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Effect of impurities on sintering and 
conductivity of yttria-stabilized zirconia 
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The effect of low concentrations of Fe203, AI203 and Bi203 on the sintering behaviour 
of (ZrO2)o.83 (YO1.s)o.17, made by alkoxide synthesis, has been investigated. The best 
results are achieved with Bi203 as a sinter agent and a relative density of 95% is obtained 
at 1200 K. The effects of these impurities on the electrical conductivity of the bulk and 
the grain boundaries has been investigated using frequency dispersion analysis (101-106 
Hz). All investigated impurities have a negative influence on both the bulk and grain- 
boundary conductivity. For Fe203 and AI203 grain-boundary segregation factors of 
about two are calculated. 

1. Introduction 
The ionic conductivity of ceramic cubic stabilized 
zirconia depends on the concentration and mobility 
of oxygen vacancies. At higher concentrations 
of the stabilizing component (Ca 2+, y3+, lanthanide 
ions) the concentration of mobile oxygen species 
is considerably smaller than its nominal value 
calculated from simple defect chemical con- 
siderations. These defect concentrations, that are 
effective in the conductivity, may be considerably 
influenced by small amounts of impurities present 
in the starting oxide powder. 

Sometimes, impurities are introduced purposely 
in order to lower the sintering temperature required 
for a relative density > 95% in order to improve 
the mechanical properties or to regulate the grain 
size and grain growth. Many studies have been 
reported in the literature concerning the effects 
of  addffives on sintering, e.g. Fe203, SiO2, A1203 
or Bi203 [1-4].  Radford and Bratton [1] reached 
a density of 81% theoretical density when yttria- 
stabilized zirconia was sintered at 1550 K for 3 h. 
Introduction of 5 mol % Fe203 increases this 
density by about 10% to 91.5%, while 1 tool % 
A1203 gives an increase of 6.5% in relative density. 
The addition of 1 -3  mol % Bi~O3 lowers the 
sintering temperature from 1970K to 1350K 
while the resulting ceramics have a comparable 

*Present address: Philips Research Laboratories, Eindhoven, 

0022--2461/82/113113-10503.70/0 

density (92-95%) and the grain size decreases 
from 90#m to 5/am [2]. 

In most cases impurities have a negative effect 
on the bulk and grain-boundary conductivity 
[4-6].  If the impurity is uniformly distributed 
throughout the grain volume, the relative change 
in bulk and grain-boundary conductivity should 
be the same [6]. However, it is frequently observed 
that the grain-boundary conductivity decreases 
more strongly than that of the bulk. 

At low impurity concentrations this is due to 
the formation of a segregation layer of impurities 
in the grain boundary. A second phase is generally 
formed at higher concentrations. In this case the 
effect on the electrical conductivity depends 
strongly on the distribution of this second phase, 
which in many cases concentrates at multiple 
grain junctions or along grain-boundary edges 
[7, 8]. If large concentrations of impurities are 
present, a second-phase film around the grains 
can be formed in the case of very good wetta- 
bility of the grains by this film and a strong 
influence on the electrical properties is then 
observed [9]. 

The influence of Fe203 on the conductivity 
has been investigated by several authors. The 
solubility limit of Fe203 in the cubic lattice 
depends on the thermal history [3,4] and lies 
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in the region of 2-3mo1%. Wilhelm and 
Howarth [3] measured the effect of F%Oa on 
the conductivity of yttria-stabilized zirconia. 
These authors took measurements at a fixed 
frequency and, therefore, could not distinguish 
between bulk and grain-boundary effects. The 
results of Inozemtsev and Perfil'ev [6] concern- 
ing the influence of F%O3 on the grain-boundary 
conductivity are, in our opinion, contradictory. 
Bernard [4] performed frequency dispersion 
measurements on only one iron concentration and 
found a negative effect of F%Oa on the grain- 
boundary conductivity. 

