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[5 7] ABSTRACT 

An exhaust gas air/fuel ratio sensor is formed of a plu 
rality of wafers of ceramic material. A pair of resis 
tance sensing leads are situated within a titania ex 
haust gas sensor wafer. The operating temperature of 
the sensor wafer is maintained at a desired level by 
forming a pair of heater wafers and situating the 
heater wafers on either side of the titania wafer. Each 
heater wafer is comprised of a length of platinum 

- heater wire embedded within an alumina ceramic wa 

4 Claims, 2 Drawing Figures 
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EXHAUST GAS AIR FUEL RATIO SENSOR 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

The present invention is an improvement to the in 
ventions disclosed and claimed in copending, com 
monly assigned patent applications Ser. Nos. 391,424 
and 393,698 ?led in the names of H. L. ‘Stadler et al. 
Co-pending commonly assigned patent application Ser. 
No. 375,993 ?led in the names of Kushida et al. enti 
tled “Circuit for Converting a Temperature Dependent 
Input Signal to a Temperature Independent Output Sig 
nal” is a related patent application. 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 
The present invention is directed to the ?eld of ex 

haust gas sensors and more particularly to that portion 
of the above-noted ?eld which is concerned with the 
analysis of the exhaust gases of an internal combustion 
engine to generate electrical signals indicative of the 
air/fuel ratio of the combustion mixture. More particu 
larly still, the present invention is directed to that por 
tion of the above-noted ?eld which is concerned with 
devices for sensing exhaust chemistry, which devices 
rely upon the resistance change of titania ceramic 
oxide material in response to variations in the partial 
pressure of oxygen of its immediate gaseous environ 
ment. More particularly still, the present invention is 
directed to that portion of the above-noted ?eld which 
is concerned with provision of means for maintaining 
the temperature of the ceramic sensor material at a 
predetermined controlled level without contaminating 
or otherwise in?uencing the measured titania resis 
tance. More particularly still, the present invention is 
directed to that portion of the above-noted ?eld which 
is concerned with the provision of a device for insertion 
within the exhaust system of an internal combustion en 
gine for performing selective chemical analysis thereof, 
which device may give reliable performance over ex 
tended periods of time. More particularly still, the pres 
ent invention is directed to that portion of the above 
noted ?eld which is concerned with devices having the 
capability of providing long duration generation of sig 
nals indicative of an exhaust gas chemistry characteris 
tic which signals may be used to provide feed-back con 
trol of an internal combustion engine. 

2. Description of the Prior Art 
It is known that certain ceramic materials exhibit a 

predictable, variable electrical behavior in the pres— 
ence of variations in the partial pressure of oxygen in 
the gaseous environment of the material. One example 
of this electrical phenomenon is the galvanic voltage 
developed by a zirconia ceramic body used to separate 
gaseous mixtures having differing partial pressures of 
oxygen. Another example is the variation in resistance 
of a titania ceramic material maintained at elevated 
temperature, set forth in the above-noted co 
pending, commonly assigned patent applications Ser. 
Nos. 39l,424 and 393,698. 

It has been proposed that the ability to generate an 
electrical signal indicative of a variation in the partial 
pressure of oxygen may be utilized, with suitable sup 
port electronics, to provide a feed back control system 
for an internal combustion engine. Zirconia and titania 
exhaust gas sensors, situated within an internal com 
bustion engine exhaust system, have demonstrated 
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2 
large scale electrical signal transitions for variations in 
the air/fuel ratio of the combustion mixture being pro 
vided to the engine as that mixture ratio is changed 
from a rich mixture to a lean mixture through a stoi 
chiometric mixture ratio. Any combustible air/fuel 
mixture having a quantity of fuel in excess of the quan 
tity of fuel necessary for complete combustion of the 
available quantity of air is considered to be a “rich mix 
ture”. Conversely, any combustible air/fuel mixture 
having a quantity of air in excess of the quantity of air 
necessary for complete combustion of the available 
quantity of fuel is considered to be a “lean mixture”. 
A stoichiometric mixture has quantities of fuel and of 
air suf?cient for complete combustion. 

