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Influence of Ceramic Freeze-Casting Temperature
on the Anisotropic Thermal Expansion Behavior
of Corresponding Interpenetrating Metal/Ceramic

Composites
Siddhartha Roy, Pascal Albrecht, and Kay André Weidenmann

Interpenetrating phase metal/ceramic composites (IPC) offer an optimum combination of strength, stiff-
ness, wear resistance, and thermal properties. Ceramic preforms fabricated by freeze-casting are optimum
for IPC fabrication due to the lamellar open porous structure of the preforms and their excellent perme-
ability for melt infiltration. While the thermal properties of IPCs based on freeze-cast ceramic preforms
have been sporadically studied, to the best of our knowledge, this is the maiden work where the influence of
ceramic preform�s freeze-casting temperature and preform anisotropy on the thermal expansion behavior
of the resulting IPC has been systematically investigated. Preforms were freeze-cast at two different tem-
peratures, 2 10, and 2 30 �C. Thermal expansion behavior was studied by thermal cycling at a slow rate
between room temperature and 500 �C. Both thermal strain and coefficient of thermal expansion (CTE)
were determined as a function of temperature along the freezing direction and along a direction orthogonal
to it. Elastic anisotropy present in the composite samples was estimated prior to the thermal expansion
measurements using a non-destructive ultrasonic technique. The results showed that the lamellar aniso-
tropic preform structure and corresponding elastic anisotropy had a strong influence on the composite�s
thermal expansion behavior—generally, the highest thermal strain and CTE were achieved along the most
compliant direction. The measured CTE values were compared with relevant analytical models.

Keywords elastic anisotropy, freeze-casting, interpenetrating
structure, metal/ceramic composites, thermal
expansion

1. Introduction

Metal/ceramic composites with an interpenetrating structure
(IPC) possess a co-continuous and three-dimensional percolat-
ing network of both metallic and ceramic phases (so-called 3-3
connectivity as proposed by Newnham (Ref 1)). IPCs offer
several advantages over other composite morphologies such as
particle reinforced as well as long and short fiber-reinforced
composites. These include a good combination of strength and
toughness, reasonably high stiffness and wear resistance, lower

thermal expansion along all directions, near isotropic charac-
teristics, etc. (Ref 2-4). Moreover, in IPCs it is also readily
possible to tailor the properties by varying the morphologies of
the individual phases. IPCs are typically fabricated by infiltra-
tion of liquid metal in an open porous ceramic body (known as
preform). Several different processing routes have been suc-
cessfully employed in the last several years to fabricate open
porous ceramic preforms suitable for the fabrication of IPCs
(Ref 5, 6). Among the processing routes employed to fabricate
the porous ceramic bodies, freeze-casting has been used rather
extensively in recent years (Ref 7-13). Preforms fabricated by
freeze-casting and drying possess a typical domain structure
with each domain consisting of parallel ceramic lamellae. Such
preforms offer several attractive features, e.g., environment-
friendly processing route, presence of a wide range of open
porosity with excellent permeability for successful melt infil-
tration to fabricate composites, sufficient mechanical strength
after sintering as well as ease of varying both the ceramic
content and ceramic phase morphology for tailor-made struc-
ture and properties (Ref 14-19).

Considering the unique microstructure of freeze-cast porous
ceramics and metal/ceramic composites based on them, several
recent studies have been carried out on these composites. Shaga
et al. (Ref 20) combined freeze-casting and pressureless
infiltration to fabricate interpenetrating Al-Si-Mg/SiC compos-
ites with up to 40 vol.% SiC. The composite with 30 vol.% SiC
yielded the highest compressive strength of 722 MPa along the
freezing direction. The elastic constants along longitudinal and
transverse directions were determined from the measured
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was measured for the composite with 40 vol.% SiC. As the
density of the composite was only 2.87 g/cc, the specific
stiffness of the composite was almost 57 GPa/(g/cc). Guo et al.
(Ref 21) also fabricated Al-Si-Mg/Al2O3-ZrO2 IPCs by freeze-
casting and pressureless infiltration. The total ceramic content
was maintained constant, while the ratio of Al2O3:ZrO2 was
varied. The composition of the ceramic mixture, lamellar
structure, and the extent of interfacial reaction controlled the
strength of the composite. The highest compressive strength
and bending strength were achieved in the composites with the
lowest Al2O3 content in the porous ceramic composite preform.
Qi et al. (Ref 9) used ultrasonic-assisted spontaneous infiltra-
tion of Zn-5Al in freeze-cast ZrB2-SiC preforms to fabricate
IPCs. The resulting mechanical properties continuously im-
proved with the increasing duration of the ultrasonic casting.
After a duration of 300 s, the measured flexural strength,
compressive strength, and fracture toughness were 225, 210,
and 3 MPa�m, respectively. In further work, Guo et al. (Ref 22)
pressure-infiltrated Al in freeze-cast Al2O3-ZrO2 preforms to
fabricate IPCs. In composites with 41 vol.% ceramic, the
achieved flexural strength and KIC fracture toughness were 293
and 9.0 MPa�m, respectively. With increasing ceramic content
and sintering temperature, the ceramic lamellae became more
compact. This reduced the content of brittle Al3Zr and
correspondingly the strength and fracture toughness of the
IPC increased. Ferraro et al. (Ref 23) fabricated metal/ceramic
microlaminates through pressureless infiltration of Al-4Mg in
freeze-cast alumina preforms. The composites exhibited a good
combination of strength and toughness with a flexural strength
of 735 MPa and 3-point bending fracture toughness of
15.6 MPa�m. In a recent study, Roy et al. (Ref 24) studied
the effect of freeze-casting temperature and melt infiltration
technique on stiffness and compressive strength of Al-12Si/
Al2O3 freeze-cast composites. Squeeze-casting and die-casting
were employed to infiltrate the freeze-cast ceramic preforms. A
reduction in the freezing temperature of the preforms yielded a
finer ceramic structure, which ultimately resulted in a signif-
icant increase in stiffness and compressive strength along the
freezing direction. The measured highest compressive strength
was more than 1.1 GPa. The domain-level mechanical prop-
erties, as well as the influence of the domain orientation on the
stiffness, compressive strength, deformation behavior, and
internal load transfer mechanism of IPCs based on freeze-cast
ceramic preforms, were also studied in several research articles
(Ref 25-28). These studies confirmed that the individual
domains of the IPC displayed pronounced anisotropy—being
stiff, strong, and quasi-brittle along the ceramic lamellae
(ceramic controlled behavior) and compliant, soft, and ductile
transverse to the lamellae (metallic alloy controlled behavior).
Further, when mechanically loaded, significant load transfer
occurred from the softer and more compliant metallic phase to
the ceramic through the strong metal/ceramic interphase. As the
metallic alloy started undergoing plastic deformation, the extent
of load transfer increased even further and the highest stress
borne by the ceramic phase was more than double that of the
applied stress. A thorough treatment of the mechanism of
internal load transfer is available in a recent review article (Ref
29).

