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Abstract: 

The elastic properties of single domains of lamellar AlSi12/Al2O3 composites produced by 

metal infiltration of freeze cast preforms have been examined. The anisotropic elastic 

constants determined from ultrasonic phase spectroscopy (UPS) experiments have been 

compared to microstructure based FE-models created with the program OOF2, 

micromechanical models (Mori-Tanaka and inverse Mori-Tanaka) and an analytical 

model for an ideal laminate. The influences of lamellae orientations and ceramic contents 

on the elastic constants have been investigated. Along the lamellae directions the 

microstructure based FE model and the inverse Mori-Tanaka model are in good agreement 

with experimental results. Perpendicular to the lamellae the experiment shows a stiffer 

than expected elastic behaviour.  
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1. Introduction 

In many practical applications of metal matrix composites (MMCs), their high specific 

stiffness is the main motivation for their use. Predicting and optimizing the stress-strain 

behaviour of these materials is therefore of great interest. The majority of the existing 

theoretical investigations describe the elastic and elastic-plastic response of particle 

reinforced composites. In a series of papers Kenesei, Biermann and Borbely  [1], [2] and 

Kenesei and co-authors [3] used a multiple unit cell model to establish microstructure-

property relationships of particle reinforced MMCs. The microstructure was extracted 

from microtomography data and was described by a number of key parameters. For the 

elastic response the experimental values could be predicted quite well. Larger plastic 

strains could only be predicted within 10% which the authors attribute to interactions 

between particles which are not taken into account by the unit cell model.  

Microtomography data of a particle reinforced composite specimen under tensile load 

were used by Crostack et al. [4] for modelling based on real microstructures of particle-

reinforced MMCs. A part of the real structure was discretized into a FE-mesh and put 

under similar displacements as observed in the experiment. Crostack showed that 2D-

modelling gives different values of the principal stress on the particle surfaces and does 

not show the plastic strain bands observed in 3D modelling. Therefore 3D modelling 

seems essential in this case.  

Chawla et al. [5] were the first to use OOF generated FE-meshes to simulate the 

mechanical behaviour of particle reinforced composites and cemented tungsten carbides. 

Despite of the 2D approximation they used, the prediction of the Young´s modulus was 

better than that obtained by analytical models. In another publication Chawla et al. [6] 

used a serial sectioning technique to obtain a 3D representation of the real microstructure 

which was converted into a 3D FE-mesh in a subsequent step. With this 3D mesh based 
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on the real microstructure they were able to accurately predict the Young’s modulus as 

well as the stress-strain behaviour of the MMC under investigation for strains up to 2 %.  

A review of different 2D and 3D modelling techniques is given by Chawla and Chawla 

[7]. They found that real microstructure modelling is essential for predicting the stress-

strain behaviour and recommended the serial sectioning technique for this purpose.  

Modelling of metal matrix composites with anisotropic structure was hitherto focused on 

long fibre composites or laminates which can be quite well described using idealized 

microstructures with infinite and parallel fibres or layers. The present paper deals with a 

new type of metal/ceramic composites exhibiting a complex lamellar microstructure 

(depicted in Figure 1) which cannot be accurately described by either of the 

aforementioned models. Such composites can be produced by infiltrating porous alumina 

preforms with molten AlSi12 via squeeze-casting. The particular microstructure of these 

preforms is produced during freeze casting of a ceramic slurry. For details about this 

processing route we refer to Refs. [8, 9, 10, 11, 12, 13]. The lamellar structure is a result 

of the growth morphology of the ice crystals formed during freeze-casting. Preforms 

produced from water-based slurries typically exhibit a hierarchical structure in which 

regions in which all ceramic lamellae are parallel (hitherto called domains) play an 

important role (cf. Fig.1). The size and internal structure of the domains can be controlled 

via the freeze casting parameters [8, 12]. Porous ceramics of this kind are of potential 

interest for a number of applications as has been shown by Mattern [9] and Deville et al. 

