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A generalized multiscale (micro-macro) finite element (FE) model for SiC-fiber reinforced SiC-matrix ceramic (SiCf/SiC) nuclear fuel claddings is established. In the macro level, the solid mesh of braided preform, which can be tailored by machine settings (braid angle, yarn width, and so on), is generated based on the braiding process simulation using the dynamic FE-solver, hiring the contact constraints. The matrix mesh and the yarn mesh are integrated by the embedded region constraint, with which the meshing difficulties can be avoided. In the micro-UD model, the progressive damage of the ceramic matrix is modeled using the phase field method (PFM) and the fracture is captured by Mohr–Coulombs criterion, which are stable and efficient in the description of the brittle crack initiation, coalition, and branching. Based on this multiscale model, the mechanical behavior of the braided SiCf/SiC nuclear fuel cladding tube is studied in detail. The superiorities over the homogenized tube model are demonstrated, too.
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INTRODUCTION
The continuous SiC-fiber reinforced SiC-matrix composites (SiCf/SiC) have been applied to high temperature applications such as aerospace propulsion systems (Naslain, 2004). With the assistance of tailored fibrous reinforcement, the SiCf/SiC composites possess pseudoductility, which can efficiently redirect the way of crack propagation, and are highly demanded by nuclear structures under critical service circumstances. Hence those “toughened” ceramic composites are gaining their popularities in the research and application as structural materials of nuclear fuel claddings (Figure 1A)) in advanced reactor designs (Riccardi et al., 2004; Snead et al., 2011; Hallstadius et al., 2012; Yueh and Terrani, 2014). To finalize the radiation-resistant fuel claddings, the dedicated processes, e.g., eutectic-phase sintering (NITE) and chemical vapor infiltration (CVI), are used to produce the high purity matrix (Deck et al., 2012; Chaâbane et al., 2013; Katoh et al., 2014).
[image: Figure 1]FIGURE 1 | The 2D braiding technique for nuclear claddings. (A) The ceramic cladding based on 2D braided preform. (B) The six axis robot aided braiding process.
Provided with certain properties of the constituent materials, the SiCf/SiC properties are strongly dependent on the fibrous reinforcements, e.g., fiber volume fraction, fiber orientation, and the fiber architecture. Most of the time, the adequate fiber volume fraction can be achieved with refined processing techniques. Therefore, the design of the fibrous architecture, as well as the fiber orientation, will be crucial to enhance the comprehensive mechanical properties of the tubular claddings (Katoh et al., 2014). Sauder (Sauder, 2014) has experimentally investigated the properties of the SiCf/SiC claddings produced using filament winding, 2D braiding (Figure 1B) and 3D braiding techniques, which are the most appropriate processing techniques for the manufacturing of parts with an axis of rotation (fuel cladding, control rods, etc.). He found that the 2D and 3D braided textures provide greater mechanical properties, e.g., break stress and break strength, than that of winded ones for equivalent fiber angles and similar volume fractions. However, the 3D braided tube has a limitation of lower fiber volume fraction (Vf < 40%), due to the higher porosities that are the key factor hindering the thermal conductivity, than that of the 2D braided one (Vf ∼50%). Consequently, the 2D braiding process is the optimal processing technique to manufacture the reinforcement of the claddings.
The 2D braiding process is suitable for automated manufacturing and allows for an economic and rapid preforming process for nuclear structures. Against this background, it lacks an efficient design process that considers the specific processing parameters. The coverage rate, braiding angle, areal weight, etc., of the braid laminate properties are highly dependent on the machine parameters. Trial-and-error is hardly affordable for ceramic composite than resin-based composite because of the tremendous material cost. Hence the gap between the laminate properties and machine parameters must be bridged using a numerical processing model. Based on this process model, the fiber architecture can be clearly determined and, thereafter, the mechanical properties of the tubular structure can be optimized and precisely predicted (Pickett et al., 2009a).
