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1. Introduction

Metal matrix composites (MMC) typically combine a dispersed
ceramic reinforcement in a metallic alloy matrix. They are technolo-
gically attractive because of their enhanced specific properties with
respect to the unreinforced metallic alloy and enhanced ductility and
toughness in comparison to the ceramic reinforcement [1–3]. In terms
of the shape of the reinforcement, MMCs can be classified into several
groups – particle reinforced, short fiber reinforced, continuous fiber
reinforced, interpenetrating composites etc. [4]. Among them, particle
reinforced, short fiber reinforced and continuous fiber reinforced
composites have been studied quite extensively over the last several
decades and their processing – microstructure – mechanical property
correlations are relatively well understood [5–14]. Highest property
enhancement is obtained in continuous fiber reinforced composites.
These composites are however very anisotropic and transverse to fiber
direction, the properties are rather poor. Particle reinforced composites
have the advantage that they are almost isotropic, however; their
property enhancement with respect to the unreinforced metallic matrix
is limited. Property enhancement in short fiber reinforced composites is

also limited and they are mostly isotropic only in the plane of the fibers.
Interpenetrating phase composites (IPC), in which both metallic and

ceramic phases are co-continuous in three dimensions, offer better
strength, stiffness and wear resistance with respect to particle re-
inforced composites at both room and elevated temperatures [15–17].
Additionally, as in IPCs there is no preferred orientation of the matrix
and reinforcing phases, the composites are predominantly isotropic.
Moreover, Roudini et al. [18] have shown that both the thermal ex-
pansion coefficient and the extent of thermal hysteresis in composites
decrease as the contiguity of the reinforcement phase increases. These
favourable properties along with the fact that in IPCs it is readily pos-
sible to alter their properties by tailoring the amounts and morpholo-
gies of individual phases, have resulted in significant research emphasis
in recent times. These include IPCs fabricated by reaction synthesis
[19–21], by melt infiltration in wood ceramics [22], in 3-D periodic
preforms produced by robotic deposition [23], in porous ceramic pre-
forms fabricated by freeze-casting [24–26], in porous ceramic preforms
fabricated using cellulose fibers as pore formers [27–29], in porous
ceramic preforms using polyurethane foams as starting material [30]
etc.
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In spite of these recent advances, there is still scope for further

                                                            

improvement in terms of developing cost efficient processing routes and
tailoring phase morphologies to optimise final material properties of
IPCs. The current authors recently proposed a simple route to fabricate
open porous silicon carbide (SiC) ceramic bodies with a wide range of
porosity and pore morphology using two different polymer waxes in
various mixture ratios as pore formers [31,32]. This technique allows
varying both the ceramic content as well as the pore morphology over
wide ranges. In these earlier studies thorough characterization of the
elastic properties of the fabricated preforms were carried out. However,
to the best of the knowledge of the authors, no study has been carried
out until now on metal/ceramic composites based on these porous
preforms. In this work the same processing technique was utilized to
first fabricate open porous alumina preforms. These preforms were
subsequently infiltrated with near eutectic Al12Si melt to fabricate the
metal/ceramic IPCs. Thorough structural characterization of both pre-
forms and IPCs was carried out using optical microscope (only for the
IPC), scanning electron microscope and X-ray computed tomography
(only for the ceramic preforms). Detailed characterization of the elastic
properties of both porous preforms and IPC was done using non-de-
structive ultrasound phase spectroscopy. Low thermal expansion coef-
ficient (CTE) of IPCs being one of its prime advantageous properties,
CTE of the IPCs was determined for different ceramic contents between
room temperature and 500 °C. Results obtained from composite elastic
property analysis as well as CTE measurement have been compared
with the predictions from numerous theoretical model predictions. This
way, a thorough in depth study of this new interpenetrating phase
composite material is performed.

2. Experimental procedure

2.1. Processing of porous alumina preforms

Alumina powder “CL 2500” with average particle size of 1.7 µm
from Almatis Premium Alumina, LA, USA was used as ceramic powder.
Two different polymer waxes – large “Viscowax 112” with d50
=150 µm and density 0.93–0.95 g/cc from Innospec Inc., Germany
(hereafter referred to as VW) and fine “Ceridust 3620” with d50
=7.5–9.5 µm and density 0.96–0.98 g/cc from Clariant AG,
Switzerland (hereafter referred to as CD) were used as pore formers. To
enhance the stability of the green preforms, the alumina powders were
initially pre-treated in a suspension. The powder was first mixed with
the dispersant Dolapix CE 64 (0.19 wt%) and then a suspension was
prepared in 1% polyvinyl alcohol (PVA) by mixing using a magnet rotor
for two hours. PVA acts as a binder which decomposes at higher dis-
sociation temperatures than the pore formers. After subsequent freeze-
drying to remove the moisture, the powder was ready for further pro-
cessing steps.

