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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 lept
over the molten metal to compare observed with
calculated emf's,

Cells of the type:

Stainlese Steel,Az(1),0,(g)(®")/2r0,, 0a0/
Ag(l),oz(g) (Patm), Stainless Steel
were used in the case of gilver, A close agree-
ment between experimental and calculated enf's
was found in the tenperature ranze 980-1160°C.
It was confirmed that oxygen solubility in liquid
gilver obeys Sievert's law up to 1 atm.
Two types of cell were used for measurements

in molven copper:

Pt,Ni-Ni0/solid electrolyte/Cu(l),(C0,+C0), cermet, Pt,

(1)

and:

Pt,cermet,(002+CO),Cu(1)/solid electrolyte/ongat%),Pt
(11)



Polarisation of the Ni-NiQ reference electrode
occurred in cells of tyve I, its magnitude bteing
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 elecirolyte would be
mainly respensible for the pelarisation 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 wes
established,

Oxygen solubility data have been conpared

with previous results.
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INTRODUCTION

The refining of many metals by pirometal-
lurgical processess generally consists of a series
of selective oxidetion and deoxidation stages with
the object of controlling the level of additions
and impurities in the finished product. Deoxidation
is usually the last controllable chemicsl 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-preéent 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 promising devices for this
purpose and a substantial research effort is beiung
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 resesrch 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.

Many 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 worlk has been o identifyv
these difficulties, understénd their nature and

to sugsest possible solutions.
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CHAPTER I
THE ELECTROCHENTICAL METHOD FOR MEASURING OXYGEN

CHENICAL POTENTIALS
I.1 INTRODUCTION

Galvanic cells using solid electrolytes for
measuring oxygen chemical potentials in metal systems
have been known for a long time, Treadwell(l) in
1916 succeésfully studied several metal-metal oxide
equilibria by means of cells incorporating an auxil-
iary porcelain solid electrolyte. TLater on, he
determined.the free energy of formation of AlQO
‘and MgO using the sane technique(z)’(B), 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 af =
number of compounds, and established the advantages
of employing solid electrolytes. The same authors(S)
carried out a successful research on the free energy
of formation of several oxides, using zirconia
calcia solutiéns 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 systenms.

Molten metals equilibrated with a gaseous
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rhase were already present in the cells used by
Treadwell(l). He employed silver saturated with
oxygen as a reference eleetrode in the cell
Cu(S)/CuZO(S), borate melt/borcelain/oz,Ag(l)
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(B'lg)

y in cobalt and
nickel by PFischer and Ackermann(ll) and in iron

and steel by these same investigatom§13’14).

Some of this work, relevant to the present investi-

ation, will be reviewed in more detail later.

I.,2 ELECTROCHEMISTRY OF GALVANIC CELLS WITH SOLID
ELECTROLYTES

I,2,1 General Consgiderations

The free energy change AG of a reaction is
obtained from the emf E of a revérsible 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 oxygzen at atmospherlc  pressures,in
the case of copper, the reference electrode was
either nickel-nickel oxide, whose oxygen chemical
potential is determined by Zeuperature or Pt, pure
oxygen a2t atmospheric pressure.

The chemical potential of oxygen is defined
by the relationship:
’ [+

Mo, = Mo, + RIInk, (1.2)
The free energy change associated with a cell

of the type:

“Pt, 0,(p’)/s0lid electrolyte/0y(p ), Pt*

is: P!
t i 02
AG =/“o2 - MO, = RIIn = (I.3)
2
and consequently:
5
RT 2
E = == 1In 7= (I.4)
4F 62 <

If the left electrode of the cell is actually the
metal M equilibrated with sz, he oxygen dissolu-

tion reaction may be written:

1 -

20,(g) = [oly (1.5)
with an equilibriuvm constant:

K = -{%Lglr (1.6)

(70,)%
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In very -dilute solutions of oxygen in molten metals
Henry's law is generally obeyed. Then:

a[o] = x[o] wt% (I.7)
and

t |
(0] wit = X (Po2)2 (1.8)
These relationships show that reversible
galvanic cells may be useful devices for oxygen
determination in molten metals.

I.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
conpartments for the electrodes preventing the
transport of oiygen from one to the other.

In a cell like the one described previously

“Pt,0,(p )/solid electrolyte/0,(p ), Bt
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



-7

diffusion potential is given by the following

expression:

¥*
: %
1 :
Bair = ""/ Zif;d/ii (1.9)
1

The problem faced now i1s the evaluation of Edif

=

because it is going to bhe an integral part of the
measured emf. Direct integration of exzpression %.94
is not possible, because the cheirical potentials

of individual ions are not separately determinable
and no information is available about the ionie
transference number dependance on conmposition,
However, we can often determine the conditions under

which the error introduced by the diffusion potential

» A full deriyatgon of this expression is given
in B.C.H. Sxee%e 15)thesis based upon the method
used by Wagner(1l6) 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 i1 in moles per unit time in the x-~direction is
given bys

1 Sui 7
Ji = "Bici{ﬁ‘é‘%("'k Lieg-%},

where Bi is the mobility of particles of constituent
i. The partial current density Ii = Zje NJi = 23 FJj

is then:
_ 1 OMi 3]
I, = -BiCiZiF{ 9%+ Zieax}
If the total conductivity is represented by § and the
transference number of the speciszs 1 is defined by

% = Ji/0

* 3%
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is negligiblecs*
In the cell
- P! : bl +
Pt, 0,( 02)/s011d eleotroly‘te/oz( 05), Pt
g g # g
-y ol il
/Je /Je /lé }le
1 !
@ and ¢' are the electrical potentials of the metal
electrodes and ﬁd:and ﬁﬁ the corresponding potentialc
within the electrolyte phase. ‘}Ié and/}g are the
electrochemical potentials of the electrons in the
metal electrodes and)I: and }Ai their chemical
potentials within the electrolyte. The emf of this
cell is given by: .
] 1 1, - -
B = g ~ g = F (}}é - g) (I.lO)

Assuming local eduilibrium at both metal/

b oous L L 9
I, = -cr%%-z-ii -é%+ ti 5%}

In the absence of any external electrical circuit
£ I; = 0 and consequently:

* %%

-t

2
_ - - & =
A = Bgip = - F/ Z; 7o My
1 1

*

The following congiderations are bhased on a
thorough %isoussion of this problem by B.C.H.
Steelelld),
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electrolyte interfaces and considering that the
metal elecirodes have the same chemical composition
it follows that: ' .

Eo= o (udapb) o+ (2% (zaD)
where ﬁﬁ - @* = Af is the diffusion potential,

If both electrodes are reversible to oxygen
ions the local equilibrium a2t the metal/electrolyte

interfaces can be expressed by:

)

. -2 _ . o a o
Left: 20 = 02 + 4e and 4/u'e “#02"‘ 2}*02..

i

Right: 02+4e

a4 = = o, Hoe-
l.. % (f}fex -/U.g) "]:F'/ %02_/ %02“} (1.12)
o

According to relation (I.9) .

1 (B i
= - = R
F[a Zl Z; M

Experimental date indicater that for the solid

oxide electrolytes used in this investigation the

transference nunbers of the cations are much lower
than t4o. (See section I. 3,1C). The same is true
for te' within certain limits of temperature and Po

It follows then that:
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which is the same as expression I.4.

The conditions where it is possible to apply
the relationship AG = -nfil to a cell may be suimar-
ised as follows:

a) Reversibility of the electrodes and
absence of secondary rcactions;

b) The oxygen transference number of the
electrolyte must sreatly excsed the bransference
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,

I.3 THE PROPERTIES CF SOLID ELICTROLYTES

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 end they are consequently

ideal materials to be employed as solid electrolytes
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in galvanic cells. TFor reasons which are given
later, zirconia oxide solutions containing calcia
or yttria were employed in this investigatidn.
Their structure and properties, together with the
properties of some other solid electrolytes, will
be briefly reviewed,

I.3.1 Zirconia Based Electrolytes

Although the electrolytic properties of
zirconia based oxide solutions were first observed
by Nernst(l7) 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 So0lid Solutions

Ruff and Ebert(lS) and later Geller and
Yovorsky 19) established that if a sufficient
amount of ﬁf& is combined with %r0,, a stable
cubic form of Zr02 solid solution with the fluorite
structure (Fig. I.1l) 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 icnic solids is due
to lattice disorder, or defects, of either Schottky,
(20)

Frenkel or a combined type. Wagner extended
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Zr‘(Y.Ca)' O o .

 FIG.I1____ THE FLUORITE _STRUCTURE
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these ideas to zirconia based solid solutions in
order to explain their ionic conductivity. He

2+

- + .
sugzested thot vhen either Ca or Y3 ions are

substituted for Zrit

ions in the fluorite-type
structure of these materials, anion vacancies

are created tc preserve the electrical neutrality
of the lattice. These vacancies are responsible
for the high oxyzen movilities, Hund(zl) compared
experimental densities for the system 2Zr0,-Cal
with those calculated from lattice parameters 1o
test Wagner's model against one in which all the
anion sites are occupied and the excess caotions 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 snd temperature. Direct evi-
dence confirming this nodel has been given by Tien
and Subbarao(zz) and Carter and Roth(23) wnho studied
the stfucture 0of girconia calcia =olutions by means
of neutron, x-ray and electron diffraction. The
only challenge to this model so far has been by

(28)

Diness and Roy who concluded from their come-
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parison of observed and calculated densities of
ZrOQ.CaO solutions, that the pure anion vacancy
nerdel would be valid only at low temperatures.
They presented evidence proving that about 1800°
and 10 mole% Ca0, the interstitial cation model is
in better agreement withh the observzd densitias- -
of the ZrOZ-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 ccnductivity of zirconia based
solutions they will be discussed after presenting
he 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 XxX-ray
and petrograpyhic teciniques. Some authoré21’23’24’29)
place the solid solutions limits for calcia stabilized
zirconia at 10 and 20 mole% (a0, while othéré22’25’27)
give 12 and 22 mole% Cal as the phase boundaries
for the fluorite-~type structure. The lower phase
boundary for yttria stabilized zirconia has been

reported as 7 mole% Y,0; by Duwez et al(26) while
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recent determinations by Strickler and Carlson(25’3l)
put it ¢t 9 mole % YZOB’ 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
ofvthese materials, as a function of composition and
temperature, has been determined by several investiw

gators(22’23,25’29,30’31’32)'

Fig. I.2 reproduces
the results of Strickler and Carlson(ZS) whicli 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 YZOB or Ca0 content on conduc~-
tivity. In fact, it has been shown that conductivit;
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 Y2O3 or Ca0 contents mean a decrease of
conductivity for any given temperature.

