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A PLEA

! love Cyprus for her poets and her heroes.

Under the present circumstances and in the face of turbulent, dramatic political
changes, | felt the need fo remind those wiihin and-outside Greek boundaries of the tragedy
of the Greek-Cypriot nation.

A nation which has strived for over four thousand years with sacrifices and blood to
retain its Greek identity, its national consciousness, its cultural heritage.

| appeaf to you known and unknown friends, with the desire fo challenge both your
interest and sensitivity. _ .

Seventeen and a hall years ago, the troapé -of our “friends and aﬂies'; Turkey invaded
Cyprus occupying torty percent of the island, and boorishly trampling every meaning of
International Human Rights and Cufture, every known principle of Freedom and Democracy,
ignoring still to date all the resolutions of the United Nations (for Cyprus produces olive oil and
not crude). |

The victims of this war for the independence of Cyprus are the hundred thousand of
Cypriot refugess, the misplaced, the thousands of dead and the thousands of missing patriots.

Peace is the supreme possession of nations. In Greek mythology the Goddess of peace '
is the daughter of Justice and the God of Welfare is the son of Peace. However in order to
restore and secure Peace and Welfare we must institule Justice lirst.

And it is for this Justice that the Cyprus people will continue their struggle.

Andreas Stylianou foannou, January 1992
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ABSTRACT

Aspects relating to and including the development of thick film amperometric
zirconia oxygen sensors were investigated. These devices, which were operated in
the range 550-950°C, had a laminated structure in which a cathode, an electrolyte
and an anode were printed, in that order, onto a planar alumina substrate. The anode
and electrolyte were porous and during sensor operation also acted as a diffusion
barrier, restricting the rate of oxygen diffusion to the cathode. A thick film platinum
heater was also developed to maintain the sensor at its operating temperature while
acting simultaneously as a resistance thermometer; it was screen-printed onto the
substratz on the reverse side to the sensor. The individual components were
characterised and optimised prior to assembly of complete sensors. ’

Zirconia films were deposited by screen-printing onto alumina substrates.
Careful attention was paid to formulation of zirconia inks, drying and firing
procedures. Temperatures above 1350°C were necessary to sinter the zirconia to a
low (<0.1%) though not zero porosity. The high sintering temperatures were found
to result in the diffusion of impurities from the 96% alumina substrate into the
zirconia film which accelerated grain growth. X-ray diffraction showed that the grain
growth resulted in transformation of the metastable tetragonal zirconia to the
monoclinic form: where this occurred frequency response analysis of the films
showed the expected decrease in ionic conductivity. These effects were absent on
high purity (99.6%) alumina substrates.

Platinum-zirconia cermets were investigated as possible electrodes. When
screen-printed and fired at 1000°C for 1 hour and operated in the range 500-700°C,
electrode activity was orders of magnitude greater than for pure porous platinum
electrodes and increased substantially with increasing zirconia fractions provided
electronic continuity was maintained within the film. High firing temperatures (>
1000°C), which were necessary for preparing a sensor with co-fired electrolyte and
electrodes, decreased electrode activities although cermets remained greatly superior
to pure platinum.

Planar amperometric zirconia oxygen sensors were prepared using thick-film
technology exclusively. When a voltage (0.5-1.4 V) was applied between the
electrodes, a current flowed which was directly proportional to the oxygen
concentration in the range up to 21%; this has not previously been achieved with
such sensors. Characteristics were shown to be dependent upon firing temperature
and substrate purity. Interestingly, temperature coefficients of the output were
positive and negative for sensors fired at temperatures up to 1400 and above 1450°C
respectively. Operation in the combustion products of a gas-burning flue
demonstrated linear dependence upon calculated oxygen concentration.

Heaters, printed using either fritted or unfritted platinum inks, were given
extended treatments in a furnace at elevated temperatures (1000-1300°C) to
accelerate ageing effects. Measurements were made of resistance (at 20°C), platinum
evaporation rate and film cross-sectional area and these were correlated with the
microstructure. The variation of resistance (at 20°C) of the films was analysed using
effective medium theory invoked in order to quantify the blocking effect of the non-
metallic fractions. During the initial phase (resistance decreasing) the governing
factor was probably the high resistance of necks between contacting platinum
particles. During the subsequent phase (resistance increasing) the resistance was
controlled principally by the formation and growth of voids.
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1.1 BACKGROUND
1.1.1 General

The measurement of the concentration of a variety of gases has become
increasingly important because of the finite nature of fossil fuel reserves and because
of increasing public awareness concerning health and safety and environmental
pollution. Miniature sensors have particular advantages with regard to speed,
selectivity, convenience, reliability and low cost. Much recent research effo%has
focused on solid state technologies resulting in devices producing an electrical signal
related to the concentration of species of interest. Such devices can be readily

interfaced with appropriate electronics for signal conditioning and data handling.

1.1.2 Oxygen gas sensors

Oxygen sensors are used for the detection and control of oxygen partial pressure
/ oxygen concentration in such places as aircraft cabins, life support breathing
systems [1,2], mines, glove boxes, metallurgical heat treatment furnaces [3],
sputtering machines [4], gas purity control etc. However the most widespread use
for such sensors has been in closed-loop electronic control systems for the
optimisation of combustion processes (automobile engines, boilers efc...) with respect
to efficiency and emissions [5,6,7,8]. Major influences towards precise
combustion control were antipollution legislation during the late 1970s in California
and sharp rises on the price of crude oil during 1973 (referred to as the "energy

crisis").

1.2 TYPES OF OXYGEN SENSORS
1.21 Paramagnetic

These devices use the high paramagnetic susceptibility of oxygen as compared
to other gases. Paramagnetic substances are attracted toward the stronger parts of a
magnetic field; this physical property of oxygen is used in a number of ways to
measure the oxygen partial pressure of a gas mixture [9]. A successful marketed
device is based on a inagnetic auto-balance [10,11] and incorporates an

electromagnet on a dumb-bell shaped test body (filled with a non-paramagnetic gas)

C/
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suspended in a non-uniform magnetic field. The test body is displaéed by the
attraction of oxygen to the stronger parts of the magnetic field; displacement is
detected by an optical system. A current is applied to the electromagnet to keep the
test body in a fixed (zero) position; the value of this current is directly proportional
to the volume magnetic susceptibility of the gas mixture surrounding the test piece.
Other substances such as NO, NO, and ClO, are also paramagnetic albeit to a much
smaller degree than oxygen; the presence of such substances in the sample gas can

introduce errors in the measurement of the oxygen partial pressure.

1.22 Aqueous electrochemical

These sensors generally comprise an aqueous electrolyte solution (such as
potassium chloride) and two electrodes (usually precious me@ such as Pt, Au, Ag
etc) in contact with the solution [9,12]. This enables the use of a variety of
techniques for oxygen concentration / partial pressure measurement. The most
common and well known technique is termed the polarographic method and is
identical to the amperometric method (discussed in more detail in § 1.2.4.3). The
polarographic method involves the use of a thin porous membrane (usually
polytetrafloroethylene) to Limit the rate of diffusion of oxygen in the sample gas to
one electrode acting as the cathode. The application of a sufficiently high applied
voltage (around 900 mV) between the anode and the cathode induces redox reactions
that are limited only by the rate of oxygen diffusion to the cathode [13,14]. The
limiting current obtained is then proportional to the oxygen concentration in the

sample gas.

1.23 Semiconducting oxides

The principle of operation of the semiconducting oxygen sensor is that the
electrical resistance (R,) of a non—stoichiometric oxide in an oxygen partial pressure
Poz can be represented by an expression of the form

E
R, =k exp[-R—;] (Pe)’ (1.h

where E, is the activation energy for conduction, R is the gas constant, T is the
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temj:eraune (in kelvin) and k is an empirical constant. The sign and value of u varies
according to the defect chemistry of the metal oxide. Semiconducting devices have
been constructed using a variety of materials such as TiO, [15], CeO, [16],
SITiO; [17], Ga,0; [18], ZnO [19] and CoO ([20,21]. These sensors
operate at elevated temperatures, some as high as 1000°C.

1.24 Solid electrolyte
1.2.4.1 General

Electrochemical sensors utilise the oxygen ion conducting properties of bulk solid
electrolytes e.g. zirconia (§ 1.4.2). The use of zirconia-based electrolytes for oxygen
monitors developed from space—craft technology [22] and was ‘fil‘St demonstrated
by Kiukkola and Wagner [23]. Since then several relevant reviews have been
published [12,24,25,26,27]. Electrochemical devices traditionally used for
oxygen sensing, have also been adapted for detecting gases which can be oxidised
or reduced electrochemically [28,29,30].

1.2.4 2 Potentiometric

A galvanic cell is depicted in Fig. 1.1 and consists of an oxygen ion conductor
between two electronic conductors. This cell can be used as a “gauge” detecting
differences in the oxygen concentration of two atmospheres separated by the cell.
Provided the electromic conductivity of the electrolyte is low with maximum
permissible levels normally being around 1% of the total conductivity [12], the cell
develops an EMF according to the Nernst equation:

- E In pm,(b) (1.2)
4F Py (®

where R.T and F are the gas constant, the operating temperature (kelvin) and the

. faraday respectively. This cell forms the basis of the potentiometric sensor for
measurement of the ratio of the oxygen partial pressure of the sample gas and that
of a stable reference gas. The reference gas used is normally air. In order to avoid
the problems associated with providing a stable reference gas some authors [31]
have described sensors utilising oxygen partial pressures generated in situ by a redox
couple such as Pd/PdO.
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Figure 1.1  Schematic representation of a galvanic cell

1.2.4.3 Amperometric

The application of a voltage across the cell of Fig. 1.1 (see Fig. 1.2) causes
oxygen to be electrochemically pumped from one side of the cell to the other;
oxygen is reduced at the cathode side and evolved at the anode side according to the

reaction (in Kroger-Vink notation):

cathode ,
0,(g) + 2V, + de/ ——— 20, (1.3)
anode
Vo' - oxygen ion vacancy
O, - oxygen ion on a lattice site
This electrochemical process is referred to as oxygen pumping [32]. The oxygen
ion flux is in the opposite direction to the direction of conventional current flow. The
number of moles of oxygen transferred (n) through the electrolyte is related to the

charge passed (Q,) by Faraday's Law:

dn= - =2 (1.4)

A schematic representation of a solid-state amperometric oxygen sensor is shown
in Fig. 1.3 [33]). Oxygen is electrochemically removed from the vicinity of the
cathode by an applied voltage. The porous barrier, normally fixed in front of the
cathode, restricts the transport of oxygen to the electrode. If a sufficient voltage is
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|
!
1/2 0, + 26 —= O,

Figure 1.2 Oxygen pumping across an electrolyte cell.

sample
gas -
o porous solid
wp |diffusionf— cathod onode | aspm
2 borrier cathode electrolyte 0,

e——opplied voltage—em

Figure 1.3  Schematic diagram of an amperometric device.

applied between the anode and the cathode then the partial pressure of oiygen at the
cathode is reduced to a value close to zero; this is the limiting condition. An oxygen
concentration gradient is set up in the restricting barrier. The current then flowing
between the electrodes (I, (Fig. 1.4) is controlled by the diffusion of oxygen
through the porous barrier according to Fick’s first law,

L, = 4FDy(S/L) Pos(sg) (1.5)
where Dy, is the diffusion coefficient of oxygen which is inversely proportional to
the barometric pressure [12], S is the cross-sectional area of the pores of the

diffusion barrier of effective length L and pg,(sg) is the partial pressure of oxygen



Chaper 1 20

0.8 I T
F
0.6 |- _
< L i
E
~
<« 0.4 E -
Fut
5
0 L D J
0.2 ¢
- — B—
A
0.0 L L
0.0 , 0.5 1.0

applied valtage / V

Figure 1.4  Characteristics of a limiting-current sensor where the diffusion
barrier was a laser drilled hole, 100um in diameter, filled with porous ceramic
{Dietz [33]). Pecentage O, in N,: A,1%; B.2%; C,3%; DA% E 5%; F,10%.

in the sample gas. The above equation shows that at a fixed barometric pressure (and
value of S/L), the limiting current is proportional to the oxygen concentration in the
sample gas surrounding the sensor {12,24,33]; (the value of this current will depend
upon the rate of diffusion of oxygen gas to the cathode only). Solid state
amperometric sensors are normally operated above 500°C where the ionic
conductivity of the electrolyte and the electrochemical reaction kinetics at the
electrodes are adequate to allow passage of a current sufficient to achieve the

limiting condition.

If a change in the oxygen concentration of the sample gas occurs when an
amperometric sensor is operating in the current-limiting condition, then the oxygen
concentration profile within the diffusion barrier (varying from the sample gas value

at one end to zero at the other) must change. This is time-dependent manifested as
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a response time of the sensor [34]. The theoretical current-time characteristic
derived from data presented by Crank [35] predicts a 90% response to a step
change in pg, according to the equation

tyo = 0.3LYDg, (1.6)
where L is the pore length and Dy, is the diffusion coefficient of oxygen. Thus at
fixed operating conditions the response time is mainly dependent upon the length of
the diffusion barrier.

1.2.4.4 Coulometric

These devices involve the measurement of the charge passed when a given
volume of a gas is quantitatively converted by electrolysis. One device used in this
mode was similar in construction to the amperometric device [36], incorporating
an internal volume between the diffusion barrier and the cathode. This device
operated as follows. A constant current was applied to the pump to remove
electrochemically almost all of the oxygen within the intemmal volume much faster
than the leakage rate through the diffusion barrier. An indication that all the oxygen
was removed from the internal volume was given by a sharp rise in the voltage of
the pump. The current was then discontinued allowing oxygen to leak into the
enclosed volume. For a constant applied current (I), the oxygen partial pressure po,
is given by the following equation derived by invoking Faraday’s law and the ideal

gas equation

_ RTI

= t ‘ (1.7)
oz 4Fv,

where v, is the internal volume and T the operating temperature. The measured value
of the time, t, is directly proportional to the oxygen partial pressure. It is essential
that the time between measurements be greater than the diffusion time which should
be much greater than the pumping time. It is interesting that the calibration is
dependent only upon 1, v, and T and is independent of the capillary characteristics.
Unlike the amperometric sensor the coulometric sensor measures oxygen partial

pressure rather than oxygen concentration.
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1.2.4.5 Pump-gauge

~ These sensors consist of an enclosed volume and two ionically conducting
materials each in contact with both the external and internal gases (Fig. 1.5). The
internal volume can be hermetically sealed or connected to the external gas by a pore
or porous material. These sensors are operated by using one ion conductor as an
oxygen pump and the other as a gauge; the effect of oxygen generation or extraction

by the pump can be monitored by the gange [37,38]. These arrangements allow

laser drilled pore

. ; i voitmeter

zirconio i /
i

' gold seai

inner volume current

. source

i T pump
porous Pt electrode

Figure 1.5 Schematic representation of the cross-section of a pump-gauge
device (Maskell[24)).

the measurement of oxygen partial pressures in a number of operating modes such
as coulometric [39,40,41] amperometric without fixed reference [40],
amperometric with fixed reference [7,33], potentiometric with monitored internal
reference [24], and” various implementations in the AC mode [42,43,44,
45,46).

1.2.4.6 Impedance based

A device consisting of an oxygen—ion conducting wafer coated on each side with
a thin layer of Pd has been described by Badwal and De Bruin [47]. Oxygen
partial pressure was determined by measuring the large reversible changes
(approximately 2 orders of magnitude) in the electrode impedance of the cell as the
T [;«-58 oxidised to PdO. The temperature at which the transition between Pd and
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PdO occurred depended wpon the oxygen partial pressure, This technique for the
determination of oxygen partial pressure is absolute and does not require the use of
.a reference gas. Measurements were made by applying an AC signal at low

frequencies (5-100 Hz) as shown in Fig. 1.6.
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Figure 1.6 Impedance-temperature behaviour at 10 Hz for a Pd/Zirconia/Pd
cell. Sample gas oxygen partial pressure / kPa: @,100; 8,20.8; v 49; 2,046
{De Bruin and Badwal{47])

Another impedance based sensor has been described. It was prepared using a
mixture of Pt and zirconia [48,49] and was operated by measuring the DC
resistance across the cermet when exposed to the sample gas. Current traversed the
cermet via oxygen ions in the ceramic and electrons in the metal [50]; thus there
was an interfacial impedance between each contact point of the ceramic and metal.
The electrode impedance has been shown to vary‘with Po: [51] and consequently

with calibration allowed determination of pg,
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1.25 Comparison of the various types of oxygen sensors
1.2.5.1 General

Disadvantageous features of the devices that héve been described are given in
point form below:
Paramagnetic: The output of these devices is sensitive to the temperature of the
sample gas and they have a slow response (20 seconds) to changes in oxygen
concentration. They also have complex hardware. _
Aqueons electrochemical: These devices have volatile electrolytes which may
prematurely end sensor life when operating in gases at temperatures above ambient.
Semiconducting: These devices suffer from cross—sensitivity with other gases and
reproducibility as well as high operating temperatures. Some of the cross-sensitivity
problems have been overcome by analyzing the outputs of sensor arrays using a
microprocessor [52]. The sensors also suffer from a slow response and irreversible
behaviour (by reduction of the oxide) upon exposure to reducing gases (i.e
combustion gases during fuel rich burning).

Solid electralyte: Elevated temperatures of operation are required.

Solid state electrochemical oxygen sensors are the most likely candidates to
satisfy performance and life requirements in appliances such as gas boilers and
automobile intzrnal combustion engines. In such applications, solid eiectro]yte
devices have, within the last 15 years, established a position of market dominance.
They have the following advantages:

i) High selectivity to oxygen and fast response.
i1) Their elevated tzmperature of operation (when using platinum electrodes) can
facilitate the catalysis of reactive gases (such as combustible gases in a flue) so that

the sensor measures the nett oxygen concentrations after gases have equilibrated.

1.2.5.2 Comparison of solid electrolyte devices

Solid electrolyte sensors operated in the AC, coulometric and impedance modes
require relatively complex instrumentation. The potentiometric devices have a
logarithmic response to changes in oxygen concentration. Amperometric devices offer
a combination of advantages not shared with any of the other devices described; for

most applications these outweigh the disadvantages. Both advantages and

<7

booes
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disadvantages of amperometric devices compared with other solid electrolyte devices
are given below: )

Advantages of amperometric devices

i) The supply of a reference is gas not necessary.

ii) Their output is linearly related to the oxygen concentration.

1i1) Measurements are taken in the steady state enabling the use of simple low
cost instrumentation.

iv) The output signal is fairly insensitive to temperature fluctuations and
consequently precise temperature control is not required.

v) They generally do not suffer from sluggish electrode response because they
operate at high electrode overvoltages; consequently they can be operated at lower
temperatures.

vi) Characteristics of the device do not alter with small changes in electrolyte
conductivity and electrode activity.

Disadvantages of amperometric devices

i) The dimensions of the diffusion path(s) determine the output; changes in these
can bring a change in the characteristics of the device. Further if the dimensions of
the diffusion barrier are not reproducible individual devices may require calibration.

ii) In combustion systems they do not allow the two sides of stoichiometry to be
distinguished; this is because the normal operating voltage becomes sufficiently
cathodic to reduce H,O and CO, resulting in a current flow when in the sunb-
stoichiometric region. This problem can be overcome by using devices with a double
chamber [33,53). |

1.3 FABRICATION TECHNOLOGIES FOR MINIATURE
SOLID ELECTROLYTE SENSORS

1.3.1 Discrete components

Cost has been reduced substantially compared to conventional potentiometric
sensors [25,54,55,56] by constructing miniature amperometric zirconia oxygen
sensors from discrete components [57,58]. This involves ceramic technologies
including powder preparation, pressing, high temperature sintering, machining,

grinding and polishing to provide ceramic discs. Metal to ceramic hermetic sealing
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(using gold or platinum) [59,60,61] and more recently glass to ceramic seals
[62,63] have been used to assemble devices. Electrodes are deposited on the
discs by painting or screen—printing of a paste of the material, or by sputtering
techniques. The assembly of one solid electrolyte device, the pump-gauge, is shown
in Fig. 1.7 [42]. In cases where a physical leak is required to the internal volume of
the device, this can be provided by laser drilling a pore in one of the electrolyte discs

alumina ring
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gold connection
pump-~ gauge
alumina rod
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Pt electrode

zirconia disc
_‘_—'____——_“'

gold seal
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h 8
/alurnina disc _—/alurmna tube

zirconia dise /
f alumina stopper

gold connecticn
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alumina ring
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zirconia disc

Figure 1.7  Assembly of solid electrolyte pump-gauge device from discrete
components (Source: Benammar[42)). (a) exploded view of components, (b)
assembly of components by pressing together in an alumina jig and firing at
JO40°C for 16 hours.

[57]. There are advantages to minimising this pore diameter; the minimum diameter
that can be reproduced by laser drilling at present is ~30 pm and is related to the
focusing of the laser and the wavelength of the radiation.

1.3.2 Thin film

Various arrangements for planar potentiometric de.vices fabricated by sputtering,
evaporation, ion implantation or chemical vapour deposition onto alumina substrates
have been reported [7,64,65,66,67). Two examples of this "microionic”
approach are given in Fig. 1.8 [64]; these devices were fabricated by the sputtering
of layers having thickness in the nanometre range. Such devices were not very

successful as they suffered from very short working lives.
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Figure 1.8 Thin film potentiometric devices (Source: Velasco et al{64]).

A thin film amperometric sensor consisting of a platinum cathode, a zirconia solid
electrolyte and a platinum anode was produced by sputtering layers of the materials
in succession on a porous alumina substrate [68]. The low porosity of the substrate
used provided diffusion limitation of the gases. Device characteristics were similar

to those of devices made using discrete components.

1.3.3 Thick film

Screen printing techniques have been used to replace thin film techniques in
potentiometric arrangemeuts [69]. These have met with problems relating to the
gas tightness of the electrolyte layer [69,70]; an unsatisfactory method 1o overcome
this consists of successive depositions and firings (the latter layers fill up the defects

and open pores of the previous films [71]).

A planar device constructed using thick film technology and operated
amperometrically, has recently been reported [70]. This coul-d detect oxygen levels
only in the range up to 0.1%. The sensor construction was similar to that of the thin
film amperometric device of Kondo er al [68], the sole difference being that in the
thick film device a non porous substrate was used. The porous electrolyte acted as

the diffusion barrier.
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Another technique that can be used to deposit planar thick films is that of plasma
spraying. This technique has very recently been used to fabricate working
potentiomein'c'and amperometric sensors of identical construction to that of Chu er
al above [72].

1.3.4 Comparison of the various fabrication technologies
1.3.4.1 General

The need for cost reduction and further ;niniaturisation has provided the recent
impetus for the adaptation of planar technologies to sensor manufacture. These offer
the possibility of functional advantages that may be achieved by the reduction of
ceramic thickness [64] and also enable simpler mounting and the incorporation of

integral heating.

1.3.4.2 Ease of manufacture and cost considerations

Discrete components: Fabrication from discrete components normally involves a
large number of costly and time consuming manufacturing steps and comparatively
high precious metal content [57]. However robust and reliable devices can be easily
produced and the technology is well proven.

Thin film: This microelectronic mass manufacture technology can require lengthy
time periods to build up a material layer of sufficient thickness. Furthermore there
is a high capital cost presently associated with thin film deposition equipment.
Thick film: Screen printing technology is by far the simplest, cheapest and easiest
of the presently available techniques; thus it has received recognition in the last
decade as an important technology for sensor manufacture [73]. This technology
offers a combination of conveniences not shared with other integrated technologies.
These include high productivity, flexibility of design, fast modiﬁcaﬁong, a short time
to pass from prototypes to products and low capital expenditure. These advantages
along with the good extent of miniaturisation can realise inexpensive sensors

irrespective of economies of scale.
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-1.3.4.3 Likely technological difficuities

Discrete components: A difficulty in sensor construction from discrete components
is the provision of an hermetic metal-ceramic seal that can withstand temperature
cycling.

Thin film: Thin film structures were found 10 be sensitive to stresses which induced
cracks in the solid electrolyte film. These stresses were caused by thermnal expansion
mismatch between dissimilar materials [64].

Thick film: Thick film technologies were met with difficulties in reducing the
porosity of the electrolyte layer [70]; a further anticipated problem is that this
porosity may not be within tolerable limits of reproducibility.

1.3.5 The chosen fabrication route

In applications requiring operation at elevated temperatu.res it 1s likely that
zirconia-type sensors will continue to dominate the oxygen sensor market [74].
Widespread application in domestic appliances such as gas boilers and automobile
internal combustion engines depends upon achieving satisfactory performance and
life of the sensor at low cost; performance and life requirements are likely to be met
by zirconia electrochemical sensors. Of these amperometric devices are the cheapest

to implement.

If the implementation of screen—printing as a fabrication technology for solid state
amperometric devices can be perfected, it should reduce the cost per device by at
least an order of magnitude compared with existing sensors constructed from discrete
components. Furthermore the response time of an amperometric oxygen sensor could
be greatly decreased by a reduction of the diffusion path length (according to Eq.
(1.6) § 1.2.4.3) which can be provided by this planar technology.
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1.4 OXYGEN-ION CONDUCTORS
141 General

Many ceramics have been used over the years as oxygen ion conductors. These
include B1,0,, ThO,, CeO, and ZrO, doped with aliovalent cations so as to introduce
a relatively high concentration of oxygen vacancies. Some of the oxygen ion
conductors crystallise in a cubic fluorite structure. The electrical and physical
properties of these oxides have been the subject of many reviews [75,76,77].
Thoria is difficult to manufacture due to its high melting point (3300°C) and being
slightly radioactive is little used. A disadvantage to the use of a stabilised bismuth
oxide is the reducibility by unbumed combustion fuel (e.g. CH,) [78,79];
furthermore it has a low melting point (~850°C) and thus is not used for high
temperature applications such as fuel cells. Doped CeQ, exhibits some undesirable
properties including primarily electronic conductivity at high temperatures and low
oxygen partial pressures [80]. The most widely used solid electrolytes for oxygen
ion conduction have been zirconias particularly those doped with yttria. This is
because they offer very low electronic transport number and one of the highest ionic
conductivities amongst zirconia electrolytes coupled with good chemical stability
[81] and little deterioration of its electrical properties with time.

1.4.2 Zirconia electrolytes
1421  General

Zirconium dioxide, ZrQ,, is crystallographically monoclinic at room temperature,
transforming to the tetragonal form at 1170°C with a volume shrinkage of ~3%
[82], ransforming again to the cubic form at 2370°C and becoming a liquid above
2680°C [83]. These transitions cause pure ZrQO, to crumble upon thermal cycling
due to the vohime changes. It has been found that the inclusion of a proportion of
aliovalent oxides stabilises the tetragonal and cubic structures at room temperature.
Stabilisers form solid solutions with the ZrQO, and include CaO, MgO, Y,0,, and rare
earth oxides. Stabilised ZrO, is referred to by the collective term zirconia. The
addition of a sufficient amount of stabiliser causes the material to retain the cubic
phase at room temperature and is referred to as fully-stabilised zirconia (FSZ).

Materials which do not contain sufficient stabiliser to effect full stabilisation are
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referred to as partially-stabilised zirconia (PSZ). Recently an all-tetragonal material
was developed known as tetragonal zirconia polycrystal (TZP). This material has
high strength (> 1 GPa) and fracture toughness and recent work suggests improved
electrochemical behaviour [84]. TZP is metastable provided that the crystallite size
is sufficiently small (0.2-1.0 pm depending upon dopant content) and does not
transform to the monoclinic form upon cooling [85,86]. Zirconia doped with 3
mol% Y,0, remains fully tetragonal provided the ceramic grain size does not exceed
a critical value. This critical value has been reported as 0.45 pm [87) and also as
0.3 pm [88).

1.42.2 lonic conductivity

Stabilised zirconia exhibits significant oxygen ion mobility above about 300°C
due to the high vacancy concentration introduced by the stabilising additions. This
is a consequence of the lower valency of the substituted cation and may be
represented in Kroger-Vink notation as follows:

Ca0 — Ca, + O + Vo' (1.8)
Vo~ represents an oxygen ion vacancy into which an adjacent oxygen ion (Og") is
able to move (Fig. 1.9). Zirconia can then act as an electrolyte with oxygen ions able
to drift in an applied electric field. The oxygen ions and vacancies in the ceramic are
analogous to electrons and holes respectively in a semiconductor. The cations have
diffusion coefficients 6 orders of magnitude lower than that for the oxygen ions [83];
hence they may be regarded as motionless at the normal operating temperature of
700°C. The ionic conductivity, ©, is generally described by an Arrhenius equation
which can be written as:

trg o E (1.9)

or: T2

) .
/ ) (1.10)
oT = g, e

where o, (0',) is the pre—exponential factor, E, (E/,) the activation energy for ionic

motion, R and T are the gas constant and absolute temperature respectively.
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Equations (1.9) and (1.10) are both used in the literature, the latter providing a better
fit to the data because of the slight temperature dependence of E, [89]. For practical

reasons Eq. (1.9) is used in this thesis.
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Figure 1.9  Schematic diagram of the zirconia lattice and the effect of doping.

