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lonic conductivity in the ternary system
(Zr0O2)1-0.08x-0.12,~(Y203)0.08,—(Ca0)o.12,
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The total electrical conductivity of the samples in the ternary system
(ZrO2)1-0.08x—0.12y—(Y203)0.08x—(Ca0) 12, was measured by a direct current four-probe
method in the temperature range 773 to 1673 K. It was found that partial replacement of
Y,03 by CaO in the system ZrO,-Y,03 may enhance the electrical conductivity at higher
temperatures. At lower temperatures, however, doping CaO as the third component

into the system ZrO,-Y,03 depresses the conductivity. The observed mixed dopant effect
was then analyzed by considering the combined effect of both parameters appeared in the
traditional Arrhenius equation, the activation energy, E, and the preexponential factor, og,
on the temperature-dependence of the measured conductivity.
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1. Introduction CaO, MgO, etc, is usually lower than that of YSZ
Yttria-stabilized zirconia (YSZ) has been recognized[9, 10]. A recent study by Fernandes$ al. [11] on
as a good solid electrolyte in many important applica-the ternary system (Zrygs—(Y203)x—(CaOp.12
tions at high temperatures, such as oxygen sensors fahowed that the grain conductivity in this system in-
metal processing or combustion control, fuel cells forcreases as increases from 0 to 4 mol%, and then de-
electricity generation, and oxygen pumps for partialcreases slightly fok larger than 4 mol%. This seems
pressure regulation. During the past thirty yearsto say that, at least at some certain situations, the ionic
numerous work has been conducted to investigate theonductivity of YSZ may also be enhanced by dop-
electrical behavior of YSZ [1-5]. It has been stated thaing CaO as the third component into the 2r¥,03
the most conductive composition in the Zx€Y,03 system. If this were the case, the ternary systemyZrO
system is ZrQ stabilized in the fluoride structure by Y,03—CaO may be very attractive, mainly because of
the addition of about 8-9 mol%,03; and the typical the relatively lower cost of CaO compared with that
values of the oxygen-ion conductivity of this YSZ of Y,0s.
composition are about 0.1 S/cm at 10G0and about The purpose of the present study is, therefore, to
0.03 S/cm at 80CC. investigate the electrical behavior of the ternary sys-
Recently, a considerable interest has arisen in theem (ZrG)1—o.08x—0.12y—(Y203)0.0ex—(CaOp 12y. Note
mixed dopant effect on the ionic conductivity in sev- that, in the system we observed, the total dopant con-
eral ternary systems containing Zr@nd Y,Os3. For  tents were not kept constant. The reason why we chose
example, the system (ZeJd o—(Y203)0.1-_x—(Yb203)x  such acomposition is that the compositions (D3
was examined by Corman and Stubican [6] and a sligh€Y 203)0.0s and (ZrQ)o.ss—(CaO} 12 correspond to the
but steady increase in conductivity was observed whemaximum conductivities of Zrg-Y,03 and ZrQ—
Y,03 is replaced gradually by YiD3;. Similar phe-  CaO binary systems, respectively [9, 10]. Such a choice
nomena were also been reported by Ciaathal. [7] makes it much easier and more direct to compare the
and Kanekeet al.[8] when examining the ternary sys- electrical behavior of the ternary system with that of
tem ZrGQ-Y,03-S¢ 03, where the total dopant con- the most conductive composition in the Zr€Y,03
tents were restricted to 8 mol%. The enhancement isystem. In this study, only a direct current (d.c.) tech-
conductivity of the Zr@ and Y,Os containing ternary nique was employed to measure the conductivities of
systems by doping Y403 or SGO3 as the third compo- the materials we investigated, for it is the total conduc-
nent may be attributed partially to the fact that the ionictivity, rather than the grain or the grain-boundary con-
conductivities of both YpOs— and SgOs—stabilized  ductivity, that can be used as an index for evaluating
zirconia are higher than that of YSZ at higher temper-the applicability of a given material in a certain situa-
atures [7, 8]. tion. A detailed analysis on the grain-boundary effect
It is well-known that the ionic conductivity of cu- inthe ternary system (Zrh_o.08x—0.12y—(Y203)0.08x—
bic zirconia stabilized with a divalent oxide, such as(CaO), 12y will be reported later.
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TABLE | Composition of samples in the system (2)0.0.08x—0.12y—(Y203)0.08x—(CaO}.12y

