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SiC/SiC composites are actively developed to be used in hot parts of civil aircraft engines to improve efficiency and reduce the environmental impact. To understand and to predict the location of damage in such materials is critical. The present paper proposes a multi-scale finite element modeling strategy to simulate the onset of damage at the mesoscopic scale. Virtual tests are carried out at the microscopic scale on representative microstructures to identify the homogenized mechanical properties and continuum damage laws of the yarns. Transverse cracks are then simulated at the mesoscopic scale on 3D meshes generated directly from X-ray synchrotron micro-tomography (µCT) images. Predicted damage events are successfully compared to those obtained experimentally on the same specimen during in-situ tensile tests. Since only physical parameters at the constituent scale are required, such an integrated approach could offer the opportunity to design and optimize numerically the material to delay the initiation of critical damage events.

Introduction

Ceramic matrix composites (CMCs) are complex heterogeneous materials displaying excellent thermomechanical properties at high temperatures. They appear as promising candidates for thermostructural applications, especially to replace metallic alloys in hot parts of aircraft engines. They can dramatically improve the efficiency of civil aircraft motors and thus reduce fuel consumption. The service lifetime prediction required for such applications is challenging. To understand and to predict the damage events is crucial to determine the range of applicability of the material. Optimization of CMC structures to delay the apparition of the cracks is currently empirical and results in costly experimental campaigns. In order to reduce the number of experiences and to reveal physical grounds of damage initiation, finite elements (FE) simulations are of great interest. CMCs display a multi-scale structure : microscopic scale is the scale of individual constituents, mesoscopic scale assumes yarns as homogeneous and macroscopic scale considers the whole material as homogeneous. Mesoscopic scale simulations seem to be a good compromise between computation times and a sufficiently accurate description of the material architecture.

Great efforts were made in the past decades to simulate damage in woven composites at the mesoscopic scale with various numerical techniques. Among them, discrete cracks insertions [START_REF] Doitrand | Damage onset modeling in woven composites based on a coupled stress and energy[END_REF][START_REF] Couégnat | Approche multiéchelle du comportement mécanique des composites à matrice céramique[END_REF], continuum damage laws [START_REF] Zako | Finite element analysis of damaged woven fabric composite materials[END_REF][START_REF] Melro | Numerical simulation of the nonlinear deformation of 5-harness satin weaves[END_REF][START_REF] Riva | Modeling and prediction of the mechanical properties of woven laminates by the finite element method[END_REF][START_REF] Lomov | Meso-FE modelling of textile composites: Road map, data flow and algorithms[END_REF] or more advanced numerical methods such as A-FEM [START_REF] Yang | A new augmented finite element method (A-FEM) for progressive failure analysis of advanced composite materials[END_REF][START_REF] Cox | Stochastic virtual tests for high-temperature ceramic matrix composites[END_REF] can be used. Whatever the chosen method, input data for mesomechanical analysis are not always straightforward to measure experimentally. Multi-scale strategies are an elegant way to overcome these limitations. Homogenized mesoscopic properties are numerically identified from simulations performed at the micro-scale. Such approach was for instance proposed by [START_REF] Pp | Three-dimensional invariant-based failure criteria for fibre-reinforced composites[END_REF][START_REF] Naya | Computational micromechanics of the transverse and shear behavior of unidirectional fiber reinforced polymers including environmental effects[END_REF] to identify the ply failure envelopes for multiaxial loading cases. To predict the behavior of the material in use, numerical models must rely on precise observations of the microstructure as well as on a good understanding of the damage mechanisms. Based on the results of a previous work [START_REF] Mazars | Damage investigation and modeling of 3D woven ceramic matrix composites from Xray tomography in-situ tensile tests[END_REF], damage mechanisms in woven SiC/SiC composites were identified through in-situ tensile tests carried out under µCT on small-sized specimen. Transverse yarns cracking was identified as the first intra-yarns damage mechanism. Recently, in-situ tensile tests under SEM were performed [START_REF] Sevener | Crack opening behavior in ceramic matrix composites[END_REF] on a similar material, revealing intrayarns transverse damage mechanisms such as transverse fiber/matrix debondings and matrix cracking.

We propose here a micro-meso modeling approach to simulate first transverse cracks at the mesoscale. Based on the results of damage virtual tests at the micro-scale, the in-plane properties and continuum damage laws of the yarns are derived. 3D mesoscopic damage calculations are then performed on a specimen scanned by µCT. The location of simulated cracks are then compared with those observed experimentally on the same specimen.