In working with these devices, it has become appar 
ent that each device has peculiarities which render the 
device less than ‘ideal. In the case of zirconia, exposure 
of one surface of the zirconia sensor to atmospheric 
conditions is necessary in order to provide a reference 
partial pressure of oxygen. In the case of the titania, the 
measured resistance is a function of temperature as 
well as of the partial pressure of oxygen. Titania sensors 
therefore require additional techniques for maintaining 
the ceramic titania ‘sensor at a predetermined tempera 
ture level. 
According to the above-noted co-pending commonly 

assigned patent application Ser. No. 391,424 the titania 
wafer may be maintained at a selected temperature, for 
example, in the range of 600°C to 900°C, by fabricating 
the sensor from three wafers of ceramic material with 
a heater element contained between the ?rst and sec 
ond wafers and the resistance sensing leads contained 
between the second and third wafers. One problem 
with this approach has resulted in the fact that a tem 
perature gradient is established within the device which 
gradient passes through the resistance sensing zone. 
This gradient causes the maintenance of the desired 
temperature, which should not vary more than 2° or 3° 
centigrade, at the resistance sensing zone to be dif?— 
cult. One way to achieve closely controlled tempera 
tures at the resistance sensing zone would be to use a 
thermocouple, positioned in the resistance sensing 
zone, to control the application of heater energy. This 
approach is not desirable since thermocouples are rela 
tively expensive devices and they add to the complexity 
of the resulting sensor device. It is also an object of the 
present invention to provide a means for maintaining a 
titania exhaust gas sensor at a selected temperature 
without the establishment of any sign?ciant tempera 
ture gradients and which may be used reliably with ex 
ternal electronic heater control means to maintain the 
selected temperature without the use of thermocou 
ples. 
As described in the above-noted co-pending com 

monly assigned patent application Ser. No. 393,698, it 
is believed that one important feature of a resistive tita 
nia exhaust gas sensor used in a feedback control sys 
tem for an internal combustion engine resides in rapid 
response time achieved through maintaining a high de 
gree of porosity. In order to avoid the undesired tem 
perature gradient heating previously mentioned, a pair 
of heaters could be situated on either side of the titania 
sensing wafer. Such an approach would require that the 
rapid gas transfer through the device be maintained. It 
is therefore a further and speci?c object of the present 
invention to provide a ceramic material for encasement 
of a pair of heater conductors which material will be 
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resistive to microfracturing. It is also a further and spe 
ci?c object of this invention to provide such a material 
which may be provided with a high degree of porosity 
consonant with maintaining a good response time for ' 
an included titania exhaust gas sensor wafer. A further 
problem which can be anticipated to occur in any sen 
sor arrangement which provides for a mixture of ce 
ramic material having interface zones is to provide such 
materials which will not result in contamination of the 
active ‘sensor element by migration of the materials. 
across the interface zone. 

The existence of the temperature gradient may be al 
leviated by using a pair of heater wires operated in uni 
son and placed on opposite sides of the resistance sens 
ing zone. This approach presents a further problem in 
that the application of resistance wire heating of the ti 
tania from wires embedded within the titania may pro 
duce microfractures. On the one hand, these micro 
fractures may extend into the resistance may extend 
into the resistance sensing zone causing a measurable 
resistance change such as may stimulate false regula 
tion. On the other hand, these microfractures may ex 
pose the embedded heater wire to the gaseous atmo 
sphere surrounding the sensor body. This may cause 
the heater wires to burn out. In those instances where 
the heater wires are coupled to a temperature control 
ler as described in co-pending commonly assigned pa 
tent application Ser. No. 484,896, ?led July 1, 1974 in 
the name of Lawrence R. Foote and titled “Electrical 
Control System for an Exhaust Gas Sensor”, false tem 
perature signals may result even if burn out does not 
occur. This will cause the sensor output signal to 
“drift” from the output signal which should be gener 
ated under the existing conditions. It is therefore an ob 
ject of this invention to provide a ceramic element, for 
inclusion with the exhaust system of an internal com 
bustion engine, to include a titania exhaust gas chemis 
try responsive element, which need not include temper 
ature sensing means in the resistance sensing zone. It is 
a further object of the present invention to provide 
such a device which is resistant to microfracture in 
duced resistance changes in the sensing zone. It is 
therefore a further and speci?c object of the present 
invention‘to provide an exhaust gas air/fuel ratio sensor 
having an active section comprised of a variably resis 
tive titania ceramic material which includes a pair of 
resistance sensing leads and having a pair of heater 
wires embedded within alumina ceramic material dis 
posed on opposite sides of the active section to main 
tain the active section at an operating temperature 
without requiring thermocouple control techniques 
and which will not result in any ceramic contamination 
or degradation of the active titania section of the sensor 
and which will not provide any substantial masking of 
the active titania section to changes in the partial pres 
sure of oxygen in the environment of the sensor. 

