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Abstract Ceramic specimens have been obtained from
the powder of ZrO2-7.5 mol% Y2O3 having a speci®c
surface area of 30 m2/g synthesized in air plasma. The
novelty of this research lies in the fact that the plasma
process makes it possible to prepare so-called nano-
powders with a particle size less than 100 nm, possessing
speci®c physical, chemical and technological properties.
The sintered density of the specimens was 94±96% of the
theoretical value, 6.001 g/cm3. The X-ray di�raction
pattern of the specimens corresponded to a face-centered
cubic lattice. Impedance in the frequency range of
100 Hz±15 MHz and d.c. polarization curves in a po-
tential range of )10 to 10 mV were measured in the
temperature range 200±850 °C in heating and cooling
cycles. The intragrain, the grain boundary and the total
bulk conductivities, the electrode polarization resistance
and their activation energies were determined. The
thermal stability of the studied system was proved in
three measurement series up to 600±850 °C in heating
and cooling cycles. The results obtained have shown that
the conductivity of ZrO2-7.5 mol% Y2O3 ceramics is not
solely a function of temperature, but also depends on the
previous thermal state of the ceramics.
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Introduction

Yttria-stabilized zirconia (YSZ) is widely known as a
high-temperature solid electrolyte with oxygen ion con-
ductivity [1±3]. A possible application of YSZ in a solid
oxide fuel cell determines the interest in YSZ materials
[1±4].

The plasma technique enables high-melting com-
pounds, such as YSZ, to be obtained as a very ®ne
powder with a particle size of less than 100 nm, pos-
sessing speci®c physical, chemical and technological
properties [5±7]. The desired amount of yttria can be
added to zirconia during plasma synthesis of YSZ. One
of the objects of this research was to study the sintering
properties of plasma powders of YSZ.

Impedance spectroscopy for solid electrolyte con-
ductivity studies was proposed for the ®rst time in [8].
Since then, the impedance technique has been used in
many conductivity studies of YSZ, for instance [4, 9±13].
The signi®cance of the impedance technique is that it
enables one to separate the contributions of the intra-
grain and grain boundary resistances from the polar-
ization resistance of electrode processes in the total d.c.
resistance of a ceramic specimen with reversible elec-
trodes [4, 8±11, 13]. The interest of conductivity studies
for ceramics from ZrO2-7.5 mol% Y2O3 synthesized in
plasma is a consequence of the fact that the starting
material, small impurities, the preparation technique,
the thermal treatment and the cooling procedure have a
considerable e�ect on the conductivity of ceramics [4, 8,
9]. The application of impedance and d.c. polarization
had the following objectives in our research: to study the
conductivity of the YSZ ceramics, i.e. to determine the
contributions of intragrain and grain boundary resis-
tances in the temperature range 200±850 °C, to check
the thermal stability of the conductivity in the mea-
surement series in heating and cooling cycles, and to
determine the polarization resistivity of electrode pro-
cesses for the cell of Ag/YSZ/Ag in air in the tempera-
ture range 400±814 °C.
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Experimental

ZrO2-7.5 mol% Y2O3 powder

ZrO2-7.5 mol% (13.0 wt%) Y2O3 powder was synthesized in air
plasma from a mixture of zirconia and yttria under conditions
similar to those described in [5, 7]. The powder had a speci®c
surface area of 30 m2/g, which corresponds to a mean size of the
particles of 33 nm, assuming a spherical shape of the particles [5±7].
The Y2O3 content (13.0 wt%) in the synthesized ZrO2-Y2O3

powder was determined by chemical analysis.

Preparation of ceramics

The ZrO2-7.5 mol% Y2O3 powder was plasticized by adding so-
lution of 2 wt% oleic acid in acetone and milling in a ball mill for
24 h. The plasticized powder was dried at 100±120 °C and sieved
(sieve opening 0.016 mm). Disk-shaped specimens were prepared
by uniaxially cold pressing the sieved powder to 81±323 MPa in a
cylindrical hardened steel die. The plasticizer was burned out of the
green compacts at 600±650 °C. The specimens were sintered at
1530 °C in a nitrogen gas atmosphere for 4 h in a molybdenum
resistance vacuum furnace CWB-1.2,5/25 n1 (U.S.S.R.). The
heating rate was 600 °C/h.

