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Abstract

Four types of porous alumina—zirconia composites on the alumina-rich side, differing in the zirconia content (10-40 wt.%), have been prepared
by starch consolidation casting with different amounts of corn starch (10-50 vol.%), and the resulting microstructures have been studied via the
Archimedes method, microscopic image analysis and mercury porosimetry (bulk density, porosity, pore size and pore size distribution), with special
regard to the evolution of the microstructure as a result of (partial) sintering in the temperature range 1100-1530 °C. An influence of the composition
on pore size and shape has been observed. Elastic properties (Young’s moduli) of the composites are measured via the impulse excitation method
and the resonant frequency method and compared with micromechanical relations expressing the dependence of Young’s modulus on porosity. It
is found that the exponential relation and the sigmoidal average provide the best descriptions for the Young’s moduli of materials with this type of

microstructure.
© 2011 Elsevier Ltd. All rights reserved.
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1. Introduction

Alumina—zirconia composite ceramics with compositions on
the alumina-rich side, so-called ZTA (zirconia-toughened alu-
mina) ceramics, are widely used materials for diverse structural
applications, mainly because of their relatively high fracture
toughness.! = The majority of these applications to date is based
on dense, fully sintered materials without porosity. Itis challeng-
ing, however, to use ZTA compositions also for the preparation
of porous ceramics and thus to combine their generally favorable
mechanical properties with the functionality of porous materials
(light weight, low thermal conductivity, low elastic modulus and,
possibly, fluid permeability).*® We would like to emphasize that
the acronym “ZTA” and its counterpart “ATZ", is often used
simply as a shorthand notation for alumina—zirconia composite
ceramics with compositions on the alumina-rich and zirconia-
rich side, without direct reference to the toughening effect. In
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the case of ZTA — as here — this is justifiable, because a tough-
ening effect may be expected, in contrast to ATZ, for which
one may at best propose the reinterpretation of this acronym as
“alumina-containing tetragonal zirconia”.

A popular method for preparing porous ceramics is the use
of pore-forming agents that burn out during the firing step. One
of the most frequently used pore-forming agents is starch.”22
Starches have several advantages (hygiene, ecology, economy,
quality, size range), but most important from the engineering
point of view is the residual-free burnout due to the negligible
ash content.2? As is well known, starches can be used as mere
pore-forming agents by simply adding them e.g. to slurries for
traditional slip-casting or as combined pore-forming and body-
forming agents (stiffening or consolidating agents) in starch
consolidation casting.?*3* The principles of both processes have
been described in many papers.!3-3* Porous ceramics of porosi-
ties up to approx. 50% are readily achieved by both methods,
but the preparation of ceramics with porosity higher than 50%
by these two methods alone is difficult and has not been very
successful. One possibility to achieve higher porosities is to com-
bine these methods with partial sintering. The resulting materials
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will exhibit hierarchical microstructures with strongly bimodal
pore size distributions: large pores as remnants of the burnt-
out pore-forming agents and small interstitial pores between the
ceramic powder grains. The large pores are essentially convex
cavities which may be in contact or interconnected when the
content of pore-forming agent (starch) is higher. Their shape
corresponds more or less to that of the original pore-forming
agents (more for traditional slip casting, less for starch consoli-
dation casting, due to the interfering swelling step). On the other
hand, the small interstitial pores are concave and form a continu-
ous (i.e. completely open) pore space until sintering proceeds to
a degree sufficient for pore closure.?>-6 In this paper the method
of starch consolidation casting has been combined with partial
sintering to achieve porosities significantly higher than 50%.
With respect to the actual and potential applications of porous
ceramics these materials require complex microstructural char-
acterization. That means, except for bulk density and open
porosity (which are accessible directly via Archimedes mea-
surements), at least the total porosity and the pore size should
be characterized. The total porosity can be calculated from bulk
density when the theoretical density is known. This method
is usually more reliable than the alternative method of deter-
mining the (total) porosity via image analysis from cuts or
polished sections by invoking the Delesse-Rosiwal law (i.e.
the rule that “area fraction of pore sections*=“volume frac-
tion of pores” under the assumptions of isotropy, uniformity
and randomness>’—%), because sample preparation is much eas-
ier and imaging artifacts are of no concern. Pore size is a bigger
problem: apart from the fact that the pore size must always be
given in terms of either equivalent or statistical values (diam-
eters), the concept of pore size itself requires the pores to
be well-defined, isolated objects, preferentially with a convex
shape, in a matrix. Only in this case a 2D pore section equivalent
area diameter distribution can be measured via single-object-
based image analysis and subsequently transformed into a true
3D pore equivalent diameter distribution, e.g. using a Saltykov
transformation’” (when the pore shape is not too far from iso-
metric). In other words, in order to determine an unambiguous
pore size distribution from image analysis (or tomography, for
that matter) the microstructure, if isotropic, must be of the
matrix-inclusion type. This is not always the case. For exam-
ple, partially sintered microstructures usually have a connected
pore space. That means they are bicontinuous, with both the
solid phase (skeleton) and the pore space forming connected
paths from one side to the other side of a macroscopic body.
Therefore microscopic image analysis can be used to determine
an unambiguous pore size distribution only in exceptional cases.
Nevertheless, an average measure of pore size can be determined
by image analysis (or tomography) even if the pores are not well-
defined, isolated objects: the mean intercept diameter (mean
chord length).3”-3% This is a robust statistical size measure in
the sense that it remains well-defined even if the microstructure
is bicontinuous, with a completely interconnected pore space
(consisting of convex, concave and saddle surfaces, but without
any single pores). Note, however, that the mean pore size deter-
mined by this method always depends on the resolution of the
microscopic method used, which is of order 1 wm when light-