Anion vacancies dominate the gonduction mech-

anism (see Section III.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 O%DB or CaQ content). Several
explanations have been offered toc zccount for the
failure of these materials to behave according 1o
this pattern. These explanations may be summarised
as follows:

i) Ordering of vacancies and caleium or yttriunm
ions in the stabilized zirconia fluorite strucs

tur8(22,23,25,27)_

There ig x-ray evidence of the
formation of a superstructure with increasing Cal
content. Due to the tendency of complementary

. . ; +
defects to assocliste, the Ca2

ordering would be
accompanied by an ordering of the anion vacancies;
ii) Periodic.fluctuations in composition and
structure in & continuous matrix(23). This
phenomenon has been observed in Fel_XO, UO2+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,
whicn can co-exist(aa).
iii) Precipitation of a second phase(za), No
experinental evidence has been repdrtéd in this

respect,
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These interpretations are 1ot necessarily
exclusive and may be alternste descriptions for a
precipitation process.

The evidence suzzests 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 CaO orYz’)3 COIl=
tents. The very low diffusion coefficients of

he cations (see Section I.%.1,C) would hinder
the reactions towards some nore stable state.
This phenomenon would limit the useful range of
soiid solutions with a large number of random
anion defects

c) Nature of the elecirical conductivity of

3

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 jJjustify
this statement.

Kingery et a1(34) determined the oxyzen ion
diffusion coefficient in Zr0.85 Ca0.1501.85 and
the electrical conductivity of this materizl over

the temperature range 700-1100°C, Comparing the



«19=

experimental values with the calculated conduc-
tivity obtained from the diffusion coefficient by
means of the NHernst-Einstein relation, he concluded
- that the entire conductivity can be attributed %o
oxyzen ion mobility. Some doubt about Kingery's
results, due to the fact that he used a corre=-
lation factor of 1 in hig calculations, has been

(35)

removed by Simpson and Carter who obtained
excellent agreement between observed oxygen ion
diffusion coefficients in the temperature rangé
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 revergible transfer of oxygen
from cathode toc anode in the cell

0p(py)s P/ 2z g50ag, 150185/ 7Y 0p(P))

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 = -nEF

is no longzer applicable., PFurthermore, in the case

of electrolytes with low resistance, even a small
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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 hizgh,
This oxygen flow may produce polariszation pheno-
mena which will wmean an even larger discrepancy
between the theoretical and the observed emf's,
Considerable attention has been then dedicated %o
this problem,

The total conductivity may be presented by

the following expresaion:
Toot = gEonic + Cfé + Cré (I.14)

where Cfé is the conductivity due to positive
hole conduction (p-type) and.GE is the conductivity
due to electrons (n-type). The concentrations of
excess electrons and holes in the solid electro-:
lyte are likely to be determined by the oxygen
partial pressure according to the reactions:

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

20°" (1.15)

2= + 4 electron

02(g) + 2 anion vacancies = 20
holes(I,16)
As the concentrations of vacancies and valence
electrons are fixed by composition, it follows

that:
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% = T (o (1.17)
C 0,)% (I.18)

It
~

& 2
In the more general case:
c x, (Fo )'1’fl (I.19)
e 1 2 ’
K, (F0,) ¥a (I.20)

il

il

Ce

The positive hole conduction will increase with
increasing oxyzen pressure and the electron conduce
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 agnd Wagner(S) found that the elec-
trical conductivity of Zr0.850a0'1501'85 was vire-
tually constant when the oxygen partial pressure

2

was varied from 1 atm down to about 4x10-2 at

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

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

10

in the oxygen pressure range 1-10 ~° atm, Steele(15)

has reported independence on conductivity upon

oxygen partial pressure for zirconia 10 mole%

yttria from 1 to 10710

(38)

atm. at 1000°C., Recent
measurements on zirconia 20 mole% YOl.S indi-
cate that the conductivity of this material is

independent of the oxygen pressure between 1 and

1018 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(39’4o). He introduced two parameters P@
and Pg-as the éxygenxpaftial pressures at which
¢ ionic equals Cré and (Té 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:

MO,

B o= ¥ ¥ 100 WMo,

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 exceedsl%. Below this oxygen
partial pressure the ionic fransference number will
be higher than 0.99. Steele(IB) has done such a
calculation on the baéis of his experimental
results for cells with ZrO2 Ca0 solid electrolytes
and found that the corresponding lower limit for

P -15

> 0,99 is O2 = 10 atm. PFor commercial

1.
ion
zirconia electrolytes of similar composition,

Schmalzried(4o) has reported a lower l1limit for
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ty o, = 0.99 of 10~16

io atm., at 1000°C., Similar

observations have been made by Bray and Mertsn(37)
with cells containing Zr02.Y01 5 solid solutions,

-15

They gave a lower limit for tion:>0,99 of 10 atm.

A1l these calculztions and observations are in good

agreement with Aronson(41>

experimental work on
the composition of pure ZrO2 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 tionzl'
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 bétween the effect of electronic conduc-
tion and any electrode effect due to polarisation.
The results for the lower 0, limit for t; > 0,99
in zirconia based solutions according to Schmalz-
ried relationships should be considered then OQRLly
as useful appresximations.

Measurements of the cation (Zr4+, Cazt'Y3+)

(37,42,43%)

diffusion coefficients show that these

are several orders of magnitude lower than the



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 oxyzen ilon diffusion coefficient.

TABLE I,1

Cation and anion diffusion coefficients in
stabilized zirconia at 1000°C

- R B R
DOQ' = 9.4X10 cm Sec (1n Zr0.8586a0.14201.858}(35)

D _ -19 2 -1 .., N (42)
grd+ = 3,7x10 cm“sec — (in Zr0.840d0.1601.84)

-1 2 -1 4.
D0a2+ =7,0x10 9 em”sec (in Zr0.84ca0.1601.842 (42)

a5 2 1. (37)
DY3+ é’7 x10 cli gec (1n Zro.9OY-O.]_OO].095\2

It may be concluded,therefdre, that stabili-
ze'd 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 for this discussion has been restricted
to calcia and yttriz stabilized zirconia. Several
other zirconia based oxide golutions have similar
properties. The electrical conductivity and phase
relations in some of thesé systems have been

recently studied by Strickler and Carlson(Bl).
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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 infermation
is, however, available on commercial solid electro-
lytes. Several investigators(15’36’4o) 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 elecirolytes.

Thorough studies on the structure and per-
meability of commercial stabilised zirconia tubes
have been conducted at the Department of Ceramics,
Leeds University (44’45), 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
preseht in these materials., The zirconia magnesia

tubes contained for example over 3% of AlZO and

3
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substantial percentages of other oxides (FEZOB’
SiOz, TiO2 etc)., The level of impurities was so
high in the case of calcia stabilised gzirconia that
all the zirconia gZrains were surrounded by an
impurity phase. None of .the sections observed
with the microscope showed girconia grains in
contact with each other. The yttria zirconia
tubes contained a smaller amouﬁt of impurities.

Commercial materials are not always fully
stabilised. Only zirconia calcia proved to be
fully stabilised in the fluorite structure.

Magnesia stahilised 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 rafe measurenents was
25 Kcal mole":L which compares with about 30 Kcal
nole™t obtained for oxygen diffusion in Zry ge
030.15 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 calcla stabilised zirconia due



to 1ts high impurity content,

The behaviour of yittria stabilised zirconia
sugzested that impurities may play a role in per-
meation increésing the electronic conductivity
0of the material.

I.%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 ($hog.0ao, ThOZ.YoLs,ThOTLaOl's)
possegs the fluovritz structure. The comparison
of observed with caliculated densities supports
the anion vacancy model for these materials.

The conductivities of ThO

YO and Th02€'

2'°71.5
Ca0 solid solutions at 1000°C as a function of
Y01.5 and Ca0 contents were shown in Pig.L.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 girconia solu-
tions, Moreover, aging experiments with ThO2 25
mole% YOl.S’ 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 so0lid oxide solutions exhie
bit p~type conduction at high oxygen partial
pressures, but this becomes negligible below

10"6 atm. Alcock and Steele estimated the lower

POQ"VZLO"25 atm at

oxygen limit for tion3>0.99 as
1000°C on the basis of the emf results obtained
in cells where the %thoria electrolytes were in
contact with Nb-Nb0 and Mn-MnO respectively.

Fig. I.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 so0lid electrolyte to be used in a certain
galvanic cell in spite of the linmitations already
discussed. Unfortunately the relevant information

is only available up to 1000°C.
1.4 POLARISATION PHENOMENA

During its cperation, a solid electrolyte

galvanic cell is subjected to the action of current



f29f

T ) T T T
'tioh > " 099.. (1000 C)
™ v ,
© o :

- O b ! Q :
COMPOSITION 3 o® R o ©
_(MOLE %) Sy Ay O 28

O a Z a l?.’ ;lz\‘ _Q.‘ (@)
Zr0,.Ca0(8515) | At 2: 0
YIS TIPS OIITNNIOIIIIN. : N
ZP02.YO1_5(8‘O-20) ) ] I - +l %_
Th 02.YO1 .5 (99:1) VOO OOETEIL; //f///////////li .
| ThO5.Y0,,5(964) tzzz’zzgzzzzzzzzzzmzzzzz"nl
ThO,. YO.5 (80+10) o
ThO2.Y01.5(8515) Vol +:
. Th02.L001_,5(90-10) QMZ{ZZZZZ%ZZZZZZZZZZZI
ThO,.La0y.5(8515) | I . |
ThO5 YOL5( 75.25) J:
) +
Th0,Ca0 (95.5) | | ZZZZTZIZAI77777277277, .
' O 5 10 15 20 25 30

—LOG POy (ATM)

" FIGI3  IONIC TRANSPORT NUMBER AS A FUNCTION
- OF COMPOSITION AND OXYGEN PRESSURE

* Estumated real values possibly lower




-30n

produced by two different sources: the measure-
ment of emf and the so0lid 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
measurenent effect 1s normally minimised by

using a high impedance mezsuring 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 calcula*ion on the basis of Ohm's
law can demonstrate that the magnitude of the
short~circuiting currents which may be present
in a so0lid electrolyte galvanic cell exhibiting
electronic conduction canreach substantial values,
even if the electronic transference number of the
electrolyte is not higher than 0,005 (See Section
III.3.1,e).These currents arec 1ike1yvto produce
electrode polarisation depending on the electrode
kinetics,

Very 1little is know about electrode kinetics
and polarisation phenomena in solid electrolyte
galvanic cells. Activation polarisation depends

on the particular rate~determining chemical and



electrochemical reactions at the electrode,
Concentration polarisation involves mas8 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 sclid 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 eléc-
trodes, For the cell

Pt,0,/0.85 Zr0, 0.15 Ca0/P%,0,
no polarisation was observed in the temperature
range 900-1100°C even with currents of lOOmA/cm2

Anodic polarisation was detected in the cell

Pt, (CO + 002)/0.85 Zr0, 0.15 CaO/Pt,02

Pal'guev et al, sugrested that this was partially
due to slow interaction between CO and Oz(activa~
tion polarisation) but mainly to the slow trans-—
port of €O 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 1OmA/cm2.
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Much less is known about solid electrolytes.
Steele(15) reported full reversibility for Ni-
Ni0 at currents of %uA/cmz at 900°C, but with
a current of 10/&A/cm2 passed during 5 minutes
the Ni-NiQ electrode became polarised, Alcock -
and Belford(G) also reported polarisation of Ni-
NiQ electrodes in their coulometric titration
experiments, However, the currents they used
were very high (400/4A/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 deeided 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 emf!'s 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 ZrOZ.CaO or
Zroz.Y203 should be used, considering the range
of oxygen pressures envolved (see Fig. I.3) and
Ag(1l) 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 IT

MEASUREMENTS IN MOLTEN SILVER.