For conductivity studies it is essential to remove the glassy phase
from the surface of the ceramic specimen. For this purpose, wetted
¯at surfaces of ceramic specimens were ground on a rotating dia-
mond ring. The conductivity of one ground specimen was studied.

Density of ceramics

The density of a ceramic specimen was measured from specimen
dimensions and weight and by means of the Archimedes method
using distilled water as themedium.A ceramic specimenwas plunged
in distilled water and brought under vacuum to ®ll its pores with
water. The pycnometric volume of the specimen was determined by
the Archimedes method. The volume of open pores of the specimen
was determined from the di�erence between the weights of the wet
anddry specimens. The apparent volumeof the specimenwas de®ned
as a sum of the pycnometric volume and the volume of open pores.
The apparent density was de®ned as the ratio of the mass of the dry
specimen to its apparent volume. The geometric volume was deter-
mined from specimen dimensions. The geometric densitywas de®ned
as the ratio of the mass of the dry specimen to its geometric volume.
The theoretical density was assumed to be 6.001 g/cm3, as proposed
in [4] for ZrO2-8 mol% Y2O3.

Open porosity and densities for the specimen used in conduc-
tivity studies are given in Table 1. The specimen had no measurable
open porosity. The values of the open porosity (£ 0.2 vol%) and
the pycnometric density (96.3% of the theoretical value 6.001 g/
cm3) can be explained as the pores are local and do not connect
throughout the ceramics. The fact that the value of the geometric
density is lower than that of the apparent density may be due to
irregularities in specimen shape.

Ceramic microstructure

The ceramic microstructure was revealed by thermal etching of the
polished specimen at 1400 °C for 1 h [11]. Scanning electron mic-

rographs of magni®cations 1900 and 6200 times showed grain
boundaries and grains. Not all grain boundaries were distinct on
the micrographs, so that the average grain size can be only esti-
mated to be approximately £10 lm. The micrographs also showed
pores. Micropores up to ca. 1±3 lm in size were located mainly at
grain boundaries and triple points of grain boundaries, but some
micropores also appeared to be located within grains. Micrographs
also showed pores up to 5±10 lm in size to be present in ceramics.
Small shallow pits of ca. £1 lm in size were seen on the grain
surface in a micrograph of magni®cation 6200 times. The shallow
pits can be attributed to exits of dislocations on the grain surface.

X-ray di�raction study

The phase composition of an as-sintered specimen and a ceramic
specimen ground into powder was studied by X-ray di�raction
(XRD) using Cu Ka radiation (k � 1.54184 AÊ ). The XRD pat-
terns corresponded to a face-centered cubic lattice with the length
of the side of the unit cell a � 5.138 � 0.003 AÊ . The value of the
lattice parameter for our ZrO2±7.5 mol% Y2O3 (i.e.
Y0.14Zr0.86O1.93) is in agreement with the literature data for
Y0.15Zr0.85O1.93, a � 5.139(1) AÊ [14].

Electrodes

The specimen whose electrophysical properties were studied had a
cross-section surface S � 0.827 cm2, thickness H � 0.183 cm,
and the cell constant H/S � 0.221 cm±1. The conductivity of the
ceramic specimen was investigated by a two-electrode technique.
Silver electrodes were applied to both ground ¯at faces of the disk-
shaped specimen. These electrodes were formed on the specimen by
the decomposition of a 57 wt% Ag2CO3 paste with colophony and
turpentine. The paste coating on a specimen face was dried at 140±
152 °C for 15 min. Then the specimen, with both faces coated, was
heated in air to 850 °C for 2 h, held for 2 h at 850 °C, and cooled
as the furnace cooled. Observations in an optical microscope
(magni®cation 10±60 times) revealed the silver electrodes to be
rather porous. The average mass per unit area of the silver elec-
trodes was 6.7 mg/cm2. The sheet resistance of the electrode layer
was measured between two points on it, and was 0.01±0.03 X.

Impedance measurements

Impedance measurements were made with an HP 4194A impedance
analyzer (Hewlett-Packard) over the frequency range 100 Hz±
15 MHz at the oscillation level £10 mV rms with a long integration
time and the weighting factor (NOA ± number of averaging) equal
to 1 unless otherwise stated. A high oscillation level, up to 500 mV,
was used in dielectric measurements at room temperature (12±
25 °C) and high impedance (more than 100 kX) measurements at
200±275 °C.

