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The ac electrical behavior of zirconium oxide with calcium concentrations ranging from 12 to 19 mole%
were investigated as a function of frequency, from 100 Hz to 500 kHz, temperature, from 300°C to
900°C, and partial pressure of oxygen, from 10~* to 1 atm. Specimens with different grain sizes, electrode
materials, and degrees of sintering were also investigated. The ac electrical behavior of the specimens were
analyzed with the aid of impedance plotting techniques (1/wC, vs R,) and equivalent circuit representation.
At high temperatures (7 > 650°C), space charge polarization at the electrodes seemed to be responsible
for the observed ac electrical behavior, while at intermediate temperatures (450 2 T = 650°C) the grain
boundaries contribute an important resistance and capacitance to the specimen equivalent circuit. At low
temperatures (T <450°C), the electrical behavior appears to be influenced by a parallel conduction path,
which could be attributed to the high-frequency-limiting capacitance of the bulk material.

Introduction

In recent years, solid electrolytes based on
pure or doped oxides (ZrO,, CeO,, §-Al,0,,
etc.) and halides (Agl, AgBr, RbAg,l,, etc.)
have received considerable attention both in
basic and applied areas of technology. They
have been used in the construction of galvanic
cells for measuring thermodynamic and kinetic
properties of selected reactions, in the develop-
ment of oxygen sensors for both gas mixtures
and liquid metals, and in the development of
solid-state batteries and fuel cells. The
suitability of an electrolyte material is deter-
mined, to a great extent, by its ionic conduc-
tivity and ionic transport number. Previous
studies of the transport phenomena within a
solid electrolyte have been concentrated in the
characterization, at elevated temperatures, of
types and concentrations of ionic and elec-
tronic defects, and their mobilities as a function
of temperature, partial pressure, and dopant
concentration. In those studies, sintered poly-
crystalline specimens were mostly used and
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certain types of electrodes were applied to the
specimen surfaces. Although the electrical
transport at the specimen—electrode interface
has been investigated by several investigators,
little consideration has been given to the
influence of grain boundary regions on carrier
transport within a solid electrolyte. For well-
sintered specimens at high temperatures, the
assumption that grain boundaries have a
negligible influence is reasonable. However, at
intermediate and low temperatures, where
extrinsic and microstructural factors become
important, the influence of grain boundaries on
the total electrical conduction can be consider-
able. The scatter of experimental results at
intermediate and low temperatures as found in
the literature, to a great extent, might be
attributed to grain boundary phenomena, since
the structure and properties of these grain
boundary regions are sensitive to specimen
fabrication parameters.

The purpose of this investigation is to
characterize the influence of grain boundaries
on the electrical behavior of polycrystalline
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Zr0,~Ca0. ZrO,—Ca0O was chosen because
(1) it is a simple solid electrolyte system and
has extensive application, (2) except for grain
boundary phenomena, its physical properties
are well understood and available, and (3) the
understanding of grain boundary behavior in
this electrolyte system will provide valuable
information for later analysis of more com-
plicated solid electrolytes. X-ray diffraction ({,
2) studies indicate that ZrO, has a cubic
fluorite crystal structure within the solubility
limit of CaO (10 to 20 mole%). The calcium
impurity substitutes for zirconium atoms in the
structure leading to the formation of oxygen
ion vacancies. Previous conductivity, diffu-
sion, and electrochemical cell measurements
(3-11) have shown that ionic conductivity due
to ionized oxygen vacancies predominates
over extended ranges of temperature and
oxygen partial pressure. The ionic conductivity
decreases and the energy of vacancy motion
increases (1.2 to 1.3 eV) with CaO con-
centration. A conductivity maximum near
14% mole% CaO has also been reported (10).
The direct current—voltage characteristics of
Zr0,~CaO with various types of electrodes
has been investigated by Kréger and co-
workers (12, 13). Studies of Tien (I/4) on
Zry4,Cay 60,4, and Bauerle (I5) on
Zry 90Y 9.200,.10 also point to the influence of
grain boundaries on the electrical conduction
in solid oxide electrolytes.

In this study, ac electrical measurements
and impedance plotting techniques are used to
construct an equivalent circuit representation
for the specimens. Measurements were perfor-
med on CaO-doped ZrO, over the frequency
interval 100 Hz to 500 kHz, temperature
interval 300 to 900°C, and partial pressure of
oxygen from 1073 to 1 atm. Specimens having
various calcium concentrations, grain sizes,
electrode materials, and degrees of sintering
were also investigated. The equivalent circuit
approach (I6) allows one to separate and
characterize contributions to the total conduc-
tivity from individual types of charge carriers,
conduction and polarization mechanisms, and
physical regions within the specimen.
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Experimental Procedure

