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Abstract

The effect of zirconia additions on sintering of CoO doped tin dioxide has been investigated in the temperature range 1100–
1250 �C. A first study showed that the substitution of tin by zirconium reduces significantly the volatilisation rate of SnO2 for
temperatures greater than 1400 �C. It appeared that the zirconium content increase inhibits the densification kinetics of SnO2-based
ceramics. Indeed, the relative density did not exceed 93% for a Zr content lower than 6 mol% in the Sn(1�x)ZrxO2 solid solution.

This negative effect can be imputed to the elastic distortions caused by the introduction of Zr in the tin dioxide lattice. So, the
diffusion rate of point defects such as oxygen or cobalt ions is lowered.
# 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

Tin oxide polycristalline ceramics are n-type semi-
conductors that have been widely used in humidity and
carbon monoxide sensors,1�4 in thin films, solar cells
and protective coatings,5�8 as electrodes for electric
glass melting furnaces and for electrochromic win-
dows.9,10 It is known that pure SnO2 is unfortunately
difficult to densify by natural sintering because of the
predominance of non-densifying mechanisms for mass
transport, such as surface diffusion and evaporation-
condensation11 which only promote pure coarsening
and grain growth.
The use of ultrafine SnO2 powders compacted under

very high pressure12 and/or the employing of hot iso-
static pressing technique offer solutions for preparing
highly-densified SnO2 ceramics. However, it also
appears that only additions of small amounts of sinter-
ing additives favour densification: for example, a liquid
phase sintering mechanism is induced when the additive
used is CuO13 whereas MnO2, CoO and Li2O are addi-
tives known to form solid solution with SnO2.

14
In the case of specific applications of SnO2-based
materials such as heating electrodes where these materi-
als can be in direct contact with metallic pieces at
temperature higher than 700 �C, the use of additives
such as ZrO2 seems to be necessary in order to reduce
the tin activity in SnO2 by substitution of Sn. On this
subject, a recent work15 demonstrated the existence of a
(Sn1�xZrx)O2 solid solution (with x 40.26). Moreover,
it can be supposed that at temperatures higher than
1300 �C ZrO2 additions could retard the decomposition
kinetic of tin dioxide according to the equation:

SnO2 sð Þ ! SnO sð Þ þ
1

2
O2 gð Þ ð1Þ

The aim of the present work is to examine the sinter-
ing of tin dioxide in terms of zirconia content and with a
constant cobalt monoxide content.
2. Experimental procedure

2.1. Starting materials

Zirconium dioxide, tin dioxide and cobalt monoxide
were supplied by GoodFellowTM, CeracTM and
AldrichTM respectively. Their main physical-chemistry
characteristics are reported in Table 1. The average
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grain sizes of the ceramic powders were calculated from
the specific surface area determined by the BET method
with a Sorptomatic 1990 Thermoquest apparatus:

�m ¼
6

� SBET
ð2Þ

where � is the powder density (g/cm3), SBET the specific
area (m2/g). The SEM observations of the starting
powders (Fig. 1) show that the elementary particles
present a quasi-spherical shape with an average grain
size between 0.2 and 1 mm.
2.2. Apparatus and experimental conditions

The three powders (ZrO2, SnO2, CoO) were mixed in
a first step in an agate mortar and then dispersed in pure
ethanol with a Turbula apparatus. The powders were
then dried at 120 �C for 12 h.
Discs of 13mmdiameter were uniaxially pressed under a

pressure of 222 MPa. Densities were obtained by the
Archimedes method (precision: 0.5% of relative density).
Theoretical density of themixture was calculated using the
mixing law. The theoretical densities of ZrO2, SnO2 and
Table 1

Main characteristics of the starting powders
Powder (supplier)
 Density (g.cm�3)
 Specific area (m2.g�1)
 Granulometry (mm)
From Eq. (2)
 By image analysis
SnO2(Cerac
TM)
 6.95
 16.8
 0.5
 0.2
ZrO2(GoodFellow
TM)
 5.89
 6.1
 0.2
 0.2
CoO(AldrichTM)
 6.45
 4.4
 0.2
 1.1
Fig. 1. SEM observations of SnO2 (Cerac
TM) (a), ZrO2 (Goodfellow

