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Abstract

In this study we have prepared three zirconia—ceria compositions, namely 12, 50 and 80 mole% CeO,. Along with each pure ceria—zirconia
composition we have prepared two parallel erbia- or europia-doped materials in which 0.5 mole% of each of the two starting oxides is replaced by

1 mole erbia or europia.

We observed that the microstructures of CZ12 samples are fairly homogeneous in grain size distribution, while those doped with erbia or
europia present large as well as small grains, but smaller average size than pure CZ12.

Pure CZ50 solid solution showed the presence of two tetragonal phases whereas CZ50-Er and CZ50-Eu show the presence of two phases if
sintered below 1450 °C, but only one above 1450 °C. The grains of CZ50 and CZ50-Er have wavy borders and faceting, whereas those of CZ50-Eu

have rounded borders and faceting is not greatly displayed.

CZ80 series showed the cubic fluorite structure for any sintering cycle, but the addition of europia reduces the grain size with respect to the pure

CZ80 and to the parallel erbia-doped solution.
© 2007 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Cerium oxide has been widely studied in recent years
because of its potential usefulness for catalytic applications.
Cerium oxide is currently being used as a promoter in the
automotive three-way catalysts owing to its ability to undergo
rapid reduction/oxidation cycles by shifting between CeO,
under oxidizing conditions and Ce,O3; under reducing
conditions, respectively. The capabilities of the redox couple
Ce*—Ce®* are strongly enhanced if other elements are
introduced into the CeO, lattice. In particular, it has been
reported that ceria—zirconia (CeO,/ZrO,) mixed oxides show
enhanced thermal, redox and catalytic properties compared to
pure CeO, [1-8].
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The ceria—zirconia system has been studied as an alternative
to the more investigated yttria-zirconia also for the presence of
two tetragonal phases: one, usually called TZ°, exists for
compositions ranging from 7.5 to 16 mole% CeO,; the other,
called TZ', is stable between 16 and 50 mole% CeO,. TZ° can
transform to the monoclinic polymorph under an applied stress
field, thus raising the materials toughness. TZ' does not
transform as it is derived from the high temperature cubic phase
via an appropriate cooling rate, which re-equilibrates the
oxygen content, resulting in a displacive transformation to a
high ceria content tetragonal phase. For compositions lower
than 7.5 mole% CeO, the monoclinic phase is stable, whereas
fluorite structures are normally detected above 50 mole% CeO,
[9-16].

The possibility for other rare-earth oxides to form solid
solutions with zirconia is documented [17-19], and among
these, erbia, Er,O5 and europia, Eu,O3 [20-25]. Even in very
limited amounts, the addition of other oxides to ceria—zirconia
solid solutions may cause significant modifications in the
crystal structure and microstructure of the resulting materials.
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For example, small silica addition could lead to the formation
of interlocking grain boundaries [26].

In this research we have prepared three zirconia—ceria
compositions, namely 12, 50 and 80 mole% CeO,. The first
falls in the TZ° range, the second in the bi-phase TZ'/fluorite-
type field, the third where only the fluorite-type structure is
normally detected. Along with each pure ceria—zirconia
composition we have prepared two parallel erbia- or
europia-doped materials in which 0.5 mole% of each of the
two starting oxides (namely CeO, and ZrO,) is replaced by
1 mole of erbia or europia. The ionic radius of Zr'* is 0.84 A,
that of Ce** is 0.97 A, the one of Er’* is 1.00 A whereas that of
Eu™ is 1.07 A [27].

2. Experimental procedure

The first step of powder preparation was performed by
coprecipitation. Starting materials used were: ZrOCl,-8H,0
(99.0% Aldrich Chem.), Ce(NO;3);-6HO (99.9% Aldrich
Chem.), Er(NOj);-5H,O (99.9% Aldrich Chem.) and
Eu(NO3)3-5H,0 (99.9% Aldrich Chem.). The required propor-
tions of precursors were dissolved into distilled water to give
0.5 M solutions. Table 1 presents the compositions of the samples
prepared, as well as the abbreviation used throughout the paper to
define them. Zirconium oxychloride octahydrate is a relatively
cheap precursor for zirconia, whereas for the other species
nitrates were preferred to chlorides because nitrogen compounds
can be eliminated more easily than chlorides from the
coprecipitated products.