Owing to the higher melting points and thermal conductiv-
ities of metals over polymers, composites based on metallic
matrix offer much improved high-temperature properties and
creep resistance than polymer matrix composites (Ref 30, 31).

Furthermore, composites� thermal properties depend strongly
upon the reinforcement content and its morphology, distribu-
tion, and orientation. As the morphology and content of the
ceramic phase in freeze-cast preforms can be widely varied,
metal/ceramic composites based on these preforms can poten-
tially be very attractive for thermal management applications.
Despite this strong motivation, only a few studies have been
reported so far on the thermal properties of IPCs based on
freeze-cast ceramic preforms (Ref 32-35). Hautcoeur et al. (Ref
33) studied the thermal conductivity of IPCs fabricated by
infiltration of aluminum alloy melt in freeze-cast alumina and
zirconia preforms. The composites displayed a large anisotropy
with high thermal conductivity parallel to the freezing direction
and much lower thermal conductivity perpendicular to it. Tang
et al. (Ref 34) fabricated Al2O3/Cu heat dissipation substrates
by freeze tape casting and melt infiltration. Both thermal
conductivity and thermal expansion coefficient decreased with
increasing alumina content. The heat dissipation property of the
LED modules with the fabricated IPC substrates was consid-
erably better than the commercially available modules with
pure alumina substrates. Nakata and Suganuma (Ref 35) first
fabricated porous alumina preforms with 15-70 vol.% porosity
by gelate-freezing and particle sintering, and subsequently,
alumina/Al IPCs were fabricated by squeeze-casting. Both
thermal conductivity and coefficient of thermal expansion
(CTE) of the IPCs increased with increasing Al-content.

The foregoing discussion shows that a systematic study of
the influence of structural anisotropy and lamellae size on the
thermal expansion behavior of IPCs based on freeze-cast
ceramic preforms is still lacking. In some previous relevant
works (Ref 32, 36, 37), we studied the thermal expansion
behavior in some Al-Si alloy/alumina IPCs. The primary aim of
these studies was to ascertain the influence of the ceramic
content and morphology on the thermal expansion behavior,
especially on the CTE. In (Ref 37), open porous alumina
preforms were fabricated using polymer waxes as pore formers.
These preforms were infiltrated using Al-12Si alloy to fabricate
IPCs with alumina content between 30 and 40 vol.%. With
increasing alumina content, the CTE of the IPC decreased
continuously. The measured CTEs were compared with differ-
ent analytical models and the Schapery upper bound was the
most accurate. Similar IPCs fabricated based on porous alumina
preforms using cellulose fibers as pore formers were studied in
(Ref 36). The green bodies for the porous preforms were
fabricated by uniaxial pressing of mixtures of alumina powders
and cellulose fibers, used as pore formers. This uniaxial
pressing of the powder mixtures rendered the prefroms to
behave as transverse isotropic materials having lower stiffness
along the preform press direction. CTE measurement of the
IPCs along the three orthogonal directions showed that the
thermal expansion behavior of the IPCs was also transverse
isotropic—highest thermal expansion was observed along the
direction of the lowest stiffness. Finally, in (Ref 32) we studied
the influence of phase morphologies at similar ceramic contents
through direct comparison between IPCs having a random
structure and iPCs with columnar structure based on freeze-cast
alumina preforms. Within the scope of this work, our aim is to
carry out a detailed analysis of the influence of the freeze-
casting process parameters on the thermal expansion behavior
of the corresponding composites. To the best of our knowledge,
this aspect of such composites has never been studied before.
Some of the results reported in this work have already been
published in (Ref 32); however, they have been included here



       

to facilitate a detailed comparison between microstructures

                                                                

obtained using different freeze-casting conditions.
Freeze-cast alumina preforms with similar ceramic content

were first fabricated by freezing at two different sub-zero
temperatures and subsequent sintering, thereby resulting in
different ceramic lamellae sizes. IPCs were fabricated by
infiltration of Al-12Si melt in the fabricated preforms via
squeeze-casting. Thermal expansion behavior of the IPCs
parallel and orthogonal to the freezing direction was measured
by thermal cycling between room temperature and 500 °C at a
slow heating–cooling rate within a dilatometer. The extent of
processing induced structural anisotropy of the studied IPC
samples was determined by non-destructive ultrasonic modulus
measurement prior to dilatometer measurements. The CTE

evolution in different samples and along various directions has
been compared with different analytical model predictions.

