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Abstract

Sintering of SnO2 compacts, obtained through slip casting, was studied by means of dilatometry, Hg porosimetry, scanning
electron microscopy, and density measurement (Archimedes method). Sintering is strongly in¯uenced by the green microstructure.

Moreover, the sintering mechanisms are not dependent on the slurries' solid content up to 50% of solids in volume. Above this
value, agglomerates are formed, leading to di�erential sintering inside and among the agglomerates. Another important point is the
reduction of the temperature of maximum shrinkage rate when compared to tin oxide processed by isostatic pressing. This

reduction is more accentuated when ammonium hydroxide is added to the suspension. # 2000 Published by Elsevier Science Ltd.
All rights reserved.
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1. Introduction

In modern ceramic science, the processing stage is
considered fundamental to achieve densities close to the
theoretical ones, ®ne microstructures and high mechan-
ical properties.1 In recent years, much e�ort has been
made to increase the homogeneity of the green compact
microstructure. Thus, powders having narrow particle
size distribution and colloidal processing techniques
have received special attention.2

When dealing with colloidal slurries, it has been
observed that, if there are appropriate repulsive forces
among the particles, they can slide over each other to
form a uniform structure before becoming rigid. A
poorly dispersed system or a ¯occulated slurry generates
large spaces during consolidation.2 Moreover, repulsive
forces among the particles are used to separate weak
agglomerates, to divide inclusions larger than a given
size and to mix powders.3

Two conventional methods of slurry consolidation,
slip casting and tape casting, can be used directly with
powders prepared colloidally and, with a few

modi®cations, injection molding can also be accom-
plished. Each of these conventional methods of casting
is limited. Slip casting, for example, is more e�cient in
the casting of bodies with ®ne walls.3 Moreover, due to
its simplicity, slip casting is commonly used industrially.
The casting process can also be seen as a ®ltering

process under pressure, the only di�erence being the
dewatering process. In slip casting, suction pressure
caused by capillary forces in a porous mold removes the
liquid. Plaster of Paris molds have a suction pressure
ranging from 0.1 to 0.2 MPa. Particle segregation dur-
ing ®ltering may occur since ®ne particles can migrate
through the pie and stop at the pie-mold interface if
those particles are larger than the pores of the mold.4

When this segregation occurs, the pie divides itself in
two di�erent areas. The area close to the mold presents
a high concentration of small particles, while the ratio
between the small particles and the large particles in the
other area is the same as in the slurry. This process leads
to a pie with variable density according to the thickness,
and can in¯uence the densifying behavior.5

A study was made of the sintering process of 0.5
mol% of manganese oxide-doped tin oxide6 obtained by
slip casting. This kind of material has a promising
future, as these crucibles present resistance to corrosion
by aggressive systems such as YBa2Cu3O7 super-
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conductors and glasses containing heavy metal oxides
and ¯uorides, which are usually processed in gold or
platinum crucibles.7ÿ9

2. Experimental procedure

The suspension was prepared by mixed oxide route,
using a crystalline SnO2 powder (Cesbra, Brazil) and 0.5
mol% of MnO2 (Aldrich, USA) as dopant. The main
characteristics of tin oxide are a surface area of 5.4 m2/g
with a mean particle size of 0.16 mm. The dispersing
agent used was ammonium polyacrilate (PAA) (IQA-
PAC C, IQA, Brazil) and the solvent used was distilled
water.
Slurries containing di�erent solid contents were milled

in an attritor mill (01-HD, Union Process) for 0.5 hours
at 500 rpm. Alumina balls with 2 mm of diameter were
used as grinding media. The quantity of dispersant in
the di�erent slurries was optimized through the addition
of small amounts of dispersant, followed by viscosity
measurements. The best amount was the one that
resulted in the lowest viscosity. The pH was optimized
in the same way. Small amounts of ammonium hydro-
xide (Synth, Brazil) were added to the slurry, followed
by a viscosity measurement. After optimization, six
di�erent slurries were prepared, as shown in Table 1.
Cylindrical pellets with 10 mm of diameter and 2 mm

