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electrodes on the films, optimal deposition conditions have. been identified.
These devices qenerate an [MF which is quite sensitive to the oxygen partial
pressure in the amrbient gjas.

Various devices have been tested extensively to determine the sensor
response time to a change in the oxyqen partial pressure, the stability of

IL sensor output, the effect of temperature on the sensing performance, and
sensor behavior in the presence of contaminant gases. Response times, for
an increase in the oxygen partial pressurfe of less than one minute are
ubtained with a typical sensor operated at lQfC'C. Stable performance over
extended periods of time appears to be feasible baised on the results of
limited lifetimie testing. in the presence of contaminant gases, sensor
output is altered. In some cases (propane), exposure to the contaminant
gas enhances sensor performance. In no case is the sensing performance
destroyed by exposure to the contaminants used in this program~.

Sensor% constructed with optimized electrolyte films and elec t es
were subjected to a series of tests designed to simulate aircra ft fuelI
tank ullage space conditions. These results were obtained: (1) Short
term exposure to liquid fuel (JP-4) has no deleterious effect on sensor
performance but long term exposure mmay cause an increase in sensor respons~e
time. (2) The variation of sensor output at simulated altitudes is in
agreement with theory. (3) Temperatures as low as -30*C during device
non-operation have neglible effect on sensor performance. (4) Water
vapor modifies sensinq performance but the sensors continue to operate.
(5) Condensation of water onto the sensors alters the performance but
does niot destroy the sensors. (6) Tank sealant vapors depressed sensor
output during sealant curing but oxygen sensing continued in the pre-
sence of the vapors. Nearly cured sealant caused relatively smaller
alterations in sensor performmance.
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SE(CTi I ON I

i[NTROI)UcTION AND SUIMMARY

I (,ENFRAL

This dohcument summarizes the resul, ts obtained during a two phase
program concerned with the initial development, characterization and
test in, •f an ;ircratft fuil taLink Ul lage sp:a'Ce 0XVgeuI snsor. Ti'lls Sen1-
So o r apahle os" operating inl ambi ent temperatures hel Ow 2000C1 and uses
a thin slid electtrolvtU film as t-he sensing elermeýnt. The teCehicalI work
undolr lias.. I cnceuntratt'd on the develOpmentiL Of a sensor which woutld work
rtl iahly and predictaiblv undter control led lahoratorv eond it ions. In Phase
11, seLilsLors fabricated during Phase I wert, tested in simulated aircraft
flt'l tank tl] Iage space etnvironmnitiLs.

Solid electrolytes of the type used in this program have been em-
ployed for some timeý in various high temperature (>400'C) oxygen sensing
devices. In these devices the solid electrolyte is generally in the

', form of a sintered pill or thimble with a characteristic thickness of
about 1 mm. Due t.o the thickness of the solid electrolyte, the response
time of these oxygen sensing devices is generally much too long at lower
temperatures (.'•2U 0UC) to meet device requirements. The novel feature
of the device under development in this program is that a thin solid
electrolyte film (", jrm), prepared by radio frequency (rf) sputter de-
pesition techniques, is used in place of a thick sintered solid elec-
trolyte pill or thimble to obtain a much faster low temperature response
time of the device.

Previous work concerned with this type of sensor was performed under
USAF Contract F33615-75-C-2046 by UOP Inc. That work was a feasibility
study of fouF-months duration which demonstrated that a device of the
type under study could detect changes in the oxygen partial pressure
within its environment. Although that program succeeded in proving the
feasibility of this type of sensor, sensors developed under that program
were neither reliable, reproducible, nor predictable.

During the present contract period the developmental work required
to produce a useable oxygen sensing device was initiated. The major
objectives of this program were to:

- Prepare thin solid electrolyte films by rf sputter deposition
over a range of deposition conditions.

- Characterize the physical and oxygen sensing properties of
these films to determine the optimum deposition parameters
for films to be used in oxygen sensing devices.

- Assemble sensors with a number of different electrodes to
determine the optimum electrode materials and structure.

1



- Characterize the sensor response time dependence on temperature.

- D)etermine sensor response to selected contaminant gases including
a hydrocarbon gas, exhaust gas components, and water vapor.

- Determine sensor performance when exposed to aircraft fuels and
tank sealants.

- Determine sensor performance when exposed to reduced pressures

and temperatures.

Determine sensor performance in high humidity environments
and following water condensation on the sensor.

2. PROGRAM SCOPE

The complete program Covered a period of el even month.s,. Phase I
covered the first nine months. A substantial portion of the Phase I
effort was devoted to the determination of rf sputter deposition condi-
tions that would assure reliable thin electrolyte film samples. This
required the deposition of many sets of films and the assembly and testing
in •2 /N 2 atmospheres of at least a few sensors from each set.

The optimum electrode structure and materials were determined by
using the results of resistance measurements of the sensors and addi-
tional performance testing of sensors in 02/N2 atmospheres.

A substantial portion of the testing of these sensors during Phase I
was directed toward a determination of the effect of various contaminant
gases on sensor performance. In general, contaminant gases alter the
performanc,' of the sensors. To more fully characterize the effects of a
contaminant, more tests than those required were performed. The addi-
tional testing raised the possibility that the oxygen sensing performance
in the presence of fuel vapors may exceed the performance of a sensor in
021N,, atmospheres.

During the Phase ii part of this program, those tests which relate
to determining the performance of sensors, developed during Phase I, in
a fuel tank environment were performed. In addition, five sensors were
prepared for delivery to AFAPL/SFII.

The oxygen sensor design and basic concepts on which it is based
are presented in Section II. The fabrication of the various parts of
the sensor and sensor assembly are detailed in Section III. Test appara-
tus design and the results obtained during Phase I. are presented in
Section IV. Section V contains the results of tests performed during
Phase II. Conclusions based on test results of Phases I and II are pre-
sented in Section VI along with recommendations for future work.

"3. PROGRAM ACHIEVEMENTS

The objectives of both Phases I and II have been successfully com-
pleted. The most important achievements include:

2 j



Pha~se 1

- Preparation of high quality thiih, solid electrolyte films.

- Demonstrating that dc sputter deposited Pt electrodes produce
sensors with much lower internal resistances than any of several
other electrode types.

- Assembly of a sensor which produces a repeatable, near theoretical
response to changes in oxygen partial pressure ill 02/N 2 atmospheres,

- Sensor response times of less thanl one: minute at temperatures
well below 180%C.

- Demonstrating that sensor performance in the presence of con-
taminant gases is altered but not destroyed and that in the pre-
sence of propane, the sensor performance exceeds the performance
in unrontaminated 0 2 /N 2 atmospheres.

Phase 1I

- Tests to determine sensor performance in a simulated fuel tank
environment were successfully completed. Sensors continued to
perform as oxygen sensors following all tests.

- Sensors were shown to withstand limited exposure to liquid fuels
without degradation of performance.

- rank sealant vapors were shown to depress sensor output during
curing. Relatively smaller alterations in sensor performance
were noted with nearly cured tan)k sealants. For all sensors,
oxygen sensing continued in the presence of sealant vapors.

- High humidity and reduced temperature and pressure tests were
performed showing that sensors performed as expected based on
the Phase I results.

j3Si
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SECTION 1i

OXYGEN SENSOR DESIGN

The design of the thin solid electrolyte film oxygen sensor device
is shown schematically in Figure 1. The functions of each element shown
in Figure 1 are described below.

1. SUBSTRATE

The substrate provides the mechanical support to prevent destruc-
tion of very thin device components. The support can be composed either
of electrically insulating or conductive materials. The prime substrate
requirement is that it have a very smooth surface free of defects.

2. BACK OR REVIERENCE ELECTRODE

In the case of an electrically conductive substrate, the reference
electrode and substrate can be identical. For a nonconductive substrate,
a metal layer is evaporated onto the substrate. This metal layer serves
as the back or reference electrode.

3. SOLID ELECTROLYTE FiLM

The solid electrolyte film is rf sputter deposited on top of the
reference electrode. A solid electrolyte is a solid omterial which has
a large ionic mobility for one or more of its constituent ions. A thin
solid electrolyte film with a high oxygen ion mobility is used in this
device to generate an oxygen partial pressure dependent EMF. Between
the solid electrolyte film and the reference or back electrode, a metal-
metal oxide interfacial region exists which serves to establish a partial
oxygen pressure, P3, at the reference electrode,

4. FRONT OR GAS ELECTRODE

On top of the solid electrolyte film, a porous electrode is attached.
A high degree of porosity is desired for this electrode to facilitate the

•T adsorption of oxygen gas on the electrode surface, the dissociation of

xygen molecules, and the diffusion of oxygen ions into the solid elec-
trolyte film.

5. LEADS

Electrically conductive leads are attached to the gas and reference
electrodes for EMF sensing.

4I



SCHEMATIC DIAGRAM
OF SENSOR

(E) LEADS

(D) FRONT OR GAS ELECTRODE

(C) SOLID ELECTROLYTE FILM

(B) BACK OR REFERENCE
ELECTRODE

(A) SUBSTRATE -

Figure I - Scliermatic Diagram of
Sensor
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6. PRINCIPLE OF OPERATION

The EMF generated by a device of the type shown in Figure 1 is
dependent on the temperature, the characteristics of the solid elec-
trolyte, and the partial oxygen pressures at the interface of the solid
electrolyte with both the gas and reference electrodes, If the partial
oxygen pressure at the gas electrode-solid electrolyte film interface,
PO', is equal to that of the gas itself, then the EMF output of the
device is described by the Nernst equation

4 IF ti(P 0 2 )dlnP (RTl

In this equatiou, the limits of integration are from the reference
electrode-solid electrolyte film interface (II) to the gas electrode-
solid electrolyte film interface (I). R and F are the gas and Faraday
constants, respectively, and T is the absolute temperature. The ionic
transference number, ti(Po,), of the solid electrolyte is defined as
the ratio of the ionic conductivity iii to the total electrical conduc-
tivity or

ti(PoA) U + (2)

where °e is the electronic conductivity. In many instances, the ionic
transference number does not depend on the partial oxygen pressure in
the solid electrolyte in which case the EMF is given by

EMF = R ti in i_,, (3)

It is important to note the following points:

- The dependence of ti(PO ) on P0  depends on the properties of
the solid electrolyte film. 2

- P0 2 and Poll are determined by the properties of the respective
interfacial regions.

- PO( should correspond to the oxygen partial pressure in the gas.

- The EMF depends logarithmically on P0  and linearly on the ab-
solute temperature.

- This equation predicts a 30 mV EMF change when PO; is changed
from 0.01 to 0.20 atmospheres at 200*C and Li - 1.

-EIn any gas, P0 ' is defined so that, if P0; differs from P02, an
EMF will exist.

In the remaining sections of this report P0 will be used to de-
signate the oxygen partial pressure in the test gas.

L6
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SECT[ON 111

FABRICATION OF TIlE OXYGEN SENSOR DEVICES

In this section the choice of materials and preparative techniquus
are discussed ior the various coMpnloncnts of the oxygen sensing device
shown schematically in Figure 1.

1. SUBSTRATES AND SUBSTRATE CI.EANINC.

A number oL different types of substrates were acquired and studied
to determine their usefulness in this program. All substrates were '"l/2
inch on a side. The relevant features of these substrates are described

below.

a. Stainless Steel

Most of the devices tested were fabricated using steel ferrotyp,
subsltrats. lh -; 1;c h id a mirror-I ike I i n J.,'h aid were relativ, ely l-ree
ol del eQ ct. s

b. Glazed Alumina

Glazed alumina substrates of the type used for electronic micro-
circuit manufacture were used in the construction of some sensors. Some

electrolyte films were deposited on these substrates for analytical pur-

poses such as scanning electron microscope (SLM) [ractography analysis
of film microstructure.

c. Glass

theMicroscope cover glasses 0.15 nun nominal thickness were used in

the same way as the glazed alumina substrates.

d. Fused Silica

Some films were deposited on these substrates for analytical purposes
only. Devices prepared on these substrates would fail because the co-

_ •.efficient of thermal expansion of fused silica is very small compared

to that for either of the solid electrolytes used in this program.

The local surface roughness (peak to peak deviation) of each of
the subsLLates examined is indicated in Table I. Although the stainless

steel substrates are not as smooth as the other types, the electrolyte
films adhered better to them and the percentage of successful devices
was highest with them.

