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In situ degradation of YSZ and YSZ + A I 2 O 3 electrolytes of sensors
used in glass melting furnaces
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This work reports on the degradation of pure YSZ and YSZ +10 wt% alumina composite electrolytes by exposure to the atmosphere
of a heat recovery Chamber of an industrial glass furnace, at a temperature around 1300 °C. Microstructural observations and
impedance spectroscopy measurements were used to evaluate the corrosion effects. YSZ samples directly placed in the sidewalls and
intimately exposed to the dusts and volatiles in the atmosphere show strong corrosion effects after short periods. These samples
present large amounts of a glassy phase in the intergranular region, containing the same elements as the common batch with
inclusion of volatile Speeles from the fuel. At the same time, the average composition of YSZ grains remains almost unchanged.
Effects on the electrical properties are obviously stronger in the intergranular response, as confirmed by changes in the typical
relaxation frequency.

The protection of samples and/or their careful placement in the furnace strongly inhibit the corrosion process. The effectiveness
of alumina addition to the YSZ electrolyte in increasing its corrosion resistance was only tested in protected samples, where the
corrosion is less severe. For this reason, the expected benefits of this incorporation were found almost irrelevant.

1 . Introduction

The increasing demand by industry for materials which can
perform under hostile conditions has required the design
of new formulations and/or tailored microstructures with
minimum degradation of their properties. In general, a bet-
ter understanding of the nature of Interfaces existing within
common ceramics and their effects on the physical proper-
ties of the material is a key factor to improve the lifetime of
some devices. Several zirconia-based materials are com-
monly used in solid State electrochemical devices such as
oxygen sensors [1]. The most promising System is yttria-
stabilized zirconia (YSZ). The use of these sensors is now
common in the glass making industry to optimize the com
bustion efficiency and to control some glass properties such
as colour [2 and 3]. In such Systems the Interfaces also play
a crucial role in establishing both electrical and electro-
chemical properties, and constitute the preferential weak
points for corrosive attack [4]. The glass penetration into
zirconia is more important with immersed sensors [5], but
corrosive action of dusts and volatile species inside the glass
making furnace is not negligible [6]. For example, the study
of sulphur transport in stabilized zirconia and its impact on
the electrical properties of the electrolyte was evaluated by
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different authors [7 to 9]. In recent years we have dedicated
significant attention to the Performance and protection of
zirconia-based oxygen sensors for different types of appli-
cations [10 to 13]. In particular, the corrosion induced by
glass incorporation was evaluated in laboratory tests, by di
rect mixing of a common soda-lime-silica glass in YSZ [14
to 15] or by using glass-covered cells [16]. Microstructural
development during attack and the use of impedance spec-
troscopy to evaluate the grain boundary (and other In
terfaces) response proved to be a good diagnostic technique
for the degradation process. This technique was successfully
tested also in the study of the surface corrosion process of
different materials combinations, like reinforced steel in ce
ment pastes [17]. In the present paper, degradation of YSZ
and YSZ + AI2O3 (10 wt%) pellets is evaluated in an indus-
trial environment, by exposure to the atmosphere of the
heat recovery Chamber of a glass making tank.

2. Experimental

The starting materials used to prepare the different samples
were YSZ powder (8 mol% Y2O3, Tosoh Co., Tokyo (Ja
pan)) and three differently sized alumina powders. The first
one (a l ) had a small average grain size (<  1 μm); the second
(a2) and third (a3) types were increasingly coarser, up to
about 10 μm (mean value). Powder a2 was obtained from
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1: melting Chamber
2:refining zone
3: recovery Chambers
4: burners
5: right sidewall for samples placement
6: left sidewall for samples placement
7:chimney
8:entr/ of raw materials
9: glass collectors

Figure 1. Schematic view of the glass melting tank, showing the
location of samples in the right and left sidewalls of the heat
recovery Chamber.
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Figure 2. Schematic view of the sample holder used to protect
the samples that were placed in the right sidewall of the heat
recovery Chamber of a glass melting furnace.

a3 after wet milling with zirconia balls for 1.5 h. The grain
size distributions of these powders are given elsewhere [14].
Pressed pellets of Single YSZ powder and YSZ + AI2O3
composites (containing 10 wt% of alumina) were previously
sintered at 1500 C for 2 h and their degradation was stud
ied by exposure to the atmosphere of the recovery Chamber
of an industrial glass making furnace (Dämaso, Co., Leiria
(Portugal)). The operating temperature changed between
1230 and 1290 C, depending on the flame direction, revers-
ing each 30 min. Two main variables were studied: first, the
position in the heat recovery Chamber (see figure 1), involv-
ing a) samples placed directly on the refractory of the right
(cleaner atmosphere) and left (higher amount of dust and
glass droplets) sidewalls, and without protection (named
NP) , and b) samples located in the right sidewall of the
same Chamber but placed in a special sample holder of por
celain protected by an external alumina tube (see figure 2);
second, the exposure time to the furnace atmosphere ranged
from 17 days (only samples mentioned in a)) up to seven
months.