[14, 15], they appear to be specifically suited as preform material for the production of 

metal-ceramic composites via squeeze-casting or even die-casting [16, 17] with 

reinforcement content in the range from 30 to 70 volume pct. This is of particular interest 

since conventional particle- or fibre-reinforced MMCs typically exhibit either a relatively 

low (5-30 vol. pct, e.g. [18]) or a fairly high (50-80 vol. pct., e.g. [19, 20]) reinforcement 

content due to processing constraints.  
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In a preceding paper, the anisotropic elastic behaviour of small regions in which all 

lamellae are parallel  was studied experimentally using microspecimens [21]. In this 

paper, the elastic behaviour of individual samples is predicted by means of micrograph-

based Finite Element Modelling. The numerical results are compared to micromechanical 

models established for ideal laminates and composites with ellipsoidal inclusions (Mori-

Tanaka and inverse Mori-Tanaka) and to the results of an extended experimental study.  

 

.  

Figure 1: Optical image of the surface of a MMC produced from a freeze cast preform. The direction of 
crystal growth is perpendicular to the image plane. Light parts are AlSi12, dark parts are alumina. 
 
 

2. Experimental 

2.1. Specimen materials 

Alumina preforms with about 58 vol% porosity were produced by freeze casting at the Institut 

für Keramik im Maschinenbau (IKM) of Universität Karlsruhe, Germany. Water was used as 
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the liquid vehicle during freeze-casting and the suspension contained 22 vol% of alumina 

powder (CT3000SG from Almatis with nominal alumina content of 99.8%, powder particle 

size 2.5 µm/ D90 Cilas and a fired density of 3.90 Mg/m³.), 0.5 wt% Dolapix CE64 as 

dispersant and 10 wt% Optapix PAF60 as a binder. The freeze–casting temperature was 

-10°C. Freeze cast ceramic preforms were sintered at 1550°C for 1 hour. Afterwards they 

were brought to room temperature at a cooling rate of 4°C/min [22]. Preforms with nominal 

dimensions 10 × 44 × 66 mm3 were infiltrated with an eutectic aluminium-silicon alloy 

(AlSi12) at Aalen University, Faculty of mechanical engineering / materials science, 

Germany, using direct squeeze-casting technique. Before squeeze casting, the preforms were 

preheated to 800°C and the die was heated to 400°C. A typical microstructure for the face 

perpendicular to the freezing direction of the received metal/ceramic composite is shown in 

Figure 1. Rectangular parallelepiped shaped poly-domain samples having edge lengths in the 

range from 6 to 10 mm were cut from the blocks. The edges of the cut poly-domain samples 

were always parallel to the original composite plate. A schematic of such a poly-domain 

sample is shown in Figure 2, where direction 1 denotes the freezing direction. These poly 

domain samples were further cut into small blocks having edge lengths in the range from 1.8 

to 2.6 mm using a 220 µm thick diamond coated steel wire. After subsequent metallographic 

observation only samples having a single domain were chosen for further analysis. On each 

sample, optical micrographs of the two faces perpendicular to the freezing direction were 

taken and the angles between lamellar plane and the specimen edges were determined. Figure 

3 shows such a single domain sample with the angle  defining the orientation of the lamellar 

domain with direction 2 of the sample co-ordinate system. Mass and dimensions of each 

single domain sample were measured using a high precision laboratory balance and a 

micrometer scale, and their densities were determined there from. Ceramic content in each 

sample was calculated from the measured density, using the rule of mixtures. For this 
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calculation, a density of 3.90 g/cm³ was used for alumina and a density of 2.63 g/cm³ was 

used for AlSi12. 

 

2.2. Ultrasonic characterization of single-domain samples 

Elastic constants of a material can be determined by measuring the velocities of propagating 

elastic waves through it [23]. Ultrasonic Phase Spectroscopy (UPS) is a viable technique to 

determine the wave velocities in samples showing large attenuation or scattering [24, 25]. 

Continuous, harmonic, sinusoidal elastic waves are transmitted through the sample and the 

phase shift in the propagating wave is recorded as a function of frequency. This technique was 

first applied to small, cuboid single-domain samples in a previous investigation [21] and the 

results for 12 samples with different domain orientations were presented. In the present work, 

36 additional samples were studied in order to increase the variety of orientations and to 

assess the scatter from sample to sample. Measurements were carried out along three 

orthogonal specimen axes for all samples. 

