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CHAPTER 1

GENERAL INTRODUCTION

The all crystalline inorganic compounds are

(1)

compounds may be described in terms of isolated point

inherently non-stoichiometric Stoichiometric
defects, such as interstitial ions or vacancies in the
lattice, and much is known regarding their effects on
the electrical properties. An important system in whict
large deviations from stoichiometry determines the
properties of materials is calcia-stabilized zirconia.
The electrochemical measurement of oxygen potential in
the present study is based on the conduction of oxygen

ion in the calcia-stabilized zirconia.

ZrO2 is stable in the monoclinic structure at room

(2)

temperature and is transformed into a tetragonal
form at about 1323 K being accompanied by a volume
contraction amounting 9 %. This undesirable thermal
contraction can be eliminated by the addition of
bivalent or trivalent oxides into the pure ZrO2 and it

(3)

will be expected that ZrO, have cubic structure .

2
The added oxide for this object and ZrO2 thus treated
are called a stabilizer and a stabilized zirocnia,

respectively. The phase diagram of the system CaO-—ZrO2



shows that this system has cubic structure in some

composition and temperature range, indicating that CaO
(4-8)
5 .

case, chemical defects are necessary in order to

can form a solid solution with ZrO In this
preserve electrical neutrality in the solid solution.
The probable structure model in such a case is an
oxygen vacancy model : all metal ions being fixed at
the normal lattice points. The validity of this mc
was experimentally demonstrated by Hund(g) by comparinc
the calculated density based on this model with that

obtained by pychnometric measurement.

The existence of the oxygen-ion vacancy suggests
the appearance of oxygen-ion conduction by vacancy
mechanism in these solid solutions. It has been
recognized that ionic conduction in calcia-stabilized
zirconia is mainly due to oxygen-ion and the
contribution of cationic conduction is negligibly

small(lo—lB).

However, the electronic conduction in calcia-
stabilized zirconia can not be neglected in some cases.
The introduction of electronic defects into the

electrolyte structure can be described as



0,(g9) + 2Vv" = 20 + 4h7, [1]

N
O
I

+ V" 4+ 4e', [2]
o 02(9) o

where Vé' is an oxygen-ion vac?ncy in normal site
occupation with "plus" two charge relative to normal
lattice site, OO is an oxygen ion on an oxygen site,

h® is a positive hole, and e' is an excess electron(l4z
The concentration of the excess electron and positive
hole must be affected by the surrounding oxygen partial
pressure. When these concentrations are low and the
interaction between the species in egs.[1l] and [2] is

negligible, the application of mass action law to egs.

[1] and [2] yields in terms of concentration instead of

activities;
21he 1 4
[0,12[h"]
= K ’ [3]
« o712 h
V12 2o, )
12 114
P02 (vi"1¢ [le']
= K [4]
2 r

[0,]

where Kh and Ke are the equilibrium constants for the

reactions [1l] and [2], respectively.



The P021/4 and Poz—l/4 dependencies for the p-

type and n-type electronic conductivity, O‘é and Cré,

would be expected from egs.[3] and [4], respectively

= a P ' [5]
Je Ce Fo,
: _ 1/4 t
Co T o, ‘ 6
where Cré and Crg are the p-type and n-type
electronic conductivities at PO = 1 atm, respectively.
2

The total conductivity of mixed conductor is the
sum of the partial conductivities of ions, excess

electron and positive hole, and hence

0:: - CT_ion * CT; + CTg ) (7]

From the definition of transference number it follows

that

tion = - [8]

Eq.[8] may be expressed in terms of the oxygen partial



pressure. If the specific values of P02 at which the

ionic conductivity of the electrolyte equals to the p-

type and n-type electronic conductivities are

(15,16)

designated by P, and P respectively , the

® e’

introduction of egs.[5] and [6] into eq.[8] gives

-1/4
ton = L1+ D+ D 0. (9]

A solid galvanic cell consists of solid-oxide
electrolyte separating two electrode compartments with

definite oxygen partial pressure, sz and Psz. Two

metal electrodes are in contact with the interfaces of

the electrolyte. Such cell is represented by

metallic lead/Pé /Zroz(CaO)/Pa / metallic lead .
2 2

(

Wagner 17) has derived a general formula for the e.m.f.
of the galvanic cell with electrolyte that exhibits

mixed ionic and electronic conduction;

1n P62

E = i tion d(1ln PO

). [10]



The introduction of eq.[9] into [10], followed by

integration,gives(ls’l6)

P 1/4 + P 1/4 p 1/4 + P6.1/4
E=B [ 1n_® 2, 18 2
F p 1/4 + pn 1/4 p 1/4 + p! 1/4
® 02 e 0,
[11]
Patterson(lS) has made a comprehensive survey of

the literature concerning the conduction properties of
ZrOz—CaO and other electrolytes and has provided
estimates for the limits of the electrolytic domain in
which the ionic conductivitiy is larger than the p-type
and n-type electronic conductivities. The results of
his assesment are shown in Fig.l.l. As shown in this
figure, the contribution of p-type electronic
conduction in usual metallurgical experiments is
negligible, whereas the n-type electronic conduction

should significantly affect the measured e.m.f. of the

solid galvanic cell as discussed in the latter section.

The present paper consists of four chapters
including chapter 1. The chapter 2 describes the
electrochemical measurement of standard free energies

of formation of NiO, CoO and MoOZ. The chapter 3
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includes the electrochemical measurement of oxygen in
1iquid iron, nickel and iron-nickel alloys. The inter-
action parameters for oxygen in these melts were deter-
mined by means of solid-oxide galvanic cell. In
chapter 4, oxygen permeability of solid-oxide

electrolyte will be mainly described.
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CHAPTER 2
ELECTROCHEMICAL MEASUREMENTS OF STANDARD FREE

ENERGIES OF FORMATION OF NiO, CoO and MoO,

2.1 Introduction

The Ni-NiO, Co-CoO and Mo-MoO, systems are of

2
importance because they are considered for reference
electrodes of solid-oxide galvanic cell, by which
dissolved oxygen in liquid metals such as Cu, Ni, Co
and Fe can be electrochemically measured. However,
calculation of equilibrium oxygen potential in these
systems at high temperature is often handicapped by the
lack of reliable thermodynamic data on free energies.
The standard free energies of formation of these oxides
have been calculated from enthalpies and heat
capacities measured by calorimeter or from gas-metal
equilibrium measurements. Quite often the high-
temperature heat capacities are obtained by extra-
polation from lower temperature or are estimated
using semi-empirical rules. Calculations based on
carolimetric data or gas-metal equilibrium measurements

include rather wide error limits of free energies. For
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example, the free energies of formation of NiO, CoO
and MoO2 given by Kubaschewski et al&l) have an
estimated uncertainty of + 4.2, + 4.2 and + 12.6 kJ

mol—oxide-l, respectively.

A solid-oxide galavanic cell can be used for the
determination of standard free energies of formation of
these oxides with a higher degree of accuracy. The
pioneering work of Kiukkola and Wagner<2) has
demonstrated the usefulness of calcia-stabilized
zirconia as solid electrolyte. The cells used in the

present study are

cell(I) Pt/air/Zr02(CaO)/Ni—NiO/Pt,

cell (II) Pt/Ni—NiO/ZrOz(CaO)/ZrOZ(CaO) powder/
Co-Co0O/Pt,

cell (Im) Pt/Co—CoO/ZrOz(CaO) powder/ZrO2(CaO)/
MO-MOOz/Pt,

cell(IV) Pt/air/Zr02(CaO)/Mo—MoOz/Mo.

