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Abstract 

Ionic conductivity measurements were performed by 
impedance spectroscopy on ZrO,MgO 13.7 mol%, 
in the 270-700°C temperature range. The diagrams 
show characteristic intragrain and grain boundary 
semicircles. Activation energies for the intragrain 
conductivity and the intergrain blocking efect are 
126 and 141 kJ mol-‘, respectively. The estimated 
spectjic conductivity is 9.8 S m-t at 1000°C. The 
conductivity blocking eflect at the grain boundaries 
is very similar to that of yttria-stabilized zirconia. 

1 Introduction 

There has been significant interest in zirconia- 
based ceramic materials for several applications. 
Some of them (SOFCs, oxygen sensors and pumps, 
etc.) are based on the high oxide ion conductivity 
of the so-called stabilized zirconias. The majority 
of the zirconias investigated for this property 
contain trivalent cations as stabilizers. They induce 
higher conductivities than the divalent cations. 

Mg-doped zirconia solid solutions have received 
less attention because of an instability of the cubic 
phase that results in a gradual degradation of its 
properties. Over the last decade, it has been 
demonstrated that an aging treatment at 1100°C 
slows down the decomposition reaction and, 
simultaneously, improves the thermal shock resis- 
tance of partially stabilized zirconias.’ This has 
prompted new investigations on this system, mostly 
focused on mechanical properties. So far, rela- 
tively few studies 2~6 have dealt with its electrical 
properties and, in most cases, the conductivities 
have been measured by DC techniques, with no 
attention given to the microstructure effects. 
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Muccillo7 has examined the correlations between 
the phase decompositions and the electric proper- 
ties of the system using impedance spectroscopy. 
This paper reports results on the cubic phase con- 
taining 13.7 mol% of MgO which can be regarded 
as a sort of reference. As in other zirconia sys- 
tems, the conductivity of the ZrO,-MgO cubic 
phase is predominantly ionic and oxide ions are 
the charge carriers. Reported conductivity values2 
at 1000°C lie between 0.82 and 4.0 S m-’ . The 
literature data2 on the conduction activation energy 
present an unusually broad dispersion, ranging 
from 82 to 141 kJ mol-‘. From diffusion measure- 
mentss in the cubic phase, it has been found that 
the oxygen diffusion activation energy is 63 kJ mol-‘. 
That of the Mg-Zr interdiffusion’ is 285 kJ mol-‘. 

Impedance spectroscopy has been widely used for 
characterizing other zirconia-based materials.~5.‘~J2 
It is capable of separating the specific electric 
response of the material, the so-called intragrain 
response, from that of the grain boundaries which 
is always characterized by an additional resistance. 

2 Experimental 

The starting materials were ZrO, (DK-2 type, 
Zirconia Sales) and MgO (analytical grade from 
Merck). The following analyses were carried out: 
Hf content by neutron activation, other metallic 
impurities by spectrographic analysis, surface area 
by BET, distribution of particle size by sedimenta- 
tion and particle/agglomerate morphology by scan- 
ning electron microscopy. 

Pellets (typically 0.95 cm in diameter and 0.16 cm 
high) were prepared by conventional ceramic pro- 
cessing involving wet mixing, pressing, sintering 
at 1650°C for 2 h and machining. The apparent 
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Table 1. Results of chemical and physical analyses performed on starting powders (S: surface area, Lip: mean particle/agglomerate size) 

Fe 

(ppm) 

Si 

(ppm) 

Al 

(ppm) 

Surface area (S) 

(mr’gl 

Mean particle/ 
agglomerate size (Dp) 

(run) 

ZrOz 

MgO 

I.30 15 400 100 3.4 2.5 
- 50 - - 34.5 CO.2 

density of the sintered specimens was determined 
by the hydrostatic method and their phase content 
by X-ray diffractometry. Microscopic examina- 
tions were done on polished and chemically etched 
or fractured surfaces. The Mg content was con- 
firmed by neutron activation analysis, checking on 
possible MgO losses by surface evaporation.13 

For electrical measurements, Pt and Ag elec- 
trodes were applied by painting. Silver electrodes 
have been found to give a much smaller interference 
between the material responses and the electrode 
characteristics, allowing a more accurate deter- 
mination of the electric parameters. Impedance 
measurements were performed from 5 Hz to 13 MHz 
with a HP 4192A impedance analyzer, in the 
27@-700°C temperature range. Data were collected 
during heating and cooling cycles. The results 
were analyzed in the impedance mode, using a 
special computer program.14 

3 Results and Discussion 

The MgO content of all sintered samples was 
determined to be 13.7 mol%, and the diffractogram 
profiles only exhibited the cubic phase reflections. 

Table 1 shows the results of the powder analyses. 
The main impurity is silicon, at a level normally 
found in most technical zirconia powders. The 
mean particle/agglomerate size (2.5 pm) obtained 
by sedimentation, was taken as usual as the value 

corresponding to 50 wt% of the particles finer 
than it. 

The relative density of the sintered pellets was 
about 80%, due to a large closed porosity. Figure 
1 is a typical micrograph of a fractured surface 
showing the extensive intragranular, intergranular 
and triple-point porosities. The average grain size 
determined from a polished and etched surface is 
about 18 pm. 

To improve the mechanical characteristics of 
Mg-partially stabilized zirconias, it is common 
practice to sinter the material at a relatively high 
temperature (T > 18OO“C) and subsequently to 
quench and then anneal it at a temperature slightly 
higher than that at which the eutectoid decompo- 
sition starts. This gives ceramics with an average 
grain size in the 50-100 pm range.15 With sinter- 
ing temperatures of about 17OO”C, ceramics with 
average grain sizes of about 20 pm were 
obtained.16 The present data on the fully stabilized 
solid solutions sintered at 1650°C agree with these 
last results. 

