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ABSTRACT  

Solid electrolyte galvanic cells with potential 

value as devices for measuring oxygen contents in 

molten metals (silver and copper).  have been studied. 

The compatibility of the different materials used 

in these cells with the conditions which could be 

found in industrial practice were examined. A 

controlled oxygen partial pressure was always kept 

over the molten metal to compare observed with 

calculated amf's. 

Cells of the type: 

Stainless Steel,Ag(1),02(g)(Pl )/Zr02.Ca0/ 

Ag(1),02(g) (Patm), Stainless Steel 

were used in the case of silver. A close agree-

ment between experimental and calculated emf's 

was found in the temperature range 980-1160°C. 

It was confirmed that oxygen solubility in liquid 

silver obeys Sievert's law up to 1 atm. 

Two types of cell were used for measurements 

in molten copper: 

Pt,Ni-NiO/solid electrolyte/Cu(1),(CO2+CO), cermet, Pt, 
(I)  

and: 

PtI cermet,(CO2+00),Cu(1)/solid electrolyte/02(Patm), Pt 
(II)  



Polarisation of the Ni-Ni0 reference electrode 

occurred in cells of ty-oe I, its magnitude being 

dependant upon the difference of oxygen chemical 

potential between the electrodes. Attempts to 

establish the cause of polarisation were only 

partially successful and indicate that electronic 

conduction of the solid electrolyte would be 

mainly responsible for the polarisation process. 

Observed and calculated emf's for cells of 

type II were in close agreement. The potential 

value of this cell for mass transfer studies was 

established. 

Oxygen solubility data have been compared 

with previous results. 
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INTRODUCTION 

The refining of many metals by ptrometal-

lurgical processess generally consists of a series 

of selective oxidation and deoxidation stages with 

the object of controlling the level of additions 

and impurities in the finished product. Deoxidation 

is usually the last controllable chemical operation 

before the composition of the metal is fixed by 

solidification. The oxygen content has generally 

a big effect on the properties of metals. Unfor-

tunately most of the present methods of sampling 

and oxygen analysis of liquid metals are inaccurate 

or slow. Consequently there is a big interest 

in the development of a quick and reliable method. 

High temperature galvanic cells using solid electro-

lytes look the most promisiw-i: devices for this 

purpose and a substantial research effort is being 

dedicated to the study of their behaviour. Gal-

vanic cells of this type could be plunged directly 

into the molten metals giving a rapid measurement 

of its oxygen content and the possibility of precise 

control of the refining operation. 

Galvanic cells for measuring oxygen con-

tents in molten metals can also be valuable tools 

in scientific and technical research work. Provided 
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that fully reversible cells are used they replace 

advantageously the complex equilibration techniques 

for the study of oxygen-molten metals and alloys 

equilibria. The rapid response of galvanic cells 

to any change in the oxygen potential of the 

electrodes makes them an ideal device for the 

investigation of mass-trasfer phenomena. 

1any problems, however, may arise during 

the operation of solid electrolyte cells for measur-

ing oxygen contents in molten metals. The main 

object of the present work has been to identify 

these difficulties, understand their nature and 

to suggest possible solutions. 
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CHAPTER  

THE ELECTROCHEMICAL METHOD FOR MEASURING  OXYGEN, 

CHEMICAL  POTENTIALS  

1.1 INTRODUCTION 

Galvanic cells using solid electrolytes for 

measuring oxygen chemical potentials in metal systems 

have been known for a long time. Treadwell(1) in 

1916 successfully studied several metal-metal oxide 

equilibria by means of cells incorporating an auxil-

iary porcelain solid electrolyte. Later on, he 

determined the free energy of formation of A1203  

and Mg0 using the same technique(2),(3).  However, 

the method was not fully exploited until Kiukkola 

and Wagner(4) published their critical survey of 

high temperature galvanic cells used for the deter-

mination of the free energy of formation of a 

number of compounds, and established the advantages 

of employing solid electrolytes. The same authors(5)  

carried out a successful research on the free energy 

of formation of several oxides, using zirconia 

calcia solutions as solid electrolytes. The work 

of Kiukkola and Wagner was the starting point of 

the present extensive use of the electrochemical 

method for measuring oxygen activities in high 

temperature systems. 

Molten metals equilibrated with a gaseous 
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phase were already present in the cells used by 

Treadwell(1). He employed silver saturated with 

oxygen as a reference electrode in the cell 

Cu(S)/Cu20(S), borate melt/porcelain/02,Ag(1) 

But only in the last three years has the technique 

been widely used for determination of oxygen 

activities in molten metals. Measurements in lead 

and tin have been made by Alcock and Belford(6'7) 

in copper by several authors(8-12)1  in cobalt and 

nickel by Fischer and Ackermann(11) and in iron 

and steel by these same investigators(13r14)  • 

Some of this work, relevant to the present investi-

ation, will be reviewed in more detail later. 

1.2 ELECTROCHEMISTRY OF GALVANIC CELLS WITH SOLID  

ELECTROLYTES  

1.2.1 General Cinsiderations  

The free energy change AG of a reaction is 

obtained from the emf E of a reversible galvanic 

cell by means of the relationship 

AG = -nEF 	(I.1) 

The cells which have been investigated in the 

present work may be regarded as oxygen concentration 

cells. One of the electrodes was the molten metal 

M being studied, equilibrated with a gaseous phase 

of given oxygen potential. When silver was being 
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studied the reference electrode was the same metal 

equilibrated with oxygen at .atmosphcric, pressures,in 

the case of copper, the reference electrode was 

either nickel-nickel oxide, whose oxygen chemical 

potential is determined by temperature or Pt, pure 

oxygen at atmospheric pressure. 

The chemical potential of oxygen is defined 

by the relationship: 
0 

1102  = /102  + RT1nIb2 	(1.2) 

The free energy change associated with a cell 

of the type: 

t, 02(p1)/solid electrolyte/02(p ), Pt+  

is: 

AG =702 /62 = RT1n 

PI 02 

 

PO 
2 

and consequently: 

In 
02 RT n  = 	n 	(1.4) 

4F 	P' 02 
If the left electrode of the cell is actually the,  

metal M equilibrated with 1"02, the oxygen dissolu- 

tion reaction may be written: 

(1.5) 

with an equilibrium constant: 

a K = 	r 	(I.6) 

i02(g) = [0]m  



In very dilute solutions of oxygen in molten metals 

Henry's law is generally obeyed. Then: 

a[0] = k[0] wt% 	(1.7) 
and 

[0] wt% = 	(P02)2 	(I.8) 

These relationships show that reversible 

galvanic cells may be useful devices for oxygen 

determination in molten metals. 

1.2.2 Emf of Cells with Solid Electrolytes  

The introduction of auxiliary solid electro-

lytes in galvanic cells leads to several advantages. 

The most important advantage in the present research 

was the possibility of providing two separate 

compartments for the electrodes preventing the 

transport of oxygen from one to the other. 

In a cell like the one described previously 

`Pt,02(pt )/solid electrolyte/02(p ), Pt+  

there are chemical potential gradients across the 

solid. Diffusion takes place producing a charge 

separation due to the different mobilities of the 

various ions. The diffusion or junction potential 

established affects the flow of ions in such a way 

as to restore electrical neutrality and a steady-

state condition is reached. The magnitude of the 



diffusion potential is given by the following 

expression:
* 

zi 	i 	(I.9) Edit.  

1 

The problem faced now is the evaluation of Edif  

because it is going to be an integral part of the 

measured emf. Direct integration of expression 1.5 

is not possible, because the chemical potentials 

of individual ions are not separately determinable 

and no information is available about the ionic 

transference number dependance on composition. 

However, we can often determine the conditions under 

which the error introduced by the diffusion potential 

A full deriva4on of this expression is given 
in B.C.H. SteeTet4-5)thesis based 127)on the method 
used by Wagner(16) in his theoretical treatment of 
the parabolic growth rate of a metal oxide film 
during oxidation. The rate of migration- of the 
constituent i is determined by both the chemical and 
the electrical potential gradients, so the flux Ji 
of i in moles per unit time in the x-direction is 
given by: 

n 	1 	4 i 	7  c‘r. ax  + 	x  

where Bi is the mobility of particles of constituent 
i. The partial current density Ii = Zie NJi = ZiFJi 
is then: 

Ii  = -B.C.Z.F 	p_ 	
la X + Z.e d11 iq X  

If the total conductivity is represented by (and the 
transference number of the species i is dfined by 

OVO- 

* * * 



is negligible:* 

In the cell 

-Pt, 02(202)/solid electrolyte/02(282), Pt+  

	

Ot 	gic4 	0 	0::  

	

f 	
Hof 	 ---It 

	

e 	pe 	)4 	fle 

,1 	,II 
p and 0 are the electrical potentials of the metal 

electrodes and eand 0 the corresponding potentialz, 

within the electrolyte phase. ilaL andX are the 

electrochemical potentials of the electrons in the 

metal electrodes and U and )e their chemical re 
potentials within the electrolyte. The emf of this 

cell is given by: 

B= 0 
TI d' tr.? 	riu 

= Ydle 
) (I.10) 

Assuming local equilibrium at both metal/ 

t 
7 zi 	ox II'C- i 
	x + ti &Z i T.) 

In the absence of any external electrical circuit 
I: II.  = 0 and consequently: 

if  2 	-t. 

64  = Edif = - Y 	 i  e. 1 d)Ai 

The following considerations are based on a 
thorough giscussion of this problem by B.C.H. 
Steelell5). 

* * * 



_9_ 

electrolyte interfaces and considering that the 

metal electrodes have the same chemical composition 

it follows that: . 

E = 	( 	 1̂1.1:) 	(# Oa) 	(1.11) 

where 0I3  - 04  = AO is the diffusion potential. 
If both electrodes are reversible to oxygen 

ions the local equilibrium at the metal/electrolyte 

interfaces can be expressed by: 

Left: 	20-2 	02 + 4e and 

Right: 02+4e = 202-  and 41113Te  

1 y (JA: -)Ae)  = • •  
citIO -2/ a 2 a 

According to relation (1.9) 
t. 

	

AO 	F
a 

 iZ1 /b1 

242+ 942- 

= -1Uo 
2 402_ 

$4402- (1.12)  

Experimental data indicate! that for the solid 

oxide electrolytes used in this investigation the 

transference numbers of the cations are much lower 

than t02_ (See section I. 3.1,0). The same is true 

for te1  within certain limits of temperature and P
O 
2 

It follows then that: 

1)(P  AO = 7P 	
, 

 

PO2  
1 A

0 
 1 
= 

• • E = 4P 	2 411 
(UP02-)42) 

'14 
1  

2 

PH 
RTin_°2 (1.13) 41"—±" 02 
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which is the same as expression 1.4. 

The conditions where it is possible to apply 

the relationship AG = -nEP to a cell may be saD.mar-

iced as follows: 

a) Reversibility of the electrodes and 

absence of secondary reactions; 

b) The oxygen transference number of the 

electrolyte must greatly exceed the transference 

number of any other charged species. 

c) The electronic contribution to the 

electrolyte conductivity must be negligible. 

Conditions b and c are satisfied by some cera- 

mic materials. Little is known about reversi- 

bility of electrodes normally used in high tempera- 

ture cells and polarisation problems may arise. 

These points will be discussed more extensively 

in the following sections. 

1.3 THE PROPERTIES OF SOLID ELECTROLYTES 

Many oxides and oxide solid solutions are 

known to behave as either mixed or almost pure ionic 

conductors. Simple binary oxides generally belong 

to the first group. Some oxide solid solutions 

based on zirconia, thoria or hafnia possess pre- 

dominantly ionic conduction and they are consequently 

ideal materials to be employed as solid electrolytes 
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in galvanic cells. For reasons which are given 

later, zirconia oxide solutions containing calcia 

or yttria were employed in this investigation. 

Their structure and properties, together with the 

properties of some other solid electrolytes, will 

be briefly reviewed. 

1.3.1 Zirconia Based Electrolytes 

Although the electrolytic properties of 

zirconia based oxide solutions were first observed 

by Nernst(17)  in 1900, they have been more exten-

sively studied, and related to the structure of 

these materials, only very recently. 

a) 	Structure of Zirconia Based Solid Solutions  

Ruff and Ebert(18)  and later Geller and 

Yavorsky(19) established that if a sufficient 

amount of YA is combined with Zr02, a stable 

cubic form of Zr02 solid solution with the fluorite 

structure (Fig. I.1) is obtained. Zirconia calcia 

solid solutions, and some other zirconia based 

solutions, have the same structure. 

In a perfect ideal lattice with an atom on 

every lattice site there would be no ionic mobility. 

Electrolytic conductivity in ionic solids is due 

to lattice disorder, or defects, of either Schottky, 

Frenkel or a combined type. Wagner(20) extended 
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Zr(V, Ca ) 

FIG. I .1 	THE FLUORITE STRUCTURE  
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these ideas to zirconia based solid solutions in 

order to explain their ionic conductivity. He 

suggested that when either Ca2+  or Y3+  ions are 

substituted for Zr4+  ions in the fluorite-type 

structure of these materials, anion vacancies 

are created to preserve the electrical neutrality 

of the lattice. These vacancies are responsible 

for the high oxygen mobilities. 	 (21) Huna 	compared 

e;perimental densities for the system Zr02-Ca0 

with those calculated from lattice parameters to 

test Wagner's model against one in which all the 

anion sites are occupied and the excess cations are 

in interstitial positions. His results favoured 

the anion vacancy model. Hund suggested that 

Ca2+ and Zr4+ were randomly distributed on the 

completely filled cation lattice with randomly 

distributed anion vacancies, whose large concen-

tration was fixed by composition and independent 

of oxygen pressure and temperature. Direct evi-

dence confirming this model has been given by Tien 

and Subbarao(22) and Carter and Roth(23)  who studied 

the structure of zirconia calcia solutions by means 

of neutron, x-ray and electron diffraction. The 

only challenge to this model so far has been by 

Dines and Roy(28) who concluded from their com- 
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parison of observed and calculated densities of 

Zr02.CaO solutions, that the pure anion vacancy 

mrdel would 1:416 valid only at low temperatures. 

They presented evidence proving that about 1800' 

and 10 mole% CaO, the interstitial cation model is 

in better agreement with the observed densitios-

of the Zr02-CaO solutions. This suggestion needs 

further confirmation. 

Some modifications to the original Wagner's 

and Hund's ideas have been recently proposed. As 

these modifications are partially based on the 

observed electrical conductivity of zirconia based 

solutions they will be discussed after presenting 

the relevant data 

There is still some discrepancy about the 

field of stability of the zirconia based solid 

solutions in the phase diagrams of the respective 

systems, in spite of extensive research using x-ray 

and petrographic techniques. Some author(21,23,24,29)  

place the solid solutions limits for calcia stabilized 

zirconia at 10 and 20 mole% CaO, while other422,25,27) 

give 12 and 22 mole% Ca0 as the phase boundaries 

for the fluorite-type structure. The lower phase 

boundary for yttria stabilized zirconia has been 

reported as 7 mole% Y
2
0
3 

by Duwez et al(26) while 
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recent determinations by Strickler and Carlson(25'31) 

put it et 9 mole % Y203. There is agreement con-

cerning the upper phase boundary which is placed 

at about 50 mole% Y203. 

b) Electrical Conductivity  

The high oxygen mobility showed by zirconia 

based solid solutions is due to their defect struc-

ture as already stated. The electrical conductivity 

of these materials, as a function of composition and 

temperature, has been determined by several inveeti» 

gators(22,23,25,29,30,3102).  Fig. 1.2 reproduces 

the results of Strickler and Carlson(25) which check 

reasonably well with other recent work. Although 

the values obtained by the different authors are 

somewhat discordant there is agreement with respect 

to the influence of Y203 or Ca0 content on conduc-

tivity. In fact, it has been shown that conductivit5 

exhibits a maximum for solid solutions with composi-

tions about the lower phase boundaries for the 

fluorite-type structure (8-9% for yttria stabilized 

zirconia and 12-13% for calcia stabilized zirconia). 

Increasing Y203  or Ca° contents mean a decrease of 

conductivity for any given temperature. 

