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Abstract

In this paper we show examples of microstructures of porous oxide ceramics prepared by traditional slip casting (TSC) and starch consolida-
tion casting (SCC) and present results obtained using different microstructural characterization techniques; Archimedes method (open and total
porosity), shrinkage measurement, mercury intrusion porosimetry (pore size distribution) and microscopic methods — optical microscopy with
microscopic image analysis (pore size distribution) and scanning electron microscopy (detailed investigation of the local microstructure). In partic-
ular, microstructures are compared for porous ceramics from the system Al,O;—ZrO, prepared with rice and corn starch. It is shown that maximum
values of the total porosity of porous ceramics prepared with starch as a pore-forming agent were approx. 50%. A major finding by using SEM
with respect to starch-produced porous ceramics is the existence of pore fillings in the form of small sintered ceramic shell inside the pores, as a

result of starch granule shrinkage during the drying and burn-out steps.

© 2012 Elsevier Ltd. All rights reserved.
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1. Introduction

Ceramic materials are generally, due to their refractoriness
and corrosion resistance up to rather high temperatures, widely
used especially for high-thermal applications or in chemically
aggressive environments. Concerning porous resp. cellular
ceramic materials, their major advantage is in the combination
of good properties of the ceramic phase with controlled
microstructure and with different degrees of porosity. The
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use of porous ceramic materials is quite diverse today (e.g.
thermal and acoustic insulators, ™ filters,>~'! membranes, 217
catalyst  support,»1%18-20 hiomaterials,!*1821-24  ceramic
burners, 02526 gas sensors,?”-?® piezoceramic hydrophones,?’
etc.) and according to the type of application different
microstructures and thus different preparation methods are
required for porous ceramic bodies. For thermal or acoustic
insulators materials with closed porosity are preferred, whereas
membranes and filters require open pores with exactly defined
pore size. The same can be said about gas burners and about
certain bioceramics applications, where important criteria
can be open porosity and sufficient pore size (e.g. minimum
pore size aperture for tissue ingrowth, especially for bone
tissue, is above 100 wm). In the case of catalyst supports a
large specific surface area is desired, again in connection with
sufficient open porosity and suitable pore size. Very specific
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are the requirements for functional ceramics with controlled
porosity, e.g. membranes for solid oxide fuel cells (SOFCs) and
piezoelectric PZT ceramics for hydrophones.

One of the preparation methods of porous ceramics is using
pore-forming agents (PFAs). Over the last 15 years there has
been an increasing interest in PFAs and the development of new
preparation methods of porous ceramics, which also leads to use
of new principle so-called starch consolidation casting — SCC.
This method was designed and for the first time published in
the year 1998 by Lyckfeldt and Ferreira.’® Starch consolida-
tion casting is based on the ability of starch to swell in water
at elevated temperature and thus to absorb water from aque-
ous ceramic suspensions. This behavior enables the preparation
of ceramic green bodies by casting starch-containing ceramic
suspensions into impermeable molds and heating the system
up to approx. 80 °C. When the temperature of the suspension
exceeds a certain threshold (i.e. after a certain induction period,
dictated by the heating rate of the whole system — suspension
and mold), the starch granules begin to swell and, finally, gela-
tinize. This temperature-induced swelling of the starch granules,
followed by subsequent gelatinization, push the ceramic powder
particles (which are typically much smaller than the starch gran-
ules) together into the interstices between the starch granules
and transform the (initially viscous) ceramic suspension into an
elastic (i.e. more or less rigid) ceramic body (at this stage called
“green body” in ceramic technology), which can subsequently
be dried and fired.3! Benefits of this method (SCC) compared to
traditional slip casting (TSC) consist, i.e. in the long durability
of molds and the possibility to effectively reduce microstruc-
ture gradients. Starch, a natural biopolymer, is suitable for the
preparation of porous ceramics especially because the ash con-
tent after starch burnout is negligible low.>! Other important
characteristics for selecting PFAs are availability (regarding to
the possibility of satisfying long-term demand), low price, envi-
ronmental aspects and combustion products (from the viewpoint
of hygiene and safety). To all these criteria, starch corresponds
equally well or better than synthetic pore-forming agents.