A three-dimensional impedance plot obtained at 
441°C is presented in Fig. 2. In the 300-600°C 
temperature range, all diagrams show the same 
features: a predominant high-frequency semicircle 
and a smaller low frequency semicircle (and part 
of the electrode response). As usual with zirconia- 
based solid electrolytes, the semicircle centers fall 

Fig. 1. Typical fracture surface of a ZrOz-MgO 13.7 mol% 
sample sintered at 1650°C for 2 h. 

Fig. 2. Three-dimensional impedance plot recorded at 441“C 
(with Pt electrodes). 
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Re(Z) ilO4 Ohm1 

Fig. 3. Complex impedance plot recorded at 456°C (with Ag 
electrodes). The figures on the diagram indicate the decimal 

logarithms of the measuring frequencies. 

below the real axis. The off-axis angles are of 
the order of 12 and 18 degrees, respectively, for 
the high- and low-frequency semicircles. The 
high-frequency semicircle describes the intragrain 
resistance and capacitance relaxation. The low- 
frequency semicircle is related to conductivity 
blocking effects at grain boundaries. It is relatively 
small, because of a rather low grain boundary 
density (a rather high average grain size). In more 
conventional yttria-stabilized zirconias,” the rela- 
tive magnitude of the grain boundary blocking 
effect is similar for a similar grain size. Details are 
given later in terms of a blocking factor. 

Figure 3 presents an example of curve fitting 
performed on experimental data. Both intragrain 
and grain boundary contributions can be readily 
separated in this way in the temperature range 
30@-600°C. The data analysis was restricted to 
this temperature range where a reasonably good 
accuracy for the conductivity parameters was 
obtained. 

Figure 4 shows the logarithms of the relaxation 
frequencies determined at the apex of the semi- 
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Fig. 4. Arrhenius diagram of the relaxation frequencies: 
(0) intragrain and (0) intergrain responses. 
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Fig. 5. Arrhenius diagram of the resistivities: (0) intragrain 
and (0) intergrain resistivities. 

circles as functions of temperature. The fitted 
straight lines are approximately parallel. A similar 
observation was also made with zirconia-yttria 
ceramics.“T12 At 4OO”C, the frequency ratio is equal 
to 1 .I X 10m3. It is very similar to the value (0.99 X 
10e3) quoted for an yttria-stabilized zirconia,12 
indicating similar average morphologies for the 
grain boundaries. 

Values of the specific resistivities R/k have been 
determined from the intersections of the 
impedance arcs with the real axis, R being the 
resistances and k the geometrical’ factors of the 
samples. Figure 5 shows the Arrhenius plots of 
the intragrain and intergrain resistivities. There is 
no noticeable change in the slope of the intragrain 
resistivity in the investigated temperature range. 
This is in contrast with common observations on 
yttria-stabilized zirconias, but in agreement with 
results obtained by DC techniques, where no 
change of the Arrhenius slope has been observed, 
at least up to 1000°C.6~‘7 

Activation energies and pre-exponential factors 
are given in Table 2. As is frequent in zirconia- 
based ionic conductors,” the difference between 
the activation energies of the intragrain and inter- 
grain resistivities is about 15 kJ mol-‘. From the 
intragrain parameters one can estimate, by extra- 
polation, an intragrain conductivity of 9.8 S rn-’ 
at 1000°C. At this temperature the blocking effect 
of charge carriers by grain boundaries is negligible, 
and hence intragrain and DC conductivities are 
the same. The conductivity value is slightly higher 

Table 2. Activation energies (E) and pre-exponential factors 
(A) of the intragrain and intergrain resistivities 

E (kJ mol-‘) 
A (lo-’ R m) 

Zntragrain Zntergrain 

126 141 
6.6 0.17 
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Fig. 6. Variation of the permittivity with temperature. 

than reported data. This may be a consequence of 
different sintering conditions. It is well known that 
increasing the sintering temperature and sintering 
time greatly enhance the average grain size and 
modify the porosity. The grain size has no net 
effect on the bulk electrical characteristics, but 
porosity increases the intragrain resistivity.“,‘8 

From the bulk semicircles a dielectric constant 
can also be calculated. As shown in Fig. 6, it does 
not vary much with temperature and is close to 
50, a value similar to that (about 60) measured 
with yttria-stabilized zirconias under similar experi- 
mental conditions.” 

Referring to a previous analysis by Dessemond 
and coworkers,‘1,20 the blocking of the electric 
charge carriers at the grain boundaries by the 
blocking factor aR can be defined by the equation: 

ffR = &rain b.l(&trag. + &rain b.) 4. 

It measures the fraction of ionic carriers being 
blocked at grain boundaries. Over the rather narrow 
temperature range where it could accurately be 
determined, it is approximately independent of 
temperature (Fig. 7). Its average value is 0.24. 
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Fig. 7. Variation of the grain boundary blocking factor with 
temperature. 

4 Conclusions 

The main conclusions are: 

-The impedance diagrams of fully stabilized 
ZrOz-MgO ceramics prepared by solid-state 
synthesis present two well-resolved semi- 
circles as for other cubic zirconia systems. 
The activation energies for the intragrain 
resistivity and the intergrain blocking effect 
are 126 and 141 kJ mol-‘, respectively. 

-The estimated specific conductivity is 9.8 S m-i 
at 1000°C. 

-The specific dielectric constant and the ion- 
blocking parameters are very similar to the 
equivalent parameters of yttria-stabilized 
zirconias. 
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