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ABSTRACT 

Galvanic cells using saturated and unsaturated solutions 

of oxygen in liquid sodium in contact with thoria-based electrolytes 

were examined. The former proved unsuccessful due to corrosion 

of the electrolyte by Na20, whereas the latter proved successful 

provided that certain precautions are taken. 

The feasibility of Group Ha oxides being used as solid 

electrolytes in contact with Na + Na20 or Na [0] with respect 

both to ionic conduction and corrosion resistance was also exa-

mined. This was done by measuring the transport numbers of 

these oxides under oxygen potentials similar to those encountered 

when Na + Na20 or Na [ 0] is present. The corrosion resistance 

was examined separately under Na + Na20. 

A preliminary study of the corrosion of tantalum by Na + 

Na20 was also made. 
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PREFACE' 

The subject matter of this Thesis has been arranged for 

convenience. The historical sequence was, in fact, different. 

The experiments on the saturated solutions of oxygen in sodium were 

the first to be carried out, and were followed by the work covered 

in Part II and the second half of Part III. When impervious 

electrolyte tubes became available the experiments on the un-

saturated solutions of oxygen in liquid sodium and the first half 

of Part III were carried out concurrently. 

For this reason a number of cross-references was found 

necessary, for which, the author requests the reader's patience. 
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PART ONE 
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THE DETERMINATION OF THE SOLUBILITY 

OF OXYGEN 

IN LIQUID SODIUM 

1. 0 INTRODUCTION 

Ever since liquid sodium was adopted as the coolant in 

fast nuclear reactor installations the need to know PEEN accurately 

the oxygen content of the liquid sodium in the circuit was felt very 

severely. The reason was that metals having an affinity for 

oxygen greater than that of sodium are present in the circuit either 

as pure metals or as admixtures in stainless steels which are widely 

used in such installations. If the oxygen content of the liquid metal 

is favourable, oxidation of these metals will result. Adherent 

oxide layers can reduce the rate of heat exchange, whereas non-

adherent oxides can create blockages in the liquid metal circuit. 

There are two methods by means of which the oxygen 

content of liquid sodium can be maintained at low values. The first 

is the use of a 'cold trap' where advantage is being taken of the 

fact that the oxygen solubility is greatly reduced at temperatures 

just above the melting point of liquid sodium. The second is the 

use of 'hot traps' which make use of the far greater affinity for 

oxygen of other metals. 
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To make proper use of these methods one needs to know 

the actual oxygen content in the liquid sodium at any moment, 

So far, this is done by analysing samples of sodium. This 

techninue is, however, laborious and can only be applied inter-

mittently. Of a fairly large number of methods (cf. SMITH and 

GRMSER) for the determination of oxygen in sodium, polaro-

graphy, spectroscopy, mass spectroscopy, coulometry and gal-

vanometry are the only ones which are both specific for oxygen 

and can be used in conjunction with automatic monitoring devices. 

Coulometry has been associated with the ionic conductivity of 

adherent oxide films on suitable gettering metals, and gal-

vanometry with the use of suitably designed oxygen concentration 

galvanic cells whereby the oxygen content can be measured against 

a standard electrode. 

The present work is concerned with the development of 

a suitable galvanic method. 
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1. 1. LITERATURE REVIEW  

1. 1. 1 
ANALYTICAL METHODS AND THEIR LIMITATIONS. 

Our present knowledge of the oxygen solubility in 

liquid sodium is based on the results of analytical methods 

where amalgamation or vacuum distillation are employed to 

separate the metallic sodium from its oxygen carrying im-

purities, whose sodium content is determined in the next stage. 

The oxygen content of the sample is calculated on the assumption 

that oxygen and sodium are combined only in the form of Na20. 

The solubility data published so far have been obtained 

by sampling larger amounts of sodium saturated with oxygen at 

various temperatures. Saturation is referred to Na20 being 

present at equilibrium with the liquid metal. Saturation experi-

ments have been carried out in glass or stainless steel apparatus. 

Glass apparatus have been used at lower temperatures where the 

reaction of sodium with glass is believed to be insignificant. 

Above 3000 C, however, sodium reduces very significantly a 

number of glass constituents and for this reason stainless steel 

apparatus are being used. 
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There is some evidence that the published data are not 

independent of the particular analytical method used to obtain 

them. Before proceeding further, therefore, it is worth des-

cribing briefly the main analytical methods used. The samples 

are taken by means of filters through which the liquid metal is 

made to pass. These filters have a pore size of 5p, , and they 

are assumed to retain all oxygen bearing solid particles which 

may be suspended in the liquid metal. This, however, is not 

strictly so because particles of a smaller size can pass through 

the filter. The use of such filters can,therefore,lead to apparent 

solubility values which are higher than the true ones. There is 

at present no way of establishing how much these values may 

differ. 

Further, the samples are transferred into the analytical 

apparatus under a blanket of purified argon. Here also, the 

assumption is made that there is no exchange of oxygen between 

the sample and the gas blanket or the analytical apparatus. 

Considering, however, the fact that the oxygen partial pressure 

at equilibrium with Na + Na20 at 200 and 300°  C is respectively 

-80 	-60 10 	or 10 	atm, a suspicion is cast over the cleanliness of 

the gas and/or apparatus. However carefully the degassing may have 



14 

been carried out it is practically impossible to remove oxygen 

so completely. Admittedly, below a certain value of oxygen 

pressure the oxygen pickup will be so slow as to be immeasur-

able. This, however, is certainly affected by a number of 

parameters, as for example, the weight of sample, the volume 

of the apparatus, the time required for analysis, the leakage 

rate of the apparatus etc, and it is possible that such para-

meters may introduce positive errors. 

Errors can also originate from the particular technique 

used for the separation of metallic sodium from oxygen bearing 

impurities. Separation by amalgamation uses about 3 kg of 

mercury in 8-10 cycles of vigorous shakings which are believed 

to remove all metallic sodium. The same result is obtained by 

vacuum distillation which in order to be effective must be 

carried out at 300-500 C in vacua of 1C-3 - 10-4 torr and for as 

long as 3 - 7 hours. These methods also remove as amalgam 

or distillate, apart from sodium metallicimpurities (as alkali 

or alkaline earth metals) according to the ease of amalgamation 

or rate of evaporation under the experimental conditions. The 

residue is taken usually with distilled water and its alkalinity, 

assumed to be exclusively due to sodium, is measured. Non- 
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sodium impurities can in principle be distinguished by flame 

photometry or other methods. 

An important point in all such analyses regards the 

size of the blank. Not all authors agree here. PEPKOWITZ 

& JUDD (1950), for example, maintain that the amalgamation 

method gave an average of 80 - 30 ppm as the oxygen content 

of triple distilled sodium which is questioned by CLAXTON 

(1965). In view of the existing data on the vapour pressure of 

Na20 (cf-ELLIOTT & CLEISER) one should conclude that such 

a high oxygen content resulted from contamination after distil-

lation. 

1.1.2 SOLUBILITY DATA. 

In the light of the above discussion it is not surprising 

that there is a considerable disagreement between the findings 

of various workers. Their log (solubility) versus 1/T plots 

show a break at about 300o C. There is no reason why this 

should appear and it must be associated with the fact that it is 

at this temperature that the change from glass to stainless steel 

apparatus occurs. 



16 

Thus SALMON & CASHMAN have given the equation: 

log (wt% 0) = 1. 266 - 1816/T (115-495°  C), whereas a reassess- 

ment of their results by CLAXTON has given the equation: 

log (wt% 0) = 0. 650 - 1363/T 

The saturation oxygen contents given by WALTERS (1950) 

have also been analysed by CLAXTON who obtained the equations: 

log (wt% 0) = 	a 12 - 1281/T (152 to 296°  C) and log (wt%) = 

2.58 - 2642/T (332 - 549°  C) leading respectively to the following 

heats of solution: 5860 - 1100 and 12090 - 550 cal per gram-mole 

of Na2O. 

Results by BOGARD & WILLIAMS (1951) published 
(31) 

in 1959 indicated the equation log (wt% 0) = -4. 01 + 0. 00351T 

for all results between 110 and 555° C. Their results were 

separated in two groups and reassessed by CLAXTON- the 

following equations were obtained: log (wt%) = - 0.39 - 890/T 

(110 to 300°  C) and log (wt% 0) = 1. 42 - 2091/T (350 - 555°  C) 

leading to heats of solution of 4076 - 250 and 9570 - 910 cal per 

gram-mole of Na20' 
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The work of NODEN & BAGLEY (1954) who used a 

pyrex apparatus between 127 and 332°  C and a stainless steel 

one between 325 and 546o C has resulted, respectively, in the 

equations log (wt% 0) = -0. 22 - 1043/T and log (wt%O) = 3. 40 - 

3146/T leading to heats of solution of 4770 41 850 and 14400 +- 

1300 cal. 

In a work by THORLEY et al referred to by CLAXTON 

where only a stainless steel apparatus and vacuum distillation 

were used the following equation was obtained between 114 and 

292° C : log (wt% 0) = 1.153 - 1803/T leading to a heat of 

solution of 8230 - 180 cal. 

HORSLEY (1959) quoted the equation log (wt% 0) = 1. 266- 

1816/T obtained by EAMES. 

SUBBOTIN et a10(1965) gave the equation log (wt%O) = 

1. 2 - 1900/T without indication of how or by whom it was 

obtained. 

Finally CLAXTON (1965) reassessed all the previous 

results, but those by SUBBOTIN et al. , and obtained the following 

equations: log (wt%) = 1. 21 - 1777/T (110 - 555°  C), log (wt% 0) = 

0.30 - 129C/T (110-300°  C) and log (wt%) = 2.42 - 2576/T 

(300-555°  C) leading respectively to heats of solution of 
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8130 - 370, 5900 - 550 and 11790 - 960 cal per gram-mole of 

Na2O. A visual comparison of all these equations can be obtained 

by means of Fig 1. lwhere it is clearly seen that an overall 

equation covering the range of 110 to 555°  C cannot be in close 

agreerre nt with the experimental results. Both SALMON & 

CASHMAN's and CLAXTON' s overall equations fall in this 

category. Furthermore, and this is important from a statis-

tical viewpoint, since more results have been obtained in the 

lower temperature range a unified equation obtained by the 

method of least squares will be biased in favour of these results. 

The view that glass or stainless steel affect the results 

is reinforced by the placement of THORLEY's equation whose 

slope is much greater of other data obtained with glass apparatus, 

and also by the fact that the two equations, obtained by CLAXTON 

on the basis of BOGARD & WILLIAMSAs results,intersect at 

393o C which is close to the temperature at which they changed 

apparatus (400°  C). Thus the results obtained are in fact in-

fluenced not only by the material with which the saturation apparatus 

is made but also by the temperature at which the change of appa-

ratus occurs. This observation refutes the view that the change 

in slope might be due to a transition point of Na20 at about 3000  C. 
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At this point it is interesting to compare existing data 

on the solubility of oxygen in a few liquid metals as shown in the 

following Table. The value for bismuth is taken from GRIFFITH 

& MALLETT and for lead and tin from ALCOCK & BELFORD and 

BELFORD & ALCOCK. The value shown for sodium is obtained 

by using CLAXTON's equation for the 300 to 555°  C range. 

The values are calculated for the temperature 1. 5 Tm, Tm 

being the melting point of the particular metal in degrees Kelvin. 

The Table shows a qualitative relationship between oxygen 

solubility on the one hand and free energy of oxide formation, 

electronegativity of the metal and ionic radii on the other. 

Oxygen solubility in sodium does not seem to fit in this trend. 

Bi Pb Sn Na 

544 600 495 371 
816 960 742 556 

1. 20 1. 28 O. 65 0. 95 
1. 70 1.75 1. 54 1. 90 

2. 8 1. 8 1. 8 0. 9 

Melting Point Tm (°K) 
1. 5 Tm 

Ionic radius X 
Momic radius X 
0 radius = 1.40 a 
Electronegativity (PAULING) 

t G° form. cal/gm-mole 
02 at 1. 5Tm 

Oxygen solubility (wt%) 
at 1. 5 Trn 

-55900 

-3 2x10 

-61400 

4x10-3 

-101900 	-163200 

1. 2x1G-5 6. 2x10-3 
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FIG. 1.1 
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1. 1. 3 	DATA ON THE Na - Na20 EQUILIBRIUM 

Assessments of the free energy of formation of Na20 

have been given by a number of authors such as COUGHLIN, 

KUBASCHESKI & EVANS, ELLIOTT & GLEISER and others. 

All these assessments are based on thermochemical measure-

ments. Their uncertainty stems from the heat of formation 

and entropy of Na20 at 298°  K. The most reliable values for 

these properties have been given by BREWER (1953): p,Ii°  29 8  = 

-99400 - 1500 cal/gm-mole of Na20 and S298  = 18. 20 - 1. 0 

e. u. /gr. mole of Na20. The values tabulated by KELLEY are 

felt to be more reliable and have led to the following equation: 

(1.1)p G°  = -200920 + 67. 82T cal/gm-mole of Oxygen (500-

1000° K) 

The equations recommended by other people are within 2000 cal 

of the present equation. 
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1. 2. THE USE OF GALVANIC CELLS IN THE PRESENT PROBLEM 

1. 2. 1 ALCOCK & BELFORD were the first to use successfully 

galvanic cells incorporating solid electrolytes for the deter-

mination of oxygen solubilities in liquid lead and tin. Their 

method is, in principle, applicable to all liquid metals and is 

based on the use of a cell like 

(1. 2) 	(Me - MeO)a  I Solid Electrolyte I Me +[ 0] me 

where a reversible electrode of accurately known oxygen activity 

is employed on the L. H. S. and the system under investigation on 

the R. FL S. When purely ionic electrolytes are used the oxygen 

activity in the right halfcell can be changed at will by passing 

a suitable current through the cell. Originally, a saturated 

solution of oxygen in the metal is used on the R. H. S. electrode . 

The cell emf is used to calculate the free energy of formation of 

the oxide at equilibrium with the metal. Next, on passing positive 

current through the cell from left to right, the oxide on the R. H. S. 

electrode is de composed and an unsaturated solution of oxygen is 

obtained. Further removal of oxygen will produce ernfs which 

can be used to calculate the oxygen activity in the liquid metal 

by means of the equation. 
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(1. 3) 	4FE = (L G°  AG
°R) + 2RT Ina [0] 

where E is the cell emf corresponding to oxygen activity a[01 
AG°  the free energy of formation of the oxide on the R. H. S. 

electrode, and AG°R the standard free energy of the reference 

electrode. Starting from an arbitrary point, after unsaturation 

has been obtained, one can plot oxygen removed versus the oxygen 

activity of the solution after titration. Extrapolation to zero and 

unit activity gives on the x-axis the saturation solubility of 

oxygen for the particular experimental temperature. 

Further, this method allows one to predict the free 

energy of any unsaturated solution, or, conversely, obtain the 

oxygen content of such a solution from a measured emf. 

1. 2. 2 It is possible, however, to calculate the oxygen content 

of an unsaturated solution without recourse to thermodynamic data 

for the saturated solution. This method will be given here. 

When purely ionic electrolytes are used, upon current 

titration the amount of oxygen transferred per increment of time 

is given by: 
M 

(1. 4) 	dw = 	idt = 8.29 x 10-5 idt 
Fo 

where M is the electrochemical equivalent of oxygen (8 grin) and 
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Fo the Faraday constant (9650G cal/gm-equivalei t), i being 

measured in Amperes and t in seconds. If the current is 

maintained constant the change in weight of oxygen will be given 

by 

(1. 5) 	w = 8. 29 x 1C-5 it 

Let us assume that the weight of the liquid metal is W 

and a weight of oxygen, iro, dissolved in it at t = o. Upon 

titration a weight of oxygen ow is introduced from the other elec-

trode whose oxygen activity, however, remains constant. The 

change in ,concentration of o--ygen will be given by 

(1.6) 	6[wt%0] = ( w wo +iuv  
wo +6 w  - w wo  wo ) 100 

If the solution is already a dilute one and ew a very small quantity, 

equation (1.6) simplifies to 

Sw v7 (1. 7) 	o[vrtok 	 O w  
106 	+ 2wo 	100  

Taking as the standard state the saturated solution, the 

activity coefficient becomes y = 1/ [wt% 0] sat 

and the activity of unsaturated solutions: 

(1.8) 	all = [wt% d 	[ wt% 0] sat 

which also applies in the differential form: 

(1. 9) 	da" = d [ wt% 0] [ wt% 0] sat 
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which, using equations (1. 4) and (1. 7), leads to 

100 M idt  

	

(1.10) 	da" - FoW [ wt% 0] sat 

This expression can be integrated by placing 

	

(1.11) 	fo idt = it 	= q 

wherei is the average current intensity over time t. The 

equation thus results 

+  100 Mq  

	

(1.12) 	 It a - ao FoW[ wt% 0] sat 

where a" is the oxygen activity at t = o, when the equation holds: 

(1. 13) RT 	a' Eo 	—rt 2F ao 

a' being the activity at the reference electrode and F the Faraday 

constant (23065 cal/volt). The new emf after titration will be: 

(1. 14) 

one thus obtains 

RT a' E 	— ltl --r al  2F 

	

(1.15) 	Eo - 
E  = 2F 

RT 
J." 

j_ 100 Mq 
FoW [ wt% 0] ) 

where [wt/00]0  is the oxygen content at the start of titration (t=o). 

The last equation contains only one unknown, namely 

[wt% 0]0, because Eo, E, q and W are all experimentally deter-

mined. Equation ( 1. 15) simplifies to 

8.29 x 10-9  . q10083  

	

(1.16) 	log (1 + WCwt%0J 	) 	(Eo - E) 
o 
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where q is expressed in micro coulombs, W in grams, and Eo 

and E in volts. One can thus produce [Id% 0] 0  versus Eo 

curves. If a standard reference electrode is used and the tem-

perature maintained constant an instrument can be calibrated 

to read oxygen contents directly. 

Equation (1. 14) can be used to calculate the oxygen 

activity of the solutions and a plot of a0  versus [wt% 0 ] 0  can 

be extrapolated to obtain the saturation solubility. 

This method has the advantage that a saturated solution 

is not used and thus corrosion problems are avoided. Equations 

(1. 15) and (1. 16) can be used for titrations in both directions, 

q being taken as positive when oxygen is added and negative when 

oxygen is removed from the R. H. S. electrode. 

1. 2. 3 The only other work on the application of solid electrolytes 

cells in the present problem which has become known is that 

reported by STEINMETZ and MINUSHKIN. Their work. culminated 

in the production of an oxygen meter consisting of a measuring 

instrument and a sensor comprising a thoria-yttria tube with a 

Cu-Cu20 oxide reference electrode in it. However, it has been 

shown ( 86 ) that the readings obtained by this instrument as 
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reported by MINUSHKIN are far too low in comparison to the 

true thermodynamic emfs that should have been obtained. The 

aforementioned authors did not concentrate their efforts to a 

study of the present problem but to the development of a 

measuring instrument which requires calibration with the 

ordinary routine chemical methods. 

1. 2. 4 Program of Research Work 

When the present work was started there was very 

little information on solid electrolyte cells using liquid sodium 

plus sodium oxide as the unkmwn electrode. Work was, there-

fore, started from the simplest possible concepts and an endeavour 

was made to apply ALCOCK & BELFORD's method.to the present 

problem. 

Au experience was gained so the experimental technique 

was improved and sources of failure were traced down and 

eliminated before the next step would be taken. When it became 

clear that solid electrolytes could not be used in contact with 

free Na20 the experimental technique was changed completely 

and an endeavour was made to apply the method outlined in section 

1. 2. 2. on unsaturated solutions. 
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The work will thus be described in two sections. The 

first will deal with the saturated solutions and the second with 

the unsaturated solutions of oxygen in liquid sodium. 

1. 3. CELLS WITH SATURATED SOLUTIONS OF OXYGEN 

IN LIQUID SODIUM 

1. 3. 1 EXPERIMENTAL 

1. 3. 11 Sealing by pressure 

Some experiments using the cells: 

Pb + Pb® vs. Na + Na20 and Ni + NiO vs. Na - Na20 

were made in a stainless steel apparatus designed by T. N. 

BELFORD. The Na-Na20 electrode was placed in a Ni-oup and 

the Pb - Pb® electrode in an iridium cup placed in a Ni-cup. An 

electrolyte pellet was pressed between the two Ni-cups. A 

necessary requirement was that s11  contact surfaces should be 

highly polished and parallel to each other to avoid leakage of the 

liquid metals. The half-cells were loaded in air and the apparatus 

was assembled in the shortest possible time. Cells thus con-

structed were short-lived, the reason being that sodium would 

leak and an oxide layer would form over the lateral walls of the 
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pellet. Although Na20 is an ionic compound electronic surface 

conduction was not avoided. This conclusion was reached from 

the fact that leakage was associated with slowly reducing emfs. 

1. 3. 12 Metal-Ceramic Seals 

A. 	The next step was to make a metal-ceramic seal. 

This was done as follows: PtC14 was applied in thin layers on 

an electrolyte pellet from a dilute solution in methyl alcohol/ 

ethyl ether, and subsequently from a dilute solution in alcohol/ 

of rosemary/oil of lavender
( 93 )

. After application the 

liquids were dried and the salt decomposed by careful raising 

the temperature to 350°  C. 15 to 20 layers were necessary to 

produce a layer of Pt 2-3 micron thick. Porous pellets were 

found unsatisfactory and highly polished ones did not favour 

adhesion. 

The pellet prepared was placed on a suitably made 

nickel cup where a groove was provided in which a pure copper 

ring was placed. The assembly was lowered in a vertical furnace 

and under wet hydrogen the temperature was raised to 1100
o 

C. 

Copper and platinum alloying together. A deposit of nickel was 

subsequently applied electrolytically over copper and platinum. 
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It was found that such seals were very difficult to make 

and none of them lasted for long. Sodium partly oxidised in a 

dry-box was loaded in the cup from the other end which was 

sealed with a tapered nickel plug (Fig 1. 2 ) 

B. 	A much better seal (Fig1. 3) was developed by pressing 

an electrolyte pellet between a nickel cup and a screwing stainless 

steel lid between annealed nickel washers. Extremely high 

polishing of all surfaces was necessary which had to be parallel 

to each other within 5 microns. These seals were tested before use 

and found to maintain a positive pressure of about lf atm. Sodium 

was loaded as in case A. A number of fairly long experiments 

were conducted with cells using this seal. The amount of sodium 

loaded was about 0. 1 gm. 