Anion vacancies dominate the xonduction mech-

anism (see Section 111.1.3) and their concentration 
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is fixed by composition. It may be expected then 

a linear dependance of conductivity upon defect 

concentration (Y203  or Ca° content). Several 

explanations have been offered to account for the 

failure of these materials to behave according to 

this pattern. These explanations may be summarised 

as follows: 

1) Oreering of vacancies and calcium or yttrium 

ions in the stabilized zirconia fluorite struc 

ture(22,23,25,27).  • There is x-ray evidence of the 

formation of a superstructure with increasing CaO 

content. Due to the tendency of complementary 

defects to associate, the Ca
2+ ordering would be 

accompanied by an ordering of the anion vacancies; 

ii) Periodic fluctuations in composition and 

structure in a continuous matrix(23). This 

phenomenon has been observed in Fel_x0, U024.x  and 

other non-stoichiometric compounds with a large 

concentration of defects. As this concentration 

exceeds a certain value, the defects tend to segre-

gate in-to defect-poor and defect-rich regions, 

which can co-exist(33) 

iii) Precipitation of a second phase
(23). No 

experimental evidence has:been reported in this 

respect. 
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These interpretations are not necessarily--

exclusive and may be alternate descriptions for a 

precipitation process. 

The evidence suggests that the fluorite 

structure of some of these zirconia based solu-

tions could correspond to a metastable phase. 

This would be especially true at low temperatures 

and for solid solutions with high Ca0 orY203  con-

tents. The very low diffusion coefficients of 

the cations (see Section I.31,C) would hinder 

the reactions towards some more stable state. 

This phenomenon would limit the useful range of 

solid solutions with a large number of random 

anion defects 

c) 	Nature of the electrical conductivity of  

zirconia based solid solutions. 

The mean 02- transference number of zirconia 

based solid solutions is virtually unity, provided 

the oxygen partial pressures are not below a 

certain limit. There is enough evidence to justify 

this statement. 

Kingery et al(34) determined the oxygen ion 

diffusion coefficient in Zr0.85 
Ca0.1501.85 and 

the electrical conductivity of this material over 

the temperature range 700-1100°C. Comparing the 
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experimental values with the calculated conduc-

tivity obtained from the diffusion coefficient by 

means of the Nernst-Einstein relation, he concluded 

that the entire conductivity can be attributed to 

oxygen ion mobility. Some doubt about Kingery's 

results, due to the fact that he used a corre-

lation factor of 1 in his calculations, has been 

removed by Simpson and Carter(35) who obtained 

excellent agreement between observed oxygen ion 

diffusion coefficients in the temperature range 

800-1100°C, and calculated values using Carter and 

Roth(23)  conductivity data. 

Weissbart and Ruka(36)observed that Faraday's 

laws were obeyed for reversible transfer of oxygen 

from cathode to anode in the cell 

02(p1), Pt/ Zr0.85Ca0.1501.85/Pt,02(p2) 

The electronic contribution to the total conduc-

tivity was found to be less than 0.5% at about 

1000°C in an oxygen atmosphere. 

The problem of' the electronic contribution 

to the total conductivity of solid electrolytes is 

of particular importance. If this contribution 

has a significative value the relation AG = -nEP 

is no longer applicable. Furthermore, in the case 

of electrolytes with low resistance, even a small 



-20- 

electronic conductivity may cause a considerable 

flow of oxygen from the positive to the negative 

electrode, especially when the difference in 

oxygen potentials between both electrodes is high. 

This oxygen flow may produce polarisation pheno-

mena which will mean an even larger discrepancy 

between the theoretical and the observed emf's. 

Considerable attention has been then dedicated to 

this problem. 

The total conductivity may be presented by 

the following expression: 

CrTot = Caonic 	6-0 	CE) 	(1..14) 

where C—  is the conductivity due to positive 

hole conduction (p-type) and rg  is the conductivity 

due to electrons (n-type). The concentrations of 

excess electrons and holes in the solid electro-. 

lyte are liely to be determined by the oxygen 

partial pressure according to the reactions: 

02(g) + 4 excess electrons + 2 anion vacancies 

20
2- 	(1.15) 

02 c'  (P.) + 2 anion vacancies = 20
2- + 4 electron 
. holes(I.16) 

As the concentrations of vacancies and valence 

electrons are fixed by composition, it follows 

that: 
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0e = K1 (
P
02) 
	

(1.17.) 

044 = K2 (202)i 	(1.18) 

In the more general case: 

ae 	= K1 (
P 

 02)
...1'K 	(1.19) 

a4) = K2  (202) 1/m 	(I.20) 

The positive hole conduction will increase with 

increasing oxygen pressure and the electron conduc-

tion will increase with decreasing oxygen partial 

pressure. Independence of conductivity upon 

oxygen partial pressure has been then an indica-

tion of absence of electronic contribution. 

Kiukkola and Wagner(5) found that the elec- 

trical conductivity of Zr 0.85°a0.15°1.85  was vir- 

tually constant when the oxygen partial pressure 

was varied from 1 atm down to about 4x10-22 at 

870°C. Kingery et al(34) obtained similar results 

for the same solid electrolyte at 1427°  and 1627°C 

in the oxygen pressure range 1-10-10  atm. Steele(15) 

has reported independence on conductivity upon 

oxygen partial pressure for zirconia 10 mole% 

yttria from 1 to 10-15  atm. at 1000°C. Recent 

measurements(38) on zirconia 20 mole% Y01.5 indi-

cate that the conductivity of this material is 

independent of the oxygen pressure between 1 and 

1016 atm. up to 1600°C. 
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A useful extension of this approach to the 

problem of electronic contribution to conductivity 

in these materials has been proposed by Schmal- 

zried(39 ,40) 	He introduced two parameters Po  

and PG 
 as the oxygen'partial pressures at which 

Cionic equals O—  and 0 respectively. It is 

possible then to derive expressions for the ionic 

transference number as a function of oxygen partial 

pressure and calculate the emf of a concentration 

cell by means of the relationship: 

P8  2 
t  ion 9102 

02 

On the other hand, emf data can be combined with 

conductivity results to estimate the oxygen par-

tial pressure above which the electronic trans-

ference number exceeds1%. Below this oxygen 

partial pressure the ionic transference number will 

be higher than 0.99. Steelec15) has done such a 

calculation on the basis of his experimental 

results for cells with Zr02 Ca0 solid electrolytes 

and found that the corresponding lower limit for 

tion>0.99 is PO2 = 10-15 atm. For commercial 

zirconia electrolytes of similar composition, 

Schmalzried(40) has reported a lower limit for 
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tion >0.99 of 10-16  atm. at 1000°C. Similar 

observations have been made by Bray and Merton(37) 

with cells containing Zr02.Y01.5  solid solutions. 

They gave a lower limit for tion>0.99  of 10-15atm. 

All these calculations and observations are in good 

agreement with Aronson(41) experimental work on 

the composition of pure Zr02 upon oxygen partial 

pressure, which indicated that some reduction of 

the oxide takes place about this level of oxygen.  

potential. 	However, most of these calculations 

are based on observed emf's which were only slightly 

different from the expected emf's assuming tion=1* 

The experimental errors in some cases might have 

been higher than the difference between observed 

and calculated emf's. But even if the discre-

pancies had been bigger it would be difficult to 

distinguish between the effect of electronic conduc-

tion and any electrode effect due to polarisation. 

Theresultsforthelmer2021imitfor tion >0.99 

in zirconia based solutions according to Schmalz-

ried relationships should be considered then otly 

as useful apprlximations. 

Measurements of the cation (Zr4+, Ca2j Y3+) 

diffusion coefficients (37,42,43) show that these 

are several orders of magnitude lower than the 
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oxygen ion diffusion coefficient. Table I.1 

gives the values of the cation diffusion coe- 

fficients of stabilized zirconia at 1000°C 
compared with the oxygen ion diffusion coefficient. 

TABT.E 

Cation and anion diffusion coefficients in 

stabilized zirconia at 1000°C 

D02_ = 9.4x10-8 	2 	-1 cm sec 	(in 

DZr4+= 3.7x10-19 cm2sec-1 (in 

DCa2+ =7.0x10
-19 cm2sec-1 (in 

Zr0.8580a0.142(31.85 d(35)  

Zr0.84Ca0.1601.84
) (42) 

Zr 	Ca 	0 	) (42) 0.84 0.16 1.84; 

Dy3+ 4g7 x10-15  cm2sec-1 (in Z1'0.9610.100
1.90 (37) 

It may be concluded, therefore, that stabili-

zeTd. zirconia solid solutions satisfy the require-

ments specified in section I. 2.2., provided they 

are not used in cells with too low oxygen partial 

pressures. 

So far this discussion has been restricted.  

to calcia and ,yttria stabilized zirconia. Several 

other zirconia based oxide solutions have similar 

properties. The electrical conductivity and phase 

relations in some of these systems have been 

recently studied by Strickler and Carlson(31). 
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Most of the conclusions concerning the structure 

and nature of the electrical conductivity for 

calcia and yttria stabilised zirconia are also 

valid for them. 

d) 	Commercial zirconia solid oxide electrolyte 

material  

Most of the previous discussion is on the 

properties of solid electrolytes prepared from 

espectroscopic pure chemicals. Some information 

is, however, available on commercial solid electro-

lytes. Several investigators(15,36940) have used 

stabilised zirconia tubes, supplied by different 

manufacturers and have found that the anionic 

conductivity of these materials is as good as that 

of the laboratory produced electrolytes. 

Thorough studies on the structure and per-

meability of commercial stabilised zirconia tubes 

have been conducted at the Department of Ceramics, 

Ieeds University (44945) 	Zirconia magnesia, 

zirconia calcia and zirconia yttria tubes were 

investigated. The main findings are summarised 

in the following paragraphs. 

A considerable amount of impurities were 

present in these materials. The zirconia magnesia 

tubes contained for example over 3% of A1203  and 
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substantial percentages of other oxides (Fe203, 

SiO2' TiO2 etc). The level of impurities was so 

high in the case of calcia stabilised zirconia that 

all the zirconia grains were surrounded by an 

impurity phase. None of .the sections observed 

with the microscope showed zirconia grains in 

contact with each other. The yttria zirconia 

tubes contained a smaller amount of impurities. 

Commercial materials are not always fully 

stabilised. Only zirconia calcia proved to be 

fully stabilised in the fluorite structure. 

Magnesia stabilised zirconia tubes became 

permeable at room temperature after being heated 

above 1000°C. This was explained on the basis of 

structural changes due to incomplete stabilisa-

tion. Permeation above 1000°C indicated an 

activated diffusion process. The activation energy 

calculated from the leak rate measurements was 

25 Kcal mole-1 which compares with about 30 Kcal 

mole-1 obtained for oxygen diffusion in Zr 0.85  

Ca0.15 01.85
(34). It was concluded that permea-

tion arose from oxygen vacancy diffusion. 

Similar conclusions were reached for the 

yttria zirconia materials. No permeability measure-

ments were made on calcia stabilised zirconia due 
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to its high impurity content. 

The behaviour of yttria stabilised zirconia 

suggested that impurities may play a role in per-

meation increasing the electronic conductivity 

of the material. 

1.3.2 Other solid electrolytes  

Among several other solid oxide solutions 

thoria based solutions have been shown to have 

suitable properties to be used in high temperature 

galvanic cells. The following is a summary of 

Alcock's and Steele,s(46,47) study of these mat. 

erials. 

Pure thoria and thoria solid solutions employed 

as electrolytes (Th02.0a0, Th02.Y01.5,Th02.1,a01.5) 

possess the fluoi. 	structure. The comparison 

of observed with calculated densities supports 

the anion vacancy model for these materials. 

The conductivities of Th02'Y01.5 and Th02 

CaO solid solutions at 1000°C as a function of 

Y01.5 and Ca0 contents were shown in Fig.-1.2, It 

may be observed that, for similar percentages of 

anion vacancies, thoria based solutions have a 

much higher resistivity than zirconia based solu-

tions. The results for thoria solutions suggest 

a maximum value for the conductivity as a function 
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of composition, but this is far from being as 

significative as in the case of the zirconia solu-

tions. Moreover, aging experiments with Th02  25 

mole% Y01.5, did not reveal any structural changes 

of the type discussed for the zirconia stabilised 

solutions. 

Conductivity studies as a function of PO2 

indicated that thoria solid oxide solutions exhi4 

bit p-type conduction at high oxygen partial 

pressures, but this becomes negligible below 

10 atm. Alcock and Steele estimated the lower 

oxygen limit for tion,>0.99 as FO2 r--,10-25  atm at 

1000°C on the basis of the emf results obtained 

in cells where the thoria electrolytes were in 

contact with Nb-Nb0 and Mn-Mn0 respectively. 

Fig. 1.3 is a summary of Alcock's and 

Steele's conclusions on the electrolytic proper-

ties of some of these oxide solid solutions. This 

figure is of great value in the selection of a 

suitable solid electrolyte to be used in a certain 

galvanic cell in spite of the limitations already 

discussed. Unfortunately the relevant information 

is only available up to 1000°0. 

1.4 POLARISATION PHENOMENA 

During its operation, a solid electrolyte 

galvanic cell is subjected to the action of current 
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OF COMPOSITION AND OXYGEN PRESSURE..  

+ Estimated real values possibly lower 
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produced by two different sources: the measure-

ment of emf and the solid electrolyte electronic 

contribution to conductivity. This current will 

lower the emf below the open-circuit value due 

to the resistance of the cell and polarisation 

phenomena at irreversible electrodes. The emf 

measurement effect is normally minimised by 

using a high impedance measuring instrument, How-

ever, the electronic contribution to conductivity 

is a property of the solid electrolyte -material 

and its effect cannot be easily controlled. 

A simple calculation on the basis of Ohmls 

law can demonstrate that the magnitude of the 

short-circuiting currents which may be present 

in a solid electrolyte galvanic cell exhibiting 

electronic conduction can reach substantial values 

even if the electronic transference number of the 

electrolyte is not higher than 0.005 (See Section 

III.3.l,e).These currents are likely to produce 

electrode polarisation depending on the electrode 

kinetics. 

Very little is know about electrode kinetics 

and polarisation phenomena in solid electrolyte 

galvanic cells. Activation polarisation depends 

on the particular rate-determining chemical and 
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electrochemical reactions at the electrode. 

Concentration polarisation involves mass transfer 

of reactants and products. Measurements on elec-

trodes in molten salts indicate that, in general, 

concentration polarisation exceeds activation 

polarisation. This is probably the case in high 

temperature solid electrolyte galvanic cells. 

Activation polarisation may be present in 

gas electrodes. Pal'guev and co-workers(48,49) 

have studied the polarisation of Pt, gas elec-

trodes. For the cell 

Pt,02/0.85 Zr02  0.15 CaO/Pt,02  

no polarisation was observed in the temperature 

range 900-110000 even with currents of 100mA/cm2  

Anodic polarisation was detected in the cell 

Pt, (CO + CO2)/0.85 Zr02  0.15 CaO/Pt,02  

Pal'guev et al. sugested that this was partially 

due to slow interaction between CO and 02(activa. 

tion polarisation) but mainly to the slow trans-

port of CO to the reaction surface (concentration 

polarisation). Weissbart and Ruka(36)  found, in 

agreement with Pal'guev and co-workers, that 

polarisation at a Pt,02  electrode remained insigni-

ficant at current densities as high as 10mA/cm2. 



Much less less is known about solid electrolytes. 

Steele(15) reported full reversibility for Ni-

Ni0 at currents of 14/cm2 at 900°C, tat with 
Y /  a current of 10)4A/cm2  passed during 5 minutes 

the Ni-Ni0 electrode became polarised. Alcock 

and Belford(6) also reported polarisation of Ni-

Ni0 electrodes in their coulometric titration 

experiments. However, the currents they used 

were very high (400,,LU/cm2) and the experimental 

temperature low (700°C). These are the only 

references found in connection with polarisation 

of solid oxide electrodes, although several 

authors mention the possibility of this phenom-

enon occurring in the operation of high tempera-

ture galvanic cells. 
1.5 RESEARCH PROGRAMME  

The operation of galvanic cells for measur-
ing oxygen contents in molten metals may be sub-

jected to the problems previously discussed. 
The uncertainty about the behaviour of the cells 

increases with temperature. It was decided then 
to start this research programme with metals 
whose melting points are about or little above 

1000°C. Silver and copper were obvious choices. 