A high-temperature specimen holder with two silver leads was
used to make impedance measurements of the specimen. An HP
16334A test ®xture (a cable length of ca. 1 m) was used to inter-
connect leads of the holder and terminals of the HP 4194A im-
pedance analyzer.

Impedance short measurements for the specimen holder were
made at room temperature and over the range of 500±850 °C to
compensate the impedance of lead wires of length ca. 0.44 m each

Table 1 Open porosity and densities of the ceramic specimen

Open Pycnometric density Apparent density Geometric density
porosity (vol %) (g/cm3) (% theoret.) (g/cm3) (% theoret.) (g/cm3) (% theoret.)

£0.2 5.777 96.3 5.771 96.2 5.681 94.7
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from measured impedance spectra of the specimen in the holder. At
room temperature, lead wires had resistance ca. 0.25 X and in-
ductance ca. 0.8 lH. At 850 °C, lead wires had resistance ca. 0.4 X
and inductance ca. 0.8 lH. The residual capacitance of the speci-
men holder was found to be ca. 0.5 pF.

Impedance spectra were measured at a constant temperature.
The constancy of temperature was maintained within �1 °C. To
obtain the temperature dependence of the conductivity, the series of
impedance measurements at di�erent constant temperatures were
made. A sequence of measurements as the temperature was raised is
called a heating cycle. A sequence of measurements as the tem-
perature was decreased is called a cooling cycle. Impedance mea-
surements were made over the temperature range 200±850 °C,
normally at 25±40 °C temperature intervals during heating and
cooling cycles. Three impedance measurement series were made: (1)
from 276 to 602 °C during a heating cycle (duration ca. 5 h 15 min)
and back from 602 to 350 °C during a cooling cycle (duration ca.
5 h 20 min), (2) from 200 to 850 °C during a heating cycle (dura-
tion ca. 5 h 20 min) and back from 850 to 300 °C during a cooling
cycle (duration ca. 7 h 40 min), and (3) from 200 to 405 °C during
a heating cycle (duration ca. 3 h 50 min). Then the temperature was
stabilized in the vicinity of 400 °C, and both impedance and po-
tentiostatic polarization measurements were made. The technique
of potentiostatic polarization measurements is described in the
following section. Both impedance and potentiostatic polarization
measurements were made at selected constant temperatures from
398 to 814 °C during a heating cycle (duration 11 days) and back
from 814 to 606 °C during a cooling cycle (duration 6 days), and
®nal impedance measurements were made at 600 and 575 °C in this
series.

After each measurement series the specimen, in the furnace, was
cooled down to room temperature as the furnace cooled.

Direct current polarization measurements

Polarization measurements under a constant voltage from )10 to
10 mV were made to study direct current (d.c.) properties of the
two-electrode cell, Ag/YSZ/Ag, in air. A potentiostat PAR 173
(Princeton Applied Research, Princeton, N.J.) was used. The cell
voltages were measured by means of an additional voltmeter B7-46
(Belvar, Minsk, Belorussia) external to the PAR 173 potentiostat.
Stabilization of the cell current was observed on a chart recorder
RE 511 (Servogor). The cell current stabilized within less than
2 min at a constant value of the cell voltage and at a temperature of
562±814 °C. The stabilized values of the cell current were plotted
against the values of the cell voltage to obtain the current-voltage
characteristics of the cell. Direct-current polarization measure-
ments of two-electrode cells with solid-oxide electrolyte are de-
scribed in [15].

Results and interpretation

Impedance complex-plane plots

Complex-plane impedance data plots are useful in id-
entifying the physicochemical processes involved in the
electrical response of the specimen [16]. Impedance
complex plane plots for 425 °C are shown in Fig. 1.
Macroscopic speci®c impedance is plotted taking into
account the cell constant H/S � 0.221 cm)1. Imped-
ance plots contain two arcs.