7



TABLE; I

S UBSTRATE SURFACE ROUGINESS

Material Roug hness (11m)

Stainless Steel 356
G;lazed Alumina 25

G;lass 64
Pused Silica 38

Before deposition of the reference electrode or the solid electro-
lyLe film, all substrates were thoroughly cleaned with organic solvents,

mild acid solutions, and by vapor degreasing with trichloroethylene as
Lhe final stop before loading in the sputtering chamber. The initial
steps of the cleaning procedure were changed during the program in order
to improve film adhesion. Adhesion is promoted by the removal of all
surface dirt but is hindered if the norm~al oxide' layer, in tl..
case of the stainless steel substrates, is removed. At the present time,
the cleaning procedure which gives the best results is listed in Table 2.

TABLE 2

SUBSTRATE CLEANING PROCEDURE

Detergent scrub

Deionized water rinse
Methanol wash
Acetone wash

Trichloroethylene wash

Acetone wash
Methanol wash
Deionized water rinse
Etch in solution of 65 g Cr2 O3 , 100 ml H2SO4,

40U ml R2 0 at 700 c for 3 minutes
Deionized water rinse
Methanol wash
Acetone wash

Trichloroethylene wash

i I Trichloroethylene vapor degrease

After cleaning and placing in the sputtering chamber, all substrates are
sputter etched. During most of this program this was done for a period
of 5 minutes. Toward the end of Phase I this time was reduced to avoid
possible removal of the uxlde layer. I



2. BACK OR R.LFERENCE ELECTRODE,

I i n t h e c a . e e h e 11 o0 1 o1 i L y e s b I r t s , a sI c L a LI ic M u y e

0.1 to 0.2) 111m thick Was dep~oSited by ri sp~utter dep~oSitionl. III the
Case 01I the mu tall iiu substrates, no such laIyer waIs neceAssary.

3. SOLID ELECIROLYTL FILM

As discussed ill Section 11-3, the Solid Ctectrelyic Films were
p~repared by rf Sputter depIOSit ion. The films were deposited 11roml 4'
diamleter sputterinlg targUts obtained from Cerac , InC. Sp~utterinig ol
thiese films was performed by Dr. .1. Greene at the Uuivers ity of I iijiis
usinge a Model 2400 Randex sputtering, System. 'fihe target to substrate
distancee was 3.9 cm. Two targets have been used during this program.
Must filmas were deposited with an 8 mole '7 Y 2 0-1/92 mole % ZrO12 target.
The chemical allalysis of this tar~gcL is gi;venf in Table 3. Thei J.1ugtesL
impurity concentration listed is hafnium. Sinice Ill and Zr are isoelec-
trouic, this impurity concent-rationl i-s nol expected to appreciably affectL
the properties ol thu splt Lured lihiIns. Iin addition to the doped zi rcolnhn

SilECTR0GRiA1P1II ANALYSiS O1 CEKRAC 8 MOLE' .
Y203 /92 MOLE Z Zr0 2 SI'TJ'TEIRING TARCET

Ag 0.001% Al. 0.00.
Ca 0.001 CIL 0.001
Fe 0.01. Mg 0.01
Mo 0.001. S1 0.05

iffilmns, five stof5mol 239 iol e eO flswere also depousited

sio? 95 ppm Th? 30ppm
Fc 2 0 3  105 La2 03 100
GaO 300 GdZO3 250
A120, 500 Dj '0
MnO 2  100 L2~ 0SIMgO 11Yb2)i4



During each rf sputter deposition run, 25 substrates in a 5 x 5
array could he used to obtain as many electrolyte films. The film
thickness decreased with distance from the center of the array and the
corner films were 63% as thick as the central film in each batch. The
relation between substrate position in the holder and normalized film
thickness is given in Table 5.

TABLE 5

RELATIVE THICKNESS OF THIN FIlMS BY POSITION NUM-BER

Film Positiona Relative Thickness

1,5,21,25 0.63
2,4,6,10,16,20,22,24 0.75
3,11,15,23 0.83
7,9,17,19 0.89
8,12,14,18 0.94
13 1.00

a Film positions are numbered row-wise in a

5 x 5 array.

By altering the rf bias on the substrate, different types of Y2O3-
duped Zr0 2 films were grown by rf sputter deposition. Those deposition
parameters which were varied are listed in Table 6. Other parameters
which were not varied include the argon sputtering pressure within the
sputtering chamber, PAr - 20 m Tort, and the target voltage, VT = -500 V,
except as noted. The sputtering system was upgraded between the de-
position of the type 6 and type 7 films. This included changes in the
vacuum system and caused some changes in the sputtering parameters re-
quired to achieve a given quality film. This is characteristic of the
practice of rf sputtering and does not alter the qualitative validity
of data obtained from the first 6 film types. Specifically, the film
microstructure will vary qualitatively in the same way with substrate
bias but the exact values of the applied bias voltage will depend on
the details of the sputtering system. The sputter run numbers are
assigned by the consultant who makes the films. They are nut consecu-
tive in all cases but it has been convenient to use them for sensor
designation in this program.

-, The film thickness for a given type of film was determined simply
by the length of time during which deposition took place. The deposi-
tioe rates for the sputtering conditions used for the first six types
are shown in Figure 2. Film thickness measurements were made by optical
interferometry and with a surface roughness analyzer.
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TABLE 6

rf SPUTTER DEPOSITION CONDITLONS, OXYGEN-TO-ZIRCONIUM
ATOMIC RATIOS, FILM THICKNESSES, AND TENTATIVE

CRYSTALLOGRAPHIlC ORIENTATIONS FOR Y2 0 3-DOPED Zr0 2 FILMIS

Type VSa Sputter Run O/Zr Thicknessc Orientationd
- - (V) _ (%) b (tIm) ____ _

3. 0 38 - 0.33 IL. or L00
39e 88 0.24

2 -20 46 - 0.27 11.1 or 100
5 0 e 90 0.55 i1. or 100

3 -40 35 92 2.3
36 - 2.9 111

4 -60 41 103 1.0 110

5 -80 42 100 1.2 110
6 -100 40 94 0.61 00

7 -50 102' - - 110
8 -40 03e- -

i05e - 1.3

a Applied substrate bias.

b Percent of stoichiometric ratio, 2.26 for 8 mole % Y2 0 3 -doped

ZrO2 .

At the central film location.
d Tentative identification of crystallographic direction(s)

normal to the films.

e Target voltage - -301)0 V

The microstructure of the films varied from columnar at low values
of the applied substrate bias VS to quite uniform at larger values of
VS. This was determined by SEM fracture studies of the films and typical
examples are shown in Figure 3. The film grown with VS - -40 V is char-
acteristic of all films grown with -Vs.<40 V for film types 1-6 and the
film grown at VS - -80 V characterizes those grown with -VS >-60 V. VF.ilm
types 7 and 8 have not yet been analyzed by this technique.

Auger electron spectroscopy (AES) was used to determine the oxygen
to zirconium atomic ratios listed in Table 6. The Y lines were ob-
scured in the AES spectra and x-ray photoemission methods (ESCA) were

used to determine that the Y to Zr ratio was the same in the films as

in the target.

A.1
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A cubic crysLal structure was observed for all films cxamined by x-ray
diffraction. A camera specifically (Lesigned or thinl film work was used.
f'llh1 films exhibited a high degree ol pr'tIc're il or itS la1tion and lth crys-
ta lIographlic a 1 ly pre [erred direct ions were dependent on tie app I fed sub-
st rate v 1as. A tent at ive identLiil icakL ion o IL the crystal directL olis per-
pendicu lar to the plane oi the film 1is given in Tatl) c () . Whil ILthe
assignmnsCS are Lelotat ive, the important po11L is t-ha 0 theI films grow
in a preferred di rection which is depenident on VS.

Fivc sets of Y2 0:i-doped CeO2 films were grown to determine the
dependence of the microstructure and atomic structure on VS. All seLs
were grown with VT - -1000 V and PAr = 20 mTorr. As in the case of
the doped ZrO2 films, these films were cubic with preferred growth
directions dependent on VS. The microsLructure, however, was uniform
for VS = 0 and increasingly columnar for increasing maginitaLdes of VS.
This is opposite to the doped ZrO) results and is not understood at this
time. Sputter deposition parameters and results are shown in Table 7
and the deposition rates for doped CeO2 films are shown in Figure 4.

TABILE 7

rf SPUTTER DEPOSITION CONDITlONS, FILM THICKNESSES AND TENTATIVE
CRYSTALLOGRAPHIC ORIENTATIONS FOR Y203-DOPED CeO 2 FITIMS

Type V a Sputter Run Thickness Orientationb

1 0 9 0.68 110
2 -40 13 0.54 111
3 -80 iO 0.60 110 or IlI
4 -110 12 0.48 311
5 -140 11 0.33 310

a Applied substrate bias.
b Tentative identification of crystallographic direction(s)

normal to the film.

4. FRONT OR GAS ELECTRODE

Four types of gas electrodes were tested on sensor devices. These
electrode types are listed below.

a. dc sputter deposited Pt. The most reliable electrodes used
during this program were dc sputter deposited between 30
and 100 nm thick. Tests to be described in Section IV also

indicate that sputtered Pt electrodes provide the highest
electrode-electrolyte interfacial conductance.
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ib ;, app I led as a 1o0 id. A col loid of I't particles in an
tlrgallic vcli' I0 (•liCLLtro MaLerLalsh Corp. of Ami•rica 4231)
was applied direct ly Lo the cI,:LtrolyLc film and then dried

by heat ing ini ;ir oar all (V/Ný aLmosphere. These elect rodes
provided goud sensors in many cases. However, they were ex-
tremely iragile and are not suitable for use ouLside the
laboratory.

C. dtc sputter deposited Au. One sensor was tested with a 70 nm

thick electrode of this type. It showed generally good sensing
characteristics and proved durable but had a much slower re-
spouse Lime than sputter deposited Pt electrodes. This single
test should ilot be considered conclusive. Au electrodes may
be useful for senlsor operation in tILe presence of certain con-
tamillant s.

d. Vapor deposited Ag. These electrodes performed well initially
but deteriorated rapidly due to oxidation.

LEADS AND LEAD ATTACHMENT

Pt, Au and Cu leads were used in sensor device fabrication. All

were 0.010 inch diameter wires. The leads were attached with one ,f
the following:

a. PL colloid. The same material used for electrodes and
described above. This was used witi PLt colloid and
sputtered P't electrodes.

b. Au colloid. This material was similar to the Pt colloid
and was used with thi Slc u t0rtd Au Mnd so-IL' (IfI h1 s51tire-d
Pt C!CL ctrodes.

C. Ag colloid. Used with the vapor deposited Ag electrodes
only.

d. Pressure contact. This was used successfully with the
sputtered Pt and sputtered Au electrodes. (The sensor
with the sputtered Au electrode was tested this way
initially and later tiho lead to the gas electrode was

attached with the Au colloid.)

No di st Ltie'Li l coolId bc miladt' amon101Ig Lthe Ilad materialIs exchIt that
CIL could ilti bti used wiheI a pJUN5.q Lore ctllt-art was:l made. This was attri-
IJutL-d to) th- o:Xidti ol of LILL CIL StrfaC-O.

16
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The lead attachment techniques used to dale have been chosenl for
convenient sample mounting and demounting in Laboratory Lest apparatus.
More durable contacts for prototype sensing devices can be applied usint,
standard microcircuit techniques.

6. DEVICE PACKAGE

Figure 5a shows three doped ZrO2 films on stair less steel, glazed
alumina and glass substrates. The optical interference fringes resulting
from the variation in the film thickness are visible in the photograph
which was taken with a colored filter. Fhe horizontal band on the glazed
alumina and glass substrates is the Mo back electrode. The first step
in integrating the films into a sensor device is the application of a

front or gas electrode. The upper part of Figure 5b shows two films
on stainless steel substrates with a sputter deposited Pt electrode on
the left-hand film and a Pt colloid electrode on the right-hand film.

The lower part of Figure 5b shows a sensor device ready for testing.
The film electrode sub-assembly is mounted on a glass cover slide inside
the metal can with RTV (room temperature vulcanizing rubber). Two wire
leads are placed through the can and insulated by a two-holed ceramic
thermocouple insulator. The leads and the insulator are made rigid
and sealed with a ceramic cement (Sauerisen No. 31). The leads are
then attached to the electrodes using Pt colloid as shown or by one
of the other methods discussed previously.