Α simplified notation will be used to describe the sample
composition and attack type and duration (e.g.:
NPYSZ17R  nonprotected YSZ placed in the right side-

wall for 17 days; a3YSZ7M-14  composite made of a3
alumina and YSZ placed in the sample holder at the 14^^
Position starting from the interior (see figure 2) and exposed
to attack during seven months) . After attack the samples
were electroded with porous Pt and electrically charac-
terized by impedance spectroscopy in air and in the tem-
perature ränge 300 to 500 C (Hewlett Packard 4284A
bridge through a frequency change from 20 to 10^ Hz). The
most attacked samples were polished to remove a significant
part of dust and glass drops, as an attempt to evaluate the
inner corrosion process of the electrolyte (thickness removal
of about 0.125 mm by using SiC sand paper). Microstruc-
tural characterization (SEM/FDS, Hitachi, S4100) was per
formed directly on the top surfaces of the samples.

3. Results and discussion

3.1 Microstructural characterization

Figures 3a to c show microstructures of YSZ samples placed
in different positions of the heat recovery Chamber. The
strong differences clearly confirm the effect of the position
of samples on the corrosion process. The unprotected
sample placed in the left side of the Chamber during 17 days
(figure 3a) shows high concentration of glassy phase in the
grain boundaries region. This Observation was expected due
to the dusty atmosphere in the left side. By contrast,
samples placed in the cleaner right side (figure 3b) do not
present so extensive signs of glass penetration. The effect of
location is enough to overcome the influence of a longer
exposure to a clean environment or sample protection. Fig
ure 3c corresponds to a protected sample exposed over
seven months.

As previously mentioned, severely attacked samples
show significant incorporation of impurities in the micro-
structure. Their location is similar to that observed with
infimately mixed glass-YSZ composites [15], tending to
form a glassy phase in the intergranular region (figure 3a).
These impurities include the major components of the glass
(Si, Ca, Na) but also involve less stable elements (Ni) and
fuel constituents (S, V). Table 1 gives the average chemical
composition of the glassy phase present in the NPYSZ17L
sample. For comparison, the amount of Si at the surface of
the YSZ7M-13 protected sample (see table 2) is much lower
and no traces of contamination were found in the interior
of the electrolyte.

The expected benefit of alumina addition was previously
described [15] and now tested in an industrial environment.
Despite the protection of composite samples (see figure 2)
a surface darkness was observed, in contrast to pure YSZ
samples. This macroscopic effect is probably related to the
increasing concentration of impurifies in alumina/YSZ com-
posite samples, still deserving confirmation by using power-
ful surface characterization techniques. Figures 4a to d 
compare YSZ and YSZ + AI2O3 surface views. All com
posite samples show crystalline secondary phases, whose
shape and size seem to depend on the mean grain size of
the starting alumina powder. The use of finer a l powder
promotes the formation of thin sheet-like crystals (figure
4b), while the use of coarser a2 and a3 powders leads to the
appearance of larger prismatic grains (figures 4c and d).
This new segregated phase is rieh in AI and Ni (see table 3),
this relative enrichment being more pronounced in the
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Viscous flow and surface crystallization caused by Vickers indentation

Table 1. Chemical composition of the glassy phase present in
the NPYSZ17L sample, obtained by EDS

10 pm

Figures 3a to c. Typical microstructures of YSZ samples after
exposure to the atmosphere of the heat recovery Chamber of a 
glass melting furnace, placed in different positions and/or dur-
ing several periods of time; a) NPYSZ17L (left side), b)
NPYSZ17R (right side), and c) YSZ7M-13 (protected).