optical microscopy is used. It should also be emphasized that
the mean intercept technique yields an arithmetic average of a
number-weighted distribution. That means, when applied in an
unbiased way to a microstructure with a wide pore size distri-
bution, the calculated mean intercept should not be expected to
correspond to an allegedly evident “average pore size” based on
mere visual inspection. If a pore size distribution is required,
mercury porosimetry is of course the traditional method of
choice. It has the advantage of covering a fairly wide size range
(from tens of wm in a low-pressure equipment) down to the
nanometer range in high-pressure equipment.*’ One has to be
aware of the fact, however, that mercury porosimetry is based on
the intrusion of mercury into the pore space and thus only open
pores are probed. Moreover the equivalent diameters determined
via mercury porosimetry are size measures based on the Wash-
burn equation, i.e. obtained assuming a porous medium with
straight, constant-diameter, non-intersecting cylinder pores.*°
That means, in the case of large pore cavities (cells) connected
by small pore channels or throats (window cells) mercury poros-
ity yields a (equivalent) pore throat diameter distribution, while
image analysis (and tomography) would yield a (equivalent)
pore cavity diameter distribution. In this paper the Archimedes
method, image analysis (mean intercept method) and mercury
porosimetry are used to characterize the microstructure of the
porous ZTA ceramics prepared.

The toughening effect of zirconia grains in a (dense) alu-
mina matrix has been well investigated during the last few
decades now !~ and remarkable properties, mainly with respect
to strength and fracture toughness have been achieved in these
materials.! 3 Concerning elastic constants, in particular Young’s
moduli, it is quite easy to predict their effective values for
dense composites of arbitrary composition, because the “phase
contrast” of the end members (ratio of the Young’s moduli of alu-
mina, 400 GPa, and zirconia, 205 GPa) is only approx. 2:1 and
therefore the upper and lower Hashin—Shtrikman bounds, which
can be invoked to estimate the effective moduli of isotropic
materials,*1*? are close enough to yield a very precise theoreti-
cal prediction, which has been confirmed experimentally several
times.*!"*?> The situation is completely different for porous
materials.**~* Although the elastic modulus of the matrix can
be reliably predicted when the composition is known, it has
been believed until recently that such a prediction is not possi-
ble in the case of porous materials. From a strictly mathematical
point of view this is of course true: there is no universal relation
for the prediction of effective properties of porous materials,
simply because a unique porosity dependence does not exist.
Nevertheless, research in the last few years has indicated that
certain types of porosity dependences are evidently “preferred
by nature”. Among these are the exponential relation proposed
by Pabst and Gregorova*!#6—*9 and the sigmoidal average pro-
posed by Pabst et al.’%! The theoretical derivation of the first
is based on the functional equation approach (a kind of effec-
tive medium approximation) described in Ref.**, while the latter
is a purely empirical relation, based on a weighted average of
upper and lower bounds.’! The sigmoidal average seems to be
the simplest type of average that is generalizable to composites
of arbitrary phase contrast by taking into account the upper and
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lower bound and at the same time usable for composites with
infinite phase contrast, i.e. porous media. On the other hand,
all experimental findings to date indicate that our exponential
relation is appropriate for predicting the porosity dependence
of the thermal conductivity, Young’s modulus and other effec-
tive properties of porous materials prepared with pore-forming
agents. The adequacy of both relations for estimating the poros-
ity dependence of properties such as thermal conductivity and
Young’s modulus has been demonstrated in several experimental
papers,2!-22-5233 but only up to porosities of approx. 50%. In this
paper first evidence is given of the fact that both relations provide
the best a priori estimates currently available even for higher
porosities, viz. up to approx. 70%. The Young’s moduli for this
paper were measured by the resonant frequency technique and
the impulse excitation technique in order to double-check the
results.