Polycrystalline specimens of ZrO, doped
with CaO (12 to 19 mole% CaO) were
prepared by dry mixing the appropriate pro-
portions of ZrO, (Wah Chang Albany Corp.,
purity > 99.9%) and CaCO, (Fisher Scientific
Co., purity > 99.98%). for each composition
two types of specimens were prepared, and
efforts were made to minimize as much as
possible the distribution of grain sizes within
the specimens. Specimens with fine grain sizes
were prepared from powders which were ball-
milled to less than 1 um average grain size.
Specimens with coarse grain sizes were pre-
pared from powders which were collected from
270 to 325 mesh sieves (45 to 55 um). The
powdered mixtures were calcined in air at
1000°C for at least 12 hr, ground slightly in
an alumina mortar and pestle, and then
pressed (10 000 to 35 000 psi) into disks of ~3
in. diameter and ~% in. thickness. The pressed
disks were then covered with ZrO,-CaO
powders of the same composition and placed
in a calcia-stabilized zirconia crucible. The
specimens were then sintered in air in a gas-
fired furnace at 2000°C for 7 hr, or at
2000°C, 1700°C, or'1550°C for 3 hrs. All lines
on X-ray powder diffraction patterns of
specimens thus prepared could be assigned to
the cubic fluorite crystal structure. Bulk
densities of the after-sintered specimens were
determined by measuring volume and mass of
the specimens. Percentage theoretical densities
were obtained by comparing the bulk densities
with theoretical densities based on an oxygen
vacancy model. Electrical contact to the
specimens was made on their plane parallel
surfaces, using either Engelhard No. 601-FM
gold paste or Engelhard No. 6082 platinum
paste. Thick and uniform coatings were
obtained by repeated applications of gold or
platinum paste subsequently followed by firing
to drive off the organic binders within the
pastes. After electrical measurements were
completed, metallographic examinations were
performed on specimens with fine grain sizes
to determine the final specimen average grain
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Fic. 1. (a) Micrograph of ZrO,~CaO (15 mole% CaO, T (sintering) = 1700°C, 342.5x). (b) Micrograph of ZrO,—

CaO0 (15 mole% CaOQ, T (sintering) = 1550°C, 342.5x).

sizes after sintering. Representative micro-
graphs are shown in Figs. 1a and 1b. The
grain size measurements were made on as-
polished and etched surfaces by using the
intercept method (Appendix A) (I7). The
coarse grain size specimens, after sintering, did
not show significant reduction in physical
dimensions and porosities. Micrographs could
not be obtained for these porous specimens
because of difficulties in polishing and etching.

However, no significant change in grain sizes
should be expected since sintering and grain
growth did not seem to occur significantly in
these specimens. SEM and microprobe
analysis revealed no impurity segregation at
the grain boundaries. In Table I parameters for
samples investigated in this work are listed.
The measurement technique and apparatus,
as described elsewhere (16), is based on the
substitution method as developed by Seitz et
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TABLE 1
PARAMETERS FOR SAMPLES INVESTIGATED
Ca0 Initial Final - Theoretical
added grain size grain size density
Sample (mole%) (zm) Sintering (um) L/A® (%) Electrodes
1 12 <1 1700°C, 3hr 30 0.3052 87.73 Gold
2 13.5 <1 1700°C, 3hr 30 0.2656 88.24 Gold
3 15 <1 1700°C, 3hr 35 0.2620 88.65 Gold
4 19 <1 1700°C, 3hr 34 0.2421 90.95 Gold
5 15 <l 1550°C, 3hr 22 0.2331 86.07 Gold
6 12 45-55 1700°C, 3hr 45-55 0.2637 67.85 Gold
7 15 45-55 1700°C, 3hr 45-55 0.2234 69.96 Gold
8 17 45-55 1700°C, 3hr 45-55 0.2773 61.25 Gold
9 19 45-55 1700°C, 3hr 45-55 0.2093 68.16 Gold
10 15 45-55 1550°C, 3hr 45-55 0.2081 56.42 Gold
11 I Random 2000°C, 7hr 30 0.2988 79.00 Gold
12 15 Random 2000°C, 3hr — 0.2266 63.05 Platinum

9 L = sample thickness; 4 = electrode area.

al. (18). With this technique the capacitance of
specimens having a total resistance of greater
than 100 ohms and a dissipation factor less
than 10* can be measured within +15%. For
mid-range frequencies (1 to 50 kHz) the error
is less than +5%.

The specimens were loaded into a specimen
holder and into the measurement system. For
each temperature and P, provided experi-
mentally, the specimen capacitance and
resistance were measured at selected frequen-
cies from 100 Hz to 500 kHz. The specimen
temperature was then decreased at 50°C
intervals and the P, was also reduced. After
equilibration was achieved, the above
measurement  procedure was  repeated.
Temperatures from room to 900°C were
obtained with a kanthal-wound resistance
furnace regulated to +1°C. Values of P, were
obtained by means of Ar—O, gas mixtures.

Experimental Resuits

(1) General

The equivalent parallel capacitance, C,, and
resistance, R, of polycrystalline ZrO,-CaO
specimens were measured as a function of
frequency, f, in the range of 100 Hz to 500

kHz, over the temperature interval 300 to
900°C, and oxygen partial pressure inierval
10~ to 1 atm. Representative isothermal plots
of C, versus frequency, f, are shown in Figs.
2a and 2b. On these figures, three regions of
differing behavior can be defined. In region A,
the capacitance, Cp, varied as

Cpoc 1/(1 + (wr)), H

where « is the frequency in radians, r is a
relaxation time, and # is a constant between
0.7 and 2.0. In region C, the capacitance
varied as

@

where m is a constant having values between 1
and 1.5. In region B, the capacitance did not
vary significantly with the frequency. The
equivalent parallel resistances, R, were found
to decrease with frequency. However, the
dispersions were not very pronounced.