According to Bernard [4], A1203 has a positive 
effect on the grain-boundary conductivity, but the 
effect of the grain size was ignored. Inozemtsev 
and Perfil'ev [6] found that A120 a has a negative 
effect on the grain-boundary and bulk conductivity. 
According to Keizer et  al. [10], Bi203 has a nega- 
tive influence on the conductivity but they did not 
report a detailed study. In a recent study, Verkerk 
et  al. [11] found that the specific grain-boundary 
conductivity of high purity (ZrO2)o.83(YO)1.s)o.17 
is a hundred times lower than that of the bulk. 

Therefore we started this study to investigate 
whether segregation of A1203 and F%O3 could 
be the cause of this grain-boundary effect and 
whether introduction of Bi2Oa results in grain- 
boundary layers with a composition which is 
different from that of the bulk. 

The ionic transport numbers of pure and iron- 
doped yttria-stabilized zirconia are about 1 for the 
temperature range (600-900 K) and the atmos- 
phere (air) we used [3]. For bismuth-containing 
components there is no electronic component 
found in this temperature range and for oxygen 
partial pressures > 10 -6 atm [25]. 

The starting oxide used in this work is a very 
pure and sinter-reactive powder. In this material 
impurities are added to a much higher percentage 
than present in the starting powder. In this way 
the influence of a specific impurity on sintering 
and conductivity can be studied. 

combustion by the method described in [13]. The 
concentrations of other impurities are below the 
detection limit of X-ray fluorescence and emission 
spectrometry. 

The impurities (Bi2Oa, F%O3 and Al203) were 
added in several ways in order to achieve as 
homogeneous a distribution as possible. 0.74 and 
2.20 mol % Bi203 (Merck) were thoroughly 
mixed with the ZY 17 powder by dry milling. 
In an additional experiment, 2.20 mol % Bi203 
was introduced as a solid solution of (Bi203)0.Ts 
(Y203).25 (BY 25) by dry milling. Finally the 
dopants were added by impregnation. Bi203 
(2.20 tool %) was introduced as a solution of 
Bi(NO3)3 (Baker) in HNO3. The iron and alumin- 
ium 2.4 pentanedione derivatives (Baker "grade") 
dissolved in toluene were used for the addition of, 
respectively, Fe203 (0.43, 0.89 and 2.10 mol %) 
and Al203 (0.78 tool %)to the ZY 17 powder. All 
slurries were dried in air at 350 and 390 K and 
0.5 h, respectively, and calcined at 620 K in air 
for 0.5 h. 

The powders were isostatically pressed at 
400 MPa and sintered for 3 h in a tube furnace. 
The temperature profile of the furnace during the 
sintering process is reported in [11 ]. The densities 
were measured using the Archimedes technique 
(in Hg). The ceramic structure of polished and 
thermally etched specimens were investigated 
using a scanning electron microscope (SEM) 
type JEOL JSM U3 with an EDAX-unit mounted 
on it. The grain size was measured according to 
Mendelson [14]. X-ray diffraction experiments 
were performed with a Guinier-Simon camera 
with Pb(NO3)2 as the internal standard. 

A Solatron 1174 frequency response analyser 
was used for a.c. conductivity measurements in 
the frequency range of 101-106 Hz (in air). The 
specimens were machined to the desired size and 
provided with sputtered platinum electrodes. 
Further details concerning connections and the 
frequency dispersion method are described in 
[11]. 

2. Experimental details 
The starting (ZrO2)o.sa(YOl.s)o.17 powder (ZY 
17) was prepared by the alkoxide method as 
previously reported [11]. The composition 
measured by X-ray fluorescence is: 17.0at% 
Y, 2.0 wt % Hf and 0.01 wt % Fe. Si (0.03 wt %) 
and A1 (0.01 wt %) were measured according to 
[ 12]. C (0.42 wt %) was measured after quantitative 

