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Impure zirconia stabilized by 12 wt% yttria concentrate (85 wt% Y203+15 wt% rare-earth 
(RE)) was found to have high grain and grain-boundary electrical conductivities. The 
influence of the RE on the segregation of impurities was studied for four different 
compositions. Microstructure features are evidence for the enhanced segregation of 
impurities due to RE ions. The increased grain and grain-boundary conductivities are 
a consequence of the segregation of impurities. 

1. Introduct ion 
Zirconia electrolytes have been extensively investi- 
gated in regard to their electrical properties [1-20], 
the influence of sintering aids on conductivity 
[21-31], the microstructure development of cubic, 
tetragonal, and partially stabilized zirconia [32-41], 
and their stabilization by ions of several ionic radii [1, 
2, 11, 13-15, 42]. Yttrium is the element most com- 
monly used to stabilize the cubic and tetragonal 
phases, but rare-earths (RE) and the combination 
yt tr ium-RE have also been used [1, 15, 27, 43]. Stud- 
ies of impure electrolytes stabilized by RE-ions or the 
combination RE + Y ions are few and do not corre- 
late microstructure with electrical properties [1, 15, 
21, 27]. 

The electrical conductivity of zirconia electrolytes 
in the temperature range 200-1000 ~ is known to be 
ionic in nature. The total conductivity, c~,, can be 
divided in two par t s -  the grain conductivity, Crg, and 
the grain-boundary conductivity, (Ygb' These conduc- 
tivities are differently influenced by such parameters 
as impurities, grain size, and ionic radius of the 
stabilizing ion. Generally, C~g behaves as follows: (1) 
% has its maximum value at ~ 8 tool % concentration 
of the stabilizing ion [3, 5, 9, 15]; (2) Eg, the activation 
energy for ~g, increases with the concentration of the 
stabilizing ion without discontinuity going from the 
tetragonal to the cubic phase [9]; (3) grain size has no 
effect on c~g nor Eg [33]; (4) on decreasing the ionic 
radius of the stabilizing ion, C~g increases and Eg de- 
creases [2]; (5) impurities decrease C~g (the effect of 
silica is more pronounced than A1203 when these 
impurities are dissolved in the lattice [8, 25]). Earlier 
works have considered that A13+ dissolved in the 
matrix would increase Crg [22, 23]. Butler and Dren- 
nan [27] found that A1203 acts as a scavenger for 

0022-2461 �9 1995 Chapman & Hall 

SiO 2. This is one possible reason for the observed 
increase in the conductivity of the A1203-doped elec- 
trolytes in these early works once silica is the most 
common zirconia impurity. The grain-boundary con- 
ductivity, CYgb, behaves as follows: (1) O-g b is very sensi- 
tive to impurities [26, 33] and it may change from 
2.6x 10 3 f U l c r a  -1 in a pure sample to 3.2x 10 -4  
f~- 1 cm- 1 in a 1 wt % SiO2-doped sample [8]; (2) Egb, 
the activation energy for CYgb, is higher than gg by as 
much as 0.15 eV in pure samples [33]; (3) CYgb in- 
creases with increasing grain size [33]; (4) impurities 
such as SiO2, Fe203, Cr203, and A1203 increase the 
electrolyte sinterability but reduce (Ygb as well as 
C~g E26, 28, 29, 31]. The influence of 0.4 tool % alumina 
on ~gb is 2.3 times larger than on Cyg [25]; (5) Badwal 
and Drennan [34], studying a high-purity electrolyte 
with low silica level (20 p.p.m), found that at temper- 
atures below 1500 ~ it was dispersed along the grain 
boundaries but when sintered at higher temperatures, 
it moved to pockets along the grain boundaries; (6) the 
influence of stabilizing ions of low ionic radii, such as 
Sc 3+ and Yb 3 § o n  (Ygb has been mentioned but not 
considered in a systematic way [1, 11, 15, 27, 45]. The 
presence of silica in the grain boundary allows the 
formation of a glassy phase. This was considered by 
Chaim et al. [40] and by Butler and Heuer [39] to be 
necessary to explain the formation of a narrow cubic 
zone around the growing grain in PSZ ceramics. 