The most important aspect in the design of 

the cells was the provision of an experimental • 
method which allowed a comparison of the observed 
emf with the emf which should have been obtained 

on the basis of the oxygen potentials in bota 

electrodes. The equilibration of the metals 
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being studied with gas phases of known oxygen 

partial pressure made possible the calculation of 

theoretical emfts in all the experiments. 

Another important aspect was the choice 

of suitable materials for the contact electrodes 

dipping in the molten metals. These materials 

should have an acceptable electronic conductivity, 

a negligible solubility in the liquid metal and 

withstand highly oxidising conditions for long.  

periods. 

The selection of solid electrolytes and re-

ference electrodes were other points to be con-

sidered. This problem appeared fairly simple in 

the case of silver where either Zr02'  Ca0 or 

Zr02.Y203 should be used, considering the range 

of oxygen pressures envolved (see Fig. 1.3) and 

Ag(1) equilibrated with oxygen at a fixed pressure 

was an obvious reference electrode. However, in 

the case of copper the problem could be more 

complex, especially with reference to the choice 

of a reference electrode. 
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CHAPTER II 

MEASUREMENTS IN MOLTEN SILVER.  

.11.1 REVIEW OF THE LITERATURE  

The solubility of oxygen in liquid silver 

has been studied as a function of pressure and tem-

perature by Sieverts and Hagenacker(50), Donnan and 

Shaw(51)  and Parlee and Sacris(52). Their results 

(Fig. 11.7) are reasonably concordant. All these 

investigators used a gas volumetric technique. 

Sieverts and Hagenacker made determinations at 

973° - 1125°C mainly at 1 atm. Donnan and Shaw 
worked only at 1075°C. Finally Parlee and 6acris 

covered the temperature range 1011° - 1202°C. 

Mizikar, Grace and Parlee(53)  have proposed the 

following equation to represent the solubility 

of oxyR7en in molten silver at Po  = 1 atm. 
2 

log %0 = 79°7 	1.0949 	(II.1) 

based on the work of Si everts and Hagenacker and 

Donnan and Shaw. 

Sieverts and Hagenacker demonstrated that 

the solubility of oxygen in liquid silver is 

proportional to the square root of the pressure up 

to a .little above.1 atm. This is proved by 

their measurements at. 1075°C which are plottted in 
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Pig.II.1. Parlee and Sacris obtained identical 

results at 1020°C. This means that the activity 

coefficient of the oxygen remains constant over 

this ranee of temperatures and pressures; Henry's 

law behaviour, and, therefore, the activity of 

silver is equal to its atomic fraction. 

11.2 EXPERIMENTAL 

The technioue employed was to measure the 

volume of oxygen absorbed by a known weight of 

silver which had been previously degassed in a 

Sieverts apparatus. Alloys of known oxygen con-

tent prepared in this way formed cneelectrode of 

the galvanic cell. The other electroae was silver 

saturated with oxygen at barometic pressure. 

The emf was thus determined as a function of the 

oxygen concentration at vaxious temperatures and 

pressures, as well as the various times during the 

course of some of the equilibration experiments. 

a) Materials  

.The oxygen for the solubility measurements 

was prepared by thermal decomposition of potassium, 

permanganate. The initial products of decomposition 

which contained desorbed air, were discarded; the 

remainder was dried by condensing with liquid 

nitrogen and transferring a portion of the con-

densate to a storage reservoir. Dry cylinder oxygen 

was used in the reference electrode. 	The 
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0.1 • 0.2 	0.3 	0.4 
FIGIL1 THE SOLUBILITY OF OXYGEN IN SILVER  
AT 1075°C AFTER SIEVERTS AND HAGENACKER  
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silver was of "spectroscopic" purity, containing 

less than 0.001 per cent total impurities, the most 

important being iron, 5 ppm, and Cu, 2 ppm. 

"Immaculate Five" stainless steel wire, 0.018 in 

diameter, containing 21% Ni and 23% Cr, which 

previous investigations in the Department had 

proved to be the most suitable material, was used 

for the electrodes. 

The lime-zirconia tubes used as solid 

electrolyte were made commercially and contained 

15 mole per cent lime. They were 15" long and 

-1 " outside diameter and the wall thickness was 4 

about 1.0 mm. The tubes cracked because of thermal 

shock if brought from room temperature to 1000•0 

in much less than 10 min. 

b) Apparatus  

The Sieverts' apparatus used in thiS work 

is illustrated in Fig. 11.2. The limbs of manometer 

A and gas burette B were of precision bore tubing 

4.00 ± 0.01 and 20.00 ± 0.02 mm in diameter 

respectively. The useful length of the gas burette 

limbs was 40 cm. All measurements were made with 

the right limb evacuated and this side was main-

tained under vacuum except when gas was being in-

troduced to the cell in some cases. With this 
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design, the measurements were independent of 

barometric pressure. The volume between stopcock 

S and the mercury in the left limb, when the levels 

in both sides were identical (zero level) was 

carefully calibrated. Air at barometric pressure 

was introduced in both limbs of the gas burette 

and then the right limb was evacuated. The levels 

in both limbs were recorded and the pressure of the 

gas in the left limb calculated. With these data 

the calculation of the volume between the stopcock 

and the zero level in the left limb was straight-

forward. 

Argon, for the determination of the "hot 

volumes" was dried over silica gel and magnesium 

perchlorate and further purified by passage through 

titanium chips at 900°C. 

The system was evacuated by a rotary pump 

in conjunction with an oil diffusion pump. With 

silver in the cell at 9300  - 1160°C a vacuum of 

10-4  to 10-5  mm mercury- could be attained with. con-

stant pumping for all the successful cells used in 

this research. The vacuum was measured by means 

of a Pirani and Fenning gauges. 

The oxygen prepared by thermal decompo-

sition of potassium permanganate was stored in 

the reservoir C. The tube holding the potassium 

permanganate, the trap and the reservoir were 
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evacuated prior to the preparation of a fresh 

quantity of oxygen. As already said, the initial 

products of decomposition, containin desorbed 

air, were discarded. The oxygen produced in a 

subsequent decomposition was condensed in the 

liquid nitr:Jgen trap and some of it wae trans-

ferrea to the reservoir until it reached atmos-

pheric pressure. 

The cell is shown diagramatically in 

Fig.II.3. A known weight of silver, about 55 g, 

was held in the nullite tube F, whichles 30 cm. 

long and had an inside diameter of 15.5 mm. for 

the cells without stirring and 22 mm. for those 

with stirring. The solid electrolyte was an 

impervious tube - E of lirae-zirconia as already 

described. This tube contained a small quantity 

of silver as the reference electrode, usually about 

1.2 g. The end of this tube was located approxi-

mately 1 cm. below the level of the silver in 

tube F, so the silver level in both electrodes 

was nearly the same. 

All ceramic to metel seals in the upper 

part of the assembly were made gas-tight with 

araldite. The brass head of the cell C was water 

cooled and had an '0' ring between its lower and 

upper parts. 
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Fig.II.3 - Cell use,  for measuring, emf's in 
molten silver 	 

Al'  A2  Stainless steel contact electrodes. 

B, H Alumina sleeves. 

C Brass head. 

D Connection to manometer, gas burette and 
vacuum pumps. 

Lime-zirconia tube, 

F Nullite reacthn tube. 

G Nimonic 75 shield. 

K Reference electrode. 

L Silver. 

N Alumina stirrer. 

N Control thermocouple. 
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The reference electrode K was flushed 

continuously with cylinder oxygen which was 

dried with magnesium perchlorate. The oxygen was 

introduced via the inner alumina tube 	3 mgr. 

outside diameter, and vented via dibutyl 

phtalate. The stainless steel electrodes Al and 

A2 were held in position with alumina sleeves 

B, H. The upper ends of these tubes, 3 mm. in 

diameter, were sealed with small glass beads 

and ordinary wax. 

Stirring was provided in some of the 

experiments in order to accelerate the slow dis-

solution of oxygen in silver. The stirring mech-

anism consisted of an alumina rod M, 3 mm. diam, 

with an iron upper end which was moved up and 

down with a magnet. 

The cell was suspended in a vertical 

Kanthal wound furnace, the temperature of which was 

controlled to better than ± 1°C by a Kelvin-Hughes 

controller. The control Pt.-Ft.13% Rh. thermo-

couple N was inserted from the lower end of the 

furnace tube just below the bottom of the cell. 

A resistance was placed across the terminals of the 

mercury switch so that When this was opened the 

furnace winding was not completely disconnected 
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from the power supply, but it was connected to it 

in series with this resistance. The overall 

effect was that the power supply to the furnace 

in the OFF position of the control system was 

approximately 80% of that in the ON position. 

The temperature of the system was measured 

by a Ft.-Pt.13% Rh. thermocouple (not shown in 

Fig.II.3) located in the silver at the same 

depth as the reference electrode and protected by 

an alumina sheath. 

Electrical shielding; was effected by 

means of a Nimonic 75 tube G which was maintained 

at ground potential. The brass head of the cell 

and the exterior casing of the furnace were also 

electrically grounded. 

The emf's were measured with a Vibron 

electrometer* of input resistance 1017 ohms. 

The accuracy was 1% or better depending on the 

range employed. 

The electrode AI was connected to the high 

terminal on the instrument with screened non-

microphonic co-axial cable. A2  was connected to 

earth together with the furnace screen, the brass 

head of the cell and the metal case of the electro-

meter. 

* E.I.L. Vibron Electrometor Model 33B-2 
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c) Procedure  

After assembling, the cells were tested 

for gas-tightness, first at room temperature and 

then at the particular experimental temperature 

which was going to be tried. This was thought a 

necessary precaution, because some of the ceramic 

tubes used showed at high temperature a porosity 

which was incompatible with the nature of the 

solubility experiments. The cells were considered 

satisfactory if a vacuum better than 10-4 was ob-

tained and the pressure did not increase beyond 

10-3  cm in one hour after the system had been out-

gassed and isolated from the pumps. 

The silver was cut off from 7 mm. diam, 

rods with a clean high speed hacksaw blade. The 

surface layer of the rods was removed with a clean 

file. The silver piece used in the reference 

electrode had to be machined to fit the diameter 

of the lime-zirconia tube. Afterwards the surface 

of the little piece of silver was carefully 

cleaned from any trace of grease. 

Due to the narrowness of the small cells 

the silver had to be melted before inserting the 

reference electrode, thermocouple sheath and contact 

electrode. This was done in air. With the silver 

just over the melting point the assembly of the 
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cell was completed. This technique, which was 

not very convenient, was improved with the cells 

with stirring, where the extra space available 

allowed the complete assembly of the cell at 

room temperature. The melting operation was done 

in these cases under argon. 

Prior to each series of measurements, and 

independently of the method of assembly of the 

cell, silver was degassed by pumping down the 

system for about twelve hours while the metal was 

kept just below its melting point. This was 

generally done overnight. In the experiments at 

980°C, after reaching the experimental temperature 

the system was 	pumped down for a short while 

(10 to 15 minutes). Degassing was controlled by 

measurement of the pressure with the Pirani and 

Penning gauges and following the variation of the 

emf in the electrometer. With the technique 

described, emf's of the order of 350 to 400 my 

were reached at 980°C. The latter value corres-

ponds to a residual partial pressure of oxygen of 

3 x 10-4mm. and an oxygen content in the metal of 

approximately 2 ppm. Further evacuation did not 

yield initial emf's substantially higher than this 

and increased the danger of silver losses by evap-

oration and condensation in the cold walls of the 
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cell. Further elimination of oxygen from the 

metal phase could be effected by passing a 

reverse current through the cell for a short 

period. Higher values of the emf wereobtained, 

but these gradually decreased on allowing the system 

to stand with the pumps in operation and generally 

reverted to about 400 my in a short period of 

time. On the other hand, the starting level of 

oxygen already mentioned was satisfactory con- 

sidering the high solubility of oxygen in silver. 

In the experiments at temperatures higher than 

980°C this technique of degassing was slightly 

modified to avoid excessive evaporation of the 

metal. After pumping down the system with the 

silver just below the melting point, the metal 

was melted and taken to the experimental tem- 

perature under argon. With the short period of 

pumping preceding the introduction of oxygen to 

the system similar levels of emf's were reached. 

The "hot volumes" of the cell as a 

function of pressure had to be measured before 

each series of experiments. Argon was used for 

this purpose. The "hot volumes" were of the order 

of 40 cc. for the cells without stirring and 75cc. 

for those with stirring at N.T.P. They weminde- 

pendent of pressure:., if reduced to N.T.P., when 
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allowance was made for changes in the level of 

mercury in the manometer. 

The procedure for determination of the 

"hot volumes" was as follows. The left limb 

of the gas burette was filled with argot:. and 

the system evacuated. After reading the mercury 

levels in both limbs of the gas burette, the 

left limb was connected to the system through 

tap S (Fig.II.2). When the pressure in the 

manometer of the system became steady, the mer-

cury levels in the gas burette were read again 

and the room temperature recorded. Tap S was 

closed, the system evacuated and a fresh quantity 

of argon admitted. 	With the data so obtained 

the volumes of argon ("hot volumes" of the cell) 

which had been introduced into the system were 

calculated. Table II.1 gives a typical set of,  

values. The "hot volumes" have been reduced to 

N.T.P. and allowance has been made for changes 

in the level of mercury in the manometer. 
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P(mmHg) 

TABLE ILI 

Hot Volume (N.T.P.) c.c. 

80.52 37.60 

59.15 37.52 

41.17 37.71 

31.00 37.62 

27.94 37.63 

17.20 37.53 

8.90 37.40 

Althoug "hot volumes" were measured with 

liquid silver in the cell, a check was made 

initally with no silver present to compare the 

"hot volumes" obtained with oxygen and argon. 

The difference was negligible at very low pressures 

but became of the order of 1±0.5% at around 

1 ate. (oxygen "hot volumes" beinz larger than 

argon) in the experimental temperature range. 

Due to tTae high solubility of oxygen in liquid 

silver this difference w 1..s so small as to have 

no discernable effect on the results at equilib-

rium. The slight correction was, however, applied 

when necessary to the measurements in the early 

stages of equilibration to allow for this effect 

in calculating the oxygen content of the ratal. 

After ending the "hot volumes" determina- 
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tion the system and the gas burette were evacuated 

and oxygen from the storage reservoir C was admitted 

into the left limb of the burette. The system was 

ready to start a series of solubility measurements. 

A series of experiments consisted in suc-

cessive equilibrations of the silver contained in 

the cell with oxygen whose pressure was gradually 

increased. At the experimental temperature, oxygen 

was progressively added to the cell to go from the 

low to the high pressures. At each particular pres-

sure enough time was allowed for the system to reach. 

equilibrium. 

A characteristic feature of the first ex-

periments done at 980°C was the slowness with which 

equilibrium was established for both the pressure 

and emf after oxygen was admitted to the system. 

Times required for equilibration varied from several 

hours at the lowest oxygen pressures employed to 

over 48 hours for equilibrium pressures in excess 

of 0.5 atm. 	Stirrin was then provided in some 

of the experiments and equilibrium between gas and 

metal could be attained within 45 minutes of making 

a sudden change in the gas pressure. 
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11.3 RESULTS AND DISCUSSION 

a) Experiments at 980°C  

The results of the solubility measurements 

at 930°C are shown in Fig.II.4 where the observed 

oxygen content is plotted against the square root 

of the oxygen pressure in atmospheres. The solu-

bility obbeys Sieverts law in confirmation of pre-

vious information available. The results are also 

summarized in Table 11.2. They correspond to two 

different emf cells and a Sieverts cell (without 

electrodes) which was operated to determine the 

possible effect of the stainless steel or the 

solid electrolyte on the solubility measurements. 

