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(7) ABSTRACT

A solid electrolyte layer or body capable of being co-fired
with an insulating ceramic substrate or body to be used as a
gas sensor laminate. The gas sensor laminate is preferably
composed of an alumina substrate (1) and an oxygen-ion
conductive solid electrolyte layer (6) bonded to the alumina
substrate (1) by firing. The oxygen-ion conductive solid
electrolyte layer or body is formed from partially or wholly
stabilized zirconia, which layer contains alumina in an
amount of 10% to 80% by weight, particularly 30% to 75%
by weight. In this manner, another ceramic layer; particu-
larly, a ceramic layer (7) of alumina can further be bonded
to the oxygen-ion conductive solid electrolyte layer. The
relative density of the ceramic layer can be 60% to 99.5%,
preferably 80% to 99.5%.
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SOLID ELECTROLYTE CONTAINING
INSULATING CERAMIC GRAINS FOR GAS
SENSOR, AND METHOD FOR FABRICATING
SAME

CROSS REFERENCE TO RELATED
APPLICATION

[0001] This is a divisional of application Ser. No. 09/497,
645 filed Feb. 3, 2000 incorporated herein by reference.

BACKGROUND OF THE INVENTION
[0002] 1. Field of the Invention

[0003] The present invention generally relates to an elec-
trolyte, particularly to an electrolyte body or layer for use in
a cell that flows or rather transfers ions such as oxygen ions,
lithium ions, sodium ions between the electrodes of the cell.
Specifically the invention provides a gas sensor with a solid
electrolyte for detecting or rather measuring a concentration
of a specific gas component such as O,, CO,, NOx, HC,
H,0 and H,. More specifically, this invention provides a gas
sensor with an electrochemical cell using an oxygen ion
conductive solid electrolyte that is capable of transferring or
conducting oxygen to thereby detect a specific gas compo-
nent existing in an exhausted gas emitted from an internal
combustion engine, and a method for fabricating the gas
sensor. Further, the invention provides a new oXygen-ion
conductive solid electrolyte material and a strenuous gas-
sensor structure using the same.

[0004] 2. Description of the Related Art

[0005] Conventionally, various gas sensors using a solid
electrolyte such as zirconia have been proposed for internal
combustion engine control. For instance, a so-called lambda
sensor that employs a cylindrical and bottom-closed solid
electrolyte has been widely used for detecting oxygen in a
gas exhausted from an internal combustion engine. On the
other hand, a so-called thick-film gas sensor that utilizes a
thick electrolyte film or rather layer formed on a ceramic
substrate or rod as a sensing element has been proposed,
which sensor enables prompt activation of a gas-sensing
mechanism as compared to the lambda sensor. This is
because its heat-propagation efficiency is comparatively
high compared to the lambda sensor. The thick-film gas
sensor may include an insulating ceramic substrate or rod in
which a heating wire is embedded and insulated from the
electrolyte film, and which substrate is co-fired with the
electrolyte film so as to form an integral or unitary ceramic
laminate as a gas sensor.

[0006] In a conventional process of fabricating the thick-
film gas sensor, a green or rather unfired oxygen-ion con-
ductive solid electrolyte layer including zirconia particles
therein and unfired metal electrode wires formed thereon is
superposed on an unfired alumina substrate, and then the
layer and the substrate are co-fired to form the unitary
laminate. However, this process encounters a problem in that
since the alumina substrate and the zirconia differ in thermal
coefficient and thermal expansion and the zirconia under-
goes a phase transition with firing temperature variations, a
volume change and/or thermal stress is induced in the
laminate. This causes difficulties in attaining a high-quality
oxygen-ion conductive solid electrolyte layer of zirconia
firmly bonded on the alumina substrate without losing the
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required performance by co-firing. Otherwise, cracks are
induced in the resultant oxygen-ion conductive solid elec-
trolyte layer formed on the laminate in a thermal cycle
environment ranging, e.g., from -20° C. up to 1100° C.
(hereinafter referred to as “thermal cycle”).

[0007] Suppression of cracking in the laminate and firmly
bonding the oxygen-ion conductive solid electrolyte layer
thereon are disclosed in Japanese Patent Application aid-
Open (kokai) Nos. 61-51557, 61-172054, and 6-300731.
However, these disclosures are still unsatisfactory in bring-
ing about a good solid electrolyte ceramic that can be used
as a thick film layer of a gas sensing element formable with
an insulating ceramic substrate or rod.

SUMMARY OF THE INVENTION

[0008] 1t is therefore an object of the present invention to
solve the above-mentioned problems and to provide a new
or improved electrolyte body or layer capable of sufficiently
suppressing the formation of cracks during fabrication and/
or use including use in a high temperature gas environment.

[0009] Another object of the invention is to provide a
tough laminate comprised of an electrolyte ceramic layer
and a ceramic substrate, for use in a gas sensor.

[0010] Yet another object is to provide a method of
fabricating a solid electrolyte body, layer and/or laminate
that withstands and perform well in a high temperature gas
environment.

[0011] In terms of practical applications of a solid elec-
trolyte of zirconia including a partially or wholly stabilized
one, it has been conventionally believed that inclusion of
insulating ceramic material into the solid electrolyte material
should be less than about 5% by mass (=% by weight).
Otherwise, such alumina inclusion degrades the electro-
chemical function of the fired solid electrolyte.

[0012] However, the present inventors have found that,
even if the solid electrolyte ceramic contains the insulating
ceramic grains in a remarkably increased amount, e.g.,
several tens of percent by weight (namely, 10-80% by
weight), the fired solid electrolyte having such a large
amount of the insulating grains therein can function suffi-
ciently as a solid electrolyte for a gas sensor cell and is
comparable to a conventional one containing alumina in an
amount of less than 10% by weight. Especially when a
laminate is formed using a partially or wholly stabilized
zirconia electrolyte containing several tens of percent of
alumina grains of high purity, according to the invention, the
laminate works better in some physical values than a con-
ventional one that contains a lesser amount of alumina.

[0013] Specifically, an average grain size of the oxygen-
ion conductive solid electrolyte other than the insulating
grains after firing becomes not more than 2.5 ym, according
to the invention, when an average particle size of the
alumina, zirconia and yttria powders contained in a green or
rather unfired body or layer is less than 1 um.

[0014] These findings are quite useful for developing a
good solid electrolyte body and/or a thick-film laminated
structure (namely a laminate of at least one electrolyte layer
and another material layer) for use in a high temperature gas
sensor. Typically, such a laminate has a total thickness of 10
um-150 pum at an electrolyte portion that is coated or bonded



US 2004/0104115 Al

integrally on a thick strenuous insulating substrate or rod of
alumina by co-firing. The alumina substrate is preferred
when alumina grains with high purity is included in the
electrolyte portion that is coated or bonded with metal
electrodes such as platinum, forming the laminate of a gas
sensor.

[0015] According to a first aspect of the first embodiment
according to the invention, a solid electrolyte ceramic body
is provided containing insulating ceramic grains and par-
tially or wholly stabilized electrolyte ceramic, wherein the
ceramic body contains 10% to 80% by weight of the
insulating ceramic grains having an average grain size of not
larger than 1 wum distributed in the partially or wholly
stabilized electrolyte ceramic. The rest in the insulating
body, in other words, more than 20% by weight of the
ceramic body is the partially or wholly stabilized electrolyte.
Herein, it is important, when the electrolyte is used for a cell
for a gas sensor, that the electrolyte body is formed so that
the stabilized zirconia grains are continuously connected to
each other in a manner surrounding the insulating grains.
Otherwise, the cell having electrodes cannot transfer ions
from one electrode to another. If the average grain size of the
insulating ceramic grains are formed, a mechanical or elec-
trical performance of the electrolyte body tends to be lost.

[0016] In a second aspect of the first embodiment, the
solid electrolyte ceramic body importantly has insulating
ceramic grains having an average purity of more than 99%.
The preferable purity of the insulating ceramic grain is more
than 99.9% and the most preferable purity is more than
99.99% or more than 99.995% when it is measured at the
center of the grain, because high-purity insulating grains
tend not to combine with other ceramic material. Although
there are various candidates for the high-purity insulating
grains, alumina grains having such purity as described above
are best in the case that the solid electrolyte ceramic is
required to transfer oxygen-ions therethrough. The reason is
that the alumina (Al,05) per se has oxygen.

[0017] A high-purity alumina powder of more than 99.9%
purity is included in a green body or layer that otherwise
consists substantially of electrolyte ceramic such as zirconia
and hafnia, an inorganic stabilizer such as yttria and mag-
nesia and some organic binder is used in forming a good
oxygen-ion conductive solid electrolyte ceramic according
to the invention. The purity of insulating grains, specifically
alumina grains is important in order to prevent not only
electrical or mechanical degradation of the solid electrolyte
(fired) in use but also in fabrication thereof. A far better
performance of the solid electrolyte is attained when the
purity of the alumina powder included in the unfired elec-
trolyte layer is more than 99.99% or particularly preferably
more than 99.995%.

[0018] Another important factor is the purity of the zir-
conia powder and yttria mixed therewith. Foreign contami-
nating material other than zirconia and yttria should be less
than 1% by weight, preferably not more than 0.1% by
weight, or more preferably not more than 0.05% by weight.

