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1. Introduction

Composite materials usually consist of a continuous phase,
referred to as matrix, and one or more reinforcing phases embed-
ded within this matrix.[1] A classification of composite materials

can be made in several ways, e.g., according
to the matrix material class (polymer,
metal, ceramic), according to the reinforce-
ment type (e.g., particles, fibers, whiskers),
or according to their manufacturing pro-
cess (e.g., powder metallurgy, infiltration,
stir-casting).[2]

If each phase of the composite is topo-
logically interconnected throughout the
whole material volume, it is defined as an
interpenetrating phase composite.[3] The
interpenetrating microstructure enables
each phase to contribute to the macroscopic
properties of the composite and also gives
the opportunity of developing multifunc-
tional materials.[3,4] Considering a metal–
ceramic composite, the most common
manufacturing method is to first produce
an open-porous ceramic preform and sub-
sequently infiltrate it with the molten metal.

Due to the poor wettability of, e.g.,
molten aluminum and Al2O3 as well as to
overcome surface tension, pressure has to
be applied to infiltrate the preform. This
requires a certain mechanical stability of

the ceramic foam and a well-connected open porous network
with a sufficiently high permeability.[5] In general, the properties
of the resulting interpenetratingmetal ceramic composite mainly
depend on the architecture and mechanical properties of the
ceramic preform.[6] A mechanically stable ceramic framework
with dense struts coupled with high (open) porosity >50%
and a homogeneous pore size distribution are desired to achieve
a high strength of the composite and remain the ductile behav-
iour of the infiltrated metal.[7] Preforms obtained from pressing
and sintering of ceramic powders,[8,9] pore-former processes,[5,10]

replica methods,[4,11] gel-casting,[12] freeze-casting,[13,14] or even
3D ink-printing[15] have been used to manufacture interpenetrat-
ing metal ceramic composites.

So far, none of these state-of-the-art preform manufacturing
methods could fulfill all of the requirements mentioned because
they suffer from, e.g., low permeability, lack of homogeneity,
and microcracks induced during the decomposition or burn-
out process (pore-former), remaining closed porosity (additive
manufacturing, direct foaming), low mechanical stability
(replica), or anisotropy (freeze-casting).[16] In addition, the high
manufacturing costs prevent a widespread use of interpenetrat-
ing metal matrix composites (MMCs) made from these
preforms.[10] Just recently a direct foaming method was found
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An interpenetrating aluminum–alumina composite is presented, based on a
ceramic foam manufactured via a novel slurry-based route resulting in a highly
homogeneous preform microstructure in contrast to other preform techniques.
The metal matrix composite (MMC) is produced by infiltrating the open-porous
ceramic preform with molten aluminum at 700 �C using a Argon-driven gas
pressure infiltration process. The resulting MMC and the primary ceramic foam
are investigated both numerically and experimentally in terms of microstructural
characteristics. In addition, the mechanical behavior of the material as well as
the structural and material interactions on the microscale are investigated.
To characterize the MMC regarding mechanical isotropy, elastic properties
are determined experimentally via ultrasonic phase spectroscopy (UPS). A fast
Fourier transform (FFT) formulation is used to simulate the complex 3D
microstructure with reasonable effort based on image-data gathered from high-
resolution X-ray computed tomography (CT) scans of the ceramic foam as
computational grid. Simulations prove that the material properties are, indeed,
considered as highly homogeneous with respect to the material microstructure.
A comparison with effective experimental investigations confirms these
findings.
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enabling a cost-effective manufacturing of ceramic foams show-
ing all the desired features.[17]

This leads to the assumption that it may serve as preform for a
cost-efficient, highly homogeneous and mechanically resistant
interpenetrating MMC. This assumption is analyzed by the
authors in this contribution. In this regard, a porous Al2O3 foam
produced by mechanical stirring process was infiltrated with
AlSi10Mg cast alloy to generate an interpenetrating composite.
It has been investigated numerically and experimentally regard-
ing microstructural and elastic properties to analyze its homoge-
neity, pore size distribution, isotropic elastic behavior, and
morphology for structural application under mechanical load.

As composite materials always represent multiscale problems,
a large variety of multiscale modeling from nano- to macroscale is
used for interpenetrating composites and foam structures.[18–20]

The objective of these modeling approaches is to transfer the
information gained on a small length scale to a larger length scale
in form of effective or homogenized properties to save compu-
tation time while remaining the desired accuracy.[21]

For mechanical problems, the well-established finite element
method (FEM) is predominantly used to conduct the numerical
simulations.[18,20,22–25] For a complex and locally very heteroge-
neous but globally homogeneous MMC microstructure at hand,
an FEM realization needs a very high-resolution grid to account
for the different length scales. However, realizing a reasonable
computing time requires more efficient methods than the
commonly used FEM.[26] Here, spectral methods based on fast
Fourier transforms (FFTs) provide an efficient alternative to
analyze the complex material microstructures, which enable
the efficient computation of complex microstructures discretized
on a regular grid avoiding the assembly of a linear system.