In this work, a 99% pure commercial zirconia was 
stabilized by ~6  mol % YzO3 and 0.6 tool % REaO3 
producing PSZ samples. The influence of the RE on 
the microstructure and on the electrical bebaviour was 
observed and is discussed. Cost reduction for produ- 
cing conductive eletrolytes and the availability of the 
yttria concentrates were the starting points for this 
investigation. 
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2. Experimental procedure 
The starting materials for compositions preparation 
were 99% pure zirconia and concentrates of yttrium 
carbonates with 75% and 85% yttria concentration as 
shown in Table I. High-purity yttria, dysprosia, and 
erbia, 99.9% (Molicorp Corporation, USA) were used 
to prepare comparison compositions denominated 1, 
2, and 3, respectively. The compositions studied are 
shown in Table II. Composition 4 was prepared hav- 
ing 12 wt % of equivalent oxides from the 75%-rich 
yttria concentrate, while composition 5 was prepared 
in the same way but from the 85%-rich yttria concen- 
trate. Compositions 6 and 7 were prepared like com- 
position 5 but with 8 and 10 wt %, respectively, of the 
yttria concentrate in order to determine the minimum 
concentration of stabilizing ions necessary to have 
monoclinic phase free samples. 

Compositions preparation followed standard pro- 
cedures. The powders were first milled, dried and 
calcined to convert the carbonates to oxides and mil- 
led again, using zirconia balls, to 0.7 gm average par- 
ticle size. After spray drying, the powders were iso- 
statically pressed at 270 MPa in to discs of 13 mm 
diameter, sintered for 8 h at 1600 ~ in air and cooled 
to room temperature at a rate of 500 ~ h-1. From 
each composition, at least 20 discs were prepared. The 
density of the discs was measured to an accuracy of 
10- 3 g cm- 3 using Archimedes' method with distilled 

water as the immersion medium. X-ray diffraction and 
dilatometry were used to study the crystalline phases 
after sintering. Samples for observation of microstruc- 
tures were ground with successively finer grades of SiC 
papers, polished successively with 6, 3 and 1 gm dia- 
mond paste, and finished with 0.3 btm alumina slurry, 
and then thermally etched at 1550~ for 5 min. Op- 
tical microscopy using sodium light and shadow 
effects, scanning electron microscopy (SEM), and en- 
ergy dispersive spectrometry (EDS) qualitative analy- 
sis were used in this work. Electrical conductivity 
measurements were done using an HP 4592A LP 
impedance analyser in the frequency range 10 Hz to 
13 MHz. The grain, %, grain boundary, %b, and total 
cst, conductivities, were obtained by analysis of the 
impedance spectra of each sample through the com- 
puter program "Equivalent Circuit" [44]. The discs 
for electrical measurements had platinum electrodes 
in both faces obtained by applying a platinum paint 
(308A Demetron, Germany) on their polished surfaces 
and baking them at 1100 ~ for 30 rain. 

3. Results and Discussion 
3.1. Crystalline phase 
Sample compositions, described in Table II, have a 
total molar concentration of stabilizing ions (Y + RE) 
near 6.5% with the exception of composition 1 which 

T A B L E  I Chemical composit ion of the oxides (wt %) 

Y203 LazO3 Ce203 Gd203 Tb203 Dy203 Ho20~ Er203 Yb203 

Yttria A" 75.20 0.10 0.40 1.00 1.40 13.80 2.10 4.50 1.40 
Yttria B" 85.80 0.30 0.65 0.25 0.10 3.80 2.50 6.00 0.40 

ZrO2 HfO 2 SiO2 A1203 F%O3 TiO2 
Zirconia b 97.40 2.06 0.20 0.45 0.02 0.13 

a Nuclemon, Brazil. 
b TAM Ceramics, USA. 