TM) (b) and CoO (AldrichTM) (c) powders.
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CoO are 5.82 g/cm3, 6.99 g/cm3, 6.45 g/cm3 respectively.
Densities of cold-pressed samples were equal to about
60% of the theoretical. In order to determine the open
porosity ratio, the geometric densities were also measured.
Thermogravimetric and differential thermal analyses

were performed using a Setaram TGA92 equipment.
Dilatometric measurements were performed using a
Setaram TMA92 dilatometer. The heating rate was kept
at 10 �C/min. To obtain a network of points showing
relative density as a function of time, the samples were
sintered in a Nabertherm furnace (LHT 04/17 model).
The furnace was brought to the required temperature one
hour before the sample introduction. Sample introduction
and removal from the hot zones takes about 1 min.
After sintering, the samples were polished to obtain a

mirror-like surface (diamond spray 1 mm). Grain bound-
aries were revealed by thermal etching at 1300 �C for
threeminutes assuming that this further heat treatment did
not modify the initial grain size. The microstructures
were examined using scanning electron microscopy
(Philips XL 30 or Hitachi S2500). The zirconium
content in SnO2-based ceramics and the chemical
composition of phases precipitated at grain boundaries
were determined by electron microprobe analysis
(EPMA- CAMECA SX 100). The morphology and the
composition of the secondary phase that precipitated at
the grain boundary were obtained by a transmission
electron microscope (Philips CM20) operating at 200 kV
and equipped with an energy dispersive X-ray spectro-
meter (EDXS). The thin foils were prepared by cutting
plates 100 mm thick, then thinned by an argon ion-beam
thinning method (Gatan-Model 691 apparatus).
3. Results

3.1. Choice of the sintering parameters

The addition of 0.5 mol% of CoO to the initial SnO2–
ZrO2 mixtures was systematically performed in order to
keep the geometric shape of specimens after thermal
treatment and so, to determine the relative density.
Therefore, the use of cobalt monoxide as sintering
additive is due to the fact that low contents of CoO
permit obtaining a significant densification of SnO2-
based materials16,17 between 1100 and 1400 �C, i.e. less
than the vaporization temperature of tin dioxide. From
the phase diagram available in the literature,17 it
appears that a study of SnO2–ZrO2 ceramic sintering in
the solid solution domain (Sn(1�x)ZrxO2 with x <10
mol%) can be performed.

3.1.1. Study of vaporisation of SnO2–ZrO2 solid
solutions
TG experiments have been done for SnO2-0.5 mol%

CoO specimens and for several additions of zirconia.
The thermal cycle used is presented on Fig. 2. The
weight losses measured are reported as a function of the
temperature (T=1100, 1300, 1350, 1400 and 1450 �C)
and of the ZrO2 content in Fig. 3 and 4 respectively.
Fig. 3 shows that there is no weight loss below 1300 �C

and that the volatilisation rate remains low between
1300 and 1450 �C. These results are in good agreement
with those obtained for pure SnO2 by Lalande et al.

13
Fig. 2. Thermal cycling used for the determination of the weight loss

for SnO2-based materials.
Fig. 3. Volatilisation rate as a function of the temperature for SnO2–

0.5mol%CoO and for a specimen containing 10 mol% of ZrO2.
Fig. 4. Volatilisation rate as a function of the zirconium content in

SnO2-based material.
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Comparison of the volatilisation rates obtained at
1450 �C for several (Sn(1�x)Zrx)O2–0.5 mol%CoO
materials suggests a limited decrease of the volatilisation
rate with increasing zirconia content (Fig. 4).
Since the decomposition mechanism of SnO2(s) fol-

lowing Eq. (1) seems to be activated by temperature, it
becomes possible to determine its apparent activation
energy (EA) from an Arrhenius representation (Fig. 5).
The EA values determined for all of the zirconium con-
tents are similar. The average activation energy is equal
to 815�40 kJ.mol�1. This value is higher than those of
the dissociation enthalpy of SnO2(s) measured using the
Knudsen method by Hoenig et al.,18 i.e. 567 kJ.mol�1.
This divergence can be imputed to the introduction of
cobalt monoxide and zirconia in the present study.
Indeed, by favouring the densification of SnO2 (r/r0
599%) materials, the cobalt monoxide limits its reac-
tivity at high temperature with regards to the reactivity
of the hot pressed specimens (�/�0 497%) used by
Hoenig et al.18

3.1.2. Dilatometry
Fig. 6 shows dimension changes (�L/L) versus temp-

erature for dilatometry experiments carried out using a
heating rate of 5 �C/min from room temperature to
1400 �C, then a cooling rate of 10 �C/min. Moreover,
Fig. 7 gives the shrinkage rate as a function of the ZrO2
content of materials sintered at 1400 �C using the same
heating and cooling rates as those used for the dilato-
metry experiments.
The temperature of the maximum of the shrinkage

rate (TM) determined from dilatometry experiments (see
Fig. 6) separates the sintering into two temperature
domains as indicated by Lange:19

	 for T <TM: the densifying mechanisms dominate
the sintering of the SnO2-based materials;

	 for T > TM: the non-densifying processes, such
as the grain growth control the sintering.