The solutions were poured drop wise while stirring into
concentrated ammonia (28 mass%) at room temperature. After
coprecipitation the products were maintained under stirring for
2 h to allow the complete reaction of the components. Co-
precipitated products were washed several times with deionized
water and then with an acetone—toluene—acetone sequence [28].
The resulting powders were heated at 80 °C in an oven and
sieved through a 63 um sieve. After drying, powders were
attrition milled for 1 h using isopropanol as dispersing liquid in
a plastic container with zirconia/yttria (3 mole%) spheres at
300 cycle/min, as recently suggested [29].

Simultaneous thermal analysis (STA) was performed
(Netzsch STA) with a heating rate of 10 °C/min up to a
temperature of 1250 °C; the STA analysis was used to select the

Table 1
Composition of the samples and corresponding abbreviations used in the
present paper

Abbreviation used in
the present paper

Sample composition

(Zr0O2)0.88(Ce02)0.1202 CZ12
(Zr0O2).5(Ce02)o.5 Oz CZ50
(Zr02).2(Ce02)0.802 CZ380
(Zr02)0.875(Ce02)0.115(Er203)0.0102 CZ12-Er
(Zr02)0.875(Ce02)0.115(Eu203)0.0102 CZ12-Eu
(Zr02)0.495(Ce02)0.495(Er203)0.0102 CZ50-Er
(Zr02)0.495(Ce02)0.495(Eu203)0.0102 CZ50-Eu
(Zr02)0.195(Ce02)0.795(Er203)0.0102 CZ 80-Er
(Zr02)0.195(Ce02)0.795(Eu203)0.0102 CZ80-Eu

calcination procedure of 2 h at 650 °C. After the calcinations,
powders were re-attrition milled using 2-buthanol as dispersing
medium (2-buthanol has a lower vapour pressure than
isopropanol, so that it is not necessary to introduce additional
alcohol during the milling process).

After drying and sieving, powders were uniaxially pressed at
30 MPa to give cylinders (8 mm D, 25 mm h), which were then
isostatically pressed at 300 MPa. Sintering was performed in air
within a MoSi, heated muffle at 1450 and 1550 °C for various
times with heating and cooling rates of 10 °C/min.

The apparent density of the sintered bodies was evaluated by
the Archimede’s method and relative densities were determined
assuming 6.23, 6.69 and 6.95 g/cm® as theoretical densities for
the CZ12, CZ50 and CZ80 series, respectively. For this
measures the presence of erbia or europia was neglected.

The crystalline phases of the different compositions were
investigated by X-ray diffraction (XRD). XRD patterns were
recorded on a Philips X’Pert diffractometer operated at 40 kV
and 40 mA using nickel-filtered Cu Ka radiation. Spectra were
collected using a step size of 0.02° and a counting time of 40 s
per angular abscissa in the range 20-145°. The Philips X’Pert
HighScore software was used for phase identification. The
mean crystalline size was estimated from the full width at the
half maximum (FWHM) of the X-ray diffraction peak using the
Scherrer equation [30] with a correction for instrument line
broadening. Rietveld refinement [31] of XRD patterns were
performed by means of GSAS-EXPGUI program [32,33]. The
accuracy of these values was estimated by comparing our
measurements against the values of the lattice constant,
assuming Vegard’s law [34].

Microstructures were examined, on the as fired materials, by
an Assing Stereoscan scanning electron microscope (SEM) and
the average grain size was determined by the lineal intercept
method without correction for grain shape.

3. Results and discussion

Simultaneous thermal analysis (STA) of the powders did not
show any appreciable difference. Heating and phase crystal-
lization occurred at low temperature concurrently with a weight
loss which ended at 550 °C for all compositions. Consequently,
coprecipitated, attrition-milled, dried powders were calcined
for 2 h at 650 °C in order to ensure that no organic compounds
remained entrapped in the powders particles.