IT.17 REVIEW CF THL LITERATURL

The solubility of oxygen in liguid silver
has been studied as a function of pressure and tem-
perature by Sieverts and Hagenaoker(50), Donnan and

(51)

Shaw and Parlee and Sacris(52>. Their results
(Fig. II.7) are reasonably concordant. All these
investigators used a gas volumetric téphnique.
Sieverts and Hagenacker made determinations at
973%° - 1125°C mainly at 1 atu. Donnan end Shaw
worked only at 1C75°C. Finally Parlee and oacris
covered the temperature range 1011° - 1202°C.

Migikar, Grace and Parleecsa) have proposed the

following equation to represent the solubility

of oxygen in molten silver at PO = 71 atm.
2
log %0 = L&+l - 1,0949 (II.1)

based on the work of Sieverts and Hagenacker and
Donnan and Zhaw.

Sieverts and lagenacker 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

thelr measurements at 1075°C which are plottted in
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Fig.IT.1. Parlee and Bacris obtained identical
results at 1020°C. This means that the activity
coefficient of the oxygen remains constant over
this rance of temperatures and pressures; Henry's
law behaviour, azand, therefore, the activity of
silver is equal to its atomic fraction.

IT.2 IEXPERIMENTATL

The technigue employed wss to measure the
volume of oxygen absorbed by a known weilght of
silve: which had been previously degassed in a
Sieverts apparatus. Alloys of known oxygen con-
tent prepared in this way formed <-neelectrode of
the galvanic cell. The other electrole was silver
saturated with oxygen at barometr»ic pressure.

The emf was thus determined as a function of the
oxygen concentration at various temperatures and
pressures, as well as the varicus 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,
whicn contained desorbed air, were discarded; the
remainder was dried by ccndensing 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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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
| 7" outside diameter and the wall thickness was
about 1.0 mm. The tubes cracked because of thermal
shock if brought from room temperature to 1000°G
in much less than 10 min.

b) Apparatus

The Sieverts! apparatus used in this work
is illustrated in Fig. II.2. The limbs of manometer
L and gas burette B were of precision bore tubing
4.00 Z 0,01 and 20.00 ¥ 0.02 mm in diameter
respectively. The useful length of the gas burette
limbs was 40 cm. All méasurements 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
5 and the mercury in the left limb, when the levels
in both sides were identical (zero level) was
carefully calibrated. Alir at barometric pressure
was introduced in both limbs of the gas burette

and then the right 1limb was evacuated. The lovels
in both limbs were recorded and the pressure of the
gas in the left limb calculated., With these data
the calculation of the volume batween the stopcock
and the zero level in the left limb was straight-
forward.

Lrgon, for the determination of the "hot
volumes" was dried over silica gel and magnesium
perchlorats and further purified by wassage through
titanium chips at 900°C.

The system was evacuated by a rotary puup
in conjunction with an oil diffusion pump. With
silver in the cell at 930° -« 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 Tenning zauges.

The oxymen prepared by thermal decompo-
sition of potassiun permanganate was stored in

the reservoir C. The tube holding the potassium

permanganate, the trap and the reservoir were
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evacuvated prior to the preparation of a fresh
quantity of oxvgen. 4s already said, the initial
products of decomposition, containing desorbed
air, were discarded. The oxygen produced in a
subsequent decomposition was condenssd in the
liguid nitrogen trap and some cf it was trans—
ferred to the reservoir until it reached atmos-—
pheric pressure.

The cell is shown dlagramatically in
Fig.IT.3. A known weight of silver, about 55 g,
was held in the mullite tubs P, whichws 30 cm.
long and had an inside diameter of 15,5 mn., for
the cells without stirring and 22 mm. for those
with stirring. The solid electrolyte was an
impervious tube E of lime~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 ¥, so the gilver level in both electrodes
was nearly the same,

All ceramic To metal seals in te upper
part of the assendly were nade gas-tight with
araldite. The brass head of the cell C was water
cooled and had an 'O' ring between its lower and

upper parts.
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Fiz.IT.3 - Cell use” for measuring enf's in

molten silver

44, A, Stainless steel contact electrodes.
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Nimonic 75 shield.
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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 3B, 3 mmn.
outside diameter, and vented vie dibutyl
phtalate. The stainless steel electrodes A4 and
A2 were held in position with alumina sleeves
By, H. The uvper ends of these tubés, 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 mn. diam,
with an iron unper end which was moved up and
down with & 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 Ft.-Ft.13% Rh. thermo-
couple N was inserted from the lower end of the
furnace tube Jjust below the bottom of the cell.

A resistance was placed acros:s 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 tThe systen was measured
by a Ft.-Pt.1%% Rh. thermocouple (not shown in
Fig.II1.3%) located in the silver at the same
depth as the reference electrode and protected by
an alumina sheath.

Blectrical 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 enf's were measured with a Vibron
electrometer* of input resistance 1077 ohms.

Ths accuracy was 15 or better depending on the
range employed.

The electrode Aq 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.
* ¥.I.L. Vibron Electrometzr Model 33B-2
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¢) Procedure

After assembling, the cells were tested
for gas-tightness, first at room tenperature 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 tempersture a porosity
which was incompatible with-the nature of the
solubility experiments. The cells were considered
sitisfactory if a vacuum better than 1074 was ob-
tained and the pressure did not increase beyond
10™2 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 1little piece of silver was carefully
cleaned from any trace of grease,

Due to the narrowness of the small cells
the silver nad to be melted before inserting the
reference electrode, thermoccuple 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 doﬁe
in these cases under argon.

Frior 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, afteryreaching the experimental temperature
the system was #till 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 tschnique
described, emf's of the order of 350 to 400 mv
were reached at 980°C. The latter value corres—
ponds to a residual partial pressure of oxygen of
3 x 10~ %mm, 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 effecfed 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 mv 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 experiﬁental ten-~
perature under argon. With the short period of
pumpihg preceding fhe introduction of oxygen to
the system similar levds of emf's were reached.
The "hot volumes" of the cell as a
function of pressurehad 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 H.T.P. They wem inde-

pendent of pressure:., 1f reduced to N.T.P., when
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allowance was made for changes in the level of
nercury in the manometer.

The procedure for determination of the
"hot wvolumes" was as follows. The left limb
of the gas burette was filled with argo: and
the system evacuated. After reading the umercury
levels in both limbs of the zas burette, the»
left limb was counnected to the system through
tap 8 (Fig.II.2). When the pressure in the
nanometer of the system became steady, the mer-
cury levels in the gas burette were read again
and the roor temperoture recorded. Tap S was
.closed, the system evacuated and a fresh cuantity
of argon admitted. With the data so cbtained
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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TABLE I1.1

P(mmHg) Hot Volume (¥.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 %7.40

Althoug "hot volumes" were measured with
liquid@ silver in the cell, a check was made
initally with no silver present to coumpare the
"hot volumes" obtained with oxygen and argon.

The difference was negligible at very low pressures
but became of the order of 120.5% at around

1 atm. (oxygen "hot volumes" beinz largsr than
argon) in the experimental temperature range.

Due to thie high solubility of oxygen in liguid
silver, this difference was so small as to have

no discernadle effect on ths results at equilib-
riun. The slight correction was, however, applied
when necessary to the measurecments in the early
stages of equilibration to allow for this effect
in calculating the oxygen content of the moctal.

After ending the "hot volumes" deternzina-



- 50-

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
readv 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 prsgsure 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 systemn.
Times required for equilibration varied from several
hours at the lowest oxygen pressures employed to
over 48 hours for eguilibrium prassures in excess
of 0.5 atm. Stirring 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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IT.3 RESULTS AND DISCUSSION

a) Experiments at 980°C

The results of the solubility measurements
at 980°C are shown in Fig.IT.4 where the observed
oxygen content is plotted against the square root
cf 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 IT.2. They correspond to two
different enf cells and z Sieverts cell (without
electrodes) which was operated to determine the
poszible effect of the stainless steel or the
s0lid electrolyte on the solubility measurements.
No difference was observed. Teble IT.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 nressure in the reference electrode.
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FIG.II.4 . SOLUBILITY OF. OXYGEN AT 980°C
AS A FUNCTION OF OXYGEN PRESSUR‘:(A'tm) -

OCELL WITHOUT ELECTRODES

OCAND O CELLS WITH ELECTRODES

03




Cell P% (atm)
2

emf 1 C.2075

0.600

emf 2 0.199
0.415
0.663%
0.782

Sieverts 0.169
0.%84
0.632
0.882

The results show that
oxygen in liquid silver Eenry's
to the pressures employed.
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TABLE IT.2

Results at 980°C

(O] wt.%

0.061
0.1795

0.060
0.1255
0.2025
0.241

0.053
0.119

0.193
0.2674

emf obs.
(mv)
85.3%
27.3
88‘2
46.8
21.6
12.7

emf calc.
(mv)
84.7
27 .4

87.2
47 .4
22.5
1.6

for solutions of

law is obeyed up

Concentrations may,

therefore, be used in place of activities in the

expression of the emf of the cell.

cell, the emf is given by:

£ = BL ln_l()]atm

\[O]%o

In a reversible

(11.2)

Where [O]P is the equilibrium oxygen content of

€q

the silver in one half of the cell and [0] atm is

the oxygen content in the reference electrode.

As Sieverts law is obeyed, [0] atm in

equation II.2 may be replaced by kP% , where k is
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the Sieverts coefficient for the solubility at
temperature T and gu;is the barometric pressure
at the time of measurement. Equation II.2 may,

therefore, be written:

RT 4 RT k RT [Ohatm
E-z= 1n B4 = %% 1n = == 1n
. n¥ &t ai [0 B ax [
4, =

(I1.3)
where [O],Iatm is the oxygen contenbin eguilibrium
with oxygen at 1 atmosphere.
RT 3 . .
— a 1
o in Pat’ which is small and
may be either positive or negative, thus normalizes

The ternm

the enf measurements to a standard pressure of
1 atm for the reference electrode.

