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Abstract

This work reports on the microstructure and elec-
trical properties of different yttria stabilized zirconia

(YSZ) based cells using: (i) intimate mixtures of

YSZ and a commercial soda-lime glass (up to
20wt% ), sintered at different temperatures; (ii)
YSZ disks covered with a layer of glass on one side
and fired in a clean laboratory furnace for two hours
at different temperatures (1250—1350°C); (iii)
YSZ pellets exposed to the exhaust gases of one
(industrial) glass melting furnace, at temperatures
around 1300°C. Microstructural observations and
impedance spectroscopy measurements were used to
demonstrate the potential of the latter technique in
monitoring the electrolyte corrosion. The high-and
intermediate-frequency impedance arcs showed a
significant and coherent dependence on the progress
of corrosion, due to the formation of glass—ceramic
composites with large glass/ceramic interfaces.
Similar results were obtained with laboratory scale
and industrial experiments. EDS analysis showed an
higher concentration of Y,O0j3 in the intergrain region
and a corresponding concentration decrease in the
electrolyte grains. © 1999 Elsevier Science Limited.
All rights reserved

1 Introduction

The increasing demand by industry for materials
which can perform under hostile conditions
requires the design of materials tailored to suffer
minimum degradation of their properties. A better
understanding of the nature of interfaces and pro-
cesses which occur within common ceramics and
their effects on physical properties are key factors
in improving their performance. Thus, the devel-
opment of non-destructive techniques which are
able to provide some insight on changes in bulk
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properties or interfacial conditions is highly desir-
able in materials science and engineering.

Several zirconia-based materials are commonly
used in solid-state electrochemical devices such as
oxygen sensors.! The use of these sensors is com-
mon in the glass-making industry for optimising
combustion efficiency and controlling some glass
properties such as colour.?? Grain boundaries play
a crucial role in the electrical and electrochemical
properties of zirconia based materials, and are the
most vulnerable points for chemical attack.* Glass
penetration into zirconia sintered bodies is impor-
tant for immersed sensors, but the corrosive action
of dusts and volatile species in glass-making fur-
naces is not negligible.>® A study on the correla-
tion between microstructure of glass-ceramic
composites and results obtained by impedance
spectroscopy (to evaluate the development of new
interfaces) is suggested, in order to test the poten-
tial of the latter technique as a simple diagnostic
tool for the electrolyte degradation condition.

2 Experimental

Mixtures of electrolyte powder (YSZ, 8mol%
Y,03, from Tosoh) with different amounts of glass
(up to 20 wt%) were pressed as disks and sintered
at 1500°C in air. The soda-lime glass had the
composition (cation wt%): Na-11-4, Si-68-8, K-3-1,
Ca-15-6, Fe-1-2. The glass—YSZ composites with
glass contents up to 5 wt% were sintered at 1500 °C
during 2 h, and richer-glass compositions were sin-
tered at 1300°C. Characterisation of the sintered
composites was carried out by scanning electron
microscopy (SEM) and impedance spectroscopy
(20Hz—1 MHz) in air at various temperatures. All
data resulting from electrical measurements were
corrected for the different cell dimensions; for this
reason the results will be shown as complex resis-
tivity spectra. A simplified notation will be used to
describe  these  glass-ceramic  compositions
‘(ngYSZ’ = n weight% glass).

Another set of YSZ samples was placed in the
wall of a heat recovery chamber of an industrial



2378 C. M. S. Rodrigues et al.

glass furnace and kept in contact with the exhaust
gas atmosphere for 17 days, at temperatures of
around 1300°C. For these samples, named
‘IndYSZ’ (‘Ind’ for industrial testing), character-
isation was similar to that for glass—ceramic com-
posites previously described.

Finally, a specific series of experiments was also
performed with sintered YSZ disks (having over
96% densification) covered with a layer of glass on
one side, and fired for 2h at different temperatures
(1250-1350°C). These experiments were conceived
to try to reproduce in closer detail the corrosion
process of zirconia electrolytes when in direct con-
tact with glass melts. After mechanical removal of
the glass layer and a top layer of the ceramic with
SiC sandpaper, disks were also electroded for elec-
trical measurements (see scheme in Fig. 1). This
process (removal of a thin ceramic layer and sub-
sequent electrical characterisation) was repeated in
order to study the dependence of the electrical
response on the cell thickness. Microstructural
characterisation of ‘twin cells’ (processed in exactly
the same conditions) was also performed to con-
firm if changes in the electrical response could be
related to the depth of glass attack.

