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ABSTRACT

Porous alumina and zirconia preforms, processed by ice templating, have been used to manufacture ceramic/metal composites by aluminium alloy
infiltration. The aim of the present work is to study the influence of the ceramic material nature and of the initial porous structure on the thermal
conductivity anisotropy of the composite in order to assess potential applications in the field of thermal management. The materials are characterised in
terms of pore volume fraction and pore size before and after metal infiltration. The freeze casted preforms exhibit anisotropic lamellar structures with
ellipsoidal pores ranging from 35 pum to 40 pm and porosity fractions from 64 to 67%. After metal infiltration, composite parts present the same
anisotropic morphology, which correspond to alternating ceramic and metal layers. Thermal conductivities have been determined, with an average of
80 Wm™'K'and 13Wm™' K~! parallel and perpendicular to the freezing direction respectively, for zirconia/metal composites. Theoretical values of
thermal conductivity can be calculated using the Maxwell-Eucken relation, to handle the residual porosity, in combination with series and parallel
resistance models to describe the overall anisotropic character. These give good agreement to experiment.
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1. Introduction

Porous ceramics are used for diverse applications according to
characteristics such as pore volume fraction and distribution,
permeability and so on. As examples, porous ceramic structures
are used as filters for molten metal [1], water [2] or gas [3] and
microfiltration by membranes, but also to process fuel cell elec-
trodes [4], for thermal energy storage devices [5], and for sound
[6] or thermal insulation [7]. All these applications are typically
developed with isotropic porous materials. In the case of materials
exhibiting anisotropic porosity, similar applications are possible,
with significant improvements in the properties as it has been
demonstrated for the preparation of membranes [8], of piezo-
electric substrates [9,10], electrodes for fuel cell (SOFC) [11], bio-
materials [12] and ceramic matrix composites [13,14].

Freeze casting by ice templating of ceramic materials, devel-
oped in the last 15 years [15], consists of freezing stable ceramic
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slurry. The porous structure results in the growth of ice crystals
and their interaction with the ceramic particles. A green body is
then obtained by sublimation of the ice, without shrinkage or
damaging the ceramic framework [16]. An anisotropic structure
can be produced in specific conditions when the solidification of
the slurry is oriented by a thermal gradient [17]. Consequently, the
structure presents elongated and continuous pores oriented along
the freezing direction. Some authors have shown that these por-
ous materials exhibit anisotropic thermal conductivity [18-20].

An easy way to obtain a ceramic matrix metal composite con-
sists of filling the porosity of a ceramic preform with a metal, by
squeeze or die casting [14,21]. In most cases, such composites are
made, using an isotropic [22] preforms, but some papers have
reported composites prepared from freeze casted ones [23,24]. For
example, Roy et al. [14] have filled porous alumina preforms with
an aluminium alloy and they studied the elastic behaviour of such
composites.

Recently, it has been shown that the orientation of carbon
nanofibers in a copper matrix leads to anisotropic thermal con-
ductivity [25]. In such perspective, the present work aims at
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investigating the anisotropic thermal conductivity behaviour of
ceramic metal composites processed from freeze casted ceramic
performs. The structures are characterised in terms of pore volume
fraction and pore size before and after metal infiltration. An ana-
lytical model is used to calculate values, based on resistances in
series and parallel to describe the anisotropic conduction, and the
Maxwell-Eucken relation to handle the effect of residual porosity.

2. Experimental procedure
2.1. Materials and methods

Slurries are prepared by mixing 20 vol% of ceramic in deionised
water with a small amount of ammonium polymethacrylate an-
ionic dispersant (Dolapix CE64, from Zschimmer and Schwarz,
Germany). The ceramic is an alumina powder (d50 0.4 pm, spe-
cific surface area=8 m? g~ !, P172SB, Rio Tinto Alcan, Brazil) or a
3 mol% yttria stabilised zirconia powder (d50 0.3 um, specific
surface area=7 m? g~!, TZ-3YS, Tosoh, Japan). The slurries are
then mixed for 24 h in Turbula® with alumina or zirconia beads
(diameter of 2 mm). After removing the balls, 3 wt% of poly-
ethylene glycol (Mw =1000 molg~', from Merk, Germany) is
added as a binder.