Since early 1990s, the analytical model (Rosenbaum, 1991) and kinematic models (Kessels and Akkerman, 2002) were established. The analytical model provides an acceptable prediction of the braiding angle. However, it can only apply to axisymmetric core geometries. This issue was indeed solved by the kinematic model. Nevertheless, the kinematic model has a strong simplification that neglects interaction between yarns and mandrel, e.g., friction and compression. Thus, the yarn undulation, slippage, reorientation, and densification, which are indispensable for structure optimization, cannot be correctly reproduced. To fulfill the requirements in the maximum extent, the 2D braiding model based on finite element method was proposed by Pickett (Kessels and Akkerman, 2002), where the friction and compression between yarns and mandrel are possibly represented by using the contact constraints. One weakness of his model yet would be the missing cross-section of the yarn that defines the spatial occupation of the reinforcement and the contact surface, as well as the bending properties of the yarns. The bar element was used in the braiding simulation intending to speed up the process. Generally, those cross-sectional parameters crucially affect the final pattern of the preform in terms of friction and waviness. Although Pickett has improved his work by coupling with a representative volume element (RVE) model that uses the solid elements and possesses the same fiber path as the braided fabric (Pickett et al., 2009b), the deviation of the simulation in braiding cannot be retrieved. In our work, the solid elements are used directly in the braiding process that can physically reflect the mechanical behavior of yarns during the braiding process and, thus, the waviness of the impregnated yarn in the structure.
Besides a physical-based geometrical mesh, the mechanical prediction of the ceramic cladding tubes necessitates the multiscale modeling techniques, too. Different from fiber-resin composite, the current ceramic composites have neither a well-established material property design database nor a validated micromechanical analysis methodologies (Mital et al., 2009), such as the Chamis’ equations (Chamis, 1983; Chamis, 1984). The transversal yarn properties, which are necessitated as the inputs of the tube simulation, are strenuous to evaluate based on mechanical tests. Fortunately, the computational micromechanics (Vajari et al., 2014; Vajari, 2015) has provided an effective way to calculate the transverse and shear behavior of unidirectional SiCf/SiC ceramics based on RVE models. The mechanical properties on the fiber direction can be easily calculated using the rule of mixture. Eventually, the calculated properties are used as input parameters of the macro model, e.g., the yarns of the braided tube model (Xu et al., 2014; Xu et al., 2015).
In this article, a new multiscale modeling method for SiCf/SiC claddings based on FE simulation of braiding process is proposed. To capture the detailed mechanical behavior of the yarns during the braiding process, the solid elements (C3D8R) are used to mimic the yarns, of which the friction, compression, slippage, and densification can be reproduced using FE contact constraints. The numerically braided preforms are, thereafter, applied to the structural analysis, assigned with the material properties that are evaluated by using micro-UD models in transverse tension, compression, and shear. The microvoids, which are often observed in ceramic composites, are accounted for the micromechanical property calculations (Wang et al., 2020). Another advantage of the RVE model would be that the pyrocarbon interface between fiber and matrix is modeled, too. The tension and torsion forces are applied to the tubes. The apparent properties are compared to that of the tubes simplified by using laminates. It was revealed that the laminated tube, which was often adopted as the replacement of the braided tube in design, has remarkable deviations in the prediction of the global properties, in terms of strengths. The deviations are caused by the stress concentrations introduced by the waviness of the yarns as stated in the references (Xu et al., 2014; Xu et al., 2015).
Our work is dedicated to establish an efficient virtual tool for the design of the ceramic composite claddings, whose reinforcements are produced using braiding technique. The multiscale models are used to physically bridge the gap between constituents and tubular structures with the upwards transmission of material parameters. Comparison of the numerical results between braided tubes and laminated tubes has clearly exhibited that the latter models are insufficient for structural design. Under such circumstance, a more realistic braided tube model, as well as a multiscale modeling roadmap, would be crucial for the design of fuel claddings. The advantages of the virtual tool are as follows.
1. The fiber path, as well as the derived 3D mesh, of the cladding tube is physically based. It can be customized according to the real production parameters. The effects of the fiber friction, fiber compression, fiber tension, etc. can be taken into consideration.
2. The mechanical properties of the yarn-matrix can be calculated using micro model, where the random distribution of the fiber and voids can be accounted. The fiber-matrix interface that is one of the crucial constituents for fibrous ceramic composite can be modeled.
3. The phase field cohesive zone method, which is able to model the brittle crack propagation, is implemented in the Abaqus® User-defined Material (UMAT) for the ceramic matrix material. Thanks to this method, the convergence of the model is highly improved.
