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bstract

his work concerns details of porosity and pore size control in starch consolidation casting of alumina ceramics using corn starch. In particular, the
nfluence of the solids loading (68–78 wt.% alumina in suspensions with nominal starch contents of 20–50 vol.%) on the porosity, bulk density and
hrinkage of alumina ceramics is studied. The results indicate a linear decrease of the linear shrinkage and the bulk density (and a corresponding
ncrease in porosity) as the alumina concentration increases, with slopes that are independent of the starch content. The pore size is characterized

ia microscopic image analysis, the pore throat size via mercury porosimetry. Relations between the volumetric shrinkage, porosity and the volume
ractions of starch and water in the suspensions are discussed, and a new concept, called “affine limit porosity” is proposed to explain the apparently
aradoxical finding that the porosity increases with increasing alumina content in the suspension.

2011 Elsevier Ltd. All rights reserved.
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. Introduction

For more than a decade now the number of publications
ealing with the preparation of porous ceramics using starch
s steadily growing.1–19 The constant interest in using starch
n ceramic technology indicates that – far from being a purely
cademic research item – starch is becoming an indispensable
ommodity for the ceramics industry. While starch has been
sed as a pore-forming agent for at least 20 years19 and its
se as a binder in industrial extrusion is of an even earlier
ate,20,21 the most influential modern key paper in this field
as been by Lyckfeldt and Ferreira.22 In that paper a principally
ew shaping technique has been presented: starch consolidation
asting (sometimes called simply starch consolidation or abbre-
iated SCC). This method uses the ability of starch to swell and
nally gelatinize in water at elevated temperature (60–80 ◦C),
o that ceramic green bodies can be formed from suspensions

22–31
n impermeable molds (usually metal molds). Today SCC
as become a competitive shaping technique beside traditional
lip casting (into porous molds, typically plaster molds) with
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tarch added as a mere pore former. The main advantage of using
tarch in ceramic technology, in contrast to many other biopoly-
ers and natural polysaccharides (e.g. poppy seed32,33 and

arrageenan34,35), consists in their chemical purity (elements
, H, O with only traces of other elements), which guarantees

esidual-free (i.e. ash-free) burnout.28–31 A specific advantage
or porous ceramics is the fact that the pore size can be con-
rolled by choosing the appropriate starch type and that the pore
ize distribution is in most cases sufficiently narrow to make
echnological process control efficient.

Starches are natural biopolymers from different botanical
ources. The most popular commercial starch types are rice, corn
maize), tapioca (cassava), wheat and potato starch, but starches
rom other cereal types (e.g. rye, barley), vegetables (e.g. peas,
entils, beans) and fruits (e.g. banana) are also available to a lim-
ted extent. The size and shape of the starch granules and their
roperties are primarily determined by the plant genotype, but
he influence of the environment (soil, climate) is non-negligible.
f course, modern starch refining technologies ensure relatively
igh quality standards and more or less constant composition,
haracteristics (size and shape) and properties. Nevertheless,

he size distribution curves of starches from different produc-
rs can be quite different, depending on the details of the starch
efining technology. For example, cereal starches such as wheat,

dx.doi.org/10.1016/j.jeurceramsoc.2011.05.018
mailto:pabstw@vscht.cz
mailto:Willi.Pabst@vscht.cz
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ye and barley, typically contain two types of starch granules,
arge ones (so-called “A-fraction” or “A-starch”) and smaller
nes (so-called “B-fraction” or “B-starch”), which may result in
learly bimodal size distributions,36 and different producers can
e more or less successful in eliminating the B-fraction. The
- and B-fractions exhibit differences with respect to chemi-

al composition, the amylopectin ultrastructure, the amylopectin
rrangement in the starch granule and many related properties.37

ize and composition also play key roles in determining the
heological properties of starch-containing suspensions and the
iscoelastic behavior (corresponding to swelling and gelatiniza-
ion) of starch in aqueous media at elevated temperature.38

herefore, once the starch type is selected it is necessary to
dapt and fine-tune the processing route.