2. Experimental Procedure

2.1 Sample Fabrication and Microstructural
Characterization

A detailed description of the processing route and
microstructural characterization of the porous ceramic pre-
forms, as well as the IPCs, is available in several earlier
publications (Ref 17, 24-26). Hence, only the information
absolutely relevant to the present work is mentioned here

Fig. 1 Representative optical micrographs of the studied IPC samples. (a—b): Micrographs for the ceramic preform freeze-cast at � 10 °C and
(c-d): micrographs for the ceramic preform freeze-cast at � 30 °C. Micrographs (a) and (c) show the faces normal to the freezing direction.
Micrographs (b) and (d) show the faces parallel to the freezing direction

Table 1 Summary table for dimensions, density, ceramic content, longitudinal sound wave velocities and corresponding
longitudinal elastic constants, and anisotropy ratio of the longitudinal elastic constants in the samples studied

Sample Dimensions, mm
Density,
Mg/m3

Ceramic content,
vol.% VL, m/s VT1, m/s VT2, m/s

Cii,L,
GPa

Cii,T1,
GPa

Cii,T2,
GPa AR

Al-12Si 4 9 6.75 9 4.15 2.68 … 6767 ± 45 6733 ± 26 6760 ± 9 123 122 123 0
IPC-10,

F
6.88 9 4.18 9 4.11 3.14 41 8401 ± 91 7399 ± 17 8124 ± 43 222 172 207 0.15

IPC-10,
N

4.17 9 7.16 9 4.42 3.18 38 8319 ± 11 7823 ± 95 7656 ± 24 220 194 186 0.14

IPC-30,
F

6.94 9 4.12 9 4.19 3.16 40 8525 ± 18 7689 ± 45 7498 ± 158 230 187 178 0.21

IPC-30,
N

4.17 9 7.08 9 4.12 3.15 39 8530 ± 67 7396 ± 92 7712 ± 32 229 172 187 0.22
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Institute for Applied Materials—Ceramic Materials and Tech-
nologies (IAM-KWT), Karlsruhe Institute of Technology,
Germany, via freeze-casting and subsequent sintering. The
initial ceramic content in the slurry was 22 vol.%, and freeze-
casting was carried out at two different temperatures of – 10 °C
and – 30 °C to obtain different lamellae sizes in the preforms.
The nominal dimensions of the fabricated preforms were
10 9 44 9 66 mm3. IPCs were fabricated by infiltrating Al-
12Si melt in the porous preforms by squeeze-casting under an
applied pressure of 100 MPa. Squeeze-casting was carried out
at the Institute of Surface Technology and Materials Science at
Aalen University of Applied Sciences, Aalen, Germany.

SEM images of the porous alumina preforms have already
been published in (Ref 24, 26). These preforms display a
characteristic porous lamellar structure and ceramic bridges
connecting the lamellae. Representative optical micrographs of
the infiltrated IPCs are shown in Fig. 1. In this figure, the
micrographs (a-b) and (c-d) belong to the IPCs based on the
alumina preforms freeze-cast at – 10 °C (hereafter named IPC-
10) and – 30 °C (hereafter named IPC – 30), respectively.
While micrographs (a) and (c) correspond to the face orthog-
onal to the preform freezing direction, micrographs (b) and (d)
correspond to the faces parallel to the freezing direction. In all
the micrographs, the darker regions denote the alumina ceramic

while the lighter regions correspond to the near eutectic
metallic alloy Al-12Si. As the solubility of Al in Si is zero at all
temperatures, the microstructure of the metallic alloy consists
of Al-rich primary a-phase and pure Si particles. The
microstructures of the faces normal to the freezing direction
in both IPC types show an alternating lamellar structure. Due to
the lower freezing temperature of the preform freeze-cast at
– 30 °C, the lamellae in IPC–30 are much finer. The lamellae
thickness in both IPC types on the face normal to the freezing
direction was measured using the software ImageJ. The average
lamellae thickness ± standard deviation for the two IPCs IPC-
10 and IPC-30 was measured to be 35 ± 13 lm and
22.5 ± 8 lm, respectively. As the ceramic lamellae grow on
the cold substrate surface along the freezing direction, along the
freezing direction the lamellae are mostly continuous. The
thicknesses of these continuous lamellae on the plane parallel to
the freezing direction do not represent the actual lamellae
thickness, as it depends upon the orientation of the lamellae and
the angle at which they section the plane of observation (Ref
25). Detailed SEM analysis of the microstructure as well as the
study of the in situ damage evolution under compression within
an SEM (Ref 26) has confirmed that the interfacial bonding
between the metallic and ceramic lamellae is strong. When
compressed along the freezing direction, failure of the IPCs
occurred by ceramic crushing while the interfacial regions
remained mostly unaffected until significant damage occurred.
The amount of residual porosity in the IPCs was measured via
the Archimedes principle and micro-computed tomographic
(lCT) analysis. The residual porosity in IPC-10 and IPC-30
was found to be almost 3% and 0.5%, respectively (Ref 28).