[0019] In a third aspect of the first embodiment, the solid
electrolyte ceramic body has a partially or wholly stabilized
solid electrolyte that contains 20% to 90% by weight of
partially or wholly stabilized zirconia having a purity of
more than 99% or preferably more than 99.9%. When the
partially or wholly stabilized solid electrolyte contained
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inside the ceramic body has a form of solidified grains
having an average grain size of not greater than 2.5 um, the
mechanical or electrical performance of the solid electrolyte
ceramic body or layer is enhanced, particularly with the
alumina grains.

[0020] Specifically, the specific resistance of the oxygen-
ion conductive ceramic body or layer measured at 800° C.
becomes less than 10-Qm in a range of up to 80% by weight
of the insulating ceramic grains contained with the partially
or wholly stabilized zirconia formed inside the ceramic
body. More specifically, the specific resistance of the elec-
trolyte ceramic body substantially consisting of 30-70% of
the alumina grains and 30-70% of the remainder of partially
stabilized zirconia (yttria-partially stabilized zirconia), mea-
sured at 800° C. becomes remarkably less than 5-Qm which
is comparable with that of a conventionally known solid
electrolyte ceramic body containing substantially less than
20% of unpurified insulating ceramic other than zirconia and
yttria inside the electrolyte, measured under the same con-
dition.

[0021] When wunpurified or contaminated insulating
ceramic such as less than 99% -purity alumina is incorpo-
rated into the electrolyte body of partially or wholly or
stabilized zirconia, the specific resistance increases remark-
ably more than an order of 20 ©-m to more than 1000 Q-m
when inclusion of such unpurified ceramic increases only
from 10% to 20% by weight, when the specific resistance is
measured at a temperature of 800° C. in the ambient
atmosphere. The reason is that a contaminating material in
the alumina together with the alumina blocks or hinders ions
such as oxygen ions passing through the zirconia electrolyte
formed inside the body.

[0022] On the other hand, when a high-purity alumina and
a high purity-zirconia and a high-purity yttria are used in
accordance with a teaching of this invention that will
hereinafter be more specifically disclosed, the specific resis-
tance of the electrolyte body according to the invention is
less than 0.1 ©-m by the inclusion of less than 10% by
weight of the high purity alumina, and about less than 5 Q-m
by the inclusion of 10-50% by weight of the same alumina.
It is very surprising that by incorporation of such a high
amount of 30-70% by weight of the same high-purity
alumina into the electrolyte body according to the invention,
the specific resistance value exhibits low values of only
several ©2-m, less than 20 £-m or less than 40 Q-m. Herein,
the specific resistance is measured based on the well known
Cole-Cole plot method on the electrolyte ceramic body with
two electrodes formed therebetween at a temperature of
800° C. in the ambient atmosphere.

[0023] As described above, incorporation of high-purity
alumina grains into the solid electrolyte does not so degrade
its electrical performance needed for electrical applications
such as a gas sensor. In addition, this can advantageously
change other physical values such as thermal expansion
coefficient and mechanical strength by varying a percentage
of the alumina inclusion so as to match with other bodies or
layers such as a metal layer, insulating ceramic substrate or
layer and even a metal layer.

[0024] There is a great advantage of laminating a plurality
of solid electrolyte bodies and/or layers, each having a
different percentage of high purity insulating grains, because
different physical parameters (electrical, chemical or



US 2004/0104115 Al

mechanical properties) are attained by each of the electrolyte
bodies or layers. Each body or layer may have a metallic
electrode forming a electrochemical cell, may have cermet
electrodes including some metal and ceramic, or may have
an insulator bonded therewith.

[0025] The present invention can be applied to various
electrolyte-using cells such as a lithium or sodium-ion
conducting cell and ion-separator including a polymer or
solid ceramic electrolyte, so long as inclusion of high-purity
insulating ceramic grains does not cause a serious problem
in those cells or separator. The cell or separator as used
herein means that only a specific ion such as oxygen and
lithium passes therethrough but does not allow other ions to
pass.

[0026] According to a first aspect of a second embodiment
embodiment according to the present invention, a gas sensor
is provided with an electrochemical cell for detecting a gas
concentration, comprising an oxygen-ion conductive solid
electrolyte layer; and metallic electrodes formed on the
oxygen-ion conductive solid electrolyte layer; wherein the
oxygen-ion conductive solid electrolyte layer contains 10%
to 80% by weight of insulating ceramic grains.

[0027] The above gas sensor may further advantageously
comprise an alumina substrate on which the oxygen-ion
conductive solid electrolyte layer is formed integrally, a
heater disposed within the alumina substrate; an oxygen-
reference electrode formed integrally on the oxygen-ion
conductive solid electrolyte layer; and a gas-measuring
electrode formed integrally on the oxygen-ion conductive
solid electrolyte layer, wherein the oxygen-ion conductive
solid electrolyte layer contains zirconia and alumina grains
such that the alumina grains contained in the oxygen-ion
conductive solid electrolyte layer account for 10% to 80%
by weight or more advantageously 20% to 75% based on the
total weight of the oxygen-ion conductive solid electrolyte
layer. In this sensor, when the content of the alumina grains
is 30% to 70% by weight based on the weight of the
oxygen-ion conductive solid electrolyte layer the require-
ments of most oxygen-ion based gas sensors used with
internal combustion engine which elevate the sensor tem-
perature and vibrate the sensor, such as an oxygen sensor,
NOx sensor and HC sensor can be satisfied.

[0028] In addition, the gas sensor may further comprise an
intermediate layer disposed between the alumina substrate
and the oxygen-ion conductive solid electrolyte layer,
wherein the intermediate layer contains the zirconia and
insulating ceramic such that the insulating ceramic content
of the intermediate layer is different from that of the oxygen-
ion conductive solid electrolyte layer. In this configuration,
good performance of the high temperature sensor is attained.
Further improvement is expected when the content of the
insulating ceramic contained in the intermediate layer is at
least 10% by weight greater than that of the insulating
ceramic contained in the oxygen-ion conductive solid elec-
trolyte layer. The best main material contained in the insu-
lating ceramic substrate is high purity-alumina.

[0029] Another ceramic layer having a relative density of
60% to 99.5% may be formed on the gas-measuring elec-
trode and/or the oxygen-ion conductive solid electrolyte
layer. On such a ceramic layer having a density as described
above, a poison-prevention layer such as spinel layer may be
formed on an outside surface of the ceramic layer for
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preventing the gas-measuring electrode from being poisoned
by a foreign element such as Pb.

[0030] The insulating grain contained in the oxygen-ion
conductive solid electrolyte layer in the above configuration
of the gas sensor is importantly a product formed from
alumina of more than 99.9% purity, or of more than 99.99%
purity.

[0031] According to a second aspect of the second
embodiment, a gas sensor is provided with an electrochemi-
cal cell for detecting or measuring a gas, comprising: an
insulating ceramic substrate and a oxygen-ion conductive
solid electrolyte layer formed integrally on the substrate by
firing, wherein the oxygen-ion conductive solid electrolyte
layer contains zirconia and the insulating ceramic such that,
when the total amount of zirconia and insulating ceramic is
taken as 100% by weight, the insulating ceramic accounts
for 10% to 80% by weight. The insulating ceramic substrate
is alumina in a shape of, e.g., a cylindrical column or rod on
which the oxygen-ion conductive solid electrolyte layer is
formed integrally; a heater disposed within the alumina
column or rod; an oxygen-reference electrode formed inte-
grally on the oxygen-ion conductive solid electrolyte layer;
and a gas-measuring electrode formed integrally on the
oxygen-ion conductive solid electrolyte layer, wherein the
oxygen-ion conductive solid electrolyte layer contains zir-
conia and alumina grains such that the alumina grains
contained in the oxygen-ion conductive solid electrolyte
layer account for 10% to 80% by weight based on the total
weight of the oxygen-ion conductive solid electrolyte layer.

[0032] Any insulating ceramic material for the “substrate”
(or rod) can be used so long as it is stable at high temperature
and shows insulating properties. Although not particularly
limited, good examples of such insulating ceramic material
are alumina, mullite, and spinel when the “electrolyte
ceramic” is oxygen-ion conductive. Among them, an alu-
mina substrate is best, because a wire for heating the
electrolyte can be co-fired to be embedded within the
alumina substrate when all others parts are co-fired (simul-
taneously fired) to form a laminate for a gas sensor element.

[0033] The oxygen-ion conductive solid electrolyte layer
contains “electrolyte ceramic” and “insulating ceramic”,
wherein the insulating ceramic accounts for 10% to 80% by
weight, according to this aspect of the invention. The
oxygen-ion conductive solid electrolyte layer is integrally or
rather unitarily formed on the insulating substrate (including
rod) so as to form a sturdy laminate capable of being held
firmly in a housing of a conventionally known gas sensor
which is often subjected to a severe vibrant environmental
condition.

[0034] Since the oxygen-ion conductive solid electrolyte
layer according to the invention contains insulating ceramic
as one of main components, when the electrolyte layer is
unitarily bonded with the ceramic substrate by co-firing to
form a ceramic laminate, a thermal stress that arises between
the substrate and the oxygen-ion conductive solid electrolyte
layer due to their difference in coefficient of thermal expan-
sion is extremely alleviated thereby sufficiently suppressing
cracking or delamination in the laminate.

