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This study predicts the elastic properties of an innovative metal-ceramic composite with statistically oriented domains of parallel ceramic platelets embedded in a eutectic Al-Si-alloy. For this purpose, a two-step homogenisation procedure was employed by finite element-and micromechanical modelling. In a first step, the microstructure of the specimen was divided in domains with the same orientation of lamellae and the elastic properties of single domains were calculated while a precise representation of the shape of the lamellae was attempted. In a second step the elastic characteristics of a large specimen consisting of many domains were computed both by finite element and micromechanical modelling. The experimental Young's modulus of such polydomain specimens was determined by an acoustic resonance method and was lower than predicted. The differences can be explained by microcracks caused by large residual microstresses produced in these materials when they are cooled from the manufacturing temperature.

Introduction

Most crystalline materials exhibit anisotropy at the microscopic scale, and homogenization is necessary to predict the response of large polycrystalline specimens from single crystal data. A common homogenization scheme is the meanfield-approach (MFA) by Hill [START_REF] Hill | Elastic properties of reinforced solids: some theoretical principles[END_REF] where the stress and strain fields are averaged over a representative volume element (RVE). Alternatively, a perturbation method can be used to compute the elastic constants of different arrays of rigid spheres in a homogeneous isotropic elastic medium [START_REF] Nunan | Effective elasticity tensor of a periodic composite[END_REF]. These methods were compared by Hori and Nemat-Nasser [START_REF] Hori | On two micromechanics theories for determining micromacro relations in heterogeneous solids[END_REF]. They found the first order terms in the expanded stress and strain fields to be the same and used this correspondence to formulate a hybrid approach. Counts and co-authors [START_REF] Counts | A comparison of polycrystalline elastic properties computed by analytic homogenization schemes and FEM[END_REF] investigated a polycrystalline MgLi alloy and an analytical self-consistency approach as well as finite element modelling (FEM) were employed to obtain the homogenized elastic properties. They favoured the analytical model for its simplicity. There are different micromechanical approximations which can be used for multiphase microstructure modelling. An overview of such methods can be found in monographs by Nemat-Nasser and Hori [START_REF] Nemat-Nasser | Micromechanics: overall properties of heterogeneous materials[END_REF] and Kachanov et al. [START_REF] Kachanov | Handbook of elasticity solutions[END_REF].

A comparison of FEM unit cell models with a Mori-Tanaka MFA was made by Duschlbauer et al. [START_REF] Duschlbauer | Computational simulation of Composites Reinforced by Planar Random Fibers: Homogenization and Localization by Unit Cell and Mean Field Approaches[END_REF] for fibre reinforced composites with a planar random orientation of the fibres. They found an excellent agreement between both methods and concluded that the Mori-Tanaka estimates are fully adequate for predicting the linear responses.

For materials with hierarchical microstructure the multistep homogenization procedure can be used. Such procedures are derived from the Benveniste method [START_REF] Benveniste | A new approach to the application of Mori-Tanaka's theory in composite materials[END_REF][START_REF] Benveniste | Stress fields in composites with coated inclusions[END_REF]. Examples of the application of such methods for different materials can be found for functional graded materials in [START_REF] Genin | Micromechanics and structural response of functionally graded, particulate-matrix, fiber-reinforced composites[END_REF], for polycrystals in [START_REF] Iwakuma | An estimate of average elastic moduli of composites and polycrystals[END_REF] and for modelling of the non-elastic repose of the elasto-plastic materials with hierarchical microstructure in [START_REF] Doghri | Micromechanical modelling and computation of elasto-plastic materials reinforced with distributed-orientation fibers[END_REF][START_REF] Friebel | General mean-field homogenization schemes for viscoelastic composites containing multiple phases of coated inclusions[END_REF]. The general multi-step homogenization method is proposed for shale-type rock materials in [START_REF] Ulm | Experimental microporomechanics[END_REF], for bone in [START_REF] Ch | Microelasticity of bone[END_REF] and for rock-like composites in [START_REF] Huynh | Application of results on Eshelby tensor to the determination of effective poroelastic properties of anisotropic rocks-like composites[END_REF][START_REF] Huynh | Effective poroelastic properties of transversely isotropic rock-like composites with arbitrarily oriented ellipsoidal inclusions[END_REF].

