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Grain boundary conductivities are determined by complex impedance measurements (1-108 Hz) on high-purity ceram-
ics prepared by the alkoxide synthesis and on less pure ceramics obtained from a commercial powder. The grain size was
varied systematically in the region 0.36—55 um. The grain boundary conductivity is strongly influenced by the grain size,
impurities and cooling procedure. The grain boundary conductivity increases linearly with the grain size for small grain
sizes (0.3 to 2—4 um) and is constant for larger grain sizes. The calculated specific conductivity of the grain boundary for
pure materials is about 100 times smaller than that of the bulk. The grain boundary thickness was estimated to be 5.4 nm,

The activation energy of the grain boundary conductivity is 7 kJ mole™! higher than that of the bulk.

1. Introduction

In recent years considerable attention has been
paid to oxygen ion conductors from a fundamental as
well as an applied point of view. Oxygen ion conduc-
tors have been used in galvanic cells for measuring
thermodynamic and kinetic reactions, in oxygen sen-
sors for automotive control and the regulation of
other combustion processes, for the measurement of
activities in molten metals, in oxygen pumps to pro-
duce enriched air, in fuel cells for the production of
electricity and in electrocatalytic devices.

The conductivity of ceramic cubic stabilized
zirconia as a solid electrolyte depends on the physical
and chemical properties of the samples such as com-
position, ordering and ageing effects, porosity, grain
size and purity. At high temperatures the influence
of grain boundaries and impurities on the conductivity
is small. However, at intermediate and low tempera-
tures the influence of grain boundaries and impurities
on the conductivity can be considerable. Knowledge
of the properties of grain boundaries is important
because the solid electrolyte in the above-mentioned
devices is frequently used in the form of polycrystal-
line fine-grained thin films, while the need for lower
working temperatures is important in practice.

The conductivity of grain boundaries is strongly
influenced by the purity of the samle, as shown by
various authors [1—7]. The reported results show a
considerable scatter and are rather conflicting. Some-
times, the impurities are introduced purposely in or-
der to lower the sintering temperature required, or to
improve the density or strength. The influence of im-
purities on the conductivity has been attributed to
the segregation of impurities and the formation of
second phases. The existence of second phases, con-
sisting mainly of Si, Al, Mg and Ca impurities, was
shown by Beekmans and Heyne [3].

The conductivity of the bulk and the grain bound-
aries is strongly influenced by the porosity, as shown
by Bernard [5]. When the porosity is less than .25%,
the conductivity decreases linearly with increasing
porosity.

The influence of the grain size was studied by
Inozemtsev et al. [8], Ioffe et al. [9], Chu and Seitz
[10] and Bernard [5]. According to Inozemtsev et al.
[8] the grain boundary conductivity of ZrO,—Sc,03
(10 mole %) ceramics increases with increasing grain
size. Analysis of the grain boundary conductivity
data of Ioffe et al. [9] for ZrO,Y,05 (5.7 mole%)
ceramics showed a linear increase of the grain bound-
ary conductivity o, with the grain size dg in the re-
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gion of dg = 4.5—18 um, The grain boundary conduc-
tivity of the sample with a grain size of 0.2 um is
larger than expected on the basis of this linear relation.
From Bernard’s data {S] we found that in the region
of dg =0.8—10 um, Ogb increases linearly with increas-
ing grain size, whereas for the sample withd_ = 16 um
Ogp is higher than expected on the basis of this rela-
tion. From the study of Chu and Seitz [10] no con-
clusions can be drawn for the relation between o,
and dg because the conductivity is largely influenced
by the high porosity of the samples. The electrical
behaviour of fine grain-sized ceramics has not yet been
studied thoroughly.

Inozemtsev et al. [8] and Bernard [5] showed that
the grain boundary conductivity is strongly influenced
by the thermal history. Bernard [5] showed that
after quenching from high temperatures no contribu-
tion of the grain boundaries could be measured where-
as after annealing at a lower temperature the influence
of the grain boundaries was considerable.

Analysis of literature data for calcia and lanthanide
substituted zirconias (fcc) shows that the activation
energy of the grain boundary is 5—20 kJ mole—! high-
er than that of the bulk [5,6,9~12]. Inozemtsev and
Perfil’ev [12] showed that the activation energies of
the grain boundary and bulk conductivity in the
(Z1045); _(YOy 5), system have the same dependen-
cy on the yttrium oxide concentration. In the
(Ce0,); _x(Y0y,5), [13] and (ThO,); _, (YO, 5),
[11] systems with x = 0.00—0.02 and in the ZrO,—
Gd, 05 (pyrochiore) [6] system the activation energy
of the grain boundary is considerably higher than
that of the bulk.