Impedance complex-plane plots were interpreted ac-
cording to a simpli®ed equivalent circuit proposed in the
literature [8±10, 13, 16]:

where Cg is the geometrical capacitance, Cgb the grain
boundary capacitance, Ce the electrode capacitance, Rg

the intragrain resistance, Rgb the grain boundary resis-
tance, and Re the electrode polarization resistance. In
the case when RgCg � RgbCgb � ReCe, the contribu-
tions of Rg, Rgb and Re can be derived from impedance
plots to a high accuracy by simple geometrical methods
[9, 10, 13]. The high-frequency arc on the left in Fig. 1 is
due to the intragrain resistivity, and the arc on the right
(next to the intragrain resistivity arc) is due to the grain
boundary resistivity [4, 9, 10, 13]. The real speci®c im-
pedance sections between the distinct minima in the
capacitive reactance, -Im(Z), correspond to the macro-
scopic speci®c resistivities of the grains Rg ´ S/H and
the grain boundaries Rgb ´ S/H, respectively. The total
bulk resistance Rt is de®ned as Rt � Rg + Rgb. The
intragrain conductivity rg, the grain boundary conduc-
tivity rgb and the total bulk conductivity rt are de®ned
by the following equations: rg � (H/S) ´ (1/Rg),
rgb � (H/S) ´ (1/Rgb) and rt � (H/S) ´ (1/Rt).

Impedance plots measured in two measurement series
in both heating and cooling cycles enable us to appre-
ciate the reproducibility of the conductivity properties of
the specimen of Ag/ZrO2±7.5 mol% Y2O3/Ag and to
appreciate the e�ect of the previous thermal state of the
specimen on its conductivity. In the ®rst measurement
series up to 602 °C impedance curves at 425 °C for the
heating and the cooling cycles are close (curves 1 and 2
of Fig. 1). In the second series up to 850 °C there is an
appreciable di�erence between impedance curves at
425 °C for the heating and the cooling cycles (curves 3
and 4 of Fig. 1) meaning a decrease by �14% and
�27% for intragrain and grain boundary conductivities,
respectively. The observed trend for the conductivity of
our YSZ at 425 °C is that in a cooling cycle the con-

Fig. 1 Impedance plots (100 Hz±15 MHz) measured in heating (1, 3,
5) and cooling (2, 4) cycles of the ®rst (1, 2), the second (3, 4) and the
third (5) measurement series for the specimen of Ag/ZrO2-7.5 mol%
Y2O3/Ag at 425 °C in air. NOA � 1
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ductivity is lower than that in a heating cycle in the same
series (compare curves 2 vs 1 and 4 vs 3 of Fig. 1).
Cooling down to room temperature restores the con-
ductivity of our YSZ at 425 °C completely or in part
(compare curves 3 vs 2 and 5 vs 4 of Fig. 1).

Direct current properties of the system
of Ag/ZrO2-7.5 mol% Y2O3/Ag in air

Current-voltage characteristics obtained from potentio-
static polarization measurements of the system at 606 °C
are shown in Fig. 2. The current-voltage characteristics
were linear in the studied temperature range of 400±
814 °C. From reciprocal values of their slopes, the val-
ues of the direct current (d.c.) resistance Rdc were de-
termined. The values of Rdc were corrected for the
resistance of the silver leads. According to the equivalent
circuit described in the previous section, the d.c. resis-
tance is given by Rdc�Rg+Rgb+Re�Rt+Re. The
electrode polarization resistance Re can be calculated as
the di�erence between the total bulk resistance Rt de-
termined from an impedance plot and the d.c. resistance
Rdc. Impedance plots together with Rdc values on real
axes are shown in Fig. 3. At 606 °C only a small part
have remained from the intragrain arc, and only the
grain boundary arc is complete (Fig. 3a). The part of the
arc on the extreme right (appearing on the low-fre-
quency end of the impedance plot) is due to the relax-
ation of the electrode processes [4, 9, 10]. At 606 °C the
impedance plots have two distinct minima, and thus Rg,
Rgb and Re can easily be determined from the data in
Fig. 3a.

The grain boundary arc and part of the electrode arc
are present in the plot at 752 °C (Fig. 3b). Low-fre-
quency data points of the electrode arc are scattered.
The use of the high weighting factor (NOA), up to 256,

can reduce scatter in the impedance data points and thus
give a smooth impedance curve. However, short mea-
surements only at NOA� 1 have been made. Curve 2 of
Fig. 3b is the impedance curve measured at NOA� 256
and compensated by the short measurement at
NOA� 1. Such compensation signi®cantly distorts the
impedance curve 2 of Fig. 3b in the vicinity of the sec-
ond minimum of the capacitive reactance -Im(Z).
However, the values of Rt and Re can be estimated from
the data in Fig. 3b.

To characterize the polarization properties of the
electrodes, the polarization resistivity re was calculated
re�Re ´ S/2.

