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Abstract

The grain boundary resistance of 9 mol% Y,0;-
stabilized ZrO, with Al,O; addition was measured
by the complex impedance approach. The effect of
Al,O; addition on the grain boundary resistance was
analyzed from the aspects of microstructure and
crystal defects by means of SEM, EPMA, TEM
and the positron annihilation technique. The Al,O;
addition up to 5 mol% was found to reduce the
grain boundary resistance per unit surface area of
the grain boundaries and the activation energy for
the grain boundary resistance. This phenomenon
was explained by the scavenging of the grain bound-
ary impurities, e.g. SiO,, by the Al,O; and the for-
mation of the crystal grain boundary phases with
very high defect concentration. By the analyses with
a simplified theoretical model, the Al,O; addition
was considered to have no detrimental effect on the
emf of the ZrO, oxygen sensor.

1 Introduction

In polycrystal ceramic materials, grain boundaries
have a large, often controlling importance for prop-
erties. The studies on grain boundary behavior are
essential for the design of ceramic materials, and
the control and optimization of their performances.
Thus a concept of ‘grain boundary engineering’
was put forward, i.e. to improve the properties of
ceramics by modifying grain boundaries.! Now
the grain boundaries of ZrO,-based solid electro-
lyte have attracted much attention.

As one of the most important solid electrolytes,
much research has been performed on ZrO,.
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Although the research results are not totally in
keeping with each other, the following points have
been clarified: (1) the grain resistivity of polycrystal
ZrQ, is equivalent to that of a single crystal, and
it is usually not affected by sintering temperature,
atmosphere and heat treatment;® (2) the efforts to
reduce the grain resistivity by changing composi-
tion (e.g. adding Y,0,;, CaO, MgO, rare earth
oxides, and two, three or more oxides are simulta-
neously added) are now nearly exhausted, the
optimum stabilizer concentrations, €.g. 89 mol%
Y,0; or 13-14 mol% CaO have been generally
established;’ it is difficult to find a new stabilizer
which can remarkably reduce the grain resistivity
in a expectable period; (3) the property and
structure of grain boundary phases are strikingly
influenced by impurity, sintering temperature, atmo-
sphere and heat treatments;* (4) the ZrO, grain
boundary resistivity may be lower or higher than
that of grain due to the difference of segregated
elements and variation of grain boundary struc-
ture.>® All these points suggest that a feasible way
to further enhance the ionic conduction of ZrO,
is to reduce the grain boundary resistivity
by adding a new kind of ingredient. In order to
densify ZrO, during sintering, certain amounts of
Al,O; were often added to ZrO,.” After further
study, it was discovered that Al,O; can also
reduce the resistance of ZrO,! In this paper,
ALO; up to 5 mol®% is added and the grain
boundary resistance is studied.

2 Experimental Procedure

2.1 Preparation of specimens

The compositions of specimens are listed in Table 1.
Powders used to produce the specimens were
prepared from ZrOCl, - 8H,0, YCl; and AlCl, by
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Table 1. Compositions of specimens

Specimen Composition

0AYZ Zr0,-9 mol% Y,04

1-5AYZ Zr0,-9 mol%Y,03-1'5 mol% AL O,
SAYZ Zr0,-9 mol% Y,03-5 mol% Al,O,

a coprecipitation method, average particle sizes
measured by a centrifugal particle size analyzer
(type SA-CP3) are 0-45 um, 0-40 um and 0-48 um
respectively. The powders were subsequently pressed
into pellets (22 mm in diameter by 4 mm thick) at
200 MPa, then sintered at 1600°C for 2 h. The
platinum electrodes were applied to the ZrO,
specimens by the decomposition of chloroplatinic
acid at 1000°C.

2.2 Measurements and analyses

The specimens under went the following measure-
ments and analyses. (1) Resistances were measured
by the complex impedance approach in a frequency
range of 20 Hz to 1 MHz with a HP4285A preci-
sion LCR meter, the grain and grain boundary
resistances were separated out by the analyses of
the complex plots. (2) Al distribution information
inside the specimens was examined by EPMA
(type JCXA-733) on the specimens polished and
coated with carbon. (3) Microstructure studies
were carried out with SEM (type JSM-35C) and
TEM (type H-800, Philips-CM,,/STEM). (4) Crys-
tal defect changes were detected by the positron
annihilation technique (CANBERRA Series 35).

