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Abstract. Zirconia powders doped with different amounts of dopants (CeO,, Gd,Os,
and CaO) were synthesized by a citrate technique. X-ray diffraction for samples sintered
at 1500 °C revealed that the zirconia ceramics were stabilized in the cubic phase above
12 mole % CaO and 10 mole % Gd,0O;, while tetragonal zirconia is obtained above
15 mole % CeO,. Relative densities up to 99.5% were obtained. The effect of dopant
concentration on the lattice parameter, average crystallite size, microstrain was studied.
The cubic lattice parameter increases nearly linearly with increasing the concentration in
case of CaO and Gd,0s. The tetragonal lattice parameters a; and c increase nearly line-
arly with increasing the concentration of CeQ,. The average crystallite size was found to
be larger than 600 nm for the samples investigated.

1 Introduction

Pure, undoped zirconia can exist in three phases: monoclinic (T < 1170 °C), tetragonal
(1170 < T <2370 °C ) and cubic (T > 2370 °C). Large volume change is associated with re-
verse phase transition between these phases on cooling/heating, and this affects the physical
properties of zirconia. Being stabilized in the cubic or tetragonal phases, zirconia has a wide
range of technological applications. However, different dopants have different influences on
the phase diagram of ZrO,-MeOy. Both the stability of the cubic phase towards low tempera-
tures, the position of the maximum of ionic conductivity and local ordering within the cubic
phase are very sensitive to the doping. For example, Mg stabilized zirconia (MgSZ) shows
ordered phases, which are not known for Ca®" stabilized zirconia (CSZ). Similarly, for Sc**
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stabilized zirconia (ScSZ) there are oxygen-vacancy-ordered phases, which are not known for
other phases like Y** or Gd** stabilized zirconia. These effects are explained either by charge
effects [1] or by ionic size effects [2]: For the first, the charge differences between Zr*™ and
stabilizer cations or between oxygen anion and oxygen vacancy are to be considered, while
for the latter, the size differences between zirconium and the stabilizer cation on the one hand
or the size difference between an oxygen anion and an oxygen vacancies are to be considered.

The present study aims to investigate the influence of the dopant valency and the dopant
concentration on the structural properties of zirconia doped with different amounts of dopants
such as tetravalent CeQ,, trivalent Gd,Os, and divalent CaO.

2 Experimental

Three ceramic oxides (CaO, Gd,0;, and CeO;) were used to stabilize zirconia in the cubic or
the tetragonal phases at room temperature. Samples were prepared by using the citrate tech-
nique for preparing nanosized powders, followed by uniaxial pressing and sintering to obtain
> 99 % dense materials.

Ce, Gd and Ca-doped zirconia can be prepared by several methods. Among these methods,
mixed oxide, co-precipitation, sol-gel, and the citrate technique are the most popular. The
citrate technique is a wet-chemical method and it is polymeric precursor route based on Pe-
chini process [3]. This method can be used to synthesize various ceramic powders [4-8].
ZrO(NOs), - 2H,O0  (99.9%, Alfa), Ca(NOs3), - 4H,O (99%, Aldrich), Gd(NOs); - 6H,O
(99.9%, Strem), Ce(NOs3)3 - 6H20(99.9%, Strem), C¢HsO7 (99.5%, Aldrich) and C,H4(OH),
(99%, ChemPur) were used as starting materials.

Aqueous zirconium and metal nitrate solutions were mixed in a beaker, considering the de-
sired stoichiometry of the metal oxides in the final ceramic powder. On stirring, the mixture
was heated to about 100 °C. Citric acid (CA) was then added to chelate metal cations at the
CA: Me(NOs)y - X H,O molar ratio of 2:1. Me denotes Ca+2, Gd+3, Ce™ in the final ceramic
powder. After 15 min of reaction, ethylene glycol (EG) was added into solution at a CA : EG
molar ratio of 60 : 40. The colourless solution thus obtained, was then heated up to 150 °C,
and kept under stirring to promote the esterification and polymerization reactions. After nitr-
ous oxides and water elimination, a clear resin was obtained. The polymeric resin was charred
at 250 °C to remove organic substances. The brown powder thus produced was ball milled
and calcined for 24 h at 600 °C then for 24 h at 1000 °C to obtain the ceramic powder. Pure
zirconium oxide was also prepared using the above method for comparison. Chemical analysis
was performed on the previously prepared samples to adjust the stoichiometry.