T A B L E  II Percentage of oxides (mol %) in the studied compositions 

Composit ion 

Oxides 1 2 3 4 5 6 

ZrOz 90.830 91.220 91.260 91.460 91.180 92.310 
HfO2 1.130 1.130 1.130 1.130 1.130 1.150 
A1203 0.510 0.510 0.510 0.510 0.510 0..520 
SiO2 0.380 0.390 0.390 0.390 0.380 0.390 
TiO2 0.190 0.190 0.190 0.190 0.190 0.190 
La20  3 - 0.005 0.014 0.012 
Ce203 - - - 0.019 0.031 0.026 
Gd203 0.004 0.011 0.009 
Tb20  3 0.060 0.004 0.003 
DyaO3 - 0.600 0.353 0.586 0.160 0.133 
H o 2 0  3 0.088 0.110 0.090 
Y203 6.960 5.900 5.820 5.270 5.990 4.950 
Er20 a - - 0.345 0.186 0.250 0.204 
Yb203 0.056 0.016 0.013 
Y203 + RE 6.960 6.560 6.550 6.310 6.590 5.440 
RE 0.000 0.660 0.698 1.040 0.600 0.490 
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has ~ 7.0% (Y). Compositions 4 and 5 have dyspro- 
sium and erbium, respectively, as the RE with higher 
concentration. Composition 2 was prepared as a refer- 
ence for composition 4, and composition 3 was a refer- 
ence for composition 5. Composition 1, prepared from 
99.9% pure yttria, was a reference for all samples, 
especially for sample 2, because the ionic radius of 
Dy 3+ is very close to that of the y3 + ion, according to 
Shannon [45]. All compositions are cubic during sin- 
tering at 1600~ and cubic with a low fraction of 
tetragonal phase at room temperature according to 
the ZrO2 Y203 phase diagram of Chaim et al. [40]. 
The XRD and dilatometry measurements do not de- 
tect the monoclinic phase in compositions 1-5, but 
compositions 6 and 7 have 23% and 38% of the 
monoclinic phase, respectively, after having been sub- 
mitted to the same heat treatment as samples of com- 
positions 1 5. The XRD spectra were the same for 
compositions 1-5 and characteristic of the cubic 
phase. However, a small fraction of the tetragonal 
phase, not detected by XRD, must be present; we 
estimate that to be ~ 5% for compositions 1 [40] and 
a little higher for compositions 2-5. In fact, the optical 
and scanning electron micrographs show the presence 
of the tetragonal phase precipitates in all composi- 
tions. The density measurements of compositions 1-5 
gave the following results as the percentage of their 
theoretical density: 90%, 91%, 92%, 93%, and 94%, 
respectively. From the microstructures it is seen that 
composition 1 has a much larger number of grain 
pores than composition 5. This matched the trend of 
the density measurements. The porosity influence on 
the electrical conductivity has been studied by Pascual 
et al. [10] who found that there is no effect when the 
porosity is smaller than 15%. The maximum porosity 
of our samples is lower than this value, and the differ- 
ence between them is even smaller. Therefore, we will 
assume that the observed difference in conductivity 
among our samples is not influenced by porosity. 

3.2 .  C o n d u c t i v i t y  m e a s u r e m e n t s  
The impedance spectra of compositions 1-5 have 
well-defined grain, grain-boundary, and electrode 
contributions. Fig. 1 shows the impedance spectra for 
compositions 3 and 5. Compositions 6 and 7 have 
a more complex spectra with mixed grain and grain- 

boundary contributions while yet allowing the 
measurement of ~t- The ~g, I~gb, and ~t temperature 
dependence are very well described by the Arrhenius 
equation ~T = A exp ( - E / K T )  in the temperature 
range 550-900 K. Experimental points are shown 
only in Fig. 2. Points taken from the literature are 
shown for comparison in Fig. 3. Experimental points 
from compositions 6 and 7 do not fit the Arrhenius 
equation well and will not be considered further; how- 
ever, they gave a good indication of the strong effect of 
the 23 % of the monoclinic phase on the conductivity. 
Parameters of the Arrhenius equation, A and E, are 
shown in Table III together with recalculated data 
from the literature. Table IV shows the conductivities 
from several other works compared with our data 
from composition 5. The grain conductivity for com- 
position 5, ~g5 is 3.5 times higher than ~g~ and nearly 
the same as for the high-purity samples of the litera- 
ture; but it is 10 times less than the yttria-scandia- 
doped sample [43], Table IV. The grain-boundary 
conductivity of composition 5, ~gbs, is also 3.5 times 
higher than (Ygbl and higher than any other reported 
value in the literature. Taking into account the purity 
of the starting materials, the concentration of stabiliz- 
ing ions and the powder processing used to prepare 
our samples, the high value found for (~gb5 is surpris- 
ing. The activation energy, Eg, shows little variation 
among our samples but is significantly lower than 
Eg for samples with higher yttria concentration. 
Values for Egb are higher than Eg as usual but are near 
the same value as ~gb for pure samples, Table III. 