Temperature dependences of conductivities

Ionic conductivity of a solid electrolyte is thermally ac-
tivated process. According to the theory of ionic trans-
port in a solid electrolyte [17], the ionic conductivity r
depends on the absolute temperature T according to the
equation

r � r0
T

eÿEa=kT ;

where Ea is the activation energy, r0 a constant, k the
Boltzmann constant (8.617 ´ 10)5 eV/K). Thus a
meaningful representation of the temperature depen-
dence of conductivity is a plot of lg(rT) against 1/T. The
Arrhenius plot should be a line with slope a, such that
the activation energy Ea�)2.303 ´ k ´ a.

Fig. 2 Current-voltage characteristics for the specimen of Ag/ZrO2-
7.5 mol% Y2O3/Ag at 606 °C in air measured in the heating (1) and
the cooling (2) cycles. Successive values of the voltage were increasing
(O, D) and decreasing (h, Ñ)

Fig. 3a, b Impedance plots in the frequency ranges of 100 Hz±
15 MHz (a) and 100 Hz±5.076 MHz (b) and values of the d.c.
resistance Rdc on the real axis for the specimen of Ag/ZrO2-7.5 mol%
Y2O3/Ag at 606 °C (a) and 752°C (b) in air measured in the heating
(1) and the cooling (2) cycles of the third measurement series.
Impedance plots were measured at a weighting factor (NOA) for a
and 1b of 1, and for 2b of 256
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The log10(rT) against 1/T-plots of conductivities of
YSZ in the temperature range 200±850 °C are given in
Fig. 4. The activation energy values in three measure-
ment series both in heating (h) and cooling (c) cycles for
conductivities rg, rgb and rt in di�erent temperature
ranges DT are summarized in Table 2. The deviation in
the last digit of an activation energy value in the 95%
reliability interval is given in brackets after the activa-
tion energy value.

The decrease in the slope of lg(rgT) against 1/T-
curves at 425±500 °C corresponds to a decrease in the
activation energy of the intragrain conductivity from
1.09±1.11 eV to 1.00±1.05 eV. Above 600 °C the acti-
vation energy of the intragrain conductivity further de-
creased to 0.95±0.99 eV. The character of the change in
the intragrain activation energy is observed both in
heating and cooling cycles of three measurement series
(Table 2).

The conductivity of the grain boundaries has the
activation energy 1.14±1.20 eV, which is higher by ca.
0.1 eV than that for the intragrain conductivity and is
comparatively independent of temperature.

The total bulk conductivity according to its de®ni-
tion (see the Section ``Impedance complex-plane plots'')
is a function of both the intragrain and the grain
boundary conductivities. The activation energy of the
total bulk conductivity decreases from 1.12±1.17 eV to
0.94±0.98 eV in the studied temperature range from
350 to 850 °C (Table 2). At temperatures above 600 °C
the activation energy values of the total bulk conduc-
tivities become similar to those of the intragrain con-
ductivities.

Temperature dependence of the electrode
polarization resistivity

Temperature dependence of the electrode polarization
resistivity re can be described by an empirical Arrhenius
equation [2, 8, 15]:

1

re
� 1

r0
eÿEa=kT ;

where Ea is the activation energy, r0 a constant, and k
the Boltzmann constant. Thus, to obtain a line the val-
ues of log(1/re) should be plotted against 1/T. The acti-
vation energy can be obtained from the slope of the line.

The Arrhenius plots of polarization resistivity are
shown in Fig. 5. The activation energy of the electrode
polarization resistivity re for the system Ag/ZrO2-
7.5 mol% Y2O3/Ag in air was found to be
0.95 � 0.06 eV in the range 562±814 °C of the heating
cycle and 1.05 � 0.02 eV in the range 606±814 °C of the
cooling cycle. The deviation of the activation energy
value is given in the 95% reliability interval.

Discussion

The conductivity of ceramics

Comparison of conductivity values with literature
data

As yttria-stabilized zirconia is a widely known solid
electrolyte [1±3] and its conductivity is studied in nu-

Fig. 4 log10(rT) against 1/T
plots of the intragrain (1, 4, 7,
10, 13), the grain boundary (3,
6, 9, 12, 15) and the total bulk
(2, 5, 8, 11, 14) conductivities
of the ZrO2-7.5 mol% Y2O3

specimen measured in heating
(1±6, 10±12) and cooling (7±9,
13±15) cycles of the ®rst (1±3),
the second (4±9) and the third
(10±15) measurement series
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merous papers, e.g. [2, 4, 8±13], an important point of
our study is the comparison of the conductivity of ce-
ramics from ZrO2-7.5 mol% Y2O3 synthesized in plas-
ma with the conductivity values for ceramics of ZrO2±
ca. 8 mol% Y2O3 reported in the literature [4, 9, 11].

