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Abstract

Zirconia powders containing 12 mol% ceria have been prepared by the coprecipitation technique. The aim of the present work
was to obtain nanosized powders with suitable sinterability and reduced grain size in the sintered ceramic by means of this solution
technique in its simplest route, that is, without using any milling or other special procedure. To accomplish those requests some
processing variables have been systematic studied. For comparison purposes, specimens of the same composition have been pre-
pared by the powder mixing technique. The optimization of some processing variables allowed for obtaining sintered specimens
with apparent densities of 98% of the theoretical value, 100% of tetragonal phase, and 500 nm of average grain size. © 1999

Elsevier Science Limited and Techna S.r.1. All rights reserved.
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1. Introduction

Over the past few years a growing interest has been
observed on tetragonal zirconia polycrystals stabilized
with Y,03 (Y-TZP) or CeO, (Ce-TZP) mainly due to
their improved thermomechanical properties. Ce-TZP
shows high toughness, good thermal stability and low
mechanical strength compared to Y-TZP [1]. One of the
disadvantages of Ce-TZP is its low sinterability [2].
Moreover, its average grain size is comparatively larger
than in Y-TZP [1] after similar processing conditions.

Different techniques have been used to prepare zirco-
nia—ceria solid solutions: mixing of oxides [3], sol-gel
[4,5], electrofusion [6], rapid solidification [7], and
coprecipitation [8—13].

Simultaneous precipitation or coprecipitation is cur-
rently used to prepare zirconia-based ceramics in both
laboratory scale and industrial scale, because it possess
many advantages over other processing techniques [14].
In comparison with conventional techniques, the copre-
cipitation technique produces nanosized powders
usually with high sinterability and improved chemical
homogeneity. In addition, the milling procedure is
normally unnecessary, hence avoiding powder contam-
ination. Besides its operational simplicity, the copre-
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cipitation technique involves a number of variables that
should be controlled for processing reproducibility.
These processing variables influence the microstructure
of the sintered ceramic thereby affecting their micro-
structure-related properties.

There are relatively few works dealing with the effect
of optimization of these variables on the microstructure
of the sintered ceramic. Some results in the literature
indicate that the cation solution concentration governs
the precipitate morphology. A reduction in the sintered
density for increasing concentration of the cation solu-
tion was also observed [15]. The precipitant agent solu-
tion concentration has several effects on the precipitate.
For Mg-doped zirconia it has been shown that it redu-
ces the anion content in the gel, the crystallization tem-
perature, and the initial temperature for the tetragonal
to monoclinic martensite phase transformation [16]. In
the case of solid solution synthesis, it is usual to perform
the process by adding the cation solution to the pre-
cipitant solution. This procedure avoids segregation
effects when the initial precipitation pH of the cations
largely differs. The phase assemblage after calcination
and the average crystal size are also defined by this
variable. Less studied was the effect of precipitation
temperature. It was recently shown [17] that for a fixed
pH value there is an increase in the monoclinic phase
fraction along with a reduction in the average crystal
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size with the increase of the precipitation temperature.
One of the most studied processing variables is the
washing medium because it controls the agglomeration
state of the precipitate [18-21]. An additional step of
washing with organic liquids is usually employed giving
rise to a gel with soft agglomerates. Finally, the calci-
nation of the dried powder must be scheduled in such a
way that it allows for crystallization along with minor
reduction in the value of the specific surface area.
Although different processing conditions result in pow-
ders with some structural differences, many of these are
lost during sintering [22]. However, to obtain improved
microstructure in the sintered ceramics these processing
variables should be studied and modified according to
the type and concentration of the cations.

This solution technique has been successfully applied
to other zirconia-based solid solutions. For the zirco-
nia—ceria system, however, it should be emphasized that
some complimentary steps in the processing sequence
are often necessary, in order to attain high densification
and reduced grain size. Crystallization in organic sol-
vents or water [11], and milling [8-10,12] or sieving [13]
steps have been used for these purposes. Even though
high sintered densities have been obtained, the average
grain size was in the 1 to 3 um range.

In this work some of these processing variables have
been systematically studied in order to obtain nanosized
zirconia—ceria powders with suitable sinterability and
reduced grain size in the sintered ceramic by means of
this solution technique in its simplest route. For com-
parison purposes, specimens of the same composition
were prepared by the powder mixing technique.