14.2.3 Electronic conductivity

Zirconia ceramics, though principally ionic conductors, can exhibit some electronic

conductivity due to electronic carriers generated by the following processes [90]
0, = %0, + V- + 2¢/ (1.11)
Voo + 0, = O, + 2l (1.12)
Thus electrons and holes tend to be generated at low and high 6xygen partial pressures
respectively. The degree of electronic conductivity of solid electrolytes often determines
their usefulness for various galvanic cell arrangements; the range in which zirconia

satisfies this criterion is shown in figure 3 of the paper by Maskell and Steele [25].
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1.4.2 4 Fabrication processes
Bulk zirconias

Modern ceramics can be easily fabricated by traditional process routes. In
stabilised zirconia the calcination temperatures must be high (>1300°C) to promote
the inter—diffusion of the cations; the achievement of high density by traditional
process routes has often required the use of high firing temperatures (>1700°C)
[91]. A zirconia is generally found to be gas impermeable if it has a density of
more than 92% of theoretical [92].

Alternative routes in which zirconia powders can be prepared by wet chemical
methods have received considerable attention [93,94]). The objective of this
approach is to prepare ultrafine powders of uniform particle size which are free from
hard agglomerates; such powders may sinter to full density more rapidly and at lower
temperatures and provide more precise and homogeneous compositions [95]. Wet
chemical methods such as metal alkoxide [96,97], citrate [98], sol-gel [99],
a combination of sol-gel and emulsion [100] and chloride [101,102]
processes have all been used successfully for stabilised zirconias. The sintering
behaviour of powders having large active surface areas is sensitive to the atmosphere

[103], to washing media [102,104), and to residual chemical species [105].

Planar zirconia films

Recently a number of studies have been reported on thin films of zirconia; these
demonstrate that a great variety of solid electrolytes having ionic conductivities
similar to bulk materials can be deposited or synthesized on a substrate by various
thin film techniques. These include chemical vapour deposition [106,107]
electrochemical vapour deposition [108], and sputtering [109,110]. Layer
thickness was typically in the nm-pm range. A likely major future application is the
high temperature solid oxide fuel cell (SOFC) [111] as thin films can provide
high ionic conductance and can satisfy the requirements of high power to weight

ratios.

Thick films of fully stabilized zirconia have previously been produced by plasma
spraying [112,113], and screen-printing techniques [114,70,69]. These can
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provide major cost advantages but very little has yet been reported on the material
science of such layers and their interaction with the supporting substrate. Detailed
systematic studies on the required processes for producing screen-printed films have
not been cited. Recently zirconia/binder sol systems have begun to be studied with
work investigating rheological characteristics of dip-coating [115] and slip casting
processes [116]. Rheological properties and carrier inclusions for the above-
mentioned processes differ from those required for printing pastes; such pastes in
conjunction with appropriate processing information are not commercially available
to date.

1.5 SINTERING OF CERAMI'C POWDERS
1.5.1 General

Sintered ceramics are normally prepared by compressing the powder followed by
firing. However, an alternative route is the screen—printing of a paste of the ceramic

onto a suitable substrate followed by drying and firing.

The driving force for sintering is a decrease in the surface free energy arising
from a tendency in the powder compact towards a reduction of the solid-vapour
surface area: this creates compaction forces in three dimensions of a material in the
bulk state [92,117]. 1t is well known that neck formation and shrinkage, fissure
formation and growth, pore growth, grain growth, pore rearrangement and pore
entrapment can occur during the sintering of powders [127]. These processes may
take place throughout the period of sintering but there is generally a dominant
mechanism in a given period. Dominating mechanisms are dependent upon the
physical state of the powder and hence may change with sintering time and

temperature,

Pores in the ceramic can be characterised by a coordination number CN, and
growth occurs if this is larger than a critical number CN,. Only pores with CN<CN_
can disappear during sintering [118]. As grain growth proceeds CN decreases.
The processes of grain growth and rearrangement reduce the coordination number of

pores enabling further densification [119].

-']
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It is thought that the most important factor in achieving a dense ceramic is the
vltimate homogeneity of the particle dispersion and the use of fine and
unagglomerated particles [120,121,122,123,124]. Additives that
may form liquids at the sintering temperature have been used as sintering aids to

increase the density or reduce the sintering temperature of ceramics.

Successful solid state densification requires that the energy reduction be achieved
by pore contraction rather than by particle growth ([125] and that the
microstructure be stabilised so that the pores are attached to the grain boundaries
[126]. A -detailed characterisaton of the sintering behaviour of highly
agglomerated and ultrafine compacted zirconia powders into bulk ceramics has been
undertaken by Wu and Wu [127].

Sub-micron particles tend to agglomerate due to Van der Waals adhesion forces
that are about six times gravitational ones [128]. The bonding mechanisms of
agglomerates in increasing order are thought to be [128], electrostatic, Van der

Waals, liquid bridges, capillary liquid, viscous binders and solid bridges.

1.5.2 Zirconia

Fundamental kinetic studies on the sintering of stabilised zirconia [91,129,
130,131] have mainly concluded that the densification mechanism is
controlled by lattice diffusion of the cations; the rate controlling process is the
movement of the cation by an interstitial rather than by a vacancy mechanism. The
diffusion coefficient of the cation is determined by the conce;m'ation of the
stabilising dopant. Maximum density values are obtained at specific dopant
concentrations for each stabiliser; additional dopant contents are accompanied by a
decrease in density. In the case of Y,0, the optimum content for maximum
densification has been suggested to be 67 mol% ([132,133,134). More

recently Gnoheim and Hanna {135) found an optimum value of 4 mol % and

suggested that their lower value was due to an oxide homogeneity on a smaller.

(atomic) scale than in previous work which reduced the amount of Y,0O; needed for

maximum densificaton.
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Conductivities of stabilised zirconias depend upon the particular dopant cation
chosen and the oxygen vacancy concentration, exhibiting maxima when the sizes of
the cation of the dopant and host lattice are closely matched [136,137] and

when the amount of stabiliser is the minimum amount for full stabilisation.

Bulk stabilised zirconia ceramics (with the absence of sintering aids) of high
density are attainable if adequate attention is given to pawder preparation and
subsequent handling processes [92,133,138]. Additives such as glassy phases and
a—alumina powders have been purposely introduced into zirconia to lower the
sintering temperature and increase mechanical strength respectively. However
deleterious effects have been reported on the ionic conductivity by both glassy phases
[139,140,141,142], and o-alumina inclusions [143] in silica-free
zirconias. Despite an increasing sintering inhibition in zirconia with increasing
alumina additions [144,145,146] some authors report improvements in
ionic conductivity of zirconia with lJow levels of alumina additive. This may be due
to some residual glassy phase present in their alumina-free zirconia; Butler and
Drennan [147] suggested that alumina in cubic stabilised zirconia acts as a

scavenger for the silica.

Generally ionic conductivities of zirconias depend upon the physical and chemical

properties of the sample such as composition, porosity, grain size and purity.

1.6 Thick-film technology
1.6.1 General

Screen printing is a craft first known to have been used by the Chinese some
3000 years ago using silk screens for pattern design, later adopted for printing text.
Designs are delineated on fine-weave cloths as sealed and open areas. These are then
used as masks which are placed onto the surface to be printed; ink is spread across

and prints through the open zones only.

Thick film technology applied in the semiconductor industry consists of the
screen printing of a viscous paste in a definite pattern on a rigid surface (substrate)

and the subsequent drying and firing of this deposit at appropriate temperatures for
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a suitable time to produce a set of usually passive, planar components and
interconnections such as conductors, resistors or dielectrics in microelectronic

applications.

"Thick-Film" is a misleading term. The distinctive features are not related to the
layer thickness but to the deposition method, i.e the print-dry-fire technology.
Reproducible "thick-films™ can be deposited down to a thickness of 1 pm using
newly developed organometallic inks; however the fired thickness of a thick film is
usually in the range 10-50 pm. '

1.6.2 Properties of screen—printing pastes

Pastes are formulated to have the necessary flow properties for printing, to bind
together and to the substrate when dry and normally contain ingredients to fuse onto
the substrate when fired. Four components are normally present, namely fluid, binder,
powdered glass and the functional material. The fluid evaporates soon after printing
and the binder is burned off in the early stages of firing. Firing sinters the remaining
finely divided components into a solid. A deflocculant (or dispersant) is sometimes
included (a 5" ingredient) to suppress agglomeration of the powders and to aid
wetting to the substrate and/or to obtain a suspension as thick as possible whilst
retaining fluidity.

Pastes are generally proportioned to have a treacle-like viscosity with
pseudoplastic properties (decreasing viscosity with increasing shear rate) and
thixotropic properties (changing viscosity with time) [148]). The imporant
rheological properties of pastes are the viscosity and the surface tension and the
dependence of these on shear rate and time. For many fluid systems the relation
between the shear stess T and the shear rate Y can be expressed according to an
empirical relation known as the power law [149]

1= {y9 _ (1.13)
The parameters { and q are termed the fluid consistency index and the flow
behaviour index respectively. Newtonian flow is characterised by @ = 1. If 1y, is the

apparent viscosity, then
0= = Ly (1.14)
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An equation was proposed by Casson [150] to relate the viscosity and shear rate
of printing inks:

= ety (1.15)
where 7 is the viscosity, 7.. is the limiting high shear viscosity and 1, is the yield
point. This equation is generally applicable for thixotropic materials and has
previously been used for their characterisation [151].

1.7 DIFFUSION OF GASES THROUGH POROUS SOLIDS

Diffusion of gases to the cathode must be severely restricted in solid state
amperometric sensors. This is due to the high diffusion coefficients of gases (4-5
orders of magnitude higher than ions in aqueous solutions), and to the fact that pump
currents are restricted by the resistance imposed by the solid electrolyte cell and the
rate of the electrode reactions. Various forms of diffusion barrier which were
successfully employed on working devices were described by Dietz [33]. More
recently a device was constructed that used the pores of the platinum cathode as a
diffusion barrier [152]. The mechanisms of diffusion through porous solids in

general are considered below.

When there exists a concentration difference across a porous solid a diffusional
flow of the species takes place. This may occur in gases by one or more of three
mechanisms: these are bulk (or ordinary), Knudsen and surface diffusion. The
principal mechanism of diffusion is conditional upon the size, shape, and tortuosity
of the pores of the diffusion barrier. The various types of diffusion through a pore
may all be described with reference to the Knudsen number (K,) defined as the ratio
between the mean free path of the gas A, and the pore diameter d,, [153].

K,= AJ/d,, (1.16)

Figure 1.10 is a schematic diagram of some the various diffusion mechanisms.

The value of A, is estimated by the following equation [154)

_32p, [ RT (1.17)
2" p \2xM

where j, is the viscosity, M the molecular weight, P the pressure, T the temperature

of the gas and R is the universal gas constant.
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Figure 1.10 Schematic representation of various diffusion mechanisms in
poraus solids as a function of pore width at atmospheric pressure.

Bulk diffusion is dominant where K is small i.e the pore size is larger than the mean
free path of the gas (typically 10 microns at atmospheric pressure). Here the

molecule-molecule collisions are more frequent than molecule-wall collisions.

The Knudsen diffusion coefficient Dy, is a function of the molecular weight of
the gas and can be found from [155]

T (1.18)

%

Dy = 97r, [ﬁ) m? s~
where 1, is the capillary radius. Consequently the components of a gas mixture will
pass through a porous solid barrier at different rates. Knudsen diffusion dominates

where K is large.

A further possible transport mechanism is surface diffusion. Surface diffusion on
the walls of the pores is relatively fast compared with bulk diffusion [156]; it
includes solute adsorption, diffusion while adsorbed, and solute desorption. This
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physical mechanism has been used to explain diffusion rates in porous solids which
are greater than can be explained by other mechanisms [153). It can explain the
observation of decreased diffusion with increasing temperature (adsorption decreases

as the temperature is increased).

In a given capillary gaseous diffusion (in the absence of) will occur according to

both bulk and Knudsen processes; one or other mechanism may be rate controlling,

-1
D, = .l_ + _l._ (1.19)
Dy Dy .

where Dy is the resultant diffusion coefficient through the capillary, Dy is the oxygen
diffusion coefficient through a caj:illary where Knudsen diffusion is predominant, and
Dy, is the bulk diffusion coefficient of oxygen in nitrogen. If in surface diffusion the
adsorbed layer can be assumed to be sufficiently thin that the volume of the pore
available for gas diffusion is not greatly. reduced, surface diffusion can then occur in

parallel with gaseous diffusion and the fluxes are additive (157} hence

1.1 (1.20)

-1
DT:-[EB. +D—K) +k1Ds
where D is the surface diffusion coefficient of oxygen on the capillary wall, and k,
is an empirical constant. If however the gas is strongly adsorbed the adsorbed layer
may be thick encugh to reduce the gas diffusion appreciably, or even fill the pore
[158]. In cases of both bulk and Knudsen the rate of diffusional flow is
proportional to the pressure difference and inversely proportional to the diffusion
path length. The effect of temperature, T, and total barometric gas pressure, P, on the

limiting current, 1, of solid state amperometric oxygen sensors on both types of

lim
diffusion was considered by Dietz [12). For bulk diffusion I, should be independent
of P but proportional to T*'. For Knudsen diffusion 1, should be proportional to
both T-°* and to P. Surface diffusion has not yet been reported to occur in practical

amperometric devices.



Chapter 1 41

1.8 AIMS AND OBJECTIVES

The overall objective was to demonstrate the feasibility of fabricating practical
miniature zirconia amperometric 0xygen gas sensors, including integral heating, using
planar thick-film technology exclusively.

The achievement of this necessitated investigations of the following aspects:
(i) Screen printing of electronically conducting electrodes (platinum and
_platinum-zirconia cermets) capable of withstanding firing temperatures in excess of
1300°C and characterisation by electrical tests.
(ii) Preparation and screen printing of zirconia pastes, drying and firing to sinter
to very low, though not zero, porosity: characterisation of the sintered film by
scanning electron microscopy (SEM), X-ray diffraction and AC impedance
Spectroscopy. |
(ii1)  Preparation of complete sensors comprising an electrode layer, an electrolyte
layer and a second electrode layer and cofiring where appropriate: characterisation
of these sensors in air-nitrogen mixtures and in the flue gases from a gas burning
system.
(iv)  Printing of thick film platinum heaters: characterisation after treatment at
temperatures above 800°C for extended periods of time using SEM, resistance

measurements, cross—sectional area and platinum loss measurements.
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EXPERIMENTAL

“ A Scientist is like a traveller without a map "
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21 GENERAL

The major items of equipment, materials and procedures with general application
are discussed in this chapter. Details of techniques, where specific to a particular

chapter, are provided in the relevant chapter.

2.2 EXPERIMENTAL MATERIALS

2.2.1 Zirconia powders

The zirconia powders used were 3 mol% and 8 mol% (Y,0,) yttria stabilised
zirconias, referred to as 3Y and 8Y zirconias respectively prepared using a hydrolysis
method by Toyo-Soda (Japan) and obtained via Whitfield & Son (U.K).

2.2.2 Screen printing vehicles
The organic vehicles used for the preparation of the screen printable zirconia pastes
were obtained from Electro Science Laboratories (ESL) UK Ltd and were of the type:
400 : resistive cermet screening vehicle
401 : thinner; very slow drying
403 : dielectric vehicle

2.2.3 Platinum inks

The platinum inks used were commercially available 5544 fritted and 5542 fritless
compositions purchased from ESL. The detailed compositions of the pastes are
considered proprietary information by the manufacturer; ink 5544 is known to
contain an admixture of a glass whereas 5542 is guaranteed to contain platinum only,

after burnout of the organic constituents.

2.24 Substrates

The substrates used were ceramic squares (25 mm edge and 700 pm thick) from
Coors Ceramics Electronics containing nominally 96 and 99.6% by weight of
alumina. The chemical constitution of the substrate is given in Table 2.1. The
physical, mechanical, and thermal characteristics of the substrate are summarised in
Table 2.2. Substrates were used as supplied by the manufacturer without any further

cleaning, abrading or polishing processes.



Chapter 2 44
Material Substrate Type
Coors ADS 96 Coors ADS 996
ALO, 95.1 99.2
Si0, 2.3 0.52
Ca0 0.01 0.07
MgO 1.9 0.23
Table 2.1 Chemical Analysis (weight %) of the alumina substrates. (Source: Pitt
[159]).
Property Substrate Type ||
Coors ADS 96 | Coors ADS 996 "
Bulk density / g cm™ 375 3.88 "
Thermal conductivity at 20°C 34.7 26
/W m!K?!
Coefficient of thermal linear 8x107¢ 8.3x10°¢
expansion (per °C in the range
25-1000°C)
Resistivity at 20°C / Q cm. >10" T s10#
Surface finish-CLA" / pym 072 0.19 "

‘Centre Line Average
Table 2.2

Substrate characteristics (Source: Manufacturer’s data sheet)

2.3 APPARATUS AND PROCEDURES

2.3.1 Profiles

Dimensions and profiles of the thick—films were obtained using a Tencor

Instruments Alpha-Step 200. The force applied by the traversing stylus was 8 mg.

The tip of the needle was rounded with a radius of 2.5 pm. The vertical and

horizontal resolutions of the instrument were 0.5 nm and 40 nm respectively. The
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instrument was calibrated using a 850 nm standard step supplied by the manufacturer.
The software in the Alpha-Step provided a graphical output of the trace and
calculated the average height, the width and area relating to the film profile.

2.3.2 Weight messuring scaies
The balance used was a Precisa analytical balance model 300A reading to 0.1mg.

2.3.3 Triple roil mill
This was a Model 1 from Pascall Engineering, fitted with porcelaine rollers and
a PVC take-off blade.

2.34 Viscometer & viscosity standard fiuids

A digital cone and plate type viscometer, model HBTDCP (Brookfield
Engineering Laboratories, USA) was used. The viscosity of the pastes and liquids
was measured on the plate whilst this was held at a constant temperature of 25°C

using water from a constant temperature water bath.

The viscometer calibration was checked using the following calibrated viscosity
standard Newtonian liquids obtained from BDH.
Viscosity at 25°C (cPs) / Lot number :i) 5060 / 121889; ii) 29520 / 091289, iii)
95200 / 082989

2.3.5 Chemicals
The following chemicals supplied by BDH Chemicals were used:
i) SpectrosoL platinum standard solution (1000 + Sppm) in a matrix of 0.5 mol I'!
hydrochloric acid containing chloroplatinic acid as the solute.
ii) AnalaR nitric acid with a specific gravity of 1.42

iii) AnalaR hydrochloric acid.

2.3.6 Screen-printing
Pastes were ‘printed onto the alumina ceramics using a model 1202 DEK

screen—printer. The ambient temperature during printing was 19°C. The printing
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screens were obtained to given specifications (Table 2.3) from DEK Screens

Division.

The pattern of the print was formed using the Autocad computer—aided design
package. A 20:1 scale copy of the pattern was then transferred onto Rubulith (a two
layered plastic sheet material comprised of a red and a clear layer) using a modified
Ferranti flat bed plotter with the pen replaced by a scalpel. The scalpel cut only
through the red layer of the Rubulith. Removal of the appropriate part of the red
layer of the Rubulith formed the pattern. This was photographically reduced down
to final size onto copyproof sheet using an Agfa-Gevaert (RPS 2024 Mk4) exposure
unit. The copyproof sheet was developed using an Agfa-Gevaert (CP 530) developer.

The screen, masked by the full scale pattern, was exposed to vltra violet light with
the aid of a screen exposure unit (DEK model 107). The screen emulsion was
hardened where the radiation fell upon it leaving the areas delineated by the pattern

soft enough to wash away with water and expose the screen mesh from both sides.

Screen Screen specification
function Mesh count | Mesh angle | Open area Emulsion
per inch / degrees !/ % thickness / pm
e
Platinum-- 325 90 40 25
heater films
Electrode and 200 90 42.5 13

Cermet films

Zirconia films 200 90 42.5 50
100 90 68.0 50
Ethed metal 50

mask

Table 2.3  Specification of screens used.
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2.3.7 Drying and firing

The printed inks were dried using an infra-red dryer (model DEK 1209). All
higher temperature treatments were given using a Carbolite m;ufﬂe furmace (model
RHF 16/3) of thé fast heating type, able if required to reach a maximum of 1600°C
from room temperature, in less than 1 hour. This furnace was equipped with a
Eurotherm model 8 18P temperature controller providing three term (PID) temperature

control.

2.3.8 Resistance measurement

All room temperature electrical resistance measurements were made using a four
point probe technique to eliminate contact resistances. A constant current source (Fig.
2.1), adopted from Horowitz and Hill [160] was constructed to apply a current
L., of 1000pA, adjusted using a 10 trn trimmer R,, through the sample; the
resistance was obtained from a measurement of the resulting voltage across the
sample. The low applied current avoided any significant resistive heating during
measurerﬁent.'The magnitude of the applied current was regularly checked using a

Solartron (Type 7150) digital multimeter.

-2.3.9 Scanning electron microscopy and Image analysis equipment

Samples were examined using either of two scanning microscopes. O-ne was a
Cambridge Instruments Stereoscan 240 equipped with a Link Analytical AN 1085
energy dispersive X-ray system. The other was a JEOL 733 superprobe electron
microscope used for feature analysis and image digitisation with the aid of Link

Analytical iniage analysis software.

2.3.10 Chemical analysls

Wet-chemical analysis was performed with a Pye-Unicam SP9 atomic absorption
spectfometer (AAS) burning an air-acetylene mixture (burner widtl} 10 ém). The
hollow cathode lamp (for detecting Pt) was supplied by SJ electronics and was
operated with a current of 10 mA. Class A calibrated glassware were used to prepare

the standard solutions.
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"~ g +OV

Four point probe

. Sample g v

Figure 2.1  Electrical resistance measurement using a current source and a
four point probe.

The technique involved dissolution of the platinum on the surface of a substrate
in a solution of aqua regia (3 volumes hydrochloric 10 1 nitric acid) and comparison
of the absorbance value (output of AAS) with those of previously prepared standard

solutions of known platinum concentrations.

Sample preparation
The samples (substrates incorporating printed platinum films, having been given

the appropriate thermal treatment) were placed in a small beaker containing 20 ml
aqua regia. The beaker was subsequently covered and heated using a bunsen burner,
thus allowing the contents to boil gently for 15 minutes. The contents were
continuously agitated by gentle swirling of the beaker. The bare substrate was
removed and washed into the beaker with distilled water. The contents from the
beaker were transferred to a 100 ml measuring flask. To ensure maximum transfer of

the dissolved platinum from the beaker to the flask, the beaker was rinsed thrice with
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distilled water directly into the measuring flask. Prior to obtaining the absorbance
value the flask was filled to its 100 ml marker point, stoppered and the contents
thoroughly mixed.

Preparation of the standards
A series of standards was prepared with known Pt concentrations by diluting the

platinum standard solution. Abscrbance values were obtained for these standards
using the atomic absorption spectrometer (AAS). This established a relation for

converting absorbance values to platinum concentrations.

Care was taken to ensure that the standard solutions were prepared in the same
* way as the sample solutions. The required amount of Pt standard solution was added
to a beaker using a class A burette, together with 20 ml of aqua regia and a blank
alumina substrate. The beaker contents were gently heated for 15 minutes prior to
transfer of the contents to a measuring flask which was filled to 100 ml with distilled
water and thoroughly mixed. To check the effect of the acid concentration on the
absorbance values, standards of the same concentration were prepared using no aqua

regia.

2.3.11 Temperature and gaseous environment controi for sensor testing
Gas mixing arrangement

The sensor was mounted in an enclosed environment where oxygen concentration
was controlled (Fig. 2.2a) by mixing flows of oxygen—free nitrogen (British Oxygen
Company) and air using mass flow valves (Type 5850TR and 5850E) from Brooks
Instruments. These valves controlled flows in the ranges of 0-10, and 0-100 ml min™,
A control unit (Brooks Instruments, Type 5878) was used to allow setting and digital
reading (3% digits) of the flows to be achieved. The total gas flow rate to the sealed
environment enclosing the sensor was always maintained at 100 ml min™', A regular
check of the calibration of this equipment was conducted by measuring the time
taken for a soap bubble sealing the flowing gases from the atmosphere to travel
through a fixed volume of a calibrated burette. The checks of the calibration
correlated to within 1% of the flowmeter setting.
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Temperature control

The furnace used consisted of an alumina tube with a non-inductive winding;
temperature was controlled to better than £3°C using a remote-setpoint three-term
controller {(Eurctherm model 810} with a type K thermocouple located adjacent 1o the
sample.

Sample placement

The sample was mounted in the furnace within a silica tube; this enabled control
of the gaseous atmosphere around the sample using the gas mixing apparatus.
Electrical connections to the sample were made using platinum wire {150 pm in
diameter); these were screened to within 10 mm of the sample using a stainless steel

sheath rod. The experimental set—up is shown in Fig. 2.2,

EEL)
(Q) CONTROLLER -
METER

mass {low valve

nitrogen
( b) furnace Pt PL13%Rh  spring 4 -bore ' brass head
winding wires  wire lvading  alumina tube components

(watetcooled)

= A =T
g I’_Z/////fﬁ ?77?2@**"

L[/ /77771 izzﬁﬁﬁ
PP glsauf

{via bubbler)

et en ] T ]

N T e e e e T T
ooooooo-oooolo

alumina sensar  aluming silica 0-ring SErew
disc tube tube el thread

Figure 2.2  Experimental arrangement for measurement of sensor
characteristics. {a} gas mixing arrangement, (b) furnace arrangement.
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2.3.12 A-C impedance analysis

The system used for impedance analysis was a commercial arrangement made and
interfaced to a computer by Hewlett Packard Ltd. This had a fécility for inputting the
area/length ratio for each sample and provided complex plane impedance plots of the
data. The measurement system was checked using dummy R-C circuits containing

components of known values.

2.3.13 X-ray analysls

This was carried out with the following automated equipment supplied by Philips:
PW 1730/10 high performance 4kW 60kV constant potential generator; PW 2253/20
broad focus copper anode X-ray tube; PW 1752/00 graphite monochromator; PW
1711/10 xenon proportional counter; PW 1050/81 goniometer and step motor; PW
1710/00 automated diffractometer control. Measurements were performed by the
step—scanning method at a goniometer scan speed of- 0.1 degrees of 20 per second
and generator settings of 45kV and 55 mA. The patterns were outputted on a

Tectronics terminal and subsequently on a graphics plotter. '

All samples for X-ray diffraction were flush-mounted into the aluminium sample

holders by backfilling with plasticine against glass slides.



CHAPTER 3

THICK ZIRCONIA FILMS
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3.1 INTRODUCTION

Thick film technology has not commonly been used to prepare dense high purity
ionically conducting ceramics. The technology requires that sintering be performed
without high pressure compaction. lonic conductivity considerations dictate the
absence of inclusions such as sintering aids which remain as impurities in the
sintered films. Furthermore the films are constrained - from sintering (and
consequently shrinking) normally in three dimensions by their adhesion to the
substrate. Thus careful optimisation of the process was required to prepare dense,
high purity layers sintering at relatively low temperatures. It was essential that films
adhered well to the substrate and consequently interactions with the substrate were
also important.

" In this chapter the preparation of low porosity zirconia thick films is first
considered in detail. This is followed by the characterisation (physical, electrical and
crystallographic) of these films.

3.2 EXPERIMENTAL
3.2.1 Fabrication of dense zirconia iayers by screen printing

The stabilized zirconia powders were first calcined at various temperatures and
their tap density measured. The tap density is that corresponding to the maximum
packing achieved by gently tapping a container of the powder until there was no

observable change in the volume occupied by the powder.

Prior to paste manufacture the powders were calcined at 700°C for 30 minutes in
order to remove any adsorbed moisture and combustible impurities. The powders
were then mixed with a range of organic vehicles in various proportions (Table 3.1)
in a pestle and mortar followed by more intimate mixing using the triple roll mill.
Samples were taken from the resulting pastes and characterised using a viscometer
to determine their rheological properties and dispersed nature. The precise
composition of the pastes was measured by ashing the paste (evaporating the vehicle
at low temperature followed by a 700°C firing for 10 minutes) and measuring the

weight loss. Insignificant vehicle loss by the mixing procedure was indicated.
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The pastes were screen printed using a DEK Model 1202 machine onto 96 and
99.6% alumina substrates. The films were allowed to settle for 10 minutes prior to
drying slowly in an infra-red dryer at 150°C to remove solvent and at 400°C to
remove organic binders. Repetition of the print and dry (at both 150 and 400°C)
procedures was used to build up the thickness of the zirconia films. The dried films
were then subsequently fired for 1 hour at a temperature in the range 1300°C to
1600°C. Where an intervening layer of platinum (between the substrate and the film)
was incorporated this was printed using a fritless ink (Type 5542 from ESL).

3.22 Scanning electron microscopy
Fracture edges were generated for examination by scribing the back face of the
substrate and snapping. Microstructure of the films was investigated using the

Cambridge Instruments Stereoscan 240 scanning electron microscope.

