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MRP/MSL 75-233(R) 

DEVELOPMENT OF A ZIRCONIA ELECTROLYTE FOR USE IN A 
STEEL-MAKING OXYGEN PROBE 

by 

T. A. Wheat* 

- - - 

ABS  TRACT  

A novel wet-chemical method has been developed to pro-
duce finely divided lime-stabilized zirconia from solutions of 
zirconyl chloride and calcium formate. The process involves the 
formation of a hydrated zirconium hydroxide precipitate and the 
adsorption of calcium ions onto the precipitate surface. The 
mixture is subsequently spray-frozen, freeze-dried and finally 
calcined to produce a reactive and homogeneous material. Using 
this technique, a series of materials was prepared containing 
between zero and sixteen mole per cent calcium oxide. 

It was demonstrated that the single most important para-
meter that controls the development of a high-density body during 
subsequent processing is the degree of dispersion of the raw 
material prior to the initial fabrication stage. In order to 
develop an impermeable body, which is required for an oxygen probe 
application, the materials were first dispersed by ball-milling 
in alcohol containing a dissolved powder lubricant and binder. 
The resulting de-agglomerated and reactive material could then 
be processed into a 99% theoretically dense product at 1500°C 
using conventional cold pressing and sintering techniques. 

It has been shown that the maximum thermal-shock resis-
tance is developed in material having a composition of 7.6 mole 
per cent calcium oxide in the zirconia. The microstructure 
developed in this partially stabilized material is in contrast 
to that developed in either the pure or fully stabilized materials, 
both of which have a markedly inferior thermal shock resistance. 
X-ray and optical data have been obtained that support a recently 
proposed model in which the high thermal-shock resistance was 
attributed to the development of a microcrack network that is 
initiated during firing and extended during subsequent thermal 
cycling. 

*Research Scientist, Mineral Sciences Laboratories, Canada Centre 
for Mineral and Energy Technology (CANMET), Department of EnergY, 
Mines and Resources, Ottawa, Canada. 
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The use of partially stabilized material as the electro-
lyte in laboratory oxygen concentration cells demonstrated that 
a stable and reproducible emf output could be obtained. Subse-
quently, field trials showed that this particular material could 
be used successfully in commercial oxygen probe assemblies to 
reduce the scatter in the signal output to 2.9 mv. This perfor-
mance exceeded the original design requirements for a standard 
deviation of not greater than 8 mv in a one-volt signal. 
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LABORATOIRES DES SCIENCES MINERALES 

MRP/MSL 75-233(R) 

DEVELOPPEMENT D'UN ELECTROLYTE DE ZIRCONE UTILISE DANS UNE SONDE 
A OXYGENE POUR LA FABRICATION DE L'ACIER 

par 

T. A. Wheat* 

- - - 

RESUME 

Une nouvelle méthode chimique par voie humide a été déve-
loppée afin de produire du zircone de chaux stabilisée finement 
divisé à partir de solutions de chlorure de zirconyle et de for-
mate de calcium. Le processus implique la formation d'un précipi-
té d'hydroxyde de zirconium hydraté et l'absorption d'ions de cal-
cium sur la surface du précipité. Le mélange est ensuite gelé par 
vaporisation, séché à froid et finalement calciné afin de produi-
re un matériau homogène et réactif. Avec cette technique, une sé-
rie de matériaux a été préparée contenant entre zéro et seize 
pourcent de moles d'oxyde de calcium. 

Il a été démontré que le paramètre simple le plus impor-
tant contrôlant le développement d'un corps de haute densité 
pendant le traitement subséquent est le degré de dispersion du 
matériau brut avant l'étape initiale de fabrication. Afin de 
développer un corps imperméable, qui est nécessaire à l'application 
d'une sonde à oxygène, les matériaux ont été préalablement dispersés 
par broyage à boulets dans l'alcool contenant un lubrifiant à poudre 
dissous et un liant. Le matériau désagrégé et réactif qui en est 
résulté peut maintenant être transformé en produit théoriquement 
dense à 99% à 1500 °C, en utilisant des techniques conventionnelles 
d'étampage à froid et d'agglutination. 

Il a été démontré que la résistance maximale au choc 
thermique est développée dans les matériaux ayant une composition 
de 7.6% de moles d'oxyde de calcium dans la zircone. La micro-
structure développée dans le matériau partiellement stabilisé est 

*Chercheur scientifique, Laboratoires des sciences minérales, Centre 
canadien de la technologie des minéraux et de l'énergie (CANMET), 
Ministère de l'Energie, des Mines et des Ressources, Ottawa, Canada. 
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en contradiction avec celle développée dans les matériaux purs 
ou totallement stabilisés, ces derniers ayant une résistance 
définitivement inférieure au choc thermique. Les données optiques 
obtenues ainsi que celles des rayons-x soutiennent •la proposition 
récente d'un modèle dans lequel la forte résistance au choc 
thermique a été attribuée au développement d'un réseau de micro-
fissure qui est amorcé pendant la cuisson et qui se poursuit 
durant le cycle thermique subséquent. 

L'utilisation de matériau partiellement stabilisé comme 
électrolyte dans des cellules d'oxygène concentrées a démontré 
qu'un rendement emf stable et reproducible pouvait être obtenu. 
Subséquement, des essais sur le champ ont démontré que ce matériau 
particulier pouvait être utilisé avec succès dans des assemblages 
de sonde à oxygène commerciale afin de réduire la dispersion du 
débit de signal à 2.9 mv. Cette performance a exédé les spécifi-
cations originales du modèle qui demandaient une écart-type 
n'exédant pas 8 Mv pour un signal d'un volt. 
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INTRODUCTION 

In recent years, there has been a progressively increas-

ing interest in the development and application of electrochemical 

cells for the measurement of elements in both gaseous and liquid 

systems at elevated temperatures. Irrespective of the system 

involved, the measurement of elemental concentrations depends on 

the formation of an electrochemical concentration cell having 

the general form: 

Pt, X (activity 1)/ Electrolyte/ X (activity 2), Pt 

where X is the element of interest. In such a cell, the ionic 

form of X 'flows' from one half-cell to the other (from high con-

centration to low) and an emf is generated across the platinum 

electrodes. This measured emf is then related to the activity, 

al and a2, of the element in each half-cell by the Nernst equation: 

E = RT/nF ln (a1/a2) 

where E is the theoretical cell emf in volts, R is the gas con-

stant = 1.9865 cal/mole/°K, T is the temperature, n is the number 

of electrons transferred per molecule of X, and F is the Faraday 

constant = 23.066 kcal/V/mole. 

From this relationship, the activity (or concentration, 

if ideal gas behaviour is assumed) of the unknown may be calcu-

lated for a given reference activity (or concentration). Familiar 

examples, which employ this general principle, are the pH elec-

trodes and the more recently developed specific-ion electrodes 

which are capable of measuring concentrations in liquid systems 

in parts per million. 
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In general,-the use of concentration cells has been 

limited to near room-temperature applications due to the lack 

of a suitable high-temperature ionically conducting electrolyte. 

However, in 1957 Kiukkola and Wagner( 1 ) demonstrated the feasi-' 

bility of using a calcia-stabilized zirconia (CSZ) membrane in 

an electrochemical-  cell for the determination of the standard 

heats of formation of various sulphides and oxides. Calcia- and 

lanthana-stabilized thoria were also - considered as potential 

membrane materials (solid électrolytes) but they were shown to 

have considerable electronic conductivity at 870°C. In contrast, 

the ac conductivity of CSZ was found to be virtually constant 

while the oxygen partial pressure (p f-, ) varied from 1  atm  to 
u2 

10-20 atm  

tronic conductivity played only a minor  rôle in the over all don- 

ductivity. 

With this ionically conducting electrolyte aVailable 

(CSZ), which is càpable of withstanding temperatures well over 

2000°C, the upper temperature limit of the oxygen concentration 

cell was raised càhsiderably. Consequently, in the nineteen 

years since the work of Kiukkola and Wagner, the high temperature 

applications have covered diverse fields. In one case, a concen-

tration cell has been used to analyse flue gases in order to 

optimize the combustion of fuel oil; in a second application the 

oxygen content of a furnace atmosphere was monitored in a furnace 

used to fire certain types of ferrite in which the ratio Fe 24- :Fe 3 ' 

is an important parameter for certain physical properties(2). 

(10 +5  to 10 -15  N/m2 ); this indicated that the elec- 
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A similar device has recently been reported which is capable of 

measuring the water content of hydrogen gas as low as a few parts 

per  billion(s). This is of interest to the semiconductor indus-

try where a minute amount of oxygen contamination significantly 

changes the properties of a semiconductor. In the metallurgical 

industry, oxygen sensors have been developed to monitor the 

oxygen content of liquid copper( 4 ) and liquid steel (5-'2).  Re-

search efforts are also being directed to the continuous use of 

oxygen probes in a closed-loop control system in the copper 

industry( 13 ). 

In practice, the use of a concentration cell to measure 

the oxygen content of liquid metals can place a severe demand on 

the performance of the electrolyte material. The device must be 

capable of withstanding the extreme thermal shock which develops 

when the cell is placed directly into the molten metal (heating 

rate of approximately 300°C/sec when placed into steel). In 

addition, the electrolyte must remain impermeable to gaseous 

oxygen, e.g., any microcracks present must not propagate to form 

a continuous path for the flow of molecular oxygen which would 

disturb the electrode equilibrium; it must be stable in the pre-

sence of both liquid metal and slag and it must be chemically 

inert to the electrode because any reaction could either change 

the electrode activity or give rise to a new phase which would 

prevent the cell from operating at equilibrium. A final basic 

requirement for its use in liquid steel is that the electrolyte 

should remain an ionic conductor at oxygen partial pressures down 

to approximately 10 -15  atm (10-10 N/m2) in order that oxygen 



concentrations down to about 1 ppm at 1600°C can be determined. 

It appears to be tacitly assumed, in much of the recent 

research to develop a reliable oxygen sensor for use in liquid 

steel, that the zirconia acts only as a simple conductor and 

does not affect the emf developed in a cell. However, Kiukkola 

and Wagner (1) , in an examination of the cell: Fe, FexO/CSZ/Fey0, 

Fe 3 04, noted'on page 381 that some "...runs failed probably 

because of harmful impurities in the oxides used for the prepara-

tion of the electrolyte", and Kulkarni et al.()  noted recently 

on page 18 that the "...systematic difference 	between the 

two investigations was probably caused by thermoelectric voltages 

arising from differences in sensor materials". 

This problem of lack of reproducibility of emf output 

for a given oxygen concentration differential has continued to 

plague investigators including members of the Physical Metallurgy 

Research Laboratories of the Canada Centre for Mineral and Energy 

Technology. It was not known whether the differences observed 

were due to physical or chemical variations in each cell electro-

lyte. Consequently, a program was initiated to develop homo-

geneous zirconia, low in impurities, that would be suitable for 

fabricating an oxygen probe membrane for use in liquid steel. 

EXPERIMENTAL PROCEDURE 

In order to ensure homogeneity in the product, it was 

clear that some form of wet chemical processing was necessary 

instead of the usual method of mixing two oxides, or oxide pre- 
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cursors, in a ball-mill and subsequently calcining the mixture. 

In general, the methods available for producing a homogeneous 

ceramic raw material involve either co-precipitation from organic 

or inorganic precursors or, alternatively, spray-freezing and 

freeze-drying an aqueous mixture of inorganic salts by the method 

of Schnettler et al. (i) 

The co-precipitation technique, using both inorganic( 15 ) 

and organic( 16 ) precursors, has been employed for some time on 

an industrial scale to produce homogeneous finely-divided ceramic 

raw materials for piezoelectric applications. However, a close 

control must be maintained to prevent significant segregation 

occurring due to widely differing precipitation rates. This 

problem does not arise in the spray-freeze and freeze-dry method. 

Consequently, the cryogenic technique was adopted in the present 

work. 

Previous work( 17 ) had shown that it was impossible to 

form pure or doped zirconia directly using the cryogenic process 

because a frozen zirconyl salt gradually melts at temperatures 

down to -40°C (the lower limit of a commercial freeze-drier). 

Consequently, the method was modified to that shown in Figure 1. 

In essence, the zirconyl ion was effectively removed from solution 

by precipitating a finely divided zirconium hydroxide. The pre-

cipitate was washed to remove soluble salts and subsequently doped 

with a known amount of calcium formate solution. The resulting 

slurry was rapidly frozen and successfully freeze-dried at -5 ° C 

without any of the previous difficulties. 
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Figure 1. General flow sheet for the preparation of 
lime-stabilized zirconia. 



7 

Precipitation of Zirconium Hydroxide* 

Initially, the as-received ZrOC1 2  solution obtained 

from Eldorado Nuclear Ltd was clarified to remove traces of in-

soluble material. The concentration of this solution was then 

determined by gravimetric analysis and found to be 301.15 g Zr0 2 / 

litre ZrOC12. 

The quantity of NH 4 0H required to precipitate Zr(OH)4 

from the ZrOC1 2  was determined by a potentiometric titration 

(Figure 2). The data showed that 20 ml of chloride solution 

required 9.0 ml of NH40H to give a pH of 7.5 and to produce 6.0 g 

of Zr0 2  (on ignition to 1000°C). From these data, approximately 

450 g of Zr0 2  would precipitate from 1.5 litres of ZrOC1 2  solution 

with 675 ml of concentrated NH4OH. 

To allow for possible error in scaling up the titration 

data from 20 ml to 1.5 litres and the variation in concentration 

of NH 4OH from batch to batch, the full amount of NH 40H was not 

added directly. Instead, 600 ml of concentrated NH4OH (sp gr 0.90) 

was diluted with 2.4 litres of distilled water and placed in a 

40-litre container, and 1.5 litres of ZrOC1 2  stock solution, 

diluted with 3.0 litres of distilled water, was added. An addi-

tional 4.0 litres of water was used to wash down the containers 

and a further 15.0 litres of water was added to wash the pre-

cipitate. This gave a final volume of 26.5 litres and a pH, 

immediately after mixing, of 7.7. 

*The exact composition of the hydrated oxide which is precipitated 
is unknown, but it is probably given by the formula ZrO(OH) 2 , 
nH 2 0. For brevity, the formula Zr(OH)4 has been used throughout 
this report. 
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. Figure 2. Poténtiometric titration .  of 20 ml of 
as-received ZrOC1 2  solution 

The mixture was allowed to  stand and the preàipitate 

settled to appràxïhately  8.2 litres,  giving a 5.5 wt COncentra- . 

 tion of Zr(011)4 in thé Sediment. The clear supernatant liquor 

was discarded and the precipitate subsequently Washed ten times 

to reduce the Cl-  content of the Solution. 

As the washing continitedi the volume of the precipitate 

and the turbidity of the supernatant liquor . increased, due to the 

progressive réduction in the ,pH of the liquor and the consequent' 

defloàculation of the precipitate (the pH of distilled water is 

5.8 due to dissolved CO2). Therefore, a small quantity of NH4OH 
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was added to the mixture at each washing to maintain the pH above 

6 and to ensure that the precipitate was flocculated sufficiently 

to settle within three hours. 

The concentration of Cl-  in the supernatant liquor was 

measured after each washing using a specific-ion electrode. It 

was found that the Cl -  concentration ({Cl})  was reduced by a 

factor of 2.2 at each washing instead of the expected value of 

5.0 based on the relative volumes of the settled precipitate and 

added water. This suggested that the Cl-  was adsorbed onto the 

surface of the precipitate. Further evidence of this adsorption, 

obtained from earlier trial experiments, is shown in Figure 3. 

Tne concentration of free Cl-  in solution is seen to increase 

with the addition of NH 4 OH from a relatively low value of 8 ppm 

to nearly 60 ppm. In addition, the supernatant liquor was always 

found to have a lower [C1 - ] than a slurry of the settled pre-

cipitate. Consequently, all subsequent batches of doped zirconia 

were prepared from a precipitate having a [Cl]  less than 20 ppm 

in the supernatant liquor at a pH between 6.5 and 7.0. 

After washing, the supernatant liquor was decanted from 

the settled precipitate to leave 10.0 litres of slurry which was 

stirred vigorously for 2 hours and subsequently split into weighed 

batches. A small quantity of the slurry was retained to deter- ' 

mine the zirconia concentration so that the amount of calcia 

required for each batch could be calculated prior to doping with 

calcium formate solution. 
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Figure 3. Variation of Cl -  concentration in liquor 
and slurry with progressive washing. 

Preparation of Doped Zirconia  

Initially, a solution of calcium formate in water 

(1, 32 g/l) was prepared, clarified, and the concentration deter-

mined accurately by gravimetric analysis. The weight loss of 

the formate on ignition to 1000°C was also determined. These 

data, together with the concentration of zirconia in each batch 

of precipitate, were used to determine  the volume of formate 

solution required to give a specific mole ratio of Ca0:Zr02 in 

the dried product after calcination to 1000°C as shown in Appen-

dix A. 
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With the required amount of formate solution added, 

the batches were stirred for one hour prior to being spray-frozen 

and freeze-dried by a method described elsewhere( 18 ). The slurry 

was agitated throughout the spraying process to prevent settling, 

which would allow the spray to be initially rich in zirconia and 

finally rich in formate. Thermogravimetric analyses of the dried 

products from the initial and final spraying showed the same con-

centration of formate; this confirmed that homogeneity had been 

maintained during the spraying stage. 

Using this method, a series of CSZ raw materials was 

prepared which contained 16.0, 13.8, 11.5, 9.0, 7.6, 6.0, 4.0, and 

2.0 mole % CaO. The data which follow in Parts , I to III were 

obtained mainly from samples containing 16.0, 13.8, 11.5, and 

7.6 mole % CaO. 

RESULTS AND DISCUSSION 

PART I 

CHARACTERIZATION OF RAW MATERIALS 

The as-prepared materials were all bulky, free-flowing 

white powders with a tap density of approximately 0.15 g/cc. In 

all cases, X-ray diffraction analyses indicated that the materials 

were amorphous immediately after leaving the freeze-drier. 

Differential Thermal Analyses  

Differential thermal analyses (DTA) and thermogravi-

metric analyses (TGA) were obtained on all materials at tempera- 
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tures up to 1150°C in air. The characteristic DTA curves are 

given in Figures 4 and 5 and show that the doped precipitated 

materials pass through three regions of activity with increasing 

temperature. 

A broad endothermic peak is generated by a reaction at 

approximately 170°C and it is accompanied by a considerable weight 

loss. A second endothermic peak at 350°C (in samples càhtaining 

greater than 7.6 mole % CaO) is also associated with a weight 

loss. In all cases, the samples remain amorphous after both these 

reactions. Hence, the peaks have been tentatively ascribed to 

the loss of physi-sorbed and subsequently chemi-sorbed water from 

the surface of the material as the temperature is increased. 

At higher temperature, the materials undergo an exo-

thermic reaction over a narrow temperature range. X-ray diffrac-

tion analysis (XRD) confirmed that this was accompanied by the 

rapid crystallization of the samples. It can be seen that the 

temperature of this crystallization is dependent on the CaO con-

tent of the material and it may be significant that the greatest 

increase in the crystallization temperature occurs between 9.0 

and 11.5 mole % CaO - the composition range in which the partially 

stabilized zirconia (cubic + monoclinic at 9.0 mole % CaO) is 

transformed to fully stabilized material (cubic only at 11.5 

mole % CaO). 
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As-received Ca(H.00.0)2 

Freeze-dried (FD) Ca(H.00.0)2 

VD Undoped Zr02 

ED (Zr02 + 2 mole % CaO) 

a 

FD (Zr02 + 4 mole % CaO) 

Figure 4. DTA curves of calcium formate and as-prepared 
zirconia samples heated at 12°C/min. 



- 14 - 

FD (Zr02 + 6 mole % CaO) 

VD (Zr02  4-7.6 mole % Ce0)  

o 
H 

H 
0 
X 

FD (Zr02 + 9.0 Mole % CaO)' 

FIY:(Zr02 + 11.5 mole % CaO) 

.FD'(Zr02 + 13..8  mole  '% Ca0; 

FD (Zr02 + 16.0 mole CaO 

oH  

P 
0 

200 	400 	600 	800, 

REFERENCE TEMPERATURE ° C 

Figure 5. DTA curves of as-prepared zirconia samples 
heated at 12°C/min. 
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The DTA curves of the doped materials (D to F in Figure 

4 and A to F in Figure 5) do not show the decomposition of the 

formate and the TGA curves likewise differ little from that of 

an undoped sample. This initially suggested that the formate was 

completely decomposed during the freeze-drying process. However, 

X-ray analysis and TGA showed that the unadulterated freeze-dried 

formate suffered only a minor structural change during the drying 

process. In addition, the DTA curve (B in Figure 4) was basically 

similar to that for the as-received material (Curve A in Figure 

4) which further demonstrated that the formate was largely un-

altered during drying. 

In order to verify that the concentration of formate 

present in the doped materials was sufficient so that DTA and 

XRD could detect free formate, particularly at low concentrations, 

mechanical mixtures of freeze-dried formate and freeze-dried 

zirconium hydroxide were prepared and examined. A typical DTA 

trace for such a mixture is shown in Figure 4, Curve C (the exo-

thermic reaction at approximately 330°C was not investigated and 

remains unidentified). Examination of a series of such mixtures 

showed that DTA was the more sensitive technique for the detec-

tion of free formate. The lower detection limit was less than 

2 weight % (approximately 2 mole %) whereas the lower limit for 

XRD was greater than 4 weight %. It should be noted that the 

presence of formate could be detected in DTA only by the endo-

thermic peak for the reaction CaCO3 CaO which occurs between 

700 and 900 ° C. The main exothermic peak at approximately 400 ° C 

coincided with that for the crystallization of the Zr0 2  component 
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in the mixture and hence this much stronger peak could not be 

unambiguously ascribed to formate alone. 

Thus, it was demonstrated that XRD would detect free 

formate in compositions containing 6 mole % and above, whereas 

DTA would detect free formate in compositions containing 2  mole .% 

and above. However, the DTA curves shown in Figure 4 (D to F) 

and Figure 5 fail to show the presence of formate even at high 

doping levels and XRD likewise failed to indicate any formate in 

the materials prepared by the solution route (Figure 1). Con-

sequently, it was assumed that the formate had been removed from 

solution during the preparation of the doped materials and ad-

sorbed onto the surface of the freshly precipitated Zr(OH)4. 

Such an adsorption would explain the absence of free formate in 

these Materials as indicated by both the DTA and XRD results. 

Adsorption of Calcium Ions by Zirconium Hydroxide  

Following the indirect evidence of the adsorption of 

calcium formate onto  the sùrface of Zr (OH)  gained froM the DTA_ 

and XRD results  aboyé, an atteffipt was made to determine - qualita-

tively'the extent of this  adsorption  using a divalent-ion selec-

tive electrode. Initially, the électrode assembly was calibrated 

(Appendix B) using the standard formate solution (qa2 g/1) that 

was employed previously to dope the various batches of material, - 

 Subsequently, the concentration of free Ca 2+  ions in the super-

natant liquor taken froM a batch of washed and settled  Zr (OH) 

precipitate was determined ànd the change in this concentration 

with time was recorded following the addition of a known amount 
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of formate solution. The result is shown as Curve A in Figure 6. 

The initial concentration of 3.5 x 10 -5  moles/litre increased 

rapidly to an equilibrium value of 2.4 x 10 -2  moles/litre after 

25 seconds. This determination was then repeated using the same 

volume of Zr(OH) 4  slurry and the same amount of formate solution. 

The results obtained at pH 8 and pH 6 are shown as Curves B and 

C respectively in Figure 6. 

The adsorption data indicates that the change in pH 

does not affect the degree of adsorption. In both cases, the 

final equilibrium concentration of free Ca 2+  ions in solution was 

established after approximately 10 minutes and found to be 1.1 x 

10 -2  moles/litre. However, as expected, the rate of adsorption 

at pH 8 (fully flocculated Zr(OH)4) was confirmed to be slower 

than that at pH 6 where the precipitate is partially defloccu-

lated. 

Comparison of Curves B and C with Curve A show that the 

free Ca2+  ion concentration does not increase rapidly when the 

formate is added to the Zr(OH) 4  slurry as it does when added to 

the Zr(OH)4-free liquor. This suggests that the calcium formate 

is nearly completely adsorbed onto the precipitate surface ini-

tially and subsequently is slowly desorbed over a period of 10 

minutes allowing the concentration of free Ca 2+  ions to increase 

and reach its equilibrium value as shown. The possibility that 

the slower response of the specific-ion electrode in the slurry 

(Curves B and C, Figure 6) was due to the increased viscosity of 

the Zr(OH) 4  suspension was discounted because similar traces for 

the adsorption of Cl -  ion onto the precipitate did not display 
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any measurable lag. It was therefore assumed that the added ioh 

was rapidly and uniformly distributed throughout the slurry and 

that the slower response was due to a very rapid adsorption by . 

the slurry rather than the increased viscosity impeding the uni-

form distribution of the added calcium formate solution. 

Time, seconds 

Figure 6. Increase in calcium ion concentration in solu-
tions to which calcium formate was added. 

A. Zr(OH)4-free supernatant liquor 
B. Zr(OH)4 slurry at pH 8 (NH LI OH added) 
C. Zr(OH)4 slurry at pH 6. 
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Time, seconds 

Figure 7. Percentage of Ca2+  adsorbed onto Zr(OH)4 
slurry at pH 6 and pH 8 following the 
addition of a low concentration of cal-
cium formate. 

The percentage of the free calcium ions in solution 

which was adsorbed by the Zr(OH)4 precipitate was calculated from 

the data in Figure 6 (see also Appendix B). The results, given 

in Figure 7, show that there is essentially a total adsorption 

of calcium in the first minute following the addition of the for-

mate solution. Thereafter, a progressive desorption takes place 

and the final equilibrium value is established after approxi-

mately 10 minutes. With greater concentrations of Ca(H.00.0)2, 
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a greater adsorption would be expected. However, increasing the 

formate concentration threefold from 6.5 mole % to 19.5 mole % 

only increased the amount of adsorbed calcium from 54% to 64% 

(Appendix B). 

Adsorption of Chlo±ide Ions by Zirconium Hydroxide  

AtteMpts to re-adsorb Cl-  ions onto the Zr(011)4 surface 

were unsuccessful. The difference between the measured free C1 

concentration  developed in both Zr(OH) 4 -free liquor and the 

Zr(OH) 4  slurry following the addition of 2 ml of 0.1 molar NaC1 

solution was within the limits of experimental error and hence 

not Significant, i.é., little or no Cl-  can be re-adsorbed onto 

the precipitate surface under these conditions. 

At first, this appears to contradict the evidence fôr 

Cl -  adsorption presented in Figure 3. However, it is still feas-

ible for the Zr(OH) 4  to adsorb Cl-  initially during its precipi-

tation, and then slôwly release the Cl-  during the washing stages 

replacing it with  OH  (ionic radius of Cl-  1.81 À and of 0 1-  

0 
1.76 A - radius of 0 1-  assumed to be similar to that 'of OH - )  ( 19) . 

Subsequently, any attempt to re-adsorb the Cl-  onto the Zr(OH)4 

would be complicated by the competition between the OH-  and C1 

ions.  Because the amount of OH-  and Cl-  in 21.5 ml of slurry + 

2 ml of 0.1 molar NaC1 is approximately 1.3 moles and 2 x 10 -4 

 moles respectively, i.e., a concentration ratio of 0H -/C1-  of 

6500/1, and because the ionic radii are very similar, it would 

be expected that the OH-  would be retained on the Zr(OH)4 surface 

by a mass action effect. 
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From the above, it has been shown that the precipitate 

will adsorb approximately 60% of the added formate, leaving 40% 

free in solution. It was initially assumed that this ratio was 

retained during the drying stages and that about 40% free formate 

would be present in the dried powder. This would mean that XRD 

should be able to detect formate in compositions containing 

greater than approximately 10 mole % total formate and DTA should 

detect formate in compositions containing greater than 5 mole % 

total formate (see limits of detection on page 15). However, 

as shown in Figure 5, the more sensitive technique was unable to 

detect any free formate in compositions containing up to 16 mole 

% total formate. This suggested that the ratio of adsorbed:free 

formate of 60:40, which is developed in solution during the pre-

paration of doped material, changes during the drying stage so 

that much more material becomes adsorbed onto the Zr(OH) 4  surface. 

Determination of the Free Formate in Freeze-Dried Material  

The quantity of free (recoverable) formate which was 

present in the dried materials was determined by re-slurrying 

the powder in water and subsequently measuring the concentration 

of Ca 2+  ions using a divalent-ion selective electrode. This 

experiment was performed using a one-gram sample of zirconia con-

taining 7.6 mole % CaO which was slurried in 100 ml of distilled 

water. Results were obtained for four different batches of 7.6 

mole % material which had been prepared in essentially the same 

manner (Appendix C). The experiment demonstrated the variable 

nature of the different batches and showed that the amount of 
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free formate present varied from 17% to 27% with an average of 

22%. 

• 	 Hence, with only 22 % .  of that present acting as free 

formate in the dry,powders, XRD and DTA would only be able to 

detect the presence of formate in compositions containing approxi-

mately 25 mole % and 10 mole % formate respectivelY (seè limits 

of detection on pages 14 and 15). Consequently, the prebence of 

free formate in compositions containing up to 16 mole % formate 

would remain undetected in X-ray diffraction patterns of the 

powder. However, DTA éhotild be able to show the prèsence of for-

mate in compositions containing greater than 10 mole %, yet, as 

shown in Figure 5, the formate component was not detected in 

compositions containing up to 16 mole %. 

One possible reason for thié lack of formate peaks in 

the DTA traces could be that most of the formate present in the 

sample is completely decomposed (i.e., to oxide rather than car-

bonate) at apprOximately 400°C coincidentally with the very strong 

exothermic peak due to the crystallization of the ZrO 2 . In this 

manner, little or no carbonate would be retained to be detected 

in DTA by the endotherMic reaction at 900°C as the carbonate 

decomposes to oxide. The amount of formate that decoMposes at 

400°C and subsequently the amount of carbonate at - '), 900°C was 

determined directly from the TGA data. 

Thermogravimetric Analyses  

One-gram samples of material ranging in composition 

from undoped to fully doped zirconia were heated in air at 6°C/min 



- 23 - 

in an automatically controlled Stanton tnermobalance. The per-

centage weight loss recorded for some of the materials is shown 

in Figure 8. For the purposes of clarity, the traces for the 

extreme compositions only have been presented. All other compo-

sitions (2 mole % to 13.8 mole % CaO) were found to produce 

weignt loss curves which were intermediate between the two end 

members and which showed a progressively increasing total weight 

loss as the amount of formate dopant was increased. 

