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Abstract 

Mixtures of yttria-stabilized zirconia (YSZ) with a 
soda-lime glass and d@erent types of alumina were 
co-$red at high temperature (ISOO’C) before char- 
acterization by impedance spectroscopy and scan- 
ning electron microscopy (SEM). The roles of 
location and average grain size of the alumina phase 
on the composite electrolyte properties were evalu- 
ated. The electrical response of the composite mate- 
rials was found to be strongly inj?uenced by the 
presence of a YSZ-glass interface where the motion 
of oxygen ions is blocked. The formation of this 
interface can be easily ident$ed because of a typical 
relaxation frequency, much lower than those corre- 
sponding to bulk or grain boundary behavior in 
YSZ-based materials, or to the glass phase alone. 
Zirconia-based cells were also covered with a top 
layer of glass, and afterwards fired and electrically 
characterized by impedance spectroscopy. With 
increasing jiring time at constant temperature, the 
relaxation frequency of the intermediate frequency 
arc moves from typical YSZ grain boundary beha- 
vior to lower values near to those found for the 
YSZ-glass interfacial response in YSZ +glass or 
YSZ i-glass-t alumina composites. This is a strong 
indication of the potential of impedance spectroscopy 
in monitoring the electrolyte corrosion process. 0 1997 
Elsevier Science Limited. 

1 Introduction 

In recent years we have dedicated significant 
attention to the performance and protection of 
zirconia-based oxygen sensors for different types of 
applications. 1-4 In all cases the electrolyte was 
protected from the action of chemically aggressive 
environments. This is hardly the situation observed 

*To whom correspondence should be addressed. 

in many industrial applications like glass-melting 
furnaces. The performance of oxygen sensors in 
such conditions has been the subject of attention 
for more than 20 years. 5-9 Technical reasons (con- 
trol of the oxidation state of coloring species) and 
economical reasons (efficient control of fuel com- 
bustion) still justify this attention. From such stu- 
dies it is known that zirconia-based electrolytes are 
easily corroded when in direct contact with glass 
melts. In the case of calcia-stabilized zirconia 
(CSZ), the electrolyte loses calcium to the melt, 
causing the cubic to monoclinic transformation of 
zirconia. Both mechanical and electrolytic proper- 
ties are lost during this process (a few hours at 
1200°C). H Corrosion resistance of yttria-stabi- 
lized zirconia (YSZ) is higher than for CSZ and 
this justifies the preference given to the former 
electrolyte for the fabrication of commercial devices. 

Monitoring of the electrical performance of 
glass-ceramic composites by impedance spectro- 
scopy has been found to be an effective way to 
study interfacial phenomena and to follow devel- 
oping microstructures, including the formation of 
new phases. lo,’ ’ In previous work we have also 
used impedance spectroscopy to show that the 
incorporation of glass by YSZ would cause a sig- 
nificant change in the electrical behavior of zirco- 
nia. Such a change in behavior was due to the 
formation of a large YSZ-glass interfacial contact 
area per unit volume, blocking the motion of oxy- 
gen ions.12,13 

Corrosion of zirconia-based electrolytes in con- 
tact with different types of melts is known to occur 
mostly via the grain boundaries.‘4,15 Increasing the 
YSZ grain size was seen to be an effective way to 
decrease the corrosion rate. l4 These observations 
suggested the use of a dispersed ceramic phase at 
the YSZ grain boundaries, to test the effectiveness 
of this phase in combining chemically with the 
corroding medium and slowing down the corrosion 
process. Combination of alumina with glassy 
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phases present in the grain boundaries of zirconia- 
based electrolytes is a well-known process.16 Dif- 
ferent products can be formed from the glass-alu- 
mina reaction, depending on the compositions 
involved and the experimental conditions.‘&18 
Lastly, alumina particles dispersed in a zirconia 
matrix are also known to improve the mechanical 
properties of zirconia based electrolytes.‘9,20 These 
were enough reasons for the choice of this combi- 
nation of materials. Thus, the central subject of 
this work is a combined microstructural and elec- 
trical characterization of zirconia + glass + alumina 
composites. The ultimate objective is the evalua- 
tion of the role of the dispersed alumina phase 
(grain size and location) on the glass-YSZ interac- 
tion, and of the potential of impedance spectro- 
scopy for the non-destructive evaluation of 
electrolyte degradation in YSZ sensors in glass- 
melting furnaces. 