17
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SECTION IV

OXYGEN S ENSOR PI'l"KIUMANCI; - PHASE 1

1. DEVICE TEST APPAIRATUS

Two different types of data were recorded for selected sensors:

- The rusistLance as a funtoiion of 10 2 and T.

- The HEM dependence on POj•, T, and contaminant gases.

"a. Apparatus for Resistance Measurements

VariaLions of the sensor resistance with temperature were measured
in air using an infrared furnace. The furnace temperature was controlled
to within ±!1C and was measured with a thermocouple attached to a digital
readout pyrometer. The dependence of sensor resistance on PO, was mea-
sured in the EMF apparatus described in the next section. All resistance
data included in this report were taken either with a vect-or impedance
meter (Hewlett-Packard 4800A) in the range 5 l1z to 500 k1lz or with an
"electrometer.

b. Apparatus for EMF Measurements

"The apparatus used for the EMF measurements consists of the following
systems:

(i) Gas handling system. An automatically operated eight stream
selector valve was used which could be programmed to provide a cycle of
two to eight different gas mixtures. Each valve position could be main-
tained for 1-60 minutes before switching to the next position. The valve
position could also be controlled manually. Gas flow rates were me;•sured
"with rotameters. Most gas mixtures were purchased and used directly from
the cylinders. In-house gas mixing was required for several tests. 1n
"this case the individual gas flow rates were measured using separate
rotameLers before the gas lines were combined.p

.(it) Temperature control and measurement system. Sensor testing
was normally performed in an oven capable of temperaturea exceeding 270 0 C.
A proportional controller with a thermocouple sensor was used to maintain
the desired temperature. The temperature was measured with a thermocouple
placed inside the sensor test chamber (to be described in the next para-
graph). A digital readout pyrometer similar to that used for resistance
measurements was used to read the measuring thermocouple. The measured
temperature depended somewhat on the gas flow rate but, with a constant
flow rate, the temperature was maintained to within ±1'C.2 (iii) Sensor test chambers. Two types of sensor test chambers

were used. The first type is shown in Figure 6a and was used for simul-
taneous testing of up to six sensors. Three sensor assemblies could be
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mounted onl each side of thec chamber. OilUluh side visible, inL11 tltfigure,

tWO sensors are mounted and one port rellins open. This type of chamber
was used for most Lusting inl Phase I of Lhis program but L11 chamber
volume was too large for response Lime testing. A small volume is re-
quired to reduce the flush time so that true senlsor re-spouse timews Call

be obtained. The test chamber shown in Figure 6b was constriuted [or
this purpose. These chambers could be mounLed in series in the oven
so that several sensors could be t.ested simultaneously.

(iv) EMF measuring and recording apparatus. Electromneters with
iMput impedances af014 ý1' were used as unilty gain, impedance mIiatching
amplifiers between the sensors and the multi-pen strip chart recorder
used to record the EMF data. The electrometers could also be operated
in a mode in which the input impedance could be varied betweei I0 Q2 aind
1011 fQ in decade steps. This feature was used to determilne Lile apparent
internal resistance of several sensors.

2. TEST GAS MIXTURES

Tile nominal and measured concentrations of gas Illixtures used daring
Phase 1 are shown in Table 8. Tkeus- gas wixtures woirt purc' Ic-acd Iroln
Matheson Gas Products and were "Certified Standard" grade. The analysis
accuracy for each component- is - 2%. In each case the banlace is N2 .

In additiun to the gas mixtures listed in Table 8, i, cyI lidt'r
of chemically pure propane (t99% purity ill the liquid phase) was also
used for some tests.

In order to identify which sensing data were obtained using parti-
cular gas mixtures, Table 3 also IlisLs tILe currhltL Ion by Iguro
number of data and gas mixtures employed.

TABLE, 8

CORRELATION BY FIGURE NIJMB3ER OF SENSING
"DATA AND GAS MIXTURES EMP1,OYED

Nominal Concentrations Analysis Results

Oxygen Other Oxygen Other Figure(s)

20% 20.34% 15
20.16 8-14, 19-23
20.25 10-18, 24, 25, 27

10 10.07 8, 12-15, 19-23

10.25 16-18, 24, 25, 27
5 4.94 12-15

3 3.15
3.16 8, 19-23

3.0, 16-18, M , 27
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TABLI•' 8 (CON°'' l))

Nominal Concent-rations Ana._lysis Results

Ox' S Other Oxygen Other Figure(s)

1% 1.01% 15b
-a 8, 12-14, 1 5 b, 19-23

1.07 9, 10, 11
1.01 16-18, 24-27

3 250 ppm 1120 3.04 265 ppm 1120 19

3 10% C02  2.69 10.02% CG0 20

3 0.1% NO, 2.90 0.098% NO2  21

3 0.01% So2 3,24 0.010% SOz 22

1 1.5% C3 1io 1.08 1.52% C3118 23-26

Analysis LooL suppllied by vendor.
b Part of tle data in Figure 15 were taken with each 1% 02 mixture

indicated.

3. DEVICE 1tLESMSIANC1 DATA

TThe resistance of a number of sensors was measured by both ac and
dc techniques to determine the temperature and P0. dependence of the
various resistive processes that contribute to Lhe total device resis-
Lance. A careful separation ol these resistive contributions allows
information to be obtained about various electrode processes as well
as acting as a method by which tile electrolyte film may be characterized
and compared with the bulk electrolyte material.

a. OpLimizaLion of the Sensor Electrodes

The dc resistance of a sensor device is composed essentially of
three parts: (1 and 2) the so-called charge transfer resistance at
Lhe interface of the electrolyte with each electrode and (3) the elec-
trolyte resistance. In order to separate these coinLributionis to the
total resistance it is not sufficient to measure only the dc resistance
of a sensor. The individual contributions can be distinguished under
"certain conditions by measuring both components (resistive and reactive)
of the ac impedance over an appropriate frequency range.

Due to the magnitude of the internal resistance of solid electrolyte
sensor devices, it is important to minimize each resistance to the greatest
extent commensurate with good sensing characteristics. (Recall that this

is the motivation for using thin film instead of bulk electrolytes.) Con-
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Thuei~y Lake ye oi f elect rode ooptimiado b goapl ter Lui prtogra wasd

ot the bulk sample. [his made the ac impedance data analysis
much s imp ler Lhall if- a th111 MIm saump14 WcWIh two dii icrelt.
kindsi of elect~rodes had been used.

-A detaiiled analysis Of' thu electrode portion. of thu, imipe.dance
data for: thin fim samples was often not p)ossible at. tempera-
Lures much below 550%C.

-Elect~rode tVIpes Which could n10t be applied to currentL thin
film samplos but: may be useful III p~roduction models Could be
tested. This inIl.udes IPt and Au colliods which were used in
the1 thkin, film sensors with1out Like normal baking Step at thec
high temlperat~ures (-'95D0 %) required tO Sint~er the meltalls.

The results of these. teSts are listed in Table 9. 1T11L coliduLt-
tance (reciprocal of resistance) per unit, area is shown in Siemena!/
square, meter at, 55212%C for seven e1lecrode types. Thei bulk electro-
lyt.V has thke sameI hewmical composition~ as the doped zirconia target
used to make f11lms for this programl. It is clear thatL the sputter
dep~usited P't eIlectrodes are subst-antially bettLer inl terms of their
dc: resistance than any other type teSted. It is also clear that there
ate vatriations in resistance WItI thke thIickneQss of' the PLt with 70 imu

4being optimlum for the! bulk elei'trolytev. It tike elect~rode resiSt-ance
is determinied by the microsc~opic coverage ot Lihe electrolyte, then the.
optLimum P't thickness for thin film elec~trodes is someIwh~at less than.
70 mmi. This is because tike thin fIlI surface is smoother than the

r ~bulk electrolyte! suri.&me and it therefore has less microscopic surface
arapr unit of geometric surfacear.

TAMLE 9

ELECTRODE-l CONDUCTANCE

CONDUCTANCE PER UNIT AREA OF' ELECTRODES ON 8 MO0E h Y20 3 -

92 MOLL Z ZrO2 BULK ELECTROLYTE THlE DATA WLR TAKENi..,-AT OR N'D INTERPOL01ATED TO 552t24C.

Elect-rode 'lypu Conductance Per Unit; Area
(S/11 2 )

SputtLered Pt, 100 unm thick 63.6f~'~ ~Sputtered Pt, 70 mam thick 156.0
Sputterud Pt, 50 am thick 131.0
Pt paste 2.6
11L paste with moderate glass loading <0.2
Sputt~ered Au, 70 urn thick 7.0
Au pault e 5.0
Ag paste oxidizes
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Based on these results, sptILter deposited Pt elecLrodes were used
almost exclusively during the latter part of Phase I and for alt IIlIase
I 1,,ok. lI Lt l)L- .'r wcrc geineral ly W0-70 nm thick.

b. Comparison of Thin Film and Bulk Electrolyte Properties -
Temperature Dependence

in contrasl, to the difficulty in determining thin fllri-eleecrode
interiacial resistances by impedance measurements, the resistance of
the thin 1lert-rolyt•, films can b. det ermined at Lempe rattires
as low as 150-200%C. The electrolyte resistance of a selected set of
sensors has been determined as a function of temperature in air at
temperatures up to 550'C. An example of the data obtained is shown
in Figure 7, a plot of log (R/T) versus T-1 for the electrolyte of
s-ensor no. 50Zr--20. (The number means the film from position 20 in
sputter run 50 with the doped ZrO2 target was used.) A 4.8 mm dia-
ueter dc sputter deposited Pt gas electrode 70 nm thick was used for
each of tlhe sensors on which electrolyte resistance measurements were
inade. From the linear relationship between log (R/T) and T-, some
important corIciusiorns can be drawn. First, the film conductivity can
be represenied by the equation o - (A/T) exp (-Ea/kT) , where A is a
constait, k is Boltzmann's constait, and Ea is the temiperature inde-
pendent activation energy for the conduction process. Second, there
is a single coniductiorn process over the temperature range of these
measurements. These results and the ENV data to be discussed later
ill this Section inrdicate that the conductivity in these films is a
result of oxygen ion mobility.

The activation energies for several films deposited with applied
substrate biases between 0 and -80 V are listed in Table 1(1. The values
are close to the bulk value which has been determined in the same tem-
perature range to be 0.99 eV. The resistance (impedance) measurements
were made in order of decreasing temperature so that each sample was
essentially heat treated prior to the measurement of its activation
energy. Auger electron spectroscopy measurements indicate that heating
oxygen deficient films in air causes them to approach stoichiornetry
so that the difterences in O/Zr ratio among the films that were used
was reduced by the time the electrical measurerrnters were made. The
cause for the discrepancies between bulk and thin film activation en-
ergics has not been identitied, but possibilities include residual dif-
ferences in O/Zr ratios and stresses within the films.
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TEMPERATURE DEPENDENCE OF
ELECTROLYTE RESISTANCE
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"TABI.E If)

CONDUCTIVITY ACTIVATION ENERGIES, RESISTANCE,
AND RESISTIVITY OF SELECTED DOPED ZrO2 FILMS

Type Vsa Eab Rd 0d

1 0 0.89 33 2.9
2 -20 1.15c 1 7 4 c 7.7c
3 -40 1.15 -e C

4 -60 1.09 200 3.7
5 -80 1.19 192 3.4

aApplied substrate bias.

boxygen ion conductivity activation

energy
CVT - -300 V.

dElectrolyte resistance R and resis-

tivity p at T - 199130C.

LAt 248%C, R - 45 k2 and p = 0.5 MW-m.

c. Oxygen Partial Pressure Dependence

No measureable dependence of sensor resistance on oxygen partial
pressure in the range 0.01 to 0.20 atm was found.

