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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 ambient gas.

Various devices have been tested extensively to determine the scnsor
response time to a change in the oxygen partial pressure, the stability of
sensor output, the effect of temperature on the sensing performance, and
sensor behavior in the presence of contaminant gases. Response times, for
an increcase in the oxygen partial pressure of less than one minute are
obtained with a typical sensor operated at 1506C. Stable performance over
cxtended periods of time appears to be feasible based on the results of
limited lifetime testing. 1in 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.

Sensors constructed with optimized electrolyte films and elect
were subjected to a series of tests designed to simulate aircraft fuel
tank ullage space conditions. These results were obtained: (1) Short
term exposure to liquid fuel (JP-4) has no deleterious effect on sensor \\\\
performance bul long term exposure may cause an increase in sensor response
I time. (2) The variation of sensor output at simulated altitudes is in
agreement with theory. (3} Temperatures as Tow as -30°C during device
non-operation have neglible effect on sensor performance. (4) Water
vapor modifies sensing performance bul the sensors continue to operate.

{5) Condensation of water onto the sensors alters the performance but
does not destroy the sensors. (&) 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 performance.
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SECTION T

INTRODUCTION AND SUMMARY

l. GENERAL

This document summarizes the results obtained during a two phase
program concerned with the initial development, characterization and

testing of an aircraft fuel tank ullage space oxygen sensor.  This sen-

. . . . . . LI e
sor is capable of operating in ambicent temperatures below 200°C and uses
a thin solid eclectrolvte film as the sensing element.  The technical work

under Phase [ concentrated on the development of a sensor which would work
reliably and predictably under controlled laboratory conditions. In Phase
[1, sensors fabricated during Phase T were tested in simulated aireraft
fucl tank ullage space environments.

Solid electrolytes of the type used in this program have been em-
ployed for some time 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 to the thickness of the solid electrolyte, the response
time of these oxygen sensing devices is generally much too long at lower
temperatures (S200°C) to meet device requirements. The novel feature
of the device under development in this program is that a thin solid
electrolyte film (V1 um), prepared by radio frequency (rf) sputter de-
pcsition 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 four 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 r{ sputter deposition
over a range of deposition conditions.

- Characterize the physical and oxygen scnsing 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.
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- Characterize the sensor response time dependence on temperature.

- Determine sensor response to sclected contaminant gases including
a hydrocarbon gas, exhaust gas components, and water vapor.

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

- Betermine 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 eleven months.  Phase T
covered the first nine months. A substantial portion of the Phase 1
effort was devoted to the determination of rf sputter deposition condi-
tions that would assure reliable thin clectrolyte film samples. This
required the deposition of many sets of films and the assembly and testing
in 0,/N, atmospheres of at least a few sensors from cach seot.

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 0;/N; atmospheres.

A substantial portion of the testing of these sensors during Phase 1
was directed toward a determination of the effect of various contaminant
pases on scensor performance. In gencral, contaminant gases alter the
performance 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
0,/N, atmosphcres.

Juring the Phase 11 part of this program, thosec tests which relate
to determining the performance of scnsors, developed during Phase I, in
a fuel tank environment were performed. 1In addition, five sensors were
prepared for delivery to AFAPL/SFH.

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 T 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 11 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 achicvements include:
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Preparation of high quality thin solid electrolyte films.

- Demonstrating that de sputter deposited Pt eleclrodes produce
; sensors with much lower internal resistances than any of scveral
i other electrode types.

- Asscmbly of a sensor which produces a repeatable, near theorctical
response to changes in oxygen partial pressure in 0/N; atmospheres.

- Sensor response times of less than one minute at temperatures
well below 180°C.

- Demonstrating that sensor performance in the presence of con-
taminant gascs is altered but not destroyed and that in the pre-
sence of propane, the sensor performance cxceeds the performance
in uncontaminated 03 /N, atmospheres.

Phase 11 N
. " - Tests to determine sensor performance in a simulated fuel tank
3 environment were successfully completed. Sensors continued to
1

perform ag oxygen scnsors following all tests.

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

- Tank sealant vapors were shown to depress sensor output during
curing. Relatively smaller alterations in sensor performance
werce noted with nearly cured tank 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 1 results.
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SECTION I1

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 l'igure 1 are described below.

1. SUBSTRATE

The substrate provides the mechanical support teo prevent destruc-
tion ol 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 REFERENCE ELECTRODE

In the casce of an clectrically conductive substrate, the reference
clectrode 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 electroulyte film is rf sputter deposited on top of the
relerence electrode. A solld electrolyte is a solld material which has
a large ionic mobility for one or more of 1ts 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 refevence or back electrode, a metal-
metal oxide interfacial region exists which serves to establish a partial
oxygen pressure, Pd;, at the reference electrode,

4, FRONT OR GAS ELECTRODE

On top of the solid electrolyte film, a porous clectrede 15 attached.
A high degree ol porosity 1s desired for this electrode to facilitate the
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 refereuce
electrodes for EMF sensing.

o raggy
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Figure 1 - Schematic Diagram of
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6. PRINCIPLE OF OPERATLON

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

MF = JL O\ ! ) :
EMF = 5 STI £ (Po,)d ln kg . (1)

In this equation, the limits of integration are from the relerence
electrode~solid electrolyte film interface (I1) to the gas electrode-
solid electrolyte film interface (I). R and F are the gas and Taraday
constants, respectively, and T is the absolute temperature. The ionic
transference number, t4(Pg,), of the solld electrolyte is defined as
the ratio of the lonic conductivity o4 to the total electrical conduc-
tivity or

: = 94 . .
t'i(POz) gy + 0g (2)

where U, is the electronic conductivity. In many instances, the ifonic
transference number does not depend on the partial oxygen pressure in
the solid electrolyte in which case the EMF is given by
T .
4T in 'P—O—n' <3)
It is important to note the following points:

- The dependence of ti(Pp,) oun Py  depends on the properties of
the solid electrolyte film. 2

- Pgj and P! are determined by the properties of the respective
interfaciai regions.

- Poé should correspond to the oxygen partial pressure in the gas.

- The EMY depends logarithmically on PO; and linearly on the ab-
solute temperature,

- This equation predicts a 30 mV EMF change when Pp, is changed
from 0.0l to 0.20 atmospheres at 200°C and t{i = 1.

- In any gas, PO; is defined so that, if Py} differs from Py}, an
EMF will exist.

In the remaiuning sections of this report Pgp will be used to de-
signate the oxygen partial pressure in the test gas.
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SECTLION 111

FABRICATION OF THE OXYCEN SLENSOR DEVICES

In this sccetion the choice of materials and preparative techuniques
are discussed {or the various components of the oxygen scnsing device
shown schematically in Figure 1.

1. SUBSTRATES AND SUBSTRATE CLEANING

A number of different types of substrates were acquired and studied
to determine their usefulness in this program. All substrates were 'v1/2
inch on a side. The relevant features of these substrates are describaed
below.

a. Stainless Steel

Most of the devices tested were fabricated using stecl {errocype
substrates,  These had a wirror=like finish and were relatively free
ot defects,

b. Glazed Alumina

Clazed alumina substrates of the type used for electronic micro-
circuit manufacture were used in the construction of some sensors.  Some
clectrolyte tilms were deposited on these substrates for analytical pur-
poses such as scanuning electron microscope (SEM) fractography analysis
of filwm microstructure.

¢. Glass

Microscope cover glasses 0.15 mm nominal thickness were used in
the same way as the glazed alumina substrates.

d. Fused Silica

Some filws 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 electvolytes used in this program.

The local surface roughness (peak to peak deviation) of each of
the subsisiates examined is indicated in Table 1. 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.
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TABLL 1

SUBSTRATE SURIACE ROUGHNESS

Material Roughness (nm)
Stainless Steel 356
Glazed Alumina 25
Glass 64
T'used Silica 38

Before deposition ol the refereuce electrode or the solid electro-
lyte tilm, all substrates were thoroughly cleaned with organic solvents,
mild acid solutions, and by vapor degreasing with trichloroethylene as
the final step 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 nermal oxide Jayer, in the
case of the stainless steel substrates, 1s removed. At the present time,
the cleaning procedure which gives the best results is listed in Table Z.

TABLE 2

SUBSTRATE CLEANING PROCEDURE

Detergent scrub

Deionized water rilnse

Methanol wash

Acetone wash

Trichloroethylene wash

Acetone wash

Methanol wash

Deionlzed water rinse

Etch in solution of 65 g Cr03, 100 ml HzS80,,
400 ml H0 at 70°C for 3 minutes

Deionized water rinse =

Methanol wash

Acetone wash

Trichloroethylene wash

Trichloroethylene vapor degreasae

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 1 this time was reduced to avoid
possible removal of the oxide layer.
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2. BACK UR REFERENCE ELECTRODE

In the case of the non-conductive substrates, a metallic Mo layer
0.1 to 0.2 mm Lhick was deposited by vf sputter deposition. [n the
case ol the metallic substrates, no such layer was uccossary.

3. SOLLD ELECTROLYTE PFI1LM

As discussed in Section 11-3, the solid electrolyte filws were
prepared by rf sputter deposition. The films were deposited from 4"
diameter sputtering targels obtained {rom Cerac, lne. Sputiering of
these films was performed by Dr. J. Greene at the University of 1llinois
using a Model 2400 Randex sputtering system. The target to substrate
distance was 3.9 cm. Two targets have been usced during this program.
Most films were deposited with an 8 mole 7% Y,01/92 mole % 4r0; target.
The chemical analysis of this tacgel is given in Table 3. The largest
impurity coucentration listed is hafnium. Since Ui and 2Zr are isoclece~
tronic, this impurity concentration ls not expected to appreciuably affect
the properties of the sputtered filws, In addition to the doped zirconia

TABLE 3

SPECTROGRAPHLIC ANALYSLS Ol CERAC 8 MOLE %
¥20,3/92 MOLE % ZrO; SPUTTERING TARGET

Ag 0.001% Al 0.001%
Ca 0.001 Cu 0.001
Te 0.01 Mg 0.01
Mo 0.001 Si 0.05
Sn 0.001 Ti 0.01

v 0.001 If Est. 1%

films, five sets ol 5 mole % Y,0;/95 mole Z CeO; tilms were also deposited
to determine the Influence of sputtering conditions ou film microstructure.
The analysis of the doped cerla target is shown in Table 4.