In this paper we will use such a homogenization procedure for modelling of the microstructure by semi-analytical and FE-methods.

The material under investigation in the present paper is a new type of metal/ceramic composite with a hierarchical structure with randomly orientated regions in one cross section in which all ceramic lamellae are parallel (hitherto called domains, cf. Figure 1 a) ). It is produced by infiltrating porous alumina preforms with molten AlSi12 via squeeze-casting. The lamellar microstructure of these preforms is produced by directional solidification along the Z-direction during freezing of a ceramic slurry. The size and internal structure of the domains can be controlled via the freeze casting parameters [START_REF] Waschkies | Tailor-Made Ceramic Preforms by Freeze-Casting[END_REF][START_REF] Fukasawa | Synthesis of porous ceramics with complex pore structure by freeze-dry processing[END_REF]. These lamellar preforms have a high permeability and are thus specifically suited as preform material for the production of metal-ceramic composites via squeeze-casting or even die-casting [START_REF] Ghomashchi | Squeeze casting: an overview[END_REF][START_REF] Clyne | The squeeze infiltration process for fabrication of metal-matrix composites[END_REF] with reinforcement content in the range from 30 to 70 vol.% [START_REF] Deville | Freezing as a part to build complex composites[END_REF][START_REF] Deville | Ice-templated porous alumina structures[END_REF]. Due to their elevated ceramic contents such composites are expected to have a high stiffness and wear resistance and are thus of particular interest for applications in the automotive industry.

In a preceding paper, the anisotropic elastic behaviour of single domains in which all lamellae are parallel were investigated by FEM, a micromechanical model and experimentally [START_REF] Ziegler | Elastic constants of metal/ceramic composites with lamellar microstructures: Finite element modelling and ultrasonic experiments[END_REF]. In this paper finite element modelling is used to predict the elastic response of a real-world material sample consisting of many domains. The results are compared to micromechanical models established for ideal laminates and composites with ellipsoidal inclusions (Mori-Tanaka and inverse Mori-Tanaka) and to experimental results.

Microstructure characterisation and mechanical testing

The processing of the studied AlSi12/Al 2 O 3 composites was described in detail earlier [START_REF] Ziegler | Elastic constants of metal/ceramic composites with lamellar microstructures: Finite element modelling and ultrasonic experiments[END_REF][START_REF] Waschkies | Control of lamellae spacing during freeze casting of ceramics using double-sided cooling as a novel processing route[END_REF]. The studied materials were produced using melt infiltration of the ceramic preforms, which were produced by freeze-casting at -10°C. The preform architecture is induced through the geometry of the growing ice crystals, and results in a material microstructure with translation symmetry in the direction of ice crystal growth which can be adequately modelled in 2D [START_REF] Roy | Metal/Ceramic Composites from Freeze-Cast Ceramic Preforms: Domain Structure and Elastic Properties[END_REF]. The composites under consideration contained between 36 and 42 vol. % of ceramics, which is arranged in domains of parallel lamellae (the ceramic content of the composites was deduced from density measurements of the preform). The typical lamella spacing is about 50 µm (Figure 1 a). Rectangular poly-domain samples with dimensions 8x8x60mm³ were cut from cast blocks of 10x40x60 mm³ size. A schematic of such a poly-domain sample is shown in Figure 1 b). The edges of the cut poly-domain samples were always parallel to the edges of the original composite plate, i.e. one edge was always parallel to the freezing direction. Mass and dimensions of each sample were measured using a high precision laboratory balance and a micrometer scale, and their densities were determined there from.

