning. During the manufacturing process, pockets of air may remain trapped within the composite material, leading to a porous structure with voids. These voids may significantly affect the performance of the composite.



A model for predicting the performance of a composite must account for the effects of fiber spacing, fiber volume fraction, orientation, porosity (pore size/distribution), the mechanical properties of the fibers and the matrix, architecture, orientation of the material (with respect to the component’s geometric direction, e.g., axis), tow thickness, number of plies, etc. Accounting for these and other geometric variables, as well as any physical and material property variations, makes such models computationally very expensive. Furthermore, interactions among the constituents add complexity to the involved physics, in turn making it challenging to solve numerically, resulting in numerous challenges in modeling and analyzing composites.



Many different approaches to modeling composites are found in the literature. Under the umbrella of micromechanical modeling, there are methods such as analyzing a representative volume element to obtain the effective properties of the composite; using a rule of mixtures to estimate the weighted average of properties based on the volume fraction of the constituents; and using analytical homogenization techniques to calculate the effective properties in consideration of the interaction occurring between different phases. Theoretical methods such as classical laminate theory, first-ply failure analysis, and shear-lag modeling all fall into the category of micromechanical modeling and analysis. These theoretical models are useful when detailed microstructure is not the primary concern. Thus, these models are unable to describe the microstructural features and how these features can affect the thermal and structural behavior of the cladding and the anisotropic properties. There are also several multiscale modeling methods, such as hierarchical multiscale modeling, concurrent multiscale modeling, and representative volume element coupling. These are useful when local microstructural effects such as damage initiation and propagation are considered important. However, these models for determining the relationship between the individual constituents’ properties and the bulk properties of the composite are absent, although empirical relationships exist in the literature.



In the present work, we utilized a hierarchical multiscale modeling approach to model SiC/SiC composites in a modular manner. This approach essentially entails breaking down the complexity of a composite material into simpler models at different length scales and allowing the complexity to be incorporated into the model. Though in this work we aimed to model SiC/SiC fuel cladding for nuclear applications, the same approach is generally applicable to composites used for all types of applications.




2. Methods


The hierarchical multiscale modeling approach involved several models operating at different length scales. Starting with the micro-level model, the bulk properties were computed based on the properties of the constituents. These evaluated bulk properties were then utilized as an input to the model at a higher length scale. In this manner, the engineering-scale properties were calculated in consideration of the effects of the individual constituent’s properties (fibers, matrix, and interphase), physical features (e.g., microcracks, pores), and architectural parameters (e.g., fiber volume fraction, relative tow orientation, fiber density in tows, etc.). Note that the hierarchical multiscale modeling involved the sequential calculation of the properties at each length scale. This approach differed from the concurrent multiscale modeling approach in which calculations at different length scales were performed simultaneously, thus requiring significant computational resources.



Figure 1 illustrates the hierarchical multiscale modeling. In the present work, we considered models pertaining to four length scales: (1) tow and matrix models, (2) a ply model, (3) a laminate model, and (4) a component (cladding) model. In the tow model, fibers were embedded in a matrix and were potentially surrounded by pores. Please note that for simplicity, the interphase was not considered in the current model but will be incorporated into future work. Currently, the most commonly used layered interphase for nuclear applications is pyrolytic carbon (PyC). The thermal conductivity of PyC is slightly lower than that of the fiber; however, the thickness of the PyC coating is much smaller than the fiber diameter. Thus, it was expected that the presence of the interphase would have a small influence on the general thermal behavior. A detailed analysis incorporating the interphase in the fiber will be performed in future work to fully understand these effects.