2 Experimental Procedure 

The starting materials used to prepare the different 
zirconia + glass + alumina composites were YSZ 
powder (8 mol% Y203, from Tosoh), a green soda- 
lime glass (composition reported in)13 and three 
different types of alumina powders. The first alu- 
mina powder (al) had a small average grain size 
(< 1 pm); the second (a2) and third (a3) types of 
alumina powders had increasingly larger average 
grain sizes, up to about 10 pm. Powder (a2) was 
obtained from (a3) after wet milling with zirconia 
balls for 1 h 30min. The grain-size distributions of 
these powders are shown in Fig. 1. 

The process used to prepare the different glass- 
ceramic composites is described elsewhere.12,13 
Mixtures of all components were milled together, 
pressed and fired at 1500°C for 2 h. A simplified 
notation will be used to describe the compositions 
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Fig. 1. Grain size distribution of the different alumina pow- 
ders (al), (a2) and (a3), expressed as the cumulative weight 
percentage (CWP) versus the equivalent particle diameter 

(EPD). 

(weight percentage) of all samples (eg: 5glOalYSZ 
= 5 wt% glass + 10 wt% al + YSZ). The result- 
ing sintered disks were electroded with porous Pt 
and studied by impedance spectroscopy in air 
(20 Hz-l MHz), in the range 300-800°C. As they 
had a homogeneous distribution of all phases 
along the disk axis (on a macroscopic scale), these 
disks will be named ‘symmetrical cells’. 

A specific series of experiments was performed 
with sintered YSZ or YSZ+ alumina composite 
disks. These disks were covered with a layer of 
glass on one side and fired at 1300°C for periods of 
2 or 60 h. These experiments were conceived to try 
to reproduce in closer detail the corrosion process 
of zirconia electrolytes when in direct contact with 
glass melts. After mechanical removal of the layer 
of glass and a thin top layer of the ceramic (about 
lOOpurn thick), these disks were also electroded for 
electrical measurements (scheme in Fig. 2). As only 
one of the sides of the disk had been exposed to 
glass, these cells will be named ‘asymmetrical cells’. 

Microstructural characterization was performed 
on cross-sections of the different materials, after 
polishing and thermal etching. The evaluation of 
the YSZ average grain size and YSZ-glass interfa- 
cial area per unit volume followed the usual ste- 
reological characterization procedures.21 

3 Results and Discussion 

3.1 Microstructural characterization 
Microstructures of zirconia + alumina composites 
have been studied for a long time because of their 
relevance to the electrical and mechanical perfor- 
mance of these composites. Depending on proces- 
sing route and particle size, the alumina grains can 
be found inside zirconia grains or along grain 
boundaries.19T20 A very slight solubility of alumina 
in the zirconia lattice is commonly assumed, but 

Fig. 2. Schematic view of cell layout during corrosion experi- 
ments performed with electrolyte disks fired in direct contact 
with glass (top layer). Lines Sl and S2 indicate the relative 
positions of one of the electroded surfaces of cells studied 
by impedance spectroscopy, after mechanical removal of the 
top layers of material. The second electrode was always 
deposited on the bottom electrolyte surface (see data shown in 
Figs 7-9). Microstructures shown in Fig. 4 correspond to 

region C. 
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with little impact in terms of the bulk material 
electrical behavior.22 As the low electrical conduc- 
tivity of alumina is well known, this means that 
unlike silica, alumina is not present as a continuous 
phase in between YSZ grains. Percolation of the 
alumina phase is only reached for significantly high 
volume fractions.23 

Microstructures of zirconia + glass + alumina 
composites (SglOalYSZ, 5glOa2YSZ and 
5glOa3YSZ) were found to be coherent with pre- 
vious comments (see Fig. 3). The larger alumina 
grains (a2) and (a3) were found dispersed 
throughout the matrix, covered by glass. For the 
composites including the smaller alumina grain size 
(al), a significant fraction of alumina particles was 
found inside the zirconia grains and the remaining 
fraction at the periphery of YSZ grains. In all cases 
glass covered the YSZ grains in a rather uniform 
manner. 

