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Abstract

Doped zirconia has been used in electronic applications in the cubic crystalline phase. Ceria-stabilized tetragonal zirconia presents
high toughness and can also be applied as solid electrolytes. The tetragonal phase of zirconia can be stabilized at room temperature
with ceria in a broad range of composition. However, CeO,—ZrO, has low sinterability, so it is important to investigate the effect of
sintering dopants. In this study the effect of iron, copper, manganese and nickel was investigated. The dopants such as iron and copper
lowered the sintering temperature from 1600°C down to 1450°C, with a percentage of tetragonal phase retained at room temperature
higher than 98% and also with an increase of the electrical conductivity. The electrical conductivity was measured using impedance
spectroscopy. The grain boundary contribution was determined and the activation energy associated with the ionic conduction was
1.04 eV. The dopants can also promote a grain boundary cleanliness verified by blocking effect measurement. © 2001 Elsevier

Science Ltd. All rights reserved.
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1. Introduction

The zirconium oxide, known as zirconia, has three
polymorphic phases: monoclinic (7<1170°C), tetra-
gonal (1170 <7T<2370°C) and cubic (7>2370°C). The
preparation of tetragonal zirconia can be made by either
adding 3 mol% Y,03! or 12 mol% CeO,.? The ceria-
zirconia system is being developed as an alternative to
the yttria-zirconia system because of its better perfor-
mance in a moist environment, 3 good mechanical prop-
erties,* lower price and wider range of solubility.’
Unfortunately, cerium ions are less effective than yttrium
ones in stabilizing the tetragonal phase of zirconia, and
generates a low sinterability system.® In the case of
yttria-zirconia, the tetragonal phase is retained due to
the presence of oxygen vacancies, which account for the
charge neutrality. In the case of ceria-zirconia, the Ce
ions also substitute for Zr*™" ions, but they can have two
valence states: Ce3* and Ce**.”

The effect of sintering aids such as copper and man-
ganese ions on the sintering behavior of ceria-stabilized
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zirconia was investigated by Mashio et al.® The authors
verified that MnO, as well as CuO were very effective in
improving the tetragonal phase content retained at
room temperature.

In this work we have studied the effect of the sintering
aids such as nickel, iron, copper and manganese on the
electrical properties of the ceria-zirconia system. With the
use of these sintering aids for Ce-doped tetragonal zirco-
nia polycrystals (Ce-TZP), we were able to produce a
dense ceramic material, with an uniform microstructure,
stabilized more than 98% in the tetragonal phase and
sintered at temperatures up to 150°C lower than that for
undoped CeO,—ZrO, system.

2. Experimental

Commercial zirconium oxide (>99.9% in purity) and
cerium oxide (>99.0% in purity) were mixed using zir-
conia balls in isopropyl alcohol medium to produce
powders with the following composition 88 mol% ZrO,—
12 mol% CeO,. In order to study the influence of addi-
tives, the dried ZrO,—12%CeO, powder was divided into
five batches: (1) as prepared powder labeled ZrCe; (2)
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Fig. 1. X-ray diffraction patterns of ZrO,—12 mol% CeQO, with different dopants sintered in a temperature range of 1400-1600°C.
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ZrCe+0.3 mol% NiO, labeled ZrCeNi; (3) ZrCe+0.3
mol% Fe,03, labeled ZrCeFe; (4) ZrCe + 0.3 mol% CuO,
labeled ZrCeCu; (5) ZrCe+0.3 mol% MnO, labeled
ZrCeMn. Nickel and iron nitrates, copper and manganese
acetates (Riedel del Haén) were added and ball milled in
plastic jars with zirconia balls for 30 h with an organic
defloculant. Powders were calcinated at 500°C to elim-
inate volatiles, ball milled in isopropyl alcohol with the
addition of 1 wt.% of polyvinyl butyral (PVB), dried at
room temperature, and sieved through an 80 mesh
nylon sieve. Pellets of 12 mm diameter were isostatically
pressed at 270 MPa and sintered in the range of 1400-
1600°C for 1 h in air.