2. Experimental

For the preparation of porous ZTA ceramics by starch con-
solidation casting commercial alumina (a-Al,O3) and zirconia
(t-ZrOy with 3mol.% Y;03) powders with submicron par-
ticle size have been used in this work: AA04 (Sumitomo,
Japan; median particle size approx. 0.4 wm, specific surface
area approx. 4 m?/g) and TZ-3Y (Tosoh, Japan; median particle
size approx. 0.4 wm, crystallite size 28—40 nm, specific surface
area approx. 16 m?/g). Corn starch (Gustin, Dr Oetker, Czech
Republic) with a median diameter of 14 wm has been used as
the pore- and body-forming agent. Aqueous suspensions con-
taining the ceramic powder mix, corn starch and deflocculant
(Dolapix CE64, Zschimmer & Schwarz, Germany) in a concen-
tration of 1 wt.% (related to the ceramic powder) were prepared
by homogenization in polyethylene bottles with alumina balls on
alaboratory shaker (HS260, IKA, Germany) for 2 h and by ultra-
sonication (UP200S, Dr Hielscher, Germany). Four basic types
of composite ceramics were prepared, containing 10, 20, 30 and
40 wt.% of zirconia (labelled A90Z10, A80Z20, A70Z30 and
A60Z40). Of each of these four ZTA compositions four variants
with different porosities made from suspensions with nominal
(i.e. related to the ceramic powder) starch contents in the range
10-50 vol.% were prepared (taking the density of dry corn starch
as 1.5 g/cm?). The concentrations of ceramic powders in the
suspensions were 73—75 wt.% (lower for larger starch contents
and vice versa). The as-prepared, ready-to-cast mixed slurries
were cast into brass molds with a cylindrical cavity of internal
diameter 7 mm and length 70 mm; before casting the mold sur-
faces were coated with an alkali-free grease (Apiezon M Grease,
Apeizon, UK) for easy demolding. The molds with the slurries
were heated to 80 °C for 2.5 h. After consolidation of the starch-
containing slurries, the molds were cooled to room temperature,
the samples taken out and dried under ambient conditions for
24 h, and then at 60, 80 and 105 °C until mass constancy, with
a 2h dwell at the first two temperatures. The as-dried samples
were fired at 1100, 1200, 1300 and 1400 °C (partial sintering
of the matrix) or 1530 °C (full sintering of the matrix) with a
heating rate of 2 °C/min and a 2 h dwell. The sintering temper-
ature of 1530°C has been chosen based on previous work in

which it has been demonstrated that theoretical densities higher
than 99% can be achieved for the ZTA composites of this work
prepared by slip casting into plaster molds.>*