In the last few years, concomitantly with the more widespread
use of PFAs in ceramic technology, research began to focus on
the quantitative comparison of particle size distribution of PFAs
and the pore size distribution in the resulting porous ceramics.
This comparison is possible only if the microscopic image anal-
ysis results, which are primarily number-weighted distributions,

Table 1

are transformed into volume-weighted distributions.>> Simi-
larly, only after this transformation a comparison of results from
microscopic image analysis with mercury porosimetry results
is possible. Moreover, the results can be made more precise
when an appropriate correction for the random section problem
is applied, e.g. the Saltykov transformation.?? Although the lit-
erature is full of works concerned with preparation of porous
ceramics using PFAs, including starch, many results of these
works are mutually incomparable, because the way of pore size
determination is not sufficiently defined and even the concentra-
tion measures applied are different. If, e.g. the content of PFA
is given in wt.% in the suspension, this quantity has no direct
relation to the expected or attainable porosity in the ceramic
body, which is defined by the volumetric fraction of pores in the
body after burnout (therefore is in this work we have used the
so-called nominal content of PFA, i.e. the volume fraction or
volume percentage of PFA relative to the ceramic powder).

In this paper we report on the characterization of porous
oxide ceramics prepared with starch as a pore-forming agent,
in particular the porosity, pore size distribution and SEM inves-
tigation of sintered bodies. Porous ZrO;, Al,O3 and composite
Al,O3-ZrO; ceramics are prepared by two different shaping
methods, traditional slip casting (TSC) and starch consolidation
casting (SCC), respectively, and the resulting microstructures
are investigated and discussed. As a pore-forming agent starch
(rice and corn) is used. In SCC the starch acts at the same time
as a body-forming agent 31343537

2. Experimental
2.1. Materials

Ceramic powders, distilled water, deflocculant, and pore-
forming agents were used for sample preparation. Aqueous
suspensions have been prepared with commercial alumina
powder (a-Al,O3, CT 3000 SG, Almatis GmbH, Germany;
median particle size 0.6 um, density 4.0 g/cm?), zirconia pow-
der (+-ZrO,, TZ-3YE stabilized with 5wt.% Y,03, Tosoh,
Japan; median particle size of primary crystallites 26 nm,
density 6.1 g/cm®) and Al,03-ZrO, composite powder con-
taining 80 wt.% zirconia and 20 wt.% alumina (ATZ, ATZ-80,
Daiichi-Kigenso, Japan; median particle size 0.3 wm, density
5.52 g/lem?), respectively, in the range 65-80 wt.% (content of

Composition of alumina (Al,03), zirconia (ZrO;) and alumina—zirconia (ATZ) suspension used for traditional slip casting (TSC) and starch consolidation casting
(SCC). Values of suspension concentration correspond to several nominal starch contents.

Preparation method Type of ceramic Type of starch

Suspension concentration [wt.%] Nominal starch content [vol.%]

TSC SCC Al O3 Rice©nly SCO)

Corn

Zr0,, ATZ(enly com) Rice, corn

80 10
78 20-25
75 30
68 50
80 10-25
75 30
70 50
70 10-35

65 50
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ceramic powder or ceramic solids loading in the suspension
without the additional starch content, Table 1), 1 wt.% (based
on alumina), 0.8 wt.% (based on zirconia), 1.5 wt.% (based on
alumina-zirconia), respectively, deflocculant (Dolapix CE 64,
Zschimmer & Schwarz, Germany) and pore-forming agents (rice
starch, Remy FG, Remy Industries NV, Belgium, median parti-
cle size 5 wm, density 1.5 g/cm3; corn starch, Gustin, Dr. Oetker
a.s., Czech Republic and Amioca Powder TF, National Starch &
Chemical, UK, respectively, median particle size 14 wm, density
1.5 g/cm?) with contents in the range 5-50 vol.% (with respect to
the ceramic powder). The suspension concentration (content of
ceramic powder) was chosen in order to ensure optimal rheolog-
ical properties of the suspension required for casting, i.e. with
the increasing nominal starch content the content of ceramic
powder had to be reduced, which will also include increasing
water content in the suspension.