3. Results and discussion 
3.1. Sintering 
The sintering behaviour of doped and undoped 
ZY 17 is given in Fig. 1. In comparison with pure 
ZY 17 all the doped samples showed a decrease 
in T s (T s is defined as the temperature at which 
the relative density is 95% or more). If 2.20 tool 
% Bi2Oa is introduced by dry milling, Ts even 
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Figure 1 Sintering behaviour of doped and pure ZY 17. 
o :  ZY 17. (a) u: ZY 17 + 0.74 tool% Bi203. o: ZY 17 + 
2.20mo1% Bi20 a (dry milled as Bi203). i: ZY 17 + 
2.20mo1% Bi203 (dry milled as BY 25). ~: ZY 17 + 
2.20 tool % Bi203 (impregnated as Bi(NO3)3). (b) c~: ZY 
17 + 0.43 tool% F%O 3. o: ZY 17 + 0.89mo1% F%O 3. 
v: ZY 17 + 2.10moi% F%O~. v: ZY 17 + 0.78 tool% 
A1203. 

decreases from 1520K to 1200 K. In a tem- 
perature interval of 50 K there is a steep increase 
in density from about 50% to 90%. The material 
impregnated with a bismuth nitrate solution has a 
higher Ts compared with the dry milled materials 
and exhibits a less steep density increment over a 
temperature interval of 150 K. Keizer et  al. [10] 
reached a sintering temperature of 1350 K when 
2A mol % Bi203 was added to (ZrO2)o.a4(YOl.s)o. 16 
using commercial powders as starting materials. 
We can conclude that T~ decreases more effectively 
by introducing Bi203 in ultrafine alkoxide 
powders. 

The large decrease in sintering temperature 
when bismuth oxide is introduced by means of 
dry milling may be ascribed to a liquid-phase 
sintering mechanism. This is not, as expected, a 
simple liquid Bi203 film because Bi2Oa introduced 
in the form of BY 25 is as effective as pure Bi2Oa. 
The melting point of BY 25 is higher than 1250 
K and a possible mechanism that may operate is 
the formation of a liquid phase by the reaction 
between BY 25 and ZY 17, e.g. a low-melting 
Bi203-ZrO2 solid solution [24]. This will be 

a point for further investigation. The effect of 
introducing Bi203 (dry milling or impregnating) 
on T s could be ascribed to the difference in initial 
distribution of Bi203 in the starting material. 
SEM pictures from sintered specimens of the dry 
milled materials showed large pores. These pores 
have the same size as the original crystallite sizes 
of Bi203 and BY 25 used in the starting material. 
This gives some support to the suggested liquid- 
phase mechanism during sintering. Large pores 
were not found in the impregnated material and 
make the impregnating process of  more potential 
interest for preparing materials for thin walls or 
thick films. A further investigation on the effect 
of Bi203 distribution is necessary before any 
conclusions could be drawn on the sintering 
mechanism. 

The effect of Fe20~ and A1203 is less pro- 
nounced than that of Bi203. There is a decrease 
in T s of about 150 K by introducing 0.89 mol % 
F%O3. The difference in T S between the 0.89 
mol % and 2.10 mol % Fe2Oa-doped material 
is negligible (see Fig. lb) so we can use the lower 
dope concentration for making sinter-reactive iron- 
doped powders. 

The sinter reactivity of the iron- and aluminium- 
doped materials is not brought about by a liquid 
mechansism. This is also assumed by Bernard [4]. 
As discussed in Section 3.2.2., there is an enrich- 
ment of F%Oa and A1203 in the grain boundary. 
The resulting impurity drag to the grain-boundary 
impedes grain growth during sintering [15]. 
Smaller grains, having a larger grain-boundary 
energy, do have a positive effect on the sintering 
temperature. The similar sintering behaviour for 
the samples containing 0.89 and 2.10 tool % F%O3 
(having the same Ts; see above) can be explained 
by the impurity drag mechanism if the grain- 
boundary concentration of F%O3 during densifi- 
cation is the same for these two samples. Investi- 
gations of the grain boundary by means of STEM 
are in progress. 