In order to compare better the cr~ variation among 
our samples, the following calculations were per- 
formed. The C~g for samples 2 5, c~g~, was approxi- 
mated by the first-order correction for concentration 
variation Ac~ by ~g~ = (Ygi- Ac~ dcy/dc. We used 
d(y/dc from Kuwabara et al. [5] and Ac~, the differ- 
ence in yttria concentration relative to sample 1. 
A similar correction was performed considering the 
influence of the ionic radius on ~g taking dc~/dr from 
Stafford et al. [2]. These calculated values expressed 
as ~g~/C~g~ are shown in the bottom row of Table V. 
The same ratios, in this case directly calculated from 
the experimental data, Fig. 3, at 833 ~ are shown in 
the top row. From this table it can be concluded that 
the influence of the RE on the conductivity is an 
indirect effect and therefore must be looked for in the 
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Figure 2 Arrhenius plots for the total conductivity, cq, for composi- 
tions 1-7. Stars are for composition 6. 

microstructural development of each composition. 
Considering that alumina and silica are impurities 
that decrease both ~g and ~gb, their concentration in 
the grain and grain boundary must have been lowered 
on going from compositions 1-5. The scavenger effect 
of the alumina on silica, as found by Butler and 
Drennan [27], already contributes to the electrolyte 
cleaning without the presence of the RE ions. We 
consider that the  only possible influence of the RE 
ions must be made through the difference between 
their ionic radii and that of the y3+ ions. If this 
assumption is correct, the influence of Dy 3 + must be 
the smallest; that is, the conductivity of composition 
2 must be the closest to composition 1 because the 
Dy 3+ ion is only 0.8% larger than the y 3 +  ion, while 
Er 3+ is 1.5% smaller according to Shannon [451. 
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Figure 3 Arrhenius plots for grain (g) and grain-boundary (gb) 
conductivity for compositions 1 5. Points are from the literature 
(see Table IV). 

Taking the misfit Ar/r of each RE ion relative to the 
y3 + ion and its respective molar concentration, % the 
total size misfit, Eq(Ari/r), was calculated for composi- 
tions 2 5 and is shown in Table VI. From this table 
the samples can be divided into two groups: composi- 
tions 2 and 4 having RE ions larger than the y3 + ion, 
and compositions 3 and 5 having the smaller ones. 
From the conductivity measurements, compositions 
can also be classified in the same two groups. There- 
fore, it seems that the smaller RE ions have a larger 
influence on the segregation of impurities. 

3.3. Microstructures 
The evolution of microstructures during sintering was 
studied by optical microscopy in time intervals of 2 h 
as shown in Fig. 4. The following common features 
among the compositions were observed: grain pores, 

T A B L E I I I Activation energy, E (eV) and pro-exponential, A ( 106 f~- 1 cm - 1), for Go, ~gb, and ~ from the Arrhenius eq uation (see Table IV) 

This work Literature (see last columm Table IV) 

1 2 3 4 5 A B C D E 

Eg (eV) 1.02 0.98 1.00 1.00 1.00 1.09 1.13 1.13 1.04 1.06 
Ag(106~- t cm -1 ) 1.20 1.50 2.30 1.70 3.50 12.0 12.0 9.0 5.60 6.10 
Egb (eV) 1.17 1.17 1.16 1.17 1.18 1.18 1.15 1.15 1.18 1.24 
Agu(106 f~- ~ cm -~ ) 312 312 378 312 410 240 210 35 220 250 
E, (eV) 1.05 t.01 1.03 1.01 1.04 - - 
At(106 f~- 1 cm -1 ) 1.80 1.90 3.40 2.10 5.50 . . . .  