Simple observation of all microstructures sug- 
gests that the smaller the alumina grain size the 
smaller the YSZ average grain size and the larger 
the YSZ-glass interfacial area per unit volume. 
Quantitative characterization of these parameters 
is conclusive: the average YSZ grain size is 7.4 pm 
when alumina (a3) is used, and this value drops to 
3.0 Frn when alumina (al) is used. The corre- 
sponding estimates for the YSZ-glass interfacial 
area per unit volume are 1.1 x 1 O3 and 1.4 x 1 O3 mm2 
mmw3, respectively. The corresponding values for 
(a2) additions are close to those found for (a3) (7.3 
pm and again 1.1 x lo3 mm2 mmw3, respectively). 

The cation concentration profiles determined by 
EDS showed that aluminum was not displaced in 
detectable quantities to the other phases and that 
no aluminum silicates had been formed, although 
their formation might be expected considering pre- 
vious work on similar systems.i7J8 On the con- 
trary, yttrium was easily displaced from YSZ to the 
glass phase. Yttrium concentration profiles were 
found quite relevant to understanding the electro- 
lyte corrosion process and developed microstruc- 
tures, and will be further discussed in the following 
paragraphs. 

With the aim of better understanding the corro- 
sion mechanism, the zirconia-based disks (without 
or with alumina additions) fired in direct contact 
with a glass layer were also studied. As the 
YSZ+ alumina composites based on extreme alu- 
mina grain sizes (al) and (a3) were representative 
of the different types of composite microstructures, 
only these two composites were used in asymme- 
trical cell experiments. The microstructures (cross- 
section) of such cells are shown in Fig. 4. For long 
firing periods the electrolyte starts to become 
destroyed at the electrolyte-glass interface. EDS 
analysis of small loose zirconia grains near to the 

(a) 

(b) 

Fig. 3. Microstructures of YSZ + glass + alumina composites: 
(a) 5glOalYSZ; (b) 5glOa2YSZ; (c) 5glOa3YSZ. 

glass phase showed no trace of yttrium (between 
points (A) and (B), Fig. 4(b)), while further from 
the glass layer (points (C) and (D)) the composi- 
tion was similar to the starting material (YSZ). 
This type of behavior was confirmed in every case 
and showed that the electrolyte degradation 
mechanism involves removal of yttrium from YSZ 
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(a) 

(b) 

Fig. 4. Microstructures (cross-section) of (a) YSZ-glass; (b) 
lOalYSZ-glass; (c) lOa3YSZ-glass cells after 60h at 13OO”C, 
after polishing and thermal etching (Fig. 2 for details). In (b), 
points (A) and (B) correspond to monoclinic zirconia (with 
negligible amounts of yttrium) while in (C) and (D) the cubic 
zirconia composition was preserved. The same transformation 
of the glass-exposed electrolyte layer was also observed in (a) 

and (c). 

with transformation to monoclinic zirconia. This 
transformation is known to cause the fracture of 
the electrolyte, besides loss of electrolytic proper- 
ties. 

The progress of the glass via grain boundaries is 
much faster than removal of yttrium from the 
electrolyte with subsequent phase changes. This 
could be concluded from the observation of liquid 
phase at triple contact points between grains, far 
away (1 mm) from the glass-electrolyte interface 
where the presence of the monoclinic phase is 
already clear. This means that a YSZ sensor tube 
might become ‘soaked’ with glass before fracture. 
Therefore, removal of yttrium from solid solution 
and transformation of exposed YSZ grains to 
monoclinic zirconia is one aspect of the corrosion 
process (outer surface corrosion). Progression of 
glass via grain boundaries is another aspect (inner 
corrosion). Because of a much slower yttrium 
removal, both processes can be regarded as occur- 
ring in parallel. Most of the previous work on the 
corrosion of YSZ was focused on the quantitative 
determination of monoclinic zirconia formed by 
loss of the stabilizing agent. This corrosion process 
was found to be favored by small YSZ grain 
sizes. l4 In our context this is equivalent to the outer 
corrosion process, but gives no further information 
on the rate of progression of the corrosive agent 
through the electrolyte material (inner corrosion). 