In this study, a formulation based on the spectral solver frame-
work of DAMASK[27] is presented to perform the FFT-based
microstructure simulations and to discuss the results with
respect to the representation by an representative volume ele-
ment (RVE) approach.

A comparison and validation of the numerical model with the
experimental results is presented, and it is shown that the model
can be used to predict microstructural material properties and to
give meaningful insights into the structural and material interplay.
The comparison of experimental and numerical data exhibits that
the presentedmaterial shows remarkable properties with respect to
its homogeneity, isotropy based on a very narrow pore size distri-
bution of the considered preform and a very low residual porosity.

It has to be denoted that although a matrix cannot be uniquely
defined for interpenetrating composites we refer to the material
as a MMC in the following because the aluminum alloy accounts
for the larger volume fraction due to the high open porosity of the
preform chosen.

2. Manufacturing the Interpenetrating MMC

State-of-the-art manufacturing techniques of ceramic preforms
for interpenetrating alumina–aluminum composites are
freeze-casting,[13,14] pore-former processes with pyrolyzable
placeholders,[5,10] suspension-based polyurethane system,[4,11,28]

and sintering of (coarse) alumina powders to an open-porous
ceramic.[8,9] Other methods to get interpenetrating MMCs

directly are displacement reaction of silica-glass and molten
aluminum[23] or sintering of a mixture of aluminum alloy and
alumina powders.[29] In this contribution, the macroscopically
homogeneous and highly porous open-cell alumina ceramic pre-
form with an approximate relative density of 25% is produced
and provided by Morgan Advanced Materials Haldenwanger
GmbH, Waldkraiburg, Germany, which holds a patent on the
preformmanufacturing process.[30] Here, a slurry-based process-
ing route is used to get a highly homogeneous ceramic preform.
By mechanical stirring a stable ceramic foam suspension is pro-
duced. By stabilization via additives and a well-engineered drying
process, the foam can be mold and dried without losing its fine
and homogeneous porosity. By sintering, a ceramic foam as a
MMC preform can be produced.

Gas pressure infiltration is used to manufacture the interpene-
trating composite. A schematic layout of the apparatus used is
shown in Figure 1. The ceramic preform is heated in an evacu-
ated vacuum furnace at a residual pressure of 2� 10�2 mbar
with an aluminum slab (AlSi10Mg) up to a maximum tempera-
ture of 700 �C. During heating the pressure in the furnace is
held between 2� 10�2 and 10�1 mbar. As soon as the maximum
temperature is reached and the slab is consequently molten, an
external Argon gas pressure of 40 bar is applied onto the surface
of the melt covering the previously evacuated preform and the
molten aluminum is infiltrated into it. After a short dwell time
of 10min, the chamber is cooled down to room temperature
under the remaining Argon pressure. After solidification, the
infiltrated preform, i.e., the interpenetrating composite, is
removed from the furnace for sample preparation.

3. Experimental Section

To investigate the material experimentally, cubes of the ceramic
preform and the MMC were cut out with a diamond wire saw of
the infiltrated preform, avoiding surface-near regions to main-
tain a reproducible sample quality. Cutting was followed by
grinding with abrasive SiC grinding paper up to P400 to get par-
allel surfaces with a final size of the cuboids of �5� 5� 5mm3.

3.1. Density Measurement

To calculate the elastic constants via ultrasound phase spectros-
copy (UPS), it was necessary to determine thematerial density first.
The density of the dense MMC was determined using the gas pyc-
nometer AccuPyc II 1340, from Micromertics, Unterschleißheim,
Bavaria, Germany in a 10 cm3 crucible with lid and Helium gas.
As this method was not feasible for the open-porous foam, its
density was calculated from the mass and the volume of three dif-
ferent Al2O3 foam samples (each with a volume of �90 cm3).
The weighing of the samples was performed with an Explorer
EX225D, from Ohaus (Nänikon, Zurich, Switzerland) and the vol-
ume was measured via micrometer screw gauge.

3.2. Ultrasound Phase Spectroscopy

By nondestructive testing, the elastic constants were determined
with UPS method by measuring the velocity of an elastic wave
propagating through the investigated material. The method
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was described in detail by the following publications[31–34] and
had been established for the characterization of the elastic prop-
erties of MMCs by Roy et al.[35–37] with the participation of one of
the authors of the work presented here. This method was conse-
quently used in this contribution and described in the following.
An electronic network analyzer of the type R3754A, Advantest
(Tokyo, Japan), connected with a computer with a LabView eval-
uation software by National Instrument (Austin, Texas, USA)
and two pairs of ultrasonic contact transducers (V122-RM,
nominal central frequency 7.5 MHz and an oscillator diameter
of 9.5mm for longitudinal waves and V155-RM, nominal central
frequency 5MHz and an oscillator diameter of 12.7 mm for
transversal waves, each of Olympus Deutschland GmbH,
Hamburg, Germany), was used. As couplant between transducer
and specimen commercially available, treacle (Goldsaft by
Grafschafter Krautfabrik Josef Schmitz KG, Meckenheim,
Germany) was used. The cleaned surface of the transducers
was covered with a thin, bubble-free film of the treacle and
the specimen was then clamped by springs between the trans-
ducers. For each investigated orientation of the cube, the
measurement was repeated 3 times and averaged after.