  

 

Figure 2: Axis convention for a multi-domain freeze-cast MMC sample used in this study 
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Figure 3: Definition of the angle , marking the orientation of the single domain metal/ceramic composite 
specimen with respect to direction 2 of the specimen co-ordinate system [21] 
 
 
 

3. Modelling 

3.1 Finite Element (FE) modelling of the microstructure 

The elastic behaviour of the aforementioned lamellar AlSi12/Al2O3 metal-ceramic 

composite was modelled by creating FE-meshes based from images of the whole 

microstructure of single domain micro-specimens. For this purpose, the material was 

treated as a two-phase composite material containing homogeneous phases, i.e. the small 

Si precipitates in the AlSi12 alloy and the grain structures of both phases were not 

resolved. FE meshes were generated from microstructure images of entire surfaces 

perpendicular to the freezing axis (1-axis) using the freeware program OOF2 by Langer et 

al. [26]. The process is illustrated in Figure 4. In the first step a material map is created 

from the image, in which each pixel is assigned to a material. The two materials are 

distinguished by setting a threshold grey value. This threshold value was set in such a way 

that the known ceramic content of the whole specimen was reproduced exactly in the 

material map representing the two materials. In the next step a first mesh (skeleton as it is 

called by the creators of OOF2) is generated on top of the image, which consists of 
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rectangular elements. In an iterative process this mesh is adjusted to the image of the 

microstructure during which the emphasis can be set either on a good reproduction of the 

exact shape of the image (the homogeneity of the mesh) or on a good shape of its elements 

(avoiding sharp angles or high aspect ratios). In this study, the reproduction of the image 

was given a slight preference over the element shape.  

 

 

Figure 4: Generation of an FE mesh from an image of a single domain micro-specimen. The domain has 
an angle of 43° with respect to the 2-direction (vertical). Left side: optical micrograph, the light parts are 
metal, the dark parts alumina. Centre: Material map of the microstructure. Right side: OOF2-generated 
FE-mesh.  An unusually coarse mesh is shown for better visibility, the size of the sample is approximately 
1mm. 

 

For eleven specimens adjusted meshes as shown in Figure 4 were created and extruded in 

a subsequent step into the third direction (1-axis) using Patran by MSC Software (Santa 

Ana CA, USA). These 3D-meshes give an approximate representation of the real 

specimens (assuming the lamellae in the real material are continuous along the freezing 

direction). These meshes were used for obtaining the elastic constants along the 1-axis, as 

well as the 2- and 3-axis.  

For another eight specimens a so called simple mesh was generated. This mesh consists of 

square elements where every pixel is represented by one element. This greatly increases 

the number of nodes and elements in the mesh; however it was found that for these 

meshes the disadvantage in computational time was overcompensated by the faster mesh 

generation if 2D- plain strain elements were used. Only the elastic constants along the 2- 
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and 3-direction were computed for these specimens. In a direct comparison a difference of 

less than 1% was found in the elastic constants obtained from these different meshes.  

Properties were assigned to the two different material regions in the mesh assuming that 

their elastic properties are isotropic and homogeneous. For the alumina an isotropic 

Young's modulus of 400 GPa and a Poisson's ratio of 0.25 were taken as plausible values 

for densely sintered alumina from the literature [27]. The Young's modulus of the AlSi12 

alloy was measured separately. For this purpose, the alloy was squeeze cast in an empty 

mould (containing no preform) and three tensile specimens were prepared from this 

unreinforced metal. From the stress-strain curve of these specimens, a Young's modulus of 

77.6 GPa was determined and used for the following calculations. Ultrasonic wave 

velocity measurements on this material showed that no anisotropy from the solidification 

process was present and confirmed the Young's modulus (a value of 80 GPa was 

determined). A Poisson's ratio of 0.3 was used for the AlSi12.  

 

The diagonal elements of the stiffness matrix C11, C22, and C33 were found by applying a 

tensile displacement to one side/face of the mesh while keeping the nodes on the other 

sides/faces fixed along their respective normal directions. All meshes were then solved 

using the commercially available ABAQUS FE-code (by Simulia, Providence, RI, USA). 