The present work deals with this kind of process optimiza-
ion for the preparation of porous alumina ceramics with corn
tarch. Corn starch is probably the most frequently used starch
ype because of its intermediate size (with median diameters
ypically around 14 �m), narrow size distribution and isometric
hape.36 The characteristics of tapioca (cassava) starch are very
imilar.36 For comparison, rice starch is significantly smaller (so
hat its pores have a greater tendency to shrink during firing),
heat starch has a bimodal size distribution and potato starch

s larger and more anisometric.36 Although the starch type and
ontent is of primary importance for the resulting microstructure
f porous ceramics, other parameters cannot be neglected. In this
aper we focus on the influence of the ceramic powder content
i.e. the alumina concentration) in the ceramic suspension, since
n practice it is always necessary to adapt the ceramic powder
oncentration to the starch content in the suspension to attain
ufficient fluidity of the suspension. In particular, in this paper
e solve an intricate and subtle problem, which arises from the

eproducible finding that for increasing alumina content in the
uspensions the porosity of the ceramics increases (although the
tarch content has been kept constant). We will show that this
pparently paradoxical finding, which has been tacitly ignored
if noticed at all) by other authors, has a plausible explanation.

. Theoretical

In order to build process control on a solid fundament it
s first of all necessary to precisely define the concentration

easures used. Although trivial in principle, the fact that a
tarch-containing suspension is (in the simplest case) a three-
hase system (alumina, water, starch) has to be taken into
ccount for concentration calculations. In particular, this implies
he possibility of choosing different concentration measures,
ften complicating a direct comparison of different authors’
esults. In this paper (and in all our previous papers) we use the
ollowing concentration measures: the alumina content in the
uspensions is always given by its weight (or mass) fractions
A or the corresponding weight (or mass) percentages [wt.%]
elated to water (i.e. not taking account of the starch added),
hile the starch content is always given in volume fractions φS

or the corresponding volume percentages [vol.%]) related to
he ceramic powder (here alumina). The reason for this choice,

w
u
7
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hich we believe to be the most rational one, is that the alumina
ontent in wt.% related to water, i.e.

A = mA

mA + mW

, (1)

here mA is the mass of alumina and mW is the mass of
ater, serves directly as a recipe for preparing aqueous stock

uspensions, to which different amounts of starch may added
fterwards, whereas the starch content in vol.% related to the
eramic powder (and not to the suspension as a whole), i.e.

S = VS

VS + VA

, (2)

here VS is the volume of starch and VA is the volume of alu-
ina, can be directly compared with the porosity of the resulting

eramics after firing, because in the absence of swelling and
hrinkage this starch content (we call it the “nominal starch
ontent”, because it is not the starch content related to the sus-
ension as a whole) directly determines the total porosity after
ring (when the matrix between the starch-made pores is densely
intered).

Assuming that the firing shrinkage is determined solely by
he intergranular matrix porosity (i.e. the large pores resulting
rom starch burnout do not actively contribute to shrinkage) and
he matrix is densely sintered after firing, the total porosity φ

an be predicted using the Slamovich–Lange relation39:

= φSρrA

1 − φS + φSρrA

, (3)

here ρrA is the relative density (packing fraction) of the alu-
ina matrix after drying and starch burnout, but before sintering.
ote that in the limit ρrA → 1 (i.e. a matrix packing fraction

pproaching 100% before sintering) the total porosity predicted
pproaches the nominal starch content, i.e.

→ φS for ρrA → 1. (4)

hus, under the assumptions made in the Slamovich–Lange
odel, this is an upper bound. For more realisticρrA values, how-

ver, the total porosity predicted by the Slamovich–Lange model
ould be lower than the nominal starch content. In cases where

he ρrA value cannot be determined experimentally, the random
lose packed (or better “maximally random jammed”) value for
onodisperse spheres (ρrA = 0.64) appears to be the most rea-

onable choice. Note, however, that in the Slamovich–Lange
odel a possible swelling of the pore-forming agent is not taken

nto account.
The volume fractions of alumina in the alumina–water system

A can be calculated from the weight fractions XA via the den-
ities of alumina (ρA = 4.0 g/cm3) and water (ρW = 1.0 g/cm3)
sing the relation:

A = VA

VA + VW

= XA

ρA

[
XA

ρA

+ (1 − XA)

ρW

]−1

, (5)
here VW is the volume of water. Thus, for example, the vol-
me fractions of alumina for aqueous suspensions with 68 and
8 wt.% alumina are 34.7 and 47.0 vol.%, respectively. A starch
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ensity of 1.5 g/cm3 can be assumed for all starches to calcu-
ate the mass of starch to be weighed in. Now both the volume
f starch VS and the volume of water VW can be expressed in
erms of the alumina volume and the volume fractions φS and
A, respectively, i.e.