The TGA curves for undoped material showed a progres-

sive loss of weight at temperatures up to 400°C. The loss of 

17.0 weight % to 400°C was only marginally increased on further 

heating; the toal weight loss at 1000 ° C was 18.3%. With progres-

sively increasing amounts of calcium formate in the sample, the 

form of the TGA curve is retained but the weight loss to 400°C 

and the overall loss to 1000°C is increased. In 11.5 mole % 

material, the weight loss to 400°C is 23.7% and the total loss 

to 1000°C is 27.0%. 

In materials containing 13.8 and 16.0 mole % CaO, the 

form of the TGA curve is slightly modified by the development of 

two points of inflection occurring at approximately 300°C and 

720°C (shown by arrows in Figure 8). It is assumed that these 

two additional minor weight losses are due to the formate-to-

carbonate decomposition and the carbonate-to-oxide transition 

respectively. 
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Figure 8. TGA curves for material heated at 6°C/min. 

A. Undoped freeze-dried zirconia 
B. •Mechanical mixture of undoped freeze-

dried zirconia and 16 mole % calcium 
formate 

C. Freeze-dried zirconia containing 16 
mole % calcium formate prepared via 
route in Figure 1 

D. Freeze-dried calcium formate 

Comparison of Curves C and 'D in Figure 8 shows that the 

decomposition temperatures are higher in the pure formate (D) 

than in a mixture with zirconia (C). This may be dué tip a mass 

action effect in which the concentration of CO and CO 2  increases 

sufficiently above the surface of the  reactant •to Suppress further 

decomposition and hence higher temperatures are required to com-

plete the reaction. 'This temperature discrepancy could also be 
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due to a particle size effect; smaller sized material is known 

to decompose at lower temperatures. However, comparison of 

Curves D (pure formate) and B (same pure formate diluted with 

zirconia) shows that the reaction temperatures are lowered in 

the diluted material suggesting that the lowering is due to a 

mass effect and not to a particle size effect. 

The lack of any discontinuity in the TGA curve at 

approximately 720°C in all compositions up to 11.5 mole % CaO 

demonstrates the absence of any intermediate carbonate phase. 

Even in the more highly doped materials, the weight loss is mini-

mal; at 720°C the loss is 0.3% and 0.4% for the 13.8 and 16.0 

mole % materials respectively. This is contrary to expection. 

Assuming that all the formate in the 16.0 mole % materials were 

to form an intermediate carbonate, then a weight loss of 5.7% 

would occur, which agrees well with the experimental value of 

5.8% obtained with a mechanical mixture (Curve B). Alternatively, 

if only the free formate were to act in this manner, i.e., only 

22% of the total, then a weight loss of 1.25% would occur, which 

is well outside the limit of 0.1% that can be recorded by the 

thermobalance. 

The much lower-than-expected weight loss that developed 

in the doped materials suggests that very little carbonate is 

formed during heating. This, in turn, suggests that the majority 

of the formate present decomposes directly to the oxide rather 

than first forming an intermediate carbonate. A weight loss of 

0.4% for the doped 16.0 mole % material compared to 5.8% for a 

mechanical mixture of the same composition indicates that only 
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7% (0.4/5.8) of the maximum amount of carbonate that could be 

formed actually develops in the doped material. For the 13.8 

mole % material, this figure is reduced to 5% (± 1%). The TGA 

curve of the 11.5 mole % material at 720 ° C implies that less than 

2.5% (± 2.5%) carbonate was formed. 

The decoMposition of most of the formate directly to 

the oxide is unusual, yet well over 90% follows this reaCtion 

route for which TGA fails to show any specific decomposition 

temperature. The absence of a sharp weight loss between 300°C 

and 400°C (except in 13.8 and 16.0 mole % Material) suCh as is 

developed in mechanical mixtures (Which contain crystalline  fo-

mate)  suggests that the formate is present in an amorphoUs state 

and hence the decompositibn is slow and océurs over a wiae teMp-

erature range. Even in the two compositions where an inflectiOn 

is developed in the TGA curves, the additional weight lOss is 

only approximately 34% of that required for the direct conversion 

of formate to oxide. Hence, the remaining 60% (differehée be-

tween the 34% decomposed at the inflection temperature  and the 

approximately 94% decomposed up to 720 ° C) must break dowh outL• 

side the temperature limits of the inflection and the as'sCciated 

weight loss must also occur aboVe and/or below the inflection 

temperature. 

This behaviour is  consistent  with the formate being 

adsorbed on the zirconia surface. It is unlikely that the ad-

sorbed formate would exist as a stable crystalline layer which 

would decompose sharply at a critical temperature. Rather, it 

would be present in a random structure, particularly when the 
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substrate itself is amorphous, and would be expected to decompose 

slowly over a wide temperature range. 

The endothermic reaction at 350°C in DTA, due to the 

loss of chemi-sorbed water, was discussed earlier. The coinci-

dence of this DTA peak with the inflection recorded in the TGA 

of the 13.8 and 16.0 mole % materials suggests that the endotherm 

may be more reasonably attributed to the decomposition of the 

formate to, mostly, oxide. It is seen in Figure 5 that the magni-

tude of this 350 ° C endotherm increases with increasing formate 

content. It is also a relatively broad peak as would be expected 

for the decomposition of an adsorbed amorphous phase. 

Unfortunately, it was not possible to gain quantitative 

data on the amount of formate decomposed at approximately 350°C 

because part of the weight loss recorded was also due to the loss 

of some water from the precipitate itself, c.f. the loss of 2.1 

weight % from undoped zirconia between 275°C and 400°C - the temp-

erature range for the 350°C endotherm in doped material. However, 

on a qualitative basis, if it is assumed that the weight loss from 

the zirconia is always 2.1%, then any additional loss would be 

due to the decomposition of the formate. Using this approach, 

it may be shown that approximately 70 ± 10% of the total formate 

present in the 13.8 and 16.0 mole % materials is completely de-

composed. The discrepancy between this figure and the over 90% 

determined above from the weight loss at 720°C is presumably due 

to the invalid assumption that exactly  the same weight loss occurs 

from the zirconia component of the undoped material as in the 

different doped batches. However, the data do show qualitatively 
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that essentially all the formate present is decomposed directly 

to the oxide at approximately 350°C. These results are àùmmarized 

in Figure 9.. 

Zr(OH)4 ppt 

1 Dope 

SLURRY .  

Ca(H.00.0)2 soln I 

93-95% formate decoffiposes 
to oxide - r'emainder forms 
CO3= 

450-55b ° C 

Crystalline Zr02-Ca0 solid 
solution formed WiÉh a 
trace of 003= 

7007750 ° C 

003= decomposes to 'oxide - 
enters into solid solution 
with the Zr02 

• 

Figure 9. Summary of reactions occurring during the pré-
paration and calcination of doped zirconia. 
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X-ray Diffraction Analyses  

Initially, the powder samples were examined using a 

North American Philips X-Ray Diffractometer in order to identify 

the phases formed in both the as-prepared and calcined materials. 

However, the equipment was found to be too insensitive to detect 

low concentrations of crystalline material which may be present 

under certain conditions, e.g., the products formed immediately 

after the reactions shown by DTA. Consequently, all analyses 

were conducted using a Guinier-DeWolff focussing camera which is 

inherently more sensitive than a diffractometer yet retains 

approximately the same angular dispersion (1° 20/4 mm of film — 

for the camera; slightly less for the diffractometer). 

The main disadvantage in the use of a Guinier camera 

is that it does not record diffraction data at 26 angles greater 

than approximately 90° using Co K-alpha radiation. Hence, no 

information can be obtained from the 'back-reflection' region, 

i.e., 26 angles greater than 90 0 , where minor changes in lattice 

spacings due to either compositional changes or strain effects 

are more readily observed. As a result, samples were examined 

with a Guinier focussing camera to identify the phases present 

and with a non-focussing Debye-Scherrer camera (which essentially 

records all the diffraction data between 26 angles of zero and 

180 °  with a dispersion of 10  26/mm of film) to obtain data on 

changes in the high-angle 'back-reflection' region. 
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Figure 10. X-ray diffraction patterns of zirconia containing 
16.0 mole % CaO. Samples heated for 1 hour at 
temperatures indicated, allowing the cùbic .phase 
to develop 'above 550°C. 
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Figure 11. X-ray diffraction patterns of zirconia con-
taining 7.6 mole % CaO. Samples heated for 
1 hour at temperatures indicated, allowing 
the cubic phase to develop above 450°C and 
cubic + monoclinic above 1010°C. 
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Increasing -20 
Figure 12. X-ray diffraction patterns of undoped zirconia. 

Samples heated for 1 hour at temperatures indi-
cated, allowing a trace of cubic and monoclinic 
phases to develop at 400°C. At higher tempera-
tures only the monoclinic phase is retained. 
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Minor differences in the diffraction patterns were 

readily shown in the derived diffractograms produced by micro-

densitometer scans of the photographic film. Initially, diffrac-

tograms were produced using maximum sensitivity because this 

allowed accurate intensity ratios to be obtained, which proved 

to be valuable in examining the internal strain developed in 

fired, partially stabilized materials. However, for the purposes 

of presentation in this report, the operating conditions of the 

double beam microdensitometer were changed to give maximum attenu-

ation of the recorded peak height (Appendix D). Typical results 

obtained in this manner are shown in Figures 10, 11 and 12 in 

which the data were obtained from a 1:1 scan of film exposed in 

a 57.3-mm diameter Debye-Scherrer camera that has a dispersion 

of 2 °  20/mm of film. 

The results can be divided into three groups in which 

the material is either undoped, partially stabilized or fully 

stabilized zirconia. Consequently, , data is presented for only 

the Laree groups rather than for each individual composition. 

All samples were shown to be completely amorphous in the as-

prepared state and to become progressively more crystalline as 

the calcination temperature is increased. 

Figure 10 illustrates the typical diffraction patterns 

produced by fully stabilized materials after calcination to the 

temperatures indicated. In the example given, it can be seen 

that the sample contains a very low concentration of crystalline 

material. On heating to 550°C, i.e., just above the strong exo-

thermic reaction at about 535°C (Figure 5, Curve F), the sample 
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develops a significant amount of cubic crystalline material having 

a very small crystallite size - all the diffraction peaks are 

broadened and consequently there is no resolution of the back-

reflection doublets. 

As the temperature is progressively increased, the line-

broadening effects are reduced and consequently the recorded 

peak-heights are increased indicating that the crystal size is 

gradually increased. Although not shown in Figure 10, this re-

duction in peak-width allowed the back-reflection doublets to be 

resolved in the diffraction patterns of material heated above 

1200°C. It can be shown( 20)  that this resolution occurs for Co 

k-alpha radiation when the size of the coherent diffracting 

domain (assumed to be the crystal size) exceeds about 400 À 

(Appendix D). Hence, the resolution of the doublets demonstrated 

that the fully stabilized materials have a crystal size of approx-

imately 400 À at 1200°C. 

The diffraction patterns developed on heating the par-

tially stabilized compositions are slightly more complex. Initi-

ally, the material crystallized as a cubic solid solution. With 

progressively increasing temperature the peak widths are reduced 

• suggesting that a gradual crystal growth process occurs. Above 

1000°C the system becomes two phase as the amount of cubic  mater-

lai  is reduced and the amount of monoclinic material is increased. 

It was not possible to distinguish the cubic from the tetragonal 

phase in these materials after heating to modei'ate temperatures 

because the intrinsically similar patterns have broadened diffrac-

tion peaks due to either small crystal size and/or strain effects. 
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It should be noted that these results are in apparent 

conflict with the reported phase equilibrium data for the Ca0-Zr0 2 

 system(21 ) which indicates that the compositions between 2 mole % 

and 12 mole % CaO are composed of monoclinic solid solution and 

cubic solid solution below 900°C, while at higher temperatures 

the system is reported to be a single phase tetragonal solid 

solution. 

This discrepancy between the reported data and the pre-

sent results is probably due to the invalid comparison of true 

equilibrium data with those obtained under dynamic conditions. 

It is probable that the cubic phase that developed initially in 

the PSZ compositions at about 450°C (Figure 11) is in metastable 

equilibrium and the system would probably become two-phase on 

extended annealing. 

The absence of any tetragonal phase in the partially 

stabilized zirconia (PSZ) samples heated above 900°C may be due 

to the very rapid decomposition of this phase on cooling or even 

quenching. The fact that the tetragonal phase is only developed 

in finely divided zirconia has led to the suggestion that the 

stability of this phase is dependent on the crystallite size. 

It has been reported that the tetragonal phase becomes unstable 

when the crystallite size exceeds 300 1°1( 22 ). This is suggested 

to be  trie  reason wny tetragonal Zr0 2  can not be retained on 

quenching from high temperatures, yet it may be prepared by the 

low temperature calcination of salts such as the chloride or 

nitrate. Assuming similar behaviour to that for the fully stabi-

lized materials, it would be expected that the crystallite size 
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• 
of the PSZ materials would exceed 400 À in material calcined at 

1200°C, i.e., an unstable tetragonal phase would be expected to 

form at temperatures less than 1200°C. Consequently, the diffrac-

tion patterns obtained for materiai heated to 1010°C and 1300°C, 

Figure 11, show the presence of clibic + monoclinic Zr0 2  rather 

than a tetragonal Solid solution. 

More recent data( 23 ) suggest that the stable  phase 

above 900°C for PSZ materials is a cubic solid solution rather 

than tetragonal. It is reported that the phase field between 

0 mole % and 20 mole '% CaO may be regarded as a continimus solid 

solution between pure monoclinic Zr0 2  and the cubic compound 

CaZr4 .09. The supersaturation of the coMPound that occurs on 

cooling from the firing temperature allowà the precipitation of 

fine-grained monoclinic pure zirconia in grains WhiCh had pre-

viously been entirely cubic. This mechanism results in a struC-

ture in which the grains are composed of alternating cubic and 
0 

monoclinic domains of approximately 1000 A. This fine-texturéd 

microstructure has recently been shown to be responsible for the 

very good thermoméchanical properties of the partially stabilized 

materials( 24 ); 

In addition to identifying the phases formed in these 

materials, X-ray powder diffraction patterns were also used to 

- determine the unit-cell edge of each annealed material. The 

lattice parameter would be expected to change with composition 

between the limits of approximately 10 mole % and 20 mole % CaO, 

i.e., the limits of the cubic phase field. Hence, only samples 

having the composition: 7.6 mole %, 11.5 mole %,13.8 mole % and 
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16.0 mole % CaO in Zr0 2  were examined. The materials were first 

annealed at 1600°C in air for 1 hr prior to examination. 

Powder diffraction patterns were obtained of each mater-

ial using Fe-filtered Co K-alpha radiation and a Debye-Scherrer 

camera (114.6-mm diameter) having a dispersion of 1° 20/mm. Using 

the Straumanis technique( 25) , a series of unit-cell edge values was 

first computed for each (hkl) plane. These values were in error 

due to the systematic errors of adsorption and divergence of the 

beam - the errors are greatest at low angle and least at high 

angle and become zero at 28 = 180 ° . Consequently, a least-squares 

analysis was obtained for a plot of the unit-cell edge values 

(a(hk1)) 

tion proportional to the systematic errors) from which extra-

polation to 20 = 180 °  gave the true ao  value. The a o  values 

were determined separately by two individuals A and B using the 

same films in order to estimate the subjective error in reading 

the film. The unit-cell edge values together with the calculated 

single crystal density of the cubic phase for each composition 

were determined to be: 

Composition 	Determined by 'A' 	Determined by 'B' 

mole % CaO 	ao  . ‹Â. 	density g/cc 	ao  X 	density g/cc 

	

7.6 	5.1273 	6.071 	5.1289 	6.066 

	

11.5 	5.1301 	6.059 	5.1304 	6.060 

	

13.8 	5.1308 	6.059 	5.1306 	6.060 

	

16.0 	5.1389 	6.030 	5.1385 	6.032 

versus the Nelson & Riley function( 26 ) (an angular func- 
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It canipe seen that the data for the fully Stabilized 

materials (11.5 mole % and above) are in close agreement:for each 
. 	0 

composition; the a o  values lie within ±0.0002 A of the.mean. 

The greater difference between the a o  values for the 7.6 mole %, 

material was expected as the diffraction pattern was diffuse dué 

to lattice strain effects; the back-reflection doublets were just 

resolved. It has been estimated that the precision of ,the unit-

cell edge value is about ±0.2% when the doublets are not resolved 

and approximately ±0.1% when the doublets are clearly resolved( 27 ). 

Hence, the precision of the ao  value for the 7.6 mole '% ,material 

is only about ±0.0051,A (±0.1%) and for the fully stabilized 

materials it is ±0.0005 A (±0.01%). This leads to a precision 

of ±0.018 g/cc in the density of the cubic phase in thelpartially 

stabilized material and to a precision to ±0.002 g/cc-in the :den-

sity of the fully stabilized materials.' 

The variation of the a o  values with the CaO Content 

indicated that the lower limit of the Cubic phase field lies at 

13.8 mole %. CaO; this,is in very good agreement with the reported 

value of 13.4 mole .%(28). 

Infrared Spectroscopy  

The powder transmission spectrum of,selected materials 

was examined in an attempt to further characterize the structure 

of the precipitated zirconia and also to examine the state of 

the  adsorbed formate cm the surface of the precipitate after dry.7. 

ing to a powder. For this purpose, samples of 7.6, 11.5, 13.8 , 

and 16.0 mole % CaO and also samples of these materials calcined 
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at 1000°C for 1 hour were examined. 

The spectra were obtained from KBr pellets containing 

0.5 to 5.0 wt % of the dispersed powdered sample. Particle size 

distribution analyses (Figure 19, page 56) of the powders indi-

cated that the mean agglomerate size could be as high as 25 pm 

and hence a small effect of particle size on the spectra could 

be expected( 29 ). Consequently, all the samples were first dry-

ground in an alumina mortar and pestle to disperse the agglomer-

ates. The sample was dispersed in the KBr by stirring and sub-

sequently screening the mixture prior to vacuum pressing in a 

1/2 in. diameter die at 90,000 psi. A Perkin-Elmer double beam 

grating spectrophotometer (Model 457) was used to obtain spectra 

in the region 4000 to 250 cm-1 . The results are given in Figures 

13 to 16. 

The spectra of the as-prepared materials (Figure 13) 

are relatively uninformative. The three strong absorption bands 

at approximately 3400, 1595 and 1335 cm-1  have been reported 

recently in the literature for the lime-stabilized zirconia mater-

ials( 3 °) and were attributed to the presence of OH groups (3400 

cm-1 ) and to impurities formed by the adsorption of atmospheric 

CO 2  (1595 and 1335 cm-1 ). These assignments are probably valid 

for the present work. 
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Figure 13. Infrared transmission spectra of as-
prepareclzirconia powders. 
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The broad absorption band at 3400 cm-1  is the funda-

mental stretch frequency of the O-H bond. The peak is broadened 

. and asymmetric due to a varying degree of hydrogen bonding, i.e., 

the peak snape is indicative of surface heterogeneity. The pre-

sence of absorbed molecular water is suggested by the band at 

1595 cm-1  which is the fundamental bend frequency for the H-O-H 

structure. The peak is slightly asymmetric due to some inter-

action between the water and the zirconia substrate (possibly 

heterogeneous hydrogen bonding) or due to partial overlap with 

a 'carbonate' peak. No assignment is suggested for the minor 

absorption peak at approximately 2900 cm-1 . 

The adsorption of CO2 onto a surface containing metal 

ions, oxygen ions and hydroxyl groups would be expected to pro-

duce one or more of the structures below: 

le 	 142+ 

carboxylate 	carbonate 

(A) 	 (B)  

* 

qÇ /
* o 

I c 	 c 

ô° 	/ \ o° 	o° 
I 	1 	I m 	 m 

monodentate 	bidentate 
carbonate 	carbonate 

(C) 	 (D) 

[`c 

Structure A, formed by the direct adsorption of CO 2  

onto a metal ion by the transfer of an electron from the adsor-

bent to the adsorbate, is essentially the same as the structure 

of an ionized salt of a carboxylic acid, c.f. (H.00.0)2Ca. Having 

an XY2 structure, it will give rise to both symmetric and asym-

metric C-0 stretching vibrations occurring in the region 1350 to 
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1400 and 1560 to 1580 cm-1 . The torsional vibration of the (1-c/0  

group occurs at about 650 cm-1 . The important feature of this 

structure is that it does not give rise to any absorption bands 

in the region 1000 cm-1 . 

In the case of the carbonate species that may be formed 

(B, C and D), the structures are based on the planar CO 3  group 

which, due to degeneracy, only allows four of the possible six 

vibration modes to be observed. Of these four, the symmetrical 

C-0 stretch frequency is inactive in the infrared (no change in 

the dipole moment) and can only be observed in the Raman spectrum 

(due to the change in polarizability). Consequently, the ionic 

carbonate Structure B gives rise to three absorption bands; one 

at 1440 cm-1  and two below 900 cm- I. Again no absorption occurs 

in the region of 1000 cm-1 . 

Modification of the ionic Structure B to the covalent 

monodentate or bidentate carbonates (C and D) introduces a degree 

of asymmetry into the structure which thus allows the fundamental 

C-0 stretch frequency (1080 cm-1 ) to become infrared active. In 

addition, the symmetric doubly degenerate vibration becomes split 

into its components due to the slight difference in the C-0 °  and 

C-0 force constants. This splitting is greater in the bidentate 

than the monodentate complexes and typically is of the order 300 

cm-1  and 100 cm-1  respectively. 

From the foregoing, it will be appreciated that there 

are various structures which may be formed by the adsorption of , 

CO 2  onto a hydrated metal oxide surface. In principle, the 

different structures should be distinguished by their infrared 
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spectra. For example, the carboxylate Structure A does not have 

an absorption at about 1070 cm-1  whereas the carbonate structures 

(B, C and D) absorb in this region. The ionic carbonate (B) will 

have a single absorption in the range 1370-1430 cm-1  whereas the 

covalent structures (C and D) will have two peaks near this fre-

quency range separated by 100 cm-1  (monodentate) to 300 cm-1  

(bidentate?). On this basis, it would appear straightforward to 

identify the species present in a sample. 

However, the situation is further complicated by the 

fact that absorption bands at 1570 and 1330 cm-1  and also at 1630 

and 1220 cm-1  have all been shown to arise from a bidentate 

structure (page 208, Reference 29). It is possible that the 

structures involved are either D or E: 

On the intuitive assumption that the two metal 

atoms in Structure D will exert a greater influence on the de-

generate C-0 stretching vibrations than the single metal atom in 

E, the bands at 1630 and 1220 cm-1  are attributed to Structure D 

and those at 1570 and 1330 cm-1  to E. 

As shown in Figure 13, the as-prepared materials 

contain both adsorbed water and CO 2 . Comparison of the spectrum 

of undoped material with that for material containing 16 mole % 
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formate shows little or no difference . which suggests that the 

adsorbed CO 2  has formed a carboxylate structure on the surface 

of the undoped material. This possibility is further supported 

by the spectra develôped by all the materials investigated, which, 

after calcining to 1000°C and equilibrating . with the ambient 

atmosphere for one year, showed strong absorption bands at 3400, 

1595, 1375, 1350 cm-1  (which are essentially the same as the as-

prepared materials, Figure 13) together with a minor absorption 

band at 785 cm-1 . The low frequency vibration agrees well with 

the strongest absorption in the spectrum of pure calcium formate, 

Figure 14. Consequently, it is probable that CO 2  is adSorbed, 

onto the surface of all the precipitated zirconia materials to: 

form a free carboxylate structure. 

One of the main features of the spectra of the-

as-prepared doped materials is that they do not have the strong 

absorption bands at 1350-1400 cm-1  and - at about 800 cm7 1 , typical 

of pure free formate. Because of the tenuous nature of. 	evi- 

dence for the formation of a carboxylate structure on the surface 

of aged calcined. materials (the evidence resting on a single very 

weak absorption at 785  cm'), the  spectra Of mechanical mixtures 

of undoped zirconia and freeze-dried pure calcium formate were . 

examined in order to determine the limits below Which the presence 

of free formate cannot be detected in the infrared  transmission 

spectrum. The results indicated that the limit was below 8 wt % 

formate (using the unambiguous absorption bands close to 800 

Figure 14). In this Particular mixture; the weight fraction and:` 

the mole fraction are nearly . equal and hence the lower limit  fo 
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the detection of formate can be regarded as lying below 8 mole %, 

yet no characteristic formate absorption bands were detected in 

doped zirconia materials containing up to 16 mole % formate. 

Consequently, it is assumed that the majority (over 80% - Appen-

dix C) of the formate in the doped samples is adsorbed onto the 

surface of the zirconia substrate in such a way that the usual 

torsional vibration of the 0\c/0  group is effectively prevented. 

This could occur if the oxygen atoms of the carbonyl and former 

hydroxyl groups of the formate structure were covalently bonded 

to metal atoms. Such a direct bond would also explain the very 

low recovery of free dopant in slurries of doped zirconia samples 

(Appendix C). 

It will be recalled that the DTA data suggested that 

the broad endothermic peak at 350°C in the doped materials was due 

to the decomposition of the adsorbed formate (TGA data suggests 

this to be over 90% of the total present - see page 26) directly 

to the oxide. The remaining free formate (less than 10% in the 

16 mole % material) was assumed to decompose at a higher tempera-

ture (possibly coincidentally with crystallization of the zirconia 

component at 400°C to 550°C) to form carbonate which subsequently 

decomposes to oxide at 720°C. Assuming that this reaction scheme 

is correct, then the 10% free formate present in the 16 mole % 

material would be expected to react as the pure formate and to 

decompose to carbonate in the range 400°C to 550°C (Curves A and 

B, Figure 4). Consequently, samples of the 16 mole % material 

were calcined at various temperatures and the infrared spectra 

of the products were examined in an attempt to determine the 



À fuml  
	 -9‘ 

2 

0 
0 

• 

cd 
4 
4 

El 

3"d00  200 0 1600- 	1200 
— Frequency, cm 1  

800 400 
	t_ 	 _a a 

- 46 - 

temperature limits of the intermediate carbonaté phase, The 

spectra obtained are shown in Figure 15. 

Figure 14. Infrared transmission spectra. 

A. Freeze-dried calcium formate aged 
one year in a normal atmosphere 

B. Mechanical  mixture of freeze-dried 
undoped zirconia containing 8 wt% 
of A 
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Figure 15. Infrared transmission spectra of materials calcined 
in air for 15 minutes. 
A. 	Calcium formate calcined to 550 ° C 
B to E.Zirconia containing 16 mole % CaO 
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, It can be seen that there is a gradUal change in the 

spectrum of the 16 mole % material as the calcination temperature 

is,increased. The broad absorption between 1350 and 1650 cm- I 

develops a progressively greater transmittance at the higher 

frequency with increasing temperature. In addition, the absorp-

tion at 1630 cm-1  is enhanced sufficiently to become a distinct 

peak in the spectrum of material calcined at 550°C. Tha weak' 

absorptions at about 700 and 870 cm-1  also become progresSively 

stronger with increasing temperature. 

Comparison with the spectrum of calcium formate calcined 

at 550°C,.Curve A, which is typical of an ionic  carbonate  (Struc-

ture B, page 41),, suggests that the absorption bands at 700 and 

870 cm-1  in the spectra Of doped calcined zirconia  are due  to the 

presence of an ionic carbonate. Presumably this is just frea 

calcium carbonate which has formed from  the free formate present. 

The absorption in the range 1350 to 1650 cm-,1- suggests 

the dévelopment of a covalent carbonate phase. This i4 further 

supported by an absorption at 1080 cm- I. Because thiS 1080 cm- I 

band was not obsérved in the spectra of the as-prepared Materials 

(Figure 13), and because the absorption increases in magnitude 

with calcination. temperature, this band further supports ,  the view 

that the covalent carbonate present in the partially calcined 

doped zirconia is developed intrinsically rathér than by CO2 pick-

up after calcination. 

The lack. of clearly defined absorption peaks in the 

region 1350 to 165,0 cm - I suggests a-'considerable heterogeneity 

in the nature of the covalent carbonate formed. Assuming that 
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this phase is formed by the partial decomposition of covalently 

bonded formate on the surface of the amorphous zirconia, then it 

would be expected that the covalent carbonate would form over a 

wide temperature range. This is shown in the spectra by the 

gradual development of the 1080 cm-1  absorption between 300 and 

550°C. 

The spectra also suggest that the amount of covalent 

carbonate is much greater than the amount of ionic carbonate, 

because the intensity of the 1350 to 1650 cM-1  absorption is much 

greater than the 700 and 870 cm-1  absorption (yet both groups are 

the strongest bands in the spectrum of the pure phase). This 

indirectly supports the data in Appendix C which showed that the 

amount of adsorbed (covalently bonded) formate was about 80% of 

the total present. 

At temperatures above about 750°C, the carbonate phase(s) 

could no longer be detected in the transmission spectra. However, 

the tenacity of the OH groups present was shown by the continued 

presence of the 3400 cm-1  absorption in the spectra of materials 

calcined at temperatures up to 1000°C for 15 minutes, Figure 16. 
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Figure 16. Infrared transmission spectra of zirconia samples 
calcined in air at 1000°C for 15 minutes. 
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As shown, the spectra for the fully stabilized compo-

sitions (11.5 mole % CaO and above) are essentially featureless 

and display a single broad absorption band between 800 and 300 

cm-1 . ,This is in contrast to the spectrum for the partially 

stabilized material (7.6 mole % CaO) which has absorptions at 

760, 610, 580, 490, 450, 410, 340 and 265 cm-1 . This marked 

difference between the spectra of the cubic and monoclinic zir- 

conia phases has been reported earlier (31 ), where it was suggested 

tnat the absorption at 760 cm-1 , which is specific for the mono-

clinic phase, could be used in an analytical procedure for the 

determination of monoclinic zirconia. 

Surface Area  

In order to reduce the considerable shrinkage (and 

hence reduce the possibility of cracking) during the firing of 

these extremely bulky materials (typically 45% shrinkage on firing 

to 1600°C), it was necessary to precalcine prior to fabricating 

and firing. Hence, to determine the appropriate calcination 

conditions, a series of samples was calcined at 50°C intervals 

between 600 and 1300 ° C and the surface areas measured using a 

Perkin-Elmer Shell sorptometer. The results are given in Appen-

dix E and for some of the compositions the data is presented 

graphically in Figure 17. 

It can be seen that the doped materials have higher 

surface areas than the undoped zirconia throughout this tempera-

ture range and at any given temperature there is a trend for the 

surface area to increase with the amount of dopant. The surface 
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area is seen to fall quite.sharply between 600. and 1000°C and 

this decrease is associated with an increasing sharpness ,  of all 

diffraction lines in the powder  patterns  (c.f. Figures 10 to 12) 

which suggests a progressive increase in crystal size within the 

powder agglomerates. 