Since the contribution of electronic conduction
is negligible in the present experimental condition(3z
the e.m.f.'s of cell(I), (II), (Im@X)and (IV) are given

by
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E(I) = [RT 1n 0.2093 - 2AG°(NiO) ] / 4F,[1]
E(II) = [AG°(Nio) - AGe(co0) 1 / 2F , [2]
B(m) = [ 24c°(co0) - AG°mMo0,) 1 / 4F ,[3]

E(IV) = [RT 1ln 0.2093 - AG°(M002) 1 / AF

- E(t) , o [4]

where E(I), E(II), E(II) and E(IV) are electromotive
force of the cells(I), (II), (II) and (IV), respectively,
R is the gas constant, T is temperature, F is the
Faraday constant, E(t) is the thermoelectromotive force
between Pt and Mo, and AG° (Nio), 4G°(Co0) and

Yi| G°(M002) are the standard free energies of formation

of NiO, CoO and MoO respectively.

2!

2.2 Experimental

2.2.1 Solid Electrolyte

The solid-oxide electrolyte used was a tubular

zirconia, stabilized by 11 mol% of Ca0O and commercially



available form Nippon Chemical Ceramics Co Ltd. The
tube can be described as having one closed end, an ID
of 9 mm, an OD of 13 mm and a length of 100 mm or 500
mm. All tubes were previously checked forigastightnes
at room temperature. The chemical composition and mai
physical properties of the zirconia tube are listed in

TABLE 1.

2.2.2 Materials

The molybdenum <dioxide was obtained as an

intermediate product of hydrogen reduction of MoO3 of

99.42 wt% purity. The major impurities in resulting
MoO2 powder are 0.17 wt% N.V.R., 0.015 wt$ Fe, 0.002

wt? Cu, and a slight amount of MoO Molybdenum powde:

3°
of 99.5 wt% purity was thoroughly mixed with MoO2
powder in about 4:1 volume ratio. Prior to the
experiments, these mixtures were put in a silica
tube, heated in vacuum at 1373 K for 24 hrs, and

quenched in water. X-ray analysis of the resulting

powder mixture indicated only Mo + MoO Other

2

materials were supplied from Nakarai Chemical Co. Ltd.



TABLE 1 The Chemical composition and physical

Properties of calcia-stabilized zirconia

8102 T102 A1203 Fezo3 Cao
1.50%* 0.14* 0.46 % 0.17* 5.80%*
2 ¢ 4 0 e
1.58 0.24 0.71 0.20 5.93

Mgo Na30 K,0 Zro,
0.67* tr tr 90.98*
l ! ?
0.92 0.02 91.62
Apparent specific gravity = 5.39
Bulk specific gravity = 5.36~5.39
Apparent porosity = approximately
0~0.6 %

* wt pct.
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2.2.3 Experimental Apparatus and Procedure

a. Cells(I) and (IV)

The schematic diagram of cells(I) and (IV) is shown
in Fig. 2.1. A tubular zirconia of 500 mm long was used
for these cells as electrolyte. A platinum gauze was
sintered on the outer bottom of the tube by means of
platinum black at 1273 K for 48 hrs. A Pt-PtRhl3
thermocouple was spot-welded on the platinum gauze and
the Pt wire of the couple was used as electrical lead
to the outer electrode. A 4:1 volure ratio of powder mixture
of Mo-1o0, or Ni-NiO was tightly packed in the zirconia tube with
a small amount of water and/or methyl alcohol as binder.
Electrical leads to Mo—MoO2 and Ni-NiO electrodes were
accémplished by Mo wire and Pt wire, respectively. The
inner electrode was tightly pressed against the inner
bottom of the zirconia tube by means of a metal spring
between an alumina pushing-rod and the top of the

zirconia tube as shown in Fig.2.1.

The assembled cell was first evacuated in order to
remove methyl alcohol and water, heated very slowly to
avoid thermal cracking of the zirconia tube in a SiC
resistance furnace having a homogeneous temperature

zone of 80 mm long within + 1 K, and then purified



Pt lead wire

—E — for cell(I)
— T — Mo tead wire
L—W for cell(1IV)
Spring > ° 3
L/E/ 3
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(Ar inlet ) p:
N
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=1 -
Pt-PtRh13
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NLEASR Mo-00,
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T el B AR . .
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ADTIERS l CEPPEOG for cell (I)

Fig.2.1 Schematic diagram of cells(I) and (IV)
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argon was led into the zirconia tube. The
purification train for argon consisted of silica-gel,
phosphorous pentoxide and magnesium chips kept at 723 K.
During the e.m.f. measurements at 973 to 1723 K for cell
(I), and at 1273 to 1883 K for cell(IV), the inside of
the zirconia tube was filled with purified argon whose
pressure was 6670 Pa on gauge higher than the atmospheric
pressure. Temperature was measured by Pt-PtRh1l3
thermocouple, and controled within + 1 K by using a
saturable reactor. Prior to the measurements of e.m.f,

’

thermoelectromotive force between Mo and Pt was measured at the

same condition as the e.m.f. measurements. The e.m.f.

was measured by digital voltmeter with an internal
impedance of 108 ohm. Reproducibilities and
reversibilities of cell potential were gecnerally
inferred from the high linearity between e.m.f. and
temperature which was not affectd by temperature
cycling. Further check of reversibilities of the cell
was made by passing a small external current in either
direction for a few seconds. 1In each case, the e.m.f.
was found to return to the original value. To avoid
induction noise from the furnace, the electric current
for the furnace was momentarily disconnected without ..

any change of temperature. 1In all cases, the cell

potentials were confirmed to be unaffected by induction



noise.

b. Cells (m) and (II)

The schematic diagram of cells (II) and (II) 1is
shown in Fig. 2.2. The cell consists of two half cell
compartments separated by the zirconia tube of 100 mm
long. The inner electrode compartment contains a 4:1
volume ratio of powder mixture of Mo—M002 or Ni-NiO
which was tightly packed in the solid electrolyte tube
with a small amount of water and/or methyl alcohol as
binder.

The alumina crucible of outer electrode compartment

contains Co-CoO powder mixture in 4:1 volume ratio which
is contacted with zirconia tube via a layer of calcia-
stabilized zirconia powder having a thickness of 3 to 5
mm. The zirconia tube was cemented to the alumina
crucible by zirconia cement, by which the outer electrode
compartment was sealed from furnace atmosphere. The
zirconia tube was tightly pressed against the outer
electrode by means of a metal spring between alumina
pushing=rod and the top of the furnace. Platinum wire
of 0.5 mm dia. was used as lead wires to both electrodes.
The experimental procedure for cells(II) and (II) was

similar to that for cells(I )and (IVY.
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V. to vaccum(Ar inlet)

Vaccum rubber tube

Spring

—
I r 8‘————Coolmg water

7 Alumina sheath
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Zirconia cement
Alumina crucible
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Ni-NiO or Mo-MoO;
Co-CoO

Alumina reaction tube
H Magnesia supportig tube
|

|

RS ST S
T LI ITOITTTIIRIT

=~ ——S5/C resistanse furnace

Fig. 2.2 Schematic diagram of cells (I) and (TI).
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Cells in which Co-CoO powder mixture was directly
contacted with the zirconia tube were used in several
initial experimental runs. In this case, however, an
experimental difficulty was experienced. The e.m.f of
the cell in this type dropped sieadily after it was held
above 1623 K for an extended period of time (about 3
to 5 hrs), and after experiments the penetration of a
bluish layer from outer electrode (Co-CoO) to the inner

electrode (Mo-MoO, or Ni-NiO) through the solid electro-

2
lyte was observed. The phases present in the bluish
layer were examined by X-ray diffraction, and only cubic
Zr02, Co and CoO were identified. Though the zirconia
tubes were of high density and were impervious at room
temperature, they may become slightly porous at
experimental temperature, and Co and/or CoO may diffuse
to the outer electrode compartment through micropores
without any chemical reactions. For this reason, the
layer of zirconia powder, which would delay the
penetration of Co and/or CoO from the outer electrode,
was applied to cells(II) and (II)in order to overcome the
above mentioned experimental difficulty. Thus the
e.m.f.'s of cells(II) and (II) could be reversibly
measured - over 30 hrs above 1623 K. However

prolonged e.m.f. measurements above 1623 K over 40 hrs

were impossible because the penetration of Co and/or
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CoO reached to the inner electrode compartment.

