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Calcium zirconate as a solid electrolyte 
for electrochemical devices applied in metallurgy 
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Stoichiometric calcium zirconate and CaZrO3 samples with an excess of calcia or zirconia were ob-
tained from powders prepared by the citrate method. XRD measurements were used to determine the 
phase compositions of the sintered materials as well as their crystal structures. The compositional de-
pendence of the calcium zirconate cell parameter indicates that an excess of calcia or zirconia form a solid 
solution. Stoichiometric CaZrO3 appeared to be a rather poor oxygen ion conductor, whereas calcium 
zirconate samples with an excess of calcia or zirconia exhibit pure oxygen conductivity. The introduction 
of a respective excess of cations led in both cases to a significant enhancement of conductivity. The frac-
ture toughness, hardness, and flexural strength of the samples were also investigated. The mechanical and 
electrical properties of CaZrO3-based materials are comparable to those of zirconia solid electrolytes. The 
lower thermal expansion coefficient and better resistance to thermal shock make CaZrO3 a more suitable 
solid electrolyte for metallurgical applications. 
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1. Introduction 

Oxygen sensors based on partially or fully (CaO, MgO)-stabilized ZrO2 have been 
developed and used for steel making and nickel and copper refining processes. It is 
known that the electronic conductivity of ZrO2-based electrolytes should be taken into 
account when oxygen partial pressure falls below 10–7 Pa at temperatures close to 
1300 °C [1, 2]. The electronic conductivity introduces time-dependent polarisation 
effects in the long-time operation of electrochemical oxygen probes. Additionally, at 
very low oxygen partial pressures, decomposition of zirconia occurs, which may 
cause serious errors in EMF measurements [3]. Taking the above effects into account, 
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it is appropriate to search for other solid electrolytes with lower partial electronic 
conductivities. Good mechanical properties, thermal shock resistance, and thermody-
namic stability are also required for electrolytic materials in such applications. The 
ionic conduction limit for yttria-doped thoria (YDT) is lower than that for stabilized 
zirconia. Hence, thoria-based electrolytes are superior at low oxygen concentrations. 
Due to the radioactivity of thorium, however, they have not found application in the 
steel industry [4]. Several investigators have reported CaZrO3 with excess of zirconia 
or calcia being also an oxygen-ion conductor which might be applied as a solid elec-
trolyte in electrochemical devices in the temperature range 1200–1600 °C and at par-
tial oxygen pressures down to 10–13 Pa. Ceramic electrolytes based on CaZrO3 have 
been successfully applied as probes in molten steel [5, 6]. One of the main disadvan-
tages of such materials is EMF instability during long-time use. The CaZrO3-based 
samples with calcia inclusions applied by Janke et al. [6] as solid electrolytes showed 
significant porosity (15–20%) depending on chemical composition and sintering tem-
perature. Chemical inhomogeneity could be an additional disadvantage for their ap-
plication. Moreover, at temperatures higher than 1800 °C unfavourable microstruc-
tural changes can occur due to the phase transition of orthorhombic CaZrO3 to its 
cubic form [7]. 

The present study is focused on the preparation of dense CaZrO3 samples, as well 
as on investigations of the influence of an excess of zirconia or calcia on the structure 
and microstructure, and hence on the electrical and mechanical properties of CaZrO3. 
The practical purpose of this research was to obtain a CaZrO3-based material that 
could be applied as an electrolyte in electrochemical oxygen sensors with long-term 
stability. 

2. Experimental 

Calcium zirconate powders were prepared using the citrate method. Appropriate 
amounts of calcium carbonate and citric acid powders were dissolved in aqueous solu-
tion of zirconyl nitrate. The molar ratio of calcium to zirconium was fixed between 
0.43 and 2.33. The solutions were evaporated at 70 ºC to obtain hard gels. The gels 
were heated to decompose the citric precursor in a sequence of several exo- and endo-
thermic effects. Finally, the powders were calcinated at 900 ºC for 1 hour and then 
attrition-milled with a zirconia grinding media in dry ethanol. The pellets were 
isostatically pressed under 300 MPa and sintered at 1500 ºC for 2 hours in air. The 
phase composition of the powders and sintered samples was evaluated by X-ray dif-
fraction analysis. Scanning electron microscopy was used to observe the microstruc-
ture of the samples. The fracture toughness was determined using the Vickers indenta-
tion method. The specimens for three-point bending tests were cut from plates and 
their flat surfaces were polished. Thermal expansion coefficients were measured in 
the temperature range 20–1200 °C. The electrical conductivity was measured by ac 
impedance spectroscopy in the temperature range of 200–900 ºC. For each sample, 
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impedance measurements were performed over two heating and cooling cycles. The 
transference oxygen number in all prepared samples was estimated from EMF meas-
urements of a typical oxygen galvanic cell 