100 

1000 	1100 	126i) 

Calcination Temperature, °C 

Figure 17. Variation of surface area with temperature for 
undoped and lime-doped zirconia raw materials. 
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Using the simplifying assumption that all the particles 

present in a sample have a perfect cubic morphology, then it may 

be shown that for zirconia a particle edge length of 400 Â will 

produce powder having a surface area of 25 m2 /g (Appendix E). 

From Figure 17, it can be seen that this surface area is developed 

in the temperature range of approximately 950 to 1000°C. Hence, 

it should be possible to resolve the X-ray back-reflection doub-

lets in the powder pattern of material calcined above 'b1000°C 

(Appendix D). However, this assumes that the materials will con-

sist of perfect crystals whereas, in practice, domains will be 

present and mosaic crystals will be formed. Consequently, it is 

not surprising that a temperature of 1200°C and above is found 

necessary to resolve the doublets (page 34). The discrepancy 

between the X-ray data which suggests a 'crystal' size of 400 Â 

at 1200 ° C and the surface area data which give a calculated 

'crystal' size of 1250 Â (assuming an average surface area of 

8 m2 /g at the same temperature) is good evidence that the crystals 

within the agglomerates possess a mosaic structure at low tempera-

tures (below 1100°C) (Figure 18). 

Between 1000°C and 1100°C the surface area remains 

essentially constant with increasing temperature as the intra-

agglomerate growth ceases. At higher temperatures, the surface 

area again decreases slowly with increasing temperature as inter-

agglomerate growth commences and the samples start to sinter (see 

sintering curve, Figure 25). 
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Figure 18. Schematic of mosaic .structure deVeloped 
in powders below 1100°C. 

a. X. -ray crystal size 
b. Surface area crystal size 

In order to Minimize surface area differenceS 'between 

batches of the same Material  due  to possible temperatUé fluctua-

tions during sucCessive calcinations, the materials were all cal-

cined at a given temperature between 1 0 00 ° C and 1100°C, the range 

in which the rate of change of surface area with tempe±ature is 

a minimum. 

Particle Size Distribution  

Immediately After leaving the freeze drier, the mater-

ials were composed of.pex,fectly Spherical agglomerates. Particle 
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size analysis obtained from optical micrographs and a Zeiss-

Endter analyser snowed that the freshly prepared materials had 

a mean size (m) between 100 pm and 200 pm depending on the batch. 

This variation was subsequently related to the critical setting 

of the atomizing gas flow rate and the liquid feed rate used in 

the spray-freezing operation. However, this variation in m for 

the freshly prepared materials was found to be unimportant be-

cause the spherical agglomerates were extremely friable and broke 

up readily,on normal handling such that m was reduced to approxi-

mately 20 pm and the standard deviation (s) was reduced from 

3.2 pm to 2.8 pm. The size distribution produced by such handling 

is shown in Figure 19, Curve A. The data were obtained using a 

Coulter Counter particle size analyser in which a 4 wt % solution 

of Na4P 207 was used as both the electrolyte and sample defloccu-

lant. 

Prior to size analysis, the samples are usually exposed 

to an ultrasonic beam in water containing a deflocculant. This 

treatment further emphasizes the weak nature of these materials, 

for within 15 seconds the mean size is reduced to 4 pm and s is 

reduced to 1.9 pm (Curve B). Although material having this size 

distribution would probably be satisfactory for the production 

of high-density fabricated bodies, the ultrasonic equipment avail-

able was only capable of dealing with very small batches of mater-

ial (approximately 4 g) and consequently larger batches of mater-

ial were dispersed by ball-milling. 
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1 	 10 

Equivalent diameter, pm 

Figure 19. Particle size distribution of 16 mole % material, 

A. Typical distribution developed in the as-
prepared material after normal handling 

B. TypiCal size distribution observed after 
treating A with ultrasonics in water 

C. Size distribution developed after ball-. 
milling A in alcohol for 1 hour 

Attempts to disperse these materials by dry-milling 

failed; the mill became packed with 15 minutes of operation. No - 

attempt was made to examine the effects of dry milling defloccu-, 
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lants such as the stearates or the aliphatic amines because wet 

milling proved to be very satisfactory without the use of any 

deflocculants. In addition to adequately dispersing the zirconia, 

wet milling also allowed a lubricant and binder to be uniformly 

dispersed throughout the material. Because de-agglomeration was 

found to be the single most important parameter to be controlled 

in order to develop a uniform microstructure and a high fired 

density, the wet milling process was carried out in isopropyl 

alcohol rather than water as this not only acted as a solvent for 

the binder and lubricant but also acted as a desiccant and re-

moved water absorbed on the surface of the powders. 

A typical distribution of material wet-milled in alcohol 

for 1 hour is given in Figure 19, Curve C. The mean size and 

distribution for all the lime-stabilized zirconia compositions 

prepared was found to be independent of the composition, mill 

charge and grinding medium geometry. In all cases, the mean size 

was approximately 2 pm and the distribution was narrowed slightly 

from that for the ultrasonically treated material, with s being 

reduced to 1.7 pm. 

Extended milling did not reduce the mean size any fur-

ther, which suggests that the agglomerates in the powder are being 

formed as fast as they are broken down. The agglomerate size was 

also found to be independent of the ultimate crystal size of the 

material. Calcination of material at 850°C and 1000 ° C (surface 

area data gives a crystal size of 220 À and 550 À respectively) 

followed by 1 hour ball-milling in alcohol produced materials 

having essentially the same particle size distribution as the 
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uncalcined raw material. 

Optical Microscopy  

The shape of the particles in the freeze-dried powder , 

 would be expected to copy the shape of the liquid droplets 

directly as they meet the liquid nitrogen surface during the 

spray freezing process. High speed photography has established 

that the form of a liquid droplet in free  flight is not static 

but pulsates from a doughnut shape through spherical to a dumb-

bell shape and back. Because the surface of the droplets freezes 

first and the thin solid shell so formed captures the particle 

shape, a variety of shapes would be expected in the dried powder 

Examination of powders produced by spray-freezing aqueous solu-

tions (A1 3+ , Cr 3+ , and Mg2+  sulphates; also mixtures which pro-

duce ruby and spinel) has confirmed that a wide range of shapes 

does exist( 18 ). 

In the zirconia materials, the freeze-dried particles 

tend to be spherical immediately after leaving the freeze drier. 

This basic difference in shape between the zirconia and the sul-

phate-based materials above is probably due to the considerable 

difference in the viscosity of the liquids during spraying. On 

the one hand, the sulphate systems of Reference 18 were true 

solutions whereas the zirconia materials were aqueous suspensions  

and hence much more viscous. With an increased viscosity, the 

free-flight pulsation would be severely reduced and the particles 

would very rapidly assume a spherical form. 

Optical examination of all the zirconia batches con- 
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firmed the spherical form of the particles. However, even after 

the minimum of handling, some of the particles readily break down 

and hence the remainder become coated with a layer of debris 

(Figure 20). With further handling, the size distribution 

approaches that given in Figure 19 but even with this breakdown 

occurring some particles are sufficiently stable to retain the 

underlying spherical form. In fact, it will be seen later that 

some of the agglomerates survive not only the calcination stage 

but are also retained through the forming stage to be incorpor-

ated as very dense spherical regions in a fired microstructure. 

This stability of some of the agglomerates through the 

various processing stages is in marked contrast to their behaviour 

in the immersion oil of a thin section (Figure 21). It can be 

seen that no spherical agglomerates are retained in either the 

as-prepared or calcined materials. This is the result of the 

high shear forces which act on the particles during the prepara-

tion of the section. Under these conditions, the as-prepared 

material is seen to have a much wider particle size distribution 

than the calcined product which suggests that the agglomerate 

strength is reduced during calcination. The much narrower size 

distribution of the calcined material is not immediately obvious 

in the micrograph due to the development of a chain-like struc-

ture from the nearly mono-sized particles. This effect is due 

to the retention of a high electrostatic charge and the resultant 

attraction of the particles. During subsequent processing (wet 

milling) this charge is dissipated and hence does not contribute 

to any handling difficulties. 
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300 ,um 

Figure 20. As-prepared material viewed in trans-
mitted light. 

Examination of the calcined powders (1000°C) in trans-

mitted light under crossed polars shows the presence of birefrin-

gent material in both the partially- and fully-stabilized compo-

sitions. The presence of anisotropic material in the fully-

stabilized zirconias is in apparent disagreement with the X-ray 

data of Figure 10 which shows the presence of cubic phase mater-

ial (isotropic). This discrepancy suggests either severe inhomo-

geneity in the batches (zones of monoclinic and cubic material 

due to considerable CaO concentration variations) or the presence 

of strain within the particles. If the birefringence were due 

to inhomogeneity giving rise to cubic and monoclinic regions, 

then it would be expected that the birefringent areas would be 
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equal to the crystal size of the material. In the present case, 

the crystal size has been shown to be q,400 21 at 1000 ° C (p 53) 

which is two orders of magnitude less than the observed particle 

size. Under these circumstances, a single-phase (monoclinic) or 

two-phase (cubic + monoclinic) polycrystalline particle would be 

expected to display the non-coherent birefringence typical of 

anisotropic material in random orientation. However, this was 

not the case. Each particle was observed to display the nearly  

coherent birefringence characteristic of strained materials 

(compared to the complete coherence of a single crystal or the 

non-coherence of randomly oriented material). The presence of 

strain in these materials was further demonstrated by the obser-

vation of birefringence in all the as-prepared (non-crystalline) 

materials. 

In transmitted light, the particles of all the as-pre-

pared and calcined batches appeared brown whereas in reflected 

light they were white indicating the microporous nature of the 

agglomerates. This was confirmed during an examination of the 

materials using a scanning electron microscope. 
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Figure 21. Particles of 7.6 mole % material viewed in trans-
mitted light. Large agglomerates broken down by 
shearing the immersion oil between the cover slip 
and microscope slide. 

(a) As-prepared 	 (b) Calcined 1000°C 1 hr 
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Scanning Electron Microscopy  

All the as-prepared batches and their 1000°C calcines 

were examined in the scanning electron microscope (SEM). Conven-

tional sample preparation techniques were used in which the 

samples were held on the specimen stubs by conducting silver 

paste and subsequently coated with carbon using a vacuum evapor-

ator. Despite these precautions, it was still difficult to pre-

pare specimens having a continuous electrically conducting sur-

face. This is necessary to avoid the build-up of an electrical 

charge which would otherwise be dissipated in an erratic fashion 

with the consequent disruption of the photographic record. This 

difficulty was probably due to the intrinsically microporous 

character of the agglomerates and also due to their spherical 

form making it difficult to ensure a continuous carbon film be-

tween the sphere base and the silver substrate. 

The morphology typical of all the as-prepared materials 

is shown in Figure 22 which confirms the spherical form of the 

agglomerates and also their considerable microporosity. Pores 

several micrometers in diameter are common, as shown in Figure 

22h. Examination of a section through a sphere confirmed that 

the larger pores were oriented along the sphere radii. This 

radial texture has been observed in a number of materials and is 

typical of spray-frozen and freeze-dried powders formed from both 

solutions and suspensions. 

It was impossible to resolve individual crystals in 

materials calcined to temperatures below 1100°C. The form of the 

agglomerate constituents was essentially the same as that shown 
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in Figure 22 for the majority of the compositions prepared. How-

ever, in the case of 11.5 mole % CaO material the form was some-

what atypical as even the as-prepared material appeared to have 

discrete crystallites present (Figure 23). On calcination to 

1000°C for 1 hr, the size and form of the small 0.5 to 1 pm parti-

cles is unchanged, as shown in Figure 23b. However, the X-ray 

data of Figures 10 to 12 have already shown that the as-prepared 

materials were amorphous whereas the 1000 ° C calcines were crystal-

line. Consequently, the particles seen in the as-prepared mater-

ial are probably the remnants of the flocs which were present in 

the zirconia suspension prior to spray-freezing. On heating, 

these flocs crystallize above approximately 500 ° C (actual tempera-

ture given by the DTA data of Figures 4 and 5) and the crystal-

lites produced undergo a progressive growth with increasing 

temperature. The considerable discrepancy between the surface-

area crystal size of 725 il (calculated from data in Appendix E) 

and the SEM particle size of 0.5 to 1.0 pm indicated by Figure 23 

for the 1000°C calcine is evidence that the small particles shown 

in the micrograph are themselves agglomerates of very small 

crystallites which are too small to be resolved in practice by 

the microscope (the Cambridge Instruments Stereoscan Mark IIA 

SEM used in this examination has a claimed resolution of 250 A). 

Hence, it is probable that the mosaically structured particles 

shown in Figure 18 are agglomerated to form the discrete 0.5 to 

1.0 pm particles, which themselves are agglomerated to form  the 

 approximately 200 pm particles shown in Figure 20. 
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Figure 22. SEM micrographs of as-prepared 
undoped zirconia. 

Figure 23. SEM micrographs of 11.5 mole % material. 

(a) As-prepared (b) Calcined 1000°C 1 hr 
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The highly agglomerated structure of these materials 

is thought to be responsible for the low pressed density and 

consequently the high firing-shrinkage developed by the as-pre-

pared materials. These sintering data were most conveniently 

obtained using a hot-stage microscope. 

Hot-Stage Optical Microscopy  

Initial experiments showed that a considerable firing 

shrinkage is developed in the as-prepared materials when fired 

to 1400°C and above. This is partly due to the very low pressed 

density (b25% of theoretical density) of the compacted material, 

which is the result of particle bridging in these highly agglomer-

ated materials. In addition, the high firing-shrinkage is also 

due to the loss of CO and CO 2  from the adsorbed formate and the 

loss of H 2 O from the zirconia itself. In order to determine the 

progressive shrinkage of both the as-prepared and calcined mater-

ials with increasing temperature, a series of samples was examined 

using a Leitz Heating Microscope type IIA-P, which is capable of 

operating in air up to 1750°C. The construction and operation 

of this equipment has been described elsewhere (32 ). 

Small samples of each material were formed into cylin-

ders 3 mm in diameter by 4 mm long and heated at 6°C/rain in the 

microscope. The projected image of the sample was photographed 

at 100 ° C intervals as the temperature was raised to 1600 ° C. In 

this manner, a series of photographs was obtained showing the 

progressive shrinkage of the samples with increasing temperaturé, 

Typical results are shown in Figure 24. 
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Figure 24. Sample of 13.8 mole % material viewed in Leitz 
Heating Microscope during heating to 1600°C in 
air. 
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In order to determine the shrinkage developed by  mater- 

lais  fired in the microscope, the photographic negatives were 

first enlarged and the sample area was then measured. Because 

the sample silhouette is approximately square, the area was 

related to a linear dimension by taking the square root of the 

projected area and using these values to determine the percentage 

length change that is developed on heating. A typical plot of 

these values versus the firing temperature is given in Figure 25. 

Both the form of the curves and the magnitude of the shrinkage 

at 1600°C were found to be independent of the composition of the 

sample. This result supports the view that the shrinkage is 

dictated by the agglomerated structure rather than the loss of 

volatiles from the material. With such a highly agglomerated 

structure on both the macro- and micro-scale, it is perhaps not 

surprising that shrinkages up to 45% are developed on firing to 

1600°C. 

Calcination of the materials to 850°C with the con-

sequent removal of approximately 25 wt % volatiles  (CO, .0O 2  and 

H 2 0 adsorbed after leaving the freeze drier) and crystallization 

of the powder to approximately 250 A crystallites (see surface 

area data, Appendix E) did not alter the firing shrinkage. The 

curves obtained deviated so little from that of the as-prepared 

material that the two are presented as a single curve in Figure 

25. This further supports the postulate that the firing shrink-

age is not due to the loss of volatile material. 
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Figure 25. Shrinkage curves for 13.8 mole % material. 

A and B. As-prepared material and also 
material calcined at 850 °C for 1 hour 

C. Calcined at 1000 ° C for 1 hour 
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Calcination to 1000°C, which incurs an additional 0.3 

wt % loss to that at 850°C, produces material which undergoes a 

much smaller firing shrinkage (Curve C, Figure 25). The crystal- 

lite size of this material is approximately 750 A and the shrink-

age to 1600°C is about 25%. Although this figure is high com-

pared to that of other ceramic raw materials, these calcines can 

be satisfactorily fabricated without developing cracks during 

firing. In every case, it was found that the materials started 

sintering at approximately 1100°C, which agrees well with the 

surface area data of Figure 17. 

Ball-milling the 1000 ° C calcined materials did not 

appreciably alter the firing shrinkage. The curves obtained were 

very similar to those of the unmilled calcined powders (Curve C). 

The fact that similar firing curves are produced by materials 

having agglomerates approximately 10 times larger than the mean 

particle size of the milled materials (Figure 19), suggests either 

that the agglomerates break down during the fabrication stage to 

produce particles smaller than those present originally in the 

finer materials or that the particle size distribution is little 

altered during fabrication and the shrinkage is entirely due to 

intra-agglomerate sintering. Examination of the fired micro-

structure developed by the as-prepared materials confirmed that 

the shrinkage was due to intra-agglomerate sintering and this 

in turn suggested that the particle size distribution was little . 

altered during the fabrication stages. This is discussed further 

in Part II of this report. 
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PART II 

FABRICATION AND CHARACTERIZATION OF SINTERED MATERIALS 

One of the requirements for the successful operation of 

an oxygen probe in any environment is that the integrity of the 

concentration cell be maintained throughout the measurement period. 

In practical terms, this means that the cell must not develop a 

short circuit due to the passage of oxygen from one half-cell to 

the other. Consequently, the membrane separating the two half-

cells must be impermeable to prevent the direct transfer of molec-

ular oxygen from one side to the other. In addition, the membrane 

must remain impermeable throughout the measurement and therefore 

it must have extremely good thermal shock resistance in order to 

survive the very rapid heating rate of approximately 350°C/sec 

and thus avoid developing a continuous crack network which would 

render it permeable. 

The development of a thermally shock resistant zirconia 

in the refractories industry is achieved by using a blend of the 

monoclinic and cubic phases. This mixture, which has approxi-

mately 30% monoclinic material( 33 ), has a much greater shock re-

sistance than either of the component phases. Because of this 

practice, it was thought that satisfactory performance would be 

found for the present materials if the composition closely matched 

that of a commercial blend. On this basis, it was expected that 

one of the partially stabilized materials would have an adequate 

shock resistance and hence this requirement was not thought to 

present a particular difficulty in the programme. On the other 
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hand, the main difficulty at this stage of the project was the 

development of an impermeable fired body at as low a temperature 

as possible, and consequently, this aspect occupied a major por-

tion of the programme. 

The development of an impermeable body generally re-

quires that a high fired density be obtained. It is not possible 

to predict the relative density at which the open porosity is 

eliminated and only closed porosity remains. In most of the 

common single-phase oxide ceramics, an impermeable body is usually 

formed at a relative density of approximately 90%. However, 

cases have been reported where a body having a relative density 

of 95% was still found to be permeable. Consequently, the objec-

tive at this stage was to develop as high a density as possible. 

Development of High-Density Fired Material 

Initially, samples of as-prepared doped material were 

vacuum cold-pressed at 10 ksi* using a 0.5-in. diameter floating 

die assembly, Thin samples (0.050 to 0.090 in.) were used to 

avoid significant die-wall effects.. In addition, samples of each 

composition which had been calcined at 850°C and 1050°C were 

similarly fabricated. The densities developed by these materials 

after firing to 1600°C for 1 hour in a gas-fired furnace are 

given in Table I of Appendix F. In general, the samples devel-

oped a relative density in the range 80-87% and were crack-free. 

Use of lower firing temperatures and an increased soaking 

time did not significantly alter the fired density. The results, 

*ksi: thousand pounds per square inch 
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given in Table II of Appendix F, show that for these particular 

materials, the green density is not necessarily related to the 

fired density. For example, the 11.5 mole % material developed 

tne lowest fired density (4.92 g/cc) from a compact that initially 

had the highest green density. 

The development of low-density fired samples was to be 

expected in view of the highly agglomerated structure retained 

throughout the precipitation and freeze-drying stages. Examina-

tion of the microstructure developed in these fired samples showed 

the presence of a non-linear porosity distribution. Figure 26 

shows a typical example of the microstructure observed in re-

flected light. It can be seen that the section is composed of 

circular dense areas surrounded by regions of considerable poro-

sity. At higher magnification, the presence of fine porosity 

witnin tne dense areas is confirmed. 

The microstructure shown in Figure 26(a) suggests that 

the spherical agglomerates, present in both the as-prepared and 

calcined powders, retain their integrity throughout the forming 

stage and so form the dense circular areas seen in the section. 

Effect of Agglomeration on Microstructure  

In order to establish that these dense areas were the 

fired remnants of the original spherical particles, a series of 

samples was fired using both the original as-prepared powder and 

also the -325 m fraction (<44 pm). The samples were vacuum cold-

pressed between 10 ksi and 50 ksi (in increments of 10 ksi) and 

fired in air to 1485°C without any soaking period. In this manner, 
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it was hoped to show that polished sections of the fired materials 

would not have dense circular areas exceeding 44 pm in diameter. 

In addition, it was anticipated that the higher forming pressures 

would tend to collapse the larger spherical particles and thus 

promote a more uniform microstructure. 

Typical microstructures developed in these fired com-

pacts are shown in Figures 27 and 28. At low, forming pressures 

(10 ksi), the microstructure of the fabricated as-prepared mater-

ial clearly showed the retention of dense circular areas within 

a porous matrix (Figure 27). On the other hand, the use of -325 m 

material produced a much more linear porosity distribution. 

Unfortunately, the relative density was only marginally increased 

and the product still possessed considerable open porosity. 

At high forming pressures (50 ksi), dense circular areas 

were still present although they were not as clearly defined as 

at low pressures. Comparison of the microstructures developed 

in the as-prepared and -325 m samples showed that they became 

similar as the forming pressure was increased. However, even 

the compacts formed at 50 ksi still had 15% porosity and impreg-

nation with an aniline dye - toluene mixture showed the samples 

to be permeable. In part, this permeability could have been due 

to the formation of microcracks within samples formed at pressures 

of 30 ksi and above. Microcracking at these higher pressures was 

extensive and frequently led to the lamination of the compacts. 
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Figure 26. Microstructure developed by as-prepared 
16.0 mole % material after firing in air 
to 1600°C for 1 hour. 
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Figure 27. Microstructure developed in 16.0 mole % material 
after forming at 10 ksi and firing to 1485 ° C 
without any soaking period. 

(a) As-prepared material 	(b) -325 m fraction 
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Figure 28. Microstructure developed in 
after forming at 50 ksi and 
without any soaking period. 

(a) As-prepared material 
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Subsequently, ultrasonics were used in an attempt to 

disperse the powders prior to pressing in order to develop a more 

uniform microstructure. Samples of both as-prepared and calcined 

material (1000°C for 1 hour) were dispersed in PriOH (isopropyl 

alcohol) using a 400-watt ultrasonic beam for 2 minutes. The 

slurry was air dried at 110°C and the resulting cake was broken 

up in a mortar and pestle, vacuum pressed at 10 ksi and fired in 

air to 1485°C with no soak using a linear heating rate of 3 ° C/rain. 

The microstructure developed is shown in Figure 29 and clearly 

shows the strong dependence of the fired microstructure on the 

structure developed in the green-pressed state. The density 

increase in samples treated with ultrasonics prior to pressing 

was only 1% on firing to 1485°C. Increasing the temperature to 

1550°C and soaking at that temperature for a 4-hour period pro-

duced samples in which the relative density was only 4% greater 

than that developed in the compacts formed from as-prepared 

material. 

These experiments demànstrated that the limitation to 

high density is the persistence of the aggloMerate'structure 

through the forming and firing stages. Consequently, several 

techniques other than the Somewhat impractical ultrasonic treat-

ment were exaMined to determine their effectiveness in providing 

a suitably well dispersed powder. 



-  79  - 

I 	400 /im 	i 

I 400 gm 	1  

Figure 29. Microstructure developed in 16.0 mole % material 
after forming at 10 ksi and firing to 1485°C 
without any soaking period. 

(a) As-prepared material 
(b) As-prepared material initially dispersed in 

alcohol using ultrasonics. 

(a)  

(b)  



- 80 - 

Initially, dry dispersion techniques were used. Dry 

ball-milling was found to be valueless because the mill packed 

badly even after limited operation. Consequently, fluid-energy 

milling (a dry impact process) was subsequently used in an attempt 

to deagglomerate the raw material. This dry grinding process 

produced material which, on firing, developed a much more uniform 

porosity distribution but unfortunately the relative density was 

85% after firing to 1500°C with no soak and the samples were still 

permeable. 

Subgequently, wet dispersion methods were examined. 

It has already been shown that material ball-milled in alcohol 

for 1 hour has a smaller mean size than material dispersed in 

alcohol using ultrasonics (Figure 19). Also the micrograph of 

Figure 29b shows that the green structure developed in the un- 

broken cake pieces is suitable to form a dense fired microstruc-

ture. Consequently, ball-milled material should be adequately 

dispersed to form high-density fired compacts from sedimented 

material. This was not verified by experiment because it is 

difficult to visualize a forming process based on sedimentation 

which could be as rapid as the conventional pressing process. 

However, it was shown that an inferior product resulted from the 

use of ball-milled material which had been formed by pressing. 

Hence, in order to increase the fired density and reduce the 

permeability, it was clear that the milled materials would have 

to be modified by a suitable powder lubricant which would allow 

particle rearrangement to occur during the forming stage and so 

lead to a more uniform green microstructure. 
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Stearic acid could not be used as a lubricant because 

its melting point (70.1°C) is too low to allow an isopropyl 

alcohol (b.p. 82.4°C) slurry to be spray dried easily as a drier 

exit-temperature greater than about 85°C would be necessary to 

ensure the complete removal of the alcohol and such a temperature 

would melt the stearic acid component and render the powder 

sticky. Consequently tne acid amide* (m.p. 109°C) was used in 

the expectation that it would promote the development of a pressed 

green microstructure from ball-milled material which would be as 

dense and uniform as that developed in the sedimented  ultrasoni-

cally treated compacts. 

Initially, the minimum concentration of lubricant which 

allowed the maximum green density to be obtained in pressed com-

pacts was determined. Calculation showed this value to vary from 

1 wt % to 10 wt % depending on the assumed orientation of the 

unit cell on the powder surface; in practice a concentration of 

7 wt % was found necessary. This high concentration was required 

because the surface area of these materials was approximately an 

order of magnitude greater than that of typical commercial zir-

conias. 

The stearamide was added to the powder by first dis-

solving in warmed alcohol (40°C) and subsequently adding the 

powder to give a 12.5 wt/vol % slurry which was ball-milled in 

a polyethylene jar with 0.5-in ,  high-alumina cylinders for 1 hour. 

The suspension was then spray dried using a Nerco-Niro spray 

drier operated with an inlet temperature of 200°C and an outlet 

*Matheson Coleman and Bell, East Rutherford, N.J. 
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temperature of 95°C. The spinner was operated with an air pres-

sure of 6 kg/cm2 . A slurry feed rate of 40 ml/min was chosen So 

that the air-alcohol ratio for the maximum fan speed (80 cu ft/min 

displacement) was well below the lower explosion limit of 2.6% 

for the air-isopropanol system. All the powders sprayed well 

under these conditions to produce material having a typical tap 

density of 0.33 g/cc. 

The presence of the stearamide in the ball-milled 

powders resulted in an increase in the relative green density 

from approximately 26% to 38% (Figure 30). However, the density 

developed on firing to 1500 ° C was only marginally increased from 

84% to 87% and increasing the forming pressure from 10 to 30 ksi 

resulted in a further slight increase to 89%. The microstructure 

developed by the lubricated material shows essentially a linear 

porosity distribution (Figure 31). However, isolated pockets of 

quite coarse porosity are still retained. Increasing the firing 

temperature to 1525°C and soaking at that temperature for 3 hours 

resulted in only a marginal improvement in the density. Etched 

sections showed that the greatest change was the increase in the 

average grain size from 9 pm (1500°C) to 15 pm (Figure 32). 

Examination of the etched section of Figure 32 shows 

that part of the remaining porosity is trapped within the centre 

of the grains. In addition, grain-boundary pinning by the pores 

is frequently observed. This suggests that the heating rate 

during firing was too rapid for these materials, i.e., the grain 

boundaries sweep through the porous regions too rapidly and were 

thus prevented from acting as vacancy sinks. Hence the pores 
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remain trapped within the centre of each grain. The heating rate 

in these cases was 3°C/min up to the maximum firing temperature. 

2.8 

2.4 

4 

w 

p 2.0 
0 

1.6 

10 	20 	30 	 40 

Pressure, ksi 

Figure 30. Effect of applied pressure on the green density 
of 16.0 mole % material. 

A. As-prepared material 
B. Ball-milled and spray dried with stearamide 
C. Ball-milled and spray dried with polyvinyl 

acetate and polyethylene glycol 
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Figure 31. Effect of forming pressure on the microstructure 
developed by stearamide-containing material. 
16.0 mole % material fired at 3 °C/min to 1500 °C 
with no soak. 

(a) Pressed at 10 ksi 	(b) Pressed at 40 ksi 
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1  400 gm  (a) 

Figure 32. Microstructure developed in stearamide-containing, 
16 mole % material after firing to 1525°C for 3 
hours. 

(a) Polished 	 (b) Etched 
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Subsequently, a series of experiments was conducted to 

determine the grain size developed on heating to a given tempera-

ture at 3 ° C/min. The purpose was to find the maximum temperature 

to wnich these materials could be heated at 3°C/min and yet avoid 

the development of trapped porosity. At higher temperatures a 

much slower heating rate would be necessary. In this manner, it 

was hoped that the grain-boundary migration would be slow enough 

to allow the complete elimination of the porosity. 

On the basis of the sintering data of Figure 25, a 

number of samples were fired at 100°C intervals between 1100°C 

and 1500°C and the fracture surface of each examined using the 

SEM. The results indicated that significant crystal growth occurs 

between 1300°C and 1400°C (Figure 33). The crystal size at 1200°C 

is approximately 0.2 pm and increases to 0.4 pm at 1300°C. At 

1400°C the material has sintered extensively and has a general 

crystal size of 6 pm. At this stage, trapped porosity is seen 

within the crystals. Measurement of the relative density of 

these samples indicated that densification begins between 1100°C 

and 1200°C and becomes considerable in the range 1200°C to 1300°C 

(Figure 34). These density data, together with the SEM micro-

graphs, show that a relative density increase from 40% to 58% 

(Figure 34) Detween 1200°C and 1300°C over a period of 33 minutes 

(100°C at 3°C/min) gives a densification rate of 0.54%/min, which 

is too rapid to eliminate porosity at the grain boundaries. This 

porosity, which eventually becomes trapped within the grains, 

clearly sets an upper limit to the fired density. 
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Figure 33. Microstructure developed in stearamide-containing, 
16.0 mole % material with increasing temperature. 
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Figure 34. Increase in relative density of stearamide-
containing, 16.0 mole % material during fir-
ing at 3°C/rain. 