2.3 Results and Discussion

2.3.1 Standard Free Energy of Formation of Nickel

Oxide

The e.m.f.'s of cell (I) are shown in Fig.2.3. By
using the least squares method, the line in this figure

was represented as

E(I)/mV = 1195 - 0.463 (T/K) + 1.8 [4]

from 973 to 1723 K.

The standard deviations of the coefficients
in this equation are, respectively, + 0.9 mV and
+ 0.0007 mV K_l. Introduction of eqg.[4] into [1]
yields
A G° (Ni0) /kJ mol-Nio b = - 230.7 + 0.008489 (T/K)
+ 0.4 (5]

from 973 to 1723 K.
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2.3.2 Standard Free Energy of Formation of Cobalt

Oxide

The cell voltage, E(II), for cell(II) was measured
in the temperature range from 1478 to 1717 K. The
results are shown in Fig.2.4. The equation for the
line in this figure as determined by the method of

least squares is

E(II)/mv = - 7,2 + 0.0755 (T/K) + 0.4 [6]

from 1473 to 1723 K.

The standard deviations of the coefficients
in this equation are, respectively, + 0.3 mV and
+ 0.0002 mv K_l. Introduction of egs.[5] and [6] into
eq. [2] yields
A G®(Co0) /kJ mol-Co0 ' = - 229.0 + 0.06832 (T/K)
+ 0.4

from 1473 to 1723 K.
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2.3.3 Standard Free Energy of Formation of

Molybdenum Dioxide

The cell voltage, E(II), for cell (II) was measured
in the temperature range from 1528 to 1716 K.. The
results are shown in Fig.2.5. The least squares method

gave an equation for the line in this figure)

E(II)/mV = 238.1 - 0.0445 (T/K) ¢ 0.6 [8]

from 1523 to 1723 K.

The standard deviations of the coefficients
in eq.[8] are, respectively, #* 0.8 mV and + 0.0072 nﬂ’K—l
Introduction of egs.[7] and [8] into eq.[3] yields
A G° (M00,) /kJ mol-MoOZ_l = - 549.9 + 0.1538 (T/K)
+ 0.9 . - [9]

from1523 to 1723 K.

The cell voltage, E(IV), for cell (IV) was measured
in the temperature range from 1213 to 1823 K. In the
case of cell(IV), the time necessary to attain a steady
e.m.f. at a constant temperature was quite short. The
results are shown in Fig.2.6, where the black points

indicate the e.m.f. values measured in equilibrium and
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the blank circles indicate those obtained on heatingor on
cooling. Although the relationship between e.m.f. and
temperature can be shown as slightly curved line in the
range of temperature from 1213 to 1823 K, the e.m.f.'s
obtained in thermodynamic equilibrium will be
represented as a straight line in the limited range of

temperature by using the least squares method;

E(IV)/mV = 1515 - 0.512 (T/K) + 0.8 [10]
from 1273 to 1723 K
E(IV)/mV = 1342 - 0.410 (T/K) + 0.4 [11]

from 1723 to 1923 K.

The standard deviations of these coefficients in egs.

[10] and [11] are + 3 mV and + 0.004 mvV X ' for

eq. [10}, and + 0.3 mV and + 0.04 mV‘K—l for
eq.[11], respectively. The broken line in Fig. 2.6
shows the e.m.f. calculated from E(I), E(II), E(II) and
E(t). At the investigated range of temperature for
cells(I), (IU.amd (IT), this line show good aareement with
the line for E(IV). This agreement would give a proof of
experimental accuarcy. The thermoelectromotive force

between Pt and Mo was measured in the range of

temperature from 1273 to 1873 K. The results are shown



in Fig. 2.7. By the least squares method, the line in

Fig. 2.7 was represented as

E(t)/mV = - 22.1 + 0.040 (T/K) + 0.03. [12]

Introduction of egs.[10], [11] and [12] into eq.[4]

yields
AG°(MOOZ)/kJmol—M002_l — - 576.1 + 0.1693 (T/K)
£ 0.30 [13]
from 1223 to 1723 K,
£6° (M00,)) /K3 mol—MoOz-l — - 509.6 + 0.1297 (T/K)

+ 0.15 [14]

from 1723 to 1923 K.

The free energydata of M002 obtained from E(IV) would
be more reliable than those obtained from E(I), E(II)

and E(II) because of small uncertainty.

The uncertainties of calculations of AG° (NiO),
/A G° (Co0) and 4jG°(M002) were estimated by egs.[15],
[16] ,[17] and [18]

(gdce (vioy] 2 = (2h)2 [(@Em1? [15]
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2

[AG° (Co0) 1% = [¢AG®° (NiO) ]2

+ 2R 2[@E(TI) 1% [u6]

[@hG° (M00,) 12 = [gAGe (Co0) 12 + (47) 2 [gE(Tm) 1% [17]

[E(IV) 12 + [@E(8)12, [18]

[4G° (M00,) 17

where (J(i) indicates the standard deviation of i, i.e.
E(I), E(II), E(Im) and E(t). The uncertainties of
/[ G°(Ni0o), AG°(Co0) and 4G° (MoOz) thus calculated are

given in egs.[5], [7], [9], [13] and [14].

2.3.4 Comparison With Other Data

The present results for the standard free energy of formation

. (1,2
of Co0 are compared with those reported by other workers

4’S)in Fig.2.8. The present results show a good agree-

ment with those obtained by means of solid-oxide

(1,4,5)

galvanic cell , but a fair disagreement with those

obtained by gas-metal equilibrium method(zz Generally
an experimental error in gas-metal equilibrium method

can arise from thermal diffusion in gas phase.

The results for CoO are compared with those
reported in the lietrature in Fig.2.9. The present

results are shown in good agreement with values reported

(6)

by Fischer and Pateisky No obviousreasons can
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pe found for the discrepancy between the present data

and the compilation of Coughlin(7). Data obtained
at lower temperature by Moriyama et alf8), Tretyakov
and Schmalzried(g), and Bugden and Pratt(lo) were

extrapolated to 1723 K, and the present results were in

good agreement with them within + 1 kJ.

The results obtained for M002 are compared with

those by other investigators as shown in Fig. 2.10. At
1800 to 1900 K, the present results obtained from E (II)

are in good agreement with the values reported bv

Alcock and Chan(ll) and J.A.N.A.F.(lz). Alcock and

Chan(ll), and Chastant et alle) utilized a calcia-

stabilized zirconia and CO/CO. gas mixture as the

2
reference electrode. The relationship between e.m.f.

and temperature obtained by Chastant et alfl3) and

(6)

Fischer and Pateisky would be shown as slightly

curved line. Their data were represented by two
equations in the separated range of temperature as

(6)

listed in TABLE 2. Fischer and Pateisky utilized

the following cell;

Pt/Oz(l atm)/Zr02(CaO)/Mo—MoOz/Mo.

The powder mixture of Mo and MoO, was initially packed

3
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in zircenia tube. Their data show a fairly large
uncertainty as shown in Fig.2.10. Below 1673 K, values

obtained in this study show a good agreement with those

reported by Chastant et alfl3), Janke and Fischer(l4),
and King et al(15). If the data obatined at lower
(16-24)

temperature are extrapolated to 1873 K these

values show a spread of 107 kJ at 1873 K.