S = VA · φS

1 − φS

, (6)

nd

W = VA · 1 − φA

φA

. (7)

rom these we obtain the volume fraction of starch in the sus-
ension as a whole φ′

S as:

′
S = VS

VS + VA + VW

= φAφS

1 − φS + φAφS

, (8)

nd the volume fraction of the sum of water and starch in the
uspension φ′

W+S as:

′
W+S = VW + VS

VS + VA + VW

= 1 − φA − φS + 2φAφS

1 − φS + φAφS

. (9)

ccordingly, the volume fraction of alumina in the starch-
ontaining suspension φ′

A is:

′
A = VA

VS + VA + VW

= 1 − φ′
W+S = φA − φAφS

1 − φS + φAφS

. (10)

he significance of Eq. (7) consists in the fact that it determines
he free volume that is not occupied by ceramic powder. This
olume is initially occupied by a mixture of starch granules
nd water and finally – in accordance with the principle of the
CC process22 – by swollen and gelatinized starch. If shrinkage
ould be neglected, this would be exactly the total porosity to
e expected in the ceramic body after firing. Of course, shrink-
ge cannot be neglected when the body is to have satisfactory
trength, i.e. when the matrix between the pores is to be more
han only partially sintered. In order to take this effect into
ccount it is necessary to determine the volumetric shrinkage
V, defined as:

V = V0 − V

V0
, (11)

here V0 is the volume of the as-shaped green body before firing
nd V is the body volume after firing. If isotropic (directionally
ndependent) shrinkage is assumed, the volumetric shrinkage
an be calculated from the readily measurable linear shrinkage
via the relation:

V = 3S − 3S2 + S3. (12)

e would like to emphasize that the shrinkage is almost com-
letely determined by the matrix between the large pores. In
ther words, the very small, concave interstitial voids between

he ceramic particles cause essentially all the shrinkage of the
eramic body. It is a well-known fact that large pores in a fine-
rained matrix do not by themselves contribute to shrinkage.40,41

hey do shrink, of course, as dictated by the overall shrinkage

u
d
u
a
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f the body (caused almost exclusively by the matrix), but it has
o be emphasized that their size reduction does not reduce the
orosity of the ceramic body. When shrinkage and total poros-
ty after firing are known by measurement, we may reconstruct
he initial porosity that the body had before firing. Of course
his is a hypothetical value, because before high-temperature
eat treament the future pores were partly or totally filled with
elatinized starch, and the value thus calculated characterizes
he state of the body before strengthening by (at least partial)
intering. Therefore we call this quantity, in analogy to affine
appings in mathematics, an “affine limit porosity”. It is calcu-

ated via the following relation (see Appendix A for a derivation
f this relation):

ALP = σV + (1 − σV )φ, (13)

here φ is the total porosity measured in the as-fired ceramic
ody. The physical and practical meaning of this quantity is that
t remains constant in the course of sintering, i.e. it is an invari-
nt for a certain composition and can be used to characterize
body with a given composition in each stage of (partial or

omplete) sintering. It is based on the plausible fact that poros-
ty and shrinkage are intimately connected: the higher one, the
ower the other. Moreover, if it is assumed that volume con-
ervation is approximately fulfilled during starch swelling and
elatinization, the affine limit porosity of the porous ceramic
ody of given composition should be equal to the volume frac-
ion of starch and water in the suspension given in Eq. (9) above,
.e.

ALP = φ′
W+S. (14)

hat means, in the SCC process the affine limit porosity can
e predicted based only on the composition of the suspension.
n the other hand, this theoretical prediction can be verified
y independent measurements (of porosity and shrinkage). The
xperimental verification of this theoretical model will be given
elow.