[0035] By employing the insulating ceramic falling within
the above range, growth of zirconia grains in the oxygen-ion
conductive solid electrolyte layer is effectively inhibited,
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thereby suppressing the phase transition of zirconia which
would otherwise result from exposure to temperature varia-
tions involved in the firing or thermal cycle. Even when the
phase transition occurs partially, cracking can be suppressed
since stress is readily dispersed.

[0036] As described above, the oxygen-ion conductive
solid electrolyte layer contains insulating ceramic in an
amount of 10% to 80% by weight. When the insulating-
ceramic content is less than 10% by weight, cracking in the
oxygen-ion conductive solid electrolyte layer is not sup-
pressed sufficiently, potentially resulting in separation of the
oxygen-ion conductive solid electrolyte layer from the insu-
lating substrate, particularly at an edge portion. When an
insulating-ceramic content in the oxygen-ion conductive
solid electrolyte layer used with the insulating substrate is in
excess of 80% by weight, oxygen ion conductivity of the
oxygen-ion conductive solid electrolyte layer decreases to a
unusable range. The insulating-ceramic content is preferably
20% to 75% by weight, more preferably 30% to 70% by
weight for a laminated configuration of the gas sensor
element.

[0037] The insulating-ceramic or zirconia content in the
oxygen-ion conductive solid electrolyte layer can be
obtained not only by conventional chemical analysis, but
also by image analysis of electron photomicrographs. For
example, a BEI image (back scattered electron image)
photographed by an SEM (scanning electron microscope) is
scanned by means of a scanner to obtain electronic infor-
mation regarding the image. On the basis of the electronic
information, an area ratio between insulating-ceramic grains
and zirconia grains contained in the electrolyte layer is
determined by use of an image analyzer (for example,
LUZEX FS, product of NIRECO). On the basis of the
thus-obtained area ratio, a theoretical volume ratio is calcu-
lated through approximation, and the thus-obtained volume
ratio is converted to a content by weight of the insulating
ceramic.

[0038] Zirconia contained in the oxygen-ion conductive
solid electrolyte layer is preferably in the form of stabilized
zirconia or partially stabilized zirconia. If physical proper-
ties such as mechanical strength, toughness, and thermal-
impact resistance of the oxygen-ion conductive solid elec-
trolyte layer formed on the insulating ceramic substrate are
required to be optimized, the zirconia partially stabilized by
yttria of 2 to 9% by mole, more preferably 4% to 8% by mole
is recommended to be mixed with the insulating ceramic of
high purity-alumina to form the best electrolyte layer
according to the invention. Other stabilizers may be mag-
nesia and calcia.

[0039] According to a third aspect of the second embodi-
ment, the gas sensor may further comprise an intermediate
layer disposed between the insulating substrate and the
oxygen-ion conductive solid electrolyte layer, the interme-
diate layer containing zirconia and insulating ceramic. A
preferable amount of the insulating ceramic contained in the
intermediate layer is at least 10% by weight (more prefer-
ably, at least 15% by weight) greater than that of the
oxygen-ion conductive solid electrolyte layer. By employing
such an intermediate layer, the substrate and the oxygen-ion
conductive solid electrolyte layer having electrodes for use
as a cell can bond to each other more firmly by co-firing. A
plurality of the intermediate layers may be employed. The
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intermediate layer may be used as a cell in part or whole by
forming at least one electrode on the intermediate layer,
since the intermediate layer contains electrolyte ceramic
other than insulating ceramic. Preferably, the intermediate
layer that directly contacts the insulating ceramic substrate
(or rod) may contain alumina and zirconia such that the
amount ratio of alumina to zirconia is the highest among the
intermediate layers. The intermediate layer in direct contact
with the oxygen-ion conductive solid electrolyte layer may
contain alumina and zirconia such that the amount ratio of
zirconia to alumina is the highest among the intermediate
layers. In these configurations according to the invention,
the stress induced by phase transition and temperature shift
between the outermost layer and the substrate is much
decreased.

[0040] According to a fourth aspect of the second embodi-
ment, the insulating ceramic contained in the substrate, the
oxygen-ion conductive solid electrolyte layer or the inter-
mediate layer is preferably alumina. This is because alumina
is stable at high temperature; has excellent mechanical
strength, heat resistance, and insulating properties; and
yields excellent bonding strength in bonding with the oxy-
gen-ion conductive solid electrolyte layer by co-firing.

[0041] According to a fifth aspect of the second embodi-
ment, at least two electrode layers may be formed on the
oxygen-ion conductive solid electrolyte layer, to thereby use
the gas sensor element as, for example, a monolithic gas
sensor element. A pair of electrode layers may be formed on
the same side of the oxygen-ion conductive solid electrolyte
layer or on the respective opposite sides of the oxygen-ion
conductive solid electrolyte layer.

[0042] According to a sixth aspect of the second embodi-
ment, a ceramic layer having a relative density of 60% to
99.5% is formed on the outermost oxygen-ion conductive
solid electrolyte layer. According to a seventh aspect of the
second embodiment, a ceramic layer having a relative den-
sity of 60% to 99.5% may be formed on both the oxygen-ion
conductive solid electrolyte layer and electrodes or between
the electrolyte layer and the intermediate layer, thereby
further effectively suppressing or preventing cracking in the
gas sensor element (including oxygen-ion conductive solid
electrolyte layer).

[0043] According to a first aspect of a third embodiment
according to the invention, a method of fabricating a gas
sensor is provided, comprising: forming a powder mixture
of alumina, zirconia and yttria; disposing two unfired metal-
lic electrodes on a unfired layer formed from the mixture;
and firing the layer, the two unfired electrodes and an
insulating substrate simultaneously at a temperature of from
1350° C. to 1600° C. so as to form a ceramic laminate
having an oxygen-ion conducting cell having an oxygen-ion
conductive layer that is capable of transferring oxygen-ions
between the fired electrodes, wherein the oxygen-ion con-
ductive solid electrolyte layer contains from 10% to 80% by
weight of alumina grains and 20 to 90% by weight of
zirconia stabilized partially or wholly by yttria.

[0044] In the above method, the zirconia and yttria con-
stituting the powder mixture may be advantageously those
attained by co-precipitating a liquid that contains an alkox-
ide of zirconium and an alkoxide of yttrium, since a uni-
formly mixed powder is attained by co-precipitation. It is
important to produce a contamination free mixture such as
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a less than 0.1 percent contaminated mixture for the mixture
of zirconia and stabilizer for use in the method of the
invention. In other words, the zirconia and yttria powders
are those uncontaminated at a purity level of more than
99.9%.

[0045] More important may be the purity of the alumina
grains to be mixed with the mixture of zirconia and stabi-
lizer. The purity of the alumina powder is more than 99.9%
or more preferably 99.99% in the method according to the
invention, because there is a tendency that such high purity
alumina particles do not form a solute with the zirconia or
yttria during firing and do not cause the internal resistance
of the electrolyte to rise too high for a gas sensor.

[0046] According to a second aspect of the third embodi-
ment, a method of fabricating a laminate for a gas sensor
(ie., gas-sensing element) is provided, comprising: (1)
forming a unfired ceramic layer that contains zirconia pow-
der and insulating ceramic powder such that an amount of
the insulating ceramic powder becomes 10% to 80% by
weight compared to a total amount of the zirconia and
insulating ceramic powder contained in the unfired layer; (2)
superposing the unfired ceramic layer on an insulating
ceramic layer so as to form a unfired ceramic laminate; and
(3)integrally firing the unfired ceramic laminate to form a
fired oxygen-ion conductive solid electrolyte layer at an
outermost surface of a resultant fired ceramic laminate so
that a grain size of the fired solid electrolyte becomes less
than 2.5 um.

[0047] With respect to the above method according to the
second aspect, it is much preferred to use fine zirconia
powder having an average particle size of less than 1 um
which is attained through precipitation, so as to attain a grain
size of the fired solid electrolyte that is less than 2.5 um. It
is best to use fine zirconia powder containing a stabilizer
powder selected from yttria (yttrium oxide), magnesia (mag-
nesium oxide) and/or calcia, the stabilizer-containing zirco-
nia powder being made by co-precipitation as described
above.

[0048] The phrase “integrally firing” or the word “co-
firing” means performing the steps of: superposing at least
one unfired oxygen-ion conductive solid electrolyte layer or
body on another unfired layer, substrate or body of ceramic
or metal; and firing the resultant laminate into a single unit.
The insulating ceramic is not particularly limited, and
examples thereof include alumina, mullite and spinel. In
view of stability at high temperature, mechanical strength,
heat resistance and insulating properties, alumina is most
preferred as the insulating ceramic.

[0049] According to a third aspect of the third embodi-
ment, “firing” is performed preferably at a temperature of
1350° C. to 1600° C. (more preferably, 1400° C. to 1550°
C.). At a firing temperature lower than 1350° C., the fired
laminate fails to be sufficiently fired; in other words, a
uniformly sintered laminate is hardly obtained. At a firing
temperature higher than 1650° C., grains formed inside the
electrolyte layer grow anomalousy. Firing at the above
temperature range is maintained preferably for 0.5 hour to 6
hours (more preferably, 1 hour to 2 hours).