2.2. Preparation methods

Two methods were used for the preparation of porous alu-
mina ceramic bodies; traditional slip casting (TSC) into plaster
molds (cylindrical rods, diameter 5 mm) and starch consolida-
tion casting (SCC) using metal molds (cylindrical rods, diameter
7 mm). After homogenization for 2 h in polyethylene bottles on
laboratory shaker (HS 26, IKA GmbH, Germany) using alumina
balls, the suspensions were cast into the molds. The homo-
geneity of the ceramic suspensions was determined by laser
diffraction (presence of agglomerates). Details of the suspension
preparation as well as the casting techniques (TSC and SCC)
have been previously published in several papers.’!3+3%-37 In
the SCC process the filled metal molds were closed (to avoid
evaporation) and then were subsequently heated for 2 h at 80 °C
to allow the starch to swell. After demolding, the green bod-
ies were dried and subsequently fired (heating rate 2 °C/min,
hold time 2 h) at 1570 °C (alumina samples), 1530 °C (compos-
ite alumina—zirconia samples) and 1490 °C (zirconia samples),
respectively.

2.3. Characterization methods

The measurement of integral microstructural descriptors of
as-fired porous ceramic (characteristics of densification), i.e.
open and total porosity, of the resulting microstructures was
performed by the Archimedes method of double-weighing in
water. Linear shrinkage was measured using digital slide caliper
as an average value from five points on each sample. Pore size
distribution was determined by mercury intrusion porosimetry
(AutoPore 1V 9500, Micromeritcs, USA) and by microscopic
image analysis (Lucia G version 4.81, Laboratory Imaging,
Czech Republic). For the latter purpose, polished sections were
prepared from the as-fired samples and micrographs of the
porous microstructures were taken using an optical microscope
(Jenapol, Zeiss, Germany). Section area equivalent diameters3°
of the pores were determined by the image analysis software
for “manually” selected objects (at least 1500 for each speci-
men), using area-equivalent circles (fixed by 3-point labeling),?’
and frequency histograms were recorded. Generally the

primary microscopic image analysis results are number-
weighted size distributions (g9 — distributions/frequency
histograms). In order to compare these size distributions with
other commonly measured size distributions (e.g. particle
size distributions measured by laser diffraction or pore size
distributions measured by mercury porosimetry) it is neces-
sary to transform the microscopic image analysis results to
volume-weighted distributions (g3 — distributions/frequency
histograms). As long as the particle shape is approximately
size-invariant, this can be done by the simple formula

(q3);i = D} - (qo);, (1)

where (qo); is the relative number (frequency) of objects (par-
ticles or pores) in the i-th size class, D; is the average size
(equivalent circle diameter) of this size class and (g3); is
the relative volume of all the objects (particles or pores) in
this size class. After performing the gy — g3 — transformation
the frequency histogram can be summed up (“integrated®) in
order to obtain a (volume-weighted) cumulative curve (Q3),
which can principally be compared with the results of laser
diffraction (for particles) and mercury porosimetry (for ceramic
microstructures).32 In the case of pores, however, there is the
additional problem, that due to the random 2D section probed in
a polished sample the actual pores sizes are principally underes-
timated (Wicksell’s corpuscle problem>®). The simplest way to
manage this problem and to obtain a good estimate for the real
3D pore size distribution from the Q3 —distribution (cumulative)
is the so-called Saltykov transformation.>>3 Microstructural
details were investigated on fracture surfaces by scanning elec-
tron microscopy — SEM (Tescan Mira/LMU, Czech Republic),
using an accelerating voltage of 15 kV and operating distance of
6—10 mm. Before measurement the samples were coated with a
very thin (15nm) gold layer.

