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bstract

n this paper we show examples of microstructures of porous oxide ceramics prepared by traditional slip casting (TSC) and starch consolida-
ion casting (SCC) and present results obtained using different microstructural characterization techniques; Archimedes method (open and total
orosity), shrinkage measurement, mercury intrusion porosimetry (pore size distribution) and microscopic methods – optical microscopy with
icroscopic image analysis (pore size distribution) and scanning electron microscopy (detailed investigation of the local microstructure). In partic-

lar, microstructures are compared for porous ceramics from the system Al2O3–ZrO2 prepared with rice and corn starch. It is shown that maximum
alues of the total porosity of porous ceramics prepared with starch as a pore-forming agent were approx. 50%. A major finding by using SEM

ith 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

esult of starch granule shrinkage during the drying and burn-out steps.
 2012 Elsevier Ltd. All rights reserved.
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.  Introduction

Ceramic materials are generally, due to their refractoriness
nd corrosion resistance up to rather high temperatures, widely
sed especially for high-thermal applications or in chemically
ggressive environments. Concerning porous resp. cellular

eramic materials, their major advantage is in the combination
f good properties of the ceramic phase with controlled
icrostructure and with different degrees of porosity. The

∗ Corresponding author at: Department of Electrochemical Materials, J. Hey-
ovsky Institute of Physical Chemistry, v.v.i., Academy of Sciences of the Czech
epublic, Dolejškova 3, 182 23 Prague 8, Czech Republic.
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se of porous ceramic materials is quite diverse today (e.g.
hermal and acoustic insulators,1–5 filters,6–11 membranes,12–17

atalyst support,4,10,18–20 biomaterials,10,18,21–24 ceramic
urners,10,25,26 gas sensors,27,28 piezoceramic hydrophones,29

tc.) and according to the type of application different
icrostructures and thus different preparation methods are

equired for porous ceramic bodies. For thermal or acoustic
nsulators materials with closed porosity are preferred, whereas
embranes and filters require open pores with exactly defined

ore size. The same can be said about gas burners and about
ertain bioceramics applications, where important criteria
an be open porosity and sufficient pore size (e.g. minimum
ore size aperture for tissue ingrowth, especially for bone

issue, is above 100 �m). In the case of catalyst supports a
arge specific surface area is desired, again in connection with
ufficient open porosity and suitable pore size. Very specific

http://www.sciencedirect.com/science/journal/09552219
dx.doi.org/10.1016/j.jeurceramsoc.2012.02.005
mailto:zuzana.zivcova@jh-inst.cas.cz
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re the requirements for functional ceramics with controlled
orosity, e.g. membranes for solid oxide fuel cells (SOFCs) and
iezoelectric PZT ceramics for hydrophones.

One of the preparation methods of porous ceramics is using
ore-forming agents (PFAs). Over the last 15 years there has
een an increasing interest in PFAs and the development of new
reparation methods of porous ceramics, which also leads to use
f new principle so-called starch consolidation casting – SCC.
his method was designed and for the first time published in

he year 1998 by Lyckfeldt and Ferreira.30 Starch consolida-
ion casting is based on the ability of starch to swell in water
t elevated temperature and thus to absorb water from aque-
us ceramic suspensions. This behavior enables the preparation
f ceramic green bodies by casting starch-containing ceramic
uspensions into impermeable molds and heating the system
p to approx. 80 ◦C. When the temperature of the suspension
xceeds a certain threshold (i.e. after a certain induction period,
ictated by the heating rate of the whole system – suspension
nd mold), the starch granules begin to swell and, finally, gela-
inize. This temperature-induced swelling of the starch granules,
ollowed by subsequent gelatinization, push the ceramic powder
articles (which are typically much smaller than the starch gran-
les) together into the interstices between the starch granules
nd transform the (initially viscous) ceramic suspension into an
lastic (i.e. more or less rigid) ceramic body (at this stage called
green body” in ceramic technology), which can subsequently
e dried and fired.31 Benefits of this method (SCC) compared to
raditional slip casting (TSC) consist, i.e. in the long durability
f molds and the possibility to effectively reduce microstruc-
ure gradients. Starch, a natural biopolymer, is suitable for the
reparation of porous ceramics especially because the ash con-
ent after starch burnout is negligible low.31 Other important
haracteristics for selecting PFAs are availability (regarding to
he possibility of satisfying long-term demand), low price, envi-
onmental aspects and combustion products (from the viewpoint
f hygiene and safety). To all these criteria, starch corresponds
qually well or better than synthetic pore-forming agents.