TABLE 4 i

SPECTROGRAPHIC ANALYS1S OF CERAC 5 MOLE %
Y204/95 MOLE % CeOp SPUTTERING TARGET

$102 95 ppm Thow 300 ppm
Fez03 105 Lao03; 100
Cal 300 Gdzus 250
Al,0,4 500 Dy203 300
MnO, 100 Lr203 100
Mgl 11 Yb,0; 40

!
|
i

9 :

¢
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During cach rf sputter deposition run, 25 substrates in a 5 x 5
array could be used to obtain as many electrolyte films., The film
thickness decreased with distance from the center of the array and the
corner f{ilms 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 >

RELATIVE THICKNESS OF THIN F1LMS BY POSIT1ON NUMBER

Film Position® 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
8,12,14,1%8 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 Y, 03~
doped 4r0; 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, Py = 20 m Tory, and the target voltage, Vp = =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 achleve a given quality film. This is characteristic of the
practice of rf sputtering and does not alter the qualitative validity
of data obtailned 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 detalls of the sputtering system. The sputter run numbers are
assigned by the consultant who makes the films. They are not consecu-
five 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-
tion rates for the sputtering conditions used for the first six types

are shown in ¥igure 2. Film thickness measurements were made by optical

interferometry and with a surface ruughness analyzer.
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TABLE ©

r{ SPUTTER DEPOSITION CONDITLONS, OXYGEN~TO-ZIRCONIUM
ATOMIC RATIOS, FILM THICKNESSES, AND TENTATIVE
CRYSTALLOGRAPHIC ORIENTATIONS FOR Y,03-DOPED ZrO, TFILMS

Type VSa Sputter Run 0/Zr Thickness® Orieutationd
) Wb m
] 0 38 - 0.33 111 or 100
39¢ 88 0.24
2 =20 46 - 0.27 111 or 100
50® 90 0.55 111 or 100
3 =40 35 92 2.
36 - 2.9 111
4 -60 41 103 1.0 110
5 -80 42 100 1.2 110
6 ~1090 40 94 0.61 100
7 -50 102% - - 110
8 ~40 193¢ - -
105° - 1.3

a Applied substrate bias.

Percent of stolchiometric ratio, 2.26 for 8 mole 7% Y,0s~doped
ZrQ;.

“ At the central film location.

Tentative idencification of crystallographic direction(s)
normal to the films.

€ Target voltage = =300 V.

The microstructure of the films varied from columnar at low values
of the applied substrate bilas VS to quite uniform at larger values of
Vg. This was determined by SEM {racture studies of the films aund typical
examples are shown in Figure 3. The film grown with Vg = -40 V is char-
acteristic of all films grown with -Vg<40 V for film types 1-6 and the
film grown at Vg = -80 V characterizes those grown with -Vg 2460 V. Film
types 7 and 8 have not yet been analyzed by this technique.

Auger electron spectroscopy (AES) was used to determine the oxygen
to zirconilum 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 ratlo was the same in the films as
in the target.

11
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A cuble crystal structure was obscerved for all films examined by x-ray
diffraction. A camera specifically designed {for thin (ilm work wias used.
The films exhibited a high degree of preterred orientation and the crys-
tallographically preferred directions were dependent on the appiicd sub-
strate bias. A tentative identilication ol the crystal directions per-
pendicular to the plane of the film is given in Table 6. While the
assignments are tentative, the lmportant point is that the (ilms grow
in a preferred divection which is dependent on Vg,

Five sets of Y;0;-doped CeU; films were grown to determine the
dependence of the microstructure and atomic structure on Vg. All sets
were grown with Vg = -1000 V and Ppy = 20 mTorr. As in the case of
the doped 2r0, films, these films were cubic with preferred growth
directions dependent on Vg. The microstructure, however, was uniform
for Vg = 0 and increasingly columnar for increasing magnitudes of Vy.
This is opposite to the doped ZrO, results and is not understood at this
time. Sputter deposition parameters and results arc shown in Table 7
and the deposition rates for doped CeOz f{ilms are shown in Figure 4.

TABLE 7

rf SPUTTER DEPOSITION CONDITLIONS, FILM THLCKNE3SES AND TENTATIVE
CRYSTALLOGRAPHLC OR1ENTATIONS KOR Y203-DOPED CeO, FLLMS

Tyve v.2 Sputter Run Thickness Orientatiunb
Qé) (pin) .
1 0 9 0.68 110
2 =40 13 0.54 111
3 -80 10 0.60 110 or 111
4 -110 12 0.48 311
5 -140 11 0.33 310

a Applied substrate bias.

Tentative identification of crystallographic direction(s)
normal to the {ilm.

4. FRONT OR CAS 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 130
and 100 nm thick. Tests to be described in Section IV also
indicate that sputtered Pt electrodes provide the highest
electrode-electrolyte interfacial conductance.

14
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b.

Pr oapplied as a «olloid. A colloid of 't particles in an
organic vehicle (Blectro Materials Corp. of Amevica 4231)
was applicd directly Lo the clectrolyte {ilm and then dried
by heating in air or an O;/N, almosphere. These electrodes
provided good sensors in many cases. llowever, they were ex-
tremely fragile and are nol suitable for use outside the
laboratory.

de 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 wmuch slower re-
sponsce time than sputter deposited Pt electrodes. This slingle
test should not be considered couclusive. Au electrudes may

be usciul {or sensor operation in the presence of certain con-
taminants.

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

3. LEADS AND LEAD ATTACHMENT

t, Au and Cu leads were used in sensor device fabrication. All
were 0.010 inch diameter wires. The leads were attached with one of
the following:

a.

't colloid. The same material used for electrodes and
described above., This was used with Pt colloid and
sputtered Pt clectrodes.

Au colloid. This material was similar to the Pt colloid
and was used with the sputtered Au and some of the sputtered
Pt oelectrodes,

Ag collouid. Used with the vapor deposited Ag electrodes
ouly.

Pressure contact. This was used successfully with the
sputtered PL and sputtered Au electredes. (The sensor
with the sputtered Au electrode was tested this way
initially and later the lead to the gas electrode was
attached with the Au colloid.)

No distiocetion could be made among the lead malerials except that

Cu could
buted to

not be used when a pressure contaclt was made.  This was attri-
the exidation of the Cu surface.

16
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The lead arttachment techniques used to date have been chosen for
convenient sample mounting and demounting in laboratory test apparatus.
More durable contacts for prototype sensing devices can be applied using
standard microcircuit techniques.

6. DEVICE PACKAGE

Figure 5a shows three doped Zr0, films on stalr 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. The horizontal band on the glazed
alumina and glass substrates is the Mo back electrode. The f{irst 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 ca
the left-hand film and a Pt colloild 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 ripid
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 LV

OXYGEN SENSOR PERFORMANCE - PHASE 1

1. DEVLICE TEST APPARATUS
Two different types of data were recorded for selected sensors:
- The resistance as a function of Pp, and T.
= The EMF dcpendence on Pp,, T, and contaminant gases.
a. Apparatus for Resistance Measurcments

Variations of the sensor resistance with temperature were measured
in air using an infrared furnace. fThe furnace temperature was coutrolled
to within 211°C and was measured with a thermocouple attached to a digital
readout pyrowmeter. The dependence of sensor resistance on P, was mea-
sured in the EMY apparatus described in the naext section. All resistance
data included in this rcport were taken cither with a vector impedaunce
meter (Hewlett-Packard 4800A) in the range 5 Hz to 500 klz or with an
electrometer,

b. Apparatus for EMPF Measurements

The apparatus used for the EMF measurements cousists ol the following
systems:

(1) Gas handling system. An automatically operated elght stream
selector valve was used which could be programmed to provide a c¢ycle of
two to elght different gas wmixtures. Hach valve position could be main-
tained for 1-60 wminutes before switching to the next position. The valve
position could also be controlled manually. Gas flow rates were messured
with rotameters. Most gas mixtures were purchased and used directly from
the cylinders. In~house gas mixing was required for several tusts. 1In
this case the individual gas flow rates were measured using scparate
rotameters before the gas lines were combined.

ii Temperature control and measurement system. Sensor testing
was normally performed in an oven capable of temperatures exceeding 270°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 testL chamber (to be described in the next para-
graph). A digital readout pyrometer similar to that used for resistance
wmeasurements 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.

(111) Sensor test chambers. Two types of sensor test chambers

were used. The first type is shown in Flgure 6a and was used for simul-
taneous testing of up to six sensors. Three scngor assceumblies could be

19



Figure ¢ - Sensor Test Chambers
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mounted on each side of the chamber. Ou the side visible in the tigure,
two sensors are mounted and one port remains open.  This type of chamber
was used for most testing in Phase 1 of this program but the chamber
volume was too large for response time testing. A small volume is re-
quired to reduce the flush time so that true sensor responsc times can

L be obtained. The test chamber shown in Figure 6b was constructed lor
this purpose. These chambers could be wounted in series in the oven

g0 that several scnsors could be tested simultancously.