Three different mixture ratios of total polymer wax: pre-treated
alumina powder were used (50:50, 60:40 and 70:30 vol%, respectively)
while in each mixture the two different pore formers VW and CD were
mixed in 1:1 ratio (refer to [32]). The powder mixtures were first ball-
milled for 10min using zirconium oxide balls. Subsequently they were
uni-axially pressed under 40MPa (precision hydraulic press with ca-
pacity 100 t, manufactured by Paul-Otto Weber GmbH, Germany) to
produce green bodies.

The green bodies were subsequently burnt and sintered to have
sufficient strength for infiltration. Burning and sintering were done in
multiple steps. They were first heated up to 150 °C at a very slow rate of
0.2 °C/min. The polymer waxes melt at this temperature. After holding
for 30min, the temperature was raised to 250 °C at a rate of 0.75 °C/
min. PVA starts volatilizing during this step. To make sure that no re-
sidue from either the pore formers or the binder remain in the green
body, the green bodies were further heated up to 600 °C at a rate of
3 °C/min. After a holding period of 15min, heating of the oven was
switched off. Throughout the burning process step, the oven was purged

with air. The burnt preforms were subsequently placed inside the sin-
tering oven very carefully to make sure no damage of the fragile pre-
forms occurred during handling. Sintering was carried out under
normal atmosphere. For sintering, the temperature was first raised to
200 °C at a rate of 3 °C/min and subsequently it was raised to 1550 °C at
a rate of 5 °C/min. After holding at this sintering temperature for two
hours, the temperature was reduced to room temperature at a rate of
10 °C/min.

2.2. Fabrication of interpenetrating metal/ceramic composites

To fabricate the IPCs, the porous preforms were infiltrated by liquid
Al12Si using inert gas pressure infiltration. The porous preforms along
with billets of the metallic alloy were placed inside a pressure chamber.
To facilitate infiltration, the chamber was first evacuated to remove all
the air from the pores within the preforms. The temperature inside the
chamber was then raised to 750 °C to bring Al12Si into molten state. In
the molten state the liquid metal completely covers the porous ceramic
preform. After a vacuum hold period of 20–30min, high pressure in the
range of 40–100 bar was applied by inert argon gas to carry out the melt
infiltration. After infiltration was complete, the pressure was main-
tained as the temperature was reduced to room temperature to allow
the metallic alloy to solidify. Finally, the pressure was released and the
infiltrated composite was cut from the surrounding cast metal by dia-
mond wheel cutting.

2.3. Structural characterization

The amounts of open, closed and total porosity in the ceramic
preforms were calculated by measuring the density of the samples fol-
lowing Archimedes principle, by immersing in water. This technique
was also used to determine the densities of the fabricated composite
samples. SEM analysis of the preforms and the composites was carried
out using a SEM Zeiss EVO 50 (Oberkochen, Germany) and micro CT
analysis of the preforms was carried out using a CT system of type Y.CT
PRECISION from YXLON International GmbH, Hamburg, Germany. For
micro CT analysis, the voxel side length was in the range of 4–5 µm.

2.4. Determination of elastic constants

Ultrasound phase spectroscopy (UPS) was used to determine the
elastic constants of the porous preforms and the IPC. Only longitudinal
elastic constants are reported for the porous preforms, while both
longitudinal and shear elastic constants are reported for the IPC.

Although UPS is a rather robust technique for determination of
longitudinal and shear elastic constants in a wide range of porous and
multiphase materials (as depicted in [25,28,31,33,34]), this method is
not used very widely. Hence, a brief overview of the theory and the
method is provided here and for thorough description we refer to
[35–38].

An undamped plane monochromatic wave propagating along x-axis
can be written as:

= ∙ +u x t u e( , ) i ωt kx
0

( ) (1)

where (ωt+kx) is the phase function, ω=2πf is the circular frequency
and k= 2π/λ is the wave number. A pulse being a superposition of
many waves, in a sample of length L, the group velocity can be defined
as

= = ∙V dω
dk

L
df
dNg (2)

where N is the number of wave periods in the sample. The phase dif-
ference between the received and the input signals Δϕ is related to N
according to

= −Δϕ π2 N (3)
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Combining Eqs. (2) and (3), the expression for the group velocity

                                                            

(Vg) is written as

= −
∆∅

V πL
d df

2
( / )g

(4)

If the phase change of the propagating wave in a sample is measured
continuously by increasing its frequency, then the denominator on the
right hand side of Eq. (4) denotes the slope of the phase-frequency
spectrum. For a non-dispersive material, the sound velocity is in-
dependent of frequency and for such samples the phase-frequency
spectrum becomes a straight line with a constant slope over the com-
plete range of measurement.