The elastic modulus was calculated from the sample material
density and the ratio of the longitudinal and transversal veloci-
ties, each measured by UPS. Also, the Poisson’s ratio can be cal-
culated from the UPS data. The determination followed from the
ratio of the longitudinal and transverse velocities as described
elsewhere, like mentioned earlier.

3.3. Microstructure Analysis via X-ray Computed Tomography
and Environmental Scanning Electron Microscope

For X-ray computed tomography (CT), a Phoenix nanotom 180m
by GE Sensing & Inspection Technologies GmbH (Wunstorf,

Germany) with the software components Phoenix data sx2 acqui-
sition and Phoenix data sx2 reconstruction was used to process
the data and reconstruct a 3D image of the sample. Three Al2O3

foam cubes, prepared according the aforementioned preparation
route and with a size of �5� 5� 5mm3, were scanned with the
micro-CT. To avoid beam artifacts like beam hardening at the
cube edges and stay in a manageable computing time, a repre-
sentative region of interest (ROI) was chosen of the center of
each scanned cube. This ROI was further used for the numerical
characterization of the Al2O3 foam described in Section 4 and
consequently validated regarding the necessary minimum
dimensions.

After the AlSi10Mg infiltration of the ceramic foam presented
in Section 1, the resulting MMC-cube was scanned additionally
to experimentally investigate, e.g., the quality of infiltration,
possible destruction of the foam lamellas by the gas pressure
infiltration and the residual porosity. Here, VG Studio Max
was used to post-process the data and to perform the mentioned
analyses. The setting parameters for both the scan of the Al2O3

foam and the MMC can be taken out of Figure 2b.
For the scanning electron microscopy (SEM) images, an envi-

ronmental scanning electron microscope (ESEM) of Philips/FEI
of the type XL30 with a field-effect transmitter cathode and a
beam current of �140 μA was used. Acceleration voltage, detec-
tor type, working distance, magnification, scale, and water vapour
pressure in the sample chamber are shown in the respective
graphs later.

4. FFT-Based Modeling

FFT-based homogenization of composite materials for linear
elastic problems was first introduced by Moulinec and

Figure 1. Schematic setting of the gas pressure infiltration with all relevant components.
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Suquet[38] in the 1990s. The idea is to approximate the local and
overall response of a composite material with Fourier series on
an RVE considering periodic boundary conditions. Subjected to
an average strain ε̄, the cell problem for the local stresses σðxÞ
and strains εðxÞ (which can be decomposed into the average term
ε̄ and a fluctuating part ε̃ reading εðxÞ ¼ ε̄þ ε̃ðxÞ) to be solved is

div σðxÞ ¼ 0

σðxÞ ¼ ℂðxÞ∶ðε̄þ ε̃ðxÞÞ
(1)

with the locally varying stiffness ℂ(x). Using an auxiliary problem
introducing an isotropic, linear elastic material with stiffness ℂ0,
Equation (1) can be rewritten according to the Lippmann–
Schwinger equation as

εðxÞ ¼ �Γ0∗½ðℂðxÞ � ℂ0Þ∶εðxÞ� þ ε̄ (2)

where Γ0 is the Green operator associated with ℂ0 and * is the
convolution operator. Equation (2) can subsequently be solved by
a fixed point iteration which is also known as the basic scheme.

εðxÞiþ1 ¼ �Γ0∗½ðℂðxÞ � ℂ0Þ∶εðxÞi� þ ε̄ (3)

It is advantageous to compute the convolution in Fourier space
as the operator * becomes an algebraic product and the Green
operator Γ0 is explicitly known in Fourier space. Here, the direct
and inverse FFT is used to switch between real and Fourier space
to solve discretized problems efficiently.[38,39]

In the past years, FFT methods have been continuously
improved in terms of accelerated solvers,[40–42] extension to
nonlinear problems,[38] and large deformation formulation.[43]

Applications are, e.g., heat conductivity,[40] thermoelasticity,[44]

cristal viscoplasticity,[43] void growth,[45] and damage.[46]

In the analyses, in this article, the simulations were per-
formed using the finite strain formulation of the DAMASK
framework.[27,43] Here, the fixed point scheme is expressed in
terms of deformation gradient F and first Piola Kirchhoff stress
P using a collocation-based approach at the grid points. For a
detailed explanation of the working principle, the choice of
the stiffness tensor ℂ0, the application of mixed boundary

conditions, or alternative discretization schemes, we refer to
refs. [27,47]. In this study, load boundary conditions are applied
by deformation gradient rates and periodic boundary conditions
are considered for opposing surfaces of the domains. The result-
ing equations can be solved iteratively by nonlinear numerical
solvers provided by the PETSc (https://www.mcs.anl.gov/
petsc/) library.[48] In our simulations, a nonlinear generalized
minimal residual method solver was used according to Oosterlee
and Washio,[49] following Shanthraj et al.[50] where the efficiency
of the solver in combination with the basic collocation approach
has been shown. The convergence criterion for the solution is
defined by the root mean square (RMS) of the divergence of
stress introducing the equilibrium tolerance εeq¼ 10�10 scaled
by the length unit m[43]