1. 3. 13 Sodium Microcell Apparatus 

The apparatus used for these experiments is shown in 

Figs 	1. 4 	and 1. 5 	. The cell assembly was placed on 

the top of an alumina tube supported by a spring. The sodium 

halfcell was held in position by alumina strips pulled by springs. 

Usually two reference electrode pellets were placed for measuring 

enfs independently of current titrations. The apparatus could be 
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evacuated to a high vacuum and glass seals were provided with 

leads for all contacts required. The outer jacket was of 

transparent silica. The temperature was measured with a 

Pt/Pt-Rd thermocouple placed at the height of, said ,:letxt to, the 

middle electrolyte pellet. An earthed Pt-foil was placed around 

the cell to eliminate the effect of induction currents. 

The reference electrode used in experiments made in 

this apparatus was an intimate mixture of Ni + MO and the 

electrolytes had the compositions 0. 9 Th02  - 0. 1Y01. 5, 0. 95 

Th02  - 0. 05 Y01. 5, 0. 9 Th02  - 0. 1 CaO and 0. 95 Th02- 

0. 05 CaO. 

Most of the experiments were conducted under purified 

Argon which had been equilibrated with Ni + NiO at 600°  C 

before it was admitted to the apparatus. 

1. 3. 2 RESULTS & DISCUSSION 

1. 3. 21 A.. Experiments with cells using the seals described 

in sections 1. 3. 11 and 1. 3. 12A gave very poor results. The 

reason was that sodium leakage appeared before there was 

sufficient time to establish equilibrium. In only two experiments 

did the emf approach equilibrium values. In these experiments 
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the cell Pb. Pb® versus Na-Na20 was examined and the best 

values obtained were between 860 and 894 my at 562o C, over 

a period of 6 hours. These values must be compared with an 

estimated value of 863mv (obtained by using equation 1. 1 and 

ALCOCK & BELFORD's results for the Pb-Pb®-02 equilibrium. 

B. 	More results were collected from cells using the seal 

described in section 1. 3. 12B, with which values constant for 

several hours could be recorded. However, the cells failed 

before equilibrium could be reached at another temperature. 

The emfs recorded during the life of these cells 

(up to 10 days) followed a broadly similar pattern. On first 

heating the cello/would increase or decrease from an irrelevant 

value and it would then start oseilating irregularly around the 

estimated value, the maximum width of oseilation being about 

70 - 80 my, over a period of several days. The emfs would 

then start rising and values as high as 940 my at 583°  C would 

be recorded. Too high values could be obtained for usually 

24-48 hours; after this period the emfs would gradually fall to 

too low values never to recover again. 
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The few results obtained with a number of experiments 

are shown in Fig 1.6 where they can be compared with emfs 

estimated on the basis of eq (1. 1) and (2. 1). In one case 

(experiment No 7) the emf returned to the original value (at 

653° C) after current titration, and in two experiments (no 7 and 

12) the values obtained between 650 to 660°  C would be re-

produced after a decrease of temperature to 6100°  C where 

equilibrium could not be obtained (experiment No 12). The values 

shown remained constant over a period of 2 to 6 hours. 

The cells were examined during several stages of their 

lives. After one day of operation only very few experiments 

showed leakage, the rest being in excellent condition. Usually 

leakage of sodium appeared after the emf had started increasing 

above the estimated values. At the end of all experiments the 

seals were opened for examination; in a few cases the sodium 

had disappeared. 

The sodium half cell was weighed before and after 

heating. In a few instances a weight pick-up would be found. 

This was associated with partial leakage and corrosion of the 

pellets by Na20. Examination of the cells showed that sodium 

leaked after corrosion of the pellets had already started. This 
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conclusion was supported by the fact that sodium had not leaked 

after the first stages of heating which would indicate that the 

leakage was due to imperfect sealing rather than corrosion. 

Transparent pellets used in contact with sodium lost their 

transparency before leakage appeared. 

When the stage of too high emfs was reached current 

was passed in order to supply oxygen to the sodium half cell. 

This was done on the assumption that since the reference elec-

trode was maintained unchtined, the too high values should 

have originated from unsaturated solutions of oxygen in sodium, 

which would certainly be obtained after corrosion had started. 

These titrations were carried out with varying current inten-

sities (3 to 400 A) and for varying periods of time (5 min to 

15 hours). It was found that their effect was negligible. No 

smaller emfs were recorded after depolarization. The titrations 

only delayed further increase of emfs. Titrations during the 

final downdrift of emfs had no effect whatever. 

In order to avoid or at least delay corrosion of the 

electrolyte pellets a number of experiments were made with the 

sodium half cell in an inverted position so that the pellet was not 

in direct contact with the liquid metal. This did not make any 



35 

appreciable difference to the cell behaviour. The pellets were 

again attacked by Na20. Since no Na20 was in contact with the 

pellet, it was concluded that sodium vapour and gaseous oxygen 

can attack the electrolyte pellets just as dissolved oxygen. 

To eliminate corrosion a thin (G. 5p, ) layer of nickel 

was deposited by vacuum evaporation on the pellet in order to 

prevent direct contact of the electrolyte wit h the Na-Na20 

electrode. The emfs should not be affected since such a thin 

layer of nickel should equilibrate with the pertaining oxygen 

activity and, therefore, the cell should still yield an emf associated 

with the Na-Na20 equilibrium. However, this layer did not serve 

its purpose, presumably because of open porosity; the electrolyte 

pellets were corroded as the other ones. 

Another experiment was made with a 10 micron thick 

foil of spectrographically pure Ni placed between electrolyte and 

Na-Na20. This experiment failed too. Na20 either attacked 

this thin foil or there were open pores in the latter. 

Another experiment was made with a sodium half cell 

designed somewhat differently. The bottom of the nickel crucible 

was thinned to about 50 µ . A nickel window of 3/16" in diameter 

was thus obtained which was polished highly and pressed against 
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an electrolyte pellet held in position by a lid similar to that of 

Fig 1. 3 . 1. 3 grams of sodium + Na20 were loaded and sodium 

never escaped. The emfs obtained however never exceeded 

about 250 my. The failure of this cell, (examined both under 

purified argon and high vacuum), was attributed to the inability 

of the nickel window to equilbrate with Na + Na20. 

1. 3. 22 Conclusions. 

The present experiments showed that a cell using 

solid electrolytes, made of Th02 with Y203 (or CaO) as second 

constituent, in direct contact with a halfcell consisting of Na + 

Na20, cannot generally work reversibly, and values of emfs 

obtained are not generally reproducible with respect to temperature 

changes. This is due to corrosion of these electrolyte materials 

by the combined action of sodium and oxygen. Discussion of the 

corrosion problem will be deferred until Section 3. 2.6 of the present 

Thesis. 

The experiments did not clarify whether penetration of 

thin nickel foils by sodium was due to pores or to attack of 

metallic nickel by Na20. Certainly it was not due to dissolution 

in sodium. Such a cause would have necessitated much higher 
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FIG. 1.4 

SODIUM MICROCELL APPARATUS 
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FIG 1. 5 

The base of the microcell apparatus 
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solubilities than those measured by KOVACINA & MILLER 

(4 x 10-7 wt% at 200o C, 2 x 10-5 wt% at 60C° C). It is possible 

that nickel is somewhat attacked by Na20. Evidence for this 

conclusion was offered in the present study. Sodium half cells 

which were found in the end of the runs to contain no sodium, 

contained instead a brown non-metallic material, and, further-

more, showed a distinct attack on the walls in contact with 

Na - Nat 0. 

1. 4 CELLS WITH UNSATURATED SOLUTIONS OF OXYGEN 

IN LIQUID SODIUM  

1. 4. 1 EXPERIMENTAL  

1. 4. 11 The apparatus 

The failure of the previous approach and the availability of 

reliable thoria-yttria tubes made it possible to use cells 

incorporating unsaturated solutions of oxygen in liquid sodium. 

The tubes (8" long by about 1" o. d. with a wall thickness of about 

1 mm) having the composition of 0. 85 Th02-0. 15YQi. 5  were made 

by zirconium Corporation of America and were supplied by 

A. E. R. E. , Dounreay, Scoiand. 
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The apparatus used in conjunction with these tubes is 

shown in Fig. 1. 7. It had an overall diameter of 90 mm and 

a length of 260 mm, All the inside parts of this apparatus were 

made of pure nickel, (kindly supplied by International Nickel Co. 

Ltd. ), which was treated with wet hydrogen at 900°  C for a period 

of 3 days in order to eliminate the carbon which was present in 

the amount of about 0. 14%. The interior walls were made from 

a sheet (1 mm thick) rolled to a cylinder and arc welded under 

argon, on which a bottom was similarly welded. This vessel 

was placed inside a very close fitting stainless steel tube the 

bottom of which was sealed with a stainless steel plate also 

arc-welded under argon. The inside nickel container was thus 

perfectly protected from atmospheric oxidation. Four vertical 

grooves were made on the stainless steel tube in which stain-

less steel tubes were secured serving as thermocouple wells. 

The temperature of the apparatus at various heights could thus 

be measured simultaneously. 

The inside of this apparatus consisted of a 18 mm thick 

plate This served ae a temperature buffer allowing a greater 

uniformity of temperature at the lower part of the apparatus. 

Four thin plates of nickel were placed above the thick plate 
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FIG. 1.7 
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with the aim of reducing evaporation and condensation of 

sodium onto the cooler surfaces of the apparatus. These 

plates were supported from the top by means of a vertical 

stem on which they were secured. Three vertical holes were 

made in all these plates as well as in the top plate. Two of 

these allowed two electrolyte tubes to be placed at the same 

time. The third hole was for a 3/15" stainless steel bar at 

the lower end of which the horizontal handle of a nickel cup was 

welded. The cup could be moved horizontalty and vertically by 

means of a knob secured at the top of the stainless steel stem. 

The gaps provided between the various parts of this apparatus 

were only 0. 5 mm wide, the aim being to reduce sodium transfer 

to the upper cooler parts to a minimum. The success of the 

design can be judged from the fact that condensate was found at 

the end of the experiments only around the lowest thin nickel 

plate. To prevent liquid sodium from being sucked by capillary 

action between the thick plate and the electrolyte tube walls, 

the holes in the former were conically shaped at the lower end. 

The top plate was also made of nickel. The holes in it 

were close fitting the tubes passing through them so that the 

latter could be held vertically and rigidly by means of "0" 

rings which at the same time Provided leak tightness. 
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1. 4. 12 Operation 

This apparatus was loaded in an argon dry-box with 

a known amount of sodium (185 grams), pieces of which were 

cut from the interior of larger pieces. The oxygen load of 

the apparatus was thus kept to a minimum. To reduce the 

activity of oxygen in sodium near the desired level 30 gm 

of tantalum powder, ( >99. 6% Ta)(obtained from British 

Drug Houses Ltd. ), was loaded in the apparatus with the 

sodium. When equilibrium of the liquid metal with tantalum 

had been attained, (not less than 24 hours, at temperature, 

were allowed for this), the cup was lowered and a sample was 

taken. The cup was then pulled up and placed around the 

closed end of the electrolyte tube which was protruding from 

the lower flat surface of the thick nickel plate by about 1 cm. 

The volume of the nickel cup and the position of the electrolyte 

tube were accurately measured in advance. The amount of 

the liquid metal contained in the cup, already in position around 

the electrolyte tube, could thus be calculated with an accuracy 

of about 0. 1 gm. About 9 gm. of liquid sodium were contained 

in the cup. Excepting the 0. 5 mm. gap between the thick 

nickel plate and the electrolyte tube the content of the nickel 
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cup was isolated from the rest of the apparatus since it was 

pulled up against the lower surface of the thick nickel plate. 

The metal bath at the bottom of the apparatus was maintained 

at a temperature, (measured with a wall thermocouple placed 

at the middle of the liquid metal bath), higher than the cell 

temperature by about 80°  C. Evaporation from the metal 

bath was thus higher than from the sample in the cup, At 

steady state enough sodium was evaporated to seal all 0. 5 mm 

gaps as was proved on opening the apparatus. The liquid sodium 

was thus effectively sealed and no further evaporation of the 

sample was possible. 

The opening of the apparatus after a run was carried out 

in the dry-box; the liquid metal was first melted by means of an 

electric heater. 

1.4. 13 The reference electrode. 

The reference electrode was placed inside the electro-

lyte tube with the sodium already in position. This electrode 

was made of either "spec. pure" tin plus tin oxide or un-

saturated solution of oxygen in liquid tin of known oxygen 

activity. The procedure adopted for forming the cell was to 

equilibrate sodium with tantalum at 400 to 50C°  C, reduce the 
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temperature to about 260°  C, and take a sample of sodium. 

Five grams of tin in small pieces, and some Sn02  powder, 

were then put in the electrolyte tube and the temperature was 

raised. Subsequent samplings of sodium were carried out at 

the desired temperature. To end an experiment, the tempera-

ture was reduced to about 260-280°  C, the liquid tin was sucked 

out, and the electrolyte tube was slowly pulled up by about 3". 

When Sn-Sn02 was used, it was found that if the electro-

lyte tube was sealed without first removing the air, an air 

electrode was originally in operation which changed slowly 

over a period of about 24 hours into a Sn-Sn02  electrode. In 

order to eliminate any interference from the gaseous phase, 

argon was supplied continuously in the tube, through a thin. 

alumina tube, at about 2" from the top of the liquid tin bath, 

and removed from the top through another alumina tube. The 

gas left the apparatus through a dibutylphthalate bubbler thus 

eliminating any back diffusion of air. A third alumina closed 

end tube, housing the cell thermocouple was immersed in the 

liquid tin and was brought to contact with the bottom of the 

electrolyte tube. The general design was such as to allow 

complete uniformity of temperature in the cell. The argon 
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being flushed was equilibrated with Fe-FeO at about 600°  C. 

Due to the small  difference between the partial pressure of 

oxygen in the argon and that at equilibrium with Sn-Su02  the 

interference of gas upon the Su-Sn02  equilibrium was virtually 

completely eliminated. 

When tin unsaturated with oxygen was used as a 

reference electrode the oxygen pressure was maintained by a 

mixture of H2 + H20 vapour which was bubbled through the 

liquid tin. Effective bubbling was possible with a tin load of 

not less than 5 gm. The water vapour partial pressure was fixed 

by passing dried hydrogen through an 80-mm-long column of 

oxalic acid anhydrous/oxalic acid dihydrate mixture. This 

mixture was placed in a coiled tube kept in a Dewar flask the 

temper ature of which could be maintained constant at any 

temperature between 0 and 25°  C by maintaining a water/ice 

mixture or a water bath of fixed temperature, A thick layer 

of cotton wool placed around the Dewar flask allowed a greater 

uniformity of temperature over longer periods of time. The 

hydrogen stream was carried in a leak-tight all-glass apparatus, 

bubblers preventing back diffusion and the water vapour content 

of the gas being determined by constant sampling the exit gas. 



48 

being flushed was equilibrated with Fe-FeO at about 600°  C. 

Due to the small difference between the partial pressure of 

oxygen in the argon and that at equilibrium with Sn-Su02  the 

interference of gas upon the Sn-S1202  equilibrium was virtually 

completely eliminated. 

When tin unsaturated with oxygen was used as a 

reference electrode the oxygen pressure was maintained by a 

mixture of H2 + H2O  vapour which was bubbled through the 

liquid tin. Effective bubbling was possible with a tin load of 

not less than 5 gm. The water vapour partial pressure was fixed 

by passing dried hydrogen through an 80-mm-long column of 

oxalic acid anhydrous/oxalic acid dihydrate mixture. This 

mixture was placed in a coiled tube kept in a Dewar flask the 

temperature of which could be maintained constant at any 

temperature between 0 and 25°  C by maintaining a water/ice 

mixture or a water bath of fixed temperature, A thick layer 

of cotton wool placed around the Dewar flask allowed a greater 

uniformity of temperature over longer periods of time. The 

hydrogen stream was carried in a leak-tight ail-glass apparatus, 

bubblers preventing back diffusion and the water vapour content 

of the gas being determined by constant sampling the exit gas. 



49 

The use of unsaturated solutions of tin eliminated 

completely the slight staining of the electrolyte tube which 

occured in the presence of Sn02. 

1. 4. 2 RELATED EQUILIBRIA  

1. 4. 21 Tin - Tin Oxide. 

Tlis equilibrium has been measured by a number of 

authors the most recent being ALCOCK & BELFORD, who 

obtained the equation A G°  = -140180 + 51.52 T for the free 

energy of formation of SnO2  in cal. per gram-mole. Free 

energy values can also be derived from the tabulated data of 

KELLEY and KELLEY & KING and the heat of formation of 

SnO2 at 298° K, which was found by HUMPHREY & O'BRIEN 

to be -138800 - 150 cal. per gram-mole. To the values 

calculated from these two sources for the temperatures of 

500, 600, 700, 800, 900 and 1000°  K a straight line was 

fitted and its equation was found to be: 

(1. 17) 	AC° = -139960 + 51. 09T cal/gram-mole of 02  

1. 4. 22 Tantalum - Tantalum Pentoxide. 

This equilibrium has recently been determined by 

WORRELL using solid electrolyte galvanic cells. 	He 

obtained the equation A G°  = -192640 + 38. 88 T cal/gram- 
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mole of oxygen for the free energy of formation of Ta2051 
between 1050 and 1300o K. Previous work on the heat of 

formation of Ta205 at 298°  K has been summarized by 

SCHICK. He quotes three values independently obtained, 

their mean being -195470 11 310 cal/gram mole 02. This 

value together with therrnoehemioal data tabulated by KELLEY 

and KELLEY & KING lead to values for the free energy of 

formation. Values thus obtained for 500, 600, 700, 800, 900 

and 10000 
K together with values obtained by extrapolating 

WORRELL's equation to the same temperatures, fit the 

equation: 

(1. 18) 	A G°  = -193540 + 40. 03T cal/gram mole 02. 

1.4. 23 Oxygen solubility in Sodium equilibrated with Ta-Ta 0 - - 	2 5.  

The solubility of oxygen, c, under pressure P. in 

liquid sodium satisfies Sievert's Law: 

P (1. 19) 	c = (-fo) 2es 

where Po is the equilibrium oxygen pressure for the Na-

Na20 system and ea  the saturation solubility under the same 

conditions. Taking the logarithms 

(1. 20) 	log c = 4.(log P - log Po) + log es  

and using equations (1. 1) and (1. 18), and the equation for the 
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saturation solubility of oxygen in liquid sodium proposed 

CLAXTON on the basis of analytical data for the high tempera-

ture region (see Section 1.1. 2), the following equation is 

obtained: 

(1. 21) 	log c = -0.62 - 1769/T 

where c is given in (wt% 0). According to this equation the 

following values are obtained: 

500o K: 0. 69 p. p. m. 
600° K: 2. 7 	" 
700° K: 7. 1 

8000  K: 
900° K: 

1000° K: 

14. 7 p. p. m. 
25. '7 
40. 7 

These figures compare very well with oxygen contents 

reported to occur in sodium under loop conditions, and it was 

for this reason that sodium was purified with tantalum. 

1. 4. 3 RESULTS AND DISCUSSION  

A number of experiments were conducted which worked 

satisfactorily for relatively long periods of time of up to 3 weeks. 

Samples were taken of sodium equilibrated with tantalum at 

various temperatures, and the temperature dependence of the 

emf of cells of the type: 

(1. 22) 	Sn-SnO2 I Solid Electrolyte I Na [0 ] 

was examined. This dependence was examined for both increasing 
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and decreasing temperatures. It was found that emf values were 

not very reliable below about 300°  C. The emf vs temperature 

relationship was followed up to about 460°  C and in one case up 

to 490o  C. • 

Difficulties were experienced when sufficient liquid 

sodium had been collected to close the gap between the electrolyte 

-tube and the various nickel plates. When this oceured the circuit 

did not open on removing the cup from the electrolyte, contrary 

to what was observed during the first days of operation. For this 

reason in later experiments an impervious magnesia tube was used 

as insulation between nickel plates and electrolyte tube as is 

shown in Fig 1. 7. The expectation was that such a cell should 

run for indefinite periods of time, as there was no corrosion 

on the electrolyte tube by the liquid sodium. It was noticed, 

however, that in time a deposit of graphite appeared on the 

magnesia tube which was shorting the nickel plates and the 

electrolyte tube. Under these circumstances the cell emf was 

not reflecting the activity of oxygen in the liquid metal but an 

oxygen partial pressure influenced by the presence of free 

graphite. The source of this graphite was partly the liquid 

sodium itself, which could have contained of up to 56 p. p. m. of 
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carbon and partly the tantalum metal, (40 grams of which had 

been charged by the time experiments had reached this stage), 

which had a nominal carbon content of 200 p. p. m. The deposit 

of graphite was found on the lower part of the magnesia tube, 

which was exposedonly to gas. Clearly, therefore, the graphite 

was transferred via the gaseous phase by disproportionation of 

CO to CO2 and C. The temperature around the lower part of 

the magnesia tube was particularly favourable for such a carbon 

transfer. With time the carbon content of the liquid metal should 

reduce because of this transfer, and should eventually become 

insignificant, so that this problem might be eliminated in future 

work. 

Usually most of the life time of the experiments reported 

here was devoted to establishing accurately the emf vs. tempera-

ture relationship before a current titration was attempted. The 

cells showed an erratic behaviour shortly before or after titra-

tions were attempted, and no experimental information about 

the oxygen contents of the solutions involved in these measure-

ments could be obtained. However, at least one titration was 

attempted. After removal of oxygen from the liquid sodium 

solution, the emf starting from high values drifted to much 
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lower ones in a period of several days. By the time the emf 

had reached the values corresponding to the lines 4 and .3 

in Fig 1. 8, the drift of emf with time was so slow as to obtain 

these lines by chang!.ng the temperature. Over one recycling 

in the course of the most part of the day, the emf changed by 

only 1.",2 my. 