Sample denotation Cyz01 CYZz02 CYZz03 CYZz04 CYz05
Composition Content of YSZ powdex, 1.00 0.75 0.50 0.25 0.00
(mol%) Content of CSZ powdey;, 0.00 0.25 0.50 0.75 1.00

2. Experimental
Two types of ultra-fine powders, yttria-stabilized zirco- ~ 10°F _ PR— P “1673K
nia with 8.0 mol% %03 (YSZ) and calcia-stabilized poe v
zirconia with 12.0 mol% CaO (CSZ), were prepared —~ [y YT v v 1473K
firstly by a co-precipitation method, respectively. After G 4 1273K
washing by distilled water, the co-precipitated products@, 10" F a- ' 1073K
were calcined in air at 80C for 2 h. The two types of [ 2
powders, YSZ and CSZ, were then mixed in proper.
proportions (Table I) by the conventional ball milling
with ethyl alcohol and zirconia balls in a plastic pot for
24 h. After drying at 80C for 5 h in air, all mixed pow- i
ders were uniaxially pressed at about 100 MPa and the ST e W .
isostatically pressed at about 220 MPato formdiscsol  4gsp, ., ., ,
gbouth 25 mm diamet(ejzr. FinaII)(/j, gll d.iscs \1\/56(;35 %i\éided 0.00 0.25 0.50 0.75 1.00
into three groups and sintered in air at
and 1600C for 3 h, respectively. Content of YSZ powder, x
The crystal structure of the sintered samples wasigure 1 Electrical conductivity as a function of composition for sam-
characterized with a X-ray diffractometer using &u- ples sintered at 155C.
radiation at room temperature and the results indicated
that all samples prepared in the present study consist of . .
a single phased fluorite-type solid-solution with cubic €St conductivity no longer appearsxat=1 at higher
symmetry. No other phases were observed in the xroemperature. Especially, the conductivity of sa_mple
experiments. CYZ02, (ZI'OZI)O‘gl—(Yzog)oloe—(CaO)),og, at1673Kis
The density of the sintered samples was determin(zgbOUt 20% higher than that of sample CYZ01. These

by the Archimedes method and achieved about 90% ofndings seem to suggest that partial replacement of
the theoretical value. Y,03 by CaO in the binary system ZgQY,03 may

The total conductivityg, of each sample was mea- result in an increase in the total electrical conductivity

sured as a function of temperature by a d.c. four—probé‘t h?gher temperature. ,
method. The sintered sample was cut into the shape of a Similar conclusion can also be deduced by analyzing
rectangle and four platinum-paste electrodes were fixel'® €xperimental data for samples sintered at 1600

onitas currentand voltage probes. The sample was thef{'d 1600C. Comparisons between the electrical con-

set on an alumina holder and heated in an electric furductivities of all of the five samples sintered at 1500
d 1600C are shown in Fig. 2a and b, respectively,

nace. The conductivity measurements were made ové}"" X . o
the temperature range 773 to 1673 K at about 50 rwhere the ratio of the measured electrical conductivity

temperature intervals during the cooling cycle. Aboutf €ach sampletothatof CYZ01, i.e., the binary sample
30 min was given after each temperature change paVith a composition of (ZrQo.s2—(Y20s)o.cs, i plotted
fore recording data. At each temperature, at least fiv@S & function of temperature. The temperature depen-

conductivity-data were recorded and then an averagdence of the mixed dopant effect is clear in each case:

value of these measured conductivity-dada was use@l the lower temperature range, all the ternary samples,
for the following analysis. YZ02, CYZ03 and CYZ04, show a lower conduc-

tivity when compared with the binary sample CYZ01,;