4 3 5 8  



T A B L E  I V  Electr ical  conduct iv i t ies  from the l i te ra ture  (recalculated) compared  wi th  compos i t i on  5 of this  work.  (g = grain;  gb = gra in  

boundary)  

Reference Sinter ing Stabi l izer  Impur i t i e s  Ln c~T 103/T Ln c~T See See 
temp. ( m o l % )  (tool %) (f2 i c m - 1 )  (K -1) (f2-1 cm -1) Fig. 2 Table  

(~ C o m p o s i t i o n  5, I I I  

This  w o r k  

34 1700 10.0 Y 2 0  3 -- 0.95 (gb) 1.40 + 0.85 (gb) a - 
34 1600 10.0 Y 2 0  3 - 1.20 (gb) 1.40 + 0.85 (gb) b 

34 1900 10.0 Y 2 0  3 - 0.80 (gb) 1.40 + 0.85 (gb) g - 
8 1900 10.1 Y 2 0 3  - - 2.90 (gb) 1.60. - 1.90 (gb) d B 

8 1900 10.1 Y203  - - 4.72 (gb) 1.60 - 3.60 (gb) B 

8 1500 10.0Y203 2.2 S i02  - 4.18 (gb) 1.55 - 1.20 (gb) s C 

8 1500 10.0 Y 2 0 3  2.2 SiO2 - 3.35 (gb) 1.50 2.40 (gb) r C 

25 1700 8.0 Y 2 0 3  - - 2.60 (gb) 1.60 - 1.90 (gb) c D 

25 1700 8.0 Y2O 3 - q- 0.20 (g) 1.30 - 0.10 (gb) p D 

25 1700 8.0 Y 2 0 3  0.40 A1203 + 1.90 (g) 1.14 + 1.80 (gb) - E 
25 1700 8.0 Y 2 0 3  0.40 AlzO3 + 2.90 (gb) 1.14 + 5.80 (gb) E 

11 2000 7.75 Sc203 + 1.20 (g) 1.20 + 1.10 (g) - 

2 1600 12.0 Y b 2 0 3  -- 3.35 (g) 1.55 - 3.00 (g) t 

2 1600 12.0 G d 2 0 3  - - 5.20 (g) 1.55 - 3.00 (g) u - 

15 1650 4.0 Y203  + 4.0 Y b 2 0 3  - + 1.24 (g) 1.14 + 1.80 (g) - - 

33 1676 8.9 Y 2 0  3 - - 1.17 (g) 1.38 -- 1.00 (g) A 

33 1676 8.9 Y 2 0  3 - + 0.05 (gb) 1.40 + 0.85 (gb) A 

26 1460 9.3 Y 2 0 3  - 0.52 (g) 1.29 0.00 (g) 

26 1460 9.3 Y 2 0 3  - 0.28 (gb) 1.29 + 2.30 (gb) 

45 1750 3.0 Y203  + 5.0Sc203 - + 3.45 (t) 1.20 + 1.10 (t) - - 

T A B L E  V G r a i n  conduct iv i t ies  ra t ios  at 833 K 

1.80" 2.10" 1.70" 3.00" 
0.92 b 0.93 b 0.89 b 0.95 b 

D a t a  from Fig. 2. 

b (yg corrected for concen t ra t ion  va r i a t ion  Ao/Ac [5] and  RE  radi i  

A~/Ar [2]. 

T A B L E  VI  Tota l  size misfit, Z cAr/r relat ive to y3+  radius  for 

each compos i t i on  

C o m p o s i t i o n  

1 2 3 4 5 

Z cAr/r (mol %) 0.0 + 0.5 - 0.2 + 0.3 - 0.1 

Ar/r = [r (RE 3+) - r ( Y 3 + ) ] / r ( y 3 + )  

c = R E  m o l a r  concen t ra t ion  

grain-boundary pores, and impurity phases at triple 
points and grain boundaries. Observation of the sin- 
tering process was also followed by SEM for some 
samples. Grain pores were in the largest number in 
composition 1 decreasing to the lowest value for com- 
position 5. The impurity phase along the grain bound- 
aries grows in the first 4 h sintering and decreases 
thereafter. The impurity phase at triple points is al- 
ready well developed in the first 2 h sintering. Com- 
position 5 shows a clean grain boundary at the end of 
the sintering process. The phase development at the 
grain boundary and its further cleaning is less pro- 
nounced in composition 1. 