Once the group velocity (Vg) is measured as described above, the
corresponding elastic constant (Cii) along the material direction of wave
propagation can be calculated according to the equation

= ρC Vii g
2

(5)

where ρ is the sample density.
The elastic constants Cii are the elements of the stiffness matrix and

they are different from the more well-known Young's modulus of a
material. Along any material direction Cii is a function of the corre-
sponding Young's modulus and the Poisson's ratio [39]. Cii is generally
higher than the Young's modulus and for an isotropic material with a
Poisson's ratio of approximately 0.25, this difference is about 20%.

The schematic of the basic experimental setup employed in this
work to determine the group velocities of the propagating waves is
shown in Fig. 1. Two broadband ultrasonic transducers (longitudinal or
shear) of the same kind are attached to the two opposite faces of a plane
parallel sample using an ultrasonic couplant. One of the transducers
acts as transmitter and the other one as receiver of ultrasonic signal.
Continuous, harmonic and elastic waves are generated by a network
analyser and the phase as well as the amplitude shift between the in-
cident and the transmitted waves is continuously measured. All elec-
tronic components necessary for measurement of phase and amplitude
shown in Fig. 1, are included in the network analyser.

The measurements in this work were accomplished using an elec-
tronic network analyser (Advantest, model R3754A) and two identical
broadband piezoelectric transducers (Panametrics, model V122 with
nominal central frequency 7.5 MHz and diameter 9.5mm for long-
itudinal elastic constants and model V155 with nominal central fre-
quency 5MHz and diameter 12.7mm for shear elastic constants). The
samples studied in this work had rectangular parallelepiped shapes
with side lengths in the range of 5–9mm. For longitudinal elastic
constants, the phase and amplitude spectra were recorded in the fre-
quency range from 10 kHz to 15MHz; while for shear elastic constants
the same range was from 10 kHz to 10MHz. The apparent phase and

amplitude shifts measured during any measurement is the sum of the
shift actually caused by the sample being studied as well as the fre-
quency dependent shifts caused by the transducers and the electronic
system of the setup used. To properly calibrate the setup to only de-
termine the shifts caused by the sample, measurements were first per-
formed with only the two transducers in contact with each other
through the couplant but without any sample between them. The cor-
responding shifts were subtracted from the actual measurements with
the sample to determine only the shifts due to the sample being mea-
sured.

The following co-ordinate system was used to carry out the mea-
surements - for both preforms and IPCs, the uni-axial powder press
direction in each sample was taken as direction 1, while the two di-
rections orthogonal to this direction were taken as directions 2 and 3,
respectively. The three longitudinal (Cii, i=1–3) and the three shear
(Cii, i=4–6) elastic constants were determined. Group velocities (Vg)
of waves were determined by measuring the slopes of the respective
phase shift vs. frequency spectra. For the three longitudinal elastic
constants C11, C22 and C33 the longitudinal wave velocities were de-
termined along the directions 1, 2 and 3, respectively. Each shear
elastic constant was determined from the average of two different shear
wave velocities. For C44, C55, and C66 these velocities were V23 and V32,
V13 and V31, and V12 and V21 (the first suffix denoting the direction of
wave propagation and the second suffix denoting the direction of vi-
bration of the particles of the medium [40]), respectively.

2.5. Measurement of thermal expansion coefficient (CTE)

Measurement of the thermal expansion behaviour was carried out in
a dilatometer DIL 805A/D from Bähr-Thermoanalyse GmbH, Hüllhorst,
Germany by measuring the sample length change with temperature. A
brief description of the experimental procedure is provided here and for
a thorough description we refer to [41]. The studied samples were
cylindrical in shape with nominal length of 6mm and nominal diameter
of 4mm. Thermal expansion was measured by measuring the length
change along the long axis of each sample. The specimen was held
between two push rods made of alumina. One of the push rods was
fixed, the other was connected to a linear variable differential trans-
former (LVDT) and transmitted the dilatation of the specimen. The
specimen was placed in the centre of an induction coil, allowing high
heating rates. A thermocouple was spot welded to the sample to mea-
sure and record its instantaneous temperature. Four thermal cycles
were carried out for each sample between room temperature and
500 °C. Thermal strain measurements were carried out during both
heating and cooling at a constant rate of 5 °C/min in an inert helium
atmosphere. Before measurement, the two opposite faces of each
sample along the direction of strain measurement were polished to
ensure plane parallelism when in contact with the measurement rods
inside the dilatometer.

To determine the CTE evolution during both heating and cooling,
the plot of length change vs. temperature was divided into discrete
intervals of 30 °C each. A best fit straight line was fitted to the plot in
each interval. Subsequently, the CTE at the mean temperature of each
interval was determined following the relation

= ⎛
⎝

⎞
⎠

α
l

dl
dT

1
0

where l0 is the sample length at the start of each interval and (dl/dT) is
the slope of length change vs. temperature plot.