3.23 Examination using X-ray diffraction

X-ray diffractometer traces were obtained for the as-received zirconia powder, the
zirconia films as printed and dried and as sintered on 96 and 99.6% alumina
substrates at temperatures up to 1600°C for 1 hour. Diffractometer traces of both
types of alumina substrate were also obtained so that peaks relating to the alumina
could be eliminated. Line traces were obtained over a range of 20 from 20° to 90°.
Emphasis was placed on the part of the profile where 20 = 25°-33° as this contained
the strongest peaks for the monoclinic phase (~28.3° for (111°) and 31.7° for (111))
and for the metastable tetragonal phase (30.5° for (111)). The volume fraction of the
monoclinic phase, V_,, was estimated according to the Equation [161]

_ 13X, a.1)
=71 . 0311 X

where X is the integrated intensity ratio defined as

- Ip_(1117)+Ip_(111) 3.2)
Ip,_(1117) +Ip_(111) +Ip (111)

calculated using the intensities (peak height), of the monoclinic (Ip,) peaks (1117)
and (111) and the tetragonal (1p,) peak (111) from which the background radiation
had already been subtracted.



Chapter 3 ' : : 55

3.24 Electrical characterisation of the films

Electrical characterisation was performed using the Hewlett Packard frequency
response analysis equipment. The technique, referred to as impedance spectroscopy
was first applied to measure the conductivity of ceramic ionic conductors by Bauerle
(162]. 1ts principal advantage over DC measurements is that it enables the
contribution of the grain interiors and grain boundaries to the total conductivity to
be separated. Baurle used zirconia with platinum electrodes and showed that the
resistances due to the grain interior, grain boundaries and electrode-electrolyte
interface could be resolved in the complex admittance plane. Subsequent workers

chose to work in the impedance plane obtaining a graphical representation that was

more readily analyzed [163,164].

b
i

R e R

Figure 3.1 (a) Printed platinum strips used for electrical connection to the
sample, (b) Photograph of a sample on an alumina substrate used for A-C
impedance measurements (c) Zirconia thick-films (circular).

A-C impedance measurements were made perpendicular to the plane and
transversely across the surface of the zirconia films. Measurements, made
transversely across the surface of the film, were facilitated by two parallel platinum
strips (Fig. 3.1) which were printed (using fritless platinum paste, Type 5542)

following thermal treatment of the zirconia films. Platinum wires (100 pm in
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diameter) were attached to the strips (using the previously-mentioned paste) and
subsequently fired at 1000°C for 30 minutes; the resulting platinum strips were 5 ym
thick. The separation of the strips was measured vsing calibrated optical microscope
slides and verified by Alpha-step measurements. The thickness of the zirconia films
was measured by the Alpha-step. The separation of the platinum strips and the
thickness of the zirconia films enabled the electrical characteristics of the zirconia
thick-films to be normalised to unit dimensions. In order to eliminate end effects the
separation of the electrodes was chosen to be large (typically 1 mm) compared to the
thickness of the electrolyte layer (<30 pm).

3.3 RESULTS AND DISCUSSION

3.3.1 General

This discussion is presented in two parts. In the first part (§ 3.3.2), studies related
to the preparation of low porosity sintered zirconia layers on alumina substrates is
discussed. In the second part (§ 3.3.3) characterisation of the electrical,
microstructural and crystallographic properties of the films, with film thickness, firing
temperature and alumina substrate purity as variables are discussed. Such
characterisation is important and the techniques powerful because the electrical
properties of stabilised zirconia depend strongly upon the microstructure,
crystallographic form and grain boundary effects [165].

3.3.2 Studies related to the production of low porosity zirconia thick films
3.3.2.1 Powder treatment

Scanning electron micrographs of the as-received powders (Fig. 3.2) show that
dense agglomerates of 40-160 microns in diameter (but mostly of 110 microns
existed). These were composed of particles of 0.3-1.0 microns in diameter. Crushing
of the loose powder in a pestle and mortar may have broken up the agglomerates but
these presumably reformed due to large interparticle attraction forces. Firing of the
as-received uncompacted powders at temperatures normally sufficient for sintering
did not result in the formation of a compact ceramic. Intra—agglomerate sintering was
observed but there was no sign of the agglomerates fusing to form a compact body.

The mean agglomerate size (average of 100 agglomerates intercepted by a single
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straight line drawn across a micrograph) and the "tap” density, both as a function of
the sintering temperature are shown in Fig. 3.3; the bulk density of the zirconia was
quoted by the manufacturer 1o be 6.05 g cm™. The agglomerates began to sinter at
around 1000°C as shown from tap density measurements. High tap densities have

previously been associated with high agglomerate densities [166]; this is
supported by figure 3.3. These results indicate that the 3Y began to compact during
sintering about 50°C below the 8Y powder. This may have been due to a smaller
particle size of the 3Y compared to the 8Y powder. Figure 3.3 shows that there was
a large volume decrease (~95%) within the agglomerates (3Y powder) upon sintering
the as received loose powder (mean agglomerate size of 110 pm diameter) to 1450°C
(40 pm diameter). Tap density measurements at 600°C show that the as received
powder had a porosity of ~80%; the porosity within agglomerates was thus expected
to be less than this value. The large observed decrease in the agglomerate size
suggests that they began to break down to smaller diameters during firing (it is not
expected that break-up continued when they began to sinter). Further decreases in the

agglomerate diameter were due to sintering.
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(a) FOKU HD:24MH 5:88080 P:020

RCOHIUNM

(b) 60, 5KX  3BKU WD :4MM $:00008 P:0EBO2

Figure 3.2 Scanning electron micrographs at two magnifications of the as
received 3Y zirconia powders. Cursor lengths show the magnifications.
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Figure 3.3  Firing temperature (held for 1 hour} vs tap density and mean
agglomerate size. O,8Y tap density, @; 3Y tap density, ¢; 3Y mean agglomerate
size.
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3.32.2 Paste characterisation

Composition

Compositions of the various pastes prepared are shown in Table 3.1.
Paste Vehicle / % wt
Number ESL 400 ESL 401 ESL 403

K T P T
3d e 28
3b | e 30 | e
3 | e K
3e | e 38 000 | eeeeeee-
4 38 | e |
4a L — ————
4b 'L J [ S —
4c 0 ] e e
4d 60 ]l —————-
4e 70 e e
Sa | e | emmemeee 30
5 e 34
5b —————— | e 40

Table 3.1 Zirconia paste compositions; the remaining percentage was made up

of 3Y zirconia powder.

Rheological behaviour

Typical examples of the flow behaviour of the various pastes prepared are

described below with reference to the paste number 4d. The decreasing viscosity with

increasing shear rate (Fig 3.4) and shear stress dependence on the shear rate (Fig.

3.5) demonstrate the pseudoplastic properties of the paste.
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Figure 34 Viscosity dependence on shear rate for paste number 4d; O, mixed
in pestle and mortar: @, roll milled for 10 minutes; § roll milled for 1 hour..

Plots of the data according to the following expression: T= {y*¢ (Eq (1.13) (Fig.
3.6) show the index q to be in the range of 0.7 and 0.9; a value less than one is
expected for pastes with pseudoplastic behaviour [167]. Pseudoplasticity was
exhibited by all the pastes made and was important as the pastes were required to
exhibit low viscosity during printing but high viscosity once deposited. Low viscosity
allowed the pastes to be readily forced into the mesh apertures (o wet the substrate
and then to be pulled through the screen without leaving a significant amount of
paste in the screen "fabric”. After printing, the paste no longer under shear reverted
to a high viscosity; the time available before the deposit dried had only to be
sufficient for a localised levelling between adjacent undulations resulting from the
mesh of the screen so that the deposit could hold its form during the drying and

firing processes. .
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Figure 3.5 Shear stress vs shear rate for one zirconia paste containing 40%
by wt 3Y zirconia dispersed in ESL 400 vehicle. O; mixed in pestle and mortar,
@; roll milled for 10 minutes, v roll milled for 1 hour.

The decreasing torque with time at a fixed shear rate (Fig. 3.7) show that

roll-milling of the paste reduced the degree of thixotropy (remember that thixotropy

refers to the property of changing viscosity with shearing time). A high degree of

thixotropy often is not a desirable feature when pseudoplastic behaviour is important.

If the paste viscosity were to remain low immediately after deposition, the

advantages of high viscosity at low shear rates would be lost. A rapid recovery (<1

second) of high viscosity with reducing shear rate was essential and seemed to be

exhibited by the pastes although it was not measured.

Screen printing normally subjects the pastes 1o shear rates of around 100-200 s’

[168] whilst the ink is passing through the mesh opening. Screen printing inks

are normally considered to print best [168] when viscosities are around 400-500

poise at shear rates of 100 s™ and above 30,000 poise at a shear rate of 0.1 5™ to
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Figure 3.6  Log,, of viscosity vs log,, of shear rate for paste number 4d. O,
mixed in pestle and mortar; @, roll milled for 10 minutes; v, roll milled for 1
hour.

prevent excessive flow during levelling. These criteria were satisfied by most of the

pastes prepared.

Dispersed state of the pastes
Cassons equation, n* = n.* + 1, v* [Eq. (1.15)), suggests that if the square

root of viscosity is plotted against the reciprocal of the square root of the shear rate,
a straight line should be obtained with an intercept of n_* and slope of 1%
Depending upon the shear history of the paste, viscosity-shear rate data have been
shown [151] to exhibit a varying value of 1%, and a common value of 1_* for well
dispersed thixotropic materials. Flocculated (non-dispersed) materials show ill
defined values of 1" Such parameters can be used to identify a flocculated or
dispersed state in a paste and its shelf stability. Figure 3.8 shows that pastes mixed

in a pestle and mortar had a flocculated nature as a common value of 1_* was not
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Figure 3.7 Real time measurement of torque at a fixed shear rate for paste
containing 40% wt 3Y zirconia and ESL 400 vehicle (a) mixed in a pestle and
mortar, (b) roll milled for 1 hour.

obtained between the agitated (sheared) and non-agitated (unsheared) pastes.
Subsequent mixing of the paste for 30 minutes in a triple-roll mill showed a
common value of 1n.* between sheared and unsheared pastes confirming their
well-dispersed state.

Figure 3.9 shows the relationship between solids loading and viscosity of the
.zirconia pastes made with ESL-400 screening vehicle; the use of this vehicle
provided. very good dispersion. Viscosities of the pastes, made by mixing in a pestle
and mortar, were lower than those obtained after roll milling for all solid loadings.
This was presumably because the vehicle was not uniformly mixed with the powder.
The high shear action created by roll milling resulted in a more uniform mixing in

the paste by dispersing the particles within the agglomerates.
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Figure 3.8  Square root of (viscosity vs reciprocal shear rate). Paste mixed in
pestle and mortar: O,unsheared; v sheared. Paste roll-milled: @ unsheared;
v sheared.

3.3.2.3_Printing and drying of the pastes .

Attainment of the correct rheology of the zirconia pastes was an imporiant factor
in obtaining homogeneous- green microstructures. Very viscous pastes did not allow
the deposit to level sufficiently after deposition leaving the imprint of the mesh
marks of the screen; this provided a source of film inhomogeneity. The printing of
fairly viscous pastes was improved by using an etched metal mask screen. It was
thought that the printing of viscous pastes would facilitate higher green densities of
the dried deposits. However no such advantage was obtained. Very low viscosity
pastes, on the other hand, slumped upon deposition losing film definition.

During storage minimal settlement or agglomeration of the particles held in

suspension was desirable. Excessive (~70% and above) or insufficient (~40% and
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Figure 3.9 Viscosity dependence with vehicle content (ESL 400) in the 3Y
zirconia pastes after roll-milling for 1 hour.

below) amounts of vehicle (ESL 400) in the pastes both resulted in an
inhomogeneous mix and segregation of the solid and liquid phases upon storage.
Such pastes could not easily be printed to defined patterns and severely agglomerated
upon drying. The consistency of the composition and rheology of the paste were
important for reproducible results.

The most desirable green microstructures were obtained with paste 4d, which
contained 40% by weight solids in the paste as this provided optimum dispersion and
an appropriate viscosity for a screen printing paste. Consequently this composition

was selected for all further experimentation.

Air drying in a furnace particularly at high rates of temperature ramp, caused the
surface of the deposit to become, at least in part, sealed against further removal of
the vehicle. This resulted in a build up of gas pressure within the deposit which
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disrupted the homogeneity of the green microstructure and caused the film to crack.
Slow drying with the use of an infra-red drier produced the most homogeneous green
bodies for a given paste. The infra-red heat source caused slow and homogeneous
heating throughout the film and hence promoted homogeneous vehicle removal

without sealing the surface.
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Figure 3.10 Variation of dried deposit thickness with number of prints: O;
mixed in pestle and mortar, @;roll milled, v,following firing at 1400°C for 1
hour.

Non-dispersed (after mixing in a pestle and mortar) and dispersed (after roll
milling of the same paste) were printed onto 99.6% alumina substrates using paste
4d. A single screen and pattern were used under identical printing conditions and a
number of successive print-dry cycles provided progressively thicker deposits; each
successive print was dried for 10 minutes at 150°C, at 450°C and at 700°C. The
deposit thickness was in direct proportion to the number of prints in both cases (Fig.
3.10) but the thickness of the resulting films was lower for the dispersed than the
non-dispersed pastes. This is presumably due to the presence of agglomerates in the
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latter pastes that create large pockets of porosity limiting the attainable density.
These observations are consistent with those of Fennelly and Reed [169] who

also achieved higher packing densities with well dispersed slurries.

A major advantage provided by the preparation of a paste with solids
well-dispersed in a medium was that upon printing, the powder remained in this
well-dispersed state. This aided packing of the deposit upon drying resulting in
compact bodies of high density upon siniering as opposed to the sintering of a loose
powder which did not form a unified body (§ 3.3.2.1).

3.3.2.4 Sintering

General observations

Screen printed matenals are required to bond to the substrate upon sintering.
Adhesion of the film to the substrate constrains the shrinkage during sintering to one
dimension; it would be expected that this would result in strain in the plane of the
deposit. If cracking is to be avoided it would seem that the adhesion force should
become operative before the beginning of compaction by sintering. This force would
need to be great enough during sintering in order to prevent the screened layer from
becoming detached. A tendency to sinter in 3 dimensions caused the film to crack
and peel off the substrate demonstrating the "cracked-mud" appearance of Fig. 3.11
(sintered at 1400°C for 1 hour; the ramp rate to the sintering temperature and back
to room temperature was 30°C min™'). There was a limit on the thickness of the films
that could be produced by a single print-dry-sinter cycle without cracking and peeling
from the substrate. An explanation for this could be that the thicker films had a
greater tendency to sinter in 3 dimensions than did the thinner films. The part of the
film adjacent to the substrate adhered sufficiently well to the substrate to be
constrained from shrinking in the plane of the deposit; the free surface and the
remainder of the film on the other hand, provided some unconstrained sintering. This

caused cracking and localised bowing of the film with a consequent loss of adhesion.

The maximum thickness of a film (printed using a well-dispersed paste) which
sintered without cracking afier a single sintering cycle (irrespective of the number

of print-dry cycles) was around 30 pm after sintering. Thicker deposits could be
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Figure 3.11 (a) Top view and (b) perspective view of "cracked mud"
appearance in a 3Y zirconia thick-film ﬁhown as (i )/simered an 96% alumina

shown as (ii )} The cursor length in (a) refers to the left half, the highlighted
area on the left is shown to the right at fourfold magnification.
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produced by the successive print-dry-sinter of additional layers. The inter-adhesion

of such layers was good but was not further investigated in this work. Crack-free

263X 30KY WD :25MHM cdYPUY P BUEEY

200N X4

Figure 3.12 Result of depositing a paste made of a powder presintered at
1400°C for 1 hour and subsequently firing at 1500°C for 1 hour. Cursor length
shows the magnification.

layers were more difficult to achieve as the green deposit became thicker. Firing of
the as-received powders caused intra—agglomerate sintering producing strong
aggregates. Pastes made with such aggregated powders were used to build up
crack—free layers thicker than those possible using non—aggregated powders by
reducing shrinkage and hence compaction forces upon sintering. Consequently the
maximum deposited thickness producing crack—free layers was dependent upon the
density of the green deposit. However such layers even though crack—free were
highly porous (Fig. 3.12). These deposits were composed of sintered aggregates and
pockets of porosity between these aggregates. The reduced surface free energy that
presumably resulted from the larger particle size (resulting from sintering) of the
aggregates meant that it was almost impossible to close the pores within such layers;
this required excessively high treatment temperatures as further densification could
only be achieved by particle growth [125].
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Figure 3.13 Microstructural inhomogeneities after firing. The magnification
is shown by the cursor length.

Green microstructures obtained from pastes prepared by mixing the as-received
powder with vehicle in a pestle and mortar showed cracking upon sintering. This is
attributed to the existence of agglomerates in such pastes (§ 3.3.2.2) leading to the
formation of rather strong apgregates during the sintering step [132] of the
print—dry-sinter cycle; these agglomerates were not broken down during the mixing
process and may have been the cause of the observed microstructural
inhomogeneities during the firing process (Fig. 3.13). Porosity inhomogeneities were
a source of inhomogeneous sintering providing coarse grained regions in the sintered
compact. Hence the use of monosized and unagglomerated powders in the green

deposit were important for producing films of low porosity.

Dried deposits heated rapidly (~10-50°C min™) to temperatures above 1400°C
showed severe cracking. Defect-free layers were produced in two ways: these

involved the use of slow ramp rates of 3°C min™' to reach the sintering femperature
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or prefiring of the deposit at a lower temperature such as 1100°C for one hour prior
to the higher temperature sintering. Prochazka and Coble [170) were also able to
avoid crack formation by prefiring at a temperature lower than the sintering
temperature when sintering bulk alumina (it should be noted here that both alumina
and zirconia sinter by a solid state diffusion process [171]). It is postulated that
high temperature sintering caused rapid densification giving rise to stresses exceeding
those of interparticle bonding. Prefiring at lower temperatures (lower than those
resvlting in cracking, ~1400°C) caused the interparticle neéks to grow with time
[170] and thus build up sufficient strength to overcome the stresses caused by fast
densification rates at the higher temperatures, thus avoiding cracking. At a
temperature of 1300°C the two competing processes may have been occurring at
rates such that the size of the interparticle necks was sufficiently large to prevent

cracking.

Fast ramp rates to the sintering temperature also caused temperature gradients
within the film due to radiant heating of the film’s surface. Temperature gradients
were detrimental as regions at the higher temperatures sintered before the remainder

creating stresses that disrupted the homogeneity of the green microstructure.

Influence of agglomerates

The agglomerate size of the as-received zirconia powders used (~110 pm) was
larger than the dimensions of the thick-films produced (3-30 pm). Thick—film
processing involves sintering under no external forces such as compaction; such
forces can break up the agglomerates and hence reduce their effects during sintering.
Therefore dispersion of the agglomerates within the paste was important as they have

a more negative influence on the gas tightness of planar films than of bulk materials.

When the agglomerates were not totally dispersed prior to firing, then intra-
agglomerate sintering formed aggregates so reducing the surface free energy of the
compact and as a result required high sintering temperatures to remove pores
between agglomerates. Lange and Metcalf [172] have reported that differential
shrinkage brought about by various sized agglomerates having different bulk densities

caused cracking in bulk ceramics. The same effects could explain cracking observed
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upon sintering of films deposited uvsing pastes that were not well dispersed.

Some obvious defects caused by large particle agglomerates that existed within
the zirconia pastes were as follows. When the aggiomerate size was similar to the
deposit thickness, the evaporation of the carier vehicle led to a decreased deposit
thickness around the agglomerate but not within it resulting in a crack around the
agglomerate. When agglomerates were buried within the film the air they contained
expanded during the drying creating a defect in the film just above the agglomerate.
The different densification rates of the agglomerates relative to the surrounding
matrix caused them to pull away from the matrix, leaving a large pore where the
agglomerate was partially detached from the matrix (Fig. 3.13) again resulting in a
defect. The same effects have been observed in bulk ceramics [132,119]). This type
of porosity was almost impossible 10 close due to the undesirably large co-ordination
number of the pores. Large voids are thermodynamically stable and do not shrink
during the firing process [118,173]). Large pockets of porosity also acted as

critical flaws for fracture initiation.

1t has been demonstrated in this work that no advantages can be gained by partial
sintering of the agglomerated powder prior to deposition and further sintering if the
requirement is a film of very low porosity. The higher the pre-baking temperature of
the powder, the lower its surface free energy will be thus reducing the driving force
for sintering. Consequently, higher temperatures are then required for further
densification. In the inter-agglomerate pore region a critical pore size exists that
defines the transition from convex to concave surfaces. In géneral. surfaces tend to
move toward their centre of curvature; thus pores with convex surfaces tended to '

grow.

Summary of requirements for obtaining low porosity zirconia thick-films.

1. Powders should be mixed with a viscous organic binder system in a triple roll-
mill to produce a homogeneous paste of the appropriate viscosity and solids content
10 hoid the powders in an unagglomerated state.

2. The paste should be printed under conditions enabling it to settle and smooth out,
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and allowed to do so after printing.

3. Drying should be carried out with an infra-red drier using.a selected slow drying
procedure. (The powder, should now be completely de-agglomerated and thus ready
for the firing procedure).

4. Firing temperatures must be achieved using a slow ramp rate (~<3°C™') or a low
temperature firing (e.g. ~1100°C for 30 minutes) should first be given prior to the
final high temperature firing,

3.3.3 Characterisation of sintered zirconla thick films printed on alumina
substrates
3.3.3.1 Microstructural observations
Zirconia thick-films were screen-printed onto alumina substrates and fired for one
hour in the temperaturé range 1300-1550°C. The effects described below were
observed at temperatures of 1400°C and above and have been summarised in a recent
publication [174].

The microstructure of a zirconia (Toyo-Soda, 3Y) film printed onto a substrate of
96% alumina with a partially intervening layer of platinum (5 pm thick) is shown in
Fig. 3.14. A marked difference in zirconia grain size is apparent between that printed
directly onto the alumina and that printed over the platinum. The same effects were
also observed when platinum-zirconia cermets (with platinum contents as low as 55%
by volume) were substituted for the platinum layer. It seemed that platinum was in
some way inhibiting grain growth.

The fracture edges of zirconia films of various thicknesses on 96% alumina
substrates are shown in Fig. 3.15. Clearly grain growth in this case increased as film
thickness decreased. A possible explanation here was that the grain size difference
was the result of differing sintering constraints within films of varying thickness:
thinner films may have been differently constrained during mono-dimensional
sintering due to adhesion with the substrate. A model has been described by Scherer
and Garino [175] which predicts a decrease in the densification rate of
constrained films, the decrease being proportional to the stress that develops.
Alternatively, contamination by components of the substrate may have been
responsible for the accelerated grain growth effect.
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Figure 3.14 Microstructure of a 3Y zirconia thick—film printed over a platinum
layer residing onto 96% alumina. Cursor lengths show the magnifications. (a)
Zirconia over platinum and alumina, (b) Zirconia over alumina only, (c)
Zirconia over platinum.
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Figure 3.15 Fracture edge of 3Y zirconia thick—films of various thicknesses
fired at 1550°C for 1 hour on 96% alumina. The zirconia and alumina layers
are clearly distinct with the zirconia in the upper half of each micrograph. The
cursor length in (a) refers to the left half. The highlighted area is shown to the
right at double magnification.
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Figure 3.16 Fracture edge of 3Y zirconia thick—films of two thicknesses fired
at 1550°C for 1 hour on 99.6% alumina. The cursor length refers to the left
half. The highlighted area is shown to the right at eightfold magnification.
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The latter possibility was investigated by repeating the work with films of various
thicknesses on higher purity substrates (99.6% alumina). The results shown in Fig.
3.16 demonstrate no dissimilar grain growth in this case.

Clearly the variations in grain growth were primarily related to the purity of the
alumina. The compositions of the substrates are shown in Table 2.1 (§ 2.2.4).
Substrate impurities were mainly silica and calcia, added to aid sintering and
densification of the alumina. On 99.6% alumina the zirconia grain size remained
small in comparison with films on 96% alumina. Clearly the high temperatures
required to sinter the zirconia resulted in diffusion of impurities into the thick film
and these accelerated grain growth. The uniformity of grain size in a given film
indicates uniform distribution of impurities and rapid diffusion in the zirconia.
Thicker ceramic layers had a lower impurity concentration and hence slower grain

growth,

- The result in Fig. 3.14 can now be understood. The presence of the platinum layer
impeded the transfer of impurities into the zirconia thick film. The resulting oxide
grain size over the platinum layer was similar to that observed when the film was
sintered on 99.6% alumina. As the platinum film was porous this suggests that
impurity ransport from the substrate to the zirconia thick film probably did not occur

via the gas phase.

The use of zirconia 8Y powder to prepare films (on both 96 and 99.6% alumina)
in the same way 1o that already described resulted in films of high porosity as seen
in Fig. 3.17. Such films also had a tendency to crumble following sintering treatment
at 1400°C and above. Because of the previously mentioned effects, films made using
the 8Y zirconia were not investigated in further detail. Scanning electron micrographs
showed a segregated phase located at the alumina-zirconia interface (Fig. 3.17a).
Energy dispersive X-ray analysis has revealed this segregated phase to be yttria—rich.
Further work is necessary to establish the nature and cause of the segregated phase
observed for the 8Y (made by Toyo-Soda) zirconia films on 96% and 99.6%

alumina.
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Figure 3.17 8Y sintered zirconia thick-films of two thicknesses fired at 1550°C
for 1 hour on 96% alimina showing their porous nature. The cursor length
shown in (a) refers to the left half. The highlighted area to the left in (a) is
shown to the right at fourfold magnification to highlight the segregated phase.
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3.3.3.2 X-ray diffraction studies

The X-ray diffractometer traces obtained for the as received 3Y powder (Fig.

3.18) and for the printed and dried fiims (Fig. 3.19a) are in agreement with spectra
reported in the literature for both the powder [176] and for the bulk solid
[177,178]. The (111) tetragonal peak showed the highest intensity. Further,
the measured value of the "d" spacing of the tetragonal (111) peak was 0.2953 nm,
and can be compared with the range 0.2947 to 0.2946 nm reported in the literature
[178,176]. Inspection of the peaks did not indicate the presence of cubic phase [179].
There were no peaks present that could be assigned to the monoclinic phase, hence
the films were composed almost entirely of tetragonal phase at this stage.

The samples sintered at 1300°C on 96% alumina retained their original structure
as the X-ray diffraction patterns were similar to those measured previously on the
unsintered zirconia film and powder (Fig. 3.19b). When fired at 1500°C on 96%
alumina (Fig. 3.19c¢) significant changes were observed which indicate that in this
case the sample was mainly composed of the monoclinic phase: with reference to
Fig. 3.19a it is clearly seen that the strongest peak of the tetragonal phase (at 20 =
~30.5°) had disappeared. This was associated with the appearance of new peaks at
20 values of 28.3° and 31.7° reiating to the presence of (1117) and (111) monoclinic
planes respectively. Firing at 1500°C on 99.6% alumina did not show the t—m
transformation shown by the films fired on 96% alumina (compare figures 3.19b and
3.19¢).

An indication of the volume fraction of monoclinic phase present, V_, was
obtained using Eq. (3.1} (§ 3.2.3). The percentage tetragonal phase retained in the
film (1-V_) as a function of firing temperature for 3Y zirconia thick-films of similar
thickness (6£0.2 pm) sintered on substrates containing nominally 96 and 99.6%
alumina is shown in Fig. 3.20. Films sintered on the purer substrate retained over
95% of the tetragonal phase when sintered up to 1600°C. Films sintered on the less
pure alumina began to show a transformation to the monoclinic phase when fired at
temperatures above 1300°C and were almost completely transformed to monoclinic
when fired at 1600°C. The effect of zirconia film thickness when fired at 1400°C for
1 hour is shown in Fig. 3.21. Films sintered on 99.6% alumina were composed of a
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Figure 3.18 X-ray diffractometer trace of as received 3Y zirconia powder. Also
shown are the reported peak positions for cubic, tetragonal and monoclinic
phases (c, t and m respectively).
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Figure 3.19 X-ray diffractometer trace of 3Y zirconia thick-films deposited
onto alumina substrates. Also shown are the relevant peak positions relating to
the tetragonal and monaclinic phases (c and m respectively). Peaks marked A
relate to the alumina substrate. (a) printed and dried film on 96% alumina (b}
zirconia thick-film fired at 1300°C for 1 hour on 96% alumina, and zirconia

thick-films fired at 1500°C for 1 hour on (c) 96% and (d} on 99.6% alumina.
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Figure 3.20 Effect of firing temperature on the amount of tetragonal phase
retained in 6um thick 3Y zirconia thick-films fired on @, 96% and v, 99.6%

alumina.

high fraction of tetragonal phase (above 95%) and showed little influence on film
thickness. In comparison films sintered on the less pure alumina showed a marked
dependence of the monoclinic content as the film thickness decreased below ~6 pm.
It can be concluded that the observed transformation of the tetragonal to monoclinic
phase observed in zirconia films sintered on 96% alumina, was primarily related to
impurity diffusion from the substrate into the zirconia film. These impurities, which
accelerated grain growth, caused the grain size to exceed the critical value in the
region of 0.3 - 0.45 pm (Fig. 3.15); it has been reported that a value above this
induces the tetragonal—monoclinic (t—m) transformation in 3 mol% Y,0,-ZrO,
[88). The sharp transition of t—m phase in zirconia films sintered on 36% alumina,

evident in figures 3.20 and 3.21, was due to the uniformity of the grain size (Fig.