 Pt | Fe, FeO | CaZrO3 | Ni, NiO | Pt  (1) 

in the temperature range of 550–1100 ºC. The two-phase mixtures (Fe, FexO) and 
(Ni, NiO) with known equilibrium oxygen partial pressures were used as the half-cells. 
The procedure was practically the same as that presented in Ref. [8]. If an electrolyte sepa-
rating the half cells in cell (1) had a pure ionic conduction, and only O2– ions were trans-
ported, the EMF, Et would be given by the Nernst equation: 
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where 
2Op is the equilibrium oxygen partial pressure.  In the case of an electrolyte which 

contains another mobile charged species, the EMF of cell (1) can be expressed  as 

 E = tionEt  (3) 

if only tion does not depend on the oxygen partial pressure in the galvanic cell. In such 
a case the term tion can be regarded as corresponding to the oxygen  transference num-
ber in the CaZrO3-based samples. 

3. Results 

Orthorhombic CaZrO3 was the only phase detected by XRD in the samples con-
taining from 0.50 to 0.515 mol fraction of calcia. Changes in the phase content of the 
samples strongly depended on the oxide, being in excess. Even in the sample with the 
smallest ZrO2 excess, a significant amount of cubic zirconia solid solution was ob-
served. In the case of samples with an excess of calcia, only very weak lines attributed 
to the CaO phase were detected for the material with the molar ratio CaO:ZrO2 equal 
to 0.52:0.48. Figure 1 illustrates CaZrO3 weight fraction changes, determined as 
a function of the initially assumed calcia to zirconia molar ratio. On the basis of X-ray 
investigations, the cell parameters and cell volume of CaZrO3 with excess of calcia 
were calculated.  

Figure 2 presents the compositional dependence of the CaZrO3 cell volume. In 
both cases (excess of calcia and zirconia), an increase of volume cell was observed. In 
samples with excess of CaO, this increase is rather small and reaches a maximum for 
the material with 6 mol % of excess of calcia. The changes in cell parameters suggest 
that both excess of zirconia and calcia are in a solid solution form. 

Figures 3a–c show typical microstructures of the samples. Generally, all samples 
achieved relative densities higher than 98%. Only the presence of CaO as a second 
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phase led to poorer densification and to the appearance of open porosity in samples. 
As shown in Figure 3, CaZrO3 grain size decreases with the increasing excess of cal-
cia or zirconia. The samples with an excess of zirconia exhibited an average grain size 
from 0.8 to 1.1 μm, whereas in those with excess of calcia the grain size ranged from 
0.5 to 0.9 μm. 

 

Fig. 1. Calcium zirconate weight fraction  
as a function of initially assumed calcia to zirconia molar ratio 

 

Fig. 2. Dependence of cell volume on molar fraction 
of calcia in all samples investigated 

The KIC measurements (Fig. 4) indicated relatively small increases in fracture 
toughness with increasing calcia concentration. On the other hand, in the case of sam-
ples with an excess of ZrO2 KIC remains unchanged within an experimental error.  
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Fig. 3. Microstructures of CaZrO3-based samples 
sintered at 1500 °C: a) x = 0.5 mol CaO,  
b) x = 0.51 mol CaO, c) x = 0.4 mol CaO 

 

Fig. 4. Dependence of fracture toughness KIC  
of calcium zirconate samples on calcia or zirconia excess 

Mechanical properties of selected CaZrO3-based materials as well as of solid 
ZrO2-based electrolytes being potential electrolytes for oxygen-sensing applications 
are given in Table 1. These data clearly indicate that the mechanical properties of 
CaZrO3-based materials are comparable to those of zirconia-based solid solutions. 
Considering CaZrO3-based materials as potential solid electrolytes for applications in 
electrochemical oxygen probes used to determine oxygen activity in molten metals, it 
is required to have control over the expansion coefficient. Table 1 also compiles the 
determined values of the thermal expansion coefficient for selected CaZrO3 samples 

a) b) 

c) 
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and for fully stabilized zirconia. The CaZrO3-based samples exhibited lower thermal 
expansion coefficients than that of zirconia solid electrolytes. This might indicate 
a better resistance to thermal shock in operating conditions involving temperature 
fluctuations. 