The results obtained with various samples are shown 

in Fig. 1. 8. , where for clarity no experimental points are given 

but only the lines (the solid ones) for the equations obtained by 

least squares analysis of the experimental results. The equations 

of these lines with their standard deviations were as follows: 

(1. 23)  Line 1: E = 424. 2 + 0. 356T - 2mv (518°  C) 

(1. 24)  Line 2: E = 390. 	+ 0. 446T - 3 my (473°  C) 

(1. 25)  Line 3: E = 365. 4 + 0. 544T - 1 my 

(1. 26)  Line 4: E = 327. 1 + 0. 616T - 1 my 

(1. 27)  Line 5: E = 522. 0 + C. 255T - 2 my (403°  C) 

(1. 28)  Line 6: E = 552.2 + 0. 230T - 1 my (493°  C) 

(1. 29)  Line 7: E = 493. 3 + G. 340T - 1 my (510°  C) 

Of these,lines 1 and 5 were obtained when the magnesia tube 

was used. 
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At least two complete recyclings were made along these 

lines and also arbitrary changes of temperature. For the lines 

2,3 and 4 the emf followed the temperature changes with a lag 

of only 10 - 15 min. Very slow change in temperature could be 

followed by the corresponding change in emf which indicated 

that the cell reached equilibrium very rapidly. This was 

demonstrated particularly along :the 2 on which 45 points were 

noted. Contrary to this, lines 5 to 7 showed a very much differEnt 

behaviour. Equilibrium required 5 to 10 hours and it was not 

long after these lines were taken that the cells ceased to give 

results. The results along line 1 were obtained after 

about 2 hours were allowed to attain equilibrium. 

The samples, with which lines 1,2 and 5 to 7 were 

obtained, were equilibrated with tantalum at the temperatures 

shown in parentheses. Lines 3 and 4 were obtained after titra - 

tion on the sample of Line 2. 

If complete equilibrium with Ta-Ta205  were established 

the lines obtained should intersect the F---P .32/Ta-Ta205  line at 

the quoted sampling temperatures. This, however, does not 

seem to have happened. More dilute solutions were obtained 

instead. A number of causes may have contributed to this. 
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Impurities of carbon (200 p. p. m. ), titanium (10C p. p; rn. ) and 

niobium (100 p. p. m. ) in the tantalum should certainly tend to 

reduce the oxygen activity. It is also possible, however, that 

instead of Ta205 one of the lower oxides of tantalum was formed. 

Such oxides have been reported in the literature (cf.SCHICK). 

Since equilibration with Ta at a higher temperature 

necessitates a higher oxygen content in the liquid sodium, lines 

6 and 7 should be below line 2, and line 5 should be much higher. 

This was not observed, and besides the slopes of lines 5 to 7 

are very much different, This was not attributed to failure to 

attain equilibrium with the gettering metal, because sufficient 

time was allowed for that, but rather to the shorting effect of 

graphite re  ine 5), and the liquid metal trapped between the thick 

nickel plate and the electrolyte tube (l ines 6 and 7). For these 

reasons lines 5 to 7 will not be considered in the following dis-

cussion. 

Equations (1. 23) to (1. 26) represent the emf of the cell 

operating with different oxygen contents, 	the cell 

reaction being: 

(1. 3C) 	Sn02 = Sn + 2 rl Na 
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If equation 1.17 is combined with equations (1.23) to (1. 20), the 

free energy of the reaction 

(1.31) 	02  = 2 [0] Na  

is obtained, and if one combines equation (1. 1) the free energy 

of the reaction 

(1.32) 	Na2O = 2Na + [ 0] Na 

is obtained for the various oxygen contents involved in equations 

(1.23) to (1.26). On account of the equation 

(1. 33) d (L Gill 
( 1/T) A 

the equations for I ines 1 to 4 lead to the following value for the 

heat change of reaction (1. 32): 

LIH = 13100 + 1630 cal/gram-atom of oxygen 

where the value of - 1630 cal. is the standard deviation of the 

four individual values. (If errors in the heats of formation of 

Na2O and S 02 are taken into account the error becomes - 2300 

cal. ). This value must be compared with the value of 11790 - 

960 cal being the value by CLAXTON's assessment of the high-

temperature-region analytical data. In view of the considerable 

scatter of the analytical results as well as that of the present 

equations, the agreement is good. 
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Since the heat of solution is not expected to be sig-

nificantly influenced by temperature or composition it must be 

assumed that Limes 1 to 4 have a common intercept at 00  K. 

Working in the reverse way, on the basis of the value of 13100 

cal the equations for the linJe 1 to 4 were re-calculated to yield 

the equations: 

(1. 34)  Line 1: E = 376.6 + 0. 437T my 

(1. 35)  Line 2: E = 376. 6 + 0.467T 

(1. 36)  Line 3: E = 376. 6 + C. 528T 

(1. 37)  Line 4: E = 376.6 + G. 545T it 

These new lines were made to pass through the mid 

point in the temperature region over which the experimental 

lines were obtained. These new lines are also shown (as 

broken lines) in Fig 1. 8. As can be seen, the agreement is 

well within the experimental error. The free energy equations 

corresponding to equations (1. 34) to (1. 37) are as follows: 

AG = -34750 - 4C. 32T cal/gram-mole of oxygen 

A G = -34750 - 43. C9T 
	11 	 11 

A G = -34750 - 48. 71T 
	1, 	 tt 

A G = -34750 -50. 28T 
	II 	 11 
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The oxygen content of the solutions corresponding to 

these lines can be obtained from the intercepts of these equations 

with the free energy equation for the reaction: 

(1.42) 	SnO2 + 4Na = Sn+ 2Na2O 

which on the basis of equations (1. 1) and (1. 17) is: 

(1,,43) 
	

A G° = -60960 + 16. 73T 

The intercepts obtained are respectively 459. 5, 438; 1, 400. 5 

and 391.10  K. According to CLAXTON's assessment of the 

high-temperature-region analytical results (Section 1. 1. 2) the 

corresponding oxygen contents are respectively: 

(1. 44) 	65.1 x 10 5, 34.7 x 10-5, 9. 72 x 10-5, 6. 80 x 1C-5  
(wt%O). 

The activity of these dilute solutions of oxygen can be 

calculated on the basis of the following equation 

(1.45) 	AG = AG°+ 2 RT 1-31 a 

where A G is given by equations (1. 38) to (1. 41) and A G°  by 

equation (1. 43). In other words the oxygen solution in sodium 

at equilibrium with Na20 is taken as the standard state. One 

finds the following: 

(1. 46)  Line 1: loga = -6. 235 + 2864. 5/T 

(1. 47)  Line 2: loga = -6. 538 + 2864. 5/T 

(1. 48)  Line 3: loga = -7.152 + 2864. 5/T 

(1. 49)  Line 4: loga = -7. 323 + 2864. 5/T 
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At 7000 K (427o C) the corresponding activities are; 

(1, 50) 7.10 x 10-3, 3.58 x 10-3; 8.71 x 10-4, 5. 87 x 10-4  

One can now plot these values against the values of oxygen 

content (1. 44) as it is shown in Fig 1. 9 The slope of the 

broken line, (which was made to pass from the origin and the 

(wt%), iz a/4) point), being 10451 represents the activity 

coefficient (f) of these solutions, 

It is now possible to check the relation between oxygen 

content of the present solutions and the emf of the cells in which 

these solutions were present. Let us choose for simplicity the 

temperature of 700  K. According to equations (1434) to (1. 37) 

the corresponding four emfs are: 

(1. 51) 682. 5, 703. 5, 746. 2, and 758. 1 my 

Equation (1. 16) is equivalent to the following; 

(1. 52) 	log ca. 	1C083  (E0  - E) 

where 0 and Co represent the oxygen contents of two solutions 

and E and Eothe corresponding emfs respectively. At 7000 K 

this reduces to 

(1.53) 
	

log -- c = 14.404 (Eo - E) 



C1 

The left and right hand sides of this equation can be calculated 

for any two pairs of oxygen contents and the corresponding emf 

change. Ideally, the two independent calculations should give 

the same arith:.-netic values, but the values obtained are as shown 

below: 

1:-Jr c 	
0 14. 404 (E 0-E) 

0. 155 C. 171 
C. 263 C. 302 
C. 553 0.615 
C. 708 C. 786 
0. 816 C. 918 
0. 971 1. 089 

A plot of log c/bo  vs. 14. 404 (Eo-E) is shown in Fig 1. 10, 

the slope of the line being ( z log c/ c d) /2 14. 404 (E0-E) = 

0. 893. The failure to obtain a slope equal to 1 must be 

associated with inaccuracies involved in either the emf values 

or the oxygen content values. The equation of the line in Fig 1.10 

is given by: 

(1. 54) 	log (c/ ^4.) = C. 893 [10.404 (Eio-E) 

If we assume that the emf values are in error the new 

values can be obtained from 0. 293(E 0-E), and if we assume that 

the value for 1. ine 1 namely 682. 5 my is correct, the values for 

the other lines will be given by El according to the equations: 
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(1. 55) 	E0  -E' = O. 893 (E0  -E) 
or 

(1. 56) 
	

E'= 0.107 Eo + 0.893 E 

The new set of values will be: 

(1. 57) 	682. 5, 701. S, 739. 4, 750. 1 my. 

A comparison with the values (1. 51) indicates that the difference 

is far too great to be acceptable;  particularly in view of the much 

better agreement of the experimental lines with the adjusted ones 

in Fig 1. 8. It therefore seems more reasonable to apply the 

correction to the oxygen content values, (being the saturation 

solubilities at the points of intersection of the adjusted lines in 

Fig 1. 8 and the line for equation (1. 43) ), since the scatter of 

the experimental results for the saturation solubilities, (Fig 1. 1) 

is certainly much greater. 

If we assume that the value for line 4 is correct the new 

set of oxygen contents will be given by c' in the following 

equations: 

(1. 58) 	log (Ciao ) = 0. 893 log (C/co.) 
or 

(1. 59) 	C. 893 log c' = log c - 0.107 log co  

giving for the four lines the following values, respectively: 

(1.60) 	87.9 x 10-5, 43.1 x 10-5, 1C. 2 x 10-5, 6. 8C x 10-5 

(wt%O) 



T log f = -3.170+2865 (1. 61) 

These values must be compared with the values (1.44). If the 

oxygen contents thus adjusted, (1.60), be plotted against 

activities the solid line is obtained in Fig 1. 9 where the points 

are truly on a straight line, the slope of which is f = 8. 27. 

The activity coefficient as a function of temperature can 

now be obtained from equations (1.46) to (1. 49) and the corres-

ponding (wt%) oxygen contents given by the values (1.60). 

'lie is found to be: 

The zero order term has a standard deviation of - 0. 011 from 

the values obtained for each particular composition. 

1.4.4 FURTHER DISCUSSION AND CONCLUSIONS  

The above discussion shows the good agreement of the 

heat of solution obtained in the present work with that obtained 

from the solubility data as represented by the equation 

(1. 62) 	log (virt700) = 2, 42 - 2576/T 

given by CLAXTON for the high temperature region (Section 1. 1. 2). 

The small difference indicated in Fig 1. 10 between the two 

lines is due to the small disagreement between the heats of 

solution of 13100 cal. obtained in the present work and 11790 

cal obtained from equation (1.62). 
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If the values (1. 44) obtained from equation (1.62) are 

used to obtain the activity coefficient one finds a slight depen- 

dence of the zero order term of equation (1. 61) on composition, 

which for the four lines considered assumes respectively the 

values! 

-3.049, -3.078, -3.14G, and -3.156 

as against the following values 

-3.179, -3.182, -3.161, and -3.156 

obtained if the values (1. 60) are used. 

This adjustment in fact makes the slope of the log (wt%O) 

vs.1/T line agree with the heat of 13100 cal, so that the satura- 

tion solubility becomes the reciprocal of the activity coefficient 

in accordance with the standard state chosen. Whether this heat of 

solution and the corresponding change in the saturation solubility 

is to be preferred can only be established by further work 

similar to the present. 

Successful coulometric titrations should give a much 

better knowledge of the oxygen content of the solutions involved 

than is possible by extrapolating to the intercepts with equation 

1.43. However, the only fractionally smaller slope (Fig 1. 16) 

obtained from such an extrapolation, in comparison to the 



expected slope being equal to unity, indicates that the data used 

in the present work are quite reliable. It would be unlikely 

that the errors in the data used in the present work, partly 

cancel out each other as to give the small slope difference 

indicated in Fig 1. 1C. 

Of particular importance is the fact that the present work 

gives a heat of solution very high in comparison with the heat 

of 5900 cal corresponding to the slope of the log (wt%O) vs. 1/T 

line for the analytital results obtained in glass apparatus, and 

fairly close to the slope obtained by using stainless steel 

apparatus. This strengthens the view that the analytical results 

obtained in stainless steel apparatus are more reliable. 

Eqlation (1.61) makes it possible to construct a diagram 

containing emf yak temperature lines which enable one to 

translate emf readings of a monitoring device directly to oxygen 

contents. Such a diagram is shown in Fig 1.11k Caution is urged, 

as this diagram has been constructed on the basis of the present 

work which dealt with solutions of oxygen ranging from C. 68 to 

8. 8 p. p. in. , and can only be used with confidence if it be shown 

firstly that the heat of solution of 131C0 cal per gram-atom of 

oxygen is reliable, and secondly that the present results can be 

extrapolated to higher oxygen contents. 
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NOTE: All the above results and discussion refer to experiments 

in which saturated solutions of tin were used as the reference 

electrode. Measurements with unsaturated solutions proved 

unsuccessful, presumably because of failure to establish 

equilibrium between II2 and 1120 vapour at the relatively low 

temperatures employed in the present works 
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Note attached to Fig 1. 11 

This diagram is valid only for a 	Sn-SnO2 reference 

electrode. According to the dt*a used in the present work the 

oxygen content - emf- temperature relationship is given by the 

following equation: 

92260 E = 34750 + 12. 28T - 9. 15 T log (wt%O) 

The equations for the various oxygen contents shown in 

Fig 1. 11 are as follows : 

1 ppm. E = 376. 6 + 0. 5298 T 	in my 

5 ppm. E = 376. 6 + C. 4604 T ' 

10 ppm. E = 376.6 + 0. 4306 T 

50 ppm. E = 376. 6 + 0. 3613 T 

For different reference electrodes the necessary adjustments 

can easily be made. 
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PART TWO 
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INTRODUCTION 

The work that will be described in this Part was undertaken 

in order to assess the possibilities of using Group IIa oxides as 

solid electrolytes. 

This was done by comparing the results obtained with cells 

using these oxides as solid electrolytes, between solid metal-

metal oxide electrodes, with the results of cells using the same 

electrodes but thoria-based electrolytes. 

A number of cells using various electrodes and thoria-

based electrolytes were examined for reproducibility and 

correctness of emfs, and the results of three such cells which 

were found to behave with great accuracy over long periods of 

time will be reported in Chapter Two of the present Part. Of 

these, two cells were used in conjunction with the Group Ha oxides 

and the results obtained will be given in Chapter Three. Details 

of the experimental technique will be analysed in Chapter One. 
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CHAPTER ONE 

TI-.E EXPERI1V ENTAL TECT-TNIQUE 

2. 1. 1 THE APPARATUS  

The first experiments were conducted in an apparatus, 

the main features of which are shown in Fig. 2.1. , being a copy 

of the apparatus first used by KIUKKOLA & WAGNER. 

This apparatus had a central support made of a flat 

bottomed silica tube, on which a platinum contact and the two 

electrodes with the electrolyte between them were stacked. The 

outer silica sleeve was placed and a silica tube similar to the 

first one with a platinum contact was lowered in and pressed the 

cell compartments by means of springs positioned at the top. 

Two Pt/Pt-Rd thermocouples were provided as shown. Purified 

argon gas was flushed from top to battorao 	 Bubblers 

filled with dibutylphthalate prohibited any back diffusion at the gas 

exit. This apparatus was heated by means of a four silicon 

carbide element furnace consuming 1200 - 150C watts with a 

potential of about 130 volt. To avoid induction currents, the outer 

silica sleeve was covered with several layers of earthed Nickel 

foil which was changed when completely oxidized. 
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Experiments conducted in this apparatus were not always 

successful. This was due to the inability to position the cell parts 

properly and avoid any gaps between them. This could be corrected 

by three silica spacers welded on each of the inner silica tubes 

which helped keep these tubes along the axis of the apparatus. 

When high resistance cells were examined, however, it was found 

that these spacers provided an electrical leakage. For this reason 

they were removed, but cell assembling became even more 

difficult. 

The Ni-Ni01Mg0 s. cr.) Fe-Fe() cell was examined in this 

apparatus. Bef ore this,the apparatus was tested with a similar 

cell using a Thoria-Yttria electrolyte in place of the periclase 

crystal, and the values obtained from a single experiment were 

within - 1 my of the values obtained for the same cell by STEELE. 

The above apparatus was modified, as it is shown in 

Figs. 2. 2 and 2. 3, in order to allow for separate gas streams to 

flush the two cell compartments. This arrangement did not 

completely isolate the two gas streams of each other in the vicinity 

of the cell, but it was found that, by choosing electrodes having 

equilibrium oxygen pressures not far from one another and by 

regulating the gas flow, gas interference was altogether eliminated 
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and the cell life prolonged. The inner part of this apparatus could 

be completely removed and assembled on a bench, Fig. 2. 4. An 

earthed platinum foil which was formed into a cylinder and placed 

around the cell inside the outer silica jacket eliminated any induction 

currents. In the hot zone the two electrodes were connected with 

each other only via the electrolyte; no other hot surfaces were 

allowed to produce a short-circuit between them. After assembling 

it, the apparatus was heated slowly to 2C0°  C and degassed by 

means of a rotary pump • 	 keeping a vacuum 

of 5 mmHg. The purified argon streams were then admitted and 

the furnace temperature raised. 

The temperature was measured with a Pt/Pt-Rd 

thermocouple placed exactly at the height of the electrolyte and 

only 3 mm away from it. The total thickness of the cell varied 

between 6 and 9 mm and no thermal emf of any importance could 

possibly interfere. 
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2. 1. 2 THE GAS TRAIN 

High purity Argon, obtained from British Oxygen Ltd. , was 

used in the present work. The gas was first passed through a flow 

meter and then through a furna_e packed with Cupric Oxide and run 

at 506-600°C. It was then admitted into two columns of Na0H-based 

CO2 absorbent and 
	

two columns of magnesium perchlorate 

The gas thus obtained, being free of organic matter, CO2  and water 

vapour, was admitted into a series of three furnaces. The first was 

originally packed with copper turnings but was later packed with 

titanium granules as was the second furnace. This allowed both 

furnaces to be run at 9000 C which was structurally safer. The 

last furnace was packed with alumina beads and a metal-metal 

oxide mixture, similar to the one the exit gas was intended to 

flush, and it- was run at an appropriate temperature, usually 7000 C. 

The gas that was flushing the Cr-Cr203  vs. Mn-MnO 	cell 

compartments was prepared in a similar though simpler train. 

The gas was purified in a longer tube which was filled with 

titanium granules and 8'7. 5% Zr-12. 	Ti alloy turnings. The gas 

obtained, was split into two lines and introduced into the cell 

compartments. The composition of gases used in the present work 

is given in Appendix I. 
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2. 1. 3 
CONTROL AND MEASURING EQUIPMENT 

The main furnace temperature was controlled by a Kelvin . 

& Hughes MK4 proportional action indicating controller, capable 

of maintaining a given tempers ire constant within I: 0. 5°  C. A. 

variable transformer, a ballast resistance and a mercury switch 

were incorporated in the circuit. 

The cell temperature was measured with one or more Pt-Pt/Rd 

thermocouples and a 'Tinsley' Type 31848 Potentiometer having 

a sensitivity of - 6.2 my, which was calibrated against a 'Croydon 

Presision Instrument' Potentiometer type TS1 having a sensitivity 

of - 

The cell emfs were measured with an 'Electronic Instruments' 

Vibron Electrometer Model 33C having a nominal imput impedence of 

> 1016 Ohms. For cells incorporating Th02-based electrolytes 

the above mentioned potentiometer allowed a greater reading accuracy, 

for emfs bigger than 100 my and was occasionally used. 

The cell behaviour was deduced from the graphs obtained 

with a Honeywell Type 153 Electronic Recorder that was connected 

to the electrometer. The graphs, however, were used only as 

indications. The values of emf and temperature considered in the 

present work were taken by direct reading. 



For the current titrations a Pye Scalamp Galvanometer, 

having a maximum deflection of 38C rnmip, Amp. , and a reading 

accuracy better than - G. 5 mm. was used. 

The direct current used for the titrations was obtained 

from dry cells and regulated with a home-made unit allowing 

currents as small as 1p. Amp or less to be drawn. 

Whenever it was necessary to increase the sensitivity of 

the measuring instrument (Vibron Electrometer) a home-made unit 

providing a constant backing voltage was used. This unit was 

calibrated with a Solartron-Digital Voltmeter - LM - 142C. 2 having 

a max sensitivity and accuracy. of - 2. 5 pv.(though - 0.25 my were 

the usable ones k the present case). The instruments used could 

thus provide an accuracy better than - 0. 5 my, of which, advantage 

was taken whenever other experimental conditions and particularly 

the stability of emf values and their scatter allowed the profitable use 

of such great accuracy. This was possible and was applied 

particularly in the case of cells incorporating Th02  - based 

electrolytes as the following exposition will show. 

The experimental site is shown in Fig 2. 5 where the main 

furnaces, argon train, measuring instruments and other ancillary 

equipment can be seen. 
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2. 1. 4 
THE PREPARATION OF CELL COMPONENTS. 

The composition of the original materials used in the 

preparation of cell components is given in Appendix II 

2. 1.41 
ELECTROLYTE MATERIALS 

2. 1, till Thoria-baued ElectrcoIyilis 

Mixtures were prepared of Thoria and Yttria or Thoria 

and Calcia, of cation ratios 9:1 for the first and 9:1 or 95:5 for 

second. Generally "spectrographically pure" substances obtained 

from 'Johnson-Matthey' were used, but later it was found that 

somewhat less pure Thorium Nitrate obtained from 'Thorium Ltd' 

could produce equally good results. 

The appropriate amount of yttrium oxide or calcium 

carbonate was taken into solution, in a wide shallow porcelain 

dish, with nitric acid respectively concentrated or dilute. The 

necessary amount of thorium nitrate (the ignition loss had already 

been determined) was added and taken into solution. The water 

and the acid were evaporated and the salts-mixture was decomposed 

under continuous stirring until no more NO2  fumes were visible. 