. Experimental

Aqueous suspensions for casting were prepared with com-
ercial submicron alumina powder CT 3000 SG (Almatis,
ermany), corn starch (Gustin, Dr. Oetker, Czech Republic), an

lkali-free deflocculant (Dolapix CE 64, Zschimmer & Schwarz,
ermany) and distilled water. The suspensions were homoge-
ized in polyethylene bottles with 8-mm-diameter alumina balls
or 2 h on a laboratory shaker (HS 260, IKA, Germany) at a fre-
uency of 5 Hz. The amount of deflocculant added was 1 wt.%
elated to Al2O3. The alumina concentration in the suspensions
as calculated using a density value of 4.0 g/cm3 for alumina

nd 1.0 g/cm3 for water. The amount of starch (nominal starch
ontent, related to alumina) was calculated using a density value
f 1.5 g/cm3 for starch. Before casting the suspensions were

ltrasonicated (UP 200 S, Dr. Hielscher, Germany) to support
eagglomeration and to eliminate air bubbles. The metal molds
sed, see Fig. 1, have a cylindrical cavity of diameter 7 mm
nd length 80 mm. Before casting they were heated up to 45 ◦C
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Fig. 1. Metal molds used for starch consolidation casting.

nd the inner surface coated with an alkali-free grease to aid
emolding of the ceramic green bodies. After casting of sus-
ensions into the molds, they were put into a laboratory drier
reheated to 80 ◦C for 2 h. After subsequent cooling to room
emperature the molds were openend and dried in the drier with
stepwise increase in temperature (60, 80 and 105 ◦C), with a 2 h
well at the intermediate temperatures. Firing was performed at
570 ◦C according to a standard schedule (heating rate 2 ◦C/min,
h dwell at maximum temperature), i.e. without any special
well for starch burnout. The as-fired samples were character-
zed with respect to bulk density and porosity (open and total)
ia the Archimedes method (boiling in water for 2 h and soaking
vernight), and the shrinkage was determined via a slide caliper.
olished sections were prepared to obtain micrographs by opti-
al microscopy (Jenapol, Zeiss, Germany) and perform image
nalysis (Lucia G, Laboratory Imaging, Czech Republic). Image
nalysis was performed by manually marking pore sections by
rea-equivalent circles (at least 1100 objects for each sample)

nd transforming the number-weighted distribution to a volume-
eighted one under the assumption of a size-invariant shape,

f.42. Selected samples were investigated by mercury porosime-

o
r

ρ

able 1
omposition of suspensions, shrinkage and microstructural characteristics of the por

ominal starch
ontent [vol.%]

Alumina content
[wt.%]

Bulk density
[g/cm3]

0 68 3.12 ± 0.08
0 70 3.03 ± 0.06
0 73 2.94 ± 0.08
0 77 2.69 ± 0.09
0 78 2.65 ± 0.01
0 70 2.78 ± 0.04
0 70 2.76 ± 0.04
0 76 2.54 ± 0.02
0 78 2.47 ± 0.01
0 70 2.45 ± 0.03
0 74 2.29 ± 0.01
0 77 2.23 ± 0.01
0 68 2.30 ± 0.02
0 70 2.15 ± 0.03
0 73 1.98 ± 0.03
0 74 1.96 ± 0.04
0 75 1.89 ± 0.03
ominal starch contents of (from top to bottom) 20 vol.% (triangles), 30 vol.%
diamonds), 40 vol.% (circles) and 50 vol.% (squares).

ry (AutoPore IV 9500, Micrometrics, USA). In order to enable
direct comparison with the image analysis results the intrusion
urves were rescaled to 100%, cf.43.

. Results and discussion

Table 1 lists the compositions of the suspensions used. From
ach suspension at least five specimens have been prepared,
nd shrinkage, bulk density, open and total porosity values are
iven as arithmetic means with standard deviations. The influ-
nce of the alumina and starch contents on bulk density, open
nd total porosity are shown in Figs. 2–5. Figs. 2 and 3 show,
or a given nominal starch content, the dependence of bulk den-
ity and porosity (open and total) on the alumina concentration
mass percentage related to water). The dependences are almost
inear and can be fitted by linear regression. Fit relations for the
ulk density ρ [g/cm3] and the total porosity φ [%] as a function

f the alumina content in the suspension XA [wt.%] (valid in the
ange 68 vol.% > XA > 78 vol.%) are

= a + b · XA, (15)

ous alumina ceramics.