εeq �m ≥
RMSðDivPðxÞÞ

kP̄k2
(4)

We model the complex microstructures using the X-ray CT
scans. Applying a filtering preprocessing procedure as described
in Section 4, the experimental data are directly applied as a
computational grid to numerically investigate the elastic material
behavior of the ceramic foam and the MMC with the FFT
method. The cubic domain is discretized by a regular grids of
Nx � Ny � Nz ¼ N � N � N ¼ N3 wherein every voxel of the
CT scan represents an integration point.

5. Microstructural Characterization

5.1. Ceramic Preform

Based on the data from the micro-CT scans described in
Section 2, the microstructure of the ceramic foam has been char-
acterized numerically. From the scanned sample (5� 5� 5mm3),
a cubic ROI with an edge length of about 1.9mm located in the
center of the sample has been analyzed as a reconstruction vol-
ume. To achieve a clear separation between pore and ceramics,
which is essential for later numerical simulations, the gray-scale
images of the ROI have to be binarized. A global gray-scale

(a) (b)

Figure 2. a) Binarized micro-CT scan of the Al2O3 foam (white¼ ceramic, black¼ pore) and b) used paramter settings for the CT scans of the Al2O3 foam
and the MMC (FOD, focus to object distance; FDD, focus to detector distance).
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threshold algorithm based on Otsu[51] was used for binarization
because the material contrast between the Al2O3 and the pores is
very high, thus the gray-scale values of the two phases are very
different. Subsequently, the pore fraction of the binarized
micro-CT scan shown in Figure 2a is determined to be 69.6%
by voxel counting.

Nevertheless, the microstructure shown in Figure 2a still
shows some segmentation errors, which can be seen more
clearly in Figure 3a. To guarantee a proper structure for the
numerical investigation without artifacts from the reconstruction
process, e.g., hovering voxels, and to determine the pore size dis-
tribution of the foam, we apply the following postprocessing
using the Python scikit-image package:[52] we remove small fea-
tures to eliminate last remaining segmentation errors by using a
combination of erosion with subsequent propagation for both the
ceramic and pore volume (see Figure 3a,b). The determination of
the pore volume fraction after the image filtering is showing only
a 0.03% increase in total porosity compared wth the fractions
of the initial binarized scan. Thus, overall porosity is negligibly
influenced by the image filtering routine. Then, markers are
placed in the middle of the pores using an Euclidean distance
transform (EDT) method (see Figure 3c).[53] Finally, a watershed
segmentation based on the set markers is applied to distinguish
single pores within the connected porous network (Figure 3d).[54]

Considering the almost spherical pore geometry, the pore
size is represented by the equivalent sphere radius r which
is calculated from the volume V of each segmented pore
according to

r ¼
ffiffiffiffiffiffiffi
3
4
V
π

3

r
(5)

The resulting pore size distribution and the calculated gener-
alized extreme value (GEV) probability density function are

shown in Figure 3e, and the most important microstructural
characteristics of the Al2O3 foam are shown in Figure 3f.

This binarized, filtered, and microstructurally characterized
micro-CT scan is the basis for the numerical study of the elastic
mechanical behavior of both the ceramic foam and the MMC
described in Section 5. To get a better understanding of the
foam structure, SEM images of the preform are provided
(see Figure 4c) giving insight in the pore morphology, the inter-
connection between the pores, and the ceramic struts.

5.2. Composite

Themicrostructure of the MMC is investigated by X-ray CT to get
information about the quality and the completeness of the gas-
pressure infiltration as outlined in Section 2. Analyzing the stack
of pictures through the whole ROI of each sample, no visible
destruction of the ceramic foam lamellae or cracks by expanding
the areas of porosity in the ceramic foam by the metal melt can be
detected. Including the closed porosity (represented by the black
areas) in the ceramic foam, a total residual porosity of 3% is
determined. A closer look reveals two main locations of the
porosity: spherical casting flaws inside the metal areas on the
one hand and residual pores at the ceramic–metal boundary,
sickle-shaped in 2D cross section, on the other. The bigger
the metallic areas, the bigger are the residual pores in the
MMC. Figure 4a,b shows representative cross sections of the
micro-CT, respectively. The white spots, spread irregular over
the whole image, are image artefacts occurring during the CT.
For a even more detailed view regarding the interface between
the metal and ceramic component, we refer to the SEM images
of the aluminum/Al2O3 interface shown in Figure 4d.
The interface is dense with some minor flaws due to the shrink-
age of the metal during its solidification.