(iv) EMF measuring and recording apparatus. Electrometers with
imput impedances 210" { were used as unity galn, impedance matching
amplifiers between the sensors and the multi-pen strip chart recorvder
used to record the EMF data. 7The electrometers could also be operated
in a wmode in which the input impedance could be varied belween 10 4 and
10'! @ in decade steps.  This feature was used to determine Lhe apparent
internal resistance of several seunsors,

2. TEST GAS MIXTURES

The nominal and measured concentrations of gas wixtures used during
Phase 1 are shown in Table 8. These gas mixtures wore purchased from
. Matheson Gas Products and were "Certified Standard" grade. The analysis
3 accuracy for each component 1is +42%. 1n cach case the balance is Nj.

In addition to the gas mixtures listed in Table 8, a cylinder
of chemically pure propane (2997 purity in the liquld phase) was also
used for some tests.

In order to identify which sensing data were obtained usiug parti-

cular gas mixtures, Table 8 also lists Lhe correlation by Figure
number of data and gas mixtures ewployed.

TABLY 8

e

CORRELATION BY FIGURE NUMBER OF SENSING

) f DATA AND GAS MIXTURES EMPLOYED
Nominal Concentrations Analysis Results
Oxygen Other Oxygen Other Figure(s)
20% 20.34% 15
20.16 8-14, 19-23
20.25 16-18, 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
3.0n 16=18, 24, 24, 27
21




TABLE 8 (CONT'D)

Nominal Concentrations Analysis Results

Oxcger Other Oxygen Other Figure(s)
17 1.01% leb
-4 8, 12-14, 157, 19-23
1.07 9, 10, 11
1.01 16-18, 24-27
3 250 ppm H20 3.04 265 ppm Ho0 19
3 107 Co; 2.69 10.027% €Oz 20
3 0.1% NO, 2.90 0.098% NO, 21
3 0.01% S0, 3,24 0.010%7 50, 22
1 1.57% Cslis 1.08 1.52% Cyllg 23-26

JAnulyuis not supplied by vendor.

bvurt of the data in Figure 15 were taken with ecach 17 02 wixture
indicated.

3. DEVICE RESLSTANCE DATA

The resistance of a number of sensors was measured by both de and
dc¢ techniques to determine the temperature and Pp, dependence of the
various resistive processes that contribute to the total device resis-—
Launce, A carelul separation of these reslstive contributions allows
information to be obtalned about various electrode processes asg well
a8 acting as a method by which the electrolyte {ilm may be characterized
and compared with the bulk electrolyte material.

a, Optimization of the Sensor Electrodes

The de¢ resistance of a sensor device is composed essencially of
three parts: (1 and 2) the so-called charge traunsfer resistance at
the interface of the electrolyte with cach clectrode and (3) the elec—
trolyte resistance. 1an urder to separate these contributions to the
total regigstance it i3 not sufficient to measure only the dce reslstance
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 resiscaunce of solid electrolyte
sensor devices, it is {mportant to winimize each resistance to the greatest
extent commensurate with good sensing characteristics. (Recall that this
is the motivation for using thin {ilm instead of bulk electrolytes.) Con-
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sequently, the chifef electrode optimlzation goal for this program was
to determine the charge transfer vesistances of several types of clece-
trodes that might be usoed as gas electrodes. These electrodes were
tested at high temperatures on bulk clectrolyte samples.  Bulk samples
ware used for the tollowing reasons:

- The same type of electrode could be applied Lo efther side
ot the bulk sample. This made the ac impedance data analysis
much simpler than 1f a thin {ilm sample with two different
kinds of electrodes had been used.

~ A detafiled analysis of the electrode portion of the impedance
data for thin film samples was often not possible at tempera~
tures much below 550°C.

- Electrode tyvpes which could not be applied to current thin
film samples but may be useful fn production models could be
tested.,  This includes Pt and Au collolds which were used in
the thin {ilm sensors without the normal baking step at the
high temperatures (W950°¢) requlred to sinter the metals.

The results of these tests are lidted in Table 9. The condue-
tance (reciprocal of registunce) per unit area is shown in Siemens/
square meter at 55212°C for seven clectrode types.,  The bulk electro-
lyte has the sawme chemical composition as the doped zirconla targel
used Lo make f1lms for this program. 1t is clear that the sputter
deposited Pt electrodes are substantially berter in terms of their
de resistance than any other type tested. 1t is also clear that therc
arve varlations in resistance with the thickuness of the Pt with 70 um
being optimum tor the bulk electrolyte. 1f the electrode vesistance
is determined by the microscople coverage of the electrolyte, then the
optimum Pt thickness for thin filwm clectrodes 1s somewhat less than
70 nm. This is because the thin {ilm surface 18 smoother than the
bulk eclectrolyte surface and it therefore hias less wmicroscopic surface
area per unit of geometric surfuace area.

TABLE Y
ELECTRODE CONDUCTANCE
CONDUCTANCE PER UNIT AREA OF ELECTRODES ON 8 MOLE %4 Y»0;3-

92 MOLE % 7Zr0, BULK ELECTROLYTE. THE DATA WERE TAKEN
AT OR INTERPOLATED TO 552+2°C.

Electrode Type Conductance Per Unit Area
(8/m’)

Sputtered Pt, 100 nm thick 63.06

Sputtered Pt, 70 nm thick 156.0

Sputtered Pt, 90 um thick 171.0

Pt paste 2.6

Pt paste with moderate glass loading <0.2

Sputtered Au, 70 nm thick 7.0

Au paste 5.0

Ag paste oxidizes
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Based on these results, sputter deposited Pt electrodes were used
almost exclusively during the latter part of Phase 1 and Tor all Phaso
T work.  Llectrodes were generally 50-70 nm thick.

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

lu contrast to the difficulty in determining thin film~electrode
Interfacial resistances by impedance measurements, the reslstance of
the thin electvolyte films can be determined at temperatures
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~! for the clectrolyte of
sensor no. 50Zr-20.,  (The number means the {ilm from position 20 in
sputter run 50 with the doped Z2r0; tarpget was used.) A 4.8 mm dia-
meter de sputtev deposited Pt gas electrode 70 um thick was used for
cach of Lhe sensors on which clectrolyte resistance measurements were
made.  From the lincar relationship between log (R/T) and 1!, some
lmporrtant conclusious can be drawn. First, the film conductivity can
be represented by the equatlon 0 = (A/T) exp (=Ea/kTl), where A is a
constant, k is Boltzmann's constant, and Ey 1s the temperature inde-
pendent activation energy ifor the conduction process. Second, there
is a single conduction process over the temperature range of these
measurements, These results and the EMI' data to be discussed later
in this Section indicate that the conductivity in these films is a
result of oxygen ion moblility.

The activation cunergles for several films deposited with applied

substrate biases between 0 and -80 V are listed iu Table 10, The values

are close to the bulk value which has been determined in the same tewm-
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 agir causes them to approach stoichlometry

so that the differences in 0/Zr rutio among the films that were used
was reduced by the time the electrical measurements were made. The
cause for the discrepancies between bulk and thin {ilm activation en-
crgics has not been identitied, but possibilities include residual dif-
ferences in 0/Zr ratlos and stresses within the films.
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TEMPERATURE DEPENDENCE OF
ELECTROLYTE RESISTANCE
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TABLE 10

CONDUCTIVITY ACTIVATION ENERGIES, RESISTANCE,
AND RES1STIVITY OF SELECTED DOPED ZrO, FILMS

Type vgd E,P rd pd
W (eV) (k) (M-m)
1 0 0.89 33 2.9
2 -20 1.15¢  174¢ 7.7¢
3 -40 1.15 -€ -e
4 -60 1.09 200 3.7
5 -80 1.19 192 3.4

aApplied substrate bias.

bOxygcn ion conductivity activation
energy

CVy = =300 V.

dElectrolyte resistance R and resis-
tivity p at T = 199:3°C.

“At 248°C, R = 45 k2 and p = 0.5 M-m.

¢. Oxygen Partial Pressure Dependence

No measureable dependence of sensor resistance on oxygen partial
pressure 1ln the range 0.0l to 0.20 atm was found.

4, DEVICE EMF DATA 1IN 0,/N; ATMOSPHERES - ATMOSPHERIC PRESSURE
a. Test Procedure and Typical Data

The sensing performance of individual sensors was nominally char-~
acterized by measuring the EMF response of the sensor to a standard
0;/N2 gas cycle. The standard gas cycle for this testing was

N, » 1% O, - 3% Oy > 10% 0, » 20% 0z + N»

with the balance of all oxygen mixtures being nitrogen. During the {irst
part of the program a 5% 0, mixture was used instead of the 3% O, 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 1s 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 ol a sensor responds to a
change in the oxygen partial pressure was determined by a different
procedure.  TFor the response time testing the gas was cyceled
between the 17 0 and 20% O; 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 sceusor response in 02 /N; atmospheres.

b. Temperature Dependence of Sensor Response Time

The rvesponse time of several sensors with sputter deposited Pt
clectrodes was measured at {ive 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 responsce tilme was measured f[or changes in oxygen partial pressure
of  both 0.01 to 0.20 atm and 0.20 to 0.0l atm (1% 0z to 20%Z Q2 and
207% 0; 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 incrcasing oxygen concentration than for a decreasing oxygen

concentration is shown in this figure and is a general characteristic

ol sensor response. Similar data for two other sensors have been
analyzed and the resulls are plotted in Figures 10 and 11, respectively.
In these two tigures, 11.20 and T9p-1 are the respounse tilmes for changes
in oxygen concentration from 1% to 20% and from 20% to 1%. ‘The response
times are plotted logarithmically against 17} and they fall reasonably
well on straight lines. This indicates a response time temperature
dependence ol the form t = 1o exp (E/kT) where 1o, k and E are constants.
The value of E is Indicated for each solid line in Figures 10 and 11.

The lines are least squares {its to the data points.