Thanks to the physical-based multiscale model, the apparent moduli of the braided tubes under tensile and torsional loads are predicted and validated by laminated tubes and microscale RVEs. The comparisons of the moduli show good agreements. Moreover, the local stresses are analyzed in detail, and the braided tube exhibits lower strength owing to the yarn waviness. It again demonstrated that our modeling strategy is indispensable in the design phase of the nuclear cladding tubes, as well as other structural ceramic composites.
FE-BASED BRAIDING PROCESS SIMULATION
Governing Equation of FEM
In order to handle large geometric deformations and massive contact problems that constantly occur during the fiber placement, the simulation of the braiding process is performed based on the explicit solver built in Abaqus software. The key issue is to numerically solve a dynamic equation that contains nodal kinetic unknowns and nodal mass, as well as material properties. The nodal dynamic equations are as follows:
[image: image]
where [image: image], [image: image], and [image: image] are matrices representing mass, damping, and stiffness, respectively. U is the nodal displacement and F is the external nodal force in vector form. Equation 1 is the so-called equation of motion that can be solved using central finite difference operators:
[image: image]
where the [image: image] is the time step and [image: image] is the current number of the step.
Intentionally, the flat solid elements C3D8R are used as “yarn” to occupy the space, reproducing the compression, bending stiffness, and thus waviness in a reasonable way. To balance the computational effort and quality, the single yarn is modeled using six elements along the width direction. The yarn width and thickness are 2 and 0.01 mm, respectively. The moduli along the fiber direction and transverse direction are 380 and 1 GPa. The latter value should be properly provided to reproduce the softness of the yarn without convergence difficulty. The mandrel and guide ring are described by shell elements with rigid behavior. The bobbins are replaced by nonlinear springs to provide a constant tension of 3N simulating the tension in the yarn and stabilize the calculation. According to the experiment (Pickett et al., 2009a), the yarn-yarn and tool-yarn friction coefficients are 0.189 and 0.432, respectively.
Periodical Displacement of Bobbing
The braid angle is defined as the angle between the longitudinal axis and the braided yarns. For a cylindrical mandrel, the angle can be evaluated through the following equation (Kyosev, 2014):
[image: image]
where [image: image], [image: image], [image: image], and [image: image] are rotational angular velocity of the bobbins, diameter of the mandrel, take-up speed, and number of horn gears, respectively. Under an unideal situation, the angle may be affected by yarn tension, friction, and the variation of the mandrel shape. The mandrel that is supported by a holder is situated in the middle of a group of moving bobbins with a take-up speed (Figure 2). The yarns are driven by the bobbins that revolve around the mandrel in the bobbin plane. In Figure 2A, there are totally 32 bobbins revolving around the mandrel in the bobbin planes with a diameter of 2R. With the angular speed of [image: image], half of them are moving clockwise, while the other half are moving anticlockwise. The two groups of yarns interlock, forming a biaxial fabric. Approximately, the actual path of a bobbin fits a sinusoidal. In the FE simulation, the real-time positions and displacements of the 32 bobbins, replaced by nonlinear springs, must be provided to the solver. Actually, the position and displacement of a certain bobbin are the function of [image: image] and its index [image: image] (Figure 2B). The bobbin is driven by the horn gear that has a diameter of 2r.
[image: Figure 2]FIGURE 2 | The schematic path of the bobbin movement. (A) There are totally 32 bobbins revolving around the mandrel in the bobbin planes with a diameter of 2R. With the angular speed of ω, half of them are moving clockwise, while the other half are moving anticlockwise. The two groups of yarns interlock, forming a biaxial fabric. Approximately, the actual path of a bobbin fits a sinusoidal. (B) The position and displacement of a certain bobbin is the function of β and its index n. The bobbin is driven by the horn gear that has a diameter of 2r.
Therefore, the original position of a bobbin in the bobbin plane is
[image: image]
while the actual position of the bobbin walking clockwise at time t can be represented as
[image: image]
and the one walking anticlockwise at time t is represented as
[image: image]
Subtracting (5) and (6) by (4) respectively, the displacement of the nth bobbin is obtained. For each of the bobbins, the displacement is rearranged into a Fourier form and the Fourier cofferents will be submitted to the Abaqus.