In the last few years, concomitantly with the more widespread
se of PFAs in ceramic technology, research began to focus on
he quantitative comparison of particle size distribution of PFAs

nd the pore size distribution in the resulting porous ceramics.
his comparison is possible only if the microscopic image anal-
sis results, which are primarily number-weighted distributions,

d
t
D
5

able 1
omposition of alumina (Al2O3), zirconia (ZrO2) and alumina–zirconia (ATZ) susp

SCC). Values of suspension concentration correspond to several nominal starch cont

reparation method Type of ceramic Type of starch 

SC SCC Al2O3 Rice(only SCC)

Corn

ZrO2, ATZ(only corn) Rice, corn
an Ceramic Society 32 (2012) 2163–2172

re transformed into volume-weighted distributions.32 Simi-
arly, only after this transformation a comparison of results from

icroscopic image analysis with mercury porosimetry results
s possible. Moreover, the results can be made more precise
hen an appropriate correction for the random section problem

s applied, e.g. the Saltykov transformation.33 Although the lit-
rature is full of works concerned with preparation of porous
eramics using PFAs, including starch, many results of these
orks are mutually incomparable, because the way of pore size
etermination is not sufficiently defined and even the concentra-
ion measures applied are different. If, e.g. the content of PFA
s given in wt.% in the suspension, this quantity has no direct
elation to the expected or attainable porosity in the ceramic
ody, which is defined by the volumetric fraction of pores in the
ody after burnout (therefore is in this work we have used the
o-called nominal content of PFA, i.e. the volume fraction or
olume percentage of PFA relative to the ceramic powder).

In this paper we report on the characterization of porous
xide ceramics prepared with starch as a pore-forming agent,
n particular the porosity, pore size distribution and SEM inves-
igation of sintered bodies. Porous ZrO2, Al2O3 and composite
l2O3–ZrO2 ceramics are prepared by two different shaping
ethods, traditional slip casting (TSC) and starch consolidation

asting (SCC), respectively, and the resulting microstructures
re investigated and discussed. As a pore-forming agent starch
rice and corn) is used. In SCC the starch acts at the same time
s a body-forming agent.31,34,35,37

.  Experimental

.1.  Materials

Ceramic powders, distilled water, deflocculant, and pore-
orming agents were used for sample preparation. Aqueous
uspensions have been prepared with commercial alumina
owder (�-Al2O3, CT  3000  SG, Almatis  GmbH, Germany;
edian particle size 0.6 �m, density 4.0 g/cm3), zirconia pow-

er (t-ZrO2, TZ-3YE  stabilized with 5 wt.% Y2O3, Tosoh,
apan; median particle size of primary crystallites 26 nm,

3
ensity 6.1 g/cm ) and Al2O3–ZrO2 composite powder con-
aining 80 wt.% zirconia and 20 wt.% alumina (ATZ, ATZ-80,
aiichi-Kigenso, Japan; median particle size 0.3 �m, density
.52 g/cm3), respectively, in the range 65–80 wt.% (content of

ension used for traditional slip casting (TSC) and starch consolidation casting
ents.

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

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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eramic powder or ceramic solids loading in the suspension
ithout the additional starch content, Table 1), 1 wt.% (based
n alumina), 0.8 wt.% (based on zirconia), 1.5 wt.% (based on
lumina–zirconia), respectively, deflocculant (Dolapix  CE  64,
schimmer &  Schwarz, Germany) and pore-forming agents (rice
tarch, Remy  FG, Remy  Industries  NV, Belgium, median parti-
le size 5 �m, density 1.5 g/cm3; corn starch, Gustin, Dr.  Oetker
.s., Czech  Republic  and Amioca  Powder  TF, National  Starch  &
hemical, UK, respectively, median particle size 14 �m, density
.5 g/cm3) with contents in the range 5–50 vol.% (with respect to
he ceramic powder). The suspension concentration (content of
eramic powder) was chosen in order to ensure optimal rheolog-
cal properties of the suspension required for casting, i.e. with
he increasing nominal starch content the content of ceramic
owder had to be reduced, which will also include increasing
ater content in the suspension.