Both ol these seusors have response times 1;_95 less than one
minute for temperatures greater than 160°C. The 1. values are
larger but thie 1;.9¢9 values are of more importance for imerting appli-
cations.

¢. 02/N, Tests - General Results

In the process of testing sensors with different types of electrodes
and different types of electrolyte films, scores of sensors were assembled
and tested., Some of thase 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 [l. 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-
dence that sensors with oxygen deficient electrolyte films produce
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Figure 9 - Response Time Tests

29




RESPONSE TIME
TEMPERATURE DEPENDENCE

T(°C)
200 150 100
0T I x
_ SENSOR NO. 352r-19 T 20-1
€ 10 - 2
E Vg = -500V A °
N Vg =-40V | 0.50 eV °
o 3 T1-20
2 Re
(=
o 1 ~
2 - e”] 052eV
(=)
&®
W03y
0.1
2.1 23 25 2.7

103/7 (K1)

Filgure 10 ~ Response Time
Temperature Dependence -
Sensor No. 354r-19

30




RESPONSE TIME
TEMPERATURE DEPENDENCE

T (°C)

30 2060 150 100
LT T I I S ;
SENSOIR NO. 50Zr-17 .

£ 10 —— Vg =-300V T 20-1
E Vg =-20V
B 0.60eV |
g’ /
= -~ o
&1
S /" p
ﬁ 0.3 /' 0.76eV
x "g
"»0
0'12.1 2.3 2.5 2.7

1031 (K'Y

Figure 11 - Response Time
Temperature Dependence -
Sensor Wo. 50Zr-17

31




|
ﬂ#
. TABLE 11
TABULATLON OF SENSOR PERFORMANCE DATA
EMIP Typical
Sputter  Film Temp. in 1% 0; AEj.pgP
Type Run No.? (°Q) (mv) (mV) Electrodes
2 50 17 174 280 29 Pt, sput. 50 om
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 nm
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 nm
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 um
115 1382 34
25 182 431 438 Pt paste
244 424 27
. 179 361 28
! 180 404 31
1
o 32
LI |
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TABLE |1 (ZONT'D)
EMF Typlcal
Sputter Film Temp. in 1% O AEl_zob
Type Run No.? (°C)  (mv) (mV) Electrodes
5 42 2-G 186 401 18 Pt paste
4-G 186 388 18 Pt paste
13 181 450 68 Pt paste
244 721 158
179 762 76
24 188 550 90 Au, vap. dep.
25 183 442 85 Pt paste
244 475 68
179 402 35
180 380 28
176 127 22
7 102 16 122 708 100 PL, sput. 30 um
17 126 1040 69 P, sput. 30 nm
20 122 517 144 e, sput. 30 nm
8 103 9 126 1079 48 't, sput. 30 am
105 2¢ 176 982 27 Pt, spul. 50 um
146 970 24
v .
4 3¢ 176 960 26 Pt, sput. 50 nm
f 146 476 33
§ 7¢ 173 1379 19 Pt, sput. 50 um
* a 9¢ 173 1393 32 ’t, sput. 50 mm
& Stalnlesy stecl substrates except A = alumina and G = glass.

b
“Change 1in sensor EMF belween 1% and 207 0z mixtures.

LElectrolyte {{1lm heat treated before sensor assembly.

with by:
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changes in EMF larger than those predicted by the
During the course of this program, these problems

- changing the gas haudling system to reduce
tion of the test gascs.

Nerust equation.
have been dealt

unwanted contamina-
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- using minimal amounts of RIV for sensor mounting and recog-
nlzing that it would affect the results until it had outgassced.

- heat treating the electrolyte {iluws before sensor asscubly,
[ This increases the oxygen content of the clectrolyte as dis-
cussed earlier In this Scction.

! The effect of Increusing temperature on a newly assembled sensor
containing an untreated, oxygen deficient electrolyte is shown in Figure
12. At the lower temperatures, the response 1s many times Nernstian and
1L decreases in maguitude as the temperature 1is increased.

© v, AP

e

{: Heat treatiag experiments on doped zircornia fillms indicate that

- the {ilms become more transparcnt as the oxygen content increases.

- in the uneighborhood of 180°C the oxygen iubibition tukes place
over a period of hours and that it has a very stroang temperature
dependence.

The film in sensor 35Z2r~24 was wmuch more trauspareul after the tests
showit In Figure 12 than before it was tested. This supggests that the
decrease in respouse to nearly the predicted behavior observed at higher
temperatures (at which oxygen imbilbitiou would take place more rapidly
than at 180°C) 1is duc to a decrease in oxygen deficicucy of the scuser
clectrolyte.

Figures 13-15 present further evidence for this phenomenon. 1n
Figure 13 the respouse of a sensor to three 1 hir. gas cycles 1s shiown.
Cycle 1 began shortly after reaching thermal equilibrium at 185°C. The
third and teath cycles at 185°C show a decreasing response as the thermal
exposure 1s increascd. The vertical positious of the traces for each
cyele are not significant in this {igure.

Figure 14 shows the datu of Figure 13 plotted in a convenient
form to show how the performance of the sensor approached the per-
formance predicted by the Nernst equation. lu Figure 14, AE is the
difference between the sensor EMF for any value of Pg, and the EMF
at Py, = 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 teo
approach the predicted performance.

d. Current State ol Sensor Performance iu 03/N; Atmospheres

he best performance results obtained during Phase 1 are shown in
Figures 16-18. Sensor respounse is very close to the predicted (Nernstian)
response and much more reproducible. The electrolyte film of this sensor
was heat treated ia air at 450°C for 15 minutes before sensor assembly.
The data shown 1n Figures 16-18 demoustrate the following points:

34

e R R loas T N,




EFFECT OF INCREASING
TEMPERATURE ON
NEW SENSOR
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Figure 12 - Effect of lucreasing
Temperature on New Sensor
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SENSOR RESPONSE AT
INCREASING THERMAL EXPOSURES
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Flgure 13 - sengor Respouse at
Increasing Thermal Exposures -
Sensor No. bHU0Zr-19
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SENSOR RESPONSE AT
INCREASING THERMAL EXPOSURES

100

——— SR UV UV SO SN ORI, S

SENSOR NO. 50Zr-19 185 °C CYCLE NO. |

80

Vr=-300V
Vg = -20V
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&
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Figure L4 -« Analysis of Scusor
Response at lucreas fng Thermal
Lxposures - Scensor No.o 50Zr-19
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SENSOR RESPONSE AT
INCREASING THERMAL EXPOSURES
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SENSOR NO. 42Zr-25 179 °C CYCLE ';’0-
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Figure 15 = Analysis of Sensor
Response at Increasing Thermal
Exposures = Sensor No. 42Zr-25
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RESPONSE OF SENSOR WITH HEAT TREATED
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SENSOR EMF {(mV)
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Figure 10 - Respouse ol Sensor with
Heat Treated Llectrolytoe -
Absolute Reproducibility
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RESPONSE OF SENSOR WITH HEAT TREATED
ELECTROLYTE

| |
SENSOR NO. 1052r-3 176°C
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Figure 17 = Response ol Sensor with
Heat Treated Electrolyte -
Reproducihb Ll ity of BMF Changes
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AE (mV)

RESPONSE OF SENSOR WITH HEAYT

TREATED ELECTROLYTE
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Figure 13 -~ Analysis of the
Response of Sensor wiith Heatl
Treated Llectrolyte
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(i) The 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 V0.0l atm 0,.

(ii) The normalized reproducibility or the reproducibility in
AE is shown in Figure 17 where the data are nermalized to the response
at 17 0, concentration, The reproducibility at 0.03 atm O, is within
vl omVoor v0.003 atm 0.

(1ii) The comparison between the actual and predicted perflormance
of this sensor is shown in Figure 18, The data from ten consecutive
gas cycles were analyzed to obtaln the average values and standard
deviations of A tfor each gas mixture.

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

5. CONTAMLINANT EFFECTS ON SENSOR PERFORMANCE

Under the contract requirements, the effects on sensor performance
were determined for gaseous Hp0, COy, NO,, SO,, and C3Hg contaminants
at specified coucentration levels. The effects of contaminants on
sensor performance were studied primarily at temperatures near 130°C,
although some lower temperature tests were made. 1In general, the sensor
EMF was altered to some degree by the presence of each contaminant. 1In
some cases the chanpge 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 with decreasing
temperature.

The normal method for determining the effects of gascous conta=-
minants on sensor performance was to alternately expose the sensor to
an 0,/N, mixture and a mixture containing the same 0, concentration
plus the contaminant gas. This was done at times within a normal 0p/N:
cycle.

a. Water Vapor Contaminant Tests

The contaminant gas mixture used for these tests contained 3.047 0Oz

and 265 ppm Hz0. A typlcal result is shown in Figure 19. The effect

of H;0 was determined for a total of seven sensors. A summary of the
results is given in Table 12. For each seasor, the EMF at Pp. = 0.03 atm
using a contaminant free gas is given. The change in EMF, AEc oy » caused
by the contaminant and the change in EMF, AEj-3 due to a change in Po,
from 0.01 to 0.03 atw are also shown. The ratio of AEcon/AE]-3 is shown
in the following column. The final column shows the error induced by
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WATER VAPOR CONTAMINANT TEST

f
SEMSOR NO. 352v-22 178C
960 k /
>
E
L 940 ]
z
W
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z H,0
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Figure 19 - Water Vapor
Contaminant Test
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TABLE 12

EFFECT OF 265 ppm WATER VaPOR ON THE EMF OF
SEVERAL SENSORY AT Pg, = 0.03 atwm AND T v180°C

EMF AEcon AE1-3 Alicon Lrror

Type Sensor (mV) (mV) (mV) AE]1-3 (atm 0y)
2 50zr-17 455 +0.3 23 0.013 +0.0004

3 35Zr-19 1320 +0.5 22 0.023 +0.0003
352r~22 950 +3.0 22 0.14 +0.0048

354r-24 870 -2.0 40 -0.050 -0.00L7

364v-19 1350 +H.5 40 0.013 +).0004

4 41Zr-13 820 +2.0 12 0.17 +0.0060

5 424r-25 140 +0.5 10 0.05 +0.0017

the contaminant 1ln % O, concentration for the sensor used as an oxygen
sensor. Yor example, for sensor 50Zr~17 the H,0 vapor caused a change

of +0.3 mV, which produced an oxygen concentration readlng by rhe sensor
which was 0.0004 atm higher than the actuzl ovxygen coucentration. The error
values were calculated with the Nernst equation by first {inding nty

from the AE1-3 value.