Apparent (open)
porosity [%]

Total porosity
[%]

Linear
shrinkage [%]

16.2 ± 2.3 22.1 ± 2.0 29.1 ± 0.6
18.9 ± 1.6 24.3 ± 1.6 25.9 ± 0.5
23.7 ± 2.1 26.6 ± 1.8 21.9 ± 0.8
30.8 ± 2.9 32.7 ± 2.2 16.5 ± 1.0
31.0 ± 0.3 33.8 ± 0.3 14.7 ± 0.8
29.0 ± 1.0 30.6 ± 0.9 25.0 ± 0.5
28.8 ± 0.9 30.8 ± 1.0 24.1 ± 0.7
35.7 ± 0.5 36.6 ± 0.5 17.9 ± 0.4
35.6 ± 0.1 38.2 ± 0.2 15.1 ± 0.3
38.3 ± 0.6 38.6 ± 0.7 24.3 ± 0.6
42.4 ± 0.2 42.7 ± 0.2 19.4 ± 0.5
43.9 ± 0.3 44.2 ± 0.3 16.4 ± 0.5
41.8 ± 0.3 42.4 ± 0.4 23.8 ± 0.3
45.4 ± 0.8 46.2 ± 0.6 21.7 ± 0.2
50.1 ± 0.3 50.6 ± 0.3 17.0 ± 0.3
51.0 ± 1.1 51.4 ± 1.1 16.1 ± 0.2
52.0 ± 0.6 52.8 ± 0.8 15.4 ± 0.5
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Fig. 3. Total porosity (full symbols, left ordinate) and apparent, i.e. open, poros-
ity (empty symbols, right ordinate) of porous alumina ceramics prepared from
suspensions with nominal starch contents of (from bottom to top) 20 vol.%
(triangles), 30 vol.% (diamonds), 40 vol.% (circles) and 50 vol.% (squares).
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Fig. 4. Total porosity of as-fired alumina ceramics in dependence of the nom-
inal starch content in the suspensions for different alumina contents (empty
diamonds – 68 wt.%, empty squares – 70 wt.%, full diamonds – 73 wt.%, empty
circles – 74 wt.%, full circles – 75 wt.%, empty triangles – 76 wt.%, full trian-
gles – 77 wt.%, full squares – 78 wt.%); the dotted line and the dashed curve
are guides to the eye, corresponding to the theoretically expected porosity in
the absence of swelling (dotted line: porosity according to Eq. (4) for the limit
matrix packing fraction of 100% before firing – in this case the porosity would
be equal to the nominal starch content; dashed curve: porosity according to the
Slamovich–Lange relation, Eq. (3), for an assumed matrix packing fraction of
0.64).
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Fig. 5. Volume shrinkage (full symbols, left ordinate), calculated from the
measured linear shrinkage (empty symbols, right ordinate) under the assump-
tion of isotropy, of porous alumina ceramics prepared from suspensions with
nominal starch contents of (from top to bottom) 20 vol.% (triangles), 30 vol.%
(diamonds), 40 vol.% (circles) and 50 vol.% (squares).
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nd

= c + d · XA, (16)

espectively, with the fit parameters a ranging from 4.8 to 6.4, b
slope) ranging from −0.033 to −0.058 (with correlation coef-
cients 0.979–0.997), c ranging from −20.7 to −56.3 and d
slope) ranging from 0.85 to 1.46 (with correlation coefficients
.978–0.998). It is evident that the slopes are similar irrespective
f the nominal starch content. This dependence on the alumina
ontent is typical for starch consolidation casting (SCC) and in
ontrast to traditional slip casting (TSC, with or without starch).
ig. 4 shows that the porosity achieved in SCC does not obey

he Slamovich–Lange prediction, Eq. (3) (many values are even
bove the upper bound – dotted line); as expected, the porosity
chieved is higher (because of starch swelling) and depends on
he alumina content in the suspension – an influence which is not
onsidered in the Slamovich–Lange model.39 Also the skrink-
ge exhibits a clear trend with alumina concentration (Fig. 5),
nd both the linear and the volumetric shrinkage exhibit more or
ess a linear decrease with the alumina weight percentage related
o water, which can be fitted by linear regression. Fit relations
or the linear shrinkage S [%] and the volumetric shrinkage σV