coarser prismatic grains, also when the composition evalu
ation (by EDS) is obviously more accurate. We should men-
tion that the average chemical composition of the surface

element at.%

Na 7.5
Mg 1.1
AI 5.4
Si 39
Ρ 5.0
s 0.5
Ca 23
V 9.9
Fe 2.4
Ni 6.1

Table 2. Chemical composition in at.% obtained by EDS on the
interior and at the surface of the YSZ7M-13 sample

element mterior surface

Si
Y
Zr

17.1
83

3.7
16.3
80

(involving all phases) is not far different from the starting
composition of the composite (see table 4), except for the
presence of new elements such as Ni and Fe. The complete
Separation between the two composite phases is predicted
from the low solubility of AI2O3 in the YSZ structure [18].
However,  a clear tendency for the concentration of Ni and
Fe around the alumina grains was observed, leading to the
simultaneous formation of YSZ cleaner grains, as it can be
seen in figure 5 and reported in table 5. This effect is com-
mon in many glaze formulations [19] and results from the
achievement of favourable conditions for the chemical com-
bination of alumina and glass colouring species, such as Ni.
The Al:Ni ratio is around 2:1 (see tables 3 and 5), suggesting
the possible formation of NiAl204 spinel. The use of X R D
to confirm this hypothesis was inconclusive, due to the Over-
all minor concentration of this new phase. N o extra peaks
corresponding to possible S- or V-containing phases were
observed. As will be discussed later, these segregation effects
do not strongly affect the general electrical behaviour of
samples and their corrosion resistance.

The mentioned morphological differences between new
Al-rich phases formed on composite samples prepared with
al or a3 alumina powders tend to diminish for longer expo-
sure periods. Figures 6a and b show samples exposed for
seven months, denoting the single presence of prismatic
grains, even in the case of a l -containing sample. The aver-
age grain size is also similar. This tendency is also observed
in the electrical behaviour of the samples, as will be shown
later.

The Observation of samples after removal of the surface
layer containing those Al-rich grains or the direct inspection
of cross-section views shows similar microstructural details,
which are also close to those of samples made of direct
mixtures of glass and YSZ + AI2O3 [14]. It seems that
simple exposure of samples to a dirty atmosphere causes
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Figures 4a to d. Surface aspect of pure YSZ and YSZ + AI2O3 composite samples after 39 days exposure (in the sample holder);
a) YSZ39-1, b) alYSZ39-3 (right side is magnification of the area outhned on the left), c) a2YSZ39-4, and d) a3YSZ39-2.

Table 3. Chemical composition (in at.%, obtained by EDS) of
the Al-rich phase present in YSZ + AI2O3 composites, after 39
days in the recovery Chamber

Table 4. Average chemical composition (in at.%, obtained by
EDS) of the surface of YSZ + AI2O3 composites, after 39 days
in the recovery Chamber, with the starting composition (in at.%)
of 10 wt% alumina-containing composites Zr  66.3; Y  12.6;

element prismatic grains sheet-type
grains

AI  21.1element

a3YSZ39-2 a3YSZ39-10 a2YSZ39-4

sheet-type
grains

element a3YSZ39-2 alYSZ39-3

AI 62 61 57 78 AI 13.6 18.6
Fe 4.4 5.1 5.6 3.0 Fe 1.0 2.0
Ni 29 34 35 1.8 Ni 2.6 2.2
Zr 4.2 2.8 14.7 Y 13.8 14.3
Κ - - - 2.1 Zr 69 63

similar effects to those promoted by direct incorporation of
glass into the electrolyte, corresponding to strong degra-
dation of properties. This also points to the need of a careful

placement of the sensor in the furnace in order to increase
lifetime and minimize corrosion effects due to glass droplets
or dust deposition.
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Viscous flow and surface crystallization caused by Vickers indentation

Η 7.5 μηι

Figure 5. Detailed view of the surface of a YSZ + AI2O3 com-
posite sample (a3YSZ39-2) after 39 days exposure, showing the
formation of new phases (A  Al-rich grain; Ζ  pure YSZ).

Table 5. Average chemical composition (in at.%, obtained by
EDS) of Zr and AI rieh grains present on the surface of YSZ
+ AI2O3 composites, after 39 days in the recovery Chamber
(a3YSZ7M-2 sample shown in figure 4)

element Zr rieh grain AI rieh grain

AI 63
Fe - 5.2
Ni - 32
Y 16.2 -Zr 84

3.2 Electrical properties

Figure 7 shows typical complex-resistivity spectra of pure
YSZ samples before and after exposure to the industrial
furnace atmosphere. In these curves, the high frequency arc
(/h) is usually ascribed to the bulk (grain) behaviour, while
the intermediate frequency arc (/J) is related to the grain
boundary response. For lower frequencies (not exploited in
this work) the response is attributed to electrode polariz-
ation processes. Corrosion effects involve extended incor-
poration of glass components in the electrolyte microstruc-
ture and are potentially more effective in changing the inter-
mediate frequency contribution. This glassy phase is be
lieved to block the transport of oxygen ions through the
ceramic/glass interface (see figure 3a), thus causing a strong
increase in interfacial polarization. This behaviour is similar
in every aspect to the result obtained with glass/zirconia
mixtures processed in laboratory scale conditions [15 and
16]. Moreover, this general picture was also observed with
alumina + zirconia/glass samples.