XRD investigations of samples after firing have been per-
formed with a Siemens D5005 powder diffractometer (Siemens,
Germany) in Bragg-Brentano geometry using CuKa radiation
(divergence slit 1°, 40kV, 40mA, step size 0.05° in 55s) and
quantitative phase analysis has been made using two types
of Rietveld-based software packages (Siroquant/Sietronics,
Australia and Topas/Bruker, Germany). SEM micrographs have
been obtained with a Leo 1450 VP (Carl Zeiss Jena, Germany).
The as-fired samples were characterized with respect to shrink-
age by a slide caliper. Their bulk density and open porosity were
determined via the Archimedes technique after boiling in water.
The total porosity was determined based on the theoretical den-
sity of each composition, taking the density values 4.0 g/cm? and
6.1 g/cm3 for the end members alumina and zirconia, respec-
tively. Polished sections were prepared from the samples with
fully sintered matrix (fired at 1530°C) and pore size distri-
butions were measured via the mean intercept technique’’°
using commercial image analysis software (Lucia G, Labora-
tory Imaging, Czech Republic) on optical micrographs (Jenapol,
Zeiss, Germany). More than 1000 objects have been measured
for each sample by superimposing a square grid on the micro-
graph and dividing the integral chord length inside pore sections
by the number of intersections (=half the number of intersection
points with the pore perimeter). Mercury porosimetry (Auto-
Pore IV 9500, Micromeritics, USA) was used to determine the
pore size distribution (more precisely the pore throat size dis-
tribution) and the apparent density (i.e. the density including
closed pores) of all types of samples. In the case of partially sin-
tered sample this technique reveals not only the interconnecting
throats between the large pores but also the very small interstitial
pores between the ceramic grains.

The Young’s moduli of all composites were measured by
the resonant frequency technique and the impulse excitation
technique via two signal types, using two different types of
equipment: firstly via longitudinal vibrations using electrome-
chanical excitation (Erudite, CNS Electronics, UK) and an
oscilloscope to find resonant frequencies, and secondly via flex-
ural vibrations using an impulse excitation instrument (RFDA
23, IMCE, Belgium) with fast Fourier transformation software.
In the case of longitudinal vibrations (resonant frequency tech-
nique) the Young’s moduli were calculated according to the
approximate formula

E = pQfiL), (1

an approximation valid for slender cylindrical specimen,>

where p is the bulk density, f; the fundamental resonant fre-
quency for longitudinal vibrations and L the specimen length.
In the case of flexural vibrations (impulse excitation technique)
the Young’s moduli were calculated via the RFDA-MF software
(according to ASTM C 1259) via the equation

3

L 2
E =1.6067 | 7 | m- fH)C, @
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where D is the diameter of the rod, m the mass of the rod, f the
fundamental resonant frequency for flexural vibrations and C a
correction factor dependent on the aspect ratio of the rod and
the Poisson ratio of the material,’® see also Ref.>’.

3. Results and discussion

Figs. 1 and 2 show the microstructural characteristics (bulk
density, open and total porosity) and shrinkage (after firing)
of porous alumina-zirconia composites with 10, 20, 30 and
40wt.% zirconia (A90Z10, A80Z20, A70Z30, A60Z40) pre-
pared from suspensions with starch contents in the range
10-50 vol.% after sintering at 1530 °C.

From these values it is evident that the total porosity is a
sensitive function of the starch content in the suspension, but is
substantially independent of the alumina—zirconia ratio in the
composites. However, due to the swelling of starch, which is
typical for the starch consolidation process,>° the porosity in the
ceramic after firing does not correspond directly to the nominal
starch content in the suspension. For example, for 10 vol.% of
corn starch in the suspension (related to ceramics) the result-
ing porosity after firing is not 10% but 26-28% (23-25% is
open porosity). On the other hand, when the starch content in
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Fig. 1. Dependence of the bulk density (full symbols, left ordinate) and the
linear shrinkage (empty symbols, right ordinate) after firing on the nominal
starch content (triangles A60Z40, circles A70Z30, diamonds A80Z20, squares
A90Z10).
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Fig. 2. Dependence of the total porosity (full symbols) and the open porosity

(empty symbols) after firing on the nominal starch content (triangles A60Z40,
circles A70Z30, diamonds A80Z20, squares A90Z10).