3.1. Low ceria content

Powders of composition CZ12, CZ12-Er and CZ12-Eu were
tetragonal after calcination, and the attrition milling procedure
only partly transformed this phase into monoclinic (less that
10 vol.%). The presence of erbia/europia shifts the XRD peaks
towards lower degree with respect to the pure CZ12, indicating
an enlargement of the tetragonal original cell. The increase of
the cell volume is compensated by the higher molar weight of
the solutions and, hence, the theoretical values of the densities
remain practically unchanged with respect to that of the CZ12.
The sintering tests demonstrated that fired samples reach high



S. Maschio et al./Ceramics International 34 (2008) 1327-1333 1329

Table 2

Relative densities of the fired samples as a function of the sintering cycle

Sintering cycle CZ12 CZ12-Er CZ12-Eu CZ50 CZ50-Er CZ50-Eu CZ80 CZ80-Er CZ80-Eu
1450, 1 h 95.5 95 94.5 93.5% 94.8 93.8% 95 93.7% 94.1
1450, 2 h 97 97.5 96.5 95.8 95.9 95.3 95.9 96 95.6
1550, 1 h 99 99.1 97.4 96.7 98 98.2 96.9 97.1 98.3
1550, 2 h 99.7 99.8 99.5 99.6 99.4 99.5 99.4 99.6 99.7

@ Before the density measurement the free surface of the sample was previously sealed with paraffin.

density after 2 h at 1450 or after 1 h at 1550 °C (Table 2). In all
the samples sintered for less than 2 h at 1550 °C only tetragonal
phase was present (Table 3), while specimens sintered for 2 h at
1550 °C showed a very low amount of the monoclinic
(<5 vol.%), likely due to the spontaneous tetragonal-to-
monoclinic transformation of the larger grains. We have also
observed that CZ12 samples exhibit fairly homogeneous grain
size, while compositions containing erbia or europia show a
greater variation in grain dimensions (Fig. l1a—c). Fig. la—c also
shows that the largest grains of all these three materials have
dimension around 2.5 wm; this number can be assumed as the
critical grain size above which spontaneous t-m transformation
occurs. It follows that materials fired for 2 h or more at 1550 °C
contain 2 phases, whereas those fired at lower temperature
(1450 °C) or for shorter times contain one phase only.

Fig. 2 shows the trend of the average grain size of CZ12 with
and without dopants for a constant temperature of 1550 °C as a
function of the time. It appears important to see that at zero time
the average grain size of Er- or Eu-doped materials have size
below 1 wm and their size is 30% lower than those of CZ12 for
any time, that is erbia and europia are very effective grain
growth inhibitors. The error associated to the grains measure-
ments is high since all materials contains small as well as large
grains. It has been determined as 43% for CZ12, 27% for CZ12-
Er and 24% for CZ12-Eu, respectively.

3.2. Intermediate ceria content

CZ50, CZ50-Er and CZ50-Eu powders showed the presence
of two phases (Table 3) that were indexed as the TZ' and TZ” by
the XRD analysis in agreement with other authors [6,35-38]
with the TZ" being an intermediate form between TZ' and the
cubic phase. TZ” shows no tetragonality, but exhibits an oxygen
displacement from ideal fluorite sites and is therefore generally
referred as a cubic phase. Attrition milling of the starting
powders does not transform such phases, but we have only
observed the broadening of the reflection peaks, clearly due to
the reduced crystallite size and introduction of strains into the
powders.

CZ50 retains these crystal structures after sintering and
cooling, for any time, whereas CZ50-Er and CZ50-Eu, for the
same firing and cooling conditions do not. In fact, CZ50-Er and
CZ50-Eu show the presence of two phases if sintered at
1450 °C, whereas there is only one phase when the sample are
fired at 1550 °C, as reported in Table 3.