3 Results and Discussion

3.1 Glass—-YSZ composites

Figure 2 shows the complex-resistivity spectra of
pure YSZ and three other samples with glass. Two
of these were obtained by simple mixing of glass
and YSZ (5g YSZ and 20 g YSZ); the third was the
result of long exposure to an industrial atmosphere
(IndYSZ). As can be seen, the total resistivity of

YSZ layer Glass layer

S, S,

Fig. 1. Schematic view of cells used in corrosion experiments,
performed with YSZ disks fired in direct contact with glass.
Lines S; and S, indicate the relative positions of consecutive
electroded surfaces used for impedance spectroscopy. These
electrodes were deposited after mechanical removal of part of
the electrolyte material. The second electrode was always
deposited on the cell glass-free surface (left side of the cell).

glass-containing samples is significantly higher
than that of the glass-free electrolyte, mostly due to
an enormous increase in the intergrain (inter-
mediate frequency) contribution. This effect arises
from the presence of glassy phases along the grain
boundaries (Fig. 3), either as a result of the inti-
mate mixture of both phases (5g YSZ and 20g
YSZ) or as a result of attack by the gas phase
(IndYSZ). This glassy phase is believed to block
the transport of oxygen ions through the glass/
ceramic interface, thus causing an enormous
increase in interfacial polarisation.

Figure 3 shows similar microstructures for sam-
ples obtained in different circumstances (5g YSZ
and IndYSZ). In both cases the electrolyte grains
are surrounded by a glassy phase. Only slight dif-
ferences in microstructure confirm that high
amounts of glass can be brought to the inter-
granular region by diffusion, after simple exposure
to a corrosive atmosphere. For extreme conditions
(long firing periods and/or high temperatures),
formation of monoclinic zirconia was observed.’
This indicates the need for a careful placement of
the YSZ sensors in industrial furnaces, in order to
increase their lifetime and minimise corrosion
effects.

Figure 2 shows a significant increase in the mag-
nitude of the high-frequency arc with glass content.
At the same time, EDS analysis showed a higher
proportion of Y,0Oj5 in the intergrain region and a
corresponding concentration decrease inside the
YSZ grains, which may be responsible for a drop
in the grain conductivity. The simple mixture of a

8,0E+5
a
—6,0E+5
E_ +
£ ——-YSz
£
34,0E +5 —o-5gYSZ
‘o —a—20gYSZ
12,0E+5 —o—IndYSZ
ooE+o @+ . . .., . P
0,0E+0 5,0E+5 1,0E+6 1,5E+6 2,0E+6
p' (ohm.m)
8,0E+4 r
L A/A b
EG6.0E+4 [ 5 4
Py
S A ) —-o-YSz
E4,0E+4 | at A‘AAA\A’AAAMAA,‘A —o-5gYSZ
S _éj Vs 5 s —a—20gYSZ
2,044 _‘AAA i o IndYSZ
)
4
0,0E+0 :“..‘.—....-..........
0,0E+0 5,0E+4 1,0E+5 1,6E+5 2,0E+5
p' (ohm.cm)

Fig. 2. Complex resistivity spectra obtained at 350°C for
YSZ,5gYSZ,20g YSZ, IndYSZ: (a) full frequency range; (b)
high frequency range (roughly 10°-10° Hz). Numbers close to
the arrows correspond to the logarithm of the frequency of the
measurement (e.g. 2=1log f, with f=10?Hz).
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high resistivity glass with the electrolyte phase
(relatively less resistive) should also cause an
increase in the magnitude of the high-frequency arc.

Table 1 summarizes the effect on electrical prop-
erties of several glass additions. For comparison,
the results of the IndYSZ sample are also shown.
As discussed, the resistivity tends to increase with
increasing glass content, and this effect is more
pronounced in the intermediate-frequency con-
tribution (usually ascribed to the grain boundary

(a)
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Fig. 3. Microstructures of glass containing YSZ samples: (A)
5g YSZ, (B) IndYSZ.