.2. Preparation  methods

Two methods were used for the preparation of porous alu-
ina ceramic bodies; traditional slip casting (TSC) into plaster
olds (cylindrical rods, diameter 5 mm) and starch consolida-

ion casting (SCC) using metal molds (cylindrical rods, diameter
 mm). After homogenization for 2 h in polyethylene bottles on
aboratory shaker (HS  26, IKA  GmbH, Germany) using alumina
alls, the suspensions were cast into the molds. The homo-
eneity of the ceramic suspensions was determined by laser
iffraction (presence of agglomerates). Details of the suspension
reparation as well as the casting techniques (TSC and SCC)
ave been previously published in several papers.31,34,35,37 In
he SCC process the filled metal molds were closed (to avoid
vaporation) and then were subsequently heated for 2 h at 80 ◦C
o allow the starch to swell. After demolding, the green bod-
es were dried and subsequently fired (heating rate 2 ◦C/min,
old time 2 h) at 1570 ◦C (alumina samples), 1530 ◦C (compos-
te alumina–zirconia samples) and 1490 ◦C (zirconia samples),
espectively.

.3. Characterization  methods

The measurement of integral microstructural descriptors of
s-fired porous ceramic (characteristics of densification), i.e.
pen and total porosity, of the resulting microstructures was
erformed by the Archimedes method of double-weighing in
ater. Linear shrinkage was measured using digital slide caliper

s an average value from five points on each sample. Pore size
istribution was determined by mercury intrusion porosimetry
AutoPore IV  9500, Micromeritcs, USA) and by microscopic
mage analysis (Lucia  G  version  4.81, Laboratory  Imaging,
zech  Republic). For the latter purpose, polished sections were
repared from the as-fired samples and micrographs of the
orous microstructures were taken using an optical microscope
Jenapol, Zeiss, Germany). Section area equivalent diameters36
f the pores were determined by the image analysis software
or “manually” selected objects (at least 1500 for each speci-
en), using area-equivalent circles (fixed by 3-point labeling),37

nd frequency histograms were recorded. Generally the

b
i
t
u
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rimary microscopic image analysis results are number-
eighted size distributions (q0 – distributions/frequency
istograms). In order to compare these size distributions with
ther commonly measured size distributions (e.g. particle
ize distributions measured by laser diffraction or pore size
istributions measured by mercury porosimetry) it is neces-
ary to transform the microscopic image analysis results to
olume-weighted distributions (q3 – distributions/frequency
istograms). As long as the particle shape is approximately
ize-invariant, this can be done by the simple formula

q3)i =  D3
i · (q0)i,  (1)

here (q0)i is the relative number (frequency) of objects (par-
icles or pores) in the i-th size class, Di is the average size
equivalent circle diameter) of this size class and (q3)i is
he relative volume of all the objects (particles or pores) in
his size class. After performing the q0 − q3 – transformation
he frequency histogram can be summed up (“integrated“) in
rder to obtain a (volume-weighted) cumulative curve (Q3),
hich can principally be compared with the results of laser
iffraction (for particles) and mercury porosimetry (for ceramic
icrostructures).32 In the case of pores, however, there is the

dditional problem, that due to the random 2D section probed in
 polished sample the actual pores sizes are principally underes-
imated (Wicksell’s corpuscle problem38). The simplest way to

anage this problem and to obtain a good estimate for the real
D pore size distribution from the Q3 – distribution (cumulative)
s the so-called Saltykov transformation.32,33 Microstructural
etails were investigated on fracture surfaces by scanning elec-
ron microscopy – SEM (Tescan  Mira/LMU, Czech  Republic),
sing an accelerating voltage of 15 kV and operating distance of
–10 mm. Before measurement the samples were coated with a
ery thin (15 nm) gold layer.