The object of this paper is to study the electrical
properties of grain boundaries of high-purity ceramic
samples with a well-defined microstructure and grains
with a size of 0.3—20 um. The conductivity data of
these samples are compared with those of samples
made from a commercial powder. The influence of
.low concentrations of Al, Bi and Fe impurities on
the grain boundary and bulk conductivity is under
investigation and will be published subsequently [14].

2. Experimental

2.1. Specimen preparation and characterization

Ceramic samples of (Zr0,); _ (YO 5), were

prepared from powders obtained by hydrolysis of
zirconium and yttrium alkoxides [15,16].

Zr(0C 5H§1)4 was synthetized from ZrCl, (Merck-
Schuchhardt) and Y(OC4H?%)3 from metallic Y-chips
(Alfa-Ventron, M3N). A diluted metal alkoxide-
benzene solution was added dropwise to a large excess
of water while vigorously stirring. The hydroxide was
twice washed with water and three times with iso-
propanol, dried at 125°C and calcined at 650°C for

2 h. After calcination the powder was dry-milled in a
teflon ball-mill.

A commercial powder with the composition
(Zr04)1 _ (YO, 5), (x = 0.14) was obtained from
Zircar (Zircar products Inc., Florida, New York, USA).

The powders were isostatically pressed at 400 MPa
and sintered in air in a tube furnace. The temperature-
time curve is given for two temperatures in fig. 1.

For sintering at 1973 K a furnace was used with an-
other temperature-time cycle: heating-up in 10 h to
1973 K, sintering for 3 h at this temperature, cooling-
down to 1673 within 3 min and then cooling-down

to room temperature during 10 h (oxygen atmosphere).

The composition was measured using X-ray fluores-
cence, the accuracy is 0.1%. Al, Si impurities were
measured according to [17]. C was analysed after
quantitative combustion by the method described in
[18]. The concentration of other impurities was
measured using X-ray fluorescence and emission spec-
trometry.

The grain size distribution of the alkoxide samples
was estimated from 1000 to 2000 grains using the
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Fig. 1. Temperature—time curve of the thermal treatment of
the samples for two temperatures. Between the dashed lines
the temperature was kept constant. e: 1473 K, o: 1873 K.
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correction method described by Oel [19]. The grain
size of the Zircar specimen was measured with the
Mendelssohn line intersection method [20].

The crystal structures of the specimens were iden-
tified by a Philips PW 1370 diffractometer. The ceram-
ic structures of polished and thermally etched sam-
ples were investigated with a scanning electron mi-
croscope (SEM) type JEOL JSMU3. The density of
the samples was measured at 298 K by the
Archimedes method using mercury.

2.2, Electrical measurements

AC conductivity measurements in the frequency
range 101 —106 Hz were performed in air on samples
with a diameter of 5—10 mm and a thickness of 0.5—
2 mm in the temperature region of 600—1000 K.
Platinum electrodes were sputtered on both sides. A
Solartron 1174 Frequency Response Analyser was
used; the electrical circuit is given in fig. 2. The mea-
surements were performed in the y/x-mode with a
sample voltage of 10 mV. The impedance of the sam-
ple Z=2Z' —iZ" was calculated from the measured
impedance Z,, =a — ib according to: Z' = (a— 1)R ¢y,
Z" = bR 5. R op Was 2—10 times smaller than the im-
pedance of the sample. The data were corrected for
the induction and the resistivity of the cell and the
electrical wires.

The equipment was tested using dummy cells. It
appeared that due to capacitative effects of the re-
sponse analyser no measurements could be perform-
ed at high frequencies when the impedance of the
samples is high, e.g. when the impedance of the sam-

Table 1

analyser
sample Rpef.
D Il
- input o
y-input

Fig. 2. Electrical circuit of the analyser and the sample.

ples is 10* Q, the maximum frequency which can be
meaningfully used is 105 Hz.

3. Results
3.1. Characterization of the specimens

X-ray diffraction showed that all the samples had a
face centered cubic structure.