3. Results and discussion
3.1. Porosity

Figs. 1 and 2 compare the total porosity for all types of porous
ceramics prepared with rice and corn starch as a pore-forming
agent by TSC and SCC, respectively. From these graphs it can
be concluded, that the total porosity of ceramics (after burnout)
can be generally controlled by the nominal starch content in
the suspension. Total porosity can be readily controlled using
TSC, where starch does not undergo any transformation dur-
ing the forming process (no swelling, no gelatinization). Thus
the dependence of total porosity on the nominal starch content
displays a relatively steep slope. By contrast, when using the
SCC method the slope of this dependence is smaller, i.e. the
range of attainable porosities is more restricted and the possi-
bility of porosity control is more limited (on the other hand,
from the viewpoint of technological processing, it may be to
be an advantage that the porosity is less sensitive to the nom-
inal starch content). The dependence is flatter for rice starch
than for corn starch, because rice starch is markedly smaller and
undergoes more significant shape changes during swelling and
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Fig. 1. Total porosity of porous Al,O3 (full curve), Al,O3—ZrO, composite
(dashed curve) and ZrO, (dotted curve) ceramics prepared by traditional slip
casting (TSC - full symbols) with rice (circles) and corn (triangles) starch,
respectively, as a pore-forming agent.

gelatinization. Further, the different course of the total porosity
dependence on the nominal starch content is evident for Al,O3
(A) and ZrO; (Z) and Al,O3-ZrO, (ATZ) composite ceram-
ics, where ZrO; is the dominating phase. In all cases the total
porosity achieved in ceramics ZrO; and ATZ ceramics is lower
than in Al;O3 ceramics. This effect is related to the different
relative density of green body (after drying) and in principle it
was explained by Slamovich and Lange, at least for the case
of TSC.* It is a well-known empirical fact that ZrO, powders,
when cast from suspensions, form bodies with markedly smaller
relative density than Al,O3 powders, a fact that is closely related
to the finding that the solids loading achievable in suspensions
suitable for casting is usually much lower for ZrO, than for
Al,O3. The relative density determined for green bodies pre-
pared by casting suspensions from ceramic powders (without
starch or other PFA) are approx. 70-75% for CT-3000 SG pow-
der (Al,0O3) and approx. 49-53% for TZ-3YE powder (ZrO5).
It is this relative density that corresponds approximately to the
relative density of the matrix between PFA particles, at least
in the case of TSC (in the case of SCC this consideration is
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Fig. 2. Total porosity of porous Al,Oz (full curve), Al,O3-ZrO;, composite
(dashed curve) and ZrO, (dotted curve) ceramics prepared by starch consoli-
dation casting (SCC — empty symbols) with rice (circles) and corn (triangles)
starch, respectively, as a pore-forming agent.

complicated by the fact, that different swelling may result in
different pressures in the matrices between starch particles).
Therefore the matrix shrinkage is much larger in the case of ZrO,
ceramics, and thus the total porosity achieved with certain nom-
inal starch content smaller, than in the case of Al,O3 ceramics.

AlyO3 and ZrO, ceramics prepared by SCC with rice starch
show an absolutely different course the dependence of total
porosity on nominal starch content in the suspension in com-
parison with Al,O3, ZrO; and ATZ ceramics prepared by SCC
with corn starch (Fig. 2). It is possible to say, that in the case of
oxide ceramics prepared by SCC with rice starch the total poros-
ity is almost independent on the nominal starch content, when the
latter is higher than 20-30%. Oxide ceramics prepared by SCC
with corn starch with nominal starch contents below approx.
30vol.% for ZrO, and ATZ ceramics and below 40 vol.% for
Al,O3 ceramics exhibit higher values of total porosity than the
nominal starch content in the ceramic suspension. Above these
nominal starch contents (30 resp. 40 vol.%) the total porosity
is lower than the nominal starch content.*>*! This effect may
be caused by steric hindrance (excluded volume effect) and/or
by an insufficient amount of water available for full swelling of
starch granules.

