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A direct casting process was used to produce porous 3Y–ZrO2 ceramics using starch as a fugi-

tive filler and binder. The compositions with low additions of starch had higher porosity than

the volume fraction of starch initially in the green body (Xst), whereas, the compositions with

high amounts of starch produced lower porosity than the predicted value. The well ordered

structure consisted of spherical pores of 8–10 �m diameter, retained from the original starch

particles, connected by channels. The interconnection between pores was dependent on the

volume fraction of starch incorporated, as well as on the sintering temperature. Pore inter-

connection was observed for all the compositions sintered at 1000–1300 ◦C. Increasing the
irconia

orous 3Y–ZrO2

tarch consolidation

olloidal processing

sintering temperature to 1400–1500 ◦C produced a marked dependence of the open to total

porosity ratio on Xst. For a high porosity material, a bimodal channel size distribution was

found at 1400 and 1500 ◦C. The primary pore channel diameter was 0.7 �m and the secondary

one was close to 4 �m. As the sintering temperature increased, the volume of the connecting

channels decreased; at 1500 ◦C only a minor volume of the larger channels was found.

former subsequently eliminated during heating. In this way,
. Introduction

he use of porous ceramics has continually increased for high
emperature applications, conditions where chemical stability
nd good corrosion resistance are required (Saggio-Woyansky
t al., 1992; Studart et al., 2006). In particular, the prepara-
ion of porous zirconia had received much attention due to
ts extensive industrial applications: ceramic filters (Zender et
l., 1990); catalyst supports and membranes for gas filtration
Please cite this article in press as: Garrido, L.B., et al., Effect of starch fil
3Y–ZrO2 ceramics, J. Mater. Process. Tech. (2008), doi:10.1016/j.jmatprotec.

Deng et al., 2002, 2003), solid oxide fuel cells (Gu et al., 1999;
oaro et al., 2003), biological materials (Rambo et al., 2004),
tc.
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The simplest approach to fabricate porous ceramics
involves partial sintering (Deng et al., 2002, 2003) which devel-
ops a fine pore structure (Diaz et al., 2005). Alternatively,
various processing techniques are available to enhance poros-
ity, or to obtain a controlled pore size and porosity in ceramic
bodies, depending on the specific application. A common
processing method involves pressing a powder mixture of
ceramic particles and pore forming agents, with the pore
ler content and sintering temperature on the processing of porous
2008.02.074

m.ar (L.B. Garrido).

porous ceramics of zirconia (Luo and Stevens, 1999; Diaz et al.,
2005) as well as semiconducting BaTiO3 (Kim et al., 2004) and
silicon nitride (Diaz and Hampshire, 2004) have been prepared.

dx.doi.org/10.1016/j.jmatprotec.2008.02.074
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Pore forming agents are usually organic particles (e.g. carbon,
synthetic polymers, polysaccharides, etc.) which decompose
easily on heating at relatively low temperatures (Studart et al.,
2006).

Starch is a low cost pore former that can simultaneously act
as a binder during the formation of ceramics by a starch con-
solidation casting method (Lyckfeldt and Ferreira, 1998). This
simple method was used to prepare many complex shaped
bodies of alumina (Lyckfeldt and Ferreira, op cit. and Gregorova
et al., 2006a,b) including cordierite (Alves et al., 1998), cal-
cium carbonate (Lemos and Ferreira, 2000), mullite (Barea et
al., 2005); silicon nitride (Diaz and Hampshire, 2004; Diaz et
al., 2005). Most materials showed macroporous (≥50 �m) struc-
tures. These studies and recently Gregorova and Pabst (2007)
reported that morphology and the size of pores are specific to
the type of starch used to create the porosity. The porosity of
a sintered body with an added pore former can be compared
with the volume fraction of the pore former relative to the
volume of the green compact, the Xpf parameter. According to
Slamovich and Lange (1992) an estimation of Xpf is obtained
using the following expression:

Xpf = �(�z)
1 − � + (�z)�

(1)

where � is the volume of organic inclusions (pore former) with
respect to the volume of solids, and �z is the relative packing
density of the ceramic particles in the green compact without
added inclusions. Thus, Xpf depends on the packing density
of the ceramic particles in the green compact.