The composition and a survey of the most impor-
tant impurities in the powders and sintered specimens
is given in table 1. The Hf, Fe, Ca and Ti impurities
are measured with X-ray fluorescence. The concentra-
tion of Cd, Ba, Sr, Ce, Nb, Pr, Ta, Te and Th impuri-
ties in the powders and sintered samples, as shown
by X-ray fluorescence, is <0.1 wt% (detection limit).
The concentration of other impurities was checked
with emission spectrometry and appeared to be lower
than the detection limit (generally 0.01—0.001 wt%).
From table 1 we conclude that there are no measur-
able changes in the bulk concentrations of the im-
purities during sintering. The commercial Zircar pow-
der has a higher concentration of Fe, Ca and Ti im-
purities.

Composition and impurities of the starting powders and sintered samples

Powder Sintering temp. YO, s Hf Si Al Fe Ca Ti C

K (at%)  (Wt%)  (1072wi%) (1072 wt%) (1072 wi%) (1072 wt%) (10~2 wt%) (1072 wi%)
Alkoxide — 11.9 2.0 19 2 2 67
Alkoxide — 16.4 2.0 4 3 0.3 423) 13 30

1473 16.4 2.0 4 3 0.5 42) 13) 10

1873 16.4 2.0 4 2 0.5 49) 13) 10
Zircar  — 14.0 1.5 5 4 1 30 10

1523 14.0 1.5 5 4 1 30 10

1973 14.0 1.5 5 4 1 30 10

a) Detection limit.
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Fig. 3. SEM photographs of (ZrOz)l_g(YOLs)x, x = 0.164, sintered at 1456 K (a), 1673 K (b) and 1973 K (c) (alkoxide samples).

The microstructure of the alkoxide materials is

shown in fig. 3 for samples sintered at several temper-

atures. There are a few isolated pores on the grain
boundaries and some are located within the grains.
Some of the grain boundaries are curved, indicating

that the grain growth has not completely stopped and

Table 2

the grain boundary exist in a non-equilibrium state.
The sintering temperature, density, average grain
size and standard deviation of the grain size distribu-
tion of all samples is given in table 2. Fig. 4 gives a
representative grain size distribution of the samples
sintered at 1676 K.

Sintering temperature, grain size, density and electrical data for (ZtO3)1—x (YO1.5)x

Sintering temp. dg (em) Density E,(b) log og(b) E,(gb) log ag(gh) ap (723 K)
(X) (%) kI mole™®) (@1 m™1) (kJ mole"!) (! m-1) 1029 1m
alkoxide material, x = 0.119

1545 0.28 (0.08) 93+ 2 5.21+0.13 1031 5.67+0.10 3.13
alkoxide material, x = 0.164

1456 0.36 (0.10) 95.7 1032 5.83 £ 0.16 112+ 4 6.61 + 0.30 2.55
1473 0.55 (0.21) 95.6 101+ 3 5.85+0.21 114+ 3 7.02+ 0.21 3.46
1523 0.75 (0.26) 98.1 103+ 2 6.00 + 0.16 109+ 3 6.65+ 0.24 345
1545 1.11 (0.29) 96.0 104 + 2 6.08 + 0.18 108+ 2 6.61+0.15 3.60
1587 1.35 (0.49) 99.1 1031 5.99 + 0.05 109+ 4 6.80 + 0.27 3.44
1676 2.54 (0.84) 99.5 99+ 2 5.76 £+ 0.13 108+ 5 7.08 + 0.37 4,28
1786 5.0 (1.7 99.4 105+ 1 6.15 + 0.08 108+ 3 7.24 £ 0.23 3.47
1823 8.2 (2.5) 99.0 108+ 5 6.34 + 0.35 110+ 10 7.37+0.70 3.51
1873 13.5 (4.8) 99.0 103+ 2 5.98+0.12 110+ 4 7.39 + 0.26 3.38
1973 @) 21.4 (7.0) 99.0 104 + 2 5.06 + 0.17 107+ 5 7.33+ 0.37 3.39
Zircar material, x = 0.140

1473 0.65 88.2 96+ 1 5.47 £+ 0.10 1072 5.76 £ 0.13 3.15
1574 0.86 89.3 9312 5.27 £ 0.10 1012 5.70 £ 0.14 4.02
1673 4.2 93.7 97+ 1 5.62 + 0.07 104 + 2 6.27: 0.08 3.93
1773 11 96.1 91+3 517+ 0.25 99+ 3 5.96 + 0.19 4,12
1973 ) 55 92.5 94+1 5.35+ 0.06 96 + 3 5.98'+ 0.22 3.30

a) These samples were subjected to a different temperature treatment (see text).
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Fig. 4. Grain size distribution of (Zr0;)1 _x(YOq s)x, X =
0.164, sintered at 1673 K and corrected after [19], dg =
2.54 + 0.84 um,