For YSZ disks (alumina-free) fired at 1300°C 
either for 2 or 60 h in contact with the glass layer, 
glass can be seen across the sample, while the 
outer, attacked layer (small grains of monoclinic 
phase) is about 20pm thick. For the alumina-con- 
taining compositions, the attacked layer (outer 
corrosion) is not much different, although slightly 
exceeding the thickness reported for the alumina- 
free electrolyte. 

The large alumina grains dispersed throughout 
the electrolyte phase could not be found after the 
attack with glass (Fig. 4(c)). However, the removal 
of large alumina particles is believed to have 
occurred during the preparation of the sample for 
microstructural observation (polishing and thermal 
etching) rather than because of reaction with glass. 
In fact, untreated fracture surfaces of these cells 
showed the presence of the alumina particles dis- 
persed throughout the electrolyte phase, as expec- 
ted. For the fine alumina particles inside YSZ 
grains there was no removal at all, even during 
polishing and thermal etching. Although it was 
believed that the presence of alumina particles dis- 
persed along grain boundaries should slow down 
the inner corrosion process, simple microstructural 
observations could not provide conclusive evidence 
for the role of this dispersed phase in such a process. 

Inner electrolyte corrosion involves glass pene- 
tration through the sintered electrolyte and trans- 
port of dissolved material in the opposite direction 
to the glass melt. As glass penetrates via grain 
boundaries, the smaller the electrolyte grain size 
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Fig. 5. Impedance spectra at 350°C of YSZ, SgYSZ, 
SglOalYSZ, 5glOa2YSZ and 5glOa3YSZ at 350°C in air: (A) 

high frequency; (B) full frequency range (20 Hz-l MHz) 

the higher the number of sites and pathways for the 
progression of the corrosion process. Also, the 
smaller the YSZ grain size, the larger the total 
amount of glass required to ‘wet’ all YSZ grain 
boundaries. To achieve identical ‘grain boundary 
wetting conditions’ in the smaller grain-sized 
materials a higher flow of glass and higher accu- 
mulated amounts of glass dispersed through the 
electrolyte material are required. Because of the 
larger number of pathways for mass transport in 
small grain size materials (high grain boundary 
density) this cannot be ruled out. However, mass 
transport along a tortuous network of small chan- 
nels is likely to be more difficult than along larger 
and less tortuous channels, as expected to be found 
in the case of larger grain-size materials. It can thus 
be concluded that for a given set of conditions, 
corrosion of external YSZ grains should be favored 
by the presence of small YSZ grains (quickly 
enveloped by glass) while glass ingress in depth 
might be favored by large YSZ grain sizes (large 
pathways with minimum tortuosity). The first con- 
clusion is coherent with the reported role of the 
electrolyte grain size on the rate of cubic to mono- 
clinic transformation, when YSZ is immersed in a 
corrosive agent.14 

The idea of improved performance of YSZ + 
alumina composites is based on the expected 
blocking role of alumina particles with respect to 
the progression of glass. The minimum effect of 
alumina particles along grain boundaries would be 
a splitting of glass streams and increased tortuos- 

ity. This suggests that the processing route of 
YSZ + alumina composites should favor the loca- 
tion of alumina particles along grain boundaries 
instead of inside YSZ grains. In fact, alumina par- 
ticles will also block contacts between YSZ grains, 
for which reason their actual role will be the result 
of a balance between inhibition of glass progres- 
sion via grain boundaries and direct blocking of 
oxygen ions. Under favorable conditions (small 
alumina additions, with almost negligible blocking 
effect)25726 the network of continuous electrolyte- 
electrolyte pathways is expected to be larger for 
Y SZ + alumina based cells because of predominant 
inhibition of glass progression through the electro- 
lyte with respect to the oxygen ion blocking role of 
alumina particles. 