: > = 2 g
MEp-g = g Ay I P02 (7 205 atw
Po, (= .0l awm)
. L o AF AE1-3
or L S T

(The factor n takes into account the larger than Nerastian voltage
changes measured using non-stoichiometric films.)

Then the apparent oxygen partial pressure Pog was calculated using the
Nernst equation agaiu

: 4F AE
a4 - p 2 Con
Poz Po, exp RTnty
or PO? = Py, exp %%Tfn lnB]

The error can now be calculated.

Error (atm 0,) = Poz - 0.03 atm
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The results show that for all sensors but one, AEqon is positive
and the maximum error induced by 265 ppm H,0 was 0.006 atm in the oxygen
concentration.

b. CO; Contaminant Tests

The contaminant gas mixture used for these tests contained 2.69%
0; and 10.02% COz. A typical result is shown in Figure 20. The effect
of CO, was determined for a total of seven sensors and a summary of the
results is given in Table L3. The type of information is the same as
that presented in Table 12 for H.0 tests. [

The results show that AE.g, is negative for all but two sensors
and that the maximum error induced by 10% CO; was -0.014 atm in the oxygen
concentration.
TABLE 13

EFFECT OF 10% CO, ON THE EMF OF SEVERAL
SENSORS AT Pg, = 0.03 atm AND T~ 180°C

EMF AEcon AE1-3 AEcon Error

Type Sensor (mv) (mV) (mV) AE]-3 (atm 03)
2 502v-17 430 -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 1320 =19 33 -0.56 -0.014

4 41Zr-13 835 -6 14 ~0.43 -0.011
41Zr-25 280 +1 8 +0.12 +0.004

5 42Zr-25 150 +1 8 +0.12 +0.0G4

c. NO; Contaminant Tests

The contaminant mixture used for these tests contained 2.907 0
and 0.098% NO2. A typical result 1s shown in Figure 21. The effect
of NO,; was determined for a total of five sensors and a summary of
the results is given in Table 14. The error induced by NOU; is large
and was not calculated. Sensors will recover from the effects of NO,
over a sufficient period of time. The large slope on the 10% 0, and
20% O, segments of Figure 21 is due to this recovery. Notice that the
EMF 1s lower than the EMF at P02 = (.03 atm before NO; exposure. None-
theless the sensor does continue to respond to changes in Ppg, even im-
mediately after NO, exposure.
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SENSOR EMF (mV)

CARBON DIOXIDE
CONTAMINANT TEST
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Flgure 20 - Carbon Dioxide
Contamlinant Test
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NITROGEN DIOXIDE CONTAMINANT TEST
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Conlaminant Test
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TABLE 14

EFFECT OF 0.1Z NO, ON THE EMF OF SEVERAL
SENSORS AT Py, = 0.03 atm AND T v 180°C

EMF Albeon AE1_3 Abcan

Type sSensor (mV) (mV) (mV) Aﬂl_l
2 502r-~17 430 +120 9 +13.3

3 354r-19 1340 w2 15 +4.8
352r-22 900 +47 21 +2.24

367Zr-19 1390 +120 15 +8.0

4 412r-13 800 +120 10 +12.0

d. 80, ContLaminant Tests

The contaminant gas mixture used for these tests contalned 3.247%7 0O
and 0.01% 80z. A typleal rvesult is shown in Yigure 22. The etffect ol
S0, was determined for a total of five sensors and a summary of the
results 1s given in Table 15,

The initdial increasce in EMF upon cxposure te S0,, followed by a
change to an cequilibrium decrease in EMF 1s characteristic of sensor
response Lo 80z. The values given in Table 19 are equilibrium values
and are in all cases negative. IDrrors In 0 concenlration range from
=-.027 atm cut of 0.03 autm total to just -0.004 atm. There is no lin-
pering effect from S0z as there is for NO,.

TABLE 15

EFFECT OF 0.01% S0, ON THE EMF OF SEVERAL
SENSORS AT Py, = 0.03 atm AND T v 180°¢C

EMF AE.on AE1-3 AEcon Error
Type Sensor (mV) (mV) {(mV) AE1-3  (atm 0p)
2 502r-17 448 -39 18 -2.2 -0.027
3 35Z2¢-19 1370 -50 26 -1.9 -0.026
354r-22 910 ~25 18 -1.4 -0.023
36-7r-19 1340 ~4 28 -0.14 -0.0044
4 41Zv-13 705 -4 9 ~-0.44 -0.012
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SULFUR DIOXIDE CONTAMINANT TEST
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o, Clle Contamdnant Tests

The contaminaut gas mixture used tovr these tests contained 1.08% 0,
and 1,527 CHae A typleal resuit is shown in Fieare 230 The effect ot
Ul was detormloed for o large number of scusors and o summary of the
results tor seven oif them s plven In Table 1o, In Figure 23, the
larger BEME after exposare to propane than before is o dynamic response.
That Is, i1 Po, had been malntafned at 3% for a sutticlent period of
time the BME would have roturned to its pre-exposure value. This state-
ment Is based on several fncldences In which such observations were made.
This overshuot and subsequent return to equilibrium was nol understood
until further experiments, tov be deseribed below, were carried out.
Those experiments showed that the EMEF facrvedses for very small propane
concentratlons,  This supgests that the overshoot 1y duce to a small
1esidual amount of propance in the test chamber which s slowly tlushed
away causing the EME to veturn to equilibrium.

TABLL 16

EFFECT OF 1.5%7 CyHy ON THE EMF OF SEVERAL
SENSURS AT Pg, = 0.00 arm AND ‘T' v180°C

EMF  ABeon  ABjo3 AEag

Lype Sensor (uv) (uv) (mv) Ak1-3
2 504r-17 443 -175 15 -11.7
3 352r-19 1320 -275 25 ~-11.0
354r-22 900  =(-100) 20 -(-3.8)
36Zr-19 1350 ~-225 25 -9.0

4 414r-13 702 ~(-+100) 7 ~(-14.3)
417%r-25 280 -46 10 -4.0
5 4270-25 150 ~37 10 -3.7

Additlonal experiments were performed to explain the apparcnt
incousisteucy between the current results and the results of a prell-
minary experiment with propane that was done betfore this contract period
commenced.  The additfonal testing produced several important results.

(1) The respouse time to changes in Py, 1is generally faster in the
presence of propane and in some casces 1s very much faster, No systematic
data were taken but the data in Table 17 are Indicative of the vesponse
times that can be obtained in the presence of propane. These can not
be compared directly with the data of Figures 10 and 11 because of the
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PROPANE CONTAMINANT TEST
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Figure 23 - Propance
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differences in the magnitude of the change in PU . However, the re-
spounse times in Table 17 arce smaller than the rtﬁpunau Limes for
any change in Pp, made during normal testing in 0, /N, atmospheres.

TABLE 17

SENSOR RESPONSLE TIMES 1IN THE PRESENCE
OF PROPANE AT 173°C

Py, changes between P, changes between
0.002 and 0.163 atn 0.007 and 0.065 atm

PCBHU = 0108 atm PCRHU = (.003 atm
. a . i ]
Seusor linc Tdec Tine ldec

(min) (min) (min) (min)
36Z2r-19 0.060 0.23 0.096 0.16
50Zx~17 0.13 0.42 0.17 0.27

a :
Respouse time for increase in Pg, between stated values.

b .
Response time for decrease in Poz between stated values.

(ii) The magnitude of the change in EMF due to a change in Py, is
larger in the presence of propane than iu uncontaminated 0,/N, mixtures.
Examples of this effect are shown in Figures 24 and 25. Figure 24 shows
the response of a sensor to chauges 1n Py, at two different propane con-
centrations. These data are plotted in Figure 25 against 1n POZ and com-
pared with the change in EMF predicted by the Nernst equation. The re~-
spouse of this sensor in uncontaminated O0p/¥, atmospheres is very close
to Nernstian, that is, this effect is clearly due Lo the presence of
propane and not to the oxygen deficiency of the electrolyte discussed
in Section 1V-4,

(iii) For propane concentrations up to 357% and POI/PC Ha ratios less
than 1 at 140°C or less than 10 at 180°C, the sensor EMF values fall
in a narrow, montonically changing band when plotted against PO /PC JHg*
An example of the type of data obtained is shown in Figure 26. These
data were obtained by mixing the 1% 02, 1.5% C3lHg mixture with the 1%
0; mixture at various ratios. Other data have been obtained by mixing
the 1%, 3%, and 10% O mixtures with pure C3;lig in several dif{ferent
ratios. Those data, when plotted similarly to thosz in Figure 26 fall




—_—— -

Figure 24 - Oxypen Scuasiing i Liw
Presence ol Propane
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in a narrow band with a similar shapc. The data are not monotonic
for very large values of PO:&/PC:H!B (small propane concentrations) as
discussed carlier. However, the downturn at large Py,/Pc,i, is typi-
cally only a few millivolts compared to the hundreds of millivolts
change as PO,/P(IJHS approaches zero.
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SECTION V

OXYGEN SENSOR PERFORMANCE - PHASE 11

L. INTRODUCT LON

The technical effort on the sccond phase of this program was begun
following completion of the Phase T requirements. This effort was di-
reeted toward testing the sensors developed in Phase 1 under ullage con—
ditions simulated in a laboratory test station. In a series of tests,
the etffects of fuel (JP=4), tank scalant, water vapor, and reduced
temperatures and pressures on sensor performance were determined.