4. DEVICE EMF DATA IN 0 2 /N 2 ATMOSPHERES - ATMOSPHER.IC PRESSURE

a. Test Procedure and Typical Data

The sensing performance of individual sensors was nominally char-
acterized by measuring the EMF response of the nensor to a standard
O2 /N 2 gas cycle. The standard gas cycle for this testing was

N 2 + 1% 02 - 3% 02 -* 10% 02 - 20% 02 - N2

with the balance of all oxygen mixtures being nitrogen. During the first
part of the program a 5% 02 mixture was used instead of the 3% 02 mixture.
Typically 5-20 minutes elapsed between gas mixture changes. An example
of the type of data obtained from two sensors that performed moderately
well is shown in Figure 8. These data have been photographically repro-
duced to show the quality of the data. All other EMF data of this type
included in this report are tracings of actual data.
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The rapidity with which the EMF output of a sensor responds to a
change ill the oxygen partial pressure was determined by a di[feretlt
plroCedrletil ."F OW respo0s5p tis t imctes tLiuig the gas was cycled
betWeen the l% 0; and 20% 02 mixtures. The results of these response
time tests will be presented next and will be followed by the dis-
cussion of the other aspects of seusor response in 0 2 /N 2 atmospheres.

b. Temperature ilDependence of Sensor Response Time

The r-esponse time of several sensors with sputter deposited Pt
electrodes wa:s measured at five temperatures in the range of 90-180%C.
For the purposes of this report, response time is defined as the time
required for the change in sensor EMF to reach 90% of the final value.
The response time was measured for changes in oxygen partial pressure
,)I b,til 0.01 to 0.20 atm and 0.20 to 0.01 atm (1% 02 to 20% 02 and
20% 02 to 1% 02).

Results at several temperatures,taken in order of increasing tem-
perature, are shown in Figure 9 for a typical sensor. These data were
taken the first time this sensor was heated. The shorter response time
measured for an increasing oxygen concentration than for a decreasing oxygen
concentration is shown in this figure and is a general characteristic
of sensor response. Similar data for two other sensors have been
analyzed and the results are plotted in Figures 10 and 11, respectively.
In these two ligures, tl-20 and 120 1 are the response times for changes
in oxygen concentration from 1% to 20% and from 20% to 1%. The response
times are plotted logarithmically against T-I and they fall reasonably
well oil straight lines. This indicates a response time temperature
dependence of the form i -to cxp (E/kT) where lo, k and E are constants.
The value of ' is indicated for each solid line in Figures 10 and 11.
The lines are least squares fits to the data points.

Both of these sensors have response times 1i-20 less than one
minute for temperatures greater than 160 0 C. The f20_1 values are
larger but the tp12 0 values are of more importance for inerting appli-
cations.

c. 02 /N2 Tests - General Results

in the process of testing sensors with different types of electrodes
and different types ot electrolyte films, scores of sensors were assembled
and tested. Some of these were kept under test for periods as long as

a month. A tabulation of selected data from a variety of sensors is
presented in Table IL. This table includes data obtained early in the
program with a gas handling system that is suspected of having been
contaminated and is presented primarily to indicate that a large number
of sensors were tested successfully. In some cases the results are
also affected by outgassed contaminants from the RTV used to mount
the sensors to the test chamber. Finally, there is substantial evi-

Scdence that sensors with oxygen deficient electrolyte films produce
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RESPONSE TIME TESTS
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RESPONSE TIME
TEMPERATURE DEPENDENCE
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TABLE II

TABULATION OF SENSOR PERFORMANCE DATA

EMF Typical
Sputter Film Temp. in 1% 02 AEl_ 2 0 b

Type Run No.a (OC) (rV) (mV) Electrodes

2 50 17 174 280 29 Pt, sput. 50 nm

19 186 688 73 Pt, sput. 70 nm
157 638 70
185 - 37

20 168 83 27 Pt, sput. 70 nm
184 - 23

220 115 27

3 35 19 174 1230 40 Pt, sput. 50 um

22 157 1448 16 Pt, sput. 70 nm
179 1063 32

24 168 1016 76 Au, sput. 70 nm
184 - 83
228 1034 96
183 - 58

36 19 174 1360 25 Pt, sput. 50 nm

22 157 1500 17 Pt, sput. 70 um

4 41 1-A 150 - 60 Pt paste
99 - 30

186 415 27

12 186 666 82 Ag, vapor dep.

13 177 931 20 Pt, sput. 70 nm

14 180 1462 35 Pt, sput. 50 mn

115 1382 34

25 182 431 48 PL paste
72 244 424 27

179 361 28
180 404 31
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TABLE II (CON'. D)

EMF Typical
Sputter Film Temp. in 1. 2( AEI_ 2 0 b

2) __Run No. a iCiv) Keetrodes

5 42 2-G 186 401 18 l't paste

4-G 186 388 18 1Lt [IasteQ

13 181 450 68 Pt. p1;Ste
244 721 158

179 762 76

24 188 550 90 Au, yap. dep.

25 183 442 85 Pt paSte
244 475 68
179 402 35

180 380 28
179 127 22

7 102 16 122 708 100 Pt, spur. 30 um

17 126 1040 69 lPt, sprit. 30 nm

20 122 517 144 Pt, spul. 30 uir

8 103 9 126 1079 48 Pt, sput. 30 urn

105 2 176 982 27 It., SpuL. 50 1rn
146 970 24

3 L 176 960 26 Pt, spaur. 50 rmI

146 976 33

7 c 173 1379 19 Pt, sput. 50 um

a 9 173 1393 32 Pt, sput. 50 unm

Stainless steel substrates except A = Jlumina and C = glass.

Change in sensor EMF between 1% and 20% 02 mixturt-es.
CElectrolyte film heat treated before sensor assembly.

changes in EMF larger than those predicted by the Nernst equation.
During the course of this program, these problems have been dealL
with by:

- changing the gas handling system to reduce unwanted contamina-
tion of the test gases.
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1~
- using minimal amounts of RTV for sensor mounting and recog-

nizing that it would affect the results until it had outgasscd.

- heal treating the electrolyte films before sensor assembly.
This increases tile oxygen content of the electrolyte as dis-
cussed earlier in this Section.

The effect of Increasing temperature on a newly assembled sensor
containlg an untreated, oxygen deficient electrolyte is shown in Figure
12. At the lower temperatures, the response is many times Nernstian and
it decreases in magnitude as the temperature is increased.

Heat treating experiments on doped zircovia films indicatc that

- the films become more transparent as tile oxygen content increases.

- in the neighborhood of 180"(' the oxygen inhjibition takes place
over a period of hours and that it has a very strong temperature
depelndence.

The film in sensor 35Zr-24 was much more transpareut after tile Lusts
shown in Figure 12 than before it was tested. This suggests that the
decrease in response to nearly tile predicted behavior observed at higher
temperatures (at which oxygen imbibition would take place more rapidly
than at 180"C) is due to a decrease in oxygen deficiency of the sensor
electrolyte.

Figures 13-15 present further evidentce for this phenomenon. In
Figure 13 the respouse of a sensor to three 1 hr. gas cycles is shown.
Cycle 1 began shortly after reaching thermal equilibrium at 185"C. The
third and tenth cycles at 185"C show a decreasing response as the thermal
exposure is increased. The vertical positions of the traces for each
cycle are iot signilficanL in this figure.

Figure 14 shows the data of Figure 13 plotted in a convenient
form to show how the performance of the senstor approached the per-
formance predicted by the Nernst equation, ii Figure 14, AL is the
difference between the sensor LMF for any value of P0 2 and the EMF
at P0 2 - 0.01 atm. Figure 15 shows a plot similar to Figure 14 out
for a different sensor at a slightly lower temperature. The results
are qualitatively the same but sensor 42Zr.25 takes much longer to
approach the predicted performance.

* d. Current State of Sensor Performance in 0 2 /N2 Atmospheres

"1Che best performanlce results obtained during Phase I are shown ill
Figures 16-18. Sensor response is very close to the 1predicted (Nernstian)
response and much more reproducible. The electrolyte film of this sensor
was heat treated in air at 450%0 for 15 minutes before sensor assembly.
The data shown in Figures 16-18 demonstrate the following points:

34



EFFECT OF INCREASING
TEMPERATURE ON

NEW SENSOR
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4

SENSOR RESPONSE AT
INCREASING THERMAL EXPOSURES

CYCLE NO.

0 SENSOR NO. 5OZr-10

I hr/GAS CYCLE

> 3

U.

_______10

o 1% 5%02 10% O 20%0
z 2 _5%02 __ ______

So10 15 20 25 30
TIME (mrain

,irrxl gur'Lr, 13 - So. ur Ruspulnsil aL

,:j l~~incruabingti:, Thorw~al Exposures -

Sensor NOl. 0)Zr- 19

30

I



SENSOR RESPONSE AT
INCREASING THERMAL EXPOSURES
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SENSOR NO. 50Zr-19 185 "C CYCLE NO.
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SENSOR RESPONSE AT
INCREASING THERMAL EXPOSURES

100
-CYCLE NO.--

SENSOR NO. 42Zr-25 179 'C C .

VT= -500 V

s60o 14 -0. -- --
E 1

W 1 hr. /GAS CYCLE
<40 _1
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OXYGEN PARTIAL PRESSURE (atm)

Figluvr 15 - Atialysis of S ISOu"
RL'SIX)II."0 aL IlIcI V ix Ig The, rmal
LXlMSUrv- Svisor No. 42Zr-25

38



tI

RESPONSE OF SENSOR WITH HEAT TREATED
1000 ELECTROLYTE

SENSOR NO. 105Zr-3 176°C

,I ICYCLE 7
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RESPONSE OF SENSOR WITH HEAT TREATED
ELECTROLYTE

SENSOR NO. 105Zr-3 1760C

CYCLE 1
20mV -CYCLE 5

-----------------------------------------------CYCLE 9

0

cn

-.

N 2  1%02 3%02 10%02 20%02 V2. G'2

-- _ _-- -- ,,_ _ _J___6

0 10 20 30 40 50
TIME (min)

"Lguru' 17 - Rusp O f SC(1SO r wLLil

thait TrtuaLL.-d J~Lt.Lc roly v I
Re l roduLb lLli Ly OfU I"N" CliaflgC*N

_ _ _40

4



RESPONSE OF SENSOR WITH HEAT
TREATED ELECTROLYTE

30 SENSOR NO. l05Zr-3 
176 OC

25 -
. 10 CYCLE AVERAGE
T 2 STANDARD DEVIATIONS
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FLgure 18 - Analysis of tiLe
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Treated Electrolyte
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(i) Thc absolute voltage reproducibility of this sensor during

10 One hour cycles is shown in Figure 16. The total voltage drift in
performance at 0.03 atm 0? is less than 4 mV or k,0.01 arm 0?.

(ii) The normalized reproducibility or the reproducibility in
AL Is shown ill Figure 17 where the data are normalized to the response
at 1% Oý concenLratLion. The reproducibility at 0.03 atm 02 is within
"%1 mV or '-0.003 atm 0 2 .

(Iii) The comparison between the actual and predicted performance
of this sensor is shown in Figure 18. The data from Len consecutive
gas cycles were analyzed to obtain the average values and standard
deviations of AE for each gas mixture.

The sensor performance shown in Figures 16-18 represents the
dramatic improvement inl oxygen sensor performance made during Phase
I of this program.

5. CONTAMINANT EFFECTS ON SENSOR PERFORMANCE

Under the contract requirements, the effects on sensor performance
were determined for gaseous H2 U, C0 2 , NO2, SO2, and C3 HR contaminants
at specified concentration levels. The effects of contaminants on
sensor performance were studied primarily at temperatures near 3,R0°C,
although some lower temperature tests were made. In general, the sensor
EMF was altered to some degree by the presence of each contawinant. In
some cases the change in sensor output was substantial, but in no case
was the sensor damaged by this exposure. Generally, the effect of
gaseous contaminants on sensor performance decreased wltth decreasing
temperature.