SUMMARY OF THE PRESENT INVENTION 

The present invention provides a multi-layered ce 
ramic exhaust gas sensor body having an active variably 
resistive titania section sandwiched between a pair of 
heater sections. The active titania section is comprised 
of a pair of resistance sensing leads disposed within a 
wafer or disc-like body of titania ceramic material. 
Each of the heater sections is comprised of a length of 
heater wire embedded within a ceramic wafer com 
prised essentially of alumina. The two heater sections 
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4 
and the active titania section are formed from ‘y‘ green” 
ceramic material and are co-?red into a unitary ce 
ramic body. The heater sections are. connected electri 
cally in series and may be communicated to, for exam 
ple, an electronic heater control circuitresponsive to 
the heater resistance for maintainingthe current ?ow 
through the heater wires at a level whichwill provide 
for maintenance of the heater sections and the active 
titaniavsection sandwiched therebetween at a selected 
temperature level. 
Each of the three sections of the exhaust gas sensor 

may be comprised of a pair of wafers or discs of the se 
lected ceramic material, in a green or un-?red state. 
The necessary electrical leads and heater wires may be 
placed between the wafers while the ceramics are in a 
green state and the wafers may be stacked together 
prior to ?nal ?ring. ' 

BRIEF DESCRIPTION OF THE DRAWING 

FIG. 1 illustrates an electrical schematic block dia 
gram for an exhaust gas sensor and its associated con 
trol. 

FIG. .2 illustrate an exhaust gas sensor fabricated in 
accordance with the present invention. 

DETAILED DESCRIPTION OF THE PREFERRED 
EMBODIMENT 

Referring now to the drawing wherein like numbers 
designate like structure throughout the various views 
thereof, FIG. 1 illustrates an exhaust gas sensor body 
10 according to the present invention having an associ 
ated sensor electronic means 12. Exhaust gas sensor 

body 10 is illustrated as having resistance heater means 
14 and a pair of resistance sensing leads l6, l8 embed 
ded therein. Electrical heater means 14 are energized 
from a power supply 20 through leads 22, 24. Resis 
tance sensing leads l6, 18 are connected to the sensor 
electronic means 12 which also receives energy from 
the power supply 20 over conductors 26, 28. This 
structure is generally as described in the aforemen 
tioned copending commonly assigned patent applica 
tion Ser. No. 391,424 and further description is not be 
lieved to be necessary to an understanding of the in 
stant invention. 
Power supply 20 will provide electrical energy 

through the electrical heater conductor 14 to apply 
electric heating energy to the exhaust gas sensor 10. 
Heater conductor 14 may be, for example, a noble 
metal conductor such as platinum. similarly, resistance 
sensing leads l6, 18 would be formed of a noble metal 
since such material readily withstand the temperature 
of ceramic ?ring. Power supply 20 may be, for exam 
ple, the electronic heater control of co-pending com 
monly assigned patent application Ser. No. 484,896. 
Conversely, it could also‘ be a simple battery with a 
thermocouple control arrangement. 
When resistance sensing probes l6, 18 are mutually 