[0050] According to a fourth aspect of the third embodi-
ment, a powder material substantially consisting of zirconia
and stabilizer is advantageously used, which powder is
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attained by co-precipitation and contains the zirconia and a
stabilizer. By co-precipitation, the stabilizer and zirconia are
mixed uniformly, and zirconia material powder having a
small grain size; specifically, an average grain size not
greater than 1.0 um is readily attained. Examples of such a
stabilizer include yttria, magnesia and calcia.

[0051] The “measuring electrode” and “oxygen-reference
electrode” may be formed on corresponding opposite sides
of the oxygen-ion conductive solid electrolyte layer; for
example, by a step of printing an electrode pattern using a
platinum-containing paste, followed by firing. Alumina and/
or zirconia stabilized in part or whole may be added to the
platinum-containing paste. The oxygen-reference electrode
and the measuring electrode may be formed on the corre-
sponding opposite sides of the oxygen-ion conductive solid
electrolyte layer. A gas under measurement comes into
contact with the measuring electrode, while a oxygen-
concentration reference gas comes into contact with the
oxygen-reference electrode. As a result, an electromotive
force is induced according to an oxygen concentration
difference between the electrodes by an oxygen concentra-
tion cell effect based on the Nernst equation.

[0052] The “heater” disposed within the substrate is
adapted to heat the oxygen-ion conductive solid electrolyte
layer and comprises a heating portion and a heater lead
portion for the heating portion. The heater lead portion
connects the heating portion and lead wires so that an
electrical current or voltage is applied across the wires so as
to heat the heating portion. In the gas sensor element having
the heater, heat generation characteristics of the heater are
determined by the resistance of the material for the heater,
which is desired to be adjusted widely by controlling or
varying the firing temperature. The gas sensor element made
according to the method of the present invention allows a
wide firing temperature range of 1350° C. to 1600° C. in the
course of fabrication thercof. In other words, when the
heater portion, the unfired substrate, and the unfired oxygen-
ion conductive solid electrolyte layer are co-fired, the resis-
tance of the heater can be advantageously controllable in a
wide range of plus or minus 50% or so to a target value, due
to use of the solid electrolyte containing alumina grains
according to the invention.

[0053] According to a fifth aspect of the third embodi-
ment, a gas sensor is provided comprising: an insulating
ceramic substrate and a oxygen-ion conductive solid elec-
trolyte layer formed integrally on the substrate; a heater
disposed within the insulating ceramic substrate; an oxygen-
reference electrode formed on a side of the oxygen-ion
conductive solid electrolyte layer that contacts the substrate;
and a measuring electrode for detecting a gas formed on the
other side of the oxygen-ion conductive solid electrolyte
layer, wherein the oxygen-ion conductive solid electrolyte
layer contains zirconia and insulating ceramic such that,
when the total amount of zirconia and insulating ceramic is
taken as 100% by weight, the insulating ceramic accounts
for 10% to 80% by weight.

[0054] The “substrate”, “oxygen-ion conductive solid
electrolyte layer” and the “zirconia” content and “insulating
ceramic” content in the fired oxygen-ion conductive solid
electrolyte layer may be similar to those in the other aspects
described previously so as to yield similar effects. The
oxygen-ion conductive solid electrolyte layer may contain
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alumina grains preferably in an amount of 20% to 75% by
weight or preferably 30% to 75% by weight therein.

[0055] The gas sensor element may further comprise an
intermediate layer disposed between the substrate and the
oxygen-ion conductive solid electrolyte layer and/or
between the substrate and the oxygen-reference electrode,
the intermediate layer containing zirconia stabilized in part
or whole and insulating ceramic. The intermediate layer
contains zirconia and insulating ceramic such that, when the
total amount of zirconia and insulating ceramic is taken as
100% by weight, the insulating ceramic content of the
intermediate layer is preferably at least 10% by weight
(more preferably, at least 15% by weight) greater than that
of the oxygen-ion conductive solid electrolyte layer. In this
manner, the intermediate layer can have a thermal expansion
coefficient falling between those of the substrate and oxy-
gen-ion conductive solid electrolyte layer, thereby more
reliably suppressing cracking in the oxygen-ion conductive
solid electrolyte layer. Further, since the insulating-ceramic
content of the intermediate layer falls between that of the
substrate formed of insulating ceramic and that of the
oxygen-ion conductive solid electrolyte layer which con-
tains insulating ceramic in an amount of 10% to 80% by
weight, the substrate and the oxygen-ion conductive solid
electrolyte layer is bonded more firmly via the intermediate
layer with less stress preventing delamination or cracks.

[0056] Particularly, when the insulating-ceramic content
of the oxygen-ion conductive solid electrolyte layer is
considerably low compared to that of the insulating sub-
strate, two or more intermediate layers may be employed. In
such a case, the insulating-ceramic content of the interme-
diate layer may be reduced sequentially such that the inter-
mediate layer in contact with the substrate (such as an
alumina substrate) has the highest insulating-ceramic con-
tent (alumina content), while the intermediate layer in con-
tact with the oxygen-ion conductive solid electrolyte layer
has the lowest insulating-ceramic content, thereby more
effectively suppressing cracking in the oxygen-ion conduc-
tive solid electrolyte layer. Also, the substrate and the
oxygen-ion conductive solid electrolyte layer can be bonded
far more firmly via the two or more intermediate layers of
different insulating-ceramic contents. The intermediate lay-
ers may be formed so as to extend over the entire surface of
the substrate. Alternatively, in the case of a gas sensor of a
reference-gas introduced type other than a self-reference gas
formed type, the intermediate layer in contact with the
oxygen-ion conductive solid electrolyte layer or all of the
two or more intermediate layers may be formed to have a
reference-gas introducing passage therein.

[0057] The thickness of the intermediate layer (when two
or more intermediate layers are involved, the total thickness
of the intermediate layers is counted) is preferably 5 um to
200 um, more preferably 20 um to 50 um. When the
thickness of the intermediate layer is less than 5 um, the
intermediate layer fails to sufficiently suppress cracking in
the oxygen-ion conductive solid electrolyte layer, resulting
in a failure to bond firmly the substrate and the oxygen-ion
conductive solid electrolyte layer. In the case of a gas sensor
element, when the thickness of the intermediate layer is in
excess of 200 um, heat transmission to the oxygen-ion
conductive solid electrolyte layer from the heater disposed
within the substrate of insulating ceramic is delayed, poten-
tially failing to activate promptly the oxygen-ion conductive
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solid electrolyte layer through efficient heating. Also, an
excessively thick intermediate layer may cause cracking in
the oxygen-ion conductive solid electrolyte layer due to
thermal strain.

[0058] According to a sixth aspect of the third embodi-
ment, the insulating ceramic to be contained in the substrate
and the oxygen-ion conductive solid electrolyte layer or in
the intermediate layer is preferably alumina. This is because
alumina is stable at high temperature; has excellent
mechanical strength, heat resistance and insulating proper-
ties; and yields excellent bonding strength in bonding with
the oxygen-ion conductive solid electrolyte layer.

[0059] According to a seventh aspect of the third embodi-
ment, a ceramic layer having a relative density of 60% to
99.5% (preferably 80% to 99.5%) may be bonded to the
measuring electrode on the side opposite the substrate,
thereby effectively suppressing cracking in the oxygen-ion
conductive solid electrolyte layer. In the case of a ceramic
layer having a relative density of less than 60%, even when
a poisoning prevention layer is provided, poisoning of the
measuring electrode with Pb, Si or P may not be suppressed
or prevented sufficiently. When the relative density is in
excess of 99.5%, oxygen contained in the gas under mea-
surement fails to reach the measuring electrode promptly
and sufficiently; as a result, the responsiveness of the gas
sensor element tends to be impaired.

[0060] The thickness of the ceramic layer is 10 um to 200
um, preferably 20 um to 100 um, more preferably 25 um to
70 um. When the thickness of the ceramic layer is less than
10 um, the ceramic layer fails to sufficiently protect the
measuring electrode and fails to sufficiently strengthen the
gas sensor element as a whole.

[0061] The poisoning prevention layer for protecting the
electrode may be made of spinel. When the poisoning
prevention layer is to be formed, a portion of the ceramic
layer corresponding to the poisoning prevention layer may
be formed by applying a slurry so as to be a relatively thin
layer. The other portion of the ceramic layer may be formed
of a sheet having a thickness substantially equal to that of the
poisoning prevention layer so as to be a relatively thick
layer. Thus, the resultant gas sensor element does not
involve any stepped portion which would otherwise cause
stress concentration.

[0062] In the case of a gas sensor element of a reference-
oxygen self-generation type (that may be called a ICP type),
the thickness of the oxygen-ion conductive solid electrolyte
layer is preferably not less than 10 um up to 70 ym (more
preferably 20 um to 60 um, most preferably 30 um to 50
um). When the thickness is less than 10 um, the durability
of the oxygen-ion conductive solid electrolyte layer may
become insufficient. In order to form a thick oxygen-ion
conductive solid electrolyte layer, printing with a paste may
be repeated a plurality of times.