2. Experimental procedure
2.1. Powder and specimens preparations

7ZrOCl,.8 H,0 (>99%, BDH) and Ce(NO3);. 6 H,O
(>99.5%, IPEN) were used as starting materials. The
cerium nitrate solution was synthesized at IPEN start-
ing from a rich-cerium (~85%) rare-earth concentrate
by ion-exchange resin and fractioned precipitation
techniques. Fig. 1 shows the experimental sequence for
specimens prepared by the coprecipitation technique.
The aqueous cation solution was added to a previously
determined amount of precipitant solution under vigor-
ous stirring. After precipitation completion, the system
was kept under stirring for 2 h. The resultant gelatinous
precipitate was washed (250 ml for each 50 ml of initial
zirconyl chloride solution) and collected by vacuum fil-
tration several times. The precipitant ammonia solution
concentration was varied between 1 and 9 M. Most of
these experiments have been done at room temperature
(RT). In one experiment, however, the ammonia solu-
tion was held at 55°C during the coprecipitation step.

MIXING
Zr AND Ce
CATION SOLUTIONS

v

COPRECIPITATION
WITH NH,OH

v

PRECIPITATE

CALCINATION

v

Zr0,:Ce0;
POWDERS

Fig. 1. Experimental sequence for synthesis by the coprecipitation
technique.

Washing was performed in water or in a diluted
ammonia solution and twice with ethanol after ultra-
sonic dispersion. The used reagents were of analytical
grade. Calcination was carried out for 1 h at a tem-
perature chosen after thermal analysis results. Other
synthesis variables were fixed according to previous
results. All experiments have been done at a fixed pH
value of 10 by adding a 0.1 M cation solution at a rate
of 50 ml min~!' to the ammonia solution. The pre-
cipitate was dried in air and at 45°C for 24 h. Nominal
ceria concentration was 12 mol%. Cylindrical pellets
have been prepared by uniaxial pressing at 98 MPa and
cold isostatic pressing at 206 MPa. Sintering has been
carried out at 1500°C for 2 h.

Specimens of the same nominal composition were
prepared by the powder mixing technique. ZrO, (DK-1
type, Zirconia Sales) and CeO, (99.6%, IPEN) were
mechanically mixed (Turbula model T2C) in ethanol
using alumina as milling media. After drying at 45°C
the powder was gently ground in an agate mortar.
Pressing has been carried out in a similar way as for the
coprecipitated powder. Sintering has been done in air at
1500°C for 1 h.
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2.2. Characterizations

Powder analysis comprises: metallic impurity con-
tents by inductively coupled plasma (ICP), chloride
content by pyrohydrolysis, mass loss by thermogravi-
metric analysis (Du Pont model 951), particle distribu-
tion by sedimentation (Sedigraph model 5100,
Micromeritics), and powder morphology by scanning
electron microscopy, SEM (JXA 6400, Jeol; XL 30,
Philips).

Sintered specimens characterizations have been car-
ried out by X-ray diffractometry, XRD (Philips model
3710, X’Pert MPD) using a Ni filtered Cu K,, radiation.
Lattice parameters have been calculated using Si as
internal standard [23]. Phase content was estimated
from the intensity ratio of the main monoclinic (m) and
tetragonal (t) reflections [24]. Apparent densities have
been determined by the water displacement method.
Microstructural analysis has been done by SEM obser-
vations on polished and thermally etched surfaces of the
specimens.

3. Results and discussion
3.1. Powder materials

Table 1 shows the metallic impurity contents deter-
mined by inductively coupled plasma in the precursor
materials used to prepare zirconia—ceria both by copre-
cipitation and powder mixing techniques. High values
of aluminum and magnesium were found in commercial
zirconyl chloride whereas cerium nitrate presents a high
silicon content. These chemical elements are known to
be responsible for liquid phase sintering of this system,
and secondary phase formation at grain boundaries [1].