3. Results and discussion

The evolution of both total and open porosity in the porous alumina
preforms after sintering as a function of the initial total wax:alumina
powder mixture ratio is shown in Fig. 2. Several ceramic preforms for
each mixture ratio were produced and the error bars denote one

Fig. 1. Schematic of the ultrasonic test setup used in this work for UPS mea-
surements (reproduced from [35] with permission from Elsevier).
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standard deviation among the porosities measured for each mixture

                                                            

ratio. In all cases the error bars are very small, denoting good re-
producibility of the data. For any mixture type the difference between
the two porosities denotes the amount of closed porosity and in the
studied samples this lies in the range of 1 vol%. These closed porosities
will not be filled up during melt infiltration and hence they remain as
residual porosity in the final composite. As expected, the amount of
porosity increases with increasing wax content in the initial powder
mixture.

SEM image of the porous preform fabricated using 50:50 mixture
ratio of total wax:alumina powders is shown in Fig. 3. The micro-
structural features of the preforms fabricated using 60:40 and 70:30
mixtures are similar, albeit with a higher porosity. As already discussed
in detail in [32], preforms fabricated using a mixture of the VW and CD
waxes display a tri-modal pore structure – (a) oval to round shaped
large pores resulting from VW, (b) very fine pore network resulting
from individual CD particles, and (c) few very large pores (in mm
range) resulting from agglomerates of CD formed during initial mixing
of the powders.

Fig. 4 shows typical orthogonal slices of the porous preforms fab-
ricated using the three different wax:alumina powder mixture ratios.
While the SEM study allows a high resolution 2D structural analysis of
the preforms, X-ray computed tomography allows non-destructive 3D
imaging of the internal pore structure. The arrow in this figure shows
the direction of uni-axial powder pressing. In these grey scale images

the pores are denoted in black while the alumina regions are grey. The
increase in porosity with increasing wax:alumina ratio, as denoted
graphically in Fig. 2, is clearly observed in Fig. 4. The spherical pores
resulting from the large VW particles as well as the fine network CD
pores are distributed evenly throughout the preform. Additionally,
some very large pores resulting from the agglomeration of the CD wax
particles are also observed. In all three preforms it is observed that
several large pores are flattened along the uni-axial press direction.
Thorough discussion of the structural features of such porous bodies
studied using X-ray computed tomography was carried out in our ear-
lier work on SiC preforms [31,32] and they will not be repeated here.
The elastic properties of the porous preforms processed in this work as
well as the composites fabricated therefrom will be discussed in sub-
sequent sections of this paper.

The dependence of density and the three longitudinal elastic con-
stants C11, C22 and C33 on the initial wax:alumina ratio in the powder
mixtures is shown in Fig. 5. For each elastic constant of the three stu-
died samples, measurement of longitudinal sound velocity was repeated
thrice. The data points correspond to the average of the elastic con-
stants determined from these three measurements while the standard
deviations are denoted as error bars. For all measured elastic constants
the error bars are extremely small, denoting excellent reproducibility of
the measurements. Both density and the elastic constants decrease with
increasing wax:alumina ratio. While density depends solely upon the
amount of total porosity in the preforms, the elastic constants depend
both on the total porosity and the shape and orientation of the pores
with respect to the direction of wave propagation during ultrasonic
velocity measurement. For the preform made from 70:30 mixture ratio
of wax:alumina, no ultrasonic velocity measurement along preform
press direction (i.e. direction 1) was possible as the preform was too
fragile and hence for this preform only the two elastic constants C22 and
C33 are provided. Fig. 5 shows that the porous preforms behave as
transverse isotropic materials, with the elastic constants C22 and C33

being almost equal and significantly higher than the elastic constant
C11. The observed significantly lower stiffness of the preforms along the
preform press direction (i.e. direction 1) follows the trend also observed
for SiC preforms reported in [31,32]. Andersson [42] and Huber and
Gibson [43] have shown that in porous materials with ellipsoidal pores,
the elastic constants are dependent on the aspect ratio of the pores –
with the stiffness along the long axis of the pores being significantly
higher than the elastic constants transverse to this direction. As the
large pores in the studied porous preforms are flattened along direction
1 (i.e. the long axis of the pores are parallel to the direction 1), the
elastic constant C11 of the preforms is significantly lower than the
elastic constants C22 and C33 (long axis of the pores are in the 2–3 plane
of the preforms) and the preforms behave as transverse isotropic ma-
terials.