%] as a function of the alumina content in the suspension XA

wt.%] (valid in the range 68 vol.% > XA > 78 vol.%) are

= e + f · XA, (17)

nd

V = g + h · XA, (18)

espectively, with the fit parameters e ranging from 105 to 125,
(slope) ranging from −1.16 to −1.41 (with correlation coef-
cients 0.989–0.999), g ranging from 212 to 241 and h (slope)
anging from −2.21 to −2.60 (with correlation coefficients
.983–0.999).

It has to be noted that the finding that in SCC the porosity
ncreases with increasing alumina content in the suspensions is
bsolutely reproducible. At first sight, however, it might seem
aradoxical that the porosity is higher when the solids loading
n the suspensions is higher, because it should be expected that
tarch exhibits a higher degree of swelling when the suspension
as a lower alumina content (and thus the starch swelling is less
onstrained by excluded-volume effects). In order to explain this
nding, we invoke our aforementioned concept of the “affine

imit porosity” (ALP). As mentioned before, this concept is
ased on the fact that the shrinkage that has occurred during
ring and the residual porosity remaining after firing are com-
lementary quantities: the higher the shrinkage, the lower the
orosity. The ALP defined above corresponds to the maximum
orosity that could be achieved in a ceramic body if shrinkage
ould be avoided, e.g. if only non-densifying sintering mecha-
isms could be activated. Therefore it is a constant characterizing
body of certain composition irrespective of the stage or degree

f sintering (partial or complete).

Fig. 6 shows the volume fractions of starch in the suspen-
ions and the sum of the volume fractions of water and starch.
he latter is in fact the theoretically expected value of the APL,
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Fig. 6. Volume fractions of water + starch (full symbols, left ordinate) and of
starch alone (empty symbols, right ordinate) in the suspensions in dependence
of the alumina content.
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Fig. 7. Comparison of the sum of the volume fractions of water and starch in
the suspensions (theoretical prediction based only on the suspension composi-
tion) with the affine limit porosities (determined from the measured values of
total porosity and shrinkage) of porous alumina ceramics prepared from suspen-
sions with nominal starch contents of (from top to bottom) 20 vol.% (triangles),
30 vol.% (diamonds), 40 vol.% (circles) and 50 vol.% (squares).

Fig. 8. Micrographs of porous alumina ceramics (polished sections) prepared by SCC from suspensions with nominal starch contents of 20 vol.% (l.h.s.) and 50 vol.%
(r.h.s.) and alumina concentrations of 68, 73 and 78 wt.% (l.h.s., from top to bottom) and 68, 73 and 75 wt.% (r.h.s., from top to bottom).
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Table 2
Characteristic values (medians and extreme deciles) of the pore size distributions determined via microcopic image analysis and of the pore throat size distributions
determined via mercury porosimetry.

Image analysis Mercury porosimetry

D10 [�m] D50 [�m] D90 [�m] D10 [�m] D50 [�m] D90 [�m]

A68C20 7.7 11.4 15.5 0.8 0.7 0.5
A73C20 9.8 12.5 16.6 1.2 0.9 0.5
A78C20 11.0 14.8 18.6 1.2 2.4 2.8
A68C50 6.6 9.9 13.9 1.1 2.0 2.5
A73C50 7.8 11.5 14.4 1.5 2.5 2.9
A75C50 9.4 13.4 17.2 1.6 2.7 3.1
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Fig. 9. Pore size distribution determined via microscopic image analysis on
polished sections of porous alumina ceramic bodies prepared from suspensions
with alumina concentrations of 68, 73, 75 and 78 wt.% (dotted, dashed, dot-
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window diameters (in contrast to the cell diameters measured
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Fig. 10. Pore throat size distribution determined via mercury porosimetry of
porous alumina ceramic bodies prepared from suspensions with alumina concen-
ecause it is simply “everything” that occupies space (volume)
n the three-phase system (green body), except for the ceramic
owder (alumina). Fig. 7 compares this theoretical “prediction”
based only on the suspension composition) with the ALP values
alculated from the measured porosity and shrinkage values via
q. (13). The agreement is indeed remarkable, and the decreas-