In an  attempt to reduce the amount of trapped porosity 

within the grains and also .to eliminate the open porosity that 

was retained in the above samples and rendered them permeable, 

a series of samples was fired using a linear heating rate of 
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15°C/min up to 1000°C and thereafter slowing down to a rate of 

0.5°C/min from 1200°C to 1500°C. However, this slower firing 

schedule only resulted in a 1% lower porosity product with a mean 

grain size of 8 pm and, as suggested by this porosity value, the 

samples remained permeable to a toluene-aniline dye mixture. 

In order to eliminate the permeability of these samples, 

and in particular to avoid the retention of the large pore pockets 

shown in Figure 31, it appeared desirable to develop a more uni-

form green structure than was possible with the stearamide mater-

ials. In part, this should be achieved by the use of a mixture 

of both a lubricant and binder in the powders which would allow 

the use of high forming pressures and yet avoid the development 

of laminations characteristic of the stearamide material above 

30 ksi (Figure 30). In addition, with an effective lubricant it 

should be possible to avoid the retention of the large pore 

pockets shown in Figure 31, which are thought to be the result 

of particle bridging occurring during the forming process, i.e., 

the stearamide did not lubricate the powders sufficiently to 

allow particle sliding to occur during compaction and hence reduce 

or eliminate these pockets. 

In an earlier project it had been experimentally shown 

that a mixture of 5.5 wt % polyvinyl acetate* and 1.5 wt % poly-

ethylene glycol** will enhance the development of very uniform 

and dense green microstructures in a variety of raw materials. 

Consequently, a series of experiments was conducted to evaluate 

* Gelva V-7, Monsanto Canada Ltd., Montreal. 
**Carbowax 400, Union Carbide Canada Ltd., Toronto. 
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the possible advantages of using this mixture in the present 

zirconia materials. 

These additives were dispersed in the same manner as 

the stearamide, but using methyl alcohol as the solvent. The zir-

conia slurry was ball-milled and subsequently spray dried, using 

an inlet temperature of 150°C and an exit temperature of 75°C, 

to produce a nearly free-flowing material which had extremely 

good pressing properties. With the polyvinyl acetate binder, 

compacts were readily formed at pressures up to 50 ksi without 

developing the laminationsor microcracks typical of the stearamide 

materials. 

As shown in Figure 30, the Gelva-Carbowax material 

developed higher density green compacts than the stearamide-con-

taining materials; the relative density ranged from 42% at 10 ksi 

to 50% at 40 ksi and, as a result, higher fired densities were 

obtained. The microstructure formed on firing to 1500°C with no 

soak (Figure 35) indicates that the isolated large pores which 

were present in the stearamide material have been eliminated and 

only a uniformly distributed fine-pore system remains. The rela-

tive density of these fired samples ranged from 91 •to 95%; the 

highest density was developed in samples compacted at 40 ksi. 

Examination of an etched section (Figure 35b) shows 

that the remaining porosity is in part retained within the in-

dividual grains. In addition, grain boundary pinning by pores 

is frequently observed in samples which were fired using a linear 

3°C/min heating schedule (Figure 36). Consequently, samples were 

subsequently fired using the 0.5°C/min schedule that was employed 
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Figure 35. Microstructure developed by Gelva-Carbowax 
13.8 mole % material fired at 3°C/rain to 
1500°C with no soak 

(a) Polished 	 (b) Etched 
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y 

for the stearamide materials. However, this slower heating rate 

(lid not significantly alter the microstructure or fired density 

from that developed by the stearamide materials; pores were 

trapped within the grains suggesting that the heating rate was 

still too rapid. 

40 pm 

Figure 36. Microstructure developed in 16 mole % material 
which originally contained Gelva V-7 and Carbo-
wax 400 prior to firing to 1525°C and soaking 
for 3 hours. 

Subsequently, the rate was reduced by extending the 

time base of the programmer* by four times to give a 3.75°C/min 

rate up to 1000°C and 0.125°C/min between 1200°C and 1500°C. 

This extremely slow schedule produced compacts which had relative 

*DataTrak programmer, Model 5500, R.I. Controls, Minneapolis, 
Minn. 
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densities ranging from 93% to 99% as the original forming pres -

sure increased from 10 ksi to 40 ksi. However, despite this very 

slow schedule, the remaining porosity was found in part to be 

retained within the grains. 

In order to establish that this persistent porosity 

was not due to the use of an air atmosphere during firing and 

the trapping of insoluble N2 gas, a series of samples was also 

fired to 1500°C in oxygen using the very slow schedule. Other 

than a reduction in the average grain size from 14 pm to 9 pm, 

neither the porosity nor its distribution was altered from that 

developed on firing in a normal atmosphere. Consequently, it 

was assumed that this trapped porosity was present within the 

crystallites of each agglomerate prior to forming and firing. 

Because the crystallites were much smaller than approximately 

2 pm (the lower limit of particle size which can be milled in a 

ball-mill), this porosity would not be released during the mill-

ing process. This very finely divided porosity within the cry-

stallite could have been generated due to the lack of control 

during the calcination of the as-prepared materials to 1000°C. 

In all cases, the powders were heated to this temperature and 

soaked for 5 min, however, the rate at which the powders were 

heated was not controlled. The equipment used in this case had 

a heating rate of 20°C to 25°C/min which could well be sufficient 

to trap microporosity within the rapidly growing crystallites in 

the temperature range 600°C to 1000°C. Once this porosity is 

trapped, subsequent reheating through the 600°C to 1000°C tempera-

ture range during the firing cycle cannot eliminate all  the pores 



- 94 - 

irrespective of the heating rate, because the grain boundaries 

will be moving away from some pores and hence they become per-

manently trapped. 

Dye impregnation of the high-density samples formed by 

pressing the Gelva-Carbowax materials at pressures up to 40 ksi 

and subsequent firing using a very slow schedule showed that 

they were impermeable when the relative density exceeded approxi-

mately 94%. Consequently, from this point of view, these samples 

should be satisfactory for use as the membrane in the oxygen 

probe assembly. The fact that about 5% porosity could be re-

tained within the impermeable samples is not deleterious and may 

help to impart greater thermal-shock resistance than the theoreti-

cally dense samples would show. 

Development of Thermal-Shock Resistant Material  

The actual use of an oxygen probe in a steel-making 

furnace demands that it be inserted directly into the molten 

metal, which is typically at 1600°C. Consequently, the probe 

assembly, which is not preheated, suffers a considerable thermal 

shock as the heating rate is of the order of 350°C/sec. Under 

such a severe thermal stress many ceramic materials would dis-

integrate. However, the zirconia membrane in the oxygen probe 

assembly has not only to resist spalling but also to avoid the 

development of a continuous  crack network which would otherwise 

allow the passage of molecular oxygen from one side of the cell 

to the other and thus short circuit the cell. 

It has been stated earlier that commercial applications 
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for shock-resistant zirconia generally depend on a composition 

of approximately 30% monoclinic and 70% cubic zirconia. This 

two-phase system has been found by trial and error to offer much 

greater shock resistance than is possible in either of the single-

phase compositions, even with the use of grog to promote the 

formation of microcracks that would act as 'crack-stoppers' by 

blunting the crack-tip radius of any propagating macrocracks. 

Consequently, it was expected that the greatest thermal-shock 

resistance would be developed by the composition which most 

closely matched that of the commercial products, i.e., 7.6 mole % 

CaO in Zr0 2 . In addition to the composition, other parameters 

were examined for tneir possible influence on shock resistance. 

The thermal-shock resistance of small cylinders (0.125- 

in. diameter x 0.250-in , long) and thin discs (0.500-in ,  diameter 

x 0.040-in ,  thick) was determined by inserting them rapidly into 

a furnace at 1575 ° C for one minute followed by rapid withdrawal 

and cooling for one minute. This cycle was repeated until the 

samples spalled. In this manner, qualitative results were ob-

tained of the effect of composition, grain size (6 to 15 pm), 

porosity (32% to 1%) and geometry (aspect ratio* from 2 to 0.1) 

on the thermal-shock resistance. 

The results showed that thermal-shock resistance was 

independent of grain size, marginally dependent on the porosity 

and geometry, and very dependent on the composition. For example, 

the single-phase cubic materials (11.5, 13.8 and 16.0 mole % CaO 

materials) had very poor shock resistance and failed after a 

*aspect ratio - the ratio of height (or length) to diameter for 
a cylinder. 
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maximum of two cycles to 1575 ° C; the discs failed after one cycle 

whereas the small cylinders failed after two cycles. This differ-

ence is presumably due to differing geometry in each case. The 

greater the radius, the greater will be the strain on the outer 

annulus of material. Hence, although the small cylinders have 

a greater minimum thickness through which the heat has to pene-

trate to achieve thermal equilibrium, the outer circumferential 

layer of material does not suffer as great a stress as that in 

the 0.5-in,  diameter disc and therefore it tends to be more shock 

resistant. 

This behaviour is in contrast to that found for the 

two-phase PSZ materials. The 7.6 mole % materials was taken 

through thirty-five cycles to 1575°C and back again without spall-

ing. The discs showed some deterioration after ten cycles, with 

the development of one or two cracks within the surface. In 

addition, a progressive surface roughening was also observed. 

However, after the 35 cycles (the limit of the experiment) the 

samples were still strong and could only be broken with difficulty. 

The only visible change in the small cylinders was the gradual 

surface roughening; no macro-cracking was observed. In view of 

the considerable thermal-shock resistance of the PSZ materials, 

the microstructure was examined before, during, and after the 

35 thermal-shock cycles to 1575°C in an attempt to identify the 

stress-relief mechanism. 
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Microstructure of Thermally Shocked Partially Stabilized Zirconia  

Examination of partially stabilized material in re-

flected light failed to show the two-phase nature indicated by 

X-ray diffraction patterns (Figure 11). A typical microstructure 

is shown in Figure 37 and confirms that the PSZ microstructure 

is essentially the same as that of the fully stabilized materials. 

This suggests that either the reflectivity of the two phases is 

identical or that they are uniformly dispersed and smaller than 

the resolution of the optical microscope, i.e., each single 

phase grain is less than 1 pm. The possibility that the reflec-

tivities were identical is very remote, for this would require 

the birefringent phase (monoclinic zirconia) to be in preferred 

orientation with respect to the surface of the section so that 

its reflectivity (which varies with the orientation of the crystal › 

and optic axes) could match that of the isotropic phase (cubic 

zirconia). However, this remote possibility of identical reflec-

tivities was indirectly discounted on examination of these mater-

ialâ in transmitted light. The thin sections failed to show the 

component phases - the samples remained uniformly isotropic under 

crossed polars which suggested that the single phase areas were 

too small to be resolved optically. However, the thin sections 

did show the presence of radial strain in the fabricated tablets. 

This indicated that the very fine-grained matrix of cubic and 

monoclinic zirconia had retained (from the forming stage) or had 

developed (during firing) fabrication stresses. 
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Figure 37. Microstructure developed by 7.6 mole % material 
which originally contained Gelva-Carbowax addi-
tives. Fired at 3°C/min to 1500°C with no soak. 
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During thermal cycling to 1575°C, the PSZ samples 

suffered an irreversible expansion which continued with each 

cycle for the first 20 cycles (Figure 38). This effect, which 

is known as 'ratchetting', has been reported recently and related 

to the 3% volume change associated with the monoclinic - tetra-

gonal inversion which normally occurs at approximately 1100°C (24). 

However, the authors showed that ratchetting will occur at tem-

peratures down to 400°C and they postulate that this is due to 

the transition occurring at subnormal temperatures as a result 

of fabrication and thermal-shock stresses. Consequently, during 

thermal-shock cycling, PSZ undergoes an expansion on cooling 

(due to the conversion of the high-temperature tetragonal phase 

to the monoclinic phase) and the authors have shown that this 

creates a considerable microcrack density. 

Elsewhere, it has been shown that the critical tempera- 

ture difference AT c  required for crack instability is given by: 

2G y
AT c  = (H--172 2  (1 	211N1 2 ) 

where G is the shear modulus, a is the thermal expansion coeffi- 

cient, E the modulus of elasticity, N the crack density, and 1 

tne crack half-length( 34 ). A plot of the critical temperature 

difference àT c  against the crack half-length is concave upwards 

passing through a minimum at  1-min = (6HN) 2 . For very small 

cracks (less than lmin ) the slope is negative, indicating that 

there is more than enough stored elastic energy to drive the 

cracks. When AT c  is attained, the cracks propagate very rapidly 

resulting in a sudden catastrophic loss in strength. On the 

other hand, for large cracks where the crack half-length is greater 
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Figure 38. Permanent expansion developed in PSZ after 
thermally cycling to 1575°C followed by air 
quenching. 

than lmin , the slope is positive, which implies that when the 

crack density N and the crack half-length 1 satisfy a given AT e  

no further crack propagation occurs. For the cracks to progress 

further, the degree of under-cooling must be increased. This 
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situation, which Hasselman (34 )  lias  described in terms of a quasi-

static propagation, is very desirable in all high-temperature 

materials for it avoids the sudden loss of strength during thermal 

cycling. 

Indirect evidence for the presence of fabrication 

stresses (postulated to energetically favour the occurrence of 

the monoclinic-tetragonal transition at subnormal temperatures) 

was obtained from an examination of polished and etched surfaces 

of both as-fired and thermally cycled material. Figure 39 shows 

an etched section of PSZ before and after thermal-shock treatment. 

It can be seen that the etchant has developed a very fine micro-

structure consisting of zones 2-3 pm in diameter for the thermally 

shocked material and about 1 pm in diameter for the as-fired 

material. Such areas cannot be of a single phase, i.e., the 

etchant has not revealed a grain boundary network, otherwise the 

phases would be resolved in thin sections - particularly the 

monoclinic phase under crossed polars. 

Although an etchant is most commonly used to reveal a 

grain boundary network, it must be realised that it will attack 

all the sample, but with particular emphasis on the high-energy 

regions such as lattice defects, regions of high strain energy, 

and high-energy crystal surfaces as well as grain boundaries. 

The thin section data eliminate the latter two possibilities and 

the irregular nature of the 'boundaries' eliminates lattice de-

fects such as dislocations giving a polygonized structure. The 

possibility that strain fields have been etched is also suggested 

by the apparent increase in zone size after thermal-shock treat- 
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Figure 39. Microstructure developed after firing 
material to 1500°C at 3°C/min without 
Polished and etched. 

(a) As-fired material 
(b) As (a) but with an additional 35 thermal-

shock cycles to 1575°C 
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ment - the strain is partially released and consequently less 

'boundaries' are revealed. 

Direct evidence for the presence of strain in these 

compacts was obtained from X-ray diffraction data. Debye-Scherrer 

powder patterns were obtained using an 114.6-mm diameter camera 

and Fe-filtered Co radiation. The patterns were subsequently 

examined using a double beam microdensitometer operated under the 

conditions given in Appendix D. The traces of the high-angle 

regions of these patterns are shown in Figure 40. 

The low-angle region was examined using a Guinier 

focussing camera as this has a four times greater dispersion 

than the 114.6-mm diameter Debye-Scherrer camera. The densito-

meter traces of these patterns are shown in Figure 41. 

Examination of Figures 40 and 41 shows that there is 

a progressive change in the diffraction pattern as the as-fired 

7.6 mole % material is taken through successive thermal-shock 

cycles. The most obvious change is the gradual increase in the 

intensity of the diffraction pattern with thermal cycling. In 

addition, the intensity of the background in the low-angle region 

decreases. These results, in isolation, suggest that there has 

been an increase in the amount of crystalline material and a 

reduction in the amount of amorphous material. The gradual in-

crease in the intensity ratio of the cubic (111)/monoclinic (111) 

from 1.25 to 1.76 further suggests that the cubic phase is formed 

preferentially. however, comparison of the trace obtained from 

the pattern of the as-fired compact  with that from the as-fired 

powder suggests that the compact is apparently less crystalline 
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Figure 40. Microdensitometer traces of the back-reflection 
region of Debye-Scherrer X-ray powder patterns: 

A. 11.5 mole % material fired to 1600°C for 1 
• 	hour 
B. 7.6 mole % powder fired to 1600°C for 1 hour 
C. Material B compacted and fired to 1500°C with 

no soak 
D. Sample C thermally shocked 35 times to 1575°C 
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Figure 41a. Microdensitometer trace of the low-angle region 
of a Guinier X-ray diffraction pattern. 7.6 
mole % material compacted and fired to 1500°C 
with no soak. As-fired sample. 
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Figure 41b. 7.6 mole % material compacted and fired to 
1500°C with no soak. Compact thermally 
shocked once to 1575°C. 
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Figure 41c. 7.6 mole % material compacted and fired to 
1500°C with no soak. Compact thermally 
shocked 35 times to 1575°C 
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Figure 41d. 7.6 mole % powder fired to 1500 ° C with no soak 
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and has less cubic phase. It would be expected that each sample 

would have the same ratio of monoclinic to cubic material and 

that both would be entirely crystalline. Consequently, these 

results are not interpreted as showing a change in either the 

phase ratio or crystallinity with continuing thermal cycling. 

Additional changes were also observed in the diffrac-

tion patterns although they are not all obvious in the figures 

due to the scale used for the presentation. With progressive 

cycling, gradual reduction in peak width was found and also an 

increase in the resolution of the back-reflection doublets. In 

addition, the back-reflection diffraction lines of the cubic 

phase were shifted to a higher angle. These results could be 

interpreted to mean that a greater crystal size had developed 

(line broadening effect due to the size of the coherent diffract-

ing unit) and also that the amount of CaO in solid solution had 

been reduced (line shifts due to solute concentration changes). 

However, if this were valid it would be expected that these 

effects (reduction in line broadening and line shifting to higher 

angle) would be observed in the pattern of powder  fired to 1600°C 

for 1 hour (Trace B, Figure 40). On the contrary, this trace 

shows well resolved doublets, narrow peak widths and line posi- 

tions which agree very closely with those of fully shocked samples. 

In addition, chemical analysis confirmed that the CaO concentra-

tion had remained unaltered during firing. 

The changes in the diffraction patterns can be satis-

factorily explained in terms of the residual strain retained in 

the as-fired compact, which is subsequently partially released 
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during each thermal-shock cycle. In this fashion, it can be seen 

that the pattern of a fired compact should progressively approach 

that of a fired powder as the compact suffers continuing thermal 

shock and the gradual release of strain. 

The effect of microstructural stresses on the position 

and width of a diffracted beam is shown qualitatively in Figure 

42. Essentially, two conditions will exist in which the lattice 

experiences either a uniform or non-uniform strain distribution. 

Due to the presence of neighbouring grains around a given crystal 

lattice and the random orientation of each lattice it would be 

expected that a non-uniform strain situation would develop. Con-

sequently, the diffraction lines will be broadened and displaced 

from their strain-free positions. With excess broadening, the 

pattern in the back-reflection region of the as-fired PSZ compacts 

becomes so diffuse that it is barely resolved from the background 

(Trace C, Figure 40). 

With progressive thermal cycling and the partial release 

of strain, the lines become much sharper and, in order to main-

tain the area of the diffraction profile, the intensity is in-

creased. This release of strain also accounts for the improved 

resolution of the doublets, the reduction in the low-angle back-

ground, and the shift of the diffraction lines of the cubic phase 

to higher angle as this component was originally under tension. 

However, changes in strain alone would not account for the pro-

gressive increase in the intensity ratio of the cubic (111)/mono-

clinic (11i) diffraction lines. The intensities of the major 

peaks in Figure 41 are given in Appendix G. 
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20 

Crystal Lattice 	Diffraction line 

Figure 42. Effect of lattice strain on the diffracted beam 
widtn and position. After B.D. Cullity, 'Ele-
ments of X-ray Diffraction', Addison-Wesley, 
(1956). 

The data confirm that there is a gradual increase in 

the intensity of the cubic pattern with progressive thermal 

cycling, whereas the intensity of the monoclinic phase is nearly 

constant. This could be due to the cubic phase having essenti-

ally a perfect crystal lattice under strain whereas the mono-

clinic phase consists of a defect lattice having a mosaic struc-

ture under strain. As the strain is reduced during cycling, the 
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diffraction intensity will be increased and this will occur for 

both phases. However, the presence of a mosaic structure would 

retain part of the line broadening effect found initially and 

hence the intensity of the monoclinic pattern would not increase 

as rapidly. This structural difference between the two phases 

could account for the change in the intensity ratio (cubic (111)/ 

monoclinic (11î)) with progressive thermal shock. 

With continuing thermal cycling to 1575°C, the PSZ com-

pacts undergo an irreversible expansion (ratchetting) as the 

stresses are slowly, released (Figure 38). This behaviour gives 

rise to a progressive roughening of the surface as shown in 

Figure 43. The correlation between the surface projections and 

subsurface porosity was demonstrated by carefully lapping the 

rough surface; a one-to-one correlation was found between the 

prominences and pores. This increase in porosity is not confined 

to the surface layers only, but distributed throughout the bulk 

of the sample. 

Figure 39 shows a considerable increase  •in porosity in 

the thermally shocked sample. A point count analysis of the 

porosity in this and other polished sections of thermally shocked 

material indicated an increase in the total porosity from approxi-

mately 10% to 38% after cycling to equilibrium. This figure 

agrees well with the increase in volume suggested by the ratchet-

ting data of Figure 38. A linear increase of 11.2% implies a 

volume increase of 40.3% approximately. This close agreement 

between the two sets of figures discounts the possibility that 

the pores in the micrographs 'pull-outs'. However, this evidence 
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750 gm 

(b) 

Figure 43. Surface of PSZ compact 
viewed in oblique 

light. 

(a) As-fired surface shock cycles 
to 1575 ° C 

(b) After 35 thermal  
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does not indicate whether the pores present in the original body 

are genuine voids or whether they contain loose material which 

has separated from the matrix. Intuitively, it would be expected 

that these features were originally filled with loose material 

which had been lost during the preparation of either polished 

or fractured surfaces. 

Evidence in support of a limited microcrack propagation 

mechanism which could be responsible for the formation of these 

pores is shown in the SEM micrograph of material thermally shocked 

once to 1575 ° C (Figure 44a(b)). The features indicated by the 

arrows could well be material that has gradually separated from 

the matrix due to ratchetting occurring at each cycle. With 

continued thermal shock, more microcracks will propagate and 

unite to release a greater volume of material from the bulk of 

the sample. Consequently, the resulting 'pore' size is increased. 

Examination of the fine-structure of PSZ shows that 

the grain size is essentially constant during cycling (Figure 44). 

In the as-fired materials the grain size is approximately 2000 À 

and increases to about 3000 À after 35 cycles. This confirms 

the supposition made from an optical examination of the material 

that the individual single-phase regions are too small to be 

resolved using the optical microscope. In addition, the fact 

that the pores observed in the fracture surfaces increased in 

size with cycling whereas the grain size remained nearly constant, 

further supports the hypothesis that the pores are created by a 

microcrack mechanism rather than by pulling out. 
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Figure 44a. SEM micrographs of the fracture surface of PSZ. 

(a) As-fired 
(b) Thermally shocked once to 1575°C 
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200 um 5 pm 

Figure 44b. SEM micrographs of the fracture surface of PSZ 
after thermal cycling 35 times to 1575 ° C. 

The internal fine-grain structure observed in this 

material at all stages of thermal cycling contrasts with the 

surface microstructure developed with progressive cycling (Figure 

45). Initially, the surface shows the fine structure character-

istics of the interior. However, with progressive thermal shock 

the surface appears to develop a bimodal grain-size distribution 

with the smaller grains having a mean size of approximately 0.5 

pm wnile the larger grains have a mean size of approximately 6 pm. 

This apparent contradiction between the interpretation of the 

micrographs of the surface and interior of PSZ has been explained 

by the nature of the cubic phase field in the Ca0-Zr02 system( 23 ). 

It has been suggested that the field may be regarded as a con-

tinuous solid-solution series between pure Zr02 and the cubic 
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Figure 45. SEM micrographs of the surface of PSZ material. 

(a) As-fired 
(b) Thermally cycled 35 times to 1575°C - white 

features are Pt single crystals formed by 
evaporation and condensation of sample con-
tainer 

compound CaZr 4 09. The supersaturation of the cubic phase with 

pure Zr02, which results when the material is cooled from the 

firing temperature, leads to the precipitation of pure fine-

grained Zr02 in grains that had been entirely cubic. This may 

expiain tne existence of the large grains snown in Figure 45; 

tneir boundaries are actually the relics of a high-temperature 

structure. Consequently, the fracture surfaces only show the 

presence of a fine-grained material and fail to substantiate the 

existence of a relatively coarse-grained phase. 

From the X-ray, optical and SEM data it is concluded 

that the microstructure of PSZ is composed of 2000 A domains of 



Figure 46. Oxygen-probe memnranes made from PSZ showing the 
very high thermal-shock resistance of this mater-
ial. 

A. Membrane thermally cycled 35 times from room 
temperature to 1575°C and back to room temper-
ature again with a heating rate of approxi-
mately 400 ° C/sec 

B. As-fired membrane 

cubic and monoclinic zirconia held in a matrix which contains 

considerable fabrication and firing stresses which, during severe 

thermal cycling, are gradually released as a stable network of 

microcracks is established. During further thermal shock, the 

microcrack network is extended through the matrix as the precipi-

tated 2000 A domains of pure zirconia continue to expand against 

a contracting cubic matrix during each cooling cycle. The catas-

trophic propagation of these cracks is restricted because the 

stored elastic energy is dissipated among the many cracks which 

are formed; to propagate further, the severity of the thermal 
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shock must be increased. Because of the high density of micro-

cracks, the material develops a considerable thermal-shock resis-

tance such that it can withstand heating and cooling rates up to 

400°C/sec without suffering gross mechanical damage (Figure 46). 

Electrical Properties of Thermal-Shock Resistant Zirconia  

Having established the procedure by which impermeable, 

thermal-shock resistant zirconia may be produced, it was desir-

aple to examine the ionic conductivity of this material under 

controlled laboratory conditions. This was necessary in order 

to establish the reproducibility of the emf output on a cell-to-

cell basis and hence to allow a distinction to be drawn between 

the scatter in the emf data contributed by the electrolyte itself 

and that contributed by the whole probe assembly wheh used in an 

environment which contains stray electrical fields. 

In essence, the reproducibility is determined by measur-

ing the emf developed across a number of zirconia electrolytes 

when they are used in oxygen concentration cells operating at a 

given temperature and with a given oxygen gradient. The actual 

oxygen concentration that is required on each side of the elec-

trolyte can be obtained using either gas mixtures of known P0 2  

or alternatively metal-metal oxide composites for which the 

equilibrium: Metal Oxide # Metal + Oxygen, will furnish a fixed 

P0 2  at a given temperature. 

The use of gas mixtures requires an effective high-

temperature seal to prevent the passage of molecular oxygen across 

the zirconia membrane. In addition, such a seal would be pre- 
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ferably demountable to allow different membranes to be used in 

an oxygen concentration cell that retained a constant geometry. 

Because of the practical difficulties in developing a seal with 

these characteristics, the much simpler open-cell design was 

used which employs metal-metal oxide reference electrodes oper-

ating in an argon atmosphere (Figure 47). 

The two reference electrodes and the PSZ compact were 

held in contact by spring-loaded Pt electrodes. The emf developed 

across the cell was determined using a high-impedance digital 

voltmeter* as the cell equilibrium temperature was progressively 

raised from 700°C to 1200°C and subsequently cooled over the same 

temperature interval. The argon atmosphere used in the apparatus 

was initially purified by passing over CaC12 and Mg(C10 4 )2 desic-

cants followed by a CO2 absorbent** and finally Zr metal at 800 ° C 

to remove 02; the last traces of 02 were removed by a Ti-foil 

getter which surrounded the cell assembly. 

The reference electrodes were prepared by mixing equal 

weights of metal (99.9% pure, -200 mesh) and oxide (99.5% pure, 

-200 mesh) and subsequently blending in a dental amalgamator for 

5 minutes. The mixture was uniaxially pressed at 10,000 psi in 

a steel die and sintered in vacuum for 5 hours at 1000°C. The 

composites were fabricated to produce discs 7 to 10 mm in diameter 

and 3 to 5 mm thick after firing. Using this procedure, pellets 

of Fe-Fe0 (Fe203 actually used), Ni-NiO, and Co-Co0 were made 

which sintered well and developed an adequate fired strength. 

* Model 801 Digital pH meter, Orion Research Inc., Cambridge Mass. 
having an input impedance of 10 13  ohms 

**Ascarite supplied by Arthur H. Thomas Co., Philadelphia Pa. 
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On the other hand, composites of Cr-Cr203 barely sintered and 

hence were extremely fragile after firing under the above con-

ditions. 

Figure 47. Schematic of oxygen concentration cell. 

A. Pt, Pt-10% Rh thermocouple 
B. Ti-foil oxygen getter 
C. Concentration cell consisting of ZrO2 

sample held between metal-metal oxide 
composites and Pt electrodes 

Initially, it was intended to measure, as a function 

of temperature, the emf of the following cells: 

Pt, Ni-NiO/Zr02/Fe-Fe0, Pt 	(1) 

Pt, Ni-NiO/Zr02/Co-CoO, Pt 	(2) 

Pt, Ni-NiO/Zr02/Cr-Cr203, Pt 	(3) 

However, the emf of cell (3) was found to deviate markedly from 

the theoretical value given by the Nernst equation (page 1) and 

to be unstable with time which suggests that the zirconia devel-

oped electronic conductivity at the P02  levels associated with 

the chromium-chromia equilibrium (Figure 48, data from Appendix H). 
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Similar behaviour has been reported using fully stabilized zir-

conia as the electrolyte (36) . 

600 	800 	1000 	1200 	1400 

Temperature f ° C 

1600 

Figure 48. Variation of oxygen partial pressure in equili-
brium with different metal-metal oxide systems 
as a function of increasing temperature. 
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Figure 49. Variation of oxygen partial pressure with tem-
perature at which the ionic and electronic 
conductivities of zirconia are equal. 