2.4 Summary

The standard free energies of formation of NiO,
CoO and MoO2 were determined by means of solid-oxide

galvanic cell;

cell(I) Pt/air/Zr02(CaO)/Ni—NiO/Pt,
cell (II) Pt/Ni—NiO/ZrOz(CaO)/ZrOZ(CaO)powder/Co—CoO/Pt,

cell(Imx) Pt/Co-CoO/Zr02(CaO)powder/ZrO (CaﬁU/Mo—MoO2/Pt/

2
cell (IV) Pt/air/Zr02(CaO)/Mo—MoOz/Mo.

The results obtained from cells(I), (II),and (IIO)

are as follows

AG® (Ni0) /kJ mol-NiO * = - 230.7 + 0.08489 (T/K) + 0.4



from 973 to 1723 K,
A G® (Co0) /kJ mol-Co0™ ! = - 229.0 + 0.06832 (T/K) + 0.4

from 1473 to 1723 K,

£1G° (M00,) /kJ mol-Mo0, ™" = - 549.9 + 0.1538 (T/K) + 0.9

from 1523 to 1723 K.

The consistent data of free energy of formation of

MoO2 were also obtained from cell(IV);

-1

AG°(M002)/kJ mol-M002 = - 576.1 + 0.1692 (T/K) + 0.15
from 1273 to 1723 K,
AG° (M00,) /KT mol-Mo0, ™" = = 509.6 + 0.1297 (T/K) + 0.3

from 1723 to 1923 K.

Penetration of Co and/or CoO into solid
electrolyte at high temperature was overcome by

sandwitching a layer of calcia-stabilized zirconia

powderr between Co-CoO electrode and solid electrolyte.
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CHAPTER 3
ELECTROCHEMICAL MEASUREMENT OF OXYGEN IN LIQUID

IRON, NICKEL AND IRON-NICKEL ALLOYS

3.1 Intorduction

Oxygen in liquid iron, nickel and iron-nickel
alloys has an important role on the refining of iron
and ferro-nickel alloys. Measurements based on H2/H20—
metal equilibrium had been chiefly utilized to determin
the oxygen activity in liquid iron, nickel and iron-

nickel alloys;

Hy,(g) + O (% in liquid metal) = H,0(g),  [1]
H20

Kl = [2]
P [20] !
Hy
PH20

K - : [3]
sz ao(6) ,

AG°(0) = - RT ln K, (4]



where K' is the apparent equilibrium constant for the
reaction [1], K is the true equilibrium constant for
the reaction [1], 4G°(0) is the standard free energy
change for the reaction [1], and ao(%) is the Henrian
activity of oxygen in liquid metal referred to dissolved

oxygen in hypothetical 1 wt% solution.

Experimental data of oxygen activity in liquid iron
based on H2/H20-metal equilibrium study were inevitably
affected by thermal segregation in the gas phase and
temperature difference between the metal and the gas
phases, and many investigators tried to overcome the
errors caused by these effects. Since the pioneering

(1)

work of Kiukkola and Wagner on Zr02—based solid
electrolyte, the solid-oxide galvanic cell has been
extensively studied by a number of investigators. 1In
(2)

1965, Fischer and Ackermann reported encouraging
results on electrochemical measurements of oxygen in
liquid iron, and had demonstrated the usefulness of the
solid-oxide galvanic cell as a device for monitoring
oxygen activity in liquid iron. Their results at 1873 X showed
that the calcia-stabilized zirconia is predominantly anionig
conductor above 200 ppm of oxygen in liquid iron. By electro-

chemical method with solid-oxide electrolyte, the

undesirable effect of thermal segregation or cooling



effect by hydrogen can be eliminated.

However , the full capability of this method has

not been well established yet even in the case of

laboratory use because of insufficient information
concerning the undesirable electronic conduction,
permeability of oxygen due to small electronic
conduction and gas leakage through micropores in

ceramic electrolyte.
The cells used in the present study are

Cell(I) Mo/Mo—MoOz/ZrOZ(CaO)/Q(in Fe) /Mo ,
Cell(II) MO/MO-MOOZ/ZrOZ(CaO)/Q(in Ni)/LaCrO3/Pt,

Cell (1m) Mo/Mo—MoOZ/ZrOZ(CaO)/Q(in Fe-Ni alloy)/Mo.

If the transference number of ions in solid electrolyte
is unity, the e.m.f.'s of cells(I),(II) and (II) are

given by

POZ(Fe)

E(I) = i—g 1n , [5]
P. (Mo-MoO.)
o2 2
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Py (N1)

E(II) = -Z% 1ln 2 , [6]
P_. (Mo-MoO.)
o) 2
2
Poz(Fe—Nl)

_ RT

E(IOOX) = ir 1n A [7]

P02 (Mo-—MoOZ)

3.2 Experimental

3.2.1 Materials

Pure iron and electrolytic nickel were used
as raw materials. The major impurities in these

metals are shown in TABLE 1.

3.2.2 Experimental Apparatus And Procedure

a. Cells(1I)and (IO)

Experimental apparatus for cells(I)and (II) is
shown in Fig. 3.1. An alumina crucible was charged
with pure iron , or a mixture of iron and nickel,

A Zroz(CaO) solid electrolyte tube, closed at one end,

9 mm ID, 13 mm OD and 100 mm long, was cemented to an
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TABLE 1 The chemical composition of pure iron and

electrolytic nickel.

Pure gC $S1i $Mn %P %S %A1
Iron
0.003 0.004 0.004 0.002 0.003 0.001
2 2 2 be
0.005 0.003 0.003 0.003
$N %0
0.0011 0.011
l
0.0018
Electrolytic %Co %Cu 3Fe $Mn %Si
Nickel

0.15 0.0015 0.0016 0.0001 0.0005

$Pb %S

oP

)

0.0008 0.0005 0.005
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Fig.3.1 Experimental apparatus for cells (1)

and (IOI).




alumina tube by means of alumina cement. A 4/1 volume
ratio of Mo—MoO2 powder mixture was packed in the
zirocnia tube and used as reference electrode. Electrical
contacts to Mo—M002 reference electrode and to the melt
were accomplished by Mo wires of 0.5 mm dia. and 2 mm dia.r

respectively~

Assembled cell was put on the solid metal sample
in a SiC resistance furnace, heated in vacuum to 700 K
in order to remove methyl alcohol and water used as
binder for Mo-MoO2 powder mixture, and then the furnace
tube was filled with purified argon. During the slow
heating of the cell to the experimental temperature,
the alumina cement was sintered, and when the sample
was melted, the "half cell" Mo—MoOz/ZfOZ(CaO) tube with
Mo wire was kept just above the melt. The half cell
and Mo wire of 2 mm dia. was intermittently dipped into
the melt for a few seconds by sliding through a rubber
tube at intervals of about 1 to 2 min, and e.m.f.'s
were measured by digital voltmeter with an internal
impedance of 108 ohm. To avoid induction noise, the
electric current for the furnace was instantaneously
disconnected during each e.m.f. readings without any

change of temperature. In all cases, the e.m.f.'s

were confirmed to be unaffected by induction noise.



- 49 -

Temperature of the melt was measured by Pt-PtRhl3
thermocouple placed at the bottom of the melt and
controled within + 1 K by using temperature reqgulator. The
couple had been checked for the melting péints of
palladium and gold by the wire method., The overall
error in temperature measurement and control was
estimated to be within + 2 to 4 K. Since the
resistance furnace had a long homogeneous temperature
zone of 80 mm long within + 1 K, there would be no

measurable temperature gradient across the cell.