. Results  and  discussion

.1.  Porosity

Figs. 1 and 2 compare the total porosity for all types of porous
eramics prepared with rice and corn starch as a pore-forming
gent by TSC and SCC, respectively. From these graphs it can
e concluded, that the total porosity of ceramics (after burnout)
an be generally controlled by the nominal starch content in
he suspension. Total porosity can be readily controlled using
SC, where starch does not undergo any transformation dur-

ng the forming process (no swelling, no gelatinization). Thus
he dependence of total porosity on the nominal starch content
isplays a relatively steep slope. By contrast, when using the
CC method the slope of this dependence is smaller, i.e. the
ange of attainable porosities is more restricted and the possi-
ility of porosity control is more limited (on the other hand,
rom the viewpoint of technological processing, it may be to

e an advantage that the porosity is less sensitive to the nom-
nal starch content). The dependence is flatter for rice starch
han for corn starch, because rice starch is markedly smaller and
ndergoes more significant shape changes during swelling and
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Fig. 1. Total porosity of porous Al2O3 (full curve), Al2O3–ZrO2 composite
(dashed curve) and ZrO2 (dotted curve) ceramics prepared by traditional slip
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a common rule, as can be seen from the case of ZrO2 ceram-
asting (TSC – full symbols) with rice (circles) and corn (triangles) starch,
espectively, as a pore-forming agent.

elatinization. Further, the different course of the total porosity
ependence on the nominal starch content is evident for Al2O3
A) and ZrO2 (Z) and Al2O3–ZrO2 (ATZ) composite ceram-
cs, where ZrO2 is the dominating phase. In all cases the total
orosity achieved in ceramics ZrO2 and ATZ ceramics is lower
han in Al2O3 ceramics. This effect is related to the different
elative density of green body (after drying) and in principle it
as explained by Slamovich and Lange, at least for the case
f TSC.39 It is a well-known empirical fact that ZrO2 powders,
hen cast from suspensions, form bodies with markedly smaller

elative density than Al2O3 powders, a fact that is closely related
o the finding that the solids loading achievable in suspensions
uitable for casting is usually much lower for ZrO2 than for
l2O3. The relative density determined for green bodies pre-
ared by casting suspensions from ceramic powders (without
tarch or other PFA) are approx. 70–75% for CT-3000 SG pow-
er (Al2O3) and approx. 49–53% for TZ-3YE powder (ZrO2).

t is this relative density that corresponds approximately to the
elative density of the matrix between PFA particles, at least
n the case of TSC (in the case of SCC this consideration is

ig. 2. Total porosity of porous Al2O3 (full curve), Al2O3–ZrO2 composite
dashed curve) and ZrO2 (dotted curve) ceramics prepared by starch consoli-
ation casting (SCC – empty symbols) with rice (circles) and corn (triangles)
tarch, respectively, as a pore-forming agent.
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an Ceramic Society 32 (2012) 2163–2172

omplicated by the fact, that different swelling may result in
ifferent pressures in the matrices between starch particles).
herefore the matrix shrinkage is much larger in the case of ZrO2
eramics, and thus the total porosity achieved with certain nom-
nal starch content smaller, than in the case of Al2O3 ceramics.

Al2O3 and ZrO2 ceramics prepared by SCC with rice starch
how an absolutely different course the dependence of total
orosity on nominal starch content in the suspension in com-
arison with Al2O3, ZrO2 and ATZ ceramics prepared by SCC
ith corn starch (Fig. 2). It is possible to say, that in the case of
xide ceramics prepared by SCC with rice starch the total poros-
ty is almost independent on the nominal starch content, when the
atter is higher than 20–30%. Oxide ceramics prepared by SCC
ith corn starch with nominal starch contents below approx.
0 vol.% for ZrO2 and ATZ ceramics and below 40 vol.% for
l2O3 ceramics exhibit higher values of total porosity than the
ominal starch content in the ceramic suspension. Above these
ominal starch contents (30 resp. 40 vol.%) the total porosity
s lower than the nominal starch content.40,41 This effect may
e caused by steric hindrance (excluded volume effect) and/or
y an insufficient amount of water available for full swelling of
tarch granules.