C,ocw™,

(ii) Impedance Analysis

In order to elucidate the phenomena respon-
sible for the differing behavior obtained in
regions A, B, and C the data were analyzed
using impedance-plotting techniques. The total
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F1G. 2. (a) Capacitance vs frequency for ZrO,~CaO
(15 mole% CaO, random grain size, T (sintering) =
2000°C, gold electrodes, P, = 1 atm). (b) Capacitance
vs frequency for ZrO,~CaO (12 mole% CaO, 30 ym
average grain size, 7 (sintering) = 1700°C, gold
electrodes, Py, = 1 atm).
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impedance of the specimens were obtained
from C, and R, as

Z=R,—j(l/wCy 3
=(1/R, + jwC,)™". 4)

The negative of the imaginary part of the
impedance, 1/wC,, was then plotted against
the real part, R, In Figs. 3a to 3e the
impedance plots for several specimens at
various measurement temperatures are shown.
These plots typically contain several loops,
which suggest a total equivalent circuit
representation of the specimen as depicted in
Fig. 4. As will be discussed later, the equiva-
lent circuit associated with loop A consists of
resistance R, representing bulk grains and
resistance R,, as well as capacitance C,,
representing influence of grain boundaries.
Loop C is associated with the electrode—
specimen interface and is represented by the
resistance R, and capacitance C,. Loop B
appears to represent a parallel conduction path,
and the equivalent circuit for this loop is
represented as C,.

(iii) Behavior of Loop A

In order to elucidate the physical
phenomena responsible for the behavior result-
ing in loop A, the influence of calcium content,
sintering, and grain size were investigated. The
effects of these variations on the values of R,
are shown in Fig. 5. As shown in this figure,
the resistance R, decreased exponentially with
temperature. The magnitudes of R, and its
activation energy increased with calcium
concentration (1.13 to 1.29 eV). Variations
with grain size and sintering temperatures were
also noted. The data showed negligible depen-
dence of R, on oxygen partial pressure. The
effects of specimen sintering, grain size, and
CaO concentration on values of R, and C, are
given in Figs. 6 and 7. As shown in Fig. 6 the
resistance R, also decreased exponentially
with temperature. An increase of R, for
specimens having higher CaO concentrations,
larger grain sizes, and lesser sintering were
also observed. A slightly higher activation
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FiG. 3. (a) Impedance of ZrQ,~CaO at 350°C (15 mole% CaO, T (sintering) = 1700°C, gold electrodes, P, = |
atm, frequencies are shown in kHz). (b) Impedance of ZrO,~CaQ at 450°C for four CaO concentrations

(T (sintering) = 1700°C, gold electrodes, P,

= 1 atm, frequencies are shown in kHz). (c) Impedance of ZrO,-CaO at
550°C for four CaQ concentrations (T(smtermg) = 1700°C, gold electrodes, P,,

= | atm, frequencies are shown in

kHz). (d) Impedance of ZrO,—~CaO at 650°C for four CaO concentrations (T(smtermg) = 1700°C, gold electrodes,
Py, = 1 atm, frequencies are shown in kHz). (¢) Impedance of ZrO,~CaO at 850°C as a function of P, (15 mole%

CaO T (sintering) =

energy (1.23 to 1.49 eV) was noted for R, as
compared to R, for all the specimens in-
vestigated. Values of R, were also found to be
comparable to R, and exhibited no significant
partial pressure dependence. The capacitance
C,, as shown in Fig. 7, was found to be
relatively independent of composition, tem-
perature, and oxygen partial pressure. Those
capacitance values were generally larger for
specimens having smaller grain sizes and for
specimens sintered at higher temperatures.

2000°C, platinum electrodes, frequencies are shown in kHz).

(iv) Behavior of Loop B

Loop B was observed at low temperatures
(T < 450°C) and high measurement fre-
quencies. Qualitatively, it was noticed that the
influence of loop B was evident at compara-
tively higher temperatures for specimens with
larger grain sizes, lower degrees of sintering,
and higher CaO contents. Loop B appears to
pass through the origin on the impedance
plots. The capacitances associated with this
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F1G. 9. (a) Electrode capacitance, C,, (b) electrode re-
sistance, R,, vs P, for ZrO,~CaO (15 mole% CaO,
T (sintering) = 2000°C, platinum electrodes).
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loop were on the order of 10 pF, and exhibited
negligible dependence on the various ex-
perimental variables.