No difference was observed. Table 11.2 also con-

tains the emf's found. They are compared with the 

emf's calculated from the equilibrium oxygen 

pressure and the barometric pressure, which is the 

oxygen pressure in the reference electrode. 
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TABLE 11.2 

Results at 980°C 

Cell PA (atm) [0] wt.r.- emf obs. emf calc. 
2 (mv) (my) 

emf 1 0.2075 0.061 85.3 84.7 
0.600 0.1795 27.3 27.4 

emf 2 0.199 0.060 88.2 87.2 
0.415 0.1255 46.8 47.4 
0.663 0.2025 21.6 22.5 
0.782 0.241 12.7 13.6 

Sieverts 0.169 0.053 
0.384 0.119 
0.632 0.193 
0.882 0.2674 

The results show that for solutions of 

oxygen in liquid silver Henry's law is obeyed up 

to the 'pressures employed. Concentrations may, 

therefore, be used in place of activities in the 

expression of the emf of the cell. In a reversible 
cell, the emf is given by: 

E = RT in  [01 atm 	(II.2) 
DP 	‘[0] 

eq 

Where [0] 	is the equilibrium oxygen content of 
eq 

the silver in one half of the cell and [0] atmis 

the oxygen content in the reference electrode. 

As Sieverts law is obeyed, [0] atm in 

equation 11.2 may be replaced by kDj- where k is 
tat 
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the Sieverts coefficient for the solubility at 

temperature T and Pat  isthe barometric pressure 

at the time of measurement. Equation 11.2 may, 

therefore, be written: 

RT 	RT 	RT 	[Oliatm E Hp in 	= 	in 	In  
av 	To7p 	EF 	TO]ID Pea 	eq 

(II.3) 
where [0]latm is the oxygen contentin equilibrium 

with oxygen at atmosphere. 
Rm The term Ht In alt, which is small and 

may be either positive or negative, thus normalizes 

the emf measurements to a standard pressure of 

atm for the reference electrode. 

Equation 11.2 predicts that, at constant 

tem:perature, a plot of E - 	in  rat against 

log [0]11. will be linear. This plot is shown 
'eq 

in Fig.II.5 for the results at 980°C. The line 

is theoretical and corresponds to the value of 

k = 0.304 found independently in the solubility 

measurement. 

The observed emf's were quite steady over 

long periods of time. 

The manner in which the emf varied with 

time during approach to equilibrium in the experi-

ments without stirring is of particular interest 

in the analysis of the results. Fig.II.6a 
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Fig.II.6 Results of an experiment at 980°C with 

no stirring in which the oxygen pressure over the 

metal was suddenly raised from 0 to 20 cms. Hg. 

(a) a measured emf's; Curve A, emf's calculated 

from oxygen pressures measured over the metal; 

Curve 3, emf's calculated from absorbed oxygen 

assuming uniform distribution in the metal. 

(b) Corresponding gas pressures (cm Hg) and con-

centrations for (a).  above. Curve A, mean concen-

tration of oxygen in the silver; Curve B, oxygen 

concentration calculated from observed emf's, 

with right hand vertical scale; Curve C, oxygen 

pressure over the metal, with left hand vertical 

scale. 
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illustrates one of these experiments. The points 

in this ficure show the emf observed as oxygen was 

absorbed by the molten silver. Curve A shows the 

emf which would have been observed if the outer 

electrode (Fig.II.3) had been functioning as an 

oxygen gas electrode, and responding solely to 

the decreasing oxygen pressure over the metal. 

Curve B shows the emf which would have been recorded 

if the oxygen absorbed had been at all times uni-

formly distributed in the metal and the electrode 

had been responding to it. 

It is evident that the observed emf's 

were initially far removed from those correspond-

ing to the gas above the metal, and that the outer 

electrode was responding to the oxygen in the 

upper part of the silver. In this region, with no 

stirring, it is reasonable to expect that the con-

centration of dissolved oxygen would first exceed 

its final equilibrium value and then fall as the 

oxygen became uniformly distributed through the 

metal, and the gas pressure fell correspondingly 

to its final value, as shown in Fig.II.6b. With 

stirring, the observed emf's were much closer to 

those calculated from the mean oxygen concentration 

than those shown in Fig.II.6. 
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On completion of measurements of the type 

illustrated by Fig.II.6, the cell was evacuated 

by connecting the system directly to the pumps. 

Although the pressurein the cell dropped immedi-

ately to a value less than 1 mm. Hg the emf did 

not change abruptly, but persisted for a short 

period at the equilibrium value before commencing 

to increase slowly as oxygen moved out of the 

liquid. 

b) Experiments at Hipher Temperatures 

Two series of experiments were done at 

1080°C using a Sieverts type cell (without electro-

des) with stirring. The solubility results obtained 

were considerably lower than those previously re-

ported by other investigators. On disassembling 

the cell it was realised that a substantial amount 

of silver had been vapourised during the experi-

ments and condensd on the cold part of the cell. 

This phenomenon had been negligible at 980°C. lie 

solubility of oxygen in the solid phase which has 

been studied by Sieverts and Hagenacker(50) and 

by Steacie and Johnson(54), is markedly lower 

than in the liquid, it reaches a maximum. of 0.01% 

at 939°C, and this explains the discrepancies 

already mentioned. 
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Silver vaporisation was particularly 

important in experiments carried out at low oxygen 

pressures. Similar difficulties were found.  by 

Sacrisand Farlee(52) during their measurements. 

It was decided then to do the experiments at tem-

peratures over 980°C only at 1 atm pressure. 

The emf cell used was operated at 1055°, 

1105° and 1160°C. The experiments were conducted 

in such a way that the silver was always under a 

gas pressure of about 1 atm. This was done by 

introducing 02  into the cell in successive stages. 

Pressuresof 02 
6 

hi-Pher than 1 atm were obtained by 

admitting air into the right limb of the gas burette. 

Very little evaporation of silver was observed 

during these experiments. 

The solubility results and the emf's 

observed are summarised in Table 11.3. 

TABLE 11.3 

Results at 1055°, 1105° and 1160°C and P
02 

= 1 atm.  

t.e. 	[0] wt.% 	emf obs (mv) 	emf caic. (mv) 

1055 0.279 -1.2 -0.2 

1105 0.270 -1.0 0.0 

1160 0.262 -0.9 +0.2 

The solubility values together with those 

of Sieverts and Hagenacker, Donnan and Shaw and 



-61- 

Sacris and Parlee at 1 atm pressure are plotted 

in Fig.II.7. There is a close agreement between 

the new results an' those published previously. 

At about 1160°C the stainless steel electrodes 

begin to oxidize slowly but visibly; this may 

be the cause of the slic;ht]Thi:h value obtained 

for 	solubLlit7 under 1 atm at this pressure. 

The observed emf's are in good agreement 

with the calculated. e2f's. 

The line drawn in Pig.II.7, which is the 

best line thlgtolugh all the data, excluding that one 

at 1160°C, lead.; to the -..onation: 

log [0] wt.% - 73.6 	1.107 	(11.4) 

or log [0] atm % 2J4°6  0.281 

The equation was calculated by the least squares 

method and differs only slightly from that pro-

posed by lazikar, Grace and Farlee(53). The 

followinF: values are found for AH and AS: 

AR = -3380 cal per 3  02  

-1.3 cal deg
-1 
 at lg atom% 

11.4. COPCLUSIONS  

The main feature of the experimental 

technique used in this study was the possibility 

of testing the behaviour of the cell by comparing 

a theoretical emf value, calculated on the basis 
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of the Sieverts type of measurements, with the 

observed one. Secondly, the experiments without 

stirring and the constancy of the emf value on 

evacuation of the system after equilibrium are 

good evidences that the cell was reacting towards 

the oxygen content of the silver and not the gas 

phase. Thirdly, the exoeriments with stirring s.4lowed 

that the reaction of the cell was almost instan-

taneous after producing a change in the oxygen 

content of the metal. It is then possible to say 

that a cell of this kind is a reliable device for 

the determination of oxygen contents in silver in 

the concentration and teperature ranges studied. 

) It has been actually used"-1  in the investigation 

of the rate of oxygen transfer from a gas jet into 

molten silver. 

Previous results of oxygen solubility in 

liquid silver have been confirmed. 
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CHAPTER  III 
MEASUREMENTS IN MOLTEN COPPER 

III.1 The Copper-Oxygen System  

Hansen(56) prepared the phase diagram for 

the system Copper-Oxygen from various sources 

(Fig. 111.1). Only the value for the melting 

point of Cu20 has been changed to the temperature 

reported by Rossini et al(57). 

The system has been extensively studied only 

up to 1200°C, which is the most interesting 

region for extractive metallurgy. There is some 

uncertainty concerning the values of the mono- 

tectic temperature and the composition of the 

oxygen saturated copper melts in equilibrium with 

Cu20(s).- TOtlinson and Young
(5B) have studied 

the equilibrium Cu20(s) - Cu(1) saturated with 

oxygen and 002/00 gas mixtures. Values for the 

composition of the Cu(1) saturated with oxygen 

have been calculated by extrapolating their oxygen 

solubility results to the PO2  corresponding to 

that equilibrium. These values are shown in Fig. 

111.2 and they are in a reasonably good agreement 

with Hansen's phase boundary. Rickert and Wagner 
(10) 

using a 'coulometric titration' technique, have 

also confirmed Hansen's Cu-Cu20 phase boundary 
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between the eutectic and the monotectic tempera-

tures. The only discrepant results in this respect 

are those obtained by Osterwald(8) who did a thor-

ough investigation of the Copper-Oxygen phase 

diagram by an electrochemical method. He reported 

a monotectic temperature of 12161-5°C and an oxygen 

content of 9 atom % for the Cu melt in equilibrium 

with Cu20(s) at this temperature. It is not 

possible to explain such a discrepancy from the 

experimental details given by the different authors. 

The phase boundaries of the two liquids mis-

cibility gap have been estimated by Hansen (dashed 

lines). There are two sets of experimental values 

available which are, however, inconsistent with 

the composition of the monotectic melt as given 

by Hansen. Slade and Farrow(59)  did' equilibrium 

studies at 1254, 1340 and 1400°C using a quenching 

technique. Their results are indicated by circles 

in Fig. II.1. Osterwald(8) found, in line with 

his phase boundary below the monotectic tempera-

ture, that the copper melts in equilibrium with 

the Cu20 rich phase had a much higher oxygen 

content than the one suggested by Hansen, even 

higher than that reported by Slade and Farrow. 

This part of the phase diagram needs further 
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clarification. 

The solubility of oxygen in molten copper, in 

the low oxygen concentration range, has been 

studied up to 1600°C. Girarii and Siebert(60) 

(1090°-1300°C), Sano and Sakao(61)(62)01151256°C) 

and Tomlinson and Young(58) (1085-1500°0) have 

equilibrated liquid copper, contained in A1203, 

with 00/002  gas mixtures. Toop(63)  (1300-1600°C) 

levitated small copperteads in streams of 00/002  

gas mixtures and Belton and.Tankins(64)  (1150--

1605°C) used H2/H20 gas mixtures in their equili-

brium experiments. The results of all these authors 

are in reasonably good agreement, with the excep-

tion of those of Girardi and Siebert which are 

lower, but it seems that their equilibrated copper 

samples lost a significant amount of oxygen, 

before being analised, due to the quenching tech-

nique used. 

The work of Sano and Sakao, Tomlinson and 

Young, Toop and Belton and Tankins are compared 

in Pig. 111.3. All the lines and points corres-

pond to the reaction, 

CO + [0] = 002 
	(111.1) 

and the log K values have been calculated with 1 

atom % 0 as standard state. Toop's points actually 
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correspond to log P002/2c0x  at % 0, but his ex-

periments were done with very low oxygen concentra-

tions and therefore they can be considered as true 

log K values without significant error. These 

results, which were obtained approaching equilibrium 

from both the high and low sides, are certainly 

in better agreement with those of Tomlinson and 

Young which are probably the most reliable. 

These authors(58) studied the reaction 111.1 

for which: 

K 2C°2  
200x at%[0]x 

(111..2) 

The activity coefficient of oxygen, f0, is based 

on the reference state of the infinitely dilute 

solution of oxygen in liquid pure copper and the 

concentration in atom percent. 

From the experimental results between 1100°  

and 1300°C, it was found that oxygen solubility 

in copper deviates positively from Sievertts law 

and log fo  is independent of temperature and 

can be represented by the following relationship: 

log fo  = -0.041 atom % [0] 	(111.3) 

the standard deviation being ± 0.005 atom % [0] 

at 1100°C and ± 0.007 atom % [0] at 1300°C. 



The value of K is given by: 

log K = 22L122 - 4.07 - 0.015 	(III.4) 
T 

and hence 

AG°  = -46,440 + 18.6T t 150 cal 	(III.5) 

Due to the rather few experiments done at 1400 and 

1500°C, these results should be considered as 

reliable only up to 1300°C. 

The oxygen pressures in equilibrium with the 

Cu,[0], melts at different temperatures, calculated 

from Young and Tomlinson's results have been indica-

ted in Fig. 111.2. 

Several investigators(8,9,11,12) have recently 

made determinations of oxygen solubility in molten 

copper by the electrochemical technique. All of 

them have added oxygen to the liquid metal in the 

form of a copper oxide. The oxygen pressure in 

equilibrium with the oxygen dissolved in the 

copper was calculated from the emf's. Their re-

sults are also shown in Fig. 111.3. They will be 

discussed more extensively in section III. 4 
111.2 EXPERIMENTAL  

111.2.1 General Considerations  

Fire refining temperatures in copper metal-

lurgy are usually around 1150°C and the metal is 



cast between 1105°C and 1120°C. The oxygen content 

of the molten metal during refining may vary between 

near saturation down to different limits depending 

on the product being obtained. Anodes are generally 

cast with 0.1% oxygen. Tough pitch copper contains 

0.025% to 0.08% oxygen, although this may sometimes 

exceed 0.10%. Oxygen free, high conductivity 

copper ( 10FHO' copper) has a very low oxygen con-

tent measured in a few p.p.m. The fire refining 

temperature and oxygen content ranges of copper are 

indicated in Fig. 111.2 as a shaded area. The 

control of the oxygen content of copper before 

casting is of great importance. It was decided, 

therefore, to concentrate the effort in the investi-

gation of the behaviour of galvanic cells in the 

dilute solution region of the shaded area indicated 

in the phase diagram, with a slightly more extended 

temperature range, 1100° - 1200°C. 

The oxygen partial pressures of the gas phaee 

in equilibrium with molten copper at these tempera-

tures (see Fig. 111.2) are easily obtained with 

CO2/CO gas mixtures which can be prepared in the 

laboratory in a wide range of proportions. The 

molten metal equilibrated with a CO2/C0 mixture, 

bubbled through it, was going to constitute one 
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electrode of the galvanic cell under investigation, 

The order of magnitude of the oxygen pressures en-

volved indicated that Zr0
2.Ca0 or Zr02.Y01.5 

were 

the most convenient solid electrolytes. Two more 

general aspects concerning the experimental tech-

nique were unresolved: the choice of an appro-

priate reference electrode and a convenient material 

for the contact electrode dipping in the molten 

copper. 

The aim of this part of the present work, as 

already stated, Tas the study of cells which could 

be eventually used as convenient devices for the 

determination of oxygen in molten copper. One 

requirement, therefore, which the reference elec-

trode should fulfill was that of simplicity. Gas 

electrodes (Pt,02  or Pt, air) were extremely 

convenient from this point of view. However, the 

emf's which develop between the reference and 

copper, [0]Cu  electrodes in this case would be 

big (several hundreds of milivolts) and there 

was the risk of polarisation of the copper elec-

trode. The alternative was the use of a metal-

metal oxide solid electrode in inert atmosphere 

with an equilibrium oxygen pressure of the order 

of magnitude of that existing in the copper elec- 
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trode. Nickel-nickel oxide satisfied this require- 

ment. 	Furthermore the free energy of formation of 

nickel oxide in the temperature range of interest 

has been fairly well established(15). The oxygen 

pressures in equilibrium with nickel-nickel oxide 

are about 10-9 and 10-8 atm. at 1100°  and 1200°C 

respectively. These oxygen pressures correspond 

approximately to oxygen contents in molten copper 

of about 0.01% and 0.015% at the temperatures 

previously indicated. Therefore, in the case of 

dilute oxygen-copper solutions the magnitude of 

the emfis which should be obtained was small, thus 

diminishing the danger of polarisation phenomena. 

Nickel-nickel oxide was the first reference elec.» 

trode to be tried. Gas electrodes were left as 

alternatives, depending on the results of the 

experiments with nickel-nickel oxide as a reference. 

The selection of the material for the con-

tact electrode dipping in the molten copper was made 

by means of compatibility tests which will be 

described in the next section. 