Micro-scale damage modeling

Micro-scale cell generation and constitutive equations

Representative microstructures are generated through Random Sequential Adsorption (RSA) algorithm [START_REF] Widom | Random sequential addition of hard spheres to a volume[END_REF]. We assume that the fibers are circular, parallel, with a constant diameter of 12µm and that the surface fibers fraction reaches 50%. Concentric deposits of interphase and SiC CVI are added around the fibers. The thickness of the deposits are provided by [START_REF] Gowayed | Correlation of elastic properties of melt infiltrated SiC/SiC composites to in situ properties of constituent phases[END_REF]. The size of the elementary volumes (EV) is 50µm, which roughly corresponds to the characteristic length of FE mesh element at the mesoscale. The generated microstructure is then discretized and meshed using the 2D mesher [START_REF] Borouchaki | Le mailleur adaptatif bidimensionnel BL2D: manuel d'utilisation et documentation[END_REF]. If 3D calculations are needed (for instance to identify the complete stiffness tensor), the mesh is eventually extruded on a small length and meshed with tetrahedral elements. Fig. 1a presents a typical mesh of an EV where the constituents are indicated.

For simulating fiber/matrix debondings, zero-thickness cohesive elements (CZM) are inserted between the interphase and the SiC CVI matrix. A simple bilinear decoupled traction/separation law presented Fig. 1b is retained. We assume that the fibers remain elastic. For the other constituents, a continuum damage law was chosen. The crack-band theory [START_REF] Bažant | Crack band theory for fracture of concrete[END_REF] is commonly used to regularize continuum damage laws with regard to a characteristic length and thus reducing the mesh-dependency. Such approach requires the introduction of a new material parameter which is the fracture surface energy G c . A damage initiation criterion based on the maximum principal tensile stress is retained. A traction/separation law similar to that shown on the Fig. 1.b can be derived, where the equivalent displacement is defined as the product of the equivalent strain with the characteristic length of the mesh element. As the size of the mesh elements is of the same order of the crack opening, a uniform stiffness tensor degradation is assumed. The damage laws were implemented in Abaqus UMAT in 2D and 3D. The values of elastic properties and damage parameters used for the micro-scale damage simulations are summarized in Table 1.

Table 1. Constituents properties at the micro-scale (from [START_REF] Gowayed | Correlation of elastic properties of melt infiltrated SiC/SiC composites to in situ properties of constituent phases[END_REF][START_REF] Kaflou | Étude du comportement des interfaces et des interphases dans les composites à fibres et à matrices céramiques[END_REF][START_REF] Coradi | Modélisation du comportement mécanique des composites à matrice céramique : développement du réseau de fissures[END_REF]). These calculations performed at the micro scale highlight the formation of a main through-thickness crack (see Fig. 4.a) oriented by the load axis. We can thus define at the mesoscopic scale a new basis where x II corresponds to the axis of principal strain. As only the transverse cracking of the yarns is considered, the direction x I is assumed to be identical to that of x 1 (see Fig. 4.b).

E (GPa) n s 0 (MPa) G c (J.m -2 ) K (MPa.
To evaluate the effect of damage on the stiffness tensor at the meso-scale, homogenization calculations are performed at different deformation states for uniaxial tensile stress in the x 2 direction. Fig. 4.c shows the evolution of the 9 terms of the stiffness tensor of the EV. The terms involving the stress axis (C 12 , C 22 , C 23 and the shear terms C 44 and C 66 ) are dramatically reduced with transverse crack apparition while the other terms remain almost constant. We assume here that the x 2 axis is very close to the principal axis x II . We can therefore consider that the degradation of the stiffness tensor presented is expressed in the basis of principal strain. Note that the terms modified by the crack development are the same than those assumed in the phenomenological meso-scale damage model by [START_REF] Murakami | Mechanical modeling of material damage[END_REF] (and reused later in [START_REF] Zako | Finite element analysis of damaged woven fabric composite materials[END_REF][START_REF] Melro | Numerical simulation of the nonlinear deformation of 5-harness satin weaves[END_REF][START_REF] Lomov | Meso-FE modelling of textile composites: Road map, data flow and algorithms[END_REF]) in the case of a solicitation in T mode where only the variable of damage D T is activated. For the sake of simplicity, it is considered that all the terms not involved in the direction of solicitation remain constant and that the other terms decrease linearly with increasing damage. We also assume that G c is constant regardless of the direction of loading. Once the damage criterion is fulfilled within an element, the crack direction remains the same and the stiffness tensor keeps degrading in the x II direction. The meso-scale damage law was implemented in an Abaqus UMAT.

Validation of the micro-meso bridge

We propose here a validation case of the micro-meso homogenization procedure. A large cell (of the average size of an entire yarn) is divided into 36 EV of 50µm each. Pure tensile and shear damage calculations are performed on each of the 36 cells to identify the peak stresses values and the energy rates as described previously. Complete 3D elastic stiffness tensor identification is also performed, using mixed boundary conditions [START_REF] Pahr | Assessment of mixed uniform boundary conditions for predicting the mechanical behavior of elastic and inelastic discontinuously reinforced composites[END_REF]. These quantities are introduced as parameters for the damage law of each corresponding meso element.