Eq. (1) considers that the large pores left by the organic
inclusions shrink by the same amount as the surrounding
matrix during sintering. Slamovich and Lange (1992) showed
that large pores persist even after prolonged sintering times.
Thus, the porosity in the sintered body (with full densification
of the matrix) be nominally identical to Xpf in the green body.

The porosity change with addition of starch as a pore for-
mer showed good agreement with the volume of starch in
the dried compact, Xst, calculated by Eq. (1) as previously
reported for (Luo and Stevens, 1999; Diaz and Hampshire,
2004). However, the starch consolidation casting includes a
heating step of the starch granules in water within the gela-
tion temperature range (i.e. 60–80 ◦C). The starch granules
absorb water and irreversibly swell to several times their ini-
tial size (Fennema, 1996). Then, the swollen granules will begin
to rupture and collapse. Thus, a viscous dispersion of gran-
ule fragments and dissolved molecules may finally become a
viscous starch solution. The gel that is formed may be con-
sidered as a composite made by swollen gelatinized granules
of mainly amylopectin, dispersed in an amylose gel matrix
(Rosalina and Bhattacharya, 2002; Pabst et al., 2002). Thus,
porosity formation with starch consolidation casting is dif-
ferent from that of porous materials prepared without gelling
the starch (Gregorova et al., 2006b). Therefore, as a first study,
a comparison between predicted porosity with Eq. (1) and the
total porosity of the sintered ceramic prepared by starch con-
Please cite this article in press as: Garrido, L.B., et al., Effect of starch fil
3Y–ZrO2 ceramics, J. Mater. Process. Tech. (2008), doi:10.1016/j.jmatprotec.

solidation may be a measure of the deviation that exists.
In the present work, porous zirconia ceramics were pro-

duced by a starch consolidation process (Lyckfeldt and
Ferreira, 1998), which involves the preparation of a con-
 PRESS
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centrated zirconia suspension with added corn starch. The
efficiency of the dispersion process on the packing of the
ceramic particles as well as the relative density, drying
shrinkage of green compacts were examined. In addition,
the influence of the volume fraction of starch filler, and
the sintering temperature on the densification behavior and
microstructure, will be discussed.

2. Experimental

2.1. Materials and methods

A commercial zirconia powder doped with 3 mol% yttria (YZ01,
Saint-Gobain, France) was used in this study, subsequently
referred to as 3Y–ZrO2. The mean particle diameter and the
specific surface area were 0.6 �m and 7 m2/g, respectively.
Corn starch, commercially available in Argentina, was used
as pore former agent and binder. Experiments were carried
out using the as-received starch, without any subsequent pro-
cessing. The average size of the spherical granule of starch
was approximately 10 �m. A commercial ammonium salt of a
polycarboxylic acid (Dolapix CE64, Zschimmers and Schwartz,
Germany) was used as a dispersant.

2.2. Suspension preparation

Concentrated aqueous 3Y–ZrO2 suspensions, with solids load-
ing from 78 to 85 wt.%, were prepared by deagglomeration of
the powder in distilled water with different amounts of dis-
persant at pH 9 using an ultrasonic bath. Different amounts
of starch in a range of 16–60 wt.% (dry weight basis of 3Y–ZrO2

powder), were added to the stabilized 3Y–ZrO2 suspensions
followed by ultrasonic treatment. The resultant volume frac-
tion of starch (�) varied between 0.40 and 0.71. The water
content of the suspension was experimentally adjusted in
order to obtain a fluid suspension and to gel the starch. The
total solids loading of the suspensions was set to 52–55 vol.%.

2.3. Preparation of green compact

The consolidation of the suspensions was performed in a cov-
ered mold, which was coated with a release agent, at 90 ◦C for
30 min. The starch particles swell by water uptake from the
slip, causing the ceramic particles to stick together and, conse-
quently, consolidate into a solid body. The resulting compacts
were left in the mold at room temperature; after slight drying
shrinkage occurred, the samples were de-molded. The sam-
ples, with approximate dimensions of 25 mm diameter and
15–20 mm thickness, were then dried at 100 ◦C until there was
no further change in mass. 3Y–ZrO2 compacts without starch
were also prepared by slip casting in a plaster mold. The cast
samples were dried at room temperature and then at 100 ◦C.