111.2.2 	Compatibility Tests. Materials Used. 

A series of compatibility tests were done to 

see if the different materials tentatively chosen 

would withstand the most stringent 
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experimental conditions. In all these tests the 

materials to be studied were equilibrated with 

copper and cuprous oxide in inert atmospheres at 

temperatures slightly above 1200°C for various 

periods of time. 

a) Redrystallized Alumina Containers. Alumina 

crucibles were held in the previously indicated 

conditionsfor 3 to 5 days. No attack on the walls 

of the crucibles by the melt was observed. This 

type of container was used in the following 

compatibility tests and in the experimental work. 

b) Zirconia based solid  electroles. Zirconia 
** 

15 mole % CaO withstood equilibration with Cu-

Cu20 in tests lasting for 48 hours. Zirconia 8 

wt%;p3*tabout 9 mole % Y01.5) was severely 

attacked in the same kind of tests. However, the 

same material resisted the action of unsaturated 

copper melts with a high oxygen content very well. 

c) Copper contact electrode materials. The 

search for the contact electrode was limited to 

sogo ceramics and cermets which looked promising 

for this purpose. Pure chromium oxide, and a 

series of chromium and molybdenium cermets were 

* Supplied by Morganite Refractories Ltd., 

** Supplied by Zirqonium Cotporattonof.America 
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tested. The experiments lasted for 2 to 3 days. 

Chromium Oxide. The 0r203 pellets were 

prepared in the laboratory by pressing Cr203  

powder in a hardened steel die. The pellets 

were sintered at 1300°C for 5 hours in air. Pellets 
so obtained were equilibrated with the copper-

cuprous oxide melts. The melt crept through the 

pores of the pallet and was absorbed by it. 

50/z Cr :....50c10 0/.203  Cermet*. The melt crept 
up the surface of the pellet and covered it 

completely. There was severe surface reaction. 

80% Mo- 20% A1203  and 60% M0-40% A1203  Cer- 
** 

mete . These cermets were completely attacked 

by the melts. Molybdenum oxide deposited on the 

cold walls of the furnace. 

75% Cr - 25% A1203  and 72% Cr - 	A1203  + 

Si02.**  These two materials resisted the action 

of the melts very well. A very slight coat of 

chromium oxide was formed on their surfaces which 

was easily removed afterwards. 

On the basis of these results and information 

on the available commercial forms of the cermets, 

Supplied by Associated Chemicals Ltd. (Research 
Department, Harrogate). 

Supplied by Morganite Refractories Ltd. The 
Commercial names of these cermets are Metamics 
519 (80% Mo), 562(60% Mo), 528(75%Cr) and 612 
(72% Cr) 
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the 72% chromium cermet was chosen as the most 

convenient contact electrode. 

The materials used in the present work were 

the following: 

Copper. Spectroscopic pure copper, containing 

less than 0.001% total impurities. The most 

important impurities were Ag 3 ppm. and Fe 2 ppm 

Solid electrolytes. The lime-zirconia and 

yttria-zirconia tubes were made commercially* and 

contained 15 mole per cent lime and 4.5 mole per 

cent yttria respectively. The wall thickness was 

1.0 mm and they were guaranteed as suitable for 

high vacuum work. 

Nickel-nickel oxide pellets. 'Analart nickel 

and nickel oxide powders in equimolecular propor-

tjCvmwere mixed and pressed at 10 tons / sq. in. 

The pellets were sintered in purified argon at 

900°C for 6 hours. 

Chromium cermet. The 72% Cr cermet was 

obtained as rods of about 4 mm diameter. The 

electrical resistance of this material, reported 

by the manufacturer,. was around 100 micro ohm cm 

at room temperature and 250 micro ohm cm at 1200°C. 

* Supplied by Zirconium Corporation of America. 
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Gases. 	'Analytical grade' CO2  was used. 

The main impurities were H2O 30 p.p.m., N2  15 p.p.m. 

and 02 5 p.p.m. The CO was guaranteed to be not 

les than 99% and the maximum impurity contents 

were 0.2% CO2' 0.15% 02 and 0.6% N2, 'High Purity' 

Argon was used to flush the reference electrode and 

the reaction tube when necessary. 

III 2.3 Ao,oaratus and Analytical Techniques  

a) 	Gas Train. The gas train is shown diagramati-

cally in Fig. '111.4. This consisted of equipment 

for purifying and metering the gases before use in 

either electrode of the cell. 

The carbon monoxide was passed through a 

column containing sofmolite (sodium hydroxide plus 

an indicator supported on an inert base) to remove 

carbon dioxide and drying towers containing magnes-

ium perchlorate. The argon used to flush the re-

action tube and carbon dioxide were dried with 

silica gel and magnesium perchlorate and the oxygen 

in argon removed by passing the gas over titanium 

chips held in a Kanthal furnace at 900°C. Another 

Kanthal furnace containing copper gauze at 450°C 

was used to remove the oxygen in carbon dioxide. 

The reference electrode argon was died by silica 

gel and magnesium perchlorate and its oxygen was 
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Fig. 111.4 - Gas Train 

A 	Silica gel tourer. 

B Dybutyl phtalate blow-off 

C 	Copper gauze furnace 

D Magnesium perchlorate tower 

E Titanium chips furnace 

F Flowmeter 

M Mixer 

S Sofrolite 

W 	To waste 
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removed in two stages: 	copper gauze at 450°C 

and then titanium chips at 900°C. 

The gases from the purification trains were 

maintained at constant pressure by means of the 

blow-offs B, metered by conventional pattern capil-

lary flowmeters F and mixed in the mixing chambers 

M. The manometers of the flowmeters and the blow- 

offs were filled with dylutyl phtalate. 	Carbon 

monoxide blowoffs were closed and the waste gas 

was ejected to the outside atmosphere. Eventually 

it was necessary to add some mercury to the blow-

offs. 

The flowmeters were carefully calibrated before 

each run. Calibration curves were thus obtained 

at different room temperatures. This was of 

importance because the temperature had some influ-

ence in the gas flowrate at a fixed deflection in 
the manometer of the flowmeter due to changes in the 

properties of the dybutyl phtalate. 

The maximum gas ratio which it is possible to 

obtain with accuracy with a system of two flow-

meters is 100/1. Double dilution was employed to 

get higher ratios. If this was the case, the 002/ 

CO mixture. frOm mixer M1 was metered by means of a 

third flowmeter and diluted with more CO2' coming 
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from. an  independent 002  line in mixer M2. Other-

wise, 002  and CO were just mixed in mixer M2. 

'The gas mixture from M2 - vu.:,s taken directly to the 

cell through an all glass line. 

Both the Argon used for the reference elec-

trode and that one used to flush the reaction tube 

were also taken to the cell through all glass 

lines. 

b) 	The Cell. The cell (Fig. 111.5) consisted 

of an alumina crucible, 25 mm i.d. and 40 mm, deep, 

containing the molten copper. The Cr cermet con-

tact electrode, about 20 mm long, was half inserted 

at the end of an alumina tube. Electrical contact 

to the outside was established by a pure Pt lead. 

There was a very close fit between the cermet and 

the tube to avoid any copper vapour attacking the 

Pt. wire. The solid electrolyte was either a 

ealcia zirconia or yttria zirconia tube, i" dia-

meter. The nickel-nickel oxide reference electrode 

pellet weighed 0.5 to 0.7 g and its approximate 

dimensions were 7 to 10 mm long and about 3.5 mm 

diameter. The reference electrode was machined 

from a i" diameter pellet, prepared as described 

previously, to fit the solid electrolyte tube. A 

pure Pt lead ending in a Pt disc sitting on the 
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nickel-nickel oxide pellet established electrical 

contact to the outside. The Pt disc was spring 

loaded aainst the pellet through a 3 mm o.d. 

mina tube. The same alumina tube carried the argon 

used to flush the reference electrode. The argon 

escaped to the atmosphere between the alumina and 

solid electrolyte tubes. Small slits were cut at 

the end of the fine alumina tube pressing the 

pellet to facilitate the flow of argon. When a 

Pt, 02  reference electrode was used the Pt lead 

ended in a small Pt wire ball which was pressed 

against the bottom of the solid electrolyte tube 

as described. The alumina tube carrying the 002/ 

CO mixtures, which were bubbled through the 

molten metal, was 5 mm o.d. and 2.5 mm i.d. The 

Pt, 13% Rh-Pt thermocouple was protected by an 

alumina sheath, 6 mm diameter. 

The alumina reaction tube was 35.5 mm o.d., 

28.5 mm. i.d. and 825 mm long. The crucible was 

supported in the centre of the reaction tube by 

means of an alumina tube coming from beneath. 

The lower end of the reaction tube was closed with 

a water cooled brass cap through which the alumina 

tube supporting the crucible passed. An entrance 

for the argon used to flush the reaction tube was 
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provided in this cap. 

Fig. III 6 shows the water cooled brass head 

which closed the top of the reaction tube, held the 

different tubes going into the cell and permitted 

gas and electrical connections. All the tubes 

were held by means of 10' rings with the exception 

of that one carrying the CO2/C0 mixtures which was 

secured to the brass head with araldite (Section 

E-F, Fig. 111.6). Section C-D in this figure shows 

the details of assembly of the spring loaded alumina 

tube which pressed.the Pt disc against the nickel-

nickel-oxide pellet. The alumina tube was secured 

with araldite to the brass argon inlet, which was 

inserted in a bellow sitting on the top of the 

argon outlet. The springs (not shown in the figure) 

went from hooks on the argon inlet to hooks on the 

argon outlet. 

The reaction tube was suspended in a vertical 

Platinum wound furnace, the temperature of which was 

controlled to better than I 2°C. The controller 

system used was similar to the one eimaloyed in 

case of the silver measurements (section II.25 b). 

The Pt 13% Rh-Pt controller thermocouple was placed 

beside the furnace winding. 

Electrical shielding was effected by means of 
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Kanthal Al ribbon wound around the reaction tube 

from end to end. The brass head of the cell and 

the exterior casing of the furnace were also 

electrically grounded. Nitrogen was passed between 

the furnace and reaction tubes to protect the Kanthal 

Al winding. 

Connections to the electrometer were similar 

to those used in the silver experiments. The same 

electrometer used for the silver measurements was 

employed in this case. 

Gas cells of the type: 

Pt,Ni-NiO/solid electrolyte/CO2-00, Pt 

were used in this work. In this case the reaction 

tube was replaced by a one end closed alumina tube 

of the same diameter. Pig. III 7 gives the details 

of the electrodes arrangement in these cells. 

There is no change with respect to the nickel-

nickel oxide reference electrode. The tip of the 

solid electrolyte tube was wrapped with a piece of 

Pt foil connected to the outside with pure Pt wire 

to form the CO2/CO3  Pt electrode. The same brass 

head used with the molten copper cell was employed 

in the gas cells. 



FIG. III .7 	Pt ,CO2   C SOLID ELECTROLYTE/ Ni-Ni 0 , Pt CELL 
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0) Gas Analysis  

Analysis of the gas mixtures were done 

when the observed emf's were in discrepancey with 

respect to the calculated emf's. 

The Iodine Pentoxide method was used to 

analyse the carbon monoxide content of the CO2/CO 

mixtures coming from the cell after equilibration 

with molten copper. This method has been described(65) 

as the most accurate for the determination of CO 

concentrations up to 0.30. 

The Iodine ientoxide method is based on 

the reaction of carbon monoxide with granular 

iodine pentoxide, which is heated at a temperature 

high enough so that the reaction:  

5 CO 	1205 . 5 CO2 + 12 	(111.6) 

is rapid and quantitative. The liberated iodine 

is collected in potassium iodide solution, and de- 

termined by a suitable method. 

The apparatus is shown diagramatically 

in Fig.III.8. The furnace E was a 3--" i.d. x 9" 

long co:Ter cylinder wound with electrically insu- 

lated heating wire.. The high thermal conductivity 

of the copper cylinder ensured an even temperature 

distribution throughout the furnace and at the working 

temperature of 150°C the maximum deviation in the mean 

furnace temperature was - 3°C. The power to the 
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furnace was controlled by a Variac. 

The 'T.i" tube was made of 4 mm. i.d. 

pyrex glass following the advice given by the 

National Coal Board(66). The tube was filled 

with iodic acid* to a height of 100 mm in each 

limb. The absorption bulb J.  was joined to the 

'T' tube by a 310 ground joint. This joint 

was well ground to form a good seal and left 

ungreased to prevent the loss of iodine from 

reaction with grease. 

The sample was collected in the sampling 

bulb C, which lad a volume of 511.3 cc in normal 

conditions. Nitrogen was used as carrier gas 

for the samfle. The nitrogen '7as dried with 

magnesium perchlorate and passe through the 

sapling bulb C for one hour at a flow rate of 

75 cc/nin. The liberated iodine from the-  reaction 

of the carbon monoxide in the gas sam-ple with 

the iodine pentoxide was  absorbed in 5c/'potassium 

iodide solution and determined by an amperometric 

titration techniue
(67) 

which was found more 

accurate then the usual starch end point method, 

especially when the carbon monoxide corcentra-

tions in the gasvere below 0.1%. 

*Supplied by the National Coal Board. 



The main main factor controlling the 

reliability of this analytical method is the auality 

of the iodine 7)entoxide used. Big discrepancies 

between the calculated composition of the gas 

mixtures and the results of the analysis were 

observed when a commercial granular iodine Dent-

oxide was used in the first experiments. This 

is a well known fact. It has been repo7-ted(68) 

that reactivity of commercial iodine pentoxide 

may be as low as 60-700 and completely unreactive 

species have been known. Granular iodine pent-

oxide was obtained from the National Coal Board, 

where a preparation technique for this reagent 

has been developed. This sample had already been 

tested and found satisfactory for carbon monoxide 

determination in the Fcientific Deartment of 

the National Coal Board. Tested against known 

voluims of pure carbon monoxide it proved to be 

100 reactive within experimental error. This 

iodine Dentoxide was used in the present work  

whenever analysis of the gas mixtures were necessary. 

The chemical analysis showed that *he discrepancy 

between the gas composition and that one predicted 

from the deflection in the flowmeters was never 

higher than 2';' in the case of CO2/00 ratios 

lower than 100/1 and 10% in the case of gas 
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ratios higher than 100/1 which were obtained by 

double dilution of CO in 002 (see Section 111.2.3,a) 

These fluctuations in the gas composition as 

obtained from the flowineters represented an un-

certainty in the calculated emf of t 1 my End 

5 my respectively. 
An Infra Red Gas Analyser* was used to 

follow the progress of the gas-liquid metal reaction 

during the early stages of this work, as a technioue 

independent of the behavibr of the cell, However, 

the need for periodic adjustment of the analyser 

zero and calibration offset the advantages of 

the instrument and its use was discontinued. 

The progress of the experiments was followed by 

the emf' s. 

-D) Oxygen Determination in Copper 

A few sa.ples of copper were withdrawn 

durin experiments with the cell with the purpose 

of checking existing data on the oxygen solubility 

in molten copper. The determination of oxygen in 

copper was made by the hydro7en reduCtion metho'l 

using an already existing apparatts for this pur-

pose. 

As some of the cluartz of the sampling 

tubes adhered very strongly to the copper samples, 

*infra Red Gas Analyser ty-.,pe SO/L0 manufactured 
by Hilger I.H.D. Ltd. 
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these were immersed in hydrofluoric acid for over 

night prior to analysis. 

11.2.4 Experi7eental procedure 

About 40 g of copper were charged in the 

crucible in each run. The fietal was cut from 

5 rim diameter 'specpure' co7per rods with shears 

exclusively used for this purose. The copper 

was etched with nitric acid and washed with water 

and alcohol. 

The reference and contact electrodes, 

therriocou-ele sheath and CO2/C0 mixture carrying 

tube were inserted in the crucible, which was 

It at the top of the reaction tube, before 

charging the copper. Once the coeper had been 

introduced the whole asseyibly was lowered down 

the reaction tube until the brass head was sitting 

on the top of it. The brass head was secured to 

the reaction tube by means of an '0' ring (see 

Fig.III.6) and all the various gas and electrical 

connections were made. 

The cell Rao tested for gastightness by 

passinc, throun it a known g s flow-rate which 

was checked with the soap bubble techniciue. The 

reference electrode and the reaction tube were 

flushed with purified arson for sometime before 

heating up the cell. The thermocoucele was checked 



against the melting point of copper in each run. 