The frequency of the first bending resonance was determined for bending in direction Z (axis convention in Figure 1 b). The elastic modulus of these specimens was determined from the weight, the dimensions of the specimen and the resonance frequency according to [27].

Modelling

The microstructural modelling of the studied materials was accomplished using two methods: FE-modelling of the real microstructure and micromechanical homogenisation. Both methods use a two step homogenization procedure:  The polydomain is divided in single domains and the material properties of polydomain (mesoscopic) sample are calculated by averaging over different oriented single domains.

 The anisotropic elastic material parameters of single domains with varying ceramic content are calculated and used as input for the polydomain model.

In the following we show this two-step procedure for FE and micromechanical modelling.

Finite Element (FE) modelling of the polydomain

For FE-modelling the micrographs of three polydomain specimens with an area of 60 x 40mm² each were used and divided into domains of conform lamella orientation (an example is shown in Figure 2a)). Each domain was then colour-coded with a colour representing the orientation of the lamellae  in steps of 15°. The resulting domain representation can be seen in Figure 2b). The different orientation distributions of the domains for three studied microstructures and their average (effective microstructure) in relation to a random domain distribution are presented in Figure 3. For all studied microstructures, some preferred orientations in 30-45° and 90° directions can be observed, but the preference is not very significant (max 8% deviation from random). Insignificance of the influence of such small microstructural variations for the effective material properties of polydomains will be demonstrated later by FEM and micromechanical modelling. The distribution of the lamellae orientation in this material map was used in the FEmodel and micromechanical model. The coloured image was imported into the software OOF2® [START_REF] Langer | OOF2: Object-Oriented Finite Element Analysis of Material Microstructures developed[END_REF] and a FE mesh was adjusted to it where each colour was treated as a different element group. The final mesh was then extruded in the third direction (Z-axis) using Patran® [29] and its elastic behaviour was modelled with the commercially available ABAQUS 6.8 FE-code [START_REF] Abaqus | [END_REF]. In order to determine the unknown components of the stiffness tensor C ijkl of the polydomain, displacements were applied to different sides/faces of the mesh while keeping the nodes on the other sides/faces fixed according to the associated mode of deformation. The components of the stiffness tensor were determined from the resulting stress on the displaced side for different single domains with varying ceramic contents. In the following we also use the Voigt notation of the stiffness tensors.

FE-modelling of the single domain

The anisotropic elastic constants for the single domains were taken from the previous modelling of single domain samples with different ceramic contents [START_REF] Ziegler | Elastic constants of metal/ceramic composites with lamellar microstructures: Finite element modelling and ultrasonic experiments[END_REF]. Real microstructure FE meshes were generated from microstructure images of entire surfaces of single domain specimens perpendicular to the freezing axis Z (= 1-axis in the single domain model) using the freeware program OOF2 [START_REF] Langer | OOF2: Object-Oriented Finite Element Analysis of Material Microstructures developed[END_REF]. The 2D-meshes were then extruded along the freezing direction (1-axis) in a subsequent step using Patran (see Figure 4). These meshes were used for obtaining all components of the stiffness tensor assuming an orthotropic symmetry. For alumina an isotropic Young's modulus of 400 GPa and a Poisson's ratio of 0.25 were taken as plausible values from the literature [31]. For the AlSi12 alloy the Young´s modulus was measured separately to 77.6 GPa, a Poisson's ratio of 0.3 was used for the AlSi12 (for more details we refer to [START_REF] Ziegler | Elastic constants of metal/ceramic composites with lamellar microstructures: Finite element modelling and ultrasonic experiments[END_REF]).

Micromechanical modelling of polydomains

Another possibility for calculation of the effective material properties of the studied materials is micromechanical homogenisation. In our studies we have assumed that the microstructure does not change along the freeze casting direction and the problem can be treated as a 2D-problem.