of height were formed by slip casting in plaster of Paris
molds. After casting, the crucibles were dried at 100�C
for 12 h. The pellets were characterized by scanning
electron microscopy (SEM) (DSM 940, Zeiss) and Hg
porosimetry (9310, Micromeritics). The latter test was
carried out after calcining at 500�C for 1.5 h. Dilato-
metry (402EF, Netzch) of the cast bodies was also
carried out after polishing to obtain pellets with parallel
faces and a thickness of about 2 mm. The heating rate
used was 10�C/min and the maximum temperature was
1500�C.
The sintered samples were characterized by Archi-

medes density measurements (in distilled water) and by
SEM. The samples for SEM were cut transversally,
polished and their grain boundaries revealed by thermal
etching.

3. Results and discussion

The de¯occulant of the slurries was optimized by
viscosity measurements after adding small amounts of
PAA. The optimization curves are shown in Fig. 1.
After optimization, the pH of the slurries with higher
solid contents (44.9 and 56.4 vol.%) was also optimized.
Micrographies obtained from green bodies showed

that all the samples presented a small fraction of
agglomerates, as indicated in Fig. 2. This demonstrates
that the dispersion process was not entirely e�ective in
eliminating the agglomerates, which are present in the
starting material.
The green density measured by Hg porosimetry shows

that density increases with the solid content of slurry,
with a correlation coe�cient (r) of 0.96, as illustrated in
Fig. 3. This fact is explained by the small amount of
water eliminated during the casting and drying pro-
cesses. An important point is the increased dispersion
obtained by adjustment of the pH, which leads to
increased green density.
The pore size distribution curves (Fig. 4) show that all

the cast samples presented a monomodal distribution,
with average pore diameters ranging from 0.05 to 0.11
mm. Considering the mean particle size, all pores are
smaller than it. This fact is quite signi®cant since small
pores with a low coordination number are thermo-
dynamically unstable and can easily be eliminated
during the sintering process.10

The values of the most frequent pore diameter and the
dispersion around this value, represented by the full
width to half maximum (FWHM), are illustrated in
Table 2. It can be observed that the increased con-
centration of solids in the slurries leads to a continuous
decrease of the most frequent pore diameter. A similar
behavior was observed for the FWHM. Hence, it is
expected that samples molded from more concentrated
slurries will reach a higher densi®cation level, since
smaller pores are easier to eliminate.
The adjustment of the pH also leads to a decrease in

the most frequent pore diameter, but does not change
the FWHM. The increased content of solids in slurries
containing over 50 vol.% of solids does not change the
pore structure.

Table 1

Slurries used in the casting of crucibles

Slurry Dispersant

(wt.%)

Solid content

(vol.%)

Optimization

of pH

1 0.30 17.7 ±

2 0.20 25.1 ±

3 0.15 36.5 ±

4 0.16 44.9 ±

5 0.16 44.9 9.23

6 0.16 56.4 9.92

Table 2

Data obtained from Hg porosimetry

Solid content

(%)

Diameter of the most

frequent pore (mm)

FWHM

(mm)

17.7 0.093�0.001 0.037�0.002
25.1 0.078�0.001 0.023�0.001
36.5 0.074�0.001 0.023�0.003
44.9 0.063�0.001 0.021�0.001
44.9 (pH adjustment) 0.052�0.001 0.020�0.001
56.4 (pH adjustment) 0.051�0.001 0.022�0.001
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Fig. 5 presents a linear shrinkage curve, characteristic
of the materials used in the present work. From linear
shrinkage curves and green density results, densi®cation
rate was calculated, according to Eqs. (1) and (2).