Fig. 3a—c show the SEM microstructures of the three
samples fired for 2h at 1550 °C. The grains of CZ50-Er
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Fig. 1. SEM microstructures of CZ12 materials fired 2 h at 1550 °C. (a)
Without any addition; (b) doped with Er; (c) doped with Eu. It must be observed
that the software of the SEM automatically generates the marker length which is
1 pm in b and 2 pm in a and c. This is even if the magnification of the three
photos is practically the same.
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Table 3

Detected phases on the free surface of the sintered specimens

Sintering cycle CZ12 CZ12-Er CZ12-Eu CZ50 CZ50-Er CZ50-Eu CZ80 CZ80-Er CZ80-Eu
1450, 1h TZ° TZ° TZ° TZ +TZ" TZ +TZ" TZ +T1Z" Cub Cub Cub
1450, 2h TZ° TZ° TZ° TZ' +TZ" TZ' +TZ" TZ' +TZ" Cub Cub Cub
1550, 1h TZ° TZ° TZ° TZ +TZ" TZ TZ' Cub Cub Cub
1550, 2h TZ° + m TZ° + m TZ° + m TZ' +TZ" TZ' TZ' Cub Cub Cub

TZ°: transformable tetragonal; m: monoclinic; TZ': non-transformable tetragonal; TZ": non transformable tetragonal; Cub: fluorite-type.

(Fig. 3b) have wavy boundaries and grain surface faceting,
whereas those of CZ50-Eu (Fig. 3c) have rounded boundaries
and grain surface faceting is not greatly displayed. For sake of
clarity we use the terms wavy boundaries just to indicate
irregular shaped grains and not grains partially sintered. Grains
with wavy boundaries were observed by Meriani [26] in similar
materials as a result of some silica addition to the pure ceria—
zirconia solid solutions. In our materials silica content is
negligible even if an undesired, but a limited amount could have
been introduced by starting precursors, milling media or
solvents that were used for powders preparation. However, all
materials were subjected to the same preparation procedure, but
only selected compositions show wavy grain boundaries. The
thermal treatment to which the materials were subjected can be
considered low when compared to that studied by Meriani [26]
performed at 1600 °C; in addition, wavy grain boundaries were
also observed in samples CZ50 and CZ50-Er fired at 1450 °C
for any time, even if the phenomenon is not so pronounced. We
tend to assume that the presence of wavy grain boundaries is
rather intrinsic to the materials. We might also speculate that
the presence of impurities in the powders could facilitate the
formation of wavy grain boundaries only in selected composi-
tions, probably indicating no equilibrium resulting from partial
sintering. In our materials, it has been observed, that the
presence of europia lead to fired samples that are characterized
by the presence of rounded and not wavy grain boundaries,
independently of the sintering temperature used in the present
research. We must therefore suppose that europia reduces the
grain borders mobility to a greater extrent than the samples
containing erbia or to the pure CZ50 materials.

Average grain size (um)

0.5 -+ CZI2
-& CZI2-Er
-+ CZI2-Eu
0 T 1
0 1 2
Sintering time (h)

Fig. 2. Grain size vs. sintering time at 1550 °C for the three CZ12 solid
solutions.
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Fig. 3. SEM microstructures of CZ50 materials fired 2 h at 1550 °C. (a)
Without any addition; (b) doped with Er; (c) doped with Eu.
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3.3. Fluorite-type materials

Powders CZ80, CZ80-Er and CZ80-Eu showed, as expected,
the cubic fluorite-type structure. All cubic powders maintained
their crystal structure after milling, but the diffraction peaks
become wider as a result of the reduction of the crystallite
dimensions and strain due to the attrition milling process.
Furthermore the materials maintain the fluorite-type structure
for any sintering cycle (Table 3). The theoretical density of the

EHT'=15.Bd KU Wb= 12 fM
un p— Phato No

EHT=15.88 KV
1pn

Fig. 4. SEM microstructures of CZ80 materials fired 2 h at 1550 °C. (a)
Without any addition; (b) doped with Er; (c) doped with Eu. It must be observed
that the software of the SEM automatically generates the marker length which is
1 pmin b and 2 wm in a and c. This is even if the magnification of the three
photos is practically the same.

materials remains unchanged if erbia or europia are added to the
CZ80 solid solution. As in the case of the three CZ12 solid
solutions the enlargement of the lattices are compensated by the
greater atomic weight of the added elements.