The apparent densities of the sintered pellets were mea-
sured using Archimedes’ method with distilled water.
XRD (Siemens D-5000) was used to analyze the sintered
pellets for phase identification. SEM (Carl Zeiss DSM
940A) was used to study the microstructure. Samples were
ground with successive grades of SiC papers; polished
with 15, 6, 3 and 1 um grits of diamond paste and ther-
mal etched at 50°C below the sintering temperature dur-
ing 10 min. The dilatometric study was performed in a
dilatometer (Netzsch 402E) up to 1500°C using a constant
heating rate of 10°C/min. Electrical measurements were
performed on polished pellets with platinum electrodes
applied by painting (Demetron 308A). The grain electrical
conductivity was measured by impedance spectroscopy
technique using the impedance analyzer (HP 4192A LF)
in the frequency and temperature range of 5 Hz—13 MHz
and 300-700°C respectively, during heating with a hold
time of 30 min in each temperature.

3. Results and discussion

Table 1 summarizes the values of sintering temperature,
apparent density and percentage of tetragonal phase
retained at room temperature after sintering. The sinter-
ing temperature was chosen based on the X-ray diffrac-
tion. Fig. 1 shows XRD patterns of samples with different
compositions sintered at different temperatures. As one
can observe, the presence of additives can decrease the

Table 1

stabilization temperature of tetragonal phase up to
~150°C in the case of iron.

The dilatometry data also indicated that the additives
promote the ZrCe densification and that copper and iron
are the most efficient. From Fig. 2(a), we can observe that
the starting temperature of shrinkage was 1220°C for
ZrCe sample and 1100°C for compositions with iron and
copper. Fig. 2(b) displays the shrinkage rate versus tem-
perature, a dense sample was obtained at 1425°C for the
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Fig. 2. Dilatometric curves for the different starting powders (a) and (b)
the shrinkage rate vs. temperature for ZrCe and ZrCeFe compositions.

Sintering temperature, apparent density, percentage of tetragonal phase retained at room temperature and average grain size of CeO,—ZrO, samples

undoped and Ni, Fe, Cu and Mn doped

Sample Temperature Apparent Percentage of Average

“C) density (g/cm?) tetragonal phase (%)* grain size (um)®
ZrCe 1600 5.65 99.4 1.22£0.58
ZrCeNi 1500 5.79 99.7 1.27+0.59
ZrCeFe 1450 5.63 98.6 1.19+0.59
ZrCeCu 1500 5.87 100.0 1.21£0.58
ZrCeMn 1500 5.76 99.7 1.18+£0.57

4 Percentage of tetragonal phase content retained at room temperature by the Rietveld method.
b Average grain size obtained from Feature Analysis Imix V9 Program, PGT, Princeton Gamma-Tech. 1998.
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ZrCe and at 1305°C for ZrCeFe composition. The small Fig. 3(a)-(e) shows microstructures of various speci-
expansion at 400°C is related with the loss of binder and mens. The results of grain size measurements are given in
the inflection at 1170°C with the phase transition from Table 1. The average grain size, measured by a feature

monoclinic to tetragonal. analysis program and illustrated in Fig. 4, was similar for

Fig. 3. Scanning electron micrographs of various specimens. (a) ZrCe; (b) ZrCeFe; (c) ZrCeMn; (d) ZrCeCu; (e) ZrCeNi.
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Fig. 5. Impedance plots at (a) 397°C and (b) 598°C.
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all specimens examined and was in the range of 1.18-1.27
um. It was also observed an inhomogeneous grain size
distribution and practically no residual porosity.

Fig. 5(a)—(b) shows the impedance diagrams obtained
at 397 and 598°C respectively. Measurements were
performed in air. Through this technique it was possible
to separate the contribution of the grain and the grain
boundary resistivities. In Fig. 5(a) and (b), for each
specimen, the arc on the left (next to the Y or the ima-
ginary impedance axis) is due to the intragrain resistiv-
ity and the arc on the right (next to the intragrain
resistivity arc) is due to the intergrain resistivity. The
difference of intercepts of each arc on the X or real
impedance axis gives resistivity associated with the intra
or intergrain process. The arc on the extreme right (just
appearing on the low frequency end of the impedance
diagrams) is due to the relaxation of the electrode pro-
cess. It can be observed that the presence of transition
metals decreased the sample electrical resistivity of grain
and grain boundary when compared with the composition
ZrCe. The ZrCeFe composition showed the lowest resis-
tance. This reduction promoted by the iron in the elec-
trical resistance could be associated with the contribution
of the electronic conduction due to the presence of Fe ™3
and Fe "2. However, it can be observed that there is no
significant alteration in the impedance spectra for the
different compositions. That is, the spectra for all com-
positions are formed by simple semicircles with their
centers on the axis x. It was also observed in the
Arrhenius’s plots [Fig. 6(a) and (b)] no variation in the
slope over the entire temperature range of measure-
ments for the specimens with iron content, neither for
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Table 2
Activation energy values calculated from the impedance data for grain
(E,g) and grain boundary (E,,,) conductivity