however, a pronounced mixed dopant effect on the con-

ductivity appears as the temperature is elevated.
3. Results The experimental phenomena shown in Figs 1 and
The compositional dependence of the electrical con2 are rather different with those observed in the
ductivity for all samples sintered at 15%Dis depicted ternary systems Zr-Y,03—Yb,03 [6] and ZrQ—
inFig. 1, where the isothermal variation of the measuredr ,03—S¢03 [7, 8], where a continuously increas-
d.c. electrical conductivityy, is shown as a function of ing tendency in conductivity was observed as the
X, the mole fraction of YSZ powder used in preparingamount of .03 replaced by YbO3 or SeOs increases
the sample. It can be seen that, in the lower temperatur@nd no minimum or maximum appears in the mea-
range,T < 1273 K, the highest conductivity is always sured conductivity—composition curves. A maximum
observed ax =1, i.e., the sample CYZ01 with a com- in the conductivity—composition curves was observed
position of (ZrQ)o.92—(Y203)0.0s. When temperatureis by Chibaet al. in the system (Zr@o7—(S603)0.3-x—
elevated further, however, tlle— x curves tend to flat-  (Yb2Oz3)x [12]. But this maximum appears in the whole
ten, i.e., the differences between the conductivities ofemperature range investigated, 600-1300 K, not only
all the five samples become smaller. Note that the highin the lower or higher temperature ranges.

ivity

= 873K

Conduct
3,
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ture dependence of the conductivity according to the

1.4 i Cvzo4 traditional Arrhenius equation [9, 10]:

o =0y exp(— %) (@8]

whereT is the absolute temperatukeis the Boltzmann
constant, and preexponential factglis a material con-
stant.

Ananthepadmanabhaet al. [13] found that the
activation energy,E, in the system [(ZrQ);_x—
(Ce)xlo.o—(Y203)0.1 increases as the ratio of the frac-
tion of ZrO, replaced by Ce@ X, increases from 0

01y 701

10'00 1200 1400 16'00 to 0.5 and then decreases wherincreases further.
T (K) This result was used to explain why a minimum was
observed whenx=0.5 in conductivity—composition
@ curves measured in the temperature range 1073 to

0.0

14 1471 K. When studying the electrical behavior in the
T CYz03 system (¥_xS6)03Zr070185, Yamamuraet al. [14]
\ also pointed out that, corresponding to the increase in
I CYZ01 l cYZ02 the conductivity measured at 1273 K, the activation
LOf AT energy decreases with the increasingn fact, the ac-

I tivation energy has also been used as an index by many
authors to compare the conductivities between different
ZrO;-based binary system. A well-known fact is that,
among all the Zr@-based binary systems, the system
ZrO,—S¢03 exhibits the highest ionic conductivity at
higher temperatures while also the lowest activation
energy [9, 10].

, ) . ) . ) . The variation of electrical conductivity with temper-
1000 1200 1400 1600 ature for all of the fifteen samples is shown in Fig. 3,
T (K) where logr is plotted against reciprocal temperature.
The linear nature of the graphs in all cases suggests that
() the temperature dependence of the conductivity can be
Figure 2 Comparisons of the conductivities for samples sintered atd€scribed approximately with Equation 1. The param-
() 1500C and (b) 1600C. eters included in Equation E andoy, for each sample
are calculated using a simple least-square regression
. . analysis and summarized in Table II.
4. Discussion In Fig. 4, the conductivity data measured at 1073 K
Our experimental results showed that a conductivand 1673 K are replotted against the activation energy,
ity maximum can be obtained in the ternary sys-g. Clearly, atthe lower temperature (1073 K), the mea-

tem (ZrQ)i1-o.0ex-012y—(Y203)o.0ex—(CaOp.azy Only  sured conductivitys, decreases with the increasing
at relatively higher temperatures. At the lower temper-

atures, partial replacement 0p®; by CaO in the sys-
tem ZrQ-Y,03 may depress the conductivity. Such a TABLE 11 Parameters included in Equation 1 for test samples
mixed dopant effect has rarely been reported in litera=