The values of the intragrain and the total bulk con-
ductivities of our ZrO2-7.5 mol% Y2O3 ceramics at se-
lected temperatures in the heating cycle of the third
measurement series are compared with the relevant lit-
erature data in Table 3. The YSZ ceramics of the liter-
ature [4, 9, 11, 12] given in Table 3 were sintered at
1500 °C in air for 3 [9], 4 [4] and 5 [12] h. The com-
parison given in Table 3 shows the agreement of the
conductivity values of our ZrO2-7.5 mol% Y2O3 ce-
ramics with the literature data.

As pointed out in [4, 9], the resistivity of grain
boundaries is very sensitive to the content of impurities
in the specimen. We have not analyzed our specimens
for impurity content. The intragrain and grain boundary
resistivities of our specimen at 350 °C (37±41 and 24±
31 kX ´ cm, respectively) are in line with the literature
data [4] for ZrO2-7.6±8.9 mol% Y2O3 specimens. This
means that the impurity content of our specimen had no
signi®cantly larger e�ect on the resistivity values than
did the impurity contents of specimens made from

Fig. 5 Arrhenius plots of the electrode polarization resistivity re for
the system Ag/ZrO2-7.5 mol% Y2O3/Ag in air for the heating (1) and
cooling (2) cycles

Table 2 Activation energy values for conductivities of ZrO2-7.5 mol% Y2O3

r Series Cycle

g 1 h DT,°C 276±425 425±500 500±602
Ea, eV 1.11 (1) 1.06 (2) 1.011 (4)

g 1 c DT,°C 350±425 425±500 500±602
Ea, eV 1.11 (2) 1.068 (2) 1.031 (2)

g 2 h DT,°C 200±425 425±528 528±600 600±700
Ea, eV 1.103 (3) 1.054 (6) 1.012 (7) 0.96 (2)

g 2 c DT,°C 300±475 475±575 575±700
Ea, eV 1.095 (4) 1.045 (7) 0.99 (1)

g 3 h DT,°C 200±475 475±640 640±700
Ea, eV 1.095 (3) 1.006 (4) 0.95 (4)

g 3 c DT,°C 575±641 675±722
Ea, eV 1.009 (6) 0.96 (3)

gb 1 h DT,°C 425±552 552±602
Ea, eV 1.143 (5) 1.20 (7)

gb 1 c DT,°C 350±602
Ea, eV 1.179 (4)

gb 2 h DT,°C 450±552 552±675
Ea, eV 1.19 (1) 1.15 (1)

gb 2 c DT,°C 425±575 575±675
Ea, eV 1.203 (4) 1.17 (2)

gb 3 h DT,°C 377±475 475±700
Ea, eV 1.196 (7) 1.143 (5)

gb 3 c DT,°C 575±686
Ea, eV 1.18 (2)

t 1 h DT,°C 350±425 425±500 500±602
Ea, eV 1.17 (1) 1.09 (2) 1.054 (6)

t 1 c DT,°C 350±475 475±602
Ea, eV 1.124 (9) 1.078 (4)

t 2 h DT,°C 350±425 425±528 528±625 625±725 725±850
Ea, eV 1.14 (2) 1.09 (1) 1.048 (9) 0.98 (1) 0.94 (1)

t 2 c DT,°C 350±475 475±575 575±725 725±850
Ea, eV 1.127 (4) 1.099 (6) 1.037 (7) 0.982 (5)

t 3 h DT,°C 377±475 475±640 640±752
Ea, eV 1.120 (5) 1.050 (4) 0.994 (3)

t 3 c DT,°C 575±812
Ea, eV 1.055 (7)
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commercial powders of ZrO2- ca. 8 mol% Y2O3 nomi-
nal composition studied in [4].

E�ect of thermal treatment on the conductivity

Three series of impedance measurements in both heating
and cooling cycles have shown that the conductivity is
not solely a function of the temperature, but also de-
pends on the previous thermal state of the specimen.
This means a di�erence between the conductivities in
heating and cooling cycles and a di�erence between the
conductivities in di�erent measurement series (see for
instance Figs. 1 and 4).