Once the experimental temperature had 

been reached the electrometer was connected to 

the system and the run started. In most of the 

experiments oxygen was gradually added to the 

molten copper by increasing the 002/CO ratios in 

stages. The gas mixture flow-rate was generally 

kept at about 300. cc/Min. The times necessary to 

reach equilibrium when the CO2/00 ratio was in-

creased depended on the relative values of the 

initial and final oxygen equilibrium contents of 

the molten metal. These times varied from about 

20 - 30 minutes to several hours. Due to the 

complex geometry of the system the gas sometimes 

found its way out of the crucible without bubbling 

through the metal. When this was the case the 

time for equilibrium was longer. The irregularity 

of the gas flow through the cell altered con-

siderably the 002/CO ratio. This proved to be 

one of the major problems during the various runs. 

In spite of this difficulty, some of the runs 

came off very well permitting estimates on the 

kinetics of oxygen transfer from the gas to the 

liquid phase (see Section 111.3. 2,b) 

Samples of copper were taken in an 

argon atmosphere. This was found necessary 
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because otherwise the CO2/bo ratio was altered 

during sampling changing the equilibrium condi- 

tions. Furthermore, the 	inert atmosphere 

provided a proof that the cell wasactually re-

acting towards the oxy;:,en content of themetal 

and not the CO2/CO gas mixture, because the cell 

voltage remained constant after replacing the 

002/00 - argon. The 2 mm, i.d. diameter qu rtz 

sampling tube was introduced in the cell through 

the sampling hole in the top of the brass head 

(see Fig.III.6) before starting an experiment. 

Samples of about 2g were drawn by a syringe. 

The tube was immediately removed and quenched in 

distilled water, to prevent oxidation. The samples 

solidified instantaneously so that there was no 

loss of oxygen. 



-97- 

111.3 RESULTS  

111.3.1 Cells with Ni-Ni0 as reference electrode 

a) Calculated emf's 

The observed emf's were compared with 

theoretical emf's which were ciculated usin7 avail-

able thermodynamic data for the two following reactions: 

2Ni (s) + 02  (g) = 2NiO (s) 

AG°I• = -111,930 + 40.58T (t260 cal)(900°-1400°k)(15)  

(III.a.) 

200(g) + 02(s) = 2:02(g) 	(III.9.) 

AG°T  = - 134,180 + 41.00T (I-100 ca1)(1300°-1500°K)(68) 

(II1.10.) 

As the liquid copper was in equilibrium with 

the 002/CO gas mixture, the emf of the cell was given 

by the relationship: 

emf  = 4.576T Clog P
02
(00

2
+00) - log P

02
(Ni+Ni0)] 4F  

(III.11.) 

Table III.1 gives calculated emf's for this 

cell as a function of the composition of the CO2  /CO 

gas mixture. At the same time the logarithms of the 

oxygen partial pressure in equilibrium with these 

mixtures have been included. It may be observed 

(see Fig.III.2) that the gas mixtures of Table III.1 

cover the whole range of oxygen pressures in equil-

ibrium with copper up to the Cu(1) - Qu20(s) phase 

boundary. 
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TABLE III.1 

Calculated einf's for the Cell: 

Pt, Ni-NiO/solid electrolyte/(CO2+00), 011(1), 

cermet, Pt. 

lqg PO2 
emf (my-) t 4 my 

0O2/00 1100°C 1200°C 1120°C 1200°C 

20/1 -9.794 -8.344 -58 -44 

50/1 -8.998 -7.548 -4 14 

100/1 -8.396 -6.946 38 58 

250/1 -7.600 -6.150 92 116 

500/1 -6.998 -5.548 133 160 

1000/1 -6.396 -4.946 174 204 

5000/1 -4.998 -3.548 269 306 

b) Experiments at 1100°C 

Results for two different cells, one with 

Zr02.Y203  and the other one with Zr02.Ca0 solid 

electrolytes, are shown in Table 1I.2 and Fig.III.9 

The observed emf's corresond to the maximum values 

obtained for a particulr experiment but they were 

not steady equilibrium readings in the electrometer. 

If enough time was allowed, the tendency was for the 

emf's to decrease after reching the maximum values. 

This decrease was very slow and even difficult to 

observe at all when the emf's were low, but faster 

when the difference in oxygen potentials between 
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the two electrodes of the cell was big. As an ex- 

ample, the ar.02.Ca0 cell, after reaching a maximum 

emf of 160 my in experiment N°9 (Table 111.2) was 

left with the CO2/C0 gas mixture at thl constant 

ratio of 1115/1 for 12 hours. At the end of this 

period the emf had decreased to 145 mv. It also 

became evident that the discrepancy observed between 

the experimental and calculated values was not only 

a function of the magnitude of the emf but depended 

at the same time of the previous history of the 

cell. As experiment Ne8 (Table 11.2) shows, when 

equilibrium was approached by reduction of the oxygen 

content of the molten copper a greater discrepancy 

between the experimental and calculated emf's 

occurred than previously experienced for similar oxygen 

levels in the metal. 

In considering the results obtained in 

the first series of experiments (1-3) using a 

Zr02.Y203  cell various reasons to explain the dis- 

crepancy between the experimental and calculated 

emf's were examined. Errors in the measurement of 

the cell 	temperature, in the 002/00 gas ratio 

or oxygen in the argon flushing the reference elec-

trode. All these possible sources of error were care-

fully examined and discarded as explanations for the 

phenomenon observed. After experiments with the 



TABLE 111.2  

Observed emf's at 1100°C for the Cell: 
Pt, Ni-NiO/solid electrolyte/(CO2+CO), Cu(1), cermet, Pt.  

Cell 	Exp.No 	CO /CO ratio 	[O]wt.% in copper* 	emf ps. 	emf talc.  (mv) - 1% 	(mv) - 4mv  
Zr02.Y203 	1 	74/1 	0.009 	18.0 	20.0 

2 

	

265/1 	0.032 	89.0 	95.0 
3 	 972/1 	0.116 	148.0 	172.0 

Zr02'Ca° 	4 	49/1 	0.006 	-3.5 	-4.5 
5 	107/1 	0.013 	39.0 	41.5 	1 

6 	204/1 	0.025 	77.5 	80.0  0 
0 

0.036
1  

7 	302/1 	 99.0 	103.0 
8 	86/1 	0.010 

	

0.134 	
25.5 	29.0** 

9 	1115/1 160.0 	180.0 

tCalculated from Young and Tomlinson's(58) expression for dilute solutions of 1-0] ir. copper 
ID 

log  -CO2 
PCO [0j 114,C 

**Equilibrium approached by reduction of the oxygen content in copper. 
Note: the initial emf in both cells was about 50 my indicating an oxygen content in the 

copper ofc1015wt.%. The experiments were performed in the order indicated. Times 
for equilibrium in experiments 1, 2, 4, 5, 6, 7, 8, varied from 15 to 45 minutes 
and were of the order of several hours in 3 and 9. Cell generally left 1 hour at 
equt  ibrium. 

10430 3.677 
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second cell (Zr02'Ca0), it appeared that polaris-

ation of the cell was the cause of the low emf's 

being obtained. Oxygen was being transferred 

from the high oxygen partial pressure electrode 

[Cu, (CO2+00)] to the low oxygen partial pressure 

electrode [Ni-Ni0]. The rate of oxygen transfer 

would be faster than the oxidation kinetics of the 

Ni-Ni0 pellet and thus the equilibrium oxygen pres-

sure could not be maintained. After dismantling 

the Zr02.Ca0 cell, the Ni-NiO reference electrode 

was examined and a layer of green Ni0 was observed 

covering the pellet. 

C) Coulometric Titrations at 1100°C  

A series of coulometric titrations using 

the cell were done to examine the polarisation 

hypothesis. The technique was to pass a definite 

quantity of current through the cell to transfer 

oxygen from the Ni-Ni0 to the Cu (CO2 + CO) electrode 

and subsequently observe the emf as a function of 

time. 

The electrical circuit is shown in Fig.III.10. 

The current passing throgh the cell was controlled 

by the 1111r2 potentiometer and could be varied 

between a few ILL and several hundreds pA. The volt-

age across the 440 fixed resistance was measured 

to calculate this current. 
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All the coulometric titrations were performed 

at the same temperature (1100°C) and with a fixed 

C00/00 (1105/1) ratio at the liquid copper electrode. 

As far as possible all the titrations were commenced 

when the cell exhibited a similar degree of polaris- 

ation (i.e. amf.calc.-emf.obs. 	constant) aithoigh 

it was not always possible to fulfill this condition. 

If the cell was left overnight the emf could decrease 

to much lower levels. Small fluctuations of the gas 

ratio were experienced, but they did not alter 

significantly the calculated value for the equili-

brium emf. Table 111.3 gives details of the dif-

ferent colibmetric titration experiments done. The 

solid electrolyte in this particular cell was 

Zr02.Ca0. 

Figs.III.11 and 111.12 represent the emf of 

the cell as a function of time after titration. 

Tables 111.4, 111.5 and 111.6 give the values ob-

tained in three representative decay experiments. 

The emf's curves as a function of time shOw that a 

steady emf was obtained in each case as soon as the 

applied voltage was removed.  This steady emf was 

only slightly different from the calculated equili-

brium vale. The steady ernfwasmaintained for a time 

which was dependant, upon the quantity of current passed 
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T.pLE 

Coulmetric Titration Experiments of the 
Ni-NiO/solid elect. Cu, (CO, + CO) 
cell at 1100°C CO2 CO = 1105/1 	Calculate  co. emf 	= 180 

emf (my) 	Titration 
	Time of 

before 	current 
	

titration 
titration(u n/ 2)*- 

	
(min)  

145 29 9 

145 29 5 

145 29 10 

147 29 20 

148 364 2 

126* 240 2 

*After cell was left overnight. 

**These figures correspond to current densities 
calculated on the basis of the Ni-Ni0 pellet 
dimensions. 
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TABLE 111.4  

Decay of the Ni-NiO/solid electrolyte/Cu, 
(002  + CO) cell emf, after coulometric 
titration with a current of 29 1JA/cm2  
passed during 2 min. CO2/00 = 1105/1; 
Calculated equilibrium emf = 180 my.  

Time (min) emf (my) 

0.5 184 

1 183 

1.5 182.5 

2 181.5 

3 174 

4 168 

5 164 

6 163 

7 161 

8 159 

11 156 

20 150 

40 147 

60 145 
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TABLE 111.5 
Decay of the Ni-NiO/solid electrolyte/Cu, 
(002 	CO) cell emf, after coulometric 
titration with a current of 29 pA/cm2  
passed during 20 air1. 002/CO = 1105/1; 
Calculated ecuilibrium emf = 180 my. 

Time (pin) emf (my) 

0.5 184 
1 182.5 
2 183 

5 183 
10 183 
13 183 
14 182.5 
16 182.5 
17 182 
18 182 
19 181.5 
20 180.5 
22 178.5 
25 176 
30 173 
40 171 
50 169.5 
70 166 
90 160.5 
150 154 
270 148 
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TABLE 111.6 
Decay of the Ni-NiO/solid electrolyte/Cu, 
(Co2  + CO) cell emf, after coulometric 
titration with a current of 365 1A/cm2  
passed during 2 min. 002/CO = 1105/1; 
Calculated equilibrium emf = 180 my. 

Time (min) 	emf (mv)  

0.5 	183 
1 	183 

1.5 	183 
2 	182.5 

3 	182.5 

5 	 182.5 
8 	182.5 

9 	 182 
15 	182 
18 	182 
19 	181.5 
21 	182 
24 	182 
27 	181.5 
29 	181 

35 	181 

45 	181 
60 	181 

65 	180 
70 	179 

75 	175 
80 	170 

95 	165 
(left overnight) 
12 ho'Irs later 	126 
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through the cell during titration. 

A series of experiments were planned in 

order to get a deeper understanding on the nature 

of the .  polarisation phenomena. These experiments 

will be described in the following sections. 

D) Experiments with cells of the type  

Ni-NiO/solid electrolyte/(CO2 	COL Pt. 

A cell using Ni-Ni0 as reference electrode 

and a simple gas electrode (Fig.III.7) has the ad-

vantage of much greater experimental flexibility 

than the cell with liquid copper. Considerable in-

formation could be obtained on the behaviour of 

the Ni-Ni0 electrode with this type of cell in a 

short time. 

Several - solid electrolyte tubes were tested, 

both Zr02.Ca0 and Zr02.Y01.5' 
All of them showed 

exactly the samebehaviour. Tables 111.7 and 111.8 

summarise the results fOr two of these eells. 

Correct emf's were obtained when the cell was 

quickly taken through a range of increasing CO2/00 

ratios, provided that the equilibrium oxygen 

partial pressure corresponding to the gas mixtures 

was not too high. It was never possible to get 

right emf's for CO2/C0 mixtures abot or above 

1000/1. If the cell was left a long time with a 

particular gas mixture, even small, the emf decreased 



TABLE 111.7  

Exp.No. 002L'.22 emf obs.i(m ):1% 	emf talc. mv)."..4V 

1 50/1 -2 	-4 

2 100/1 38 38 

3 250/1 90 92 

4 100/1 37 38 

5 250/1 88 92 

6 1005/1 162 174 

50/1 ..-12 
- 7.5 
" 6.5 - -6.0 

. . -4 

Note: The times necessary for equilibrium were about 10-15 minutes after changing 
the composition of the gas mixture. 

3 	II 

4 	I► 
Left for 15 hours 
After 19 hours 
Cell dismantled. 

Emfts for the cell Pt,Ni-NiO/Zr02.Y01.5/(CO2+00), Pt at 110000 

Observations 

Experiments done one 
after the other. Cell 
left for one hour at 
equilibrium 

Cell left for 20 hours. 
Emf decreased to 35 mV 
Cell left for 12 hours 
Emf decreased to 84 mV 

After reaching this maxi-
mum the' emf began to de-
crease immediately. In one 
hour decreased to 155 mV. 

Decreasing immediately. 
After 2 hours 



TABLE 111.8 

Emf's for the cell Pt,Ni-NiO/Zr02.Y01.5/(00:+00), Pt at 1200°C  

Exp.No. CO2  CO emf obs(mV)±1% emf calc(mV)±4mV 

1 20/1 -43 -44 

2 50/1 14 14 

3 100/1 58 58 

4 250/1 114 116 

5 20/1 -44 -44 

6 100/1 57 58 

7 Pure CO2 212 347 

8 100/1 50 58 

Observations  

Experiments done one after 
the other. Cell left for 
one hour at equilibrium. 

1 

Cell left for 15 hours, 	li 
emf decreased to -36 mV. 	1---" 

HI 

Cell left for 12 hours, 	ry 

emf decreased to 52 mV. 

Cell dismantled. 

Note: The times necessary for equilibrium were about 10-15 minutes after changing 
the composition of the gas mixture. 
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to values sultantially lower than the calculated 

emf's. Some of the experiments indicated in Tables 

111.7 and 111.8 have been plotted in Fig. 111.13. 

This graph shows that the cell polarisation occurs 

in both directions, depending on the sign of the 

emf. These experiments also indicate the import-. 

ance of the previous history of the cell on the 

magnitude of the polarisation effect. Experiments 

5 and in particular experiment 7 in Table 111.7 are 

good examples in this respect. In the case of 

experiment 7, the high emf initially obtained 

sholiv.the remaining effect of the high polarisa-

tion of the Ni-Ni0 electrode in the previous 

experiment. However, the situation reverted 

after 19 hours to the correct polarisation sign. 

The gas cells exhibited a pattern of be-

haviour similar to the liquid copper cells already 

discussed and produced evidence to support the 

polarisation hypothesis. The experimental emf's 

of the gas cell appeared to be in better agree-

ment with the calculated emf's than in the case 

of the liquid copper cell. Discrepancies between 

observed and calculated emf's occurred in the 

liquid copper cell at lower CO  ---/,/ C0  ratios than 

in the gas cell in times not very much longer. 
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If the gas cell was left enough time after eouili-

brium had been reached, the magnitude of the polari-

sation phenomena was of the same order in both 

types of cell. 

e) 	Nature of the Polarisation Phenomena  

The possible causes of polarisation could be 

solid electrolyte tube permeability, electronic 

conduction or a combination of both. The better 

behaviour of the gas cell suggested that electronic 

contribution to the conductivity of the zirconia 

tubes was the mo s t likely cause of the observed 

polarisation phenomena. This idea was su?ported 

by Roberts studies of oxygen permeability through 

zirconia -A-,abilised oxide solutions(45) (Section 

( 10)(12) 1.3. 1,d). However, previous work 	on 

cells of the type: 

Ni-NiO/solid electrolyte/012,P] 
(inert atmos-

phere) 

where an inert atmosphere was maintained over the 

liquid copper, appeared to show that polarisation 

of the Ni-NiO was not observed during measurements. 