3.2. Effect of impurities on the 
conductivity 

3.2.1. Characterization of the samples 
Conductivity measurements were performed on 
samples with the same grain size and density in 
order to eliminate the influence of these two par- 
ameters on the measurements [11]. Table I gives 
the sintering temperature (Ts), relative density, 
grain size (dg) and the lattice constant of the cubic 
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TABLE I Sintering temperature, density, grain size and lattice constant of pure and doped (ZrO~)o.83(YOl.s)0.17 

Composition T s (K) Density (%) dg ~m) Lattice constant (10 -1~ m) 

(Zr02)o.83(YOl.s)o.ls 1525 98 0.7 5.1410 [12] 
+ 0.74 mol % Bi203 1375 96 0.7 5.1540 [10] 
+ 2.20 mol % Bi203 1275 97 0.8 5.1640 [10] 
+ 0.43 mol % Fe203 1445 96 0.7 5.1393 [ 10] 
+ 0.89 mol % Fe203 1420 98 0.7 5.1376 [ 10] 
+ 2.10 mol% F%O 3 1415 96 1.0 5.1365 [6] 
+ 0.78 mol % A1203 1460 96 0.8 5.1408 [13] 

phase from the specimens used. Typical micro- 
structures of the bismuth and iron doped material 
are shown in Fig. 2. 

X-ray diffractometry of the Bi203-doped 
materials showed a fraction of a monoctinic 
ZrO2 phase. The clusters of smaller grains in Fig. 
2a are ascribed to this monoclinic phase. The 
method of introducing Bi203 (dry milling or 
impregnating) had no effect on the cubic lattice 
constant and the amount of monoclinic phase. 
This amount was determined from the ratio of 
intensities of the (1 1 1) peak of cubic ZY 17 and 
the (i-11) peak of monoclinic ZrO2 using a curve 
from standard mixtures. From this graph it was 
calculated that 19wt% monoclinic ZrO2 was 
present in the 0.74 mol %-doped material sintered 
at 1375 K. In the same way 38 wt % monoclinic 
ZrO2 was found in the 2.20 mol % Bi203-doped 
material sintered at 1275 K. 

Assuming the monoclinic phase does not 
contain yttrium, the composition of the cubic ZY 
phase becomes ZY 21 and ZY 27 for the 0.74 and 

2.20mol%-doped materials, respectively. The 
cubic lattice constants measured by Baukal and 
Scheidegger [16] for ZY 17, ZY 21 and ZY 27 
are, respectively, 5.1405 x 10 -1~ m; 5.1470 x 
10 -1~ m. The somewhat higher values of the lattice 
constants found for the Bi203-doped materials 
(see Table I) could be due to the dissolution in 
the cubic phase of some bismuth [2], which has a 
larger ionic radius than Zr or Y [17]. 

By means of X-ray diffractometry, no second 
phase was found in the F%O3- and A1203-doped 
materials used for conductivity measurements. 
However, EDAX analysis of the 2.10mo1% 
F%O3-doped specimen (T S = 1415 K) showed an 
iron-rich second phase, of which the amount was 
too small for detection by X-ray diffractometry. 

Fig. 3 shows the lattice constants on the pure 
and iron-doped ZY 17. From this figure it can be 
seen that a decrease in the lattice constant appears 
with increasing amounts of added F%O3. This 
decrease in lattice constant can be interpreted as 
a substitution of the smaller iron ions in the fluorite- 

Figure 2 SEM pictures of polished and thermal-etched specimens. (a) ZY 17 + 0.74 mol % Bi203. (b) ZY 17 + 0.43 
mol % F%O 3. 
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Figure 3 Plot of lattice constant against the concentration 
of Fe20 ~ added to ZY 17. o: samples cooled down slowly 
to room temperature, o: after quenching from 1475 K. 

type lattice of ZY 17. The ionic radii calculated 
by Shannon and Prewitt [17] of Fe 3§ y3.  and 
Zr 4§ are, respectively, 0.55 x 10 -1~ m; 1.015 x 
10 -1~ m and 0.84 x 10 -1~ m. Consequently, a 
decreasing value of the unit cell dimension implies 
an increasing amount of  dissolved Fe203. 