the suspension is sufficiently high, swelling is not completely
free, but constrained by steric effects (excluded volume effects).
Therefore with a starch content of 50 vol.% in the suspension
it is possible to achieve total porosities of 50-51% (essentially
all open). All these findings are in complete agreement with
previous findings for alumina ceramics!®3? and other starch
types.!?2 Of course, the bulk densities (for comparable porosi-
ties) exhibit an increasing trend with increasing zirconia content.
Shrinkage after firing seems to be independent of the starch con-
tent in the suspension (or the resulting starch-induced porosity).
It is in the overall range 17-22%, tending to the lower value
for the low-zirconia composites A90Z10 and A80Z20 and to
the higher ones for the high-zirconia composites A70Z30 and
A60Z40. The independence of shrinkage on the starch content
is an indication of the fact that it is essentially the shrinkage of
the matrix (we recall that it is well known that large pores in
a fine-grained matrix do not by themselves significantly con-
tribute to shrinkage®>3¢). The latter trend (slight dependence
on the zirconia content) is a consequence of the fact that the
matrix shrinkage during sintering depends on the packing frac-
tion of the green bodies,’® which is usually lower for zirconia
(and ZrO;-rich composites) than for alumina (and Al,O3-rich
composites).

XRD phase analysis indicates that the monclinic/tetragonal
ratio is below 0.20 in all ZTA composites prepared in this work
(5-13% and 8-20% for composites fired at 1100 and 1530 °C,
respectively), without a recognizable correlation to the over-
all zirconia content in the composite. It must be emphasized,
however, that the absolute contents of monoclinic ZrQO, in the
alumina-zirconia composites are much lower, viz. 0.6-7%, so
that the error in the total porosity computation becomes in fact
negligibly small.

Figs. 3 and 4 show the microstructural characteristics (bulk
density, open and total porosity) and shrinkage (after fir-
ing) of porous alumina-zirconia composites with 10, 20, 30
and 40 wt.% zirconia (A90Z10, A80Z20, A70Z30, A60Z40)
prepared from suspensions with 50 vol.% corn starch after par-
tial sintering to different temperatures (1100, 1200, 1300 and
1400 °C) and after full matrix sintering at 1530 °C.
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shrinkage (empty symbols, right ordinate) on the firing temperature (triangles
A60Z40, circles A70Z30, diamonds A80Z20, squares A90Z10).
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Fig. 4. Dependence of the total porosity (full symbols) and the open porosity
(empty symbols) on the firing temperature (triangles A60Z40, circles A70Z30,
diamonds A80Z20, squares A90Z10).

The most important finding is that porosities up to 70-71%
can be achieved when use of the pore-forming agent (corn
starch) is combined with partial sintering, whereas without par-
tial sintering porosities significantly higher than 50% cannot
be achieved without risking collapse of the structure, result-
ing in serious deformation of the green bodies.>> As expected,
the bulk density increases with firing temperature (from 1.2
to 1.3 g/cm? after firing at 1100°C to 1.6-1.8 g/cm? after fir-
ing at 1400°C and 2.1-2.3 g/cm? after firing at 1530°C), and
the shrinkage increases accordingly (from 2—4% after firing at
1100 °C to 12—-15% after firing at 1400 °C and to 18—19% after
firing at 1530°C), but both characteristics depend only very
slightly on the zirconia content. With increasing firing temper-
ature the porosities decrease from the aforementioned values
of 70-71% after firing at 1100°C to 60-64% after firing at
1400°C and to 50-51% after firing at 1530 °C (total poros-
ity values). As far as total porosities are concerned, differences
between the composites are insignificant. However, there seems
to be a small, but statistically significant, effect concerning open
porosity. For the alumina—zirconia composites with low zirconia
content (A90Z10 and A80Z20) the latter is in all cases less than
1.1% (in absolute percentage) below the total porosity value,
whereas for the composites with high zirconia content (A70Z30
and A60Z40) they are up to 7.8% below the total porosity val-
ues, i.e. there is a certain amount of closed porosity, increasing
with higher firing temperature (from 0.6-5.2% after firing at
1100-1200°C to 3.1-7.8% after firing at 1300-1400 °C) The
fact that the closed pore content is increasing with increasing
firing temperature can be explained in terms of the classical
pore closure concept at the final stage of sintering,3>3° i.e. a
transition from an open network of concave interstitial pores —
modelable e.g. by interconnected cylindrical channels accord-
ing to the Coble model?>3¢ — to closed, i.e. isolated, convex
pores. This effect is more important in zirconia-rich compos-
ites because the zirconia powder used here is known to have a
slightly lower sintering temperature than the alumina powder
used. This behavior can be considered as typical for common
alumina—zirconia composites where the alumina and zirconia
grain size is not dramatically different.