In all cases of oxide ceramics prepared by TSC with rice
and corn starch it was found, that below certain values of nom-
inal starch contents the porosity in the ceramic bodies remains
essentially closed and above this “critical” value the fraction
of open (i.e. apparent) porosity increases more or less abruptly.
This effect can be interpreted as percolative in the sense, that
from a certain value of total porosity mutual pore contact occurs,
and with increasing total porosity a connected pore network is
formed throughout the ceramic body. In the case of ceramics
prepared by SCC this effect does usually not appear, because
the total porosity (due to starch swelling) is usually so high,
that the microstructure of body prepared corresponds to a sys-
tem above the percolation threshold (however, this need not be
a common rule, as can be seen from the case of ZrO, ceram-
ics prepared by SCC with rice starch, see Fig. 3). Fig. 3 shows
the dependence of open porosity on total porosity for all those
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Fig. 3. Percolation threshold of porous Al,O3 (full curve), Al,O3—ZrO; com-
posite (dashed curve) and ZrO; (dotted curve) ceramics prepared by traditional
slip casting (TSC — full symbols) and starch consolidation casting (SCC —
empty symbols) with rice (circles) and corn (triangles) starch, respectively, as a
pore-forming agent.
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systems in the present work for which a percolation of this kind
has been observed. Although the values of the percolation thresh-
old from case to case (which is not surprising, because it is
known, that the percolation threshold is a very sensitive param-
eter of the microstructure42) it is evident, that most values can be
estimated to lie within the range 13-23%, i.e. are approximately
18 £ 5%. This result confirms previous findings on alumina pre-
pared by TSC with corn starch®* and are is in good agreement

with other author’s findings.*3

3.2. Shrinkage

Fig. 4 shows a comparison of values of linear shrinkage after
burnout as a function of the nominal starch content in the sus-
pension and the ceramic solids loading of the suspensions. It is
evident from these diagrams, that in the case of oxide ceram-
ics prepared by TSC, shrinkage is practically independent of
the starch content. This finding is in good agreement with the
widely acknowledged opinion that the large pores (i.e. pores
large in comparison with the particle size of ceramic powder or
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Fig. 4. Linear shrinkage of porous Al,O3 (full curve), Al,O3-ZrO, composite
(dashed curve) and ZrO, (dotted curve) ceramics prepared by traditional slip
casting (TSC — full symbols) and starch consolidation casting (SCC—empty
symbols) with rice (circles) and corn (triangles) starch, respectively, as a pore-

forming agent.
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Fig. 5. Volume-weighted (Q3) pore throat size distributions (measured by mercury porosimetry — thick curves on the left side on each diagram) and pore size
distributions (measured by microscopic image analysis — thin curves after Saltykov transformation® on the right side on each diagram) of porous Al,O3 (A) and
ZrO; (Z) ceramics prepared by TSC (left) and SCC (right) with nominal starch contents of 10 (dotted curve), 30 (dot-dashed curve) and 50 vol.% (dashed curve);

particle size distribution of starch measured by microscopic image analysis, for comparison (full curve).
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Fig. 6. SEM micrographs (fracture surfaces) of porous Al,O3 (top) and ZrO; (bottom) ceramics prepared by traditional slip casting (TSC — left) and starch
consolidation casting (SCC — right) with a nominal rice (R) starch content of 30 vol.%; (a) scale bar 50 wm, (b) scale bar 10 pm.