The powder was crushed and very lightly ground in the dish and 

the temperature raised to about 3000  C. When cool, the powder 

was transferred into a thoria crVcible. This was placed inside an 
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alumina crucible that was covered with a similar lid, and 

strongly ignited at 950-1C00°  C overnight. The powder was 

transferred into an agate mortar and C. 5 to 1% by weight of 

soluble starch previously dissolved in boiling water was added. 

The powder was thus wet ground until an extremely thin milky 

suspension was obtained. Grinding was continued until complete 

dryness was effected by an infrared lamp. The thus obtained 

powder, being heavy, extremely thin, and easily running was 

ready for pressing. 

This was done by carefully packing in moulds of suitable 

size made of "Vinamold" (obtained from I. C. I.) and isostatically 

pressing under a pressure of about 5 Tons/cm2. The pellet 

obtained was fiked at 1COC-1050°  C overnight in order to burn 

completely the starch and give a minimal presintering, and when 

cool the pellet was transferred into a vacuum furnace where under 

vacua of 1 to 3 X 1C-5mrn Hg the temperature was raised to about 

206Co C where it was kept for 3 to 5 hours. The subsequent 

ccrling was effected slowly, taking at least 5 hours. The pellet 

was very well sintered, usually white pore-free and highly 

translucent. One particular batch of five pellets of C. 9 Th02  - 

G. 1Y01. 5 that were vacuum sintered at 215Co C were finally 

obtained nearly completely transparent as can be seen in Fig. 2,6 
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where three pellets are shown standing over the scale. 

The pellets thus obtained were ground flat and parallel and 

polished to a high mirror finish with diamond pastes down to 4 µ . 

After washing they were fired in air at 1CCG°  C in order to burn 

any organic matter and possibly diamond particles, and again 

fired in wet hydrogen (saturated with water vapour at room 

temperature) at 90C to ICU°  C overnight. This final treatment 

restored the white colour; but as the present author has demonstrably 

experienced, it also provided mechanical and chemical superiority 

to the treated material which the untreated did not possess. A 

detailed explanation of this phenomenon is lacking, but it is 

believed that firing under wet hydrogen establishes an optimum 

oxygen concentration which greatly enhances the characteristics 

of thoria-based electrolytes. The pellets thus obtained were ready 

for use in high temperature galvanic cells. 
2. 1.412  
Group Ha Oxide Electrolytes  

Of the Group Ha Oxides used in the present work, single 

crystals of MgO were obtained from Norton Company Inc. , U.S.A. , 

and of CaO from Engineered Materials, Inc. , New York, U. S. A. 

Polycrystalline BeO pellets were obtained from U. K. A. E. A. , 

Harwell, England. 
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The starting material for the preparation of Magnesium 

Oxide polycrystalline pellets was "Specpuren  MgO powder. This 

was dry ground, packed in 'Vinamoldt formers and pressed to 

5 ,T/cm2
. No binder was found to be necessary. The pellets 

thus obtained were -tired in air E...t 1000 to 1050°  C overnight and 

under high vacuum at 1600°  C for 15 hours. The pellets were 

ground flat, highly polished and after a final firing in air at 

1000o C they were ready for use. 

The calcium oxide pellets were made of "Analarn  quality 

calcium carbonate. This was first decomposed in air at 1050 

to 1100°  C, finely ground and pressed into pellets in the already 

described manner. The pellets were sintered under high vacuum 

at 1600 C for 22 hours. The subsequent preparation was as for 

the MgC pellets. Desiccators with magnesium perchlorate were 

found perfectly satisfactory for indefinite storage. 

The strontium oxide pellets were made from "Analarn  

quality strontium carbonate, which was fired in air at 1000°  C 

overnight and pressed into pellets. (No binder was needed). The 

vacuum treatment was effected by raising the temperature so 

slowly as to decompose completely the carbonate at temperatures 

below the eutectic temperature 11700 (7) C 	of the SrO-SrCO3 

mixture. This lasted for one complete week. The temperature 
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was then raised to 1450o 
C and was allowed to remain at this 

level for 20 hours. After a slow cooling, the pellets obtained 

were found to be lightly purple on the exposed surfaces. After 

polishing, carried out in the usual way, they were fired in dry 

oxygen and argon at 800°  C fo 3 and 12 hours respectively. This 

treatment rendered the pellets clean of organic matter and also 

restored their white colour. SrO pellets were found to be subject 

to hydration, and they could not be kept for longer than 3-4 weeks 

before complete disintegration was effected even in a magnesium 

perchlorate loaded desiccator. For this reason the SrO pellets 

were examined immediately after they were prepared. 

Endeavours were made to obtain pore free, well sintered 

, polycrystalline pellets of BaO. The starting material was 

"Analar" quality BaC12  from which the carbonate was precipitated. 

A Th02 crucible was loaded with carbonate and decomposition was 

effected below 1060° C (the eutectic temperature of BaCO3  + 

BaO mixtures)
( 
 under high vacuums of the order of 10-4 - 1G-5mm Hg. 

Thepowder was presintered by raising the temperature to 1200°  C 

and pellets were quickly pressed in the described way. The 

pressed pellets were refired under high vacuum at le00°  C. 

A very considerable evaporation and also heavy reaction with 
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the crucible did not allow for any success. Some more pellets 

were fired under similar conditions but suspended in a cage made 

of tungsten wire. The pellets obtained were of poor quality and 

in view of the difficulties further work was abandoned. 

2. 1.42 THE METAL-METAL L.LECTRODES  

Availability of materials at the time each particular piece 

of the work was scheduled, determined to some extent the quality 

of materials used in the preparation of the cell electrodes. 

Thus the Ni-NiO and Co-CoO pellets were prepared from specially 

refined powders (Appendix II) because of which a small correction 

was applied to the results obtained. 

The Mn-MnO pellets were prepared from spectrographically 

pure metal and "Analar" quality MnSO4  decomposed to MnO by 

firing in air and then in dried Hydrogen at 1000°  C. 

The Cr-Cr203 pellets were prepared from spectrographically 

pure substances. 

The Nb02 - Nb204. 8 pellets were prepared from 

spectrographically pure niobium pentoxide a quantity of which was 

first reduced to Nb02 by heating in dry hydrogen at 900° C overnight. 

Appropriate amounts of Nb02  and Nb2O5  were then mixed together 

to give a final mixture of the desired composition. The X-ray 
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spectrum of the final product revealed lines belonging only to 

Nb02  and non-stoicheiometric Nb205. 

All these various mixtures were made of a molar ratio of 

1; 1 and were thoroughly mixed and ground in an agate mortar. 

Pellets of e in diameter by 1/8" to 3/16" thick were prepared by 

pressing the mixtures it a small steel die under a pressure of about . 

2.1 T/cm2. No binder was used. The pellets obtained were sintered 

at temperatures between 900 and 12000  C, depending on the 

refractoriness of the oxides, in a specially dried Argon atmosphere 

that was farther purified by passing over thin nickel strips positioned 

in the gas stream before the pellets, and in the same furnace. For 

further protection the pellets were placed in a small alumina tube 

that was wrapped in Nickel foil. Oxidation of the sintered products 

was thus restricted to a minimum. A very thin oxide layer that was 

usually formed was easily removed by polishing on a "600" grade 

carborundum paper. The pellets thus obtained were very well 

sintered and a high polish was easily obtainable. 
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FIG. 2.1 
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Streaml in 

FIG• 2.2 

DOUBLE GAS-STREAM SOLID 
CELL APPARATUS 
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FIG 2. 3 

The upper part 

The lower part 



90 

FIG 2. 4 

THE CELL COMPONENTS 
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FIG 2.6 

-SOLID ELECTROLYTE PELLETS 
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b1 - 2150°C/3hr 3.06 - 9.36 - 

b2 „ 1.45 - 9.35 

a 
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CHAPTER TWO 

METAL - METAL OXIDE EQUILIBRIA 

2.2.1 REFERENCE ELECTRODES. 

In the culls examined in the present work the reference 

electrodes were made of an intimate well sintered mixture of 

nickel-nickel oxide and manganese-manganous oxide. The 

solubilLy of oxygen in the metallic phases could be regarded as 

negligible for the present purposes. 

An assessment of the Ni-Ni0-02 and Mn-Mn0-02 

equilibria given in Appendix III 	has led, respectively, to the 

following equations for the free energy of formation of the above 

oxides per gram-mole of oxygen. 

(2. 1)  NiO: LG°  = -11197C + 4C. 62T +- 290 cal. (90C-1500°K) 

(2. 2)  1V1120: AG°  = -185390 + 36. 16T it 320 cal. (1000-1517°K) 

It was on these equations that the present experimental results were 

based. 
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2.2.2 A STUDY OF THE Co-Co0-02   EQUILIBRIUM 

2.2.21 GENERAL 

In all, five experiments were dedicated to the study of 

this equilibrium, using the following cells: 

(2. 3) 	Ni - Ni0 10.9 Th02 - 0. 10 YOL 5 1Co-Co0 (4 expts) 

(2.4) 	Ni - M010.95 Th02 - 0.05 CaO 1Co-Co0 (1 expt) 

Of the four experiments, two were conducted using a 

highly translucent pellet, one using a transparent pellet and one 

using two transparent pellets in contact, thus increasing the 

resistance and reducing the effects of irreversible reactions due 

to the small electronic transport of the electrolyte. The thoria 

lime pellet was not as translucent as the others. 

All cells were found to require heating to, at least, 8C0°  C 

before satisfactory emf values could be obtained. Heating to 

higher temperatures helped decrease the pre-equilibrium period at 

the start of the run. Once equilibrium was established the emf 

values followed faithfully even small temperature changes; only 

about 1C to 20 min were required on reaching constant temperatures 

to obtain the correct emfs, even for heating or cooling rates of 150o C 

per hour. The duration of these experiments was from one to seven 

days depending on conditions in the gas stream flushing the Co-CoO 

pellet. 
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At the end all the pellets used were examined optically. 

No changes could be seen, the electrode interfaces showing the 

presence of both phases. The thoria-lime and to a much lesser 

degree the translucent thoria-yttria electrolytes showed only a 

minute coloration, just distinct on the nickel electrode, more 

visible on thn cobalt side. The transparent pellets did not show 

any coloration but only a slight etching. 

All the cells were examined for reversibility. This was 

done by passing 5-2011 Amp of current on either direction for a 

few minutes. After depolarization the emfs returned to the 

original values within 0. 2 my. Generally, these cells showed a 

remarkable stability and the emfs were reproducible throughout 

their lives within C. 2 my. However, the values obtained by all 

cells were reproducible to within - G. 8 my. Points with greater 

scatter were disregarded. The lowest temperature where 

equilibrium values were obtained was 777°  C. The upper limit of 

1185o C was set by the furnace used. 

2. 2. 22 RESULTS  

The large number of equilibrium points obtained were 

treated by the method of least squares. The following equation is 

for the bisector of the two regression lines: 

(2. 5) E (my) = 24. 89 + 0. 006832 (t°C) ±0. 63 
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Some experimental points are shown in Fig, 2. 7 

The associated cell reaction, being: 

(2. 6) 2 Co + 2Ni0. 2 Cop+ 2Ni 

has,therefore,the following free energy: 

(2. 7) P G°  = -58C - 6. 34 T ± 60 cal 

where a small correction of C. C4 T for the electrodes used has 

been included. 

2. 2. 23 EVALUATION AND DISCUSSION 

The present equilibrium has been examined by a number of workers 

mainly using a gas equilibration technique. Thus SCHENCK & 

WESSELCOCK (1929), EMMETT & SCHULTZ (1930) and WATANABE 

(1933) used CO/CO2  mixtures and EMMETT & SCHULTZ (1929), 

SFIIBATA & MORI (1933) and KLEPPA (1943) used 112/H20 mixtures. 

More recently KIUKKOLA & WAGNER (1957), PETERS & MANN 

(1958) and TRETJAKOW & SCHMALZRIED (1965) examined 

respectively the cells: 

(2. 8) 	Co-CoO G. 85 Zr02  -0. 15 CaO I Fe - FexO 

(2. 9) 	Co-Co0 I Th02 - La203 CO + CO2 

(2. 10) 	02(air) I Zr02  - CaO I Co - CoO 
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(a) Using the technique described in Appendix III 	and the 

value of -57100 - 300 for the enthalpy of formation of CoO at 

298°  K (in cal/gram-mole COG) given by BREWER (1963) and 

BOYLE & KING & CONWAY (1954), the free energy of formation 

of Co® per gram-mole of oxygen is obtained as: 

(2. 11) 	IIG°  - 117850 - 11. 6GT 	+ 114,08 T + 5. 48X10-3T2  

-0. 60X10-5T-1 cal. 	 (700 - 1393°  K) 

(2. 12) 	AG°  = -98310 + 19. 06 T luT - 105. 32T - 6. 46X10-3T2  

- C. 6CX1C5 T-1 cal. (1393 - 1768° K) 

the double expression being necessary because of the magnetic 

transition point of Co at 1393°K. Results from these equations 

together with values calculated using data tabulated by KELLEY 

are shown in Table 2. 1. Also shown are values obtained from 

the following three-term equation 

o (2. 13) 	AG = -110450 + 3.44 T log T + 21.57 T (900 - 150C°  K) 

which was fitted to the values of Column 3 for the temperatures 
0 

of 900, 1260 and 1500 K. 

(b) KIUKKOLA & WAGNER conducted their measurements between 

900 and 110Co C. A least squares analysis of their results leads to 

the following free energy for their cell reaction: 

(2. 14) 	A G0  = -13910 - 2. 79 +- 185 cal/gr mole 02. 
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Combining STEELE's assessment of the Fe -FexCi - 02  

equilibrium gives the following free energy of formation: 

(2. 15) 	p G° 	= -11256C + 34,05 T - 31C cal/gram-mole 02. 
CoO 

(c) PETERS & MANN experimented between 760 and 131Go C. 

Combining their results for the cells Co-CoO/CO - 002  and 

Fe -FeO /CC-002 with STEELE's assessment gives the equation: 

(2. 16) 	Q G° 	= -109750 + 33. 28T t 300 cal/gram-mole 
Co® 	 of Oxygen. 

(d) TRETJAKOW & SCHMALZRIED obtained a direct measurement 

of the free energy of formation of Co® given by: 

(2. 17) 	A Go 	= -115200 + 37. 22T - 2GC cal/gram-mole 
CoO 	 (1000-1500°  K) 	Oxygen 

(e) Combing the results of the PRESENT WORK (equation 2. 7) 

with equation (2. 1) proposed in this work yields the following 

equation: 

(2.18) 	Q G° 	=-112550 + 34. 28 T 27C caligram mole 
Co® 	 (105C-1458 K) 	Oxygen 

The high temperature experimental results can be compared 

by means of Table 2.2. It is immediately seen that the results of 

PETERS & MANN are too far away from the rest despite their good 

reproducibility. As experimental details are lacking from their paper, 

it is difficult to explain the discrepancy; mixing of gases in the 

apparatus or errors in gas analyses are possible sources of a 

systematic error. 
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The results of TRETJAKOW & SCHMALZRIED are also 

too high, but in this case it is possible to attribute these results 

to a definite cause. They obtained emfs between 590 and 81G 

my, which is a large potential difference and would certainly tend 

to enhance the electronic conductivity of the zirconia-based 

electrolyte. Oxygen diffusion through the electrolyte cannot be 

disregarded. 

A 'Third Law Treatment' was given to the results of the 

present work together with those of KIUKKOLA & WAGNER which 

is shown in Fig 2. 8. The comparison shows that their results agree 

better with calorimetric data than those obtained here. It must be 

borne in mind, however, that the technique used by these authors 

was such that oxygen could be transferred from the one electrode 

to the other. Since their reference electrode was Fe-Fe 
x
0, the 

practical result was that the free energy obtained for the formation 

of CoO would tend to be too low. Zr02 - CaO electrolytes are 

regarded today as inferior to thoria-based ones for studies of this 

kind. Thus the better agreement of their results with calorimetric 

data may have been accidental particularly as their range of 

temperature was only 2CC°  C. 
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It is important, however, that there is a considerable 

overlapping of the scatter bands of calorimetric data and those 

of the present work, of KMKKOLA & WAGNER and of the values 

given by ELLIOTT & GLEISER. The values from these four 

sources for the temperatures 16CO3  1100, 12CC, 130C, 140C and 

15000 K were treated statistically and yielded the following equation: 

(2. 19) 	AG°  = -112150 + 33. 79 ± 2CC cal/gm. mole 02  
Co® 	(1CCC - 1500°  K) 

The standard deviation given here is for the values considered in 

deriving Lt. However, since the scatter of the lines is only 1. 8o , 

where 0 has the value of 200 cal and in view of the considerable 

overlap of the individual experimental equations considered, one 

can use equation (2. 19) with great confidence. 

If thermochemical data are ignored and the results of the 

present work are combined with results by STEELE the following 

equation is obtained: 

(2. 20) 	A G° = -11251C + 34. 24T - 27C cal/gm-mole 02 

values from it are given in Table 2.1. 
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TABLE 2.1 

Calorimetric and Solid State Cell 

Goform. of CoO in calfg mole Oxygen. 

°K 

1 

Five-term 
equations 

2 

Tables 

3 

Three-Term 
equation 

4 

Experimental 
based on Sol. 
Electr. Cells only. 

5 

9GG 81830 8:1900 81900 78270 

1000 78490 78550 78560 78270 

1100 75160 75210 75220 74850 

1200 71830 71860 71860 71420 

1300 68470 68490 68490 68000 

1400 65130 65100 65100 64570 

1500 61740 61710 61710 61150 

- 380 - 390 - 390
** 

- 27C 

* Calculated from % error indicated in KELLEY's compilation 

** Calculated on the assumption that tabulated heat change values 

have an error of - C. 5% and Entropy values an error of - G. 02 
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TABLE 2.2 

Thermodynamic - G G.°f)rm of CoO in. calf? mole Oxygen. 

K 	Kiukkola Peters Present Tretjakow Coughlin Proposed 
Work 	& 	 Equation 

Gleiser Wagner Mann 	Schmal- 
zried 

1 2 3 4 5 6 	7 8 

1000 78000 78510 76470 78270 77980 7746C 78360 

1100 74800 75100 73140 74840 74260 73730 74980 

1200 71400 71700 69810 71410 70540 70000 71600 

1300 68300 68300 66490 6798C 66810 66270 68220 

1400 64800 64890 6316C 64556 63690 62540 64846 

1560 61400 61480 59830 6113C 59370 58816 61460 

- 1000 - 310 - 290 - 300 - 200 - 200 
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FIG. 2.8 

Third Law Treatment 
applied on the reaction 
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2. 2. 3 A STUDY OF THE Nb02  - Nb 2°5 - 02  EQUILIBRIUM 

2. 2. 31 GENERAL 

Eight experiments were made using the following cells. 

(2. 21) 	Ni - Ni010. 9ThO2 - C. 1Y01. 51N1402 Nb204. 8 

(2. 22) 	Ni - Ni010. 95ThC2  - C. C5 CaOlNki02 - Nb204. 8 

Five of these experiments were made with the apparatus shown 

in Fig. 2. 1. An endeavour was made to .:isolate the r. h. s. 

electrode from the gas around by surrounding it with a small 

cup. However, three out of five experiments showed a very 

marked drift of emf. Two were successful and three more 

experiments were conducted in the modified experimental 

arrangement shown in Fig 2. 2. 

Emfs were reproducible to within - 5 my at the lower 

temperatures (785 to 96C°  C) and to within narrower limits for 

the higher ternprratures- The scatter was reduced to - 1.5 my 

around 1175o C. Cell yields for temperatures below 785°  C 

were not considered because of a pronounced drift in erris. 

Small amounts of current (up to 1CCII A) were passed for times up 

to 5 min but after a depolarization period of up to 3 hours the 

emfs returned to its original value within the above limits. 
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No dependence on gas flow was detected; and times for equilibration 

of at least 3 hours were allowed at the higher temperatures, 

raising to about 15 hours at the lowest temperatures. 

2. 2. 32 RESULTS 

The results obtained are shown in Fig 2. 9. They are in 

contrast to those obtained by other authors. The lower 

temperature readings were the first to be recorded in the morning 

and, therefore, equilibration was certainly established. Below 

785o C the @iris fell sharply and had no relevance to the trend 

betwee.i 185 and 96Go C. The present results are in contrast 

particularly to those by STEELE who did not experience difficulties 

above 70Co C. The difference may be due to the fact that the last 

worker employed high vacuum rather than purified argon as was 

the present case. 

The present results were ordered in two groups and the 

following are the equations of the bisector lines of the individual 

regression lines obtained by the method of least squares. 

(2. 23)  E = 317. 06 + C. 08727T - 2. 8 my (1055 to 123Co K) 

(2. 24)  E = 434.31 - G. 00814T - 1. 9 my (1220 to 1450o K) 

The indicated errors represent the standard deviations for all 

experimental points considered in each range. The two lines 

intersect at 956o C. 
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2. 2. 33 EVALUATION AND DISCUSSION 

The present knowledge of the niobium 	oxides is not 

quite complete yet, but it appears that in the composition range 

between Nb02 and Nb205 a considerable number of phases exist* 

SCHAFER has identified six phases so far, and there is evidence 

that these phases are broadening and eventually merging at 

higher temperatures (c. f. STEELE). The break of slope obtained 

in the present work may, therefore, be indicative of a phase change 

at about 955° C, that may not be detectable if no sufficient time is 

allower; for equilibration. This is particularly important in this 

case where only ceramic phases are involved. So far, workers 

have assumed that the nonstoicheiometric Nb204 8 is at equilibrium 

with Nb02 at all temperatures above 70C° C. Yet the difference 

in slope between the results by STEELE on the one hand and 

BLU1V1ENTHAL et al. and WORRELL on the other is difficult to 

reconcile. It is quite possible that not all data refer to the same 

phases. However, comparison of the present results with those 

by STEELE and values obtained by extrapolation of results by 

LAURENTIEV et al, indicates that at the higher temperatures 

considered here (i.e. 1220 to 1450° K), the same phases were at 

equilibrium in all three cases. Assuming that these phases were 
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Nb02  and Nb2 4 8  the cell reaction was 

(2. 25) 	2NiO +51\1)0 2 = 2Ni + 2. 51\1b 2C4. 8 

Combining equations (2. 24) and (2. 1) the free energy of reaction 

(2. 26) 5Nb°2 + 02 = 2. 5D4b204. 8 

is obtained as 

(2. 27) 	p G°  = -15204C +41. 37T+- 34C cal (1220 - 1450°  K) 

In the lower temperature range, the cell reaction can best 

be written as 

(2. 28) 	2NiO + x_Nb02 = 2Ni +NIP -f 	20  y 

Combining equations (2. 1) and (2. 23) gives the free energy of 

reaction: 

(2. 29)  ICINTb4,4  + 02 	2 = 	--Nb2  0 y (y = 4 + 4  —) , 

as: 

(2. 30)  .A G°  = -14122C + 32. 57T+- 39C cal (1055 to 12300  K) 

Results by various authors can be compared in Fig. 2. 10. 