IZguation II.2 predicts that, at constznt
temperature, a plot of E - %% 1n %ﬁ; against
log [O]P will be linear. This plot is shown
in Fig.£¥{5 for the results at 980°C. The line
is theoretical and corresponds to the valusz of
k = 0.304 found independently in the solubility
measurenent. _

The observed emf's were guite steady over
long periods of time.

The manner in which the emf varied with
time dvuring approach to eguilibrium in the experi-
ments without stirring is of particular interest

in the analysig of the results. Fig.lI.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 O to 20 cms. Hg.
(a) @ measured emf's; Curve A, emf's calculated
from oxygen pressures nmeasured over the metal;
Curve 3B, emf's calculated from absorbed coxygen
assuming uniform distributicn in the metal.

(b) Corresponding gas pressurez (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 O, oxygen
pressure over the metal, with left hand vertical

scale.



—58~

illustrates one of these experiments. The points
in this figure show the emf observed as oxygen was
absorbed by the molten silver. Curve A shows the
emf whicl: would have been observed if the outer
electrode (Fig.II.3) had been functioning as an
oxXygen 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 tc 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.1I.6, the cell was evacuated
by connecting the system directly to the pumps.
Although the presswein the cell dropped immedi-
ately to a velue less than 1 mm. Hg the emf did
nov change abruptly, but persisted for a short
period at the equilibriun value before commencing
to increase slowly as oxygen moved out of the
licuid,

b) Experiments at Higher Temperatures

Two series of experimentis 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. (n disassempling
the cell it was realised that a substantial amount
of silver had been vapourised during the experi-
ments and condenszd on the cold part of the cell.
This phenomenon had been negligible at 980°C. ‘he
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 discrepanciss

already mentioned.
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Silver wvaporisation was particularly
inportant in experiments carried out at low oxygen
pressures. Similar difficulties were found by
Sacrisand Parlee(Bg) during their measuréments.

It was decided then to do the experiments at ten-
peratures over 960°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 wss always under a
gas pressure of about‘ﬂ atm. This was done by
introducing O2 into the cell in successive stages.
Pressuresof O2 higher than 1 atm were obtained by
admitting air into the right limdb 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 IL.3%.

TABLE II.%

Regults at 1055°, 1105° and 1160°C and PO = ‘] atm,
2

t°@ [0])wt.% enf obs (mv) enf calec. (mv)
1055 0.279 -1.2 =0.2
1105 0.270 -1.0 0.0
1160 0,22 -0.9 +0.2

The solubility values together with those
of BSieverts and Hagenacker, Donnan and Shaw and
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Saarls and Parlee at 1 atm pressure are plotted
in Fig.I1.7. There is a close agreement between
the new results an’l those published previously.
At about 1160°C the stainless stegl electrodes
begin to oxidize slowly but visibly; this may
be the cauze of the slichtlyhich value obtained
for tiie solulbility under 1 atm at this oressure.
he observed emf's are in good agreement
with the calculated enf's.
The line drewn in Fig.IT.7, which is the
best line tugh all the data, excluding that one

at 1160°C, lead: bto the zguation:

log [0] wt.% = L2022 . 1,107 (TT.4)
or log [0] atm % = L2682 - 0.281 (TT.5)

The equation was calculated by the least squares
method and differs only slightly from that pro-
(55). The

posed by liizikar, Grace and TFarlee

following values are found for AH and A3:

AH ~3380 cal per % O2

- _ . -]

AS = =1.3% cal deg = at 1g atom%

I1.4, COICLUSIONE

The main feabture of the experimental
technicue 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
obgerved one. Secondly, the experiments without
stirring and the constency of the enf 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 experiments with stirring showed

<t

that the reaction of the cell was almost instan-
taneous after producing a change in the oxXygen
content of the metal. It is then possible to say
that a cell of this kind is a reliable deviesz for
the determination of oxygen contents in gilver in
the concentration and terperature ranges studied.
It ha; been actually used(SB) in the investigation
of the rate of oxygen transfer from z gas Jet into
molten silver.

f Previous results of oxygen solubility in

liquid silver have been confirmed.
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CHAPTER IIT

MEASUREMENTS IN MOLTEN COPPER

IITI.1 The Copper-Oxygen System

Hansen(56) prepared the phase diagram for
the system Copper-Oxygen from various sources
(Fig, III.1). Only the value for the melting
point of Cu20 has been changed to the temperature
reported by Rossini et a1(57).

The system has been extensiveiy studied only
up to 1200°C, which is the most interesting
region for extractive mefallurgy. There is some
uncertainty concerning the values of the mono?u
tectic temperature and the composition of the
. oxygen saturated copper melts in equilibrium with
Cu,0(s).- Tehlinson and Young(ss) have studied
the equilibrium Cu20(s) - Cu(l) saturated with
oxygen and COZ/CO gas mixtures. Values for the
composition of the Cu(l) saturated with oxygen
have been calculated by extrapolating their oxygen
solubility results to the 1)()2 corresponding to
that equilibrium. These values are shown in Fig;
I1I.2 and they are in a reasonably good agreement
with Hensen'!s phase boundary. Rickert and Wagner(lo)
using a 'coulometric titration'!' technique, have

also confirmed Hansen's Cu-CuZO 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(®) who did a thor-
ough investigation of the Copper-Oxygen phase
diagram by an electrochemical method. He reported
a monotectic temperature of 1216i5°0 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(®?) did equilibrium
studies at 1254, 1340 and 1400°C using a quenching
technique., Their results are indicated by circlss
in Fig. IT.1. Osterwald'®) 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



-68-

clarification,

The solubility of oxygen in molten copper, in
the low oxygen concentration range, has been
studied up to 1600°C. Girarxdii and Siebert(60)
(1090°-1300°C), Sano and Sakao'51)(62) m15.1256°0)
and Tomlinson and Young(58) (1085~1500°C) have
equilibrated liquid copper, contained in A1203,
with C0/C0, gas mixtures. To0p 63) (1300-1600°C)
levitated small coprerbeads in streams of CO/CO2
.gas mixtures and Belton and,Tankins(64) (1150~
1605°C) used HZ/HQO cas 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, III.,3, All the lines and points corres-

pond to the reaction,

co + [0] = c¢o (III.1)

2
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 PCOZ/PCOJCaj % 0, but his ex~
periments were done with very low oxygen concentraw-
tions and therefore they can be considered as true
log X 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”®) studied the reaction III.1
for which:

oo,

= - (I11.2)
Poge at@lolx £)

The activity coefficient of oxygen, fé, is based
on the reference state of the infinitely dilute
golution of oxygen in liquid pure copnper 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 Sievert's law

!

and log fo is independent of temperature and

can be represented by the following relationship:
| ,
log £, = -0.041 atou % [0] (111.3)

the standard deviaetion being * 0,005 atom % [0]
at 1100°C and & 0.007 atom % [0] at 1300°0C.
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The value of K is given by:

log ¥ = 20130 _ 4 07t g,015 (III.4)
7
and hence
AG® = -46,440 + 18,6T ¥ 150 cal (1I1.5)

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,[O], melts at different temperatures, calculated
from Young and Tomlinson's results have been indica-~
ted in Pig, III.Z2.

Several investigators(a’g’ll’lz) have recently
made determinations of oxygen solubility in molten
copper by the electrochemical technique., All of
them have added oxygen to the liguid 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 PFig, III.3., They will be
discussed more extensively in section III, 4.

I11.2 EXPERIMENTAL

I1T.2.1 General Considerations

Fire refining temperatures in copper metal-

lurgy are usually around 1150°C and the metal is
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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 ('OFHC' 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, III.,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 phase
in equilibrium with molten copper at these tempera-
tures (see Fig. III,2) are easily obtained with
COZ/CO gas mixtures which can be prepared in the
laboratory in a wide range of proportions. .The
molten metal eguilibrated with a COE/CO 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 én-
volved indicated that ZrOZ.OaO or ZI‘O2.Y01.5 were
the most convenient solid electrolytes. Two more
general aspects concerning the experimental teéh-
nique were unresolved: the choice of an appro-
priate reference electrode and a convenient material
for the contact electrode divping in the molten
copper.

The aim of this part of the present work, as
already stated, was the study of cells which could
be eventually used as convenient devices for the
determination of oxygen in molten copper. One
requirenent, 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, [O]Ou 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 reguire-
ment. Furthermore the free energy of formation of
nickel oxide in the temperature range of interest
has been fairly well established(ls). The oxygen
pressures in e@uilibrium with nickel-nickel oxide
are about 1077 and 10™° 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 fhe case of
dilute oxygen~copper solutions the magnitude of
the emf's which should be obtained was small, thus
diminishing the danger of polarisation phenomena.
Nickel~nickel oxide was the first reference elecs-
trode to be tried. Gas electrodes were left as
alternatives, depending on the results of the
experiments with nickel-nickel oxide as & 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.

IIT.2.2 Compatibility Tests., Materials Used.

A series of compatibility tests were done to
see 1f the different materials tentatively chosen

would withstand the most stringent



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 electrolyies., Zirconia

15 mole % Ca0" " withstood equilibration with Cu-
CuQO in tests lasting for 48 hours., Zirconia 8
Wt%‘ﬁp3*tabout 9 mole % YOl.B) 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,

¢) Copper contact electrode materials., The

search for the contact electrode was limited to
some ceramics and cermets which lcoked promising
for this purpose. Pure chronium oxide, and a

series of chromium and molybdenium cermets were

*  Supplied by Morganite Refractories Ltd.,

** Supplied by Zirconium Corporation;of America
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tested, The experiments lasted for 2 to 3 days.

Chromiuvm Oxide, The C:c203 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
80 obtained were equilibrated with the coypef-
cuprous oxide melts. The melt crept through the

pores of thepdllet and was absorbed by it.

50% Cr__» 50% CrpQ; Cermet*. The melt crept
up the surface of the pellet and covered it
completely. There was severe surface reaction.

80% Mo- 20% A1,0. and 60% Mo-40% Al,0 Cei-
ggig**. These cermets were completely attacked

by the melts. Molybdenum oxide deposited on the

cold wallg of the furmace.