For micromechanical modelling the same mesoscopic distribution of the different domain orientations as in the FE-model was used (Figure 2 b). For calculation of the effective properties of the microstructure, which consists of differently oriented domains, the following homogenization procedures can be used:

Voigt approximation, which gives stiffer parameters than real ones:

   N f 1    C C ; (1) 
Reuss approximation, which gives the lower bound for material parameters:
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 f is the surface fraction of the domains with orientation  and  C is the stiffness of these domains in the global coordinate system.

For calculation of the effective properties of the polydomain, the stiffness matrix of the single domain  C is needed.

Micromechanical modelling of a single domain

For the micromechanical modelling, the Mori-Tanaka and inverse Mori-Tanaka models were applied in which the lamellae (inclusions) with irregular boundaries were approximated as 2D ellipsoids. More about this procedure can be found in [START_REF] Piat | Material modelling of the CVI-infiltrated C-felt. II. Statistical study of the microstructure, numerical analysis and experimental validation[END_REF].

The inverse Mori-Tanaka method gives better estimations than the Mori-Tanaka method for large volume fractions of inclusions (in our case lamellae) and in our case the material had about 58-64 vol. % of inclusions (metal alloy). Mori-Tanaka and inverse Mori-Tanaka correspond to upper and lower estimates for material properties of the domain. In our modelling, we have supposed that the inclusions can be approximated as elliptic cylinders. For this type of inclusions, the components of the Eshelby tensor c S can be presented as functions of the half-axes of the ellipses and

Poisson ratio of alumina [START_REF] Nemat-Nasser | Micromechanics: overall properties of heterogeneous materials[END_REF][START_REF] Kachanov | Handbook of elasticity solutions[END_REF].

Then, the Mori-Tanaka model gives the effective stiffness tensor of the domain according to the relation:
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Where 4 I is the symmetric fourth-order unit tensor: 
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Elastic properties of single domains

The properties of single domains with parallel lamellae orientation and different ceramic contents were required as input data for the homogenisation. The components of the stiffness tensor, calculated as described in chapters 3. (perpendicular to the lamellae). The calculated shearing constant C 12 is higher than the other two constants C 13 and C 23 which differ only slightly (around 2% for the FEM).

Elastic properties of polydomains

The elastic constants for large specimens consisting of many domains (as shown in The constant C ZZ along the freezing direction is the highest for all models.

Differences between the three models are small (up to 2%) for this direction. The constants C XX and C YY (perpendicular to the freezing direction) are close but not equal for all three models, and the difference between all models is small. The shearing constants C XY , C XZ , and C YZ differ only slightly with the constant for shearing in the XY-plane being the smallest. All elastic constants increase monotonously with the ceramic content for both models as expected. The measured Young's modulus in the X-direction of polydomain specimens are compared to the FE-modelling results in Figure 7. The experimental Young's modulus data show a large scatter and are generally lower than the FEM results. No increase with the ceramic content is observable in the experimental results. The upper and lower Hashin-Shtrikman (HS) bounds [START_REF] Hashin | A variational approach to the theory of the elastic behaviour of multiphase materials[END_REF] and the Reuss isostress bound [START_REF] Reuss | Berechnung der Fließgrenze von Mischkristallen auf Grund der Plastizitätsbedingung für Einkristalle[END_REF] are given for comparison. Most experimental data points are outside of the HSbounds and some are so low they fall under the Reuss isostress bound. The HSbounds are given in terms of the bulk and shear moduli as:
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where f m denotes the volume fraction of the metal in the composite and f c denotes the volume fraction of the ceramic accordingly.

Discussion

Elastic constants of single domains

The FEM and micromechanical results for the single domains in Figure 5 show the highest stiffness along the freezing direction in which a perfectly continuous microstructure is assumed. For a more detailed discussion of the results for normal modes of deformation and a comparison to experimental data on single domain specimens we refer to [START_REF] Ulm | Experimental microporomechanics[END_REF]. The shearing constants C 12 are the highest because for this deformation the ceramic lamellae are sheared lengthwise. C 13 and C 23 are smaller and have similar values. All constants increase with rising ceramic content of the samples. As real microstructures (an example is depicted in Figure 4) were used for obtaining these results small deviations from a monotonous relationship occur.