ng trend of both the theoretical prediction and the experimental
alues show that the affine limit porosity (ALP) is the quan-
ity that is decreasing with increasing alumina content in the
uspension, as expected, and not the measured total porosity
hat remains in the ceramic body after firing. We note in pass-
ng that in assuming a (water-saturated) three-phase system we
ave excluded air bubbles, and the good agreement in Fig. 7 also
emonstrates that this assumption was justified.

It has to be noted that not only the suspension composition,
ncluding the alumina concentration in the suspension, but also
he shape of the mold may have an influence on the densification
ia the SCC process, because the principle of this process is
n in situ consolidation, where the starch granules swell and
ress the ceramic particles together (apart from a gluing effect
f the gelatinized starch). Important parameters are the surface-
o-volume ratio of the mold and the ratio of constrained and free
urfaces. In particular, in a mold with a large free surface the
ulk density is expected to be absolutely lower, because volume
welling of the starch granules is unconstrained. This has to be
aken into account when the SCC process is to be adapted to
ndustrial production.

Fig. 8 shows micrographs of polished sections of porous alu-
ina ceramics prepared by SCC from suspensions with nominal

tarch contents of 20 and 50 vol.%, respectively. Fig. 9 shows the
orresponding volume-weighted pore size distributions (cumu-
ative curves) determined by image analysis, and Table 2 lists
he corresponding characteristic pore size values. It is evident
hat in the SCC process the pore size increases with increasing
lumina content and that, for both nominal starch contents, the
edian values change by approx. 3.5 �m, i.e. by approx. 25%

f its maximum value, when the alumina concentration in the
tock suspension changes from by approx. 10 wt.%, i.e. from
8 to 78 wt.% (or 75 wt.%; note that for a nominal starch con-
ent of 50 vol.% a 78 wt.% alumina suspension would be too
iscous for casting). On the other hand, the pore size decreases

ery slightly with the nominal starch content (the median values
ecrease by 1-1.5 �m, i.e. by approx. 10% only, when the nom-

t
o

ashed and full curve, respectively) and nominal starch contents of 20 vol.%
l.h.s.) or 50 vol.% (r.h.s.).

nal starch content is changed by approx. 30 vol.%, i.e. from 20
o 50 vol.%.

Fig. 10 confirms the well-known finding28,29,31,43 that the
ore sizes measured by mercury porosimetry are about one order
f magnitude lower than those measured by image analysis and
rations of 68 wt.% (dotted) and 73 wt.% (dashed) and nominal starch contents
f 20 vol.% (l.h.s.) or 50 vol.% (r.h.s.).
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y image analysis). However, while the dependence on the alu-
ina content is similar to that of the pore sizes merasured by

mage analysis, these results (cf. the characteristic values in
able 2) show a completely different dependence on the nomi-
al starch content compared to the image analysis results: with
ncreasing starch content the sizes of the interconnecting pore
hroats increase. Nevertheless this is a completely plausible and
xpected result, because with increasing nominal starch con-
ent the pores are coming into closer contact, so that – due to
teric hindrance (excluded volume effects) – the pore cavities
cells) become smaller while the pore throats (cell windows)
ecome wider. This investigation shows that essential 3D infor-
ation can be obtained without tomographical methods when

he results are correctly compared and interpreted. In particular,
icroscopic image analysis and mercury porosimetry have to

e considered as complementary tools that are both indispens-
ble for microstructural characterization in general and for the
ne-tuning of the SCC process in particular.