We can also conclude from this figure that the 
solubility limit of F%O3 in Zy 17 is (1.1 -+ 0.1) 
mol % of specimens sintered in the region of 
1415-1445 K and slowly cooled to room tem- 
perature. Because of this cooling process the 
temperature a t  which equilibrium is obtained is 
not well defined. This "fictive" temperature is 
anyway lower than the sintering temperature. 
2.10 tool % Fe203 dissolves completely in the 
cubic ZY 17 phase at 1475 K as can be con- 
cluded from the lattice constant of the quenched 
material (see Fig. 3). This shows the strong effect 
of temperature (increasing solubility with increas- 
hag temperature) and cooling process on the 
dissolution of Fe2 O3. 

X-ray diffractometry measurements of the 
A1203-doped material showed no second phase. 
The cubic lattice constant of  this specimen is 
almost the same as that of undoped materials 
(see Table I). AP + has an ionic radius of  0.53 x 
10-1~ [17], which is even smaller than the 
radius of Fe 3§ When A1203 dissolves in the 
matrix one expects a larger decrease in lattice 
constant than for the iron-doped material. There- 
fore we may conclude that a small amount of 
Al~O3 can dissolve in the cubic matrix. This agrees 
with the results of  Bernard [4], who found a 

solubility of  0.1 mol% A1203 in (Zr02)o.91 
(Y203)o.o9 at 1570 K. 

3.2.2. Electrical measurements 
The frequency dispersion measurements were 
analysed using the equivalent electrical circuit 
given in Fig. 4a. The interpretation of the grain- 
boundary resistance and the grain-boundary 
capacity will be discussed below. The complete 
diagram is given in Fig. 4b. The relevant con- 
ductivity and capacity data are determined using 
the equations: 

Rb = R, (A/L)  (1) 

Rgb = (R2 -- R , )  (ALL) (2) 

Cgb = (1/(R2--R1)co2) (L/A) (3) 

where AlL is the area/length ratio of the sample 
and the frequency co = 2rrf. 

In the brick layer model proposed by Van Dijk 
and Burggraaf [18] it is assumed that the grain 
boundary consists of a homogeneous layer with a 
much higher specific resistivity than that of  the 
bulk material. There is no parallel conduction path 
along the grain boundaries. This model results in 
the equivalent electrical circuit shown in Fig. 4a. 
Pure yttria-stabilized zirconia is well described by 
this model [11] and it is expected that this will 
be the case in the majority of  the samples reported 
here (well-developed microstructure, a very small 
or no second-phase content). 

Fig. 5 shows the semicircle due to grain-bound- 
ary dispersion for several samples. For all the 
samples, except ZY 17 with 2.20 tool% Bi203, 
the depression of the semicircles has a value of 
7 - 9  ~ and does not vary with temperature. The 
depression of the semicircle for ZY 17 with 
2.20 tool % Bi203 is about 30 ~ This means that 
the equivalent electrical circuit given in Fig. 4a is 
not valid. In this case a meaningful interpretation 
of the complex impedance diagram in terms of a 
model is difficult. Fig. 6 gives the Arrhenius 
plots of  the bulk and grain-boundary conductivity 
for several samples. The values of the activation 
energy, Ea, pre-exponential factor log ao and the 
grain-boundary capacity Cgb are summarized in 
Table II. The deviation is given in the 90% reliabil- 
ity interval. 

3.2.2.1. Fe203-doped samples. Fig. 7 gives at,, agb 
and ab/ag b at 773 K as a function of the iron 
content. Taking into account the solubility limit 
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(Section 3.2.1.) the bulk conductivity decreases 
linearly with increasing iron content and Ea(b ) 
does not change. The grain-boundary conductivity 
decreases more strongly with increasing iron 
content than the bulk conductivity, as clearly 
shown by the increase of Ob/ag b with increasing 
iron content. Ea(gb) also increases slightly with 
increasing iron content (see Table II). These data 
point to an enrichment of iron in the grain bound- 
aries and will now be discussed. 