In the present case, zirconia additions induce, on one
hand, a rise of the (TM) value and on the other, a limi-
tation of the densification ratio (see Table 2). So, tin
dioxide density without ZrO2 addition culminates at
97.8% of theoretical value whereas the material with 10
mol% of ZrO2 only reaches 83%.
Moreover, the addition of 10 mol% of zirconia to

SnO2 ceramic is accompanied by a rise of about 40
�C of

the temperature of the maximum of the shrinkage rate.
Fig. 8. Relative density determined by two methods vs. sintering time

for Sn0.98Zr0.02O2–0.5mol%CoO and Sn0.96Zr0.04O2–0.5mol% CoO

ceramics sintered at 1100 �C.
Fig. 5. Arrhenius representation of the volatilisation rate determined

for the SnO2–0.5 mol% material.
Fig. 6. Dilatometry results for Sn1�xZrxO2–0.5mol%CoO ceramics

(�L/L) as a function of temperature and of zirconium content.
Fig. 7. Shrinking rate vs. relative density for Sn1�xZrxO2–0.5mol%-

CoO materials.
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Comparison of the TM value for SnO2–0.5 mol%
CoO ceramic obtained (
1203 �C) with those deter-
mined by Cerri et al.15 (
1240 �C) shows a small dis-
crepancy. This is certainly due to the difference of
granulometry between the starting powders used.
Indeed, several authors16,17 indicate that the sintering of
SnO2–0.5mol% CoO is controlled by O2� diffusion in
the solid state. As it is well known, this diffusion process
in the oxides strongly depends on the defect chemistry,
i.e. on the nature and concentration of foreign atoms
such as cobalt and also on the efficient contact number
between CoO and SnO2 grains.

20 Besides, this contact
number increases with the average grain size decrease as
demonstrated by the Cournil–Thomas formulae.21

From all of these results, it appears that the optimum
temperature range for the sintering investigation is
1100–1250 �C. So, in a first step, the effect of the ZrO2
addition on the densification kinetic was studied.

3.2. Densification kinetics

The densification kinetics obtained for (Sn(1�x)Zrx)
O2–0.5 mol% CoO (with x=0.00, 0.02, 0.04, 0.06, 0.08
and 0.10) are reported as a function of the temperature
and zirconium content in Figs. 8, 9 and 10. The densities
determined by the Archimedes method are compared
Table 2

Relative density and temperature of maximum shrinkage rate (TM)

after sintering of SnO2–0.5mol% CoO pellets containing different

concentration of ZrO2
Sample
 Temperature of the

maximum shrinkage

rate (TM) (
�C)
Relative

density

(%)
SnO2-0.5 mol% CoO
 1203
 97.8
(Sn0.98Zr0.02)O2–0.5 mol% CoO
 1213
 97.7
(Sn0.96Zr0.04)O2–0.5 mol% CoO
 1230
 95.8
(Sn0.94Zr0.06)O2–0.5 mol% CoO
 1235
 94.5
(Sn0.92Zr0.08)O2–0.5 mol% CoO
 1239
 90.7
(Sn0.90Zr0.10)O2–0.5 mol% CoO
 1243
 88.2
Fig. 9. Densification vs. sintering time at 1100 �C for different zirco-

nium contents of Sn1�xZrxO2–0.5mol% CoO solid solution.
Fig. 10. Densification vs. sintering time for Sn0.94Zr0.06O2-0.5mol%-

CoO ceramic sintered between 1100 and 1250 �C.
Fig. 11. Isotherm section at 1300 �C of the CoO–SnO2–ZrO2 pseudo-ternary phase diagram.
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with the geometrical ones in order to obtain the evolu-
tion of the open porosity during the sintering process
(see Fig. 8). It appears that the open porosity ratio dra-
matically drops for treatment times inferior to 10 h
independently of the zirconium content. Conversely, the
increase of the Zr content in SnO2–0.5 mol% CoO
induces a relative density decrease (see Fig. 9): after 48 h,
the ZrO2 free–SnO2 ceramic reaches 97% of the theo-
retical density whereas the addition of 6 mol% of zir-
conia induces a limitation of 90%. Moreover,
comparison of the densification kinetics obtained at
different temperatures for Sn0.94Zr0.06O2–0.5mol%CoO
material (Fig. 10) demonstrates that the sintering
mechanism is kinetically activated by temperature.
From all of these results, it appears that the substitu-

tion of tin element by zirconium in the solid solution
plays a defavourable role on the kinetic of the densifi-
cation mechanism: indeed, the relative density never
overlaps 93% independently of the temperature level for
Sn0.94Zr0.06O2–0.5mol%CoO ceramic.
4. Discussion