Five cuboid-shaped samples were studied in this work—one
unreinforced Al-12Si sample and two samples each of IPC
� 10 and IPC � 30. The Al-12Si sample was cut from the
excess metallic region of one of the cast composites to ensure
that it has undergone the same thermal and processing history.
Hence, the behavior of this sample can be considered
representative of Al-12Si in the composite. The samples had
nominal dimensions of 4 9 4 9 7 mm3. The change in sample
length during the dilatometer measurements was carried out
along the longest dimension in each sample. Table 1 summa-
rizes the dimensions, density, and ceramic content of the
samples studied. Ceramic content was measured assuming the
absence of any residual porosity.

2.2 Measurement of Longitudinal Elastic Constants Using
Ultrasound Phase Spectroscopy (UPS) Method

The longitudinal elastic constants along the three mutually
orthogonal directions in each cuboid sample were measured
using the non-destructive ultrasound phase spectroscopy (UPS)
technique. The theoretical background of this technique has
been discussed in detail in several recent publications (Ref 38,
39) and will not be repeated. In this technique, a continuous,
harmonic, and sinusoidal ultrasonic wave is transmitted through
the sample and the phase shift of the propagating wave is
measured as a function of frequency. One network analyzer
(Advantest 3754A) and two identical broadband ultrasonic
longitudinal wave transducers (Panametrics V122 with a central
frequency of 5 MHz) were used for measurement purposes,
with one transducer acting as a transmitter and the second
transducer acting as a receiver. A water-soluble couplant was
used between the transducers and the sample to facilitate the
propagation of ultrasound in the sample. To define the

Fig. 2 Temperature vs. time profile followed during the
measurement of thermal strain in dilatometer

Fig. 3 Representative phase-frequency and amplitude-frequency
spectra obtained from UPS of one IPC sample
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the freezing direction was denoted as ‘‘L’’ and the two
directions normal to the freezing direction were denoted as
‘‘T1’’ and ‘‘T2,’’ respectively. For a non-dispersive sample, the
slope of the phase-frequency spectrum yields a straight line
with a quasi-constant slope. The sound velocity along any
direction i (Vii) can be determined from the sample length and
the measured constant slope of the phase-frequency spectrum.
The corresponding elastic constant can be determined from the
sound velocity according to the relation

Cii ¼ q � V 2 ðEq 1Þ

where q is the sample density. In this study, each measurement
was repeated thrice and their average ± standard deviation is
reported.

2.3 Dilatometer Measurements

Thermal expansion measurement studies were performed at
the Institute of Applied Materials (IAM-WK), Karlsruhe
Institute of Technology, Germany. A dilatometer of type DIL
805A/D from Bähr-Thermoanalyse GmbH, Hüllhorst, Ger-
many, was used to measure the length change of the samples as
a function of temperature during both heating and cooling. A
thorough description of the experimental procedure is available
in (Ref 40). Length change was measured along the long axis of
each sample studied. Hereafter, for the samples undergoing
dilatometer experiments, the direction parallel to the freezing
direction in each IPC sample will be marked with ‘‘F’’ and the
direction normal to the freezing direction will be marked with
‘‘N.’’ Out of the two normal directions, dilatometer experiments
were carried out only along one direction. The directions ‘‘F’’
and ‘‘N’’ correspond to directions ‘‘L’’ and ‘‘T1 or T2’’ of
ultrasonic experiments, respectively. For thermal expansion
measurements, the sample was placed between two alumina
pushrods. One pushrod was fixed, and the other pushrod was
connected to a linear variable differential transformer (LVDT)
to measure the sample length change precisely. The two
opposite faces of the samples along the direction of length
change measurement, which were in touch with the pushrods,
were polished well prior to the experiments to ensure plane
parallelism. A thermocouple of type S was spot welded to the
sample prior to the experiment to continuously record the
sample temperature. During the experiment, the sample was
placed in the center of an induction coil and the dilatometer
chamber was filled with inert helium gas. For each sample, four
thermal cycles (both heating and cooling) were carried out
between room temperature and 500 °C at a constant heat-
ing/cooling rate of 5 °C/min. Temperature-time profile fol-
lowed during dilatometer measurements are shown in Fig. 2.

3. Results and Discussions

Figure 3 shows representative phase-frequency and ampli-
tude-frequency spectra obtained from UPS of one IPC-10
sample measured along the freezing direction. Similar spectra
were obtained for all other samples studied in this work. The
figure shows that over the complete frequency range, the phase
spectrum (red curve) has a quasi-constant slope. This proves
that the samples are non-dispersive and sound velocity is
independent of frequency. The amplitude spectrum oscillates in

a regular fashion and decreases continuously with increasing
frequency due to an increase in attenuation. However, even at
the highest frequency of 15 MHz studied in this work, the
amplitude remains at a reasonably high value, confirming that
the measured signal strength is sufficiently high throughout.
According to Wanner (Ref 41), the amplitude spectrum is an
important measure of signal quality. While amplitude always
decreases with increasing frequency, a large drop beyond a
limiting frequency denotes that no measurement is possible
above that frequency.