The temperature and Po  values at which significant 
2 

electronic conductivity is developed in lime-stabilized zirconia 

have been widely examined(5, 12,37-41) . Unfortunately, there is 

wide disagreement in the data presented. The oxygen partial pres- 

sure (P02 )0 5 at which the electronic and ionic conductivities - 

are equal, i.e., the transport numbers ti = t o  = 0.5, has been 
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variously reported between 10 -22  and 10 -28  atmospheres at 

1000 ° C( 37,48 ). These discrepancies are probably due to the 

differing homogeneity and impurity levels present in the elec-

trolyte. It is perhaps fortuitous that silica is one of the 

main impurities in commercially available zirconias (principal 

mineral is zircon, ZrSiO 4 ) because recent data has indicated 

that this impurity exhibits an ionic conductivity which is 

approximately 80% of the total S10 2  conductivity( 11),  otherwise 

the discrepancies in the reported  (P 0 )0.5  values could be much 
2 

greater if the major impurity in commercial oxygen probes had 

a high electronic conductivity. 

One of the more conservative estimates of the varia- 

tion of (P0 ) 05  with temperature has been given for the tem- 
2 

perature range 500°C to 1000 0C (42).  The equation for the curve 

was determined and extrapolated to cover the range from 500°C 

to 1700°C (Figure 49). The data show that at 1000°C the ionic 

and electronic conductivities become equal at an oxygen partial 

pressure of 1.4 x 10 -23  atmospheres which is very close to the 

equilibrium Po of 9.4 x 10-23  atmospheres developed by Cr-Cr 2 0 3  
2 

mixtures at the same temperature (Appendix H). Consequently, 

any oxygen concentration cell that incorporates a Cr-Cr 2 03 

reference electrode cannot develop the theoretical Nernst emf 

because the cell will be partially shorted by the development 

of a significant electronic conductivity in the Zr0 2  membrane. 

The gradual development of an increasing electronic 

conductivity with decreasing oxygen pressure is of importance 

to the ultimate use of Zr0 2  in oxygen probe assemblies. However, 
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contrary to suggestions in the literature on this aspect of an 

oxygen probe, it is not necessary that the zirconia electrolyte 

be a perfect ionic conductor having zero electronic conductivity 

under steel-making conditions. An electrolyte which possessed 

mixed ionic and electronic conductivity would not allow the full 

Nernst emf to be developed, but if the ratio of ionic to elec-

tronic conductivity (a i /a e ) were constant on a probe-to-probe 

basis then a constant readout would be obtained using successive 

probes. Hence, the introduction of an 'instrumental factor' to 

the observed emf reading would allow the actual oxygen content 

of the steel to be determined. Although this takes a purely 

practical view of the use of zirconia probes, it may be shown 

theoretically that this material is predominantly an ionic con-

ductor under steel-making conditions and hence the theoretical 

emf output should be obtained in practice. 

The variation of the ionic transport number ti with 

changes in P o  may be estimated from the relationship: 
2 

t i  = ai/(ai + a e ) = 1/(1 + a e/a i ) 

Assuming that Gi is constant whereas a e  is proportional to 

„ 
P02- ' ( 37 ) and using the (P0)05 values from Figure 49 of 10 -16  

2 

and 10 -23  atmospheres at 1600°C and 1000°C respectively, the curves 

relating ti to P 02 may be calculated as shown in Appendix I. 

The data is presented in Figure 50 and shows that, 

irrespective of temperature, a ten decade change in Po  is neces- 
2 

sary for the reduction of ti from 0.95 to 0.05. However, of 

more significance to the use of zirconia in a probe is the result 

that approximately a three decade change in Po is required for 
2 
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the lowering of ti from 0.99 to 0.95 and, as shown in Figure 50, 

such a reduction in ti occurs over the range of Po values mea- 
2 

sured in commercial steel-making practice. Consequently, a 

progressive reduction in the output would be expected as the 

measured emf is gradually depressed from the theoretical value 

as the oxygen content of the steel is reduced from 830 ppm 

(10-9  atmospheres) to 26 ppm (10 -12  atmospheres)*. 

log (P 02  atm) 

Figure 50. Variation of ionic transport number with oxygen 
partial pressure for zirconia at 1000 ° C and 
1600°C. Arrows indicate the Po 2  developed by 
metal-metal oxide composites at 1600°C. 

*It may be shown( 12 ) that: (0) ppm 	P1/2(exp(14100/T + 9.557)) 
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This depression in the emf due to the development of 

a significant electronic conductivity may be determined from the 

basic equation for the emf developed in a concentration cell: 

E = - R1P2  t. dln P 4F P i  1  

Integration leads to the Nernst equation for those cases where 

the cell operates in a purely ionic mode, i.e., ti = 1. 

Figure 51. Variation of emf output with oxygen partial 
pressure for a concentration cell operating 
in a purely ionic mode (Eth) or with mixed 
ionic and electronic conductivity (Em)• 
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However, ti # 1 under steel-making conditions and hence integra-

tion leads to( 43 ): 

1/4 
ln 	• .14 +  

	

Ç5.5 4 		P20 

whentiisassumedtobeafunctionof  in P0  as shown in Figure 
2 

50(12,42) . A plot of the above equations for E t h and Em  as a 

function of P
02  is given in Figure 51. Although it is not 

apparent from the figure, the minor contribution of a e  to the 

total conductivity that occurs under steel-making conditions, 

Figure 50, results in a significant reduction in the emf devel- 

oped, particularly at the lower P,
u 
 values. For example, when 
2 

P 2   is 10-12  atm, the Nernst value E th of 1.052 volts is reduced 

to a measured value Em  of 1.036 volts. Proided this difference 

of 16 mv in the emf output is maintained on a probe-to-probe 

basis and is truly an intrinsic property of the zirconia, then 

reliable data would be obtained. 

It may be shown that the reduction of the emf signal 

is not only dependent on the absolute magnitude of P2 but is 

also dependent on the oxygen concentration gradient across the 

electrolyte. The leakage current (i e  which flows in the electro-

lyte when some electronic conductivity is present is given by: 

(P0.5-4 	P14)  

where L is the length of the electrolyte (12 ). 	 ' 

Clearly, the magnitude of i e  ÷ 0 and hence Em ÷ Eth 
3,- as P0 . 5 --> 0 and also as P 1  .9- P2 so that (p 2 4 _  p1 ¼ )  ÷ O. Con- 

sequently, the attenuation of the emf will be minimized by having 
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P1 = P2, i.e., for application in a steel-making furnace a refer-

ence oxygen pressure in the range 10 -9  to 10 -12  atm at 1600°C 

would be desirable. 

Because the electronic conductivity in zirconia is 

developed due to either electron formation (resulting from oxygen 

vacancy formation and ionization or zirconium interstitial forma-

tion) or positive hole formation (resulting from zirconium vacancy 

formation and ionization or oxygen interstitial formation), a e  

would be expected to depend on the Zr02 solid-solution composi-

tion for both di- and tri-valent stabilizers (44) . However, this 

'intrinsic' behaviour of the zirconia itself is probably of minor 

significance to the performance of the electrolyte as a whole 

compared to the 'extrinsic' variability which can be introduced 

by the presence of a second phase that may vary in concentration, 

identity or distribution within the zirconia microstructure. 

Figure 52 shows a typical microstructure of a commer-

cially available zirconia oxygen probe membrane. The rounded 

grains of zirconia are seen to be coated with a layer of CaSiO3 

as the grain-boundary phase. In such a structure it is difficult 

to determine whether the silicate or the zirconia forms the 

continuous phase. Taking two extreme cases, it would be possible 

to have a zirconia electrolyte containing a CaSiO 3  impurity or, 

with a slight increase in the silicate content to allow it to 

form the continuous phase, one could unwittingly be using a 

CaSiO3 probe which contains a major quantity of zirconia as the 

impurity phase. If the electronic and ionic conductivities of 

these two phases differ to any significant extent then it can be 
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appreciated that a considerable scatter in the electrical proper- 

ties could easily be developed. 

40 pm 

Figure 52. Microstructure of a commercially available 
oxygen-probe zirconia membrane. Light 
grey - zirconia; dark grey - calcium sili-
cate; black - pores. 

Many commercially available zirconia raw materials 

typically contain between 0.5 and 1 wt % S10 2  that, on firing, 

reacts with the CaO to remove it from solid solution with the 

zirconia and so form CaSiO3 which develops as a grain-boundary 

phase. The presence of 0.5 to 1 wt % Si02 in zirconia will 

produce approximately 1 to 2 wt % CaSiO3 assuming all the Si02 

is reacted. The potential for just 1 wt % CaSiO3 to significantly 

alter the electrical properties of a zirconia probe would be 
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realised if the impurity were uniformly distributed throughout 

the microstructure so as to coat each grain. For example, it 

can be shown that 1 wt % silicate in a zirconia matrix consisting 

of spherical grains 20 pm in diameter will cover each grain with 

a layer 336 À thick and this quantity has been shown to greatly 

aid in the sintering of these relatively coarse-grained mater-

ials (45) . However, as shown in Figure 52, the silicate is not 

uniformly distributed but tends to collect in pockets leaving 

areas where the zirconia-zirconia bond is formed. Consequently, 

the possibility of a continuous electronically conducting phase 

existing across the zirconia membrane is prevented and hence the 

Nernst emf is developed in full (or slightly attenuated due to 

the intrinsic electronic conductivity of the zirconia itself). 

Ionic Conductivity of Partially Stabilized Zirconia  

Because of the difficulty in obtaining stable readings 

from oxygen concentration cells which used Cr-Cr 2 03 reference 

electrodes, subsequent data were obtained using Fe-Fe0 and Ni-Ni0 

electrodes. In essence, the assembled cell was heated in an 

argon atmosphere between 700 and 1200°C and the emf developed 

was recorded as a function of temperature. 

A typical set of results together with the Nernst emf 

curve calculated from the tabulated thermodynamic data( 35)  

(Appendix J) are given in Figure 53. The data were obtained on 

both the heating and cooling cycles and the emf was found to be 

stable over long periods; no drift was observed. At the lower 

temperatures, i.e., below 900°C, a change in the cell operating 
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temperature results in a very sluggish response in the emf output 

and may require up to two hours to establish electrical equili-

brium; at 800°C up to ten hours was found necessary. Several 

cells were operated in equilibrium for periods of up to 36 hours 

confirming that there was no degredation in the emf output. 

280 

› 
260 

fa) 

240 

220 

Figure 53. Variation of emf with temperature for a con-
centration cell employing a PSZ electrolyte. 

With extended use, i.e., over 10 hours at 

over 1000°C, the reference electrodes were degraded 

faces became progressively more metallic and poorly 

readings were obtained. Consequently, because most  

temperatures 

as the sur-

defined emf 

experiments 
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were conducted to temperatures over 1000°C, the reference elec-

trodes were changed after every cycle from room temperature to 

high temperature and back. The cells were shown to be rever-

sib1e( 46 ) by passing a small current through the cell in each 

direction; the cell emf always returned to the original value. 

The deviation of the data from the theoretical curve 

is difficult to explain; it has been observed( 47 ) and reported (48)  

elsewhere. It is possible that the minor impurities present in 

the reference electrode materials give rise to this effect. 

However, this discrepancy between the theoretical and experimental 

curves was not investigated because the prime concern of this 

part of the programme was the examination of the linearity of 

the emf - temperature relationship and, more importantly, the 

reproducibility of the data on a cell-to-cell basis. 

It has been reported that ferrous oxide penetrates 

zirconia electrolytes at temperatures greater than 1050°C, but 

that this penetration does not interfere with the cell emf even 

at temperatures up to 1250 0 C( 48 ). In general, this was found 

to be true in the present work, however, in some cases a curve 

of the form shown in Figure 54 was obtained. The deviation of 

the slope and intercept on the heating cycle between 900 and 

950°C may be the result of a reaction occurring between the Zr02 

and the FeO resulting in a compound formation and hence mixed 

potentials. In addition to these anomolous results, an unaccep-

table scatter in the data was also obtained on a cell-to-cell 

basis (Appendix K), resulting in a correlation coefficient of 

only 0.90 (Figure 55). Consequently, all subsequent data were 
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obtained using only Ni-Ni0 and Co-Co0 reference electrodes 

because, unlike the Fe-Fe0 based cells, only a simple linear 

relationship between emf and temperature was observed on both 

the heating and cooling cycles (c.f. Figure 54) and no degreda-

tion of the PSZ electrolyte was observed at temperatures up to 

1200°C. 

700 	 900 

Temperature, °C 

1100 

Figure 54. Typical emf versus temperature data obtained 
with some of the concentration cells which 
employed Fe-Fe° and Ni-Ni0 reference elec-
trodes and PSZ electrolyte. 
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Figure 55. Emf versus temperature data for all the Fe - Ni 
concentration cells examined, together with the 
line of best fit and the 95% confidence band. 

The data for the Co - Ni concentration cells are shown 

in Figure 56 and given in Appendix K. It can be seen that the 

substitution of the Co-Co° for the Fe-Fe0 electrodes results in a 

much smaller scatter in the data, such that the correlation co-

efficient is increased to 0.98. This improvement in the data 

further suggests that there was probably some interaction between 

the Fe-Fe0 electrode and the PSZ in the results of Figure 55. 

It should be noted that the scatter in the above data 

is probably as much due to the variability in the reference 
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electrodes as it is due to the variability of the electrolyte 

samples under test. In many cases, data were obtained which 

exhibited a non-linear relationship between the emf and tempera-

ture; in some tests, this deviation from the theoretical curve 

was so marked that the line of best fit was parabolic with the 

minimum value of emf occurring at some intermediate temperature. 

However, in every case, the basic linear relationship was restored 

by replacing the reference electrodes. In none of the experiments 

could the non-linearity be related to the PSZ electrolyte itself. 

Temperature, °C 

Figure 56. Emf versus temperature data for all the Co - Ni 
concentration cells examined, together with the 
line of best fit. The very small 95% confidence 
band is omitted from this figure in order to 
retain clarity. 
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5 

-10 

Temperature, °C 

Figure 57. Emf versus temperature characteristics of a 
concentration cell formed between two Ni-Ni0 
half-cells. 

This lack of reproducibility between the individual 

reference electrodes was demonstrated by connecting two Ni-Ni0 

half-cells in opposition and recording the emf output as a func-

tion of temperature. Assuming the two electrodes were indis-

tinguishable, then there would be no oxygen gradient across the 

electrolyte and hence no emf output irrespective of the tempera-

ture. The data obtained from a cell of this type is shown in 

Figure 57 and demonstrates that an error of typically 4 mv may 

be obtained from a cell composed of supposedly two similar Ni-Ni0 



- 138 - 

half-cells that had been prepared from the same batch of material 

and fired in the same furnace charge. Consequently, it is prob-

able that most of the scatter in the results of Figures 55 and 

56 arises from variations in the reference electrode materials 

rather than the electrolyte itself. 

Despite this particular difficulty in the laboratory 

testing of the zirconia, it appeared probable that the electro-

lyte would be suitable for use in an oxygen probe assembly and 

would possibly allow the standard deviation of the output to be 

less than the originally specified maximum of 8 mv in one volt 

on a cell-to-cell basis when operated in liquid steel at 1600°C. 

Consequently, having established the behaviour of PSZ under the 

closely controlled conditions of laboratory testing, it was 

necessary to conduct a series of field trials under steel-making 

conditions in order to prove the system and to allow an estimate 

to be made of the intrinsic scatter (due to the electrolyte and 

reference electrodes) and extrinsic scatter (due to the noisy 

electrical environment of a steel plant) in the' data. This pilot-

plant testing of complete oxygen probe assemblies is discussed. 

in Part III of this report. 
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PART III 

PRODUCTION AND FIELD TRIALS OF OXYGEN PROBE ASSEMBLIES 

The purpose of this final stage of the programme was 

(a) to prepare a 500 g batch of partially stabilized zirconia and 

to produce sufficient probe assemblies for pilot-plant testing, 

and (b) to determine the limits of the more important processing 

parameters. The first objective was met by preparing a batch of 

material having optimum properties and that was suitable for pro-

cessing into cell membranes. Following the fabrication and firing 

stages, the membranes were incorporated into probes and tested 

under steel-making conditions. This procedure allowed the elec-

trical properties of the complete assembly to be determined under 

operating conditions and the results could be compared with the 

data produced under laboratory conditions. 

The second objective required an examination of the 

more important parameters in the precipitation and fabrication 

stages to determine the latitude which may be taken in the various 

processing steps by a commercial production facility without 

significantly compromising the properties of the final product. 

For example, referring to the flow sheet of Figure 1, is it neces- 

sary to hold the pH during the initial precipitation of the Zr(OH)4 

to the limits 6.5 to 7.0? Is there any relationship between the 

floc size of the precipitate and the concentration of the reac-

tants - does a changing size have any effect on the sintering of 

the product and hence the operation of the probe assembly? These 

and other questions were answered by preparing six batches of 
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material, designated A  •to F, each of which was initially processed 

in a different way, however, the final fabrication and firing 

stages were the same for all six materials. 

The various papameters that were examined concerned 

either the precipitation and washing stages or the drying stage. 

During precipitation, the floc size may be significantly altered 

by a change in pH. For example, a well dispersed suspension at 

pH 5 becomes fully flocculated at pH 8. A smaller floc size is 

also developed if the ZrOC1 2  and NH4OH reactants are first diluted 

prior to mixing and precipitating the Zr(OH)4. Although the 

dried zirconia powders were all ball-milled for an hour to dis-

perse the binder and lubricant necessary for the fabrication 

stage, this process was unable to eliminate the floc size differ-

ences which were dictated by either pH or concentration effects. 

These differences were sufficient to significantly alter the 

sintering characteristics of the dried product. 

A variable which could be of significance to the proper-

ties of the final product is the degree of washing used to free 

the precipitate of Cl-  and NH4 +  ions. If the precipitate were 

not washed at all, then NH4C1 would be retained throughout all 

the subsequent processing. In an undoped material, where the 

mole ratio of NII 4 C1 to Zr0 2  is 1:1, it can be shown that a body 

compacted to 50% porosity will have a solid volume composed of 

32.1% NH 4 C1 and 17.9% Zr02. On firing, the NH4C1 sublimes from 

the material at 337°C which would then leave a compact having a 

porosity of approximately 82%. Such a very porous green structure 

would not be expected to fire to high density. On the other hand, 
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if the NH4C1 were completely removed the compact would retain 

its original porosity of 50% and should sinter to a much higher 

density. It can be appreciated, therefore, that the concentra- 

tion of NII1I C1 remaining in the final powder could be the critical 

factor that controls the development, or otherwise, of an imper-

meable sintered material. 

The final variable that was examined, and which is 

known to significantly affect the characteristics of a powder, 

was the method of drying. Although feasibility studies have 

shown that ceramic materials may be freeze-dried commercially for 

a cost of 60/1b( 5 ° ) , this process is still not used in the 

ceramic industry. More importantly, none of the engineering 

organizations offer a service for freeze-drying customers' mater-

ials - whereas it is possible to have ceramic slurries spray- 

dried on a contract basis. Because of the relatively high capital 

investment of $250,000 necessary to develop a freeze-drying facil-

ity, it was clear that the fairly common method of spray drying 

should be examined as the commercially acceptable drying technique. 

Consequently, some of the materials were spray-dried rather than 

freeze-dried in order to assess how the markedly different agglo-

merate morphology developed by these two drying techniques would 

influence the sintering characteristics and hence the performance 

of tne final product. A summary of these basic processing vari-

ables is given in Table 1. 



TABLE 1 

Processing Variables Examined During the Preparation of Batches. A to F  

Batch 	pHa 	Mix & then 
Low in Cl- Dilute & then High in Cl- 	Spray-Freeze Spray-Dry Dilute 	 Mix 	 & Freeze-Dry 

A 	6.80 	* 	 * 	 * 

B 	7.80 	* 	 * 	 * 

C 	6.02 	 * 	 * 	 * 

D 	7.99 	 * 	 * 	 * 

E 	6.67 	 * 	 * 	 * 

F 	6.67 	 * 	 * 

a - pH of slurry after washing stage and prior to drying. 
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From the Table, it can be seen that differences in the 

products made from Batches A and B could be related to the varia-

tion in pH at the completion of the washing stage. Comparison 

of C with D would show the difference between spray-dried and 

freeze-dried materials at low chloride concentrations, whereas 

comparison of E and F would show any differences at high chloride 

concentrations. D and E allow comparison to be made between 

freeze-dried materials having low and high chloride concentrations 

respectively, whereas C and F compare the properties of spray-

dried materials also having low and high chloride concentrations. 

Preparation of Batches A to F  

(a) Batches A and B  

These two batches were prepared using the same quantity 

and concentration of reactants as given in the Experimental 

Procedure section of this report. However, the precipitate of 

Batch A was washed sixteen times whereas that of Batch B was 

washed thirty times so that at the completion of washing the 

stirred slurry of A had a pH of 6.80 and a [C1 - ] of 3 ppm while 

that of B had a pH of 7.80 and a [C1 - ] of 4 ppm. Subsequently, 

the two batches were doped with calcium formate and freeze dried 

to produce the basic raw material. 

(b) Batches C and D  

The same basic procedure was used as for A and B above, 

but in this case, the reactants were further diluted prior to 

mixing and precipitating Zr(OH)4. It was anticipated that the 

dilution would lead to a smaller floc size of the precipitate 
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and this might affect the fired microstructure of the finished 

product. Consequently, 1.5 litres of stock ZrOC12 solution 

(301.15 g Zr0 2 /litre ZrOC1 2 ) was diluted with 10 litres of dis-

tilled water prior to slowly adding to the 600 ml of NH 40H which 

had also been diluted with 10 litres of distilled water. The 

equipment was washed down with an additional 2.9 litres of dis-

tilled water to bring the total volume to 25 litres. After 

washing both batches a total of seventeen times, the pH of 

Slurry C was 6.02 and the [C1- ] was 4 ppm, whereas the pH of 

Slurry D was 7.99 and the [Cl- ] was 5 ppm. After doping with 

calcium formate, the washed precipitate of Batch D was finally 

freeze-dried while that of Batch C was spray-dried using a Nerco-

Niro drier operated with an inlet temperature of 250 ° C and an 

outlet temperature of 125°C. 

(c) Batches E and F  

The same initial procedure was followed as for C and D 

above in which the reactants were diluted prior to mixing and 

forming the Zr(OH) 4  precipitate. However, these two batches 

were initially formed as one, which was washed once and stirred 

vigorously prior to splitting into the two Batches E and F which 

had a pH of 6.67 and a [C1- ] of 3200 ppm. After the doping stage, 

Batch E was freeze dried while Batch F was spray-dried. 

Characterization of Batches A to F  

Despite some major changes in the preparation of the 

freeze-dried materials: A, B, D and E, they were all bulky and 

nearly free flowing. On the other hand, the spray-dried materials: 
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C and F tended to 'set' in a container if left to stand undis-

turbed for more than a day. This behaviour was most noticeable 

in F which contained a relatively high concentration of NH4C1. 

This division of the materials into two groups dependent of the 

method of drying was further substantiated by the tap density 

data which showed that the spray-dried materials were at least 

three times more dense than the freeze-dried materials (Appen-

dix L). The difference in density between the washed (C) and 

unwashed (F) spray-dried materials was due to the different 

composition of the dried powders. In C, only doped zirconia 

was present whereas in F, NH 4 C1 was also present. Although all 

the materials at this stage are completely amorphous, the presence 

of a considerable quantity of NII 4 C1 (single crystal dens'ity 

1.527 g/cc) would be expected to lower the tap density of the 

much denser zirconia (single-crystal density 6.069 g/cc when 

stabilized with 7.6 mole % CaO). 

The difference between the washed and unwashed materials 

was demonstrated by the loss-on-ignition data (Appendix L). The 

loss on ignition for the washed materials (A, B, C and D) was in 

the range of approximately 13% to 24% on heating to 1000°C. 

This contrasts with the much higher loss of between 36% and 39% 

for the high chloride unwashed materials E and F. 

The compositional differences between E and F and the 

remainder was also shown by the concentration of chloride that 

was released into solution when a powder sample was reslurried 

in distilled water. In general, the washed and dried Samples 

A to D contained a Cl-  concentration of just over 1 wt % whereas 
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the unwashed batches contained over 20 wt % chloride (Appendix L). 

This same trend was also exhibited by the divalent ions (princi-

pally Ca2+ , ZrO 2 , and ZrC1 2 2 ) present in the materials. The 

approximately one order of magnitude greater concentration of 

M2+  ions in Batches E and F is due to the residual ZrO 2+  and 

ZrC1 2 2+  ions, whereas the data for Batches A to D (page 21 and 

Appendix C) indicate the presence of essentially Ca 2+  alone. 

Calcination of these materials results in a lowering of both 

the Cl-  and divalent ion concentrations, which is due to the 

volatilization of NH 4 C1 at low temperature (337°C) followed by 

the subsequent decomposition of the calcium formate dopant and 

the rapid entry of the calcia into solid solution with the zir-

conia. 

The great discrepancy between the concentration of Cl -

remaining  in the  liquor over a fully washed material and that 

recovered into solution on reslurrying the dried powder is diffi-

cult to understand. It was shown earlier in Figure 3 that the 

[C1 - ] of the slurry is always greater than that of the liquor 

and further that the addition of NH4OH would always greatly 

increase the [C1 - ] of both the slurry and liquor. These and 

other observations lead to the conclusion that the C1-  ion is 

strongly adsorbed onto the surface of the precipitate even at 

the completion of washing when the [C1 - ] is reduced to a few ppm 

in the liquor. The fact that reslurrying the dried powder pro-

duces a solution rich in Cl-  under conditions where the concen-

tration ratio of 0H- :C1 -  is approximately 20,000:1 indicates 

that the materials have aged, i.e., the drying process (either 
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spray-drying or freeze-drying) drastically alters the energetics 

of tne adsorption sites on the surface of the precipitate. Unfor-

tunately, it was not possible to follow this drastic change using 

infrared spectroscopy as the spectra of all the as-prepared 

materials were essentially featureless (Figure 13)- This reten-

tion of a relatively high Cl-  concentration of approximately 

1 wt % at the completion of the washing process further explains 

the failure of earlier experiments to measure the amount of Cl -

which could be re-adsorbed onto the precipitate surface (page 20). 

The particle size distribution of all the materials 

was monitored throughout the various processing stages. In 

general, all the materials had the same distribution at each 

stage and consequently only the changes produced by a particular 

process are shown in Figure 58. As expected, the size distribu-

tion of the as-precipitated slurry was quite wide and typically 

had a mean particle size (m) of 8 pm and a standard deviation (s) 

of 2.6 pm (Curve A, Figure 58). After drying and calcining to 

form the partially stabilized material, the zirconia was ball-

milled for 1 hour in methanol to disperse the pressing aids: 

Gelva V-7 and Carbowax 400, which were added (Curve B, Figure 58). 

The size distribution developed after milling in alcohol was 

much narrower (s = 1.2 pm) and the mean size was significantly 

reduced (m = 2.8 pm). Following the final spray-drying of the 

alcohol slurry and the development of small spheres of plasticized 

material, the distribution remained narrow (s = 1.2 pm) but the 

mean size was increased to 8 pm (Curve C, Figure 58). 
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Figure 58. General particle size distribution curves for 
Materials A to F. 

A. As-prepared Zr(OH)4 precipitate 
B. Dried precipitate ball-milled 1 hour in 

alcohol 
C. Spray-dried slurry from B 

In order to develop a surface area of approximately 

20 m 2 /g it was clear that the different batches would have to be 

calcined at approximately 1000°C for 1 hour (Figure 17). However, 

to guard against the possibility that the different batches of 
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material had different calcination characteristics and did not 

conform to the data presented in Figure 17, a series of calcina-

tions was made and the surface areas were determined in order 

to locate the plateau for each material at approximately 1000°C 

(Appendix L). From this preliminary data it was decided to 

calcine the batches in air for 1 hour at 935°C (Batches E and F), 

975°C (Batches B and C) and 1000 ° C (Batches A and D) in an attempt 

to develop a surface area of 20 m2 /g in every batch. However, 

as shown in the data of Appendix L, the area developed on cal-

cination of the main batches did not always agree with the pre-

dicted value and values ranging from 15 m2 /g (F) to 26 m2 /g (B) 

were obtained. 

As a check on the impurity pick-up which could occur 

after the precipitation stage, a series of samples was analysed 

for a wide range of elements. Comparison of the analyses for 

the undoped material with those for the various doped samples 

shows that the doping, drying, calcining, ball-milling and final 

spray-drying operations do not significantly alter the concentra-

tion of the major impurities: Mg, Si and Cu, nor do they raise 

the concentration of another 30 elements sufficiently for their 

spectrographic detection (Appendix L). The importance of using 

zirconia raw materials having a low Si content has been discussed 

earlier on page 129. 

Characterization of Sintered Materials A to F 

Because of the different methods of preparation of the 

six batches of raw material it was anticipated that quite different 
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microstructures would be developed during the final firing process. 

Consequently, a large quantity of oxygen-probe membranes was 

frabricated from the six raw materials and the green and fired 

densities and microstructures of selected samples were examined 

prior to the remainder being assembled into complete probes and 

tested under steel-making conditions. 

The density data confirmed the earlier results that 

the highest green density does not necessarily produce the highest 

fired density. All the membranes were formed under a pressure 

of 10 ksi and the green densities ranged from a low of 1.77 g/cc 

for B to a high of 2.63 g/cc for F. However, on firing in air 

to 1500°C with no soak, the difference between the spray-dried 

and freeze-dried materials became apparent: the spray-dried 

materials had considerably lower fired densities, especially when 

the original material had been unwashed and contained a consider-

able quantity of NH 4C1. The data, given in Appendix M, show that 

the freeze-dried materials develop a relative density between 

90 and 95% on firing to 1500 ° C whereas the spray-dried Materials 

C and F are between 70% and 80% under the same conditions. For 

reasons, which are discussed later under Failure Analysis of 

Zirconia Membranes section (page 167), the spray-dried materials 

were subsequently fired in air to 1600°C for 1 hour and under 

these conditions the fired density of C was increased to approxi-

mately 5.7 g/cc, i.e., the density was comparable to that of the 

freeze-dried materials fired at 1500°C, whereas F was increased 

to only 5.4 g/cc (Appendix M). 

These considerable differences between the relative 
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densities of the fired materials were reflected in their differing 

microstructures. Samples were sectioned and polished along their 

longitudinal axis so that they could be examined perpendicular 

to the pressing direction and any variations in the porosity 

distribution (due to die-wall effects) could be seen. However, 

no such effects were observed in any of the materials, which 

indicates the effectiveness of the Carbowax lubricant added to 

the six different materials. 