In the literature, it is underlined15,16 that the densifi-
cation of CoO-doped SnO2 is promoted by enhanced
solid state diffusion from oxygen vacancy creation.
Since the oxygen is the rate-controlling diffusion species,
the sintering is improved by CoO doping, i.e. by an
oxygen vacancy increase. To explain the negative effect
of zirconia addition on the sintering of tin dioxide based
materials, three possible explanations can be proposed.
In a first way, the densification rate decrease could be

imputed to a cobalt solubility decrease in the SnO2 lat-
tice with zirconia content increase. On this subject, it
appeared necessary to determine the isothermal section
of the pseudo-ternary system CoO–SnO2–ZrO2 at the
usual sintering temperature (i.e. 1300 �C) (Fig. 11). This
was obtained from about 20 samples treated for 24 h at
1300 �C then air quenched. The observation of the
phase diagram (Fig. 11) reveals a weak CoO solubility
in tin dioxide (# 100 ppm by EPMA analysis) regardless
Fig. 12. TEM bright field micrographs at different magnitudes ([101
�

] axis zone) (a), (b) and EDXS analysis across the grain boundary (c) for the

Sn0.94Zr0.06O2–0.5mol% CoO ceramic after a sintering time of 24 h at 1200 �C.
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zirconium content in the Sn(1�x)ZrxO2 solid solution.
Moreover, the zirconium content rise in solid solution is
accompanied by the same effect for the Co2Sn(1-y)ZryO4
phase. Nevertheless, in this latter case, the final zirco-
nium content remains inferior to 2 mol%. Conse-
quently, for all the investigated compositions in the
SnO2–ZrO2–CoO system and also corresponding to
the compounds previously prepared, the samples are
composed after heat treatment of both Sn(1�x)ZrxO2 and
Co2Sn(1-y)ZryO4 solid solutions. So, it is not possible to
explain the negative effect of zirconia additions by a free
zirconia precipitation which could induce some residual
stress during cooling by the martensitic transformation
‘‘monoclinic$ tetragonal’’ of ZrO2.
In a second way, it can be suggested that the main

physical characteristics of the Co2Sn(1-y)ZryO4 phase
would be modified by its zirconium content. In parti-
cular, it can be supposed that this phase melts during
the sintering treatment. Nevertheless, from TEM and
associated EDXS investigations (Fig. 12), only a thin
and well crystallised secondary phase was detected at
the grain boundary (probably Co2Sn(1-y)ZryO4 solid
solution from the phase diagram of Fig. 11). Conse-
quently, with regards to the CoO–SnO2–ZrO2 phase
diagram section determined in this study, it can be con-
cluded that no new compound between cobalt oxide, tin
dioxide and zirconium dioxide with a low melting
temperature was formed.
Finally, the role played by zirconia additions on both

electrostatic and elastic interactions between point defects
must be more precisely taken into account. The introduc-
tion of CoO in the SnO2 lattice (without Zr) is usually
compensated by oxygen vacancies (V		

O ) following:
15,22

CoO !
SnO2

Co00
Sn þ V		

O þOO ð3Þ

The small size mismatch between Co2+ (0.65 Å) and
Sn4+ (0.69 Å)23 does not induce elastic distortions.
Consequently, Co00Sn maintains a strong electrostatic
attraction with V		

O and this leads to the formation of an
associated defect (Co00

Sn+V		
O ) due to their coulomb

attraction. With zirconia additions, the size mismatch
due to Zr4+ (0.73 Å) substitution is higher23 and implies
a non negligible increase of the elastic deformations that
could destroy the point defect association by increasing
the overall strain. Some microstructural observations
(Fig. 13) of the sintered material with preliminary addi-
tions of ZrO2 show the presence of many defects and
closed porosity within the bulk of the SnO2 grains. For
ZrO2 free materials, a similar morphology has not been
detected because V		

O and Co00
Sn point defects probably

diffuse more rapidly to the grain boundary forming the
Co2Sn(1-y)ZryO4 secondary phase.
5. Conclusion and outlook

The sintering of Sn(1�x)ZrxO2.0.5mol%CoO was
investigated in the temperature range (1100–1250 �C). It
has been shown that zirconia additions limit the densi-
fication of the SnO2-based materials. This effect can be
imputed to the elastic distortions in the SnO2 lattice due
to a significant size mismatch between Zr4+ and Co2+

ions. Consequently, the diffusion rate of associate
defects (V		

O+Co00
Sn) is reduced and this induces closed

porosity within the bulk in SnO2 grains.
A next study will involve the investigation of the sec-

ondary phase role upon the densification and the grain
growth mechanisms. It will be interesting to evaluate its
effect as a function of Zr content on the interfacial
transport properties.
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