Each slurry is poured into a cylindrical TEFLON mould (30 mm
inner diameter and 50 mm high) and put on the freezing device.
Fig. 1 illustrates the freeze casting device. The sample holder is
cooled slowly down to —40°C (1°C/min), and then the tem-
perature is kept constant until the full freezing of the slurry is
achieved. The frozen samples are then placed in a freeze dryer
(HETO CDS8, Thermo Fisher Scientific, USA) for 48 h to remove the
solvent at a pressure close to 10 Pa. All green bodies are fired at a
constant heating rate of 5°C/min and maintained during 2 h at
1600 °C (alumina) or 1450 °C (zirconia) and finally cooled down at
5 °C/min to room temperature.

After sintering, ceramic/metal composites are obtained by fill-
ing the ceramic preforms with an aluminium alloy, AlSi;oMg (Al-
tara, France) with a purity of 99%, using a vacuum pressure metal
casting device (VC-650 V, INDUTHERM, Germany) (Fig. 2). The
ceramic part is placed inside a refractory plaster mould which was
prepared by investment casting. Aluminium alloy is melted at
740 °C and poured into the mould heated at the same temperature.
The mould is then cooled down to ambient temperature naturally.
Composites exhibit cylindrical shape with a diameter and a height
of about 20 mm. Slices of the composites are cut both perpendi-
cularly and parallel to the freezing direction, to allow the de-
termination of their thermal conductivity at room temperature
and examined by SEM and X-ray tomography to evaluate the
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Fig. 1. Schematic representation of the freeze casting device.
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Fig. 2. Schematic representation of the metal infiltration device.

infiltration quality. Typical dimensions of the disk samples are
2mm in thickness and 14 mm in diameter with parallel and
unpolished faces.

2.2. Characterisation

2.2.1. Microstructure

The amount of porosity and bulk density are determined by
using the method based on Archimedes’ principle for ceramic
preforms using deionised water as the liquid medium. Pore size is
measured using image analysis of the SEM micrographs (HITACHI
S-3500N and JEOL JSM 5900 LV, Japan). For each sample, 10 mi-
crographs with more than 150 pores in total are investigated.

The sintering conditions lead to incomplete densification of the
ceramic scaffold, which correspond to the ceramic wall porosity.
To determine this micro porosity in the ceramic wall of the porous
preforms, an ultrasonic method is used. The measurements are
made on cylindrical samples (diameter and height of 20 mm)
using two transducers (Ultrasonic tester, Brutsaert, Belgium) with
a nominal frequency of 250 kHz, assuming that anisotropic la-
mellae will act as a waveguide. The transducers are placed on
opposite sides of the sample using soft paraffin as a coupling
agent.

Calibration curves of wave velocity as a function of porosity are
recorded on isotropic alumina and zirconia samples with known
porosity amount. These samples are prepared by uniaxial pressing
of powder pellets followed by sintering at different temperatures.
Three samples were processed for each reference material and the
wave velocity is measured six times for each sample. The cali-
bration curves are plotted in Fig. 3. The experimental data are in
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Fig. 3. Standard curves of ultrasound wave propagation speed as a function of
porosity for isotropic porous ceramics. Black line correspond to calculated curves
from Phani's relation.



good agreement with Phani's relation [26] (Eq. (1)):
Vi = Vio(1-p)" M

where V and V| are the wave velocity of the isotropic porous and
dense material respectively, p is the pore volume fraction and m is
a constant, determined experimentally, with a value of 1.17 for
alumina and 1.20 for zirconia.