0.8

6 /06yz01

0.6
0.4

02— CYZ05

00

ture concerning the Zrbased electrolytes and war- SamPle E V) oo (Sfem)
rants a further discussion. Sintered at 150@

Although no experiment was carried out to ascertain cvzo1i 0.609 48.60
the type of charge carrier in the present study, the dom- CYZ02 0.998 969.82
inant charge carrier in the samples considered here was¢ Y293 0.796 218.63
assumed in the following discussion to be oxygen ion. ngg 8:328 ig;:;é

This assumption seems to be reasonable because ma§yiered at 155

papers have already reported that the electrical conduc-cyzo1 0.643 58.99
tivity in both ZrO,-Y,03; and ZrQ—CaO binary sys- CYZz02 0.969 703.35
tems is due to the migration of oxygen ion through the C€YZ03 0.922 462.00
CYZ04 0.927 473.53

oxygen vacancy [9, 10]. _ . CYZ05 0.890 269.12

Much attention has been paid to the variation of thegjntered at 160

activation energy for conductioif;, with the compo- CYzo1 0.655 75.27
sition when the dopant effect on the ionic conductivity CYZ02 0.924 556.07
was investigated in a given Zgbased ternary system. ~ CYZ03 1.003 1087.32
The activation energy of conduction for a given sample /204 1.036 1055.87
ay 9 P'€® cvzos 0.924 462.54

can be deduced by analyzing the measured tempera-
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Figure 4 Variation of the conductivity at different temperatures with the
activation energy.

activation energyE, similar to the phenomena ob-
served in other ternary systems mentioned above. At
the higher temperature (1673 K), however,s ob-
served to be nearly independen&afThe dotted line in
Fig. 4 represents the activation-energy-dependence of
the conductivity at 2073 K, where the conductivity data
were calculated, rather than measured, from Equation
1 with the parameters listed in Table Il. It can be seen
thatareverse trend, i.e., the conductivity increases with
E, may be expected when temperature is high enough.
Thus it seems to be impossible or insufficient to explain
the experimental results shown in Figs 1 and 2 only by
comparing the activation energy data.

In fact, as can be seen from Equation 1, the activation
energy is notthe only parameter used to characterize the
temperature-dependence of the measured conductivity
foragiven sample. During the past years, however, little
effort has been devoted to the preexponential faetor,

A direct comparison between the two binary samples
considered here, zirconia stabilized only with 8 mol%
Y203 (YSZ01) and zirconia stabilized only with 12
mol% CaO (CYZO05), shows that CYZ05 exhibits a
higher activation energy and a larges-value. The
higher activation energy in the ZgoCaO system has
been considered for a long time to be the main reason
why the observed conductivity in this system is lower
than that in the Zr@-Y,0O3 system [9, 10]. However,
such an explanation seems to be somewhat lopsided,
for a higher activation energy may result in a lower
conductivity, but on the other hand, a largervalue
may result in a higher conductivity. It seems to be more
reasonable to analyzing the conductivity—composition
relations by considering the combined effect of both the
parameters appeared in Equation 1, i.e., the activation
energy,E, and the preexponential factet.

In continuation of this idea, let us examine the rela-
tionship betweert andog. Hohnke [15] has proposed
that there exists a linear relationship between the log-
arithm of the preexponential factor, n, and the ac-
tivation energyE, for all the binary systems involving
ZrO,. A similar linear relationship has been found by

Figure 3 Temperature-dependence of the conductivity for samples sin/ROthmanet al. [16] to be held in the ternary system
tered at (a) 1500C, (b) 1550C and (c) 1600C.
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tion energyE. WhenT < Tp, increases with decreasing
E; whenT > Ty, o increases with increasirig. Espe-
cially, o would be independent & whenT = T,.

The above discussion is in good agreement with our
experimental results shown in Fig. 4 and seems to be a
satisfactory explanation for the observed mixed dopant
effect shown in Figs 1 and 2.

g, (S/cm)
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