[0063] In the case of a gas sensor element of a reference-
gas introduction type, the thickness of the oxygen-ion con-
ductive solid electrolyte layer is preferably 0.5 mm to 2 mm
(more preferably 0.7 mm to 1.5 mm, most preferably 0.9 mm
to 1.3 mm). When the thickness is less than 0.5 mm, the
oxygen-ion conductive solid electrolyte layer may fail to
have sufficient mechanical strength. When the thickness is in
excess of 2 mm, the thermal capacity of the gas sensor
element increases possibly causing an impairment in sensi-
tivity at low temperature.



US 2004/0104115 Al

[0064] The present invention is characterized in that a
mean or average grain size of zirconia is not greater than
“2.5 um”. The “mean or average grain size” is obtained on
the basis of a photograph of the surface of the solid elec-
trolyte layer photographed at a magnification of 5000 using
a scanning electron microscope (hereinafter referred to as a
“SEM photograph™). By photographing a back-reflection
electron image (hereinafter referred to as a “BEI image™) by
means of an SEM, grains of different compositions can be
photographed in different colors or densities. When the
maximum diameter of each grain in an SEM photograph is
taken as the size of the grain, the mean size of all zirconia
grains contained in a unit square measuring 5 cmx5 cm in
the photograph is called a first mean grain size. Five first
mean grain sizes are obtained respectively from five SEM
photographs corresponding to five different fields of view
(surface) on the same solid electrolyte layer and are then
averaged so as to obtain a second mean grain size. This
second mean grain size serves as the “mean grain size” or
rather “average grain size” defined in the present invention.

[0065] As seen from the autoclave test results which will
be described later in the “Example” section, when the mean
grain size of zirconia is in excess of 2.5 um, the solid
electrolyte layer fails to exhibit sufficient durability. By
maintaining a mean zirconia grain size of not greater than
2.5 um, the growth of zirconia grains within the solid
electrolyte layer is effectively suppressed, thereby suppress-
ing phase transition of zirconia which would otherwise
result from exposure to temperature variations involved in a
firing step or thermal cycle. Even when phase transition
occurs partially, cracking can be suppressed since stress is
readily dispersed. The mean grain size of zirconia is con-
trolled preferably to 0.1 um to 2.3 um, more preferably 0.3
um to 2.0 um. By attaining such a range of mean grain size,
cracking of the solid electrolyte layer can be suppressed.

[0066] The above-mentioned grain size distribution of
zirconia contained in the solid electrolyte layer is preferably
05 um to 5 um (more preferably 0.5 um to 4.2 um,
particularly preferably 0.5 um to 3.5 um). Even when the
mean grain size is not greater than 2.5 um, inclusion of a
grain having a maximgm grain size in excess of 5 um may
cause cracking.

[0067] In view of suppression of cracking, preferably,
50% to 100% (more preferably 60% to 100%, particularly
preferably 70% to 100%) of zirconia grains contained in a
unit square corresponding to each of five fields of view
observed on the respective SEM photographs have a maxi-
mum grain size of not greater than 3 um.

[0068] Particularly preferably, in view of suppression of
cracking, the mean grain size of zirconia is not greater than
2.5 um, zirconia grains have a maximum grain size of not
greater than 5 um, and 50% to 100% of zirconia grains
contained in a unit square corresponding to each of five
fields of view observed on the respective SEM photographs
have a maximum grain size of not greater than 3 um.

[0069] Zirconia grains contained in the solid electrolyte
layer include those assuming a tetragonal phase (hereinafter
referred to as the “T phase”), those assuming a monoclinic
phase (hereinafter referred to as the “M phase”), and those
assuming a cubic phase (hereinafter referred to merely as the
“C phase”). The mean grain size of grains assuming the T
phase is not greater than 2.5 um (more preferably 0.1 um to
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2.3 pm, particularly preferably 0.3 ym to 2.0 um). The T
phase is apt to undergo transition to the M phase at an
ambient temperature of about 200° C. This phase transition
is accelerated with humidity and involves a volume change.
Thus, by achieving a mean grain size of not greater than 2.5
um with respect to grains assuming the T phase, phase
transition of zirconia is suppressed which would otherwise
result from exposure to temperature variations involved in a
firing step or thermal cycle. The mean grain size of grains
assuming the T phase is calculated in a manner similar to
that for calculating the mean grain size of zirconia described
above. Grains assuming the T phase can be differentiated
from those assuming other phases by utilizing a BEI image
as described above.

[0070] Preferably, zirconia is contained in the solid elec-
trolyte layer in the form of stabilized zirconia or partially
stabilized zirconia. Particularly preferably, partially stabi-
lized zirconia is contained in a large amount. This makes
zirconia less susceptible to phase transition which would
otherwise result from exposure to temperature variations
involved in the firing step or thermal cycle. Also, physical
properties, such as mechanical strength, toughness and ther-
mal-impact resistance, of the solid electrolyte layer are
improved. Notably, when the zirconia content of the solid
electrolyte layer is taken as 100% by mole, the solid
electrolyte layer preferably contains a stabilizer in an
amount of 2 to 9% by mole, more preferably 4% to 9% by
mole. Examples of such a stabilizer include yttria, magnesia
and calcia, and yttria is preferred.

[0071] As described above, by including insulating
ceramic and zirconia in the solid electrolyte layer and by
achieving a mean zirconia grain size of not greater than 2.5
um, cracking can be suppressed. According to a second
aspect of the present invention, the mean grain size of
insulating ceramic contained in the solid electrolyte layer is
not greater than 1.0 um to thereby enhance the effect of
suppressing cracking. The mean grain size of the insulating
ceramic is preferably 0.05 um to 0.8 um, more preferably 0.1
um to 0.6 um. As the mean grain size of insulating ceramic
is reduced, the mean grain size of zirconia can be further
reduced. The mean grain size of insulating ceramic can be
calculated in a manner similar to that for calculating the
mean grain size of zirconia.

[0072] The insulating-ceramic or zirconia content of the
solid electrolyte layer can be obtained not only by conven-
tional chemical analysis, but also by image analysis of
electron photomicrographs. For example, a BEI image,
which is photographed by use of an SEM in the same
manner as described above, is scanned by means of a
scanner to obtain electronic information regarding the
image. On the basis of the electronic information, an area
ratio between insulating-ceramic grains and zirconia grains
is obtained by use of an image analyzer (for example,
LUZEX FS, product of NIRECO). On the basis of the
thus-obtained area ratio, a theoretical volume ratio is calcu-
lated by approximation, and the thus-obtained volume ratio
is converted to a content of the insulating ceramic.

[0073] The ceramic laminate of the present invention can
be used in a laminated oxygen sensor cell comprising the
solid electrolyte layer and a pair of electrode layers formed
on the solid electrolyte layer. In a conventional laminated
oxygen sensor element, the solid electrolyte layer is made of
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zirconia, and the substrate is made of insulating ceramic (for
example, alumina) so as to effect electrical insulation. As a
result, the conventional laminated oxygen sensor element is
apt to suffer cracking of the solid electrolyte layer due to
thermal stress that arises between the solid electrolyte layer
and the substrate, as well as phase transition of zirconia, in
association with temperature variations involved in a firing
step or thermal cycle. By employing the ceramic laminate of
the present invention, the oxygen sensor element can effec-
tively suppress the cracking problem. The pair of electrode
layers may be formed on the same side of the solid electro-
lyte layer or on the respective opposite sides of the solid
electrolyte layer.

[0074] The reference electrode and the measuring elec-
trode are formed on the corresponding opposite sides of the
solid electrolyte layer. Gas under measurement comes into
contact with the measuring electrode, while reference gas
comes into contact with the reference electrode. As a result,
an electromotive force is induced according to an oxygen
concentration difference between the electrodes by an oxy-
gen concentration cell effect.

[0075] In the case of the oxygen sensor element of a
reference-oxygen self-generation type (ICP type), the thick-
ness of the solid electrolyte layer is preferably not less than
10 gm to 70 um (more preferably 20 ym to 60 ym, most
preferably 30 um to 50 um). When the thickness is less than
10 um, the durability of the solid electrolyte layer becomes
insufficient. In order to form a thick solid electrolyte layer,
printing with a paste must be repeated a plurality of times,
thereby impairing working performance. Thus, the thickness
is preferably not greater than 70 um.

BRIEF DESCRIPTION OF THE DRAWINGS

[0076] FIG. 1 is a perspective and schematic view of an
embodiment of a gas sensor, comprising a solid electrolyte
bonded or layer (2) containing alumina grains according to
the invention, with other disassembled parts that form a gas
sensor laminate.

[0077] FIG. 2 is a photograph taken after subjecting to an
autoclave durability test two solid electrolyte layers bonded
by co-firing(:test piece 2), wherein a top layer is a solid
electrolyte layer containing alumina grains according to the
invention and showing no induced cracks, and a bottom
layer is a solid electrolyte layer having no alumina grains
and showing induced cracks.

[0078] FIG. 3 is a photograph taken after subjecting to an
autoclave durability test two solid electrolyte layers bonded
by co-firing (:test piece 3), wherein a top layer is a solid
electrolyte layer containing alumina grains different in size
from test piece 2 according to the invention and showing no
induced cracks, and a bottom layer is a solid electrolyte layer
containing no alumina grains and showing induced cracks.

[0079] FIG. 4 is an electron micrograph of a surface of a
solid electrolyte layer containing alumina grains (:test piece
1) according to the invention, taken at a magnification of
5000.