The normal method for determining the effects of gaseous centa-
minants on sensor performance was to alternately expose the sensor to
an Ok/N? mixture and a mixture containing the same 02 concentration
plus the contaminant gas. This was done at times within a normal 02 /N2
cycle.

a. Water Vapor Contaminant Tests

The contaminant gas mixture used for these tests contained 3,04," 02
and 265 ppm H2 0. A typical result is shown in Figure 19. The effect
of 11w0 was determined for a total of seven sensors. A summary of the
results is given in Table 12. For each sensor, the EMF at PO - 0.03 atm
using a contaminant free gas is given. The change in EMF, AEcon , caused
by the contaminant and the change in EMF, AEI_ 3 due to a change in P02

from 0.01 to 0.03 aLtm are also shown. The ratio of AEcon/AE1-3 is shown
in the following column. The final. column shows the error induced by

1
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WATER VAPOR CONTAMINANT TEST

SENSOR NO. 35Zr-22 178 "C
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TABLE 12

EFFECT OF 265 ppm WATEP. VAPOR ON THI EMF OF

SEVERAL SENSOR" AT P) = 0.03 atim AND T %-1800 C

EMF AEcon AELI--3 AE on Error

Type Sensor (Iv) (m) (mV) -VAEI-3 Jý_itii O)

2 50Zr-17 455 +0.3 23 0.013 +0.0004

3 35Zr-19 1320 +0.5 22 0.023 +0.0008

35Zr-22 950 +3.0 22 0.14 +0.00481
35Zr-24 870 -2.0 40 -0.050 -O.OOL[

36Zr-19 1350 +0.5 40 0.013 +0.0004

4 4lZr-13 820 +2.0 12 0.17 +0.0060

5 42Zr-25 140 +0.5 10 0.05 +0.0017

the contaminant in % 02 concentration for the sensor used as an oxygen
sensor. For example, for sensor 50Zr-17 Lhe 1120 vapor caused a chatige
of +0.3 mV, which produced an oxygen concentration reading by rhe sensor
which was 0.0004 atm higher than the acLual oxygen concentration. T'he error
values were calculated with the NernsL equation by first finding rtji
from the AEl-3 value,

AE 1-3 = lRT 1i L'02 (= .03 atm)
Po2, (=-_01o-lin)

4F alEiii
or 1t.i = .41 AL-i3RT i13

(The factor r takes into account the larger than Nernstian voltage
changes measured using non-stoichiomctric films.)

Then the apparent oxygen partial pressure PO0 was calculated using the

Nernst equation agaii

Pxp 41 A E C23 PO2 exp R rlti
i ~a AE~m

or P0 F02. ex I in3
2 AE 1-3

The error can now be calculated.

Error (atm 02) Po a 0.03 atm

44

02 -



The results show that for all sensors but one, AEcon is positive
and the maximum error induced by 265 ppm B 20 was 0.006 atm in tLe oxygen

concentration.

b. CO2 Contaminant Tests

The contaminant gas mixture used for these tests contained 2.69%
02 and 10.02% C0 2 . A typical result is shown in Figure 20. The effect
of CO 2 was determined for a total of seven sensors and a summary of the
results is given in Table U3. The type of information is Lhe same as
that presented in Table 12 for R20 tests. I

The results show that AEcon is negative for all but two sensors
and that the maximum error induced by 10% CO 2 was -0.014 atm in the oxygen
concen trat ion.

TABLE 1.3

EFFECT OF 10% C02 ON THE EMF OF SEVERAL

SENSORS AT P0 2 = 0.03 atm AND T-l800C

EMF AEcon AEi-3 AEcon Error
Type Sensor (mV) (mV) (mV) AEi-3 (atm 02)

2 50Zr-i7 430 -12 24 -0.50 -0.013

3 35Zr-19 1310 -12 23 -0.52 -0.013
35Zr-22 950 -3 22 -0.14 -0.004
36Zr-19 1.320 -19 33 -0.56 -0.014

4 4lZr-13 835 -6 14 -0.43 -0.011
4lZr-29 280 +1 8 +0.12 +0.004

5 42Zr-25 150 +1 8 +0.12 +0.004

c. NO2 Contaminant Tests

The contaminant mixture used for these tests contained 2.90% 02
and 0.098% NO 2 . A typical result is shown in Figure 21. The effect
of NO 2 was determined for a total of five sensors and a summary of

the results is given in Table 14. The error induced by NO2 is large
and was not calculated. Sensors will recover from the effects of NO 2

* over a sufficient period of time. The large slope on the 10% 02 and
20% 02 segments of Figure 21 is due to this recovery. Notice that the

EMF is lower than the EMP at P0 ,2 0.03 atm before N02 exposure. None-
theless the sensor does continue to respond to changes in P0 2 even im-

mediately after N02 exposure.
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CARBON DIOXIDE
CONTAMINANT TEST

I I i
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NITROGEN DIOXIDE CONTAMINANT TEST
SENSOR NO. 17"C
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TABLE 14

EFFECT OF 0.1% NO2 ON TIHE EMF OF SEVERAL
SENSORS AT P()., = 0.03 atm AND T ', 1800C

EMF AE("IL AELI 3  ANE"i• , 'l• , Ses • •o r (111V .V ) 11~v)_ !E•

2 50Zr-1Y 430 +120 9 +13.3

3 35Zr-19 1340 +12 15 4-4.8
35Zr-22 900 4.4/ 21 +2.24
36Zr-19 1390 +120 15 +8.0

4 41Zr-13 800 +120 10 +12.0

d. SO2 ConLamhumnat Tests

The ConLamlnailt gas m1xLueLo used for tLIUSe tests coutaiued 3.24% 02
and 0.01% S02. A typical result is shown in Figure 22. The effect .i
S02 was determined for a total of Live sensors and a sumunllary of the
results is given in Table 15.

The initial increase in IMI upon CXIposure to S02, followed by a
change to an equilibrium decrease ill EMF is characteristic of sensor
response to S02. TILe values given in Table P) are equilibriLum values
and are in all cases negativu. Errors inl 02 coUceintraation range JIroi
- .027 atm cut o~f 0.03 aLm total to just -0.004 aLm. There is no lii-

gering eficcL ifrom1 S02 05 there is for N02.

TABLE I 5

EFFECT OF 0.01% SO•, ON THE EMF OF SEVERAL
SENSORS AT P0 2 - 0.03 atm AND T '" 180 0 C

EMF AEcon AEI- 3 AEct'lo Error
2Tyke. Sensor (my) (miV) nmmm) _~ i (am L

"2 50Zr-17 448 -39 18 -2.2 -0.027

3 35Zr-19 1370 -50 26 -1.9 -0.026
35Zr-22 910 -25 18 -1.4 -0.023
36-Zr-19 1340 -4 28 -0.14 -0.0044

A4 4lZr--13 705 -4 9 -0.44 -0.012
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SULFUR DIOXIDE CONTAMINANT TEST
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SENSOR NO. 41Zr-13

720 .... ...-

E

S700
z

S 0
&2

680 1 ---2 1%02 3%0 3%02 3%010%0 20%02 N2

0 10 20 30 40 50 60
TIME (mlin)

F"igure 22 - Sultur l)Lotxd(,
CoLIL•,LI 1•1;49 I '1 ; L

i 49



C. 11.~ C011 L~ ilmii ii Tt~u - t '

'I'l con it,1m11in 1 giaS liidXLUl-r usted 101 u I: hse t eSL.S coii Laicnd 1 .08% 0)2
Mnd I 5Z( M.. A iY11tL';kl I CS Ui L iS H1101411 111 F i g'Ure 213. The U fectL o I
G tHW k4I V wo; Ic eill~n I orJ 1.11 lar-ge number1L-1 (A senlSors. and aL summalnlry (it OILe
ic skiit I os r 011- Veili ol Lhem iai given Inl TableI in . In 1"gluI-L, 2 3, Liii
I "argL I CI-'M a1 IL L! r exposu re Lo 1) roIanel Utan bet o re iS a1 iyllMliC reCSpon1se
TI aL ia S Is it I'()ý had been1 mWlla I l iid a L 37. 1 i a But I ic IILL period ol
L Ill(' I hie LM" woU I d Ijave ret kisoed Lo I Ls pe-vxposu re valtue . This~ StoLe-
niiin t In based on several iincidem-i.S ill which suIcI observationis were mlade.
Thbis ovlei shoot and h~ubscquiieit return Lo equilibrium was nutJ understood
mt i II utl:0er1 expcr linciuts, LL) be described below, were carried out.
ThOSU e!Xpel imeiitls ShoUwed I hat time IMF increases tor' very snial 1 propanie
kunceiit rat ons. This SUgge.stS that the oVer'Shoot is due Lo a smnall
iesidua 1 ainomiLi oi propamne ill tim LCSL chaiuber which Is tslowly f lushed

;iwsay CaulSing the EMI' to ret tiarn to equil I ibriuna.

TABLE' I hi

FFLC'J 01F 1 . ý7 C atmONTILE PAY" OF SEVE'1AL
SLNSORS Al ' ), - 0.01 aum AND TI"8"

L MY A~o ALI. 3  ALE,ý
y ~Senlsor ýiiv) i(mV) (MV) _

2 5OZr-17 448 -175 15 -11. 7

3 35Zr-19 1320 -275 25 -11.0
3SZr-22 YOU -(-'100) 26 -(-'3.8)
36Zr-19 1350 -225 25 -9.0

4 41 1-. 3 702 -(-100) 7 -(14.3)
4lZr'-25 280 -46 10 -4.6

.5 42Zr-25 150 -37 10 -3.7

Additioual expeJrinicus we~re pertoriiied to CxpI at11 dii e appalrentL
inConsbiSteICY bet-weenx the current. results anld the results of a preli.-
m~nary experiment with propanle that was done before this cont~ract Iseriod
commenced. Thie addi Liunal Lest iag produced several importantL results.

(1) Thle respokisi time Lu changes inl PO;, is generally faster inl the
presence of propaneL and inl somec cases is very much faster. No systemuatic
data were taken buL the data inl Table. 17 ZrT'L fmd [at.i vc Of LlIm reVSpon~se
times rinit canl be obtained ini the presence of propane. These canl not

* be compared directly with the data of Figures 10 and 11. because of thf!
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PROPANE CONTAMINANT TEST
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differaIC'es il tle magnitude of the change ill Po . However, tile te--
sponse times in Table I-7 .i11L si I I411V t lil the ruspol ) st. LimolS fale
any change in PO2 made during normal testing in 02/N; atmospheres.

TABLE, 17

SENSOR RESPONSE TIMES IN THLe PRESENCE
OF PROPANE AT 173 0 C

PO2 changes betweeL ) P0 2 ch'n"ge'S b.)etweenl

0.002 and 0.163 atm 0.007 and 0.065 atm

PG3l18 .0108 atm PC1}16 0.003 arm

a b a bSensor linc "dec L inc tdcc

(Il(mi (mIu) (tlut) (rain)

36Zr-19 0.060 0.23 0.096 0.16

50Zr-17 0.13 0.42 0.Y17 0.27

aResponse time for increase in 1O2 between stated values.Response time for decrease ia P0o 2 betweeln stated values.

(ii) The magnitude of the change in EMF due to a change in PO., is
larger in the presence of propane than in uncontaminated 0 2 /N2 mixtures.
Examples of this effect are shown in Figures 24 and 25. Figure 24 shows
the respose Uof a sensor to changes in P0 2 at two different propane con-
centrations. These data are plotted in Figure 25 against in PO2 and com-
pared with the change in EMF predicted by the Nernst equation. The re-
sponse of this sensor in uncuntamlnated 0 2 /N 2 atmospheres is very close
to Nernstian, that is, this effect is clearly due to the presence of
propane and not to the oxygen deficiency of the electrolyte discussed
in Section iV-4.

"(iii) For propane concentrations up to 35% and Po,/Pc3 1t• ratios less
than 1 at 140'C or less than 10 at 180'C, the sensor EM;' values fall
in a narrow, montonically changing band when plotted against PO./PC3H/.
"An example of the type of data obtained is shown in Figure 26. These
data were obtained by mixing the 1% 02, 1.5% C 3118 mixture with the 1%
02 mixture at various ratios. Other data have been obtained by mixing
the 1%, 3%, and 10% 02 mixtures with pure C3110 in several different
ratios. Those data, when plotted similarly to thosa in Figure 26 fall
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OXYGEN SENSING IN THE PRESENCE OF
PROPANE
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OXYGEN SENSING
IN THE PRESENCE OF PROPANE
1120 __.. ._
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DEPEW41DENCE OF SENSOR EMF ON
OXYGEN-TO-PROPANE RATIO
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in a narrow band with a similar shape. The data are not monotonic
for very large values of Po 2 /Pcall8 (small propane concentrations) as
discussed earlier. However, the downturn at large Po 2 /Pc 3 1ii is tyLl.i-
ctally only a few millivolts compared to the hundreds of millivolts
change as P0 /, 1 approaches zero.