3.2 Electrical characterization of symmetrical cells 
The microstructural differences observed for the 
YSZ + glass + alumina composites should lead to 
different electrical behavior. In fact, for polycrys- 
talline electrolytes characterized within a limited 
frequency range, impedance spectra usually consist 
of three major arcs, observation of which strongly 
depends on temperature. The high-frequency arc is 
usually ascribed to the bulk material behavior, the 
intermediate frequency arc is related to the grain 
boundary behavior while the lower frequency arc 
is due to electrode polarization processes. The 
presence of glassy phases causes a significant 
enhancement of the grain-boundary arc.23,25 As 
mentioned, for simple alumina additions this dis- 
persed phase causes a localized blocking effect. In 
this case the impedance spectra show significant 
enhancement of the high frequency and intermedi- 
ate frequency arcs, the latter being the most affec- 
ted by these additions. Analysis of the impedance 
spectra showed a close relationship between com- 
position (volume fraction), dispersed particle size 
and electrical behavior.24,26 Considering the com- 
posite nature of the materials being studied in this 
work, and the complex effect of each individual 
phase on the different impedance arcs, in the fol- 
lowing discussion the designations ‘bulk’ and 
‘grain boundary’ arcs will be replaced by ‘high’ and 
‘intermediate’ frequency arcs. Comments will be 
made on the deviations of these arcs from perfect 
RC behavior, using the depression angle (/I) as a 
measure of this deviation.24 

Figure 5 describes the effects of glass and com- 
bined glass + alumina additions to YSZ, in terms of 
impedance spectra. Figure 5(A) (high frequency) 
and Fig. 5(B) (full range) show that the addition of 
glass to YSZ caused an increase in the size of both 
arcs (high and intermediate frequency) the inter- 
mediate frequency arc being the most affected. 
Figure 5(B) also shows that all alumina additions 
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caused an enormous decrease in the size of the 
intermediate frequency arc when compared to 
the SgYSZ composition. In this case the role of 
alumina particles at intermediate frequencies 
resembles the usually named ‘scavenger effect’i6. 
However, due to the large amount of glass avail- 
able, this explanation is unsatisfactory. 

Figures 5(A) and (B) also describe the effect of 
the different alumina grain sizes on the behavior of 
the composite materials. While all additions were 
effective in decreasing the magnitude of the inter- 
mediate frequency arc, the composites based on the 
larger alumina grains (a2) and (a3) showed a better 
performance. This can be related to the reported 
microstructures. For additions (a2) and (a3), the 
location and role of the dispersed phase are similar: 
the average YSZ grain size is large and the YSZ- 
glass interfacial area is small. For the addition (al), 
the electrolyte grain size is small and the YSZ-glass 
interfacial area is high. The latter parameter is 
believed to be essential in determining the mag- 
nitude of the observed intermediate frequency arc. 
In fact, this arc shows only a relatively small 
depression, with /3 values in the order of 10-15”. 
This means that although a deconvolution into 
two or more contributions might be attempted, 
there is clearly one process which dominates 
this contribution and the most obvious correlation 
is with the YSZ-glass interfacial area per unit 
volume. 

Relaxation frequencies can be used as an indica- 
tion of transition between dominant interfacial 
phenomena. Figure 6 shows the Arrhenius plots of 
the relaxation frequencies observed for all arcs and 
all symmetrical cell compositions. The 1gYSZ cell 
behavior (relaxation frequency of the intermediate 
frequency arc) is clearly between the ‘pure’ YSZ 
grain boundary behavior and the behavior of cells 
with higher glass content (2gYSZ and SgYSZ). 
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Fig. 6. Arrhenius plots of relaxation frequencies of impedance 
arcs observed for symmetrical cells. High frequency (hf) arc 
(all cells): 0. Intermediate frequency (if) arc: glass free cells- 
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Fig. 7. Impedance spectra at 350°C (corrected for the different 
cell thicknesses) of YSZ, 1OalYSZ and lOa3YSZ disks after 
firing for 2 h at 13OO”C, with a top layer of glass (section Sl in 

Fig. 2). 