embedded in spaced-apart relation within a titania sen 
sor section, the electrical resistance of the titania be 
tween sensing leads 16, 18 will be a function of a) the 
operating temperature and b) the partial pressure of 
oxygen in the environment in which sensor body 10 is 
immersed. With power supply 20 operated to maintain 
the temperature generated by electrical heating means 
14 at a constant value, variations in the electrical resis 
tance measured by sensing probes l6, 18 will be solely 
a function of the partial‘ipressure of oxygen in the envi 
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ronment in which sensor 10 is located. The resistance 
sensing zone in the body of material of the discs 38 of 
wafer 36 which lies between resistance sensing leads 
l6, l8 and is here denoted by numeral 42. Sensor elec 
tronic means 12 will receive an electrical energy over 
conductors 26, 28 and will measure the amount of re~ 
sistance sensed by sense leads l6, 18 to generate an 
output signal on conductor 30 which signal may be 
made readily indicative of the air/fuel ratio of the com 
bustible mixture generating the exhaust gas environ 
ment of sensor 10. The electrical character of the signal 
appearing at output 30 will be a function of the type of 
control desired in the feedback system in which the 
present invention may be utilized and the sensor elec 
tronic means may be readily adapted to generate the 
proper kind of electrical signal. 

Referring. now to FIG. 2, the exhaust gas sensor body 
10 according to the present invention is illustrated in an 
exploded view. Exhaust gas sensor body 10 is made up 
of a sandwich of heater wafer means 32, 34 which are 
arranged to be on opposite sides of a central active tita 
nia exhaust gas sensing section 36 is illustrated as being 
comprised of a pair of discs 38 of titania ceramic mate 
rial generally as described in the above-noted co 
pending commonly assigned patent applications. A pair 
of resistance sensing leads I6, 18 are maintained in 
spaced-apart relation between discs 38. The heater 
wafer sections 32, 34 are comprised of a pair of discs 
40 of ceramic material, the preferred composition of 
which is described hereinbelow. A heater conductor 14 
is situated between each of the discs 40 of each of the 
heating wafer means 32, 34 and are shown to be con 
nected electrically in series. 

In fabricating the exhaust gas sensor 10 of the instant 
invention, the active titania wafer 36 may be fabricated 
generally in accordance with the teachings of the 
above-noted co-pending commonly assigned patent ap— 
plications Ser. Nos. 391,424 and 393,698. A pair of re 
sistance sensing probe leads 16, 18 would be sand 
wiched between a pair of green ceramic discs 38 
formed from a titania material as noted above and the 
discs 38 would be uniaxially compressed to provide for 
an initial bonding therebetween. According to the pres 
ent invention, discs 40 are formed of alumina ceramic 
material. Each of the heater wafer sections 32, 34 
would be fabricated by sandwiching a heater conductor 
14 between a pair of discs 40 which would be com 
pressed uniaxially to provide for initial bonding. The 
active wafer 36 would then be sandwiched between a 
pair of heater wafer means 32, 34 with further uniaxial 
pressure applied to provide for initial bonding between 
the green ceramic material forming each of the heater 
wafer sections 32, 34 and the green ceramic material 
forming the active wafer 36. Thereafter, the composite 
would be ?red to produce a ?nished ceramic body. The 
heater wafers 32, 34 are formed advantageously of alu 
mina ceramic for several reasons. The coef?cient of 
thermal expansion of the alumina ceramic more closely 
matches the coefficient of thermal expansion of the 
platinum noble metal conductors used as the electrical 
heating means 14. The alumina is sufficiently highly po 
rous at thicknesses consistent with internal heater tem— 
perature control to permit rapid gas transfer from the 
surrounding atmosphere to the titania sensor wafer 36. 
The alumina also forms a strong ceramic material 
which aids in adding to the strength of the sensor body 
10. In addition, the alumina heater wafers 32, 34, when 
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6 
co?red with the titania sensor wafer 36 will form a 
strong ceramic bond with the titania at the interface of 
a ceramic disc 40 with a ceramic disc 38. 
Each of the discs 38, 40 illustrated in the FIG. 2 em 

bodiment may be for example one quarter of an inch 
in diameter and 0.025 in (twenty ?ve thousandths of an 
inch) thick prior to ?nal ?ring. Resistance sensing leads 
16, 18 may be fabricated from platinum conductive 
wire and positioned in parallel approximately an eighth 
of an inch apart on the surface of one of the wafers 38. 
Similarly, the heater wire 14 may be fabricated from 
platinum resistance wire with a substantial length 
thereof deposited on the surfaces of the wafers 40 to 
provide a suf?cient length to generate the necessary 
level of heating. 