3.15).

Films sintered on 99.6% alumina did not show an accelerated grain growth effect
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Figure 3.21 Effect of film thickness on the amount of tetragonal phase retained
in 3Y zirconia thick-films fired at 1400°C for 1 hour on O; 96% and ®; 99.6%
alumina substrates.

(Fig. 3.16) and it is for this reason that they retained the tetragonal phase. By
studying the ageing behaviour of 2.3% mol% Y,0,-Zr0O, with varying silica content
Lange et al [180] concluded that the glassy phase did not play a major role in the
degradation of TZP materials. This indicates that, although the glassy impurities
caused the accelerated grain growth effect, it was not these impurities, but the grains

exceeding a critical size that caused the t—m transformation.

The thermal expansion mismatch between the alumina substrate (8 x10° °C™") and
the zirconia (10-11 x10° °C™' [181]) causes a well-adhered film to be under
tensile stress upon cooling from the sintering temperature. The difference in volume
shrinkage when cooled from 1400°C to room temperature (taking a linear thermal
expansion coefficient for zirconia of 10.5 x10% °C™") is ~0.35% in a linear

dimension. Where a t—m transformation occurs in the thick film this induces a
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volume expansion of —~3% [82] i.e a linear expansion of ~1%; this would act to
relieve the tensile forces induced by the thermal expansion mismatch. Furthermore
the transformation would not take place until the film had cooled below 1170°C [82].
It is interesting that on cooling from the sintering temperature the tensile forces in
the film progressively increase until 1170°C where the t—m transformation (if it
occurs) causes the film to be under compressive forces which are gradually alleviated

with further cooling. This assumes complete transformation (t—m) of the film.

3.3.3.3 Electrical properties

General

The frequency dispersion measurements were analyzed using the eguivalent circuit
in Fig. 3.22a [162]. Generally complex impedance plane plots of polycrystalline solid
ionic conductors show three semicircular arcs corresponding to grain interior, grain
boundary and electrode interfaces [182]. The complete diagram is given in Fig.
3.22b. Arcs on typical complex plane impedance plots (Fig. 3.23) were attributed to
the grain interior (GI), grain boundary (GB) and electrode (El) (compare figures
3.22b and 3.23). In order of decreasing frequency these plots show a very small
(non-existent in some cases) GI arc, a large GB arc and an El arc which extends
below the frequency range employed. It is of interest to note that the existence of the
electrode arc suggests that the conductivity in the films was essentially ionic (in
agreement with previous measurements on pure tetragonal zirconia [183,184]).
The relevant conductivity (o) and capacitance (C) data were calculated for each arc

according to the following relations:

Oar = 1/p, 3.3
Oge = 1/(P—P;) (3.4)
Cg=— (3.5)
(py-pP,) @,
1
C, = 3.6
GI . (3.6)

where the frequency w = 2nf (at the zenith of the semicircle) and p is the resistivity
(estimated from the interceptions of the arcs in the real axis). Capacitance values
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Figure 3.22 (a) Equivalent circuit used for analysis of AC impedance plots, (b)
ldealised complex plane impedance plot for zirconia electrolytes.

were in accordance to those measured by other investigators [165] i.e GI = 1x10'2
F, and GB = 1x10°® F. Arcs due to GI and GB were not modified by changes in the

oxygen concentration whereas the semicircle related to the electrode was, as
expected. At 600°C and above (Fig. 3.23), the resistance attributed to the GI for
conduction in the plane of the film became an insignificant part of the total

resistivity; the resistance was principally due to the grain boundaries. Differences in

the specific area of the grain boundary within the zirconia films (arising from

differences in the grain size of the films) were expected to influence the value of the
grain boundary (GB) conductivity. For a given GB structure the resistivity of the GB

should be inversely proportional to the grain size according to the "brick-layer"
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Figure 3.23 (a) Typical impedance plot obtained for 3Y zirconia films for
conduction (a) perpendicular to the plane of the film at 325°C, (b} along the
plane of the film at 650°C. Films were sintered at 1400°C for 1 hour on 99.6%
alumina. Numbers in powers of 10 denote the frequency in Hz.
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microstructural model [185].

In contrast to the well established behaviour of fully stabilised zirconia (FSZ) the
activation energies (E,) for O, and O, are not the same for tetragonal zirconia
(TZP) [165]. Bonanos et al [165] have reported activation energies for G in the
range 0.92-0.98 eV and for Gy in the range of 1.09-1.12 eV (note that 1 eV =
96.485 kJ mol™),

The conductivity data reported below are the total conductivity ¢, of the ceramic
which was derived from the intersection of the grain boundary and electrode arcs (i.e

Op = (Ogp + Ogr) = 1/[);_)

Comparison of ionic conductivities measured transversely across the thickness and

perpendicular to the plane of the films

It has been reporied [182] that as a rule, the observable range shifts from the left
(high frequency) to the right (low frequency) of the complex resistivity diagram as
the temperature of the sample increases. The high transverse resistance resulting from
a high aspect ratio and the limited frequency range of the impedance analyzer meant
that conductivity values could not be obtained at low temperatures (typically below
400°C) for conduction in the plane of the film. This was in contrast with
measurements made perpendicular to the plane of the films where measurements

were made down to 250°C.

A comparison of the ionic conductivities measured across the plane (AP) and
those measured perpendicular to the plane (PP), of films fired at 1400°C for 1 hour
on 99.6% alumina is shown in Fig. 3.24; values measured across the plane were
lower by a factor of ~5. The differences in conductivity were too great to be
explained by errors in the measurement of the film thickness and electrode area.
Significant alterations to the effective film thickness by diffusion of platinum into the
zirconia film during co-firing the electrodes with the zirconia layer was not observed
(Fig. 5.4, § 5.4.2). Therefore the disagreement was probably due to differences in the
extent of sintering of the films. Microstructural studies (§ 3.3.3.1) revealed a smaller

grain size of the sintered zirconia when an intervening platinum layer separated it
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Figure 3.24 Comparison of total ionic conductivities (measured at 800°C) of

3Y :zirconia thick-films fired at 1400°C for 1 hour on 99.6% alumina, @,

measured across the plane of the films, O, perpendicular to the plane af the
- films, v | 3Y zirconia wafer (300um thick) sintered at 1400°C.

from the substrate (as was the case when measurements were made PP) than without
the intervening layer (as was the case when making measurements AP). It was shown
(Fig. 3.23) that the major contribution to the resistance of the films was related to
the grain boundaries. Thus the increased area of grain boundaries per unit volume
due to the smaller grain size of films used for PP measurements were expected to
result in lower ionic conductivities in the zirconia than when measuring AP; however
the converse was true (Fig. 3.24). This discrepancy may be because the intervening
platinum layer present in films whose conductivity was measured PP, impeded
diffusion of substrate and / or substrate impurities into the zirconia film. It has
previously been shown that impurities such as silica tend to locate at grain
boundaries and raise the GB resistance [186].
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The ionic conductivity measured perpendicular to the plane of the zirconia thick-
film sintered on 99.6% alumina was approximately half that measured for a 300 pm
thick 3Y zirconia disc (Fig. 3.24). This discrepancy may have been due to porosity

in the printed films resulting in tortuosity of the ionic conduction path.

Effect of sintering temperature, substrate composition and film thickness
The ionic conductivity data reported below were obtained from measurements

made transversely across the surface of the film as shown in Fig. 3.1.
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Figure 3.25 Effect of firing temperature (held for 1 hour) on the ionic
conductivities (measured at 800°C) of 6um thick 3Y zirconia thick-films on:
0,96% and @, 99.6% alumina substrates.

The effect of sintering temperature on the ionic conductivities of 3Y zirconia
thick-films is shown in Fig. 3.25. Films sintered on 99.6% alumina showed a sharp
conductivity increase as the firing temperature was increased from 1360°C to 1400°C
and a much smaller increase between 1400°C and 1500°C. Furthermore, for films
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Figure 3.26 Effect of the ionic conductivity (measured at 800°C) with variation
in film thickness of 3Y zirconia thick-films sintered on: O; 96% and ®; 99.6%
alumina substrates.

sintered on 99.6% alumina at 1400°C for 1 hour there was little dependence with
film thickness in the range 3-15 pm on the conductivity (Fig. 3.26). An invariant
conductivity with the film thickness is typical of bulk materials. The film may have
achieved a density close to the maximum when sintered at a temperature between
1300°C and 1400°C.

In contrast to the films sintered on 99.6% alumina, those sintered on 96% alumina
showed highest conductivities when sintered at 1300°C (Fig. 3.25). Increasing the
firing temperature resulted in a continuous conductivity decrease in the zirconia
thick-film; furthermore, the conductivity of the films sintered at 1400°C decreased
with decreasing thickness (Fig. 3.26). The effects observed on 96% alumina could

be explained in terms of impurity diffusion from the 96% alumina into the zirconia,
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causing an increase in the grain size (§ 3.3.3.1) and resulting in a tetragonal to
monoclinic transformation (§ 3.3.3.2). It is well known that zirconias composed of
monoclinic phase have poor ionic conductivities compared to those composed of
tetragonal and / or cubic phases [187]. Films on 99.6% alumina sintered at
J400°C which showed little variation of conductivity with thickness also showed
little grain growth (Fig. 3.16) and were composed of more than 95% tetragonal phase
(Figs. 3.20 and 3.21).

At firing temperatures of 1400°C and above the conductivities of films deposited
on 99.6% alumina were higher than those obtained on the lower purity substrate; at
1300°C the reverse was the case (Fig. 3.25). This lower firing temperature may have
caused a smaller impurity dissolution from the substrate into the film. The lower
impurity concentration was insufficient in this case to cause a t—m transformation
(Fig. 3.20) but was sufficient to promote sintering of the zirconia films sintered on
96% alumina compared to those sintered on 99.6% alumina. In such cases the

conductivities were higher for films sintered on the less pure substrate.

In general the diffusion of substrate impurities from the 96% alumina into the
films at the higher temperatures had deleterious effects on the ionic conductivities.
Other workers [140,141,142], have also reported negative effects due to glassy phases
on the ionic conductivity of bulk zirconia. The conductivity decrease correlates with
an increase in the grain size of the deposit. It can be concluded that the drastic
deterioration of the ionic conductivity of zirconia films fired at temperatures above
1300°C on substrates containing nominally 96% alumina was primarily due to the

presence of a high percentage of monoclinic phase (§ 3.3.3.2).

Activation energies associated with the total conductivity of the thick film
electrolyte were obtained from the data shown in Fig. 3.27 (Table 3.2). The values
are on the whole comparable to the activation energy of bulk zirconia reported in the
literature of 104 kJ mol™” [165). Generally the activation energies for ionic
conductivity of zirconia thick-films were higher when sintered on 96% alumina than
when sintered on 99.6%. A value for the activation energy of 164 kJ mol™' was
obtained for a zirconia film (10 pm thick) sintered at 1600°C for 1 hour (Table 3.2);
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Figure 3.27 lonic conductivity vs reciprocal temperature for various zirconia
thick films sintered for 1 hour on: (a) 99.6% alumina and (b) on 96% alumina.
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this film is expected to be almost totally monoclinic (§ 3.3.3.2). Films comprising

the highest content of monoclinic phase also showed the highest activation energies.

Further work is required to establish whether the activation energy for ionic motion

is higher in monoclinic than in tetragonal zirconia as this does not appear to have

been reported in the literature.

Sintering Film thickness Activation energy kJ mol™
temperature for | / pm
hour Alumina substrate purity
96% 99.6%
1300°C 6.2 95
11.0 108
1400°C 3.0 93
6.2 103
10.8 - 104
7.0 120
15.3 116
1600°C 6.0 95
10.5 164
Table 3.2 Activation energies of 3Y zirconia thick-films having various

thicknesses and sintered at various temperatures.

3.4 SUMMARY

The processes and requirements for producing zirconia thick films of low

connected porosity (<0.1%) on alumina substrates with no loss of adhesion from

the substrate or cracking of the film have been investigated and specified. It was

found that this required the preparation of an ink with full dispersion of

agglomerates of particles of sub-micron size. Dispersal was achieved using a

triple-roll mill and was checked using viscosity measurements. Very viscous

pastes did not level out after printing while low viscosity pastes tended to run and

lose pattern edge definition. The mix used throughout the work contained 40% by

weight of tetragonal zirconia powder (Toyo-Soda 3Y), the remainder being ESL

400, a commercial organic vehicle.

./.

-
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Films were dried using an infra-red dryer which enabled a crack-free deposit to
be prepared. Where required, film thickness could be built-up by successive print-
dry cycles, drying each layer at 150, 450 and 700°C for 10 minutes at each
temperature. The final firing of single or multilayers was done at 1300-1550°C to
sinter the deposit. This sintering temperature was approached at a ramp rate of
3°C min™". The state of dispersion in the pastes had an important influence on the

development of the green microstructure and subsequent sintering behaviour.

Thick films of zirconia printed onto 96% alumina substrates and fired at
1400°C or above showed substantial grain growth; there was little grain growth
when an intervening layer of platinum was included. Grain growth in the absence
of platinum increased as the thickness of the zirconia layer was decreased.
Repeating the work on 99.6% alumina revealed little grain growth irrespective of
film thickness. Clearly grain growth was accelerated by the transfer of impurities
from the substrate to the zirconia film. An intervening layer of platinum either

blocked the trasnsfer of impurities or itself acted as a grain growth inhibitor.

Tetragonal zirconia spontaneously transforms to the monoclinic structure.
However, the tetragonal phase is metastable if the grain size remains small (<0.5
pm). X-ray diffraction studies of the zirconia thick films, indicated that where
grain growth occurred (to > 1 pm) a transformation to the monoclinic form did

take place.

It is also well-known that the ionic conductivity of the monoclinic form of
zirconia is much lower than that of the tetragonal form. Thus AC impedance
measurements were made on the zirconia thick films. These showed the expected
substantial decrease in the ionic conductivity for those films in which grain
growth had occurred (> 1 pm) and for which X-ray diffraction indicated the

tetragonal to monoclinic transformation.



CHAPTER 4

SCREEN-PRINTED PLATINUM-ZIRCONIA CERMET
ELECTRODES
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4.1 INTRODUCTION

Ceramic-metal mixtures conveniently referred to as cermets have found a variety
of uses which include antistatic coatings, film resistors for the electronics industry
[188), nickel-zirconia electrodes for solid oxide fuel cells [189] and chemo-

resistive platinum-zirconia oxygen sensors [48,49].

In this study planar zirconia amperometric oxygen sensors have been constructed
using thick-films technology exclusively (Chapter 5 and [190,191]). Sensor
construction involved succesive lamination of electrode (cathode), electrolyte and
electrode (anode) layers onto an alumina substrate. This necessitated co-firing of at
least the cathode with the electrolyte. The elevated temperatures required to sinter
the electrolyte (>l300°(_3) can lead to low electrode activiﬁ'es. Furthermore such high
firing temperatures induce stresses (upon cooling from the firing temperature)
between electrode and electrolyte due to the thermal expansion difference between
them. Such stresses can result in cracking of the electrolyte layer which is
detrimental to the sensor operation. In response to these problems cermet electrodes
comprising a mixture of platinum and zirconia have been used [192].
Progressively improved thermal expansion compatibility is expected with increasing
content of the ceramic phase in the electrodes. On the other hand, electrochemical
considerations suggest that it is important to have an electronically continuous
elecrode with as high an electronic conductivity in the electrode as possible
[193].

In this chapter cermets with various ytiria stabilised zirconia to platinum (Y SZ:Pt)
ratios were investigated in respect of electrode performance and microstructure in
order 10 achieve improvements in the performance of screen-printed amperometric

OXygen gas sensors.

The minimum temperature at which an amperometric zirconia 0xygen Sensor can
operate satisfactorily is generally dependent upon the kinetics of the electrode
reaction (which become slow at temperatures below 400°C) (194,195,196,
197). The electrode reaction is normally considered to take place at the
electrode/electrolyte/gas three-phase boundary (TPB) [198] as it is only here that
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the exchange between oxygen gas and oxygen ions can occur (the oxygen ions can
then be transferred by the ion conductor and the simultaneously required electrons
can be delivered by the electronic conductor). As a consequence increasing the length
of the TPB should increase the activity of the electrode. Two possible methods of
increasing this boundary length are (i) mixing the electrode material with that of the
electrolyte thus imitating the electrode structure of liquid electrolyte fuel cells
[193,199], and (ii} altering the morphology of the electrode by prolonged current
passage so as to increase the number of point contacts with the electrolyte [200].

/

4.2 EXPERIMENTAL

4.2.1 Preparation of platinum-ytiria slabilised zirconla (Pi-YSZ) cermets
Cermet pastes were made by mixing fritless platinum ink (type 5542) with a
zirconia ink previously prepared (paste number 4d, Table 3.1, § 3.3.2.2) to maintain
the. same volume fraction of solids and similar viscosity as the platinum ink., The
initial mixing of the pastes was done in an agate pestle and mortar and then intimate
mixing was achieved using the wriple-roll mill. Cermets pastes containing YSZ:Pt
volume ratios of nominally 3:2, 4:5, 2:3, 1:2, 2:5, 1:4, were prepared. These pastes
{as well as one containing no YSZ) were screen-printed, dried, and fired at 1000°C
for 10 minutes as an initial treatment; the resulting layers were all in the range 610.2

pm thick.

4.2.2 Determination of metal, ceramic and vold phases in printed and fired
cermet films

The respective volume fractions of metal, ceramic and void phases of the screen-
printed cermet films (fired at 1000°C for 10 minutes) were calculated (Appendix A)
using values for densities (at zero porosity) of platinum and zirconia of 21.4 and 6.05
g cm™ [201] respectively. These calculations also required determination of the
amount of metallic phase present (determined using the atomic absorption technique
described in § 2.3.10) together with the cross-sectional area (using the Alpha—step
technique described in § 2.3.1) of the screen—printed cermets.
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4.2.3 Electricai resistance characteristics of the cermets

The cermet compositions were printed onto 96 and 99.6% alumina substrates as
strips of 400 pm width and 25 mm length. Ten strips were accommodated onto one "
substrate as shown in Fig. 4.1a. The resistance of each strip was then measured at
ambient temperatures using a four point probe (§ 2.3.8). The measured values were
normalised to the same temperature of 20°C using the following relation:

Ry = R, (146{T, 200" @.1)
where R, is the resistance at the measurement temperature T, (in °C) and R, is the
normalised resistance corrected to 20°C. The temperature coefficient of resistance ¢,
{at-20°C) was determined (using the same experimental arrangement described in §
6.2.5) and taken as 3600 ppm °C"'. The initial values of R,, were denoted as R,. The
films were then treated at temperatures up to 1500°C for various times and their

resistances at 20°C were measured after each treatment.

(b)

Figure 4.1 ' (a) Photograph of cermet strips used to medsure résistance
changes, (b) Photograph of a cermet electrode on a zirconia disc.
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4.2.4 Current-voltage characteristics of the cermet electrodes

Discs were punched from ‘8Y zirconia green sheets (ICI material) and sintered at
1500°C for lhr supported on 99.6% alumina substrates; the temperature ramp rate
used was 10°C min™". The resulting discs were flat with a smooth appearance and

diameter 7.8mm and thickness 275 pm.

Electrodes were deposited by screen—printing the required cermet paste onto both
sides of the pre-sintered zirconia discs, followed by the relevant firing cycle (1 hour
at temperatures between 900 and 1450°C). This resulted in each disc having
electrodes of different composition, with individual discs having identical electrodes
(size and composition) centrally located on opposite faces of the disc (Fig. 4.1b). A
third electrode to be used as a reference electrode, was painted onto a peripheral area
of the disc using a brush. Pt wires (100 pm in diameter) used for electrical

connection, were attached to the three electrodes using fritless Pt paste.

The potential of the reference electrode was set by the partial pressure of the
oxygen in the surrounding atmosphere. Since the reference electrode and the working
electrodes (i.e anode and cathode) were exposed to the same atmosphere, the
potential difference between them was the overvoltage (plus the IR contribution) of
the working electrode. As described below this overvoltage was determined by using
the current interruption method [202] to eliminate the ohmic loss (IR) across the

electrolyte.

The gaseous environment and temperature of the cells were controlled by the gas
mixing apparatus and furnace arrangement described in § 2.3.12. Fixed voltages were
then applied (using a Times Electronics constant voltage source) across the cell and
the current flowing was measured (Fig. 4.2); stable values of the current 1, were
usually achieved within 5 minutes of applying the fixed voltage. The total applied
voltage (constant voltage source) was varied to vary V,. The potential difference V,
(a measure of the potential of electrode 1 relative to the reference electrode) was

measured with electrode 1 operated either as an anode or as a cathode depending
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reference electrode ¢eleclrode 1
A ZIRCONIA DISC CVD
IS4
mercury switch \electrode 2
CONSTANT
VOLTAGE
SOURCE

Figure 4.2  Electrical arrangement used for obtaining current - voltage
characteristics.

upon the current direction; (V,—V,) was a measure of the potential of electrode 2
relative to the reference electrode. The cathodic and anodic overvoltages n_ and 1,
respectively for each electrode and for the total cell were obtained by subtracting the
contribution, IRg, due to the electrolyte resistance, R;. The electrolyte resistance
between the reference and both other electrodes as well as between the two working
electrodes were obtained using a current interruption technique. The electrolyte
resistance between the reference and working electrode measured by the current
interruption technique was verified by A-C impedance measurements. Prior to
making the measurements, a conditioning treatment was given in order to obtain
reproducible current—voltage characteristics. This conditioning treatment comprised
a series of potential sweeps (from 0 to +900 mV at 100 mV per minute) followed by
the application for 30 minutes of a continuous voltage of +900 mV across the cell;

this was repeated with the current flowing in the opposite direction.
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The potential drop, V, across the electrolyte was equal to the ohmic drop (IR)
across the electrolyte plus the magnitude of the overpotentials of electrode 1 (1,) and
2 (n,), as shown in Eq. (4.2).

Vo=IRg+ 1M, + M, (4.2)
The ohmic drop was proportional to the current I, flowing and the electrolyte

resistance Rg.

Current interruption technique
The application of a voltage resulted in an eventual steady current flowing

through the cell; the total voltage drop between the electrodes was displayed on an
oscilloscope. The current flow was then interrupted (using a mercury switch to ensure
bounce-free operation); the IR component showed an immediate drop (~ <1 ps)
whereas the electrodes took longer for the overvoltage to decay. This sudden drop
was measured using the cursor of the oscilloscope and by relaﬁng it to the steady
current flow prior the interruption the resistance due to the electrolyte was calculated

(using Ohms law).

4.3 RESULTS AND DISCUSSION

4.3.1 Composition of printed cermets

" Printed cermet films can be characterised by the respective volume fractions of
metallic, ceramic and void phases. These are referred to as volume film fractions
(VFE), of the respective phases; the volume film fraction of platinum is denoted
below as V.. Quantitative determination of the amount of platinum present (atomic
absorption technique) together with the cross-sectional area (Alpha-step technique)
of the screen—printed cermets (initialised at 1000°C for 10 minutes) enabled
calculation of V; (Appendix A). The respective volume film fractions of ceramic and
void phases were calculated from knowledge of the Pt-YSZ ratio (Appendix A). The
results obtained for the cermet films screen—printed on 99.6% alumina and fired at
1000°C for 1 hour are shown in Table 4.1. This treatrnent resulted in value of V in

the range 17-40% and a volume film fraction of void phase in the range 53-60%.



Chapter 4 103

Cermet | YSZ:Pt | Pt content Film Void Film
Ne ratio in cermet [} fraction of | phase | fraction of
mix Zirconia infilm | Pt (V) in
(volume (vol %) % | (vol%) | cermet (vol

%) % # %) it

%, refers to volume fraction of platinum in a paste considering only a matrix of platinum and
zirconia and ignoring other constituents (i.c the carrier vehicle)

11, refers to a volume fraclion of the respective phase in the printed and fired film and includes

~all three phases (i.e platinum, zirconia and void)

Table 4.1 Composition of Pt-YSZ (3Y) cermets screen—printed on 99.6% alumina
and fired at 1000°C for 10 minutes.

4.3.2 Microstructure
4.3.2.1 Fired at 1000°C for 10 minutes

Examination of the microstructure of the screen-printed cermet films (Fig. 4.3)

revealed that they were composed partially of three dimensional (3D) (small metal
and ceramic grain size compared to film dimensions) and partially two dimensional
(2D) regions (arising from the presence of through voids). Through voids are those
which traversed the film thickness.

The scanning electron micrographs of the cermet films at 1000°C (Fig. 4.3) also
revealed an inhibiting effect on the grain growth of the platinum phase by the
zirconia phase; Suppression of grain growth increased with increasing additions of
ceramic phase in the cermet. This is because the ceramic grains inhibit the migration
of the metallic grain boundaries. This effect is often referred to as "pinning” in the
literature and was originally pointed out by Zener [203] who said that grain
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Figure 4.3  Micrographs of zirconia-platinum thick film cermets (6um thick)
fired on 99.6% alumina at 1000°C for. 10 minutes. Percent platinum in zirconia
(a) 100%; (b} 67%; (c) 55%. Cursor lengths show the magnifications and refer
to the left half of each micrograph. The highlighted area in the left half is
shown to the right at eightfold magnification.
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boundaries would be held back by any second phase inclusion. Since then it has been

observed in the sintering of many multiphase solids [204].

4.3.2.2 Prolonged firing at temperatures above 1000°C
Prolonged firing times at temperatures above 1000°C showed a progressive growth

of through voids with time within the cermet film; the rate of void growth increased
with increasing firing temperatures (Fig. 4.4). Void growth was probably due to the
effect of grain growth, and loss of platinum metal by evaporation (Chapter 6).

Propagation of void growth and sintering effects resulted in a tendency for the
films to switch progressively from primarily a 3D structure to become increasingly
2D because the size of the voids and platinum grains became comparable to the film
thickness.

43.3 Theinfluence of eievated firing temperatures on the eiecironic resistance
of the cermets
4.3.3.1 General

The electrical resistance of cermets may be related to volume film fraction,
distribution and nawre of contact of the metallic phase; these were modified by
thermal treatments.

4.3.3.2 As printed
Deposition and drying (at 150°C) of the cermet film resulted in electrical

non-continuity. This was presumably due to a low overall metallic volume fraction
resulting from a high void fraction and the presence of organic binder in the film not
permitting continuity of the metallic phase. As the organic vehicle and binder were
removed at ~500°C the films became electrically continuous. No sintering of either
the metallic or of the ceramic phase was expected at this temperature and
consequently the conductivity of the matrix depended only upon the metallic

inter—particle contact which necessarily resulted in high resistances.
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Figure 44  Micrographs of platinum zirconia thick-film cermets (6um thick)
fired on 99.6% alumina. Percent platinum in zirconia fired at 1100°C for 66
hours (a) 80%; (b) 67%; (c) 55% and fired at 1400°C for 11 hours (d) 80%;
{e) 67%; (f) 55%. Cursor lengths show the magnifications and refer to the left
half of each micrograph. The highlighted area in the left half is shown to the
right at eightfold magnification,
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4.3.3.3 Fired at 1000°C for 10 minutes

As the ceramic phase should act as an electrical insulator at 20°C the only
conduction path in the cermet was that of electrons through the metal phase. The
cermet may therefore be treated as a two phase conductor-insulator electrical system
at ambient temperatures where the platinum is the conducting phase and the the

zirconia and voids make up the insulting phase.
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Figure 4.5 Electrical resistance versus volume fraction of platinum in cermet
pastes printed and fired at 1000°C for 1 hour on: Q, 96% and @, 99.6%
alumina substrates.

The electrical resistances corrected to 20°C (R,,), versus volume fraction of
platinum (, Table 4.1) of the cermet paste are shown in Fig. 4.5. The slope of the
curve is high near the point of electrical discontinuity (somewhere below 55% and
above 40 % Pt) as expected for a two-phase conductor-insulator system
[188,205). The steepness of the slope presented by the data of Fig. 4.5 suggests
that electrical discontinuity occurred at a volume fraction of platinum (%, i.e. not
including voids) much closer to 55% than 40%. From Table 4.1 at 55% (%) the
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volume fraction of platinum in the printed cermet film (1%, i.e. including voids)
corresponded to 24%. This critical volume fraction of conducting phase V. required
for electronic conduction in the printed cermet films of ~0.24 lies between the
theoretical values of 0.15 and 0.5 for 3D and 2D two—phase conductor—insulator
systems respectively [206]; this may be due to the microstructure of the film
being composed of partially 2D and 3D regions (§ 4.3.2.1). However agreement
between theoretical and experimental values of V., has rarely been quantitatively
achievable; as well as dimensionality, variables such as size ratio between the
conducting and insulating particles, film geometry and distribution of metallic phase
influence the observed value of V_ [207].