2.4. Pre-calcination and sintering
ler content and sintering temperature on the processing of porous
2008.02.074

The burning out of starch was achieved by slow heating up
to 1000 ◦C with three isothermal hold steps at 150, 250 and
300 ◦C; the samples were then held for 2 h at 1000 ◦C. The pre-
calcined cylinders were then sintered at 1300, 1400 or 1500 ◦C

dx.doi.org/10.1016/j.jmatprotec.2008.02.074
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or 2 h, using a heating rate of 5 ◦C/min. The 3Y–ZrO2 green
ompacts prepared without starch were also sintered at these
hree temperatures.

.5. Characterization of green and sintered compacts

he density of green compacts was measured by Hg immer-
ion. The relative sintered density (RD) and open porosity were
etermined by the water absorption method. A density of 6.05
nd 1.45 g/cm3 were used for 3Y–ZrO2 and starch, respectively.

The mean pore radius and the pore size distribution, char-
cterizing the interconnecting pores between the large ones
eft by the starch granules, were determined for sintered com-
acts using Hg porosimetry (Carlo Erba Porosimeter 2000,

taly). The microstructure of the dried and sintered samples
ere observed on fracture surfaces using a field emission

canning electron microscope (FE-SEM) (Model S-4700, Hitachi
igh Technologies Corporation, Japan).

. Results and discussion

.1. Effect of dispersant addition on the green density
f 3Y–ZrO2 prepared with 0.45 vol.% starch

ig. 1 shows the relative density of green compacts, with and
ithout starch, as a function the dispersant concentration.

or the 3Y–ZrO2 compacts without starch, a maximum in the
reen density (62% TD) was obtained at a polyelectrolyte con-
entration of about 0.20 wt.%, which was an effective amount
o stabilize the 3Y–ZrO2 suspensions. The high degree of dis-
ersion of 3Y–ZrO2 particles is related to the polyelectrolyte
dsorption on the powder surface. The decrease in the green
ensity at dispersant concentration lower and higher than
.20 wt.% was attributed to flocculation.
Please cite this article in press as: Garrido, L.B., et al., Effect of starch fil
3Y–ZrO2 ceramics, J. Mater. Process. Tech. (2008), doi:10.1016/j.jmatprotec.

The compacts with starch showed a maximum at nearly
he same dispersant concentration when compared to the
ompacts without starch. This result indicated that the dis-
ersion of 3Y–ZrO2 particles was not affected by the presence

ig. 1 – Relative density of green compacts with and
ithout starch, as a function of the dispersant

oncentration.
Fig. 2 – Volume fraction of starch in the green body (Xst) as
a function of the volume fraction of added starch ϕ.

of starch in the suspension using the polyelectrolyte as disper-
sant. The chemical structure of starch consists of mixtures of
two polysaccharide types, one that is linear, amylose, and one
that is highly branched, amylopectin. The glucose units that
comprise the polymeric chains in starch expose a large num-
ber of terminal hydroxyls groups (Fennema, 1996). Therefore,
some interaction between carboxyl groups of the polyelec-
trolyte (dispersant) may take place with surface hydroxyls of
starch.

A slightly lower relative green density value (60%TD) was
achieved for the compacts with starch. A significant degree
of swelling and solubilization of starch is expected to occur
by prolonged heating at 90 ◦C for 30 min (Pabst et al., 2002). As
the granules incorporate some water, the volume of starch can
increase up to a maximum that corresponds to all the available
water volume. The starch volume in this study can increase
approximately up to a maximum of 2.2–2.8 times. This results
is similar to that found by Pabst et al. (2002) and Gregorova
and Pabst (2007). Thus, starch volume increased by swelling
thereby incorporating additional porosity to the compact vol-
ume (Lyckfeldt and Ferreira, 1998).