. Summary and conclusion

In this paper it has been shown that using corn starch
D50 = 14 �m) in the concentration range 20–50 vol.% (nominal
tarch content, i.e. related to Al2O3) porous alumina ceram-
cs with total porosities in the range 22–53% can be prepared
ia starch consolidation casting (SCC). The total porosity (and
pen porosity) increases with increasing Al2O3 concentration in
he suspension (the nominal starch content being unchanged):
change in the Al2O3 concentration by 1 wt.% in the suspen-

ion gives a change in the total porosity of the fired ceramics
y approx. 1 vol.% (i.e. for commonly used alumina suspen-
ions with alumina concentrations in the range 68–78 wt.% the
orosity can be varied by approx. 10% only by varying the
lumina content). Also the linear shrinkage (and its volumetric
ounterpart) of as-fired porous alumina ceramics prepared via
CC exhibits a significant dependence on the alumina concen-

ration in the suspensions (in contrast to traditional slip casting),
ecreasing with increasing Al2O3 concentration. The (median)
ore size (cell diameter) increases with increasing Al2O3 con-
entration in the suspension (for equal nominal starch contents),
s confirmed by microscopic image analysis: a pore size differ-
nce of 3.5 �m can be achieved by changing the Al2O3 content
n the suspension by 10 wt.%; on the other hand, the pore size
ecreases with increasing starch content when the Al2O3 con-
entration is kept constant. The pore throat size (cell window
iameter) increases with increasing Al2O3 concentration in the
uspension as confirmed by mercury porosimetry; a pore throat
ize difference of approx. 1–1.5 �m can be achieved by changing
he Al2O3 content in the suspension by 10 wt.%; note, how-
ver, that the pore throat size increases with increasing starch
ontent (in contrast to the aforementioned pore cavities). The
pparently paradoxical finding that the porosity of the ceramic
fter firing increases with increasing alumina content in the

uspension, has a plausible explanation when the concept of
n “affine limit porosity” (ALP) is introduced: it is found that
ALP = ϕ′

W+S, i.e. the sum of volume fractions of water and
tarch in the suspensions (a value calculated directly from the
n Ceramic Society 31 (2011) 2073–2081

uspension composition) equals the affine limit porosity (a quan-
ity determined from two independently measured values, viz.
he total porosity and the volumetric shrinkage). The ALP is an
nvariant measure of a body’s microstructure at arbitrary stages
f sintering (partial or complete). It has been shown that micro-
copic image analysis and mercury porosimetry are tools that
rovide complementary microstructural information and that
oth types of results, when correctly compared and interpreted,
re indispensable for fine-tuning the SCC process.

cknowledgements

This study was part of the frame research programme MSM
046137302 “Preparation and research of functional materials
nd material technologies using micro- and nanoscopic meth-
ds”, supported by the Ministry of Education, Youth and Sports
f the Czech Republic. Support is gratefully acknowledged.

ppendix A.

From the definition of the volumetric shrinkage σV, Eq. (9),
t follows that:

V

V0
= 1 − σV , (A1)

here V and V0 are the volumes of the fired ceramic body and
he same body in the green state, respectively. On the other hand,
he total porosity φ (as measured in as-fired ceramic bodies, e.g.
sing the Archimedes method) is defined as the volume fraction
f pores, i.e.

= VP

V
, (A2)

here VP is the pore volume after firing. If shrinkage had not
ccured the pore volume in the body would have been larger by
he quantity (V0 − V), i.e.

′
P = φ · V + V0 − V = V (φ − 1) + V0. (A3)

herefore, without shrinkage, the porosity would have been:

ALP = V (φ − 1) + V0

V0
= V

V0
(φ − 1) + 1

= (1 − σV )(φ − 1) + 1 = σV + (1 − σV )φ (A4)

“affine limit porosity”).
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13. Živcová Z, Černý M, Pabst W, Gregorová E. Elastic properties of porous
oxide ceramics prepared using starch as a pore-forming agent. J Eur Ceram
Soc 2009;29:2765–71.

14. Alves HM, Tarí G, Fonseca AT, Ferreira JMF. Processing of porous
cordierite bodies by starch consolidation. Mater Res Bull 1998;33:1439–48.

15. Lemos AF, Ferreira JMF. Porous bioactive calcium carbonate implants
processed by starch consolidation. Mater Sci Eng C 2000;11:35–40.

16. Rodríguez-Lorenzo LM, Vallet-Regí M, Ferreira JMF. Fabrication of
porous hydroxyapatite bodies by a new direct consolidation method: starch
consolidation. J Biomed Mater Res 2002;60:232–40.
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