From the resulting stress on the displaced side the elastic constant of the stiffness matrix 

was computed accordingly. In the simulation, each single domain specimen was strained 

in the 2- and 3-direction and correspondingly two elastic constants were obtained. For 

simplicity both elastic constants are called C22 in the following and are distinguished by 

the angle  between the strained direction and the average lamellae orientation.  
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3.2 Microstructure modelling using micromechanical methods 

An alternative method for the calculation of the effective material properties of multiphase 

materials is the micromechanical homogenisation. There are different micromechanical 

approximations which can be used for this aim, the overview of such methods can be 

found by Nemat-Nasser and Hori [28] or by Kachanov et al. [29]. For this special case of 

the studied material we have applied micromechanical methods, which use the exact 

Eshelby’s equivalent inclusion method [30] for an ellipsoidal inclusion. In our studies, we 

suppose that our problem is a 2D problem and in the freeze casting direction we have no 

changes of the material microstructure. For the micromechanical modelling we have 

applied Mori-Tanaka (MT) and inverse Mori-Tanaka (IMT) models. 

Firstly, we have provided a microstructure analysis using optical micrographs as presented 

in Figure 3. A self-written C++ program was used for the approximation of the lamellae 

with irregular boundaries through 2D ellipsoids. More about this procedure can be found 

in [31]. Each lamella was approximated as a 2D ellipse with semi-axis 1a (large semi-axis) 

and 2a (small semi-axis). Inclusions are modelled as elliptical cylinders with infinite axis 

in the 1-direction (freezing direction). In our approach, we approximate the ceramic phase 

(alumina) as a continuous matrix with embedded inclusions corresponding to the metal 

phase (aluminium). More than 100 domains were evaluated, and for each lamella, the 

semi-axis as well as its preferred orientation was determined by numerical analysis. The 

average value of the ratio of the two semi-axis is a1/a2 = 6.22.  

For this type of inclusions, the non-zero components of the Eshelby tensor [28, 31] are:  
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In (1)   is Poisson ratio of the matrix (alumina).  

Then, the MT model gives the effective stiffness tensor MTC of the single domain 

according to the relation: 
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where 4I  is the symmetric fourth-order unit tensor, MC  and CC are respective stiffness 

tensors of the metal and ceramics and Mf  is the volume fraction of the metal.  

It is known, that the MT model yields good results for a small volume fraction of the 

inclusions. In the studied case, the volume fraction of the inclusions is about 58%. For this 

reason, we have also provided modelling using the IMT model (stiffness tensor IMTC ) 

[32]. This model is exactly the same method as MT, however, the mechanical properties 

of the matrix and inclusions (i.e. of alumina and aluminium) are permuted. Using IMT 

model the stiffness tensor IMTC  for (=0°) was calculated and after that, the elastic 

constants C22 were obtained for other values of  using transformations rules for tensors 

of the fourth order [29].  

 

3.3 Microstructure modelling using an analytical model for laminates 

The analytical model for a laminate comes from Postma (1955) [34] who derived the 

elastic constants for a transversely isotropic medium that is made of alternating plane 

layers of two homogeneous media. Implying iso-strain and iso-stress conditions Postma 
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obtained the elastic constant C22 along the lamella in terms of the two materials Lamé’s 

constants: 
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Where “dx” is the thickness of the respective medium and:  
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The dependence of the elastic constant C22 on the angle  is given as [33]  
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where C22 is the elastic constant along the lamellae, C33 is the elastic constant 

perpendicular to the lamellae, C23 is the coupling constant between directions 2 and 3 and 

C44 is the constant for shearing as derived by Postma [34]. 

 

4. Results 

The measured values for the elastic constant C22 are compared with the calculated values 

using the microstructure based FE model in Figure 5. The shading of the squares indicates 

the angle  between the strained orientation and the average orientation of the lamellae. 

Dark squares represent elastic constants of specimens that have been measured/modelled 

parallel to the lamellae direction (=0°), light squares are perpendicular to it (=90°). The 

average difference between the measured and the modelled values is 5.5 GPa, the largest 

observed differences for a single specimen and orientation are 34 GPa and -23 GPa. For 
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large angles , the predicted material response is less stiff than the experimental one, for 

small angles the agreement is good. 