The measured sound velocities and the longitudinal elastic
constants determined therefrom along the three orthogonal
directions in each studied sample prior to the dilatometer
experiment are provided in Table 1. In an isotropic material,
identical elastic constants are obtained along all directions of a
sample, while in anisotropic materials, different elastic con-
stants are obtained in different directions (Ref 42, 43). Table 1
shows that, as expected, unreinforced Al-12Si is elastically
isotropic. All the IPC samples studied are elastically aniso-
tropic. As previously shown in (Ref 24, 25), due to the
continuous ceramic lamellae along the freezing direction, in
each composite sample the highest elastic constant is obtained

Fig. 4 Plot of thermal strain vs. temperature during the four
dilatometer cycles in the IPC-30 sample along F direction

Fig. 5 Plot of thermal strain vs. temperature during the second
heating path in all studied samples
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two transverse directions (Cii,T1 and Cii,T2) are lower and
depend upon the orientation of the ceramic lamellae with
respect to the measurement direction. If the relative lengths of
the lamellae are small with respect to the sample dimensions
and they are oriented randomly, the elastic constants along the
two transverse directions should be similar and the IPC should
be treated as transversely isotropic material. In fact, it is
observed that due to the much finer lamellae size in IPC-30, for

these composite samples the difference between Cii,T1, and
Cii,T2 is smaller than that in IPC-10. As the elastic anisotropy of
composites plays a major role in its thermal expansion
behavior, the anisotropy ratio (AR) has been defined in this
work as

AR ¼
Cii;L � average Cii;T1;Cii;T2

� �

Cii;L
ðEq 2Þ

The corresponding AR values in the studied samples are
also shown in Table 1. For unreinforced Al-12Si sample,
AR = 0. The extent of elastic anisotropy in IPC-30 is almost
50% higher than that in IPC-10 (AR � 0.21 for IPC-30, while
for IPC-10, AR � 0.14). This results from the higher Cii,L in
IPC-30 samples caused by the much finer lamellae size.

Figure 4 shows plots of thermal strain vs. temperature along
the freezing direction in IPC freeze-cast at � 30 °C, respec-
tively. The plot is representative of all the samples studied in
this work in the fact that the highest thermal hysteresis and
residual thermal strain at the completion of the cycle were
observed after the first cycle. The subsequent cycles (cycles 2-
4) displayed significantly reduced thermal hysteresis—the
heating and cooling cycles showed almost closed form shapes
and the strain increment was almost zero. Due to the large CTE
difference between the constituents (Al-12Si and Al2O3) of the
IPC, significant thermal residual stresses are generated in such
composites during cooling after melt infiltration. Due to the
lower CTE of the ceramic phase, in the as-fabricated samples,
Al2O3 should have compressive residual stresses, and to
balance it, the residual stress state in Al-12Si should be tensile
(Ref 29, 44). The first heating–cooling cycle is strongly
affected by the processing-induced residual stresses in the
samples, and hence, the observed behavior is not representative
of the actual samples. After the first cycle, due to the slow
heating–cooling rate, the samples have annealed, the residual
stresses have stabilized, and correspondingly, the trend
observed during cycles 2-4 is more representative of the actual
behavior. Similar cyclic thermal strain evolution has been
observed in several previous research articles involving a wide
range of reinforcement phase morphologies (Ref 36, 37, 45).
Correspondingly, the evolution of the thermal strain during the
second heating path and the average CTE during the heating
paths of cycles 2–4 will be used in this work for further
discussion.

Figure 5 shows the evolution of thermal strain vs. temper-
ature for the second heating path in all the samples studied. An
identical trend was observed during heating paths 3 and 4. The
plot shows that, as expected, the highest thermal strain was
experienced by the unreinforced Al-12Si sample. The addition

Table 2 Material parameters used to calculate the analytical model expressions for CTE of the composites at 50 and
300 �C

Young�s modulus, E , GPa Shear modulus, G, GPa Bulk modulus, K, GPa Poisson�s ratio, v CTE, 3 10–6/K

At 50 °C
Al-12Si 74.4 27.97 72.94 0.33 19.8
Al2O3 398.45 160.97 255.42 0.24 6.1
At 300 °C
Al-12Si 62.7 23.40 65.31 0.34 24.8
Al2O3 385.5 155.46 247.14 0.24 7.7

Fig. 7 Plot showing the evolution of CTE vs. temperature during
the heating path for the samples studied in this work. The data
points for alumina have been taken from (Ref 53)

Fig. 6 Methodology followed to determine the CTE of the samples
at the midpoint of each 25 K interval
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its obvious higher stiffness and corresponding strong constrain-
ing effect to the unhindered thermal expansion of Al-12Si.
However, the IPC samples display strong direction-dependent
anisotropy of thermal strain. Significantly lower thermal strains
are observed in the IPC samples along the preform freezing
direction (i.e., direction F), while along the normal directions
the thermal strains are considerably higher.

The prevalent thermal strain anisotropy can be attributed to
different residual stress states and the temperature-dependent
flow behavior of Al-12Si and Al2O3. As already discussed, in
the as-fabricated condition, the residual stresses in Al-12Si
should be tensile in nature while within Al2O3, the residual
stresses should be compressive. During re-heating, Al-12Si
would try to expand more due to its higher CTE which would
be impeded by the presence of the high volume content of stiff
Al2O3. This would induce compressive stresses in Al-12Si.
With continued heating, initially, these CTE mismatch-induced
compressive residual stresses in Al-12Si would act to cancel
out the processing-induced tensile residual stresses. At even
higher temperatures, compressive stresses in Al-12Si would
increase further. In metal/ceramic composites, the situation is
rendered even more complicated due to different flow behaviors
of its constituents. While Al2O3 would remain elastic through-
out, for Al-12Si, the yield stress would decrease with increasing
temperature. Correspondingly, at some point during the heating
of the composite, Al-12Si would undergo plastic deformation.
As during plastic deformation metallic alloys behave as
incompressible solids (i.e., volume remains constant and
Poisson�s ratio = 0.5 (Ref 46)), this would essentially mean
that if the volume expansion along any one direction is
hindered, the expansion would be higher along the other
directions (ideally, for an isotropic material, such as polycrys-
talline metals and their alloys in the absence of texture,
expansion coefficient is same along all directions and volu-
metric expansion coefficient (b) is three times the linear
expansion coefficient (a) (Ref 47). In the IPCs under study, the
continuous Al2O3 lamellae along the F direction and the strong
interfacial bonding present between Al-12Si and Al2O3 (as
already documented by in situ SEM compression tests in (Ref
26) would operate together to constrict the thermal expansion
of Al-12Si along this direction, and as a result, the overall
thermal strain in the IPCs along the F direction would be