Table 1. Selected properties of CaZrO3 and calcia-, magnesia- 
or yttria- fully stabilised zirconia materials 

Material HV [GPa] 
KIC 

[MPa×m0.5] 
σf [MPa] α [K–1] 

CaZrO3 
0.51 CaO 
0.49 ZrO2 

9.20± 0.17 3.43± 0.12 208 ± 11 8.4×10–6 

CaZrO3 
0.45 CaO 
0.55 ZrO2 

10.61± 0.11 3.11± 0.15 198 ± 16 8.9×10–6 

15 mol % 
CaO in ZrO2 

12.20 ± 0.13 2.30± 0.15 220 ±13 2.1×10–5 

9 mol %  
MgO wZrO2 

11.80±0.16 2.22± 0.11 212 ± 21 1.9×10–5 

8 mol %  
Y2O3 in ZrO2 

12.86 ± 0.21 2.65 ± 0.15 222 ± 11 1.7×10–5 

 

 

Fig. 5. Dependence of relative conductivity σ/σ0  
of calcium zirconate on calcia or zirconia excess 

Impedance spectroscopy enabled determination of the bulk and grain boundary 
ionic conductivities of the sintered samples. Figure 5 illustrates the influence of the 
excess of zirconia or calcia on calcium zirconate electrical properties. In this figure, 
the relative total conductivity σ/σ0 measured at 800 °C is plotted versus calcia mol 
fraction; σ0 denotes the conductivity of stoichiometric calcium zirconate. An excess 
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of zirconia from 4 to 20 mol % leads to electrical conductivity enhancement by a fac-
tor from 3 to 48, respectively. A considerable increase in conductivity for samples 
 

Table 2. Electrical properties of CaZrO3 and calcia or magnesia fully-stabilised 
zirconia solid electrolytes in the temperature range of 200–1000 ºC 

Material 
σc [S/cm] 

(at 1000 °C) 
Ea [eV] 

CaZrO3 1.3 ×10–6  2.20 
CaZrO3 
(0.51 CaO, 0.49 ZrO2) 

1.4 ×10–2 0.90 

CaZrO3 + c.s.s CaO–ZrO2 
(0.6 CaO; 0.4 ZrO2) 

2.6×10–3 1.32 

CaZrO3 + c.s.s CaO–ZrO2 
(0.7 CaO, 0.3 ZrO2) 

6.2×10–3 1.31 

15 % mol CaO in ZrO2 5.2×10–2 1.15 
9 % mol MgO inZrO2  4.5×10–2 1.30 

c.s.s – cubic solid solution CaO in ZrO2. 

 

Fig. 6. The EMF of cell (1) as a function of temperature 

with a larger excess of zirconia corresponds to the formation of cubic zirconia as 
a continuous phase, due to its better conduction properties as compared to CaZrO3 
electrolytes. On the other hand, introducing 4 mol % of calcia into calcium zirconate 
significantly increases conductivity by a factor of 2×104. An increase of the excess of 
calcia by more than 6 mol % results in the formation of a larger CaO heterophase and 
leads to a decrease in electrical conductivity. The analysis of electrical conductivities 
of all samples investigated reveals that the bulk conductivity reaches a maximum 
value for the CaO:ZrO2 ratio being 0.51:0.49. The calculated values of ionic conduc-
tivity at 1000 °C for the selected samples are shown in Table 2. For comparison, the 
values of electrical conductivity (σc) and activation energy (Ea) are also presented for 
calcia-, magnesia-, and yttria-stabilized zirconia. The data regarding electrical proper-
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ties clearly indicate that the samples based on CaZrO3 exhibit electrical conductivities 
and activation energies close to those of calcia and magnesia-stabilized zirconia.  

The EMF value of cell (1) measured at temperatures from 823 to 1273 K (Fig. 6) 
was compared to the respective EMFs measured with the same cell containing fully 
calcia-stabilised zirconia as a reference solid electrolyte (Et). The calculated CaZrO3 
oxygen transference numbers (tion) were found to vary from 0.99 to 1, which indicates 
practically pure oxygen ion conduction. The chemical stability of CaZrO3-based elec-
trolytes in liquid metals such as nickel was also investigated. 

Microstructural observations carried out with scanning microscopy and EDS 
analysis did not indicate any products of the reaction between CaZrO3-based samples 
and nickel or copper melts. 

4. Conclusions 

The introduction of excess of CaO or ZrO2 into calcium zirconate leads to a sig-
nificant enhancement of electrical conductivity and to the improvement of the fracture 
toughness (KIC) of CaZrO3-based samples. The highest values of total electrical con-
ductivity and fracture toughness were found in the calcium zirconate solid electrolyte 
containing 0.51 mol of CaO and 0.49 mol of ZrO2. Its electrical and mechanical prop-
erties are comparable to ZrO2-based solid electrolytes used commonly for oxygen 
probes in molten melts. The highest thermal shock resistance in cyclic temperature 
conditions and good corrosion resistance in molten metals make the prepared material 
a promising electrolyte for metallurgical applications. 
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