Table 1. Resistivities and relaxation frequencies at 350°C,
obtained from the high frequency (HF) and intermediate fre-
quency (IF) arcs for YSZ-glass composites (see text for the

notation)
Sample Frequency Resistivity
(Hz) (Qcm)
HF IF HF IF
YSZ 6-75x10°  7-75x10°  1.77x10* 1.70x10°
1gYSZ 5-16x10° 463 2.25x10*  6-46x10*
5gYSZ 3-90x10° 50 4.07x10*  5.91x10°
10g YSZ 3.22x10° 395 6-42x10*  2.37x10°
20g YSZ 1-61x10° 45 9.78x10*  2:30x10°
IndYSZ 3-38x10° 49 3-81x10*  4.45%x103

response). At the same time, both relaxation fre-
quencies tend to decrease with increasing glass
content. In particular, the intermediate frequency
arc is seriously affected by glass incorporation,
denoting a stronger influence of the presence of this
phase on the electrical response of the inter-
granular region. For large glass contents, the
relaxation frequency of the intermediate-frequency
arc decreases by almost two orders of magnitude
with respect to the glass-free electrolyte material.
The magnitude of these values can thus be used as
a measure of the corrosion condition and impe-
dance spectroscopy can be exploited as a non-
destructive technique to study solid electrolyte
COITOSION Processes.

The properties of the glass—ceramic composites
being studied were shown to change quickly with
increasing glass content, up to values of about
Swt%. Above this limit the changes are less pro-
nounced, as confirmed by comparison with data
for 10g YSZ and 20g YSZ samples. Micro-
structural changes are also less pronounced when
moving to 10 or 20 wt% glass additions, as a result
of a complete coverage of YSZ grains.

3.2 Glass-covered cells

The successful use of impedance spectroscopy in
monitoring the progression of the electrolyte cor-
rosion process suggested to us the possibility of
characterising the YSZ cells fired in direct contact
with a glass layer by the same method, as shown in
Fig. 1. As previously mentioned, the magnitude of
the relaxation frequencies of the intermediate fre-
quency arcs gave a good indication of the presence
of glass throughout the electrolyte, because of a
shift to low values.

Figure 4 shows the dependence of this relaxation
frequency on the thickness of the removed electro-
lyte layer, obtained from the glass-covered cells.
This thickness is in fact the distance to the original
YSZ/glass interface, before firing the glass-covered
cell. The results shown here were obtained from
impedance measurements performed at 350 and
400 °C, after firing the glass-covered cells for 2 h at
1350°C (see Fig. 1). The performance of a pure-
YSZ sample (flat horizontal lines) is also shown in
Fig. 4 as a reference. The onset in relaxation fre-
quency with increasing distance can be used to
estimate the depth of glass penetration throughout
the electrolyte. From the impedance measurements
at both temperatures, this depth was estimated to
be in the order of 250 um [see Fig. 4(A)].

Figure 5 shows the microstructure of one of
these cells under different magnifications. The
YSZ/glass interface is near the black separator
between different magnifications in Fig. 5(a). The
electrolyte phase corresponds to the light grey area,
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Fig. 4. Dependence of the relaxation frequency of the inter-

mediate frequency arc of glass-covered YSZ cells on the

thickness of the removed electrolyte layer (data obtained at

350 and 400°C). For comparison, results of a glass-free YSZ

sample are also shown (flat horizontal lines). The glass-cov-

ered cells were fired for 2h at (A) 1350°C and (B) 1300 °C (see
Fig. 1 for experimental details).

whereas the glass layer corresponds to the dark
grey area, to the right of the YSZ area. Because of
the preferential location of glass in triple contact
points or in pores, compositional profiles obtained
by EDS along a given line were invalid. However,
from average compositions of consecutive areas of
similar dimensions (thin and long), a glass-pene-
tration depth could be estimated. The results were
found to be in close agreement with data obtained
from impedance spectroscopy. Additional firing
treatments under less severe conditions (at 1250 and
1300 °C) were also performed. The predicted thick-
ness of the corroded layer, obtained from impe-
dance spectroscopy measurements, was about
100 um for specimens fired at 1300°C [see
Fig. 4(B)]. These results were again in close
agreement with microstructural and compositional
analyses.