Optical micrographs of the IPCs fabricated by inert gas pressure
infiltration of the porous alumina preforms by Al12Si melt are shown in
Fig. 6. In these micrographs the ceramic phase is dark while the me-
tallic phase is brighter. As the solubility of aluminium in silicon is
negligible at all temperatures [44], the microstructure of the metallic
phase in the composite consists of aluminium rich alpha solid solution
and essentially pure silicon particles. The silicon particles are dis-
tributed primarily in the shape of needles or elongated platelets. The
micrographs show that the large pores resulting from spherical VW wax
particles as well as the CD agglomerates are completely filled by the
metallic alloy. Even the vast majority of the fine network pores of CD
are infiltrated. Some residual porosity however remains due to in-
complete infiltration of the fine CD pore regions. Measurement of the
density of the IPC samples by Archimedes principle allowed the esti-
mation of residual porosity in the composite samples and the maximum
residual porosity in the studied IPC samples lied in the range of 3 vol%.
This amount of residual porosity is typical for metal/ceramic compo-
sites fabricated via casting route [45,46] and may be attributed to the
differential thermal contraction of the metallic alloy and the ceramic

Fig. 2. Variation in total and open porosity in the porous alumina preforms as a
function of total wax:alumina powder mixture ratio.

Fig. 3. SEM image of the porous alumina preform fabricated using a total wax:
alumina powder mixture of 50:50.
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from the infiltration temperature to room temperature. Typical SEM

                                                            

image of the studied IPC material is shown in Fig. 7. The features of the
composite microstructure discussed on the basis of the optical micro-
graphs are visible more clearly in this SEM micrograph. The regions of
the metallic alloy, the ceramic phase as well as the fine micropores
within the ceramic rich regions are marked.

The three longitudinal and the three shear elastic constants of 17
different composite samples having densities in the range of 2.91 g/cc
and 3.18 g/cc were measured. Assuming no porosities in the composite
samples and using the bulk densities of Al12Si and alumina to be
2.66 g/cc [28] and 3.90 g/cc [47], respectively; the ceramic contents of
the studied samples lied in the range of 20–45 vol%.

Fig. 8 shows the dependence of the longitudinal and shear elastic

constants of the composite as a function of sample density. The plots
clearly show that apart from some minor deviations, both the long-
itudinal and shear elastic constants generally increase with increasing
density. This behaviour is along the expected lines as both a decrease in
residual porosity and an increase in ceramic content in the composite
material will increase both the density and the elastic constants. These
plots however show that, in individual samples there is no definite
trend among the three longitudinal and the three shear elastic con-
stants. It has already been discussed with reference to Fig. 5 that the
uninfiltrated alumina preforms show significant anisotropy with the
elastic constants along the preform press direction being lower than the
directions orthogonal to this direction. The plots in Fig. 8 show that the
elastic anisotropy prevalent in the preforms is no more observed in the
IPC. Infiltration of the porous alumina preforms by Al12Si improves its
stiffness along all directions, with the stiffness enhancement being the
highest along the most compliant direction of the preform. This ob-
servation of the absence of any pronounced elastic anisotropy in the
composite contradicts however our earlier finding on another Al12Si/
alumina IPC also fabricated by melt infiltration in porous alumina
preforms [28]. The preforms in this earlier study were fabricated using
cellulose fibers as pore formers and after uni-axial pressing and sin-
tering the elastic constants of the preforms along uni-axial press di-
rection were significantly lower. Analysis of the elastic properties of the
resulting composites however showed that this preform elastic aniso-
tropy was maintained even in the composite although the extent of
anisotropy was much weaker. One probable explanation of the lack of
any elastic anisotropy in the composite samples studied in this work is
the lesser uni-axial pressure applied to the powder mixture during
preform fabrication – while 100MPa pressure was applied for the
composites fabricated in [28], only 40MPa was applied for the com-
posites being studied in this work. The effect of the applied uni-axial
pressure on the elastic anisotropy of the porous ceramic preforms was
studied in [31] and there it was observed that with increasing uni-axial
pressure on the powder mixture the elastic anisotropy of the preforms

Fig. 4. Representative orthogonal slices obtained from X-ray computed tomography analysis of the porous alumina preforms – (a) wax:alumina= 50:50, (b)
wax:alumina=60:40 and (c) wax:alumina= 70:30. Direction of uni-axial pressing of the powder mixture is shown by the down arrow.

Fig. 5. Evolution of density and longitudinal elastic constants with wax:-
alumina ratio in the porous preforms.
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continuously increased.

                                                            

As no definite trend is observed between the elastic constants of the
IPC studied in this work and as in individual samples the three long-
itudinal and the three shear elastic constants lie very close to each
other; hence, for all practical purposes the IPC of the current study may
be considered as a quasi-isotropic material with similar values of the
elastic constants along all directions. For an isotropic material only two
independent elastic constants are necessary to completely define the
stiffness tensor of the material [48]. Hence, the average of three

longitudinal elastic constants C11, C22 and C33 as well as the average of
the three shear elastic constants C44, C55 and C66 were used in this work
to further determine the more well-known elastic constants of Young's
modulus and Poisson's ratio. Standard elasticity relations for isotropic
materials, compiled by Berthelot [39], were used for this purpose.