The average grain size of all compositions after 8 h 
sintering was almost the same: 25 gm and ranging 
from 12-45 ~tm. The scanning electron micrographs, 
in Fig. 5, show details of the microstructure-a pre- 
cipitate-free zone in the grain along the grain bound- 
ary, grain precipitates, pockets, triple points and clean 
grain boundaries. The triple points and pockets were 
EDS analysed and found to be rich in aluminium, and 
aluminium and silicon, respectively, as shown in 
Fig. 6. The signals found for zirconium and yttrium 
are likely to be contributions from the matrix grains. 
Iron and gold signals are from equipment and sample 
preparation, respectively. The precipitate phase on the 
matrix grains we attributed to the small percentage of 
tetragonal phase from the transformation cubic ~ tet- 
ragonal that occurred during sample cooling, accord- 
ing to the observations of Chaim et  al. [40]. The 
precipitate-free zone has already been observed by the 
same authors in a 12 wt % Y203 ZrO2 system and by 
Buttler and Heuer [39J in calcium and magnesium 
partially stabilized ZrO2. This zone is a common 
feature of compositions 2-5, while in composition 
1 the concentration of tetragonal precipitates was 
lower, making it difficult to observe. The EDS analysis 
of this zone has shown only zirconium and yttrium. 
However, the EDS analysis was not sensitive enough 
to detect the low level of titanium and rare-earths in 
any region of the microstructure such as grains and 
grain boundaries. 

From the results described above, the following 
conclusions can be drawn. During grain growth 
alumina is preferentially segregated to triple points, 
possibly the larger particles. Silica and alumina fine 
particles are partially dissolved in the lattice due to the 
high rate of grain growth, and partially segregated at 
the grain boundaries. The dissolved fraction is 
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Figure 4 Optical micrographs of the microstructure of composition 5 during sintering: (a) 2 h; (b) 4 h; (c) 6 h; (d) 8 h. 

dependent on the RE present in the sample. With 
further sintering time, when the grain-growth rate has 
slowed, the segregation of silica and alumina is more 
efficient. In this stage, the phase at the grain bound- 
aries goes to grain-boundary pockets, pores, and triple 
points. The influence of the RE is also noticeable on 
the grain-growth rate in the early sintering stages, 
decreasing the concentration of pore grains in com- 
position 5 compared with composition 1. Therefore, 
the electrical conductivity of our samples is a conse- 
quence of the process described above -g ra in  and 
grain-boundary cleaning of alumina and silica. 
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However, it remains to be discussed how the rare- 
earths minority ions have such an influence on the 
microstructural development. As already mentioned, 
the only relevant difference between the y 3  + ion and 
the RE 3 § ions is the ionic radius. Smaller and larger 
RE ions than the y3 § ion will generate an additional 
size misfit in the matrix when a substitution occurs. 
The elastic energy due to this misfit may consequently 
change the segregation of other solutes in these mul- 
tiple solute samples. The driving force for the segrega- 
tion process is of an elastic nature only because the 
y 3  + and RE 3 § ions have the same electrical character. 
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Figure 6 EDS qualitative analysis of selected areas of the micro- 
structure for composition 5: (a) pocket in the grain boundary; (b) a 
triple point. 

Figure 5 Scanning electron micrograph showing "tweed"-type 
structure in the grains of two samples from composition 5: 
(a) selected-area showing pockets, triple point and a precipitate-free 
zone along the border of the left grain; (b) precipitate-free zone, 
0.5 ~tm thick. 