For the sake of comparison the results by other authors are given 

here briefly. 

LAVRENTIEV et al equilbrated mixtures of Nb02  and 

It>204. 8 with I-12/H20 mixtures and they obtained 

(2. 31) 	A Go = -3C1CC + 12. 17T - C. 2% calggr, mole of oxygen 
(1480 - 1673 K) 
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In Fig. 2. 1C and Table 2. 3 this equation is combined with values 

for the H2  - 1120 - 02  equilibrium given by ELLIOTT & GLEISER. 

STEELE, BLUMENTHAL et aL and WORRELL examined 

the cell: 

(2. 32) 	Fe - FeOlSolid Electrolyte I 	
z NDIO, - Nb204. 8 

BLUMENTHAL et al, used zirconta -lime electrolytes, the 

other authors thoria-yttria mixtures. They obtained respectively 

the following expressions: 

(2. 

(2. 

(2. 

3?..) 

34)  

35)  

d Go  = -15247C + 41. iCT - 29C cal (gram-mole 02 
tl 	11 A G° = -14864C + 39. 38T - 26C 

A G° = -14857C + 38. 18T - 	? 

These expressions were obtained by referring the actual 

experimental results to STEELE's assessment of the Fe-Fe0-02  

equilibrium. 

Table 2. 3 and Fig. 2. 1C also include a few points obtained 

with gas equilibration techniques. Inspection shows that the 

results of BLUMENTHAL et al. are somewhat high, and this may 

be attributed to the Zr02 - based electrolytes used by them. It is 

remarkable that the results of the present work agree within the 

experimental error with the extrapolation of those by LAVRENTIEV 

et al, though the opposite is not equally true. When all results are 

considered, those of the present work represent a compromise. 
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At the same time a comparison can be afforded of the 

results at the lower temperature range. At present no more can 

be said about them. 



Table 2. 3 

- L Go 
form of the Reaction: 5NbO2 +02 = 2, 5Nb204. 8 in calk-mole of Oxygen 

Calori- I.i.vren- Steele 
rnetri, ticv et 
by 	al gas 
Cough -. e quill- 
lin 	brium  

Blumen- Worrell 
thal 

et al  

o o —A K reGaction Authors 
This work 

bigh temp low temp 
equation equation 
(extra- 	(extra- 
polated) 	polated ) 

JAC 1C9870 109990* 111370 109260* 110390* 11067C 10865C 1173 102940 Schafer - 
Breil 

106330 i06110* 107260 105320 10657C 106530 105390 1273 100730 GrUbe - 
Flad. 

1273 122CC Blumenthal 
1200 102850 102220* 10315C 101380 102750 1C240C* 102140 -750 et al 

1473 93160 11 

1.tC 99440 98280* 99040 97450 98940 98260 9888G* 

96090 94340* 94930* 9351C* 95120* 94120 9562C* 

1 1̀0 - 290 - 96C - 340 - 39C 

*Extrapolated values 
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FIG. 2.10 
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2. 2. 4 A STUDY OF THE CHROMIUM - CHROMIUM OXIDE 

EQUILIBRIUM 

2. 2. 41 GENERAL 

This equilibrium was established by means of the following 

cells: 

(2. 36) (a) C-c-Cr 031 G. 90 TI-02  C. 1C 101. 51 Mn -MnO (3 experiments) 

(2. 37) (b) Cr-Cr203  1 G. 90 Th02 C. 10Ca0 I Mn - MnO (1 experiment) 

(2. 38) (c) Cr-Cr2O3  I C. 95 Th02  C. C5 Ca0iMn - MnO (1 experiment) 

Five experiments were made which lasted from 2 to 5 days . 

Of the first three experiments one was made with a highly trans- 

lucent pellet, one with a transparent pellet, and one with two pellets 

a translucent and a transparent one in contact (total thickness 

5 mm). 

It was observed that in order to yield the proper emfs, the 

cells had to be heated to 1C5C-11CC°C; after that, equilibration 

after a change of temperature was quite fast. Depending on 

temperature it usually required e to 3/4 hour to yield a steady emf. 

As with the equilibria already examined, so here, reproducibility 

was checked by passing small amounts of current. After a 

depolarization period, the length of which depended on current 

passed the emf returned to the original values within very close 

tolerances. 
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The upper temperature limit was at about 118t.e  C. The 

lower temperature limit, below which no meaningful results could 

be obtained was not the same for all experiments, but it varied 

between 98C and 81i, C. As all cell components have been found 

to work satisfactorily under other experiment-1.1 conditions at even 

lower temperatures, the drift observed here for temperatures below 

the lower limit was in the present authea-s1  opinion due to a too low 

oxygen pressure over the Cr-Cr203  pellets. In fact, these pellets 

showed a slightly higher metal concentration at the interface at 

the end of the experiments than at the start. At the higher tempera-

tures the rate of decomposition of Cr 
2  03 

 seems to have been such 

as to offset any drift, whereas this seems to have been impossible 

at the lower temperatures. 

Both pellets retained their original high mirror polish to 

the end of the experiments, and all four phases in the electrode 

pellets were intact. 

No penetration was observed in the electrolyte pellets, save 

the one with 5% CaO which was slightly porous and in which MnO had 

penetrated to some depth. On the translucent pellets only a super-

ficial etching was observed, and on the transparent ones only the 

polish of the electrolyte was found dull at the end of the experiments. 
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Particular care was taken to purify the argon used in these 

experiments. After proper drying, the high purity argon used 

was passed through a vertical furnace the lower half of which was 

loaded with Titanium turnings and the upper half with 87%Zr - 13% 

Ti alloy turnings. The stream, obtained from the top, was split 

in two and flushed the Mn - Mn© pellet in the inner compartment 

and the Cr - Cr203  in the outer compartment. A titanium foil 

placed in the stream just before the Cr - 
Cr203 did not show any 

trace of oxidation. 

2.2.42 RESULTS  

At least two recyclings of temperature were allowed and 

arbitrary changes of temperature were also tried. The emf 

values were found to be reproducible within about - 1 my for each 

particular experiment. However, not all experiments gave the 

same slope. Whereas at temperatures above 11500 C the emfs 

from all experiments were within - 2.5 my, at lower temperatures 

they differed by as much as - 8 my (after extrapolation). No 

explanation can be offered for this trend. It is possible that a 

number of parameters combined in such a way as to give each parti - 

cular experiment a different slope. The fact that all slopes converged 

at the higher temperatures may well indicate that some reaction 



117 

kinetics may have played a part; the Cr - Cr202  is perhaps to 

be suspected if one considers the general passivity exhibited by 

chromium metal. 

The actual experimental results can be seen in Fig 2. 11. 

The findings of each particular experiment were separately 

treated by the method of least squares and together with the stan-

dard deviations are shown in Table 2. 4. The same treatment was 

also applied to all experimental points and the equation obtained is 

also shown in the same Table.. As the deviations of the experimental 

points from the values calculated from the overall equation for the 

same temperatures is less that 30 where a = - 3 my is the 

standard deviation, all points obtained in the present experiments 

belong to the same population and the overall equation for the cell 

reaction is quite acceptable. 
2-2.43 
EVALUATION AND DISCUSSION 

The calculation of the free energy of formation of Cr2O3  

from calorimetric data, according to the re e.thod described in 

Appendix III , yields the following 5-term equation: 

A G° = -184230 - 6. 31T1fl T + 86. COT + 2. 18x10 -3T 2 + 1. 25x 

5 -1 1C T - 35C cal per gran-mole of Oxygen. 
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where the indicated error has been calculated from the deviation 

shown in KELLEY'S compilation and the errors of the enthalpy 

and entropy values at 298°  K. Numerical values obtained by this 

equation are shown in Table 2.5. together with values calculated 

from the heat and entropy increments shown in KELLEY. To 

these last values the following 2- and 3- term equations have been 

fitted whose results can also be compared in the same Table. 

(2. 39) 	A Go = -17964L + 40. 04T - 12(:. cal/gr. mole of Oxygen 

(2. 4C) 	= -18G47e - 1. 56TlogT + 45. 54T 4-- 12GC cal/gr. mole 
of Oxygen 

The error indicated here was calculated, on the basis of a C. 50/c 

error in heat increments and a C. £2 e. u. error in entropy increments 

and the errors of the enthalpy of formation and the entropies of Cr, 

Cr2O3 and 02  et 298o K, for the mean temperature of 125C° K. 

In all these calculations the value of -272650 - 35( cal/gr. 

mole of Cr2O3 for the enthalpy of formation at 298° K as given by 

MAH (1954) was used. On inspection, it becomes evident that the 

two-term equation can be used with great confidence at this 

temperature range. 
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Assessments based on calorimetric data have been made 

by a number of authers such as RICHA_RDSON to JEFFES, 

KUBASCHEWSKI & EVANS, COUCHLIN and ELLIOTT & GLEISER. 

A two-term equation was fitted on the data by the last authors 

between 1000 and 1500°  K. 

Thermodynamic high temperature measurements have been 

made by OKAKA et al. (1943) (a line was fitted to their results for 

four temperatures), by CHEN & CHIP1VIAN (1947), by JEANNIN & 

MANNERSKANTZ & RICHA.RDSON (1963), by TRETJAKOW & 

SCHMALZRIED (1965), and by McIVER & TEALE (1965). Of these 

authors, FRETJAKOW & SCHMALZRIED made use of the cell 

(2.41) 	Pt - 02 ZrO2  - Ca01 Cr-Cr2O3, Pt 

and thus obtained a direct measurement of the present equilibrium. 

On the other hand, McIVER & TEALE used the cell 

(2. 42) 	Nil Ni-Ni01 Zr02 - Ca0 IThO2 - Y203 Cr-Cr2031 Ni 

and from their results between 800 and 992o C and equation (2. r) 

proposed for the Ni-MO equilibrium the equation shown in Table 

2. 6 was obtained. 

If the "all results" equation (Table 2. 4) for the free energy 

of the cell reaction obtained in this work be combined with 

equation (2. 2) proposed for the Mn-MnO equilibrium, the following 

equation is obtained: 

° (2. 43) 	AG = -178 	+ 14 + 39. 60T- 41 Ocal/gr mole Oxygen. 
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Table 2. 6 affords a comparison of all calorimetric and thermo- 

dynamic data. All these equations can also be compared in Fig. 

2. 12 where the shaded area is that covered by the individual 

experimental results obtained in the present work. It is immediately 

seen that a wide discrepancy exists between calorimetric and 

thermodynamic results obtained previously. It is not possible to 

ascribe this discrepancy to any particular method thermodynamic 

or calorimetric. The fact that somewhat 'different results were obtained. 

in the present work under "identical" conditions indicates that the 

Cr-Cr203 equilibrium is a difficult one to establish. If this is taken 

to apply .-,qually to high as well as low temperature data, then the 

true value must certainly lie between the two sets of data. 

One important feature of the present results is that they were 

obtained with a reference electrode operating at a.lower oxygen 

potential. This may well explain the difference with previous high 

temperature results particularly those by TRETJAKOW & SCHMAL 

ZRIED and McIVER & TEALE where the experimental techniques 

should tend to give too high values especially because of the Zr02  - 

CaO electrolyte used and the large emfs developed. On the other 

hand, if the present experimental arrangement tended to give too 

low values and the calorimetric ones were correct, then one would 
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expect to obtain results lower than the calorimetric, which did 

not occur. The calorimetric results then must in fact be too low. 

It appears, therefore, that if other high temperature results are too 

high and the calorimetric ones too low, then the results obtained 

in the present work, despite their trend at lower -temperatures, 

must be closer to the correct free energy val 	than any other 

data. This view is further enhanced by the excellent agreement 

between equation (2. 43) and the results obtained by JEANNIN et al. 

who gave the following free energy of formation of Cr203  per gram 

mole of oxygen between 1040 and 1300°  C 

(2. 44) 	AG°  = -177800+ 39. 97T ±- 630 cal 

The standard deviation was calculated on the basis of the above 

authors' experimental error and on the assumption of - 300 cal. 

error in the free energy of water formation per gm. mole. 

Furthermore, if the thermochemical data on the Mn -Mn® 

equilibrium be ignored and ALCOCK & ZADOR's experimental 

data (see Appendix III  ) be used, the following equation is 

obtained instead of equation (2.43) 

(2. 45) 	AG°  = -17763:. + 39. 92T - 41C cal 

which is practically identical to equation (2. 44) 
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The excellent agreement on the .entropy of formation 

between equations (2. 39), (2. 44) and (2. 45) giving an average 

value of 39. 98 - C. C6 eu may, in fact, suggest that the calori-

metric Entropy of formation of MnO is slightly in error. 

The agreement on the enthalpy of formation is not as good 

since the thermochemical value is not less than 2UC cal. below 

the thermodynamic one. 

The results by TRETJAKOW & SCHMALZRIED and even 

more so those by McIVER & TEALE are particularly high in com-

parison to the present results and are both due to low emf readings. 

This must undoubtedly be attributed to the use of zirconia based 

electrolytes. It is particularly noteworthy that the results of the 

latter authors, who employed a thoria based electrolyte in an 

attempt to eliminate electronic conduction through the cell, are 

worse than the results of the former authors. However, McIVER & 

TEALE apparently succeeded in eliminating electronic conduction 

since they obtained constant emf. It appears, therefore, that the 

elimination of electronic currents does not necessarily give the 

correct emfs when electrolytes with considerable electronic con-

ductivity are used, the reason being that such electrolytes may not 

be equilibrated exclusively with the electrode with which they are 

in contact, but rather with a mixed oxygen potential. 



TABLE 2. 4 

EMF values and Free Energies for the reaction 

Exp. No 

4 2 	 Cr  Cr203 + 21Vin = - 	+ Min() 3 

Temperature 	E (my) 
raw° 

( T) 

-A Go (Cal) 

50 1277-145i 53. 77 + 0. 06158T - 0. 62 496C + 5. 68T - 57 

vl 1082-1446 115. 63 + 0. 01980T -.43 10670 +. 1. 83T - 40 

52 1177-1446 70. 29 + O. 05001T -.72 6480 + 4. 61 - 66 

54 1172-1452 96.19 + 0.03221T - 0.59 8870 + 2. 97 - 54 

".-ill results" 1082-1452 89. 45 + 0. 03734T - 3.00 8250 + 3. 44 - 280 
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TABLE 2. 5 

Calorimetric - Q  Go  form, of Cr2O3  in cal/g. mole Oxygen 

o
K 

Five-term 
equation 

Tabulated 

data 

Two-term 	Three-term 
equation 	equation 

1CCC 13945C 139610 139600 139610 

11LC 13542C 1356LC 1356GC 135590. 

12CC: 1314CL 13158C 13159C 13159L 

13CC 12739C 12758C 127596 127580 

14CC 123380 12359C 12358C 12359C 

15CC 11937',.: 11959C 11958 11959C 
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TABLE 2. 6 

Assessments and high temperature data 

1/ 

for the A Go (formation) 

Authors 

Richardson & Jeffes 

of Cr2O3 in cal/gr. mole Oxygen. 

Equation 

-178500 + 4,.. 4 CT - 270C 

Kubaschewski & Evans 

2/ Coughlin -180870 + 41. 21T - ? 

3/ Elliott & Gleiser -180130 + 41. 71T - ? 

4/ Okada & Kokubo & Matsuo -170890 + 36. 15T - 27o 

5/ Chen & Chipman -1767CC + 46. 27T - 4CC 

6/ Jeannin & Mannerskantz & -177800 + 39. 97T - 630 
Richardson 

7/ Tretjakow & Schmalzried -172400 +- 36. 8CT +- 200 

8/ Mc-Iver & Teale -175630 + 40.62 T - 300 

9/ Calorimetric (calculated in this 
work) 

-17964C + 4C. G4 T - 1200 

10/ Thermodynamic (measured in 
this work) 

11/ Thermodynamic (measured in 
this work - alternative 
to the above) 

-17714C + 39. 6CT - 41C cal 

-177630 + 39. 92T - 410 cal 
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CHAPTER THREE 

MEASUREMENT OF THE IONIC TRANSPORT NUMBERS 

OF GROUP Ha OXIDES 

2, 3.0 INTRODUCTION 

To be usable as a solid state electrolyte a substance must 

possess two indispensable properties. Firstly, it must be highly 

resistant to corrosion that can be caused by the electrode materials-

and secondly, it must deliver an emf that exactly corresponds to the 

free energy of the cell reaction. 

In the case of liquid sodium it became clear that whenever 

the oxygen content (and, therefore, activity) exceeds a certain 

value, the first condition is not met by the zirconia or thoria 

based electrolytes. The necessity, therefore, arose that new 

materials be examined in order to determine the possibilities for 

the development of new electrolytes usable with alkali oxides. 

The alkaline earth oxides are known to possess a very 

remarkable resistance to corrosion by alkali oxides. It remained, 

therefore , to examine whether cr not the second condition is 

also met. 
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The use of an ionic crystal in galvanic cells, for thermo-

dynamic measurements, necessitates a knowledge of the ionic 

transport number ti  so that the cell emf Eo be deduced from the 

observed emf E by means_ of the equation 

(2.46) 
	

E = Eo . t' 

Conversely, the emf observed for a cell whose free energy of reaction 

is accurctely known can lead to a knowledge of the transport 

numbers of ions and electrons in the electrolyte used. The use 

of this electrolyte in other cells, thus, becomes possible. 

Theoretically the same result should be obtained if the 

total conductivity were known as well as the diffusivities of the ions. 

In this case use is made of the Nernst-Einstein and the conduc- 

tivity- mobility 	relations given respectively by: 

(2. 46a) 	D = ukT and 	Q = n(ze)2u 

where D is the diffusivity, u the mobility of the particular ion, 

er the conductivity due to that particular ion, z the valence of the 

ion, and n the concentration of the ion under consideration. 

The ionic transport number is then obtained by 

(2.47) 
-Q+-  t. 1 	ITt 

where 0 and a stand for cation and anion conductivities 

respectively, and a for the total conductivity. 
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There also exist two polarization methods for the direct 

determination of the electronic conductivity of a mixed conductor. 

In both these methods the ionic conductivity is, more in theory than in 

practice,s7.2.2recsedeither by the lack of sufficient migrating ions 

to maintain an ionic current (HEBB), or by the use of electrodes 

with which ions cannot be exchanged. (WEST & TALLAN). 

In the present work the thermodynamic method was employed, 

and a comparison with results obtained by the second method was 

attempted in a few cases where sufficient data existed. 

When the present work was started, it was not known with 

certainty the extent to which each particular alkaline earth oxide is 

an ioni., or mixed conductor. Furthermore, their properties had 

not been examined at oxygen potentials and temperatures as low 

as those required for a potential use with alkali metal plus oxide 

systems. 

To make this piece of work satisfactorily complete, it was 

decided that measurements should be made at two narrow oxygen 

potential regions, (a) between Ni - Ni0 and Co - Co0 electrodes, 

and (b) between Cr - Cr203 and Mn - MnO electrodes, and at 

temperatures as low and near as possible to the temperatures 

envisaged for cells using alkali metal-oxide electrodes. 
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2. 3. 1 
THE NATURE OF THE ELECTRICAL CONDUCTIVITY OF Be0 

2. 3. 11 LITERATURE REVIEW 

Beryllia has been subjected to extended research in recent 

years and some disagreement exists on the nature of its electrical 

conductivity. 

PALGUEV & NEUIMIN (1961) measured the ionic transport 

of Be0 by employing polycrystalline pellets, (pressed at 1700kg/ 

, cm2 
and fired in air at 160c,o  C for two hours), in the following 

galvanic cells 

(2. 48) 
	

Pt - pure 02  I Be0 I Air - Pt 

and 

(2.49) 
	

Pt - pure 02  I Be01 66% CO + 34% CO2, 

and obtained the results shown in Fig 2.13. 

An overwhelming ionic conductivity has been reported by 

CLINE et al (1967) who used the cell (2.48) and also studied the 

effect of oxygen partial pressure between 10 and 1C-3atm 	and 

found that it did not affect their results. Since their cell was 

calibrated against a similar cell using a Zr02  - CaO electrolyte, 

ionic transport in excess of 1(07, is not unreasonable if the latter 

electrolyte becomes more electronic than Be0 at the high temperatures 

(110C to 1700°  C) used in their experiments. Their results are also 

shown in Fig 2.13. 
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On the other hand PRYOR (1964) concluded that Be0 is 

not a completely ionic compound, and as the energies required 

for defect formation are extremely high, no measurable ionic 

conductivity can result. His conductivity measurements on both 

single crystal and polycrystalline Be0 gave practically identical 

results; and his data for volume and surface diffusion having 

almost completely overlapping error bands du not warrant the 

distinction (See Fig. 2. 14) 

Results on the self-diffusion of Be in polycrystalline  Be0 

have been obtained by de BRUIN & WATSON (1964). AUSTERMAN and 

his colleagues (1958 to 1966) also measured this self diffusion 

in both <ngle crystal and polycrystalline Be0 and their results 

agree to within about 3/4 order of magnitude with the results by 

the former authors. The self-diffusion of oxygen in single crystal 

Mg0 has been measured by HOLT (1962) and is about 1/500 of that 

of Be. If use is made of equation (2.46 ) the conductivity associated 

with the diffusion of Be2+ ions as determined by de BRUIN & WATSON 

4. 47 x 106 

a
Be- 	 exp (-2. 7 ev/kT) 

T 

and it can be compared with PRYOR's results in 	Fig. 2. 14. 

is found to be 

(2.50) 



The similarity in both slope and magnitude of these results 

together with the appreciable scatter experienced by AUSTERMAN 

seem to warrant the view that Be() is in fact a principally cationic 

conductor, in which,grain boundary diffusion is unimportant. 