These tests were designed to determine Lf a seasor can operate in a
fuel tank ullage space and to determine what desipgn constraints will
be required for an operational sensor.

In addition to the Phase 11 test results, the oxygen seasing per-
formance of {ive sensors supplied to AFAPL/SFH is presented in this
section.

2. LEFFECT OF FFUELS
a. Liguid Fucl (IP=4) Dropped Onto an Operating Seansor

This Lest was conducted with JP-4 fuel provided by AFAPL/SEU to
simulate either the effect of fuel sloshing onto an operating sensor
or the ceffect of fuel mist droplets in the ullage space depositing on
the sensor.

(i) Experimental Procedure.  The sensor was placed in a glass
vessel Inside an oven,  Tubes attached to the sidewall of the vessel
were used to permit a pas flow and as {eedithroughs for sensor and
thermocouple leads.  The leads were sealed into the tubes with RTV.
The thermocouple used to determine sensor temperature was clamped Lo
the outer part of the scusor assembly (see Figure 5b). During thesc
tests, a constant flow of a 10% 02, 907 Nz gas mixture was maintained
in the glass vessel.,

The fuel (JP-4) was dropped onto the scusor with a plpette which
exiended through a scaled hole 1an the top of the glass vesscl., The
pipette could be rewoved for refilliag whenever ncecessary. Visual ob-
servation confirmed that the fucel dropped directly outo the sensor.

(ii) Results.  The results of two fucel drop tests are shown in
Table 18. 1n both cases sensor EME crops by wore than 50 mV and re-
covers to the original EMF Ln roughly three minutes. The temperature of
the sensor also dropped during the test as a result of exposure to the
colder fuel drop and fuel -vaporatlon from the sensor surface. The tem-
peratures indicated in Table 18 are those of the outer part of the
sensor package and probably indicate a smaller temperature change chan
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TABLE 13
DROPPING LLQUID FUEL ONTO AN OPERATING SENSOR

Sensor No.o 105Z2r=10 was used for this test. A constant
flow of a 0% Oy, 90% N, mixiure was maintained.

test No.

EMF  (mV) 680 618 652 666 673 679 683
a4 o . .
™ (°C) 161 156 159
Time’ () * 0 40 80 120 160 200

e lest No. 2

EMI (V) 705 650 691 697 701 703 706
T () 175 173 174
Time? (s) * 0 40 80 120 160 200

a
Temperature of outer part of scnsor assembly.  The actual
temperature of the active elements of the sensor was
probably lower than the measured temperature during
fuel cvaporation and for a period of time after evapora-
tion was completed.

b,.. .
Time cquals zero when fuel hits sensor.

#EME and temperature before dropping fuel onto sensor.
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actually occurs at the gas sensing cleclrode.s Consequently, the mea-
surcd recovery time of three minutes probably reflects the time required
for thermal re-cquilibration in this test conliguration ol the sensor.
It is expeeted that control of the sensor temperature by attachment of
a heating clement directly to the sensor would reduce the recovery time,

The resulis of this test iIndicate that oceasional sloshiung of fuel
onto a sensor should have no long term deleteriovs ef fect on sensor per-
formance.

b. Effcet of Svaking Sensors in Fuel (0P-4)

Three sevasors were svaked in JP-4 Gt rooan temperature for a period
of 24, 48, or Y06 hours (o determine the eiffect of long=-term contact with
liquid fuct.

(i) Experimental Procedure.  Three sensors were tested in 0 /Ny
enviroments using the test chamber shown fn Figure 6b,  They were then
removed from the test chamber and positioned so that the outer shell ol
the sensor asscumbly would contain the liguid fuel.  Enouph Tuel wias
placed in the sensor assembly so that the oxide film, the celectrodes,
and the electrode attachment med ium were immersed.  The sensov was
placed in a c¢losed container to prevent cvaporation of the fuel. Alter
the presceribed time period, the fuel was pourcd oul ol the scensor and
the oxide filw-electrode surface was flushed with clean fuel.  The
sensor was Lhen retested In 02 /Ny onviroments.,

(il) Results of 24 Hlour Soak. The resulls of measurements on
sensor No, 10%2r=-3 before and after svakiong in Ji~4 tuel (or 24 hours
arce shown in Table 19, 1n cach case the sensor wias Lested with 1

Gy, 3% 0y, 10% 07, and 204 0 with 10 minutes per gas mixture.  Both
the sensor EMF and the change in EMF with chauglog Py, (AL) were varited
by at most 4 mV by the {fuel soak., PFolloewing the Hnuk'im; period the
scusor had o response time of about 6 minutes. With the slower re-
spoose {bne after soaking, the sensor EMEF did not fully equilibrate

at the 1% O level, The extrapolated EME valuce is clearly lower than
the (018 wV listed in Table 19,

Bascd on these results, (0 is olear that a 24 hour submersion ino
JP=4 fuel did uot duestroy the sensing ability nor substantially affoect
the magnliude of the EMY of this scensor.  The only deleterious offect
af the fuel soak was an locrease In the response time of the seasor.

(ifiY Results of 48 flour Soak.  Scnsor No. 10%Z1r-6 was sovaked for
48 hrs in JP-4 and the results betfore and after soaking arce shown in
Table 20, The change in EMF values is greater here (up to 23 mV) than
in the case of the sensor soaked for 24 hrs.  The leads had to be ro-
attached [n order to get an acceptable vesponse.  As In the case ol
the 24 hour fuel soak, the sensing abllity of the device was unot de-
stroyced.

(iv) Results of the 96 Tour Seak. Sensor No. 105%2r-2 was svakoed
for 96 hrs In JP-4 and the results before and after soaking are shown
in Table 21 . In this case, the caange after soaking was substantial

(v350 mV)., The sensing ability was not destroyed but the EMEF changed
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TABLE 1Y
LFFECT OF 24 HOUR JP-4 SOAK

Sensor No, 1057%r-73

LV __ Pre=Soak? wyggL-Suukyu_ Nurnst&an“
‘ LMY Ard LM axd AL
(atw) (V) (V) (mV) (mV) vy
0.71 1013 =334 1018 -24¢ -29
.03 1021 ~-25 1020 -22 -18
B 0.10 1035 -11 1032 -10 -7 :
0.20 1046 0 1042 0 0
v ! AL 108°C.
bAL 176°C.,
e
. "AL 172°C
o4 dy . M e "
; Note that the 0.20 atm EME is used as reference.  The
i 0.01 atm values are not cquilbrium values in all cases.
- “The difference in pre= and post-sovak values 1is primarily
due to a decrease in the respousce time after soaking.

The extrapolated equilibrium values are more nearly cqual.
Comparce with the AE values at other Oy pressure.,

60

B e et e



J aun!ﬂﬂ!ﬂ'ﬂwwﬂﬁwu!mﬂﬁuuﬂw*“ﬂw!J. T
i

TABLE 20
EFFECT OF 48 IOUR JP-4 SOAK

sensor No. 105Zr-6

Py, __Pru—Soak%__ _ygﬁﬁ—Soakb___ Nernstian®
EMF A EMF AL AL
(atm) (mV) (mV) (uV) (mV) (V)
.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

“AL 172°C.
bAL 177°¢C.
take thes

“AL 174°C.

The leads had to be reattached in order Lo

¢ data.
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TABLE 21
EFFECT OF 96 HOUR JP-4 SOAK

Scusor No. 105%r-2

Po, »_mygg—Soaki_ _£9§L—Soukgn_ Nernstian®
EMFE AE EMIE AR AE
(atm) (mv) (mV) (mV) {(mV) __(mV)
0.0] 788 -32 1140 ~52 -29
0.03 798 =22 1162 -30 ~-18
0.10 812 -8 1168 -24 -7
0.20 8§20 0 1192 0 0

SAL 174°C,
bAL 172°C. Thesce data are for a different electrode
thau the pre~soak data.

“AL 173°C.
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significantly and the output was noisy after soaking. 1L was necessary
to utilize a differenl electrode after the fuel exposure than the one
which was used initially.  The response Lime was also approximately

6 minutes after this test but equilibrium EMF values were obtained.