Figs. 5 and 6 show micrographs of polished sections of
porous alumina-zirconia composites after firing at 1530°C.
Fig. 5 shows the microstructures of different compositions (from
A90Z10 to A60Z40) prepared with 10vol.% of corn starch.
The microstructures are similar, but it is interesting that for the
zirconia-rich compositions, especially A60Z40, the pore shape
is more irregular and often non-convex (locally concave). This
finding confirms several previous observations in our laboratory
and seems to be typical for zirconia and zirconia-rich compos-
ites. The mean pore sizes listed in Table 1, which have been
determined via the mean intercept method, confirm a decrease
in the measured pore size from low-zirconia to high-zirconia
composites (e.g. for composites prepared from suspensions
with 10 vol.% starch the mean intercepts decrease from 16.5 to
11.5 wm when going from A90Z10 to A60Z40). Fig. 6 shows the
microstructures of alumina—zirconia composites with low zirco-
nia content (A90Z10) prepared from suspensions with different
starch contents (10, 20, 30 and 50 vol.%). It is evident that pore
size in the fired ceramics decreases significantly with increasing
starch content in the suspensions. Also this trend is quantitatively
confirmed by the values in Table 1 (e.g. for A90Z10 composites
the mean intercepts decrease from 16.5 to 12.0 wm when going
from to samples prepared from suspensions with 10-50 vol.% of
corn starch). It has to be noted that the mean intercept technique
does not allow to distinguish between single pores and apparent
pore “agglomerates” (which may result from pore wall breaking,
a frequent and usually unavoidable artifact of sample prepara-
tion); therefore, since “pore overlap” is more of a problem in
highly porous ceramics, the pore size differences determined by
this method for samples prepared with different starch contents
are always underestimated. We would also like to recall the well-
known fact that the fact that pores appear isolated in a 2D cut
(polished section) does not allow any conclusions about pore
closure in 3D. We emphasize that the porosity of ceramics pre-
pared by starch consolidation casting is always essentially open
and interconnected (cf. the total and open porosity values in
Fig. 2), although the micrographs might give the wrong impres-
sion that for ceramics prepared with low starch contents there is
a significant amount of closed porosity. In ceramics prepared by
starch consolidation casting there is no percolation threshold as
for ceramics prepared by simple slip-casting with pore-forming
agents,'8 because with starch contents that would possibly lead
to porosities below the percolation threshold it is not possible to
achieve rigid green bodies.

Table 1

Pore size of porous alumina—zirconia ceramics of different composition after
firing at 1530 °C, determined by image analysis of polished sections (mean
intercepts).

Sample type Pore size [pm]
10 vol.% 20 vol.% 30 vol.% 50 vol.%
starch starch starch starch
A90Z10 16.5 13.5 12.9 12.0
A80Z20 14.7 13.4 11.6 11.5
A70Z30 13.4 10.7 10.4 10.7
A60Z740 11.6 11.7 10.0 9.5
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Fig. 5. Micrographs of polished sections of porous alumina-zirconia composites prepared with 10 vol.% of corn starch after firing at 1530 °C (left top — A90Z10,
right top — A80Z20, left bottom — A70Z30, right bottom — A60Z40).
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Fig. 7. Pore size distributions (cumulative curves) measured via mercury
porosimetry for porous alumina—zirconia composites of different composition
prepared with 50 vol.% of starch after partial sintering at 1200 °C (dotted curve
— A90Z10, dashed curve — A80Z20, right curves — A60Z40 and A70Z30).

Figs. 7 and 8 show the results of mercury porosimetry (cumu-
lative and frequency curves) for alumina—zirconia composites
of different composition (from A90Z10 to A60Z40) prepared
with 50vol.% of corn starch after firing at 1200 °C. The dis-
tribution measured by mercury porosimetry is bimodal due
to partial sintering; none of the modes, however, corresponds
to the pore cavity size resulting from starch burnout, which
can only be determined by image analysis and is in the range
10—17 pm, cf. Table 1, corresponding to the median diameter
of the starch granules (approx. 14 um'”). The median values of
the pore throat diameter distributions are 1.6—1.8 wm, while the
mode values are 1.8 wm and 0.1-0.2 pm, i.e. 100-200 nm for
the pore throats and interstitial pore openings, respectively. It is
evident that there is no significant difference between the com-
posite types, i.e. the microstructure achieved is a result only
of processing and is essentially independent of the material.
Figs. 9 and 10 show SEM micrographs of the fracture surfaces
of A60Z40 samples after partial sintering at 1100 °C. In Fig. 9
the large pores (with a size of order 10 um) are interconnected
by pore openings (cell windows, a few pwm in diameter), and in
Fig. 10 partially sintered submicron-sized particles are visible,
between which there are small interstitial pores with a size of
order 100 nm.
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Fig. 8. Frequency curves corresponding to Fig. 7.

