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Abstract. The change in the electrical resistivity of Y.0;-doped ZrQ; ceramics with
microstructural modification was investigated, Two kinds of ZrQ; powder containing 8 moi%
Y203 (8Y) and 3 mol% Y205 (3Y) were used as the raw powders. Six kinds of microstructure
were designed: two single-phase specimens (8YS and 3YS) and four mixed-phase specimens
(Par, Ser, GG and CC), Using an impedance analyser, the contriputions of the stmictural
components, i.e. bulk and boundary, to the electrical resistivity were identified in air up to
750°C. Microstructures that contained a large phase boundary area revealed a high electrical
resistivity. In the low-temperature region, the grain boundaries and’/or phase boundaries played
important roles in the electrical resistivity while the contribution of the bulk component increased
as the temperature increased.

1. Introduction

As a new energy device, solid oxide fuel cells have been widely investigated using ZrO;
[1,2]. Thin and homogeneous ZrO, films have mostly been produced by tape casting [3, 4]
and chemical vapour {5,6] processes. To reduce the electrical resistivity, fully stabilized
Zr0Q, doped with 8 mol% Y,0; (8Y) has mainly been used, but 8Y is very weak in
strength. On the other hand, partially stabilized ZrO2 doped with 3 mol% Y,03 (3Y) shows
a somewhat high resistivity, but very high strength and high fracture toughness [7].

Microstructure designs and their relationships with elecirical properties have been
important research subjects [8,9]. In order to develop ZrO, thin films that have a low
electrical resistivity and a high strength, mixed-phase ZrO; ceramics with 8Y and 3Y were
investigated [10]. In this work, the microstructures of several ZrQ, ceramics were designed
using 8Y and 3Y powders, and the electrical resistivity of the structural components were
analysed. The mixing ratio of 8Y and 3Y was kept at 1:1 by weight,

2. Experimental procedures

The large spherical granules of the 8Y and 3Y raw powders had a diameter of about 50 gem;
as shown in figure 1; they were an agglomeration of very fine crystallites. Two single-phase
specimens and four mixed-phase specimens were designed. The two single-phase specimens,
8YS and 3YS, were made using 8Y and 3Y powder, respectively. They were fabricated by
powder compaction under a 0.5 ton cm™~2 compacting pressure. They provided the base-line
property for the other mixed-phase microsiructures. Their microstructures were composed
of bulk and grain boundaries, but no phase boundaries. Here a grain boundary was defined
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tigure 1. SEM photograph of ZrO, raw powders doped with Y20s.

as the boundary either between an 8Y grain and an 8Y grain or between a 3Y grain and a
3Y grain while a phase boundary was defined as the boundary between a 8Y grain and a
3Y grain.

Among the four mixed-phase specimens, two layered specimens had alternate layers
of 8Y and 3Y and were denoted Par (parallel) and Ser (serial) according to the layer
orientation with respect to the electrodes. The layer thickness was very large compared with
the crystallite size. These specimens were composed of the bulk, many grain boundaries
and a small number of phase boundaries at the interfaces between the layers. Par and
Ser specimens were prepared by a conventional tape-casting process using a non-aqueous
medium [11]. Slurries of 8Y and 3Y were cast into thin tapes and the tapes were
multilayered.

Two mixed-phase specimens, one coarsely mixed specimen denoted GG (granule—
granule) and the other finely mixed specimen denoted CC (crystallite—crystallite), were
prepared by mixing 8Y and 3Y phases. The GG specimen was a homogeneous mixture of
8Y and 3Y coarse granules. In the microstructure of the CC specimen, fine crystallites of
8Y and 3Y were homogeneously dispersed. In these specimens a large number of phase
boundaries existed. The GG specimen was produced by mixing the granular raw powders
by shaking by hand and then compacted into discs like the 8YS and 3YS specimens. The
CC specimen was made by disintegrating the two granular raw powders into a fine crystallite
mixture by hard ball milling in alcohol for 72 h.

All the specimens were of a round or square shape of about 7 mm diameter or side.
All these specimens were sintered at 1500°C for 2 h in air. After sintering, a Pt paste was
smeared on two flat surfaces of the specimens and baked at 1000 °C for 30 min in air. The
electrical properties of the specimens were measured at 250, 450 and 750°C in air using an
impedance analyser (Hewlett-Packard 4192A) from 5 Hz to 13 MHz. The contributions of
the microstructural components, i.e. the bulk and boundaries, to the electrical resistivities
were analysed. Phases were identified by the x-ray diffraction method. Photographs and
graphical expressions of the designed microstructures are displayed in figure 2.

3. Results and discussion

During the sintering, the 8Y phase showed a much higher rate of grain growth than 3Y. The
grain size of 8Y in 8YS was about 10 #m while that of 3Y in 3YS was less than 1 xm.
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However, in the CC specimen, the growth of 8Y grains was influenced by the presence of
the slow-growing 3Y phase; so the grain size of the 8Y phase became a little smaller than
in the 8Y'S specimen, as shown in figure 1.

X-ray diffraction analyses revealed that all specimens were composed of cubic and
tetragonal ZrO, phases, as shown in figure 3. Figure 4 represents a Cole-Cole plot obtained
by the complex impedance analyses where the Z axis is real and the X axis is imaginary.
The first semicirele from the origin displays the properties of the bulk component while
the second semicircle those of the grain boundary component [12]. The intersections of the
semicircles with the Z axis allow the resistivity of the components to be determined. In
the present work the arc of the semicircles were extrapolated to the Z axis and then the
intersections were obtained,
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Figure 3. X-ray diffraction pattern of a mixed-phase specimen: @, peaks representing the
tetragonal phase only.
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Figure 4. A representative Cole-Cole plot obtained by complex impedance analyses where the
Z axis is real while the X axis is imaginary. The frequency increases from 5 Hz to 13 MHz
approaching the origin.