For the thermal conductivity study, the metal volume fraction
is calculated by using Eq. (2):

— * Lk
= Vinetal Pmetal T Veeramic” Preramic

@

with Promposite? the bulk density of the composite, p, ..., and g qmic:
the densities of dense aluminium alloy and ceramic respectively,
Vietat ANA Vegramic the volume fraction of metal and ceramic, re-
spectively. For this calculation, only the volume fraction of the
metal part is unknown (all densities are determined by Archi-
medes’ method). The ceramic volume fraction in the sample is
assumed constant before and after metal infiltration. The total
pore volume fraction in the composite is then easily deduced using
the volume fractions of metal and ceramic (the sum of these three
values is one).

pcomposite

2.2.2. Thermal conductivity

Thermal conductivity (A) is determined by measuring thermal
diffusivity (a) using the laser flash method (Netzsch LFA 427,
Germany). The flash source is a Nd: YAG laser which delivers
pulses at 1.064 pm up to 20] with a typical duration of 500 ps. The
sample back face temperature is monitored with a liquid-nitrogen-
cooled infra-red detector (InSb). To improve the laser beam ab-
sorption and the emitted signal from the back face, samples are
coated with a thin graphite layer by spray coating and each disk is
tested 5 times. Cape and Lehman's model which takes into account
heat losses during the experiment, was used to calculate the
thermal diffusivity () [27]. The thermal conductivity is calculated
using the Eq.3.:

L=apC 3
where p is the bulk density and C, is the specific heat of the
material which was calculated for each composite using the rule of
mixture. Literature values used for alumina and zirconia respec-
tively are 770 J Kg~'K~! and 456 ] Kg~' K~! [28]. For the metal
alloy, the specific heat value of 900 J Kg~!' K~ was given by the
supplier is used.

Thermal diffusivity is measured on disks cut in two directions,
parallel and perpendicular to the ice front formation, in the same
sample. The resulting thermal conductivity values are denoted

Aparallel
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Fig. 4. SEM images of zirconia at the center (A) and at the bottom (B) sample cross section parallel to the freezing direction.
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evaluate “the thermal conductivity anisotropy”. In order to employ
two-phase analytical relations, measurements were also per-
formed on almost fully dense alumina, zirconia and on the alloy.

3. Results and discussion
3.1. Structure

3.1.1. Porous preforms

SEM micrographs of Fig. 4 correspond to a cross section parallel
to the freezing direction. At the bottom part of the sample, in both
cases, a denser zone with a different morphology (Fig. 4b), in-
herent to the process of ice templating is observed. These zones
have been removed before ceramic scaffold characterisation
(porosity level and pore size) and before the metal infiltration. As
described in literature [29], the presence of this heterogeneous
zone can be explained by a fast stable freezing front during the
first instants of the freezing.

Table 1 shows the main characteristics of the porous samples
(preforms in alumina: AIP, or in zirconia: ZrP), before metal in-
filtration. The structure of the porous preform is a classic lamellar
morphology characterised by ceramic walls with thickness be-
tween 30 and 40 pm.

Elliptic pore shape is observed, which is characteristic of freeze
casting by ice templating [30], as can be seen in Fig. 5. Owing to
the standard deviation, both the small (a) or larger (b) diameter
can be consider equivalent for both types of ceramics as shown the
SEM micrographs (Fig. 5(a) and (b), Table 1). They only differ in
terms of total porosity, slightly higher for alumina sample (less
than 3%). The sample porosity corresponds to the ice sublimation
during the freeze drying step. In both cases, a 20% vol. slurry solid
content was chosen to promote a high amount of porosity in order
to allow an easier metal infiltration of the ceramic preforms. The
micro porosity, determined by the acoustic test, is similar for both
alumina and zirconia.

3.1.2. Composites

Composite structures are observed in both directions of or-
ientation on samples prepared for thermal diffusivity measure-
ments. The observations in the direction parallel to that of freezing
direction allow the state of the ceramic — metal interface to be
examined and in the perpendicular direction to visualize infiltra-
tion defects. The analyses were performed by SEM and by X-ray
radiography for alumina and zirconia — metal composites. Similar
results are obtained in both cases, only the zirconia — metal
composites were described.

Figs. 6 and 7 show the SEM micrographs of zirconia/metal




Table 1.
Pore size and total porosity of alumina and zirconia freeze casted preforms. (a and b
are the short and large axis of the ellipsoidal pore respectively).