D � D0

1��L=L0� �3 ; �1�

dD

dT
� ÿ3D0

1��L=L0� �4 �
d �L=L0� �

dT
; �2�

where D is the relative density, Do is the relative green
density, �L/Lo is the relative linear shrinkage, T is the

temperature, dD/dT is the densi®cation rate, and d(�L/
Lo)/dT is the linear shrinkage rate.
The results shown in Fig. 6a and b indicate that the

densi®cation rate and relative density are controlled by
the green microstructure. Samples with low green den-
sity (Fig. 6a), obtained from less concentrated slurries
dispersed with PAA, present a higher densi®cation rate
at a lower relative density. Samples with higher green
density (Fig. 6b) present a maximum densi®cation rate
at a higher relative density.
The curve symmetry is an important factor to

observe. Lange11 suggests that the densifying
mechanisms control sintering up to a maximum of the
densi®cation rate and that, at densities above this value,
sintering is controlled by non-densifying mechanisms
such as grain growth. It follows, therefore, that the high
symmetry (observed in the curves for the samples cast
from slurries containing 17.7 to 44.9 vol.%, with and
without the addition of ammonium hydroxide) indicates
that the densifying mechanisms and grain growth act
di�erently, with a rapid change from one mechanism to
another, as the temperature increases. This result is in
agreement with the study of Cerri et al.6 for SnO2

samples doped with 0.5 mol% of MnO2 and obtained
by isostatic pressing. This means that, in the present
case (except for slurries with added ammonium hydro-
xide), sintering mechanisms do not depend on powder
processing.
According to Roosen et al.2 the elimination of small

pores inside the agglomerates is re¯ected to a maximum
in the densi®cation rate curves at low temperatures.
Larger pores among the agglomerates require higher
temperatures for their elimination. This di�erential
shrinkage due to agglomerates leads to the presence of a
second peak in the derivative curve of linear shrinkage
vs. temperature. The plots presented in Fig. 6b also
re¯ect this behavior, as the densi®cation rate is

Fig. 1. Viscosity of slurries as function of the PAA content and the

solid content.

Fig. 2. SEM micrograph before sintering showing presence of

agglomerates.

Fig. 3. Variation of green density as a function of the solid content

(SnO2 theoretical density is 6.95 g/cm3).
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calculated from the linear shrinkage curve as a function
of temperature.
This second peak was not observed in the samples

cast from slurries with concentrations of solids below 50

vol.%, indicating that the agglomerates observed by
SEM do not alter the sintering mechanism. This
sintering behavior, without di�erential densi®cation
rate, is due to the small fraction of agglomerates.
Two peaks are observed in the samples cast from slur-

ries with a 56.4 vol.% concentration of solids, indicating

Fig. 5. Graph showing length change vs temperature for pellet casted

from suspension containing 44.9 vol.% of solids.

Fig. 6. Variation of the densi®cation rate as a function of the relative

density and of the solid content.

Fig. 7. Variation of the temperature of maximum shrinkage rate (Tm),

as a function of the solid content.

Fig. 4. Graph showing pore size distribution frequency (dV/dD) as a

function of the pore diameter and of the solid content.
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that di�erential sintering of agglomerates occurs. This
e�ect is due to the high concentration of solids, which
makes system dispersion more di�cult since the particles
are very close. According to Pugh et al.4 when the
concentration of solids exceeds 54 vol.%, the suspension
is fully crystallized. It is important to emphasize that the
sample with 44.9 vol.%, which had its pH adjusted, did
not present this second peak.
The temperature of maximum shrinkage rate (Tm)

was obtained from the di�erential curves of shrinkage
as a function of the temperature, as shown in Fig. 7. A
comparison with the results of Cerri et al.6