3 Results

3.1 Grain boundary resistance
The complex impedance approach has been used
extensively in the examination and development of
solid electrolytes after the initial report by Bauerle.’
This approach can effectively probe the grain
resistance as well as the resistance across grain
boundaries and electrode/electrolyte interfaces.
The grain boundary resistances R, of the
specimens were measured at 440°C and 500°C; the
results are listed in Table 2. In order to explain
further the measured results, the grain boundary

resistances per unit surface area of grain bound-
aries Ry, were calculated from'

Rgbs = pgb/D = Rgb(S/l)/D (1)

where p,, is the grain boundary resistivity, S/ is
the cross-section/length ratio of the specimen and
D the grain boundary density. Ry, has been used
before by Miyayama and coworkers to explain
intrinsic and extrinsic grain boundary phenom-
ena,*'® because Ry, values contain no micro-
structural effects. The Ry, values are also listed in
Table 2. For the case studied in this paper, if space
charges resulting from the irregularity of lattice
can account for the resistance of the grain bound-
ary surface (intrinsic effect), the Ry should be
constant, i.e. independent of Al,O, content. How-
ever, for the extrinsic effects (impurity dominated),
when the Al,O, addition increases, the concentra-
tion of AlL,O; per unit surface area of grain
boundaries also increases, notwithstanding the
change of the grain boundary density D. There-
fore, the R, should be affected by the Al,O; addi-
tion; this, in fact, is the case for the specimens
used in this study. The Ry, of the specimen 0AYZ
is much higher than those of the specimens
1.5AYZ and 5AYZ; the specimen SAYZ has the
smallest R, value.

Activation energies for the grain boundary re-
sistance can be calculated from the Arrhenius
equation

R = A exp (E/KT) )]

where K and T have their usual meanings. The
values are listed in Table 2. The specimen 0AYZ
has the largest grain boundary resistance activa-
tion energy E,, and E,, decreases with increasing
Al,O; content.

3.2 Positron annihilation

The measurements of positron lifetime spectra were
carried out at room temperature (21 + 1)°C by a
fast—fast coincidence lifetime spectrometer with a
resolution of 230ps. A 22NaCl positron source was
used in the measurements. A normal specimen—
source-specimen sandwich arrangement was
adopted. A total of 10° counts in each spectrum
were collected. After substracting the source and
background contribution, all lifetime spectra were

Table 2. The grain boundary resistances and the activation energy of the specimens

Measured at 440°C Measured at 500°C Activation energy
Specimen —_—
Ry () Rgss (Qem?) R, (Q) Ry (Vem?) E(kJ/mol)
0AYZ 1 400 6-5 300 1-4 117-6
1-5AYZ 215 4-1 50 0-96 111-3
SAYZ 175 12 50 0-35 956
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Table 3. Positron lifetime parameters

Specimen 7,(ps) 72(ps) 75 (ps) 1, (%) L (%) I3 (%) K(ps')
0AYZ 239 269 1 802 90-5 82 13 383
1-5AYZ 205 353 1 685 90-5 76 15 155-4
S5AYZ 204 375 1 806 92:0 69 12 1537

analyzed with three components by the program
POSITRONFIT EXTENDED. Lifetimes 7, 7,
and 7; and their relative intensities /), [, and I,
were obtained (listed in Table 3). The long lifetime
component 75, whose intensity is about 1-4%, may
arise from the positron annihilation in the positron
source and associated foils, and/or interfaces that
are unavoidable with the sandwich arrangement,
so 7; will not be discussed. The short lifetime
component 7, reflects the positron annihilation
feature in perfect lattices, and 7, is the positron
lifetime in crystal defects. According to the two-
state trapping model,!! the trapping rate of the
defects to positron K can be derived,

S

The K values are listed in Table 3. Because K =
uC, where C is the concentration of defects and
w is the specific trapping rate which can be con-

sidered as a constant when the type or structure of
the defects does not change; thus the change of K
can roughly reflect the change of the defect con-
centration. The K value increases when Al O, is
added to ZrO,, this tendency is opposite to that of
the grain boundary resistance per unit surface
area of grain boundaries Ry,; in other words, with
increasing ALL,O; content, the defect concentration
of the specimens increases, and consequently the
Ry, value decreases.

3.3 Microstructure
The solubility of AlL,O; in ZrO, grain is very low,
only 0-5 mol% AlO; can be dissolved in Y,0;-
stabilized ZrO, sintered at 1700°C and cooled
at 220°C/h,® and the solubility of Al,O; is about
0-1 mol% when sintered at 1300°C."* So it is
obvious that the AL, additions in the present
work are far beyond the Al,O; solubility.