3.2. Drying: density and shrinkage of 3Y–ZrO2

compacts with different amounts of starch

Fig. 2 shows the volume fraction of starch in the green body
(Xst) as a function of the volume fraction of added starch, ϕ.
The line in this figure corresponds to the calculated values
(Eq. (1)). As ϕ increased from 0.45 to 0.71 the volume of starch
in the green compact increased from 0.27 to 0.65. For low ϕ

values a significant deviation from the calculated Xst values
could be seen, whereas, for high ϕ values a good agreement
was achieved.

Fig. 3 shows the drying shrinkage versus the volume frac-
tion of starch in the green body. A linear correlation between
ler content and sintering temperature on the processing of porous
2008.02.074

the shrinkage and Xst was found. The shrinkage increased
from 4%, for Xst = 0.27, to 16%, for Xst = 0.65. Fig. 4 shows the
drying shrinkage as a function of the water weight loss of
green bodies prepared with different amounts of starch. As

dx.doi.org/10.1016/j.jmatprotec.2008.02.074
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Fig. 3 – Drying shrinkage vs. the volume fraction of starch
in the green body.

the amount of starch increased, a greater volume of water
was required to swell and gel the starch, thereby increasing
the water weight loss during drying. The lower water weight
loss of the samples with low amounts of starch reduced the
drying shrinkage, consequently Xst values below the predicted
amount were found (Fig. 2). For a given volume of added starch,
ϕ, a high shrinkage decreased the volume of the green com-
pact and consequently increased the Xst values. Therefore, for
high starch additions the good agreement between the exper-
imental and predicted Xst values (Fig. 2) could be explained by
an important shrinkage of the green bodies.

Fig. 5 shows the relative density of the green compact and
Please cite this article in press as: Garrido, L.B., et al., Effect of starch fil
3Y–ZrO2 ceramics, J. Mater. Process. Tech. (2008), doi:10.1016/j.jmatprotec.

the ZrO2 packing density versus the volume fraction of starch
in the green compact.

The ZrO2 packing density slightly decreased from 0.325
to 0.257, however, the relative density of the green com-

Fig. 4 – Drying shrinkage as a function of the water weight
loss of green bodies prepared with different amounts of
starch.
Fig. 5 – Relative density and ZrO2 packing density vs. the
volume fraction of starch in the green compact.

pacts increased from 0.59, for Xst = 0.27, to 0.87, for Xst = 0.65.
As an increasing amount of starch is added to the initial
composition, more dissolved starch was deposited between
and around the zirconia particles, forming a network which
reduced the porosity of the body. In addition, a compressive
stress on the particle network was probably developed dur-
ing drying, due to capillary forces on the fluid resulting in a
particle packing rearrangement (Barea et al., 2005).

3.3. Starch granules and microstructure of dried
compacts

Fig. 6 shows SEM micrographs of corn starch granules and
the fractured surfaces of green compacts with Xst of 0.27
and 0.32; the mean granule size was approximately 10 �m.
In the microstructure of the dried samples, large spherical
cavities, created by the original starch particles, and small
voids between the zirconia particles are apparent. Large cav-
ities were uniformly distributed in the compact and had a
mean diameter of about 10 �m, which corresponded well to
the shape and size of the individual starch particles originally
added. Thus, porosity measured in the dried sample consisted
of both large spherical cavities formed by drying shrinkage of
the starch gel and those of 3Y–ZrO2 packing. Components of
the starch gel network intrude into the 3Y–ZrO2 matrix region
(Pabst et al., 2002), around the space initially occupied by the
swollen granule. Further drying caused shrinkage with dehy-
dration of the gelatinized starch. The distribution of starch
species during drying is clearly evident by SEM-EDAX analysis
of the dried sample. The Zr, C and O mapping are shown in
Fig. 7(b–d). Fig. 7c (Yellow points) confirmed the presence of
starch deposits, identified as residual C, mainly located in the
region around the large cavities.
ler content and sintering temperature on the processing of porous
2008.02.074

3.4. Sintering and shrinkage of samples

Fig. 8 shows the relative sintered density as a function of the
sintering temperature for samples without starch and with

dx.doi.org/10.1016/j.jmatprotec.2008.02.074
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Fig. 6 – SEM micrographs of corn starch granules and fra

st values of 0.27–0.65. The relative sintered density of casts
ithout starch increased from 0.64 to 0.86, with increasing

he sintering temperature from 1000 to 1300 ◦C, and achieved
early full densification at 1500 ◦C.