75% Cr =~ 25% A12_Q3 and 72% Cr - 28% A12Q_3 +

SiOZ.** These two materials resisted the action

of the melts very well, A very slight coat of
chromium oxide was formed on their surfaces whieh
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% or)
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the 72% chromium cermet was chosen zs 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
inportant impurities were Ag 3 ppm. and Fe 2 ppm

S0lid electrolytes, The lime-zirconia and

yttria-zirconia tubes were nade 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 guaranteced as suitable for
nign vacuum work,

Nickel~nickel oxide pellets, 'Analar! nickel

and nickel oxide pbwders in equimolecular propor=-
tions were 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, wis around 100 micro ohm cm

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

*  Bupplied by Zirconium Corporation of America,
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Gages. 'inalytical grade' CO, was used.
The main impurities were H20 30 P.P.llay N2 15 p.p.m.,
and O2 5 p.p.m., The CO wzs guaranteed to be not
leus than 99% and the maximum impurity contents
were 0,2% CO,, 0,15% 0, and 0.6% N,. 'High Purity'
Argon wes used to flush the reference electrode and
the reaction tube when necessary.

IIT 2.3 Aovaratus and Analytical Technigues

a) Gas Train, The gas train is shown diagramati-
cally in PFig. I1I.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 Ilush 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 dried by silica

gel and magnesium perchlorate and its oxyzen was
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removed in two stages: fuxst, copper gauze at 450°C
and then titanium chips at 900°C,

The gases from the purification trains were
maintained st constant pressure by mearsof the .-
blow-offs B, metered by conventiocnal pattern capil-
lary flowmeters P and mixed in the nmixing chambers
M, The manometers of the flowmeters and the blow-
offs were filled with dydutyl phtalate. Carbon
monoiide'blow4offs 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
gach run., Calibration curves were thus obtained
at different room temperatures. This was of
importance because the temperature hzd some influ=-
ence in the gés 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~
neters is 100/1. Double dilution was employed to
get higher ratios. If this was the case, the CO,/
CO mixture from mixer M1 was metered by means of a

third flowmeter and diluted with more 002, coming
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from an independent CO, line in mixer M,. Other-
wise, CO, and CO were just mixed in mixer MZQ

"The gas mixture from M, wzs token 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. III.5) consisted

of an alumina crucible, 25 mm i.d. and 40 mm, deep,
containing the molten copper. The Cr cermet conu.
tact electrode, about 20 mm long, was half inserted
at the end of an alumina tube. ZElectrical 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
calcia zirconia or yttria zirconia tube, " dia-
meter., The nickel-nickel oxide reference electrode
pellet weighed 0.5 to 0.7 g ond its approximate
dimensions were 7 to 10 mm long and about 3.5 mm
diameter., The reference electrode was machined
from a #" diameter pellet, prepared as described

previously, to fit the so0lid electrolyte tube., A

pure Pt lead ending in a Pt disc sitting on the

dien
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nickel-nickel oxide pellet established electrical
contact to the outside. The Pt disc was spring
loaded asainst the pellet through a 3 mm o.d. alu=
mina tube. The same alumina tube carried the argqn
used to flush the reference electrode. The argon
escaped to the atmosphere between the alumina'and
solid electrolyte tubes., Small slits were cut a¢
the end of the fine alumina tube pressing the
pellet to facilitate the Ilow of argon, When a
Pt, 02 reference electrode was used the Pt lead
ended in a small Pt wire hall which was pressed
against the bottom of the solid electrolyte tube
as described. The alumina tube carrying the COZ/
CO mixtures, which were buubled through the
molten metal, was 5 mm o.d. and 2.5 mn 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 o0.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 gube 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 conuections. All the tubes
were held by means of '0' rings with the exception
of that one carrying the COZ/CO mixtures which was
secured to the brass head with araldite (Section
E-P, Pig. III.6). Section C-D in this figure shows
the details of assembly of the spring loaded alumina
tube which »ressed the Pt disc against the nickel=-
nickel-oxide pellet. The alumina tube was secured
with araldite to the bhrass 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 & 2°C, The controller
system used was similar to the one embvloyed in th
case of the silver measursuents (section II.2,Db).
The Pt 13% Rh-Pt controller thermocouple was placed
beside the furnace winding.

Electrical shielding was efifected by means of
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Kanthal Al ribbon wound around the reaction tube
from end %o 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 Xanthal
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:s

Pt,Ni-Ni0/s01id electrolyte/COz—CO, 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. TFig., 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 C0,/C0, Pt electrode. The same brass
head used with the moliten copper cell was employed

in the gas cells,
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C) Gas Analysis

Analysis of the gas mixtures were done
when tie observed emf's were in discrepancey with
respect to the calculatéd emf's.,

The Jodine Pentoxide method was used to
analyse the carbon monoxide content of the 002/60

mixtures coming from the cell after equilibration

with molten copper. This method has been described
p

as the most accurate for the determinzation of CO
concentrations up to 0.3%.

The Iodine rentoxide method is based on
the reaction of carbon monoxide with granular
iodine pentoxide, which is heatzd &t a temperature
high enough so that the reaction:

5 CO + 120

=5 002 + I (I11.6)

5 2
is rapid and quantitative. The liberated iodine
is collected in potassium iodide solution, and de-
termined by a suitable method.

The apparatus is shown diagrematically
in Fig.III.8, The furnace T was o 3&" i.d. x 97
long couper cylinder wound with elsctrically insu-
lated heating wire. The high thermal conductivity

of the copper cylinder ensured an even temperature

(65)

distribution throuzhout the furnace and at the working

temperature of 150°C the maximum deviation in the mean

+
furnece temperature was - 3°C, The power to the
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furnace was controlled by a Variac.
The 'TU' tube was made of 4 =m., i.d.
pyrex glass following the advice given by the

Nationasl Coal Board(66).

M)

The tube was filled

jo

with i1odic acid* %o 2 height of 100 mn in each

foxi
1limb. The absorntion buldb J was jcined to the

Tt tube by a B1O ground joint. This joint

was well ground tc 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 ¢, whichled a volume of 511,3 cc in normal
conditions. Nitrogen was used as cerrier gas
for the samrle. Ths nitrogen was FfArisd with
‘magnesium perchlorate and passgel through the
szuapling bulb € for one hour at a flow rate of
75 ce¢/min. The liberat:«d iodinc from the reaction
of the carbon monoxide in the gas samsle with
the iodine pentoxide was sbsorbed in 5% potassium
iodide solution and determined by an anperometric
titration technique(67) wvhich was Tfound more
accura’te then the usual starch end point method,

eapecially when the carbon monoxide corcentra-

tions in the gaswere below 0.1%.

*Supplied by the FHational Coal Board.
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The nain factor centrolling the
reliabizity of this snalytical method is the quality
of the 1o0dine nentoxide used. Big discrepsncies

between the calculated composition of the zes

zes
nixtures and the results of the analysis were
observed when a commercial granular iodine pent-
oxide was used in the first sxpneriments. This
is a well Itnown fact. It has been reported(GS)
that resctivity of commercisl iodine pentoxide
may be as low cs 50-70% =2nd completely unrczciive
species have been lnown. Granular iodine pent-
oxide was cbtained from the Nationzl Coal Board,
vhere g preparatioa technigue for this recagent
has been developed. This sammle had already been
tested and found setisfactory for carbon nonoxide
deterinination in the Fcecientific Devartment of

the Hational Coal Board. Tested ogainst known
volunzs of wure carhon monoxide it proved to be
100% reactive within experimental error. This

icdine pentoxide was used in the »resent wor:

whenever analrsie of the gas nixtures were necessary.
Tie chenical analysiszs showed that +he discrepancy

betireen the as composition and that one predicted
frou the deflection in the flowmeters was never
higher than 2% in the case of COz/CO ratios

lower than 100/1 snd 10% in the case of gas
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ratios higher than 100/1 which were obtained by
double dilution of CO in CO, (see Section II1.2.3,a)
These fluctuafions in the gas coaposition as
obtained frou the flowmetexrs represented an un-
certainty in the calculated enf of T 1 v ena

5 mv respectively.

An Infra Red Gas Analyser* was used %o
follow the progress of the gas-ligquid netal reaction
during the early stages of this work, as a technicue
independent of the behavior of the cell, However,
the need for periodic adjustment of the analyser
zero and calibration offset the advantages of
thie instrument and its use was discontinued.

The progress of the experiments was followed by

the emf's,

D) Oxyzen Determination in Copper

A few samples of copper were withdrawn
during experiments with the cell with the purpose
of checking existing data on the oxyzen solubility
in molten corper. The determination of oxyzen in
copner was made by the hydrozen reduction methoil
using an already existing apparatus for this pur-
pose.,

As some of the quartz of the sampling
tubes adhered very sirongly to the copper samples,

*Infra Red Gag Analyser type SC/LC manufactured
by Hilzer I.2.D. Litd.
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these were immersed in hydrofluoric acid for over
night prior to analysis.

I1.2.4 Exwnerinental :'rocedure

About 47 g of cowper were charsed in the
erucible in each run. The netzal wos cut from
5 1 dismeter 'spscpure! coriper rods with shears
axclusively used for this purpose. The cojpper
was etched with nitric acid snd washed with water

and alcohol,

Y

317
pd L

contact electrodes,

L

The reifcrence
therrioccourle sheath and CO /CO nixture carrying
tube were inseirta2d in the crucible, which was
Lent at the top of the reaction tube, belore
charging the conper. Once ths corper had been
introduc=d the vhole agsewnbly was lowersd down
the reazction tube until the brass head wos sitting
on the top of it. The brass head was gecursd to
the reaction tube by means of an '0!' ring (sze
Pig.IT71,6) and all the various gas and elzctrical
connections were made,

o

The cell was tested for gmstightness by
nagsing throuzh it & known gas flow-rate which
e cheeclzed witi the soap bubhle techanicue. The
reference electrode and the reaction tube were

flushed with purified argon for sometime belore

heating up the cell. The thermoccurle was chscked
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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 zradually added to the
molten copper by increasing the COZ/CO ratios in
stages. The gas mixture flow-rate was generally
kept at about 300 ce/min. The times necessary to
reach equilibrium when the COE/CO ratio was in-
creased depended on the relative values of the
initdal 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 systen the gas sometines
found its way out of the crucible without bubbling
through the metal. When this was the case the
Yime for equilibrium was longer. The irregularity
of the gas flow through the cell altered con-
siderably the 002/00 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 permifting estimates on the
kinetics of oxygen transfer from the gas to the
liquid phase (see Section III.3.2,D)

Samples of copper were taken in an

argon atmosphere. This was found necessary
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because otherwise the GOQ/CO ratio was altered
during sampling changing the equilibriun condi-

tions, PFurthermore, the inexrt atmosyp

i

o

here

<

Provis

td
jo)

¢d & proof that the cell wasactually re-

{

acting towards the oxy.en content of the mestal
and not the cog/co gas nmixture, because the cell
voltage remained constant after reprlacing the
COQ/CO by arzgon. The 2 mm., i.d. diaxmeter guarta
sampling tube was introduccd in the cell through
the gempling hicle in the top of the brass head
(see Fig.II1.6) before gtarting an experiment.
Samples of about 2g were drawn by a syringe.