3.2. Complex impedance measurements

The frequency dispersion measurements were
analysed using the brick layer model proposed by
Van Dijk and Burggraaf [6]. This model is developed
for pure samples with a well-developed microstruc-
ture and will be discussed in section 4.1. In this mod-
el the following relations are valid between the mea-
sured conductivity and capacity data and the micro-
structural data of the grain boundary:

Ogh = Ogndyldgp - 1)

Cgb= eﬂer(gb)(dglsgb) > 2

with 8, is the thickness of the grain boundary, a;g
the grain boundary conductivity corrected for the
dimensions of the grain boundary, €, the permittivity
of free space and €,(gb) the permittivity of the grain
boundary material. The equivalent electrical circuit
associated with this model, together with the com-
plete impedance diagram, is given in fig. 5. The rele-
vant conductivity and capacity data were determined
using the following equations:

Rb =R1(A/L) » (3)
Ry =Ry ~ R)A/L), @
Rel = (R3 - RZ)(A/L) H (5)

(@)

electrolyte electrode interface

Rgb Rel

AAAA—
WW

Ly Ly T

|
Cgb Cel l

Rb

(b)

geometrical
capacity |, electrolyte , electrode interface
oo -t d
[}

W,

] R2 Ra

—_—— 7

Fig. 5.(a) Equivalent electrical circuit associated with the
brick layer model; (b) complex impedance diagram of this
circuit. R is resistance and C capacity. The suffixes b, gb, el
and geo denote bulk, grain boundary, electrode and geomet-
rical, respectively.

Coeo = (/R 01)(L/A) , ©)
Cgb = [l/(R2 - Rl)“’Z] (L/A) , (7)
Ca = [1/R3— Rp)ws](L/4) , ®

with A/L is the area/length ratio of the sample and
the frequency w = 2xf.

The different parts of the frequency dispersion
diagrams were identified by variations of the length/
area ratio and the oxygen partial pressure. Fig. 6

8o

—_— 2" (am)
8

—— Z' (2m)

Fig. 6. Complex impedance diagrams for atkoxide samples
(x=0.164) at 673 K. o: dg =0.55 um, e: dg=1.35 pm and
a: dg = 5.04 um. The frequency is given in kHz.
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shows the semicircle associated with the grain bound-
ary dispersion for samples with different grain sizes.
The diameter of the semicircle increases with de-
creasing grain size and is absent for single crystalline
samples [1,5,6,11]. Parts of circles due to electrode
effects and the geometrical capacity are present. The
depression of the grain boundary dispersion semicircle
does not vary with temperature or grain size and has

a value of 7—-9° indicating a relatively small scatter

of relaxation times.

Figs. 7 and 8 give the electrical data of the bulk
and the grain boundary as a function of temperature.
Usually the electrical data of the bulk are depicted as
conductivities (63, = 1/R;,) and therefore, the elec-
trical data of the grain boundary are depicted in the
same way (Ugb = l/Rgb). For reasons of clarity the
bulk conductivity for only one sample is given and
several grain boundary plots have been omitted. At
about 800 K a bend in the Arrhenius plot of oy, is ob-
served. At T~ 800 K the activation energy for the
alkoxide sample changes from (104 % 2) to (79  4)

- T(K)
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— = conductivity (@'m™

10_3J\—r—y—y*y————v—‘v—v_‘l‘

10 12 14 16
1000/ T (K1)

Fig. 7. Bulk and grain boundary conductivity for alkoxide
samples, x = 0.164, as-a function of temperature. o: oy, dg =
1.11 pm, A: agp, dg =0.36 um, ®: ogh, dg =1.11 um,

v : ogh, dg = 1.35 um, ®: agp, dg =2.54 pm, +: ogh, dg =
21.4 um.
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Fig. 8. Bulk and grain boundary conductivity for Zircar sam-
ples as a function of temparature: o: o, dg = 0.65 um, e:
aghs dg = 0,65 um, a: ogbs dg =0.86 um, v: ogbs dg =11 um,
w: ogh, dg = 55 um.