After confirming steady e.m.f. values, the change
of which was less than + 1 to 2 mV for several e.m.f.
readings, sampling was made by a silica tube of 3 mm ID
by suction and the smaples were quenched in water. 1In
order to increase the oxygen content in the melt, iron
oxide packed by pure iron foil for cell(I), or oxide
pellet containing Fe, Fe203, Ni and NiO, in which the
atomic ratio of Fe/Ni was the same as that in the

melt, for cell(II), was added to the melt. The e.m.f.

measurements were thus repeated for 4 to 7 hrs. The e.m.f.

measurements were performed at 1823 and 1873 XK for cell(I)

‘and 1873 K for cell(II), respectively.

The melt was thoroughly stirred with an alumina



rod to minimize the change of oxygen concentration at
the melt/solid electrolyte interface due to the oxygen
transfer through micropores in ceramic electrolyte as
discussed in a latter section. The e.m.f. was found to
be independent of the flow rate of argon. The phases
present in the reference electrode were determined
before and after experiments by X-ray diffraction
technique, and the results indicated only Mo + Mooz.
The reversibility of the cell potential was checked by
passing a small external current in either direction
for a few seconds. In each case , the e.m.f. was found

to return to original value .

Oxygen content in the quenched sample was analysed
by inert gas fusion coulometric titration. In this
technique a sample is fused in a graphite crucible at a
temperature higher than 2273 XK. The CO evolved is

swept by purified argon and is converted to CO, by

1705 at 433K. The CO, is dissolved in H,0 + 50 kg

m > Ba(ClO,), solution.  The amount of Co, dissolved
in the solution was determined by coulometric titration.
Gravimetric method as nickel-dimethyl-glyoxime was
adopted for the chemical analysis of nickel in alloys.

The maximum content of molybdenum in liquid iron and

iron-nickel alloys after experiments was 1.66 wt%,



which would give negligible effect on the activity of

(3)

oxygen .

b. Cell(II)

Fig.3.2 1illustrates the experimental apparatus
for cell(II), which is similar to that used for cell (I)
or (I@) with a slight modification in electrical lead
to liquid nickel. In the case of cell(II), by using
LaCrO3 rod sintered to a Pt wire, e.m.f. of the cell
was continuously measured. To increasSe the oxvgen
content in liquid nickel, following forms of nickel
oxide were added to the melt;
1) nickel wire oxidized in air at 1273 K for low
oxygen content,
2) mixed pellet of NiO and Ni for intermediate oxygen
content,
3) NiO powder packed in pure nickel foil for high
oxygen content.
Other détails in experiments for cell(II) are the

same as those for cells(I) rand (II).

3.2.3 Electrical Lead Materials

At the initial experimental runs for cell(I),
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E
Ar inlet
= Ar outlet
Pt-PtRA1I3— .
thermocouple Rubber tube
N
Water cooled )
brass cap 1 3 —
("O’'ring seal )
i = Mo rod for calibration
Alumina tube = of thermo.e m f
between Mo and Pt
I“ } Silica tube
r (guide for sampling and
addition of nickel oxide)
Alumina
sheath ‘ ZrOZ(CCO) tube
Pt lead wire — Al203 powder
Mo lead wire — LIy —Alumina crucible
LaCrO3 rod
| T SRl Liquid nickel
Alumina
stirring rod : -
It = =+— Alumina reaction tube
m 2 B — Mo-Mo0)
p— Alumina supporting
tube

Fig.3.2 Experimental apparatus for cell(II).



Mo wire, V203 rod(4) sintered with ZrO2 powder at 1273 K

for 48 hrs, Mo—A1203 cermet, and LaCrO3 rod were: tested
for their applicability as electrical lead material

to liquid iron.

Mo wire was more convenient than the others
because of its small heat capacity and suitable
mechanical strength at the experimental temperature.

Though Kawakami and Goto(4) reported that the V

293
rod was suitable as electrical lead wire = to liquid iron and
stable e.m.f.'s were obtained for 30 min with the cell,
Mo—MoOz/ZrOZ(CaO)/Q(in Fe), the author's results for
V203 rod sintered with ZrO2 powder showed that this

material is easily dissolved in liquid iron, and

stable e.m.f.'s were not obtained.

Mo—A1203 cermet was also easily dissolved into
liquid iron. Furthermore, in this case, fine alumina
particles, which would be arised from the dissolution
of Mo—A1203 cermet, would cause an undesirable error

in chemical analysis of oxygen in quenched sample.

Though Iﬁﬂ:ro3 was not suitable as electrical lead material

to liquid iron and iron-nickel alloys, it was found



that this material is very stable in liquid nickel, and

by using the LaCrO stable e.m.f.'s of cell(II) were

3’

continuously measured . = over 5 hrs.

3.3 Results and Discussion

3.3.1 Cell(I)

In the case of cell(I),two kinds of zirconia tubes
were used for the e.m.f. measurements. One was made
by slipcasting and the other was made by rubber-
pressing. An experimental difficulties were
experienced for the case of rubber-pressed tube. The
experimental results obtained by these two kinds of
tubes are shown in Fig.3.3 and 3.4. A fairly good
linear relationship between e.m.f. and log [%0] were
»obtained by slipcast zirconia tube, while in the case
of rubbef-pressed tube the relationship was not linear.
The difference in e.m.f.'s obtained by two kinds of
tubes were increased with a decrease in oxygen
concentration in liquid iron. Above 0.06 wt% oxygen
the e.m.f. values obtained by two different tubes are

shown in good agreement.
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The color of the zirconia tube after experiment
was changed to dark grey. The microstructure of the
surface of the tubes are shown in Photo.3.1 for
slipcast tube, and in Photo 3.2 for rubber-pressed
tube, respectively. These photographs show that the
microstructure of the surface are nearly the same with
each other. The microstructure of the cross sections
are shown in photos.3.3 and 3.5 for slipcast tube, and
in photos. 3.4 and 3.6 for rubber-pressed tube,
respectively. As shown in these photographs, the
rubber-pressed tube_was generally more porous than the
slipcast tube. These photographs would give the most
plausible explanation for the experimental difficulties
appeared in the case of rubber-pressed tube. The micro-
pores would permit oxygen to transfer from the Mo—MoO2
electrode (high POZ) to liquid iron (low POZ)' Since
the difference in oxygen potential between Mo—MoO2
reference electrode and liquid iron increases with
decreasing oxygen concnetration in liquid iron, the
"micropore effect" would cause a severe effect on
measured e.m.f. at low oxygen concnetration as

discussed in a later section.

TABLE 2 summarizes the values of critical oxygen

activities in liquid iron at 1873 K below which the












TABLE 2 Critical oxygen activity with calcia-

stabilized zirconia solid electrolyte in

liquid iron at 1873 K.

Authors Reference Critical
Year 7 oxydgen

and ref. electrode activity
Fischer and 1965 Air 0.02 %
Ackerman (2)
Fischer and 1970 Mo-MaO 0.03 %

) ] 2
Pateisky (7)
Fische; and 1570 Air 0.004 & *
Janke (5)
Fruehan, Martonik 19269 Cr-Cr. 0 0.017 & *%*
U (8) 273
and Turkdogan
Present Author 1975 Mo--MoO2 0.008 %

Melts were stirred.
* % Value for Fe-Al1-0C melt is 0.001 %



* . -

-type electronic conduction is gignificant. Generally
the critical oxygen activity is evaluated from the

linear dependence of measured e.m.f.'s on log [30].
Therefore, in order to evaluate the critical oxygen
activity, the " micropore effect” should be taken into
account. In the absence of this undesirable effect,
the critical oxygen activity should be egual to the
critical oxygen concentration below which the relation-
ship between e.m.f. and log [%0] is not linear.