Zirconyl chloride and cerium nitrate have been used
for the coprecipitations. The basic experimental se-
quence is shown in Fig. 1. As it has already been stated,
some of the processing variables were studied and opti-
mized. One of them was the precipitation temperature.
Fig. 2 shows SEM micrographs of powders coprecipi-
tated at (a) room temperature and (b) 55°C, respec-
tively, after calcination at 600°C. Besides porous and
nearly spherical agglomerates of varying size some par-
ticles/agglomerates with flat surfaces and well defined

Table 1
Metallic impurity contents (in wt%) determined by ICP technique in
raw materials

Elements ZrOCl,.8H,0 Ce(NO3)3.6H,O  ZrO, CeO,
Si 0.03 0.15 0.02  <0.006
Al 0.005 0.03 0.004 <0.006
Mg >0.02 <0.0045 0.01  <0.0045
Ca - 0.03 - 0.02

edges are also observed. The amount of these angular-
shaped agglomerates is higher for the powder copre-
cipitated at 55°C.

The apparent densities of sintered cylindrical speci-
mens prepared with these powders are quite different as
shown in Table 2. The observed difference in density
values suggests that the angular-shaped agglomerates
are non-porous and tougher than the spherical agglom-
erates in such a way that they could not be broken dur-
ing powder compaction. Other experiments carried out
at precipitation temperatures lower than room tempera-
ture did not show improvement in the sintered density.

The above results are in disagreement with those
obtained for the zirconia-magnesia system [22]. In the
latter, increasing the precipitation temperature resulted
in a relatively lower value of the average crystallite size
and higher sintered density. It is well known that the
mechanism of precipitate formation is governed by the
rates of particle nucleation and growth. These results
suggest that during the precipitation step the kinetic
effects of the dopant cation particles play a major role in
the mechanism of crystallite and particle growth of the
calcined powder, thereby affecting grain growth during
sintering.

Fig. 2. SEM micrographs of powders coprecipitated at: (a) room
temperature and (b) 55°C.
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Table 2

Values of apparent density (¢;,) determined by the hydrostatic method
(in %T.D.) of sintered specimens prepared under different precipita-
tion temperature and precipitant solution concentration

dy Precipitation Precipitant solution
(%T.D.) temperature concentration (M)
72 55°C 1
89 RT 1
33 RT 3
71 RT 6
76 RT 9
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Fig. 3. Thermogravimetric curve of dried coprecipitated powder.

The effect produced by the precipitant solution con-
centration in the sintered density is shown in Table 2.
Increasing the ammonia solution concentration de-
creases the sintered density. Recently [25] a similar effect
was observed for yttria-doped ceria ceramics prepared
by the oxalate coprecipitation method.

Several washing cycles have been tried. A combina-
tion of six times washing with a diluted (10 vol%)
ammonia followed by twice with absolute ethanol has
resulted in finely dispersed powders. The chloride con-
tent was 35 ppm as determined by pyrohydrolysis.

The calcination temperature of 600°C was chosen
from thermogravimetric results. Fig. 3 is a typical TG
curve. The mass loss up to 600°C is about 21% and
beyond this temperature it is negligible, in good agree-
ment with previous results [17].

For these optimized parameters, the morphology of
the calcined powder is shown in the SEM micrograph in
Fig. 4. Particles/agglomerates are relatively large reach-
ing more than 20 pm in their largest dimension. These
particles/agglomerates have low mechanical strength
resulting in high density sintered specimens. The green
density was only 37% of the theoretical value, and
increased to 45 and 61% after subsequent thermal

Cumulative mass (%)

100 10 1 0,1
Equivalent spherical diameter (um)

Fig. 5. Particle size distribution of powders prepared by mixing of
oxides by different mixing times.

treatments at 800 and 1000°C, respectively. This means
that improving some of the processing variables, a very
reactive powder that starts to sinter at low temperatures
can be obtained.

For comparison purposes, ZrO, and CeO, have been
used to prepare specimens with the same nominal com-
position by the powder mixing technique. Table 1 shows
the content of the main impurities found in these oxides.
The most important impurity, in this case, is silicon at a
level normally found in commercial zirconia powders.