The effect of uniaxial pressing and ball milling time and sintering temperature and time
were studied. It was observed that the time of ball milling as well as the pressure was found to
be crucial for the quality of the final samples. The best ceramics were obtained when the
powders were ball milled for 24 h then compacted using direct uniaxial pressing into cylin-
drical pellets with 8 mm diameter and 2 mm thickness under a pressure of 400 MPa and sin-
tered at 1500 °C for 5 h. The densities of the sintered samples were measured using Archi-
medes method. The theoretical density is calculated from the lattice parameters obtained from
XRD. X-ray diffraction was measured for the sintered samples (Siemens D5000). The lattice
parameter was calculated using program called UnitCell [9]. The average crystallite size and
the microstrain were calculated from the peak width [10]. The pellets were polished and then
thermally etched at 1450 °C for 2h. SEM pictures of the samples were obtained using a
CAMSCAN44 machine in the electron backscattering mode.
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3 Results and Discussion
3.1 XRD Results

Especially at low stabiliser concentrations, two phases were found at room temperature. Typi-
cal XRD profile is given in (Fig. 1), together with a SEM picture of a fully sintered sample.
The results of the data evaluation are summarised in Tables 1-3, also including information on
calculated strain, on particle size, and on relative densities of the sintered samples.

Finally, in Fig. 2, a summary of all obtained lattice parameters and in Fig. 3 the lattice vo-
lumes are given, which allows to make comparisons between the different stabilisers.

Table 1: Microstructural parameter of ZrO,-CaO system

monoclinic phase cubic phase .
CaO 3 3 . strain relat{ve
mol% | 2 [A] | b[A] | c[A] | B[] | VIA’] | a[A] | V[A’] | size [nm] . 104 density
0 5.3146 | 5.2052 | 5.1503 | 99.255 | 140.622 - - - - 87.1
5 53136 | 5.2018 | 5.1498 | 99.281 | 140.479 | 5.1232 | 134.471 850 53.3 -
12 - - - - - 5.1261 | 134.702 520 1.46 99.5
17 - - - - - 5.1311 | 135.093 650 17.2 98.5
20 - — - — — 5.1371 | 135.566 770 21.8 99.2
Table 2: Microstructure parameter of ZrO,-Gd,0; system
monoclinic phase cubic phase .
Gd203 A A A A3 A A3 size strain relatl.ve
mols 0 | @1A] | BIAL | [Al | B[] | VIAT | afA]l | VAT | o8 | | density
0 5.3146 | 5.2052 | 5.1503 | 99.255 | 140.622 - - — — 87.1
5 5.3084 | 5.2122 | 5.1597 | 99.238 | 140.907 | 5.1482 | 136.448 | 640 53.8 -
10 - - - - - 5.1591 | 137.313 | 830 25.5 97.4
15 - - - - - 5.1851 | 139.402 | 920 32.9 98.7
21 - — - - - 5.2002 | 140.628 | 710 17.3 98.2
Table 3: Microstructure parameter of ZrO,-CeO, system
monoclinic phase tetragonal phase rel.
CeO, o 3 3 size | strain | den-
moloo | A1 | BIAT | Al | BIY | VIAY [V2a[A1| a[A] | VIAT | oo | 0S|
0 5.3146 | 5.2052 | 5.1503 | 99.255 | 140.622 - - - - - 87.1
5 5.3270 | 5.2069 | 5.1662 | 99.128 | 141.482 - - - - - 89.8
10 5.3606 | 5.2159 | 5.1885 | 99.124 | 143.236 | 5.1274 | 5.2143 | 137.085 | 480 | 39.8 -
15 - - - - - 5.1325 | 5.2289 | 137.737 | 1040 | 43.1 | 95.0
20 - - - - - 5.1517 | 5.2448 | 139.193 | 890 | 40.6 | 87.8

3.2 Comparison of Systems

After addition of 5 mole% of the stabilisers CaO and Gd,O; to zirconia, mixtures of monoc-
linic and cubic phases are obtained. Fully cubic stabilized zirconia ceramic was obtained after
addition of 12 mole % of CaO, or 10 mole% Gd,Os. Battacharya and Agrawal [11] stabilized
zirconia samples containing > 9.5 mole % Gd,Os in the cubic phase. Muccillo et al. [4] pre-
pared zirconia-16 mole% calcia in the cubic structure. However, the tetragonal phase was not
observed in the Ca- and Gd-stabilised systems investigated. Tetragonal stabilized zirconia
ceramic is obtained at 15 mole % CeO,. Zirconia containing 20 mole % ceria is also fully
stabilized in the tetragonal phase and this result is in agreement to that of Torng et al. [12]

In all cases, the volume decreases significantly when going from the monoclinic to the next
phase with higher symmetry. It is remarkable that for all phases, the effect of Ca stabilisation
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on lattice parameter is smallest, and the effect of CeO, incorporation is the highest: Within the
monoclinic phase, the lattice volume is almost constant when adding more CaO, while for the
Gd,0s- and CeO,-stabilised systems, the lattice volume is increasing, with increasing slope.
The same effect is observed at higher dopant concentrations in the cubic/tetragonal phases:
Cubic ZrO,-CaO has a, small, only slightly with dopant increasing unit cell volume, while
71r0,-Gd,03 and ZrO,-CeO; have higher, stronger with dopant concentration increasing lat-
tice volumes (Fig. 3). It is also interesting to note that this effect is only due to changes in the
lattice constant c, while a is constant for ZrO,-CeO; (Fig. 2).
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Fig. 1: Top: X-ray diffraction patterns
of ZrO,-CeQO, sintered at 1500 °C /5 h,
obtained at room temperature. Left:
SEM image of the sample containing
15 mol% CeO,.
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Fig. 2: Lattice constants for the investigated systems. For comparison, literature results are also included.