Tﬁe tube wase imnedistely removed and quenched in
@istilled water, to nrevent oxidation. The sanmples
solidified instantaneously so that there was no

loss of oxyzen,
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IIT.% RESULTS

ITT.3.1 Cells with Ni-NiQ as reference electrode

a) Calculated emf's

The observsd euf's were compared with
theoretical emf's which were c¢:lculated using avail=-

able thermodynamic data for the two following reactions:

2Ni (&) + 0, (z) = PNi0 (s) (I11.7)
AG°; = -111,930 + 40,587 (%260 ¢s1) (900°~1400°k) (15)
| (I11.8.)
200(g) + Og(g) = 2302(g) (I11.9.)
AG®n = ~ 134,180 + 41.00T (£100 cal)(l300°-1500°K)(68)
(111.10.)

As the liquid copper was in equilibrium with
the 002/00 gas mixture, the emf of the cell was given
by the relationship:

0, 2+co) - log P, (Ni+Ni0) ]

(IrI1.11.)
Table TIT,1 gives calculated emf's for this
cell as a function of the composition of the COQ/CO
gas mixture, At the same time the logarithms of the
oxygen partial pressure in ecuilibrium with these
mixtures have been included. It may be observed
(see Pig.ITI.2) that the gas mixtures of Table IIT.1
cover the whole range of oxygen vpressures in equil-
ibrium with copper up to the Cu(l) - GuQO(s) phase

boundary.
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TABLE TTI.1

Calculated enf's for the Cell:

Pt, Ni~-Ni0/solid electrolyte/(002+00), cu(l),
cernet, Pt.

lgg__gog_ enf (nv) + 4 mv
¢0,/C0 1100°C 1200°C 1100°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 33 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) BExperiments at 1100°C

Results for two different cells, one with
ZrOz.Y203 and the other one with ZrOQ.CaO solid
electrolytes, are shown in Table IIT.2 z2nd Fig.IIIX.9
The observed emf's corres-ond to the maximum values
obtained for a particulrr experiment but they were
not steady equilibriun readings in the electrometer.
If enough time was allowed, the tendency was for the
emf's to decrease after reuching the maximum values,
This decrease was very slow and even difficult to

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

when the difference in oxyzen potentials between
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the two electrodes of the cell was big. As an ex-
amnple, the ZrO2.CaO cell, after reaching a maximum
emf of 160 mv in exveriment N°9 (Table III,Z) was
left with the C0,/CO gas mixture at the 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 N°8 (Table II,2) shows, when
equilibrium wasg apvroached by reduction of the oxygen
content of the molten copper a greater discrepancy
between the expefimental and calculated enmf'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 bhetween the experimental and celculated
emf's were examined. TIrrors in the measurement of
the cell tenperature, in the 002/00 gas ratio
or oxygen in ﬁhe argon flushing the reference elec-
trode. All these vpossible sources of error were care-
fully examined and discarded as explanations for the

phenomenon observed. After experiments with the



TABLE IIT.2
Observed emf's at 1100°C for the Cell:
P+, Ni-Ni0/solid electrolyte/(C0,+C0), Cu(l), cermet, Pt.

Cell Exp.ilo ggzlco ratio [0]wt.% in copper* ?gﬁj%bi% ?gg}%iiz'
Zr0,.Y,0, 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
Zr0,.Ca0 4 49/1 0.006 ~3.5 -4.5
5 107/1 0,013 39.0 41,5 t
6 204/1 0.025 77.5 80.0 §
7 302/1 0.036 | 99.0 103.0 '
8 86/1 0.010 25.5 29.0%x
9 1115/1 0.134 160.0 180.0

f0alculated from Young and Tomlinson's(58) expression for dilute solutions of [0] in eopper

-
log % = 10430 _5 677
Poo L0] Wi.7 T

**BEquilibrium approached by reduction of the oxygen content in copper.

Note: the initial emf in both cells was about 50 mv indicating an oxygen content in the
: " copper of QO015wt.%. The experiments were perforumed in the order indicated. Times
for equilibrium in experiments 1, 2, 4, 5, 6, 7, 8, varied from 15 to 45 minutcs
and were of the order of several hours in 3 and 9., Cell generally left 1 hour at

equilibrium.
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gsecond cell (ZrOz.CaO), it appeared that polaris-
ation of the cell was the cause of the low emf's
being obtained. Oxyzen was being transferred
from the hizh oxygen partial pressurs electrode
[ Cu, (C02+CO)] to the low oxygen partial uressure
electrode [Ni-NiO]. 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 ZrOZ.CaO cell, the Hi-N1i0 reference clectrode
was examined and e layar of green NiO wés observed
covering the pellet.

C) Coulometric Titrations at 1100°C

A serles of coulometric titrations using
the cell were done to examine the polarisation
hypothesis. The technique was to pass a definite
guantity of current throuzh the cell to transfer
oxygen from the Ni-Ni0O to the Cu (002 + C0) electrode

and subsequently observe the emf as a function of

The electrical circuit is shown in Fig.I11.,10.
The current passing through the cecll was controlled
by the 1M q potentiometer and could be varied
between a few pi and several hundreds pA. The volt-
age across the 44 fixed resistance was measured

to caleculate this current.
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A11 the coulometric titrations Were performed
at the same temperature (1100°C) and with a fixad
002/00 (1105/1) ratio at the liguid copper eclecctrode.
Ls far as possible 21l the titrations were commenced
when the cell exhibited a similar degree of polaris-
ation (i.e. emf.calc.-emf.obs. = constant) althoigh
it was not always possible to fulfill this ccondition.
If +the cell was leitd 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 valuc for the equili-
brium emf, Table III,3 gives details of the 4if-
ferent coubnetric titration exveriments done. The
solid elzetrolyte in this particular cell was
Zr02.CaO.

Pigs.ITI,11 and TII.12 represent the emf of
the cell as a function of time after titration.
Tavles IIT.4, ITI.5 and III.6 give the values ob-
tained in three representative decary experiments.,

The emf's curves as o function of time chow 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-
brivin vale. The steady enf waswmaintained for a time

wialch was dependant upon the quantity of current passed
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IABLE I11.3
Coulometric Titration Experiments of thse
Ni-Wi0/so0lid elect./Cu, (CO, + CO)
cell gt 1100°C C0,/C0 = 110 /1
Calculated eg, “emf (mv) = 180

el

enf (mv) Titration Tine of
before current titration
titration {uh/cn2)** Amin)

145 29 2

145 29 5

145 29 10

147 29 20

148 364 2

126% 240 2

*After cell was left overanight.

**These figurés correspond to current densitics
calculated on the basis of the Hi-Ni0 pellet
dimengions.
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TABLE II1T.4

Decay of the Ni-Ni0/solid electrolyte/Cu,
(CO, + CO) cell emf, after coulometric
titPation with a current of 29 n4/cm?
passed during 2 min, €0,/C0 = 1105/1;

Calculated equilibrium emf = 180 mv.

Time (min) emf (wv)
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 III.5

Decay of the Ni-Ni0/solid electrolyte/Cu,
(CO, + C0) cell emf, after coulometric
titPation with a current of 29 wiA/cm?
passed during 20 min. C0,/C0 = 1105/1;

Calculated equilibrium enf = 180 mv,

Time (min) emf (mv)
0.5 134
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 ITII.6 ,
Decay of the Ni-Ni0/solid electrolyte/Cu,
(CO0, + CO) cell emf, after coulometric
titration with a current of 365 wi/cm2
passed during 2 min, COQ/CO = 1105/1;
Calculated eguilibrium emf = 180 mv.

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 hors 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 polerisation phenomena. These experiments
will be deseribed in the following sections.

D) Experiments with cells of the type
Pt, Ni-NiQ/solid electrolyte/(co2 + C0), Pt.

Acell using Ni-Ni0 as reference electrode
and a simple gas electrode (Pig.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-Ni0O electrode with this type of cell in a
short time.

Several solid electrolyte tubes were tested,

both Zr0

2.CaO and ZrOz.YO A11 of them showed

1.,5°
exactly the samebehaviour. Tables II1.7 and III.8
summarise ths résults for two of these cells.
Correct emf's were obtained when the cell was
gquickly taken through a range of increacing COZ/CO
ratios, provided that the eguilibriumr oxygen
partial pressure corresponding to the gas mizturoes
was not +too high., It was never possible to get
right emf's for COZ/CO mixturcs aboit or above

1000/1. If the cell was left 2 long time with a

particular gas mixiture, ¢ven small, the emf decreassd
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B B A% B

Note:

TABLE ITI.7

Emf's for the cell Pt,Ni-NiQ/ZrOQ.YOI 5/(coz'+co), Pt at 1100°C

£0,/C0
 50/1
100/1
250/1
100/1

250/1

1005/1

50/1

emf obsu(mvl;yﬁ

-2
38
90
37

88

162

emf calc., mv)=4my-

-4
38
92
38

92
174

-4

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 maxie-
mum the enf began to de=~
crease immediately. In one
hour decreased to 155 aV.

Decreasing immnediately.
After 2 hours

1t 3 n

11 4 1
Left for 15 hours .
After 19 hours
Cell dismantled.

=TTT-

The times necessary’for equilibrium were about 10-15 minutes after changing
the composition of the gas nixture,



TABLE IT1,8
Emf's for the cell Pthi-NiO/ZrOZ.Yol 5ggco¢tco), Pt at 1200°C

“gTT*

Exp.No. ggzgco emf obs(mV)i1% enf calc{mV)+4mV Observations

1 20/1 =43 -44 s Experiments done one after
the other. Cell left for

2 50/1 14 14 one hour at equilibrium.