Theory and previous experimental investigations on two-phase
conductor~insulator systems [205,208] suggest that plotting the data as as
log (0/c,) versus log,(V-V.), according to the following equation (derived from
percolation theory which is discussed in further detail in § 6.3.6.3)

0 =0, (V-V) (4.3)
should yield a straight line in the region where the volume fraction V falls between
V. and V_+0.2. Furthermore the observed slope (called the percolation exponent, here
denoted as s should fall within the ranges 1.6-2.0 and 1.0-1.4 for a 3D and a 2D
system respectively [206]. The experimental data are shown in Fig. 4.6 plotted
according to Eq. (4.3) (as described above) using the e;cperimentally derived value
for V_ of ~(0.24. These showed good linearity and a slope (s} of the line of best fit,
s =~1.6 was just within the range expected from percolation theory- for electrical
conduction in a 3D conductor-insulator systern. The fact that the value of s was at
the low end of the range predicted for a 3D system and close to the values predicted
by a 2D system may indicate partial two dimensionality of the film. These data
suggest that percolation theory is applicable to screen—printed cermets, composed of
platinum and YSZ, fired at 1000°C and that the resistance increase near the
conduction threshold was due to the corresponding small probability of forming

continuous conducting paths, becoming negligible below that point.
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Figure 4.6  Log,, (0/0,) vs log,, (V/V,) for cermet strips fired at 1000°C for
1 hour on: @, 96% and O, 99.6% alumina substrates.

4.3.3.4 Prolonged firing at temperatures above 1000°C

Discontinuity of the electronic path after firing at 1 100°C for 1 hour was observed

in cermets 5 and 6. This period of time at 1100°C was insufficient to cause
significant metal loss (§ 6.3.2) implying that the discontinuity was a result of
microstructural changes that caused an increase in the experimental value of V_
required for electrical continuity. An increase in the experimental value of V, could
have resulted from the tendency of the films to switch progressively from primarily
a 3D system (where V _=0.15) to become increasingly 2D (where V_=0.5) as shown
by the micrographs (§ 4.3.2.2).

The resistance data (at 20°C) obtained at time t, (R,), were normalised with

respect to the initial resistance (R;) and are shown as the normalised resistance Iy

(where Iy =R, /R;). Changes in the normalised electrical resistance of cermet 2 at
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various firing temperatures, with firing time are shown in Fig. 4.7. It is evident from
this figure that following an initial resistance decrease (resulting in a resistance
minimum), the resistance of the cermet films increased with firing time resulting in
eventual electrical discontinuity of the films. A comparison of changes in normalised
electrical resistance of the various cermet compositions at one temperature (1400°C)

is given in figure 4.8.

2.4

LA B B B 7 AL

2.2 F

2.0

L I L B B

1.6

1.4

1.2

norrmalised resistance

IIIIIITIT]II

1r‘IJllljJrlllllli_l_lalllljl.1

& 10 20 30 40 S0 &l

time at temperoture / hours

Figure 4.7 Normalised resistance vs time for cermet 2 fired on 99.6%
alumina at various temperatures. v ,1100°C; O,1200°C; @,1300°C; v,i400°C.

The normalised resistance data were also plotted against normalised time (time
was normalised with respect to the time taken to reach 1.5R;); an example of the

outcome is shown in Fig. 4.9. These plots featured a minimum in normalised
resistance (Iy¢gin) for each film. The Ty, values as a function of cermet

composition at various firing temperatures are shown in Fig. 4.10. It is evident that

increases in the firing temperature of the cermets resulted in decreases in the value

Of T(min)y furthermore these decreases were increasingly pronpunced in cermets with
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Figure 4.8 Normalised resistance vs time at 1400°C for printed cermet
compositions fired on 99.6% alumina. O,80%; @,72%; and %,66.7% platinum
by volume in 3Y zirconia.

decreasing fractions of metallic phase. The finding that the R, data showed a
percolative transition suggests that the platinum-to-platinum connections were
partially broken by the zirconia additions (§ 4.3.3.3). In addition, sintering inhibition
of the metallic phase by the ceramic phase was also observed (§ 4.3.2.1). Both
previously mentioned effects could have prevented improvement of electrical contact
within the metal following initial treatment which would result in "tortuosity"” [209]
of the metallic conduction path. An increasing "tortuosity” was thus expected with
increasing volume fractions of ceramic phase present. The results of Fig. 4.10 could
be explained on the basis that sintering at increasing temperatures improves the

metal-metal contact thus reducing the tortuosity of the metallic path.
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Figure 4.9 Normalised (resistance vs time} at 1400°C for cermet
compositions printed and fired an 99.6% alumina. O,80%; @,72%; and v,66.7%
platinum by volume in 3Y zirconia.

It is likely that the initial resistance decrease (Figs. 4.7 & 4.8) was due to
sintering of the metallic phase. The subsequent resistance increase may have been
a result of the formation and growth of open voids in the cermet structure (§ 4.3.2.2);
these processes could have resulted in the observed resistance increase due to Joss
of continuity of conduction paths (evidenced by the conformity of the results with
percolation effects) and to the increasing conduction path length due to the

intervening voids.

Plots of the natural logarithm of the time taken to reach one and a half times the
initial resistance (In t,;,) versus the reciprocal temperature (Fig. 4.11) show that a
similar overall activation energy of ~180 kJ mo]” accompanied the rate of resistance
increase of all the cermet compositions. Similarity between the activation energies

indicates that the same physical processes were probably responsible for the observed
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Figure 4.10 Minimum in normalised resistance vs volume percent platinum in
cermets fired on 99.6% alumina at. Q; 1100°C, @; 1200°C, v, 1300°C, v ;
1400°C.

resistance increase in each cermet composition. Furthermore the value of the
activation energy for the resistance increase of ~180 kJ mol™ for the cermets is
higher than the figure obtained for platinum (§ 6.3.1) of ~130 kJ mol™ and suggests
that the cermets indicated enhanced microstructural stability. This is important where
a minimum deterioration of the electrodes is required with time which is of particular
importance for electrodes of solid oxide fuel cells which normally operate at high
temperatures (typically around 1000°C).
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4.3.4 Current-voltage characleristics of cermets
4.3.4.1 General _
This section is concerned with electrode characteristics in the range of applied
potentials and temperatures relevant to amperometric zirconia oxygen gas $ensors,
i.e between 0.5-1.0V and 500-700°C respectively. The ability to operate at high
current densities is advantageous and hence the relevant factors were investigated.
Furthermore, a literature search revealed nothing on comparison of the characteristics
of practical screen—printed Pt—YSZ cermet electrodes. Differences in nature between
Pt-YSZ (cermet) and platinum electrodes are considered below prior to discussion

of the results obtained.

In a pure platinum porous electrode, electrochemical reaction sites can only exist

at the three phase boundary interface between the bulk electrolyte, the metal and the
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gas. In porous cermet electrodes the situation may differ on the basis that the ceramic
may form continuous ionic paths that traverse (at least in part) the electrode thickness
and connect to the bulk of the electrolyte. This could generate additional
electrochemical reaction sites at metal-ceramic interfaces within the electrode
provided there existed continuous electronic paths to the current collector and

continuous ionic paths from this interface to the bulk electrolyte.

434.2 Current densities for the combined electrode system

General

Sensor operation in the amperometric mode involves the electrochemical pumping
of oxygen across an electrolyte by the application of a voltage between two
electrodes. The magnitude of the resulting current is an indication of the amount of

oxygen transferred across the electrolyte.
Data presented in this section were performed on discs having essentially identical
electrodes (composition, size and firing conditions) on opposing faces of the disc.

Different electrode compositions were provided on separate discs.

Fired at 1000°C for 1 hour.

Figure 4.13 shows the current density (current per unit geometrical area of the
electrode) at 700°C vs the sum of the magnitude of the overpotentials (denoted as
N, where N, = |n, P+ |1'|c | ) across the screen-printed cermet electrodes which had
been fired at 1000°C for 1 hour. These results were obtained using the experimental
arrangement shown in figure 4.2 without use of the reference electrode; the IR
component was measured using the current interruption technique. The value of n;
was calculated according to the following equation

Me=V,- IRy (4.4)
where 1 is the steady current flowing through the cell and R; is the resistance of the
electrolyte between electrodes 1 and 2 (Fig. 4.2). The results of figure 4.12 are better
clarified by a plot of the current density achieved at various fixed overvoltages across
the cell as a function of the volume fraction of Pt in the cermet (Fig. 4.13). The
current densities obtained increased with increasing additions of ceramic phase in the

electrodes as compared 10 electrodes of pure platinum; the highest current density
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was measured for cermet 4 (67% Pt by volume, excluding voids). Further zirconia
additions (i.e cermets containing 60 and 55% platinum}) resulted in a decrease in the
attainable current density. Electrical continuity in the electrodes was tested (using a
multimeter) and revealed that cermets containing volume fractions of platinum of

67% and above were electrically continuous whereas cermets containing volume
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Figure 4.12 Current density vs Wy across both electrodes for various cermets
fired at 1000°C for | hour on zirconia discs. Cermet number (Table 4.1): O 4,
v.3. ®2; 0,5, 6. Tests were performed in air at 700°C.

fractions of platinum of 60% and below (i.e cermets 5, 6 and 7) were electrically
discontinuous at room temperature. Thus the dramatic decrease in electrode current
density at fixed overpotential for cermet electrodes containing platinum volume
fractions of 60% and below (Fig. 4.13) was due to electronic discontinuity in the

cermet.

The previous finding that electronic conductivity at ambient temperatures showed

a percolative transition (§ 4.3.3.3) suggests that the platinum-to-platinum connections
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Figure 4.13 Current density at various values of Ny vs platinum content, by
volume, in cermet fired at 1000°C for 1 hour on zirconia discs. n,: B,700mV,

O,500mV; 0,200mV; @, 100mV; v S0mV; v 10mV. Tests were done at 700°C in
air. The data reported were interpolated from current density vs Ty plots.

were partially broken by the oxide additions. An electrode having some isolated
platinum particles should have a reduced three-phase-boundary (TPB) length
compared t0 an electrode where all the platinum particles are connected and as a
result would be expected to deliver a lower current density at a fixed overpotential.
Unexpectedly however electrically continuous electrodes with some isolated platinum
particles showed a higher current density at fixed overvoltage than those having a
greater number of connected particles (as explained in the previous paragraph and
shown in Fig. 4.13); this should be due to an increase in the TPB length. Such an
increase in TPB length could have arisen in two ways, (a) the generation of
additional TPBs at the metal-oxide interfaces within the electrode; it is possible that
the number of such metal-oxide interfaces increased when larger proportions of

electrolyte were present in the electrode and (b) an increase in the length of the TPB
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due to the larger perimeter generated from smaller particle size of the platinum; it
has already been shown that increasing electrolyte additions resulted in grain growth
inhibition of the platinum (§ 4.3.2.1).

The electrode best suited for amperometric devices (operating above ~500°C and
100 mV) where the electrodes may be fired at 1000°C was provided by cermet 4.

Effect of firing temperature
The construction of screen—printed zirconia amperometric devices [192]

necessitated firing of at least the cathode at temperatures above 1300°C because it
had to be co-fired with an overprinted electrolyte layer which required such high
temperatures to sinter sufficiently. The effect of firing temperature was investigated
by firing the cermet containing 80% platinum by volume at various temperatures in
the range 900-1450°C for 1 hour. The observed decrease in the current density with
firing temperature (Fig. 4.14), (at 700 mV was ~2 orders of magnitude when the
firing temperature was raised from 900 10 1450°C) could not this time be attributed
to a discontinuous metallic path in the electrode (continuity was checked using a
multimeter). In fact it was shown previously (§ 4.3.3.4) that the electronic resistance

of the electrodes decreased with increasing firing temperature.

In relation to the work on the electrical resistance characteristics (R,,) (§ 4.3.3),
it appears that the firing processes that decreased the electrical resistance of the
cermet also decreased electrode current densities at a fixed overpotential. Clearly the
electrochemically active area of the electrodes was determined not only by the
amount, but distribution and porous nature of the constituent phases within the
electrode. The decreasing current density at a single value of N (Fig. 4.14) with
increasing firing temperature was probably due to a shorter TPB length resulting
from platinum grain growth (compare figures 4.4(i) and 4.4(iv)). Sintering of the
cermet electrodes may also have reduced the total length of platinum-zirconia

boundaries within the electrode.

Firing the cermets at a temperature of 1300°C (for 1 hour) resulted in the highest

current density for the cermet containing 80% platinum (by volume) as opposed to
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67% platinum when fired at 1000°C for the same period of time (Fig. 4.15). This
effect may be due to isolation of a greater part of the metallic skeleton of cermets

with lower platinum contents, as a result of high firing temperatures.

4.3.4.3 Single electrode data

In order to try to identify the possible rate controlling step for the electrode
reaction, the anodic (n,) and cathodic (1) overpotentials from a single electrode were
separated; this was done using a reference electrode (§ 4.2.3). Background
information of the various reaction steps is provided in Appendix B. The values of
|T],| or |11c | (depending on the current direction) were calculated according to the
following relations,

For electrode 1 (Fig. 42) In.| or In. | =V, - R, (4.5)
For electrode 2 Ind or In| =Vv,-V,-IR, (4.6)
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Figure 415 Comparison of current densities at a value of Ny of 500mV
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—

where 1 is the steady current flowing through the cell, R, and R, are the electrolyte
resistances between electrode 1 and the reference electrode and electrode 2 and the
reference electrode respectively and were measured using the current interruption
technique (§ 4.2.4). As electrodes 1 and 2 were prepared to be identical (for each
cermet composition) data from both electrodes (obtained at 700°C in air) were
compared and found to be essentially the same. Results presented further in this

section were obtained using electrode 1 only.

Figure 4.16 shows the natural logarithm of the current density versus the anodic
(denoted as positive) and cathodic (denoted as negative) overpotential of an electrode
made using cermet 4 at various temperatures. The high overpotential regions ( Inl
>> RT/nF) did not yield linearity. This indicates that charge transfer was probably
not the rate controlling step of the electrode reaction [210). The activation energy
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(separated using a reference electrade) at various temperatures (in air) for
cermet electrade consisting af 66.7% platinum by volume.

for the electrode reactions was determined from Fig. 4.17 to be ~157 kJ mol™' for the
anode and ~125 kJ mol™ for the cathode processes; these are slightly higher than the
activation energy for the bulk electrolyte (§ 3.3.2.3). The difference between the
anodic and the cathodic activation energies suggests that the rate controlling process
was different in the two cases. Such high values of activation energy for the
electrode processes eliminates the possibility of gaseous diffusion being rate
controlling as this would be expected to show activation energies approximately an
order of magnitude lower than those obtained [211). The value of the activation
energy for the anode of 157 kJ mol™ is similar to the activation energy for diffusion
of adsorbed oxygen on the surface of platinum [212). The most probable rate
controlling step was diffusion of oxygen atoms across the surface of the platinum to

the reaction site [210].
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Sometimes at high anodic overpotentials (>350 mV) the current began to increase
rapidly (as seen in Fig. 4.16). This effect has also been observed by a number of
other investigators for platinum [213] and for nickel-zirconia anodes [214].
A rapid increase in the current at high anodic and cathodic overpotentials has been
attributed to widening of the TPB, possibly by hole and electron injection
respectively into the electrolyte [215]. In an air atmosphere hole injection into the
electrolyte is expected to occur at much lower overpotentials than electron injection
[81] as the larter normally occurs at higher overpotentials than those applied in this
work (700 mV cathodic) and much lower oxygen partial pressures {(~107 atm), The
observation that a rapid increase in current was observed on the anodic side and not

on the cathodic is commensurate with the previous statement.
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4.4 SUMMARY

Platinum-yttria stabilised zirconia cermet inks were prepared (by intimately
mixing solids and carrier vehicle in a triple-roll mill) for screen-printing onto alumina
substrates, zirconia discs and zirconia thick films. Fired films were investigated as

possible electrodes for use in thick film sensors.

Scanning electron microscopy revealed that the presence of zirconia in the cermets
inhibited grain growth of the platinum. With prolonged firing at temperatures above
1000°C progressive growth of voids was observed.

The electronic resistance of the films at 20°C was measured using a four-point
probe. As printed and dried the films were not electronically conducting. On firing
at ~500°C the organic binder was removed and electrical continuity was established
provided that the platinum content exceeded 55% by volume (zirconia 45%).
Prolonged firing above 1000°C progressively increased the electronic resistance of
the cermets with firing time after a rapid initial decrease. The increase is thought to

have been due to the observed growth of voids of the film and platinum evaporation.

Current densities (per unit geometric electrode area) available at a given
overvoltage for electrodes at, for example, 700°C were orders of magnitude higher
than those obtainable using porous platinum electrodes and increased with zirconia
content of the cermets up 10 33% by volume (67% platinum). Current densities also
decreased with increasing firing temperature (necessary for preparing a sensor with

cofired electrolyte and electrodes).

Measurements on single electrodes, involving the use of a reference electrode,
indicated activation energies for the anodic and cathodic processes of 157 and 125 .
kJ mol™' respectively. The former value suggests that the rate controlling step may
have been diffusion of oxygen atoms from the reaction site across the surface of the

platinum,
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Thus zirconia-platinum cermets have an important role to play in the development
of thick-film zirconia oxygen sensors. Besides improving thermal expansion
compatibility between the electrode and electrolyte they substantially improved
available current densities compared with pure platinum electrodes; this was
presumably achieved by the maintenance of a long three-phase boundary length even
afier reatment at high temperatures (>1300°C) for periods of 1 hour or more.



CHAPTER 5

SCREEN PRINTED AMPEROMETRIC ZIRCONIA OXYGEN
GAS SENSORS
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5.1 INTRODUCTION

The principles of operation of an amperometric sensor were discussed earlier (§
1.2.4.3). The sensor normally comprises a non-porous electrolyte separating an anode
and a cathode and a diffusion barrier adjacent to the cathode to restrict the diffusion
of oxygen from the sample gas. In the screen-printed sensor described below the
zirconia thick film performs the functions of both the electrolyte and the diffusion
barrier. Such a device has once been previously reported [70]: the resulting sensor
operated at concentrations of oxygen up to O.i% only, indicating that the screen-

printed zirconia films were excessively porous.

Zirconia thick films were discussed in chapter 3 and cermet electrodes in chapter
4. In this chapter these components have been laminated by successive print-dry-fire

processes to form a working amperometric oxygen sensor.

5.2 THEORY OF OPERATION

A schematic representation of the cross-section of the sensor is shown in Fig. 5.1.

In operation a voltage was applied across the electrodes reducing oxygen at the
cathode and evolving it at the anode

0, + 4¢ — 20 (1.2)

Thus oxygen was electrochemically pumped from the cathode to the anode via the

electrolyte. This created a concentration gradient resulting in the diffusion of oxygen

from the sample gas through the porous ceramic 10 the cathode.

The rate of diffusion of oxygen, J, through the porous electrolyte to the cathode

may be expressed in terms of Fick's first law as described in Eq. (5.1),

7=-p, s & 5.1)

dx
where D, is the molecular diffusion coefficient of oxygen through the total open area
S, of the diffusion paths and c is the oxygen concentration at distance, x, from the
cathode. This applies in isothermal conditions in the direction of flow. If the type of
diffusion in the pores is the same as in the bulk gas, it should be noted that D, is
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Figure 5.1 Schematic representation of the cross section of the thick-film
" amperometric sensor. '

related to Dy,, the diffusion coefficient in the bulk gas by

D, = D,/ (5.2)
where 0 is the tortuosity of the pores [209]. For gases it is convenient to express
concentration in terms of partial pressure. From the ideal gas law the concentration,
defined as the number of moles per unit volume, can be expressed as ¢ = P/RT
where P,R and T are the pressure, ideal gas constant and temperature respectively.
Substituting this and the oxygen concentration boundary conditions into Eq. (5.1) it
follows that,

~ _DlS dp _ _DlS

%" "RT ax - R (PP Pal)] )

where ¢ is the thickness of the electrolyte layer, pe,(sg) and po,(c) are the oxygen
partial pressures of the gas surrounding the sensor and at the cathode respectively
(Fig. 5.1). The transfer of one mole of oxygen requires 4 faradays of charge (Eq.
(1.2)). The current I, flowing through the electrolyte is then given by Eq. (5.4),
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1=J4F (5.4)

In the steady state there is no diffusion of gas from the bulk to the sensor,
consequently there is no need to consider a diffusion layer adjacent to the sensor.
When a sufficient voltage is applied so that the oxygen partial pressure at the cathode
is reduced close to zero, the current reaches a limiting value (§ 1.2.4); it follows that
by substitution of Eq. (5.4) in (5.3) and assuming pg,(c) to be essentially zero the
current is limited (denoted as 1,,) and is described by Eq. (5.5),

_ 4FDIS (5.5)
Lim = (‘“_ RT¢ )Pm(sg)

Eq. (5.5) indicates that the limiting current should be proportional to the oxygen
partial pressure in the sample gas. Hence at constant barometric pressure the device
'should enable oxygen concentrations to be determined from a measurement of the

pumping current in the limiting region.

5.3 EXPERIMENTAL
5.3.1 Device Fabrication

The cathode of the sensor was first screen-printed using a platinum-YSZ cermet
ink onto the substrate as a circular disc with extended pads for electrical connections.
This was dried at 150°C and 400°C for 10 minutes at each temperature to remove
the organic vehicle and fired at 1000°C for 10 minutes before it was overprinted with
the electrolyte paste which was dried and fired to sinter the zirconia as required.
Finally, the anode was printed onto the electrolytef using the same cermet
composition as that of the cathode, dried and fired for 30 minutes at the same
temperature as was the electrolyte. The processing conditions of ¢ach layer were as
follows. The film was (i) printed and left to settle at room temperature for 10
minutes; (ii) dried at 90°C, 155°C, and 400°C for 10 minutes at each temperature;
(iii) fired at 1000°C for 10 minutes prior to receiving the final sintering treatment.
A diagram of the sensor is shown in Fig. 5.2a together with a photograph (Fig. 5.2b).

The fired thickness of the electrode layers was in all cases 6 pm. The thickness

of the electrolyte layer resulting from a single print-dry-fire cycle was 8-9 pm.
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Thicker layers were built up by successive print-dry cycles, followed by a single
firing step. Platinum wires 100 pm in diameter were then connected to the anode and
the cathode using fritless platinum paste which was subsequently sintered (1000°C
for 10 minutes) to establish adequate bonding.

The composition and sintering treatments of the various devices prepared are
shown in Table 5.1. Note that sensors 1-3 were made using a single zirconia paste
(paste 4d consisting of 40% by weight 3Y zirconia mixed with ESL type 400
vehicle); the remaining sensors were made using a zirconia paste of the same

composition but prepared at a different time.

Sensor Electrode - Electrode Firing Alumina
Ne composition area temperature substrate
: 2
%Pt in 3Y cm for 1 hour 96% 99.6%
(°C)

1 714 0.031 1350 *

2 714 0.031 1400 *

3 71.4 0.031 1450 *

4 71.4 0.126 1500 *

5a 80.0 0.126 1400 *

5b 80.0 0.031 1400 *

6a 80.0 0.126 1400 *
6b 80.0 0.031 1400 *

7 80.0 0.031 1400 * "

Table 5.1 Construction and firing cycles of the thick—film devices discussed. In
all cases the thickness of the electrode and electrolyte were —6 and ~30 yum
respectively.
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Generally devices were brought to the appropriate operating temperature using a
fumace (§ 2.3.12). One device (sensor 7) was prepared having an integral thick film
heater (Fig. 5.2¢) printed onto the reverse side of the alumina substrate; the heater
was used to elevate the temperature to an operating value of 700°C eliminating the
need for an external furnace in this case. The sensor was mounted on a transistor
header which fitted a compatible transistor socket fixed in a brass socket.
Connections to the anode, cathode and heater were made using 100 pm platinum
wires. A type R (Pt - Pt 13% Rh) thermocouple (made using 40 pm diameter wire)
was also attached onto the alumina substrate next to the sensor using platinum paste

(subsequently fired to sinter and adhere onto the alumina).

5.3.2 Device characterisation

The devices were tested to check (a) short circuiting between electrodes and (b)
electrical discontinuity in any one electrode. The observation of either (a) or (b)
above meant that the device could not be operated as described in section 5.2. The
devices were characterised at various temperatures and oxygen concentrations using
the experimental arrangement described earlier (§ 2.3.13). Tests were conducted in
the range of oxygen concentrations from 0-21%. A given DC voltage was applied
across the electrodes and the resulting current measured (Fig. 5.1). Sensor 7 was
operated both in the laboratory in air-nitrogen mixtures and in a gas burning flue. In
the former case the experimental arrangement is shown in Fig. 5.3 and the
composition of the gases was controlled using the gas mixing arrangement described
in section 2.3.12. The gas mixture flowed through a silicone hose into the internal
volume of a brass chamber and out throngh a bubbler. The silicone hose connecting
the mass flow controllers to the sensor chamber was approximately around 40cm
long. In the latter case thegsensor was exposed to the gases in the exhaust of a gas
burning system at British Gas (Watson House Research Station); further details are

given in Appendix C.
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Figure 53  Sensor with integral platinum heater, mounted in brass chamber.

5.4 RESULTS AND DISCUSSION

5.4.1 Initial findings

Firing temperatures below 1350°C resulted in short circuiting between the
electrodes possibly due to a high level of porosity in the ceramic. Sensors constructed
using pure platinum electrodes resulted in cracked electrolytes (possibly the result of
the large thermal expansion difference between platinum and zirconia) and poor
electrode activities. These problems were overcome by the use of platinum-zirconia
cermet electrodes [192].

Electrodes made by screen printing cermets 4-6 (§ 4.3.1, Table 4.1), became
electrouiczﬂly discontinuous when overprinted with zirconia electrolyte and fired
above 1300°C whereas the same cermet compositions were electronically continuous
when not overprinted and fired at temperatures up to 1500°C; this may have been
caused by a decrease in the metallic volume fraction of the cermets which could have

resulted from inter—diffusion between electrode and electrolyte during co—firing.
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54.2 Microscopy
The fracture edge of a sensor prepared precisely as sensor 2, examined using
scanning electron microscopy, is shown in Fig. 5.4. The individual components can

be identified and a low porosity of the sintered zirconia is apparent.

995X 30KV :u0=ar|r1 S:-p0000 P:QOGB2

Figure 5.4  Scanning electron micrograph of sensor fracture edge showing:
1; cermet anode, 2, zirconia electrolyte, 3; cermet cathode, 4; alumina
substrate.
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54.3 Current-voltage characteristics

Current-voltage (I-V) characteristics of sensors 14 in air-N, mixtures are shown
in Figs. 5.5-5.8. The shape of the I-V data is similar to that observed for devices
constructed from discrete components [24,216]. Clearly the zirconia thick-film
was acting both as an electrolyte and as a diffusion barrier [190,191] as was required
for satisfactory operation. Oxygen diffused through the pores of the electrolyte to the
- cathode where it was reduced to O%. These O* ions migrated in the electric field to

the anode where they underwent charge transfer and were evolved as O,.

8 i 1 N 1 v | ! 1 RS I ! I v I ‘e
T / /]
o] [ J
/ ’

« B / -
c o [
= - e
~ o /

5t ~C /. -
- o [ ]
c o~ .
v i o e
- - ./
> 4 | o o -
) e e

(@] ~ L 3
- i
T / /. /V/
Y X - o . ~v -
a , s v
I [ ] -~
© s P
s R T ] v/" _
' e v
] v
S o7
- L] - -
1 o e o
- .. /V/
® -
CI ‘_’ . ___._,.,_1V | 1 { n [ L | I I L | z
o0 o5 1.0 1.5 2.0 2.5 3.0 3.5 4.0

cpplied voltage / V

Figure 5.5 Current - voltage characteristic of sensor I'aperared at various
temperatures in 2% oxygen. Temperature: v550°C; @,650°C; QO,700°C.

The 1-V curve showed four regions (i to iv) (Fig. 5.9) which were interpreted as
follows.
(i).  Starting from a small applied voltage it was found that the current increased

exponentially, particularly at low temperatures. This indicated that the reactions at
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concentration: ©,0,@,v,v; 21%, O, 6%.

the electrodes were rate controlling [211,217].
(ii). Increasing the applied voltage further showed an ohmic region; the current
increased linearly with the applied voltage as would be expected if the current rise
were controlled by the ohmic resistance across the electrolyte (i.e the pump).
(iii). The third region showed a limiting current over a range of applied potentials;
the limiting current was proportional to the oxygen concentration (§ 5.4.4) as
predicted by the theory of section 5.2.
(iv). Increasing the applied voltage beyond region III produced a rapid increase in
the current caused by the onset of electronic conductivity due 1o the generation of
electronic carriers at high cathodic overvoltages [32]).