Comparison of micromechanical and FE modelling for polydomains

The Finite element modelling requires more effort as compared to the analytical model, but allows a better insight into the stress and strain distributions within the microstructure. An example is shown in Figure 9. It can be seen that domains with lamellae oriented along the loading direction show high tensile stresses (solid white arrows) and that domains perpendicular to the loading direction show lower tensile or even compressive stresses (dotted white arrows). This stress distribution is advantageous, because experiments on small single domain samples showed that the strength is highest along this direction. The FEM model can be extended to include plasticity and account for the thermal residual stresses that result from the infiltration process. 

Comparison of modelling results with experimental values

Figure 7 shows a discrepancy between experimental and modelling results for the elastic modulus. This could be due to the resonance method not taking the anisotropy of the material into account. Calculation of the resonance modes on the 3D FE-model showed only a minor influence (less than 1%) of the occurring anisotropy on the resonance frequency of the material. Hence, errors in experimental methodology can be excluded as a reason for the discrepancy. Nevertheless, the experimental values are typically considerably lower than predicted by the FE-and HS models. This indicates that the assumptions made in these models (dense material, no microcracks or debonded interfaces) do not apply to the material as produced. Indeed, radiographic images of most composite specimens show some residual porosity (areas which are not completely infiltrated with metal). Density measurements indicate that this porosity cannot be very large (less than 3% on average). Both, estimates using microstructural models and our previous experience with infiltrated MMC indicate that this porosity could only account for a moderate modulus reduction of less than 10 GPa as compared to a dense specimen. However, radiographic images of some specimens showed cracks perpendicular to the image plane that were large enough to be visible. As the metal-ceramic-interfaces of the lamellar specimens lie in this plane it is very likely that the cracks run along or very near this interface. We believe that the aforementioned relatively large cracks can best account for the very low modulus observed in some specimens and its large scatter. We believe that these cracks may have formed during cooling from the infiltration temperature at the interfaces between domains of different lamella orientation. Elastoplastic FE calculations show a very strong anisotropy of thermal contraction, which can differ by a factor of more than three for different lamella orientations. Elastoplastic modelling of polydomain specimens shows high thermal residual stresses at domain interfaces which could well account for the observed crack formation.

Conclusion

The elastic constants of a novel MMC microstructure consisting of domains with parallel ceramic lamellae could be predicted with multiscale FE and micromechanical models. The FE model was based on the real microstructure and represented the irregular shape of the ceramic lamellae on the microscale whereas the micromechanical model was based on the Mori-Tanaka approach and approximated the lamellae as 2D ellipsoids. The results achieved with the two approaches are similar and the largest differences in predicted elastic constants of a polydomain specimen were only a few GPa. Both models have their advantages. The micromechanical model is easily applicable for different microstructures and could be used as a step for more complicated calculations. The FE model was able to reveal large differences in the stress state of different domains under external tensile loading -the largest stresses occurred in domains with lamella orientation parallel to the applied stress.
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  f are stiffness tensors and volume fractions of ceramic and metal phases correspondly.The stiffness tensor C of the single domain with orientation  to global coordinates can be calculated by transformating dom C into global coordinate system. Inverse Mori-Tanaka model is exactly the same method as Mori-Tanaka, however, the mechanical properties of the matrix and inclusions (i.e. of alumina and aluminium) are permuted.
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 5 Figure 5: Elastic constants for single domain samples with different ceramic contents. C 11 , C 22

  2 and 3.4 using FE and micromechanical modelling are shown in Figure 5. The elastic constants C 11 along the freezing direction are predicted to be the highest, C 22 is slightly lower than C 11 (around 7% for the FEM), and the lowest values are expected for C 33
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