Typical microstructures developed in each material 

after fabricating under 10 ksi and subsequently firing in air 

to 1500°C without 

61. The random distribution of fine porosity is seen in the 

dense materials produced using freeze-dried materials. Comparison 

of the microstructures of Materials A, B and D with that of C 

shows that a much more porous product results from the use of spray-

dried powders. This porosity is further increased if the NH4C1 

is not removed from the precipitate during the washing stages, 

as shown in F. 

any soaking period are shown in Figures 59 to 
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Figure 59. Polished surface of PSZ after firing to 1500 ° C 
in air without any soaking period. 

(a) Material A 
(b) Material B 
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Figure 60. Polished surface of PSZ after firing to 1500 ° C 
in air without any soaking period. 

(a) Material C 
(b) Material D 
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Figure 61. Polished surface of PSZ after firing to 1500 ° C 
in air without any soaking period. 

(a) Material E 
(b) Material F 

(b ) 
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The detailed differences between the microstructures 

of the six materials are more clearly seen in the SEM micrographs 

of the fractured surfaces (Figure 62). In general, the freeze-

dried materials have a much finer microstructure than their spray-

dried counterparts. In addition, it can be seen that Materials 

A and B tend to develop a bimodal grain-size distribution whereas 

D and E appear to have a uniform grain size. No reason for this 

slight difference between the microstructures of these two groups 

of freeze-dried materials can be given - other than the possi-

bility that the result is due to sampling and further examination 

of other surfaces would show that the four freeze-dried micro-

structures are in fact indistinguishable. It should be noted 

that because this bimodal distribution is observed on a fracture 

surface  it is a genuine effect rather than a relic of a high-

temperature state as discussed on page 117. 

The SEM micrographs also show not only the considerable 

porosity present in the spray-dried materials but also the differ-

ences between the two Materials C and F. For example, F is 

essentially unsintered and shows only the development of very 

limited neck growth whereas C shows much more extensive neck 

growth such that the form of the spheres is essentially eliminated. 

Close examination of the microstructure of C and F also shows the 

development of a grain structure on the surface of the spheres, 

i.e., intra-agglomerate sintering is occurring well before any 

inter-agglomerate sintering. 
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Figure 62. SEM micrographs of the fracture surfaces of 
Materials A to F after firing to 1500°C in 
air with no soaking period. 
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Figure 63. SEM micrographs of the fracture surfaces of 
Materials C and F after firing to 1600°C in 
air for 1 hour. 

A considerable change in the microstructure of Materials 

C and F is developed on firing to 1600°C and soaking at that 

temperature for one hour (Figure 63). Discontinuous grain growth 

occurs in both materials resulting in the development of a bimodal 

grain size distribution. Comparison with the micrographs of 

material fired at 1500°C shows that a considerable reduction in 

the amount of open porosity occurs at the higher firing tempera-

ture. However, despite this extensive densification, which occurs 

between 1500 and 1600°C, F still has a lower relative density 

than C. 
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Pilot-Plant Trials of Oxygen Probe Assemblies  

After firing, the zirconia membranes are small cylinders 

having a diameter of approximately 0.1-in , and a length of 0.25-in. 

A sinall hole measuring approximately 0.018-in , in diameter and 

0.018-in in depth (depending on the firing shrinkage) is centrally 

situated at one end and this acts as the site for a platinum bead 

of the reference electrode. The actual assembly of the zirconia 

into complete oxygen probes was conducted by Quality Hermetics 

Ltd.,. Toronto, a division of Leigh Instruments Ltd. In essence, 

the zirconia is flame sealed into the end of a Vycor tube and 

the bead of the platinum reference electrode is force fitted into 

the small hole in the zirconia prior to the Vycor being cemented 

into a steatite plug (Figure 64). Subsequently, an annulus of 

material (which on decomposition produces a known P02  at a given 

temperature) and a gas vent (which ensures that the reference 

gas mixture passes over the platinum electrode-zirconia junction) 

are inserted into the Vycor and cemented in place. The Pt wire 

is connected to a metal ring which acts as one of the main con-

tacts linking the disposable cell assembly to a long lance for 

use in a steel-making furnace. The other contact necessary for 

an emf readout is formed by sliding wipers that connect to a 

thin-walled steel tube into which the steatite plug is cemented. 

This tube, which is approximately 4 ft long in the industrial 

probe assemblies, is finally covered with a layer of fibrous 

thermal insulation. 

In use, the probe is inserted into the molten steel. 

A sacrifsicial cover prevents the probe itself from contacting 
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the slag layer which would otherwise give rise to mixed potentials 

and an unreliable emf output. Within a few seconds, the cover 

(not shown in Figure 64) melts away and exposes the zirconia to 

the steel. This generates a considerable thermal gradient down 

the length of the zirconia and consequently a considerable thermo-

electric potential is developed (between 0.7 and 0.8 volts). 

After approximately 6 seconds, the system achieves a uniform 

temperature and the thermoelectric potential is reduced to zero. 

However, during this short interval, the oxygen concentration 

gradient across the zirconia has been increasing as the annulus 

material starts to decompose and establish a reference P,
u 
 adja-

cent to the platinum bead. Consequently, a progressively increas- 

ing electrochemical potential is established which eventually 

becomes stable after approximately 5 seconds. The overall effect 

of these two sources of potential is shown in Figure 65, in which 

it can be seen that the cell output first rises to a maximum 

after approximately 1 second; thereafter it decreases to the 

final equilibrium value after a total of 6 seconds. 

Because of the wide range of emf developed by the cell 

and the need to measure the output to the nearest millivolt in 

the range 0.75 volts to 1.25 volts, it is convenient to use a 

0.75-volt 'bucking' voltage to oppose the cell output. This 

allows a 500 mv full-scale chart recorder to monitor all voltages 

between 0.75 volts and 1.25 volts with a resolution of one milli-

volt. As an additional convenience, a trigger is also used which 

detects the initial development of the cell emf and after a given 

period sounds a horn to inform the operator that the probe should 

be removed from the melt. 
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Vycor 

Gas Vent 

11% z 	n Reference gas 
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Steatite plug 

Insulation 

Steel tube 
emf 

(a) Schematic of 0;.4 gen Cell 

(b) Oxygen Probe Assembly with metric scale below - 
each small square represents one millimeter. 

Figure 64. Detail of cell arrangement used in probes fabri-
cated from PSZ produced in the present work. 
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Figure 65. Typical oxygen probe output due to the combined 
effects of the thermoelectric and electrochemi-
cal potentials developed after insertion of the 
cell into liquid steel. 

The actual testing of the probes was conducted by 

members of the Physical Metallurgy Research Laboratories of 

CANMET under the direct supervision of Mr. C.S. Monier-Williams, 

P. Eng., of Quality Hermetics Ltd., Components Division, Leigh 

Instruments Ltd., the only supplier of commercially available 

Canadian-made zirconia probes. The probes were tested in a 

100-lb induction furnace operated at approximately 1600°C. The 

furnace was cnarged with a Stelco billet and 1 lb of Fe2S1 to 

give an oxygen concentration of approximately 50 ppm at that 

2 
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temperature. The melt was covered with an argon blanket to 

maintain this oxygen level throughout the testing period. Where 

practicable, the probes were tested every minute, each probe 

being held in the steel for a total of 30- seconds to give approx-

imately a 25-second readout. 

Time 

Figure 66. Actual emf-time curves for oxygen probes made 
from Material B and tested in steel at 1600°C. 
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Part of the actual results obtained from the first 

batch of Material B is shown in Figure 66. An ideal emf-time 

curve for a probe operating under these conditions would be 

similar to that of Curve 16 in Figure 66, i.e., a stable emf is 

generated after the initial peak and this emf is constant until 

the probe is withdrawn from the melt. Curve 17 shows a slight 

decrease in emf towards the end of the run; this effect is even 

more pronounced in Curve 18 and is probably due to the premature 

expiration of the reference gas source and the gradual lowering 

of the reference P, . 
u2 

A summary of the results obtained from the field trials 

is given in Appendix N. In general, it would be expected that 

Materials A, B and D would give satisfactory results as they 

were fired to a fairly low porosity and had a low concentration 

of impurities in them, i.e., they should not suffer from steel 

penetration nor give rise to any mixed potentials. This was 

found to be the case in practice. 

The original assumption that the zirconia membranes 

must be fired to zero open porosity was shown to be erroneous. 

In the first batch of membranes tested, C and F had relative 

densities of 81.8% and 73.0% respectively (Table 1, Appendix M) 

yet even some of these cells developed a nearly normal signal. 

The erratic nature of the output in these cases was due to loose 

platinum beads - see under Failure Analysis of Zirconia Membranes 

section (page 167). However, despite this unexpected result, 

the data do show that satisfactory cells can only be fabricated 

from materials having a relative density >90%. 
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Comparison of the results from Materials A and E which 

were precipitated under similar pH conditions (Table 1, page 140) 

shows that the presence of a high Cl-  concentration does not 

lead to a deterioration in the performance of the zirconia. 

Presumably the last traces of Cl -  are lost from the material 

before it sinters significantly otherwise the membranes made 

from Material E, which contains nearly 2 wt % Cl -  in the calcined 

state (Table 4, Appendix L), would not fire to a relative den-

sity of 93 to 94% at 1500°C (Tables 3 and 4, Appendix.M). 

The effect of different pH conditions during the pre-

cipitation stage is not clear. On the one hand, Materials A and 

B do not show any appreciable differences in the scatter of their 

data and hence it might be concluded that pH is an unimportant 

parameter in the processing of reliable and consistent probe 

membranes. On the other hand, comparison of D and E suggests 

that the much lower standard deviation of the data for D is due 

to the use of a higher pH during the precipitation stage - if 

the different Cl -  concentration between D and E is indeed unim-

portant as suggested above. 

It is difficult to believe that a higher  pH would lead 

to the production of superior material because, although it 

would aid in the washing stage by assisting in the removal of 

adsorbed ions from the surface of the precipitate (Figure 3), 

it would also promote the growth of large flocs in solution that 

would not be broken down in subsequent processing. The stability 

of these flocs is demonstrated by the fact that the mean particle 

size of ball-milled material (Figure 58) is approximately two 
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orders of magnitude greater than that calculated from the surface 

area (Table 7, Appendix L). Consequently, it can only  Je  sug-

gested that some unknown synergistic effect is operating in 

favour of D among the three low Cl -  materials which were ini-

tially freeze-dried. 

Despite the use of a lubricant in the materials, the 

spray-dried Materials C and F still retained their original 

spherical agglomerate form after all the fabrication stages 

(Figure 62) and consequently the membranes fired to 1500°C re- 
, 

tained a considerable amount of open porosity. This, in turn, 

allowed liquid metal to penetrate the membrane and short out the 

cell. This again indicates the remarkable stability of the 

agglomerates which are developed during the initial drying pro-

cess and retained throughout the subsequent wet ball-milling, 

drying, and pressing operations. 

It would be expected that the degree of metal penetra-

tion through a membrane would be directly related to the open 

porosity and that the ratio between the amount of open and closed 

porosity would be constant for the spray-dried materials fired 

to the same temperature, i.e., a good correlation would be ex-

pected between the amount of penetration and the relative density. 

In general, this was found to be true. However, it was found 

that this assumption did not always hold. For example, in the 

first batch of membranes tested, F had a relative density of 

73.0% and in the second Batch C had a density of 73.8%, yet only 

14% of the F cells showed any sign of metal penetration whereas 

all the C cells were penetrated and shorted out. This could be 
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due to either a change in the amount of open porosity between 

the two materials despite the development of the same total 

porosity or, alternatively, it could result from the differences 

in the amount of adsorbed ions on the surface of the dried pre-

cipitate which may significantly alter the contact angle of 

liquid Fe on the membrane surface and hence effectively control 

the penetration of the metal. Unfortunately, it was not possible 

to measure accurately the amount of open porosity developed in 

these membranes due to their small size and hence the reason 

for the difference in thé performance of high porosity membranes 

made from C and F could not be determined. 

Increasing the firing temperature to 1600°C in the 

case of Materials C and F considerably increased the final den-

sity and dramatically reduced the amount of open porosity. Dye 

penetration tests showed that the membranes were essentially 

impervious and the actual testing of oxygen probes made from 

these higher density membranes failed to show any gross metal 

penetration typical of the lower density 1500°C membranes. The 

cell output from these 1600°C membranes was comparable to that 

from the cells made from the more reactive freeze-dried raw 

materials. In addition, the standard deviation of data from 

Cells C and F was comparable to that obtained from the other 

materials again showing that the presence of a high Cl-  concentra-

tion is unimportant to the present application. 

Unfortunately, it is not valid to pool the data from • 

the various pilot tests in order to increase the population of 

one set of data and hence improve the statistics because it was 
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impossible to guarantee that the same oxygen concentration was 

being measured in the different steel batches used to test the 

probes. In addition, the data for the commercial probes show 

that the observed difference between the sample means (0.013 

volts) of data from the first two field trials is approximately 

five times the standard error of the difference (0.0027 volts) 

which also indicates that the two groups of data should be treated 

separately. 

It will be recalled that initially each batch of 

material was to be assessed by fabricating twenty probes and 

testing them in molten steel. Unfortunately, however, a consid-

erable overall loss was incurred either during the assembly 

stages or during the actual testing itself such that an average 

of only seven probes out of the original twenty were shown to be 

completely satisfactory in the first two pilot-plant tests. 

There were several reasons for this high failure rate but only 

one can be directly attributable to the zirconia itself and that 

was due to insufficient firing of Materials C and F. The re-

mainder were due to defects which were developed in the assembly 

process itself and which either allowed the cell . to short out or 

to develop an intermittent open circuit during its operation. 

Failure Analysis of Zirconia Membranes  

One of the most obvious reasons for cell failure was 

found in the first two batches of Materials C and F, which had 

an excessive amount of open porosity and allowed the metal to 

penetrate the pores and short circuit the potential initially 
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developed across the membrane. Typical cell output waveforms 

and appearance of the used membranes are shown in Figures 67 and 

68. In both cases, the zirconia was ground away to a surface 

slightly above the lip of the Vycor tube, (Figure 64) so that 

the platinum electrode would be situated approximately 3 mm 

below the surface shown. The micrographs show qualitatively 

the difference in the amount of open porosity developed by these 

two materials on firing to 1500°C. In addition, the development 

of a skin of dense material around the edge of each section can 

be seen. This is due to secondary sintering occurring during 

both the flame assembly of the membrane into the Vycor and also 

during the immersion of the probe into the steel during testing. 

Examination of a longitudinal section through the probes showed 

that this skin was only developed in the exposed part of the 

membrane. Consequently, a relatively porous region existed just 

at the junction of the membrane with the Vycor and this was the 

region through which a considerable quantity of metal penetrated. 

As mentioned earlier, increasing the firing temperature to 1600°C 

and soaking at that temperature for one hour reduces the amount 

of open porosity retained in the Materials C and F to eliminate 

the gross penetration of metal through the zirconia membranes. 

One of the penetration effects which is not always 

easy to observe is the penetration of Fe and FeOx  into hair-line 

cracks which are created by the stresses developed during the 

assembly stages. During assembly, the zirconia probe tip is 

sealed into a Vycor tube (Figure 64) using a series of high 

temperature gas flames. During the cooling cycle, the zirconia 
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Figure 67. Output waveform and optical micrograph of 
probe # 57, heat 9420 (Material C). 
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Figure 68. Output waveform and optical micrograph of 
probe # 76, heat 9420 (Material F). 
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will tend to shrink more than the Vycor (contraction coefficient 

of Vycor is /,10 -6 /°c, Zr0 2 : cubic 1,10 x 10 -6/°C and monoclinic 

x 10-6 / ° C) and hence the membrane will suffer both radial and 

circumferential tensile forces. Consequently, both radial and 

circumferential cracks develop at the base of the membrane. 

This crack network can only be observed in the unused probe tips 

by dye impregnating polished sections (Figure 69); the cracks 

are too fine to be seen in undyed assemblies. 

After use in liquid steel, some of these probes display 

a crack network similar to that revealed by dye impregnation of 

the unused probes. X-ray fluorescence examination of SEM-mounted 

samples confirmed that the cracks had been enriched with an Fe-

containing material (Figure 70). From their appearance and the 

typical waveform developed by such probes (Figure 71), it is 

probable that either Fe or FeOx  vapour penetrated the cracks and 

rapidly increased in concentration to develop an electronically 

conducting network. Consequently, the cell emf output is pro-

gressively reduced and becomes zero as the cell ultimately 

develops a short circuit. 

Despite the evidence presented in Figure 69, not all 

the cracked membranes develop a crack system which can expose 

the platinum bead to direct contact with Fe or  FeO.  Because 

only one end of the zirconia is held by the Vycor glass, an 

uneven stress distribution is formed which results in cracks 

being formed only at the Vycor end of the membrane. In many 

cases, these cracks are beneath the Vycor itself and hence do 

not contact the liquid metal. Under these circumstances, a normal 

waveform is obtained (Figure 72). 
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(a) Transverse section 	x30 

(b) Longitudinal section 	x30 

Figure 69. Dye-impregnated polished sections of membranes 
taken from assembled but unused oxygen probes 
showing the development of radial and circum-
ferential cracks. 
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Figure 70. X-ray emission spectra of the back of probe # 58, 
heat 9162, showing the high concentration of iron 
adjacent to a crack. 
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Figure 71. Output waveform and optical micrograph of probe 
# 34, heat 9420 (Material A). Note the unsteady 
output and iron penetration in the cracks. 
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# 35, heat 9420 (Material A). Note the steady 
output and the absence of contamination in the 
cracks. 
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From the foregoing, it will be realised that the probes 

fail for one of two reasons: either a poor electrical contact 

is formed (typically a loose platinum bead in the zirconia) or 

the membrane is permeable to Fe or FeO x  (due to either an under-

fired material being used or due to a crack network developing 

during assembly). The problems of a loose bead and underfired 

material are readily eliminated by routine quality control pro-

cedures but the potential for cracking the membranes is intrinsic 

to the current design of the probe. The introduction of an 

annealing cycle to allow the glass-zirconia assembly to slowly 

cool to room temperature did reduce the failure rate in the 

tested probes as shown in Figure 73, but it would be misleading 

to assume that this annealing step completely eliminated the 

cracking difficulties. In the probes made from contaminated 

commercial material, this problem does not arise - the cracks 

which are formed during the assembly stages appear to be sealed 

by the migration of liquid CaSiO3 that is formed during the sub-

sequent use of the probe in liquid steel (c.f. Figure 52). 

Although the flame-sealing technique lends itself to 

automation on an assembly line, it nonetheless can completely 

ruin the performance of an assembled device. A more appropriate 

assembly procedure could be the use of a high-temperature cement 

to hold the electrolyte in the Vycor tubing. This would require 

a minimum of change in the overall processing procedures. In 

essence, if a single-ended pressing technique were used to form 

the electrolyte initially, then the cylindrical body produced 

would have a density gradient down the length of the sample. 
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On firing, this gradient would lead to a differential shrinkage 

and hence a conical body would be developed. This form could 

then be located in a pre-gauged Vycor tube so that approximately 

3 mm of the Zr02 protrudes from the glass. An effective seal 

could then be made with an air-setting Na5103-based refractory 

cement placed between the ZrO 2  and the glass. The conical form 

would hold the electrolyte in place while the cement developed 

an adequate green strength for subsequent handling. During use 

in a steel-making furnace, the cement would melt and form a 

glazed seal between the Zr02 and the Vycor - the configuration 

of the probe would then be maintained solely by ferrostatic 

pressure. 

Figure 73. Output waveforms obtained from probes which were 
annealed immediately after flame sealing the 
zirconia into the Vycor. 
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Although the use of such a relatively low-melting 

cement would normally be avoided for any application at steel-

making temperatures, as the eutectic in the Na20-Al20 3 -Si0 2  

system is approximately 732°C, it has been found satisfactory 

in cementing the base of the Vycor tube into the steatite plug 

of the assembly (Figure 64a). Consequently, the use of this 

cement to hold the electrolyte in the Vycor would avoid the 

development of any significant stress in the zirconia and thus 

avoid the development of cracks in the zirconia. In addition, 

any cracks which may be formed in the cement due to air drying 

too rapidly or any subsequent mishandling would be automatically 

sealed as a progressively thicker layer of liquid phase is formed 

on the surface of the cement. 

CONCLUSIONS 

Highly reactive, homogeneous, lime-stabilized zirconia 

powders can be prepared using a wet chemical procedure in which 

freshly precipitated Zr(OH) 4  is doped with a calcium formate 

solution. As a result, approximately 60% of the total amount 

of formate added is adsorbed by the precipitate - the degree of 

adsorption being pH dependent. 

The method of drying the doped slurry strongly dictates 

the characteristics of the powder and these, in turn, essentially 

control the nature of the microstructure which is developed in 

fabricated and fired material. Conventional oven drying produces 

a hard glassy material which is unsuitable for processing by the 
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usual cold pressing and firing techniques. Spray drying and 

freeze drying produce nearly free-flowing powders, however, the 

spray-dried material retains a 'memory' effect through all the 

subsequent processing so that the original spray-dried agglomer-

ates produce a non-uniform microstructure in the final fired 

body despite the use of a ball-milling step in an attempt to 

break up and disperse the powders prior to pressing. On the 

other hand, the spray-frozen and freeze-dried materials produced 

a much more uniform microstructure and consequently fired to a 

much higher density at a given temperature than the spray-dried 

materials of the same original composition, pH, chloride content 

and method of preparation. 

It has been shown that the single most important para-

meter that controls the development of a high-density body on 

firing is the degree of dispersion of the raw material prior to 

the initial fabrication stage; the rate of intra-agglomerate 

sintering was found to be much greater than that for inter-

agglomerate sintering. Other processing variables such as fab-

rication pressure, rate of binder burnout, heating rate, sintering 

atmosphere, firing temperature and the time at maximum tempera-

ture were found to have only a minor influence on the fired 

density. Provided the powders were dispersed by wet ball-milling 

in alcohol and treated with polyvinyl acetate and polyethylene 

glycol (powder binder and lubricant), spray-dried, formed at a 

pressure of not greater than 35 ksi and subsequently fired at a 

rate of not greater than 30°C/hr between 1200°C and 1500°C, 

bodies of 99% theoretical density would be produced on firing 
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to 1500°C with no soak. 

The thermal-shock resistance of the fired material is 

strongly dependent on the composition. Maximum shock resistance 

was developed by material containing 7.6 mole % CaO; samples 

made using this composition survived continuous rapid cycling 

from room temperature to 1575°C and back without spalling or 

cracking. This behaviour was in contrast to that exhibited by 

either the pure or fully stabilized materials which usually 

shattered after the first cycle. 

The mechanism responsible for this enhanced thermal-

shock resistance is that proposed by Garvie and Nicholson (24 ). 

The initially cubic material that is formed at the firing tem-

perature becomes supersaturated during cooling and zones of 

approximately 2000 À of pure tetragonal zirconia are precipitated. 

During further cooling, the tetragonal phase inverts to the 

monoclinic form at approximately 1100°C with an accompanying 

3 volume % expansion which occurs against the progressively 

contracting cubic matrix. As a result, microcracks are formed 

throughout the body. This extensive network of microcracks 

intercepts any propagating macrocrack and thus increases the 

crack-tip radius. For the cracks to propagate further the stress 

level (degree of thermal shock) must be increased. 

No correlation was found between the various precipi-

tation conditions such as the method of mixing, pH, chloride , 

concentration, and the method of drying, on the emf generated 

by subsequently produced concentration cells. Provided an imper-

meable electrolyte is used, the same signal is generated. However, 
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the permeability of the zirconia was found to be dependent on 

the original chloride content of the slurry despite the rela-

tively high-temperature calcination stage prior to fabrication 

(T '‘, 1000°C, well above the sublimation temperature of NH4C1). 

Partially stabilized zirconia will perform satisfac-

torily as an ionic conductor in oxygen concentration cells using 

metal-metal oxide reference electrodes provided the materials 

do not react and the equilibrium P,
u 
 is not too low. Cr-Cr203 
2 

electrodes give unreliable emf data due to the P
02 

being too 

low, allowing electronic conduction to occur in the electrolyte. 

Fe-Fe0 can only be used satisfactorily below 1050°C; at higher 

temperatures degredation of the electrolyte occurs and ill-

defined emf values are generated. Ni-Ni0 and Co-Co° mixtures 

performed well in the temperature range 750°C to 1250°C. The 

slight diffusion of nickel into the zirconia did not affect the 

cell potential. 

The partially stabilized 7.6 mole % CaO material per-

formed well as the electrolyte in oxygen probes tested in liquid 

steel. The material successfully survived the thermal shock 

developed when rapidly inserted into steel at approximately 

1625°C; under these conditions the heating rate was greater than 

400°C/sec. After testing, none of the cells showed any degreda-

tion due to thermal shock. 

Oxygen probes which used this chemically prepared 

electrolyte were found to be consistent in their emf readout 

during trials in a steel-making furnace. Provided impermeable 

material was used, all the batches of material produced probes 
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for which the standard deviation was less than the original 

target of 8 mv in a one-volt signal. In the case where the 

material was well dispersed during precipitation, washed free 

of chloride and freeze-dried (Material D), the standard deviation 

was lowered to 3 mv in a one-volt signal. 
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= 77.7306 

(ii) 
93.4912 

= 	3.7849 	4.5679 

= 	0.04869 0.04885 
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APPENDIX A 

Determination of the Quantity of Calcium Formate Required  
to Produce a Specific Concentration of Lime in Zirconia  

The data presented here are for the preparation of a 

lime-stabilized zirconia containing 7.6 mole % CaO. 

Concentration of Slurry  

Samples of slurry were placed in ignited and pre-

weighed platinum crucibles, dried at 110°C and ignited to con-

stant weight at 1000°C. 

Wt of slurry (g) 

Wt Zr0 2  formed (g) 

Concentration of slurry 
(g Zr02 /g slurry) 

Average conc of slurry 
(g Zr02/g slurry) 

= 	0.04877 

Concentration of Calcium Formate Solution  

A solution of calcium formate (Matheson, Coleman and 

Bell, N.J.) was made up by dissolving 64 g in 1.75 litres of 

distilled water at room temperature. This solution was then 

clarified to remove insoluble material and the filtrate was made 

up to 2 litres. A concentration determination was carried out 

as a check  against losses during the filtration stage. 

(i) 
Wt crucible + 20 ml  soin (g) = 43.7822 

(ii) 
43.6120 

Wt crucible dried 110°C (g) = 22.5440 	22.2924 



0.6397 = 	0.6399 
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(j) 	(ii) 
Wt crucible (g) 	 = 21.9041 	21.6527 

Concentration of soin . 
(g/20 ml) 

Average conc of solution 
(g/20 ml) 

= 	0.6398 

Wt loss of formate on ignition to 1000°C = 56.7% 

Hence average conc of formate solution 	= 0.3627 g Ca0/20 ml 

Volume of Formate Solution Required to Dope Slurry  

Wt of 	 Moles CaO 	Wt CaO 	Wt Formate 	Vol Formate 
Batch 	Slurry 	Moles 	Required 	Required 	Required 	Required 
Mole % 	g Zr02 	Zr02 	 g 	 g 	 ml 

7.6 	101.6098 	0.82462 	0.06775 	3.7998 	6.7016 	209.5 
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APPENDIX B 

Adsorption of Calcium Ions Onto the Surface of  
Zr (OH)  Precipitate  

I. Adsorption at a Low Formate Concentration  

Initially the adsorption was determined in mixtures in 

wnich the molar ratio of calcium formate to zirconium hydroxide 

was 6.5%. 

(a) Electrode calibration  

Using the original standard formate solution, a series 

of solutions was prepared and the divalent-ion electrode poten-

tial of each was determined. 

TABLE 1 

Calibration of Divalent-Ion Electrode  

Ca(H.00.0)2 Concentration 	Electrode Potential 
moles/litre 	 mV 

1.0.10 -1 	 +45.6 

1.06.10 -2 * 	 +23.4 

1.12.10 -3 	 + 	6.2 

1.19.10 -4 	 -10.0 

1.26.10 -5 	 -26.2 

*The concentration changes are not exactly an order of magnitude 
due to the use of a pipette which was assumed to release 20 ml 
but in practice delivered 21.5 ml. Consequently, in making up 
250 ml of solution for the calibration, the volume of formate 
taken was 26.5 ml (21.5 + 5.0 ml) and hence the concentration 
decreases by the ratio 26.5/250, i.e., 0.106. 
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The emf response of the electrode was found to be essentially 

linear to the log (concentration) over the range 10 -1  to 10 -4  

moles/litre - at lower concentrations the curve deviated from 

the theoretical Nernst relationship. 

(b) Adsorption data  

The determination was carried out using 21.5 ml of 

slurry to which 2.0 ml of 0.2462 molar Ca(H.00.0)2 solution 

(i.e., 32 g/litre) was added. The change of the divalent-ion 

electrode potential was recorded and related, using the calibra-

tion data in Part (a) above, to the change of the free Ca2+  ion 

concentration with time. 

TABLE 2 

Increase in Free Ca2 + Concentration with Time in  
Zr(OH)4 Slurry at a Low Formate Concentration  

Slurry 	Zr(OH)4 Slurry 	Zr(OH) 4 - free 
I 	

Zr(OH)4 
Time 	 pH 6 	 pH 8 	 Liquor 

seconds ' 
emf mV 	[Ca2 ] molar 	emf mV 	[Ca21 molar 	emf mV 	[Ca21 molar 

0 	-16.0 	5.0 x 10-5 	-18.0 	3.5 x 10-5 	-18.0 	3.5 x 10-5  

	

6.25 	-15.2 	5.4 x 10-5 	-17.0 	4.2 x 10-5 	+24.5 	1.2 x 10-2  

	

12.5 	-14.0 	6.5 x 10-5 	- 1.5 	3.7 x 10-4 	+28.0 	1.8 x 10-2  

25 	- 0.8 	3.8'x  10-4 	+11.2 	1.9 x 10-3  

50 	+ 9.0 	1.4 x 10-3 	+16.1 	3.5x  10-3  

75 	+13.1 	2.3 x 10-3 	+18.2 	4.5 x  l0- 

	

100 	+15.3 	3.3 x 10-3 	+18.8 	5.4 x 10-3  

	

150 	+18.0 	4.5 x 10-3 	+20.1 	6.1 x  l0- 

	

200 	+19.4 	5.7 x 10-3 	+20.9 	6.8 x 10-3  
) 

	

300 	+21.0 	7.0 x 10-3 	+21.9 	7.8 x 10-3  

	

800 	+24.0 	1.1 x 10-2 	+24.0 	1.1 x 10-2 	+31.9 	2.4 x 10-2  

These data form the basis of the curves presented in Figure 6. • 
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II. Adsorption at a High Formate Concentration  

From a consideration of the law of mass action, it 

would be expected that more formate would be adsorbed onto the 

surface of the Zr(OH)4 precipitate as the total concentration 

of formate is increased. Consequently, the experimental pro-

cedure under Part I above was repeated, using triple the volume 

of formate solution added to the Zr(OH)4, to give a molar ratio 

of calcium formate to zirconium hydroxide of 19.5%. 