Figure 1 shows the scanning electron micro-

Fig. 1. Scanning electron micrographs of the surfaces of as-sintered specimens. (a) 0AYZ, (b) 1-5AYZ, (c) SAYZ, (d) 1-5AYZ,
polished surface.
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Fig. 2. EPMA photographs of the specimens with different Al,O; content. (a), (b) 1-5AYZ, (c), (d) SAYZ.

graphs of the surfaces of the as-sintered specimens
0AYZ, 1-5AYZ and 5AYZ, and the polished
surface of the specimen 1-5AYZ. The specimen
0AYZ has a homogeneous mono-phase structure,
while Al,O; particles can be observed as bright or
dark spots in the specimens 1-5AYZ and 5AYZ;
the AL O, particles are situated both inter- and
intragranularly. Because there are quite large
differences in the elastic modulus and the thermal
expansion coefficient between Al,O; and ZrO,, the
intragranular Al,O; particles are always accom-
panied by pores, which can be seen from the
polished surface.

Figure 2 shows the EPMA analysis results, in
which photographs (a) and (c) are scattered electron
images and photographs (b) and (d) display the
Al distributions. From these photographs, it can
be seen that Al is mainly segregated at grain
boundaries, and that the Al segregation is more
serious in the specimen SAYZ. Some small dark
spots inside grains shown in the scattered electron
images are Al,O, particles and pores. Apparent
enrichment of Si and Ca at grain boundaries was
not observed.

Because of the segregation of Al,O; and impuri-
ties at grain boundaries, grain boundary phases
are often formed. Two types of grain boundary
phases were discovered in the specimens with
Al,O; addition; one type is shown in Fig. 3. The
small bright particle situated at the triple point of
ZrO, grains is an AlL,O; particle (Fig. 3(a)), the

grain boundary phases have a peculiar morphology.
Figure 3(b) is the SADP of the grain boundary
phases, the diffraction rings indicate that the grain
boundary phases consist of large amount of
crystallites. The ratio of the square radii of the
diffraction rings is

RGRG:REG:RI:RGR:=1:2:3:6:7:9 (4)

According to the ratio and brightness distribu-
tion of the diffraction rings, these crystallites
do not have crystal structure of a-Al,O; or cubic
Zr0O,; because of the large errors usually involved
in electron diffractions, it is still difficult to deter-
mine the crystal structure of the crystallites. The
composition of the grain boundary phases mea-
sured by EDAX is given in Table 4. An enrich-
ment of Al was found .and no impurities such as
Si, Ca were detected. However, for the crystal
grain boundary phases at different regions of the
specimen, different SADP patterns are produced
and different Al, Y and Zr concentrations are
measured by EDAX. The phases may be con-

Table 4. Composition of the crystal grain boundary phases
measured by EDAX

Element wt% at.%
Al 2:62 829
Y 15-76 15-17
Zr 81-62 76-54
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Fig. 3. Transmission electron micrographs of the crystal
grain boundary phases. (a) Bright field image, (b) SADP. The
arrows indicate the grain boundary phases.

cluded to be a kind of Al-rich compound with a
chemical formula

(ALO3) (Y,09)(ZrOy).(x + y + z = 1).
The amount of the crystal grain boundary phases
is quite large; they are distributed at grain bound-
aries and Al,0,/ZrO, interfaces.

Another type of grain boundary phase is shown
is Fig. 4. This type of grain boundary phase is
rarely found in the specimens, they are distri-
buted at triple points (Fig. 4(a)) and AL OyZrO,
interfaces (Fig. 4(b)). The SADP of the grain
boundary phases (Fig. 4(c)) indicates that they are
amorphous, and corresponding EDAX measure-
ment (Table 5) discovers impurities Si and Ca,
besides the enrichment of Al. The grain boundaries
without amorphous phases are quite clean, no
impurities such as Si and Ca are presented there.