smaller. To satisfy the constant volume criterion, expansion of
Al-12Si will be much more pronounced along the orthogonal N
directions and this would consequently lead to the observed
much higher thermal strains of the IPCs along these directions.
Similar thermal strain anisotropy has already been reported in
different metal/ceramic composites with aligned reinforce-
ments, such as unidirectional fiber-reinforced composites (Ref
48), short-fiber reinforced composites (Ref 49-51), layered
composites (Ref 45), as well as some IPCs with anisotropic
preform stiffness (Ref 52).

To determine the progressive evolution of CTE with
temperature, the average of the length change vs. temperature
plots during heating paths 2–4 was first discretized into
intervals of 25 K each. For each interval, a straight line was
fitted to the plot and its slope was determined. Finally, the CTE
corresponding to the mean temperature of each such interval
was determined according to:

a ¼ 1

l0
� dl
dT

ðEq 3Þ

where l0 is the length of the sample along the measurement
direction at the start of each interval and dl=dtð Þ is the slope of
the length change vs. temperature plot determined for each
interval, as discussed above. A schematic explaining the
methodology followed to determine the CTE at the midpoint
of each interval is shown in Fig. 6.

Figure 7 shows the evolution of calculated CTE vs. temper-
ature in the samples studied. For comparison purposes, data
points for CTE of pure alumina at different temperatures are also
shown. These are literature values taken from (Ref 53). The
figure shows that the CTE of unreinforced Al-12Si increases
from about 20 9 10–6 /K to the highest value of approx.
25 9 10–6 /K between 300 and 350 °C. At even higher
temperatures, the CTE of unreinforced Al-12Si continuously
decreases. Similar temperature-dependent CTE evolution in Al-
Si alloys has been reported in numerous publications (Ref 45, 52,
54), and according to the original work by Hahn and Armstrong
(Ref 55), the reduction in CTE at temperatures > 300 °C may
be attributed to the re-dissolution of Si in Al.

As with thermal strain evolution in Fig. 5, the CTE
evolution in the IPC samples also displays a pronounced
anisotropy. In both IPC types,

Fig. 8 Comparison of the experimentally determined CTE values of the studied IPC samples with relevant analytical models—(a): at 50 and
(b): at 300 °C



           

• much lower CTE values are obtained along the F-direction

                                                            

approaching the CTE of pure Al2O3

• Along the N-direction, the CTE values are considerably
higher and the shapes of the plots qualitatively resemble
unreinforced Al-12Si

In the following, the different CTE evolution behavior along
the F- and N-directions will be treated separately.

CTE evolution along the F-direction.
Along the F-direction, the CTE evolution curves for the

IPC-10 and IPC-30 samples almost superimpose over each
other. As shown in Fig. 7, the curves can be divided into three
regions. In region I, the CTE values are approx. constant and lie
at reasonably high values between 10 and 11 9 10–6 /K. Both
Al-12Si and Al2O3 are undergoing elastic deformation in this
region which continues up to � 100 °C. In region II, a slight
reduction in CTE by around 2 9 10–6 /K occurs in both IPC
samples. This change in behavior can be attributed to the onset
of plastic deformation in Al-12Si under CTE-mismatch-
induced reverse compressive stresses, as already discussed.
With a further increase in temperature in this region, the
plastically deforming metallic phase flows into the residual
pores available in the IPC after infiltration, thereby closing
those pores and concomitantly reducing the CTE further.
Similar pore closure phenomena in IPCs by the plastically
deforming metallic phase, resulting in a reduction in CTE, have
been reported in several studies (Ref 54, 56–58). Region II ends
at approx. 200 °C. Finally, with further increasing the temper-
ature in region III, the CTE remains approx. constant at a value
of 9 9 10–6 /K and slowly approaches the CTE of pure Al2O3

at even higher temperatures. The metallic phase is now
extremely soft and has almost no influence on the expansion
behavior of the IPCs along the F-direction. The thermal
expansion of the IPC is now almost completely dependent upon
the continuous Al2O3 lamellae. The behavior is similar to the
axial CTE evolution in unidirectional continuous fiber-rein-
forced composites, as modeled by Böhm et al. (Ref 57).

CTE evolution along the N-direction.
Acompletely differentCTEevolution isobservedalong theN-

direction. In linewith the higher thermal strain experienced by the
samples along this direction, the calculated CTE values are also
significantly higher. This may be attributed to the already
explained higher dilation of the plastically deforming metallic
matrix along these directions in comparison with the F-direction.
The fact that in Fig. 7 the CTE along the N-direction suddenly
increases at the beginning of region II discussed above (onset of
plastic deformation ofAl-12Si) further corroborates this. Overall,
the shapes of the curves ofCTE evolution in the IPCs along theN-
direction follow the shape of unreinforcedAl-12Si. This confirms
that the thermal expansion of the IPCs along the N-direction is
controlled by the expansion behavior of the more compliant and
softer metallic phase itself. Despite the obvious similarities, there
is astrikingdifference in theCTEevolutionbehavior shownbythe
two IPC samples. Much higher CTE values are obtained for IPC-
30, with the values even reaching up to the CTE values for
unreinforcedAl-12Si.The reasonbehind this starkdifferencemay
be attributed to several factors. One reason could be the structural
difference between individual composite samples. As shown in
the optical micrographs of Fig. 1, the IPCs are inherently
inhomogeneous, especially the lamellae orientation plays a big
part in the transverseplane (= thestrainmeasurementdirection for
thedilatometer studyalong theN-direction).As theAl2O3content
of the samples was similar, this is not expected to play a big role.