The relative sintered density of the porous samples, which
as significantly lower than that of the samples without

tarch, increased with increasing the sintering temperature
p to 1500 ◦C, mainly due to the densification of the zirconia
atrix.
Please cite this article in press as: Garrido, L.B., et al., Effect of starch fil
3Y–ZrO2 ceramics, J. Mater. Process. Tech. (2008), doi:10.1016/j.jmatprotec.

For the range of Xst values studied, the relative sintered
ensity slightly decreased from 0.33 to 0.28 and 0.53 to 0.43,
or sintering temperatures of 1000 and 1400 ◦C, respectively. In
he case of bodies with Xst of 0.27 and 0.57 sintered at 1000 ◦C,

ig. 7 – SEM-EDAX micrographs of fracture surface of dried 3YZrO
eferences to color in this figure legend, the reader is referred to
e surface of dried samples with Xst = 0.27 and Xst = 0.32.

total porosity reached close to 67% and 72%, respectively. Since
densification of 3Y–ZrO2 began at temperatures above 1000 ◦C,
the porosity created at this temperature corresponded well to
the sum of Xst and the porosity originally present in the dried
compact. At 1400 ◦C, when matrix densification was signifi-
cant, porosity of these materials achieved 45 and 66%. At low
Xst, all pores created by starch were significantly large and do
not sinter. Slamovich and Lange (1992) showed that the growth
rate of the zirconia matrix grains is slow and therefore do not
ler content and sintering temperature on the processing of porous
2008.02.074

affect the thermal stability of large pores than grains.
Fig. 9 shows the volumetric sintering shrinkage of the com-

pacts as a function of Xst for different sintering temperatures.
For each Xst value, the increase in the shrinkage with increas-

2 and Zr, C and O mapping (For interpretation of the
the web version of the article).

dx.doi.org/10.1016/j.jmatprotec.2008.02.074
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Fig. 8 – Relative sintered density as a function of the ◦

sintering temperature for samples without starch and with
Xst values between 0.27 and 0.65.

ing sintering temperature could be attributed to the sintering
of the zirconia particles. As the relative green densities of the
samples without starch were higher than those with starch
the volumetric sintering shrinkage was significantly lower for
all the temperatures. However, the samples containing added
starch, with Xst values from 0.27 to 0.65, had a similar sintering
shrinkage. This could be expected since the sintering shrink-
age was dependent on the ZrO2 packing density which slightly
reduced for the different Xst values (Fig. 5). Thus, the sintering
shrinkage exhibited a small dependence on the added starch
content.

3.5. Influence of the volume fraction of starch on the
Please cite this article in press as: Garrido, L.B., et al., Effect of starch fil
3Y–ZrO2 ceramics, J. Mater. Process. Tech. (2008), doi:10.1016/j.jmatprotec.

total porosity

Fig. 10 shows the total porosity of the samples sintered at
1500 ◦C versus Xst; a 1:1 relationship between the bulk porosity

Fig. 9 – Volumetric sintering shrinkage of the compacts as
a function of Xst for different sintering temperatures.
Fig. 10 – Total porosity of the samples sintered at 1500 C
vs. Xst.

and the volume of starch in the green compact was also indi-
cated. This relationship assumed that full densification of the
zirconia matrix occurred and consequently the porosity cre-
ated corresponded to the volume fraction of originally added
starch.

The porosity linearly increased with increasing the starch
content from 0.35, for Xst = 0.27, to a maximum value of 0.45,
for Xst = 0.65. For Xst lower than 0.4, the total porosity was
above the expected amount. In contrast, for Xst higher than
0.55, the porosity was lower than that predicted.