kJ mole~1 and for the Zircar sample from (96 * 1)
to (72 + 2) kJ mole~1. This bend was observed at
about the same temperature by other investigations
[1,5,11,21] and is correlated with vacancy trapping by
the dopant [21]. However, no bend in the Arrhenius
plot of the grain boundary is observed in the investi-
gated temperature regions, as shown clearly in fig. 8.
Table 2 summarizes the activation energy E, and
log o of the bulk and grain boundary conductivity
of all samples. The deviation is given in the 90% re-
liability interval. E,(b) and E,(gb) are independent of
the grain size. For the Zircar samples there is a tenden-
cy that E,(gb) decreases with increasing grain size. The
weighted mean values of E,(b) and E,(gb) are
(103.4 £ 0.6) and (110.0 * 1.3) kJ mole—! respective-
ly for the alkoxide samples with x = 0.164 and
(95.3 £ 0.6) and (102.5 * 1.0) kJ mole~1 respectively
for the Zircar samples. The activation energy of the
grain boundary is about 7 kJ mole—! higher than that
of the bulk and this is in good agreement with litera-
ture values [5,6,9—12] for fluorite-type solutions in
this concentration region. The activation energy of
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the bulk and the grain boundary conductivity increases
with increasing lanthanide (Y) content.

The bulk conductivity is independent of the grain
size, as shown in table 2. The grain boundary conduc-
tivity increases with increasing grain size, as shown in
figs. 7 and 8. The grain boundary conductivity at 723
K as a function of the grain size is given in fig. 9 *.

For small grain sizes Ogb increases linearly with d,
while for large grains Ogp is independent of d,. The
grain size where the material changes from one re-
gime to the other appears to be dependent on the im-
purity level or the Yttrium concentration, see fig. 9.
The behaviour of small grain sizes is well described
by relation (1), assuming that ag’, and 8, are con-
stant. From the relation between C b and d, it can be
concluded that 8, is constant, as w111 be shown be-
low. Therefore, we can conclude that for small grain
sizes o;{’, is constant, i.e. independent of d,. This
means that the total conductivity is determined only

* In this figure the data for samples sintered at 1973 K are
not shown, because the cooling procedure was quite differ-
ent. The absolute value of Ogb is strongly influenced by the
cooling procedure as will be shown below and is also re-
ported by Bernard [5]. The grain boundary conductivity
of the alkoxide and Zircar sample sintered at 1973 K is
38.9 X 1072 and 9.6 X 10~2 ! m~! respectively.

723K
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Fig. 9. Grain boundary conductivity at 723 K as a function
of the grain size. o: alkoxide samples (x = 0.164), : Zircar
samples.

by the number of grain boundaries. For large grain
sizes Oy, is independent of d,. Because &, is con-
stant we can conclude from relatlon (1) ¢ filat for large
grain sizes a;% decreases with increasing d ..

The grain boundary conductivity of the less pure
Zircar samples is lower than that for the alkoxide
samples, as shown in fig. 9. From the work of
Bernard [5] we can conclude that this difference is
much too large to be ascribed to the higher porosity
of the Zircar samples. A porosity of 10% results in a
decrease of the conductivity of about 20%. Therefore,
this difference must be ascirbed to the higher impurity
level or the lower lanthanide content of the Zircar
samples. From table 1 and using the oy, value of the
alkoxide sample with 11.9 at % Y we can conclude
that this difference must be ascribed to the Ca and Ti
impurities.

The grain boundary conductivity is strongly in-
fluenced by the cooling procedure. A sample with a
grain size of 0.36 um (sintered at 1456 K) was
“quenched” from 1436 K by removing the sample
suddenly from a furnace and cooling by natural con-
vection. The bulk and the grain boundary conduc-
tivity at 723 K for the samples subjected to the cool-
ing procedure described in section 2.1 was 2.55 X
10-2 and 3.40 X 10~2 Q~! m~1 respectively, and
for the “quenched” sample 2.55 X 10-2and 8.42 X
10-2 -1 m—1, respectively. This indicates a de-

2004
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10{ ¥
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Fig. 10, Grain boundary capacity as a function of the grain
size. o: alkoxide samples (x = 0.164), e: Zircar samples.
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crease in the grain boundary conductivity for anneal-
ed or slowly cooled samples.

The grain boundary capacity is independent of
temperature and increases linearly with increasing
grain size, as shown in fig. 10. Using relation (2) we
can conclude that the thickness of the grain bound-
ary is independent of the grain size, As a reasonable
value for €,(gb) the bulk value was taken, €, = 70 [6,
11,28]. From (2) we calculate dgp = 5.4 nm.