Samples Pore size “a”  Pore size “b” Total porosity Micro-porosity
(pm) (pm) (%) (%)

AlP 35+8 230 + 100 67.0+ 1.0 9+1

ZrP 40+8 250+ 80 64.2+0.3 10+1

composites in the parallel direction to the freezing direction. The
dark phase corresponds to metal and the light one is the ceramic.
The entire macro porosity, from ice sublimation, appears to be
fully infiltrated by the metal despite the surface irregularities of
the ceramic walls as shown in Fig. 6b. At low magnification
(Fig. 7a), an overall view of sample surface is observed. Some
unfilled zones were detected, which are mostly due to the grind-
ing of sample surface. But, by looking closely at the ceramic/metal
interface, other defects are identified as shown in Fig. 7b. These
black holes might correspond to a remaining closed porosity.

The metal infiltration does not affect the integrity of the cera-
mic walls since no broken walls are observed as shown in Fig. 8.
However, a small number of not fully infiltrated pores are ob-
served (Fig. 8 white arrows). In order to identify if pores are due to
the preparation of the sample, X-ray radiography was performed.

Radiographs were taken on flat disk samples (the same as those
used for thermal diffusivity measurements). Fig. 9 represents the
grey level images taken at 0° and 45° for cuts perpendicular and
parallel to the freezing direction. In the case of the perpendicular
analysis (Fig. 9a and b), very few holes are observed (black points
indicated by black arrows) whatever the sample angle position. It
means that, for disks with a 2 mm thickness, the porosity should
not be due to surface machining. These pores correspond to metal
infiltration defects. Moreover, radiographs made at 45° confirm
that these pores are continuous along the whole thickness. In the
other direction (parallel to the freezing direction), no see-through
porosity was observed. However, some dark grey rich regions were
observed which implies the presence of density variation or closed
porosity (Fig. 9c black arrows) at an angle of 0°. Furthermore, the
sample rotation of 45° reveals the surface roughness to be ob-
served (Fig. 9d black arrows) which appears to be quite high. These
observations confirm that closed porosity is present inside the
ceramic/metal composite, but only along the infiltration direction,
which correspond to macroscopic pore orientation (freezing
direction).

3.2. Thermal conductivity study

The density and the thermal conductivity of the two dense
ceramics and of the alloy were determined. The dense aluminium

T

alloy came from a metal part remaining around the composite
after the metal infiltration step. Experimental values obtained for
bulk density and thermal conductivity, calculated from measured
thermal diffusivity, on dense ceramics and alloy samples, are given
in Table 2. Values for alumina and for zirconia are in good agree-
ment with literature data [31,32].

Table 3 gives the results of all volume fractions for the alumina
and zirconia composites. Based on these phase proportions, ther-
mal conductivities were calculated from thermal diffusivity mea-
surements. Results are represented in Fig. 10. Some dispersion in
thermal conductivities values was observed, especially for zirconia
composites in the parallel direction.

For alumina composites, thermal conductivities range from 98
to 114Wm 'K~ ' and from 41 to 78 Wm~'K~! parallel and
perpendicular to the freezing direction, respectively. Considering
the average of experimental values in both directions, an aniso-
tropic thermal conductivity factor of 1.8 was estimated.

Zirconia exhibits a lower thermal conductivity than alumina.
Consequently, the mean anisotropic factor of zirconia composites
increases from 1.8 to 6.4. Indeed, zirconia composites exhibit a
thermal conductivity ranging from 59.4 to 93Wm~!'K~! and
from 7.4 to 26.6 Wm~!K~! parallel and perpendicular to the
freezing direction, respectively. The maximum measured aniso-
tropy ratios were 2.3 and 11.4 for alumina and zirconia composites,
respectively. This difference of a factor of 5 is quite low considering
the thermal conductivity of both dense alumina and zirconia
where the ratio is about 12.5.