with the grain size constituting the ceramic matrix, or in other
words: pores with high coordinating number) do not contribute
to the shrinkage of ceramic bodies.*>** Linear shrinkage is
significantly smaller in Al,O3 ceramics (approx. 11%) than in
ZrO; ceramics or in ATZ composites (approx. 24-26%). This
finding is in good agreement with results from other works,
where the linear shrinkage after burnout is for alumina ceram-
ics prepared from identical ceramic powder as in this work (CT
3000 SG) approximately 10-12%* and for zirconia ceramics
prepared from TZ-3Y powder (similar to powder TZ-3YE, used
in this work) approx. 22%.% In TSC, where the plaster molds are
semipermeable and the packing density of the ceramics particles
achieved is determined by the driving force (capillary suction),*
no dependence of shrinkage has been observed on the ceramic
solid loading in the suspension (Table 1). In the case of ceram-
ics prepared by SCC the situation is different. Also in this case
shrinkage is smallest for Al O3 ceramics, but clearly dependent
on starch type (approx. 14% for corn starch and approx. 17% for
rice starch with suspension concentration 80 wt.% Al,O3) and
on the ceramic solids loading of the suspension (shrinkage of
the ceramic body increases with decreasing suspension concen-
tration). The dependence of shrinkage on the starch type in SCC
is due to different swelling kinetics>! of rice and corn starch and
the ensuing different relative density of the ceramic matrix in

the green body (different packing density of the ceramics parti-
cles after the shaping step). At high starch concentrations could
be also higher shrinkage caused by insufficient content of free
water in suspension necessary for fully swelling of starch gran-
ules leading to reducing the packing density of the ceramics
particles between starch particles. For ZrO; ceramics or ATZ
composite ceramics shrinkage is markedly higher (30-34% for
ZrO, and approx. 27% for ATZ) and again dependent on suspen-
sion concentration and starch type (in the case of ZrO; shrinkage
is 30% for bodies prepared with corn starch and 34% for bodies
prepared with rice starch).

3.3. Pore size distribution and SEM micrographs

Results of pore size distribution measurements for Al,O3z and
ZrO, ceramics are shown in Fig. 5. Generally it is possible to say,
that the pore size distributions measured by microscopic image
analysis (MIA) have to be interpreted as pore cavity size (diam-
eter) distributions, while the pore size distributions measured by
mercury porosimetry (and evaluated via the Washburn equation)
correspond to the size distribution of throats or necks connecting
two adjacent pores. Hence, median values measured via mer-
cury porosimetry are smaller than median values measured via
MIA by approx. one order of magnitude (Tables A1-A3). In
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Fig. 7. SEM micrographs (fracture surfaces) of porous Al,O3 (top), ZrO; (middle) and Al,O3—ZrO;, (ATZ) composite ceramics (bottom) prepared by traditional
slip casting (TSC — left) and starch consolidation casting (SCC — right) with a nominal corn (C) starch content of 30 vol.%; scale bar 50 wm.

the case of pore size distributions measured by MIA in ceram-
ics prepared by TSC (Fig. 5, left) approximate agreement is
evident between these curves and the starch granules size distri-
bution. In ceramics prepared by SCC (Fig. 5, right) the MIA
pore size distribution can of course be shifted to larger size
than the starch granule size, because of swelling of the starch
granules.

Figs. 6 and 7 show microstructures of porous oxide ceramics,
prepared by TSC and SCC with rice or corn starch as a pore-
forming agent. On some of these SEM micrographs ceramic
“shells” are visible inside the pores. In the case of Al,O3

ceramics prepared by TSC with corn starch (Fig. 7, top left)
these shells are clearly visible and most symmetrical. In ZrO,
ceramics the presence of ceramic shells is clearly evident in the
case of bodies prepared by SCC (although their character is dif-
ferent from those in Al,03), while in the case of ATZ ceramics
the pores are empty. Also in the case of ceramics prepared with
rice starch the shells inside the pores seem to be absent. The
formation of these shells is obviously related to the interaction
between particles of ceramic powder and pore-forming agent.
However, except for the fact that for pore-forming agents with
small particle size (e.g. rice starch) shells were not observed,
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see Fig. 6, no general rule as to the appearance or absence
of these shells could be ascertained. Nevertheless, the finding
in general confirms observations of other authors, who found
similar shells in porous ceramics prepared with starch.*!47-48 In
the case of porous ceramics prepared with corn starch, the pore
shape is more regular (convex) and the pore size is greater, com-
pared to the case of microstructures prepared with rice starch.
However this finding was expected and confirmed the results of
our previous work and literature data.