O, == %0, + V- + 2¢/ (1.9)
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Figure 5.7  Current voltage characteristics of sensor 3 in 1% oxygen-in-
nitrogen. Operating temperature: Q,950°C; @,850°C; v,650°C; v ,550°C.

The limiting current plateaux (region (iii)) were in most cases not precisely
parallel with the voltage axis indicating the presence of oxygen leakage to the
cathode. Leakage may occur by a number of mechanisms such as physical,
electrochemical and semipermeability [218]. Electrochemical leakage has been
identified to be the most significant in amperometric devices incorporating a metal
seal constructed from discrete components [59]. Electrochemical leakage occurs when
electrical contacts which form three-phase boundaries both inside (i.e the volume
around the cathode) and outside the cell exist. The potential gradient about the sealed
volume causes electronic transport in the metal and ionic transport in the ceramic,
the net result being the transfer of oxygen from the high to the low partial pressure
side (i.e from the outside to the cathode). The thick—film devices described are
complex systems and a leakage analysis has not been attempted.
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Figure 5.8 Current voltage characteristics of sensor 4 in 0.5% oxygen.
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5.4.4 Dependence of the limiting current on the oxygen concentration
Theory predicts a limiting current I, , proportional to oxygen concentration of the
sample gas, C,. at a given barometric pressure; however it is difficult to define
unbiased criteria for selecting the limiting current value with sloped current plateaug. -
In the simplest mode of operation, devices would be operated at a fixed applied
voltage and the current monitored as an indication of the oxygen concentration.
Ideally measurement of the oxygen concentration requires the application of

sufficient voltage to measure the current in the limiting condition.

It can be seen from Fig. 5.10 that the current - voltage characteristics were
sensitive to the oxygen concentration. The chosen operating pump voltage was a
compromise between two factors. A high value (>1.4V) resulted in the onset of
electronic conduction in the zirconia of the pump. Conversely a low value (<0.6V)

led 10 a current partially controlled by factors other than diffusion. At an intermediate
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measured current

applied valtage

Figure 5.9 Typical current - voltage characteristic exhibited by the sensor.

value (0.8-1.2V) the current was primarily controlled by diffusion through the barrier
over the range of concentrations shown and resulted in a linear characteristic (Fig.
5.1D).

The results of the measured current at fixed applied voltage for sensors 2, 3 and
4 are shown in Fig. 5.11. The linearity was good for all three sensors indicating that
they behaved according to the theory described in § 5.2. There was a small deviation
from linearity observed at high ¢,, values due to the applied voltage being
insufficient fully to reach the limiting condition. However at a selected fixed applied
voltage for each sensor it was possible to measure oxygen concentrations up to 21%
which is adequate for most sensor applications. The largest market for oxygen
sensing is expected to be in the area of combustion control which normally requires
detection in the region of 2-5% oxygen [6]. The fact that the sensors can operate at
a fixed applied voltage is advantageous because it enables the use of simple

electronics.
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Figure 5.10 Current-voltage characteristic of sensor 4 at 800°C. Oxygen
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Figure 5.12 shows the current — oxygen concentration characteristic of sensor 7
operated at 1.4V and 700°C. The operating temperature was maintained using a
platinum heater printed on the reverse side of the substrate. The linearity was good
at low oxygen concentrations but deviated at higher oxygen concentrations; this was
because the applied voltage was insufficient to achieve the limiting condition in that

region (Fig. 5.13).

5.4.5 Dependence of the limiting current on temperature

Comparison of Figs. 5.5-5.18 indicates that sensor 1 showed a less well-defined
transition into the diffusion limited plateav with increasing applied voltage than
sensors 2, 3 and 4: furthermore, the platean for sensor 1 showed a greater slope than
for the other sensors. This may indicate the presence of pores with a wide range of
sizes due to the lower temperature at which sensor 1 was sintered. Such a spread

could possibly result in the characteristics observed on the basis that large pores may
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require a greater applied voltage to reach the limiting current than small ones: the

observed characteristics would be the summation of many snch individual curves.

Limiting currents showed only a small dependence upon temperature for sensor
2 as would be expected if the controlling process were gaseous diffusion. An
interesting feature of the results was that the limiting current showed an increase with
temperature for sensor 2 but a decrease for sensors 3 and 4 (Fig. 5.14 and Table 5.2).
A temperature variation was expected due to changes in the diffusion coefficient of
oxygen with temperature. It is tempting to speculate that dependences on T*® and
T3 for sensors 2 and 3 may indicate predominantly bulk and Knudsen diffusion
respectively [33]: however the dependence of the limiting current of T* noted for
sensor 4 could not be fitted to this proposition and indicates the need for further
investigations. Nonetheless, the switch from a positive to a negative temperature

coefficient resulting from a change in sintering conditions offers the prospect of
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Figure 5.12 Current vs oxygen concentration for sensor 7 operating at 700°C
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designing sensors with a zero temperature coefficient. For sensor 1 the limiting
current plateaus were not well defined and indicated a larger positive temperature
dependence than could be attributed to bulk diffusion. This may have been due to an
ohmic contribution to the total current arising from the presence of large pores that
did not act as effective gaseous diffusion barriers (the variation with temperature of

the electrolyte resistance is significantly higher than that of gaseous diffusion).
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slope intercept
% O, sensor 2 | sensor 3 | sensor 4 | sensor 2 | sensor 3 | sensor 4
0.5 -243 1 734
1 0.63 i —0.46 5 -2.6 1.2
2 é é -2.33 7.60
4 0.65 T —0.45 ? i =22 1.8
8 0.62 JT -0.44 -2.39 T -18 21} 835
Average 0.63 —0.45 -2.38 B |
Table 5.2  Effect of femperature on the limiting current. Slope and intercept of

plots of log (limiting current) vs log T (current/mA; T/K)

5.4.6 Effect of substrate composition on the electrode resistance

Complex impedance measurements were performed along the plane of zirconia
films deposited onto 96 and 99.6% pure alumina (§ 3.2.4). The electrodes (fritless
platinum) were deposited over the zirconia. The influence of substrate composition
on the ionic conductivity of the sample was discussed previously (§ 3.3.3.3). The
complex impedance plots of two zirconia films of similar thickness (-6 pm) which
received identical firing treatment (1400°C for 1 hour) and measured at 800°C in air
are shown in Fig. 5.15. 1t is clear that the resistance attributed to the electrode was
higher, very approximately by an order of magnitude for the cell sintered on the less
pure substrate. This is presumably due to glassy impurities diffusing from the 96%
alumina through the zirconia film to the electrodes. The presence of glassy phases
on an electrode has previously been shown physically to block electrochemical
reaction sites at the electrode-electrolyte-gas three phase boundary and increase

electrode resistaxice [200].

Although the data reported were not obtained on a complete sensor the electrode
responses for the films sintered on the 96 and 99.6% aluminas can still be compared.

The observed increase in electrode response on 96% alumina did not seem to detract
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from the functionality of complete devices. This may be because lower current
densities were required to reach the limiting condition for devices sintered on 96%
alumina as opposed to 99.6% alumina due to the corresponding lower porosity of
devices made on the former substrates (§ 5.4.7).

5.4.7 Infiuence of substrate composition and electrode area on the iimiting
current ,

Figure 5.16 shows current - voltage characteristics at 4% oxygen-in-nitrogen of
devices 5 (a and b) constructed on 96% alumina and 6 (a and b) constructed on
99.6% alumina. The letters a and b represent geometric electrode areas of 0.126¢cm?
and 0.031 cm’® respectively. Differences in the electrode area and alumina substrate
aside, the devices were constructed to be identical; further details of their
construction are shown in Table 5.1 (§ 5.3.1). The current - voltage characteristics
exhibited limiting current behaviour, and for all devices an applied voltage of 1.2V
was representative of the limiting current at the illustrated oxygen concentration (4%
0, in N,). |

Figure 5.17 shows the current measured for various oxygen concentrations during
sensor operation with an applied voltage of 1.2V for devices 5 (a and b) and 6 (a and
b). The data were linear through the origin of Fig. 5.17 for all four devices ihdicating

that the current measured was the limiting current.

A plot of I,./po. versus electrode area derived for devices 5 (a and b) on 96%
alumina and 6 (a and b) on 99.6% alumina, from Fig. 5.17, are shown in Fig. 5.18.
According to Eq. (5.4) the ratio I;,/po, should vary in direct proportion to the total
open geometric area of the diffusion paths S, provided that the diffusion path length
¢, remains constant. During sensor operation a concentration gradient was set-up
between the cathode and the sample gas; thus oxygen could only diffuse through a
geometric area of the electrolyte defined by the area of electrode overlap. The values
of the ratio I,,./po, varied in direct proportion to the geometric area of the electrode
supporting the proposition that diffusion was occurring through a multitude of
diffusion paths within the electrolyte.
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Figure 5.15 Complex impedance plots at 800°C in air of zirconia films with
overprinted cermet electrodes (cermet No. 3, Table 4.1, § 4.3.1). The zirconia
was printed and fired under identical conditions (1400°C for 1 hour), onto (a)
96 and (b) 99.6% alumina. The electrodes were fired at 1100°C for 10 minutes.
The electrolyte was ~6um thick. Numbers in powers of 10 denote the
measurement frequencies in Hz.

Limiting current densities were around 4 times greater for devices sintered on

99.6% alumina indicating greater electrolyte porosity compared to devices sintered

on 96% alumina (Fig. 5.17). The lower porosity for the latter devices may have been

the result of glassy impurities which diffused into the electrolyte from the less pure
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Figure 5.16 Current - voltage characteristics in 4% O, in N, for sensors
operating at 800°C: vsensor 5a; vsensor 5b; Q. sensor 6a; @ sensor 6b.

substrate (§ 3.3.3.1) aiding sintering of the electrolyte (§ 3.3.3.3) or blocking some
gaseous diffusion paths. However an intervening platinum containing layer seemed
to block diffusion of impurities to the zirconia (§ 3.3.3.1). Thus any impurity transfer
from the substrate to the zirconia with an intervening platinum layer may have
occurred via the zirconia directly in contact with the substrate. There is evidence for
a little impunty transfer via the previously mentioned route as slightly enhanced
grain growth in the zirconia overlayer was observed near the circumference as

opposed to near the centre of the disc shaped platinum layer.

54.8 Estimation of the through porosity of the electrolyte flims.

In order 1o achieve limiting currents in these sensors the porosity of the ceramic,
f,» due to pores connecting the anode and the cathode must be very small. The
following equation was derived [191] based upon the ideal gas equation, Fick’s first
law of diffusion and Faraday's law and is valid if bulk diffusion were rate
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determining (Appendix D).

_ __ IRT1?
* 4FDy A, PO,

(5.6)

I is the value of the limiting current at oxygen partial pressure po,, ¢ and A, are the

electrode separation and electrode overlap area respectively, and Dy, is the diffusion

coefficient of oxygen through the pores. R, T and F have their usual significance.
The factor 8 was included to take account of the tortuosity of the pores [209]. The
following values were substituted into Eq. (5.6) to obtain an estimate of the

connected porosity f.
D,, in N, at 800°C = 1.7 x 10°* m? 5™ [219]

€= 3x10°m, A,=31x10°m?, B8 = 15
F=9.65x 10°C mol”, R=8.2x 10®° m* atm K™ mol™
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The value of I/p,, derived from Fig. 5.11 (for sensor 2) was 12 x 10 A atm™
leading to an estimated connected porosity, f,, of 0.03%. The derived value of { is
only an approximation due to the uncertainty of the value of the tortuosity factor and

the precise area over which diffusion effectively occurred.

In a previous study [70] devices of a similar construction were characterised;
limiting current plateaug were not observed at oxygen concentrations greater than
0.1% suggesting that the electrolyte porosity was higher by 2-3 orders of magnitude

than in the present work.

549 Operation in a gas burning fiue
To date very little quantitative information has been published concerning the

behaviour of oxygen monitors in combustion gases. The results for operation of
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sensor 3 in gases derived from the flue of a gas burmning combustion system are
shown in Figs. 5.19 and 5.20. The linearity of Fig. 5.20 was good showing that the
sensor may be used to monitor the air-to-fuel ratio of such a combustion system. The
discrepancy between Fig. 5.20 (at 1% O,) and Fig. 5.7 may have resulted from errors
arising from the calculation of oxygen concentration from the CO, measurement: this
assumed the natural gas to be pure methane and ignored any condensation of water

vapour. Furthermore, the possibility of an air leak into the sampling system is not

discounted.
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Figure 5.19 Current-voltage characteristics of sensor 3 operating at 800°C in
combustion gases. Calculated oxygen concentrations | %: Q,0.9;0,1 4, 92.15;
@®.2.45; v ,395.

A detailed study has not been undertaken to establish sensor characteristics with
applied voltages in excess of ~1V. The observed sharp increase in the current above
~1V were almost certainly due to the presence of H,O vapour and CO,, in the
combustion gases. These have been shown to be electroactive on platinum/zirconia

interfaces with applied voltages of ~1V as follows:
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Figure 5.20 Output of sensor 3 operating at 800°C and 0.5V when exposed to
exhaust gases generated in a gas burning flue. Oxygen concentration was
calculated from the CO, measurement. The data are numbered in the order of
measurement.

H,0 + 2¢ &=/ H, + 0" (5.7
CO, + 2e — CO + O* (5.8)
thus resulting in an addition to the limiting current plateau above ~1V [29]. During
measurement, combustible gases (such as H,, CO and CH,,) which can cause a
reduction in the observed current [29], were expected to be present in insignificant

amounts within the flue.

5.5 SUMMARY

Planar zirconia oxygen sensors were constructed onto 96% alumina using thick
films technology exlusively. The cathode was first printed using a platinum-zirconia
cermet ink as a circular disc with two protruding radial strips for electrical
connections. This was treated at 150, 400 and 1000°C for 10 minutes at each
temperature. An electrolyte disc with larger diameter than the cathode was then
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printed over the cathode; this was dried and fired to sinter the zirconia typically at
1400°C for 1 hour. Finally the anode cermet disc with the same diameter as the
cathode was printed onto the electrolyte, dried and briefly fired at the same
temperature as was the electrolyte. Platinum wires were affixed to the electrodes for
electrical connections. In one case a thick film heater was applied to the reverse side
of the substrate.

Sensors were operated in the amperometric mode at temperatures in the range
550-950 °C. This involved the application of a voltage between the electrodes to
reduce oxygen at the cathode and evolve oxygen at the anode. This resulted in the
setting up of a concentration profile in the pores of the electrolyte. As the applied
voltage was increased the current rose and reached a limiting current value controlled
by oxygen diffusion through the anode / electrolyte. At applied voltages above 1.5
V the current increased again due to the generation of electronic carriers in the

electrolyte.

It was found, as predicted by theory thét the limiting current was proportional to
oxygen concentration in the range up 1o 21% oxygen. This has not previously been
achieved with devices of this construction. The temperature dependence of the sensor
output was found to vary with the temperature at which the device had been sintered
and this requires further study. Nonetheless, it does offer the prospect of designing

sensors with a low or negligible temperature coefficient.

Two sensors were also constructed on 99.6% alumina substrates. Limiting currents
were a factor of four higher on these substrates compared with otherwise identical
sensors on 96% alumina substrates. This suggests that impurity diffusion from the
less pure substrates aided sintering of the zirconia electrolyte causing pore
constriction. An estimate of connected porosity from limiting currents on 96%

substrates revealed a value of less than 0.1%.

Promising results were obtained for a sensor operated in the combustion products
from a gas-burning flue. Limiting currents were linearly related to the calculated

oxygen concentration.
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THICK PLATINUM FILMS SUBJECTED TO EXTENDED
TREATMENTS AT TEMPERATURES UP TO 1300°C
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6.1 INTRODUCTION

Some sensor types are operated at temperatures above ambient and require
convenient, simple and low cost methods of heating. There are numerons examples
where thick-film printed heaters have been used to achieve temperatures up to 400°C.
However zirconia sensors require to be heated to temperatures in the region of
700°C. At such high temperatures problems are encountered with loss of continuity
of the electrical element, drift in the electrical resistance and attachment of leads.

Thick-film heaters have been made using platinum as the conducting material and
conld be elevated to temperatures as high as 1300°C by the passage of a current.
Ideally such a heater would provide a long life (>1 year) under normal operating
conditions. Instrumentation has been developed to control tﬁe temperature of these
heaters precisely using two methods [220]. In the first the temperature of the
heaters was monitored with a thermocouple and by using a feedback loop the power
to the heater was adjusted to maintain a stable temperature. The second method
involved using the heater as a platinum resistance thermometer operating in a
Wheatstone bridge arrangement. The power was varied to keep the resistance
constant. This was a simpler means which eliminated the use of a thermocouple.
Clearly in order to provide temperature control by this means it was essential that at

a given temperature the track resistance remained stable over its lifetime.

An object of this study was to determine changes in resistance of the platinum
films with time during thermal treatment at elevated temperatures. An attempt was
made to relate the resistance of the films to the volume fraction of the conducting
phase. Consequently the work involved measurements of the platinum content and

cross-sectional area of the films as well as resistance changes, with respect to time.

6.2 EXPERIMENTAL
6.2.1 General

Platinum films were deposited by a screen printing technique onto alumina
substrates and treated at elevated temperatures between 800 and 1300°C for various
times. The films were characterised subsequent to each heat treatment as follows: a)



Chapter 6 | 154

Tesistance measurements at 20°C, b) temperature coefficient of resistance, c)
quantification of platinum remaining, d) cross-sectional area, e) scanning electron

microscopy and image analysis.
6.2.2 Heater preparation

The design of the printed heater was described [221] previously. Nine heater
tracks were screen-printed onto a single substrate (Fig. 6.1).

S Tetel
U B

Figure 6.1 Photograph of 9 heater tracks screen-printed onto an alumina
substrate. The side of the substrate was 25.4mm long.

All printed heaters produced for this work were screen—printed in a single batch
onto 96% alumina substrates. The films were then subsequently dried at 150 gélsius
for 10 minutes in order to remove the volatile constituents. This was followed by a
firing treatment at 1000°C for 10 minutes to sinter and initialise the film. For
attachment to sensors individual heaters were isolated on an 8mm disc of the ceramic

‘using laser cutting (Laser Mitronics Ltd).

—

6.2.3 Heating cycles
The furnaces used were described earlier (§ 2.3.7). The temperature ramp rate for
the firing cycles was set at 50°C min™' until the desired temperature was reached then

held for the desired time period before ramping down. The downward ramp was also

C &
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50°C min™ until reaching a value of ~700°C when the cooling rate was controlled

by the natural cooling rate of the furnace at zero power.

6.2.4 Resistance and cross—sectional area measurement

Resistance measurement was done using the four point probe arrangement
described in section 2.3.8. The resistance of each film following heat treatment was
measured at room temperature and normalised to 20°C (§ 4.2.2); values below were
averages of the resistances of 27 platinum films (9 films on each of three substrates);

this resistance is referred to as the initial resistance (R,).

The value for the cross—sectional area at each point in time was derived from the

average of twenty profiles taken across the length of each of 27 films.

6.2.5 Determination of temperature coefficlent of resistance (o)
Films were selected at random (after various time/temperature cycles) and their
resistance was measured between 20 and 300°C. An Heizung HT-301 hotplate was
used to heat the substrate including the overprinted film and the film resistance was
subsequently measured at various temperatures using the four-point probe (§ 2.3.8).
The substrate temperature on the film side was monitored to +3°C using a
Pt/Pt—-13%Rh fine wire (40 pm) thermocouple (Type R) bonded to the substrate using
Pt paste (type 5544) and subsequently fired. The value of o, was calculated using the

following relation:

€ = R,-Ry (6.2)
T R.m('l‘l-zo)

where R, is the resistance at temperature T, and R,, is the resistance at 20°C.

6.2.6 Quantlfication of platinum on substrate and rate of weight loss
The amount of platinum present on each heater film was quantified, following
various thermal treatments, using atomic absorption analysis (§ 2.3.10). The rate of
platinum weight loss, per unit area, from the films was determined by quantifying
the amount of platinum present following heat treatment at various times at fixed

temperatures.
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6.2.7 Eiectron microscopy and Image analysis
The platinum films were examined using the scanning electron microscope (§
2.3.9) to investigate progressive changes of film microstructure following thermal

treatment at various times.

An image of part of the heater encompassing the whole width of the track was
obtained at 600X magnification on the SEM. This image was acquired for image
analysis using software comprising of two programs. The acquired image was
displayed on a remote screen allowing various contrast levels to be ascertained. The
sampling count and threshold values were adjusted to match the acquired image with
that displayed on the SEM. The various contrast levels were then grouped so as to
represent the voids exposing underlying substrate by a different shade to that of the
platinum on the film (Fig. 6.2).

. The first program (Digiscan) provided fea;ure. analysis. Once the voids were
obtained as separate distinguishable features the program stored information of each
of these voids in terms of the following: (a) area, (b) computer grid points occupied,
(c) maximum, minimum and mean void lengths (ferrets). Values of (b) were used to
set a minimum size of feature for the program 10 analyze. This was useful for the

elimination of numerous tiny features diagnosed which were not voids.

The second program used (Digipad) allowed measurement of the percentage area
of voids within the film that traversed the full thickness of the film in a direction
perpendicular to the substrate so that the underlying substrate was visible from
above; such voids are referred to below as through—voids, This was based on the
determination of the percentage area occupied by each contrast range. These ranges,
represénted by different colours by the program, were combined so as to represent

voids by one colour and platinum by another. -
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Figure 6.2 (a) Micrograph of platinum film displayed by video monitor of

SEM, (b) Captured part of the micrograph used by image analysis program;

area of holes is indicated as 42.16 % in this instance.
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6.3 RESULTS AND DISCUSSION

6.3.1 Electrical resistance changes at elevated temperatures

Typical trends for the changes in electrical resistance at elevated temperatures of
two fritless and two fritted platinum films are shown in Fig. 6.3 with reference to the
films fired at 1000°C. The initial treatment (1000°C for 10 minutes) produced films
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Figure 6.3 Resistance at various firing times for films fired at 1000°C which
had various ininal resistances. Film type [ initial resistance (§0): wfritless
15.7; v fritless | 17.6; @ fritted | 8.4, O fritted | 92.

with only a small variation in the initial resistance; the values shown in Fig. 6.3
represent the highest and lowest values of the initial resistance measured for 27 films
of each type. Initial resistances of the films averaged ~9%2 for the fritted as opposed
to ~16Q2 for the fritless films: the ratioc 1.8:1 comrelated with the inverse of that
corresponding to the amount of platinum metal deposited of 1:1.8 (see § 6.3.2)
indicating that the glass in the fritted films did not play a major part in determining-
the film resistance which was solely determined by the amount of platinum present
in the film. It shonld be noted here that the neither the heating nor the cooling rate
produced observable differences in the heater resistance at 20°C. Films with higher
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initial resistances showed a more rapid resistance increase with firing time resulting
in earlier electrical discontinuity. Electrical discontinuity in the film is referred to
below as film "failure” as the heater could no longer be used to meet its service

function.

Changes in the resistance data were more conveniently represented using a

normalisation procedure

Iv= R,/R; (6.2)
where I is the normalised resistance, R, is the resistance of the film following the
initial treatment and R, is the resistance measured following thermal treatment for
time t. Changes in Iy with firing time at various temperatures are shown for the

fritted films in Fig. 6.4 and for the fritless films in Fig. 6.5. The resistance changes

of the tracks show that after an initial decrease there was a subsequent continuous
increase in Iy with firing time at elevated temperatures until film failure. The rate of

resistance increase was accelerated with increasing temperature and for the fritless
films was higher than that of the fritted ones. This may have been associated with
the higher initial resistance of the fritless films (Fig. 6.3).

The time taken for the value of Ty to reach 1.5 was taken as an indication of the

rate of resistance change; its relation with temperature (Fig. 6.6) was used to
calculate an activation energy for resistance change. Such activation energies for
fritted and fritless films were found to be similar with a value of ~135 kJ mol™'; this
suggests that for both fritted and fritless films the same physical processes may have
controlled the observed changes in the electrical resistance. In the sections that
follow it is shown that with increasing time at a fixed firing temperature there was
an increase in the proportion of each film made up of through voids and that
platinum was lost by evaporation from the film. The activation energy obtained for
the resistance change of the films of ~135 kJ mol™' compares well with that obtained
for the increase of the through voids of ~130 kJ mol™' (§ 6.3.3, Fig. 6.16) but is
lower than the value of ~207 kJ mol™' (§ 6.3.2, Fig. 6.10) obtained for the rate of
platinum evaporation. This suggests that the overall resistance rise of the films was

primarily controlled by the formation and growth of the voids. Extrapolation of the
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Figure 6.4 Normalised resistance of frinted platinum films after firing at
various nmes at O,800°C; @,1000°C, »,1150°C; v ,1225°C and 0O,1300°C.

data in figure 6.6, indicate that the fritted film may require 4-5 years at 700°C for
its resistance to rise to one and a half times its initial value. It is vncertain however
that the factors controlling the resistance rise, and hence the activation energy, at
temperatures below 1000°C remain the same as that for temperatures in the range
1000°C to 1300°C.

The initial decrease and subsequent increase in film resistances may be explained
with reference to the film microstructure. Sintering, void growth and platinum
evaporation were occurring simultaneously. The initial decrease in the film resistance
was more rapid than the subsequent increase and was attributed to sintering of the
film (§ 6.3.3) improving interparticle contact. The subsequent resistance increase
indicates that the processes acting to effect the increase (void growth and platinum
evaporation) became dominant over the sintering process. Void growth may have

acted to increase the resistance by effecting an increase in the conduction path length
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Figure 6.5 Normalised resistance of fritless platinum films after firing at various
times ar O;1000°C, @;1150°C and +1300°C.

(tortuosity), due to the intervening voids. Platinum evaporation caused an increase

in resistance by reducing the amount of platinum available to carry the current.

A further procedure was to normalise time,
bty = tt) s (6.3)
where the normalised time ty is the ratio between the time t and the time taken for
I'y to equal 1.5 (t,sg;). Plots of Iy versus t are shown in Fig. 6.7 for the fritted

composition and Fig. 6.8 for the fritless composition. It was found that the diversity
in the resistance-time relationship between films of the same type (Fig. 6.3), which

were the result of differences in their initial resistance disappeared and resulted in

a single line on the plot of I versus ty.
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Figure 6.6  Relation with temperature and time taken for the film to increase
its resistance to 1.5 times its initial value. O frinted films; @ fritless films.

Figure 6.7 demonstrates that the sintering effect in the initial period became more
dominant compared with void growth for fritted films as the temperature was raised
resvlting in a lower minimum normalised resistance. This means that the activation
energy for sintering of the fritted films was lower than the value of 130 kJ mol™
obtained for void growth. Smaller differences in the minimum normalised resistance
with temperature were observed for the fritless films (Fig. 6.8) suggesting that the
activation energy for sintering was closer to that of void growth in this case.
Differences in activation energies for sintering between fritted and fritless films could

mean that the glass present in the former films acted as a sintering aid.
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6.3.2 Quantification of the amount of platinum deposited on the substrate and

the rate of weight loss at elevated temperatures

It is well established that at high temperatures in oxidising environments platinum
and other metals in its group, react with oxygen forming volatile oxides
[222,223,224,225]. The volatile compounds which evaporate have been
shown to be mainly PtO, [225], and to a lesser extent PtO and PtO, [226]. At
atmospheric pressures it has been suggested that the oxidation rate is determined by
the transport of the oxide vapour away from the metal through a gaseous boundary

layer [227] '
Pi(s) + ¥AxO, = PtO, (g) (6.4)

where (s) and (g) represent solid and gaseous phases respectively.

The rate of platinum loss from the printed films by evaporation was linear (Fig.
6.9 shows data obtained at 1300°C) throughout the time the track was electrically
continuous (i.e < 40 hrs at 1300°C). The average amount of platinum deposited by
screen—printing nine heater patterns on one substrate was ~5.1mg when using the
fritless ink and ~8.9mg when using the fritted ink. Quantification of the amount of
platinum (at each point in time) was undertaken on five randomly selected substrates
and the results averaged for each measurement. The spread of the results at any
single point in time was +3%. Verification of this consistency was important as the
analytical method was destructive. The most common method for determining the
rate of metal weight loss is thermo-gravimetric analysis; this was thought to be an
insufficienily accurate technique for measurement of the weight loss of platinum
printed onto a 96% alumina substrate. This is because the elevated temperatures
(>1000°C) used might cause other volatile constituents, glass for example, to
evaporate. The atomic absorption technique however provided a means of Quantifying

exclusively the rate of platinum weight loss from the printed films.