Table 6 summarizes the effect of attack conditions on
the electrical properties, both for YSZ and YSZ + AI2O3
samples. Typical relaxation frequencies (fj.) of the corre-
sponding impedance arcs were identified as the best param-
eter that can be used to monitor the corrosion process [15],

^10 pm

Figures 6a and b. View of the surface of YSZ + AI2O3 com-
posites (coarse and fine alumina starting powders) after long
exposure treatments; a) a3YSZ7M-14, and b) alYSZ7M 15.
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Figure 7. Impedance spectra obtained at 350 C for pure YSZ
samples before ( • ) and after (Δ) exposure to the atmosphere
of a glass melting furnace (YSZ39-1).

and are now given together with the electrical resistivity of
samples. Changes in the amplitude of /h arcs are very weak.
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Table 6. Resistivity ρ and typical relaxation frequency of the grain (^) and grain boundary (/;) arcs for as-sintered and furnace
exposed samples, measured by impedance spectroscopy at 400 °C

sample notation high frequency / h intermediate frequency

Ρ l g / Ρ l g /
in Ω cm in Hz in Ω cm in Hz

reference YSZ*) 4600 6.41 412 4.51
alYSZ*) 8329 6.32 2213 4.54
a3YSZ*) 9920 6.26 2065 4.42

nonprotected YSZ NPYSZ17R 7047 6.31 116000 2.35
NPYSZ17L 8764 6.20 97500 2.33

protected YSZ YSZ39-1 5490 6.40 1370 4.01
YSZ39-9 5372 6.40 1280 4.12

protected YSZ  + alumina alYSZ39-3 7357 6.28 2745 4.43
alYSZ39-l l 7698 6.23 2832 4.38
a3YSZ39-2 7739 6.26 2165 4.38
a3YSZ39-10 8598 6.23 1803 4.42

protected YSZ YSZ3M-1 7408 6.10 914 3.83
protected YSZ  + alumina alYSZ3M-6 5077 6.38 2480 4.34protected YSZ  + alumina

a3YSZ3M-5 6520 6.28 3818 4.28
protected YSZ YSZ7M-13 12624 6.07 2043 3.99
protected YSZ  + alumina alYSZ7M-15 7172 6.22 9396 3.30

a3YSZ7M-14 9143 6.14 8085 3.97

*) Nonattacked samples were used as reference.

1 / T i n l 0 " \ " ' -

Figure 8. Relaxation frequency / r dependence of the intermedi-
ate a rc / j on the measuring temperature for YSZ samples before
and after exposure to a severely corrosive atmosphere; • : non-
attacked sample, O: NPYSZ17L, Δ: NPYSZ17R.

1 / T i n l o ' ^ K -

Figure 9. Arrhenius-type dependence of typical relaxation fre
quencies / r of the high (4) and intermediate ( / j ) frequency arcs
on the attack duration for YSZ protected samples; • : nonat-
tacked, O: after 39 days, Δ: after three months, O: after seven
months.

irrespective of the attack duration and/or the samples  place-
ment in the furnace. Pure YSZ shows increasing bulk resis
tivity values upon exposure, but differences between non-
protected and protected samples are irrelevant (see table 6).
Differences in typical relaxation frequencies are also small.
We can conclude that corrosion of the intergranular region
is very incipient. In contrast, strong changes were observed
on  / arcs, in accordance with microstructural variations
(figures 3a to c). Severely corroded samples (NPYSZ) have
the intergranular region completely soaked by the glassy
phase that acts as a blocking agent to the oxygen ion mo
tion. As a consequence, corresponding resistivity values
strongly increase and typical relaxation frequencies are
about two Orders of magnitude lower than those measured

for nonattacked (see figure 8) or protected YSZ samples (see
table 6). This change confirms the dominance of interfacial
contributions to the overall response.

Despite the significant microstructural differences be-
tween nonprotected samples placed in the right and in the
left sidewall, their electrical response is surprisingly similar
(figure 8). As described elsewhere [14], the properties of
glass-ceramic composites tend to change quickly with in-
creasing glass content, until complete coverage of YSZ
grains. Above this hmit , changes are less pronounced. We
might then a s s u m e that s a m p l e s p l a c e d in the right s ide of
the recovery Chamber were severely a t tacked to that l imit .
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Viscous flow and surface crystallization caused by Vickers indentation
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Figure 10. Arrhenius-type dependence of the typical relaxation
frequency {f^) of the intermediate arc (/i) on the attack duration
of an alYSZ sample; • : nonattacked, 0\ after 39 days, Δ: after
three months, O: after seven months.

denoting comparable behaviour to samples placed in the
left side.