The ply-level model featured tows arranged together in a particular architecture with a matrix surrounding the fiber. For this model, the matrix properties were obtained from a matrix model in which pores were impregnated into the matrix material. The laminate model was comprised of two or more plies stacked together, each with a particular orientation relative to the others. Finally, at the highest scale, there was the cladding model containing the desired geometric parameters (e.g., radius, thickness, and length). The CAD version of these models was generated either through the Cubit software (version 15.2) [25] or SolidWorksTM software (version 2023) from Dassault Systèmes or through the Multiphysics Object-Oriented Simulation Environment (MOOSE) [26] internal mesh generators. The models generated using Cubit and SolidWorksTM software were meshed using the Cubit software with the tetrahedral elements. The models generated by MOOSE were automatically meshed within the MOOSE. The meshes were refined enough to obtain a converged solution.



In each of the models, the thermal properties of the constituents were taken as the input. Specifically, the output of the thermal conductivity from the matrix model was the input for the thermal conductivity of the matrix in the tow model; the output of the thermal conductivity of the tow model was the input for the thermal conductivity of the tow in ply model; the output of the thermal conductivity from the ply model was the input for the thermal conductivity of the ply in the laminate model; and the output of the thermal conductivity of the laminate model served as the input for the thermal conductivity of the component (cladding) model. Figure 2 shows how the thermal conductivity was calculated via the numerical analysis of the model. In this analysis, heat flux (    q   ″    ) and temperature (T) boundary conditions were prescribed on two opposite faces of the model, in addition to the thermal properties of the model constituents. Thermal analysis was performed to obtain the temperature distribution in this model. The bulk thermal conductivity of the model was obtained per Equation (1), using the calculated temperature, where   ∆ T   denoted the temperature gradient along the direction perpendicular to the two faces. All thermal calculations were performed with the MOOSE.


  k = −      q   ″     ∆ T    =      q   ″   L     T   1   −   T   2       



(1)








3. Results


In this section, we demonstrated the functionality of this model by using numerical calculations to obtain the properties at the highest scale based on the properties of each constituent at the microstructural scale.



Matrix model: The matrix model represented the matrix material containing the pores and voids that could develop throughout the manufacturing process. In the model, the voids were represented as spherical cavities, as shown in Figure 3. The same figure also shows a mesh of the model, and an example temperature distribution obtained from an analysis for computing the bulk thermal conductivity. The thermal properties of the pores and voids handled in the model are assumed to be vacuum. Figure 4 shows the variation in the matrix thermal conductivity with the change in porosity.



Tow model: The tow model represented a tow whose constituent fibers were all lying in one direction. The fiber orientation gives a tow its anisotropic properties. Figure 5 shows a computer-aided design (CAD) image and mesh of a tow model. Figure 6 shows, for a particular set of constituent thermal properties, the temperature distributions for the two cases considered: (a) heat flow along the fiber direction and (b) heat flow perpendicular to the fiber direction. Case (a) was considered for obtaining the tow’s bulk thermal conductivity along the direction of the fibers, and case (b) provided the tow’s bulk thermal conductivity in the direction perpendicular to the fibers.



As described in the Methods Section and illustrated in Figure 2, the thermal properties of the fibers and matrix were added to the model. Our assumption in this analysis was that the fibers and matrix had isotropic properties. Figure 7 shows the varying tow thermal conductivity in response to changes in the thermal conductivities of the fibers and matrix in which the volume fraction of the fiber used was 69.4%. This model considered different levels of fiber volume fraction in the tow region (see Figure 8), as well as how changes to the fiber volume fraction impacted the tow’s thermal conductivity (see Figure 9). As noted from the tow model, inhomogeneous and anisotropic characterizations were considered naturally and intrinsically.