3.3 Final remarks

The results shown in Fig. 3 clearly indicate that
exposure of zirconia-based -electrolytes to an
industrial furnace atmosphere at temperatures of
about 1300°C promote a strong incorporation of
impurities into YSZ sintered bodies. A glassy phase
formed between grains, with a composition similar
to that of the glass produced in the furnace and
now used in the preparation of glass—ceramic
composites (mostly oxides of Si, Ca and Na).

(a)

(b)

Fig. 5. Microstructure (cross section) of a glass-covered YSZ

cell after 2h at 1350 °C. Signed region in a (G1) is expanded in

b to show the presence of glass (dark areas). EDS was used to

confirm a glass penetration depth of about 300 um (see text
for details).

However, components like Na were present in
smaller concentrations, together with significant
concentrations of some of the fuel impurities (S
and V). The location of this glassy phase along the
intergranular region was similar to that obtained
with glass—zirconia mixtures processed in the
laboratory.

The similarity between electrical properties of the
IndYSZ and 5g YSZ samples (or even 10g YSZ
and 20 g YSZ) was remarkable, irrespective of the
glass composition and different processing routes
(see Table 1). Also, for cells with a non-uniform
distribution of glass throughout their thickness
(glass-covered cells), changes in glass content could
be monitored by a significant shift in the relaxation
frequency of the intermediate-frequency arc. This
suggests that the development of oxygen ion
blocking glass/ceramic interfaces is the major rea-
son for the observed changes in electrical perfor-
mance, namely in the intermediate-frequency
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region. Lastly, the effect of exposure to conditions
of practical relevance could be reproduced by sim-
ple direct incorporation of glass in the glass—YSZ
composites prepared in the laboratory. Thus,
laboratory-scale experiments can be used to evalu-
ate the role of the materials characteristics (e.g.
composition, microstructure, etc.) on corrosion
kinetics, while impedance spectroscopy can be used
to monitor the process.

4 Conclusions

Glass additions to YSZ (either intentional or as a
result of chemical attack) cause significant changes
on intergranular properties, with a strong increase
in electrical resistivities and decrease in typical
relaxation frequencies of the corresponding impe-
dance arcs. The latter is a very sensitive parameter
that can be used to monitor corrosion processes by
impedance spectroscopy.

Industrial tests performed with YSZ samples
exposed to the atmosphere of a glass-melting fur-
nace showed strong corrosion effects. This points
out to the need for careful placement of the
YSZ sensors in the furnace, if corrosion is to be
minimised.

Acknowledgements

Work partly funded by PRODEP 2 (Portugal).
Easy access to Damaso Co. for industrial tests is
also greatly acknowledged.

References

1. Mobius, H. -H., Solid-state electrochemical potentiometric
sensors for gas analysis. In Sensors, Vol. 3, eds W. Gopel,J.
HessandJ. N. Zemel. VCH, Weinheim, 1992, pp. 1105-1154.

2. Baucke, F. G. K., Electrochemical cells for on-line mea-
surement of oxygen fugacity in glass melting furnaces.
Glastech. Ber., 1988, 61, 87-90.

3. Brown, J. T., Hoskins, J. W. and Chirino, A. M., Con-
tinuous oxygen measurement in tank combustion atmo-
spheres. The Glass Industry, 1976, July, 12-15.

4. Jones, R. L. and Williams, C. E., Hot corrosion studies of
zirconia ceramics. Surface and Coatings Techn., 1987, 32,
349-358.

5. Tran, T. and Brungs, M. P., Applications of oxygen elec-
trodes in glass melts. Part 2: oxygen probes for the mea-
surement of oxygen potential in sodium disilicate glass.
Phys. Chem. Glasses, 1980, 21, 178—182.

6. Chamberlain, M., Zirconia oxygen sensors for control of
combustion in glass melting furnaces. Glass Technology,
1984, 25, 225-231.

7. Rodrigues, C. M. S., Labrincha, J. A. and Marques, F. M.
B., Study of yttria stabilized zirconia—glass composites by
impedance spectroscopy. J. Electrochem. Soc., 1997, 144,
4303-4309.