(a)

(c) (d)

(e)

(f)

(b)

Figure 3. Left: Image processing of micro-CT scan images. a) binarized, b) filtered, c) marked by EDT, and d) segmented by watershed algorithm where
individual detected pores are identified by different colors. The processes were applied to 3D images, yet 2D images are used here for a descriptive
visualization. Right: e) Pore size distribution determined by watershed segmentation of the binarized and filtered micro-CT scan and the derived GEV
probability density function with its parameters and f ) determined microstructural characteristics of the Al2O3 foam.
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6. Determination of Effective Elastic Properties

To determine the effective elastic properties, the Al2O3 foam and
the MMC material shall be modeled by an RVE. To identify the
characteristic size of a statistically meaningful RVE, we choose
different sizes of cubic cutouts of the structure with edge lengths
from 10 to 100 voxels at 15 randomly chosen points inside of the
binarized and filtered 3D scan of the ceramic foam shown in
Figure 5a. This procedure additionally allows for the validation
of the ROI chosen in the micro-CT scan to be representative for
the global microstructure.

Subsequently, all of the cubic cutout VEs are analyzed with
respect to their ceramic volume fraction. The measured volume
fractions dependent on the edge length of the considered cutout
are shown in Figure 5b. The average value for each cutout length
and the measured ceramic volume fraction of the whole speci-
men are depicted as well.

Then, the elastic mechanical properties of the materials are
investigated by applying a load via a prescribed deformation gra-
dient and calculating the resulting stress response. Here, each
voxel of the postprocessed micro-CT scan represents one grid

point for the numerical model. As the applied FFT method is
not able to exclude material-free volumes (or in other words
exclude grid points), it has to be remarked that very low but non-
zero stiffness has been assigned to the pore volume in the foam
computations.

Assuming an isotropic mechanical behaviour of the single
constituents, the following elastic parameters (elastic modulus
E and the Poisson’s ratio v) of the primary (dense) Al2O3 are
taken from the literature,[55,56] resulting in the elastic constants
C11,Al2O3

¼ 400.75 GPa and C12,Al2O3
¼ 100.4 GPa. The elastic

constants chosen for the pore volume C11,pore ¼ 5.0GPa and
C12,pore ¼ 1.0GPa are about a factor of 80 smaller than the
ceramic’s constants to ensure a minor influence on the
overall foam properties. For the MMC modeling, a perfect infil-
tration of the foam with aluminum is presumed, thus all of the
original pore volume is considered to be AlSi10Mg. This is a
reasonable assumption regarding the small residual porosity
after the infiltration process presented in Section 4. For the
aluminum alloy AlSi10Mg, the constants C11,AlSi10Mg ¼ 100.2
and C12,AlSi10Mg ¼ 47.1GPa were calculated (from E and v) given
by Wu and Harnischmacher.[57,58]

Figure 4. a,b) CT images of representative cross sections indicating the residual porosity of the MMC. c) SEM image of the ceramic foammicrostructure
prior to infiltration. d) SEM image of the MMC microstructure and internal metal/ceramic interfaces.
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A qualitative example of the stress and stain distribution in a
503 voxel cutout Al2O3 VE under simple uniaxial pressure load is
shown in Figure 6a.

It can be observed that stresses and strains show local varia-
tions due to the microstructure. It is assumed that the average

mechanical properties of the VE can be derived from the average
stresses σ̄ and strains ε̄ integrated over the volume V of the
respective structure, i.e.

σ̄ij ¼
1
V

Z
V
σij dV and ε̄ij ¼

1
V

Z
V
εij dV (6)

The effective stiffness tensor ℂ̄ correlates to the average
stresses and strains reading σ̄ ¼ ℂ̄∶ε̄. Using Voigt notation,
the stiffness tensor can be represented as a symmetric 6� 6
matrix ℂ and the second-order tensors as vectors reading
2
6666664

σ̄11
σ̄22
σ̄33
σ̄23
σ̄13
σ̄12

3
7777775
¼

2
6666664

C11 C12 C13 C14 C15 C16
C21 C22 C23 C24 C25 C26
C31 C32 C33 C34 C35 C36
C41 C42 C43 C44 C45 C46
C51 C52 C53 C54 C55 C56
C61 C62 C63 C64 C65 C66

3
7777775

2
6666664

ε̄11
ε̄22
ε̄33
2 ε̄23
2 ε̄13
2 ε̄12

3
7777775

(7)

To determine the 36 effective constitutive constant of the
matrix ℂ for the different cutoff volumes, simulations for six
independent load cases are applied to the foam structures and to
the MMC structures. These are pure compression tests in x(11)-,
y(22)-, and z(33)-direction as well as shear tests in yz(23)-,
xz(13)-, and xy(12)-direction with disabled strain in the other
directions, respectively (see Figure 6b). For all load cases, a
constant deformation gradient rate of ˙̄F ¼ 5� 10�4 s�1 was pre-
scribed for 1 s in the corresponding direction. From the resulting
average stress response, one column of ℂ can be determined for
each load case. Then, the effective elastic properties of the foam
and the composite are derived from ℂ with Voigt and Reuss
averages[59] as described by Soyarslan et al.[60]

