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Abstract

Up to 1-0mol% Nb,Os was added to 9 mol% Y,03-
stabilized ZrQ,. The bulk resistivities were measured
by the complex impedance approach, the additions of
NbO5 were found to increase the resistivities. The
defect structure change caused by the additions of
NbyOs was studied by the positron annihilation
technique (PAT ), it was found that the additions of
Nb>Os can decrease the Vs concentration and
increase the (Y', N5Y', )" concentration, and pos-
sibly decrease the mobility of V5, which explains the
increasing bulk resistivities. The additions of Nb,Os
are expected to suppress the formation of defect
associates, however, only adverse experimental
results were found, suggesting that such kind of
defect reactions are impossible in the low Nb,O;
concentration of the present work. © 1997 Elsevier
Science Limited.

1 Introduction

When a trivalent oxide, e.g. Y,03, is added to ZrO,
as stabilizer, certain amount of lattice defects, e.g.
oxygen vacancies Vg and negatively-charged
solutes Y, , are produced in the ZrO, lattice. The
conductivity of stabilized-ZrO, is determined by its
defect structure, chiefly including Vg, Y/, and the
defect associates between them in the case of Y,0;-
stabilized ZrO, (YSZ). Pentavalent oxides are
positively charged, opposite to the stabilizers, when
dissolved in the ZrQO, lattice, the addition of pen-
tavalent oxides in the stabilized-ZrO, will definitely
affect the original defect structure, thus also the
properties of the stabilized-ZrO,. Ta,Os'~* has
been found to affect the phase stability and the
electrical properties of ZrO,, and Nb,Os has also
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been found to dramatically change the grain-
boundary conductivity of ZrO,.* Some attempts
have been made to illustrate the defect structure
changes involved in these phenomena,*> however,
a direct study of the defect structure change is still
lack, thus this will be the subject of present work.
The positron annihilation technique (PAT) has
been proved to be a useful tool for studying the
defect structure in metals and ceramics.%’ Perhaps
due to the complexity of ceramics, there are few
positron annihilation studies until recently. The
recent applications of PAT in La-doped BaTiO; 8
and other ceramics,”!? have shown that the posi-
tron annihilation is very sensitive to vacancy-type
defects in ceramics, and PAT has been recently
successfully used in the study of the defect struc-
ture change involved in the solid-state sintering of
YSZ!! by one of the authors. In the present work,
the effect of Nb,Os on the defect structure of YSZ
will be studied via PAT. As the grain-boundary
properties have been studied in Ref. 4, and the
defect structure change usually produces the most
immediate effect on bulk properties, the present
work thus concerns only the bulk resistivities. The
Kroger—Vink notation is used throughout this

paper.

2 Experimental

The compositions of specimens are listed in Table 1.
The starting materials are ZrO, with a purity of
99.5 wt%, Y,03 with a purity of 99-99 wt% and
Nb,Os with a purity of 99-5 wt%. The specimens
were prepared by the conventional ceramic proces-
sing method which involves mixing, ball-milling,
pressing and sintering at 1500°C for 2h. For elec-
trical measurement, silver electrodes were applied
by painting.

The resistances of the specimens were mea-
sured via the complex impedance approach in a
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Table 1. Compositions of specimens

Table 3. Positron lifetime parameters

Specimen Composition Specimen t(ps) 1;(%) 7tafps) D(%) t.(ps)
ONbYZ Zr0,—-9 mol% Y,0; ONbYZ 181-3 94.5 407-3 5-5 193-8
0-5NbYZ Zr0;—9 mol% Y,03;—0-5 mol% Nb,Os 0-5NbYZ 182-8 95-1 423.2 4.9 194.5
1.ONbYZ Zr0,—9 mol% Y,0;—1-0 mol% Nb,Os 1.ONbYZ 183-6 95.3 420-8 4.7 194.7

frequency range of 20-1MHz with a HP4285A
precision LCR meter, and the bulk resistances were
separated out by the analyses of the complex
impedance plots according to the equivalent circuit
initially proposed by Bauerle.!?