For low Xst values, the increase in the starch particle vol-
ume arising from swelling produced an increase in the size
of larger pores, thereby increasing the volume percentage of
porosity in the sintered body. Moreover, some voids might also
be incorporated by an incomplete mixing or poor dispersion
of the starch particles (Lyckfeldt and Ferreira, 1998). For high
amounts of added starch, a high percentage of the small pores
created by the dissolved starch were eliminated at high sin-
tering temperatures, resulting in a lower porosity than that
predicted.

3.6. Microstructure of porous materials

The microstructure shown in Fig. 11 consists of spherical
pores, arising from the original starch particles, connected by
uniformly distributed channels. The microstructure consists
of spherical pores, arising from the original starch particles,
connected by uniformly distributed channels. SEM examina-
tion of the high porosity material shows examples of shells
and cracks surrounding the pores (Fig. 11). These shells were
earlier observed by Lyckfeldt and Ferreira (1998) using the
starch processing method. Further studies clearly exhibited
their presence (Alves et al., 1998) and showed that after
burning some of them were completely detached from the
ler content and sintering temperature on the processing of porous
2008.02.074

matrix (Barea et al., 2005). In addition, a minor amount of
micro-cracks were observed located perpendicular to the pore
surface, but they were much smaller in size than those sur-
rounding the large pores. The ZrO2 packing density was low

dx.doi.org/10.1016/j.jmatprotec.2008.02.074
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Fig. 13 – High magnification SEM image of a sample

F

ig. 11 – SEM micrographs of the fracture surfaces of 50 vol.%
intered at 1400 ◦C and (c) Xst = 0.57 sintered at 1500 ◦C.

n the region adjacent to the pore, however, the particles were
ensely packed in the interior of the matrix where small pores
ere found. Thus, the region close to the pore shrank more

han the interior of the matrix (Deng et al., 2002). There-
ore, the shells and cracks surrounding the pores could be
ttributed to the differential shrinkage between these regions
Lyckfeldt and Ferreira, 1998).

Fig. 12 shows high magnification SEM micrographs of
Y–ZrO2 samples with Xst = 0.52 and Xst = 0.57, sintered at
400 and 1500 ◦C, respectively. As Xst and sintering temper-
ture increased, the size of the spherical pores was reduced
o 8–9 �m, and the pore shape often changed to one that was

ore elongated, with a length up to 12 �m.
Fig. 13 shows an SEM image of a sample sintered at 1500 ◦C,

ith 50 vol.% porosity, and demonstrates the formation of
polycrystalline grain connection between pore surfaces.

ccording to Suder and Lange (1992) this configuration is
Please cite this article in press as: Garrido, L.B., et al., Effect of starch filler content and sintering temperature on the processing of porous
3Y–ZrO2 ceramics, J. Mater. Process. Tech. (2008), doi:10.1016/j.jmatprotec.2008.02.074

hermally unstable, as desintering would likely occur after
xtended times (i.e. the grain bridge will ultimately disappear).
t temperatures lower than 1500 ◦C, the majority of the grains
xhibited a nearly spherical shape and a low volume fraction

sintered at 1500 ◦C with 50 vol.% porosity.

ig. 12 – SEM micrographs of samples with varying Xst: (a) Xst = 0.52 sintered at 1400 ◦C and (b) Xst = 0.57 sintered at 1500 ◦C.

dx.doi.org/10.1016/j.jmatprotec.2008.02.074
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Fig. 14 – Differential pore channel size distribution curves

fication of the 3Y–ZrO2 matrix occurred at these temperatures
(Figs. 6 and 7). For sintering temperatures higher than 1300 ◦C,
the open to total porosity ratio increased with increasing
Xst. For Xst = 0.27, open porosity was measurable; there was
of a zirconia compact with low porosity at different
sintering temperatures.

of isolated porosity remained in the matrix. At 1500 ◦C the
matrix was fully densified, with some elongated pores left by
the starch. These pores probably originated at points of inter-
connection between neighboring starch granules at high Xst

values. In addition, the fracture of grain connections between
opposite surfaces of a crack or defect, as matrix densification
proceeded (Suder and Lange, 1992), might contribute to the
elongated shape of the pores.