4. Conclusions

This paper is devoted to the preparation, characterization and
final microstructural comparison of porous oxide ceramics (from
the system Al,O3—Zr0O3, i.e. Al, O3, ZrO, and ATZ composites)
prepared by two different method-traditional slip casting (TSC)
and starch consolidation casting (SCC), with starch (rice and
corn) as a pyrolyzable pore-forming agent. The porous oxide
ceramics were characterized by the Archimedes method (open
and total porosity). Maximum values of the total porosity of
porous ceramics (Al,O3, ZrO; and ATZ composite ceramics)
prepared with starch by TSC and SCC was approx. 50%. The
total and open (apparent) porosity in the ceramics after firing
depends on the amount (nominal content) of starch added to the
suspension. Above a total porosity value of approx. 18 £5%
(percolation threshold) the fraction of open porosity increases
steeply, and at total porosity values of approx. 50% practically
all pores are open. Generally it can be said that the porosity
of ceramics can be controlled by the amount (nominal content)
of starch added to the suspension and the pore size can be con-
trolled by the type of pore-forming agent. Pore size distributions
were measured by microscopic image analysis and mercury

Table Al

porosimetry. In order to compare pore size distributions mea-
sured by microscopic image analysis with pore size distributions
measured by mercury porosimetry it is necessary to transform
the microscopic image analysis results (number-weighted distri-
butions) to volume-weighted distributions. In all cases the neck
size between pores (mercury porosimetry) is about one order of
magnitude smaller than the size of the pores themselves (micro-
scopic image analysis). Shrinkage after firing is in the case of
oxide ceramics prepared by TSC practically independent of the
content and type of starch used and also of the concentration
(ceramic solids loading) of the suspension. On the other hand,
in the case of ceramics prepared by SCC the shrinkage is depen-
dent on the starch type and the concentration of the suspension.
SEM micrographs of fracture surfaces showed that a typical fea-
ture in some of the microstructures is the presence of a ceramic
“shell” inside the pores, which is formed during drying and burn-
out of the starch. Its presence is, it seems, dependent of the
type of starch and ceramic powder, independent of the prepara-
tion method (TSC or SCC), and related to the interaction of the
ceramic powder with the starch.
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Appendix A.

See Tables A1-A3.

Pore size (median values) of porous zirconia (ZrO;) ceramics prepared by TSC and SCC with rice starch as a pore forming agent determined by microscopic image

analysis and mercury porosimetry.

ZrO, ceramic Median Dsg [um]

Nominal rice starch content [vol.%] Microscopic image analysis

Mercury porosimetry

Traditional slip casting (TSC) Starch consolidation casting (SCC) (TSC) (SCC)
10 4.3 4.4 - -
25 - - - 0.26
30 4.0 4.5 0.36 0.50
50 4.2 4.0 0.87 0.65
Table A2

Pore size (median values) of porous alumina (Al,O3) ceramics prepared by TSC and SCC with rice starch as a pore forming agent determined by microscopic image

analysis and mercury porosimetry.

Al,O3 ceramic

Median Dsg [pm]

Nominal rice starch content [vol.%]

Microscopic image analysis

Mercury porosimetry

Starch consolidation casting (SCC)

10 8.5
30 75
50 79

0.66
0.65
0.65
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Table A3
Pore size (median values) of porous alumina (Al,O3) ceramics prepared by TSC and SCC with corn starch as a pore forming agent determined by microscopic image
analysis and mercury porosimetry.

2171

Al,O3 ceramic
nominal corn starch content [vol.%]

Median Dsg [pum]
Microscopic image analysis

Mercury porosimetry

Traditional slip casting (TSC) Starch consolidation casting (SCC) (TSC) (SCC)

10 15.7 24.0 - 4.0

30 14.8 16.2 1.6 1.9

50 13.6 13.9 2.7 2.5
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