The microstructures are, on the other hand, sensibly different
whether the fired materials are doped or not. Fig. 4a—c show the
SEM microstructures of the samples sintered 2 h at 1550 °C.

It can be observed that the addition of europia reduces the
grain size with respect to the pure CZ80 and to the erbia-doped
solution.

Fig. 5 shows the average grain size of CZ80 with and
without dopants for a constant temperature of 1550 °C. It can
be seen that materials containing europia have smaller
average size than pure CZ80 or CZ80-Er. Erbia-doped
materials behave as non-doped CZ80 if the hold time at
1550 °C is equal or shorter than 1 h while for longer times the
addition of erbia reduces the grain size. It appears also
important to observe that at zero hold time the average grain
size of Eu-doped materials is 1.7 pm, but that grain growth is
fast and, after 2 h, the grains have an average size of 8.2 pm.
Erbia-doped materials, after 2 h at 1550 °C, have an average
grain size of 10.7 pwm. This composition also shows a very
large size (5.5 pm) at zero hold time, comparable with that of
the non-doped solid solution. Also for these compositions the
error associated to the grains measurements is high and it has
been determined as 37% for CZ12, 33% for CZ12-Er and 26%
for CZ12-Eu, respectively.

In all the CZ80 series, the average grain size is constantly
larger than that observed for the CZ12 doped materials due to
the high cation mobility which occurs when the solid solutions
contain a large amount of ceria [39].

It should also be noted that the observed shape of the grains
is different in the Eu-doped materials if compared to the pure
CZ80 and to the Er-doped solutions. It can be concluded that
europia induces formation and development of regular rounded
grains not observed in CZ80 and CZ80-Er where grains are
more equiaxed and are often faceted. CZ80-Er presents a very
different microstructure at the triple junctions (Fig. 4b): in these
locations there appears some protruding or exuded features
that, speculatively, we attribute to a grain boundary phase

16 7
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|
5]
-]
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£ 8
g
=]
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&
g 47
; -+ CZ380
: - CZ80-Er
-+ CZ80-Eu
0 T 1

[

0 1
Sintering time (h)

Fig. 5. Grain size vs. sintering time at 1550 °C for the three solid solutions
CZ30.
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which is squeezed out during the cooling process and then
crystallizes in situ.

4. Conclusions

The present research demonstrates that coprecipitated and
attrition milled powders of zirconia—ceria having compositions
12, 50 and 80 mole% CeO, can be sintered at high relative
density after 2 h at 1450 °C or after 1 h at 1550 °C. Their crystal
phases and microstructures can be modified by the addition of
1 mole of erbia or europia.

More in particular, microstructures of CZ12 samples doped
with erbia or europia have smaller average size than pure CZ12
and it appears that erbia and europia are very effective grain
growth inhibitors of these compositions. A similar behaviour
we observed in the CZ80 serie which showed the cubic fluorite-
type structure for any sintering cycle, but the addition of
europia reduces the grain size with respect to the pure CZ80 and
to the erbia-doped solution.

Pure CZ50 solid solution showed the presence of two
tetragonal phases (TZ' and TZ") whereas CZ50-Er and CZ50-
Eu show the presence of two phases if sintered at 1450 °C, but
only one if fired at 1550 °C. The grains of CZ 50 and CZ50-Er
have wavy borders and faceting, whereas those of CZ50-Eu
have rounded borders and faceting is not greatly displayed.
Both CZ50-Er and CZ80-Er microstructures show a second
phase at the grain junction triple-points. This phase has not been
identified, but it is thought to contribute to the smaller grain size
in these samples as a result of grain pinning.
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