In Fig. 9 the Young's modulus of the IPC determined this way is
plotted against sample density. As the average of the three longitudinal
elastic constants (C11, C22 and C33 in Fig. 8 left hand side plot) as well as
the three shear elastic constants (C44, C55 and C66 in Fig. 8 right hand
side plot) was used to calculate the composite Young's modulus values
plotted in Fig. 9, the calculated values are subject to some standard
deviation. The standard deviations between the three longitudinal and
the three shear elastic constants were separately calculated. The com-
bined standard deviation for each sample was then determined there-
from and this has been plotted as error bar for each data point in Fig. 9.

Fig. 9 shows that, as with the prior discussion for the longitudinal
and shear elastic constants determined directly from UPS, Young's
modulus also increases with increasing sample density. Numerous mi-
cromechanical models exist for predicting the elastic constants of the
composites based on the distribution, amount and properties of the
constituent phases of the composite. Correlation between the experi-
mentally determined Young's modulus with the predictions from sev-
eral micromechanical models are also provided in Fig. 9. Thorough
description of the used micromechanical models is beyond the scope of
this work and they can be found in the following references [49–53].
The accuracy of the model predictions strongly depend upon the

Fig. 6. Optical micrographs of the interpenetrating composites fabricated by gas pressure infiltration of the open porous alumina preforms by Al12Si melt – (a)
composite microstructure at a magnification of 50× and (b) composite microstructure at a magnification of 1000×.

Fig. 7. Typical SEM image of the composite material.

Fig. 8. Dependence of the longitudinal and shear elastic constants of the composites on sample density – (a) plot for longitudinal elastic constants and (b) plot for
shear elastic constants.
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modulus values used for the constituent phases and the assumptions

                                                            

made regarding the presence of porosity in the composite. Additionally,
the model predictions consider an ideal interface between the ceramic
and the metallic phases. Density of the composites for the model cal-
culations was calculated from rule of mixtures, assuming zero porosity.
As in the absence of any coating the interface between alumina and
Al12Si is inherently strong [24,54], hence the condition of a strong

interface is valid. To calculate the model predictions, the Young's
modulus and the Poisson's ratio of alumina were taken as 390 GPa and
0.24, respectively [55]. In an earlier work we determined the elastic
constants of an Al12Si alloy similar to the one used in this work using
the same UPS method. The corresponding values for Young's modulus
and Poisson's ratio were 82 GPa and 0.326, respectively and these va-
lues were used in this work for the theoretical calculations. The figure
shows that for all the studied samples, the experimentally determined
Young's modulus lie between the Hashin–Shtrikman upper and lower
bounds. Over the complete range of density of the composite materials
studied in this work, the plot shows that the Young's modulus of the
composite is best predicted by the Feng model developed in Ref. [51]
specifically for interpenetrating phase composites. Moreover, as two
independent elastic constants were determined for the isotropic com-
posite materials, even Poisson's ratio of individual samples could be
determined from standard expressions for elastic constants of isotropic
materials. Poisson's ratio of the studied composite samples were in the
range of 0.26–0.32.

Fig. 10 shows the evolution of thermal strain with temperature
during all four cycles in an unreinforced Al12Si sample and in three IPC
samples with ceramic volume fraction of 0.30, 0.34 and 0.40, respec-
tively. The thermal strain behaviour of Al12Si is reproduced here from
an earlier publication [56]. The ceramic volume fractions were calcu-
lated assuming zero porosity in the composite samples. Among the
samples studied, the residual thermal strain is highest in the un-
reinforced Al12Si sample – whereby the highest residual strain is ob-
served in the first cycle while for the subsequent cycles, the residual

Fig. 9. Correlation between Young's modulus determined in this work experi-
mentally with several theoretical models.

Fig. 10. Evolution of thermal strain with temperature during four thermal cycles in a) unreinforced Al12Si alloy b) IPC with Vf =0.30c) IPC with Vf =0.34 and d)
IPC with Vf =0.40.
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strain is very less. Apart from the sample with 40 vol% alumina, the