[0080] FIG. 5 is an electron micrograph of a surface of a
solid electrolyte layer containing alumina grains (:test piece
2) according to the invention, taken at a magnification of
5000.
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[0081] FIG. 6 is an electron micrograph of a surface of a
solid electrolyte layer containing alumina grains (:test piece
3) according to the invention, taken at a magnification of
5000.

[0082] FIG. 7 is an electron micrograph of a surface of a
solid electrolyte layer containing alumina grains (:test piece
5) according to the invention, taken at a magnification of
5000.

[0083] FIG. 8 is an electron micrograph of a surface of a
solid electrolyte layer containing alumina grains (:test piece
8) according to the invention, taken at a magnification of
5000.

[0084] FIG. 9 is an electron micrograph of a surface of a
solid electrolyte layer containing alumina grains (:test piece
14) containing no alumina, taken at a magnification of 5000.

[0085] FIG. 10 is a perspective and schematic view of
another embodiment of a gas sensor with a solid electrolyte
body or layer (26) according to the invention, with other
disassembled parts that form another gas sensor laminate.

DESCRIPTION OF REFERENCE NUMERALS

[0086] 1, 11: substrate (alumina)

[0087] 1b, 11a: first substrate (alumina)

[0088] 1a, 11b: second substrate (alumina)

[0089] 2a: first intermediate layer

[0090] 2b: second intermediate layer

[0091] 3, 15: heating portion

[0092] 34, 3b, 15a, 15b: heater lead portion

[0093] 18a, 18b: heater lead wire

[0094] 4, 31a: oxygen-reference sensing electrode

[0095] 4a, 31b: lead portion for oxygen-reference elec-
trode

[0096] 5, 32a: measuring electrode

[0097] 5a, 32b: lead portion for measuring-electrode

[0098] 6, 12: oxygen-ion conductive solid electrolyte
layer

[0099] 7, 16: alumina ceramic layer for reinforcement

[0100] 8, 14: poisoning prevention layer for protecting
electrode

[0101] 71: reference-electrode lead wire
[0102] 72: measuring-electrode lead wire
DESCRIPTION OF THE PREFERRED
EMBODIMENTS

[0103] The present invention will next be described in
detail by way of the following Examples relating to fabri-
cation of an gas sensor element. However, the present
invention should not by construed as being limited thereto.

EXAMPLE 1

[0104] A gas sensor element of a reference-oxygen self-
generation type was fabricated. The fabrication procedure
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will be understood with reference to FIG. 1, which sche-
matically shows the gas sensor element in an exploded or
rather disassembled manner.

[0105] (1) Fabrication of an Alumina Green Sheet Which
Becomes a Substrate Upon Firing

[0106] Butyral resin and dibutyl phthalate with respec-
tively predetermined amounts were added to alumina pow-
der serving as an insulating ceramic to thereby prepare a
paste. The paste was sheeted through doctor-blading to
obtain an alumina green sheet (a) which became a substrate
(1a) upon firing and an alumina green sheet (b) which
became a substrate (1b) upon firing, each serving as an
unfired substrate and having a thickness of 0.4 mm. The
substrates (1a), (1b) constitute an alumina substrate (1).

[0107] (2) Formation of Heater Pattern

[0108] An alumina-containing platinum paste was applied
onto the surface of the alumina green sheet so as to form a
heater pattern (having a thickness of about 20 um) which
became a heating portion (3) and heater lead portions (3a),
(3b) upon firing, followed by drying. Platinum lead wires
were disposed on the alumina green sheet (a). The alumina
green sheet (b) was superposed under pressure on the
alumina green sheet such that the heater pattern was sand-
wiched therebetween and co-fired with the alumina sheets.

[0109] (3) Formation of Films Which Become First and
Second Intermediate Layers Upon Firing

[0110] 80 Parts by weight (hereinafter referred to as parts)
of alumina powder and 20 parts of zirconia material powder
which contained 5.5% by mole yttria as a stabilizer were
mixed. To the resultant mixture, butyral resin and dibutyl
phthalate were added in respectively predetermined amounts
to thereby prepare a paste. The paste was applied onto the
surface of the alumina green sheet (b) so as to form a first
film (having a thickness of about 20 um) which became a
first intermediate layer (2a) upon firing. Subsequently, a
second film (having a thickness of about 20 um) which
became a second intermediate layer (2b) upon firing was
formed on the first film in a manner similar to that of
formation of the first film except that 50 parts of zirconia
material powder was employed.

[0111] (4) Formation of Oxygen-reference Electrode Pat-
tern and Disposition of Oxygen-Reference Electrode Lead
Wires

[0112] A oxygen-reference electrode pattern which
became a oxygen-reference electrode (4) and an oxygen-
reference electrode lead portion (4a) upon firing was printed
on the second film using a platinum paste, followed by
drying to form a film having a thickness of 20 um. Then,
platinum wires were disposed so as to serve as oxygen-
reference electrode lead wires for outputting a sensor output
signal.

[0113] (5) Formation of Unfired Oxygen-ion Conductive
Solid Electrolyte Layer Which Becomes an Oxygen-ion
Conductive Solid Electrolyte Layer Upon Firing

[0114] 90 parts by weight of a high purity zirconia powder
having a contamination material of less than 0.1%, which
powder contained 5.5% by mole yttria as a stabilizer, and 10
parts by mass of alumina powder having a contamination
material of less than 0.005% by weight was mixed. To the
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resultant mixture, butyl carbitol, dibutyl phthalate, a dis-
persant and a binder were added and mixed in respectively
predetermined amounts to thereby prepare a zirconia paste.
The zirconia paste was applied to the oxygen-reference
electrode pattern to thereby form an unfired oxygen-ion
conductive solid electrolyte layer having a thickness of 15
um, followed by drying. Subsequently, the zirconia paste
was further applied similarly twice to thereby form a thicker
unfired oxygen-ion conductive solid electrolyte layer (hav-
ing a total thickness of 45 ym) which became an oxygen-ion
conductive solid electrolyte layer (6) upon firing.

[0115] (6) Formation of Measuring Electrode Pattern and
Disposition of Measuring-Electrode Lead Wires

[0116] A measuring-electrode pattern (which became a
measuring-electrode 5 and a measuring-electrode lead por-
tion 5a upon firing) containing a paste of platinum was
printed on the surface of the unfired oxygen-ion conductive
solid electrolyte layer to form a film having a thickness of 20
um, followed by drying. Then, lead wires of platinum were
disposed so as to serve as measuring-electrode lead wires for
outputting an output signal from a electrolyte cell compris-
ing the electrolyte and the electrodes.

[0117] (7) Formation of Alumina Film Which Becomes an
Alumina Ceramic Layer Upon Firing

[0118] The alumina paste prepared in (1) was applied onto
the measuring-electrode pattern and the unfired oxygen-ion
conductive solid electrolyte layer, followed by drying, to
form a film having a thickness of about 20 um. Subse-
quently, the alumina paste was applied similarly twice to
thereby form an alumina film (having a total thickness of
about 60 um) which became an alumina ceramic layer (7)
upon firing.

[0119] (8) Debinding and Firing

[0120] The laminate formed through the steps (1) to (7)
was placed at a temperature of 420° C. for 2 hours in the
atmosphere for debinding (binder removal). Subsequently,
the laminate was co-fired at a temperature of 1520° C. for 1
hour in the atmosphere. The thus-fabricated laminate (a gas
sensor element); particularly, end faces thereof were visually
inspected. The visual inspection reveals whether the gas
sensor element is free of cracking, separation of layers and
warpage.

[0121] The alumina paste prepared in the step (1) was
applied to an alumina sheet in forming a film measuring 30
mm (length)x10 mm (width)x1 mm (thickness), followed by
debinding and firing in a manner similar to that of step (8).
The resultant test piece was measured for density by an
Archimedian method and was found to be 3.63 g/cm?; i.c.,
a relative density with respect to a theoretical density of
91.4%. The relative density of the alumina ceramic layer of
the gas sensor element was around 91.4%.

EXAMPLE 2

[0122] Gas sensor elements were fabricated and studied
for the interrelation between the alumina content of the
oxygen-ion conductive solid electrolyte layer and the inter-
nal resistance of the oxygen-ion conductive solid electrolyte
layer.

[0123] Alumina powder with 99.997% purity and zirconia
material powder with 99.95% purity, which contained 5.5%
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by mole yttria were mixed according to Table 1. To the
resultant mixture, butyl carbitol, dibutyl phthalate, a dis-
persant, and an organic binder with the respectively prede-
termined amounts were added to thereby prepare a zirconia
paste. By using the zirconia paste, gas sensor elements (1) to
(14) were fabricated in a manner similar to that of Example
1. The gas sensor elements (1) to (14) were fitted into
respective protection tubes and were exposed to combustion
gas generated by combustion of town gas while the heater
embedded in the alumina substrate was not energized. On
the basis of sensor output, the internal resistance of some gas
sensor elements selected from the test pieces (1) to (14) was
determined. The temperature of the combustion gas wherein
the test piece is placed was measured at a burner port of the
gas and set at 600° C. The results are as follows. When the
oxygen-ion conductive solid electrolyte layer contained no
alumina, the internal resistance that was measured across the
electrodes sandwiching the solid electrolyte was approxi-
mately 0.2 kQ. The internal resistance was approximately
0.4 kQ when the alumina content was 30%; approximately
0.6 k€ at an alumina content of 50%; approximately 0.6 k€2
at 60%; approximately 0.7 k€ at 70%; and 25-40 kQ at
80%. (Therein, the thickness of the fired solid electrolyte
layer sandwiched by the two electrodes each having an area
of about 9 mm?* was about 40 um.) Thus, the maximum limit
of the alumina content in the oxygen-ion conductive solid
electrolyte layer is considered to be 80% for a gas sensor,
because most gas sensors need a resistance across the
electrodes of less than 50 k€2, preferably less than 10 k€.