In all cases of oxide ceramics prepared by TSC with rice
nd corn starch it was found, that below certain values of nom-
nal starch contents the porosity in the ceramic bodies remains
ssentially closed and above this “critical” value the fraction
f open (i.e. apparent) porosity increases more or less abruptly.
his effect can be interpreted as percolative in the sense, that

rom a certain value of total porosity mutual pore contact occurs,
nd with increasing total porosity a connected pore network is
ormed throughout the ceramic body. In the case of ceramics
repared by SCC this effect does usually not appear, because
he total porosity (due to starch swelling) is usually so high,
hat the microstructure of body prepared corresponds to a sys-
em above the percolation threshold (however, this need not be
cs prepared by SCC with rice starch, see Fig. 3). Fig. 3 shows
he dependence of open porosity on total porosity for all those

ig. 3. Percolation threshold of porous Al2O3 (full curve), Al2O3–ZrO2 com-
osite (dashed curve) and ZrO2 (dotted curve) ceramics prepared by traditional
lip casting (TSC – full symbols) and starch consolidation casting (SCC –
mpty symbols) with rice (circles) and corn (triangles) starch, respectively, as a
ore-forming agent.
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Fig. 4. Linear shrinkage of porous Al2O3 (full curve), Al2O3–ZrO2 composite
(dashed curve) and ZrO2 (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-
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ystems in the present work for which a percolation of this kind
as been observed. Although the values of the percolation thresh-
ld from case to case (which is not surprising, because it is
nown, that the percolation threshold is a very sensitive param-
ter of the microstructure42) it is evident, that most values can be
stimated to lie within the range 13–23%, i.e. are approximately
8 ±  5%. This result confirms previous findings on alumina pre-
ared by TSC with corn starch34 and are is in good agreement
ith other author’s findings.43

.2.  Shrinkage

Fig. 4 shows a comparison of values of linear shrinkage after
urnout as a function of the nominal starch content in the sus-
ension and the ceramic solids loading of the suspensions. It is
vident from these diagrams, that in the case of oxide ceram-

cs prepared by TSC, shrinkage is practically independent of
he starch content. This finding is in good agreement with the
idely acknowledged opinion that the large pores (i.e. pores

arge in comparison with the particle size of ceramic powder or

f

ig. 5. Volume-weighted (Q3) pore throat size distributions (measured by mercury
istributions (measured by microscopic image analysis – thin curves after Saltykov 

rO2 (Z) ceramics prepared by TSC (left) and SCC (right) with nominal starch cont
article size distribution of starch measured by microscopic image analysis, for comp
orming agent.

 porosimetry – thick curves on the left side on each diagram) and pore size
transformation33 on the right side on each diagram) of porous Al2O3 (A) and
ents of 10 (dotted curve), 30 (dot-dashed curve) and 50 vol.% (dashed curve);
arison (full curve).
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ig. 6. SEM micrographs (fracture surfaces) of porous Al2O3 (top) and ZrO
onsolidation casting (SCC – right) with a nominal rice (R) starch content of 30

ith the grain size constituting the ceramic matrix, or in other
ords: pores with high coordinating number) do not contribute

o the shrinkage of ceramic bodies.40,44 Linear shrinkage is
ignificantly smaller in Al2O3 ceramics (approx. 11%) than in
rO2 ceramics or in ATZ composites (approx. 24–26%). This
nding is in good agreement with results from other works,
here the linear shrinkage after burnout is for alumina ceram-

cs prepared from identical ceramic powder as in this work (CT
000 SG) approximately 10–12%45 and for zirconia ceramics
repared from TZ-3Y powder (similar to powder TZ-3YE, used
n this work) approx. 22%.46 In TSC, where the plaster molds are
emipermeable and the packing density of the ceramics particles
chieved is determined by the driving force (capillary suction),34