The influence of the rare-earths must, therefore, occur 
at the grain interface. The solute segregation at ce- 
ramic interfaces by elastic, electric, and dipole force 
fields has been studied by Yan et  al. [38]. Numerical 
calculations were performed by these authors for the 
segregation of Ca 2§ a majority solute, and Mg 2+, 
a minority solute, in KC1. Their results show a strong- 
ly increased segregation of the Mg 2§ ions at the 
interface due to Ca 2+ ions. A similar behaviour is 
expected in our ceramic electrolytes resulting in the 
increased segregation of the smaller impurity ions 
such as A13+ and Si ~+ to the grain boundaries. The 
grain-boundary enrichment with silicon increases 
c~ and provides the necessary amount of silica for the 
dewetting of the grain-boundary phase with a con- 
sequential increase in CYgb. In addition, according to 
Chaim et al. [40], this silica-rich grain-boundary 
phase is necessary to produce the precipitate-free 
zone. In the model proposed by these authors, yttria 

enrichment of the grain boundary is also necessary, 
but it was not found in our measurements. It should 
be noted that the precipitate-free zone of our samples 
can be as thick as 2 gm, while in the work of the above 
authors [40] it is 0.1 ~tm. 

Calculations involving a large number of solutes, 
as in our samples, would be tedious and difficult. 
However, a detailed analysis of the interface and 
grain boundary of new samples neodymium- and 
ytterbium-doped are underway using transmission 
electron microscopy (TEM) and precision micro- 
analysis. 

The dewetting of silica from the grain boundaries, 
even in electrolytes where its concentration is very 
low, was observed by Badwall and Drennan [34J. 
Also highly conductive grain boundaries have 
been measured in samples stabilized by low radius 
ions, as is the case for the Y203-Sc203 samples 
studied by Ciachi and Badwal [43]. The total 
conductivity, %, found by these authors for the 
system ZrO2 + 3 mol % Y203 + 5 mol % Sc203 and 
In c~, T = 3.45 f~- 1 cm-  i at 833 K. Therefore, this is 
also the minimum value for CYgb, nearly the same 
as  O'gb 5, 
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4. Conclusion 
The electrical conductivity and microstructure of the 
multisystem ZrO2-YaOa RE203 (A1203, SiO2, TiO2 
impurities) were investigated. 

For an Y203-RE203 concentration of 12 wt% 
(~6.5 tool%), the system exhibited a cubic matrix 
with tetragonal precipitates. Monoclinic phase is also 
present only in compositions where the Y203-RE203 
concentration is 10 wt % or lower. The electrical con- 
ductivity of the monoclinic phase-free samples is very 
close or higher than that of electrolytes prepared from 
high-purity zirconia. The observed influence of the RE 
ions among our samples cannot be explained in terms 
of the differences in sample porosities [10] or the 
beneficial influence of the RE of small ionic radius in 
pure zirconia [2]. 

It is considered that the way through which the RE 
ions would enhance the ionic conductivity is by in- 
creasing segregation of impurities. One result of the 
impurity segregation is the growth of clean grains. The 
other is a grain-boundary phase capable of migrating 
to pockets, grain-boundary pores, and triple points. 
We believe the elastic field generated by the size misfit 
of RE ions in the ZrO2-Y203 matrix may increase the 
segregation of the small radius impurity ions. This is 
supported by: (1) calculations done by Yan et al. [38] 
in KCl on the enhanced segregation of Mg 2 § ions by 
Ca 2 + ions; (2) formation of a precipitate-free zone in 
the interface region of the growing grain- an indica- 
tion according to Chaim et  al. [40] that enough silica 
has been segregated to produce a viscous phase in the 
grain boundary during grain growth; (3) the reduced 
porosity of the Y 2 0 3  RE203-doped samples and con- 
sequently a smaller grain-growth rate in the early sin- 
tering stage than in the sample doped only with Y203. 

Although RE ions with ionic radii larger than the 
y3 + ion have a beneficial effect on the segregation of 
impurities (Dy3+), our results seem to indicate that 
a smaller ionic radius (Er 3 +) has a more pronounced 
influence. Coincidentally, it has been found in the 
literature that small rare-earth ions such as Sc 3 + in 
a ZrO 2 Y 2 0 3 - 8 c 2 0 3  system [43] increase not only 
the grain conductivity but also the grain-boundary 
conductivity (Table IV). 
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