Fig. 5 shows particle size distributions after mixing
for 2, 6 and 12 h. The “0” curve was obtained for a
powder after mixture in an agate mortar for 5 min. The
average particle/agglomerate sizes determined at 50%
cumulative mass are 0.92, 0.73, 0.56 and 0.44 pum for
“0”, 2, 6 and 12 h of mixing, respectively. From these
results, an ideal time of 6 h for mixing was chosen. This
mixing step was important because of the different
morphology of the starting oxide powders. Fig. 6 shows
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Fig. 6. SEM micrographs of (a) ZrO, (DK-2), (b) CeO, and (c) zir-
conia—ceria after 6 h of mixing.

Table 3
Tetragonal phase fraction (%), lattice parameters (in nm) and
hydrostatic density (% T.D.) for sintered specimens

Technique Tetragonal phase Lattice parameters dy
(%) (nm) (%T.D.)
a c
Powder mixing 100 0.513(0)  0.523(0) 92
Coprecipitation 100 0.513(1) 0.525(8) 98
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Fig. 7. XRD patterns of sintered specimens prepared by: (a) mixing of
oxides and (b) coprecipitation techniques.
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Fig. 8. SEM micrographs of sintered specimens prepared by: (a) mix-
ing of oxides and (b) coprecipitation techniques.

SEM micrographs of (a) ZrO,, (b) CeO, and (c) pow-
ders mixed for 6 h. After pressing, the green density
reached 50% of the theoretical value.
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3.2. Sintered specimens

From these optimized parameters, cylindrical speci-
mens have been prepared by uniaxial and cold isostatic
pressing. Sintering was carried out at a temperature
(1500°C) lower than that where oxygen loss from CeO,
was observed to occur resulting in decreased sintered
density [10].

X-ray diffraction patterns for sintered specimens are
shown in Fig. 7. They exhibit only the main reflections
of the tetragonal phase. This shows that total stabil-
ization of the tetragonal phase has been achieved for
this composition independent on the technique
employed for sample preparation. Lattice parameters
determined using Si as internal standard are shown in
Table 3. These figures are in good agreement with
results obtained earlier for the same ceria concentration
[8]. The calculated theoretical density (T.D.) value is
6.29 g cm—3.

Values of sintered density determined by the hydro-
static method are shown in Table 3. For specimens pre-
pared with mixed powders, a maximum value of 92%
T.D. was obtained. Specimens prepared with coprecipi-
tated powders reached 98% T.D. without using any
comminution process or other special step during pro-
cessing. This result is ascribed to the optimization of the
synthesis parameters.

Fig. 8 shows typical micrographs of thermally etched
surfaces for specimens prepared by the two processing
techniques. Specimens prepared with mixed powders
exhibit non-uniform distribution of grain sizes with an
estimated average value of 2 um (Fig. 8a), normally
found in zirconia—ceria ceramics. Secondary phases are
also present, in this case, and are a consequence of
powder contamination with the milling media during
processing. Energy dispersive analysis shows that these
phases contain aluminum, silicon and calcium as the
major elements. In contrast, for specimens prepared
with coprecipitated powders, relative low porosity and
uniform grain size are the main microstructural features
(Fig. 8b). From the grain size distribution an average
value of 500 nm was determined.

4. Summary

In this work, two processing techniques have been
used to prepare zirconia—12 mol% ceria ceramics. By
means of the conventional powder mixing technique,
sintered ceramics with 92% T.D., 100% of tetragonal
phase, and an average grain size of 2 um have been
obtained. This system is known by its low sinterability
and high grain size in comparison with other zirconia-
based materials [1,2]. Some previous experiments using
the coprecipitation technique [8—13] have resulted in
high values of sintered density (=>98% T.D.). However,

the grain size was always in the 1 to 3 pm range. In
order to know to what extent the variables involved in
the coprecipitation technique influence the sinterability
and grain growth in this system, some of these variables
were studied and optimized. It was found that the
washing medium and the way it is performed, the pre-
cipitation temperature, and the precipitant solution
concentration are the most important parameters, in
this case. Sintered ceramics prepared with coprecipi-
tated powders reached 98% T.D., were fully tetragonal
and had an average grain size of ~500 nm. The most
important fact is that this synthesis technique was car-
ried out in its simplest way, that is, without any further
comminution or other special step. The main results
show that this solution technique can be greatly
improved whenever the influence of the processing
variables are taken into account.
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