(Tm=1280�C) indicates that colloidal processing leads
to a small decrease of this temperature when a higher
content of solids in the slurries is used. According to
Roosen et al.2 during colloidal conformation, the pow-
der surface may be changed by hydrolysis, which leads
to a change in the particles' interface. This hydrolysis
may lead to the formation of cemented contact points
that favors densi®cation and may also be responsible for
grain growth.
In this case, it was observed that, at a low solids con-

tent (17.7 vol.%), the Tm was higher due to the low
packing of the particles. Another signi®cant factor was
that, when ammonium hydroxide was added, the Tm

was signi®cantly reduced. This was probably due to the
defect formation, which plays an important role in the
sintering of tin oxide. The elimination of hydroxyls
adsorbed on the particles' surface leads to the formation
of oxygen defects, which favor densi®cation and conse-
quently reduce Tm. When ammonium hydroxide is
added, the higher basicity of ammonia leads to the
formation of a larger number of defects and, hence, to a
greater reduction of Tm. It is important to emphasize
that tin oxide is chemically stable in pH 9.9.
Fig. 8 illustrates the relationship between the density

after sintering at 1285�C for 4 h and the concentration
of solids in the slurry. It can be observed that samples
obtained from more concentrated slurries presented

higher densities after sintering. The highest density
(�98%) was obtained for sample cast from slurry with
concentration of solids above 36.5 vol.%.
The density of the sintered samples was compared to

the green density (Fig. 9), to the FWHM and to the
diameter of the most frequent pore. The correlation
coe�cient (r=0.877) indicates that the density after
sintering is related to the green density, but no relation
with FWHM and with the most frequent pore diameter
was found.
An important point is that samples casted from sus-

pensions in which the pH was adjusted did not present
the highest density after sintering, in spite of the highest
green density. To explain this fact, it is postulated that
the ammonium hydroxide addition can modify the
surface of SnO2 particles, which can modify sintering
process, decreasing the Tm. As consequence, an increase
in the grain growth rate must occur. Thus, a lower den-
sity after sintering was obtained.
Fig. 10 presents the micrographies after sintering at

1285�C. The reduction of porosity with the increased
concentration of solids in the slurries can be observed,
con®rming the data presented in Fig. 8. The samples
cast from slurries with 17.7 vol.% (Fig. 10a) and 25.1%
of solids (Fig. 10b) present a high porosity, with longer
time or higher temperature for pore elimination being
required. Samples with 36.5 vol.% of solids (Fig. 10c)
and with 44.9 vol.% of solids (Fig. 10d) are quite dense.
An important point is the increased grain size of the

samples cast from slurries that received additions of
ammonium hydroxide (compare Fig. 10d and e). As
explained above, this fact may be due to the smaller Tm

of these samples and to a sintering mechanism that
favors grain growth. As all the samples were sintered at
the same temperature (1285�C) and for the same length
of time, grain growth was favored in the samples
exhibiting lower Tm. The larger grain size distribution in
the sample molded from the slurries containing 56.4

Fig. 8. Density after sintering as a function of the solid content.

Fig. 9. Sintered density as a function of green density.
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Fig. 10. Micrographies showing microstructures of the samples sintered at 1285�C for 4 h. (a) 17.7 vol.%; (b) 25.1 vol.%; (c) 36.5 vol.%; (d) 44.9

vol.%; (e) 44.9 vol.%, with pH adjustment; (f) 56.4 vol.% with pH adjustment.
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vol.% (Fig. 10f) may be due to the presence of agglom-
erates, which led to di�erential sintering, as illustrated
in Fig. 6b.

4. Conclusions

From the results obtained, it may be concluded that
sintering of tin oxide doped with 0.5 mol% of
manganese oxide is strongly in¯uenced by the green
microstructure. Samples cast from more concentrated
slurries present a higher green density, narrower pore
size distribution and, after sintering, a higher density.
Slurries with concentrations of solids above 50 vol.%
lead to the formation of compacts with agglomerates
that sinter di�erentially. A comparison with the results
obtained by Cerri et al.6 indicates that sintering
mechanisms do not depend on the processing used in
the powder conformation when the concentration of
dopant is the same. On the other hand, hydrolysis on
the powder's surface leads to the formation of contact
points among the particles, leading to the reduction of
Tm and a change in the sintering mechanism.
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