 

 

Figure 5: Comparison of elastic constants C22 calculated by FE analysis with measured ones. Each data 
point represents the experimental and modelled modulus for one particular microspecimen and angle . 
The solid line through the origin indicates equality of measured and modelled values.  
 

In Figure 6, C22 values calculated with different models and measured C22 values are plotted 

against the lamellae alignment angle . The Postma model for an ideal laminate [34] 

considerably overestimates the specimen stiffness for small angles , while it underestimates 

the stiffness for large angles . Results obtained using MT model (line with grey hexagons in 

Figure 6) fit experimental values reasonably well for large angles , but are higher than 

experimental values for small angles  . The IMT model (line with grey triangles in Figure 6) 

has a very slight tendency to underestimate C22.  Furthermore individual microspecimens 

were modelled using the IMT model using their respective ceramic content (small grey 
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triangles). Results of the FE-modelling of individual microspecimens are also plotted as open 

circles in Figure 6. They agree well with experimental values for small angles  - the average 

experimental value of the elastic constant C22 parallel to the lamella direction for all 

specimens with (0°<<10°) was 213  15 GPa, the average FE- prediction for these 

specimens was 220  12 GPa.  For high angles , the experimental values were higher than 

the FE prediction.  

  

 

Figure 6: Measured and modelled values for the elastic constant C22, plotted against the direction of the 
alignment of the lamellae. The models for an ideal laminate (full line), MT (line with grey hexagons) and 
IMT model (line with grey triangles) use the average value of 42 vol. % ceramic content. Models using the 
exact ceramic content of the individual microspecimens are represented by single data points (FE model: 
open circles, IMT:  small grey triangles). Some of the measured values have been published already in a 
previous paper [21].  

 

The elastic constant C11 calculated using the FE-model were compared with experimental 

results as well as with values obtained using micromechanical modelling (MT and IMT) 

in Figure 7. The FE-model and micromechanical models show the expected linear 
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relationship between C11 and the ceramic content. The FE and micromechanical models 

generally predict a stiffer response of the specimen than found in the experiments. The 

average experimental value of the elastic constant C11 of all microspecimens was 

225  16 GPa, while the average prediction of the FE analysis for these specimens was 

246  11 GPa.    

 
Figure 7: Elastic constant C11 (along the freezing direction) as a function of ceramic content.  Squares 
represent measured values; black circles are predicted values using FE modelling, grey hexagons and 
triangles are calculated using Mori-Tanaka and inverse Mori-Tanaka models and the line gives the 
prediction of the Postma model for an ideal laminate.  

 

5. Discussion 

It is obvious from Figure 5 that experimental values of the elastic modulus C22 have a 

considerable scatter even for similar values of the angle , which appear to be much 

greater than measurement errors. The scatter may be attributed mostly to the 

microstructural heterogeneity of different samples (note that the measured ceramic content 

in the microspecimens varies from 35-46 vol% with an average value of 42 vol%). The 

microstructural heterogeneity of the individual specimens is also reflected in the 
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predictions of the FE analysis which have a similar scatter (remember that a separate FE 

mesh based on the microstructure was prepared for each individual specimen) and follow 

the overall trend well with only moderate deviations of measured and predicted modulus 

for most directions of loading (the reasons for remaining deviations are discussed below).  

Looking at Figure 6, the less than perfect predictions of the different models can be 

partially explained by their idealized assumptions. In the Postma model, the ceramic phase 

forms perfect straight lamellae which leads to a too high elastic constant c22 in the lamella 

direction (=0°) and a too soft response perpendicular to it (=90°). The analytical MT 

and IMT models are equivalent to the upper and lower Hashin-Shtrikman bounds for 

elastic properties. Thus it is expected that it over- and underestimates the elastic constants. 