However,probably thebiggest factor is thedifference inthedegree
of elastic anisotropy present in the two IPC samples measured
along the N-direction. As shown in Table 1, while the anisotropy
ratio (AR) is 0.14 in the IPC-10 sample, the same value is 0.22
(more than 50% higher) in the IPC-30 sample. This essentially
means that the IPC-30samplewas relativelymuchstifferalong the
F-direction, and correspondingly, as plastic deformation starts in
Al-12Si, theexpansionof themetal along theF-directionwouldbe
more strongly restricted, thereby enhancing its thermal expansion
along the orthogonal N-direction. This would explain the
considerably higher CTE of the IPC-30 sample.

A host of analytical models have been developed to predict
the CTE of composite materials based on the morphology and
volume content of the constituent components and their
individual thermomechanical properties. Some of the well-
established models include the Rule of Mixtures (ROM) (Ref
59), Turner model (Ref 60), Kerner model (Ref 61), Tuchinskii
model (Ref 62), and Schapery upper and lower bounds (Ref
63). A detailed description of these models is outside the scope
of this work and can be obtained from the cited references. A
general application of these models to predict the overall
thermal expansion behavior of the metal/ceramic composites is,
however, complicated. This is primarily due to the fact that
while these models assume purely elastic deformation behavior
of both components, in the real composite samples the metallic
phase undergoes plastic deformation (as already explained
before) and the ceramic phase may undergo damage. There
might also be local interfacial failure, which would also have a
strong influence on composite�s CTE evolution, while the
models assume a perfect regular microstructure and ideal
interfacial bonding.

Despite these limitations, comparing the experimentally
determined real CTE of the composites at different tempera-
tures with these micromechanical models shed valuable insight
into the real composites� thermal response. Among these
models, the ROM model is the simplest, and according to this
model, the CTE of the composite is simply the sum of the
products of the vol. fraction and the CTE of the composite’s
constituents, assuming no porosity. The Turner model (Ref 64)
is based on the assumption that within the composite there are a
homogeneous strain distribution and hydrostatic stress state. An
ideal interface is assumed to exist between the composite�s
individual components. In the special case of both constituents
having the same bulk modulus, the Turner model prediction
matches with the ROM model. Based on the assumption of
spherical, spatially randomly distributed reinforcement particles
in the matrix and from the analysis of the mean elastic strains
and stresses in a composite of simple geometry, Kerner (Ref 61)
derived an expression for the volumetric expansion coefficient
of the composite material. Assuming homogeneity and
isotropic behavior, the linear expansion coefficient of the
composite is determined therefrom. Also for the Kerner model,
the predicted CTE equals the ROM prediction if the bulk
modulus of the two components is equal. In terms of
applicability, while the Kerner model is more suitable for
particulate reinforcements, the Turner model is more appropri-
ate for composites with interpenetrating phase morphologies.
Tuchinskii (Ref 62) proposed the model for the CTE of a two-
phase interpenetrating composite. The unit cell of the compos-
ite consists of a regular 3D structure of the reinforcement phase
embedded in the matrix. By combining many of these cells, the
macroscopically isotropic composite material is created. For
both matrix and reinforcement, equal Poisson�s ratio was



       

considered. Unlike the earlier models which provide single-

                                                                

valued definite solutions, the Tuchinskii model provides
expressions for upper and lower bounds within which the
CTE of the real composite is expected to lie. Finally, Schapery
(Ref 63) proposed expressions for CTE along axial and
transverse directions in unidirectional fiber-reinforced compos-
ites. These calculations were based on extremum principles of
thermoelasticity. In further work, Böhm et al. (Ref 57) modified
the Schapery expressions for the special case of real composites
at elevated temperatures where the metallic phase undergoes
plastic deformation and exerts minimum influence on the axial
CTE of the composite. They replaced the term for Young�s
modulus of the metallic matrix in the Schapery expression with
the hardening modulus and further assumed this modulus to be
much smaller than the Young�s modulus of the reinforcement.

In this work, the comparison of the experimentally deter-
mined CTE of the studied composites samples with the
predictions from the analytical models has been carried out at
two different temperatures, i.e., 50 and 300 °C. The choice of
these temperatures was motivated by the fact that at 50 °C, both
Al-12Si and Al2O3 are undergoing elastic deformation and the
composite finds itself in the region I of Fig. 7. In comparison, at
300 °C, in Al-12Si full plasticity has already set in and the
composite finds itself in region III of Fig. 7. To compute the
analytical models, the input parameters are CTE and the elastic
moduli (Young�s modulus, bulk modulus, Poisson�s ratio) of
Al-12Si and Al2O3 at the two temperatures of 50 °C and
300 °C. For alumina, the room temperature values of Young�s
modulus and Poisson�s ratio were taken as 400 GPa and 0.24,
respectively (Ref 65). The shear and bulk moduli were
calculated from these values assuming isotropy and using the
appropriate relations of elasticity. The elastic constants at
higher temperatures were determined using the standard
relation (Ref 66)

E Tð Þ ¼ ERT � 1� 0:3� T�TRT
Tm

� �
(4)where ERT is

Young�s modulus at room temperature, T is the actual
temperature, TRT is the room temperature and Tm is the melting
point. For Al-12Si, the elastic constants over the complete
temperature range were unknown. Hence, as in (Ref 67), the
elastic constants of Al7SiMg alloy, compiled in (Ref 68), were
used. Table 2 contains the values of the material parameters
used for the calculation of the analytical models.