In the ®rst measurement series up to 602 °C the dif-
ference in the conductivities in the heating and cooling
cycles is small (Figs. 1 and 4), but in the second and the
third measurement series up to 814±850 °C an appre-
ciable di�erence in both the intragrain and in the grain
boundary conductivities has been observed for heating
and cooling cycles (Figs. 1 and 4). The di�erence in the
case of the grain boundary conductivity rgb is greater
than that in the case of the intragrain conductivity rg.
The e�ect of thermal treatment on the intragrain and the
grain boundary conductivities of ZrO2- ca. 8 mol%Y2O3

ceramics is studied and discussed in some respects in [4].
To compare conductivities in di�erent measurement

series, the conductivities are plotted in the following
units: the rg, rgb and rt values at 425 °C of the heating
cycle of the ®rst series are taken as 100, i.e., for rg 100
units are equal to 0.219 mS/cm, for rgb 100 units are
0.418 mS/cm and for rt 100 units are 0.144 mS/cm (see
Fig. 6). Apart from the already dicussed trend that the
conductivities during the cooling cycle are lower than
those for the heating cycle, an interesting feature of
restoration of conductivities is observed (Figs. 1 and 6),
i.e. the conductivities in the h-2 cycle are greater than
those in the c-1 cycle and the conductivities in the h-3
cycle are greater than those in the c-2 cycle. This means
that some changes occur in the ceramics of ZrO2-
7.5 mol% Y2O3 at temperatures below 425 °C, leading
to the observed restoration of conductivity.

Taking into account the high activation energies of
conductivities, i.e. the strong dependence of conductiv-

ities on temperature, the discussed e�ects are small. The
observed di�erences in conductivities can be compen-
sated by a small temperature change. For instance, in the
second measurement series, a temperature increase from
425 °C to 431.2 °C can compensate the decreased value
of the intragrain conductivity rg � 0.192 mS/cm at
425 °C in the cooling cycle in comparison with the rg
value of 0.224 mS/cm in the heating cycle at 425 °C.
This means that the conductivity values are reproducible
in di�erent measurement series both in heating and
cooling cycles. Thus we can conclude that the investi-
gated ceramic specimen of ZrO2-7.5 mol% Y2O3 is
thermally stable.

Activation energies of the conductivities

The activation energy values for the conductivities of
our specimen (Table 2) are in general agreement with the

Table 3 Comparison of the intragrain (rg) and the total bulk (rt) conductivities of our ZrO2-7.5 mol% Y2O3 with the literature data

Temperature Conductivity (mS/cm) Y2O3 content Density of the Remarks on the The literature
(°C) Our ZrO2-

7.5 mol% Y2O3

YSZ studied
in the literature

(mol%) of the
literature YSZ

literature
YSZ
(% theoret.)

literature YSZ source

rg 290 0.0032 0.0033 6.15, 8.27 95 � 2 ultra®ne
coprecipitated
powders

[11]

450 0.373 0.412 7.5 96.1 commercial
Zircar powder

[9]

450 0.373 0.5 7 ± Tosoh powder [12]
500 1.03 1 8.27 95 � 2 ultraf. coprecipit. p. [11]

rt 600 3.6 5.6 7.78 99.3 Tosoh powder [4]
800 34 55 7.78 99.3 Tosoh powder [4]

Fig. 6 Comparison of the values of the intragrain (g), the grain
boundary (gb) and the total bulk (t) conductivities of the specimen of
Ag/ZrO2-7.5 mol% Y2O3/Ag at 425 °C in air measured in heating (h)
and cooling (c) cycles of three measurement series (1±3). The values of
the conductivities are expressed in arbitrary units (see text)
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literature data [4, 9]. The characteristic feature of the
activation energy of the intragrain conductivity of our
ZrO2-7.5 mol% Y2O3 is its decrease from 1.10 eV to
0.95±0.99 eV with increase of temperature from 200 to
700 °C (Table 2). A similar decrease in the activation
energy of the intragrain conductivity was observed in the
literature [4, 9]. The grain boundary activation energy
showed no signi®cant changes with the temperature. No
bend in the Arrhenius plots of the grain boundary
conductivities was observed in [9].