Braiding Simulation
Figure 3A describes the numerical investigation to the virtual production of the cladding braid. The solid mesh will be, thereafter, transferred to a structural analysis containing the real yarn architecture. The 32 braiding yarns are moving on a sinusoidal path with rotational speed of 5 rad/s Figure 2, whereas the mandrel (diameter of 12 mm) translates at a constant speed of 17.4 mm/s. The bobbins are modeled as spring elements that provide the constant tensile force to the yarns of 3.6 N. The yarns are discretized with solid elements because the obtained deformed mesh will facilitate the calculation of the out-of-plane mechanical properties of the claddings in the next step. The contact constraint is used to prevent the interpenetration of the yarns and, as well, provide a friction coefficient of 0.2. As seen in Figures 3A,C, the braiding angle is about 60°. In the structural calculation, the mesh of the yarns is integrated with the matrix mesh using the embedded element method. The main benefit of this approach is the independent meshing for the yarns and the matrix, while the full model will lead to a poor element quality in the place where thin gaps are between yarns. The volume redundancy of yarn and matrix will be manipulated by stiffness subtraction of the two materials (Tabatabaei et al., 2015).
[image: Figure 3]FIGURE 3 | The braiding simulation of the preform for nuclear cladding. (A) The dynamic process simulation using contact constraints; (B) the braided clad; (C) the integration of preform mesh and the matrix mesh using the embedded region constraint.
PROGRESSIVE DAMAGE MODEL FOR SICF/SIC MICRO-UD
Micro-UD Model
In micro level, the 3D RVE model with periodic boundary conditions (PBCs) is developed to predict the necessitated mechanical properties, e.g., transverse tensile/compressive properties and in-plane/out-plane shear properties, of the unidirectional fiber reinforced ceramics. In the RVE model, randomly distributed SiC fibers with an average fiber diameter of 7 μm are embedded in the SiC matrix, as shown in Figure 4, and the RVE model has a dimension of 56 × 56 × 0.5 μm, which is accurate enough to capture the mechanical properties of composites (González and Llorca, 2007). Then the periodic RVE models are respectively discretized using C3D6 and C3D8 elements, and it yields 18,300 elements in total.
[image: Figure 4]FIGURE 4 | Micro-UD mode of SiCf/SiC composite: (A) random fiber distribution in RVE model with a fiber volume fraction of 70%; (B) fibers set; (C) matrix set; and (D) cohesive interfaces set with 0.001 μm thickness.
The model consists of SiC fiber, SiC matrix, and fiber/matrix interface (Figures 4B–D). The fiber in this study is modeled by a thermoelastic solid (Sauder, 2014) with 380 GPa Young’s modulus and 0.17 Poisson’s ration, while the matrix is modeled as elastic-brittle damageable solid, and the phase Field Cohesive Zone Model (PF-CZM) proposed by Wu (Wu and Nguyen, 2018) is adopted in this study to simulate the crack propagation in SiC matrix. The PF-CZM will be discussed in detail in the next subsection. As for fiber/matrix interfaces, the cohesive element is used to capture the debonding between fiber and matrix. The initial stiffness, K, of the cohesive element is set to be a large number (5,000 GPa/μm) to ensure the displacement continuity and to avoid any modification of the stress fields in the absence of damage. The interface strength and fracture energy are set equal to 50 MPa and 20 J/m2 according to Yang’s work (Yang et al., 2017).
Phase Field Cohesive Zone Method
The PF-CZM is a length scale insensitive phase-field damage model for brittle fracture (Wu, 2017; Wu and Nguyen, 2018). Compared to standard phase-field models (Pham et al., 2010), PF-CZM gives a length scale independent of the global mechanical response, which has been proven in previous literature (Wu and Nguyen, 2018).