The bulk and boundary resistivities measured at 250°C are depicted in figure 5. The
height of each column roughly represents the total resistivity of the specimen. The resistivity
of the bulk component of 8YS was higher than that of 3YS. The mixed-phase specimens had
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Figure 5. Electrical resistivities of the designed microstructures measured at 250 °C.
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Figure 6. Electrical resistivities of the designed microstructures measured at 450 °C.

bulk resistivities located between the base-line values. They roughly satisfied the mixing
rule. The resistivities of the boundary component were relatively high at this temperature.

At 450°C, 8YS conversely showed a little lower bulk resistivity than 3YS, as shown in
figure 6. The bulk resistivities of the other mixed-phase specimens are between the base-line
values, except for the CC specimen. Compared with those at 250°C, the contribution of
the bulk component to the total resistivity was pronouncedly enhanced at this temperature
while the influence of the boundary component was evidently reduced.
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The resistivities measured at 750°C could no longer be divided into those of the
structural components. In the high-temperature region, the total resistivity became
dominated by that of bulk component. Compared with 8YS, the 3YS specimen exhibited
a very high resistivity, as shown in figure 7. The bulk resistivities of the mixed-phase
specimens were still between the base-line values again, except for the CC specimen.
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Figure 7. Electrical resistivities of the designed microstructures measured at 750 °C.
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Figure 8. Estimated boundary areas of the designed microstructures: g/h-8Y, boundaries

between 8Y and 8Y grains; g/b-3Y, boundaries between 3Y and 3Y grains; ph/b, boundaries
between 8Y and 3Y grains.
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The microstructures of the present work can be classified into three groups: the §YS
and 3YS group, the Par and Ser group, and the GG and CC group. 8YS had a higher bulk
resistivity than 3YS in the low-temperature region, as reported by Badwall er af [13] but,
at high temperatures, 8YS showed a much lower bulk resistivity than 3YS. The aging of
partially stabilized zirconias resulted in an increase in bulk resistivity as the tetragonal-to-
monoclinic transformation occurred [14]. In terms of the boundary resistivity, 3YS always
displayed a larger resistivity than 8YS. However, if the grain boundary area is considered,
the grain boundary area between 3Y grains seemed to be more conductive than the grain
boundary area between 8YS grains.

Par and Ser specimens were different from each other in terms of the orientation to the
electrodes. The Par specimen always demonstrated a lower resistivity than the Ser specimen
because a low-resistivity electrical path could always be maintained (at least partially) in
the Par overall electrical conduction in the Ser specimen. Both Par and Ser specimens
displayed nearly the same bulk resistivity at low temperatures, but the boundary resistivity
was relatively larger at 250 °C for the Ser specimen than for the 8YS and 3YS specimens.
This seemed to be the result of thin phase boundaries located perpendicuiar to the conduction
direction. At high temperatures where the boundary was not important, the Ser specimen
showed a lower resistivity than 3YS.

Although both of GG and CC specimens had a particulate mixed structure of 8Y and 3Y
phases, the particle sizes of the GG specimen and the CC specimen were dissimilar. In the
CC specimen every 8Y crystallite was surrounded by small 3Y crystallites; so there were
a large number of phase boundaries but no 8Y grain boundaries. The CC specimen always
exhibited higher resistivities of both the bulk and the boundaries than GG did. These high
resistivities seemed to result in the presence of a large phase boundary area.

The mixed-phase specimens showed a bulk resjstivity located mostly between the base-
line values, except those of the CC specimen at 450 and 750°C. This meant that no severe
change occurred in the bulk properties as a result of these microstructural designs. The high
bulk resistivity of the finely mixed CC specimen might be the result of chemical impurities
accumulated at the phase boundaries between the 3Y and 8Y phases, but this needs to be
investigated further.

The boundary areas of the specimens were estimated by calculating the microstructural
scales and are depicted in figure 8. Although the grain boundaries of the 3Y phase were
dominant in all mixed-phase specimens, the phase boundary areas were apparently ditfferent
for the various microstructures. The largest phase boundary area appeared in the CC
specimen.

As there is a high boundary resistivity in the low-temperature region and a large phase
boundary area in the CC specimen, the phase boundaries seem to play an important role
in the electrical resistivity. It has already been reported that the boundary resistivity of
ZrQ, ceramics is very sensitive to the presence of impurities [9]. In the present work,
impurities might have segregated to the phase boundaries during sintering or might have
been introduced during the preparation processes, The phase boundary property itself has
to be investigated further,

4. Conclusions
The electrical resistivity was markedly influenced by microstructural design in Y,O;-

stabilized ZrO; ceramics. 8Y$ specimens had a lower resistivity than 3YS specimens did.
Compared with these single-phase specimens, the mixed-phase specimens composed of 8Y
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and 3Y exhibited higher boundary resistivities. Grain boundaries and phase boundaries
raised the electrical resistivity of the materials and played an important role at low
temperatures, while the bulk resistivity dominated the total resistivity at high temperatures.
The contribution of boundary component was apparent in the mixed-phase specimen,
especially when a large number of phase boundaries existed.
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