The assumptions and/or data underlying PRYORts theoretical 

calculations must, therefore, have been grossly in error. 

3. If 1 :::r:. ERIMENTAL" AND RESULTS 

The apparatus shown in Fig 2. 2 was used in the present 

work and the following cells were examined: 

(2. 51) 	Ni-NiO 1 BeO I Co-Co® (2 expts) 

and 

(2. 52) 	Cr- Cr2O3 1 BeO I Mn-MnO (3 expts) 

The electrolyte was in the form of small grey slabs (8mm x 8mm x 

G. 98 mm) obtained from U. K. A. E. A. , Harwell, England. No open 

porosity was detected and the density was about 99% of the 

theoretical. Pt the end of each experiment examination showed 

excellent interfaces on both electrolyte and electrodes. Only Co® 

tended to react slightly with BeO. The other electrodes would 

only etch slightly the electrolyte whose colour did not change. 
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The results obtained are shown in Figs. 2.15 and 2.16. 

Because of the extremely high resistivity of Bee) no measurements 

were possible at lower temperatures. All furnace controls had 

to be switched off momentarily in order to take a reading that 

was not influenced by their action.. It is felt that although these 

results are reliable qualitatively, they should not be used for 

quantitative purposes. 

2. 3. 13 17,75CUSSION 

Three conclusions can immediately be drawn. Firstly, 

the character of the conductivity is a mixed one; secondly, 

reduced oxygen partial pressure seems to reduce the ionic 

transport number; thirdly, within the temperature range 

examined the ionic conductivity increases with temperature. 

These conclusions are in agreement with the findings of 

PAIIGUEV & NEUEVIIN whose experiments were conducted at 

much higher oxygen activities. These authors do not mention 

any difficulty in obtaining their values although they used pellets 

2-3 times thicker and this should have involved a proportionally 

greater resistivity than was experienced in the present work. 

Their ability, therefore, to obtain values at lower temperatures, 
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where the resistivity should have been still higher, is difficult 

to interpret. In this respect it may be significant that CLINE 

et al, give values for temperatures higher than 1185°  C. 

The trend of the present results as a function of temperature 

is in agreement with findings by the above mentioned authors. The 

fact that at lower temperatures the ionic transport number is 

smaller may not be due to failure to attain equilibrium but to the 

fact that cation diffusion decreases significantly with decreasing 

temperature. The electronic concentration being impurity 

dependent does not change appreciably with temperature. These 

phenomena combined should help increase the ionic transport 

number with temperature as is found experimentally. 

The relationship of ionic transport number and oxygen 

pressure is shown in Fig. 2.17. The logarithmic mean of the 

oxygen pressures, at equilibrium with the electrodes, is considered 

to pertain to the whole electrolyte. This may be a gross simpli-

fication whenever cell measurements are taken with oxygen 

pressures widely apart as was the case with the second cell of 

PALIGUEV & NEUIMIN, otherwise this treatment should be 

quite satisfactory. 
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FIG. 2.14 
BeO 

Electrical Conductivities. 
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FIG. 2.1 5 
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FIG. 2.17 
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log P02-- 1 	+ IogP2) 

2 4 6 8 10 12 14 16 18 20 
—log P02 



140 

No systematic attempt was made to measure the conduc-

tivity of Be0, but two values were obtained by applying a known 

d. c. potential and measuring the current during titration; 

they are shown in Fig. 2. 14. Since all these conductivity values 

are compatible with each other, despite the fact that the Be® 

samples examined originated from different sources, the conclusion 

can be reached that the present discussion is applicable to "pure 

Be®" (not less pure than "Analar") irrespective of the actual 

amomat and nature of trace impurities. 

2, 3. 2 
THE NATURE (MP THE ELECTRICAL CONDUCTIVITY OF MgO 

2.3. 21 LITERATURE REVIEW 

Self diffusion measurements by LINDNER & PARFITT 

(1957) and OISHI & KINGERY (1960) lead to the conclusion that 

Mg
2+ 

diffuses 100 to ICU times faster than 02-  in the temperature 

range of 1000 to 1.30°  K. 

Among the physical methods used to determine the nature 

of the conductivity (electronic or ionic) and the migrating species 

(positive or negative), the most frequently used ones have been 

a. c. and d. c. conductivity methods. The experimental conditions 

employed have not been always the same and this may account, 



at least partly, for the different conclusions expressed. In short 

these methods tend to indicate an activation 	energy of 2. 3 - 

C. 1 ev. for the electrical conductivity, but they have been in- 

conclusive with regard to the sign of the charge carrier. Among 

the various workers WEBER (1951), MANSFIELD (1953), LEMPICKI 

(1953), Y 	& SAWAMOTO (1954) and GARLICK (1956) should 

be mentioned. 

A much more extended work has been carried out by 

MITOFF (1959, 196C). His findings can be summarized as follows: 

(a) 	The Conductivity increases with impurities. (b) The depen-

dence of conductivity upon the oxygen partial pressure presents a 

minimum at about 1C-5 atm . (c) This minimum is associated 

with a minimum electronic conductivity. (d) A knee was observed 

in the conductivity Vs. l/T plots at about 105C°  C when crystals 

with 8ppm Fe and 20 ppm total impurities were examined. 

(e) Conversion of LINDNER & PARFITT's data to conductivities 

indicates that cation diffusion could account almost exclusively 

for the conductivity observed in the purest crystals. (f) The ionic 

transport number decreases with increasing temperature between 

1CCC; and 1500° C. (g) The ionic conduction was smaller in Lithium 

doped crystals than in "pure" Norton crystals, indicating that 

impurities affect more the electronic than the ionic conductivity. 
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DAVIES (1963) also observed a knee in his conductivity vs. 

temperature curves at 1C1C
o 

C. 

ESIN et al (1957) and SANBONGI & OMORI (1959) were the 

first to report a predon-dnently ionic conduction in MgO above .. 

11CCo C when used in cells involving slags. 

SCHIVIALZRIED (196C), using an MgO crystal between 

electrodes consisting of Ni NiC and Fe + FeO, was able to show 

that at about 11CCo C MgO0 exhibits an ionic conductivity nearing 

97% of the total irrespective of impurity level (between 8 and 13CC 

ppm), although equilibration time was longer for the purer samples. 

Schmalzried's experiments were checked by MITOFF (196C) on 

an MgO single crystal containing 1CC, ppm impurities which 

showed an 82% ionic conduction. It was after this that Mittoff 

undertook a series of experiments whose results met have already been 

summarized. 

PALGUEV & NEUIMIN (1961), employing experimental 

conditions similar to those we have already reviewed in the case 

of BeO, obtained ionic conduction to the amount of 77% to 87% 

between 11CC and 13000 C for the oxygen v s. air cell, and values 

between 93% and 95. 5% for the oxygen v s. 66% CO + 34% CO2  

cell between 1C5C and 1300 C. 
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Following LOUP 81. ANTHONY's (1964) demonstration, 

that electronic conductivity may ensue whenever very high 

resistance cells are examined in temperatures around 15GG° C, 

due to electron emission either from the electrolyte specimens 

themselves, and/or from other surfaces in the apparatus, 

IVIITOFF (1964) re-examined the electrical conductivity in MgO 

single crystals. Using an experimental arrangement designed to 

give emission-free conditions, and for an oxygen vs. air cell 

working between 1C:CG and 15CC:°  C, a decrease in the ionic transport 

from 88% at 1116°  C to 33% at 1511°  C was observed. How-

OVOnat least at the higher temperatures, electron emission, or 

more probably surface leakage, may have not been eliminated 

completely in his anode compartment where reducing the surface 

by 1C times would halve the ionic transport. 

From the above exposition the following points have been 

made clear: - Firstly, that conductivity measurements have been 

completely inconclusive both as to whether or not ionic transport 

exists at all, as well as to the sign of charge carriers. 



- Secondly, galvanic cell measurements have been more 

successful and a number of authors agree fairly well on the 

character of the conductivity, being overwhelmingly ionic at 

about 11CCo C, 

- Thirdly, assuming a completely ionised cation ( and for an ionic 

crystal this is a legitimate assumption) self diffusion meastirements 

seem to indicate an overwhelming cationic current, solely res-

ponsible, practi cally, for the observed condi.ctivity, in both 

absolute amount and activation energies in MgO  crystals of the 

highest purity. 

- Fourthly, the point as to whether electron emission and/or 

surface currents contribute to the observed conductivity at the 

higher temperatures is still unresolved, 

2. 3. 22 EXPERIMENTAL AND RESULTS 

The apparatus used in the present measurements has 

already been described as has the experimental technique. Both 

single crystal and polycrystalline samples of MgO were examined 

between Ni-NiO and Co-Co0 electrodes, between Ni-Ni© and 

Fe-FeO electrodes, and, between Cr-Cr203 and Mn-MnO electrodes. 
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Due to the very high resistance of MgO, equilibration 

was difficult to establish and measurements were somewhat 

affected by the furnace controls despite the fact that a 1016 ohm 

input impedence electrometer was used. To refer all results to 

the same experimental conditions, the furnace controls were 

momentarily switched off while an electrometer reading was 

taken. 

Despite the fact that Mg° on the one Land and NiO, CoO 

or FeO on the other form completely miscible binary solid 

solutions, the solid state interaction at the experimental 

temperatures (8CC to 118Co 
C) was very slow and depending on 

the dur ation of each particular experiment the electrolyte inter-

face would be from slightlyetched to stuck on the electrodes. 

Generally periclase crystals showed a far greater resistance 

to electrode attack than polycrystalline MgO. Interaction between 

MgC and the electrodes used increased in the following sequence. 

Cr203, MnO, NiO, CoO, FeC. 

Chromium Oxide had the minimum effect with a very slight etching 

of the electrolyte interfaces. Manganous oxide attack was also 

slight but with polycrystalline materials a superficial penetration 

of manganese vapour was observed. This however was restricted 
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to no more than 20-25p, 	as a result of the closed porosity 

of the electrolyte pellets used. No penetration of the single 

crystals was observed. 

The results obtained are shown in Fig 2.18 to 2. 22 where 

the duration of each particular experiment in days, and the 

electrolyte thickness in mm. are also indicated. The very long 

duration of the Ni-Ni01 MgO s. cr.I Fo-FeO cell was necessary 

because of all experiments reported here, this was the only one 

that was conducted in the simple experimental arrangement of 

Fig 2. 1 first used by Kiukkola & Wagner. A whole week was 

found to be necessary before reproducible (to variations in 

temperature) measurements were obtained with that cell. It 

was also found necessary to titrate small amounts of current 

(direction of negative charges from Fe-FeO to Ni-NiO). Once 

reproducible values were obtained further passage of current did 

not have any effect, and a very large number of equilibrium points 

were obtained with a scatter of within - 2.5 my of the line given. 

All the other experiments were conducted in the double-

compartment apparatus (Fig 2. 2) and equilibration was attained 

after about 12-24 hours and raising the temperature to about 

11CCo 
C. No current titration was found to be necessary. 
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2, 3.23 DISCUSSION 

The results allow an immediate conclusion to be drawn: 

Ionic and electronic conductivity are largely comparable in 

magnitude. Although similar samples behave in a closely similar 

manner, this is not so when single crystal and polycrystalline 

samples are compared. This is shown in Fig 2.23 which includes 

transport numbers obtained in the present work as well as by 

other authors as indicated. The line drawn for the polycrystalline 

samples with Cr-Cr201  vs. Mn-P/In0 electrodes refers to the 

experiment which gave the greater ionic transport number in 

Fig 2.22. The results of the other experiment closely appro-

ximate those obtained with the single crystals. 

It is immediately seen that all the plots obtained in the 

present work pass through a maximum. For the single crystals 

this occurs at about 1C4G°  C whereas for the polycrystals at about 

11CCo C. 

To obtain an idea of the variation of the ionic transport 

with oxygen partial pressure, the Fig 2.24 was prepared on the 

basis of the results of the present work and of those by other 

authors. Here againathe single crystal samples seem to behave 

differently from the polycrystalline ones. The plot for the former 
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seems to possess a maximum at about 1C-12 atm, below which 

it falls rather quickly to very small values. 

The decrease in ionic transport with decrease in oxygen 

activity is in agreement with the results obtained for Be® poly-

crystals, although the latter did not exhibit a 1-1;wcii-n-urrio The 

results of the polycrystalS are more difficult to explain and one 

has the choice of either of the two broken lines in Fig 2.24, of 

which the straight line is admittedly more probable than the other. 

Conductivi.ty measurements were not made, but from the 

titration data a few conductivity values could be obtained and are 

shown in Fig 2.25 which shows the results by various authors. 

The results of the present work were obtained for single crystal 

at about 1C5C°  C, with d. c. voltages of up to 1 volt, and with elec-

trodes consisting of Ni-Ni® and Fe-FeC- they represent steady 

state conditions. This steady state was reached immediately on 

switching on, as no variation in current, for constant voltage, was 

observed in the first few minutes of the titration. The good agree-

ment with results by Lempicki and Mitoff, both of whom used a 

d. c. method in their experiments, is not, however, very conclusive 

as to whether polarization influences the d. c. conductivity results. 
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It is felt, nevertheless, that the very small conductivity, allowing 

for only minute currents, makes it very doubtful whether such 

currents could produce such permanent chemical changes, at 

the electrode interfaces during titration, that could not be elimi-

nated by the diffusion at the electrodes. Therefore, polarization 

even if present at all should not influence the results apprecial•l.y. 

Under steady state conditions and when the working emfii.e..•the sum 

of the applied and that of a contributing or opposing chemical 

reaction), is taken into the calculations, any polarization at the 

electrode interfaces is not allowed to influence the conductivity 

results thus obtained for the electrolyte. 

On switching off the current, depolarization periods of up 

to 6 - 8 hours were observed, when the titration had been carried 

out overnight. In the light of the above discussion, this long de-

polarization should be associated with changes inside the single 

crystal. The depolarization time seems to be extremely long in 

comparison to the polarization time at the start of the titration-

as polarization and depolarization should both be referring to the 

same phenomenon appearing and disappearing respectively, it 

appears that the kinetics of this phenomenon is dependent upon its 

direction. At present, no indication exists as to what the nature 
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of such a phenomenon may be. 

Comparison of the findings of the present work with those 

by 1Viitoff, shows a qualitative agreement as to the maximiLation 

of the ionic transport. However, whereas Mitoff indicates 

maximum at 1C-5 atn-,, the present work points toward a -121C  

atm of oxygen partial pressure, The value of 1L -12  atm is in 

agreeir.ent with the findings by Schmalzried who also found an 

overwhelm in ionic character when MgO single crystals are 

employed between Ni-NiO and Fe-FeO electrodes at 11CC°  C. 

Thus it appears that maximization of the ionic character can 

be regarded as an established phenomenon. 

The maximum in the ionic transport at 104C° C, irres-

pective of oxygen partial pressure, as was observed in the present 

work may be associated with the 'knee' observed by Mitoff at 

o C in the conductivity v s. 1/T plots for the purest crystals 

he examined. The two different activation energies he observed 

for temperatures below and above 1C5C°  C, thus seem to be 

associated with two different mechanisms responsible for the 

conduction. These mechanisms, however, are certainly of a 

mixed nature as the conductivity is both ionic and electronic at 

all temperatures. As a result, the activation energies obtained 



by Mitoff cannot be associated directly with any particular process. 

It is interesting, however, that the value of 3. 5 ev, which he 

obtained for the high temperature branch for an MgO crystal of 

the highest purity, is within 1 k cal, of the value of 79CGI cal 

obtained for cation diffusion by Lindner and Farfitt. 

At this point it is interesting to remark that Pal'guev and 

Neuirnin did not observe any particular change in the conductivity 

for oxygen rressures between 1 and 1G-6 atrn (logarithmic mean), 

which indicates that the nature of the carrier does not alter over 

this pressure range. As the main carrier one should prefer the 

cation on the basis of the self diffusion measurements. Ionic 

radii (being L. 65 Ao  for Mg2+ and 1. 4C Ao for 0
2- 

also favour a 

cation migration. Cationic conductivity at the higher oxygen 

pressures is in keeping with a non-stoicheiornetric excess of oxygen. 

Since size considerations turn against anion interstitials, it is 

more rer.sonable to accept the view of iltcation vacancy mechanism. 

To balance out electrical charges two electron holes should be 

created upon creation of a cation vacancy: The mobility of 

electronic defects is very much higher than the mobility of the 

ions and the concentration of quasi-free electron holes should be 

extremely limited in a strong ionic crystal where electron holes 
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should be bound firmly to the cation vacancies. As a result 

at high oxygen pressures the conductivity should be mainly 

cationic and partly p-type electronic. 

Low oxygen pressures, on the other hand, should favour 

a reversal of the picture, Anion vacancies are now favoured 

from thermodynamic considerations. However, due to unfavour- 

able ionic sizes it is doubtful whether the ionic current ever 

becomes mainly anionic in nature. It is more probable that the 

relaxation occuring in the lattice, upon removal of the large size 

anions, tends to favour an even greater cation diffusivity. 

Associated with anion vacancies are electron defects which 

should again be bound firmly on the anion vacancies. Otherwise 

the overwhelming ionic (perhaps still cationic) conductivity would 

not be possible. The maximum observed at 1C1- 2  atm seems to 

reflect the change from one mechanism to the other. 

At very low oxygen pressures as was the case with the 

Cr-Cr203 vs. IVIn-Mn0 cells the concentration of anion vacancies 

may increase so substantially as to set about a considerable 

relaxation. This may well result in an increase of free electrons 

which are no more bound firmly on the vacancies. If so, the reduced 

ionic transport number for the very low oxygen activities is well 

explained. 
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These mechanisms are applicable when intrinsic con-

ductivity occurs, and they may also be acceptable at about 105C°  C 

where maximization of the ionic ch-macter in optical quality 

single crystals occurs. But they are certainly inapplicable at 

lower or higher temperatures where experimental evidence 

shows an increasing electronic conductivity. This must almost 

certainly be an extrinsic phenomenon, at least for the lower 

temperatures. Impurity controlled concentration of electronic 

defects is sensitive to oxygen pressure and ilsensitive to tempera-

ture for not *co high temperatures. The concentration of elec-

tronic defects is thus fixed; whereas rising temperature favours 

ionic diffusion and conductivity. The lower temperature side of 

the ionic transport vs. temperature curves is thus explained. 

The high temperature side of these curves points to an 

increasing electronic conductivity despite the fact that electronic 

mobility decreases with increasing temperature. The only plausible 

explanation would perhaps be that electrons are thermally excited 

into the conduction band, (an intrinsic phenomenon), and thus 

increase the electronic defect concentration. Above a certain 

temperature the electronic conductivity will thus increase faster 

than the ionic conductivity, this temperature being at the point of 
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FIG, 2.19 
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'FIG. 2.22 
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maximum of the t. vs. T plots. 

Certain impurities will affect the temperature at which 

the maximum t occurs, if electrons bound to these impurity ions 

can be thermally excited easier than electrons bound to host ions. 

Thus the purer the crystal the higher the temperature at which ti  

becomes a maximum. This may well explain the difference between 

polycrystalline samples (Fe: 2 ppm total impurities <8 ppm) 

exhibiting this maximum at 110C°  C and the single crystals 

(IVin 5 ppm, Fe 1CC ppm) showing this maximum at 1C4C to 1050°  C. 

2. 3. 3. 
THE NATURE OF ELECTRICfiL CONDUCTIVITY OF CaO 

2. 3. 31 LITERATURE-REVIEW 

The reports dealing with the electrical conductivity and 

diffusivities in Calcium Oxide are indeed very limited. The 

diffusivity of Ca++  has been measured by LINDNER (1952) and 

GUPTA & WEIRICK (1967), their results being at variance 

particularly on the value of the activation energy, for which the 

former author obtained 81CC0 cal. and the latter ones 34020 cal. , 

using polycrystalline and single crystal material respectively. 

On the other hand electrical conductivity measurements made by 

H.A.UFFE & TWANCKLER (1953) and SURPLICE (1966) on poly-

crystalline and single crystal samples resoectively suggest 
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activation energies of about 32CCC and 81CGC, respectively. These 

last values are close to the above ones but in the reverse way. 

HAUFFE & TRANCKLER declared that a p-type conductivity at 

higher oxygen pressures changes to n-type at 1C-5 atm and this 

is. in agreement with SURPLICE's observation that at about 10-5 

Hg the conductivity is of n-type. The last author warns that 

a hydroxide film on the surface having a p-type conductivity may 

obscure the phenomena. 

Galvanic cells using CaO compacts were used by PAL' GUEV 

& NEUIMIN under the same conditions as those employed for 

BeC and MgO. Their findings are shown in Fig 2. 26. A more 

pronounced dependence on oxygen activity is observed than in the 

case of BeO and MgO. 

2. 3.. 32 EXPERIMENTAL.,AND.RESULTS 

Four experiments were conducted on single crystals and 

three on polycrystalline pellets of CaO incorporated in the cell 

(2. 53) 	Ni - Ni® ICa0 I Co-CoO- 

and two experiments with single crystals, followed with another 

two on polycrystals were conducted using the cell 

(2.54) 
	

Cr - Cr203 I Ca01 PI n - MnO 
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Particulars of the experimental technique and electrolyte 

preparation have already been given. The following remarks 

are, however, necessary in the present case: The electrodes 

were found to sinter on the electrolytes (both on single crystals 

and on polycryst alline pellets) The Co-COO electrodes were 

always firmly sintered on Cat;, the Ni-NiC electrodes less so. 

The Mn-M.n0 electrodes tended to adhere slightly on the single 

crystals but not on the polycrystals, which is not what one 

might expect. Only the Cr-Cr203  pellets did not sinter at all 

and were always found to be in excellent condition at the end of 

the experiments. Penetration of Manganese vapour was neg-

ligible due to very low and closed porosity of the polycrystalline 

material used. 

Two kinds of single crystals were examined. The one 

kind came from the interior, and the other from areas nearer the 

surfaces of a crystalline mass that was purchased as grown from 

the melt. Crystals of the first kind were undoubtedly purer and 

they exhibited a sensibly greater resistivity than the others. The 

analysis given in Appendix II is that claimed by the manu-

facturer. 
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The results obtained were particularly difficult to explain. 