F

Fig. 9. SEM micrograph of A60Z40 prepared with 50 vol.% of corn starch after
firing at 1100 °C (magnification 1000x).

Figs. 11 and 12 show the results of mercury porosime-
try (cumulative and frequency curves) for alumina—zirconia
composites of different composition (again from A90Z10 to
A60Z40) prepared with 50 vol.% of corn starch after firing at
1530°C. It is evident that the smallest interstitial pores have
vanished, indicating that the matrix is densely sintered now
(this conclusion is also confirmed by calculating the so-called
apparent density, i.e. the density with closed but without open
pores: the resulting values are within 98-99% of the theoret-
ical density of the materials). The pore throat diameters are
in the range 1.4-2.2 pm (median values similar to the range
mentioned above), again without any recognizable dependence
on the material. Figs. 13 and 14 show the dependence of
the microstructure on the firing temperature for the compos-
ite A60Z40. It is nicely seen how the cumulative volume of the
small interstitial pores gradually decreases with increasing firing
temperature, and finally the largest pores (pore throats) suffer a
jumpwise increase in size, indicating that small interstitial pores

Fig. 10. SEM micrograph of A60Z40 prepared with 50 vol.% of corn starch
after firing at 1100 °C (magnification 20,000 x ).
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Fig. 11. Pore size distributions (cumulative curves) measured via mercury
porosimetry for porous alumina—zirconia composites of different composition
prepared with 50 vol.% of starch after firing at 1530 °C (left curve — A70Z30,
dotted curve — A90Z10, dashed curve —~A80Z20, right curve — A60Z40).
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Fig. 12. Frequency curves corresponding to Fig. 11.

have migrated to the large cavities in the final stage of matrix
sintering.

Figs. 15-18 show the dependence of the Young’s modulus
on the total porosity for alumina—zirconia composites of dif-
ferent composition (from A90Z10 to A60Z40) prepared with
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Fig. 13. Pore size distributions (cumulative curves) measured via mercury
porosimetry for porous alumina—zirconia composites of composition A60Z40
prepared with 50vol.% of starch after firing at 1100°C, 1200°C, 1300 °C,
1400 °C and 1530 °C (from left to right, respectively).
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Fig. 14. Frequency curves corresponding to Fig. 13.
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Fig. 15. Young’s moduli of alumina-zirconia composites A90Z10 measured
via the resonant frequency technique (circles) and the impulse excitation tech-
nique (plusses) and comparison with four admissible predictions (thin dotted —
upper Hashin Shtrikman bound, thin dashed — power-law prediction, thick full
— exponential prediction, thick dashed — sigmoidal average).

different starch contents (in the range 10-50 vol.%, related to the
ceramic powders) after firing to different temperatures ranging
from 1100°C to 1530°C. In these figures the measured val-
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Fig. 16. Young’s moduli of alumina-zirconia composites A80Z20 measured
via the resonant frequency technique (circles) and the impulse excitation tech-
nique (plusses) and comparison with four admissible predictions (thin dotted —
upper Hashin Shtrikman bound, thin dashed — power-law prediction, thick full
— exponential prediction, thick dashed — sigmoidal average).
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Fig. 17. Young’s moduli of alumina-zirconia composites A70Z30 measured
via the resonant frequency technique (circles) and the impulse excitation tech-
nique (plusses) and comparison with four admissible predictions (thin dotted —
upper Hashin Shtrikman bound, thin dashed — power-law prediction, thick full
— exponential prediction, thick dashed — sigmoidal average).
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Fig. 18. Young’s moduli of alumina-zirconia composites A60Z40 measured
via the resonant frequency technique (circles) and the impulse excitation tech-
nique (plusses) and comparison with four admissible predictions (thin dotted —
upper Hashin Shtrikman bound, thin dashed — power-law prediction, thick full
— exponential prediction, thick dashed — sigmoidal average).