'.5
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SICT1ON V

OXYc;EN SENSOR PERF.ORMANCE - PHASE 11

1. 1 NTRODUCT ION

The teclihncal effort on tUie second phase of this program was begun
to llowing completion of the Phase I requirements. This effort was di-
rceted toward testLing the sensors developed in Phase 1 under ullage con-
di tions simulated in a laboratory Lest station. In a series of Ltsts,
the efiectL,; of fuel (JP-4), tank sealant, water vapor, and reduced
temperatuires and pressures Oil senscor performance were determined.
These tests were designed to determine if a sensor can operate in a
fuel tank uilage space and to determine what design constraints will
be required for an operationial sensor.

In addition to the Phase 11 test results, the oxygen sensing per-
lurmance of five sensors supplii'd to AF'APL/SFII is presented in tils
Sect ion.

2. EFFECT OF FUELS

a. liquid Fuel (JP-4) Dropped Onto an OperatiIng Sensor

This test was conducted with JP-4 fuel provided by AFAPL/SFlt to
simulate either the effect of fuel sloshing OtLo all operating sensor
or the effect of fuel mist droplets in it0e tll agC s pace deposIting oil
the sensor.

(i) Experimental Procedure. The sensor was placed in a glass
vessel inside all oven. Tubes attached to the sidewall of the vessel
were used to permit a gas flow and as feedthroUghis for sensor aod
thermocouple loads. The leads were sealed into the tubes with RTV.
'The thermucouple used to determine sensor temperature was clamped to
the outer part of the sensor assembly (see Figure 5b)). During these
tests, a constant flow of a 0% OZ02, 90% N2 gas mixture was maintained
in the glass vessei.

The fuel (JP-4) was dropped onto thle sencor with a pipette which
e:xtLieded Liarougli a scaled hole in the top of the glass vessel. The
pipette could be removed for refilling whlnever necessary. Visual ob-
servat ion confirmed that the fuel dropped direcLly onto the sensor.

(ii) Results. The results of two fuel drop tests are shown in
'fable 1.8, i both ctses senlsor E.IF crops by more tiLan 50 mV and re-

covers to thie original EMF in roughly three milnuteL. The temperature of
the sensor alst) dropped duritg thie test as a result of exposure to the
colder fuel drop and fuel ,vaporat ion from the sensor surface. The tent-

Speratures indicated in Table 18 ace those ofit lie outer part of rite
L sensor package and probably indicate a smal ler tempoerature change than



DIROPP1'ING 1 QUID 1 FUlF. ONTO) AN OPYRAl'ING S ENSORN

Sensor No. lU5Zr-1.0 wUs USed tfur Lhi s tcS L. A eons LaiL
f.low of- a 1.0% 02, 90% N12 nOxtiliru was md~i numl nvd.

'fog? No. 1I____

UNF (mV) 080 618 652 666 673 079 6 83

T im (s) * 0 40 80 12() 160 200

us?.li N 0. 2

LMF (miV) 705 650 691 697 701 703 7106

,1.; (O(C) 175 173 L.74

TC i me1u (s) * ( 40 80 17(M 100 2001

aIl!InhIc rJ Lure of outer ImrL of senasor assembly. The acLUa 1
tempuraturc of the active ve llemnens of the sensor was-
p robablIy l owe r thanl the mea~sulred LUja' wrat u rt dui- r lo
fuel c vaporationl and for zi period of L ine, aft or evapo ra-

Timjue eqjuals ze.ro) when Fuel MLS tS ensor.

*LMF anld templjera tire before d ropp~ing fuel OI ILO sensor.
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ilitLtna I I y 01I'ti rs a i t lit gas Sells i 11 cI t'(t rodt'. CminSeqIt'iil I Iy L he 111121-;-

Sillt'd rtci'nVCry L illiL' 0l Ilirol'k11 iiiitniac profial I y' rI- I I iL- t -;ic ti 11' Ini' rt1fl i rid
for t huwiia Ir1C-cqn ii i lbrat ionl ill L11iiS LestL 'olifii go ra inn o f 1131 scni-or
I t is CXf)121t id Lthat coit. ri I of tlin stiýýlsor Lt nlip ' nrc at iLth;lrllHLi 0 of
a1 bcaýt ill)' 101110mi1t d i IrCCL I y Lo Lhe sillSor wail I d rL dlll'c the ct'-COVVcy L ivic-

SI I e res tIl Is o 0f LI Le L It 1 nd ta C ; I f0at I 18 I ,I olI I I I 5111511I ilig ol lieIi
on1L o a Sensor shoui d hlave no long tutin dtl' criO11 Cife onl slusor per-

I ilfill i di 11L. I

( ) Expori' i11111La I PI rilidllri'-o Thre mc slSO rS WVi' 1121 s Lid ill 0;,IN2,

0liV i rollIVent. s ii ng L tiei LA'S L cialifll.r sillIWIl Il n I gniri' W)ii. lihvy WI' i' Liiil

1rU'lilVt'd frolii Lill., Lst-t chiniiilir and. pl0'-itit 011.51 SO tiil th Li'olifA' Slit' I 1 0

L11 he liO SCS 1i5512111111 I YwoulId ('oil LaIi n it I' ii If III iffil. I . EBOU)1I fIle. I waS

pl facud ill till'- 51U511S ~ wl.'ilfll~by Soil tat Liii OXidi' I 1 111, lt'e VI'i.LWI-odvcs,

and 1-11 VICi IitOd e a t tLi'lliffl1iiL flld li[D1 wer Iiff' I n' Sid . 'Tihl. SCi'15~' Was
pI aCid lvii a cilosed conit ai ner to) firivoit l'vapl-aL ion o~lI ti1l.V fJiL' f . Al [i'CI

Lii. ox idi' ftil in-QIis't rodet so rfal'e was f IUlushed W ithii Civiii I ui. I liii
scli51)1 WIIs Llilel re LcS Ld ili 02 1N 2 . alVifllamentlls.

I i )i R t'su I tLs o f 24 fl n 1' S~ ilik . T ih i 1 1 5 0U I L S 0 f ilF lelIS Ml Vi'lli~ L s o5 1

st-iil-alr NI). I07/ r- *3 hei' In r ailid a ft iU r SiOlk i [11', i 11 .1 i,-4 I lie I for 2/4 houll l'

arte siowil !Ill Tablet I( Y in Ill U i si IS the' sensor)1 Was Lcs I i'd with 17.,
02 3 02 , 1 07 02 , and 20% 02 wi LII 10) lInolt s pot ilI'i' fy15 liii Xtl'.' B111

tlill soulsiol EM" anid theV Cliangc ii 121F WIto eialii tug W01- (A'. wr Ii ea'i

by ilL 1110.1,1 4 ll1V by flt, 110 ' s eloak. ['i I owiliig tihl s~alkillig 10r iod till.'
Sensor hal~d ;i r'uspoiosi' t Lni' 0f abliout. 61)111110! CH . WIi 1 t10ii sI lOWti ItL'-

spl111"5 t tiii ai-td' soaking, thc ensori511 EMFI dlid not L I u ' tl ilfil I ihr ati'

o I 1Wi Oq I 0 1CVi' I Th 1112ixtrapo I at iid EMI" Va I lIt' isi i V' 11I y I Owe. v tliain
Llit,' fI J 8imV I Is t ed ill Tab Ilo 19.

J11'-4 f te I dlii dinot dit-,;Lroy LthL scinsi1n g ab I Ifit y lil) r s-ilbs LaIiIli L y afui a~s if on tyts a15 itf LI in L a 111a2Iiiirsi)~im

tiLl'0 mlagli 1ttiii oIf tilt EB11 of this 5L120111'. Thei only dt'f etiriiiis ci'fl't-

Of the llei. 1Soaik was anl tincrease' li ii 'Ill nst'U t IM lit' ftit'I sI CSL -ISl0r

(i i ) Rist,;i Its of' 48 flour Soak. Sl-nsor No. i 0iZi'-6 was Sicllkil far
4 8 1 r.-, ill JI'-4 and tliii ruSil I V9 bt' fort'ý 0110( itf t Cr soak( iog art' SihoWo ill
'lab1 It, Th). ii chlange' Lii LMF valueii' is gn'a t Cr Ilic I (tipi to 23 mIV) I him~r

inl th li' asm of Life U12115111 soake'd for 24. tirs. Tihte ILcads had t11 hL re'-
at.taCled til orcde'r to ge't. all acc rt'f)L bli' ri's IllISt'. As il Ilt i asi' II

Lilt 24 lil~or foI soak , LItc SO 11S iu ab; 11 I I I t y o f LI it, dt'v I ret was 11111 ide-

F(IV) Rt'51I Li, il r Lit 90 11our Soailk. Senso r No .10V5r- 2 was, Solkid

for 96 tiirs Ill Ji'-4 and [. Iit' rb-hi I s be'fort' and ;iftLir soakz i are' SillWil
Iii 'lab Ii' 21 Inl Lb is l.'iii', Lilt t-.iailgi a ftLi'r soakik lg was suis t~ail tLiII

C-3 50 mV) 'I'ltt S0115 ilvig abiliLy was not) dS t-rolyod but thei EMI" channge'd
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TABLE 19

SEFI'CT OF 24 IIOUR .11'-4 SOAK

Svii-sor No. I05hr-3

P1 2'r.- Soak" PIost-Soak Nurns tianl
(iMiV) __V (m,)d yV AL

0. 11013 -33" 1018 -24u -29

0.03 1021 -25 1020 -22 -1.8

0.10 IU35 -11 1032 -10 -7

0.20 1046 0 1042 0 0

a At 168 0C.

"•"•ilbat LT0•°C.

"AL 1720C

dNotL that tle 0.20 atm EMF is used as rfcerUcLIC. Tho

0.01 atm values are not equilbrium values in alt cascs.

Tilec dilfecriucc in pro- and post-soak values is primarily

due to a decrease in the response Lime after soaking.
TIiW cxhralpolated equilibrium values are morc.t nearly cqual
Comparc with theI AL values at other 02 presstrc.
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TABLE 20)

EL'FECT OF 48 HOUR J31-4 SOAK

Scusur No. 105Zr-6

PO; Prc-Soaka FusL-Soakb NurusLialnl
,MF AE W- A -I, A L',

(aLLM) (anV) (niv) (uI-Ivk L(mVi) (ThIV)

0.01 677 -51 700 -39 -29

0.03 694 -34 711 -28 -18

0,10 709 -19 731 -8 -7

0.20 728 0 739 0 0

aAL 1720C.

AL 177%C. Thie leads had Lu be ruattacliud in order Lo

Lake thiesc data.

CAL 1740C.
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TABLE 21

EFFEI'T OF 96 IIOUR JP-4 SOAK

Suilsor No. 105Zr-2

b
P0 2  Pre-Soaka Post-Soak Nernsti -

Eb'tF A E 1M" AE A E

0.01 788 -32 1140 -52 -29

0.03 798 -22 1162 -30 -18

0.110 812 --8 1168 -24 -7

0.20 820 0 1192 0 0

aAL 174 0 C.

bAt 172'C. These data are fur a different ilectrodu

than thu pre-soak data.

LAL 173 0 C.
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s ign i i ieant Iy anid theI O II utpiL wasý ei i ;y al Itvr so)AkxnIg. IL tl~ wa ncessairy

Lo tit i I i;'. at d i If.it'CF0i. Ci ee~VLO ild l lter theit'l fU'Xlsle Itbill LiiL' nile

which wan! us;ed ill i L ill y . TI Ii' c. hI in-l L I line W;I H ;i I ,;o a I)I)rox i11in Itl L YI
Ilil iIULL('5L :i ileI Li I I ; tel-;LI) tit equl 1 i I)I iliruiii EA~ F Vi I II u s we-re oI)Lita i ned

(V) Sunmmary o1 FUr I SlInik TJest. ReSl I L!4. 111 lii1W per I at lli,iilCC

oIiiL I I St' L ces L ; , p)roti) I tins assne , i L d w i L 1 t heL I i~ad at L LaCIl1il'Ile I teLinIM pie11S
d0S '-ir 1b1'd in1 ScCt Lion .1 11 it aroSeU. Severa ]iI I cad (I ct L ;hietimi I iI led
(Iu r ill) t 1(2 1 %)11 FCr H'oa;11 tCS ts S an IId d I I10 t II L er Ii Ci tc -Odes- on t.1I L' Sailie

seilsOf were111 used 'Li'ueo on it'c Ia I cad at iaehiuiiiiLt ( (It nch i pi
ShoullId LcI [uinate IliVSL'f L ires,'. Tile net resILI Ls oI Li' aI L v s'L S
hic I ud inug Llii ItUL I L1- 1)i e'xpe r linn L i nd leaL Luc Ilha L Liii il s L iY' () I sensor
CanW. wihstLand octecs imialI , sio rtL- Lerill exp)osure LoI i (lpi d I'me Is duir Lug
operaL. ioin or non-opcr~it ion . Long- Leýrin exp)osure h-'Iowever, iippea rs t 0
have an aidverse L'i I t'eL onl turini anid Some p)ro Leec L Olt agai i wist sutch ex-
jP(5Sll-L would hlave to be provided i n ;Inet inuLg sys-tem uisilug Liiis type
L1- Stliut) r.