[0124] Then, at an elevated temperature of 800° C., a
specific resistance of the solid electrolyte per se of test piece
(8) in Table 1 was determined based on a Cole-Cole plot; the
specific resistance was about 2 Qm.

TABLE 1
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EXAMPLE 3

[0126] Autoclave Durability Test:

[0127] Fired gas sensor elements (1) to (14) obtained
through steps (1) to (8) of Example 1 were placed in an
autoclave for 6 hours at a temperature of 200° C., a humidity
of 100%, and a pressure of 15 atm. Subsequently, water-
soluble red ink was applied to the gas sensor elements (1) to
(14) so as to color cracks, if caused, thereby evaluating
durability thereof. The results are shown in Table 1. In Table
1, “O” indicates that no cracks were generated, and “X”
indicates that cracks were generated.

[0128] As seen from Table 1, by employing an alumina
content range specified in the present invention, cracking
does not occur.

EXAMPLE 4

Autoclave Durability Test On Two Solid
Electrolytes (Co-fired)

[0129] A laminate composed of two solid electrolyte lay-
ers (unfired solid electrolyte layers) of different composi-
tions was subjected to integral firing, thereby forming each
of test pieces 1 to 14 as shown in Table 2. Test pieces 1 to
14 were subjected to an autoclave durability test so as to be
evaluated for durability.

[0130] (1) Fabrication of Test Pieces, Each Composed of
2 Different Solid Electrolyte Layers

[0131] The lower layer of the laminate was formed by
printing using a zirconia paste which was prepared in a
manner similar to that described in step (5) of Example 1

Characteristics of Solid Electrolyte Layer (upper layer)

Solid Electrolyte

Oxygen Autoclave Characteristics
Sensor  Firing Zirconia Content Alumnia Content Accelerated (internal
Element temp. (% by weight) (% by weight) Durability resistance)
1 1480 90 10 O O
2 1540 90 10 O O
3 1540 90 10 O O
4 1480 80 20 O O
5 1480 70 30 O O
*6 1560 70 30 X O

7 1480 60 40 O O

8 1490 50 50 O O

9 1480 40 60 O O
10 1480 30 70 O O
*11 1660 30 70 X O
12 1480 20 80 O O
*13 1480 10 90 X X
*14 1540 100 0 X O

[0125] Note that in Tables 1 and 2 the samples marked *
may not perform well in a very severe environment as
modeled in the autoclave test, such as for a gas sensor for an
internal combustion engine required to undergo -20° C. to
1000° C. thermal cycles. Nevertheless, these examples may
be used in other applications and are not necessarily
excluded from the scope of the invention.

except that alumina was not contained (the mean grain size
of zirconia material powder was 1.0 um). The printed layer
measured 0.04 mm (thickness)x6 mmx6 mm and became a
solid electrolyte layer upon firing. The upper layer of the
laminate was formed by printing on the unfired lower layer
using a zirconia paste containing alumina and zirconia such
that their contents differed among test pieces 1 to 14 (:Table
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2 shows the mean grain size of zirconia material powder and
that of alumina material powder). The printed layer mea-
sured 0.04 mm (thickness)x5 mmx5 mm and became a solid
electrolyte layer upon firing. The laminate composed of
these unfired solid electrolyte layers was fired in the atmo-
sphere at a temperature shown in Table 2 (for 2 hours).

[0132] The thus-fired test pieces 1 to 14 were examined
for the mean zirconia grain size of the upper layer, which is
calculated by the previously mentioned method. The results
are shown in Table 2. Table 2 also shows the zirconia and
alumina contents of the upper solid electrolyte layer as
measured when the total amount of zirconia and alumina is
taken as 100% by weight. In Table 2, the upper solid
electrolyte layer of test piece 14 did not contain alumina.

TABLE 2

11
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in which the mean grain size of zirconia is not greater than
2.5 um, indicating no occurrence of cracking. Thus, it is
considered that, in a solid electrolyte layer which contains
alumina and in which the mean grain size of zirconia is not
greater than 2.5 um, phase transition of zirconia may be
effectively suppressed.

[0136] (3) Electron Micrographs

[0137] The surface of each of test pieces 1, 2, 3, 5 and 8
fabricated in Example 4 was photographed at a magnifica-
tion of 5000 by means of an electron microscope (JSM-
5410, product of JEOL Ltd.). FIGS. 4 to 8 show the
photographs. Specifically, FIG. 4 corresponds to test piece
1; FIG. 5 corresponds to test piece 2; FIG. 6 corresponds to
test piece 3; FIG. 7 corresponds to test piece 5; and FIG. 8

Characteristics of
Material Powder

Mean grain ~ Mean grain Characteristics Of Solid Electrolyte Layer
size of size of (upper layer)
zirconia alumnia Mean grain  Zirconia Alumnia
material material size of content  content Autoclave
Test powder powder Firing zirconia (% by (% by accelerated
Piece (pm) (um) temp. (um) weight)  weight) durability
1 0.6 0.1 1480 1.8 90 10 o
2 0.6 0.1 1540 1.8 90 10 o
3 0.9 0.3 1540 2.0 90 10 o
4 0.6 0.3 1480 1.5 80 20 o
5 0.6 0.3 1480 1.3 70 30 o
*6 2.3 1.5 1560 *2.6 70 30 X
7 0.6 0.3 1480 1.2 60 40 o
8 0.6 0.4 1490 1.6 50 50 o
9 0.6 0.3 1480 0.9 40 60 o
10 0.6 0.3 1480 0.8 30 70 o
*11 2.5 2.5 1560 *3.0 30 70 X
12 0.6 0.3 1480 0.8 20 80 o
*13 2.3 0.3 1480 *2.8 10 90 X
*14 1.2 — 1540 2.4 100 *0 X

[0133] (2) Autoclave Durability Test:

[0134] The test pieces were placed in an autoclave for 6
hours at a temperature of 200° C., a humidity of 100%, and
a pressure of 15 atm. Subsequently, water-soluble red ink
was applied to the test pieces so as to color cracks, if caused,
thereby evaluating durability thereof on the basis of the
degree of coloration. The results are shown in Table 2. In
Table 2, the symbol “0” indicates that no cracking occurred,
and the symbol “x” indicates that cracking occurred. As seen
from Table 2, coloration was observed in test pieces 6, 11
and 13 in which the mean zirconia grain size as measured
after firing was in excess of 2.5 um, and in test piece 14 in
which the solid electrolyte layer did not contain alumina,
indicating the occurrence of cracking.

[0135] FIGS. 2 and 3 show photographs of test pieces 2
and 3 which have undergone the autoclave durability test. In
FIGS. 2 and 3, a central white portion is the solid electrolyte
layer (upper layer) which contains zirconia and alumina, and
a peripheral portion around the upper layer is the solid
electrolyte layer (lower layer) which does not contain alu-
mina. The peripheral portion assumes a dark color since
cracks are colored by the colorant. As seen from these
figures, coloration is hardly observed in any test piece
having a solid electrolyte layer which contains alumina and

corresponds to test piece 8. For comparison, the surface of
test piece 14; i.e., the surface of the solid electrolyte layer
which did not contain alumina was similarly photographed
at a magnification of 5000 by means of the electron micro-
scope. The photograph is shown in FIG. 9.

[0138] In FIGS. 4 to 8, white grains are of zirconia, and
black grains are of alumina. In FIG. 9, black portions are
depressions. As seen from these figures, as compared to the
mean grain size of zirconia in the solid electrolyte layer of
FIG. 9, which does not contain alumina, the mean grain size
of zirconia in the case of FIGS. 4 to 8 is suppressed to a
significantly low level.

[0139] A ceramic laminate according to an aspect of the
present invention yields the following advantages. By
including high-purity zirconia and high-purity insulating
ceramic (particularly alumina) with controlled respective
average grain size in a solid electrolyte layer and by main-
taining a mean (or average) zirconia grain size of not greater
than 2.5 um and a mean alumina grain size, less than 1.0 gm,
respectively, the growth of zirconia grains within the solid
electrolyte layer is considerably suppressed, and phase tran-
sition of zirconia is suppressed effectively. Also, even when
a substrate, a solid electrolyte layer, electrodes, a protection
layer, and a heater are integrally fired, cracking of the solid
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electrolyte layer is suppressed quite effectively. Even after
firing, the resultant ceramic laminate is stable in any kind of
environment, thereby preventing cracking of the solid elec-
trolyte layer. A fabricating method according to the above
aspects of the present invention enables easy, stable fabri-
cation of a ceramic laminate having the above-described
excellent performance. Furthermore, when an oxygen sensor
element is to be formed using the ceramic laminate of the
present invention, the oxygen sensor element may be a
thick-film oxygen sensor element of any type, such as an ICP
type or reference gas introduction type, or a bulk oxygen
sensor.