Ply model: SiC cladding plies (or lamina) consisted of tows weaved together. Figure 10 shows a CAD model of a single volume element of a ply, along with a single tow. The meshes are shown in Figure 11. As seen from these figures, the ply’s anisotropic properties stemmed from the orientation of the tows; the in-plane properties differed from those in the through-thickness direction. Figure 12 shows the temperature distributions in the ply model for the two cases considered here: (a) heat flow along the plane of the ply and (b) heat flow perpendicular to the ply. Case (a) was considered for evaluating the ply’s bulk thermal conductivity along the plane of the ply, and case (b) provided its bulk thermal conductivity in the direction perpendicular to the plane of the ply. The thermal properties of the tows and matrix were inputted into the model. It was assumed that the matrix had isotropic properties and that the tows had anisotropic properties stemming from the fiber orientation (as noted earlier). Figure 13 shows the variation in the ply’s bulk thermal conductivity in response to varying the thermal conductivities of the tows and matrix. By considering inhomogeneous and anisotropic characterizations intrinsically at the tow level, the anisotropic feature was naturally found at the ply level via our bottom-up multiscale modeling strategy.



Equation (2) shows the form of Fourier’s law for the anisotropic heat conduction. The subscript “long” refers to the longitudinal direction, “trans” refers to the transverse direction (see Figure 10), and “l” refers to the coordinate distance.


         q   l o n g   ″         q   t r a n s 1   ″         q   t r a n s 2   ″        = −        k   l o n g     0   0     0     k   t r a n s 1     0     0   0     k   t r a n s 2               d T  /    d l   l o n g           d T  /    d l   t r a n s 1           d T  /    d l   t r a n s 2           



(2)







Laminate model: The geometries for a laminate model—both with and without a porous layer between two different plies—are shown in Figure 14. When the plies are stacked together during the manufacturing process, significant cavities can develop, as shown in Figure 15. The porous layer may have a significantly smaller density and thermal conductivity, thus lowering the overall thermal conductivity of the laminate. The bulk thermal conductivity of the laminate model can be computed similarly to other models. Figure 16 shows example temperature distributions in the two laminate models (with and without a porous layer) as obtained from an analysis performed for computing the through-thickness thermal conductivities of lamina.



For the cases both with and without a porous layer, Figure 17 shows the variation in the laminate thermal conductivity in response to varying the thermal conductivity of a single ply (the thermal conductivities of all the other plies were held constant). As noted from the figure, the porous layer could significantly lower the through-thickness thermal conductivity of the composite.




4. Conclusions and Future Work


The inherent complexity of composite materials makes it difficult to analyze and optimize their designs. The hierarchical modeling approach presented herein highlights the current status of this ongoing work. This article described and demonstrated a modular approach to modeling composites at different length scales, with a lower length-scale model providing inputs to a higher length-scale model. A matrix model accounted for porosity-caused changes in the matrix thermal properties, and a tow model evaluated the tow thermal conductivity in consideration of the fiber and matrix conductivities and the fiber volume fraction. A ply model evaluated the ply thermal conductivity based on the tow and matrix thermal properties and the specific architecture. Note that porosity in the matrix was indirectly accounted for in the tow and ply models via the matrix thermal conductivity which was calculated in consideration of the porosity in the matrix. A laminate model evaluated the laminate conductivity in consideration of the number of plies, their specific conductivities and orientation, and any possible porosity in-between the ply layers. The evaluated laminate conductivity can be taken as an input to a component model to determine its thermal performance. The SiC composite intended for cladding applications is triaxially braided, with tows along the axial direction and at angles ±θ° from the axis. Note that triaxially braided SiC composites have a superior strength-to-weight ratio, improved durability, and enhanced fatigue resistance compared to uniaxially or biaxially reinforced composites. In addition, triaxial braiding allows for composites with relatively more isotropic properties to be manufactured. The angle θ° is around 45 to 60-degrees. In this work, we did not consider triaxial reinforcement in the ply model; instead, we only considered bidirectional tows in mutually orthogonal directions. The advanced architecture of triaxial braiding will be part of future work. Furthermore, porosity due to voids was considered—in simplified fashion—as spherical cavities inside a matrix. Voids in a composite can take arbitrary shapes and feature varying size distributions. Microcracks were often present in the matrix. Such geometries and size distributions of voids and defects could lead to additional anisotropy in the matrix, at least in the local region. The effects of such voids on the thermal performance of SiC/SiC will be explored in future work.