Figure 8 compares the experimentally determined CTE
values with the predictions from different analytical models at
two different temperatures. For the condition at 50 °C, as both
Al-12Si and Al2O3 undergo elastic deformation, the ROM
model, Turner model, Kerner model, Schapery model, and
Tuchinskii model have been considered for the comparison. At
300 °C, as Al-12Si is undergoing plastic deformation, addi-
tionally the models proposed by Böhm have been considered.

The figure shows that, at 50 °C, in the F-direction, the
Turner model strongly matches the experimental measure-
ments. The lower limit of Tuchinskii provides values that are
slightly higher than the measured values, while the predictions
according to Schapery�s model for axial CTE are significantly
lower. The strong agreement with the Turner model indicates
that the interpenetrating character of the composite plays a
major role in determining its CTE along the freeze-casting
direction when both phases are undergoing elastic deformation.
Transverse to the freezing direction, the measured CTE values
lie close to the upper limit of Tuchinskii, Schapery�s model for
transverse direction, and the ROM model. A good fit with

Schapery�s transverse direction model justifies the fact that the
higher CTE along the N-direction is primarily caused by the
lower stiffness along this direction. Further, proximity to the
ROM model confirms that there is a lesser restriction to the
thermal expansion of the composite along the N-direction, even
when Al-12Si is undergoing elastic deformation, which again
directly results from the lower stiffness along this direction.

At 300 °C, along the F-direction, both the measured CTE
values lie between the predictions of the Böhm model and
Schapery�s model for axial CTE. While the Böhm model
assumes a fully plastic matrix with negligible influence on the
thermal expansion of the composite, Schapery’s prediction, on
the other hand, is based on the assumptions of an elastically
behaving matrix. Proximity to Böhm�s predicted values con-
firms that already at 300 °C, Al-12Si has attained full plasticity
and the CTE of the IPC is controlled solely by the stiffer Al2O3

phase. Along the N-direction, while the CTE of the IPC-10
sample lies close to the ROM model, for the IPC-30 sample, the
measured CTE lies significantly above and is marginally higher
than even the prediction of Böhm�s model along the transverse
direction. These observations confirm that the plastically
deforming Al-12Si controls the thermal expansion behavior
of the composite in this direction.

4. Conclusions

Anisotropic thermal expansion behavior of Al-12Si/alumina
interpenetrating phase composites was studied in this work
between room temperature and 500 °C. The composites were
fabricated by squeeze-casting Al-12Si melt in lamellar open
porous alumina preforms fabricated via the freeze-casting
process performed at two different temperatures of � 10
and � 30 °C, respectively. Due to the lower freezing temper-
ature, the preforms freeze-cast at -30 °C were much finer. The
preferred growth along the freezing direction and the ensuing
lamellar microstructure resulted in pronounced anisotropy in
the composites—owing to the presence of the continuous
ceramic lamellae along the freezing direction, the highest
stiffness was achieved along this direction. Due to the finer
microstructure of the composite based on the preform freeze-
cast at � 30 °C, the stiffness of this composite along the
freezing direction was considerably higher, which resulted in an
even higher anisotropy.

The main conclusions of this work are as follows:

• The ceramic lamellae significantly reduce the thermal
strain experienced by unreinforced Al-12Si. Due to the an-
isotropic and lamellar structure of the freeze-cast alumina
preforms, the evolution of thermal strain in the composites
was also anisotropic. The continuous ceramic lamellae
along the freezing direction posed a much stronger barrier
to thermal expansion in this direction. As a result, thermal
strain along the freezing direction of the composite was
lower than directions orthogonal to it.

• As with thermal strain, the CTE evolution of the compos-
ite samples also displayed a strong anisotropy. While in
the freezing direction the CTE values were low and ap-
proached the value of pure alumina, along directions nor-
mal to the freezing direction, much higher CTE values
were achieved which followed the behavior of Al-12Si.



           

• Due to the complex lamellar morphology and the presence

                                                            

of strong interfacial bonding between Al-12Si and alu-
mina, significant thermal stresses were generated in the
composites which caused Al-12Si to undergo plastic
deformation. In the temperature region where Al-12Si still
experienced elastic deformation, the CTE anisotropy expe-
rienced by the composites was lower. However, once Al-
12Si started to undergo plastic deformation, the continu-
ous ceramic lamellae along the freezing direction strongly
restricted its dilation along this direction. As the plasti-
cally deforming metallic alloy behaves as a non-compress-
ible solid, to maintain its constant volume, the thermal
expansion along the orthogonal directions would increase
and this resulted in significantly higher CTE along the
orthogonal directions.

• Due to the complex microstructure and continuously
changing stress states with temperature, no single analyti-
cal model was able to predict the CTE of the composite
over the complete range. When both Al-12Si and alumina
underwent elastic deformation, the Turner model provided
the best fit to the measured CTE along the freezing direc-
tion and Schapery�s axial model and Tuchinskii upper
bound explained the measured CTE best along the direc-
tions orthogonal to the freezing direction. When Al-12Si
deformed plastically, Böhm�s models and rule of mixtures
model were closest to the CTE measured experimentally.
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