Fig. 5 compares the results of the simulation carried out directly on the large cell with those obtained on the corresponding meso cell for tensile loading in x 2 axis. The mappings of the damage variables highlight the formation of a main crack at both cases. The initial stiffness and the value of the peak stress is also very similar (around 200 MPa for about 0.1% strain). There are slight differences in the softening part of the curve, the direct calculation being more brittle. However, it can be concluded that the proposed micro-meso bridge is acceptable and allows the transverse damage mechanisms of the yarns to be sufficiently well described at the meso-scale. The prescribed size of meso-element appears to be a good compromise to properly reproduce the stress load transfers.
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Figure 5. Comparison of the results obtained for direct simulation performed at micro-scale and the corresponding results at the meso-scale with the damage homogenization procedure.

Simulation of damage development at the macro-scale

In-situ tensile tests were performed under X-ray synchrotron radiation at Soleil on the PSICHE beamline at a resolution of 2.6µm on small sized specimens (4x3x10 mm). A high-fidelity finite elements model was constructed from the µCT images (see [START_REF] Mazars | Damage investigation and modeling of 3D woven ceramic matrix composites from Xray tomography in-situ tensile tests[END_REF] for details on the segmentation procedure). Since the commonly used voxels meshes seem inadequate to correctly predict the onset of damage [START_REF] Doitrand | Comparison between voxel and consistent meso-scale models of woven composites[END_REF], a conformal tetrahedral mesh was generated [START_REF] Alliez | 3D Mesh Generation : CGAL User and Reference Manual[END_REF]. Fig. 6 (left) illustrates the procedure, from µCT images to 3D mesoscopic FE model. The final mesh contains approximatively 2 million of elements. The accurate description of the material geometry allows to compare directly the simulated damage with the one observed experimentally on the same specimen.

To reproduce the experiment, the boundary conditions prescribed at the top and the bottom of the scanned specimen are deduced from Digital Volume Correlation calculations. Damage simulations are carried out herein using the meso-scale damage law identified from micro-scale virtual testing. Fig. 6 compares the location of the first cracks observed experimentally to the ones predicted by FE simulations. The results are in good agreement since all the cracks are predicted by FE simulations at the exact location. Note that one crack predicted by the FE analysis was not observed. These results are still very encouraging on the ability of our approach to predict the first cracks formation. 

Conclusions

A micro-meso modeling strategy was proposed to simulate the damage events at the meso-scale. First, damage models were constructed at the micro scale for in-plane mechanical solicitations. Virtual tests were conducted on stochastic representative micro-cells to derive continuum damage laws at the upper scale. The micro-meso homogenization was validated on an entire yarn. Finally, simulations were conducted on 3D FE meshes obtained from µCT images acquired during in-situ tensile tests. The proposed damage laws derived from the multi-scale procedure were sufficient to predict the location of the first damage events at the meso-scale and the correct load for which they appear. These results are encouraging since only measurable physical parameters at the constituent scale are required. The proposed integrated approach could in the future be used as a virtual design tool to optimize the structure of the material with regard to damage mechanisms.

Figure 1 .

 1 Figure 1. (a) Typical EV meshed at the micro-scale and (b) Bilinear traction/separation law used for CZM and for isotropic bulk elements.

Fig. 2

 2 Fig.2presents the results of damage simulations on an EV for transverse tension (Fig2.a) and plane shear (Fig.2.b). The stress-strain curves are characteristic of a quasi-fragile behavior with a first linear domain and then a progressive degradation of the mechanical properties until a sudden loss of stiffness. Damage variables (D n for cohesive interfaces and D for bulk elements) are also presented for both mechanical virtual tests at the peak stress and after the drop in load. First damage events are located at the fiber/matrix interfaces. Then these debondings percolate until a through-thickness crack is formed which corresponds to experimental evidences. The crack develops in a direction normal to the stress axis (90° for tensile test and 45° for plane shear). The strength is of the order of 200 MPa and the dissipated energy (calculated as the area under the curves) is around 10 J.m -2 . These values are reasonable in comparison with commonly used values in literature for mesoscopic calculations on these materials[START_REF] Li | A finite fracture model for the analysis of multicracking in woven ceramic matrix composites[END_REF].

Figure 2 . 3 . Micro-meso bridge 3 . 1 .

 2331 Figure 2. Example of virtual tests carried out at micro-scale : (a) transverse tension and (b) plane shear damage responses.

Figure 3 .

 3 Figure 3. Damage criterion identification of multiple micro cells : (a) tensile/shear and (b) biaxial loading responses.

Figure 4 .

 4 Figure 4. (a) Main cracks developed for traction and shear stress showing the basis of the crack, (b) scheme of a mesoscopic scale element where the initial basis is superposed to the principal strain basis and (c) stiffness tensor terms evolutions for increasing strain levels.

Figure 6 .

 6 Figure 6. (left) Image-based FE meso-models construction from µCT images to FE models and (right) comparison between experiment and simulation on the location of first cracks.
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