Rates of platinum weight loss from the films were calculated from plots of the
type in Fig. 6.9 and normalised per unit geometric area of the platinum films. These
results are compared with previously published data for pure platinum in Table 6.1.
The activation energies calculated from figure 6.10 were similar amongst all the sets

of the data with a value of ~207 kJ mol™. Major effects on the rate of platinum loss
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may be caused by variations in the specimen dimensions [228] and texture of the
platinum surface [223], the oxidising environment [229,229], the gas movement
around the sample [224] and temperature of the surrounding gas [229]; non-
accountability of such effects are the most probable explanation for the large scatter

between the results of various investigators.

4 L _

remaining Pt / mg

0 ! L | | | | ! | 1
o s 10 15 20 25 30 35 40 45 50

time @t 1300°C / hours

Figure 6.9 Amount of platinum remaining on substrate (total of 9 heater
tracks) following heat treatment at 1300°C for various times. Q fritted films;
@ fritless films.
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Investigator Weight loss at 1300°C / (ug cm™? h')
This study: Fritted films 6914
Fritless films 78+5
Krier & Jaffee [224] 4.6
Raub & Plate [222) 54

Table 6.1 Comparison of platinum weight loss data by evﬁporation ar 1300°C in

alr.

The rates of platinum evaporation between fritted and fritless films were the same
within the range of experimental error, i.e 69+4 and 7845 pg cm™? h'. The weight
loss of platinum could not be continuously monitored on a single substrate as the
technique used for quantification (dissolution followed by atomic absorption) was
destructive; this resulted in some uncertainty in the data due to variations of 3% in

the initial amount of platinum deposited.
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6.3.3 Microstructural examination and analysis
Scanning electron micrographs

Due to the nature of the screen printing technology some porosity remained in the
printed films after firing. Scanning electron micrographs of the fracture edge of both
fritted and fritless films following treatment at 980°C for 10 minutes and at the point
of electrical discontinuity are shown figure 6.11. These show that the films consisted
of a mixture of solid and void phases. Micrographs of the surface of the fritted films
following heat reatment at 1300°C for various times (Fig. 6.12) show that sintering
and grain growth of the platinum particles and coarsening of the voids were
occurring simultaneously; these processes were accelerated with increasing
temperature. Sintering caused the platinum particles 10 coalesce forming at least one

continuous cluster between the two ends of the length of the film.

When fired at 980°C for 10 minutes (Fig. 6.11a & 6.12a), individual voids were
small compared to film dimensions and a three dimensional (3D) distribution of
voids in the film was evident. During growth, voids coalesced and became through-
voids (Fig. 6.11b and 6.12c); it is evident that the void distribution in the films was
then principally two dimensional (2D). Progression of the void growth caused the
through-voids to join and eventually traverse thq film width resulting in numerous
isolated platinum clusters. Such clusters were first observed at the edges of the film
width; this is probably because they were the thinner parts of the films as can be
seen from a profile of the film cross section (Fig. 6.13). Void growth was an
inevitable consequence of agglomeration of the grains, grain growth and platinum

evaporation.

Elemental mapping of the cross-section of the film (using energy dispersive X~ray
analysis integral with the scanning electron microscope) indicated negligible diffusion
of alumina from the substrate into the platinum film. The glass contained in the
fritted samples segregated to form a layer between the platinum and the substrate
during the initial stages of sintering. This phenomenon had previously been observed
in studies of the structures of screen-printed resistors [230]. In this study there
was no evidence that the glass had dissolved into the substrate. Previous in-depth

investigations revealed that alumina rapidly dissolves into an overprinted glass layer
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Figure 6.11 Scanning electron micrographs of the fracture edge of the platinum
films: (a) & (b) frirted films, (c) & (d) fritless films. {(a) & (c) show films
following firing at 980°C for 10 minutes, (b) & (d) show films at the point of
electrical discontinuity. Cursor lengths show the magnifications.
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Figure 6.12 Scanning electron micrographs showing plan views of some of the
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Figure 6.13 Traced profile of a part of one film (fritted film fired at 980°C for
10 mins). Note the different scales of the axis. Alpha-step output: Cross-
sectional area, 3000unt’; film width, 250um; average height, 15um.

following finng at 1000°C [231]; this should increase the viscosity of the glass
layer. The segregation of the denser platinum to the surface of the glass may indicate
that the interfacial energy between the glass and the alumina was lower than that

between the platinum and the alumina.

Image analysis
In this section discussion of the results obtained, is preceded by a discussion of

the validity of the image analysis software used, to the application.

A general error could arise in the selection of the particular track area for
analysis. It is apparent that if a different area of the film were selected a different
result might be obtained. This was considered by analyzing various randomly
selected areas on various tracks that had received identical heat treatment; the results
were found to be within + 10%.
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(C) | i P, Anhed e (d) B

Figure 6.14 Some of the images captured by the analysis program showing
void growth and increasing area of holes of fritted films fired at 1300°C for
times in hours: (a),3; (b),15; (c),30; (d).50.
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Figure 6.15 Projected surface porosity in the films (obtained from image
analysis) versus firing time at various temperatures. v,1000°C; @,1150°C;
0,1300°C.

The feature analysis program had one shortcoming in this application. Any clearly
defined features in contact with the boundary of the selected area were ignored from
the analysis. This was not particularly important when the voids of the sample were

small but errors increased as the voids grew and contacted the boundary.

Image analysis of the films (Fig. 6.14 shows fritted platinum film fired at 1300°C)
enabled determination of the percentage of the total area occupied by the film
exposed as substrate; this area is referred to below as the projected through pordsity.
These results are summarised in figure 6.15. It was found that electrical discontinuity
of the films occurred when the projected through porosity of the film was between
39-50%. This is consistent with the findings of Maskell er a/ [50] who showed that
a sputtered platinum film on zirconia achieved electrical continuity at a projected
through porosity between 40 and 55%. The relation between the time taken for the
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Figure 6.16 Relation between temperature and time taken to reach a through
porosity of 50% for the fritted films.

fritted films to develop a projected through porosity of 50% and the temperature is
shown in figure 6.16; an activation energy calculated from this figure for the growth
rate of the through porosity was 130 kJ mol™.
5

Void growth

Voids not expelled by sintering were those with a large coordination number.
these could only be expelled by grain growth. However the high temperatures
required for grain growth also enhance void growth. These voids are also expected
to act like impurity inclusions suppressing the rate of platinum grain growth and
hence their chance of closure. As the interfaces between particles surrounding the
void widen and deepen during sintering, (by equalisation of the chemical potential
gradient, which is largest at the grain boundary interface) so the void tends to
increase in size. Voids have an interfacial energy which is minimised at the

minimum specific perimeter length or area; this may be the cause of the observed
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tendency of individual voids to become circular with increased firing time.
Coalescence and growth of voids occurred in a similar manner to coalescence of
solid particles. Hence it is proposed that void growth is due to the same factors as
grain coarsening. Some factors influencing void growth are as follows. When two
neighbouring particles have a large size difference there exists a greater chemical
potential gradient than when the neighbouring particles have a small size difference
and so the void coarsening rate is enhanced. Where the surface of the substrate is
curved particles tend to migrate to concave sites [232]. This enhances particle
growth rates at the concave and void growth rates at the convex sites. Thus void
growth is influenced by the geometry and number of grains enclosing the void and
the nature of the substrate surface.

The development and persistence of voids depend upon the ability to form
nucleation sites which is associated with the interfacial energy between the film and
the substrate; low values of interfacial energy indicate high wettability. The
interfacial energies are shown in Table 6.3 and suggest that the platinum atoms
execute random walk on the substrate surface at high temperatures until they
evaporate or coalesce with larger anlomerates of platinum, leaving sites where
nucleation is not favoured void of metal. The glass present in the fritted film
presumably wetted the alumina and platinum readily at high temperatures enabling
good adherence of the film to the substrate.

Interface Interfacial energy (in air at 1400°C)

I m?
Pt — air (void) 2,097 £ 0.05
Pt — ALO, 1050 + 0.08 H
Pt— Pt 0.525 + 0.035
ALO, - ALO, 0.065 + 0.015

Table 6.3 Interfacial energies between various solids (McLean and Hondros
[233))
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6.3.4 Cross-sectional area of the films

These results are shown with reference to the data obtained when firing the films
at 1000°C and 1300°C for various times (Fig. 6.17). There was a rapid initial
decrease followed by a slower continuous decrease in the cross—sectional area of the
platinum films. Electrical discontinuity in the films occurred at simnilar values of
cross-sectional area at treatment temperatures of 1000°C and 1300°C. These values
were approximately 1500 and 550 (um)? for the fritted and fritless films respectively.
This is probably because the film formed isolated platinumn islands at a particular
film thickness which was related to the size of the voids and the islands. This is
more clearly understood by considering a process with the reverse effect, like that
of sputtering a metal onto a substrate. The sputter process first forms isolated
platinum islands which join to form at least one continuous electrical path (between
the two extreme ends of the film’s length) at a particular thickness (and projected

through porosity) of the deposit.
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Figure 6.17 Changes in cross—sectional area with time of the platinum films
following firing at temperatures indicated. Fritted films: O,1000°C; v,1300°C.
Fritless films: @,1000°C; v ,1300°C.
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6.3.5 Temperature coefficient of resistance () measurements

Values of a for a number of platinum films were calculated from the variation of
resistance with temperature (Fig. 6.18) and compared (Table 3.2) to that of pure bulk
.platinum and values obtained from the manufacturers data sheet.

film resistance / N
film resistance / 0

811;-':r-Lljjnn_L11||||||_|]1|xn_|

0 30 100 150 200 230 300

temperature / °C

Figure 6.18 The variation of resistance with temperature, enabling calculation
of O ; film type, sintering temperature in °C, time at sintering temperature in
hours, R, in ohms: v fritted, 1300, 36, 8.7, @, fritted, 980, 0.18, 9.9, O, fritless,
980, 0.18, 10.6; v frinted, 1150, 86, 10.9; 3, fritless, 1300, 36, 37.5.

Platinum thick film o (20-125°C)
Type/Thermal treatment ppm °C™*
fritless/ 980°C; 10 min 3600 £50
fritted/ 980°C; 10 min 3500 £50

fritted/ 1150°C; 83hrs 3600 £50
fritted/ 1300°C; 35hrs 3550 £50

Bulk platinum[201] (99.2% pure) 3800
Electro-Science Laboratories data sheet 3500 +£200

Table 6.2 Comparison of o values of thick platinum films (o) and bulk Pt (ap,).
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The positive o values of the thick platinum films (o) and their proximity to that
of bulk platinum (o) suggest that conduction was controlled by electrons flowing
through the metal; effects such as electron tunnelling [234,235] or electron
hopping [236,237] can be neglected as these would yield negative values of
o. Computed o, values were lower than those of «, and should be treated with
caution at present. The value of a; may differ from that of bulk platinum because of
a difference in the expansion coefficient of the film and the substrate resulting in a
strain—gauge effect superimposed on the value for the platinum oy,. An examination
of the thermal expansion coefficients (€) of the alumina subs&ate (g, =6.3x10°° °C™h
and platinum (g, = 9.1x107° °C™') reveals that on heating the platinum film tended
to be compressed. In fact it has been shown that the value of a of any film,
characterised by a certain thermal expansion coefficient (g) and deposited on a
substrate with thermal expansion coefficient (€,) is given by [238]

> (;-€)(Gp-1-v) (6.5)
1-v

@ -da - €

where @, indicates the temperature coefficient of resistivity, Gg is the longitudinal
gauge factor of the film and v is the Poissons modulus for the substrate. This
reversible change with temperature has only a small change in the o; as the value
calculated by substituting Gz=2, v=0.22, €, = 6.3x10° °C, g, = 9.1x10° °C™") and
0,=3300 ppm °C" !, yielded an o value for the film of <3780 ppm °C! which is still
higher than the obtained values for the film (Table 6.2). Thus discrepancies between
o, and 0, cannot be accounted for by consideration of stresses impoéed on the film
by the substrate. 1t may be that the o of the platinum material deposited was altered

by the presence of the glass or a chemical interaction with the substrate.

According to Watkins [239], the multiple (& x p) for a given material remains
constant, so the lower value of a obtained for the platinum conductors suggests they
had a higher resistivity p, given by,

P fim =P poern (Cpr / O (6.6)
Thus a material will dominate the resistivity (relative to the pure bulk sample), to the
same extent as it dominates ¢ the ratio of the deviation of o; with ag, was ~0.93 (at
maximum) indicating that the resistivity of the film may have been approximately
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(1/0.93) times higher than that of pure bulk platinum. It has been shown by Wert and
Thomson [240] that the total resistivity of metals can consist of various additive
components

Puotat = Premperanuret Pimpurities + P deformation (6.7)
where it is implicit that the effects of lattice impurities and lattice structural
distortions are both temperature independent. Thus there may be a difference between
the resistivity value assumed for the film (that of bulk platinum) in later sections is
the true value of the resistivity.

6.3.6 Analysis of the platinum film as a two—phase system
6.3.6.1 General

An insulating phase within a conducting matrix represents a two-phase system.

Porous thick film conductor tracks can be modelled as electrical two-phase systems;
the sites occupied by the metal phase (platinum in this case) are good electrical
conductors and the glass and void phases are electrically insulating. Some properties
of multiphase mixtures may be obtained by simply averaging the properties of the
pure phases, but the relattonship of the thermal and electrical conductance of such
mixtures 10 the conductances of the pure phases represents a problem that has
challenged scientists and engineers for over a century. The numerous theories
proposed to model the electrical conductivity of heterogeneous media fall into three
general categories: a) effective medium theories, b) percolation theories and c)
chain theories. Chain theories are not considered relevant in treating the electrical
properties of sintered metals because they involve the use of probability arguments
to determine how a set of conducting spheres form continuous chains through the
sample; they are only mentioned here so that the reader may be aware of their

existence.

Knowledge of the width and length of the film, the amount of platinum present
and the resistivity of platinum, enabled calculation of R , (Appendix E); this was the
resistance expected based on the amount of platinum present at time t, assuming a
layer of platinum with uniform cross-section along the length of the film and the
absence of voids. The ratio between the measured film resistance at time t (denoted
as R,), and R, (ie R/R ) was found to be in the range of 1.8-2.2 (Fig. 6.19)
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irrespective of the porosity and thermal treatment given-to the film. The fact that this
ratio was similar between both fritted and fritless films suggests almost complete
segregation at an early stage of the glass and platinum within the fritted films. The
ratio R/R ,, which is expected to be unity in the absence of tortuosity indicates a
tortuosity factor 8, [209] of approximately 1.5 {i.e =(2.2)'?}. for the films.
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Figure 6.19 Ri/Rc vs porosity at increasing firing times for fritless films fired
at v,1000°C; v,1300°C and fristed films fired at O,1000°C; @,1300°C.

Films screen-printed and fired dn a substrate are subjected to stresses at room
temperature caused by differences in thermal expansion coefficients of the film and
the substratt on cooling from the sintering temperature. The change (AR) in
resistance (R) at the measurement temperature (20°C in this case) induced by the
stresses can be evaluated by integrating [241] (Eq. (6.5)) to arrive at

AR 2(e-€) o oo 6.8)
T—AT—T:.—V—(GF 1 V)

where AT is the difference between the peak firing temperature and the measurement
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temperature (20°C in this case). Calculations using a peak firing temperature of
1300°C reveal the percentage change in resistance (at 20°C) induced by stresses due

to thermal expansion to be minimal at just below 1%.

The data gathered in sections 6.3.1 10 6.3.5, enable the electrical resistance of the
films to be portrayed as a function of their porosity for comparison with theoretically
derived relations. A dimensionless relation can be defined as a resistance ratio Q,

Q=R /R, o (6.9)
where R, is the film resistance (at 20°C) following thermal treatment at time t, and
R., is the effective resistance of the film at time t, assuming that the non-conducting
fraction was also conducting to the same extent as the conducting phase (platinum
in this case) of the rest of the film. Relations and parameters used to calculate values

of Q are exemplified in Appendix E.

6.3.6.2 Comparison with effective-medium theories

Tn the effective medium approach a typical element of the mixture is considered
to be embedded in a homogeneous medium and expressions for the "effective”
properties of the medium developed. Relationships have been developed [242,
243,244,245,246] and shown to apply with excellent accuracy for low
concentrations (up to 10% non-conducting fraction) of particles (irrespective of their
size distribution) that are small in comparison to the bulk dimensions. The reason for
the vpper limit of applicability of 10% for these relations lies in the physical
consequences of the assumptions used to derive them implying that the lines of flow
describing the electric path show no discontinuities, the flow is smooth and that at
all points within the system including the boundaries, lines of flow are orthogonal
to equipotential surfaces. Concentrated suspensions infer that the particles of the
dispersed phase approach each other and the fields surrounding them interact. The
models referred to below are simplifications of theoretically derived equations for the
special case involving concentrated suspensions of a two-phase conductor-insulator

mixture where the non-conducting phase is dispersed in a conducting medium.

Lord Rayleigh [245] used the principle of superposition of potentials, and for a

cubic array of equisized non-conducting spheres in a conducting medium, derived an
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equation which was further refined by Runge [247) and simplifies to

) 3f
2 +§-0,393711%°

1 (6.10)

1 _

Q-
where f is the volume fraction occupied by the non-conducting medium. Note that
the original relations developed were expressions of the conductivity ratio of the
heterogeneous mixture to that of the conducting medium and not the resistivity (or
resistance) ratio Q. Meredith and Tobias [248] used a different function for the
potential and considered higher terms in the series to obtain

3f )

%+ 0.409 £

1
— = 1-(
Q 2+ f-

Bruggeman [249] used Maxwell’s [244] original 3D model and considered the
surrounding medium to be a continuum from the point of view of each additional
fraction of the dispersed phase, to derive the following approximation ‘

2
Q=(1-)? G

Bruggeman’s equation has been tested experimentally and shown to be a good
approximation only when a large range of particle sizes is present in the dispersion
[250,251]. It also allows volume fractions approaching f = 1, without contact

between adjacent particles and therefore is not limited by close packing fractions.

Fricke [246] obtained a relation to account for a dilute concentration of randomly
oriented ellipsoids: Reynolds and Hough [252] extended Fricke’s original
equation so that it could be valid for a concentrated suspension of ellipsoidal
particles; Meredith [253] subsequently corrected an error in the equation of
Reynolds and Hough which for non-conducting ellipsoids in a conducting medium

reduces to

-1
Q= (1T (6.13)
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where P and Y are purely numerical and are related to the axial ratio of the non-

conducting spheroid.

The corresponding three dimensional models described above can be visualised
in two dimensions by replacing the spheres in the above model by cylinders. For a
square array of equisized parallel cylinders with the field perpendicular to the axis
of the cylinders, the conductivity ratio relation derived by Lord Rayleigh reduces to

2f

-, (6.14)
Q 1+f-0.3058f4
Runge [247] further refined Eq. (6.14) to read
1., 2f (6.15)
Q 1+f-03058f4-0.1334 8

Expressions for concentrated suspensions in two dimensional conductor-insulator
dispersions have no physical significance above /4 corresponding 1o the close
packing of cylinders, where the conductivity ratio is expected to be infinity; the fact

that this is not predicted is due to the approximations involved in the derivations.

The relation for an expression containing a random .arrangement of non-
conducting cylinders follows from Eq. (6.13), for prolate spheroids as the limiting
case where the ratio of the major to the minor axis tends to infinity (1+f+y = 0.6,
Appendix F).

-L 6.1
Q= (1-f) ° (©10)

Equation (6.13) reduces to Eq. (6.12) when all the three principal axes of the
ellipsoid are equal (i.e for spherical particles); however the equation does not reduce
to that Eq. (6.14) or (6.15) concerning a dispersion of parallel rods or cylinders, as
the former equation (Eq. 6.13) is based on a model containing a completely random

orientation and not a square array.
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The resistivity—porosity behaviour of consolidated systems (such as sintered
metals, porous ceramics, sandstone etc) owing to their complexity and difficulty in
characterisation, has only been treated empirically; various investigators
[254,255] have found Archie’s law [256] to be valid. Winsauer [257)
added an empirical constant, C,, to Archie’s equation which then takes the form,

Q=C, (1-f )" (6.17)

where m is also an empirical constant. This equation (Eq. (6.17)) is a general and
empirical form of Eq. (6.13) for a two—phase system.

The dimensionless theoretical and empirical relations between Q and f described
above are shown together with the experimentally derived data in Figs. 6.20 and 6.21
for the fritless films fired at 1000°C and 1300°C respectively and Figs. 6.22 and 6.23
for the fritted films. Previously diverse data at the various temperatures (§ 6.3.1) are
seen to be grouped, following a similar rélationship and showing an increasing value
of Q with increasing porosity. The fact that little scatter was observed in each set of
results is due to the averaging of a large number of data. Uncertainty in the data was
lower with decreasing porosity fractions but increased towards failure because of the
magnification of errors (i.e rate of platinum weight loss and rate of decrease in cross-

sectional area) with time.

Figures 6.20-6.24 enable certain generalisations to be made. Two distinct Q-f
types of behaviour are evident in each set of experimental data; both are associated
with a high resistivity ratio at high fractions of non-conducting phase. One type of
behaviour is between points 1 and 2 and relates to sintering of the film (thus
expelling some of its porosity) until a minimum porosity was reached at point 2
where the conducting part of the film may have already reached a maximum in
density. The other relation is between points 2 and 3 and relates to the growth of
voids within the sintered film. These relations show that the microstructure of the
film influenced the resistivity-porosity relationship. A possible explanation is that at
point 1 where the films first became electrically continucus by joining of the
platinum particles there may have been a large resistance due to the existence of

narrow necks between particles, thus increasing the measured film resistance.
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marked with their corresponding equation numbers as they appear.in the text.
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Fritless films reached a lower value of f than fritted films (compare Figs. 6.20 &
6.21 with 6.22 & 6.23); this can be explained by the presence of the glass frit in the
latter films. Fritted films demonstrated a lower value of f when fired at 1300°C as
opposed to 1000°C; this may have beeen partly due to the removal of a larger
amount of glass from the film when sintered at 1300°C and partly due to increased
sintering of the platinum phase. A smaller difference in the minimum value of f
reached was demonstrated by the fritless films, the curves obtained at 1000°C and
1300°C being virtually superimposed; this is consistent with the absence of glass
from the film. The times at which the minimum values of f were reached coincided
with the times of the normalised resistance minima in Fig. 6.7 and hence it may be
concluded that the lower resistance minima of the films fired at higher temperatures
was due 1o the lower porosity achieved. The subsequent rise in film resistance that
followed the minimum resistance noted in figure 6.7 was due to an increase in

porosity caused by void growth.

The theoretical equations that most closely fit the experimental data (Figs. 6.20-
6.24) are those based upon the two dimensional case (such as equations 6.14-6.16)
i.e non-conducting cylinders dispersed in a conducting medium. This is consistent
with microstructural observations within the film (§ 6.3.3) which show that the
through voids (which were non-conducting) resemble embedded cylinders. It is
necessary to recognise that the theoretical models were developed for perfect
cylinders and that the voids in the film are not perfectly cylindrical. In fact closer
agreement between theory and experiment is observed with increasing fraction of
non-conducting phase; it is possible that this could result from the tendency of the
through voids to become increasingly more cylindrical with firing time (§ 6.3.3).
Thus the voids more closely resembled the theoretical model causing a progressive
shift of the Q-f behaviour towards the theoretical curve for embedded cylinders with
increasing firing time. The random nature in the dispersion of the through voids
suggests that Eq. (6.16) should more closely match the experimental data than Eq.
(6.14) or (6.15).

The general theoretical equation (Eq. (6.13)) indicates that a dependence upon
pore geometry should be expected. Interestingly the variation of the resistivity ratio
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with porosity, (Q-f) relation, observed experimentally can be fitted by Eq. (6.13)
[253] by choosing for each point a void shape (axial ratio) in order to set the
exponent value of the equation. Changes in the void shape were observed with time,
although the voids were irregular (i.e did not resemble perfect spheroids or cylinders)
and insufficiently well characterised; thus a theoretical treatment was unjustifiable.
It may be possible to pursue an explanation of the Q-f data by undertaking computer
simulations [258] to investigate the effect of various sized irregular voids

embedded in a conducting medium on the resistivity of the matrix.

The results for the fritted system at 1000°C, after approaching the theoretical
curve for embedded cylinders show a steep rise away from it; this is consistent with
a tendency towards a value for Q of infinity at m/4, not predicted by the theoretical
relation for the conductivity of a matrix with embedded cylinders due to the
approximations made in its derivation. An interesting feature within the curve for the
fritless films at 1000°C (Fig. 6.22) is the clustering of the data points into sets that
follow different slopes; this effect may be related to the breaking of the conduction

paths by void coalescence, briefly changing their axial ratio.

A plot of the data in order 10 yield values of m and C, of Eq. (6.17) (Table 6.3)
for fritless and fritted films fired at 1000°C and 1300°C is shown in Fig. 6.24;
linearity of the plot suggests that the modified Archie equation can be used to model
changes in resistivity ratio with porosity for porous sintered thick film conductors.
Data obtained during initial sintering (points 1 to 2 on Fig. 6.24) showed a value of
m of ~-2.2 which was higher than the value of -1.2 corresponding to prolonged
treatment times (points 2 to 3) at temperatures of 1000°C and 1300°C. Values for m
of -1.3 for unconsolidated sand and -1.8 to -2.0 for sandstones was reported by
Archie [256).
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Figure 6.24 Log,, Q vs Log,, (I1-f) for platinum films printed on alumina
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Chapter 6 191

Film type / firing temperature m C,
Fritless / 1000°C and 1300°C -1.2
Fritted / 1000°C -1.2 1.8
Fritted / 1300°C -1.7 1.0

All data during initial sintering =22 1.2

Table 6.3 Empirical values of the constants m and C, .from Egq. (6.17)} Archies
equation) for fritted and fritless platinum films sintered on 96% alumina.

6.3.6.3 Comparison with percolation theories

With appropriate representation percolation models are useful for characterising
a multitude of disordered phenomena as diverse as galactic structure, forest fires,
measles epidemics and more relevantly random two-phase systems. Recently a
considerable amount of literature has built up. For an introduction the reader is

referred to Clerc et al [259] and for applications to Zallen [260].

The approach is usually to define the proportion, p, of sites or bonds present on
the lattice. The key factor in percolation theory is the existence of a percolation
threshold, namely a critical value of the occupation probability of the bonds, p..
When the probability p is less than p, the occupied bonds form finite clusters. A
cluster is any set of vertices connected to each other by occupied bonds. For p>p,
there exists at least one cluster that connects opposite sides of the whole sample

together with a distribution of finite clusters.

Previous workers have modelled the conductivity of inhomogeneous conducting
materials by random resistor networks with the emphasis on the binary case,
modelling a random mixture of two materials with very different conductivities
[261,262,263,264]. This was done by relating the probability p, with the
volume fraction of conducting phase, V, (V, = 1-f). Monte-Carlo simulations [258],
analog experiments [265,266,267] and series expansions [268] have

shown that near the conduction threshold (generally in the range V_< V, <V +0.2)
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the following relationship is valid:
6 =0, (V-V) (4.3)

where ¢ and O, are the conductivity of the two-phase system and conducting
component respectively; V,, is the volume or area fraction of conducting component
(for 3D and 2D systems respectively), and V_, is the critical volume or area fraction
required for continuity

for the 3-D case s=16t020, V. =-~0.15

for the 2-D case s=10twi14 , V =-~05
Note that the value of the critical exponent s, is a novel universal characteristic of

the electrical percolation problem.

Scher and Zallen [269] have proposed an empirical relation, V.Pe = 0.154, to
calculate the value of V_ if the packing fraction (P;) is known. This relation is not
universally valid {270] and it is now widely recognised that there exist large
variations of the critical volume fraction ranging between 2-60% which may be due
to differences in system microstructure [271] as well as film dimensionality. The
valne of V_ can be treated as an adjustable parameter in the absence of other insights
into the conduction threshold [272].

The experimental electrical resistance data are shown in Fig. 6.25 plotied
according to Eq. (4.3) (above) as log,(6/0,) versus log,(VV_) using a value for V,
of 0.15. It appears that both fritted and fritless films fired at 1000°C and 1300°C are
characterised by similar slopes (Fig. 6.23). Furthermore two distinct slopes are
apparent (Fig. 6.25), one between points 1 and 2 and the other between peints 2 and
3. The slopes provide values for the percolation exponent, s. The data were plotted
using various values for V_and the resulting exponent values are shown in Table 6.4.
The two distinct slopes (Fig. 6.25) are interesting as they may provide evidence of
a change in the dimensionality of the system. The clear change from a higher to a
lower exponent value (obtained from the slope) and the magnitude of that change,
is typical of the change expected if the film had changed dimensionality from 3D
(points 1 to 2) to 2D (points 2 to 3). Such a change in dimensionality is supported



Chapter 6 193

-0.4

™
T T T T ! T =
|
%’*’—" )
L. O
e
"
o) <
- OG 1 ©
Q |
20
0..
(o]
» O
bbo
(s _Ne]
» o) o
P 0 ~~~
- - [t}
o © o -
| ) J |
s —
o o =
> 0»’ N~
>
L S
o% o —
o>
| o]
OD'[> e
= b —CS
o]
L I o !
Q
OI> 5
> b
-]
o]
=]
g o
. ] d =
m/ |
C
] | L 1 ] 1 R |
(] Q - — — - —
I ] ! ] { [

[ J—

("o/0) boj

Figure 6.25 Log,, ( (0l0y) vs (V/V,)] for fritted films fired at: v,1000°C;
v,1300°C and fritless films fired at Q,1000°C; @,1300°C.
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by the scanning electron micrographs (§ 6.3.3). In order to derive values of s in the
range predicted by percolation theory it is clear that the value of V. must be taken
to be in the region between 0 and (.1; however these values are lower than those

obtained experimentally i.e ~0.23.