The effect of attack duration was investigated only for
protected samples in order to expand the time scale (up to
seven months) without complete damage of the pellets. Fig
ure 9 shows that changes in the relaxation frequency of the
/h arc are less pronounced, while a clear decrease of the
values of the / j contribution is noticed, especially at the be
ginning of the degradation process (up to three months) . In
any case, differences towards nonattacked YSZ samples are
now much less pronounced, suggesting that the suitable
placement in the furnace and/or the protection of samples
are effective ways to prevent corrosion.

Changes in the behaviour of the YSZ electrolyte induced
by alumina additions were studied by different authors [18
to 20]. The dispersion of resistive alumina particles causes
a localized blocking effect to the transport of oxygen ions,
responsible for a significant enhancement on the amplitude
of the /h and / i arcs (more relevant in the last one). This is
also observed in the present work, as can be seen in table 6.
By comparing nonattacked YSZ with a l Y S Z (or a3YSZ)
samples it becomes obvious that changes in the f\ compo-
nent are almost twice as large as those in arcs. Despite
this direct negative impact on electrical properties, alumina
addition to YSZ has beneficial effects preventing the cor
rosion by glassy phase penetration through the grain
boundaries ("scavenger effects ) [21].

Figure 10 shows the dependence of typical relaxation
frequency values of / on the exposure time for a l Y S Z
samples. The monotonous decrease is somewhat similar to
that observed with the pure YSZ electrolyte (see figure 9)
and we might conclude that alumina addition is ineffective
in stopping or limiting the corrosion process. Major differ-
ences are noticed for short periods, typically up to 39 days.
Figures I I a to c give a direct comparison of pure and alu
mina containing YSZ samples. As expected, the effect on
/h component is negligible, while an increase in / j values
is registered with alumina addition, especially for exposure
periods above 39 days (see figure I Ia ) . This result suggests
some corrosion Inhibition at the beginning, and complete

1.2 1.3 1,4 1.5 1.6 1.7 1.8 1.9

1 / T i n 1 0 " \ " ^

1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9

1 / T i n 1 0 " \ " ^ • 

- 1 / T i n 1 0 " \ " ' -

Figures I Ia to c. Arrhenius-type dependence of typical relax-
ation frequencies if^) of the high ( / h ) and intermediate (/j) fre-
quency arcs on the alumina addition for samples exposed for
different periods: a) 39 days; b) three months; and c) seven
months; • : pure YSZ, Δ: alYSZ, 0\ a3YSZ.

ineffectiveness for longer exposure periods (e.g., seven
months  figure  1 Ic). In any case, differences between pure
and alumina-containing samples are very small, in contrast
to relevant benefits achieved for glass-soaked (strongly
corroded) YSZ samples [14]. All tests now performed are
far from a severely corroded Situation, which might explain
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the minor benefits of alumina addition. In fact, typical
microstructures of samples now tested show clean (glass-
free) grain boundaries and the mean chemical composition
of YSZ grains of exposed samples remains almost un-
changed. As expected from the previous discussion, the ef
fect of the grain size distribution of alumina particles is
almost irrelevant. Moreover, the mentioned tendency for
similar grain size/shape for the Al-rich crystals after long
exposure periods (see figures 6a and b) might annihilate any
possible effect of the starting characteristics of the additive.

4. Conclusions

Industrial tests performed with YSZ samples directly ex-
posed to the atmosphere of a glass melting furnace show
strong corrosion effects on the electrolyte, similar to those
observed with intimate mixtures of glass and zirconia, or
with immersed sensors. In these severely corroded samples,
a high amount of glassy phase was observed mainly in the
intergranular region, including common glass elements to-
gether with volatile species present in the fuel. The preferen-
tial location in the grain boundary region affects mostly the
f[ component of the electrical response, while the / h contri-
bution remained unchanged. However, the careful place-
ment of YSZ samples in the furnace or their correct protec-
tion are effective ways to minimize the corrosion action of
dust and/or glass droplets. In these favourable conditions
the addition of alumina was found almost irrelevant. Even
so,  a slight enhancement of the corrosion resistance was
observed mainly in the first stages of the degradation pro-
cess.

The work was partially supported by PRODEP  2 (Portugal).
Industrial tests performed at Dämaso, Co. are greatly appre
ciated.
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