ues are compared with three types of predictions*!*3-31: the

Hashin—Shtrikman upper bound

1 —
E=Eo (¢> , )
I+¢
the power-law relation
E = Eo(1 - ¢)°, “
the exponential relation
E=E —2¢ 5)
=Epexp| ——
0 p 1 _ ¢ K
and the sigmoidal average
1— 2
E=r (S22, ®)
1+¢

where ¢ is the (total) porosity and Ey the Young’s modulus of
the solid phase, i.e. of the densely sintered matrix phase. The
Ey values (corresponding to the Young’s moduli of densely sin-

tered, pore-free alumina—zirconia composites) can be readily
calculated when the materials are isotropic (our case) and the
composition is known, because the Hashin—Shtrikman bounds
are very tight in this case.*! For the compositions of the
present paper (A90Z10, A80Z20, A70Z30 and A60Z40) the
Ey values are 383, 366, 349 and 331 GPa, respectively.*! It
is evident that all measured values (effective Young’s mod-
uli) for the porous composites are clearly below the upper
Hashin—Shtrikman bound and also below the power-law predic-
tion. However, both the exponential relation and the sigmoidal
average provide a satisfactory prediction of the effective Young’s
modulus of alumina—zirconia composites with microstructures
resulting from processing with pore-forming agents, with par-
tial or complete sintering. We would like to emphasize, that the
curves are parameter-free predictions, not fit curves. As such the
results are remarkable, because — supported by previous findings
for pure alumina, zirconia and ATZ composites?>>2>3 — they
allow realistic estimates to be made for the elastic properties of
porous ZTA composites with similar types of microstructure and
thus to circumvent time-consuming measurements. More than
this, they enhance confidence in the applicability of our expo-
nential relation and the sigmoidal average for other materials as
well. We note in passing that relations of the same type have
been successfully applied also to other properties, e.g. thermal
conductivity.2!3! This supports our belief that these two rela-
tions (our exponential relation and the sigmoidal average) are
of general validity in the sense that they are able to provide
microstructure-dependent but material-independent predictions.

4. Summary and conclusion

Alumina—zirconia composite ceramics with compositions
on the alumina-rich side, so-called ZTA ceramics, have been
prepared and characterized. Four compositions (with zirconia
contents ranging 10, 20, 30 and 40 wt.%) and corn starch con-
tents ranging from 10 to 50 vol.% (related to ceramic powders)
have been prepared by starch consolidation casting, combined
with partial or complete matrix sintering, and characterized by
shrinkage, the Archimedes technique, image analysis and mer-
cury porosimetry. Their Young’s moduli have been measured
via the resonant frequency technique and the impulse excitation
technique.

It has been found that porosities of up to 70-71% can
be achieved for partially sintered samples, while the highest
porosities attainable with complete matrix sintering are only
50-51%. The pore cavity sizes (cell diameters) determined
by image analysis (mean intercept technique) are 10-17 pm,
while mercury porosimetry yields information on the pore
throat sizes (cell window diameters): these are monomodal
after matrix sintering (1530°C) with median diameter of
approx. 1.4-2.2 um, but bimodal when the matrix is only
partially sintered (1100-1400°C), the second mode being at
approx. 0.1-0.2 pm. Thus the partially sintered materials have
microstructure that can be described as hierarchical (with poros-
ity at two levels). As expected, the microstructure of the porous
ZTA composites is primarily determined by the processing route
(e.g. the firing temperature), whereas the material composition
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has a minor influence; however, a change in pore shape has
been observed (from convex to concave with increasing zirco-
nia content), which has a certain influence also on the measured
pore size. The Young’s moduli measured are remarkably close to
our exponential relation (a theoretically well-founded effective-
medium approximation) and the sigmoidal average. That means,
for microstructures obtained by the processing method indicated
(starch consolidation casting combined with partial or complete
matrix sintering) it is possible — with the precision shown in
the graphs — to predict the effective Young’s moduli of porous
alumina—zirconia composite ceramics without measuring.
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