Fischer and Ackermanéz) reported that below 0.02
wt% oxygen, the calcia-stabilized zirconia would show
significantly electronic conduction since below 0.02 wt
%2 the e.m.f.'s of their cell, Pt/air/ZrOz(CaO)/Q(in Fa),

did not show a liner dependence on log [%0]. However

in their experiments, the micropore effect may

b

cause a severe erroronmeasured e.m.f. because of the
large difference in oxygen potential between the air
reference electrode and ligquid iron.
. 5 . ’
Fischer and Janke( ) reported that when the melt

was thoroughly stirred, the measured e.m.f.'s cf their

cell, Pt/air/ZrOZ(CaO)/g(in F2), show a linear

dependence on log [%0] above 0.004 wt%.



Fischer and Pateisky(b> reported that the range of
oxygen concentration in which the e.m.f.'s of their

ell, Mo/Mo-MoC

Q

/%r0,(Cal) /0 (in Fe), show a linear

2
g [%0] is restricted above 0.03 wt%.

-
oy
(%}
b
[
rt
I._l.

lized a small zircecnia pellet fixed to the end
of silica tube with Mo—M002 reference electrode which

is initially packead in the silica tube as Mo—MoO3. The
crevice between the zirconia pellet and the silica

gen transfer from Mo-McO,
F2

In the present studyv, the linear relationship
between e.m.£f. and log [%0] was obatined in the range
of oxygen concentration from 0.0077 to 0.165 wt% at
1873 K. The e.m.f. measurements below 0.0077 wt% were
impossible because the melt containing such a low
oxygen content without any deoxidizer ¢an not be
obtained. In summary, the calcia =-stabilized zirconia
usaed in the present study would be predominantl:® ionic
conductor above 0.0077 wt% oxygen, and in the absence

n 1

, the relationship between

+

of the "micropore effec

e.m.f. and log[%0] would be linear.

The experimental results obtained by cell(I) with

slipcast zirconia tubes are summarized in TABLE 3aand b.
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TABLE 3a Experimental results for cell(I) with

slipcast zirconia tube at 1873 K.

1

No. e.m.f. [30] 5 log P02 log K' (Fe)
(mV) (atm)

32-01  224.0 0.015 5.15 3.33
-02 216.0 0.015 - 5.11 3.28
-03  215.5 0.015 5.11 3.28
-04  211.0 0.016 - 5.08 3.29
-05  208.5 0.016 - 5.07 3.27
-06 199.0 0.019 - 5.02 3.30
-07 194.5 0.019 - 4.99 3.27
-08 1C2.5 0.023 - 4,93 3.29
~09 174.0 0.027 ~ 4.88 3.31
-10 166.0 0.030 - 4.83 3.31
-11  157.5 0.034 - 4.79 3.32
-12  137.0 0.045 - 4.67 3.33
-13  129.5 0.049 - 4.63 3.32
-14  111.5 0.056 4.53 3.28
-16 84.5 0.084 - 4.38 3.31

34-01  230.0 0.014 - 5.19 3.333
-02  218.0 0.016 - 5.12 3.33
-03  213.0 0.017 5.09 3.32
-04  210.0 0.016 - 5.08 3.28
-05 191.0 0.022 4.97 3.31
-06 176.5 0.026 4.89 3.31
-07 177.0 0.026 - 4.89 3.31
-08  149.0 0.038 - 4.74 3.32
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TABLE 3a Experimental results for cell(I) with
Slipcast zZirconia tube at 1823 K(Continued)
£ o 1
No. e.m.f, [20] .5 log P02 log K' (Fe)
(mv) (atm)
35-01 245.0 0.012 - 5.27 3.35
~02 240.5 0.013 - 5.25 3.32
-03 233.5 0.013 - 5.21 3.32
-04 220.5 0.015 - 5.14 3.31
-05 214.0 0.015 - 5.10 3.28
-06 212.0 0.016 - 5.09 3.29
-07 208.0 0.018 - 5.07 3.32
-08 200.5 0.019 - 5,02 3.30
-09 194.5 0.021 - 4,99 3.31
~10 187.5 0.022 -~ 4,95 3.30
-11 181.0 0.023 - 4,92 3.28
-12 175.5 0.026 - 4.89 3.30
-15 103.5 0.062 - 4.49 3.28
-16 82.5 0.087 - 4,37 3.31
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TABLE 3p Experimental results for cell(I) with
slipcast zirconia tube at 1873 K.
1l
No. e.m.f. [20] 5 log P02 log K' (Fe)
(mV) (atm)

25—-01 245.5 0.018 - 5.04 3.30
-02 224.5 0.023 - 4,93 3.29
-03 218.0 0.023 - 4,90 3.26
-04 218.0 0.022 - 4.89 3.23
-05 213.0 0.024 - 4.87 3.25
-06  199.0 0.029 - 4.79 3.25
-07 157.0 0.027 - 4,78 3.21
-08 194.0 0.030 - 4.76 3.24
-09 181.5 0.037 - 4.70 3.26
-10 170.5 0.043 - 4.64 3.27
-11 161.5 0.048 - 4,59 3.27
-12 148.0 0.057 - 4.52 3.27
-13 139.0 0.066 - 4.47 3.29
-14 122.0 0.076 - 4.38 3.26
-15 53.0 0.126 - 4,22 3.32
-16 82.0 0.140 - 4.16 3.31

27-01 246.5 0.016 - 5.05 3.25
-Q2 229.0 0.023 - 4.95 3.31
-Q3 224.,5 0.019 - 4.93 3.21
-04 212.0 0.021 - 4.85 3.18
-05 202.0 0.024 - 4,81 3.19
-06  198.5 0.026 - 4.79 3.20
-07 180.0 0.033 - 4,69 3.21
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TABLE 3b Experimental results for cell(I) with

slipcast Zirconia tube at 1873 K{Continued).

No e.m.f. [20] % lcg 02 log K' (Fe)
(mVv) (atm)

27-08 166.46 0,038 - 4,62 3.19
-09 153.5 0.046 -~ 4,55 3,21
-10 148.0 G.048 - 4,52 3.20
-11 137.5 0.054 -~ 4.46 3.19
-12 121.0 ¢.072 - 4,37 3.23
-13 106.5 0.087 - 4.29 3.23
-14 98.5 G.100 - 4,25 3.25
~-15 90.0 0.119 - 4.20 3.28
-16 81.5 0.119 - 4,16 3.23
-1 74.5 0.118 - 4.12 3.19
-18 66.0 0.148 - 4.07 3.24
~-19 61.0 0.165 - 4,05 3.26

28-01 269.0 0.011 - 5.17 3.21
-02 264.90 0.011 - 5.14 3.18
-03 260.5 0.012 - 5.12 3.20
-04 254.0 0.012 - 5.09 3.13
-05 245.5 0.015 - 5.04 3.22
-06 240.5 0.015 - 5.01 3.19
-07 226.0 0.019 - 4.94 3.21
-08 219.0 0.020 - 4.90 3.20
-09 210.0 0.021 - 4.85 3.17

-10 187.5 0.032 - 4.73 3.23
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TABLE 3b Experimental results for Cell(I) with

slipcast zirconia tube at 1873 K(Continued)

1

No. e.m.f. [20] 5 log PO log K' (Fe)
(mV) 2
(atm)

29-01  314.0 0.0077 - 5.41 3.30
-02  285.5 0.0092 - 5.26 3.22
-03  278.0 0.011 - 5.22 3.26
-04  264.5 0.013 - 5.14 3.26
-05 257.0 0.015 - 5.10 3.28
-06  245.0 0.017 - 5.04 3.27
-07  235.0 0.019 - 4.98 3.26
-08  225.0 0.020 - 4.93 3.23
-09  213.5 0.022 - 4.87 3.21
-10  181.5 0.031 - 4.70 3.19
-11  159.5 0.044 - 4.58 3.22
-12  153.5 0.047 - 4.55 3.22
-13  137.5 0.059 - 4.46 3.23
-14  128.5 0.064 - 4.41 3.22
-15  115.0 0.081 - 4.34 3.25
-16  101.5 0.102 - 4.27 3.27
~17 89.5 0.117 - 4.20 3.27
-18 84.5 0.131 - 4.17 3.29
~19 72.5 0.145 - 4.11 3.27
-20 55.5 0.157 - 4.02 3.21

30-01  251.0 0.0156 - 5.07 3.27
~02  241.0 0.018 - 5.02 3.27
-03  228.5 0.019 - 4.95 3.23




TABLE 3b Experimental results for cell(I) with

slipcast zirconia tube zt 1873 K(Continued).