4, Discussion
4.1. Evaluation of models

4.1.1. Brick layer model

Our samples are characterized by low impurity
levels (table 1), well-developed microstructures (fig. 3)
and a well-defined grain size distribution (fig. 4). The
small depression of the grain boundary semicircle in-
dicates a small scatter of relaxation times [24,25]
and can be correlated with homogeneous grain
boundaries ¥. The most suitable model to describe
our ceramic materials is the brick layer model pro-
posed by Van Dijk and Burggraaf [6]. It is assumed
that the ceramic samples consist of grains with a high
conductivity, separated by relatively thin, uniform
grain boundaries. The grain boundary consists of a
homogeneous layer and there is no parallel conduc-
tion path along the grain boundaries, As shown in
section 3 this model described our results well and
the results of other investigators are in good agree-
ment. From Inozemtsev’s [8] and Joffe’s [9] data
we found a linear relation between Cep and d,. With
relation (2), assuming €,(gb) = 70, we calculated from
their Cyy, data for 84, a value of 9.0 nm. From Joffe’s
[9] and Bernard’s [5] data we found a linear relation
between oy, and dg at 723 K over a large range of
grain sizes, although some measuring-points deviate
(see introduction). These deviations can possibly be
ascribed to the influence of cooling procedures. How-

* Wet chemically prepared (homogeneous) powders show
small depression angles [this work, 5,6,9] whereas materials
made by solid-state reaction show large depression angles
[2,8,10,12]. A large depression angle is also observed for
sodium beta aluminas {24]. This material shows conduc-
tion anisotropy and a large scatter of relaxation times can
be expected. :

ever, these authors did not find that Ogb becomes
constant at large grain sizes as reported in this study.
Inozemtsev [8] found for samples sintered in the re-
gions 2100—2500K a Ogp—dg relation having about
the same form as found in this study. The brick layer
model will be further discussed in section 4.2, At
present attention will be paid to other models pro-
posed in literature,

4.1.2. Bauerle model

Bauerle [1] developed a model for ceramics con-
taining inhomogeneously-distributed second phases.
This second phase shows no ionic conductivity and
constriction of the current appears at the grain bound-
ary. This model results in a electrical circuit with a
series connection of the bulk and grain boundary re-
sistance, as shown in fig. 5a. However, SEM showed
no second phases in the alkoxide and Zircar samples.
The impurity levels of these samples are low. There-
fore, the presence of second phases is not very prob-
able and if present it would be located on multiple
grain junctions 23,26} and no strong constriction
can be expected. Therefore, this model is not ap-
propriate for describing our results.

4.1.3. Parallel model

Schouler et al. [11,27] proposed a parallel model,
which is also used by Bernard [5]. In this model the
grain boundary is partially covered by a segregated
phase. At places where this phase is absent, the ions
can pass without any hindrance and this group of
charge carriers is associated with a resistance R(1). On
the other hand, when a segregated phase is present on
the grain boundaries, the oxygen ions are “blocked”.
The microscopic interpretation of this effect is not
very clear. This groups of charge carriers should be
associated with a resistance R(2) and a capacity ((2).
The equivalent electrical circuit for the electrolyte
consists of R(1) and parallel with it a series combi-
nation of R(2) and ((2). The proposed circuit is elec-
trically equivalent to the electrolyte part shown in
fig. 5a and results in the same frequency dispersion
diagram as shown in fig. 5b. The relavant data are
determined using the following equations:

R(1)=Ry(A/L) , &)

R(2) = [RR)/(Ry — RI(4/L) (10)
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a2)= [(Ry — R{)/RyR wy](L/A) . an

An inhomogeneous segregation is very plausible with
a badly-developed microstructure and/or higher im-
purity levels. Although this is not the case with our
materials, we analysed our data in terms of the paral-
lel model. The activation energy of R(1) and R(2) is
independent of the grain size and has a value of
(105.0 £ 0.6) and (102.0  0.6) kJ mole—1 for the
alkoxide samples and (96.8 + 0.5) and (93.8 £ 0.6) kJ
mole~1 for the Zircar samples respectively. Table 3
gives-R(2) at 723 K as a function of the grain size.
For small grain sizes R(2) increases with increasing
grain size and is constant for large grain sizes. C(2)
depends on temperature and is independent of the
grain size (table 3). Bernard [5] introduces a new pa-
rameter a, representing the fraction of charge carriers
blocked at the boundary:

a=(R; - Ry)IR; . (12)

As shown in table 3, o decreases with increasing grain
size and becomes constant at large grain sizes.