(v) Behavior of Loop C

Loop C, as shown in Figs. 3a to 3e, was
observed at high temperatures (T < 650°C).
This loop corresponds to region C in Fig. 2,
where the total capacitance, C, decreased as
w™™. Its influence was more significant for
specimens sintered at 2000°C and was found
to be dependent on temperature, electrode
material, and partial pressure of oxygen. The
contribution of loop C to the total equivalent
circuit is represented by equivalent circuit
parameters R and C,. Plots of R; and C;as a
function of temperature and PO; are given in
Figs. 8 and 9. The data trends indicated that
values of C, were much larger than C,. With
increasing temperature the capacitance C,
increased while the resistance R, decreased.
Both C; and R, were found to increase at
reduced partial pressures. Variations of R, and
C, with electrode materials were also noted.

Discussion
() Loop A

The bulk conductivity, o,, was obtained
from the resistance R, by correcting for
specimen geometry and porosity. These values
are compared with the results of previous
studies in Fig. 10. It should be noted that in
these previous studies, the total electrical
conductivity of polycrystalline specimens at
certain frequencies (1 kHz in most cases) were
considered, while in this study ¢,, as obtained
from impedance analysis, represent dc bulk
conductivity of the specimen. It is seen in Fig.
10 that g, agrees well with extrapolations of
previous conductivity values to lower tempera-
tures. The agreement suggests that grain
boundaries have little contribution to the
electrical behavior at elevated temperatures.
Compositional dependences of g, were also
found to agree with previous findings.
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Fig. 10. Bulk conductivity, o,, vs temperature for
Zr0,~Ca0 (15 mole% Ca0).

The influence of grain size and specimen
sintering was found to become increasingly
important as the measurement temperature
was decreased. This influence is manifested in
the values of R, and C, as are shown in Figs. 6
and 7. In the case of samples 3 and 5, which
had CaO concentrations of 15 mole% and
final grain sizes of 35 and 22 um, a simple
model can be used to elucidate this inter-
relationship. The relative values of R, and C,
for these specimens can be rationalized on the
basis of a model consisting of a cubical array
of cubical grains, where it is assumed that the
individual grain boundary thickness and
resistivities are the same for all boundaries.
The values of R, and C, should then differ by
a factor related to the ratio of their grain sizes,
which in turn is related to the number of
boundaries between the electrodes of the
specimen. This simplified model appeared to
be adequate in the case where significant
recrystallization and grain growth had occur-
red. However, where little grain growth was
observed or where there were compositional

CHU AND SEITZ

variations, a more complicated model was

warranted.
The authors have elected to choose a model

consisting of a cubical array of uniform
spherical grains, as is described in Appendix B.
This model allows a relatively simple means of
representing the equivalent circuit parameters
of the boundaries (R, and C,) and bulk (R)),
while considering the influence of both grain
size and degree of sintering. In a polycrystal-
line sample, the geometric packing among
individual grains is related to grain geometry,
size distribution, and porosity. In the present
model, minor variations of grain size, and
grain and grain boundary geometry can be
accounted for by a suitable packing para-
meter, «. If there are extreme variations of
grain size or if the individual grain boundaries
differed significantly one from the other, the
impedance plots of Fig. 3 would be nearly flat
and it would be impossible to obtain values for
the  aforementioned  equivalent circuit
parameters.

The relationships obtained in Eqs. (Bl
(B13) aid in understanding the variations of R,
and C, with varying degrees of sintering and
differing grain sizes. The data of the present
study were found to agree with the predictions
of the chosen model reasonably well. As
expected, the capacitance C, increases and the
resistance R, decreases with decreasing grain
size. For low degrees of sintering, the inter-
granular contact area 4, would show a signifi-
cant increase for specimens which are sintered
at higher temperatures, longer times, and
having smaller initial grain sizes. This geo-
metric variation of the boundaries leads to a
decrease of the ratio, /,/4,. An increase in
capacitance C, and a decrease in resistance R,
would be expected if the dielectric constant, ¢,
and resistivity, p,, are not significant functions
of sintering. For the same reason, the anoma-
lous increase in resistance R, and decrease in
capacitance C, for sample 10, with 15 mole%
CaO0 sintered at 1550°C and with 45-55 gm
grain size, are understandable. Due to coarse
initial grain size and low sintering tempera-
tures, sintering has not occurred in this
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TABLE II
ESTIMATED GEOMETRIC PARAMETERS (I,/4,) FOR FOUR Zr, 4,Ca, 0, 45 SPECIMENS"”

D L/A

C 1,/A, 4, 1

2 2
Specimen (um) (cm™) (pF) (cm™1) (cm?)  (A)
3 35 0.2620 3,16 x 10* 0.117 8.14 x 107% 95
5 22 0.2331 2 x 104 0.327 2.84 x 107% 93
7 45-55 0.2234 7.5 x 10 0.369 — —
10 45-55 0.2081 23.7 133 — —

2 Physical meanings of the symbols are defined in Appendix B.

¢ Assume ¢, ~ 30.

particular sample and in fact it might be
considered as a slightly sintered powder
compact. The effective contact area 4, would
be very small, which would account for the
anomaly.

For all the samples investigated, the ac-
tivation energy of R, was higher than that for
R,. Also, it was found that R, was less than R,
at higher temperatures and the reverse is true
at lower temperatures. This observation sug-
gests that the contribution from the grain
boundary regions to the total sample
resistance is insignificant at high tempera-
tures. However, at low temperatures the
sample resistance is dominated by the boun-
dary resistance.