The simulatively derived effective elastic moduli compared
with the experimentally determined values for a structure of
an edge length of 5 mm are shown in Figure 7a for the foam
structure and in Figure 7b for the MMC, respectively. The results
of the simulatively derived elastic modulus of the foam structure
dependent on the ceramic fraction of the considered cutoff is
shown in Figure 7c. Here, the size of the considered cutoff is
marked in color grades. The results are compared with common
analytical composite models, such as the Voigt[61] and Reuss[62]

(a) (b)

Figure 5. a) Example of cubic cutouts for the RVE study. Volumes from 103 to 1003 voxels were chosen at 15 randomly chosen center points in the filtered
micro-CT scan (right, blue dots). In the foam cutout shown in the middle of the box on the left side, the Al2O3 is blue and the pore volume is transparent.
b) Ceramic fractions of the VEs used for the investigation on effective elastic properties of the foam and the MMC. Green solid dots represent the average
value for each VE size. The black line corresponds to the ceramic fraction of the whole micro-CT scan shown in part (a).

(a)

(b)

Figure 6. a) 503 voxel foam structure under pressure load. Qualitative von
Mises stresses and strains resulting from a prescribed compression in
x-direction. b) The six independent load cases (pressure in x-, y-, and
z-direction and shear in yz-, xz-, and xy-direction) applied to determine
the stiffness matrix C of the foam or composite. Here, an MMC of 50 voxel
edge length with the Al2O3 shown in blue and the AlSi10Mg in transparent
red is used as an example.

www.advancedsciencenews.com www.aem-journal.com

Adv. Eng. Mater. 2020, 1901556 1901556 (7 of 11) © 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

http://www.advancedsciencenews.com
http://www.aem-journal.com


model considering bounds for axial and transverse loading, the
Hashin–Shtrikman upper and lower bounds[63] as well as the Hill
model.[59] Analogously, the results of the simulated MMC struc-
ture are shown in Figure 7d.

The experimentally determined stiffness coefficients are
measured with UPS in the different orientations of the specimen
cubes. The measurement follows the method, described by van
Buskirk et al.[64] Therefore, the necessary material densities are
measured experimentally, like described earlier. The apparent
density of the Al2O3 foam is 1.01 g cm�3 and the density
of the MMC is 2.95 g cm�3. The results are opposed to the
numerical determined stiffness coefficients in Table 1. Here,
average values of all 1003 voxel cutouts are listed.

The results of numerical and experimental determined elastic
modulus are shown in Table 1. Also, the Poisson’s ratio for the

Al2O3 foam and the MMC are determined numerically and
experimentally. The results are shown in Table 1.

7. Discussion

We introduced a material with an interpenetrating microstruc-
ture keeping spherically shaped pores with a mean radius of
14.39 μm. The investigations showed that the material incorpo-
rates a particularly high homogeneity with monomodal and
narrow pore size distribution as suggested by the preform
manufacturing process used. In the literature, ceramic foams
and preforms, respectively, are often assumed to be approxi-
mately homogeneous without proof and pore morphology is
quantified only by a mean pore/cell and window size or a pores

(a) (b)

(c) (d)

Figure 7. a) Effective elastic Moduli of the investigated VEs for the ceramic foam and b) the MMC, respectively. Fully colored dots represent the average
value for each VE size. The dashed line corresponds to the experimentally determined value for a specimen with a ceramic fraction of 30.4%. c) Effective
elastic modulus of the foam and d) the MMC applied over of the ceramic fraction of the single VEs. Boundaries of common analytic models for composite
materials (Voigt,[66] Reuss,[48] upper (HSþ) and lower (HS-) Hashin–Shtrikman,[19] Hill[20]) are presented for comparison.

Table 1. Determined stiffness coefficients (Cij), elastic moduli (Eij), and Poisson’s ratios (v) of the Al2O3 foam and theMMC. The numerical results shown
are average values of all simulated 1003 voxel structures. The experimental values marked with * are calculated from the other experimentally determined
elastic parameters, assuming isotropic material behavior. All values are given in GPa (except of v which has no unit).