Mercury porosimetry was used to measure the smaller
channels which corresponded to the connecting contact areas
or necks between larger pores. Fig. 14 shows the differential
pore channel size distribution curves of a 3Y–ZrO2 compact
with low porosity, processed at different sintering tempera-
tures. For the samples with starch sintered at 1000 and 1300 ◦C,
a bimodal channel distribution was found. The less fre-
quent mean channel radius was 800–900 Å (channel diameter
<0.2 �m) and the most frequent one was 4000–4500 Å (chan-
nel diameter <0.9 �m). As the sintering temperature increased
to 1400 ◦C, the volume of the small channels decreased and
disappeared completely at 1500 ◦C. This was due to the devel-
opment of necks between the zirconia grains at temperatures
above 1400 ◦C. In addition, a reduction in the volume and size
of the large channels occurred with increasing sintering tem-
perature.

The pore size of 3Y–ZrO2, prepared without starch and sin-
tered at 1300 ◦C, was about 400–500 Å which corresponded to
the voids between the zirconia particles. These pores were
approximately half the diameter of the small channels in
the materials prepared with starch. At 1400 ◦C the 3Y–ZrO2

prepared without starch reached essentially complete den-
sification, with only a minor amount of closed porosity
remaining.

The channel size distribution curves of a sample with
a high starch-derived porosity, sintered at different temper-
Please cite this article in press as: Garrido, L.B., et al., Effect of starch fil
3Y–ZrO2 ceramics, J. Mater. Process. Tech. (2008), doi:10.1016/j.jmatprotec.

atures are presented in Fig. 15. For the samples sintered
at 1000 and 1300 ◦C, three channel radii existed, the least
commonly occurring radii were 800–900 Å and 23500–26500 Å,
while the most frequent radius was 3400–3500 Å. The last
Fig. 15 – Channel size distribution curves of a sample with
high porosity sintered at different temperatures.

one was slightly smaller than the most frequent pore size
of the low porosity samples. The 800–900 Å channels were
removed by sintering at temperatures ≥1400 ◦C, resulting in a
bimodal channel distribution with a low volume of the larger
channels.

3.7. Effect of sintering temperature on open to total
porosity ratio

Fig. 16 shows the open to total porosity ratio versus Xst for dif-
ferent sintering temperatures. The porosity was completely
open for the samples sintered at 1000 and 1300 ◦C for the
different Xst values. This was expected since limited densi-
ler content and sintering temperature on the processing of porous
2008.02.074

Fig. 16 – Open to total porosity ratio vs. Xst for different
sintering temperatures.

dx.doi.org/10.1016/j.jmatprotec.2008.02.074
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gradual increase in the openness of the pore structure with
ncreasing Xst from 0.27 to 0.52 and 0.57, at 1400 and 1500 ◦C,
espectively. This openness could be due to the gradual cre-
tion of a percolating starch network within the preform prior
o sintering. Thus, the level of interconnectivity between pores
ncreased with increasing starch addition.

. Conclusions

orous 3Y–ZrO2 materials were prepared using starch as a
ugitive pore former and binder. The dispersion of 3Y–ZrO2

articles was not affected by the presence of starch in the
uspension. Thus, the maximum relative green density was
chieved at nearly the same dispersant concentration for the
Y–ZrO2 particles both with and without starch.

The volume fraction of porosity in the sintered compact,
hich was between 0.48 and 0.65, was dependent on the starch

olume fraction in the green body (Xst), as well as on the sin-
ering temperature. The porosity increased with increasing
he volume of starch in the green body (Xst). For Xst < 0.38,
he porosity was higher than that predicted due to swelling of
tarch granules. For Xst > 0.51, a high percentage of small pores
reated by the dissolved starch were eliminated at high tem-
eratures, resulting in a lower porosity than that predicted. At

ow Xst, the microstructure consisted of spherical pores, con-
ected by uniformly distributed channels. As the amount of
tarch increased, an elongated pore shape appeared due to the
nterpenetration and overlapping of the starch granules. The
orosity was completely open for the samples sintered at 1000
nd 1300 ◦C for all the different Xst values, while at 1400 and
500 ◦C there was a gradual increase in the openness of the
ore structure as Xst increased.
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