No. e.m.f. [30] % log PO log XK' {Fe)
(mV) (atm) 2

30-04 221.90 0.021 - 4.91 3.23
-05 211.5 0.024 - 4,86 3.24
-0 208.5 0.025 - 4.81 3.21
-07 203.5 0.025 - 4.81 3.21
-08 196.0 0.028 - 4.77 3.22
-09 184.5 0.031 - 4,71 3.20
-10 171.90 0.040 - 4.64 3.24
-11 163.0 0.043 - 4.60 3.23
-12 155.5 0.048 - 4.56 3.24
-13 137.5 0.060 - 4.43 3.25
-14 133.0 0.066 - 4.43 3.25
~-15 128.5 0.069 - 4.41 3.25
-16 110.0 0.089 - 4,31 3.26
-17 89.0 0.137 - 4.20 3.33

31-01 242,90 0.016 - 5.04 3.25
-02 225.5 0.020 - 4.93 3.23
-03 214.5 0.022 - 4.87 3.22
-04 206.5 0.025 - 4.83 3.23
-05 198.5 0.028 - 4.79 3.23
-06 192.5 0.030 - 4,76 3.2
-07 184.5 0.034 - 4,71 3.24
-08 172.0 0.041 - 4.64 3.26
-09 170.5 0.041 - 4.64 3.25
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TABLE 3b Experimental results for cell(I) with

Slipcast Zirconia tube @t 1873 K(continued)

No. e.m.f. [20] % log P02 log K' (Fe)

(mV) (atm)

31-10 156.5 0.054 4.56 3.29
-11 151.5 0.052 - 4.53 3.25
-12 133.0 0.070 - 4.43 3.28
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3.3.2 Cell(II)

The experimental results for cell(II) are shown in
Fig.3.5. In the case of cell{II), the slipcast zircenia
tube was used for the experimenits. It was fourd by X-
ray diffraction technigque that the liguid nickel with
high-oxygen content significantly resacts with the
calcia-stabilized zirconia tube. Fig.3.6 shows the
X-ray patterns for the zirconia tubes on the sections
of both sides before and after the experiments. As
shown in Fig.3.6(a), the solid electrolyvte tube used ir
the present study was the "fully" stabilized zirconia.
The crystal structure of the outer side of the wall of
the zirconia tube which was continuously dipped into
iigquid nickel with 0.25 wt% of oxygen at 1873 X for

over 7 hrs was converted into monoclinic structure as

-

-]

shown in Fig.3.6(c) h wall of the
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o
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0
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(o))
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O
(i}
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D

tube after the experiments also containes a small

anount of monoclinic ZrO2 which should be transformed

from tetragconal ZrO2 at high temperature(Fig.3.6(b)).

Liguid nickel and dissolvedoxygen would react with the
zirconia tube, and tetragonal ZrO2 -N1iC-Ca0 solid

solution was probably formed.

ZrOz(CaO) + Ni(liguid) + O{in Ni)

= ZrOz—NiO-CaO.solid sclution.
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side of the cross section of zirconia tube
after dipped into ligquid nickel containing
0.25 wt2 of oxygen at 1873K s over 7 hrs,
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he rate of reaction between the zirconia tube and

l.._l

iguid nickel increased with increasing oxygen
concnetration, but did not show a clear dependence on

temperature .

(e

¥

(7) .

According to Kumar et al.'’, the monoclinic
ZrO2 would show predominantly electronic conduction

ragonal Zr0O, 'would show

2

entirely electronic conduction because of its very

cF
I

even below 1273 XK. The te

small concentration of oxygen-~ion vacancy and because
of the very high temperature in the present studv.
Indeed, the e.m.f. obtained by the zirconia tube with

only monoclinic Zr0O, (te:zragonal at the experimental

2

temperature) was unstable and very much lower than the

he experimental data concerning

th
ct

theoretical value. I
the ionic conductivity of tetragonal zirconia at the
experimental temperature and the phase diagram of the
system ZrOZ—NiO—CaO were available, one may hﬁve
further discussion on the mechanism of de-stabilization

the zirconia tube.

Hh

O

The e.m.f£. of cell(II) was continuously
measured for over 4 to 7 hrs, but e.m.f. readings

rs were 1impossible Dbecause of the

~J
by

beyond
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reaction between the zirconia tube and liguid nic}
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The e.m.f. measurements ware performed at 1773,
and 1873 K. The experimental results for cell(II) are

summarized in TABLE 4a to0 c.

3.3.3 Cell(Im)

A
(‘(é
=
D

The e.m.f. measurements for cell/

performed at 1873 K. The slipcast zirccnia tube

was used for this cell. 3table e.m.f.'s wera obtained
for 4 to 7 hrs, but prolonged e.m.f. measursments

beyond 7 hrs were impossible because of the reaction
between zirconia tube and the melt. The experimental

-

rasults are summarized in TABLE 5 an

jon)
;_]J
i
®
@
8
£
=
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<
g
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TABLE 4a Experimental results for cell(II) at
1773 K
No ° l-log P . :
. e.m.f. [%0] 2 0, log K'(Ni)
(V) (atm)

3-01 + 2.5 0.0062 - 4,17 1.95
-02 - 109.5 0.027 - 3,50 1.92
-03 - 123.0 0.038 - 3.42 2.00
-04 - 129.0 0.046 - 3.39 2.05
-05 ~ 142.5 0.053 -~ 3.31 2.03
-06 - 140.0 0.054 - 3.32 2.05
-07 - 142.5 0.053 - 3.31 2.04
-08 - 164.5 0.067 - 3.18 2.00
-09 - 174.0 0.074 - 3.13 2.00
-10 - 180.5 0.082 - 3.09 2.00

4-01 - 19.5 0.0078 - 4.01 1.90
-02 - 37.0 0.011 - 3.91 1.96
-03 - 52.0 0.015 - 3.82 1.98
-04 - 69.0 0.018 - 3.73 1.99
-05 - 78.5 0.021 - 3.60 2.02
-06 - 91.0 0.027 - 3.60 2.02
-07 - 129.0 0.051 - 3.39 2,10
-08 - 140.5 0.061 - 3.32 2.11
-09 - 172.0 0.074 - 3.14 2.01
-10 - 180.5 0.081 - 3.09 2.00
-11 - 150.5 0.072 - 3.26 2.11

5-01 - 15.0 0.0077 - 4.04 1.93
-02 - 28.5 0.009 - 3.96 1.90




TABLE 4a Experimental results for cell (II) at

1773 K (Continued) .

0 e.m.f [20] '% log PO log K'(Ni)
(V) (aem) 2
5-03 - 31.0 0.009 - 3.94 1.91
-04 - 29.0 0.009 - 3.96 1.92
-05 - 30.0 0.010 - 3.95 1.9¢6
-06 - 36.0 0.0190 - 3.92 1.92
-07 - 39.0 0.011 - 3.90 1.95
-08 - 57.0 0.015 - 3.80 1.98
-09 - 76.5 0.020 - 3.69 1.99
-1 - 102.0 0.028 - 3.54 1.99
-11 - 129.5 0.041 - 3.38 1.99
6=-01 - 235.0 0.184 - 2.68 1.95
-02 - 238.5 0.173 - 2.756 2.00
-03 - 234.0 0.164 - 2.80 2.01
-04 - 247.5 0.180 - 2.71 1.97
-06 - 266.0 0.255 - 2.61 2.02




TABLE 4b Experimental Pesults for cell(II) at
1823 K.