C11 C22 C33 C44 C55 C66 C12 C13 C23 E11 E22 E33 Eeff V

Al2O3 Exp 30.2 29.8 28.5 7.2 6.7 6.6* 17.0* 17.0* 17.0* 19 19 15 18 0.36

Num 33.7 35.2 37.8 13.6 12.8 12.0 8.8 8.9 9.0 30 31 33 31 0.21

MMC exp 154.1 149.5 153.5 46.2 45.0 45.7* 63.2* 63.2* 63.2* 117 117 112 118 0.29

num 152.0 152.9 155.0 47.2 46.7 46.1 59.7 59.5 59.6 119 119 121 120 0.28
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per inch (ppi) value. However, in many cases fabrication meth-
ods already induce certain heterogeneity or directed microstruc-
tural distributions. In this study, homogeneity of the foam has
been proven by determining a well-defined distribution. Pore
sizes vary within one order of magnitude, thus they are compa-
rable to foams produced, e.g., by replica methods which are
considered to be homogeneous.[65] However, the relatively small
mean pore radius compared with other foams used for liquid
metal infiltration[4,28,66,67] is advantageous as investigations have
shown superior mechanical behaviour for microporous foams.
This is assumed to positively affect the properties of the
MMCs produced therefrom. Acchar et al.[68] determined an
approximately 1.5 times higher flexural strength for a 40 ppi
(�1.4MPa) compared with a 10 ppi replica foam (�0.8MPa).
Furthermore, Colombo and Bernardo[69] found that microcellu-
lar foams (8 μm cell size) made from preceramic polymers show
a 2–5 times higher compression strenght than macrocellular
foams (100–600 μm cell size) with similar density of the ceramic
struts (e.g., 19MPa vs 4MPa for a bulk density of approximately
0.45 g cm�3).

Based on the applied filtering methods, the foam and MMC
structures can be efficiently modeled using a FFT method.
Analyzing the microstructure with respect to the ceramic volume
fraction (Figure 5b), it is found that starting from an RVE edge
length of about 160 μm (or 60 voxels) the structure yields a stable
ceramic fraction of approximately 30%. This finding underlines
the high homogeneity of the preform and the MMC, respectively,
as well as the representative character, i.e., size of the region of
interest chosen within the cuboid sample.

Comparing the effective elastic properties for this RVE size
shows that the effective elastic modulus derived by simulations
corresponds well with the experimental values of the MMC
(Figure 7b). Here, the FFT modeling technique yields reasonable
insights and a robust as well as efficient computational method
for the analysis of the locally heterogeneous MMC microstruc-
tures based on micro-CT scans. The results in Figure 7d show
that the effective elastic modulus can be approximated by
Hill’s model based on the ceramic fraction. The different sizes
and topologies of the single cutoff microstructures have only
minor impacts on the results compared with the ceramic fraction
of the VEs. This finding shows that the important microstruc-
tural features can be captured even for very small cutouts
volume, which again indicates a high homogeneity of the mate-
rial. Considering these insights, we can confirm the choice of our
ROI size to be sufficiently large because it captures the materials
overall ceramic fraction. However, a definite RVE might not yet
be found even for a 1003 voxel VE size.

For the ceramic foam structure, the results for the effective
elastic modulus obtained from simulations exceed the measured
values (see Figure 7a,c). This might be because that a small but
nonzero stiffness has been assigned to the pore volume. A slight
stiffening might also come in due to free surfaces that cannot be
modeled with the chosen method because neighboring nodes/
integration points are always considered to be perfectly bonded.
This leads to an overestimation of the stiffness in the numerical
studies of the foam. Furthermore, the results for the effective
values of the chosen cutoff structures show larger scattering,
especially for small VEs. However, this behaviour can be
expected due to the larger stiffness contrast of the ceramic

and the pore fractions. Small variations in the ceramic fraction
and its geometrical arrangement can have an influence on the
elastic properties. For very small cutoffs, it is possible that only
a small number or even no connected ceramic paths exist in one
or several directions of the investigated RVE. This would result in
a very low stiffness in the corresponding direction, although the
overall ceramic fraction does not necessarily has to be small. This
effect might occur even stronger for shear load due to the FFT
voxel discretization of the structure because neighboring hexahe-
dral elements are connected only via the surfaces. To transmit
stress in a direction diagonally to the coordinate axes, a ceramic
connection of at least two voxels is needed. Otherwise, the
properties are pore-dominated. To minimize this effect, a signif-
icantly higher voxel resolution could be chosen for the simula-
tion. However, the impact of such geometric characteristics is
observed just for the foam structure. The smaller difference of
the elastic constants of the composite material and the “support’’
of the aluminum matrix significantly reduces this effect and is
negligibly small in the present observation.

The experimental microstructural investigations proof the
completeness of the infiltration process of the composite and
attest the fitting infiltration parameters for the gas-pressure infil-
tration. Merely casting defects inside of bigger areas of metal and
at the phase boundary can be detected. These can be explained by
the density difference of the infiltrated metal melt and the after-
ward solidified metal matrix (shrinkage effects). The contraction
of the metal matrix during solidification can either lead to an
interfacial debonding which causes the sickle-shaped pores in
the cross section pictures at the phase boundaries or to casting
flaws as seen inside the metal phase. In addition, the preform
may feature some closed-cell porosity due to the manufacturing
process. With a total residual porosity of about 3%, there are
other materials showing slightly lower residual porosity, as,
e.g., Prielipp et al.,[29] who quote a porosity of 1% for their
pore-former-based ceramic foam composite. However, their
ceramic content is almost twice as high as in the present mate-
rial. Merzkirch et al.[14] quote a residual porosity of up to 1.7% for
their freeze-casted alumina/aluminumMMC. However, they use
a method to determine open porosity only. Gil et al., e.g., used a
ceramic foam with comparable porosity for infiltration.[70]