Second-phase particles were only found for the 
sample with 2.10 mol % F%O3 (Section 3.2.1.). 
It was shown [7, 8] that small amounts of second 
phase in most ceramic systems are concentrated 
at multiple grain junctions, either in the form of 
pockets or sometimes interconnected along three- 
grain edges. If we assume that this situation holds 
for the materials studied here, then a negligible 
part of the grain-boundary surface is covered with 
this second phase and constriction of the current 
will be of minor importance. This is confirmed 
by the continuity of Ogb and Ea(gb ) across the 
solubility limit (see Fig. 7 and Table II). Hence, 
the brick layer model will be used for the iron- 
doped samples. 
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Figure 4 (a) The total equivalent electrical 
circuit, originally proposed by Bauerle [20]. 
(b) Complex impedance diagram represent- 
ing the circuit shown in (a). Rb, resistance 
of the bulk. Rgb, resistance of the grain 
boundary. Rd, resistance of the electrode. 
Cgeo , capacity of the bulk. Cgb, capacity 
of the grain boundary. Cel, capacity of the 
electrode. 

In this model the following relations for Cg b 

and agb were derived [19]: 

Cgb = eo er(gb) f~g b (5) 

dg 
Og b = (lg~ ~gb (6) 

where e~(gb) is the permittivity of the grain- 
boundary material, 6gb is the grain-boundary 
thickness, and ogsg is the grain-boundary con- 
ductivity corrected for the dimensions of the 
grain boundary. Within experimental error, Cgb 
is not influenced by the iron content and 6g b 
can be calculated from Equation 5. A reasonable 
value for e~(gb) is the permittivity of the bulk 
material. Using e = 70 [18, 21] 6gb is estimated 
to be (4.2-+ 0.4) nm. Applying Equation 6 we 
can conclude that the decrease of agb as a function 
of the iron content can be ascribed to a decrease 
in the specific grain-boundary conductivity, crg b.sp 
For pure ZY 17 and the sample doped with 2.10 
mol%F%03 at 773 K, ~g~ values are 8.4 x 
10 .4 and 1.8 x 10 .4 g2 -1 m -1, respectively, and 
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Figure 5 Complex impedance diagrams in air. The fre- 
quency is given in kHz. ZY 17 with (a) 0.74 mol % Bi203 
at 765K; (b) 2 .20mol%Bi203 at 800K; and (c) 0.43 
mol % Fe203 at 776 K. 

Ob/a ~ values are 105 and 195, respectively.* The 
stronger decrease of o ~  with the iron content in 
comparison with that of Ob can be explained in 
terms of an enrichment of iron in the grain bound- 
ary.  

A segregation factor of about 2 was calculated, 
assuming that the mechanism by which kon influ- 
ences the conductivity is the same for the bulk and 
for the grain boundary. Bernard's [4] data show 
the same features. On the basis of %b found in 
this study we calculated for (ZrO2)o.a31(YO1.s)o.169 
and (ZrO2)o.s31(YOl.s)o.lso(FeOl.s)o.o19 at 773 K 
and dg =3/.tm, ab/a ~ values of  310 and 920, 
respectively, resulting in a segregation factor of 
about 3. The driving force for this enrichment of  
iron may be a decrease of the strain energy because 
the ionic radius of  Fe 3+ is much smaller than that 
of  Zr 4+ and y3+. 

3. 2. 2.2. AI2 03-doped sample. As shown in Section 
3.2.1. the solubility of A1203 in ZY 17 is very 

*This ratio is different from the ratio given in Fig, 7. In Fig. 
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Figure 6 Bulk (open points) and grain-boundary (closed 
points) conductivity of several samples: ZY 17 (u), ZY 
17 with 2.1 tool% Fe203 (A) and ZY 17 with 0.74rno1% 
BizO 3 (o). 