3. ALT ITUDE' S IMULAT ION TE'ST

Th fli k c L e of al i ti Lde onl s ilsor pi' tio riluiaiice wass SL ilkt IaLid by
ineasu riii g st'iso r Output In tle to La pressure -ailgk Of t-3 to 14 .7 ps iza

a . Ex'e r imenta 1 Procedure!

'liii; atest was carried out WWI Liiii senisor IiiouiiiLeid iitlie LL .,1.;
chamber shouwn in Figii r 6a . 1"01 r oy g iicne cutral !ons, ol 1Z , 32,
S107., aind 2U7 , tIile senso r EMF was ricO rde-d a L Lu Lai Ilprssuru L I :in.: h4

1 1-oi1 ZiLiiaS pile r ic (",14 . 7 ps La) down Lo '1'3 ps ii a. T11e p ressari' Wa!;
t rolled by piuminilg oii Lhic LestL chlamnber wi Li a mechani rat VacuLini r"''
LiltcOUghi a ttirL)it 1 lug v;IIV('.

IILca;usi' the metazl canl, showL)Wii tLit e ')I, is 0oL r igidi etniugli Leu
wi Luhsatiad a Large preUssure dfit uerelict' wi tiout- i leix Lug, Lie I ti1 ill fI Il
SUb)SLraite Was iuuuntedI onl u rigid ForSLLerl Lc ciramit plug, for tLh' pil,-_

)OSe'S Of Lii is Lust.. Thle senisor Ieads cut erxd Llici Leo ,L e tarnhcr Ltiirough
the ceuramIC material.

1). R's u Ilts

TI l'hi results Of this LL's-L are shlown ill Figoi-' '27 andu are' L.iisitat e-d
Ln Table 22. SL'irsar 14o. i USVr- 7 was uIsed at 181% ". AL hiigih OXYgill
iprtssurtS , the measured sensor E'Mi varies loigar iLliunica fly withL pressureL
inl Lgret'mil (IL w it Li th p rcd IiCLiL~: oos ofLeiemt equaL ion ( Eq. 3) . Tit isI
is shown ill Liii' cuata for the 20%. and 10%. 02 mliX ures-- mitd ib(r IlI gi total
pressures wi~i LIL Lt 3T/ and 1%, 02 imixt.ures . AL lower- o)xygIln pressures,
tle ENIF is Si iglit ly lower Ula~n tircd Lc'td by t~Ue NeriisL eqjuaL ion. Th11is

-~~ , i-s exih itied by Ulu l~ow-LuLal-pressurc daLa for th1% n1112 i xt~ues
Th'lis effect inay .cc~ur because of Lit- presence of Iiydroeai'hons inl Lite
sys temn due to backs treaming from tilt' vaCtUiiiii pump. 'FT(e Plimst I tests witLi
C 31`18 halve shown thii sensor DIF is depressted for sinai vlue VZ1itt POf /( 3

and othter hydrocarbons, are expected to have ai simiii1lar effecee.I 63
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"TABIE 22

ALTITUDL S LMULATI.ON TEST

Scasor No. 105Zr-7 at 181%C

I)0 2 = 0.20 aLIo at I altm toLal petmssurt-

lI'11 (mV) Muasurvd 151)0 1506 1502 1496 1493
NcrflsLian 1507 1501 1497 1492

"1ToLll IrL'.vsurL, (Lorr) 760 540 290 200 125
(psia) 14.70 10.44 5.6L 3.87 2.42

P0 2 = 0.10 atm at I atm LoLal pressure

EMI (mV) Measured 1499 1496 1494 1486

Nornst iau 1495 1490 1483

Total 1Prcssuru (torr) 740 480 300 150
(psia) 14.31 9.28 5.80 2.90

P 0 2 = 0.03 atm at I atm total pressure
2

EMF (mV) MeasurUd 1488 1483 1479 1472 1465
Nornstian [486 1482 1477 1473

Total Pressurc (torr) 750 590 390 245 155

(pm-mia) 14.50 11.41 7.54 4.74 3.00

110Pu? 0.01 aLm at 1 atm total pre'ssure

MIMF (mV) Measured 1476 1471 1462 1452
Ncrustian 1472 1467 1460

Total I'russurQ (Lorr) 745 500 300 150
(psia) 14.41. 9.67 5.8( 2.90
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4. REDUCED 'lEIMP'ERATUREj'' TESTS *l*1)1(

Thle L-LI CLC oil scilsor perlorlunueMCL of reduci iig Lilt' S01nSOr Lumptira~t rU

t )alow Vailuei (- 30,(C) was juiensuHlred.Sc I uipYA1-col
O---I durinug syst tIll noli-opeli'iXIL i tll

a . 1'1'.iiekr iliieilL a I Procedure'L

'The SIISo 15 I 0r LiiiS C us were woiiOiicd ill 0Ci' Stillil' Wily -is C lini-
use'd ttnl F Cic a I t i t (ode -, i mu In t Loll Ie s . Be luOre COt, I i lug, , Li 1 enC S0 rSOS
We re t-i L ed ini L),, /N 2 a LInns pile ri's . They were thenl coole d from thei ope r-
at ing tempej~ratu~re Of 1 73O(,' to less than -30%C iii ii pe-riod oh nile. hour.
TIe I PL iine-I tempei ra L ure p ro ftiILe i s Lab 111 a L ed i n 'Tab I c 23. Tempt' ral Li re
be] ow - 30 ' C we re m1a i La RIticdl i o r fn LII I- ou rs . Cool illng was aC hiQeyed wit I
crushed dry ice whichu was p1laced inl the ovC1n around the Les 1 chamlber.
After the required four hour en l.d period, the dry ice waný a L JUwe to
subl 111 Lne ad the sensors and LestL; ehlaiiber warns'd to room tenipterat urc
LiVern1 i)gli t . The sci iso rs were the ii heated to theC OpeCrat inhg Lempe rat U C!
and retested . During the iCo Idown , Cold period, anld wa riup , tile k' ye Li'
U low of 02 IN 2 mIix turis, tillOironh thle test ChialbI' r was maiCa i ziHd . TI'I U
('ycIe was 1Z 02 ' 3% 02. 10%O 02 , 20% o2 )'1% 02 With eahmiytuire
flowingj, for 1( 1DLILtes.

1). Res u .LtS

'Thle 121F" flU Lput Of sensor 10 5Zr-9 for each ol thle four 02 cuneenLtratLuins

is Listed befOre aind after CooLdoWnl iii Table 24. Thesie datal are Lcl'
bterc of two sets of performuance data Obtained by Lest ing sensors lO5Zr-7
imld I O5)Zr-9 s imal tauuousiy . Senisor IO5Zr-9 had nearly ident~ical Seals lg

performiancie be fore and after exposure Li) reduced temperatures . The EMI"
levels for senisor LU5Zr-7 were ap~proximiately 10 miV lower after tool iug

that th1Lin film oxygen sensors canl Withustaind t empe ratLures as low as -55%C
muid thiermual shocks iii excess of 211 0 C/lir (3.5 0 C/min).

Thes teLS wre ondutodin order LI) determillUi Lilt' t'fi'c~s o

humidit i esrprkraLt'

shiown inl Figure 6b. Thin test setup wis the samle as for stiundard 0 2 /N 2

aLM~phrctests, except thuat water vapor was lIiLXt'd WI CII tLiit' iii flowing

0 2 /N 2 gas mix~urCS . TO ac-comp] iSi Lhids a Lee Was p laced Jist outside

tihe oxven iii the iiji' . ow tug gas line. Thle top of a rUtanie 11' r Was inserted
into the_ tee and thel- bott, of the rotamutur was conniectedc to a steaml
generator (to be described'( b~tml0W) via a copper tube'. 'lerotanieter andWcoplier tube were heated to `-140% LC o p rCeVeu'It ('1Cnn I.ilcnsa Io of' thei 1120 be-
fore it was mi~xed With the 0 2 1N2 gas.
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TABILE 23

TIME TEMPEIRATURE PRIOFILE

Sunsor No. IU5Zr-9

Time After
Start of
Cooldown Temper a ture

(inmm) (0c)

0 173
5 141

10 116
15 97
20 80
25 68
30 59
35 52
40 40

45 13
50 -1
55 -28
60 -38
97 -52

162 -35
186 -55
210 -46
231 -37
256 -47
285 -56

300 -52

67
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TABLE 24

REDU(ED TEMI'LRATURE 'TEST

Sensor No. l05Zr-9 at L73 0 C

Last Cycle
Before After
Cooling Rei a 'l NrsiiiooigReheut• Nernstiani

1( 2 DI F AL E MF AE
(atm) (mV) (uIV) (IRV) (mV) (mV)

0.01 1269 0 1272 0 0

0.03 1282 13 1282 L0 1I

O.1u 1300 31 1299 27 22

0.20 1310 41 L3L0 38 29

"These results are for the first complete cycle aiter
thermal equilibrium was esLablishd at 173%C. This
was the fourth .ycule after the temperature reached
the neighborhood of 173'C. Each cycle lda.tc.d 40

wllfLesU5

I
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TI bt' StL--int gLixkni rt or tills I tii St t ;n 01 s Lat jllIS iS t 00 1e bin er and a
p. sc. I I lclet I it(I. lint'c I i(I was jilltVidtd wi thI a prt'nsi-;re nI- 101 valve set at:

"p. l g ~tii at [ It rotL L Ii Lug valv I fIo r Cod il.rI I lug tilt' t1)0 1 low inlto thlie
s;k-na P i eL clilstiters . 'Thne generla l- etWas litciLuid b~y a vi r ia able teimpe ra-
[itil*,' t I ii' hoti ) at o 'L

HIt II I ow rat t' v , I IIlkI f.' 1. ,1) g ilt; It 1 Lu 0 lil1' L t't I M 1 I s eliiiiiliti W tH mil-
hut i'd Ii bi-) tlitgý [lit' rot altitteLkr rt'attlilg, prope~rlIy cor(ýt't'.''ed fur LUitiWpera-
ULute .111 meleeCitIn'I we~ight. A rd ;inti'LtLLr wZas used, as,- Usual , Lo) dete(r-
ninle Lit' I low rate iti tInt' ( 2 /N 2. tixtsure. F'rnnt the flOW ralte thIUa, the

.LI;I atI vu Ineild it y wals t'mtiiiL t ed.