The measurements of positron lifetime spectra
were carried out at room temperature by a fast—
fast coincidence lifetime spectrometer with a
resolution (FWHM) of 262 ps. A 15 uCi 2?NaCl
positron source was used in the measurements. A
normal  specimen-source-specimen  sandwich
arrangement was adopted, and a total of 10°
counts in each spectrum was collected. After sub-
tracting the source and background contribution,
all lifetime spectra were analyzed with two compo-
nents by the program POSITRONFIT EXTEN-
DED.

3 Results

The bulk resistances of the specimens Ry, measured
at 450 and 500°C are given in Table 2. Every Ry
value is the average one of three measurements. In
order to eliminate the dimensional effect of the
specimens, the corresponding bulk resistivities pp
are calculated from p,=Ry(s/l), where s/l is the
cross-section/length ratio of the specimens. The pp
values are also given in Table 2, and p, increases
with increasing Nb,Os content.

The positron lifetimes 7; and 15, and their rela-
tive intensities I; and I, are given in Table 3. The
average lifetimes t, are calculated according to
1, = 11]) + 1215, they are also given in Table 3. The
long life time component 7, whose intensity is very
small, about 5-0%, most probably arises from the
positron annihilation in the positron source and
the pores in the specimens, so 7, can be neglected
in the present work. 7, reflects the comprehensive
effect of every factors in the positron annihilation

Table 2. Electrical data of the specimens

Specimen 450°C 500°C

Ry(Q)  pp(Sem)  Re(Q)  py(S2em)
ONbYZ 1050 4596 330 1444
0-5NbYZ 1140 5288 330 1526
1-O0NbYZ 2500 7612 807 2456

measurement. As shown in Table 3, the 7; and 1,
have the same changing tendency, though different
values, 7; thus reflects the comprehensive effect of
every factors in the specimens. 7; and I; increase
slightly with increasing Nb,Os content.

4 Discussion

The lattice defect in YSZ are the grain boundaries
and point defects. The major point defects in YSZ
are Y/, and Vg. However, Vg will repulse posi-
trons due to its positive charge. Because of cou-
lombic interaction between the charged defects,
some defect associates may be formed. It has been
proved that (Y, Vg) is the dominant defect
associate in dilute Y,O3; and ZrO, solution; in
ZrO, with high Y,O; concentration, the formation
of (Y, V5Y,,)* is possible.!*'® The formation of
defect associates in CeO,—Y>0; solid solution has
also been proposed.!” The formation of defect
associates binds some Vg to the Y/, sites, making
V& unavailable for the conduction purpose. The
positively charged defects will repulse positrons, so
PAT is only sensitive to (Y7, V5 Y%, )* in YSZ. The
above defect reactions can be summarized as fol-
lows

Y,0; — 2Y/,, + V5 + 30% (1)
2+ V8 = (Y, V5) (2)

(YZV8) + Yz — (Y, V5Y%) (3)

In these defect reactions, the resulted defects of
anterior reactions are the starting defects of pos-
terior reactions.

The grain boundaries of an ionic crystal can be
described as a double layer-like structure with an
interface region and adjoined space-charge region.
The interface region may carry an electric potential
resulting from the presence of excess ions of one
sign, and this potential is compensated by the
space-charge region with opposite sign. The grain
boundaries of YSZ have been studied by one of the
authors,*182! the defect structure at the grain
boundaries can be schematically presented as
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Fig. 1. The space-charge potential in YSZ is proved
to be negative, which corresponds to an Y/, seg-
regation and an Vg depletion in the space-charge
region, whereas the potential of the interface
region should be positive to compensate the nega-
tive space-charge potential. The addition of Nb,Os
does not dramatically change the grain-boundary
defect structure of YSZ,* because the positively-
charged grain-boundary interface prevents the
segregation of niobium to the grain boundaries.
The positively-charged grain-boundary interfaces
will surely repulse positrons, and as the Vg con-
centration is very low in the space-charge region,
the formation of (Y',, Vg Y',,)* is highly impossi-
ble, the space-charge region will thus also repulse
positrons. As a result, the grain boundaries make
no contribution to the PAT measurement results,
ie. 7y and I; reflect essentially the effect of the
defect associates in the bulk. The slightly increasing
1) and I, shown in Table 3 means that the concen-
tration of (Y', Vg Y/, )* increases slightly with
Nb,Oj5 content.