small. Some second-phase particles will be present. 
As discussed above for the sample containing 
2.10 mol % Fe203 constriction will play only a 
role of minor importance. In comparison with the 
pure sample % decreases from 9.0 x 10 -2 to 
7.7 x 10 -2 ~-1 m-1 and Og b from 14.2 x 10 -2 to 
9.8 x 10 -2 ~-1 m-1 (773 K). The A1203-dopant 
does not influence Ea(b) and Cgb whereas Ea(gb) 
is significantly increased. With 6gb = 4.2 nm then 
~gb is calculated as 4.6 x 10 .4 ~-2 -1 at 773 K. For 
the pure sample and the A1203-doped sample, 
the values for ab/%~ are 105 and 167, respectively. 
Bernard [41 found that Oh, Ea(b ) and Ea(gb ) did 
not change as a function of the A1203 content. 
This is not in conflict with our measurements 
because for Bernard's samples the (YOl.s+All.s) 
concentration is kept constant. On the basis of  
6g b = 4.2 nm we calculated for Bernard's samples 
[4] with dg = 4.5 ~m and T = 773 K: the values 
of Ob/e~ are 430 and 585-+ 90 for (ZrO2)o.a31 

70"g b is not corrected for grain-boundary dimension& 
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TABLE II Activation energies and log o 0 for the bulk and grain-boundary conductivity for ZY 17 and doped ZY 17 

Composition Ea(b) log o 0 (b) Ea(gb ) log % (gb) Cg b 
(kJ mo1-1 ) (s -1 m -a ) (kJ mo1-1) (s2 -1 m -1 ) (10-7 Fm -a ) 

(ZrO2)0.s3(YOa.s)o.17 106 -+ 2 6.11 • 0 .17  107 +- 2 6.36 +- 0.13 1.14 -+ 0.18 
+ 0.74 mot % Bi203 110_+3 5.82+-0.19 123+-2 6.60-+0.16 0.46-+0.06 
+ 0.43 tool% Fe203 104 • 4 5.87 +- 0.26 109 +- 7 6.39 -+ 0.43 1.07 +- 0.18 
+ 0.89 mol% F%O~ 101+-5 5.60+-0.36 114-+9 6.58-+0.72 0.90+-0.20 
+ 2.10 mol % F%O 3 107 • 3 5.81 +- 0.18 116 +- 3 6.44 +- 0.28 1.02 -+ 0.18 
+ 0.78 tool % AI~O 3 105 +- 4 5.73 -+ 0.34 125 +- 5 7.47 -+ 0.35 1.24 +- 0.32 

(YO1.5)o.169 and (ZrO2)o.831(YO1.5)0.169_x(A11.S)x 
with x = 0.008 "~ 0.031, respectively. We can now 
conclude that  the grain boundary is slightly 
enriched with aluminium oxide. This cannot, 
however, explain the increase in the activation 
energy of  the grain boundary,  because in this case 
the same effect would occur for the bulk activation 
energy (which is not  observed). Obviously the 
mechanism by which the bulk and the grain- 
boundary conductivity are affected by the impurity 
is different. 

We can conclude that  the large effect of  grain 
boundaries on the conductivity of  the pure material 
(Ob/O~ = 105 at 773 K) cannot be explained by  
impuri ty segregation of  Fe 3+ and/or  A/3+ only. 
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~j 
. ~ 8 -  

8 s 

4- 

773 K / 

/ 

\ \  

- 1.0 

-0.8 

-0.6 

~b/O'gb 

mol % Fe203 
Figure 7 Bulk conductivity (o), grain-boundary conductiv- 
ity (o) and ob/og b (D) as a function of the iron content. 
Dashed line and dashed point give o b after correction for 
the solubility limit (see text). The grain-boundary con- 
ductivity for the sample containing 2.10 mol % F%O~ is 
corrected for the grain size effect to dg=  0.7 ttm accord- 
ing to Equation 6. 