o dependence of shrinkage has been observed on the ceramic
olid loading in the suspension (Table 1). In the case of ceram-
cs prepared by SCC the situation is different. Also in this case
hrinkage is smallest for Al2O3 ceramics, but clearly dependent
n starch type (approx. 14% for corn starch and approx. 17% for
ice starch with suspension concentration 80 wt.% Al2O3) and
n the ceramic solids loading of the suspension (shrinkage of
he ceramic body increases with decreasing suspension concen-

ration). The dependence of shrinkage on the starch type in SCC
s due to different swelling kinetics31 of rice and corn starch and
he ensuing different relative density of the ceramic matrix in

c
t
c
M

ttom) ceramics prepared by traditional slip casting (TSC – left) and starch
; (a) scale bar 50 �m, (b) scale bar 10 �m.

he green body (different packing density of the ceramics parti-
les after the shaping step). At high starch concentrations could
e also higher shrinkage caused by insufficient content of free
ater in suspension necessary for fully swelling of starch gran-
les leading to reducing the packing density of the ceramics
articles between starch particles. For ZrO2 ceramics or ATZ
omposite ceramics shrinkage is markedly higher (30–34% for
rO2 and approx. 27% for ATZ) and again dependent on suspen-
ion concentration and starch type (in the case of ZrO2 shrinkage
s 30% for bodies prepared with corn starch and 34% for bodies
repared with rice starch).

.3.  Pore  size  distribution  and  SEM  micrographs

Results of pore size distribution measurements for Al2O3 and
rO2 ceramics are shown in Fig. 5. Generally it is possible to say,

hat the pore size distributions measured by microscopic image
nalysis (MIA) have to be interpreted as pore cavity size (diam-
ter) distributions, while the pore size distributions measured by
ercury porosimetry (and evaluated via the Washburn equation)
orrespond to the size distribution of throats or necks connecting
wo adjacent pores. Hence, median values measured via mer-
ury porosimetry are smaller than median values measured via
IA by approx. one order of magnitude (Tables A1–A3). In
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ig. 7. SEM micrographs (fracture surfaces) of porous Al2O3 (top), ZrO2 (mi
lip casting (TSC – left) and starch consolidation casting (SCC – right) with a n

he case of pore size distributions measured by MIA in ceram-
cs prepared by TSC (Fig. 5, left) approximate agreement is
vident between these curves and the starch granules size distri-
ution. In ceramics prepared by SCC (Fig. 5, right) the MIA
ore size distribution can of course be shifted to larger size
han the starch granule size, because of swelling of the starch
ranules.
Figs. 6 and 7 show microstructures of porous oxide ceramics,
repared by TSC and SCC with rice or corn starch as a pore-
orming agent. On some of these SEM micrographs ceramic
shells” are visible inside the pores. In the case of Al2O3

f
b
H
s

and Al2O3–ZrO2 (ATZ) composite ceramics (bottom) prepared by traditional
al corn (C) starch content of 30 vol.%; scale bar 50 �m.

eramics prepared by TSC with corn starch (Fig. 7, top left)
hese shells are clearly visible and most symmetrical. In ZrO2
eramics the presence of ceramic shells is clearly evident in the
ase of bodies prepared by SCC (although their character is dif-
erent from those in Al2O3), while in the case of ATZ ceramics
he pores are empty. Also in the case of ceramics prepared with
ice starch the shells inside the pores seem to be absent. The

ormation of these shells is obviously related to the interaction
etween particles of ceramic powder and pore-forming agent.
owever, except for the fact that for pore-forming agents with

mall particle size (e.g. rice starch) shells were not observed,
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ee Fig. 6, no general rule as to the appearance or absence
f these shells could be ascertained. Nevertheless, the finding
n general confirms observations of other authors, who found
imilar shells in porous ceramics prepared with starch.41,47,48 In
he case of porous ceramics prepared with corn starch, the pore
hape is more regular (convex) and the pore size is greater, com-
ared to the case of microstructures prepared with rice starch.
owever this finding was expected and confirmed the results of
ur previous work and literature data.