(v) Summitry olb Fuel Soak Test Results, 1o the porlormance
ol these Lests, problems associated with the Tead atlachment techniques
des e ribed in Sceetion 111-5 arose.  Several lead attachments failed
durioyg the Jonger soak tests and difierent clectrodes on the same
sensor were used. The use of commereial Tead attachment techniques
should cllminate these failures.  The net resules ol the fuel tests
including the fuel drop experiment indicate that this type of scasor
can withstand occasional, short-term exposure to liquid fuels during
operation or non-operation.  Lonp-Lerm exposure, however, appears Lo
have an adverse ceftect on them and some protection against such ex-
posure would have to be provided in an inerting system using this type
of scusor.,

3. ALTITUDE SIMULATION TESTS

The effect of altitude on sensor performance was similated by
measuring sensor output Lo the total pressure range of V3 wo 14,7 psia.

d. Lxperimental Procedure

This test was carried ovut with the scnsor mounted in the tost
chamber shown In Figure 6a.  Por oxypgen conventral ious ol 17, 3%,
10%, and 20%, the sensor EMF was recorded at tutal pressures raogiug
from atwmospheric (VI4.7 psia) down to W3 psia.  The pressure was coas
trolled by pumplug ou the test chamber with a mechanical vacunm puw
through a throttling valve,

Because the metal can, shown in Figure 5b, is not rigid enonph tu
withstaud a large pressure ditfeeence without flexlop, the thin {ilm
substrate was mounted on a rigid Forsterite ceramic pluy for the pur-
poses of Lhis test. The sensor leads entered the test chamber through
the ceramic material.

b. Results

The results of this test are shown in Figure 27 and arce tabulatoed
In Table 22, Sensor No. 1UY%4r-7 was used al 181°C. At high uxypen
pressures, the measured sensor EME varies logarithmically with pressure
in agrecement with the predictions of the Nernst equation (Eq. 3). This
is shown in the data for the 20% and 10% 0z wixtures aud for high total
pressures with the 37 and 172 0z mixtures. AL lower oxygen pressures,
the EME is slightly tower than predicted by the Nernst cquation.  This
is exhlbited by the low-total-pressure data for the 3% and 1% Oz wixtures.
This cffect may occeur because of the presence of hydrocarbons in the
system due to backstreamlng from the vacuum pump. The Phase 1 tests with
Callg have shown that sensor EMF [s depressed for small valucs of PQ?_/PC3“G
and other hydrocarbous are expected to have a simllar effect.
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TABLE 22

ALTITUDE SIMULATLION TEST

sensor No.

EME (mV)

Total Pressure

1‘02 = (0.20 atm at

105Zr-7 at 181°C

1 atm total pressure

EMEF (mV)

Total Pressure

Measuroed 1510 1506 1502
Nernst Lan 1507 1501
(torr) 760 540 290
(psia) 14.70 10. 44 5.61
P02 = 0.10 atm at 1 atm total pressurc
Measured 1499 1496 1494
Nernstian 1495 1490
(torr) 740 4380 300
(psila) 14.31 9.28 5.80

e o e o e o o e e e o o e e e e o e e o T e " e o o e o e o

EME (mV)

Total Pressurc

Po. = 0.03 atm at
2

1 atm total pressure

1483 1479

L4806 1482

590 390
11.41 7.54

EME (mV)

Total Pressure

1 atm tolal pressure

Measured 1488
Nernstian

(torr) 750
(psia) 14.50

P02 = 0.0l atm at

Mcasured 1476
Nernstian

(torr) 745
(psia) 14.41

1471 1462

1472 1467

500 300
9.67 5.80

1452
1460

150
2.90




4, REDUCED TEMPERATURE TESTS

The elfect on senser performance of reducing the sensor Lemperature
to a low value (=30°C) was measured.  Such a temperature decrease could
areul during system non—operation.

a.  Experimental Procedure

The sensors for this test were mounted in the same way as thosce
used tor the altitude simulation test.  Betore couvling, the sensors
were tested in Oy /N, atmospheres.  They were then cooled from the oper~
ating temperature of 173°C o less than =30°C in a period ol one hour.
The time=temperature profile is tabulated in Tuble 273, Temperatures
below =30°C were maintatned for four hours. Cooling was achicved with
crushed dry ice which was placed in the oven around the test chamber.
After the required four hour cold period, the dry ice was allowed to
sublime and the sensors and test chamber warmed to room temperature
overnipght . The scensors were then heated to the operating temperature
and retested. During the cvoldown, cold period, and warmup, the cyclic
flow of Uz/Nz mixtures through the test chawmber was wmaintained.  The
cycle was 172 0 » 3% Oz > 104 0p > 207 02 » 17 0 with cach mixture
flowing tor 10 minutLes,

L. Results

The EMF oulput of scensor 105Zr-9 for cach of the four 0 concentrations
is listed before and after cooldown in Table 24.  These data are the
better of two sets of performance data obtained by testing sensors 105Z2¢~7
and 10%2r=-9 simultancously. Sensor 105Zr-9 had nearly identical sensiog
performance before and after exposure to reduced temperatures.,  The BEMEF
levels for sensor L05Zr=7 were approximately 10 mV lower after cooling
than betore. However, based on the data listed in Table 24 it is elear
that thin film cxygen secusors can withstand temperatures as low as -35°C
and thermal shocks in excess of 211°C/hr (3.5°C/min) .

5. WATER VAPOR TESTS

These tests were conducted in order to determine the efifects of
humidity on sensor performance.

a. Experimental rrocedure

Sensors for this test were mounted in test chambers like the one
shown in Figure 6b. The test sctup was the same as for standard 0,/N;
atmospherc tests except that water vapor was mixed with the inflowing
02/N2 gas mixwures.  To accomplish this a tee was placed just outside
. the oven in the inflowing gas line. The top of a rotameter was inserted
j . into the tee and the botte v of the rotameter was connected to a steam

' genevator (Lo be described below) via a copper tube.  The rotameter and
copper tube were heated to V140°C to prevent condensation of the H20 be-
fore it was mixed with the 02/N; gas.




TABLE 23

TIME TUEMPERATURE PROVFLLE

i Scusor No. 105Zr-9

Time After

Start of
Cooldown Temperature
(min) (°C)
0 173
5 141
10 116
15 97
20 80
25 68
30 59
35 52
40 40
. . 45 13
“_’ 50 -1
A 55 =28
60 ~-38
97 -52
162 -35
186 ~55
R 210 -46
] 231 -37
R 256 =47
b 285 =56
300 ~52

TR
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TABLE 24
REDUCED TEMPERATURE TEST

Sensor No. 109Zr-9 at 173°C

Last Cycle

Before After
Cooling Rchcatingd Nernstian
Po? EMF AL EMEF AE AL
(atwm) (V) (uv) (V) {mV) (mv)
0.01 1269 0 1272 0 0
0.03 1282 13 1282 10 L1
0.1u 1300 31 1299 27 22
0.20 1310 41 L1310 38 29

These results are for the first complete cyele after
thermal equilibrium was established at 173°C. This
was the fourth cycle after the temperature reached
the nelghborhood of 173°C. Each cycle lasted 40
minutes.
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The steam generator consisted o a stainless steel bheater and a
scaled Tide The lid was provided with a pressare reliel valve set at
]l opsig oand o throttling valve for controlling the ;0 tlow into the
sensor test chambers,. The generator was heated by a variable tempera-
ture clectrice hat plate.

The tlow rate of the H,0 poing inlo Lhe test chambers was com-
puted by using Lhe rotameter reading, properly corrected for Lempera-
ture and molecular weipght. A rolameloer was used, as usual, to detoer-
mine the tlow rate of the Oy /Ny mixture.  From the flow rate data, the
relalive hunldity was computed.

With a 20% 0. mixture flowing in the test chambers, the valve on
the steam pencrator was opened and adjusted to give an Hx0 flow cqui-
valent Lo 407 and thea 80% relative humidity ac 21°C (70°F) . EME
readings were recorded before opening the valve and at cach relative
humidity setting.  Then the valve was closed and the sensor was al lowed
to retoarn o equilibriam before the inal BMF reading was recorded,

b. Resulls

This test was run with three sensors simultancously and was done
at 1473 and 168°C,  Characteristic results are given in Table 25, The
seusors respond to the introduction of water vapor by an increasce in
Lthe sensor EMF as the humidity is increased from zerv to V407 (at 21°C).
As the humidity is Lncreased turther to vB0% (at 21°C) the sensor EMF
decreases and, in some cases, the deercase is to a value below the ori-
plnal EME.  The post-test seasor EME was in all cases somewhal lower
(v1l0 mV) than the pre-test sensor EMF. No further tesls were couductoed
to determine 1 4 continued decrcase in the sensoc EMF would result upon
repeated exposure to high humidity environments.

An additional test was run to determine that these devices con-
tinue Lo sense changes in P, in the presence of water vapor The
results of this test indicate that the changes in EMF are 255 larger
in the presence of water vapor than in dry 0; /Ny mixtures.

Together, these tests Jadicate that the prescence of watoer vapor

affects but does not destroy the scusing characteristics ot these
devices.

6. WATER VAPOR CONDENSATION TESTS

These tests were carried ont Lo determine the effect of water
vipor condensation forming on the sensors during system non-vperation.

a.  Ereperimental Procedure

The same setup was ased for this test as for the water vapor tests.
With an 30% relative humidity (at 21°C) and 20% Oz wmixture flowing through
the test chamber, the EMEF was measurced.  The oven was turned off and the
sensor asscembly (see Figure 5b) cooled to a temperature just above the
ice point. This caused condensation to form on the sensors.  Then the
oven was closed and turned on again,  Alter the origival temperature was
veached, the EMF was recorded again,
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TABLE 25
WATER VAPOR TESTS

Sensors in 0.2 atm O Environment

Pre-Test EMF With EMF With Post-Test
Sensor 1 EMF WA0% R.1LE n80% R.II. EMF
~_No. 9] () (mV) (mV) (mV)
105721-9 143 293 300 283 283
105Z2r-11 168 958 990 986 948

u40% relative humidity at 21°C (70°F) .

b g0% relative humidity at 21°C (70°F).
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b. Results

The results of tests on sensors 105726 and 109%Z2r=11 are shown in
Table 260 The post=test EMF values were 60 mV oand 1959 mV lower, ro-
spectively, than the pre—test values,  One hour clapsced afler reaching
thermal equilibrium before the post-test values were recorded,  The EMF
wias, at that time, still increasing slowly (<10 mV/hir). 1t is possibloe
that at least a part of the EME differeonce is due to adsorbed 1,0 re-
miining in the porous lead attachment wmedium.