Unfortunately the lack of experimental details 

made it difficult to draw any conclusions about 

the behaviour of the cells, but if it was assumed 

that these cells were maintained in the reported 
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experimental conditions for long periods of time 

without exhibiting any polarisation at all, it 

would mean that the gas phase at the liquid copper 

electrode was certainly an important factor in the 

polarisation process. A few experiments were done 

to try to clarify this rather confused point. 

The first series of experiments with the 

liquid cooper cell consisted of two coulometric 
titrations, followed by observation of the emf as a 

function of time, to study the influence of the gas 

phase on the polarisation process of the cell. In 
one experiment the 002/00 mixture was kept bubbling 

through the molten copper all the time. In the 

other experiment the 002/00 atmosphere was re-
placed by argon coming from the bottom of the 

reaction tube as soon as the applied voltage was 

removed. The flow of argon was high in the first 

three minutes (about 500 cc/Min) to sweep out of 

the cell the CO2/00 mixture as quickly as possible. 

Then, it was reduced to about 50 cc/Min to avoid 

losses of oxygen from the copper in the inert 

gas stream. The emf decay curves for both experi-

ments are shown in Fig. 111.14. Practically no 

difference was observed. It is difficult, however, 
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to say how effectively the argon changed the 002/CO 

atmosphere inside the alumina crucible and conse-

quently the experiment was not considered conclu-

sive. 

The magnitude of the short circuiting current 

due to the electronic contribution to the solid 

electrolyte conductivity is inversally proportion41 

to the resistance of the electrolyte. In practice, 

the actual magnitude of this current will also 

depend upon the elctrode kinetics which will 

determine the rate of oxyLen to be transferred from 

one electrode to the other. Having in mind this 

limitation, it was thou-ht that if it was possible 

to demonstrate a dependance of the polarisation 

phenomena upon the resistance of the electrolyte, 

this would be a direct proof of the importance of 

the electronic conduction in this respect. The 

simplest way of increasing the low resistance of 

the zirconia based solid electrolyte being used 

was by placing another solid electrolyte with a 

high resistivity (i.e. a thoria based oxide solu-

tion) between the zinc-nia tube and the molten 

coper. The followinE cell was built: 

Pt,Ni-.NiO/Zr02.Y010/Th02.Y01.5/Cup(CO2+CO),cermet,Pt 
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The cell arrangement is shown in Fig. 111.15. 

A flat end Zr02.Y01.5 tube was pressed against the 

bottom of a Th02 10 mole 0 Y01.5  crucible whose 

dimensions were 12 mm i.d., 15 mm o.d. 10 mm height 

and 1.5 mm. wall thickness. The resistivity of 

the Th02  10 mole 0 Y01.5  electrolyte is about 25 

times bigger than the resistivity of the Zr02$  

mole0 Y01.5. The alumina tube carrying the CO2/C0 

gas could not be brought down the bottom of the 

alumina crucible due to the considerable space. 

occupied by the Th02.Y01  - crucible. Otherwise the 

cell was just like any other liquid copper cell" 

used previously. 

The cell was taken to 1100°C under argon and 

then a °2/,
0 
 mixture 1228/1  was passed through the 

"i 
cell. Nearly 36 hours were necessary to reach a 

steady emf of 163 mV which was 23 mV lower than 

the calculated emf of 186 mV. It was evident that 

the Ni-Ni0 electrode was again polarised even 

though the magnitude of the polarisation was less 

than in an ordinary cell where emf obs emf 

calc was about 4Q mV 	The cell was 

The crucible had been made from spectroscopic 
pure reagents and was already available. 
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left in this condition for 24 hours, but no signi-

ficant decrease of the emf was observed (emf = 161 

mV after 24 hours). A coulometric titration was 

done to compare the emf decay curve of the cell 

with those of the simple zirconia cells. The de-

tails of the experiment are given in Table 111.9 

and the emf decay curve, together with two selected 

emf decay curves of the zirconia cells, is shown 

in Fig. 111.16. 

The improvement in the behaviour of the cell 

with the Th02°Y01.5 electrolyte was not substantial 

Several reservations have to be d -ne with respect 

to the experiment itself. It would have been 

desirable to have increased the resistance many 

more times (100 or 1000). Furthermore, the be-

haviour of the Th02.Y01.5  electrolyte in the 

oxidizing conditions of the experiment (002/C0 = 

1228/1 corresponding to 202  = 10-6.22) was unknown. 
It is possible that its additional resistance has 

been offset by a significant electronic conduction 

(see Fig. 1.3). On the other hand a high oxygen 

chemical potential in the copper electrode was 

necessary if any change in the polarisation 

phenomena was to be observed. 

A further attempt was made to study the 
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TABLE 111.9  

Decay of the Ni-n0/Zr02.Y01.5/Th02.Y01.5/Cu,(002  

+ CO) cell emf, after coulometric titration with 

a current of fu55 AA/rem2 passed during 2 min. 
CO, 

(Tempt. 1100°C) 	'/C0 = 1228/1; calculated 

equilibrium emf = 186 mV 

Time (min) emf(mV) 

0.5 188 
1 187 
5 187 
15 187 
25 187 
35 187 
38 187 
40 186.5 
41 186 
43 184 
47 178 
50 176 
54 173 
60 170 
66 168 
73 167 
95 165 
120 164 
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dependance of polarisation upon resistance of the 

electrolyte. The end of a Zr02.Y01.5  tube was 

coated with a paste of Th02  2 mole % Y01.5. The 

Th02.Y01.5 layer was 1 to 1.5 mm thick. This 

layer should have increased the resistance of the 

solid electrolyte tube about 100 times. Unfortuna-

tely the Zr02.Y01.5 
tube became porous during 

sintering of the Th02 .Y01.5 
 coat (200000 in vacuum) 

and finally cracked. 

The two experiments described give once more 

some indication that electronic conduction would 

be mainly responsible for polarisation, but they 

are not conclusive. This problem needs further 

investigation. 

Although the uncertaintly about the cause of 

polarisation remains, it is possible to give an 

idea about the nature of the polarisation phenomena. 

The equilibrium in a perfectly reversible cell may 

be represented by Fig. I11.17a. 

If the solid electrolyte tube is permeable, 

molecular oxygen goes from the side of higher oxygen 

partial pressure to the other. If the electrolyte 

exhibits electronic conduction electrons flow from , 

the left to the right electrode and 02- pass in the 

reverse direction. The kinetics of the Ni-NiO 
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electrode are too slow to cope with the oxygen 

coming through the electrolyte and the equilibrium 

oxygen pressure corresponding to the reaction: 

Ni + 2020) = NiO 

cannot be maintained. A layer of NiO forms on 

the surface of the pellet and after a while the 

cell may be represented by Fig. situation in the 

111.17, b. 

It is difficult to make 

approach to the polarisation 

a more quantitative 

problem with the 

information available. An idea of the magnitude 

of the resultant internal 'short-circuiting' 

current can be obtained making the following 

assumptions: i) The electronic contribution to 

conductivity in the solid electrolyte is of the 

order indicated in Chapter I (i.e. 0.50 of the 

total ionic conductivity);ii) The resistivity 

of the Zr02'  9 mole 5 Y01.5  and Zr02.15 mole 

Ca0 materials is given by Fig. 1.2 (i.e. about 

20 ohm cm in both cases). Assuming that the 

transfer of oxygen across the electrode/electrolyte 

interface at the high oxygen chemical potential 

electrode is not rate determining, then it follows 

that the 'short-circi;titingl current varies from 

400-500 	cm2 at the maximum emf's found (i.e. 
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180-200 mV). Even if it is accepted that 0.55 

for the electronic conductivity is a maximum, the 

'short-circuiting' currents may thus be big enough 

to produce polarisation of the Ni--NiO pellet. As 

already said in Section 1.4 currents of 10)1A/cm
2 

have been found to polarise Ni-Ni0 electrodes
(15) 

f) Experiments at 1200°C  

Results for one cell, with a Zr02.Ca0 solid 

electrolyte, are shown in Table 111.10. The 

general pattern of behaviour of the cell is similar 

to that observed at 1100°C and it would be difficult 

to say that the polarisation process was more or 

less evident at the higher temperature. Small 

differences between the cellS at 1100°  and-1200°C 

could be attributed to differences in the solid 

electrolyte tubes and Ni-Ni0 pellets used. The 

important fact is that significant polarisation 

occurred again when big differences in the oxygen 

chemical.potential at the electrodes were est-

abl4ohlod. 

Coulometric titrations were performed using 

the cell in the experimental condition corresponding 

to experiments 4 and 5 of Table I11.10. The 

results show that the emf decay at 1200°C was faster 

than at 1100°C if similar titra-cion cUrrents and 



TABTN, 111.10 

. Observed emf's at 1200°C for the cell 

Ptt  Ni-NiO/Zr02.Y01.5/iCO2+C0)t  Cu(1).:_permet, Pt 

CO Exp.No. 	2/00 ratio 	iglEIciL in copper* 	emf obs(mv)-1 	emf calc(mv.)±4mv 

1 	63/1 	0.025 	26.5 	28 

2 	110/1 	0.043 	62 	64 

3 	 161/1 	0.063 	86 	88 

4 	979/1 	0.386 	181 	202 
** 	s 

5 	296/1 	0.117 	120 	127 	1---1 
Na 
--a 
i 

Calculated from Young and Tomlinson's solubility results(58)  (see Table 111.2) 

** Equilibrium approached by reduction of [0] in copper. 

Note: The times necessary for eauilibrium were of the same order of magnitude 
of those observed at 1100°C. 
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times were am:loyed(see Fig. 111.18). These re-

sults tend to contradict the observation that the 

magnitude of the polarisation process was not worse 

at 1200°C than at 1100°C and indicate that the whole 

problem of elecerode kinetics and electrolyte proper-

ties needs -very careful consideration if better 

understanding of these phenomena is desired. 

111.3.2 	Cells with Ptj  02  as reference electrode  

a) 	Results at 1100°  and 1200°C 

One cell, with Zr02.0a0 as solid electrolyte, 

was operated using a gas electrode (i.e. Pt, pure 

oxygen at atmospheric pressure) as a reference 

electrode. The difference in oxygen partial 

pressures between the electro:ees and consequently 

the emf's developed in this case would be much 

larger than when Ni-NiO .was used as reference. 

Oxygen transfer under the re conditions would be 

from the gaseous oxygen towards the copper elec-

trode and thus any polarisation would be expected 

to depend upon the kinetics of the 012(1),(CO2+00) 

electrode. 

The results at 1100°  and 1200°C are shown 

in Table III.11. Good azreement was found between 

the observed and calculated emf's. However, the 

trend was for the observed emf's to be lower than 
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TABLE 111.11 

Temp°0 Exp 

Observed emf's for the cell 

emf calc(mv)±lmv 

T't,0211tEILL22.Ca0/(COn+CO),Cu(1),cermpt,Pt 

021C0 ratio 	[O]wt% in copper* 	emf obs(mv)±10 

1100° 1** 87/1 0.010 	577 580 

2** 472/1  0.057 476 480 

3** 1180/1 0.149 420 425 

1200° 4** 960/1 0.420 360 364 

5** 93/1 0.037 509 512 N H 
%.0 
0 

Calculated from Young and Tomlinson's results..[O]wtO for experiments 3 and 4 have 
been calculated from their exT)erimental log 2c0 2/Poox[O]wt% values as given in Fig. III. 21.- 

1 

* * Copper saples taken for oxygen analysis. Results reported in section 111.3.3 
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the theoretical emf's, but this could not be 

attributed to polarisation. In fact currents of 

about 109LAA/cm2 were passed for 1 and 2 minutes 

in both directions and the emf came back rapidly 
to the equilibrium value. 

If the molten corgi der was left under purified 
argon, interrupting the 02/C0 mixture flow, for 

a long time lthe emf decreased. This phenomena 

indicated that oxygen transfer from the high to 

the low oxygen partial presure side also occurred 

in this case, as expected. An attempt was made 
of measuring the magnitude of this transfer 

leaving the copper under argon for 13 hours. The 

ethfls were read and samples of copper taken at the 

beginning and end of the experiment. Table 111.12 

contains the details of this experiment.. 

TABLE 111.12  
Oxygen transfer through the electrolyte in 
the cefl Pt, cermet,CIIII"),(-600+00/Zr02.CaL 

02  itm7TIt, at 11006t  - 

Weight of 	emf( my 	[0] in equi-. [0]wt% Copper( g) 	- 1Y; 	valentth  

Initial 42.83 515 0.0285 0.00153 

Final 39.61 482 0.0479 0.00237 
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The total number of oxygen equivalents passed in 

13 hours was 0.00084, which correspond to a constant 

current of about 1700)VAAm
2. If the oxygen transfer 

were only due to electronic conduction the magnitude 

of this calculated current is 0.7% of the total 

conductivity, which is not very far from the figure 

given by various authors. 

b) 	Kinetics of o.l 	 CO2/C0 

Mixture to the metal 

During experiments with this cell a constant 

regular bubbling of the (Tg/00 gas mixture through 

the molten metal was observed. It was decided 

then to make readings of the emf as a function 

of time to get sYme information on the kinetics 

of oxygen transfer from the gas to the metal. The 

results of two experiments at 1100°  and 1200°C 

respectively are given in Tables 111.13 and 111.14. 

The oxygen transfer to the metal from the 

gas phase may be either gas?metal or chemically 

controlled. The following expressions have been 

derived for each one of these cases:(63) 

i) Gas-controlled Oxygen Transfer  

The transfer of oxygen may be represented. by 

the equation 
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TABLE 111.13 

Oxygen transfer  to molten colroer LL100°C) 
from a 02/C0 7as mtxture = 1180/1.......(3as 

flowrate = 340 ",/min) 

Time (min) 	emf(mV)-110 	[0]wt% 

0 476 0.061 
10 467 0.072 
25 463 0.077 
45 457 0.085 
60 452 0.094 
90 447 0.102 
115 445 0.106 
140 442 0.111 
200 436 0.124 
290 429 0.140 
330 428 0.143 
345. ** 427 0.145 
equil 420 0.165 

[0] wt% calculated from pie emf's using Young 
and Tomlinson values for log CO2/2C0x[0] wt 
Samples of copper were taken at the beginning 
and end of the experiment. The oxygen contents 
were 0.0588 and 0.160 wt % respectively. 

** 	Time necessary for equilibrium not exactly 
known. Equilibrium was reached overnight. 
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TABLE 111.14 

Oxygen transfer to molten copper (1200'C) 
from a CO2/CO gas mixture = 960/1 
(Gas flowrate = 345 cc/min)  

Time (min) emf (mv) ± 1% [01 wt.%* 

0 418 0.165 

30 408 0.195 

55 403 0.212 

75 398 0.231 

90 395 0.243  

120 391 0.261 

140 388 0.277 

180 384 0.294  

295 374 0.350 

375 571 0.371 

equil.** 360 0.452 

*[0] wt.% calculated from the emf's using Young and 

Tomlinson values for log PC00/ CO [0] wt.%. Samples 

of copper were taken 	the beginning and end of the 

experiment. The oxygen contents were 0.10 and 

0.468 wt.% respectively. 
**Time necessary for equilibrium not exactly known. 

Equilibrium was reached overnight. 