From Fig. 2, it can be seen that for ZrO,-CaO and ZrO,-Gd,0; the cubic lattice parameter a
increases nearly linearly with increasing CaO and Gd,0O; content. This is in agreement with
refs. [13] and [14], respectively. The tetragonal a and c parameters for ZrO,-CeO, are in
agreement with those of refs. [15] and [16], respectively, whereas the monoclinic a, b and ¢
parameters are slightly smaller than reported in ref. [16].

When going from monoclinic to tetragonal to cubic phases, the distortion defined by the
difference between the a and ¢ parameters is not strongly decreased when increasing the stabi-
liser content. It is remarkable to note that the tetragonal a-parameters for ZrO,-CeO; and cu-
bic a-parameter for ZrO,-CaO are almost identical.

The lattice volume of the tetragonal ZrO,-CeO; is in agreement with that of ref. [16] whe-
reas the monoclinic lattice volume of the ZrO,-CeO; is smaller than given in ref. [16] (Fig. 3).
One reason for this could be that the particle size and strain in our samples is different than
those in [16], where samples of grain sizes well below 100 nm were investigated and an inter-
dependency between the growth of monoclinic and tetragonal particles was observed. Accord-
ing to Lin and Duh [16], powders of grain size around 10 nm show rapid grain growth above
1300 °C, independent of the stabiliser type.

When comparing dopant influence on the cubic lattice parameter, the value for ZrO,-CaO
is significantly smaller than that of cubic ZrO,-Gd,O; and that of tetragonal ZrO,-CeO,. This
might be explained by effects of ionic size: Zr*" has an ionic size of 84 pm, Ca*" 112 pm,
Gd*" 105 pm and Ce*" 97 pm [17]. For Ca*" doping, each cation is accompanied with one
oxygen vacancy, while for Gd** two cations are accompanied with one oxygen vacancy, while
for Ce*" no oxygen vacancies should be formed due to doping. Since the volume effect of
doping on CSZ is strongest, it can be suggested that the volume of an O*~ vacancy in zirconia
is smaller than the volume of an oxygen anion, which is 144 pm. This means that the effective
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Fig. 3: Lattice volume for the investigated systems.

volume is decreasing on removing oxygen ions, but increasing because of the accompanying
introduction of cations.

The SEM images as well as the density measurements confirmed that the cubic samples do
not contain open pores. The few remaining pores are isolated, closed pores meaning that it
was possible to obtain dense ceramics. Grain sizes observed using SEM are up to 1 um, i.e, in
the same range as observed with XRD.

3.3 Effect of Crystallite Size and Microstrain

Fig. 4 shows the average grain size and lattice strain, as obtained according to [10], for the
cubic or tetragonal phases. The grain size is around 750 nm, varying between 500 and
1100 nm. It is almost independent of the dopant type and concentration, meaning that the sin-
tering process was in the intermediate stage dominated mainly by compaction but only minor
grain growth. However, cubic samples show larger grains (around 1 um) than monoclinic or
tetragonal samples. The X-ray microstrain is the highest in case of ZrO,-CeO, system which
is in the tetragonal phase and it is the lowest in case of ZrO,-CaO which has the cubic phase.
This is remarkably opposite to the size difference of the ions, which is smallest for Ce*" and
largest for Ca®".

In the future, the oxygen ion conductivity of these samples should be measured and the
bulk as well as grain boundary effects should be separated.
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Fig. 4: Average grain size (top) and lattice strain (bottom) for the investigated systems.

4 Conclusions

Zirconia stabilized with different amounts of dopants (CaO, Gd,0O3 and CeO,) prepared using
the citrate technique was studied with particular interest in the dopant vacancy and dopant
concentration. Using the Pechini method, fully cubic stabilized zirconia ceramics were ob-
tained in case of ZrO,-CaO and ZrO,-Gd,Os whereas fully tetragonal stabilized zirconia ce-
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ramics were obtained in case of ZrO,-CeQO,. Fully dense, ceramic samples of zirconia stabi-
lised with different amounts of CaO, Gd,03; and CeO, were prepared. It is recommended to
ball mill the powders prepared by the Pechini method in order to obtain dense ceramics. It
was found that in all the systems the addition of different amounts of dopants (CaO, Gd,0s
and CeQ,) to zirconia had a remarkable effect on the lattice parameter, unit cell volume and
microstrain. The lattice parameters increase with increasing stabilizer content and are chang-
ing when going from Ca*>" via Gd*" to Ce*" doping.
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