7. TANK SEALANT TESTS

sealant compounds are used Lo seal fuel tanks. Typically, a scensor
in a fuel tank will be subjected to gases from these compounds.  1In
order to simulate this condition, a small amount ol a fuel tank scalant
provided by AFAPL/SFH was placed in the gos stream such that oulgassing
from the scalant passed over the sconsors.  Cured and uncured scalant at
rovm temperature and at the sensor operating temperature were used.,

. Experimental Procoedure

Scensors were ingtalled in chambers as shown in Figure 6b and tested
with a cycle ot 0p/N; mixtures. After a number ol eycles, a 1/4 inch
pipe plug in a tee fn the pas stream was replaced with a sccond pipe
pluyg having tank scalaat on the face exposed to the gas stream.  The
svalant was Products Rescarch and Chemical Corp, PR-1422, Class B-2.
After a suitable number of additional gas cycles, the contaminaied
plug was roplaced with the clean pluy and sceveral more oas eyeles woere
completed. A tee vutside the oven and another inside allowed for Lesting
with the taonk scalant at room temperature or at o sensor operating tempera-
Lture, respectively.

The tank svatant was applicd to the pipe plug fmmediately betere
$s stream exposure tor Lthe uncured scealant tests.  For the cured sea-
Lant tests, the scalant was applied and cured for seven days at W74°F
and VHUZ relative humidity.  Specitically, (he scalant was cured inoa
sealed dessicator containing Ca(NO4), “410 which is in equilibrium at
76°F and 51% relative humidity.

b. Results with Uncured Tank Scalant

The esulls of measurcements oun sensor No. 105Z2r=3 at 170°C with
uncured scalant are shown In Table 27.  For the scalanl at room
temperature, there Is no frreversible effect on sensor performance
although the vapors do cause a decrease in the EMF during cxposarce.
The data showed that the size of the effect continued to diminish
during the course ot the v2 hour exposure time. This Indicates that
the rate of gas efflucnce from the uncured sealant at room Lemperacurs
decreases wmeasurcably during the initial hours after preparat fon.
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TABLE 26
WATER VAPOR CONDENSATLON TESTS

172°C and v807% R.H.

Svusor EMEP Betore EMEF Aftor
No . Condensation Condensat fond
________ o) oo fmv)
1052r-6 820 760
1052r~-11 1152 957

alues V1 heur atter reaching 172°C.  The BMF

was still increasing slowly at that time.
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TABLE 27

UNCURED TANK SEALANT TESTS

Sensor No. 105Zr-3 at 170°C

Taunk Sealant at Room Temperature

Py, Before Exposure During Ixposure After Exposure
EMF AE EMF AL EMF AF

~(atm) (mV) (mV) (mv) (mV) {mv) (mvV)
0.01 1032 0 1001 0 1033 0
0.03 1041 9 1023 22 1043 10
0.10 1057 P 1046 45 1058 25
0.20 1068 36 1059 58 1069 36

Nerustian
AE
(mV)
0
11
22

29

Tank Secalant at Sensor Temperature

Po, Before Exposure During Exposurua After Exoosure
EMF AE EMF AL EMF AE

(atm) (mV) (mV) (mV) (mV) (mV) (mv)
0.01 1022 0 992 0 1008 0
0.03 1032 10 1009 17 1018 10
0.10 1047 25 1026 3% 1034 26
C.20 1058 36 1038 46 1045 37

" : s
second eyele after fnserting sealant into oven

ixth cycle after removing s—ealant.

Nernstian
AE
(V)

0
11
22

29




The uncured scalant at the sensor temperature produces a very
strong decrease ia FMF whee Tirst iotroduced into the gas stream and
heated. A new bateh of sealant was mixed {or this test so that il was
less than 30 minutes old when used.  The decrcase in sensor EMI duriog
the first few minutes was >100 mV as the scalant heavily outgassced.
Within ten minutes, the response had returned to within 50 mVv of the
original EMF and after one 40 minute gas cycle, the data in Table 27
were taken. The continued decrease in gas eof f luence was obvious as
long as the scalant remained in the gas stream.  Upon removal of the
sealant, the EMF responses returned to within 14 mV of the pre-test
values and the AE values were within 1 mV of the pre-test values.

¢. Resulls with Cured Tank Scalant

The results of measurcments on sensor No. 105Zr-2 at 174°C with
cured tank scalant are shown in Table 28, The sealantl, at room
temperature, vauses no significant effeet (22 mV) on the EMF. After
removing the cured scalant [rom Lhe gas stream a change of 3-8 mV was
noted.  The reason for this latter change is unclear,

With the cured sealant at the sensor temperature, the scensor re-
sponse was similar to the response with the uncured scalant.  That is,
a large initial response falls off rapidly to a much swmaller response.
Tie "During Exposure" and "After Exposure' data shown in the table are
for the first complete cyceles iollowing insertion of the scalant and
following removal of the sealant, respectively.,

3. RESPONSL OF SENSORS DELIVERED 1O AFAPL/SIEH

Five sensors of the best type developed under Lhis program were
tested after the conclusion of all other testing to assure proper
functioning and were delivered to AFAPL/STFiIL. ALl five scensors are
assembled from oxide Tilms deposited (rom the 8§ mole 7 Y303-92 mole %
“rQ; sputtering target during sputtey deposition run 195 (see Table
6) « Each sensor uses cne of three de sputter deposited PL electrodes.
The substrate leads are Cu and the sensing electrode leads are Au ox-
cept for sensor No. 10%5Zr-10 which has Pt wire leads.  Lead attachment
is accomplished with Au and/or Pt appliced as colloids.

The final performance of each sensor is tabulated o Table 29
aund a bricf chronclogleal record of ecach senseor is given below.

- 1052r~1 Heat treated at 400°C for 15 minutes and at 450°C
for 1Y minutes.  Electrodes applied, asscembled,
and tested for delivevy Lo APAPL/SEN.

- 105%r-3 Heat Lreated al 400°C Tfer 15 minutes and at 450°C
for 1% minutes. Llectrodes applied, asscewbled,
and tested., Used for a reduced toemperature test,
uncured tank scalant tests, and soaked in P-4 for
24 hours. Tested for delivery to AFAPL/SELL




TABLE 28

CURED TANK SEALANT TESTS

Sensor No. 10%Zr-2 at 174°C

Tank Secalant at Room Temperaiure

Py, Before Exposure During BExposurce  Alter Exposurc
EMF AE EMF AR EMF AL

fatm) (mV) (mV) (mV) (V) (mv) (mV)
Q.01 775 0 777 0 783 0
0.03 789 14 790 13 794 11
0.10 801 26 802 25 805 22
0.20 811 36 812 35 814 31

Tank Scalaul at Sensor Temperature

Po, Before lxposure Buring Exposure  Alter Exposure
EMF AE EMF AE EMF AL

(atm) (mV) (mV) (mV) (mV) (mV) (mV)
0.1 730 v} 768 0 788 0
0.03 7906 10 783 15 798 10
0.10 807 21 799 31 812 24
0.20 816 30 808 40) 820 32

75
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- 105Zr-7 Heat treated at 450°C for 15 minutes. Electrodes
applied, assembled, and tested. Used for altitude
tests and a reduced temperature test. Tested for
delivery to AFAPL/SFH.

- 1052r-9 Heat treated at 450°C for 15 minutes. 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 AFAPL/SFI.

-105Zr-10 Heat treated at 450°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/STFH.

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, clectrolyte film de-
position, lead attachment, and scnsor package assembly. The variation
in EMF values which have been observed are almost certainly due to un-
avoidable variatious In substrate cleaning and lead attachments, both
of which have been done by hand. 1t is imperative that preciscly con-
trolled, reproducible microcircuit manufacturing methods be used for
the further development of this type of sensor.
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TABLE 29
RESPONSE OF SENSORS DELIVERED TO ATFAPL/SKFU
Sensor EMF (mV) and AE (mV) at Po, (aum) indicated

Sensor No. T EME AL EM¥ AL EMY AL EME M

e [99) _at 0.0l _at 0.03 _ac o.1n cat 0.20

1Ub4r-1 177 1172 ) 1182 10 1184 17 1197 25

1052r-3 177 1035 9] 1049 14 1062 27 1073 38

1057¢~7 173 1129 0 1141 12 1149 20 1161 37

105Zr-9 173 1216 ) 1230 14 12737 21 1250 34

105Zr-10 176 884 [§] 902 18 913 29 932 "8

Nervnstian 176 (1 T 22 29
|9
H
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SECTION VI

CONCLUSI0ONS AND RECOMMENDATIONS

1. PHASE I CONCLUSIONS

As demonstrated by the Phase I results presented in Section IV of
thiis report, major improvements have been made in the performance and
reliability of oxygen sensing devices using a thin solid electrolyte
film. The overall acccmplishments 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 0,/N»
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 Y,0; doped 2r0, 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 80 V at a target voltage
of =500 V and with an applied substrate bias of “~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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where the solid electrolyte has been heated in air prior to device
assembly, actual EMF output of the device is very close to the pre-
dicted EMF output.

d. Effect of Contaminant Gases on Sensor Performance

The presence of H,0 vapor, CO,, SOz, NOp, or C3Hg at contractually
required concentrations alters the performance of this type of device
by shifting the voltage output. In the case of H,0 vapor, CO., and 50,
this effect is small. For NO, and C3Hg the voltage shift is large. In
no case is the sensing performance destroyed by exposure to these con-
taminants. Additional tests performed with the Cs;Hg gas contaminant,
which caused the largest voltage shift, indicated that the oxygen sensing
performance of these devices is enhanced by the presence of CiHg.

2. PHASE II CONCLUSIONS

The results of Phase II of this program demonstrate that the
oxvgen sensing devices developecd during Phase I can be expected to
operate in an aircraft fucl tank ullage space if the method of in-
stallation prevents repeated sloshing of liquid fuel onto the sensor.
In fact, lead detachment 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 EMF 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 vapcr C(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 bccoring 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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