3 100/1 _ 58 58 1

4 250/1 114 116 '

5 20/1 ~44 n -44 Cell left for 15 hours,

' _ emf decreased to =36 mV,

6 100/1 57 58 Cell left for 12 hours,

enf decreased to 52 mV,
Pure €O, 212 . 347
8 -~ 100/1 50 58 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 mul-etantially lowef than the calculated
emf's, Some of the experiments indicated in Tables
I11.7 and II1.8 have been plotted in Fig., III,13.
This graph shows that the cell polarisation occurs
in both directions, depending on the sign of the
emf, These experiments glso 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 III,7 are
good examples in this respect. In the case of
experiment 7, the high emf initially obtained
show:the remaining effect of the high polarisa-
tion of the Ni-NiQ 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 liguid 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 copwer cell. Discrepancies between
observed and calculated emf's occurred in the
liguid conper cell at lower CO%@O ratios than

in the gas cell in times not very much longer.
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If the gzas cell was left enough tizne after equili-
brium had been recached, the magnitude of the polari-
sation phenomena was of the same order in both

types of cell,

e) Nature of the Polarisstion Phconomena

The pozsgible couses of polarisation could be
s0lid electrolyte tube permeability, elccitronic
conduction or a combination of both. The better
behaviour of the zas cell sugzested that electronic
contribution to the conductivity of the zirconia
tubes was the most likely cause of the ohserved
polarisation phenomens. This idea was suvported
by Roberts studies of oxyzen permeability through
zirconia stabilised oxidé solutions(45> (Section
I.3. 1,4)., Howover, previous Work(lo)(lg) on
cells of the type:

Ni-Wi0/s0lid electrolyte/Cu,[0]
inert atmos-
phere) .

wnere an inert atmosphere was maintained over the
ligquid copper, aprcsared to show that polarisation
of the Ni-Ni0 was not observed during measurements,
Unfortunately the lack of experimentzal details
made it difficult to draw eny conclusicas about
the behaviour of thé cells, but if it was assuned

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 liguid copper
electrode was certeinly an important factor in the
polarisation process., A few experiments were done
30 try to cla®ify this rather confused point,

The first series of experiments with the
liguid conper cell consisted of two coulometric
titrations, followed by observation of the emf as a
function of time, to study the influence of the gas
phese on the polarisation process of the cell, In
one experiment the COE/CO nixture was kept bubbling
through the wmolten copper all the time, In the
other experiment the 002/00 atmosphere was rew
placed by argon coming from the bottom of the
reaction tube as soon as the applied voltage was
remnoved, The flow of argon was high in the first
three minutes (about 500 cc/min) to sweep out of
the cell the OOZ/CO 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 enf decay curves for both experi-
ments are shown in PFig. II1.14. Practically no

difference was observed. It is difficult, however,
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to say how effectively the argon changed the 002/00
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 proportion=al
to the resistance of the electrolyte. In practice,
the actual magnitude of this current will glso
depend upon the elzctrode kinetics which will
determine the rate of oxygen 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 & dependance of the polarisation
phenomena upon the regsistance 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 anothexr solid electrolyte with a
high resistivity (i.e. a thoriz based oxide solu-
tion) between the zire nia tube znd the nmolten
conper. The following cell was bullt:

Pt,Ni-’\TiO/Zr02.YOl".s/ThOZ.YOl. 5/Cu, (002+co) ,cernet,Pt
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The céll arrengement is shown in Fig., 111,15,
A flat end ZrOZ‘YOl.5 tube was preszed azainst the
_bottom of a ThO, 10 mole % YO, . crucible whose
dimensions werc 12 mm i,d., 15 mm o.d., 10 mm height
and 1.5 mm. wall thickness. The resistivity of
the ThO, 10 mole % Y0, 5 electrolyte is about 25
times bigger than the resistivity of the Zr02.9w{
mole% Y0, 5+ The alumina tube carrying the 002/00
zas could not be brought down the bottom of the
alumina crucible due to the considerable space -
occupied by the ’.131”102.3(01_5 crucible., Otherwise the
cell was just like any other liguid copper cell”
used previously,

The cell was taken to 1100°C under argon and
then a Cogéb mixture 1228/1 was passed through the
cell, Nearly 36 hours were necessary to reach a
steady enf of 163 mV which was 23 mV lower than
the calculated emf df 186 mV, It was evident that
the Ni-NiO electrode was again polarised even
thouzh the magnitude of the polarisation was less
than in an ordinary cell where emf obs - emf

calc was about 40 mV The cell was

3 P SR Y " N

The crucible had heen 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
nuV after 24 hours)., A coulometric titration was
done to comware the emf decay curve of the cell
with those of the simple zirconia cells. The dew-
tails of the experiment are given in Table III.9
and the emf decay curve, together with two selected
emf decay curves of the zirconia cellsg, is shown

in Pig. III,16,

The improvement in the behaviour of the cell
with the fl?hoz.,')‘.'ol'5 electrolyte was not substential
Several reservations have to be dine with respect
to the experiment itself. It would have been
desirable to have ncreased the resigtance many
more times (100 or 1000). Furthermore, the be-
haviour of the ThOz.YOl.5 electrolyte in the
oxidizing conditions of the experiment (002/00 =

P "6‘22) was unknovwm.

1228/1 correspondinz to 0, = 10
It is possible that its additional resistance has
been offset by a significant electronic conduction
(see Fig. I.3). On the other hand a high ozygen
chemical potentisl in the copper electrode was
necesscary 1if any change in tie polarisation
phenomena was to bhe observed,

A further atteunpt was nade to study the
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TABLE 1III,9

Decay of the Ni-}!e’iO/Zrog.YOl' 5/tt'hoz.YoLS/Cu,(co2
+ C0) cell emf, after coulometric titration with
a current of m5gO)AA/cm2 passed during 2 min.
(Tempt., 1100°C) 2/C0 = 1228/1; calculated

equilibrium emf = 186 mV

Time (min) enf (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 ZrOz.YO tube was

1.5

coated with a paste of ThO, 2 mole % YO The

1.5°
ThOZ.YOL5 layer was 1 to 1,5 mm thick. This

layer should have increased the resistance of the
s0l1id electrolyte tube about 100 times., Unfortuna-
tely the ‘Z.rOz.YOL5 tube became porous during
sintering of the ThOZ.YOl.5 coat (2000°C in vacuum)
and finally cracked.

The two experimenis 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. III.1l7a,

If the so0lid 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 lcft 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
oxyzen pressure corresponding to the reaction:

Wi + %—02(@) = Ni0
cannot be nmaintained. A layer of Ni0O forms on
the surface of the pellet and after a while the
situation in the cell may'be represented by PFlig.
I11.17, b,

It is difficult to make & more quantitative
approach to the polarisation problem with the
information available., An idea of the magnitude
of the resultant internal ’shbrt»cirouiting'
current can be obtained making the following
assumptions: i) The electronic contribution to
conductivity in the sdlid glectrolyte is of the
order indicated in Chapter I (i.e. 0.5% of the
total ionic conductivity);ii) The resistivity

of the Zr0,,9 = mole % YO and Zr0,.,15 mole %

1.5
Ca0 materials is given by Fig. 1.2 (i.e. about

20 ohm cm in hoth cases). Assuming that the
transfer of oxyzen across the electrode/electrolyte
interface at the hizh oxyzen chemicazl potential
electrode is not rate determining, then it follows

that the 'short-circiiting! current varies from

400-50Q}Ume2 at the maximum enf's found (i.e.
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180-200 mV)., Even if it is accepted that 0.5%

for the electronic conductivity'is o maximum, the
'short-circuiting' currents may thus be big enough
to produce polarisation of the Ni-NiO peliet. As

alresdy said in Section I.4 currents of 10 A/cm2

(15)

have been found to polarise HNi-Ni0 electrodes

£)  Experiments a2t 1200°C

Results for one cell, with a ZrOz.CaO solid
electrolyte, are shown in Table III.10. he
genefal 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 oOr
less evident af the highef temperature. Small
differences between the cells at 1100° and 1200°C
could be attributed to differences in the solid
electrolyte tubes and Wi-Ni0 pellets used. The
important fact is that significant polariéation
occurred again when big differences in the oxygen
chemical potential at the electrodes were ezt=-
ablisb?d,

Covlometric titrations were performed using
the cell in the experimental cocundition corresponding
to experiments 4 and 5 of Table ITI,10. The
results show that the emf decay at 1200°C was faster

than at 1100°C if similar titration currents and



TABLE TT11,10

. Observed emf's at 1200°C for the cell
Pt, Wi-Ni0/Zr0,.Y0, 541992jcqj, cu(l), cermet, Pt

Exp.lo. COZ/CO fatio [0lwt% in copner® emf obs(mv)=1% enf calc(mv)=imy
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 0.3%86 181 | 202
5 296/1 0.117 120 127"

~LZT~

¥ QCalculated from Young 2nd Tomlinson's solubility results(58) (see Table III.2)

*¥  Bquilibrium approached by reduction of [O] in copoper.

Note: The times necessary for equilibrium werec of the same order of magnitude
of those observed at 1100°C,
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times werc employed(see Fig., III,18). These re-
sults tend to contradict the observation that the
nagnitude of the polarisation process was not worse
at 1200°C than at 1100°C and indicate that the whole
problem of elacircde kinetice and electrolyte proper-
ties needs very csreful consideration 1f better
understanding of these phenomens is desired,

III.3.2 Cells with Pt, 0, as refersence slectrode

a) Results at 1100° and 1200°C

One cell, with ZrOZ.CaO as sclid electrolyte,
was operated using a gas clectrode (i.e. Pt, pure
oxyzen at atmospheric pressure) as a reference
electrode., The difference in oxyzen partial
pressures betwoeen the elzctroies and consecuently
the enf's developzd in this case would be wmuch
larger than when ¥i-i0 was used as reference,
Oxyzen tranafer under thesze conditions would be
from the gaseous oxyzen towards the copper elec-
trode and thus any polarisation would be expected
to depend upon the kinetics of the Cu(l),(002+co)
electrode,

The results at 1100° and 1200°C are shown
in Table IITI.11., Good azreement was found between
the observed and calculated enf's. However, the

trend was for the obgerved emf's $o be lower than
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Temp®C Exp

‘ PtJOp(Patm)/Zrog.CaO/(CQQiQQ),Cu(l),cermetJPt .

TABLE TITT,11

Observed emf's for the cell

€05 /60 ratio

emf obs(mv)<1%

enf calc(mv)iimy

1100° 1%%
D% ¥
3**
1200° %%

5**

* Calculated from Young and Tomlinson's results..[O]wt% for experiments % and 4 have
been calculated from their exverimental log P

IIT. 21..

*%* Copper samples taken for oxygen analysis.