CO2 	CO + [0]Cu 
	(111.12) 

If the rate of oxygen transfer to the metal 

is considered to be controlled by the rate of 

removal of CO formed at the metal surface then a 

mass transfer equation may be written as: 

do 	d[0] 	kArPmn 	prfn 
dt 	1600 dt 	RT L  'Surface-  'Bulk]  

(111.13) 

where do/dt is the rate of transfer of gram moles 

of CO from the metal surface or the rate of trans-

fer of gram atoms of oxygen to the metal per second, 

W is the weight of the metal specimen in grams, 

[0] is the weight percent oxygen dissolved in the 

metal, k is the mass transfer coefficient (cm/sec), 

A is the area of the specimen (cM2), P is the 

pressure of CO (atmospheres) and R is 82"c. atm/ 

degree mole. 

Equation 111.13 may be integrated after some 

transformations, between the limits [0].0  when 

t = 0 and [0]t  at time t. The integrated form is 

given by: 

[0] 	- [0]
t --[0]eq 

in 	- ([0]t40]) Foie,"_ [o]o  

1600 k A  t 2COB 
RTW 

(111.14) 



-135- 

ii) Metal-controlled Oxen Transfer  

If it is asumed that the surface of the 

metal specimen is in equilibrium with the bulk 

of the gas at all times and that the diffusion 

of oxygen into the metal is rate controlling 

(metal phase control) the mass transfer equation 

becomes 

In _ 
dt 7175 dt kA  

111 [flea 
 V - VJ (III.15) 

where 

n _ 	gram atoms oxygen[ 0]S 	(III,16) Volume metal 	- 1600 

[0]ea  - [0]t  In 
[0]eq - [0]0  

)iii) Chemical-controlled Oxyien Transfer 

If the rate of oxygen transfer represented 

by reaction 111.12 is considered to be chemically 

controlled, a chemical rate equation may be 

written as follows: 

end 	is the density of the metal. 

If 111.15 is integrated between [0]0  and 

[0]t' the following expression is obtained: 

k A 6 t  (III.17) 

  

do _ W , 
dt - 375d dt PCO 2 

A - k2 T00 A No 

(III.18) 
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where No is the atom fraction of oxT;en dissolved 

in the metal 

The integration of 111.18 between the limits 

[0]0  and [O]t  gives: 

- In 
[0] 	- [0]t . 1600 k, eg .   	P 

W K 	
CO 

[0]eci  - [0]0  

The data of Tables 111.13 and 111.14 have 

been used to investigate which of these three 

alternatives apply in the present case*. Plots 

of—in ([0]eq 	[04)/([0]eq  - [0] o 	
m ) against time 

• 
produced .good straight lines (Pigs. 111.19 and 

111.20). Plots of --4[0]eq  In ([0]eg- [0].0/ 

([0]eq-[0]0) 	([0]t-[0]0)against time failed to 

give straight lines. Considering that during 

these experiments the metal was subjected to 

strong stirring, it appears that oxygen transfer 

to the metal from a 002/00 mixture is a first order 

chemical controlled process,which is in perfect 

The error introduced in these calculations by 
any oxygen transferred from the pure oxygen 
electrode to the molten copper during these 
experiments is less than 10% and has been 
neglected because of the impossibility of a 
correct estimate under dynamic conditions. 

(111.19) 
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agreement with results obtained by levitation of 

copper drops in CO2/00 gas streems(63) 

111.3.3 Oxygen Solubility in Molten Copper 

A few samples of copper were taken in the 

course of the present work to check previous oxygen 

solubility data. The results of these analyses and 

the calculated values of log PCO2/ CO x atom % [0] 

are given in Table III. 15 and 	The small 

number of samples do not permit any firm conclusions 

to be drawn about the liquid Cu-Oxygen equil, but it 

appears from Fig.III.21 that the results confirm Young 

and Tomlinson's(58)  reported data. The values of 

these authors for the mentioned equilibrium seem to 

be reliable and the best at present available. 

Further discussion on the liquid oxygen system 

is given in the appendix. 

111.4 Previous Measurements of Oxygen in Molten  

Copper with Solid Electrolyte Galvanic Cells  

All the previous work done with solid electro-

lyte galvanic cells for measuring oxygen in molten 

copper has been summarised in Table 111.16. A com-

mon feature of all the cells studied is the inert 

atmosphere maintained at the Cu,[0] electrode dur-

ing the experiments. None of the authors reported 

polarisation occuring during the measurements but 

neither did they test the reversibility of the cell 

being used. 



TABLE 111.15  
Experimental results for the equilibrium: 

A 
CO(g) + [0]cu  ...0O2(g) K 	p 	

002 

CO x atom % [0] 

1100°C 

I:xp. No. 	CO2/CO 	10] wt.% 

1(Table 111.11)

o 

87/1 0.0109 

2(Table III.11) 472/1 0.0588 

3(Table III.11) 1180/1 0.160 
Sample 1 

(Table 111.12) 261/1* 0.0285 
Semple 2 

(Table 111.12) 456/1* 0.0479 

1200°C 
4(Tatle 111.11) 960/1 0.468 

5(T_Llc II1.11) 93/1 0.0346 

3(Table 111.10) 161/1 0.0553 

5(Table 111.10) 296/1 0.1327 

4(Table 111.10) 979/1  0.512 

log K
t 

Atom:] 

0.2329 

0.6319 

0.1130 

0.1899 

1.832 

0,1371 

  0219 

0.5249 

2.0025 

3.303 

3.307 

3.271 

3.364 

3.380 

2.720 

2.832 

2.866 

2.751 

2.689 

*CO /00 ratios calculated from the observed emf's. Experiments actually 
done under argon. 
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tI Pt Air,Pt 

Ni-Ni0 

Stabilised Zr00 
(not specified, 

Zr02.Ca0 

1100°-1420° 

(12) 	1100°-1200° 

Contact 
Electrode  

0r203 

ir~lybdeni 

Cermet 
(not spec-

ified) 

Reference 	Temp.°C  

(8), 	1100°-1500° 

(10) 

(9) 

1145° 

1150° 

TABLE 111.16 

Previous investigation with a cell of the type  
Cu[0]/solid electrolyte/reference_ 

Technique  

Addition of copper 
oxide to Cu(1) in 

inert gas atm. 

electrode 	, • 
Reference 

Solid Electrolyte Electrode  

Zr02'Mg0 

Zr02.Ca0 

Zr02.Mg0 

Air,Pt 

Ni-Ni0 

Air,Pt 
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Considering the results of the present work, 

cells with a gaseous electrode(8)C9)(11) (i.e. Pt, 

oxygen or Pt. air) should have given emf's in close 

agreement with theoretical values. However, the 

discrepancy of Osterwald's results for the equili-

brium CO(g) + [0]cu = CO2(g) (see Fig.III.3) 

suggest lower emf's than expected for the correspond-

ing oxygen contents in the metal. Fischer and . 

Ackermann(11) dip the solid electrolyte in the copper 

only at the time of making a measurement. Their 

results for the oxygen liquid copper equilibrium 

are in very good agreement with values obtained using 

equilibration techniques(58)(62). 

The lack of experimental details makes it 

very difficult to discuss work done using Ni-Ni0 

as a reference electrode(10)(12). The time neces-

sary for equilibrium with the copper oxide addition 

technique appears 	to be very short, but no 

information at all is given about how long a part-

icular solid electrolyte tube was kept in direct 

contact with the metal. The. fact is that calculated 

values for the equilibrium liquid copper-oxygen 

using emf's obtained with one of these cells(12) 

are in close agreement with Young and Tomlinson's(58)  

and Sano and Sakao's(61) results. If gas permeability 

of the solid electrolyte was the main cause of pol- 
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arisation,experiments done with both electrodes under 

inert atmosphere should give correct results, but 

as already discussed the cause of the polarisation 

has not been definitely established. 

111.5 General Discussion and Conclusions  

The results of the present work indicate 

that a cell with a gaseous reference electrode 

(i.e. Pt. pure oxygen or Pt. air) is a reliable 

instrument for measuring oxygen contents in molten 

copper. Furthermore, gaseous electrodes of this 

type appear to be the simplest reference electrodes 

which could be used for this purpose. 

Chromium cermets have proved very convenient 

materials as contact electrodes in molten copper 

at different oxygen levels. The superficial 

oxidation of the cermet does not affect the response 

of the galvanic cell. Only a very small amount of 

chromium dissolves in the liquid copper! 

The reliability of this cell permitted the 

study of the kinetics of oxygen transfer to molten 

copper from a CO2/CO gas mixture. It was established 

that the process is chemically controlled confirming 

*Chemical analysis done at the Service Laboratory 
of the Department showed that the Cr content in Cu 

of cells which had been continuously operated at 
high temperatures for 10-12 days was less than 0.02%. 
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the findings of previous research done with a levi-

tation technique. These results are the clearest 

demonstration of the rapidity of response of the 

cell to any change of the oxygen content in the molten 

metal. 

Cells using Ni-Ni0 as a reference electrode 

became polarised. The causes of this phenomena need 

further investigation. There is some indication, 

however, that the oxygen transfer through the solid 

electrolyte is mainly due to electronic conduction. 

It is known that all the so called solid electrolyte 

materials exhibit some electronic conduction. Two 

important factors should be considered then in the 

selection of solid electrolytes and reference elec-

trodes to be used in galvanic cells of the type 

discussed. The first one is the resistivity of the 

electrolyte and the second the kinetics of the ref-

erence electrode. Known solid electrolytes (i.e. 

thoria based oxide solutions) with high resistivity 

start to exhibit a significant electronic contri-

bution at 1000°C and at oxygen pressures, which are 

of the order of magnitude of those corresponding to 

the liquid copper-oxygen equilibrium. 

It may be concluded that the technological 

application of these high temperature galvanic 

oxygen meters is handicaped by the present general 

lack of information about the characteristics of 

solid state electrochemical cells. 
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APPENDIX  

BEHAVIOUR OP OXYGEN IN MOLTEN METALS  

Oxygen solubility studies have been done 

for a number of liquid metals of industrial 

interest in the very dilute range of melts. 

The behaviour of oxygen in these metals have 

been summarised in Table A. This gives the 

free energy equation for the process 02403 

at 1 atom percent concentration, and the 

heats of formation of the oxides from 02 gas 

per oxygen atom at 25°C. 

Oxygen in silver obeys Henry's law even 

above 1 atom _ of oxygen pressure. Young and 

Tomlinson(a)  found that oxygen solubility in 

copper deviates positively from Sievert's law. 

Sano and Sakao(b)  also observed a deviation 

of this kind. Recent studies with cells support 

the view that Henry's law appears to be obeyed 

by oxygen in molten copper up to at least (c)  

0.3 wt%. If this was the case the activity 

(a)  Reference (58) in the text 

(b)  Reference (62) in the text 

(c)  Reference (12) in the text 



TABLE A 

Behaviour of Oxygen in Elementary Metals  

Solvent 	AG°  (cal) 	Reference 	AH°f25°Cin cal/mole for oxide
(h) 

Silver 	- 3,380+1.3T 	This Work 	(Ag20) - 7,300 

Copper 	-20,650+1.9T 	Young & Tomlinson(a) 	(Cu20) - 40;000 

Nickel 	-12,030-4.7T 	Tankins, G9kcen and 	(Ni0) 	57,500 
Belton0) 

Cobalt 	-14,840-4.8T 	ti 	(Co0) - 57,100 

Iron 	-27,980-3.1T 	Chipman & Floridis(g) 	(Fe0) - 63,200 

Lead 	-28,540-3.4T 	Alcock & Belford (e) 	(Pb0) - 52,400 

Tin 	-43,870-6.6T 	II 	 If 	 (f) 	 (SnO) "• 68,400 

(h) Kubaschewski, 0 and Evans, E.L1. 'Metallurgical Thermochemistry,' Third Edition 
Pergamon Press (1958). 



coefficient of oxygen taking pure oxygen gas at 

1 atm as reference state, would be equal to 0.13 

and 0.22 at 1100' and 1200°C respectively, indicating 

a negative deviation from ideality. 

A similar situation exists for all the metals 

in Table A. Henrian behaviour(a) has been estab- 

lished for oxygen in nickel (up to 0.3 wt%) and 

cobalt (up to 0.2 wt%) and for lead(e)  (0.008 wt) 

and tin(f)  (0.003 wt%). There is discrepancy 

with respect to oxygen in iron. Chipman and 

Floridis(g)  have confirmed previous measurements 

by one of the authors and give an activity coe- 

fficient for oxygen in molten iron expressed by 

the following relationship: 

log fo  = -0.20[0]t% 

Tankins, Gokcen and Belton(1)  have found Henrian 

behaviour for oxygen in molten inn up to 0.20 

[0] wt%. 

The principal fact is that in all these 

cases there is a negative deviation from ideality. 

(d) Tankins, E.S., Gokcen, N.A. and Belton G.R: 
Trans. AIMS, 230, (1964), 820-827. 

(e) Alcock, C.B. and Belford, T.N: Trans. Fara-
day Soc. 60, (1964), 822-835. 

(f) Belford T.N. and Alcock 	Ibid. 61, (1965) 
443-453. 

(g) Floridis, T.P. and Chipman, J: Trans AIME 
212, (1958), 549-553 
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The limiting partial molar heats of solution of 

oxygen in the metals of Table A are negative 

showing a tendency of the solution for 'short. 

range order'. This tendency has been taken some-

times as evidence of compound formation in the 

melt, but actually the negative heat of solution 

is only an indication of a preference for [O]-M 

bonds compared to M-M or [0]-[0] bonds. This 

preference is so strong that for most of the 

metals in Table A it is possible to observe the 

separation of a second phase at relatively low 

oxygen concentrations with the formation of mis-

cibility gaps in the phase diagram. The second 

phase in the liquid state has a composition 

slightly richer in metal than the stoichiometric 

oxide. 

One would expect that a metal would have 

greater affinity for oxygen in dilute solution 

the more negative the heat or free energy of 

formation of the metal oxide. 	There is a general 

correspondence between the partial molar heats of 

solution and the heats of formation of the oxides in 

Table A. An exact correspondence is not to be 

expected due to differences in co-ordination numbers 

of the oxygen and metal atoms in the oxide and the 

solution. 


	Page 1
	Page 2
	Page 3
	Page 4
	Page 5
	Page 6
	Page 7
	Page 8
	Page 9
	Page 10
	Page 11
	Page 12
	Page 13
	Page 14
	Page 15
	Page 16
	Page 17
	Page 18
	Page 19
	Page 20
	Page 21
	Page 22
	Page 23
	Page 24
	Page 25
	Page 26
	Page 27
	Page 28
	Page 29
	Page 30
	Page 31
	Page 32
	Page 33
	Page 34
	Page 35
	Page 36
	Page 37
	Page 38
	Page 39
	Page 40
	Page 41
	Page 42
	Page 43
	Page 44
	Page 45
	Page 46
	Page 47
	Page 48
	Page 49
	Page 50
	Page 51
	Page 52
	Page 53
	Page 54
	Page 55
	Page 56
	Page 57
	Page 58
	Page 59
	Page 60
	Page 61
	Page 62
	Page 63
	Page 64
	Page 65
	Page 66
	Page 67
	Page 68
	Page 69
	Page 70
	Page 71
	Page 72
	Page 73
	Page 74
	Page 75
	Page 76
	Page 77
	Page 78
	Page 79
	Page 80
	Page 81
	Page 82
	Page 83
	Page 84
	Page 85
	Page 86
	Page 87
	Page 88
	Page 89
	Page 90
	Page 91
	Page 92
	Page 93
	Page 94
	Page 95
	Page 96
	Page 97
	Page 98
	Page 99
	Page 100
	Page 101
	Page 102
	Page 103
	Page 104
	Page 105
	Page 106
	Page 107
	Page 108
	Page 109
	Page 110
	Page 111
	Page 112
	Page 113
	Page 114
	Page 115
	Page 116
	Page 117
	Page 118
	Page 119
	Page 120
	Page 121
	Page 122
	Page 123
	Page 124
	Page 125
	Page 126
	Page 127
	Page 128
	Page 129
	Page 130
	Page 131
	Page 132
	Page 133
	Page 134
	Page 135
	Page 136
	Page 137
	Page 138
	Page 139
	Page 140
	Page 141
	Page 142
	Page 143
	Page 144
	Page 145
	Page 146
	Page 147
	Page 148
	Page 149
	Page 150
	Page 151
	Page 152
	Page 153
	Page 154
	Page 155
	Page 156
	Page 157
	Page 158
	Page 159
	Page 160
	Page 161
	Page 162
	Page 163
	Page 164
	Page 165