Furthermore, the relaxation frequencies of the 
intermediate frequency arcs observed for YSZ or 
YSZ + alumina composites are near to those found 
for the YSZ grain boundary behavior, and are at 
least one order of magnitude higher than those 
observed for the glass-containing composites. This 
shift in relaxation frequency with composition 
(glass content) clearly indicates a transition 
between dominant interfacial phenomena. 

3.3 Electrical characterization of asymmetrical ceils 
The experimental conditions used in processing the 
symmetrical cells previously described are far from 
those typical of sensor applications in glass-melting 
furnaces. In the case of immersed sensors, glass 
penetrates through the electrolyte. while the exter- 
nal YSZ grains might be lost to the glass melt, 
before or after loosing the stabilizing agent (yttria). 
Even for sensors exclusively in contact with the gas 
phase (either in the furnace chamber or in the heat 
recovery system), the high concentration of oxide 
vapors and particles in the atmosphere will have a 
similar effect. Deposited particles or condensed 
oxides will attack the electrolyte, the major differ- 
ences from immersed sensors being compositional 
(oxide vapors and/or particles versus melted glass) 
and kinetic (mass transport mechanisms to and 
from the electrolyte), besides temperature, This has 
been confirmed after inspection and electrical 
characterization of YSZ disks placed in contact 
with a glass-melting furnace atmosphere for a per- 
iod of a few weeks. 

Tests were performed with asymmetrical cells 
(scheme in Fig. 2) in order to approach the typical 
sensor working conditions more closely. Figures 7 
and 8 show the impedance spectra (corrected for 
the cell thickness) of YSZ, 1OalYSZ and lOa3- 
YSZ-based asymmetrical cells after being fired for 
2 or 60 h at 1300°C in direct contact with a layer of 
glass covering one of the sides of the electrolyte 
disk. The spectra were obtained after removal of 
the top layer of glass and some electrolyte with SIC 
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sand paper (section Sl in Fig. 2). Although not behavior. The combination of these two parallel 
shown, a second series of spectra was obtained pathways can be regarded as an association of two 
after additional removal of another layer of elec- parallel RC circuits, with different characteristic 
trolyte (section S2 in Fig. 2). The thickness of these frequencies. As the corrosion process progresses, 
layers (about lOOpurn each) was measured by dif- the number of direct contacts between YSZ grains 
ference from the initial cell thickness (before attack decreases and the system moves to the characteris- 
with glass). From previously reported microstruc- tic performance of the YSZ + glass + alumina com- 
tures, it is believed that cells processed in this posites. This explains the increase in magnitude of 
manner were free of any loose monoclinic zirconia the intermediate frequency arcs with increasing fir- 
grains. In fact, the observed microstructures sug- ing time. The coexistence of such parallel circuits 
gest that such layers did not exceed 20-30pm (see (with different characteristic relaxation frequen- 
Fig. 4). Also, the trends observed in electrical cies) and pathways explains why the depression 
behavior in consecutive measurements with thinner angle reaches values of 20-30” (sometimes even 
cells (sections Sl and S2) were found to be repro- higher) in the case of asymmetrical cells, much lar- 
ducible and roughly independent of the cell thick- ger than those observed for the symmetrical cells 
ness. (lcrlSO). 

A first point to notice is that the high frequency 
and intermediate frequency arcs are now within the 
same order of magnitude, contrary to the spectra 
shown in Fig. 5. Besides this fact, comparison of 
these impedance spectra with those reported for 
the symmetrical cells seems to indicate that some of 
the features observed with the composites 
YSZ + alumina + glass are repeated here. The high 
frequency arc is always smaller for the YSZ-based 
asymmetrical cells (as it was for the equivalent 
symmetrical cells). Also, the intermediate fre- 
quency arcs for the asymmetrical cells based on 
YSZ + alumina composites are smaller than 
observed for the alumina-free composition. Fur- 
thermore, the magnitude of the intermediate fre- 
quency arc is smaller for the (a3)-containing cell. 
All these features have already been reported for 
the symmetrical cells. The most obvious explana- 
tion is that glass penetrated through the cells and 
the overall result is a composite with electrical 
performance approaching that obtained simply by 
mixing and firing glass-containing mixtures (sym- 
metrical cells). 