Table 3
Electrical data belonging to the parallel model proposed by
Schouler [11,21]

dg R(2), 723K (C(2),723K  «
(Qm) 102 Fm 1) (%)

alkoxide material, x = 0.164

0.36 91.5 1.29 42.9
0.55 71.3 2.57 37.4
0.75 78.0 2.13 37.2
1.11 76.5 3.19 36.6
1.35 94.3 2.13 30.8
2.54 126 1.44 18.4
5.0 258 0.98 11.2
9.2 261 1.26 10.9
13.5 248 2.37 11.9
21.43) 368 1.71 8.0
Zircar material, x = 0.140
0.65 44.0 19.7 72.1
0.86 39.9 12.4 62.4
4.2 59.3 14.8 42.9
11 58.4 42.8 41.5
552) 118 43.3 25.6

a) These samples were subjected to a different temperature
treatment (see text).

As shown above, our data can be described phe-
nomenologically by means of the elements R(1), R(2)
and ((2) from the parallel model. However, the inter-
pretation on the basis of this equivalent circuit is in-
compatible with our results and literature data. Ac-
cording to Schouler [11,27] and Bernard [5] R(2)
should decrease with increasing temperature due to
partial (re)solution of the segregated phase, resulting
in a decrease of &« and ((2). From the parallel model
it follows that the decrease of @ and ((2) as a func-
tion of temperature are correlated. Fig. 11 shows that
Schouler’s correlation applies for example for an
alkoxide sample, where both « and ((2) decrease
slightly as a function of temperature. However, for a
Zircar sample o decreases only slightly in the temper-
ature region 600—800 K, whereas ((2) decreases by
more than a factor two. Moreover, solution of the
segregated phase at temperatures of 800—1000 K is
not very probable and is contrary to the results of
Bernard’s [5] quenching experiments, showing that
solution or formation of the segregated phase occurs
at temperatures of 15702100 K. Finally, as a con-
sequence of the parallel model, £,(R(1)) has to be
equal to E,(b). This is found experimentally for
(Zr03) _,(YOq 5), (x = 0.12—0.18) [this work, 5,
11}, but is not found for (MO5); _,(YO;5), M=
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Fig. 11. Capacity C(2) and blocking factor «, belonging to the
parallel model, as a function of temperature. ®: Zircar sample,
dg = 0.65 um, o: alkoxide sample, dg =111 um,
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Ce, Th; x = 0.00—0.02) [11,13] and according to our
analysis for (ZrO;); _, (GdO, 5), with x = 0.495—
0.532 (pyrochlore [6], made by the alkoxide syn--
thesis). For these reasons we reject the parallel model
for the above-mentioned systems.

From the ceramic characteristics of our samples
together with the experimental data we conclude that
the brick layer model developed by Van Dijk and
Burggraaf [6] is the most suitable one to describe the
homogeneous, pure or stightly doped materials with
a well-developed ceramic microstructure which are
used in our studies. Some features will be further dis-
cussed in section 4.2.

4.2. The nature of the grain boundary layer

In section 3.2. it was shown that the brick layer
model gives a good description of our experimental
results. The nature of the grain boundary layer in this
model was not specified and will be discussed in this
section. The grain boundary effect is clearly demon-
strated by comparing os% and o0y,. From relation (1)
using 84, = 5.4 nm we calcu]ated for o at 723K
3.65 X 10—4 Q-1 m-1 for the alkoxufe samples with
d, <4 um, whereas oy, = 3.45 X 102 Q=1 m~1, The
conductivity of the grain boundary is about 100 times
lower than that of the bulk. Using § gb = 9.0 nm we
calculated for Ioffe’s [9] samples (4 5—18 um) osg =
1.26 X 10—4 Q-1 m—1, whereas oy, = 3.40 X 10~2
Q1lm

The nature of the grain boundary may be deter-
mined by micro cracks, mismatch of the lattices,
segregation, space charge or a combination of these
effects. The grain boundary conductivity is strongly
influenced by the purity, cooling procedure [this
work, 5,14] and substituent concentration [6,11,13].
Hence, it is not very probable that the grain boundary
effect is mainly determined by micro cracks and mis-
match, which are not assumed to be strongly depen-
dent on the variations of the parameters used in our
experiments. Therefore, the grain boundary effect
must be ascribed to space charges and or segregation.
This will be discussed now.