The same as Y,03;, Nb,Os can only be substitu-
tionally dissolved in ZrO,, because it is obviously
impossible to be interstitially dissolved when con-
sidering the relatively large radius of Nb°* with
respect to the interstices in the ZrO, lattice.
According to a former work of one of the authors,*
the most probable dissolving mechanism of Nb,Os
in ZrO, is

Nb,Os — 2Nbg; + 2¢ + 405 + 1/20,  (4)

The addition of Nb,O5 does not introduce new
positron-sensitive defect into YSZ, but introduces
2 mol% free electrons for every molar fraction of
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Fig. 1. Defect distribution in the grain—boundary interface
(gbi) and the space-charge region of the YSZ specimen.'’

Nb,Os. The free electrons thus produced may
annihilate Vg by the following defect reactions

2e+ V3 — (2eVg)* (Sa)
or
2e + V5 — null (5b)

so the Vg concentration in the specimens with
Nb,Os additions is reduced. If the annihilation of
V¢ is accomplished by the formation of color cen-
ters (2e Vg)*, which will induce the color of brown
or gray in the specimens,?>?3 then the color of the
specimens with Nb,Os additions should not be
white. However, this is not the case. Therefore, the
annihilation of Vg should be accomplished
according to eqn (5b). The annihilation of Vg can
also be explained by the compensation effect
between the acceptor (Y,0;) and the donor
(Nb,05).>?* According to eqn (2), the concentra-
tion of (Y, Vi) is also reduced due to the reduced
Vg concentration. The total concentration of Y,
according to eqn (1), should be 18 mol% in the 9
mol% Y,0;-stabilized ZrO,, thus the Y, concen-
tration after the reaction (2) should be [Y/,]=18—
[(Y?,, V&], the square brackets indicating concen-
tration. The reduced [(Y’;, V&) ] increases the [Y7, ]
in the reaction (3), this may increase the concen-
tration of (Y, Vg Y,)*, according to eqn (3). The
slightly increasing 7; and I; show that this is just
the case.

The addition of Ta,Os or Nb,Os to YSZ does
not change the conduction mechanism.3* The bulk
conductivity o, = 2eu[Vg], u is the mobility of Vg,
the reduced [Vg] surely increases the bulk resistiv-
ity. Nb*>™* ion on the Zr** site implies a net effec-
tive charge of + 1, which repels Vg. This increases
the difficulty of the Vg movement in the YSZ lat-
tice, so the mobility decreases, which also increases
the bulk resistivity. These two factors explain the
increasing bulk resistivities shown in Table 2.

In addition, there may be another possible defect
reaction involved in the Nb,Os additions. Because
of the expected repulsive force between Nbz, and
Vg, the introduction of Nbyz, into YSZ may sup-
press the formation of the defect associates, even
split the already formed defect associates, i.e. two
defect reactions defined as follows may occur

bz:
(Y}, V8 Y1) (Y, V&) + Yl (6)

Nbz,
(Y, V5) —>Y', + Vg (7)

which will increase the concentration of mobile V.
This surely decreases the concentration of the only
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positron-sensitive defect associate in YSZ: (Y, Vg

%Y . However, this certainly will also decrease t;
and I, and the bulk resistivities. From the experi-
mental results, we can unequivocally see that such
defect reactions are highly impossible, at least at
the low Nb,Os concentrations of the present work.
This result is in accordance with the work of
Choudhary and Subbarao.?

5 Conclusion

The additions of Nb,Os to YSZ decrease the con-
centration and mobility of Vg, as a result, the bulk
resistivity increases. And the additions of Nb,Os to
YSZ also increase the formation probability of the
defect associate (Y, Vg Y',)*. Besides, the intro-
duction of Nb,Os into YSZ is expected to suppress
the formation of the defect associates, however, the
present work does not support such a postulation.
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