The decrease in the activation energy of the total
conductivity from 1.12±1.17 eV to 0.94±0.98 eV in the
temperature range from 350 to 850 °C (Table 2) can be
explained, as the total bulk conductivity has contribu-
tions from both grains and grain boundaries. Because of
the higher activation energy of grain boundaries, their
contribution to the total conductivity considerably dec-
rases at temperatures above 600 °C, and thus at high
temperatures the total bulk conductivity and its activa-
tion energy are determined mainly by the intragrain
conductivity and its activation energy, respectively. This
phenomenon was discussed in [4, 11, 13].

The polarization resistivity of electrode processes
in the system of Ag/ZrO2-7.5 mol% Y2O3/Ag in air

The obtained values of the polarization resistivity are
macroscopic characteristics of the studied system. Po-
larization resistivity in the cooling cycle was ca. 26%
greater than that in the heating cycle of the third series at
606 °C. This indicates fair electrode stability in the
studied temperature range 606±814 °C. Our values of
the polarization resistivity are lower by a factor of 2±4
than those for Ag/ZrO2-8 mol% Y2O3/Ag in air ob-
tained in [18]. This indicates a somewhat better perfor-
mance of our electrodes in comparison with those
studied in [18]. The activation energy of the polarization
resistance is in agreement with the literature data [18].

Conclusions

1. Qualitative ceramic specimens have been obtained
from ZrO2-7.5 mol% Y2O3 powder synthesized in air
plasma (the speci®c surface area of the powder was
30 m2/g). Sintered density of the specimens was 94±96%
of the theoretical value, 6.001 g/cm3. The X-ray dif-
fraction pattern of the specimens corresponded to the
face-centered cubic lattice with the length of the side of
the unit cell a � 5.138 � 0.003 AÊ .
2. Direct current polarization curves were measured in a
potential range of )10 to 10 mV and in the temperature
range of 400±814 °C. The d.c. polarization curves were
linear. From the impedance data and slopes of the d.c.
polarization curves, the polarization resistance of elec-
trode processes in the system Ag/ZrO2-7.5 mol% Y2O3/
Ag in air was calculated to be 1.7 W ´ cm2 at 800 °C and

18±23 W ´ cm2 at 600 °C. The activation energy of the
polarization resistance was found to be 0.95 � 0.06 eV
in the range 562±814 °C of the heating cycle and
1.05 � 0.02 eV in the range 606±814 °C of the cooling
cycle. Direct-current polarization and impedance curves
demonstrated fair thermal stability of the studied sys-
tem, Ag/ZrO2-7.5 mol% Y2O3/Ag, in air at tempera-
tures up to 814 °C.
3. Impedance plane plots (100 Hz±15 MHz) had two
distinct arcs at 350±425 °C. The arcs were attributed to
the intragrain and the grain boundary resistivities: 37±41
and 24±31 kX ´ cm at 350 °C, respectively. This is in
agreement with the literature data [4] for ceramic spec-
imens made from commercial powders of ZrO2-(7.6±8.9)
mol% Y2O3. Because of the particularly strong e�ects of
several impurities such as SiO2 and Al2O3 on the grain
boundary resistivity in the low-temperature range (e.g.
at 350 °C) [4], we can conclude that the level of such
impurities in our specimen is comparable with that for
specimens made from commercial powders.
4. The ceramic specimen of ZrO2-7.5 mol% Y2O3

showed good thermal stability in three successive mea-
surement series both in heating and cooling cycles up to
600±850 °C. In a cooling cycle, both the intragrain and
the grain boundary conductivities were lower than those
for a corresponding heating cycle by up to 15% and
30%, respectively. Some restoration of the conductivi-
ties at 425 °C was observed after cooling down from
425 °C to room temperature (12±25 °C). Results ob-
tained have shown that conductivity of ZrO2-7.5 mol%
Y2O3 ceramics is not solely a function of temperature,
but also depends on the previous thermal state of the
specimen.
5. The activation energy of the intragrain conductivity
decreased from 1.10 eV to 0.95±0.99 eV in the temper-
ature range from 200 to 700 °C, and that for the grain
boundary conductivity was 1.14±1.20 eV, with no sig-
ni®cant temperature dependence in that temperature
range. The values and behavior of the activation ener-
gies are in agreement with the literature data [4, 9].
6. The total bulk conductivity was estimated to be 38±
33 mS/cm at 800°C and is comparable with the literature
data [4].
7. Plasma synthesis can produce yttria-stabilized zir-
conia powder suitable for fabrication of ceramics ap-
propriate for solid oxide fuel cell application.
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