Composition E,, (eV) E,gp (V)

ZrCe 1.03+0.02 1.264+0.03
ZrCeCu 1.01+0.01 1.26+0.02
ZrCeNi 1.03+0.01 1.25+£0.02
ZrCeMn 1.04+0.01 1.25+0.04
ZrCeFe 1.0440.02 1.224+0.03

intragrain nor for grain boundary conductivities. The
activation energy values calculated from the Arrhenius’s
plots in the temperature range of 350-700°C for intra-
grain and grain boundary conductivities are given in
Table 2. These results are in good agreement with the
literature ° and suggest that the conduction is mainly
due to ionic diffusion. At high temperature range, the
contribution from the grain boundary resistivity to the
total resistivity is expected to be relatively small because
the activation energy associated with oxygen-ion migra-
tion within the zirconia lattice is much lower than that for
the grain boundary resistivity. In this way, the role of the
grain boundary or the impurity phases (if present)
becomes more critical in the low temperature range. The
activation energy in the low temperature range consists of
activation energy of defect migration as well as activa-
tion energy for dissociation of defect-associates whereas
in the high temperature range where most defect-
associates dissociate, the activation energy is likely to be
mainly due to migration of oxygen-ion vacancies.!? 1!

T T T T LI T L
4 (b) 14
ZCeFe
2 ZCeMn 2
) ZCeNi)
ZCeCu
04 ZCe 4o
3
& 24 42
Q
[}
= 44 44
L
o
-
6 416
8 48
-104 —4-10

T T T T T T T T T
09 10 11 12 13 14 15 16 17 18
10%T (K™

Fig. 6. Arrhenius plots for (a) intragrain and (b) grain boundary conductivities.
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Table 3

Blocking factor (@) measured at 400, 500 and 600°C

Composition ®400°C ®500°C ®600°C
ZrCe 0.58 0.37 0.31
ZrCeCu 0.39 0.25 0.14
ZrCeNi 0.31 0.21 0.13
ZrCeMn 0.38 0.22 0.13
ZrCeFe 0.28 0.17 0.12

The influence of the grain boundary conductivity in
the total conductiviy can be evaluated through the
blocking factor (ag) '>!° defined from the impedance
diagram parameters by:

ar = Ryb/(Ry + Rev)

where R, and R, are grain and grain boundary resis-
tivities respectively. This factor gives the fraction of the
electric carriers being blocked at the impermeable internal
surfaces, under the measuring conditions, with respect to
the total number of electric carriers in the sample. Table 3
shows the blocking factor as a function of temperature for
all compositions. The lowest blocking factor was
observed in the iron-doped composition for all ranges of
temperature. It is well known that during sintering and
grain growth, impurities tend to accumulate at grain
boundaries, react with each other and undergo phase
exchanges with the bulk matrix components.'*20 Also
glassy phases at grain boundaries and triple grain junc-
tions can contain significant amount of yttrium removed
from the neighbouring zirconia-yttria grains.'®2° Many
of these glassy phases are molten at the sintering tem-
perature (=1450°C) used in this study and, therefore,
are quite mobile. The assumption that the observed
blocking effect in stabilized zirconia results directly
from the formation of blocked zones, where electric
carriers are trapped and do not contribute to the trans-
port of electric current. This effect decreases as the con-
ductivity of the matrix increases . These results suggest
that the iron can promote grain boundary cleanliness,
i.e. it can be promoting the impurities segregation in the
specific places of the microstructure, such as in the triple
point. This behaviour is well known in zirconia—yttria
compositions, where alumina promotes the silica segre-
gation at the triple point.?! Further investigation will be
carried out using HTEM to clarify the possible liquid
phase formation at the grain boundary.

4. Conclusion

Addition of 0.3 mol% of transition metals such as Ni,
Fe, Cu and Mn decrease both sintering temperature and

stabilization temperature of Ce-stabilized zirconia up to
150°C when compared with the undoped Ce—ZrO, system.
The transition metals do not affect the conduction
mechanism, as verified through the Arrhenius’s plots.
Beside the increase in the lattice conductivity, up to
three times, the dopants decrease substantially the grain
boundary blocking factor, being Fe,O3; more effective.
This could indicate that the dopants are forming a
liquid phase during sintering which can clean the grain
boundary by segregation of impurities at triple point.
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