The microstructure of the foam shows different disadvantages,
like a large portion of 4.6% closed porosity in the ceramic foam
with 74% porosity. Also, the microstructure of the foams they
used is difficult to infiltrate because of small pores with a signifi-
cant volume portion within the cell walls, which are just con-
nected by fine branched pore channels. To infiltrate the whole
open porosity under respect of these microstructural aspects,
an infiltration pressure of 103 bar is necessary. The results in
the present article show that a satisfying result of infiltration with
the microstructure of the ceramic preform used in thisarticle,
with only 40 bar infiltration pressure can be achieved. In the arti-
cle of Dolata, the microstructural influence of the manufacturing
technique of porous struts becomes obvious.[11] In comparison
with their ceramic preform, the compact and dense cell
walls of the ceramic foam used in this studies are shown.
These examples show the significance of the microstructure of
the ceramic preform for a successful development of an inter-
penetrating MMC.
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For the investigations of elastic properties, the numerical
results proof in comparison with the experiment a minor impact
of the residual porosity. This can be seen from the comparison of
numerical and experimental data in Table 1, as the elastic
properties only differ by a maximum of 2%. An almost perfectly
isotropic behavior of both the foam and the MMC was deter-
mined in the experiments and in the simulations emphasizing
the high homogeneity of the ceramic preform as well as the good
quality of AlSi10Mg infiltration.

The MMC with a ceramic fraction of 30.4% shows an effective
elastic modulus of approximately 120 GPa. As the preform cho-
sen has not been used for the manufacturing of interpenetrating
composites before, just a small number of investigations with at
least similar composite constituents, fractions, and architectures
can be considered for a comparison of the elastic properties.
However, as our numerical investigations yield a clear depen-
dence of elastic properties on ceramic fraction, a comparison
with other interpenetrating aluminum/alumina composites with
similar volume fractions can be made. Peng et al. determined
elastic moduli of almost 110 GPa for a composite made from
6061 aluminum alloy and a ceramic volume fraction of
�22.5%.[4] Roy et al.[35] and Moon et al.[71] found elastic moduli
of 140–156 and 135 GPa, respectively, for pore-former-based alu-
mina preform MMCs with a ceramic content of approximately
35% and an AlSi12 aluminum alloy metal matrix.

The elastic properties of the material introduced in our study
are comparable with the values published in the literature con-
sidering the corresponding ceramic contents. However, to the
best knowledge of the authors, the highly isotropic behavior even
on a small length scale has not been reached for interpenetrating
alimunum/alumina composites so far. Therefore, superior prop-
erties of the investigated material are expected beyond the elastic
range and will be subject to further investigations.

8. Conclusion

The MMCmaterial has been investigated including the character-
ization of its slurry-based, open-cell ceramic preform. Based on
the acquired CT data including the morphology and microstruc-
ture of the ceramic preform, the investigations on the elastic prop-
erties and characterization of the material were taken parallel in
an experimental and numerical study. By establishing a suitable
model, the elastic properties of the ceramic preform and the infil-
trated MMC could be simulated as well as dependencies of the
behavior of the composite and the influences in scale of the inves-
tigated VE. Experimental investigations were taken on the infiltra-
tion of the ceramic preform via gas pressure infiltration with the
aluminum alloy AlSi10Mg and the determination on the elastic
behavior of the ceramic preform as well as the MMC.

It has been shown that the numerical material model provides
reasonable results for the MMC. The experimental data could be
reproduced accurately and thus allow for meaningful insights into
the complex microstructure. The numerical investigations on the
RVE size showed a stabilization of the results to a certain range of
values for cubes with an edge length of �160 μm. The values
are stable and reproducible for a similar ratio of ceramic–metal
volume fractions in the compared representative volumes.

This also showed the sufficient size of the ROI taken for the
CT investigations.

Closer investigations on increasing VEs might bring scientific
findings on a definite RVE. Yet, as the major influence of the
ceramic fraction has been shown in this study, a smaller VE size
with the right material fractions is perfectly sufficient to deter-
mine the effective elastic properties, and furthermore, more effi-
cient considering computational time. With the numerial model
other morphologies of ceramic preforms as well as other material
combinations can be investigated. For example, RVE microstruc-
tures can be generated by computational methods and further be
used to optimize the microstructure itself by systematically vary-
ing, i.e., the pore size distribution or morphology.

The well-consistent results of numerical and experimental
investigation proved the choice of suited parameters for the
gas pressure infiltration. The small amount of residual porosity
did not carry weight for the elastic properties. It has been found
that the novel MMC material follows the Hill model quite accu-
rately and therefore showed also locally a highly homogeneous
elastic behavior. This supports the investigations on the elastic
properties that showed a strongly isotropic behavior of the
MMC as a result of the highly homogeneous ceramic preform
used. Furthermore, the narrow pore size distribution and small
mean pore size of the preform promise superior properties for
the mechanical application of the MMC.

A next step of experimental and numerical investigations on
the novel material will be the investigation of the properties
beyond the elastic range. Here, the residual porosity might play
a significant role. Therefore, a reduction of the residual porosity
is an achievable goal: higher pressure for gas pressure infiltration
can show if casting defects are reducible/avoidable.
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