Grain boundaries in an ionic solid may have an
electronic potential ¥, which may be in the order of
a few tenths of a Volt [22]. The influence of s space
charge can be estimated. A positive space charge is as-
sumed. Due to this the concentration of vacancies

with the same sign decreases strongly. For the ratio
between the bulk and grain boundary conductivity
the following relation can be deduced from [29]:

[
op/oF = (20) "2 [ gol2ev dx (13)
and °
¥ =2qViT, (14)

with 2q is the charge of the vacancy and ¥ the po-
tential at x = 0, i.e. the potential at the grain bound-
ary. At 900 K (above the bend) the observed value of
ob/ogg is 56. Using eqs. (13) and (14) a surface poten-
tial of 0.20 V is obtained. It follows from the calcula-
tion that the difference between E,(b) and £,(gb)
should be 33 kJ mole~1, the experimentally measured
difference being 30 kJ mole‘1 However, from the cal-
culations it follows that only 3% of the vacancies is
mobile. At 723 K (below the bend) the observed value
of oy,/03} is 94. A surface potential of 0.23 V is ob-
tained. %’he difference between E,(b) and E, (gb)
should be 38 kJ mole—!, whereas expenmenta]ly a
value of 7 kJ mole~1 is found. It was calculated that
in this case also 3% of the vacancies is mobile. How-
ever, in this calculation the effects of associate forma-
tion was ignored. If this effect is taken into account

a better agreement between experimental and calcu-
lated results may be obtained. Aithough many features
are not clear at this moment, we can conclude that
space charges may account (at least partly) for the ob-
served grain boundary phenomena. Further calcula-
tions taking into account ordering and associate for-
mation are now performed.

In ceramic materials grain boundary segregation of
solute components or impurities is well known [22,
23,26]. Segregation of one or more components in
the grain boundary can be attributed to various
driving forces which have the common feature of
causing a resulting decrease in the total free energy
of the system. These driving forces are: compensation
of space charges by aliovalent ions, reduction of strain
energy and lowering of the surface tension. In the
first place, assuming an enrichment of the grain bound-
ary with yttrium ions of 16.4 at % to 21 at % the
higher activation energy of the grain boundary can be
explained. This enrichment, however, lowers the con-
ductivity of the grain boundary layer only by a factor
of about two [12]. To explain the large difference
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between oy, and 03§ a decreased mobility of the vacan-
cies or a decreased concentration of vacancies by
trapping has to be assumed. Finally, low concentra-
tion of impurities may contribute to these effects.
Low concentrations of Si4*, A13*, Fe3* and Bi3*
impurities in yttria stabilized zirconia increase £, (gb)
and decrease Ogb [11,14]. In the concentration re-
gion, in which these impurities are present, the effect
on the conductivity is not sufficiently large to ex-
plain the observed phenomena unless large grain
boundary segregation factors will be found. For
Al,05 and Fe, 03 (0.1-2.0 mole%) is was concluded
[14] that segregation factors of 2 or 3 are present
and consequently simple segregation of these impuri-
ties cannot sufficiently explain the observed phenom-
ena. Surface analysis of the grain boundary is neces-
sary to determine enrichment of yttrium ions and/or
impurities. Preliminary Auger experiments on a frac-
tured surface showed a considerable enrichment of
yttrium on the grain boundary surface [30]. More
experiments are being performed.

5. Conclusions

(1) The grain boundary phenomena are succesfully
interpreted in terms of the brick layer model. In this
model the grain boundary consists of a relatively thin,
homogeneous layer with a low conductivity com-
pared to the bulk.

(2) From the relation between the capacity and
the grain size we concluded that the grain boundary
thickness is independent of the grain size and has a
value of about 5.4 nm.

(3) The activation energy of the grain boundary is
7 kJ mole—1 higher than that of the bulk.

(4) The specific conductivity of the grain bound-
ary is for small grains (<2—4 um) independent of the
grain size and is 100 times lower than that of the bulk.
For large grains (>2—4 um) the specific conductivity
of the grain boundary decreases with increasing grain
size.

(5) The grain boundary conductivity is decreased
by a factor 5 (T = 723 K) by an increase in the im-
purity content from about 10 X 10—2 wt% to 50 X
50~2 wt%. Slow cooling or annealing of rapidly
quenched samples decreases the grain boundary con-
ductivity.

(6) Space charges and/or segregation of main com-
ponents or impurities in the grain boundary layer
can only explain the results if trapping of vacancies
is assumed.
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