Based on the present physical picture that
R, and C, are associated with the same
physical region, the geometric parameter,
l,/4,, and the materials parameter, p,, of the
boundary regions can be estimated by using
Egs. (B10) and (B13) and by choosing a
reasonable value for ¢, (~30 for ZrO,~CaO).
By further applying metallographic analysis
(Appendix A) values of the effective in-
tergranular contact area A4, and the effective
boundary thickness [, can be estimated.
Results of this type of analysis for several
specimens are shown in Tables II and IIL. In
further discussion the resistivities of the bulk,
p,» and boundaries, p,, are considered. Unlike
the resistance, R, and R,, these parameters do
not contain geometric factors and, therefore,
are more representative of the materials
properties of the two regions.

It is seen from Table III that 7, varied with
specimen grain size and sintering. 7, was also
found to vary with CaO concentration. These
variations would be related to effective resis-
tivity changes in the grain boundary regions.
Table III also shows that the effective
resistivity of the boundary regions are much
higher than the bulk resistivity with the resis-
tivity ratio of boundary to bulk on the order of
10%. High resistivity boundaries have also been
observed in several other materials (19-22).
There has been no consensus yet concerning
the physical interpretation of this behavior.
The difficulty arises since the high resistivity
can be attributed to either low charge carrier
concentration or low charge carrier mobility.
In this study, except for a slightly higher acti-
vation energy (4E ~ 0.2 eV), consistent trends
were observed for R, and R, as functions of
temperature, CaO concentration, and Poz. This
tends to suggest that the electrical conduction
mechanism within the grain boundaries is
similar to that within the bulk material, ie.,
ionic conduction via vacancy diffusion. It does
not seem unreasonable to account for the
higher resistivity of these regions on the basis
of a reduced effective charge carrier concen-
tration at the boundaries.

Lehovoc (23), Allnatt (24), and Kliewer and
Koehler (25, 26) have demonstrated that, at
thermodynamic  equilibrium, static-space-
charge regions should exist adjacent to the
surfaces of an ionic single crystal due to
differences in the Gibbs free energy of for-
mation for various types of defects or due to
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surface or contact potential at the crystal
surface. For small ac fields the space charge
region acts like a barrier layer or high
resistivity region. For large ac fields, the field-
induced oscillation of a static-space-charge
distribution about its equilibrium value lead to
an added space charge capacitance. In a
polycrystalline  specimen, although the
thickness of an individual boundary is small,
the influence of the boundary space charge
layers might be significant due to the fact that
a large number of boundaries exist. A number
of physical processes beyond those stated by
Lehovoc (23) might also be responsible for
static-space-charge layers at the grain boun-
daries. First, the calcium dopant, which
substitutes for zirconium atoms near the
surface, might not form vacancies as readily as
would be the case in the bulk structure since
vacancies might not be needed to fulfill
nearest-neighbor charge compensation
requirements. Second, oxygen chemisorption
at the grain boundaries could result in a
decrease of mobile vacancy concentration.
This would be the case if the adsorbed oxygen
combined with a vacancy to form a normal
oxygen site or combined with zirconium atoms
on the surface to form added molecules of
ZrO,. Normally, a P, dependence of surface
resistivity or capacitance would be a mani-
festation of chemisorption processes. In this
study, negligible oxygen partial pressure
dependencies were observed for the values of
R, and C,. It seems then that if chemisorption
were responsible, the predominant process
would have had to occur at higher tempera-
tures and be irreversible at lower tempera-
tures. This latter situation is felt to be quite
likely and is to be investigated in future
studies. Third, impurity or phase segregation
at the grain boundaries might lead to a lower
carrier concentration. Direct observations of
solute segregation and phase separation within
the boundary regions have been found in
several ceramic oxides (27, 28). The segre-
gation was thought to take place, most likely,
during  specimen cooling after high-

TABLE III
ESTIMATED MATERIAL PARAMETERS (p,, p,, and p,/p,) FOR THREE Zr, 4,Ca, 50, ;s SPECIMENS“ ¢

500°C

800°C

Py
(ohm cm)

123

P2
(ohm cm)

7]
(sec)

p,/p,

(sec) (ohm cm)

p/p,

(ohmcm)

Specimen

~6.4 x 10}
~2.0 x 10}

3.8 x 104
6.8 x 10*
1.42 x 10°

245 x 10—

6.5 x 10°
4.14 x 10~

~2 x 10°
~1.4 x 10°

x 102

3.82 x 102

493 x 10° 2.1

1.31 x 10-¢

3
5
7

1.34 x 108
1.56 x 108

5.39 x 10°

1.43 x 10-¢

~1.1 x 10}

355 x 10

3.47 x 108 7.9 x 10? ~450

9.22 x 1077

¢ Physical meanings of symbols are defined in Appendix B.

b
12}

R,C,.

¢ Assume g,~30.