In the accomplishment of the objectives of the pres 
ent invention, the wafers 40 are fabricated from an 
ultra ?ne alumina powder having a mean particle size 
of less than 1.0 microns. Use of the ?ne particle size 
alumina powder permits co-?ring of the sensor assem 
bly in order to provide for a strong ceramic bond for 
mation between the active sensor wafer and each of the 
heater wafer sections 32, 34. The alumina ceramic ma 
terial is comprised essentially of alumina having a 
chemical composition A1203 and a purity of about 95 
percent. It may include minor quantities of various 
metal oxides. In fabricating wafers 40, a mixture of ap 
proximately 80% ceramic powder and 20% plastic ma— 
terial such as polyvinyl butyral and dibutyl phthalate 
may be used. This material is deposited on a sheet and 
is controlled to have a thickness of approximately 
0.025 in. The wafers are thereafter cut from the sheet 
while in a plastic state and the sensor 10 is fabricated 
by ?rst forming the heater wafers 32, 34 and then plac— 
ing an active sensor wafer 36 therebetween. The com 
posite is thereafter uniaxially compressed to establish 
initial bonds between the discs 38 and their contacting 
discs 40. The composite of green ceramic discs is there 
after ?red to form a ?nished ceramic. The ?nal ?ring 
may follow the time temperature schedule set forth in 
the above-mentioned patent applications Ser. Nos. 
391,424 and 393,698. The ceramist will recognize that 
other time-temperature relationships could be followed 
to arrive at a ?nished sensor body 10. The resulting 
heater wafer portions 32, 34 of the sensor body 10 have 
a typical pore size (diameter) of 0.15 microns with 
about 65% of the pore volume being comprised of 
pores having a size of from about 0. 10 microns to about 
0.20 microns. 

It will be seen that the present invention readily ac 
complishes its stated objectives. By using alumina ce 
ramic material to provide the ceramic portion of each 
of the heater wafers 32, 34, a strong ceramic material 
is provided to protect the heater elements with the ce 
ramic material being fully compatible with the titania 
material while resisting any tendency to produce ce 
ramic material migration or contamination. By use of 
the ?ne particle size a relatively porous ceramic body 
is produced so that, when considering the overall thick 
ness being in the neighborhood of ?fty thousandths of 
an inch, the transport time for gas to penetrate through 
the heater wafers 32, 34 of the sensor body 10 to arrive 
at the active sensing wafer 36 is sufficiently low that 
good response time for the sensor body 10 can be ob 
tained. Furthermore, the alumina and titania are suffi 
ciently compatible so that strong ceramic .bonds are 
formed between the mating interface surfaces of the 
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heater wafers 32, 34 and the active wafer 36. By pro 
viding two heater wafers disposed on opposite sides of 
the active section, the generation of undesirable tem 
perature gradients through the acitve section such as ‘ 
could produce for example micro?xtures and other dis 
continuities, is avoided and stable temperature control 
of the active section 36 becomes less difficult. 
We claim: 
1. In combination with a resistive type exhaust gas 

sensor of the type having a pair of resistance sensing 
leads embedded within a titania ceramic wafer having 
a pair of surfaces, the improvement comprising: 
a pair of heater wafers disposed in contact with, and 
forming ceramic bonds with, the surfaces of the ti 
tania wafer; 
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8 
each of said heater wafers comprising electrical resis 
tance heater means embedded within an alumina 
ceramic wafer. 

2. The sensor of claim 1 wherein each of said heater 
wafers is comprised of alumina ceramic forming pow 
ders having a purity of at least 95%. 

3. The sensor of claim 2 wherein said alumina ce 
ramic forming powders have a mean particle size of less 
than about 1.0 microns. 

4. The sensor of claim 1 wherein each of said heater 
wafers comprises a pair of discs of green alumina ce 
ramic material having the electrical resistance heater 
means sandwiched therebetween with the discs ma 
tured by co?ring with the titania wafer. 

* * * * =|< 