According to these analyses, it can be concluded
that there are three forms of Al,O; in existence in
ZrO,. They are: (1) a very small amount of Al,O4

Table 5. Composition of the amorphous grain boundary
phases measured by EDAX

Element wt% Oxide%s
Al 926 17-50
Si 29-40 62-91
Ca 8-00 1120
Y 4-43 5-63
Zr 248 335

Fig. 4. Transmission electron micrographs of the amorphous
grain boundary phases. (a), (b) Bright field images, (c) SADP.
The arrows indicate the grain boundary phases.

is dissolved in ZrO, grains; (2) the surplus Al,Os
then forms Al,O; particles, which are extensively
situated intra- and intergranularly; (3) Al,O, seg-
regates at grain boundaries, and forms the crystal
and the amorphous Al-rich grain boundary phases;
the amorphous one contains impurities such as Si
and Ca.
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4 Discussions

4.1 Effect of AL,O; on the grain boundary
resistance of ZrO,

Al O, can reduce the ZrO, grain boundary resis-
tance. Butler & Drennan suggested that this is
because that Al,O; acts as a scavenger for SiO,
located at grain boundaries.!* There are two types
of grain boundary phases in ZrO,, the crystal and
the amorphous. Table 2 shows that the ZrO, grain
boundary resistance is controlled by the AlO,
addition and that Al,O; reduces the R,,. This
phenomenon may be explained with two mechan-
isms that are related to the two types of grain
boundary phases.

Mechanism I the Al,O; addition scavenges
Si0O, located at grain boundaries and results
in a low grain boundary resistance. This is
similar to the results of Butler & Drennan.
The only difference from the experiment of
Butler & Drennan is that the specimens used
in this paper contain CaO as well as SiO,.
According to the CaO-Al,0;-SiO, phase
diagram,' CaO, Al,O, and SiO, with a con-
centration relation listed in Table 5 will react
with each other according to the following
equation:

CaO + A1203 + 28102 4 CaAlzsizo:; (5)

The impurities CaO and SiO, are transported
by grain boundary diffusion to the triple
points with high Al,O, concentration and the
AlLO; particle surface, and by the chemical
reaction (5), the grain boundary impurities
are scavenged, and as a result, E;, decreases.

Mechanism II: The crystal grain boundary
phases contain no CaO or Si0,, so the mech-
anism I can not explain all the experimental
phenomena. And besides, the positron anni-
hilation results show that Al,O; increases the
crystal defect concentration in ZrO, The
defects can be roughly divided into two main
parts, the defects in grains and those in the
crystal grain boundary phases. The defects in
grains are determined by the dopant Y,0,,
and the AL,O; solubility in grains is very low,
so the effect of Al,O; on the grain defects
is negligible. This means that the increased
crystal defect concentration is a result of the
increasing of crystal defects in the crystal

grain boundary phases, and consequently the

resistance of the crystal grain boundary
phases is very low, so the R, subsequently
decreases. Thus a new mechanism is derived
as follows: the ALO,; segregated at grain
boundaries forms crystal grain boundary

phases with very high defect concentration, so
the grain boundary resistance decreases.
Aono and coworkers observed a somewhat
similar phenomenon in the solid electrolyte
based on LiTi,(PO,);'>'® in which grain
boundary conductivity increases considerably
by adding Li;BO; or Li,P,0;. The reason for
the conductivity enhancement was attributed
to the enhancement of the lithium concentra-
tion at the grain boundaries and the forma-
tion of a new conductive phase at the grain
boundaries. :

It should be noted that the enhancement of the
ionic conductivity of some compounds by the in-
corporation of fine non-conduction particles seems
to be quite popular,!™'® It was usually considered
to be due to the formation of conductive, defect-
rich interfaces. This explanation is not quite appli-
cable to the phenomena observed in this study,
because Fig. 1(d) shows that the intragranular
Al O, particles are accompanied by pores, and no
such defect-rich interfaces were found for them,
only for the intergranular Al,O; particles, where
such defect-rich interfaces were observed. So it
must be stressed that the inter- and intragranular
particles have different effects on the conduc-
tivity, when there are large difference in properties
between the particles and the matrix, the conduc-
tive, defect-rich interfaces can only form for the
intergranular particles.

4.2 Effect of grain boundaries on the emf of the
ZrQO, oxygen sensor

As an oxygen ion conductor, ZrO, is popularly
used in oxygen sensors. By the emf output of the
oxygen sensor, the oxygen partial pressure in all
kinds of atmospheres can be measured. There are
lots of factors affecting the emf output, the princi-
ple ones are electrode structure, electrode/elec-
trolyte interfaces and ZrO, microstructure. In a
practical process of an oxygen sensor, all the above
factors simultaneously bring about an influence,
and it is almost impossible to differentiate the
individual influences by experiments, therefore,
the effect of the grain boundaries on the output of
the ZrO, oxygen sensors is analysed with a
simplified model as follows.