4 The bulk resistivity, p,, was calculated from values of R, and Eq. (B14).
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temperature sintering. SEM studies for several
ZrO,~CaO specimens, however, revealed no
nonuniformity in calcium concentration in the
vicinity of the boundary regions, nor could a
second phase be identified on X-ray diffraction
patterns. The data obtained in this study were
not sufficient to discriminate among the above
processes. The physical origin of the high
resistivity in the grain boundaries in this
material must, therefore, remain open until
further added studies are carried out.

Bauerle (15) has investigated the ac electri-
cal behavior of yttria-doped zirconium oxide
as a function of temperature and P,. The
grain boundary contribution to the total
spe(imen admittance was attributed to a
constriction resistance across the grain-
boundary contact regions, while the
capacitance was attributed to blocking of ionic
charge carriers by an impurity phase between
grain boundaries. In this study, the influence of
specimen sintering, grain size, and CaO
contents were further investigated. It was
found that the present single region model is
more adequate in explaining the temperature,
Poz, and compositional dependences of R, and
C,. It could also explain the observed decrease
in R, and increase in C, for specimens having
higher degrees of sintering and smaller grain
sizes. In terms of Bauerle’s idealized two-
region model, the capacitance C, would
decrease for well-sintered specimens. This is
the case since more sintering increases the
intergranular grain contact areas and, there-
fore, would either minimize the impurity phase
contact areas or reduce the amount of charge
carriers being blocked at the impurity phases.
Investigation of specimens having different
impurity levels also did not show a direct
relationship with C,.

In an early study, Lay (29) has attributed
the dielectric behavior of CaO-doped CeO,
over the temperature range 0 to 300°C to the
relaxation of dipoles resulting from cation—
vacancy defect complexes. In this analysis, it
has been shown that the concentration of those
dipoles is significant only at low temperatures
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and can be expressed as
144¢, kT E,—¢
N = - 02 . s o] . (5)
aye (6, + 2) (e + 2)

Here, ¢, and ¢, are the static and high-
frequency-limiting dielectric constants, a, is
the lattice parameter, &y, k, T, and e have their
usual meanings. Substituting values obtained
from data (g, ~ 10% ¢, ~ 30,a, ~ 5 x 1078
cm) and constants (¢, = 8.85 x 107! F/cm,
k=138 x 1072 J/°K, e = 1.6 x 10~** C) into
Eq. (5) yields N ~ 7 x 10"%/cm? at 800°K.
Such a concentration is about 1.5% of the
total vacancies available (~ 4.4 x 10*/cm?),
which is much higher than that predicted by
Lay at 800°K. It should be noted that the
degree of sample sintering, which does not
vary the dipole concentration substantially,
has influence on magnitudes of R, and C,
only. Their behavior with temperature is
similar. Therefore it is not likely that the
observed electrical behavior in this study can
be attributed to dipole relaxation of defect
complexes.
(ii) Loop B

It was found that the low-temperature/high-
frequency loop (i.e., loop B) existed at com-
paratively higher temperatures for speci-
mens with larger grain size, lower degrees of
sintering, and higher CaQ concentrations.
Under these experimental conditions the bulk
resistance, R, boundary resistance, R,, and
their sum, R, + R,, were found to have rela-
tively higher values. Qualitatively, these
behaviors indicate that loop B represents a
parallel conduction path at low temperatures
and high frequencies. As shown in Figs. 3a—
3b, within extrapolation error, it appears that
loop B would pass through the origin on the
impedance plots Therefore, the equivalent
circuit associated with loop B can be repre-
sented by a capacitance, C,. Values of C,
were found to be in the range of 10 to 20 pF
and exhibited negligible dependencies on the
various experimental variables, Using the
physical picture as shown in Fig. Bl and Eq.
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(B13), the total capacitance of the bulk grains,
C,, is found to be approximately 10 pF. There-
fore, it appears that C, can be attributed to
the high-frequency-limiting capacitance of the
bulk material. The capacitance C, used in the
present equivalent circuit is analogous to the
geometric capacitance, C,, in Macdonald’s
equivalent circuit representation of solid
electrolytes (30).

(iii) Loop C

The variations of loop C, observed at high
temperatures (T < 650°C), with P, and
electrode materials (Figs. 3a to 3e) indicate
that the physical phenomena responsible for
loop C are related to the specimen—electrode
interface. The equivalent circuit associated
with loop C has been represented by R, and C;
as shown in Fig. 4. It was found that loop C
corresponds to region C in Figs. 2a and 2b. In
this region the specimen capacitance exhibited
a 3} slope over a wide frequency range. At a
fixed measurement frequency the capaci-
tance varied exponentially with temperature.
Also, the capacitance did not approach a
limiting value at low frequencies. This electri-
cal behavior is in general agreement with
previous observations for several ceramic
oxides (371-33) and have been qualitatively
explained in terms of space charge polari-
zation at the electrode—specimen interface. For
oxide electrolytes at high temperatures,
surface-related polarization due to static or
dynamic space charge would be expected
because of higher carrier mobilities and fast
carrier transport to the electrodes. Several
theoretical treatments of static- or dynamic-
space-charge polarization have been con-
sidered in the literature. In the dynamic situa-
tion, three limiting cases were found to be of
interest as they lead to large dispersions in the
specimen capacitance. These are (a) one
mobile species which is partially blocked at the
electrodes (34), (b) two mobile species, one of
which is blocked. at the electrodes (35), and (c)
two mobile species, both of which are blocked
at the electrodes (35). Results of these
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analyses have been used to interpret the
dielectric behavior of several oxides (31-33)
and halides (34-36).