. Conclusions

This paper is devoted to the preparation, characterization and
nal microstructural comparison of porous oxide ceramics (from

he system Al2O3–ZrO2, i.e. Al2O3, ZrO2 and ATZ composites)
repared by two different method-traditional slip casting (TSC)
nd starch consolidation casting (SCC), with starch (rice and
orn) as a pyrolyzable pore-forming agent. The porous oxide
eramics were characterized by the Archimedes method (open
nd total porosity). Maximum values of the total porosity of
orous ceramics (Al2O3, ZrO2 and ATZ composite ceramics)
repared with starch by TSC and SCC was approx. 50%. The
otal and open (apparent) porosity in the ceramics after firing
epends on the amount (nominal content) of starch added to the
uspension. Above a total porosity value of approx. 18 ±  5%
percolation threshold) the fraction of open porosity increases
teeply, and at total porosity values of approx. 50% practically
ll pores are open. Generally it can be said that the porosity

f ceramics can be controlled by the amount (nominal content)
f starch added to the suspension and the pore size can be con-
rolled by the type of pore-forming agent. Pore size distributions
ere measured by microscopic image analysis and mercury

A

able A1
ore size (median values) of porous zirconia (ZrO2) ceramics prepared by TSC and S
nalysis and mercury porosimetry.

rO2 ceramic Median D50 [�m]

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

Traditional slip casting (TSC) 

0 4.3 

5 – 

0 4.0 

0 4.2 

able A2
ore size (median values) of porous alumina (Al2O3) ceramics prepared by TSC and S
nalysis and mercury porosimetry.

l2O3 ceramic Median D

ominal rice starch content [vol.%] Microscop

Starch con

0 8.5
0 7.5 

0 7.9 
an Ceramic Society 32 (2012) 2163–2172

orosimetry. In order to compare pore size distributions mea-
ured by microscopic image analysis with pore size distributions
easured by mercury porosimetry it is necessary to transform

he microscopic image analysis results (number-weighted distri-
utions) to volume-weighted distributions. In all cases the neck
ize between pores (mercury porosimetry) is about one order of
agnitude smaller than the size of the pores themselves (micro-

copic image analysis). Shrinkage after firing is in the case of
xide ceramics prepared by TSC practically independent of the
ontent and type of starch used and also of the concentration
ceramic solids loading) of the suspension. On the other hand,
n the case of ceramics prepared by SCC the shrinkage is depen-
ent on the starch type and the concentration of the suspension.
EM micrographs of fracture surfaces showed that a typical fea-

ure in some of the microstructures is the presence of a ceramic
shell” inside the pores, which is formed during drying and burn-
ut of the starch. Its presence is, it seems, dependent of the
ype of starch and ceramic powder, independent of the prepara-
ion method (TSC or SCC), and related to the interaction of the
eramic powder with the starch.
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ppendix A.

See Tables A1–A3.

CC with rice starch as a pore forming agent determined by microscopic image

Mercury porosimetry

Starch consolidation casting (SCC) (TSC) (SCC)

4.4 – –
– – 0.26
4.5 0.36 0.50
4.0 0.87 0.65

CC with rice starch as a pore forming agent determined by microscopic image

50 [�m]

ic image analysis Mercury porosimetry

solidation casting (SCC)

0.66
0.65
0.65
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Table A3
Pore size (median values) of porous alumina (Al2O3) ceramics prepared by TSC and SCC with corn starch as a pore forming agent determined by microscopic image
analysis and mercury porosimetry.

Al2O3 ceramic Median D50 [�m]
nominal corn starch content [vol.%] Microscopic image analysis Mercury porosimetry

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

10 15.7 24.0 – 4.0
3
5
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1

2

2

2

2

2

2

2

2

2

2

3

3

3

3
3

3

3

3

3

3

4

0 14.8
0 13.6 
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ing. In: Bućko MM, Haberko K, Pedzich Z, editors. Proceedings of the 11th
international conference and exhibition of the european ceramic society
(ECERS-11). Cracow: Polish Ceramic Society; 2009., ISBN 978-83-60958-
54-4. p. 564–68.

6. Russ JC, DeHoff RT. Practical stereology. 2nd ed. New York: Kluwer
Academic/Plenum Publishers; 2000.
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