4. Prediction with analytical relations

Many analytical models exist to describe the thermal con-
ductivity of multiphase materials. In each model, assumptions are
made on the geometrical arrangement of the different phases. The
series and parallel resistances models give the upper and lower
limit of the effective thermal conductivity calculated respectively
with:

-1
v
lejf,sen‘es = [Z l_l]
i

i C))
6)
Our composite materials are constituted of three phases: the
ceramic, the metal and air, with volume fractions (v;) given in
Table 3. The microstructure exhibit solid lamellae strongly or-
iented, in the direction parallel to the ice formation. We have first
compared the experimental results with predictions made with
the models of series and parallel resistors as shown in Fig. 11.

leff,parallel = Z AY;
i

Fig. 5. SEM images of zirconia (A) and alumina (B) sample cross section perpendicular to the freezing direction.
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Fig. 8. SEM images of zirconia/metal composite sample cross section perpendicular to the freezing direction.

In the freezing direction, the parallel resistance model predicts So, this results obtained in the case of perpendicular direction
relatively the correct trend with a maximum deviation of about is explained by a wrong geometry arrangement of the residual
10 Wm~! K~ to experimental values. On the contrary, in the case porosity and another distribution of the porosity has to be as-
of the perpendicular orientation, the series analytical model is sumed for a better prediction, based on isolated spherical inclu-
totally unsuitable. This difference can be explained by the very low sion in a continuous matrix (the ceramic/metal composite) as
thermal conductivity of air. Indeed, with this analytical model, the described in Fig. 12.
residual porosity is considered as a continuous insulating phase In that case, the Maxwell-Eucken relation can be used [33,34].
and hence blocking to the heat flow. This simplification of the microstructure corresponds, for example,
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Fig. 9. X-Ray radiography images of zirconia/metal composite sample cross section parallel (a and b) and perpendicular (b and c) to the freezing direction. Image a and c at 0°

angle and b and d at 45°.

Table 2.
Experimental characteristics of dense material used for the process of the ceramic/
metal composites.

Material Density (g cm™3) Thermal conductivity (W m~'K~1)
Aluminium alloy 2.64 180

Alumina 3.97 35

Zirconia 6.05 2.8

to porous materials with closed pores and the effective thermal
conductivity can be calculated with:

, Ayt 22+ 2v)( 2, = A)
*ap+ 245 = vy, = ) 6)

where 4 is the thermal conductivity of the solid phase, 4, and v,
are the thermal conductivity and the volume fraction of the
porosity.

To improve the analytical predictions, we propose, according to
the microstructure, a three step calculation. The first step uses Eq.
(6) to take into account the influence of the residual porosity in
the ceramic phase, determined by using the ultrasonic technique

leff =

described before (Fig. 3). These values correspond to the max-
imum amount of porosity that can be present in the ceramic wall
after metal infiltration. Higher residual porosity means that the
porosity is located outside the ceramic phase, in the metal phase
or at the ceramic/metal interface, with no preferential location.

The second step of the calculation consists of applying an ap-
proach based on a series or parallel arrangement of resistors ((Eqs.
(4) and 5)). The calculation was made using the metal thermal
conductivity and the ceramic wall thermal conductivity (obtained
at the first step). Assuming that the remaining porosity is not in-
side the ceramic phase, the excess of porosity has to be placed, as
closed porosity, in the complete composites. This is the last cal-
culation step where Eq. (6). is used again with the thermal con-
ductivity obtained by second step calculation as input. At each step
of the calculation, the volume fractions of every phase were
recalculated.

Tables 4 and 5 give the calculated values obtained for alumina
and zirconia composites parallel and perpendicular to the freezing
direction respectively, in comparison to the experimental values.
These results are also plotted in Fig. 11. In the case of the thermal
conductivity parallel to the freezing direction, a relatively small
difference is observed between calculated values and



Table 3.

Summary of the ceramic, metal and porosity volume fraction for composite samples.