According to the variational form of the Griffith energy (Francfort and Marigo, 1998), the formulation of phase-field methods for brittle fracture can be written as
[image: image]
which means the total potential energy [image: image] is a function of strain tensor ε and damage parameter d ranging from 0 (unbroken) to 1 (broken) and is controlled by two characteristic functions, the energetic degradation function ω and the crack surface density function [image: image]. ω(d) is used to degrade the initial strain energy, [image: image]. As shown in Figure 5, [image: image] is introduced to geometrically regularize the sharp crack Γ, where [image: image] is the gradient operator and [image: image] is a length-scale parameter. Wu (Wu and Nguyen, 2018) stated that the global mechanical responses should be independent of the length scale while it can only affect the crack bandwidth. In such circumstances, the two characteristic functions were optimized and were given as follows:
[image: image]
where E is the Young’s modulus, Gc stands for the fracture toughness, and c represents the cohesion. In order to capture tensile and compressive fracture, the Mohr–Coulombs criterion is used (Menetrey and Willam, 1995). The PF-CZM is implemented in Abaqus user-defined element (UMAT). The following material parameters of matrix (Sarva and Nemat-Nasser, 2001; Snead et al., 2007) are adopted: the Young’s modulus Em = 300 GPa, the Poisson’s ratio vm = 0.14, the tensile failure strength σt = 500 MPa, the compressive failure strength σc = 5 GPa, the fracture toughness Gm = 20 J/m2, and the internal length l = 3 μm.
[image: Figure 5]FIGURE 5 | A solid medium with a sharp crack (A) and the phase-field regularization (B), and (C) illustrates the linear traction-separation law during crack propagation.
Prediction of the SiCf/SiC UD Unit Cell
Two micro-UD models with fiber volume fraction of 28 and 70%, respectively, are established to predict the basic mechanical properties, as the input material parameters for the laminates and yarns in the cladding tube calculations. The corresponding normal and shear are applied to the micro-UDs, respectively.
Figures 6, 7 show the failure of UD ceramic composite (Vf = 28% and Vf = 70%) with different loading conditions. The fiber/matrix debonding always first occurs in the densely packed fibers, and then the stress concentration in the densely packed fibers will cause damage to the SiC matrix. The results show that the existence of weak fiber/matrix interface can not only microscopically provoke crack initiation but also lead to different crack paths. The predicted mechanical properties are listed in Table 1. Compared to 28% fiber volume fraction composites, composites with 70% fiber volume fraction has lower mechanical strengths and failure strains, which is the result of the large existence of week fiber/matrix interface. However, composites with 70% fiber volume fraction have higher moduli due to the contribution of higher fiber volume fraction. The essential properties will be used as input data for the structural calculations.
[image: Figure 6]FIGURE 6 | Contour plots of the accumulated strain with different loading conditions when ceramic composite (Vf = 28%) fails: (A) transverse tension, (B) transverse compression, (C) out-plane shear ([image: image]) with deformation magnified by a factor of 10, (D) in-plane parallel shear ([image: image]) with deformation magnified by a factor of 10, and (E) in-plane perpendicular shear ([image: image]) with deformation magnified by a factor of 100.
[image: Figure 7]FIGURE 7 | Contour plots of the accumulated strain with different loading conditions when ceramic composite (Vf = 70%) fails: (A) transverse tension with deformation magnified by a factor of 10, (B) transverse compression, (C) out-plane shear ([image: image]) with deformation magnified by a factor of 20, (D) in-plane parallel shear ([image: image]) with deformation magnified by a factor of 50, and (E) in-plane perpendicular shear ([image: image]) with deformation magnified by a factor of 100.
TABLE 1 | The predicted tansverse fiber properties for SiCf/SiC micro-UD model.
[image: Table 1]NUMERICAL SIMULATION OF THE CLADDINGS
The process simulation model (FE-based Braiding Process Simulation) and micro-UD model (Progressive Damage Model for SiCf/SiC Micro-UD) have provided the mesh and material properties, based on which the structural analysis can be performed. The numerical results of the braided tube will be compared with the laminated tube that is often used as a simplification. The discrepancies of these two models will be investigated in detail.
Structural Analysis of Nuclear Cladding
As seen in Figure 8, the tube has a length of 75 mm, an external diameter of 12 mm, and a wall thickness of 0.3 mm. The two ends are coupled to two master nodes using continuum distributing constraint, which means that the external loads, either force or momentum, exerting on the master nodes are distributed to the selected nodes by weight. The braided yarns have 64,800 C3D8R elements and matrix has 28,080 elements (Figure 8B), while the laminated tube has 35,568 elements (Figure 8C). The global fiber volume fraction is 28% for both braded and laminated tubes. The input material properties are listed in Table 2, calculated from the previous section and selected from Table 1. The SiC matrix has a Young’s modulus of 300 GPa and a Poisson ratio of 0.14.