The Ni-NiO vs. Co-Co0 cells using single crystals exhibited a 

behaviour that is shown in Fig 2.27. Of the four experiments 

those represented by the solid circles and x marks were obtained 

from the purer CaO crystals referred to above. No reasonable 

values could be obtained with the Ni-NiO vs. Co-CoO cells using 

polycrystalline CaO. Emfs started from values greater than the 

expected ones,but they gradually reduced and finally passed to 

negative values as the temperature was raised. Subsequent treat-

ment to temperatures as high as 118G°  C, temperature recyclings 

and current titrations did not help obtain reasonable values. 

The behaviour of the Cr-Cr2O3  vs.Mn-MnO cells is 

shown in Fig 2.28. Only the purer crystals were used in these 

experiments, and the behaviour was reversed, for it was the single 

crystals that gave negative ernf values throughout. 

2.-.8.88 Ir::::73CUSSION 

No explanation can be given for the poor reproducibility 

of the results obtained in the present part of the work and least of 

all can one explain the negative emf values. One conclusion is 

undoubted, however. The very small ionic character of the 
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conductivity. .'t appears that the high electronic transport number 

together with the high resistivity, combined to give so poor 

results. Surface phenomena due to a layer of hydroxide are 

very unlikely to have contributed to the present results, the con-

ditions being particularly unfavourable for the hydroxide to be 

stable. Surface conductivity, however, cannot be excluded com-

pletely. 

The fact that the pellets sintered together can hardly be 

responsible for the low emf values obtained because the Co.® had 

sintered considerably more than the MO, and this should tend to 

reduce the equilibrium. oxygen pressure on thG Co-Co° electrode 

more than on the Ni-NiO electrode. The overall effect should, 

' therefore, tend to give emf values somewhat greater than the 

expected ones if the electrolyte were a purely ionic conductor. 

Similarly, the Mn-MnO pellet had stuck on while the Cr-Cr203  

not at all. Here again the emf values should tend to be higher, 

than the expected ones. A slight sintering had also occurred in 

the case of MgO but that was not found to affect the results in an 

appreciable manner- it would be rather unexpected if things 

were very much different in the case of CaG. Only the results 

obtained with the purer crystals are in qualitative agreement 
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with the findings for the MgO samples. 

The ionic transport numbers obtained by Pal'guev and 

Nc..uirnin are shown in Fig 2.26. The values at 11.GL0 
 0, together 

with a value of 87:. obtained at the same temperature with the 

purer crystals for the Ni.-FHO vs. Oo-CoO cell, and an assumed 

near-zero value for the Cr-Cr2  03  vs Mn-MnO cell are shown 

in Fig 2.29 as a function of oxygen partial pressure. The shape 

of the curve based on only four points cannot be very reliable, 

but this is all one can draw at present. en the basis of this curve 

it is concluded that the ionic transport number becomes a maximum 

at about 1C, atm of oxygen. The high oxygen branch shows the 

same trend as for the Mr.gC, though it is more pronounced in the 

case of CaO. The low oxygen branch, however, shows an abrupt 

decrease which was not observed in the case of BeO or MgO. 

This, however, does not necessarily indicate a qualitative dis-

agreement, as it is quite probable that this branch of the curve for 

CaO is in fact a contracted along, the x-axis form of the curves for 

Be() or MgO. Cn the basis of Fig 2.29 one can conclude that CaO 

is a mixed conductor with an ionic conductivity greater than 5C% 

for oxygen pressures above about 1G-7 atm, and is practically 

an 	 -1G electronic conductor below about 10 	
atm, 
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Since no diffusion data exist for Oxygen in calcium oxide 

we cannot say definitely which ion contributes more to the ionic 

conductivity. Ionic radii being C. 99 .cf).1 for Ca++  and 1. 4C for 

0—  indicate a preference for considerably greater cation 

diffusion, 

The nature of the electronic conductivity is disputed, 

but it seems to be dependent on oxygen activity. Thus high 

oxygen pressures seem to favour a p-type conductivity in accor-

dance with accepted modes, whereas low oxygen pressures turn 

the nature of the conductivity to n-type associated with excess of 

metal. The oxygen pressure where this change takes place was 

found by ITAUFFE & TRANCKLER to be about 1C.5  atm and this 

is quite close to the pressure of maximum ionic transport as shown 

in Fig 2. 29. 

The- level and nature of impurities undoubtedly plays a 

very important part in this case. The fact that aluminium and 

silicon were traced in the single crystals used by SURPLICE who 

claimed an n-type conductivity is undoubtedly in agreement with 

the findings of HAUFFE & TRANCKLER. It is interesting, 

though, that the activation energy for conductivity given by 

SURPLICE is practically identical with that obtained by LINDNER 
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for cationic diffusivity. Actually, the oxygen pressure in 

SURPLICE's experiments, though not directly measured, must 

have been close to the value of 1C-6 - 1G 7 atm which is close 

to the pressure giving maximum ionic transport, Under these 

circumstances, it appears that he, too, measured a pre-

dominantly ionic current, which, as the agreement of the acti-

vation energies suggests, was cationic in nature, 

The proximity of activation energies obtained by GUPTA 

& WEIRICK and HAUFFE & TRANCKLER is either accidental, 

or both sets of measurements are associates with the same im-

purity controlled surface phenomena. In view of SURPLICE's 

information on the effect of C401-12films the fact that GUPTA & 

WEIRICK restricted their measurements to depths between 

2C and nil may well indicate that the latter authors did not 

eliminate completely the possibility of C01-3) 
2 
 interference. 

2. 3. II. 
TIM NATURE OF THE ELECTRICAL CONDUCTIVITY OF SrO 

2. y. 43. 7.2.T.:TRATURE REVIEW 

The only report related to transport properties in SoO 

is that by PAUGUEV & NEUIIViIN (1961) who studied this oxide 

with a method similar to that used for BeG, MgO and CaO. 

Their results are shown in Fig 2.. 3G. It must be assumed that 
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the effect of moisture Was effectively eliminated from their cell 

using oxygen and air electrodes. With regard to their other cell, 

the works of LANDER (1951) and BAKER (1963) are relevant. 

According to these, the SrO-SrCO3-0O2  is at equilibrium at 

about 1158°  C, Sr0 being unstable below this temperature, if 

the CO2 pressure is maintained at G. 34 atm as was the case 

with the 02 vs. CO2 + CO cell of PAUGUEV & NEUIMIN. No 

mention of this problem is made in the latter authors' paper, but 

it appears unavoidable that some SrCO3  should have formed 

particularly on the surface of their polycrystalline pellets. 

2. G. 	TTM:-.".ER7IIENTAL AND RESULTS 

Three cells were examined using the Ni-Ni0 and Co- CoO 

electrodes and another two using the Cr-Cr203  and Mn-11/1n0 

electrodes. The conductivity of Sr0 was high enough to eliminate 

any interference from the furnace controls. After the experiments 

it was found that Co0 had reacted strongly with Sr0; Ni0 had 

also reacted to a smaller degree. A pellet analysed for Co0 and 

Ni0 indicated contents of 5. 5 - C. 1% and G.1 - C. 1% respectively. 

The Mn0 and Cr203 only slightly etched the electrolyte and the 

electrode interfaces were in a very good condition at the end of 

the experiments. 
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The results obtained are shown in Fig 2. 31 and 2. 32 

where only values reproducible to temperature changes have 

been included, and these values were established after the first 

about 24 to 36 hours of each experiment. 

2.-3. 43 D LUSSION 

The results of the Ni-NiO/Co-CoO cell cannot be very 

reliable, due to alloying with CoO, and it is possible that the 

ionic transport number of pure SrO is much higher than that 

obtained from this cell. The emf vs.temperature plot is unlike 

those found for the other oxides. 

The results of the Cr-Cr203/Mn-MnO cell are certainly 

very reliable. The slow decrease of emf with time, for constant 

temperature during the pre-equilibration period, observed with 

this cell may be due to slow loss of oxygen by SrO. If this were 

so, then the equilibrium values obtained certainly refer to the 

bulk of the oxide. Since loss of oxygen is associated with n-type 

conductivity, it is understandable that the ionic transport number 

decreased as equilibrium was approached. 

The values obtained by PALIGUEV & NEUIMIN at 116C°  C 

together with results of the present work have been plotted in 

Fig 2. 33. The general shape of this curve is in keeping with 

the 02 vs CO + CO2 and Ni-NiG vs Co-Co0 cells. A much greater 

pressure dependence is observed in the case of SrO. 
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FIG. 2.33 
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2. 3. 5 
THE NATURE OF T= ELECTRICAL CONDUCTIVITY OF GROUP 

Ha OXIDES (GENERAL DISCUSSION AND CONCLUSIONS) 

The previous separate examination of the electrical 

conductivities of the four oxides has revealed the following general 

features. 

The ionic/electronic conductivity ratio decreases from 

BeO to SrO, the most ionic conducting oxide being BeO, the most 

electronic conducting being SrC. Beryllia is affected least of 

all oxides by oxygen partial pressure whereas Strontia is affected 

most. 

The ionic transport number becomes a maximum at a 

certain oxygen partial pressure. This pressure is not common 

for all oxides, and it appears to be about 1C-12 atm in the case 

of MgO, about 1C-6 atm in the case of Ca0 and SrO, whereas in 

the case of Be0 it must be at,or above, 1 atm. 

To make comparisons possible Figs 2. 34 and 2. 35 have 

been prepared showing the ionic transport number dependence 

on oxygen pressure at 11CC and 111C
o C respectively. These 

curves show a fundamental similarity, although the effect of 

oxygen pressure on all these oxides is not exactly the same. 
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Impurities may have contributed somewhat to the shaping of 

these curves, but it is very unlikely that impurities in materials 

from different sources could introduce such a systematic bias 

as to affect the basic form of these plots. An indication of the 

effect of the nature and amount of impurities on the transport 

number of an oxide is afforded by the work of MATSUMURA 

(1966) on single crystal and polycrystalline A1203  in air. 

The mixed character of the electrical conductivity is 

due to the fact that these oxides suffer sensible deviations from 

the stoicheiometric composition depending on the imposed oxygen 

pressure. The maximum ionic transport number corresponding 

to minimum electronic conductivity corresponds to the least 

deviation from stoicheiometcy. 

The point of least electronic conductivity is also the point 

of change in the mechanism responsible for the formation of 

electronic defects. At higher oxygen pressures the conductivity 

is of p-type„ at lower ones of n-type. As the pressure changes 

from high to low so the concentration of electron holes associated 

with excess oxygen will decrease. At the pressures corresponding 

to the peaks of the curves of Figs 2. 34 and 2. 35 the appearence 

of free electrons associated with oxygen deficit becomes 
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noticeable and as the pressure is further reduced so the electronic 

conductivity increases again. At greatly reduced oxygen pressures 

all these oxides should become electronic conductors and this is 

proven by the curves in Figs 2. 34 and 2. 35, which refute a simple 

power dependence of the ionic transport number on the oxygen 

partial pressure. 

The increasing electronic conductivity from BeO to BaO 

may be attributed to the nature of the ions forming the pure 

crystals. The simplest mechanism that can give vise to electronic 

conductivity involves the transfer of one electron between 

neighbouring ions, according to 

(2. 55) 
	

Me2+ + 02- 	Me+  + 0- 

If the electron hole and/or excess electron are not firmly bound 

to the ions on the right, electronic conductivity will result. We 

do not know yet how exactly to calculate the energy of such a 

reaction which certainly involves complex phenomena, as for 

example, the relaxation of electrical field around a less charged 

ion under quasifree electron and/or electron hole conditions. We 

can,however,classify these oxides according to the energy required 

for the above electron transfer at infinity. This involves only the 

second ionization energies of the metal atoms and the second 
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electron affinity of the oxygen atom. For the five oxides, from 

BeO to BaO the energies required are 8.62, 5. 46, 2. 32, 1.48 

and C. 45 ev. These figures representing a zero order approxi-

mation suggest that Be() and lx/IgC are very much more ionic 

conductors than Sr® or BaG, in agreement with the evidence that 

has already been presented. 

Other mechanisms have also been proposed requiring 

relatively small energies as, for example, the transfer of one 

electron from one metal ion to another in the second co-ordinadon 

shell (cf. IYENGAR, 1967). Great care must be applied in such 

calculations because the energy of such a reaction may be decep-

tively low compared to the activation energy required for the 

reaction to take place, as indeed is the case of the above 

mechanism where the electron would have to surmount the great 

barrier of the electronic cloud of the first co-ordination shell 

being occupied by anions. 

In conclusion, the use of Group Ha oxides as electrolytes 

at oxygen potentials encountered in saturated or unsaturated 

solutions of oxygen in liquid sodium does not seem possible. 
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PART THREE  
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3. 1 OXIDATION OF TANTALUM 

UNDER Na-Na20 

3.1.1 GENERAL 

Since tantalum powder was used as a "hot trap" for oxygen, 

it was thought desirable both from a scientific as well as prac-

tical viewpoint that at least a preliminary investigation be carried 

out of the rate of oxidation of Tantalum immersed in oxygen - 

containing liquid sodium. Clearly the oxygen pressure plays a 

very significant role in any oxidation process; therefore, it was 

decided to investigate the oxidation of tantalum under an oxygen 

pressure that was fixed by the presence of a separate phase of 

Na20, and at various temperatures. This is not what actually 

happens in practice, where the oxygen activity is much lower and 

is reducing further towards a steady value, but it provides a simple 

and easy to operate basis for experimentation. 

The choice of tantalum was based on two factors. Firstly, 

its ability to maintain an oxygen activity in liquid sodium in the 

few-parts-per-million range which is comparable with loop 

conditions; and secondly, the already known fact that upon oxi - 

dation a non- adherent oxide layer forms indicating an efficient 

deoxidizing agent. 
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S. S.  2 -LITERATURtg REVIEW 

Niobium, titanium, thorium, vanadium and uranium have 

been mentioned in connection with 'hot trapping' of oxygen in liquid 

alkali metals, but the only metal that has been investigated to 

some extent is zirconium on which DAVIS & DRAYCOTT, CARTER 

et al, SUBBOTIN et al. and LITMAN & PRADOS have reported. 

Thermodynamic considerations indicate equilibrium oxygen 

contents in liquid sodium, purified with zirconium, in the range 

of 1C-12 wt% at 800° K. This level, however, does not seem to 

be practically attainable, and the reason for this must certainly 

be associated with the formation of an adherent oxide which does 

not allow appreciable rates of oxidation. 

The oxidation of tantalum at oxygen pressures around 

C. 1 to 0. 2 atm has been investigated by various workers and a 

number of intelesting points are discussed by KUBASCHEWSKI 

& HOPKINS. First, oxygen dissolves in the metal without oxide 

formation, then Ta205 forms when saturation has been reached. 

The oxide which is an n-type conductor, allows oxygen ions 

to diffuse towards the oxide/metal interface where upon further 

oxidation the stresses developed bring about rupturing of the 

oxide layer. 
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The present work, however, indicates that the oxide layer 

forming on tantalum immersed in liquid sodium is not constituted 

entirely of Ta205  and as a result the above mentioned observa-

tions cannot be extended to the present conditions. 

A considerable amount of work has been done for the 

determination of the solubility of oxygen in tantalum summaries 

of which appear in the works of HANSEN & ANDERKO and ELLIOTT. 

There exists, however, a very considerable disagreement of 

experimental results the most relevant of -which appear in Fig 3. 1. 

The results of VAUGHAN et abdo not seem to be very reliable 

as they fail to give a reasonably straight line. The other results 

are certainly more reliable and the straight line shown is a 

graphical mean of these results. The following equation for the 

solubility of oxygen is the equation of this line, being: 

(3.1) 	log (at%O) = 1. 296 - 1182/T 
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C. 1.8 E.T„:2ERIMENTAL  

The experiments of this series were performed in the 

apparatus shown in Fig 3.2. where the central tube provided a 

hook for the suspension of the specimen. Small stripe of metal 

of 30mm x 2mm x 130 were used. These were given a first 

washing with grease-dissolving agents (acetone and tri-

chlorethylene). They then were bent to form a square coil and 

washed with concentrated HC1, water, and when ready to place 

in the drybox were given a final wash with trichlorethylene. 

Loading and unloading the apparatus was always carried out 

in a drybox, where dry Na20 was prepared by slow oxidation of 

clean metal pieces. Excess of Na20 was always provided during 

the experiment. 

The loaded apparatus was placed in an already hot furnace 

and two hours were allowed to attain complete thermal equilibrium. 

During this period the specimen was kept above the melt at a 

temperature lower by about 150°  C than the melt temperature. 

No appreciable condensation was found over this period. The 

treatment period started when the specimen was immersed in the 

melt together with about 1 cm of the tube bottom. Thermal equi-

librium was re-established in 2-5 min. The temperature of a 
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particular experiment could be kept constant usually within 2 to 

4o 
C, but over a series of experiments the temperature varied 

from 4 to 60 
C. An experiment was ended by removing the 

specimen to the position it was in before immersion and by 

removing the apparatus from the furnace. Cooling to room tem-

perature lasted 20-30 min. 

Duo to the fragility of the corrosion layer an accurate 

measurement of its weight was impossible. The thickness of 

the corroded metal was, therefore, calculated as follows: The 

strips of metal to be treated were cut off from a larger sheet, 

arranged in order, and numbered. The thickness of strips Nos. 

1,4, 7, 10 etc ,vas measured metallographically using a magnifi-

cation of 550 and a travelling microscope to obtain the width of 

the strip image on the screen. At least 25 measurements were 

thus taken over the length of the atrip. (The calculation of specimen 

thickness from its area and weight agreed within 1% with the 

metallographically obtained value). The thickness of the other 

strips of the series was obtained by interpolation, the difference 

from strip to strip being 0. 2 to 0. 3 micron. The thickness of the 

treated specimen being similarly obtained was subtracted from the 

original value to give the thickness of the corroded metal. This 
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0 
method was used in experiments made at 367, 396 and 485 C. 

It was then found that the oxide layer on the metal could be 

removed completely by washing with water in an ultrasonic 

cleaner for a few minutes. As a result, for the experiments 

carried out at 555° C the thickness of the corroded metal was 

calculated from their area and weight change. 

Since the foils weighed after treatment between 0. 69 

and 0. 12 grams the actual weight increase due to the solubility 

of oxygen on the basis of equation (3. 1) could not be higher than 

C. 6001 gr. This represented an error of 2. 5% in the worst case 

of maximum temperature and minimum exposure, but it was duly 

taken into account, on the assumption that saturation had been 

attained. This view was supported by the fact that the foils had 

become very fragile after treatment which indicated the dissolution 

of some oxygen. 

An experiment that was designed to reveal the degree of 

oxidation of the foil, prior to immersion in the melt, was carried 

out at a foil temperature of 320°  C. The result was a weight 

increase by about G. 0002 grams/cm2, after very careful 

washing with alcohol and water. No white oxide had formed but 

the surface was dulled slightly and blackened. Clearly some 
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oxidation had taken place under the oxygen pressure at equili-

brium with the melt below, kept at 485°  C, since the weight 

increase was about four times as large as the expected satura-

tion solubility of oxygen. However, because of the balance 

error, being C. 0001 gr. , it was felt that no possibility existed 

for an accurate correction; and, therefore, the small amount of 

oxidation prior to immersion was included in the results that 

will follow. 

3. 1.; 4 RESULTS-  AND 'DISCUS SION 

Experiments were conducted at the temperatures of 307 - 

+ 6° C, 396 - 4°  C, 485 - 6°  C and 555 - 5°  C. The actual experi- 

mental results are shown in Figs. 3. 3 and 3.4 and indicate a linear 

oxidation at 307, 	485 and 555° C and a parabolic oxidation at 

396° C. The experiments conducted at the two higher temperatures 

indicate a change at corrosion thicknesses corresponding to about 

3 23 x 10-3 
or 28 x 10 gm cm-2 

respectively. Further experiments 

employing longer times gave the results shown around the dotted 

lines. At the moment no explanation can be given for this change. 
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The results obtained at 367°  C are felt to be rather un-

reliable because of the very small corrosion thicknesses involved 

which would certainly make it diffictil to discern between linear 

and parabolic oxidation. The parabolic oxidation at 396°  C 

indicates a rate of oxidation inversely proportional to corrosion 

layer thickness, which suggests that the corrosion layer is 

adherent and oxidation is diffusion controlled. At the higher tem-

peratures the linear oxidation suggests a diffusion layer of con-

stant thickness. Apparently, therefore, the stresses developed 

in the corrosion layer are such as to cause rupturing. The 

thickness of the adherent layer is determined by the adhesion on 

the metal matrix and the maximum stress the corrosion layer 

can sustain without rupture. 

The results for which solid lines have been drawn in Figs. 

3. 3 and 3. 4 were given a least squares treatment and the following 

equations were obtained: 

(3. 2) 

(3. 3) 

(3. 4) 

(3.5) 

( 

( 

( 

( A, m) 	= 	1.12 x 10-4t 

Am)2 = -0. 26 x 1C-4 

Am). 1.617 x 10-2t 
-2 

Am) = 1. 926 x 10 	t 

+ 0.82 x 0-4t 

(307°  C) 

(396°  C) 

(485°  C) 

(555°  C) 
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It was assumed that the linear equations are passing 

from the (0, 0) point. 

Since the oxidation seems to be both linear and parabolic 

an Arrheniun -type temperature dependence of the corrosion 

rate constant cannot be obtained-. 

In order to identify the nature of the corrosion product 

part of it (obtained at 485°  C) was washed with alcohol, dried, 

loaded in a capillary and exposed to X -ray Cu Ka, radiation for 

15 hours. The spectrum obtained is shown in Table 3. 1 Column 

A. Another part was washed with water and exposed to the same 

radiation as above for 48 hours, its spectrum being shown in 

Column B. The Table also shows the spectra of some known 

Na-Ta compounds. As can be observed both spectra in Columns 

A and B do not correspond to any known ones. The difference 

between the two unknown spectra suggests that water has a very 

drastic effect upon the nature of the corrosion product. Parantheses 

around the plus signs indicate the strongest lines. 