3.2.2.3. Bi203-doped samples. The bulk conductiv- 
i ty of  the sample with 0.74 mol % Bi203 is 2.39 x 
10 -2 s -1 m -1 at 773 K, this is a factor 3.8 smaller 

than that  for ZY 17. The decrease in the bulk 
conductivity can be mainly ascribed to the increase 
in the y t t r ium content.  The bulk composit ion of  
this sample is ZY 21, as discussed in Section 3.2.1. 
The conductivity of  ZY 21 is a factor 2.8 lower 
than that for ZY 17, as calculated by  extrapolating 

from the data of  Inozemtsev and Perfil 'ev [20]. 
However, according to these authors, Ea(b ) should 
increase by 20kJmo1-1,  whereas we find an 
increase of  4kJmo1-1.  This difference may be 
explained in the following way. It was shown by 
Keizer et al. [10] that  some Bi203 is dissolved 
in the main phase. The Bi 3+ ion has a high polariz- 

ability. Introduction of  such an ion in a tetra- 
hedron plane results in a more negative value of  
the polarization energy. Therefore, the energy 
during passage through the tetrahedraon plane is 
decreased, resulting in a lower activation energy 

[231. 
The grain-boundary conductivity of  the sample 

with 0.74 tool % Bi20 3 is 1.61 x 10 -2 ~2 -1 m -~ at 
773 K and this is a factor 8.8, smaller than that for 
ZY 17. In the sample a large amount of  second- 
phase particles are present on the grain boundaries 
(Section 3.2.1.). Therefore, constriction of  the 
current at the grain boundaries can be expected 
and partly accounts for the measured effect. 
However, the increase in the activation energy 
of  the grain boundary with 16kJmo1-1 cannot 
be explained in this way.* 

As discussed above, no higher activation energy 
can be expected if the grain-boundary layer is 
enriched with bismuth ions. Therefore, enrich- 
ment  of  y t t r ium ions is most probable.  Preliminary 
Auger experiments o n ~  fractured surface of  ZY 
17 with 0.74 and 2.20 mol % Bi203 showed that 
the grain boundary is indeed enriched wi th  y3+. 
Further  studies are now being performed. 

*According to Bauerle's [ 19] constriction model, Ea(b) should be equal to Ea(gb). 
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Figure 8 Conductivity of ZY 17 with 0.74 tool % Bi203 
(o) and of ZY 17 with 2.20mol%Bi203 (u) at lkHz 
(o =) and at 10kHz (o u). 

As discussed above, the interpretation of  the 
frequency dispersion diagrams of  ZY 17 with 
2.20 mol % Bi203 is not possible using the equiv- 
alent electrical circuit shown in Fig. 4a. Some 
information can be obtained from conductivity 
data at a fixed frequency. The conductivity at 
1 and 10 kHz, as shown in Fig. 8, is lower for 
the sample containing 2.20 tool % Bi203 than for 
the sample containing 0.74 mol % Bi203. This is 
quite plausible because the sample with 2.20 tool 
% Bi203 contains more second phase and the bulk 
has a higher yttrium content (Section 3.2.1 .). 

4. Conclusions 
1. O) Introduction o f  0.9mo1% F%O3 in ZY 17 
reduces the temperature Ts at which the relative 
density is 95% or more by 150 K. A larger amount 
o f  Fe203 does not lower T s significantly. 

(b) The conductivity o f  the bulk and the grain- 
boundary decreases linearly with increasing iron 
content. A maximum grain-boundary enrichment 
factor o f  2 ~ 3 was calculated for iron. 

2. Introduction o f  0.78 tool % AlzO3 reduces 
T s by 100 K. A1203 does increase the activation 
energy of  the grain boundary by 20 kJ tool -1 and 
decreases the bulk and grain-boundary conductiv- 
ity. It was calculated that the grain boundary is 
only slightly enriched with AI203. 

3. In the pure material the specific conductiv- 
ity o f  the grain boundary is i00 times lower than 
that of  the bulk. This effect cannot be ascribed 

to the low concentrations of  F%O 3 and A1203 
present in the pure material. 

4. Introduction o f  0.74 and 2.20mo1% Bi203 
decreases T s by 150 and 325K, respectively. A 
large amount o f  ZrO2-rich second phase is present 
at the boundary, while bulk and grain boundary 
are probably yttrium enriched. The result is a 
strong decrease of  the conductivity, which is more 
pronounced than that o f  F%O3 and A1203. 
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