The rate of adsorption was little different from that 

found at the low formate concentration and hence only the initial 

and final Ca 2+  ion concentrations are presented for the Zr(OH)4- 

free liquor and the slurry. 

TABLE 3 

Increase in Free Ca 2 '4  Concentration in Zr(OH) 4  Slurry  
at a High Formate Concentration  

Zr(OH)4 Slurry 	Zr(OH)4-free Time pH 8 	 Liquor 
seconds 	  

[Ca2+ ] molar 	[Ca24 ] molar 

0 	3.5 x 10 -5 	3.5 x 10 -5  

800 	2.2 x 10 -2 	6.2 x 10 -2  

III. Percentage of Formate Adsorbed by Zr(OH)4  

From the data presented in Table 2 in Part I(b) above, 

the quantity of formate adsorbed by the precipitate was calcu-

lated as a function of time. It is assumed that the difference 

between the data for the slurry and the liquor is due to adsorp- 
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tion by  the  precipitate alone. As discussed in the text, the 

effect of the increased viscosity of the slurry slowing down the 

response of the electrode was discounted. 

TABLE 4 

Percentage of Ca2+  Adso • bed onto Zr(OH) 4  Precipitate  
at a Low Formate Concentration  

	

Time 	Percentage of Total Ca2+ 	Percentage of Total Ca2+  
seconds 	adsorbed at pH 6 	 adsorbed at pH 8 
— 	  

0 	 0 	 0 

	

6.25 	 99.6 	 99.6 

	

12.5 	 99.6 	 97.8 

50 	 92.2 	 80.5 

	

100 	 82.6 	 71.6 

	

200 	 72.9 	 67.6 

	

300 	 69.8 	 66.0 

	

800 	 54.0 	 54.0 

These data are presented in Figure 7. 

The final equilibrium value obtained at either pH 6 or 

pH 8 of 54% adsorbed Ca2+  generated at a low formate concentration 

is little different from the value obtained at a high formate 

concentration. From the data in Table 3, the amount of adsorbed 

Ca2+  was determined to be 64.5%. 
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APPENDIX C 

Determination of Free Calcium Formate in Freeze-Dried Powder 

The use of a divalent-ion selective electrode to measure 

the concentration of Ca 2 + in a slurry of freeze-dried zirconia 

powder is complicated by the additional response of the electrode 

to other divalent ions present such as ZrO 2 , Zr(OH)2 2  and 

ZrC12 2 '. Hence, it is necessary to establish the background 

concentration of all divalent ions except Ca 2 ' which would be 

present in the freeze-dried materials. Consequently, a one-gram 

sample of undoped  freeze-dried zirconia, which had been prepared 

in the same manner as the 7.6 mole % materials below, was slurried 

in water and the divalent-ion concentration of the liquid deter-

mined. The background divalent-ion concentration was found to 

be 2.2 x 10 -5  moles/litre which agrees well with the value of 

3.5 x 10 -5  moles/litre obtained in the liquor above the fully 

washed precipitate that had been prepared in a different batch 

(see Appendix B, Table 2). 

The total divalent-ion concentration developed in the 

slurried materials is given in Table 1. The difference between 

the total and the background concentrations was assumed to be 

the Ca2+  ion concentration, i.e., the concentration of the free 

formate which had been released from the dried powder. The per-

centage of free formate was then obtained from the theoretical 

concentration of Ca 2-1" which would be developed in these slurries 

assuming no adsorption had occurred, i.e., assuming a maximum 

concentration of 6.14 x 10 -3  moles/litre. 
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TABLE 1 

Percentage of Free Calcium Formate Released 
from Freeze-Dried Powder  

B 	
Total [Ion2+ 	Background [Ion241 	Free [Ca2+ ] 	Percentage 

atch  

	

moles/litre 	moles/litre 	moles/litre 	of Free Ca2+  

A 	1.7 x 10-3 	2.2 x 10-5 	1.678 x 10-3 	27.3 

B 	1.4 x 10-3 	 2.2 x 10-5 	1.378 x 10-3 	22.4 

C 	1.1 x 10-3 	2.2 x 10-5 	1.078 x 10-3 	17.6 

D 	1.3 x 10-3 	2.2 x 10-5 	1.278 x 10-3 	20.8 

The results show that the amount of free calcium for-

mate in the powders is quite variable and ranges from approxi-

mately 17 to 27%. The average is 22%. 
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APPENDIX D 

Determination of Particle Size from X-ray Diffraction  
and Surface Area Data 

Operating Conditions for  X-Ray Diffractometer  

Samples were initially examined using a North American 

Philips Wide Angle Diffractometer operated under the following 

conditions: 

Fe-filtered Co K-alpha radiation; 1 0  scatter 

slits; 0.5° 28/min scanning speed; propor- 

tional counter with pulse height analyser; 

400 counts full scale deflection; 8 sec time 

constant. 

These conditions were not able to give sufficient sensitivity to 

allow low concentrations of crystalline material to be detected. 

Consequently, diffraction patterns were obtained with either a 

non-focussing Debye-Scherrer camera or a focussing Guinier-DeWolff 

powder camera which are more sensitive than the diffractometer. 

The patterns were then examined with a microdensitometer to 

obtain the derived diffractograms. 

Operating Conditions for a Joyce Loebl Double Beam Recording  
Microdensitometer  

A model III CS microdensitometer, produced by Joyce, 

Loebl and Co. Ltd., England, was used under the following  condi-

tions: 
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Optical Magnification 	x22 	Differential Control 8 

Slit Width 	 600 pm 	Forward Speed 	2.5 

Optical Wedge* (a) 	2.90 D 	Traverse ratio 	1:1 

(b) 	0.36 D 

Resolution of Back-Reflection  Doublets as a Function of Domain 
Size 

The property of resolving or just failing to resolve 

the back-reflection doublets of an X-ray powder diffraction 

pattern has been used as an index of crystal size( 20 ). As is 

the case with an optical grating, the two lines will be resolved 

if the condition nN>X/AX is met, where N is the number of planes, 

n the order of the spectrum and  .X and  .X + AX the wave length of 

the K a l and Ka2 doublets. The doublet is most conveniently 

observed in the region where 20=180°, because it is here that 

the components have the maximum dispersion. As sin Oc.1 .  at high 

angles, FIX = 2d (FIX.= 2dsine) and hence resolution will occur if: 

nN = 2Nd/X = 2t/X>xpix 

As VAX = 460 for Co Ka  radiation, resolution can only occur when 

2t/X>460, i.e., when t>230À. Hence the crystal size must be 

greater than 230X i.e., 412 À in order to resolve the doublet 

in the back-reflection region. 

*A wedge 'having a useful range of 2.90 D and a slope of 0.16 D/cm 
was used to give maximum attenuation of the recorded peaks, 
whereas a wedge with a range of 0.36 D and a slope of 0.02 D/cm 
was used to give maximum sensitivity. 
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APPENDIX E 

Surface Area Data for Calcined Zirconia Materials  

Each sample (approximately 2 to 4 cc) was outgassed 

overnight at 125°C in an atmosphere of flowing helium. The 

surface area was determined using the flowing nitrogen technique. 

The quantity of nitrogen desorbed from the surface of a sample 

during warming from -189°C (boiling point of liquid nitrogen) 

to room temperature was measured using a Perkin-Elmer Shell 

sorptometer model 212C. The surface area was determined using 

the single point method in which the gas used was helium contain-

ing 25% nitrogen. The precision of the data was determined to 

be ± 7%. 

TABLE 1 

Variation of Surface Area with Calcination Temperature  
for Undoped and Doped Zirconia  

Composition 
Temp 

mole % CaO 

Undoped 	7.6 	11.5 	13.8 	16.0 

	

600 	59.77 	84.03 	83.00 	103.53 	94.92 m2/g 

	

700 	45.98 	66.63 	71.97 	94.19 	89.93 

	

750 	28.92 	51.68 	54.72 	67.35 	64.21 

	

800 	21.59 	38.69 	40.07 	49.01 	50.07 

	

850 	18.52 	34.49 	35.04 	45.91 	44.80 

	

900 	17.16 	30.25 	27.40 	38.63 	35.19 

	

950 	15.62 	23.91 	23.89 	31.52 	33.39 

	

1000 	14.42 	16.06 	13.81 	20.21 	18.23 

	

1050 	11.29 	15.76 	12.78 	17.35 	18.79 

....Table Continued 
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TABLE 1 (Continued) 

Composition 
Temp 

o c 	 mole % CaO 

Undoped 	7.6 	11.5 	13.8 	16.0 

1100 	8.82 	12.97 	13.07 	18.15 	17.86 m2 /g 

1150 	6.93 	11.17 	12.90 	14.18 	15.13 

1200 	4.00 	6.70 	6.59 	9.15 	10.35 

1250 	2.11 	4.38 	3.87 	5.37 	5.29 

1300 	1.32 	1.65 	1.49 	1.64 	1.77 

Having determined the general form of the surface area-

temperature curve from the above data, the remaining compositions 

were calcined only between 800 and 1200°C in order to determine 

the plateau in the area-temperature curve for each composition. 

TABLE 2 

Variation of Surface Area with Calcination Temperature  
for Partially Stabilized Zirconia  

.•_ 
Composition 

Temp 
° C 	 mole % CaO 

	

2.0 	4.0 	6.0 	' 	9.0 	 , 

	

800 	30.77 	41.15 	32.50 	37.06 m2 /g 

	

850 	21.00 	25.84 	25.94 	29.20 

	

900 	22.52 	19.68 	20.46 	21.07 

	

1000 	13.75 	17.44 	18.64 	21.85 

	

1100 	6.44 	9.69 	10.09 	12.76 

	

1200 	2.94 	4.01 	4.25 	5.94 
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Derivation of Particle Size from Surface Area Data  

If it is assumed that a powder consists of particles 

which have perfect cubic morphology and hence are theoretically 

dense, then, if the edge length is given by x, the surface area 

of each cube will be 6x 2  and the volume will be x 3 . Hence, if 

the density of the material is given by d, the specific surface 

(surface area per unit weight) will be 6x 2 /d.x 3  cm2 /g. 

For zirconia, d is assumed to be 6 g/cc (page 37) and 

hence the specific surface is l/x cm 2 /g or 10 -4/x m2 /g when x 

is in centimetres. For fine powders, the micrometre or iingstrbm 

is a more convenient unit for x and hence the specific surface 

will be given by l/x m 2 /g when x is in micrometres and by 

10 4 /x m2 /g when x is given in Angströms. 

Hence, calcination of the zirconia materials to a 

specific surface of 20 m 2 /g will produce a powder having crystal-

lites of approximately 500 A. 
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APPENDIX F 

Variation of Bulk Density with Firing Conditions  

The density of the fired samples was determined from 

the weight and measured volume. The precision was ±0.03 g/cc 

for samples with a density of 5.00 g/cc. 

TABLE 1 

Bulk Density of Doped Zirconia Samples Fired to 1600°C for 1 hour 

Mole % CaO 	7.6 	11.5 	13.8 	16.0 
	 - 	_ 	 

As-prepared 	4.64 	5.38 	5.30 	5.21 g/cc 

Calcined 
850°C 1 hr 	4.71 	4.74 	5.01 	4.90 

Calcined 
1000°C 1 hr 	4.89 	4.77 	5.04 	4.99 

TABLE 2 

Bulk Density of Doped Zirconia Samples Fired to 1550°C for 4 hours 

Mole % CaO 	7.6 	 11.5 	 13.8 	 16.0 
- 

a 	b 	a 	b 	a 	b 	a 	b 
As-prepared 	1.61 	4.59 	1.66 	5.12 	1.60 	5.12 	1.69 	5.30 g/cc 

Calcined 
700 ° C 1 hr 	1.59 	5.16 	1.53 	5.07 	1.42* 	4.63 	1.41* 	4.97 

Calcined 
850 ° C 1 hr 	1.85 	4.89 	1.64 	5.02 	1.64 	5.06 	1.64 	5.01 

Calcined 
1000 ° C 1 hr 	1.99 	4.84 	1.67 	4.92 	1.73 	5.07 	1.73 	4.98 

, 

a - green density b - fired density 	* - cracked sample 
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APPENDIX G 

Change in the Intensity of Major Peaks Recorded in  
X-ray Diffractograms of Thermally Shocked  

Partially Stabilized Zirconia  

The intensities of the main peaks in the diffractograms 

of Figure 41 were determined by their height in millimetres above 

the extrapolated background. The traces were obtained using the 

microdensitometer operating under the conditions given in Appen-

dix D. 

TABLE 1 

Intensity of Major Diffraction Peaks of PSZ Material  

	

Diffraction Line 	 Material 

As-fired 	Shocked lx 	Shocked 	35x 	Powder 

Cubic 	(111) 	87 	 113 	 134 	 187 

	

(200) 	32 	 40 	 46 	 68 

	

(220) 	44 	 50 	 59 	 79 

	

(311) 	19 	 19 	 33 	 26 

. 	Monoclinic 	(011) 	14 	 14 	 15 	 18 

(110) 11 	 10 	 11 	 12 

(111) 71 	 71 	 79 	 90 

	

(200) 	16 	 16 	 15 	 15 

	

(022) 	13 	 12 	 11 	 12 
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APPENDIX H 

Calculation of the Oxygen Partial Pressure in Equilibrium with 
a Metal-Metal Oxide System at Elevated Temperature*  

In a general reaction in which equilibrium is established 

between gaseous reactants and products: 

aA + bB + cC + 	1L + mM + nN + 

the Law of Mass Action allows the equilibrium constant Kp to be 

defined in terms of the partial pressure of the component phases: 

1 

	

P
L 	

PN  K - P 	a 

	

P
A 	

P
B 

However, in cases where a solid phase is present in a reversible 

reaction its 'active mass' should be regarded as constant irres-

pective of the actual amount present. Consequently, the expres-

sion for K will only depend on the partial pressure of the 

gaseous phases present. For example, if the above equilibrium 

reaction involved both gaseous and solid phases in a reaction 

of the type: 

aA (g)  + bB (s)  + CC(S)  + 	4 1L (g)  + mbil (g)  + nN (s)  + 

/ 	P 1 . Pm K =  L 	M  
a PA 

In thermodynamic terms, the chemical potential (0 and 

activity of a pure solid are constant at constant temperature 

and external pressure. Consider a pure solid in equilibrium 

with its vapour; the chemical potential of the vapour is given 

*For general information see: 'Textbook of Physical Chemistry', 
S. Glasstone, published by MacMillan and Co. Ltd., London (1956). 
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by 11° + RT1nP, where P is the vapour pressure (strictly fugacity). 

Because the solid and vapour are in equilibrium, this will also 

represent the chemical potential of the solid phase. At constant 

temperature and external pressure, P is constant and under these 

conditions the chemical potential of the pure solid will be 

constant and hence its activity must also be constant. 

Strictly, the vapour pressure and chemical potential 

of a solid are constant only if the total pressure, as well as 

temperature, is fixed. Consequently, the omission of terms for 

solid phases is only justifiable provided the pressure of the 

system is unchanged. Unless extremely high pressures are in-

volved, the change in vapour pressure is negligible and so the 

slight error incurred may be ignored, i.e., the equilibrium 

constant with terms for the gaseous phases only can be taken as 

being independent of the total pressure. 

From the foregoing, it will be appreciated that the 

equilibrium established over the surface of a metal-metal oxide 

mixture cap be defined by the partial pressure of the oxygen 

alone: 

M (5 ) -4-  1/202 (g) 	MO(S) 

2M( s ) +  3/2 0 2(g)  =  M203(5)  

_1/ 
K 1  =  P r, /2 	(1) 

1{ 1  = P
02

/4 	(2) 

In any reaction, the overall free energy change (AG) is given by 

AG1' + RT lnK p . At equilibrium, however, AG is zero and hence: 

AG1 -RT lnKp  (3) 



2  
1°g1302 - 2.3026 RT 

hence (4) 

_ H3_ 

where AG° is the free energy of formation of the oxide in its 

standard state, i.e., at 25°C and under 1 atmosphere pressure. 

From the tabulated values (35)  of AG; for the formation 

of the oxides: FeO, CoO, NiO and Cr20 3 , the following equations 

were derived for the variation of free energy with temperature 

in the range 600°K to 2000°K: 

	

FeO 	AG° = 14.57T - 62,102 

	

Co0 	AG° = 17.22T - 56,297 

	

NiO 	AG° = 20.46T - 56,416 

	

Cr 20 3 	AG; = 61.28T - 270,495 cal/mole 

For oxides of the type MO, combination of equations (1) 

and (3) gives: 

-4 AG° = -RT 1nP, - f 	 u2 

similarly, for oxides of the type M 20 3  combination of equations 

(2) and (3) gives: 

o 
2 AGf  

logP02 	3x2.3026 RT 

where P 02 is the equilibrium oxygen pressure in atmospheres, 

AG ° is the free energy of formation of the oxide in its standard 

state in cal/mole, R (=1.98718 cal/mole °K) is the gas constant 

and T (°K) is the temperature. 

Substitution of the equations for AG; into equations 

(4) and (5) above gives the following expressions for the varia-

tion of oxygen partial pressure with temperature in the range 

600°K to 2000°K: 

(5) 
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FeO 	logP02  = 6.369 - 27,144/T 

	

Co° 	logP02  = 7.527 - 24,607/T 

	

NiO 	logP02  = 8.942 - 24,659/T 

	

Cr203 	logP,
u 
 = 8.928 - 39,410/T 
2 

The solution to these equations is given graphically in Figure 48. 

Note that the temperature in  •this Figure is in °C whereas for the 

solution of the above equations it is in °K. 
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APPENDIX I 

Calculation of the Ionic Transport Number of Zirconia  
as a Function of Oxygen Partial Pressure  

The total electrical conductivity of a material is 

given by the sum of the ionic (ai) and electronic (a e ) components: 

Ea = a- -+ a e  

and the ratio of each component conductivity to the total gives 

the transport number for that species, i.e., t i  = a i/Ea and 

te  = a e/Ea, hence 

t- 	a. = 
t e 	ae  

Assuming that the ionic conductivity is independent of P 02 and 

that the electronic conductivity is proportional to P 02 
4  ( 1,5,37,40) 

then 

ti _ 
te 	k' p -4 - 

K x P, 14  

0 	
u2 

2  

where K, k and k' are constants. 

Zirconia at 1600°C  

From the data given in Figure 49, the oxygen partial 

pressure at which the ionic and electronic conductivities are 

equal at 1600°C is approximately 10 -16  atmospheres. Under these 

conditions ti = te  = 0.5 and hence, 

K (10 1e- -) 4  = 1 

i.e., 	 K = 104 

(1) 



12  

Substitution of this value for K and of t e  = 1 - t i  into equation 

(1) gives the expression for the variation of t i  with P02 : 

ti 	
= 10 4  x P

o;
'4 (1 - ti) 

Zirconia at 1000°C 

From Figure 49, (P 02  ) 0  5 is approximately 10 -23  atmos-• 

pheres at 1000°C and hence K may be shown to be 5.62 x 10 5 . 

Consequently,theexpressionrelatingt-and P,
u 
 is given by: 
2 

ti  - 5.62 10 5  x P 4  (1 " ti) 	 0 2  

The solutions for equations (2) and (3) are given below for 

selected values of ti. The data is presented graphically in 

Figure 50. 

TABLE 1 

Variation of t i  with P,  for Zirconia at 1000°C and 1600°C  

ti 	- Log P
02 	

(1000°C) 	- Log P, 	(1600°C) 
u2  

	

0.99 	 15.02 	 8.02 

	

0.95 	, 	17.8 8 	 10.88 

	

0.90 	 19.18 	 12.18 

	

0.80 	 20.59 	 13.59 

	

0.70 	 21.53 	 14.53 

	

0.60 	 22.29 	 15.29 

	

0.50 	 23.00 	 16.00 

	

0.40 	 23.70 	 16.70 

	

0.30 	 24.47 	 17.47 

	

0.20 	 25.41 	 18.41 

	

0.10 	 26.82 	 19.82 

	

0.05 	 28.11 	 21.11 

	

0.01 	 30.98 	 23.98 
, 

(2) 

(3) 
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APPENDIX J 

Calculation of Concentration Cell emf from Thermodynamic Data  

Both the cell emf and the oxygen gradient across the 

electrolyte may be calculated from the Nernst equation: 

AG = -nFE = -RT ln P1/P2 

where AG (cal/mole) is the free energy of the cell reaction in 

which an emf E (volts) is developed by the passage of n faradays 

through an electrolyte at a temperature T°K having an oxygen 

concentration gradient given by (13 1 /P2) atmospheres. F is the 

Faraday constant (23,066 cal/V/mole) and R is the gas constant 

(1.9865 cal/mole/°K). 

(i) The Ni,NiO-Fe,Fe0 concentration cell  

The cell emf E is the result of the difference between 

the two half-cell potentials E°: 

E = Ep eo  - E lh o  

which may be obtained from the tabulated standard free energies 

of formation( 35)  (AG°), hence 

E = (AGee0 	AGelio)/ nF 

where  AG, 	FeO and NiO at 600 ° C and 1200°C are as shown below: 

600 ° C 

AG. 	-49,380 

(NiO) 	-38,552  

1200 °C 

-40,638 

-26,278 cal/mole 

Hence, the emf given by a cell operating at 1200°C is given by: 

E = -(-40,638 - -26,278)/2(23,066) volts 

= + 311.2 mv 
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Similarly, it may be shown that the cell will develop an emf of 

234.7 mv at 600°C. 

(ii)  The air-liquid Fe,Fe0 concentration cell  

From the data given in Appendix H and Figure 48 it has 

been shown that the equilibrium partial pressure of oxygen in 

liquid Fe-Fe0 is approximately 10 -8  atmospheres at 1600°C. Hence, 

a concentration cell established between an air reference elec-

trode and this liquid metal-metal oxide system would develop an 

emf given by: 

E  RT ln ,p a i r  _ 1.987 x.1873.16 • 	0.21 
nF 	P-Fe 	

1n  ( i0.) 23,066 	TU=-8) 

= 680.1 mv. 

However, in practice, voltages of approximately one volt are 

developed in cells operating at 1600°C in commercial steel using 

an air reference electrode. This corresponds to an oxygen partial 

pressure in the steel given by P Fe : 

ln Pair 	1.0  x.4 x 23,066 - 24 .789 
PFe = 
— 1.987 x 1873.16 

Pair = 5.8 x 10 1 ° 
TFe PFe = 3.6 x 10 -12  atm. 

which indicates how far from the Fe-Fe0 equilibrium that commercial 

steel-making furnaces are operated. 
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APPENDIX K 

Emf Versus Temperature Data Obtained from a Concentration Cell 
Operating Between 650 °C and 1150 oC 

(i) The Fe,Fe0-Ni,Ni0 Cell  

The data below were obtained using as-fired reference 

electrodes which were replaced after each run. Each datum point 

was recorded only after the system had attained thermal and 

electrical equilibrium. 

TABLE 1 

Experimental Results  

Run No. 	emf my 	Temp °C 	Run No. 	emf my 	Temp °C 

1 	272 	963 	9 	238 	797 
259 	882 	 231 	741 
246 	792 	 226 	731 
233 	738 

10 	263 	1015 
2 	240 	814 	 256 	979 

256 	912 	 244 	932 
269 	978 	 228 	870 

211 	786 
3 	268 	972 	 201 	734 

243 	828 	. 
236 	775 	11 	284 	1029 

280 	996 
7 	254 	897 	 274 	948 

243 	860 	 267 	900 
234 	820 	 257 	842 
227 	790 	 243 	783 
211 	725 	 219 	710 
203 	685 

12 	292 	1064 
8 	271 	909 	 285 	1017 

260 	855 	 278 	983 
252 	816 	 265 	909 
241 	771 	 252 	849 
230 	681 	 236 	791 

9 	276 	1003 	13 	204 	698 
260 	915 	 220 	741 
255 	892 	 241 	803 
247 	838 	 255 	869 

....Table Continued 
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TABLE 1 (continued) 

Run No. 	emf mv 	Temp °C 	Run No. 	emf my 	Temp °CI 1  13 	267 	917 	14* 	268 	946 
274 	960 	 258 	907 
283 	1011 	 249 	858 

241 	846 
14* 	240 	757 

235 	744 
252 	826 
265 	936 
273 	973 

Data for Figure 54. 

A least squares. analysis of the above data gave  the  

equation: 

emf (mv) - 0.1974 T ° C + 79.48 

as the straight line of best fit with a correlation coefficient of 

0.91. From this equation, values of emf were derived for given 

values of temperature in the range 600 ° C to 1200 ° C and data for a 

95% confidence bandwere obtained for the line as a whole (49) . 

These  data, which are given in Table 2 below, together with the data 

from Table 1, are presented in Figure 55. 

TABLE 2 

Confidence Interval Estimates for the Line as a Whole  

Given Temp °C 	Calculated emf 	95% Limits of emf 

	

600 	 197.9 	189.7 	- 	206.1 

	

650 	 207.8 	200.9 	- 	214.6 

	

700 	 217.7 	212.1 - 	223.2 

	

750 	 227.5 	223.9 	- 231.9 

	

800 	 237.4 	234.0 	- 	240.8 

	

850 	 247.3 	244.4 	- 	250.2 

	

900 	 257.1 	254.0 	- 	260.3 

	

950 	 267.0 	263.1 - 	270.9 

	

1000 	 276.9 	271.9 - 	281.9 

	

1050 	 286.8 	280.5 	- 	293.0 

	

1100 	 296.6 	289.0 - 	304.2 

	

1150 	 306.5 	297.5 - 	315.5 

	

1200 	 316.4 	306.0 - 	326.8 
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(ii) The Co,CoO-Ni,Ni0 Cell  

The same experimental arrangement was used as in (i) 

above, only the Fe, FeO electrodes were replaced by the Co, Co0 

electrodes. 

TABLE 3 

Experimental Results  

Run No. 	emf mv 	Temp ° C 	Run No. 	emf mv 	Temp ° C 

21 	68.0 	691 	25 	92.1 	964 

	

79.5 	823 	 90.8 	946 

	

90.2 	970 	 86.9 	893 

	

95.0 	1042 	 86.0 	878 

	

99.3 	1100 	 77.9 	781 

	

87.5 	928 	 71.6 	703 

	

86.0 	906 	 71.0 	700 

	

83.8 	884 	 69.0 	673 

	

80.8 	856 	 67.5 	656 

	

79.5 	832 	 66.8 	650 

	

76.9 	798 

	

74.6 	773 	26 	89.2 	935 

	

72.9 	749 	 84.8 	884 

	

70.5 	730 	 84.3 	882 

	

69.9 	717 	 82.0 	843 

	

68.0 	708 	 81.0 	835 

	

67.4 	684 	 79.6 	821 

	

75.0 	672 	 78.0 	807 

	

77.3 	806 
23 	87.6 	930 	 71.4 	741 

	

80.0 	836 	 69.9 	707 

	

73.8 	817 
27 	76.4 	773 

24 	102.4 	1110 	 83.3 	855 

	

99.3 	1081 	 85.5 	880 

	

95.8 	1045 	 88.0 	901 

	

90.2 	993 	 93.4 	970 

	

86.0 	949 
28 	86.3 	935 

25 	100.7 	1071 	 85.0 	920 

	

96.8 	1019 	 84.0 	905 

	

96.3 	1012 	 83.1 	893 

	

93.0 	979 	 82.5 	891 
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TABLE 3 (continued) 

Run No. 	emf my 	Temp °C 	Run No. 	emf my 	Temp °C 

28 	82.0 	885 	30 	79.2 	807 

	

81.5 	879 	 78.0 	795 

	

80.0 	870 	 76.8 	788 

	

79.0 	849 	 76.5 	782 

	

78.0 	837 	 74.9 	761 

	

76.0 	828 	 74.1 	759 

	

75.1 	823 	 73.1 	752 

	

80.6 	889 

	

88.8 	967 	31 	101.6 	1092 

	

89.0 	968 	 99.9 	1059 

	

90.0 	977 	 99.1 	1049 

	

95.4 	1047 	 96.4 	1021 

	

98.1 	1080 	 92.2 	960 

	

99.2 	1090 	 91.2 	952 

	

99.9 	1097 	 89.2 	926 

	

101.1 	1105 	 87.5 	903 

	

101.9 	1117 	 85.9 	883 

	

83.0 	841 
29 	104.3 	1142 	 81.2 	825 

	

105.0 	1154 	 79.0 	791 

	

103.0 	1118 	 74.2 	740 

	

102.0 	1108 	 72.5 	721 

	

100.8 	1087 

	

98.7 	1075 	32 	99.6 	1081 

	

96.0 	1027 	 96.7 	1058 

	

95.0 	1015 	 93.5 	1011 

	

94.1 	1004 	 90.8 	960 

	

91.2 	989 	 85.0 	896 

	

84.6 	906 	 83.0 	872 

	

78.6 	834 	 82.1 	861 

	

74.9 	786 	 80.6 	846 

	

79.9 	835 
30 	100.9 	1080 	 78.5 	817 

	

98.6 	1035 	 77.1 	794 

	

96.2 	1016 	 76.4 	786 
' 	93.2 	983 	 74.6 	774 

	

89.1 	925 

	

87.7 	911 

	

83.9 	860 

	

82.1 	846 

	

81.2 	833 

	

80.2 	823 
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A least squares analysis of the above data gave the equation: 

emf (mv) - 0.0795 T °C + 13.79 

as the line of best fit with a correlation coefficient of 0.98. 

As in part (i) above, this equation was used to obtain the mean 

value of the emf for a given temperature in the range 600 ° C to 

1200 °C and data for a 95% confidence band for the line as a whole 

were derived. (49)  . 

TABLE 4 

Confidence Interval Estimates for the Line as a Whole  

Given Temp °C 	Calculated emf 	95% Limits of emf 

	

600 	 61.49 	 60.60 	- 	62.49 

	

650 	 65.47 	 64.70 	- 	66.23 

	

700 	 69.44 	 68.80 	- 	70.08 

	

750 	 73.42 	 72.89 - 	73.95 

	

800 	 77.39 	 76.96 	- 	77.82 

	

850 	 81.37 	 81.00 - 	81.73 

	

900 	 85.34 	 85.00 - 	85.68 

	

950 	 89.32 	 88.95 	- 	89.68 

	

1000 	 93.29 	 92.85 - 	93.73 

	

1050 	 97.27 	 96.73 - 	97.80 

	

1100 	 101.24 	100.59 - 101.89 

	

1150 	 105.22 	104.45 - 	105.89 

	

1200 	 109.19 	108.30 - 110.08 

These results are presented in Figure 56. 
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APPENDIX L 

Properties of Partially Stabilized Zirconia Materials A to F  

(i) Tap Density  

A sample of powder from each batch was placed in a 100 ml 

measuring cylinder and vibrated to the minimum volume. From the 

sample weight and tap volume, the tap density was determined. 