The elastic properties calculated using the IMT model for ceramic content of the 

individual microspecimens are in good agreement with experimental and FE-results.  The 

FE model based on the real microstructure should give the best agreement with 

experimental values for C22 (independent of angle ) as the irregular shapes of the 

lamellae is represented in the real microstructure mesh. For small angles  this is indeed 

true. However, for large angles  the specimens show a stiffer response than predicted by 

the FE model. Several shortcomings of the FE model which could account for the 

remaining discrepancies between model and experiment are given below.  

1. The lamellae in the microspecimens can be slightly tilted with respect to the 1-

direction, whereas in the FE Model the lamellae were assumed to be exactly parallel to the 

1-direction. Tilting the lamellae by 5° with respect to the 1-direction was modelled and 

found to have only a minor influence of about 1% on C33 (=C22 with = 89°). Greater 

tilting angles are rarely observed within the specimens.  

2. Bridges between lamellae have been observed in the ceramic preforms before they were 

infiltrated. These might not adequately show up in the micrographs of the samples as they 

are not continuous along the 1-direction and may be intersected by the image plane in 
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such a way that they appear not to connect two ceramic lamellae although they do so in 

reality. The exact amount of such “hidden” bridges present in the specimen is not 

quantitatively known. To elucidate the effect of additional bridges on the elastic constants, 

bridges similar to those observed in the preforms were added “by hand” into the 

microstructure model. For this specimen it was found that even with 5 additional bridges 

per microspecimen, the influence on the elastic constant C33(= 89°) was again small 

(max. 1%).  

3. There may be some pores or microcracks in the specimens which are so small that they 

are not visible in low magnification micrographs and thus not reflected in the FE mesh. 

However, it is expected that porosity is very low as the infiltration process was carried out 

in such a way that the metal melt solidified directionally. As a result, no porosity could be 

detected in optical micrographs even at higher magnifications or using X-ray 

microtomography. Even if a small amount of undetected pores or microcracks were 

present, they should lead to measured elastic constants which are lower than expected in 

all directions – the opposite is observed for large angles .  

4. The metal phase is regarded as homogeneous phase with an average modulus of 

77.6 MPa in the FE model. However, on the microscopic scale, the metal consists of 

almost pure Al matrix (with little dissolved Si) and finely dispersed Si. The Si phase 

shows as needles of up to 30 µm length in a 2D micrograph (Figure 8). Due to their 

statistic orientation and high aspect ratio the Si inclusions will only rarely show up as 

bridges between two ceramic lamellae in a 2D micrograph, although in reality they may 

form bridges between the ceramic lamellae, especially in places where the spacing 

between two lamellae is low. As Si has a much higher modulus than Al, such bridges 

would increase the elastic modulus of the composite perpendicular to the lamellae. This 

could possibly account for a part of the higher than predicted experimental stiffness 

perpendicular to the lamella direction.   
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Figure 7 shows that all employed models overestimate the elastic constant along the 1-

direction. This can be easily explained by the fact that all models assume a continuous, 

perfectly oriented and smooth ceramic phase in the 1-direction, whereas the ceramic phase 

of a real specimen will be slightly tilted and irregular. As a result, all models overestimate 

the elastic constant C11 in this direction. 

 

 

Figure 8: High magnification optical micrograph of a lamellar AlSi12/Al2O3 MMC.  The ceramic phase is 
dark, Si forms elongated grey inclusions which are dispersed in the aluminium matrix (off white).  
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6. Conclusions  

The microstructure of lamellar MMC produced by infiltrating freeze cast preforms could 

be adequately transformed into finite element meshes. For the studied complex lamellar 

composites, the predictions of the FE based on the real microstructure are able to estimate 

the elastic constants with a higher accuracy than analytical models based on ideal 

laminates or ellipsoid inclusions (MT model). The IMT model gives also relatively good 

agreement with experimental data. Nevertheless, the latter also reproduce the basic trends 

and may serve as upper or lower bounds for the elastic modulus. Moderate differences 

between elastic constants predicted by microstructure based FE analysis and experimental 

ones are observed for C11, and for C22 if the angle  between lamella and loading direction 

is large. These differences may be attributed to a less than adequate reproduction of the 

real three-dimensional microstructure by a mesh based on a 2D-micrograph. Further on, 

the FE meshes reproduce microstructural features of the composite on a coarse length 

scale (>10 µm) only.   
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