87/1
472/1
1180/1
960/1
93/1

[0]wt% in copper*

0.010
0,057
0.149
0,420
0.037

577
476
420
360
509

Results reported in section III.3,3

580
480
425
364
512

-oit-

COz/PCOX[O]wt% values as given in TFig,
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the theoretical emf's, but this could not be
attributed to polarisation. In fact currents of
about 1OQMA/cm2 were pagsed for 1 and 2 minutes
in both directions and the emf came back rapidly
to the equlllbrlum value,

If the molten correr was left under purified
argon, interrupting the co2/CO mixture flow, for
a long tiwe,the emf decreased. This phenomena
indicated that oxygen transfer from the hizgh to
the low oxygzen partial pressure 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
emf's were read and samnles of copper taken at the
beginning and end of the experiment. Table III,12

containg the details of this experiment,
TABLE 111,12

Oxygzen transfer through the electrolyte in
the cell Pt, cermet,Culd), G0 +co3/z:co,,.cacy
0, (Patu), BY, 5t 1100%¢

Weight of emf(mv) et T0d in equi~
Copper(s) = 1% E_?}_XE_ valents
Initial 42.83 515 0.0285 0.00153

Final

39,61 482 0.0479  0,00237
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Thie totsl number of oxysen equivalents passed in
13 hours was 0,00084, which correspond to a constant
current of about 1700/1A/cm2. I the oxygen transfer
were only due to electreonic conduction the magnitude
of this calculated current is 0,7% of the total
conductivity, which is not very far frowm the figure
given by various authors,

. . n Co
b) Kinetics of oxyeen transfer from the 2/G0
Mixture to the metal

During experiments with this cell a constant

o n T e e + 002 - - 1
regular bubbling of the 7. /C0 gas mixture through
the molten metal was obscrved., It was decided
then to make readings of the =mf ag a function

of time to get s me inform

g_v)

tion 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 III.13 and III.14,.
The oxygen transfer to the metsl from the

zas phase mey be either gasymetal or chemically

controlled. The following expressions have been

derived for each one of these oases:(63)

‘

i) Gas-controlled Oxygen Transfer

The tranzfer of oxysen nay be represeinied by

the equation
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TABLE IIT.13

Oxysen transfer to molten cepner (1100°C)
from a CO2/CO zas mixture = 1180/, (Gas

flowrate = 340 °/min)

Time (min) enf (mv) £1% [o)wtz *

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%
585 ,, 427 0.145
equil 420 0.165
* [0] wt% calculated from $he emnf's uging Young

and Tomlinson values for log ~CO02/Fcox[0] wt %,
Samples of copper werc 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

mown., Equilibrium wes reached overnight.
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TABLE TIT.14

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

Time (min) emf (mv) & 1% [0] wt.%*

0 418 0.165
30 408 0.195
55 403 ~0.212
75 398 0.231
90 395 0.24%

120 391 0.261

140 | 388 0.277

180 384 0.294

295 374 0.350

375 57 | 0.371

equil. ** 360 0.452

*[0] wt.% calculated from the emf's using Youngz and
Tomlinson values for log PCOE/PCO [0] wt.%. Samples
of copper were taken at the beginning and end of the
experiment. The oxygen contents were 0,160 and
0.468 wt.% respectively.

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



CO, == CO + [o]Cu (II11,12)

If the rate of oxygen transfer to the metal
Ig considered to be controlled by the rate of
removal of CO formed at the meval surfoce then a
mags transfer eouation may be written as:

dn _ W 4[o] _ ki [Pno P
at -~ T600 Tdt RT b ““Surface

CoBulk]

(III1.13)
where dn/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,

[O] is the weight pervcent oxyzen dissolved in the
metal, k is the mass transfer coefficient (cm/sec),
A is the area of the specinen (cme), P is the
pressure of GO (atmospheres) and R is 82°+°* atm/
degree mole,

Equation III,13 may be integrated after some
transformations, between the limits [O]O when
t = 0 and [O]t at time t, The integrated form is

given by:

[ol,, - [0]
- « 1n ~-—-24 5 -
[0)gq* 1 fol.,, - (o], (foli-[ol))
_ 1600 k A t tcog
RTW

(I11.14)



ii) Metal-controlled Oxyren Transfer

If it is assumed that the surface of the
netal specimén ig in equilibrium with the bulk
of the gas at all times =nd that the diffusion
of oxygen into the metal is rate controlling

(netal phase control) the mass transfer equation

becomes
an _ _W_ galo] Dec _ _
T - 1600 ot = - (II1.15)
where
n - gram atoms oxygen _ 0 S
v Voiume metal = %3%6 (III.16)

and S is the density of the metal,
If ITI.15 is integrated between [O}

[O]t’ the following expression *s obtaineds:
Jboleg - Tody  xadys

[o] S ol W (ITT.17)

s giii) Chemical-controlled Oxygen Transfer

If the rate of oxygen transfer represented
by reaction IIT.,12 is considered to be chemically
controlled, a chemical rate equation may be
written as followss

an - _W_ g[o] _
3t T~ 600 4t T & P00 A -k, Pgo A Ny

(I11.18)
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where NO is the atom frazction of oxysen dissolved

in the metal

The integration of III.18 bvetween the limits
[O]O and [O]t gives:
[0l mlody 2600k, & p

n ~ <t
[o]eq - [o]O VK

(610]

(I11.19)

The data of Tables III,13 and III,14 have
been used to invesgtigate which of these three
alternatives apply in the present cage¥*, Plots
of-1n ([O]eq - [d]t)/([o]eq - [o]o) against time
produced good straight lines (Figs. III.19 and
III.20). Plots of -»{[o]eq 1n ([o]eq- [014)/
([o]eq-[o]o) - ([O]t-[O]O)Bagainst time failed to
give streight lines, Considering that during
these experiments the metal was subjected to
strong stirring, it appears that oxygen transfer
to the metal from a CO2/CO mixture is a first order

chemical controlled process,which is in perfect

The error introduced in these calculations by
any oxyzen transferred from the pure oxyzen
electrode to the molten copper during these
experimnents 1s less than 10% and has been
neglected because of the impossibility of a
correct estimate under dynamic conditions,
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agreement with results obtained by levitation of
copper drops in CO2/CO gas streems(63).

I1T.%3.3 Oxygen Solubility in Molten Copper

4 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 ©

COE/PCO x atom % [O]
are given in Table III, 15 and Fig.II1T,.,21. The small
number of samples do not permit any firm conclusions
to be drawn about the liguid Cu-Oxygen equil, but it
appears from Fig.ITT1.21 that the results confirm Young
and Tomlinson's(58> reported data. The values of
these authors for the mentioned equilibrium seem %o
be reliable and the best at present available.

Further discussion on the liquid oxygen system

is given in the appendix.

ITT.4 Previous Measurements of Oxygen in Molten
Copper with Solid Electrolyte Galvanic Cells

411 the previous work done with solid electro-
lyte galvanic cells for measuring oxygen in molten
copper has been summarised in Table III.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 ITII.15
Experimental results for the equ%librium:

. Yoos
co(g) + [0]y, =€Co,(g) K =3

CO x atom %[0]

1100°C
Tixp. No. €0,/00 [0] wt.% Atom %[0] log K
1(Table III.11) 87/1 0.0109 0.0433 3.303
2(Teble ITI.A1) 492/ 0.0588 0.2329 3,307
3(Table III.11) 1180/ 0.160 0.6319 3,271
Sample 1
(Table III.12) 261/1* 0.0285 0.1130 3.364 :
Semple 2 S
(Table ITI.12) 456,/1* 0.0479 0.1899 3,380 >
1200°C
4(Tsble III.11) 960/ 0.468 1.8%2 2.720
5(Talle III.11) 9% /1 0.0%46 0.1%71 - 2.832
3(Table III.10) 161/ 0.055% 0.2193 2.866
5(Table III.10) 296/1 0.1327 0.5249 2.751
4(Table ITI.N0) 979/ 0.512 2.0025 2.689

*COE/CO ratios calculated from the observed emf's. Experiments actually
done under argon.
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TABLE ITI,1lh

Previous investigation with a cell of the type
Reference - Contact

cul0]/s01id electrolyte/reference electrode

Techﬁigue

(12)

. Reference Temp, °C
ra. Addition of copper
(8) 1100°-1300°  \1ide 4o Cu(l) in
inert gas atm.
(9) 1150° n
(10) 1145° "
(11) 1100°=-1420° "
1100°~1200° "

Solid Electrolyte Eleectrode Electrode
ZrO2.MgO Air,Pt #Cr203
ZrOZ.CaO Air,Pt Molyhderum
. ars Cermet
Zr02.MgO Ni-NiO (not spec-
ified) N
-
Stabilised ZrO0 Air,Pt Pt ks
(not specifiedg
ZrOz.CaO Ni-NiO Ta
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Considering ﬁhe results of the present work,
cells with a gaseous electrode(s)(g)(qq) (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-
briun C0(g) + [0]n, = CO,(g) (see Fig.III.3)
suggest lower emf's than expected for the correspond-
ing oxygen contents in the metal. Fischer and
Ackermann(qq) dip the solid electrolyte in the coprper
only at the time of making a measurement, Their
results for the oxygen liguid 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-NiO

as a reference electrode(qo)(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)

(61)

and Sano and Sakao's results. If gas permeability

of the so0lid 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 thecause of the polarisation

has not becen definitely established.

II1.5 Genersal 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 elsctrodes
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 COE/CO gas mixture. It was esteblished

that the process is chenically controlled confirmin
¢ v g

*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 dome with a levi-
tation technique. These results sre the clearest
demonstration of the rapidity of response of the
cell to any change of the oxygen content in the molten
metal.

Cells using Hi-NiO as a reference elesctrode
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 gll 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 éiectrolytes (i.ev
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 techrological
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
BEHAVIQUR OF 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 %02=[0]
at 1 atom percent concentration, and the
heats of formation of the oxides from O2 gas
per oxygen atom at 25°C,

Oxygen in silver obeys Henry's law even
above 1 atm. 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 (e)

0.3 wt%h, If this was the case the activity

(a) Reference'(SB) in the text
(b) Reference (62) in the text
(c) Reference (12) in the text



Solvent

Silver
Copper
Nickel

Cobalt
Iron
Tead

Tin

TABLE A

Behaviour of Oxygen in Elementary Metals

AG® (cal

-20,650+1,9T
~-12,030-4.7T

~14,840-4.8T
~27,980~3,1T
~28,540-3, 4T
~43,870-6.6T

Reference

This Work
Young & Tomlinson(a>
Tankins, G?kgen and
Beltonld

Chipman & Floriais (&)

Alcock & Belford (e)
14 " (f)

AH°f25°Cin cal/mole for oxide

(h)

(4g,0)
(Cu20)
(Ni0)

(Co0)
(Fe0)
(Pb0O)
(8no)

(n) Xubaschewski, O and Evans, E.Ll. 'Metallurgical Thermochemistry,

Pergamon Press (1958).

7,300
40,000
57,500

57,100
63,200
52, 400
68, 400

Third Edition
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coefficient of oxyzen 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(d) 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 £, = ~0.20[ 0] wt%
Tankins, Gokcen and Belton(d) have found Hénrian
behaviour for oxygen in molten iron up to 0.20
[0] wi. |
The principal fact is that in all these

cases there is a negative deviation from ideality.

(4) mTankins, E.S., Gokcen, N.A, and Belton G.R:
Trans. AINE, 230, (1964), 820-827.

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

(f) Belford T.W. and Alcock C.B: Ibid., 61, (1965)
443-453,

(g) Ploridis, T.P. and Chipman, J: Trans AINE
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 soluticen 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 imdication of a preference for [0]-M
bonds compared to M-M or [O]-[O] 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 cdmposition
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.
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