Figure 5 is a simplified schematic representation
of an oxygen sensor containing grain boundary
phases. Suppose £,<1 for the grain boundary phases,
because the current through the grain boundary
phases is also carried by oxygen ions; apart from
an increase of internal resistance, the grain bound-
ary phases do not influence the exclusively ionic
nature of the conductivity of ZrO,. The emf of the
oxygen sensor can be given by eqn (6)," if the



Grain boundary ionic conduction in Zr-based solid electrolyte 31

1 2

139

\\\\\1\\& AN\

AN

B I b x

Fig. 5. Simplified schematic representation of an oxygen sensor.
1, Electrode; 2, grain boundary phases.

oxygen sensor is divided into several parts, as
shown in Fig. 5. The meaning of ¢, u; and u; can
be seen from Fig. 5.

E=__L_ J”" d
= TazF ), O

1
= —ap &k — ) (6)

When ¢, = 1, the chemical potential of the region
k can be totally transferred into the emf; when
t,<1land pw — u, =0, or ¢, =0 and w; — w} #0,
the region k does not make any contribution to the
emf. Under this condition, £ = E,, is held true, E,;
being the theoretical value. When 7, < 1 and u} —
w. =0, then £ < E,;. When oxygen partial pres-
sures over the electrodes are changed, during a
transient situation, an appreciable oxygen poten-
tial drop may occur over the grain boundary
phases, if 7, < 1 this yields a deviation from the
E;, and an emf drift. Because the chemical diffu-
sion inside ZrO, is very slow, the emf drift will
last as long as several hours.

There are three kinds of grain boundary regions
in the ZrO, with Al,O; addition, the ‘clean’ grain
boundaries but with Al segregation, the grain
boundaries with amorphous phases and the
grain boundaries with crystal phases. As Kingery
has pointed out,” the ionic nature of ceramic
oxide always leads to the formation of an electro-
static potential on grain boundaries, the sign and
magnitude of the electrostatic potential depending
strongly on impurity concentration. The Al segre-
gation at the ‘clean’ grain boundaries certainly
will change the grain boundary electrostatic poten-
tial, so the u;, w; values are changed, but although
the nature of the ‘clean’ grain boundaries is unclear,
t; = 1 will hold true from them, thus the ‘clean’
grain boundaries do not have a negative effect on
the emf. For the amorphous grain boundary
phase, supposing ¢, = 0 may be reasonable, and
the amount of the amorphous phases is very
limited, then according to this discussion the
amorphous phases make no contribution to the
emf. This means that the amorphous phases also
do not have a negative effect on the emf. As
proved by the present experiments, the crystal
grain boundary phases are very conductive, and it

can be seen from the Nernst-Einstein equation

oKT

b=z @
where D is the charge carrier’s diffusivity, C is the
concentration of charge carrier, Z the charge
quantity, and K and T have their usual meanings,
that the oxygen ion diffusivity in the crystal grain
boundary phases is very high. As long as chemical
diffusivity in the grain boundary phases is very
high, there will be practically no oxygen concen-
tration drop (that is, chemical potential drop) over
these phases. Therefore, for the crystal grain
boundary phases u; — w; = 0 might hold true,
and then the phases will also possibly not have a
negative effect on the emf of the oxygen sensor,
notwithstanding that #, = 1 or ; < | for the crystal
grain boundary phases. As the Al,O; addition can
scavenge the grain boundary impurities, it can be
concluded that the Al,O; segregation at the grain
boundaries not only does not have a negative
effect on the emf of the ZrO, oxygen sensor but
also can release, even wipe out the detrimental
effects of the other impurities, e.g. SiO,.

5 Conclusion

The Al,O; addition up to 5 mol% can reduce the
grain boundary resistance per unit surface area of
the grain boundaries and the activation energy for
the grain boundary resistance of the 9 mol%
Y,0;-stabilized ZrO,. This is due to the scaveng-
ing of the impurities segregated at the grain
boundaries, e.g. SiO2, by Al,O, and the formation
of the Al-rich crystal grain boundary phases with
very high defect concentration. The Al,O; addi-
tion has no detrimental effect on the emf of the
ZrO, oxygen sensor. All of this proves that the
Al,O,-containing Y,0Os-stabilised ZrO, is a kind of
very good solid electrolyte and that to decrease
the grain boundary resistance by adding new in-
gredients is a feasible way to further enhance the
ionic conduction of ZrQO,. The next step that
should be taken is to explore more oxides with
characteristics similar to Al,O;.
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