It is generally accepted that the pre-
dominant charge carrier in ZrO,~CaO, under
the experimental conditions investigated in this
study, are ionized oxygen vacancies and that
the concentrations of electronic charge carriers
are negligible. Beaumont and Jacobs (34) have
considered space charge polarization for the
limiting case of a single type of charge carrier
being partially blocked at the electrodes. Their
results show that the specimen capacitance
and resistance would exhibit a Debye-type
dispersion. The equivalent circuit as shown in
Fig. 11 can adequately describe this behai/ior.
Values of C; (~2 x 10° to 4 x 107 pF)
obtained from loop C were found, however, to
be much less than the predicted value of C,
(~2 x 10% pF). Also, the temperature depen-
dence of C, and Cg, were not consistent with
each other. These discrepancies might be the
result of a too simplified representation of the
specimen—electrode interface. As shown in
Fig. 11, the specimen—electrode interface is
represented by a diffuse double-layer capaci-
tance, C;, and an electrode resistance, R,. It
is felt that the high degree of porosity in the
polycrystalline specimens would allow dis-
charge of vacancies to occur by direct electro-

R

n /2
820
Co 4( T

Fic. 11. Equivalent circuit representation of a speci-
men having space charge polarization (single type of
carrier, partial blocking at electrodes).
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chemical reaction with the gas phase in the
vicinity of the electrode. These reactions are
dependent on the carrier concentrations near
the electrodes and they can be considered as a
faradaic- or Warburg-type process (37). The
observed increase of R, and C; at reduced
oxygen partial pressures and the increase
(decrease) of C, (R,) at higher temperatures
seem to suggest that this is the case. The
physical structure of the electrode-specimen
interface when Warburg-type reactions are
considered could be rather complicated. The

specimen configurations of this study,
however, do not allow further detailed
analyses.

Conclusions

The ac electrical behavior of polycrystalline
ZrO,-CaO with calcium concentrations rang-
ing from 12 to 19 mole% were investigated as
a function of frequency, from 100 Hz to 500
kHz, temperature, from 300 to 900°C, and
partial pressure of oxygen, from ~10-3 to 1
atm. Specimens with different grain sizes,
electrode materials, and degrees of sintering
were also investigated. With the aid of im-
pedance plotting techniques, an equivalent
circuit representation for the specimens was
deduced from the ac electrical data. The
electrical components within the equivalent
circuit were related to various physical regions
within the specimens, and conduction and
polarization mechanisms.

At intermediate temperatures (450 < T S
650°C) the electrical behavior of ZrO,~CaO
can be adequately described by an equivalent
circuit composed of a resistance, R,, repre-
senting bulk grains, in series with a parallel
network composed of a resistance, R,, and a
capacitance, C,, representing grain boun-
daries. The values of the resistance R, agreed
well with extrapolations of previous conduc-
tivity studies to lower temperatures, which
suggest that grain boundaries have little influ-
ence on the electrical behavior at elevated

311

temperatures (T 2 650°C). Below 650°C the
influence of the grain boundary regions
becomes increasingly important. The behavior
of R, and C, as functions of temperature, P, ,
CaO concentrations, grain size, and sintering
could be rationalized in terms of a model that
attributed these qualities to the grain boundary
contact regions. The observed increase in C,
and decrease in R, for specimens having
smaller grain sizes and higher degrees of
sintering was attributed to variations of the
geometric parameters of the boundaries (num-
ber and thickess to area ratio of the boun-
daries). The effective resistivity of the boun-
dary regions was estimated from the quantity
7, = R,C, = p,e,. It was found that the
boundary regions had a much higher
resistivity than that of the bulk. The high
resistivity of the boundary regions was felt to
result from low ionic carrier concentrations in
the vicinity of the grain boundary regions.

At high temperatures (T = 650°C) the
electrode-specimen interface presents an im-
portant impedance to the total electrical
conduction. The equivalent circuit of this
region was taken to be a parallel network
composed of a resistance, R,, and capaci-
tance, C,, which were in series with the afore-
mentioned intermediate temperature circuit.
The behavior of R, and C, as functions of
temperature, partial pressure of oxygen, and
electrode material could be adequately ex-
plained, in a qualitative sense, by assuming
space charge polarization due to single type of
charge carrier, oxygen vacancies, which are
partially blocked at the electrodes. The carrier
discharge might involve faradaic- or Warburg-
type processes via direct electrochemical reac-
tions of oxygen vacancies with the gas phase.