In parallel direction

In perpendicular direction

Material Sample Metal (vol%) Ceramic (vol%) Porosity (vol%) Sample Metal (vol%) Ceramic (vol%) Porosity (vol%)

Alumina composites Para Al 1 57.4 315 11.1 Perp Al 1 56.3 315 12.2
Para Al 2 58.6 31.5 9.9 Perp Al 2 54.2 31.5 14.3
Para Al 3 56.2 321 11.7 Perp Al 3 57 321 10.9
Para Al 4 54.4 321 13.5 Perp Al 4 56.4 321 11.5
Para Al 5 53.4 33.6 13 Perp Al 5 55.3 33.6 111
Para Al 6 55.7 345 9.8 Perp Al 6 55.3 336 111
Para Al 7 57.8 34.5 7.7 Perp Al 7 57 33.6 9.4
Para Al 8 56.8 345 8.7 Perp Al 8 55.5 33.6 10.9

Zirconia composites Para Zr 1 57.8 35.7 6.5 Perp Zr 1 45.6 35.7 18.7
Para Zr 2 43 35.7 213 Perp Zr 2 384 35.7 259
Para Zr 3 58.9 35.7 54 Perp Zr 3 38.7 36 253
Para Zr 4 31.6 357 32.7 Perp Zr 4 392 36 24.8
Para Zr 5 423 36.5 21.2 Perp Zr 5 39.8 36 24.2
Para Zr 6 51.9 36.5 11.6 Perp Zr 6 45.6 36 18.4

Alumina - aluminiumalloy composites
120

O m]
= 0 Og a
¥ 100 o o
£
~
S 0 o
>
£
2 60 s <o OO <
é <
g 40 o parallel <
L; ¢ perpendicular
€ 2
£
L
o=
= 0
50 ¥ 54 56 58 60
Metal volume fraction (% vol.)
Zirconia - aluminium alloy composites

_. 100
¥ 9 N u®
£
< 80 |
2 0 =
>

60
-‘g |
£ 50
2 lparalleld |
H 4 perpendicular
S 30 7S
® 20
£ *
g 10 w
o<
F o0

30 35 40 45 50 55 60

Metal volume fraction (% vol.)

Fig. 10. Graphic representations of composite thermal conductivities as a function
of metal volume fraction for alumina metal composite and zirconia for parallel and
for perpendicular direction.

experimental ones, as it is also the case with the model of parallel
resistances. As described before, a denser part at the bottom of the
sample is always observed due to sedimentation during the
freezing step or with the fast freezing front during the first mo-
ments of the freezing step. This phenomenon may lead to the
formation of a porosity gradient along the freeze cast preform axis.
Moreover, in order to make more measurements, several disks
were cut inside the same sample after metal infiltration. For the
calculation of the metal fraction, an identical ceramic fraction was
assumed for all disks. However, this assumption of identical
ceramic fraction introduces a calculation error for the metal frac-
tion for the disk because of the porosity gradient.

So, on the one hand, when the calculation predicts a higher
thermal conductivity than experimental values, it may be directly
linked to error in the pore volume fraction value. On the other

Alumina - aluminium alloy composites

Thermal conductivity (W/(m.K))

istor © Exp L

* ] T EEeT O ee //
0 = . | l .
50 52 54 56 58 60

Metal volume fraction (% vol.)

Zirconia - aluminium alloy composites

120 -
< 100 ,:ﬂ:@
E ."M‘,‘
~
g %07 /I : u
> [ ]
S 60 1 w52l =
2 == B | Resistor o Exp L
=]
T 40 - L m Exp //
]
=
g 20
2
= 0 :

Metal volume fraction (% vol.)

Fig. 11. graphic representations of composite thermal conductivities as a function
of metal volume fraction for alumina and zirconia metal composite calculated using
series and parallel resistor law (grey zones) and the 3 steps calculation (cross-
hatched black zones).

hand, when the experimental values are higher, it can only be
explained by an inaccurate determination of ceramic/metal vo-
lume fractions due to the porosity gradient of the ceramic preform.

To confirm this, average values were estimated for the calcu-
lated and experimental ones meaning that any porosity gradient
has been compensated. In the case of alumina composite, average
values of 110 W m~!K~! and 106 Wm~! K~! were obtained for
the calculated and experimental thermal conductivities,
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Fig. 12. Schematic representation of porosity repartition for the model calculation.

Table 4.
Comparison of experimental and calculated thermal conductivity for alumina and
zirconia composite in the parallel direction.