                                                            

other IPC samples show negligibly small thermal residual strain. In the
sample with 40 vol% alumina also, the highest residual strain is ob-
served after the first cycle. In all IPC samples, the evolution of thermal
strain during cycles 2–4 has a closed form shape. This suggests that
during cycles 2–4 the studied IPC samples did not undergo any per-
manent shape change. This is important for high temperature applica-
tion of the composite material as dimensional stability after thermal
cycling is ensured. The first heating cycle is typically influenced by the
processing history and the previous stress state within the material.
After slow heating and cooling during the first cycle the material attains
a stabilised state and hence the subsequent cycles are more re-
presentative of the material behaviour [56,57]. Hence, for all samples
the second heating-cooling cycle has been used for further discussion of
thermal strain and CTE calculation. As already discussed, the thermal
strain curves for the IPC samples in Fig. 10 are characterized by the
presence of hysteresis with no residual strain. According to Wu et al.
[58], this shape of the thermal strain vs. temperature plot suggests that
the thermal stress developed in the material during heating and cooling
is just sufficient to yield the material. If the thermal stress is lower than
the yield stress, the deformation is completely elastic and correspond-
ingly there should be no thermal hysteresis during thermal cycling. The
source of the thermal stress is the incompatibility in CTE between the
constituent metallic and the ceramic phases [46,59]. During cooling of
the composite material from the processing temperature, due to the
higher CTE of the metallic alloy, it will have tensile residual stresses in
the as processed state. During heating stage of the thermal cycling,
again due to the CTE mismatch between the two phases, compressive
stresses start to develop in the metallic matrix. With continued heating,
at some point the initial tensile residual stress will be completely can-
celled and with further heating, the effective compressive stress in the
metallic matrix will continuously increase. At the same time, with in-
creased temperature, the yield strength of the metallic phase con-
tinuously decreases. A combination of these two effects will lead to
plastic yielding of the metallic alloy phase during thermal cycling at
some point, thereby producing the thermal hysteresis in the thermal
strain vs. temperature plots.

The evolution of thermal strain with temperature during the second
heating cycle in unreinforced Al12Si as well as in the studied IPC
samples is shown in Fig. 11. The figure shows that as expected the
thermal strain decreases continuously as the ceramic content of the IPC
increases.

The evolution of CTE with temperature for unreinforced Al12Si and
the three IPC samples during the second heating cycle is shown in
Fig. 12. The CTE curve for unreinforced Al12Si initially increases from a

room temperature value of approx. 20×10−6/°C to approx.
25× 10−6/°C at 330 °C. With a further increase in temperature the CTE
of Al12Si continuously decreases. The observed CTE decrease in Al12Si
at temperatures higher than 300 °C has also been reported in several
other publications where this alloy was used as the metallic phase
[46,57]. Hahn and Armstrong [60] studied the thermal expansion be-
haviour of Al-Si alloys and they attributed the observed decrease to re-
dissolution of Si in Al during heating at temperatures above 300 °C.

Fig. 12 further shows that over the complete temperature range the
shapes of the CTE curves of the three IPC samples are similar to the
unreinforced metallic alloy. This suggests that the thermal expansion
behaviour of the studied composite material is controlled by the me-
tallic alloy. However, as the ceramic content in the composite increases,
the CTE curves are shifted to lower CTE values. Huber et al. [46] have
studied the influence of the reinforcement phase morphology on the
CTE vs. temperature plot of several Al-alloy/SiC composites. Comparing
the shapes of the CTE curves obtained in this work with the CTE curves
proposed in Ref. [46] it is observed that the thermal expansion beha-
viour of the studied IPCs resembles more closely the isolated particle
reinforced composites. In composites with an interpenetrating struc-
ture, as soon as the plastic deformation of the metallic alloy initiates, it
starts flowing into the voids present into the three dimensional network
structure, and correspondingly the CTE curves show a drop, deviating
from the shape of the curve for the unreinforced metallic alloy. The
similarity of the CTE evolution observed in this work to isolated particle
reinforced composites can probably be attributed to the inhomogeneous
microstructure of the studied composite material. As shown in Figs. 4
and 6, the composite microstructure possesses numerous large metallic
alloy rich regions at the locations where originally macroscopic pores
were present in the ceramic preform from large spherical VW wax or
agglomeration of fine CD wax particles. Correspondingly, the micro-
structure of the studied IPC may be thought of as a combination of soft
metallic alloy regions dispersed within ceramic rich regions. As the
metallic alloy rich regions are rather large and they being free from the
restraining effect of the ceramic reinforcement, it is postulated that
these metallic alloy rich regions will expand more during heating and
control the thermal expansion behaviour of the overall composite ma-
terial. The interpenetrating composites studied in [46,61] had a much
more uniform distribution of the metallic and the ceramic phases and
correspondingly the CTE evolution curves were more representative of
a true interpenetrating composite.

Prediction of the thermal expansion behaviour of metal/ceramic
composites is complicated as numerous factors such as processing in-
duced residual stresses in both phases, internal stresses developed in the
composite during thermal expansion measurement, plastic deformation

Fig. 11. Evolution of thermal strain with temperature for unreinforced Al12Si
and the studied IPC samples during the second heating cycle.