3.4 Monitoring of corrosion by impedance 
spectroscopy 
Direct comparison between microstructures of 
asymmetrical cells (Fig. 4) was found inconclusive 
in terms of corrosion. The thickness of the outer 
attacked layer (monoclinic zirconia) was similar in 
all cases (20-30 pm). Only the average YSZ grain 
sizes in these samples were clearly different, being 
maximum for the alumina-free cell. Thermal etch- 
ing used to emphasize microstructural features 
might be misleading in terms of identification of 
glass penetration depth through the electrolyte 
(inner corrosion). 

The same general trends are observed for long 
and short thermal treatments. However, the larger 
the duration of the attack the larger the increase in 
magnitude of the intermediate frequency arc. 
Comparison of microstructures obtained for 
YSZ + glass + alumina composites with the asym- 
metrical cells show large differences. In the first 
case it can be said that every single electrolyte grain 
is surrounded by glass. In the latter case, pockets 
of glass between electrolyte grains coexist with 
more or less clean contacts between YSZ grains. 
This suggests that the result of the inner corrosion 
process is a composite with two parallel electrical 
pathways for electrical transport between grains. 
The first one (direct contact between YSZ grains) 
should resemble the usual interfacial behavior of 
the electrolyte grain boundary. The second path- 
way is dominated by the YSZ-glass interfacial 

The spectra shown in Fig. 5 suggested a number 
of differences related to the cell composition and 
provided a first basis for a positive identification of 
the formation of YSZ-glass interfaces, during the 
inner corrosion. In Fig. 5, with increasing coverage 
of YSZ grains by glass, the intermediate frequency 
arc increased in magnitude and the relaxation fre- 
quency shifted to lower values. Asymmetrical cells 
studied by impedance spectroscopy (Figs 7 and 8) 
were not far different from the symmetrical cells, as 
the top layer of the electrolyte had been mechani- 
cally removed. Their impedance spectra should be 
representative of the condition of the electrolyte in 
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Fig. 8. Impedance spectra at 350°C (corrected for the different 
cell thicknesses) of YSZ, 1OalYSZ and lOa3YSZ disks after 
firing for 60 h at 13OO”C, with a top layer of glass (section Sl 

in Fig. 2. 
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Fig. 9. Arrhenius plots of relaxation frequencies of impedance 
arcs observed for asymmetrical cells. High frequency (hf) arc: 
0 (all cells). Intermediate frequency (if) arc: remaining sym- 
bols. Also shown data obtained for a simple disk of glass (a). 

terms of inner corrosion. Therefore, the potential 
of impedance spectroscopy for monitoring the 
inner corrosion process should also be tested by 
analysis of the relaxation frequencies of the differ- 
ent impedance arcs shown in Figs 7 and 8. For this 
purpose, the conclusions drawn from analysis of 
Figs 5 and 6 will be used. This is complementary 
to the previous discussion on the effect of cell 
composition and duration of attack on the relative 
importance of the different impedance arcs. 

Figure 9 shows the Arrhenius plots of the 
relaxation frequencies of the high and intermediate 
frequency arcs for all asymmetrical cells: YSZ- 
glass, 1 Oal Y SZ-glass and lOa3YSZ-glass cells. 
Data corresponding to a single layer of glass is also 
shown for comparison. Figure 9 should be com- 
pared with Fig. 6. As observed in the latter figure, 
all impedance spectra include a high-frequency 
contribution typical of the YSZ bulk grain beha- 
vior. This arc might be more or less influenced by 
the presence of the remaining phases, but the 
relaxation frequency is about the same for every 
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Fig. 10. Relationship between experimental data (c) and 
assumed model behavior. Solid lines (a) correspond to the 
individual impedance contributions obtained from data ana- 
lysis, while the open symbols (b) describe the sum of these 
contributions. Experimental points correspond to data repor- 
ted in Fig. 6 for the cell based on lOalYSZ, before correction 

for the cell thickness. 