L Wi Lli a 20t% i02 lliXttItre f Itiwitig iii li tIQ est. cliaainbers, Llie- avat vil

Ilie, s L t';Itit gene1ral. or waIs kinunteul anld adlj steL d LOii gi vil" Han ()20 I lOW CI'(tt i
Vatilt I t-1 LL 40Z Aild I lieu 807 rel IatL.ive hu1nn1idi ty L ;, 2 1C ( 70o F) . WEM
read ii gs 1_ were rt'i' I tirde he re OpeCI Ii ing1 the va Ivi' dud atL vai'l re Ia t ive
I uitI id itL y setLL. tung - ICI lliz Ilt' Vin I ye Was C IeSed anld tL' seno S-10 Wats ill tugid
to0 rt, Liui n LOi t'quI 1)ir i ni, beF frt' [Lit' f itia I WME reVad toig was rer'trdecd

I)n Re sil I Ls

Illi s- L est LWas nuti w i Lli t tiec Sklstisir. s [muI ineuLS Iy and was done
atL 143 mdilt u t t't. CluararteCrist it retaIilsL alrt' giviLi ill 3'Ziiitt 25. TInt'

1e"i su' ttdu [i'iLriu'Lill of* watt' r vaptir by an lilt' ruase fii
Lit'n s ulser WEIl as Litie toiki iId]Ly is f:IltL' rItsed f roms iv tin toL 't,40f/ (in 21 2! )
As t1e itutulidi ty is iunt:rvt'as'tt litulnt'r L.0 'tHU0% (ILL 21'CQ) tie eutslnr EMF'
ilet'retises4 titid , in1 O1L stiite., es', L lii dec' rea;se is 1.n aL V;1 I at' lit l OW tit tin o i-
glInaI EIIF'. Theii post_-List -cnistor DIFti wais ill till tases somuewihat. lower

'i10 iIIV) L 1uni1t lie1 I'Q reL est LS0i'iiso r EIIF'. No IFaurtL In'c r Lt's Ls We reuC tIndu lt t'il
to0 dt',L t' riti ii IICLI a t 1iunt It tit dc c r;ias v i n tine sulnt2nocI` ~' FM who It] re sin1 Ito alie
I'L 1)tltaiI t'd t'xiis u re Li ii11i gli In1i1 ll d i ty eiuIv IrtllnmentII s

Ai An a dd] t inma I L u's LWas runIIL to L~ t erinei tic L I 1L. ust1L';L d L'V ie e S(Onl-
t. IittI' Loi senIse tLi e ILI It() ill LIIL' p reser of watt'r vapoli. Tint'
Is- tII Ls tif tilts Lest hindihate thatt Lt(, t'iainges lti EMI" art' '12'2`. la rger

iLl tit' L pi )rest itio ii- waLerI va Io r tLa [Unl i d ry 02 /N 2 Iintxt (itres

TO'01iit I li' r , Lnicst' ['s ts J hid rca~te that Litt' p rese'ine u Ofi wit ,I vailti
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TABLE 25

WATER VAPOR TESTS

Sensors iL 0.2 atm 02 Env ironrnent.

Pru-Tcst EMF With EMF WiLlt Post-Tret
Seumor T EMF %,40% R.II.k -80% R.II.b EMF

No. (°C) (mV) (mv) (mV) (mV)

105Zr-9 143 293 300 283 283

10SZr-li 108 958 990 986 948

zau40% rclative humidity aL 21%( (70F).

b'N80% "rulatLve humidity at 21°C (70'F).

*17
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TABIE 26

WATER VAPOR CONDENSATION TESTS

172%C and "-80Z R.H.

Sensor EMIF Be fore EMF Af Ler
No. Gold.1ei sa iju1 CondcnsaL tiol

(isV) (isV)

105Zr-6 820 760

105Zr-LI 1152 957

a Valu e.; ' h oi ur at Ler rVac1hinig 172 %. The W"

was stL1 iucreds ng slowly aL LhaL time.

7
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TABLE 27

UNCURED TANK SEALANT TESTS

Sensor No. lOZr-3 at 170%0

Tank Sealant at Room Temperature

102 Before Exposure DuringExposure After Exosure Nerustian

EMF AE EMF AE EMF AF AE(,I (Lm) (mTV) (mV) (TII) (mV) ýmVl (mV) . (mV)

0.01 1032 0 1001 0 1033 0 0

0.03 1041 9 1023 22 1043 10 11

0.10 1057 23 1046 45 1058 25 22

0.20 1068 36 1059 58 1069 36 29

Tank Sealant at Sensor Temperature

)02 Before Exposure Duriilp, Exposures AftLer Exposure Nernstian
02 EMF AEE EMF AE ZMF AE AE

(atr) (mV) (mV) (mV) (mV) (MV) (my) (mV)

0.01 1022 0 992 0 1008 0 0

0.03 1032 10 1009 17 1018 10 li

0.110 1047 25 1026 3' 1034 26 22

C.20 1058 36 1038 46 1045 37 29

,•.•

"ccond cyclu aftur los•,rthlg sealant into oven

L:, ixth cyt i'u after removing salant.

ml 7'
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V . ResultLs With Cured 'Tank Se'Ia Ilan
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cared tank seal ant are! shown tic, 'nlabI 28. 'Thci sealant , atL ricuc
temiperature, causes no sign ificant of feet (-- myL) an the EMIE. After
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TABLE 26

CURED TANK SEALANT TESTS

Sensor No. 105Zr-2 at 174'G

Tatnk Sealant ill Room TeunipraLure

1)0 2  Before Exposure During Ex osure Alter Exposure NernsLILan
EM F AL EMF AE EMF A, AL

(ill_)_ (mV (myI) (mY) (lmY) (DIV) (myv) (myI)

0.01 775 0 777 0 783 0 ()

0.03 789 14 790 13 794 11 Ii

0.10 801. 26 802 25 805 22 22

0.20 81L 36 812 35 814 31 29

Tank Sealant at Sensor Temperature

Po' _L) foE_ xpuosu re D u r i 1Surc A[tr ExTosu re NerUSt ian
EmF AE E.M F" AE EMFr A i, A P

(a t IT (mlV) (mlV) (mlV) (mY) (IlV) (miv) (ilV)

0 . U1 780 0 768 0 788 0](

0.03 791) 1.0 783 15 798 10 I1

0.10 807 21 799 -31 812 24 22

0.20 816 '30 808 40 820 32 29
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- 105Zr-7 Heat treated at 450 0C for 15 minutes. Electrodes
applied, assembled, and tested. Used for altitude
tests and a reduced temperature test. Tested for
delivery to AFAPL/SFH.

- 105Zr-9 Heat treated at 450%C for 15 miiutes. Electrodes
applied, assembled, and tested, Used for altitude

tests, a reduced temperature test, a water vapor
test, and a water vapor condensation test. Tested
for delivery to AVAPL/Sill.

-105Zr-1O Heat treated at 450 0 C for 15 minutes. Electrodes
applied, assembled, and tested. Used for test to
determine the effect of JP-4 dropping onto an
operating sensor. Tested for delivery to AFAPL/SFHi.

9. REPRODUCIBILITY

The data reported in this section are all for samples from the
same sputter deposition run and, in many cases, several data for the
same sensor are reported. There is a substantial variation in the EMF
values which points to the need for an end to the use of the laboratory
methods used for sensor fabrication, especially the lead attachment
techniques. The laboratory procedures should be replaced by industrial
microcircuit procedures for substrate preparation, electrolyte film de-
position, lead attachment, and sensor package assembly. The variation
in EMF values which have been observed are almost certainly due to un-
avoidable variations in substrate cleaning and lead attachments, both
of which have been done by hand. It is imperative that precisely con-
trolled, reproducible microcircuit manufacturing methods be used for
the further development of this type of sensor.

a

t ism

76



4

TABLE, 29

RESPONSE OF SENSORS DELIVE'R'I) TO AFAIL,/SFII

Sensor EMI. (mV) and AE (,mV) ;IL P0 2 (;]Lill) itdhia tt'd

SUI'Ii-or NO. T MLF AL' EMF AE EMI" AL I'MI. A\F
(°C) at O.01 at 0.03 at -.11) at 0.20

105Zr-I 177 172 1) 1182 10 1189 1 7 1197 21)

10'5Zr-3 1 71 1035 0 1049 14 1062 27 1073 38

105'Zr-7 173 1129 0 1141 12 1149 20 1161 12

1I5Z.r-9 173 i 21 1) 1230 14 1237 21 12')0 34

S111 4/r-10 176 884 0 902 18 913 29 932 'i8

Nurist ian 1 76 1 I1 22 29
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SECTION VI

CONCLUI'ONS AND RECOUMENDAT IONS

1. PHASE I CONCLUSIONS

As demonstrated by the Phase I results presented in Section IV of
this report, major improvements have been made in the performance and
reliability of oxygen sensing devices using a thin solid electrolyte
film. The overall accomplishments of Phase I of this program can be
stated as follows:

a. A large number of sensors have been prepared using a number
of different deposition conditions for both the thin solid
electrolyte films and the electrodes.

b. Oxygen sensing devices have been characterized as to their
physical properties and sensing performance in various 02/N 2
mixtures to determine both the optimum deposition conditions
and the sensing performance which are attainable with thin
solid electrolyte film devices.

c. The effect of various contaminant gases on sensing perfor-
mance has been determined.

The conclusions derived from Phase I of this program are briefly
summarized below.

a. Solid Electrolyte Films

The quality of Y2 0 3 doped ZrO2 films prepared by rf sputter de-
position depends on deposition parameters, particularly the applied
substrate bias. The highest quality films during Phase I have been
prepared with an applied substrate bias of 1-80 V at a target voltage
of -500 V and with an applied substrate bias of "ý-50 V at a target
voltage of -300 V. Analysis of these films by sophisticated analytical
techniques indicates these films are slightly oxygen deficient but have
a homogeneous morphology. The sensing performance of these films is
improved if a high temperature heat treatment is used to reduce the
oxygen deficiency of the films prior to device assembly.

b. Electrode Optimization

A survey of electrode types demonstrated that the best sensing
performance was obtained with sputter deposited platinum electrodes
about 50 nm thick.

c. Device Oxygen Sensing Performance

Sensing performance of a number of devices was determined from
90 to 200'C. Oxygen sensing was obtained over this temperature range
with a response time, for an increase in the oxygen partial pressure,
of less than one minute at 150°C for a typical sensor. In devices
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whcre the solid electrolyte has been heated in air priir to device
assembly, actual EMF output of the device is very clo.;(e to the pre-

dicted EMF output.

d. Effect of Contaminant Gases on Sensor Performance

The presence of H20 vapor, CO2 , SO 2 , NO 2 , or C3H 8 at contractually

required concentrations alters the performance of this type of device
by shifting the voltage output. In the case of H2 0 vapor, CO2 , and S0 2 ,
this effect is small. For NO2 and C 3 H8 the voltage shift is large. In
no case is the sensing performance destroyed by exposure to these con-
taminants. Additional tests performed with the C3HB gas contaminant,
which caused the largest voltage shift, indicated that the oxygen sensing

performance of these devices is enhanced by the presence of C 3 H8 .

2. PHASE II CONCLUSIONS

The results of Phase II of this program demonstrate that the
oxygen sensing devices dovelopec, during Phase I can be expected to
operate in an aircraft fuel tank ullage space if the method of in-
stallation prevents repeated sloshing of liquid fuel onto the sensor.
In fact, lead detachmenc was the only mechanism by which sensing de-
vices actually failed and this problem would not be encountered in a
device assembled by commercial microcircuit techniques. Spurious re-
sults may have occurred in some of the tests reported in Sections IV
and V as a result of partial lead detachment or contaminant adsorption
on the porous lead attachment material. Nonetheless, the following
minimum conclusions can be made regarding the performance to be ex-
pected of this type of oxygen sensor operating in an aircraft fuel
tank environment.

- Short term exposure of operating or non-operating sensors to
liquid fuel has no deleterious effect on the sensor EIF output.
Repeated fuel contact may cause an increase in sensor response
time.

- The variation of sensor output at simulated altitudes varies
in agreement with theory and can be compensated electronically.

- Reduced temperatures (to -30'C) during device non-operation
have negligible effect on sensor performance.

- Although sensing performance was modified, the sensors con-
tinued to operate in the presence of water vapc.r (humidity).

- Condensation of water onto the sensors alters the oxygen
sensing performance but does not destroy the sensors.

- Tank sealant vapors depressed sensor output during sealant curing.
Relatively smaller alterations in sensor performance were noted
with nearly cured tank sealant. For all sensors, oxygen sensing
continued in the presence of sealant vapors.
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3. RECOMMENDATIONS

The results of this program indicate that oxygen sensing devices
of this type show sufficient promise of becor-ing operational that their
development should be continued. At this point it is recommended that
the thin electrolyte film production and the integration of the films
into sensor assemblies can best be carried out with the techniques and
facilities used for commercial microcircuit production. In order to
bring the development of this type of sensor to the prototype stage,
it is recommended that the following steps be taken:

- Design and construct more rugged sensors which are capable of
being flight tested using standard microcircuit techniques.

- Determine the reproducibility of oxygen sensing performance
both within each production batch and between batches.

- Determine the long term stability of oxygen sensing performance.

- Establish performance tests which more closely simulate fuel
tank conditions than those carried out during Phase II of this
program.

- Flight test a prototype sensor if the above steps are completed
successfully.

It is believed that these recommendations can be carried out in a straight-
forward manner and that the likelihood of success is great enough to merit
carrying on the development of this type of sensor.
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