[0140] The present invention is not limited to the above-
described embodiments. Numerous modifications and varia-
tions of the present invention are possible according to
purpose or application without departing from the scope of
the invention. For example, the alumina substrate and the
oxygen-ion conductive solid electrolyte layer may contain
ceramics other than alumina, zirconia and yttria. The elec-
trodes may be formed on one surface of the electrolyte layer
or formed in a manner sandwiching the electrolyte. The
electrodes can be formed simultaneously at the time of
co-firing the electrolyte and the ceramic substrate. Instead of
zirconia, hafnia or mixture of zirconia and hafnia may be
used for the electrolyte material.

[0141] This application is based on Japanese Patent Appli-
cation Nos. Hei 11-26733 filed Feb. 3, 1999, Hei 11-375808
filed Dec. 28, 1999 and Hei 11-375846 filed Dec. 28, 1999,
the disclosures of which are hereby incorporated by refer-
ence in their entirety.

What is claimed is:

1. A gas sensor including an electrochemical cell for
detecting a gas concentration, comprising an oXygen-ion
conductive solid electrolyte layer; and metallic electrodes
formed on the oxygen-ion conductive solid electrolyte layer;
wherein the oxygen-ion conductive solid electrolyte layer
contains 10% to 80% by weight of insulating ceramic grains.

2. The gas sensor as claimed in claim 1, further compris-
ing a ceramic substrate that is integrally laminated with the
oxygen-ion conductive solid electrolyte layer.

3. The gas sensor as claimed in claim 1, wherein the
oxygen-ion conductive solid electrolyte layer contains an
amount of 20% to 90% by weight of solid electrolyte
ceramic.

4. The gas sensor as claimed in claim 1, wherein the solid
electrolyte ceramic contained in the oxygen-ion conductive
solid electrolyte layer contains a stabilizer in an amount of
up to 10% by weight.

5. The gas sensor as claimed in claim 1, wherein an
average grain size of the solid electrolyte ceramic contained
in the oxygen-ion conductive solid electrolyte layer is not
greater than 2.5 yum, and wherein an average grain size of the
insulating ceramic grains contained in the oxygen-ion con-
ductive solid electrolyte layer is not grater than 1 um.

6. The gas sensor as claimed in claim 1, wherein a
resistance between the electrodes at 600° C. is less than 5
kQ.

7. The gas sensor as claimed in claim 1, wherein a
resistance between the electrodes at 600° C. is less than 1
kQ.

8. The gas sensor as claimed in claim 2, further compris-
ing an intermediate ceramic layer disposed between the
oxygen-ion conductive solid electrolyte layer and the insu-
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lating ceramic substrate, wherein the insulating layer, inter-
mediate layer and oxygen-ion conductive solid electrolyte
layer are integrally co-fired to form a laminate.

9. The gas sensor element as claimed in claim 8, wherein
the intermediate ceramic layer contains electrolyte ceramic
and insulating ceramic, and the insulating ceramic contained
in the intermediate ceramic layer is at least 10% by weight
more than in the oxygen-ion conductive solid electrolyte
layer.

10. The gas sensor element as claimed in claim 2, further
comprising a ceramic layer having a relative density of 60%
to 99.5% formed on the metallic electrode that is formed on
the oxygen-ion conductive solid electrolyte layer.

11. The gas sensor as claimed in claim 1, wherein the
metallic electrode formed on the oxygen-ion conductive
solid electrolyte layer comprises Pt.

12. The gas sensor as claimed in claim 1, wherein the
insulating ceramic grains contained in the oxygen-ion con-
ductive solid electrolyte layer comprise alumina.

13. The gas sensor as claimed in claim 1, further com-
prising an alumina substrate on which the oxygen-ion con-
ductive solid electrolyte layer is formed integrally; a heater
disposed within the alumina substrate; an oxygen-reference
electrode formed integrally on the oxygen-ion conductive
solid electrolyte layer; and a gas-measuring electrode
formed integrally on the oxygen-ion conductive solid elec-
trolyte layer; wherein the oxygen-ion conductive solid elec-
trolyte layer contains zirconia and alumina grains such that
the alumina grains contained in the oxygen-ion conductive
solid electrolyte layer accounts for 10% to 80% by weight
based on a total weight of the oxygen-ion conductive solid
electrolyte layer.

14. The gas sensor as claimed in claim 13, wherein a
content of the alumina grains is 30% to 70% by weight based
on the weight of the oxygen-ion conductive solid electrolyte
layer.

15. The gas sensor as claimed in claim 13, further
comprising an intermediate layer disposed between the
alumina substrate and the oxygen-ion conductive solid elec-
trolyte layer, wherein the intermediate layer contains zirco-
nia and insulating ceramic such that the insulating ceramic
content of the intermediate layer is different from that of the
oxygen-ion conductive solid electrolyte layer.

16. The gas sensor as claimed in claim 15, wherein a
content of the insulating ceramic contained in the interme-
diate layer is at least 10% by weight greater than that of the
insulating ceramic contained in the oxygen-ion conductive
solid electrolyte layer.

17. The gas sensor as claimed in claim 2, wherein a main
material contained in the insulating ceramic substrate is
alumina.

18. The gas sensor as claimed in claim 13, further
comprising a ceramic layer having a relative density of 60%
to 99.5% formed on the gas-measuring electrode and/or the
oxygen-ion conductive solid electrolyte layer.

19. The gas sensor as claimed in claim 18, further
comprising a poison-prevention layer formed on an outside
surface of the ceramic layer for preventing the gas-measur-
ing electrode from being poisoned by a foreign element.

20. The gas sensor as claimed in claim 19, wherein the
poison-prevention layer contains spinel.
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21. The gas sensor as claimed in claim 1, wherein the
insulating grain contained in the oxygen-ion conductive
solid electrolyte layer is a product formed from alumina of
more than 99.9% purity.

22. A method of fabricating a gas sensor, comprising:
forming a powder mixture of alumina, zirconia and yttria;
disposing two unfired metallic electrodes on an unfired layer
formed from the mixture; and firing the layer, the two
unfired electrodes and an insulating substrate simulta-
neously at a temperature of from 1350° C. to 1600° C. so as
to form a ceramic laminate having an oxygen-ion conduct-
ing cell having an oxygen-ion conductive layer that is
capable of transferring oxygen-ions between the fired elec-
trodes; wherein the oxygen-ion conductive solid electrolyte
layer contains from 10% to 80% by weight of alumina grains
and 20 to 90% by weight of zirconia stabilized partially or
wholly by yttria.

23. The method of fabricating a gas sensor element as
claimed in claim 22, wherein the zirconia and yttria consti-
tuting of the powder mixture are attained by co-precipitating
a liquid that contains an alkoxide of zirconium and an
alkoxide of yttrium.

24. The method of fabricating a gas sensor as claimed in
claim 22, wherein the alumina has a purity of more than
99.9%.

25. The method of fabricating a gas sensor as claimed in
claim 22, wherein the zirconia and yttria powders are those
uncontaminated to a purity level of more than 99.99%.

26. A solid electrolyte ceramic body containing insulating
ceramic grains and partially or wholly stabilized electrolyte
ceramic, wherein the ceramic body contains 10% to 80% by
weight of the insulating ceramic grains having an average
grain size of not larger than 1 um distributed in the partially
or wholly stabilized electrolyte ceramic.

27. The solid electrolyte ceramic body as claimed in claim
26, wherein the insulating ceramic grain is an alumina grain
having a purity of at least 99.9%.

28. The solid electrolyte ceramic body as claimed in claim
26, wherein a purity of the alumina grain is more than
99.99% at the center of the grain.
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29. The solid electrolyte ceramic body as claimed in claim
26, wherein the partially or wholly stabilized electrolyte
ceramic contains 20% to 90% by weight of the partially or
wholly stabilized zirconia.

30. The solid electrolyte ceramic body as claimed in claim
26, wherein the partially or wholly stabilized electrolyte
ceramic comprises zirconia having an average grain size of
not greater than 2.5 um.

31. The solid electrolyte ceramic body as claimed in claim
26, wherein a specific resistance of the ceramic body mea-
sured at 800° C. in the ambient atmosphere is less than 10
Qm.

32. The solid electrolyte ceramic body as claimed in claim
26, wherein a specific resistance of the ceramic body mea-
sured at 800° C. is less than 5 Qm.

33. The solid electrolyte ceramic body as claimed in claim
26, wherein a specific resistance of the ceramic body mea-
sured at 800° C. is less than 2 Qm.

34. The solid electrolyte ceramic body as described in
claim 26, wherein the specific resistance of the ceramic body
is less than five times a specific resistance of a solid
electrolyte body that contains substantially the same par-
tially or wholly stabilized electrolyte ceramic and containing
50% by weight of the insulating ceramic grains when the
specific resistance is measured at a temperature of 800° C.

35. The ceramic body as described in claim 26, wherein
two metallic electrodes are formed on the ceramic body
forming an electrochemical cell for detecting a gas.

36. The ceramic body as described in claim 26, wherein
two metallic electrodes are formed on the ceramic body
forming an electrochemical cell that is used for measuring a
gas component exhausted from an internal combustion
engine.