composition and type of cell. This had already 
been noticed in the literature in the case of 
YSZ + alumina composites.24 

At intermediate frequency, however, for the 
YSZ + alumina based cells, a shift in relaxation 
frequency is now observed: in all cases the relaxa- 
tion frequency is smaller for longer periods of 
attack (60 h versus 2 h). The relaxation frequencies 
for the YSZ-based materials were the lowest and 
were almost the same for the two attack periods 
(60 h and 2 h). Following the idea that the inter- 
mediate frequency arc tends to be dominated by 
the electrical response of the YSZ-glass interface, 
this suggests that the inner corrosion of the YSZ- 
based cell was much faster than for cells based on 
the YSZ+ alumina composites. This is coherent 
with the previous remark on easier transportation 
of glass through grain boundaries of larger grain- 
sized materials without dispersed alumina. The 
shift in relaxation frequencies could thus be used as 
an indirect test for the degree of inner electrolyte 
corrosion. 

A great deal of the previous discussion was based 
on the analysis of the relaxation frequencies of the 
high and intermediate frequency arcs of the impe- 
dance spectra. It seems reasonable to comment on 
the relative accuracy of the data analysis proce- 
dure. Filled symbols in Fig. 10 correspond to data 
obtained with the asymmetrical cell based on 
lOalYSZ, shown in Fig. 6. In this case (Fig. lo), 
the spectrum includes the raw data (cell impe- 
dance), while Fig. 6 included the same data but 
corrected for the cell thickness. This explains the 
different units and orders of magnitude. Also 
shown in Fig. 10 are the individual contributions 
considered in fitting the experimental data (solid 
lines), and the sum of these individual contribu- 
tions (open symbols). The agreement is very good 
in this and in the other cases. This means that the 
shift in orders of magnitude of relaxation fre- 
quency with composition or experimental condi- 
tions cannot be ascribed to a large uncertainty in 
the fitting procedure. This could already be 
assumed because of the well-defined spectra shown 
in all figs. 

No comment has yet been made on the specific 
process controlling this relaxation frequency. 
While experimental evidence suggests that it is 
related to the YSZ-glass interfacial behavior, it 
should also be noticed that the observed relaxation 
frequencies are well below those typical of YSZ 
grain boundaries and are comparable to relaxation 
frequencies typical of electrode processes. It is 
believed that these impedance contributions are 
caused by the interfacial reaction occurring at the 
YSZ-glass interface, which is more than a simple 
transport process across one interface. Oxygen ions 
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are known to be able to become incorporated in 
the glass phase, but their mobility in this phase is 
quite small. Instead, in the glass phase the most 
mobile ionic species are likely to be cations. The 
process of ionic transport across the whole com- 
posite involves a change in charge-carrying species, 
and this change occurs at the electrolyte-glass 
interface which is easily polarizable. For this rea- 
son this interfacial polarization will tend to be sig- 
nificant if compared to the usual interfacial 
processes occurring in grain boundaries. 

4 Conclusions 

For extremely severe conditions (high temperatures 
or long thermal treatments), yttrium is displaced 
from the electrolyte (YSZ) to the glass phase, 
causing the formation of monoclinic zirconia and 
mechanical disruption of the electrolyte sintered 
body. However, in parallel, glass also progresses 
via grain boundaries and the electrical performance 
of the electrolyte is affected because of the forma- 
tion of new types of interfaces (electrolyte-glass). 
Impedance spectroscopy was used to monitor this 
inner corrosion process taking advantage of the 
formation of this new interface, which had a spe- 
cific electrical effect. In fact, a large shift in the 
relaxation frequency of the cell intermediate fre- 
quency impedance arc can be used to monitor the 
progress of glass through the electrolyte. Dispersed 
alumina particles are believed to slow down this 
process, but a minimum alumina grain size and 
controlled processing conditions are required to 
ensure that alumina grains lie along grain bound- 
aries where their role is maximum. 
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