The fibers were considered without interphase material around them; future work will incorporate the interphase. Lastly, the models presented herein will be validated via comparison against the relevant experimental data as the required data become available. For validation purposes, comprehensive data at different length scales will be required. Currently, the literature offers limited experimental data for such purposes. Future work will entail rigorous validation and improvement in this multiscale modeling approach.



Beyond nuclear applications, silicon carbide fiber-reinforced SiC ceramic matrix composites are promising thermal–structural materials with a broad range of high-end technology applications like friction and wear, electronics, machinery, and chemical industries. Though this work was targeted at the modeling of SiC-SiC fuel cladding for nuclear applications. the multiscale modeling strategy presented herein inherently incorporates inhomogeneous and anisotropic characteristics of a composite material. This physics-informed approach seamlessly bridges the constitutive laws from the matrix modeling at lowest scale to the component modeling at the highest scale. We envision that this multiscale modeling strategy will be highly valuable in designing and predicting innovative composite materials in a variety of applications for specific stress, temperature, and environmental conditions.
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Figure 1. Hierarchical multiscale modeling approach for modeling SiC cladding. 
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Figure 2. Schematic showing how thermal conductivity (k) was calculated via numerical analysis. Fourier’s law was used to evaluate the bulk thermal conductivity of the model. 
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Figure 3. (Left) Computer-aided design (CAD) model of the matrix. (Middle) Mesh of the model. (Right) An example temperature distribution obtained through an analysis. 
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Figure 4. Variation in matrix thermal conductivity with porosity as obtained from the matrix model. 
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Figure 5. (Left) CAD model of a tow. (Right) Mesh of the model. 
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Figure 6. Temperature distribution in the tow model for two separate cases: heat flow along the fiber direction (left) and heat flow perpendicular to the fiber direction (right). 
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Figure 7. Variation in a tow’s bulk thermal conductivity when varying the thermal conductivity of the fibers (left) (kmatrix = 40 W/m-K) and matrix (right) (kfiber = 20 W/m-K). 
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Figure 8. Tow models with fiber volume fractions of 38.5% (left) and 69.4% (right). 
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Figure 9. Variation in the tow’s bulk thermal conductivity in response to changing the volume fraction of the fibers (kmatrix = 30 W/m-K) and the matrix (kfiber = 15 W/m-K). 
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Figure 10. (Left) CAD model of a single volume element of weaved tows in a ply. (Right) A single tow. The computational framework allows for considering tows’ anisotropic properties, which stem from fiber orientation, providing the different longitudinal (klongitudinal) and transverse thermal conductivities (ktransverse) in a tow. 
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Figure 11. Mesh single volume element of weaved tows (left) surrounded by a meshed matrix (right). 
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Figure 12. Temperature distribution in the ply model for the two selected cases: heat flow along the plane of the ply (left) and heat flow perpendicular to the plane of the ply (right). 
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Figure 13. Variation in ply thermal conductivity in response to varying the tow thermal conductivity (left) and matrix (right) thermal conductivity for in-plane and through-plane directions. 
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Figure 14. CAD model of a laminate with two plies both with (left) and without (right) a porous layer between them. 
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Figure 15. Cross-section of a SiC/SiC cladding tube specimen SETH H [27,28], showing voids between the ply layers. 
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Figure 16. Temperature distributions in the laminate model for the cases without (left) and with (right) a porous layer between the plies. The porous layer is assumed to have a thermal conductivity of 5 W/m-K and a density of 500 kg/m3. 
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Figure 17. Variation in laminate thermal conductivity in the through-thickness direction when varying the thermal conductivity of a single ply. The thermal conductivity of the other ply was held constant at 45 W/m-K. The porous layer was assumed to have a thermal conductivity of 5 W/m-K, a specific heat capacity of 1000 J/kg-s, and a density of 500 kg/m3. 
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