At low temperatures (T < 450°C), the
electrical behavior was influenced by a parallel
conduction path. A parallel capacitance, C,,
was added to the above equivalent circuit to
represent this path. The value of the capa-
citance C, was found to be consistent with the
high-frequency-limiting bulk capacitance of
the specimens.
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Appendix A: Metallographic Analysis to
Obtain the Average Grain Size, D, and the
Effective Intergranular Contact Area A, (17)

A representative micrograph used to deter-
mine the average grain size, D, is as shown in
Fig. la. A line of length /; is drawn randomly
over the micrograph and the number of
intersections n, with the grain boundaries are
counted. The procedure is repeated N times
and the average length D between two con-
secutive boundaries is defined as the average
grain size, i.e.,

1 L
DZI_V-Z n—1"

=1

(A1)

The effective intergranular area, 4,, can be
estimated by considering a square section of
the micrograph with length L and two indi-
vidual grains with “projected boundary” A as
shown in Fig. Al. In this representation 4 is
the line intersection of the plane of polish with
the intergranular surface. Consider an ar-
bitrarily drawn line 4 with length L along the x
axis. The probability that line 4 will intersect
an infinitesimal element dA can be easily
shown as

dx
P=—,
L
_ cost/,L (A2)
L
Y
A
- 4—“

X

Fi1G. Al. Schematic representation of a small section
of the micrograph.
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Therefore, if N arbitrarily orientated lines are
drawn, the average number of intersections
formed per unit length of test line which will
intersect the projected boundary A is given by

A 2z

- 1 N((cos 6)/L)
2 1
== 5 (A3)

Here, NL is the total length of line constructed.
From Eqgs. (A1) and (A3), the total length of
projected boundaries per unit area is
L,=i/L?
= (W2IN,
= (n/2)- (1/D).

Therefore, if, on the micrograph, the total
number of projected boundaries, n’, within an
area, A, is counted, the average projected
boundary length can be expressed as

A~ L (A/M. (AS)

Here, M is the linear magnification factor of
the microscope. The effective intergranular
area can then be estimated as

A, = (WA

(A4)

(A6)

Appendix B: Equivalent Circuit
Representations for an Idealized Sample
Having a Cubical Packing of Spherical Grains

Consider that the specimen consists of uni-
form spherical grains and that all the grain
boundaries are identical. Figure B1 represents
a single boundary and its neighboring grains.
Here, [, is the effective thickness of the
boundary, 4, is the effective intergranular
contact area between two grains, and D is the
average grain diameter. The resistance, R}, of
such a single boundary would simply be

Ry = p,(l/4)),

where p, is the effective resistivity of the
boundary. The capacitance of this single
boundary, C!, would be

Ch = €,64(A4,/1y),

(B1)

(B2)
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Bulk

5

D/2

]

Boundary

FiG. Bl. Schematic representation of a boundary and
its neighboring grains.

where ¢, is the dielectric constant of the
boundary and ¢, is 8.854 x 10~14 F/cm.

An approximate expression for the
resistance, R}, of a single grain can be
obtained by integrating the resistance asso-
ciated with an infinitesimal section as shown
in Fig. B1, i.e.,

y

R'—2 f dr
1= 4P ) ﬂ[(D/z)z_yz]'

Here, p, is the resistivity of the grain. Since

(B3)

l(D/2)* — y?] ~ 4,, (B4)
y' can be expressed as
Y =((D/2) - 4/m)">, (B5)

From Egs. (B3) and (B5) it can be shown that:

[(D/2)'—4,/21"? dr

Ri=p (DI = 7

7z”2D + (TEDZ _ 4A2)1/2
' p — (TLD2 _ 4A2)”2 '

_ ®9

D &

Similarly, it can be shown that
C' = nDe, so[l 72D + (nD? — 4A2)1/2] -1
= ”l/zD"(ﬁDz—4A2)1/2
(B7)
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where, ¢, is the dielectric constant of the bulk
grain. The total boundary resistance, R,, can
be estimated by considering that the specimen
consists of the resistors, R, connected in series
in the direction of the electric field and in
parallel in the direction perpendicular to the
electric field. If the specimen has thickness L
and electrode area 4, the number of R; in
series would be
N,~L/D, (B8)
while the number of R} in parallel would be
N, ~(1/a)- (4/D?. (B9)

Here, a is a geometric factor related to the
packing of the grains within a sample (for a
simple cubic array of spherical grains, @ ~
n/4). From Eqgs. (B1), (B8), and (B9) it can be
shown that

, L 1
724D (Wa)-(4/DY

12] rL]
=p, | = —|D
pz[Az aI_A

L
=R;a[—]D.

A

Similarly, the total-boundary capacitance, C,,
the total bulk resistance, R, and the total bulk
capacitance, C,, can be expressed, respec-
tively, as

SEO Gy
= & |—=|-|—|—=
: lnlelLd D

Ry~

(B10)

—C'l[A]l (B11)
- TtalrlD’
L
R,=R\a [~] D, (B12)
A
and
C ' 1[A]1 (B13)
'""ValrLlD

In a previous study (38) another simple
approximation was used to express R , i.e.,

R, =p,(L/4)-(1/py) (B14)
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Here, p,, is the percentage theoretical density
of the sample. In this study Eq. (B14) was only
used to estimate the bulk resistivity p,. On
other occasions, Eq. (B12) was considered.

A relaxation time, 7,, which eliminates the
geometric parameters can be defined as

5, =R,C,
= RiC;
= 0,&,&,. (B15)
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