TABLE 1 

Tap Density of Materials A to F  

Weight 	Volume 	Tap Density 	Drying Material 
g 	ml 	g/ml 	Process 

A 	13.6 	72 	0.19 	 FD 

B 	11.2 	77 	0.15 	FD 

C 	82.7 	85 	0.97 	 SD 

D 	< 	10.0 	70 	0.14 	 FD 

E 	15.0 	80 	0.19 	 FD 

F 	53.8 	80 	0.67 	 SD 

* FD freeze-dried, SD spray-dried 

(ii) Weight Loss on Ignition  

Small batches of powder (approximately 3 g) were calcined 

in platinum crucibles in air for one hour prior to determining the 

surface area of the samples. The weight loss incurred during this 

heating is recorded in Table 2. 

The data show the basic division of the different materials 

into the two groups which were either well-washed or unwashed during 

the wet processing stages. The additional loss shown by materials E 

and F is due to the retention of NI-14C1 in the unwashed powders. 
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TABLE 2 

Percentage Weight Loss on Ignition of Materials A to F  

Material 	 Temperature 

850 	900 °C 	950 °C 	1000 °C 	1050 °C 	1100 

A 	 20.3 	20.4 	20.4 	20.5 

B 	16.5 	16.7 	17.3 	17.6 	20.1 	21.0 

C 	24.0 	24.0 	24.1 	24.2 	24.3 	24.4 

D 	 13.5 	13.6 	13.8 	14.0 

E 	 36.4 	37.5 	37.5 	37.6 

F 	 38.5 	39.0 	39.1 	39.2 

2+  
(iii) Concentration of Soluble Cl and M in As-Prepared 

and Calcined Materials A to F 

A 1.000-g sample of each material was reslurried in dis-

tilled water to give a total volume of 100 ml. The concentration 

of C1-  and M2 + ions in the solution was determined using a calib-

rated specific ion electrode. 

TABLE 3 

Concentration of Cl-  in Dried As-Prepared Materials  

[C1 - ] 	[C1- 1 	e Wt % C1-  in Material mole/litre 	g/litre 	Powder  

3.7 x 10 -3 0.1314 	1.3 

B 	3.4 x 10-3 0.1207 	1.2 

C 	4.0 x 10 -3 0.1420 	1.4 

D 	3.0 x. 10-3 0.1065 	1.1 

E 	6.4 x 10-2 2.2720 	22.7 

F 	6.0 x 10 -2 2.1300 	21.3 
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TABLE 4 

Concentration of Cl -  in Dried Calcined Materials  

Material 	[C1- ] 	[C1] 	Wt of Cl-  in 
 	mole/litre 	g/litre 	Powder 

A 1000 °C 	8.6 x 10 	0.31 

B 	975 °C 	5.0 x  10 	0.18 

C 	975 ° C 	1.3 x  10 	0.46 

D 1000 °C 	6.8 x 10 	0.24 

E 	935 °C 	5.4 x  10 	, 	1.92 

F 	935 °C 	5.4 x  10 	1.92 

TABLE 5 

Concentration of Divalent Ions in Dried As-Prepared Materials  

Material 	
[M2 ] 	[M2 ] 	Wt of M

2+ in 
, 	 mole/litre 	g/litre* 	Powder 

A 	1.8 x 10 -3 0.0720 	0.72 

B 	1.4 x 10 -3 0.0560 	0.56 

C 	1.1 x 10-3 0.0440 	0.44 

D 	1.3 x 10-3 0.0520 	0.52 

E 	1.3 x 10
-2 1.7514 	17.51 

F 	2.7 x 10
-2 3.6509 	36.51 

*In the conversion of the concentration of M2+  ions from mole/ 
litre to g/litre, it was assumed that only Ca2+  ions were present 
in materials A to D and hence the term for concentration in g/ 
litre was obtained by multiplying the mole/litre figure by 40 - 
the atomic weight of Ca. However, in the case of materials E 
and F, it was assumed that the electrode responded only to the 
presence of Zr02+  and ZrC12 24-  ions - comparison with the data 
for materials A to D shows that the concentration of Ca2+  is 
approximately 10% of the total divalent-ion concentration in 
materials E and F. Consequently, it was assumed that the di-
valent zirconium ions were present in equal concentrations and 
hence the mean atomic weight of 134.72 was used as the factor to 
convert the concentration data from mole/litre to g/litre. 
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TABLE 6 

Concentration of Divalent Ions in Dried Calcined Materials 

Material 	
[M2+] 	[M2  +] 	Wt % M2+  in 

mole/litre 	g/litre 	Powder 

A 1000 °C 	1.8 x 10 	0.072 

B 	975 °C 	1.2 x  10 	0.048 

C 	975 °C 	2.3 x  10 	0.092 

D 1000 °C 	1.1 x l0 	0.044 

E 	935 °C 	4.0 x  l0 	 ? 

F 	935 °C 	1.1 x  10 	 ? 

? Identity of residual divalent ions is unknown 
and hence it is impossible to estimate the 
mean atomic weight. 

(iv) Surface Area Data for Partially Stabilized 
Zirconia Materials A to F  

The surface areas were determined by the method given 

in Appendix E. 

TABLE 7 

Surface Area Versus Temperature Characteristics  •of Materials A to F  

Material 	 Temperature °C  
850 	900 	935 	950 	975 	1000 	1050 	1100 ... 	 , 

A 	 58.12 	 25.98 	 21.27 	20.14 
(17.73) 

B 	56.68 	34.34 	 29.90 	(26.39) 	23.80 	12.10 	6.57 

C 	50.42 	25.78 	 21.15 	(19.49) 	20.56 	8.56 	2.15 

D 	 55.53 	 27.06 	 20.80 	23.51 
(19.98) 

E 	 36.55 	(18.76) 	15.75 	 14.99 	13.78 

F 	 27.84 	(15.51) 	20.75 	 16.72 	14.51 	m
2
/g 

) - Surface area determined after calcination of the main batch of 
each material. 
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(v) Chemical Analysis  

Various samples of undoped and Ca0-stabilized zirconia 

powders were calcined at 1000 °C in air for 30 minutes and sub-

sequently submitted to the Spectrochemistry Section of the Mineral 

Sciences Division for an analysis of the impurity levels in each 

material. The data, obtained by D. P. Palombo and G. L. Mason 

and submitted in report number SL 149-73, is duplicated in Table 8. 

Unfortunately, it is not possible to analyse for chlorine 

by spectrochemical methods and hence their report excluded data on 

the total Cl-  present in each sample. 

TABLE 8 

Chemical Analyses of Undoped and Doped Zirconia Raw Materials  

Material 

Mg 	Ca 	Zr 	Si 	Cu 

Undoped Zr0 2 	0.05 	0.44 	PC 	0.11 	0.025 

	

7.6 mole % CaO 	0.02 	PC 	PC 	0.11 	0.02 

	

11.5 mole % CaO 	0.04 	PC 	PC 	0.1 	0.025 

	

13.8 mole % CaO 	0.05 	PC 	PC 	0.11 	0.009 

	

16.0 mole % CaO 	0.05 	PC 	PC 	0.13 	0.02 

A 	 0.015 	PC 	PC 	0.12 	0.015 

B 	 0.01 	PC 	PC 	0.1 	0.02 

C 	 0.02 	PC 	PC 	0.11 	0.01 

D 	 0.02 	PC 	PC 	0.22 	0.02 

E 	 0.03 	PC 	PC 	0.10 	0.02 

F 	 0.03 	PC 	PC 	0.11 	0.025 

PC - Princi5a1 constituent 

The following elements were sought but not detected: 

Li Be B Na Al P Ti V Cr Mn Fe Co Ni Zn 

Ga Ge As Sr Nb Mo Ag Cd In Sn Sb Ba Ta W 

Pb Bi 
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APPENDIX M 

Density Data for Unfired and Fired Oxygen-Probe Membranes 
Formed from Materials A to F  

It was found convenient to test 120 probe assemblies 

per day under steel-making conditions, consequently at least 20 

membranes were fabricated from each of the six raw materials. 

Random samples were taken from each batch of membranes and the 

density was determined by weighing and measuring both the unfired 

and fired materials. 

TABLE 1 

Density Data for First Batch of Unfired and Fired* 
Oxygen-Probe Membranes  

Material 	Unfired Density 	Fired Density 	Relative Denà-ity g/cc 	 g/cc 	of Fired Sample+  

A 	 2.26 	 5.62 
2.28 	 5.56 
2.28 	 5.68 
2.18 	 5.65 
2.21 	 5.60 

av 	2.24 	 av 	5.62 	 92.6% 

B 	 1.76 	 5.62 
1.71 	 5.41 
1.71 	 5.40 
1.84 	 5.40 
1.79 	 5.39 

av 	1.76 	 av 	5.44 	 89.7% 

C 	 2.06 	 5.12 
1.93 	 4.80 
2.08 	 4.86 
2.01 	 4.79 
2.13 	 4.66 

av 	2.16 	 av 	4.97 	 81.8% 

...Table continued 
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TABLE 1 (continued) 

Unfired Density 	Fired Density 	Relative Density Material 
g/cc 	g/cc 	of Fired Sample 

D 	 1.85 	 5.56 
1.83 	 5.55 
1.81 	 5.49 
1.88 	 5.52 
1.82 	 5.56 

av 	1.84 	 av 5.54 	 91.3% 

E 	 2.05 	 5.47 
2.02 	 5.48 
2.02 	 5.47 
2.05 	 5.55 
1.98 	 5.53 

av 	2.02 	 av 	5.50 	 90.6% 

F 	 2.68 	 4.44 
2.71 	 4.41 
2.36 	 4.54 
2.69 	 4.37 
2.71 	 4.38 

av 	2.63 	 av 	4.43 	 73.0% 

* Samples fired in air at 3 °C/min to  1500 °C  without any soaking 
period. 

+ Based on the average value for the single crystal density deter-
mined by X-ray diffraction (6.068 g/cc, page 37). 

No attempt was made to identify the samples before or 

after firing, hence no conclusions can be drawn regarding any re-

lationship between the individual green and fired density figures 

given above. 

A second batch of membranes was fabricated under the 

conditions given above and the density and firing shrinkage of 

selected samples were determined (Table 2). 
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TABLE 2 

Density Data for Second Batch of Unfired and Fired* 
Oxygen-Probe Membranes 

Material 	Un ired Density 	Fired Density 	Relative Density 	Firing g/cc 	 g/cc 	of Fired Sample 	Shrinkage 

A 	 2.22 	 5.60 	 92.3% 	 26.8% 
2.18 	 5.60 	 92.3% 	 26.8% 
2.26 	 5.66 	 93.3% 	 27.5% 
2.25 	 5.71 	 93.3% 	 27.5% 
2.20 	 5.57 	 91.8% 	 27.8% 

av 	2.22 	av 	5.63 	av 	92.3% 	av 	27.3% 

B 	 1.85 	 5.58 	 92.0% 	 31.0% 
1.81 	 5.59 	 92.1% 	 31.0% 
1.83 	 5.60 	 92.3% 	 31.0% 
1.79 	 5.56 	 91.6% 	 30.3% 
1.82 	 5.58 	 92.0% 	 29.6% 

av 	1.82 	av 	5.58 	av 	92.0% 	av 	30.6% 

C 	 2.16 	 4.54 	 74.8% 	 23.9% 
2.14 	 4.39 	 72.4% 	 23.3% 
2.12 	 4.49 	 74.0% 	 23.9% 
2.12 	 4.47 	 73.7% 	 23.3% 
2.17 	 4.51 	 74.3% 	 23.9% 

av 	2.14 	av 	4.48 	av 	73.8% 	av 	23.7% 

1.92 	 5.73 	 94.4% 	 31.3% 
1.95 	 5.83 	 96.1% 	 31.7% 
1.90 	 5.78 	 95.3% 	 31.3% 
1.84 	 5.83 	 96.1% 	 31.3% 
1.92 	 5.75 	 94.8% 	 31.7% 

av 	1.91 	av 	5.78 	av 	95.3% 	av 	31.5% 

E 	 1.87 	 5.53 	 91.1% 	 31.0% 
1.92 	 5.49 	 90.5% 	 31.7% 
1.91 	 5.64 	 93.0% 	 31.7% 
1.91 	 5.51 	 90.8% 	 31.3% 
1.87 	 5.57 	 91.8% 	 31.0% 

av 	1.90 	av 	5.55 	av 	91.4% 	av 	31.3% 

F 	 2.49 	 3.96 	 65.3% 	 16.9% 
2.50 	 4.06 	 66.9% 	 16.9% 
2.50 	 4.06 	 66.9% 	 16.9% 
2.53 	 3.95 	 65.1% 	 16.9% 
2.57 	 4.03 	 66.4% 	 16.9% 

av 	2.52 	av 	4.01 	av 	66.1% 	av 	16.9% 

* Samples fired in air at 3 oC/min to 1500 o
C without any soaking period. 
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The samples were fired in a tube furnace having a nom-

inal internal diameter of two inches and a hot zone of approxi-

mately three inches. Consequently, two firings were necessary 

and, in each case, one of the materials lay just outside the hot 

zone. It is for this reason that materials C and F had an abnor-

mally low fired density in the second batch of membranes. 

TABLE 3 

Density Data for Third Batch of Unfired and Fired* 
Oxygen-Probe Membranes 

Material 	Unfired Density 	Fired Density 	'Relative Density 	Firing 
g/cc 	 g/cc 	 pf Fired Sample 	Shrinkage  

A 	 2.03 	 5.62 	 93.6% 	 28.0% 
2.10 	 5.65 	 93.1% 	 28.7% 
2.04 	 5.71 	 94.1% 	 28.7% 
2.11 	 5.66 	 93.9% 	 28.7% 
2.09 	 ' 	5.63 	 92.8% 	 29.0% 

av 	2.07 	av 	5.65 	av 	93.5% 	av 	28.6% 

B 	 1.77 	 5.55 	 91.5% 	 31.5% 
1.78 	 5.44 	 89.7% 	 31.5% 
1.80 	 5.49 	 90.5% 	 31.5% 
1.69 	 5.53 	 91.1% 	 31.5% 
1.78 	 5.60 	 92.3% 	 31.5% 

av 	1.76 	av 	5.52 	av 	91.0% 	av 	31.5% 

C 	 2.07 	 4.31 	(5 •75)4 	71.0% (94.8%f 	23.8% 
2.04 	 4.32 	(5.72) 	71.2%(94.3%) 	23.8% 
2.08 	 4.30 	(5.77) 	70.9%(95.1%) 	23.8% 
2.09 	 4.31 	(5.71) 	71.0% (94.1%) 	23.8% 
2.09 	 4.31 	(5.69) 	71.0%(93.8%) 	23.8% 

av 	2.07 	av 	4.31 	(5.73) 	av 	71.0% (94.4%) av 	23.8% 

D 	 1.79 	 5.71 	 94.1% 	 32.9% 
1.85 	 5.78 	 95.3% 	 32.2% 
1.85 	 5.75 	 94.8% 	 32.5% 
1.86 	 5.81 	 95.8% 	 32.9% 
1.80 	 5.72 	 94.3% 	 32.2% 

av 	1.83 	av 	5.75 	 av 94.9% 	av 	32.5% 

...(Table 3 continued) 
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TABLE 3 (continued) 

Unfired Density 	Fired Density 	Relative Density 	Firing Material 
g/cc 	 g/cc 	 of Fired Sample 	Shrinkage 

E 	 1.78 	 5.72 	 94.3% 	 32.5% 
1.80 	 5.65 	 93.1% 	 32.5% 
1.84 	 5.56 	 91.6% 	 32.5% 
1.81 	 5.59 	 92.1% 	 32.1% 
1.79 	 5.70 	 93.9% 	 32.9% 

av 	1.80 	av 	5.64 	 av 	93.0% 	 av 	32.5% 

F 	 2.46 	 4.26 	(5.35) 	70.2% 	(88.2%)+ 	19.6% 
2.46 	 4.30 	(5.34) 	70.9% 	(88.0%) 	19.6% 
2.43 	 4.28 	(5.42) 	70.5% 	(89.3%)  T 	19.6% 
2.45 	 4.25 	(5.43) 	70.0% 	(89.5%) i 	19.6% 
2.43 	 4.27 	(5.41 	70.4% 	(89.2%) 	19.6% 

1 
av 	2.45 	av 	4.27 	(5.39) 	av 	70.4% 	(88.8%) 	av 	19.6% 

....... 

* Samples were initially fired in air at 3 °C/min to 1500 °C without any 
soaking period. 

+ Samples were subsequently refired to 1600 °C for one hour. 

TABLE 4 

Density Data for Fourth Batch of Unfired.and , Fired* 
Oxygen-Probe Membranes 

Material 	Unfired Density 	
Fired Density 	Relative Density 	Firing 

g/cc 	 g/cc 	of Fired Sample 	Shrinkage 

A 	 2.09 	 5.83 	 96.1% 	 28.7% 
2.13 	 5.77 	 95.1% 	 28.3% 
2.18 	 5.73 	 94.4% 	 29.0% 
2.16 	 5.73 	 94.4% 	 29.4% 
2.15 	 5.80 	 95.6% 	 29.4% 

av 	2.14 	av 	5.77 	av 	95.1% 	av 	29.0% 

B 	 1.78 	 5.65 	 93.1% 	 32.2% 
1.76 	 5.63 	 92.8% 	 32.2% 
1.83 	 5.69 	 93.8% 	 31.8% 
1.79 	 5.72 	 94.3% 	 31.5% 
1.76 	 5.65 	 93.1% 	 33.6% 

av 	1.78 	av 	5.67 	av 	93.4% 	av 	32.3% 

(Table 4 continued) 
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TABLE 4 (continued) 

Unfired Density 	Fired Density 	Relative Density 	Firing Material 
g/cc 	____ g/cc 	of Fired Sample 	Shrinkage 

C 	 2.10 	 5.80 	 95.6% 	 30.8% 
2.08 	 5.80 	 95.6% 	 30.8% 
2.12 	 5.92 	 97.6% 	 31.1% 
2.11 	 5.87 	 96.7% 	 31.1% 
2.09 	 5.84 	 96.2% 	 30.8% 

av 	2.10 	av 	5.85 	av 	96.3% 	av 	30.9% 

D 	 1.86 	 5.89 	 97.1% 	 32.9% 
1.88 	 5.89 	 97.1% 	 32.9% 
1.87 	 5.80 	 95.6% 	 32.5% 
1.88 	 5.92 	 97.6% 	 33.6% 
1.86 	 5.88 	 96.9% 	 33.6% 

av 	1.87 	av 	5.88 	av 	96.9% 	av 	33.1% 

E 	 1.87 	 5.70 	 93.9% 	 32.9% 
1.85 	 5.63 	 92.8% 	 32.5% 
1.88 	 5.75 	 94.8% 	 32.9% 
1.87 	 5.72 	 94.3% 	 32.9% 
1.86 	 5.68 	 93.6% 	 32.9% 

av 	1.87 	av 	5.70 	av 	93.9% 	av 	32.8% 

F 	 2.48 	 5.46 	 90.0% 	 25.9% 
2.47 	 5.50 	 90.6% 	 25.9% 
2.49 	 5.59 	 92.1% 	 26.6% 
2.46 	 5.48 	 90.3% 	 25.9% 
2.47 	 5.58 	 92.0% 	 26.2% 

av 	2.47 	av 	5.52 	av 	91.0% 	av 	26.1% 

* Samples A, B, D, and E were fired in air at 3 °C/min to 1500 °C without 
any soaking period. Samples C and F were fired in air at 3 °C/min to 
1600 °C and held at that temperature for one hour. 
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APPENDIX N 

Field Trials of Oxygen Probes Assembled from Materials A to F  

(a) Heat 9162  

All zirconia membranes in this test were pressed at 

10 ksi and fired in air at 3 °C/min to 1500 °C with no soaking 

period. The cells were assembled with a self-contained gas refer-

ence and were tested in steel at approximately 1600 ° C. 

TABLE 1 

Emf Data for Probes Tested in Liquid Steel  

. 	 Mean and Standard 

	

Sample 	Test No. 	Temp 0C 	emf 	emf* volts 	1600 	Deviation of 1600 oC Data  

	

QH** 	1 	1595 	1.046 	1.049 
2 	 1.057 	1.060 
3 	 1.050 	1.053 
4 	 1.050 	1.053 
5 	 1.055 	1.058 

14 	1602 	1.045 	1.044 
23 	 1.043 	1.041 
24 	 1.043 	1.041 
25 	1605 	1.040 	1.037 
26 	 1.043 	1.040 
41 	 1.050 	1.055 
42 	 1.057 	. 	1.062 
43 	 1.057 	' 	1.062 
44 	 1.057 	1.062 
45 	1592 	1.046 	1.051 
61 	 1.055 	1.060 	m 	1.052 	V 
64 	 1.052 	1.057 
65 	 1.048 	1.053 	s 	0.0084 V 

A 	7 	 0.998 	1.003 
8 	1590 	1.002 	1.007 
9 	 1.010 	1.013 

11 	 0.997 	0.999 	m 	1.000 	V 
12 	 0.993 	0.993 
13 	1602 	0.988 	0.987 	s 	0.0103 V 

Table 1 continue 
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TABLE 1 (continued) 

(-Mean and Standard • 	emf bample 	Test No. 	Temp o 	volts 	
emf* 	Deviation of 1600 1600 oC 

B 	 6 	 1.000 	1.004 

	

15 	 1.000 	1.004 

	

16 	 1.010 	1.009 

	

17 	 1.010 	1.009 

	

18 	1602 	1.002 	1.001 

	

19 	 1.006 	1.005 

	

20 	 1.005 	1.004 	m 	1.002 	V 

	

21 	 0.996 	0.994 

	

22 	 1.000 	0.998 	s 	0.0050 V 

C 	27 	 - 	Noise 

	

28 	 - 	Noise 

	

29 	 - 	Notrigger 

	

30 	 0.980 	0.984 

	

31 	 - 	Noise 

	

32 	 0.988 	0.992 

	

33 	 - 	Noise 

	

34 	1592 	0.985 	0.989 

	

35 	 - 	Noise 	Very noisy 

D 	36 	 1.007 	1.011 

	

37 	 1.007 	1.011 

	

38 	 1.005 	1.009 	m 	1.010 	V 

	

39 	 1.002 	1.006 

	

40 	 1.010 	1.014 	s 	0.0029 V 

E 	46 	 1.002 	1.006 

	

47 	 - 	Noise 

	

48 	 1.001 	1.005 

	

49 	 0.986 	0.990 

	

50 	 1.008 	1.012 

	

51 	 0.997 	1.001 	m 	1.002 	V 

	

52 	 - 	Noise 

	

53 	 0.995 	0.999 	s 	0.0074 V 

	

54 	1595 	0.93 	Noisy 

	

55 	 0.90 	Noisy 

	

56 	 0.90 	Noisy. 

	

57 	 0.93 	Erratic 

	

58 	 - 	Noise 

	

59 	 - 	Noise 

	

60 	 0.92 	Noisy 

	

66 	 0.93 	Noisy 

	

67 	 - 	V.erratic 

	

68 	 0.95 	Noisy 

	

69 	 - 	Noise 

	

70 	 - 	V.sloping 	Very noisy 

* All the emf datawere corrected- using the Nernst relationship 
to a theoretical value which would be developed at 1600 ° C. 

** QH - Commercially available probe manufactured by Quality 
Hermetics Ltd., Toronto. 
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(b) Heat 9420  

All membranes were pressed at 10 ksi and fired in air 

to 1500 °C with no soaking period. The cells were assembled with 

a self-contained gas reference and tested in steel at approximately 

1600 ° C. 

TABLE 2 

Emf Data for Probes Tested in Liquid Steel  

Mean and Standard 
ef 	emf 

	

o 	m ample 	Test No. 	Temp 	C 	volts 	1600 	Deviation of 1600 °C Data  

QH 	1 	1607 	1.053 	1.049 

	

2 	 1.042 	1.041 

	

3 	1595 	1.052 	1.055 

	

4 	 1.042 	1.042 

	

5 	 - 	No trig 

	

24 	 1.045 	1.037 

	

25 	 1.039 	1.031 

	

26 	 1.040 	1.032 

	

27 	 1.039 	1.031 

	

28 	1615 	1.042 	1.034 

	

29 	 1.040 	1.032 

	

39 	 1.040 	1.036 

	

48 	 - 	Fail 

	

49 	 1.050 	1.048 

	

58 	 1.042 	1.042 

	

65 	 1.045 	1.042 	m 	1.039 	V 

	

73 	 1.045 	1.040 

	

81 	1605 	1.040 	1.037 	s 	0.0072 V 

A 	30 	 1.000 	0.993 

	

31 	 - 	Erratic 

	

32 	 - 	Erratic 

	

33 	 1.005 	0.999 

	

34 	 - 	Erratic 

	

35 	 0.980 	0.975 

	

36 	 0.988 	0.983 	m 	0.986 	V 

	

37 	 0.980 	0.975 

	

38 	 0.995 	0.990 	s 	0.0098 V 

B 	40 	 (0.920) 	- 

	

41 	 0.990 	0.986 

	

42 	 0.992 	0.988 

	

43 	 1.002 	0.999 

	

44 	 1.005 	1.002 

(Table 2 continued) 
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TABLE 2 (continued) 

Mean and Standard o  Sample 	Test No. 	Temp 	 emf 	Deviqion of 
volts 	1600 1600 C Data  

B 	45 	1605 	1.010 	1.007 	m 	0.994 	V 
46 	 1.020 	1.017 
47 	 1.000 	0.997 	s 	0.0107 V 

C 	50 - 57 	All samples shorted due to metal penetration 

D 	59 	1600 	0.997 	0.997 
60 	 1.005 	1.005 
61 	 1.001 	1.000 	m 	1.000 	V 

, 	62 	 1.002 	1.001 
63 	 0.998 	0.996 	s 	0.0036 V 

E 	66 	 0.996 	0.993 
67 	 Erratic 
68 	 1.020 	1.016 
69 	 0.997 	0.993 	m 	0.999 	V 
70 	 1.005 	1.001 
71 	 0.997 	0.992 	s 	0.0102 V 

F 	74 - 80 	All samples shorted due to metal penetration 

(c) Heat 9654  

All the samples were formed under a pressure of 10 ksi 

and fired in air at 3 °C/min to 1500 °C without any soaking period. 

Because of the poor performance of membranes C and F in the earlier 

trials due to their considerable open porosity on firing under 

these conditions, these particular samples were subsequently re-

fired in air at 3 °C/min to 1600 °C and held at that temperature for 

1 hour in order to develop a relative density comparable to the 

other membrane materials (Table 3, Appendix M). 
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TABLE 3 

Emf Data for Probes Tested in Liquid Steel  

_ 
-Mean and Standard 

	

o 	emf 	emf Sample 	Test No. 	Temp 	C 	volts 	1600 	Deviation of 1600 oC Data  

A 	4 	1600 	1.012 	1.012 

	

5 	 1.006 	1.005 

	

6 	 1.012 	1.010 	m 	1.011 	V 

	

7 	 - 	Noise 

	

8 	 1.022 	1.018 	s 	0.0054 V 

B 	 9 	 1.000 	0.995 

	

10 	 1.000 	0.994 

	

11 	 1.000 	0.993 

	

12 	 1.000 	0.992 	m 	0.989 	V 

	

13 	1618 	0.975 	0.966 

	

14 	 1.001 	0.992 	s 	0.0112 V 

C 	15 	 1.019 	1.010 

	

16 	 1.014 	1.006 	m 	1.010 	V 

	

17 	 1.020 	1.012 

	

18 	 1.017 	1.010 	s 	0.0025 V 

D 	22 	 0.986 	0.981 

	

23 	 1.019 	1.014 

	

24 	 0.987 	0.982 	m 	0.996 	V 

	

25 	 1.010 	1.005 

	

26 	 - 	Noise 	s 	0.0166 V 

E 	27 	 1.000 	0.997 

	

28 	 1.001 	0.999 

	

29 	 0.996 	0.995 	m 	0.998 	V 

	

30 	 0.985 	0.986 

	

31 	 1.012 	1.014 	s 	0.0101 V 

F 	32 	 1.018 	1.021 

	

33 	 1.008 	1.012 

	

34 	 1.016 	1.021 	m 	1.024 	V 

	

35 	1590 	1.036 	1.042 

	

36 	 1.018 	1.023 	s 	0.0110 V 

Also tested in heat 9654 was the fourth batch of materi-

als in which the raw materials A, B, D, and E were fired at 3 °C/ 

min to 1500 ° C with no soak, whereas materials C and F were fired 

at the same heating rate to 1600 °C and held at that temperature 

for one hour (Table 4, Appendix M). The results obtained with 

these membranes are given in Table 4. (Note: Materials C and F 
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had only a single firing in this batch compared to the refired 

material used in the third batch, Table 3). 

TABLE 4 

Emf Data for Probes Tested in Liquid Steel  

Mean and Standard 
emf 

ample 	Test No. 	Temp o  C 	emf 	Deviation of 

	

S 	1600 1600 oC Data  

A 	38 	1593 	1.015 	1.019 
39 	 1.015 	1.018 	m 	1.017 	V 
40 	 1.013 	1.015 
41 	 - 	No trig 	s 	0.0021 V 

B 	42 	1600 	- 	Fail 
43 	 - 	Fail 
44 	 - 	Fail 
45 	 0.999 	0.996 
46 	 - 	Fail 

C 	47 	 1.001 	0.996 
48 	1610 	1.016 	1.011 	m 	1.000 	V 
49 	 1.010 	1.004 
50 	 0.995 	0.989 	s 	0.0096 V 

D 	52 	 0.995 	0.990 
53 	 1.006 	1.001 	m 	0.994 	V 
54 	 0.995 	0.990 
55 	1610 	1.000 	0.995 	s 	0.0052 V 

E 	56 	 1.006 	1.001 
57 	 1.001 	0.996 
58 	 0.980 	0.974 
59 	 - 	Noise 	m 	0.985 	V 
60 	 0.997 	0.991 
61 	 0.970 	0.964 	s 	0.0156 V 

F 	62 	 1.014 	1.008 
63 	 1.019. 	1.013 
64 	 1.020 	1.014 	m 	1.013 	V 
65 	 1.021 	1.015 
66 	 1.021 	1.015 	s 	0.0029 V 
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