* Taken from the ASTM Powder Diffraction File 
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3.15 CONCLUSIONS  

According to the data presented in the present vork the 

conclusion can be reached that tantalum is a very satisfactory 

reducing agent for maintaining oxygen levels in the few-parts- 

per-million range. This effectiveness is undoubtedly linked 

with the non-adherent oxide layer formed upon the metal. Although 

increased temperature favours faster deoxidation it does not 

appear that a temperature change between 485 and 555°  C makes 

much difference. The present experiments were conducted 

under saturated sodium conditions. It cannot, therefore, be 

stated how quickly deoxidation will be effected at much lower 

oxygen levels. If, however, an occasional shaking off of the 

oxide layer formed was possible during deoxidation, (by means 

of ultrasonic vibration, for example), the rate of oxygen removal 

should undoubtedly be much faster and it would be possible both 

to make more efficient use of the tantalum charge, and to run 

the hot trap at the relatively low temperature of around 450°  C. 
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TABLE 3. 1 

X-RAY DIFFRACTION SPECTRA OF CORROSION PRODUCTS 
(see text:3. 1. 4. 

A 	B 	T7?.205 Ta205 Na20 NaTa0 Na5  Ta0 NaTa208 5 
1 	2 	3 	4 	5 	6 	7 	8 	9 
8. 95 
8. 37 (+) 
8. 17 
7. 94 + 
7.63 (+) 
7.17 
6. 54 
6. 49 + 
6. 09 (+) 
5. 74 + 
5. 43 
5. 24 
5. 22 + 
5.21 
4. 84 + 
4.56 
4. 46 
4. 29 
4. 25 + 
4. 10 
3. 95 + 
3. 89 
3. 86 
3. 81 + 
3. 78 
3. 77 
3. 76 
3. 75 
3. 62 
3. 61 
3. 59 
3. 56 + 
3. 48 + 
3. 47 
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1 2 3 4 5 6 7 8 

3. 36 
3. 35 
3. 32 
3. 31 + 
3. 23 (+) 
3.19 
3. 15 (+) 
3.14 
3. 12 
3. 06 
3.05 
3. CLI 
3.G3 + 
3. C2 (+) 
3. G1 
2. 98 
2.94 + 
2. 92 
2. 89 
2. 87 + 
2. 80 + 
2. 76 
2. 75 
2. 74 
2. 71 
2. 68 + 
2. 65 
2.63 
2. 56 + 
2. 51 + 	+ 
2. 48 
2. 47 
2. 46 
2.45 + 
2.44 
2.43 
2.42 
2. 38 + 
2. 36 
2. 33 + 
2. 3C 

9 
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1 2 3 4 5 6 7 8 
2.28 
2. 24 
2. 23 
2. 21 
2. 2C 
2. 16 + 
2.12 + 
2. C9 + (+) 
2, C3 
2.02 + 
2.01 
1. 95 
1.94 + 
1. 93 
1.92 + 
1. 91 (+) 
1.9C 
1. 89 
1. 87 (+) 
1. 85 
1. 84 
1. 83 
1. 82 
1. 80 
1. 78 
1.77 + 
1.76 
1. 75 
1.74 + 
1. 73 
1. 71 
1. 69 + 
1. 67 
1.65 + 
1•J4 + 
1.63 
1. 61 
1.6C + 	+ 
1. 59 
1. 58 
1. 56 

9 
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1 	2 3 4 5 6 7 8 

1. 55 	+ 
1. 54 
1. 53 	+ 
1. 52 	+ 
1. 50 
1. 48 + 
1.47 
1. 46 
1.45 	+ 
1. 44 
1.42 + + 
1. 41 
1. 40-  + 
1.39 
1. 38 + 
1.37 
1. 36 + 
1. 35 
1. 	+ 

9 
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3. 2. CORROSION RESISTANCE OF CERTAIN CERAMIC 

MATERIALS TO SODIUM SATURATED WITH Na20 

s. 1 117723CDUCTION 

The corrosion resistance of certain refractory materials 

used in the present work was tested in liquid sodium in the 

presence of free Na20. These tests were necessary in order to 

supplement the observations made on the corrosion of Na20 on 

thoria-based electrolytes during the galvanic cell experiments 

(section 1. 3) and in order to assess the possibility of using 

Group Ea oxides in contact with Na Na20. The following 

observations were made. 

R. 2.2 l'ITAGNESIUM OXIDE 

Both single crystal and polycrystalline specimens were 

examined. Newly cleaved single crystals were treated at 605°  C 

for 145 hours and at 620° C for 165 hours. The shining surfaces 

were dulled only slightly. The first specimen showed a weight 

loss of C. 02% and the second a weight gain of 0. 03%. Another 

specimen suspended in the gas just above the liquid metal at 

605° C also showed a weight loss of 0. 02%. The weight changes 
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being of the order to 50-10Cp gm was outside the estimated 

- 
reproducibility of the semimicrobalance, being - 5 p, gm 

A dense polycrystalline specimen soaked in Na + Na2O 

at 620
0 

C for 165 hours indicated a weight increase of 0. 03% 

presumably because of some penetration of metal or oxide which 

was not completely washed away even after an overnight soaking 

in dried alcohol. 

The present cells verified the known excenent resistance 

of MgO against alkali metals and oxides. 

7:1217_,C7.31I OXIDE 

A single crystal and a polycrystalline specimen were 

soaked in Na + Nat 0 at 620° C for 165 hours. The single crystal 

showed a weight loss of 0. 07% and a slight etching on its highly 

polished surfaces. The polycrystalline sample due to porosity 

absorbed a small amount of sodium or oxide. Soaking in alcohol 

resulted in some hydration the reason being that the alcohol was 

not sufficiently dry. No weight change for this sample could, 

therefore, be obtained. 

It was concluded that pore-free CaO specimens could 

safely be retained in Na + Na2O without deterioration. 



207 

3. 2.4 - THORIUM OXIDE 

Corrosionteets were carried out on both sintered poly-

crystalline specimens as well as on polycrystalline powder. The 

tests with the sintered specimens were carried out at 565°  C. 

After treatment they were washed with dried ethyl alcohol mounted 

on "metallurgical mounting' and examined with an electron probe 

analyser. 

One specimen (treated in sodium for 25 hours) showed 

some sodium penetration to depths of up to 15 - 5 microns. The 

sodium was not uniformly dispersed but was contained in the pores 

of the specimen. A rough estimate showed that at the spots of 

maximum sodium density the concentrations of thorium and sodium 

were approximately in the ratio of 4:1 by weight, corresponding 

to 1:2.5 atom ratio. It could not be established, however, whether 

or not this was partly due to metallic sodium and whether or not 

Na20 was combined chemically with the host material. 

Two pieces of well sintered material with no observable 

porosity on their polished surfaces treated for 75 and 144 hours 

did not reveal any corrosion. 
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Pure crystalline Th02 powder was treated with Na 

Na2O at 600° C for 100 hours. This was done in a small nickel 

container sealed with a tapered nickel plug under pressure. 

After treatment the sodium was removed by prolonged vacuum 

distillation. The powder obtained was loaded in a capillary 

under dry argon and the X-ray spectrum obtained after a 24 

hour exposure in CuKa. radiation (using a Ni-filter) revealed 

only faint Na2O lines. A second corrosion treatment was carried 

out under the same conditions and the powder obtained was loaded 

in the capillary in air, some moistening being observed during 

loading the capillary. The X-ray spectrum obtained under the 

same conclittins,  revealed the lines shown in Table 3. 1 Column A. 

A part of the powder was washed in alcohol before mounting on the 

capillary (Column B). Another part of the treated powder was 

washed in water and no lines could be obtained even after a 72 

hour exposure in CuKa, radiation. (In order to decrease the 

background intensity a foil of nickel was used inside the camera, 

being of 114. 5 mm diameter, instead of the ordinary filter of the 

X-ray unit). The last powder revealed the spectrum of pure Th02  

only after sintering at 1100°  C for 36 hours. Previous sintering 

to smaller temperatures gave very diffuse lines. 
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The first important observation was that the spectrum 

of the thoria powder used during the first experiment ha d 

completely disappeared after treatment, and this leads to the 

conclusion that thoria is being attacked by Na2O. The lines 

obtained from the powder used in the second corrosion experiment 

show lines close to those for Th02 and Na2Co3, (if one accepts 

that an error of 4.- C. 01 a for lines bigger than 2 a and ±0.005 ifor smal- 

values was involved in practically all lines ire asured, which 

is not very likely). Some lines of the thoria spectrum were 

definitely missing, (this spectrum has generally much stronger 

lines than the examined spectrum and the exposure was long 

enough to register even the weakest lines of pure thoria), whereas 

the Na2CO3 lines must be attributed to CO2 absorption during 

loading of the capillary. 

It is important, however, that after washing in water a 

completely amorphous material is obtained. This proves that 

Th02 is indeed attacked by Na2O. However, whether or not the 

corrosion product is crystalline was not settled as the lines were 

generally very weak, the backgroundstrorig, (a reason why 

measurement of the lines intensities was not attempted), and the 

sintering temperature might have not been sufficiently high to help 

crystallization of the corrosion product significantly. 
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Very dense, highly translucent, pore-free "spec-pure" 

yttria cubicles were treated with Na-Na20 at 565° C for up to 41 

act.. -Jsing an electron microprobe analyser no corrosion 

could be detected. "S-,'c-pure" powder was treated at 615°  C 

for 90 hours. The metallic sodium was removed by vacuum 

distillation and some of the powder was loaded in a capillary under 

dry argon and exposed to CulTa. radiation for 2 hours using a Ni-

filter. The lines obtained are shown in Table 3. 2 Column C. 

Part of the treated powder was washed with water and exposed to 

the same radiation as above. The lines obtained are shown in 

Column D. Parentheses indicate the strongest lines. 

It is observed that the spectra in Columns C and D are 

very much different. Lines of the Na2O spectrum are present in 

Column C indicating excess of Na2O during treatment. NaOH and 

Na2CO3  were not present. The spectrum of pure Y203  has also 

disappeared indicating complete attack by Na2O being in excess. 

The important feature of this treatment was that it gave a 

crystalline corrosion product which although greatly affected by the 

action of water, yet it did not give an amorphous product as a 

result of hydrolysis but a crystalline one insoluble in water. 
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Grain size can have an important effect upon the rate of 

corrosion by Na20 as is concluded by the fact that no corrosion 

could be observed on the sintered specimens. 

3. 2. 6 	THORIA-YTTRIA MIXTURES 

A number 	were carried out, on specimens having 

the composition 0.9 Th02  - 0. 111.01. 5, in order to ascertain 

whether this electrolyte material is attacked by Na+Na20. A 

specimen of the above composition was immersed in oxygen 

saturated sodium and another was suspended in the gaseous 

phase above the liquid metal, being kept at 640°  C, for 60 hours. 

It was found that both samples were attacked by Na20. This 

was indicated by the weight increase shown after they were 

washed with alcohol and rinsed with water. A subsequent 

boiling in concentrated HNO3  for a short time showed a weight 

decrease relative to the original sample. This indicated that the 

acid did have an effect on the treated specimen due to previous 

attack by Na20, because boiling with acid an untreated sample 

for the same time did not produce any appreciable weight change. 



212 

Sorne sr3cf.marm treated at 5659  C for: up to 3.0 hours 

which showed a corrosion layer of thickness varying between 

Q.'2 and: C. 5 min (on the 3C hour specimen): could snot be ' • 

examined Under the:microprobe analyseri )the reason being that 

:the corrosion layer was: removed, 'on polishing., more ea.sily than 

the surrounding materials; ;the result •being:tht the electron beara 

could not be ireflected.into the'spectrometer. 

The observations made during these tests together with 

those made during the galvanic cell experiments (Section 1. 3.. 2) 

proved that thoria.-yttria mixtures are attacked by Na-20 very much 

more than pure thoria or yttria. Furthermore, the present 

results indicate that corrosion can proceed irrespective of 

current flow or oxygen potential difference existing between the 

two opposite surfaces of the pellet, and also without direct contact 

with the saturated liquid metal. 

This suggeststhe. both oxygen and sodium ions migrate 

through the layer of corrosion productlo attack the uncotroded 

material at the electrolyte/corrosion product interface. 

Apparently the vacancies in the oxygen sublattice facilitate 

corrosion, allowing the passage not only of'oxygen ions but also 

of the much smaller sodium ions; the combined migration being 
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electrically neutral. On the contrary pure thoria or yttria 

having no appreciable vacancy concentration are very much more 

corrosion resistant. This mechanism does not necessarily 

require the formation of a ThO2  + Na2C or Y203  + Na20 

compound. Oxygen and sodium ions can migrate and break up 

the electrolyte to powder causing a lattice expansion. This 

was suggested by the fact that powder collected from pellets 

corroded during galvanic cell measurements and examined with 

X-rays revealed a spectrum being exactly similar to that of the 

purettic.-ei-yttria mixture. However, the fact that this powder 

was washed with water prior to exposure to X- rays may have 

resulted in hydrolysis or washing away of a corrosion compound 

to leave only the unattacked particles. This, nevertheless, could 

hardly be thr case with a compound between Y203  and Na20 which 

as we have already seen (Section 3.2. 5) did not dissolve in water. 

However, the fact that at greatly reduced oxygen acti-

vities there is no corrosion, (as was proven by the experiments 

made with unsaturated sodium, see Section 1. 4), indicates that 

corrosion results in compound formation which is impossible at 

such reduced activities. 
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Another corrosion mechanism is also possible as was 

indicated by the fact that oxygen supply to unsaturated sodium 

by means of current titration (section 1. 3. 21) did not have any 

effect upon the cril emf. This indicated that oxygen was not 

delivered from the electrolyte to the liquid metal which should 

have happened if oxygen was transferred right across both the 

uncorroded electrolyte and the corrosion product. It was 

concluded, therefore, that oxygen and sodium were, upon titration, 

transferred to the electrolyte/corrosion product interface from 

opposite directions, electrons being liberated at the Na+Na20 

electrode by the ionization of Na atoms instead of the de-

ionization of oxygen ions. 
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TABLE 3. 2 
X-RAY DIFFRACTION SPECTRA OF CORROSION 

PRODUCTS 
(see text: 3. 2. 4 _.1.1d 3. 2. 5) 

A BCD Th02 Y203 Na2O Na011 Nu2CO3 
1 2 3 4 5 6 7 8 9 1C 
5. 80 
5. 70 	(±) 
4. 34 
3.43 
3. 23 (+) 
3. 22 
3.20 (+) 
3. 19 
3. 08 
3. 06 
a. 05 (+) 
2. 97 
2. 96 
2. 95 (+) 
2. 85 
2. 84 (+) 
2. 80 + 
2. 79 
2. 76 (+) 
2. 75 (+) 
2.70 + 
2. 66 
2. 65 
2.62 
2.6C 
2. 54 

+ + 

2. 53 (+) 
2. 50 
2. 44 + 
2. 39 (+) 
2.38 
2. 37 
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1 2 3 4 5 6 7 8 9 
2. 36 (+) 
2. 35 (+) 
2. 26 
2.25 + 
2. 19 
2.18 + 
2. 16 
2. 11 
2. 08 
2. 04 
2. 03 + 
2.62 
1. 
1. 

98 
97 + (+) 

1. 96 (+) 
1. 95 
1. + 
1. 90 
1. 89 (+) 
1.88 	 (+) 
1.87 
1. 83 
1.82 
1.86 
1. 79 
1. 77 
1.72 
1.71 
1. 70 
1. 69 

+ 

(+) 	+ 
1.68 + (+) + 
1. 67 
1.65 
1. 64 etc 
1. 63 
1.62 + 
1.66 + + + 
1.57 + 
1. 56 
1. 53 
1. 52 

16 
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1 2 3 4 5 6 7 8 9 

1.50 
1.48  
1.47 
1. 46 
1.45 
1.44 + + 
1. 42 
1.40 
1. 30 
1.38 + + 
1. 35 
1. 32 
1. 30 
1. 29 
1. 28 + 
1. 27 
1. 25 + + 
1. 24 
1. 23 
1.22 
1.20 + 
1. 19 
1. 18 . 
1. 17 
1. 16 
1. 15 + 
1. 14 + + 
1. 13 
1. 12 
1. 11 
1. 10 + + + 
1. G9 
1.08 + 	 + 	+ 
1. 	+ + 
1. 06 + 
1. G5 
1. 	+ 
1. G3 + 
1. 2 
1. u1 
G. 99 

10 
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1 2 3 4 5 6 7 8 9 
L.98 + + 
G. 97 
C. 96 + 
C. 35 
e.94 + 
(:.93 + 
C. 92 
0.91 + 
C. 83 

+ 
C. 87 
C.85 + 
L. &. 
0. 8: 

1C 
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SUGGESTIONS FOR FURTHER WORK 

Some more work is desirable in order to establish 

with greater accuracy the heat of solution of oxygen in liquid 

sodium and to obtain a knowledge crf the oxygen content by 

direct coulometric titration. To make this possible, however, 

"spec-pure" sodium and tantalum should be used; 

The thermodynamic measurement of the Na-Na2O 

equilibrium with solid electrolyte galvanic cells and the deter-

mination of the saturation solubility by direct ulea.surement 

according to Alcock & Bedford's method requires the develop-

ment of solid electrolytes resistant to attack by Na2O. Thoria-

based electrolytes with impervious adherent thin films of MgO 

deposited on them might probably be used with advantage in this 

respect. 

The chemical nature of the corrosion products on 

tantalum or the electrolyte materials used in the present work 

is of scientific rather than engineering interest. 
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Appendix I 

Composition of Gases used In the present work 

Argon 

Hydrogen 

Oxygen 

Argon 

99. 95 - 99. 99% 

1 v. p. m. 

6 	" 

Hydrogen 

99. 99% 

10 vpm 

Nitrogen 30 " 100 /4 

Carbon Dioxide 5 10 •4 

Carbon Monoxide 10 ,, 

Other Organic 
vapours 5 

Water vapour 	C. 1 gm/m3 	 0. 15 gm/m3  
(when full) 

Water vapour 	0. 5 gm/m3 	 1. 0 gm/m3 
(when near empty) 



Appendix II 

Composition of materials used in the preparation of cell components (in parts per million) 

3 11 12 13 14 15 20 25 26 27 28 29 23 38 57 58 71 82 92 
B Na Mg Al Si P Ca Mn Fe Co Ni Cu As Sr La Ce La Pb U 

Calcium Carbonate [ 1] 	5 	2 	 2 	 1 	3 
Calcium Carbonate [ 2] 	500 200 	100 20 	10 	 20 
Chromium 	[111 	<1 	2 
Chromium Oxide 	3 <1 	5 	 3 
Cobalt 	 500 2000 	500C 
Cobalt Oxide 	 500 2000 	5000 
Magnesium Oxide El ] 	< 1 	<1 	2 	1 	2 	1 
Manganese 	[1 ] 	5 	5 	 1 
Manganous Sulphate [2 ] 	1000 	 200 	20 	2C 	 1G 
Nickel 
Nickel Oxide 
Niobium Pentoxide El ] 
Strontium CarbonatEE 2] 	646)  
Thorium Nitrate 	[1 ] 	5 
Thorium Nitrate [3 J 	5 
Yttrium Oxide 	11 	2 

Beryllium Oxide Pellets El 5 
Calcium Oxide Crystals 5 200 
Magnesium Oxide Crystal 6] 

200 
200 

1300 
400 

400 
4500  

tv tv 

1 10 /,‘ 1 20 
AN 5 

1 5 
2 2 2C 2 3 2 6 5 2 

<1 5 

5 
200 <5 2 <2 <2 <2 <5 

5 100 

[l] Spectrographically Pure obtained from Johnson -Matthey 
[2] 	analar 1' quality 
El Obtained from Thorium Limited , Widnes Lancs. 
[e] 	/1 	U. K. A. E. A. Harwell, England • 11 

11 	
Engineered Materials, Inc. , New York, U. S. A. 
Norton Company, Worcester, Mass. , U. S. A. 

!.) total of alkalis 
) total of calcium + barium 
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Appendix T  I I 

ASSESSMENT OF REFERENCE EQUILIBRIA 

A number of equilibria previously examined by other 

authors were used in the present work. An assessment of the 

most pertinent data was, therefore, necessary. Giving equal 

weight to thermochemical and thermodynamic data was thought 

to be the best course. 

Thermochemical data by KELLEY and KELLEY & KING 

on the H° -H°298' cp' S°T-S°298'  and S°298 were used in 	T con-

junction with the best values for Allo298 of formation of the oxides 

involved as recotarerided In the literature. The assumption was 

made that for elements H0
298 -- 0. Both equations and tabulated 

data by KELLEY were used and it was found that the latter gave 

somewhat better results. 

As for the thermodynamic data, use was made of the 

most recent free energy equations recommended by authors who 

used galvanic cells with solid electrolytes. Since in the present 

work oxide electrolytes were used, it was felt that it would be 

safer to use data of the same origin. However, the data con-

sidered were in such excellent agreement with data obtained by 

using other thermodynamic methods, that no appreciable error 



was introduced by considering data obtained by the use of solid 

galvanic cells alone. 

Values of both thermochemical and thermodynamic 

origin were thus obtained and a line was fitted to usually 10 or 

12 points equally spaced in the temperature range of interest. 

Two examples will be given here. 

Ni-NiO Equilibrium. 

Use was made of the value of -57300 - 100 cal for 

the enthalpy of formation of NiO per gram-mole at 298°  K as given 

by SKINNER, COUGHLIN and ELLIOTT & GLEISER, and the two- 

term equation experimentally obtained by STEELE. 

The assessment led to the following equation for the 

free energy of formation of Ni® per gram-mole of oxygen: 

Z-1 G°  = -111970 + O. 62T +- 290 cal (90C - 1500°  K) 

1Vin-IVin0 E qu4.13.brium. 

Here, the value of AH298 
= -92050 - 110 cal/gram-mole 

of MnO obtained by SOUTHARD & SHOIVIATE was used together 

with the two-term equation of ALCOCK & ZADOR. The assess- 

ment gave the following equation per gram-mole of oxygen 

AGo = -185390 + 36. 16T - 320 cal (100C-1517o K) 

A "Third Law Treatment" given to the results obtained by 

this equation and that of ALCOCK & ZADOR can be seen in Fig. A. 1 



184500 _ Compare with 184100 .± 200 given by 
Southard & Shomate 

X 

184270 I 140 _ 
cad X 

0 

-184180 t 80 
0 6 

0 	x  
0 

184000 
x Alcock & Zador 
0 THIS WORK (proposed equation ) 
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FIG. A.1 
Third Law Treatment 
applied on the reaction 

2Mn 0 = 2Mn0 
2 

-11.H° 	(in cal.) 
298 °K 

1000 	 1500 °K 
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