The expected percolative transition, (i.e a sudden rise in resistance vs porosity
near the critical volume fraction V_), was not observed for all films. This may have
been due to dimensional variations along the film; failure inevitably tended to occur
at the thinner and less dense regions (i.e failure was localised énd not homogeneous).
Localised failure renders a higher observed value of V_ than the true value which
otherwise would have been obtained if the system had arrived homogeneously at a
percolation threshold; this could also be an explanation for the discrepancy between
the experimentally observed value of V_ (~0.23) and that used to obtain a more
meaningful critical exponent t, i.e V_ =0 to 0.1. Furthermore the value of V_ for this
system may not be fixed and may continuously change in line with microstructural
changes. Consequently the results did not yield the value of the exponent expected

for electrical conduction in a two—phase metal-insulator.

Value of V, | Value of exponent "s” obtained (between V,
assumed and V_+0.2)
During initial During void growth
sintering (between (between points 2
points 1 and 2 on and 3 on Fig. 6.25)
Fig. 6.25}
I

0.00 2.0 1.1
0.05 1.8 1.0
0.10 1.7 1.0
0.15 1.4 0.8
0.23 0.9 0.5

Table 6.4  Percolative exponents for various assumed values of V,
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Archie’s equation is analogous to that of the limiting case of percolation theory,
where the percolation threshold occurs at zero porosity; this has been shown to be
realistic for consolidated systems [255,254].

It is fairly certain that between points 1 and 2 (Fig 6.25) tl_'le resistance changes
are due to sintering and improvement in contacts between particles (§ 6.3.1 & §
6.3.6.2). This effect was expected to be modelled by percolation theory yet the
analysis was disappointing as in order to achieve a percolation exponent s, expected
for a three-dimensional two-phase system a value for the critical volume fraction V,_
lower than that obtained experimentally had to be used. Furthermore the resistance
increase near failure could not be explained by the 2D or the 3D case of percolation

theory.

6.3.7 Actual operatlon of heater

The above data all relate to heat treatment of thick films in an environment of
uniform temperature. In actual use on sensors the films were heated by the traversal
of an electric current. Operating in the current passage mode showed that for a given
temperature, failure of the films occurred much earlier and the time to failure was
less predictable than when heated by a furnace. This was presumably because heat
was preferentially liberated in a high resistance section of the film causing uneven

heating hence faster deterioration at such points.

Data obtained by heating the films in a furnace suggested that failure was a result
of increased porosity (due to growth of voids and loss of metal by evaporation) and
was accelerated when less metal was deposited. Thus it should be possible to
increase the lifetime of a practical heater by satisfying one or more of the following,
(1) printing films with lower porosity and / or higher platinum content, (ii) the
inclusion of platinum grain growth suppressors, and (iii) overprinting with a material

that will retard the rate of platinum weight loss.
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6.4 SUMMARY

Zirconia oxygen sensors operate at elevated temperatures, typically 650°C, and
integral thick film heaters have been developed to maintain this temperature. The
heater can be used simultaneously as a resistance thermometer for temperature
control: in this instance it is important that the heater resistance remains constant at
a given temperature. Operating life of the heater is also important as it may limit

sensor life,

Thick film plai:'uiurﬁ heaters printed onto alumina substrates using either fritted or
unfritted inks, were examined after extended treatments in a furnace at temperatures
in the range 800-1300°C. Values above the normal operating temperature were
chosen to accelerate ageing effects. At 1000°C and above there was an initial
reduction in resistance {measured at 20°C) followed by a progressive increase until
eventual discontinuity. The time taken for the resistances to increase to 1.5 imes the
initial values indicated én activation energy for both fritted and fritless films of 135
kJ mol™.

Evaporation rates of platinum from the substrates were measured by dissolution
of the remaining metal and atomic absorption spectroscopy of the resulting solutions.
Rates were 0.7-0.8 g m? h™' at 1300°C in air for both fritted and fritless films with

an activation energy of 207 kJ mol™.

Microstructural analysis using a scanning electron microscope revealed grain
growth of platinum and also growth of voids within the films. It seems likely that the
initial decrease in resistance was due to sintering of the platinum particles and the
subsequent increase was due to platinum evaporation and growth of voids. Initially
the porous structure was 3-dimensional (3D) but progressively it became 2-
dimensional (2D} with the large voids revealing the substrate beneath. Eventually
voids coallesced and traversed the width of the film resulting in electrical

discontinuity.

The fractional area of the tracks revealing exposed substrate was measured using
automated image analysis equipment. This fraction was found to be linearly related
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to the firing time with arjactivation energy (for firing to reach 50% exposure) of 130
kJ mol™'. This was the same (within experimental error) as the activation energy for
resistance increasz'suggesting that the dominant factor in the resistance increase was
the growth of voids rather than the metal evaporation.

The cross - sectional area of the films treated at 1000 and 1300°C was measured.
There was a rapid initial decrease followed by a slower progressive decrease. These
data together with the platinum loss information enabled the fractional electronic and
non-electronic volumes within the films to be quantified. The non-electronic
component was the voidage but also included glass where present. It was found that
initially, during the resistance decrease j)hase. the fractional volume of electronic

component was increasing. This was reversed during the resistance increase phase.

An attempt was made to understand the resistance vs time behaviour in terms of
the fractional volume of the metallic component by applying effective medium
theories which quantify the blocking effect of the non-metallic components. Various
theoretical relationships between resistance and fractional non-conducting component

were compared with the experimenta! data.

During the initial phase when the resistance of the films was decreasing the
resistance values were substantially higher than the theoretical ones. This indicates
that during this phase the resistance was controlled by factors other than obstruction
effects. It is probable that the governing factor was the high resistance of narrow

necks at which points particles had begun sintering.

During the subsequent phase, when the resistance of the films was increasing,
resistance values remained greater than theoretical ones but progressively approached

the latter as the volume fraction of conducting phase decreased.

The theoretical expressions most closely fitting the data were those based upon
a 2D structure, e.g. non-conducting cylinders with their axis perpendicular to the
direction of the applied field. In fact this was approximately the microstructure
observed during the later parts of the ageing periods with voids exposing substrate



Chapter 6 198

and resembling embedded cylinders.

Percolation theory was also considered for modelling the resistance behaviour but
was less succesful. There was difficulty in defining the value of the critical volume
of conducting phase between continuity and discontinuity. The value measured of
0.23 led to an unlikely value for the critical exponent.

—



CHAPTER 7

CONCLUSIONS AND RECOMMENDATIONS FOR FURTHER
WORK
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7.1 CONCLUSIONS
7.1.1 introduction

The work concerned the development and characterisation of thick film
amperometric zirconia oxygen sensors. The devices had a laminated structure in
which a cathode, an electrolyte and an anode were printed, in that order, onto a
planar alumina substrate. The anode and electrolyte were porous and acted as a
diffusion barrier, restricting the rate of oxygen diffusion to the cathode.

In order to construct devices, investigations were carried out to optimise and

characterise the individual components, prior to assembly of complete sensors.

The following sections 7.1.2 - 7.1.5 are a compilation of the summaries from the

individual chapters.

7.1.2 Thick Zirconia Fiims

The processes and requirements for producing zirconia thick films of low
connected porosity (<0.1%) on alumina substrates with no loss of adhesion from the
substrate or cracking of the film have been investigated and specified. It was found
that this required the preparation of an ink with full dispersion of agglomerates of
particles of sub-micron size. Dispersal was achieved using a triple-roll mill and was
checked using viscosity measurements. Very viscous pastes did not level out after
printing while low viscosity pastes tended to run and lose pattern edge definition.
The mix used throughout the work contained 40% by weight of tetragonal zirconia
powder (Toyo-Soda 3Y), the remainder being ESL 400, a commercial organic

vehicle.

Films were dried using an infra-red dryer which enabled a crack-free deposit to
be prepared. Where required, film thickness could be built-up by successive print-dry
cycles, drying each layer at 150, 450 and 700°C for 10 minutes at each temperature.
The final firing of single or multilayers was done at 1300-1550°C to sinter the
deposit. This sintering temperature was approached at a ramp rate of 3 °C min™". The
state of dispersion in the pastes had an important influence on the development of
the green microstructure and subsequent sintering behaviour.
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Thick films of zirconia printed onto 96% alumina substrates and fired at 1400°C
or above showed substantial grain growth; there was little grain growth when an
intervening layer of platinum was included. Grain growth in the absence of platinum
increased as the thickness of the zirconia layer was decreased. Repeating the work
on 99.6% alumina revealed little grain growth irrespective of film thickness. Clearly
grain growth was accelerated by the transfer of impurities from the substrate to the
zirconia film. An intervening layer of platinum either blocked the trasnsfer of

impurities or itself acted as a grain growth inhibitor.

Tetragonal zirconia spontaneously transforms to the monoclinic structure.
However, the tetragonal phase is metastable if the grain size remains small (<0.5
pm). X-ray diffraction studies of the zirconia thick films, indicated that where grain

growth occurred (to > 1 pm) a transformation to the monoclinic form did take place.

It is also well-known that the ionic conductivity of the monoclinic form of
zirconia is much lower than that of the tetragonal form. Thus AC impedance
measurements were made on the zirconia thick films. These showed the expectad
substantial decrease in the ionic conductivity for those films in which grain growth
had occurred (> 1 pm) and for which X-ray diffraction indicated the tetragonal to

monoclinic transformation,

7.1.3 Platinum Zirconia Cermets

Platinum-yttria stabilised zirconia cermet inks were prepared (by intimately
mixing solids and carrier vehicle in a triple-roll mill) for screen-printing onto alumina
substrates, zirconia discs and zirconia thick films. Fired films were investigated as

possible electrodes for use in thick film sensors.

Scanning electron microscopy revealed that the presence of zirconia in the cermets
inhibited grain growth of the platinum. With prolonged firing at temperatures above
1000°C progressive growth of voids was observed.

The electronic resistance of the films at 20°C was measured using a four-point

probe. As printed and dried the films were not electronically conducting. On firing
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at ~500°C the organic binder was removed and electrical continuity was established
provided that the platinum content exceeded 55% by volume (zirconia 45%).
Prolonged firing above 1000°C progressively increased the electronic resistance of
the cermets with firing time after a rapid initial decrease. The increase is thought to
have been due 10 the observed growth of voids of the film and platinum evaporation.

Current densities (per unnit geometric electrode area) available at a given
overvoltage for electrodes at, for example, 700°C were orders of magnitude higher
than those obtainable using porous platinnm electrodes and increased with zirconia
content of the cermets up to 33% by volume (67% platinum). Current densities also
decreased with increasing firing temperature {necessary for preparing a sensor with

cofired electrolyte and electrodes).

Measurements on single electrodes, involving the use of a reference electrode,
indicated activation energies for the anodic and cathodic processes of 157 and 125
kJ mol™' respectively. The former value suggests that the rate controlling step may
have been diffusion of oxygen atoms from the reaction site across the surface of the

platinum.

Thus zirconia-platinnm cermets have an important role to play in the development
of thick-film zirconia oxygen sensors. Besides improving thermal expansion
compatibility between the electrode and electrolyte they substantially improved
available current densities compared with pure platinum electrodes; this was
presumably achieved by the maintenance of a long three-phase boundary length even
after treatment at high temperatures (>1300°C) for periods of 1 hour or more.

7.1.4 Amperometric Zirconia Oxygen Sensors

Planar zirconia oxygen sensors were constructed onto 96% alumina using thick
films technology exlusively. The cathode was first printed using a platinum-zirconia
cermet ink as a circular disc with two protruding radial strips for electrical
connections. This was treated at 150, 400 and 1000°C for 10 minutes at each
temperature. An electrolyte disc with larger diameter than the cathode was then
printed over the cathode; this was dried and fired to sinter the zirconia typically at
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1400°C for 1 hour. Finally the anode cermet disc with the same diameter as the
cathode was printed onto the electrolyte, dried and briefly fired at the same
temperature as was the electrolyte. Platinum wires were affixed to the electrodes for
electrical connections. In one case a thick film heater was applied to the reverse side
of the substrate.

Sensors were operated in the amperometric mode at temperatures in the range
550-950 °C. This involved the application of a voltage between the electrodes to
reduce oxygen at the cathode and evolve oxygen at the anode. This resulted in the
setting up of a concentration profile in the pores of the electrolyte. As the applied
voltage was increased the current rose and reached a limiting current value controlied
by oxygen diffusion through the anode / electrolyte. At applied voltages above 1.5
V the current increased again due to the generation of electronic carriers in the

electrolyte.

1t was found, as predicted by theory that the limiting current was proportional to
oxygen concentration in the range up to 21% oxygen. This has not previously been
achieved with devices of this construction. The temperature dependence of the sensor
output was found to vary with the temperature at which the device had been sintered
and this requires further study. Nonetheless, it does offer the prospect of designing

sensors with a low or negligible temperature coefficient.

Two sensors were also constructed on 99.6% alumina substrates. Limiting currents
were a factor of four higher on these substrates compared with otherwise identical
sensors on 96% alumina substrates. This suggests that impurity diffusion from the
less pure substrates aided sintering of the zirconia electrolyte causing pore
constriction. An estimate of connected porosity from limiting currents on 96%

substrates revealed a value of less than 0.1%.

Promising results were obtained for a sensor operated in the combustion products
from a gas-bumning flue. Limiting currents were linearly related to the calculated

OXygen concentration,
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7.1.5 Thick Film Platinum Heaters

Zirconia oxygen sensors operate at elevated temperatures, typically 650°C, and
integral thick film heaters have been developed to maintain this temperature. The
heater can be used simultaneously as a resistance thermometer for temperature
control: in this instance it is important that the heater resistance remains constant at
a given temperature. Operating life of the heater is also important as it may limit
sensor life.

Thick film platinum heaters printed onto alumina substrates using either fritted or
unfritted inks, were examined after extended treatments in a furnace at temperatures
in the range 800-1300°C. Values above the normal operating temperature were
chosen to aécelerate ageing effects. At 1000°C and above there was an initial
reduction in resistance (measured at 20°C) followed by a progressive increase until
eventual discontinuity. The time taken for the resistances to increase to 1.5 times the
initial values indicated an activation energy for both fritted and fritless films of 135
kJ mol™, '

Evaporation rates of platinum from the substrates were measured by dissolution
of the remaining metal and atomic absorption spectroscopy of the resulting solutions.
Rates were 0.7-0.8 g m? h™ at 1300°C in air for both fritted and fritless films with

an activation energy of 207 kJ mol™'.

Microstructural analysis using a scanning electron microscope revealed grain
growth of platinum and also growth of voids within the films. It seems likely that the
initial decrease in resistance was due to sintering of the platinum particles and the
subsequent increase was due to platinum evaporation and growth of voids. Initially
the porous structure was 3-dimensional (3D) but progressively it became 2-
dimensional (2D) with the large voids revealing the substrate beneath. Eventually
voids coallesced and traversed the width of the film resulting in electrical

discontinuity.

The fractional area of the tracks revealing exposed substrate was measured using
automated image analysis equipment. This fraction was found to be linearly related
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to the firing time with anactivation energy (for firing to reach 50% exposure) of 130
kJ mol™. This was the same (within experimental error) as the activation energy for
resistance increasesuggesting that the dominant factor in the resistance increase was

the growth of voids rather than the metal evaporation.

The cross - sectional area of the films treated at 1000 and 1300°C was measured.
There was a rapid initial decrease followed by a slower progressive decrease. These
data together with the platinum loss information enabled the fractional electronic and
non-electronic volumes within the films to be quantified. The non-electronic
component was the voidage but also included glass where present. 1t was found that
initially, during the resistance decrease phase, the fractional volume of electronic

component was increasing. This was reversed during the resistance increase phase.

An attempt was made to understand the resistance vs time behaviour in terms of
the fractional volume of the metallic component by applying effective medium
theories which quantify the blocking effect of the non-metallic components. Various
theoretical relationships between resistance and fractional non-conducting component
were compared with the experimental data.

During the initial phase when the resistance of the films was decreasing the
resistance values were substantially higher than the theoretical ones. This indicates
that during this phase the resistance was controlled by factors other than obstruction
effects. It is probable that the governing factor was the high resistance of narrow

necks at which points particles had begun sintering.

During the subsequent phase, when the resistance of the films was increasing,
resistance values remained greater than theoretical ones but progressively approached
the latter as the volume fraction of conducting phase decreased.

The theoretical expressions most closely fitting the data were those based upon
a 2D structure, e.g. nonconducting cylinders with their axis perpendicular to the
direction of the applied field. In fact this was approximately the microstructure
observed during the later parts of the ageing periods with voids exposing substrate
and resembling embedded cylinders,
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Percolation theory was also considered for modelling the resistance behaviour but
was less succesful. There was difficulty in defining the value of the critical volume
of conducting phase between continuity and discontinuity. The value measured of
0.23 led 1o an unlikely value for the critical exponent.

7.1.6 Final Comments

A sensor of simple construction and potentially very low cost has been developed
and demonstrated. Important advancements were made in the formulation and
preparation of the printing inks for the electrodes and electrolyte. By careful
optﬁnisation of processing conditions cracking of layers was eliminated: this was
made particularly difficult by the substantial difference in the thermal expansion

coefficients of zirconia and alumina.

It is anticipated that after further development and testing sensors of this
construction will be widely incorporated into combustion systems and internal

combustion engines for monitoring and control of air-to-fuel ratio.

7.2 RECOMMENDATIONS FOR FURTHER WORK

Testing of sensors constructed in this work suggested than when the electrolyte
was fired at high temperatures (1400-1450°C), the pore size of the ceramic became
sufficiently small so that the diffusion of gases through the ceramic changed from
bulk to Knudsen type. The temperature dependence of the limiting current measured
at a range of barometric pressures would provide additional information of the

diffusion mechanism involved.

It might be advantageous to construct devices that have lower electrolyte
porosities than those produced in this work. Further work should therefore be aimed
at obtaining detailed knowledge of the factors countrolling the porosity of the zirconia
thick-films. Parameters to be investigated include firing temperature/time, starting
particle size and size distribution, and the addition of sintering fluxes. An important
objective of this work would be the construction of devices with a reproducible

characteristic.
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Detailed studies of and the interrelation between microstructure, crystalline
structure and electrical impedance of tetragonal (3Y) zirconia films printed and
sintered onto alumina substrates of varying purity have been reported here. These
require repeating using the fully-stabilised cubic (8Y) form. This would be carried
out in parallel with the construction and testing of devices using either the fully-
stabilised or a mixture of tetragonal and fully-stabilised zirconia.

Characteristics of thick-film devices have only been demonstrated for sensor
operation in lean-burm combustion gases. Further work should involve testing of the
devices in sub-stoichiometric exhaust gases: an understandihg of the behaviour in
such gases would be aided by operation in other mixtures of gases such as CO/CO,
and H,/H,O mixtures.

Factors relating to resistance changes of platinum heater films following heat
treatment in an environment of uniform temperature were investigated in chapter 6.
In actual use on sensors the platinum films were heated by the traversal of an electric

current through the film and this requires further investigation.
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APPENDIX A : Calculation of the volume fractions of
platinum zirconia and voids in the printed cermet films

Calculation of the relative amount of platinum, zirconia and void phases present
in the screen-printed cermets required knowledge of the following i) the weight of
platinum present in a film, W, measured using the atomic absorption technigue (§
2.3.10), ii) the cross-sectional area of the film, X, measured using the Alpha-step (§
2.3.1), iii) the length of the filin and iv) the YSZ:Pt ratio of the cermets.

A cross-sectional area was calculated (X;,) based upon the amount of platinum
present only as

Xp = Wp / dp (A1)

where dp, is the density of platinum at zero porosity and ¢ is the length of the

cermet film.

The volume percentage of platinum present V,, in the printed film was then
determined by

V, = 100 Xp, / X, ‘ (A.2)

The volume percentage of zirconia (YSZ) present was then determined from

knowledge of the YSZ:Pt volume ratio of the cermet paste (Table 4.1 § 4.3.1). It is

safe to assume the absence of significant amounts of other phases besides voidage

and thus the fraction not attributed to platinum or zirconia was assuimed to be made

up of voids.
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APPENDIX B : Rate controlling steps of the electrode
reaction

The overall electrode reaction (involving porous platinum electrodes on zirconia)
of Eq. (1.2) occurring at the reaction site is thought to comprise three steps [196]:
i) Dissociative adsorption of molecular oxygen to form chemisorbed oxygen
atoms,
ii) Migration of chemisorbed oxygen across the surface of the electrode material
to the electrode/electrolyte/gas three-phase bouﬁdary (TPB),
ili)  The charge transfer reaction. The formation of oxygen ions which involves
the uptake of two electrons. (the oxygen ions O_" are then free to diffuse through the
electrolyte).

Controversy in the literature concerns the various rate determining steps for the
electrode reaction. Possible steps are: gas—phase diffusion in the electrode, diffusion
on the electrode surface to the TPB, and charge transfer [273,200,274,212].
These contradictions are believed to result from the difference in electrode

morphology of the samples studied and from the methods of data analysis [275].

If the charge transfer process is rate limiting then electrode overpotential is
described by the Butler-Volmer equation [276]

nF - nF
121, fexp(—2) - exp(——)] (B.1)

where 1, is the exchange current density, ¢, and ¢, are the anodic and cathodic
charge transfer coefficients, NF/RT, is a dimensionless potential m is the electrode
overpotential and n is the number of charges transferred (for the overall electrode
reaction n = 4). The sum of o, and ¢, is always equal to 1 for the reaction of Eq.
(1.2) [277,278]. At low overpotentials (In| << RT/mF) the Butler-Volmer

equation can be simplified into an ohmic behaviour
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nF
-1 (ot B2
°(RT (B-2)

At high overpotentials ( In | >> RT/nF) the Butler-Volmer equation becomes the
Tafel equation [276]

I
Inl= XLy miLi (B.3)
" anF I,
When plotting Inl1| vs the anodic or cathodic overpotential the Tafel slope of
(RT/nF)(1/0.,) for the anodic process and (RT/nF)(1/a.) for the cathodic process is
expected. The slope should be linear and well defined; extrapolation of the line to
zero overpotential yields a value for I and from the slope calculation of the charge

transfer coefficients can be made.



Appendices 226

APPENDIX C : Testing in a gas-burning flue

The sensor was field tested in a gas burning flue at British Gas (Watson House).
The gas used for combustion in the boiler was natural gas A (NGA) containing
92-96% methane (the remaining 4-8% split approximately equally between nitrogen
and propane). The analysis of the NGA used as certified by British Gas on the day
of testing (using gas chromatography) was as foliows:

Calorific Value (CV) = 38.2 M} m™®

Net Calorific Value (NCV) = 34.5 MJ m™

Wobbe Number = 49.7

Total Air Requirement (TAR) = 9.67

The TAR is the volumetric ratio of air to gas required for stoichiometric combustion
of the NGA used in these tests.

The heat input of the boiler was maintained at 5 KW by fixing the gas flow rate

at 0.47m’ hr™! calculated from the equation below;
Heat Input = Flow rate » CV * 0.2778 (C1H)

where the value of the constant is based upon the units of flow rate of m® hr! and

calorific value of MJ m™,

The total Aeration was calculated using the following equation:
V¢ (air)

= . TAR (C.2)
V. (gas)

Total Aeration =
where V,, is the volume flow rate. The air flow rate was adjusted accordingly to
achieve various values of aeration ranging from 60% to stoichiometric (100%) and
up to 170% in the lean burning region. Values outside this range are unlikely to be
encountered in normal operation of the boiler. Values above 170% aeration caused
cooling and the flame could not be sustained; values below stoichiometric caused
rapid overheating of the burner and, at 60% aeration could not be maintained for

periods longer than about a minute.
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The following equations were used to calculate the theoretical excess air and wet

oxygen and required the knowledge of CO, in the combustion gases [279]:

1044

ir % = (————) - 89 C.3
excess air (dry C02%) (C3)
( zcgg 7 =178
wet O, % = dry 27 (C.4)
(ﬂ_) + 2.065
dry CO,%

These equations strictly apply only for the burning of pure methane gas, so the
results can only be accurate to ~+5%. The CO, concentration in the flue was

continuously monitored using a Siemens Ultramat 22P infra red instrument.



Appendices 228

APPENDIX D : Estimation of through porosity of a zirconia
layer

It has already been shown for this device (see § 5.2) that the limiting current, I,
can be calculated using the following equation,
4FD,S
RT?

I=-¢ ) p(O)), (3-9)

During sensor operation it is assumed that oxygen will diffuse through the electrolyte
to the cathode and that a concentration gradient can only occur around the overlap
area of the electrodes. Only a fraction of the surface is open to the gas. This fraction,
f,, (relating to the pores that allow diffusion of the gas through the ceramic) can be
related to the electrode area, A, by the following equation:
S=Ay*f,

In practice the capillaries leading through the porous ceramic may not be of constant
diameter and their average length is on average some multiple of the ceramic
thickness. A tortuosity factor 6 needs to be introduced into the equation to account
for this probable tortuous nature of the gas diffusion paths. The real effective gas
diffusion path through the ceramic becomes an apparent increased thickness normal

to the ceramic of ¢8°.

mean gas diffusion path length 1 (D.1)
ceramic thickness

(3 e

A value of the tortuosity of 1.5, is taken from experimentally derived values, from
consolidated sands and porous rocks {256].
Substituting for S and introducing 8 into the above equation and rearranging, the

fractional porosity is now related to:

: IRT ¢6°
P 4FD, A, p(0))

(5.6)

working a single value for the constants 4F, D, 0 and R in consistent units for the

whole equation it now becomes:
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ITe

Acl P02

, = 3.471x10°¢ (D.2)

The following values were used for the constants:
F = 9.64846 x 10° C mol™!
R =8.20575 x 10~ m® atm K™ mol!
D(O)in  N,at20°C=16x 10° m?s™
N, at 700°C = 1.51 x 10™* m? 5!
Due to the uncertainty of the value of the tortuosity factor and the precise area over

which diffusion effectively occurs the value of f; is only an approximation.
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APPENDIX E : Calculation of the resistaﬁce ratio Q, and
fraction of non-conducting phase f.

The experimental data were represented on dimensionless plots where possible in
order to explain the physical processes occurring. In order to do this a conductivity
ratio and an overall porosity have been defined for the track. The conductivity ratio
is obtained by relating the measured experimental resistance values (R,) to calculated
ones. Knowledge of the following was required throughout the films continuity: i)
cross-sectional area of the films obtained from data of the type in Fig. 3.3, ii) amount
of platinum deposited, iii) rate of platinum evaporation, iv) film resistance, R, and
v) film dimensions. The assumption was also made that the resistivity of the film was
the same as that of pure bulk platinum. Two calculated values were used. One has
been derived from the assumption that the whole measured cross-section of the track
is composed of pure bulk platinum assuming the absence of voids (R.,,), and the
other from the expected resistance due to the volume of platinum metal remaining
on the track (R,),

Ry = Pell/Any) and Riy = Prll/AL)
where
Pm = resistivity of pure bulk platinum
¢ = length of track
A,. = measured cross-sectional area of the film at time t.
A,y = cross-sectional area calculated from the volume of platinum present at time
t assuming it formed an evenly deposited bulk film over the whole track length.
Ay = Wp/(dpd)
Wp, = weight of platinum on track
dp, = density of bulk platinum

An overall fractional porosity in the printed composition was calculated as the
total fraction of cross-sectional area not occupied by platinum,
f= 1'(Ac(t)/Am(t))
The resistance ratio Q is described as

Q= RJRe(I:)
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APPENDIX F : Spheroid analysis of Fricke

The values of P and ¥ for Eq. (6.13) are defined as follows

- 3L(1-2L) F.1
P (3L.-2) (1)
2(3L-1)? (F.2)

T (3L-2)(3L+1)

where the L terms in the equations involve elliptic integrals of the second kind.
Designating the three principal axis of a spheroid as a,b and ¢ (where b = ¢), the
values of L may be obtained from the table below [251]

Value of L

Rods 0 0.5 0.6
Prolate 1/6 0.4784 0.6148
spheroids 1/5 0.472 0.6189
1/4 0.4624 0.6248
173 0.4465 0.6338
172 0.4134 0.6495
Spheres 1/1 0.3333 0.6667
Oblate 2 0.2383 0.6351
spheroids 3 0.1823 0.5782
4 0.1477 0.5234
5 0.1245 0.4762
6 0.1077 0.4358

Discs oo 0 0

Table Al Values of L for spheroids (c = b)