Fig. 12. Evolution of the CTE of unreinforced Al12Si and the studied IPC
samples with temperature during the second heating cycle.
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of the metallic phase, development of any damage etc. need to be

                                                            

considered. Numerous theoretical models for the prediction of compo-
site CTE exist. In this work, three such theoretical models – the rule of
mixtures model, Turner model and Schapery bounds have been used to
predict the CTE of the studied composite material. Thorough theoretical
description of these models are beyond the scope of this work and these
can be found in relevant literatures [62–64]. Among the used models,
the rule of mixtures model is relatively simple as it merely considers the
CTEs and volume fractions of the constituent phases. While the upper
bound of Schapery represents composites with isolated reinforcements,
the Schapery lower bound as well as the Turner model corresponds the
CTE of composites with a percolating reinforcement architecture typical
for IPCs [46].

Strictly considering, these models are only valid when both the
constituent phases of the composite behave linear-elastic. Hence, the
experimentally determined CTE of the studied samples at 100 °C, where
the samples are deemed to undergo only elastic deformation, has been
used for comparison. The calculation of the theoretical model curves
requires the elastic constants (Young's modulus, bulk modulus, shear
modulus, Poisson's ratio) as well as the CTE of the constituent phases at
100 °C. While the CTE of Al12Si at 100 °C was determined from the
experimental curve shown in Fig. 12, CTE of alumina was determined
from literature values provided in [65,66]. Elastic constants of Al12Si at
100 °C was unknown and hence the elastic constants of Al7SiMg com-
piled in [67] have been used for model calculations. The elastic con-
stants of alumina at 100 °C were calculated using the relations sum-
marised by Auerkari [68].

In Fig. 13 the experimentally determined CTE of the studied com-
posite samples during the second heating path is compared with the
theoretical models. In this plot the data points denote the experimen-
tally measured CTE of the IPC samples. Fig. 13 shows that the experi-
mentally determined CTE of the studied IPC samples lie between
Schapery upper and lower bounds, with the Schapery upper bound
being the most accurate. The experimentally measured CTE values are
significantly higher than the predictions from Turner model. This fur-
ther corroborates the fact that the thermal expansion behaviour of the
studied IPC samples is more akin to composites reinforced with isolated
reinforcement particles than to composites with interpenetrating phase
morphology.

The thermal expansion behaviour of the studied composite material
shows that apart from only the amount of the individual phases, also
the phase morphologies need to be properly tailored to fully exploit the
benefits of the percolating ceramic network. In [32] we proposed a
simple technique for fabricating open porous ceramic preforms having
a wide range of pore morphologies. Infiltration of these preforms will

yield metal/ceramic composites consisting of very fine to rather coarse
phase distributions. Systematic study of the thermal expansion beha-
viour of such composites as well as the study of the internal load
transfer mechanism in the current composite material will be carried
out in future.

4. Summary and conclusions

Thorough analysis of elastic properties as well as the thermal ex-
pansion behaviour of a new kind of interpenetrating metal/ceramic
composite fabricated by inert gas pressure infiltration of Al12Si melt in
porous alumina preforms was carried out. The porous alumina preforms
were also fabricated in this work using 1:1 mixture of two different
polymer waxes as pore formers. The mixture of ceramic powder and
polymer waxes was first pressed uni-axially and then sintered. The re-
sulting preforms displayed a tri-modal pore morphology with pore sizes
varying from few microns to even larger than 1mm. Longitudinal
elastic constants of the porous preforms as well as the longitudinal and
the shear elastic constants of the composite materials were determined
using non-destructive ultrasound phase spectroscopy. The elastic
properties of the porous preforms displayed transverse isotropic sym-
metry with the stiffness being the lowest along the preform press di-
rection. In interpenetrating composites fabricated by melt infiltration
no such elastic anisotropy was observed and the composites behaved as
quasi-isotropic material. Young's modulus of the composite samples
with varying ceramic content were calculated from the measured elastic
constants. Comparison with theoretical micromechanical models
showed that the Feng model predicted the composite Young's modulus
most accurately. Thermal expansion behaviour of the composite ma-
terial was studied by thermal cycling between room temperature and
500 °C. Both the thermal strain and thermal expansion coefficient de-
creased with increasing ceramic content. The shapes of the expansion
coefficient vs. temperature curves for the composites resembled the
unreinforced metallic alloy. In spite of its percolating interpenetrating
microstructure, the thermal expansion behaviour of the studied com-
posite samples resembled more closely the composites reinforced with
isolated reinforcement particles. The measured thermal expansion
coefficients were also higher than the values expected for inter-
penetrating composites based on theoretical models. These were at-
tributed to the presence of large metallic alloy rich areas in those re-
gions where originally macroscopic pores were present in the ceramic
preform from large spherical VW wax or agglomeration of fine CD wax
particles.
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