[image: Figure 8]FIGURE 8 | The FE model of the nuclear cladding tube: (A) the dimension of the tube with a thickness of 0.3 mm; (B) the braided mesh integrated with the matrix mesh using embedded constraint; (C) the laminated tube. The global fiber volume fractions are identical of 28%. The boundary conditions are applied to the master nodes using the continuum distributing constraints.
TABLE 2 | Input mechanical properties for yarn and laminate, calculated from micro-UD model.
[image: Table 2]Tensile and Torsional Simulation and Validation of the Cladding
With the obtained mesh (Figure 8) and material properties (Table 2), the macro model of the cladding tube can be applied to structural optimization. Generally, the models of laminated tube with identical fiber orientations are often used to predict the major mechanical properties, e.g., apparent moduli and strengths, as a simplified substitute. However, the weakening effect of the yarn waviness and interlocks has not yet been specifically investigated in the previous work of cladding design. In the following discussion, an equivalent tensile loading will be applied to these tubes; the apparent moduli of the braided tube and laminated tube will be calculated and compared in Figure 9.
[image: Figure 9]FIGURE 9 | The local shear and tensile moduli of the braided and laminated tubes, validated by unit cell model. (A) The local shear under the global tensile loading; (B) the local tension-compression under the global torsional loading.
Figure 9 shows that the local shear and tensile moduli of the braided and laminated tubes are quasiequivalent. Although the local tensile modulus of the laminated tube is 311 GPa, 2% higher than that of the braided tube, the deviation is still in the tolerance. In order to further prove the accuracy of the macro model, the unit cell possessing the identical fiber volume fraction is used as a validation. The comparisons show fairly good agreements. In such a circumstance, therefore, the macro model can be used to predict the apparent moduli of the cladding tube, especially under complex service loadings.
Although the calculated moduli of the braided tube and the laminated tube present good agreement, the local stress states are totally different whereas the waviness and interlock of the yarn cause stress concentration, which will introduce an earlier damage initiation and final failure of the cladding tube. In Figure 10, the local in-plane shear stress damage factors, that is the typical stress state under tube tension, are demonstrated. The damage factor, which is defined as the ratios of the shear stress and shear strength for the braided tube yarn, of the braided tube and laminated tube outside are extracted from the nodes on the axial and hoop directions. According to our assumption, the damage factors in the braided yarns are almost 40% higher than that of the laminated tube (Figures 10B,C), which means that the damage initiation will occur somewhere in the yarn as the result of stress concentration caused by the waviness and higher local fiber volume fraction. In contrast, the matrix in the braided tube bears 46% less loading that that in the laminated tube. The shear loading state in the laminate tube is much well distributed than that in the braided tube. In such a context, with a same fiber volume fraction, the braided tube and the laminated one have similar values of shear moduli but quite different apparent strengths: the high stress concentration results in a lower strength for braided tubes. This result confirmed that a precise braiding structure on a mesolevel for property prediction of the cladding tube is inevitable.
[image: Figure 10]FIGURE 10 | The local shear damage factor analysis of the tube under the global tensile loadings. (A) The uniform shear local stress just before shear damage of the yarn; (B) the in-plane damage factors of the braided tube yarn, braided tube matrix, and laminated tube outside on the axial direction; (C) the in-plane damage factors of the braided tube yarn, braided tube matrix, and laminated tube on the hoop direction.
SUMMARY AND CONCLUSION
In this research, a multiscale model for SiCf/SiC nuclear fuel cladding based on FE-Simulation of braiding process has been established. The braiding process is parametrically simulated based on the dynamical FE-solver, of which the 3D elements are used to occupy the spaces and the mesh is, thereafter, used for structural analysis. The mechanical properties of the yarn-matrix composite, e.g. transverse tension, compression, and shear properties, are evaluated by using micro-UD models, where the fibers, fiber-matrix interfaces, matrix voids, and their random distributions can be taken into account. With the help of the outputs of the micro model, the apparent properties of the cladding tubes can be evaluated. The comparisons of the apparent properties with those of the laminated tube prove that the model of the laminated tube overestimates the structural strength. The stress concentration due to the yarn waviness that causes the earlier damage onset should be considered and optimized in the design phase by virtue of the braiding process simulation tool. Certainly, the current multiscale virtual tool can be applied to a more complex loading case for fibrous ceramic composite structures.
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