Material Parallel  Calculated thermal Experimental thermal
conductivity conductivity
(Wm~-'K™ 1) (Wm~'K™1)
Alumina Para Al 1 112 112+3
composites Para Al 2 114 114+3
Para Al 3 109 104 +3
Para Al 4 104 106 +3
Para Al5 104 98 +3
Para Al 6 111 108 +3
Para Al 7 115 102+3
Para Al 8 113 109+ 3
Zirconia ParaZr1 105 90 +3
composites ParaZr2 74 94 +3
Para Zr 3 107 93+3
ParaZr 4 52 69 +2
ParazZr5 73 5942
ParaZr 6 93 79+2
Table 5.

Comparison of experimental and calculated thermal conductivity for alumina and
zirconia composite in the perpendicular direction.

Material Perpendicular Calculated thermal  Experimental thermal
conductivity conductivity
Wm~ 'K (Wm~'K™1)
Alumina Perp Al 1 48 61+2
composites Perp Al 2 46 57+2
Perp Al 3 50 62+2
Perp Al 4 49 55+2
Perp Al 5 46 42 +1
Perp Al 6 46 5242
Perp Al 7 49 78 +3
Perp Al 8 47 62+2
Zirconia Perp Zr 1 3,4 266+04
composites Perp Zr 2 2,8 74402
Perp Zr 3 2,8 81+0.2
Perp Zr 4 2,8 9.0+ 03
Perp Zr 5 29 10+03
Perp Zr 6 33 14+04

respectively. In this case, a good match is observed. For zirconia
composite, the trend is similar with an average calculated value of
84Wm 'K-! and an average experimental one of
80 W m~' K. These results confirm that the model can predict
correctly the thermal conductivity for a sample if the ceramic
fraction before metal infiltration has been determined accurately.

For disks cut perpendicular to the freezing direction, whatever
the ceramic nature, the experimental values are higher than the
calculated values (except for one sample). Obviously, this deviation
may be linked to the same behaviour as observed in the case of
parallel disks with the assumption of a constant ceramic volume
fraction. However, it was observed by SEM that the pores are

randomly oriented along the X,y plan (z axis is the sample height).
Indeed, for disks cut in parallel direction, pores in ceramic preform
are oriented in the same direction, but in the perpendicular di-
rection, pores are not organised in the same direction. This means
that the samples are not perfectly oriented as assumed in the
series model used for the calculation step 2. It would be better to
consider another parallel contribution which will lead to an in-
crease of the theoretical value. Nevertheless, the proposed analy-
tical calculation gives a lower limit for the thermal conductivity
which is closer to experimental results than the only use of Eq. (4).

5. Conclusion

Ceramic freeze cast preforms were used to process ceramic
based metal composites by the infiltration of porosity by an alu-
minium alloy. Ceramic preforms exhibit an overall porosity of
about 65% and a pore size of 40 pm and 250 pm for the small and
large diameter (ellipsoidal shape). The porosity structure is a direct
replica of the grown ice crystals during the freezing step. The
structure is anisotropic with a lamellar morphology.

The addition of the metal inside the sample does not damage
the overall structure. Anisotropy is maintained, but there is the
formation of a few defects as detected by X-ray tomography and
SEM observations. To quantify the thermal conductivity anisotropy
of the composites, samples were cut perpendicular and parallel to
the lamellar orientation (i.e. freezing direction). We observed that
for a greater difference in the metal and ceramic conductivity
values, the thermal anisotropy is revealed. The average thermal
conductivity anisotropy ratios are for alumina composite is 1.8,
and for zirconia composite 6.4. A maximum value of 114 in the
case of zirconia/metal composites was achieved.

An original model based on Maxwell-Eucken relation and ser-
ies/parallel resistor networks was used to predict the thermal
conductivity. The comparison of calculated and experimental va-
lues showed the influence of the preform micro porosity and
structure on the predicted values. The assumption made on the
ceramic volume fraction has an important impact on the calcu-
lated metal volume fraction and therefore calculated thermal
conductivity. Indeed, in the parallel direction, as the orientation of
each phase is the same, the difference between experimental and
calculated values is explained by difference between real and es-
timated phase fractions. In the perpendicular direction, it is shown
that the non perfect orientation of each phase may explain the
differences between experimental and calculated thermal
conductivity.
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