No. e.m.f. [30] ;2L~ log P log K' (Ni)
() (atm)

1-01 + 60.0 0.0049 4.25 1.94
-02 - 49.5 0.019 3.64 1.93
-03 - 73.5 0.025 3.51 1.91
-04 - 125.0 0.051 3.22 1.93
-05 - 162.5 0.098 3.01 2.00
-06 - 173.5 0.103 2.95 1.96
-07 - 192.0 0.122 2.85 1.94
-03 - 172.5 0.100 2.96 1.96
-09 - 172.5 0.106 2.96 1.99
-10 - 164.0 0.096 3.01 1.99
-11 - 188.0 0.118 2.87 1.95
-12 - 190.5 0.123 2.86 1.95
-13 - 214.5 0.128 2.73 1.84

2-01 + 51.5 0.0042 4.20 1.82
-02 + 45.5 0.005 4.17 1.90
-03 + 10.5 0.008 3.97 1.87
-04 - 34.5 0.015 3.72 1.90
-05 - 57.0 0.0022 3.60 1.94
-06 - 89.5 0.034 3.42 1.95
-07 - 100.0 0.038 3.36 1.93
-08 - 110.0 0.045 3.31 1.96
-09 - 126.0 0.068 3.22 2.05
-10 - 143.0 0.080 3.12 2.02
-11 - 147.5 0.084 3.10 2.02
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TABLE 4Db Experimental results for c=211(II) at
1823 X. (continued).
- = Q l 1 ] .
No. e.m.f [30] *5 log P log K'(ni)
(mV) (atm)
2-12 - 130.5 0.083 3.08 2.00
-13 - 197.5 0.129 2.82 1.9
-14 - 202.5 0.210 - 2.79 11




TABLE 4c Experimental results for cell(II) at
1873 K.
NO. e.m.£. [20] % log 5 log K'(Ni)
(mV) (atm) i

7-01 + 45,0 0.0077 - 3.9% 1.85
-02 + 38.0 0.4Q070 - 3.92 1.77
-03 + 30.5 ¢.0071 - 3.88 1.73
-04 + 24.0 0.0088 - 3.85 1.79
-05 + 14.0 0.0088 - 3.85 1.79
-06 - 8.0 0.015 - 3.68 1.85
-07 - 25.0 0.018 - 3.59 1.84
-03 - 39.0 0.021 - 3.51 1.84
-08 - 49,0 0.026 - 3.4¢6 1.87
-10 - 66.0 0.031 - 3.36 1.85
-11 - 79.0 0.040 - 3.29 1.89
-12 - 89.5 0.044 - 3.24 1.88
-13 - 138.5 0.097 - 2.97 1.96
-14 - 154.5 0.119 - 2.89 1.96
-15 - 159.0 -.130 - 2.86 1.98
-16 - 182.0 0.181 - 2.74 2.00
8-01 - 111.0 0.054 - 3.12 1.85
-02 - 114.0 0.05¢6 - 3.11 1.86
-03 - 119.0 0.063 - 3.08 1.88
-04 - 127.0 0.068 - 3.04 1.87
-05 - 132.0 0.075 - 3.01 1.89
-06 - 151.5 0.092 - 2.81 1.90
-07 - 169.5 0.123 - 2.81 1.90




TABLE 4c Experimental results for c=11(II) at

1873 K, (Continued).

NO. e.m.f. [2C] % log PO log K'(Ni)
(V) (atm) 2

8-083 - 174.0 0.127 - 2.78 1.88
-09 - 186.5 0.140 - 2.75 1.90
-10 - 180.5 0.1414 - 2.75 1.90
-11 - 193.0 0.189 - 2.68 1.96
-12 ~ 205.0 0.228 - 2.62 1.98
-13 - 200.5 0.218 - 2.64 1.98
-14 - 215.0 0.284 - 2.56 2.01
-15 - 206.0 0.260 - 2.61 2,03
-16 - 227.5 0.367 - 2.49 2.06
-17 - 239.0 0.466 - 2.43 2.10
-18 - 227.0 0.433 - 2.50 2.1
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TABLE 5 Experimental results for cell(II) at 1873K.

No. e.m.f. [20] % log P, log K'(Fe-Ni)
(mv) (atm) :
[¢Ni] = 10.5
15-01 + 208.5 0.022 - 4.84 3.19
-02 + 198.0 0.024 - 4.79 3.16
-03 + 176.0 0.033 - 4.67 3.18
-04 + 167.0 0.036 - 4.62 3.17
-05 + 157.0 0.038 - 4.57 3.15
~06 + 154.5 0.044 - 4.55 3.19
-07 + 135.5 0.056 - 4.45 3.20
[eNi] = 20.8
5-01 + 206.5 0.014 - 4.83 2.99
-02 + 175.5 0.020 - 4.67 2.96
-03 + 158.5 0.023 - 4.57 2.92
-04 + 136.0 0.029 - 4.45 2.91
~05 + 118.5 0.038 - 4.36 2.93
-06 + 106.0 0.047 - 4.29 2.96
-07 + 89.0 0.060 - - 4.20 2.98
-08 + 77.0 0.076 - 4.13 3.01
~09 + 64.5 0.098 ~ 4.07 3.06
-10 + 59.5 .109 - 4.04 3.08
~11 + 53.0 0.118 - 4.00 3.07
-12 + 33.0 0.122 - 3.90 2.99




TABLE 5 Experimental results for cell(Im) at
1873 K (Continued).
No. e.m. £ [%0] %—log P4 og K' (Fe-Ni)
(V) (atm)
[2Ni] = 31.1
4-01 + 193.0 0.016 - 4,76 2.97
-02 + 176.0 0.018 - 4,67 2.93
-03 169.0 0.019 - 4.63 2.91
-04 + 148.5 0.025 - 4.52 2.91
-05 + 135.5 0.029 - 4,45 2.91
-06 + 118.0 0.041 - 4,36 2.97
-07 + 103.0 0.055 - 4,27 3.01
-08 + 58.0 0.078 - 4,03 2.92
-09 + 64.5 0.098 - 4,07 3.06
-10 + 59.5 0.109 - 4,04 3.08
-11 + 53.0 0.118 - 4,00 3.07
~12 +  33.0 0.122 - 3.90 2.99
[2Ni] = 38.4
6-03 + 150.0 0.020 - 4.5 2.82
-04 + 136.0 0.025 - 4.4¢ 2.85
-05 + 126.5 0.027 - 4,40 2.83
-C6 + 1106.0 0.032 - 4.31 2.81
-07 + 105.0 0.038 - 4,29 2.87
-038 + 8¢6.0 0.054 - 4,18 2.91
~09 + 83.0 0.056 - 4.17 2.92
-10 + 77.0 0.061 - 4.13 2.92
-11 + 67.5 0.074 - 4,08 2.95
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TABLE 5 Experimental results for cell(Il) at

1873 K (Continued).

No. e.m.f. [20] % log PO log K' (Fe-Ni
(mV) (atm)
[gNi] = 51.2
7-01 + 176.5 0.014 - 4,67 2.30
-02 + 164.5 0.014 - 4,61 2.75
-03 + 141.5 0.017 - 4,48 2.72
-04 + 127.0 0.020 - 4,40 2.69
-05 + 112.0 0.023 - 4,32 2.68
-06 + 100.0 0.029 - 4,26 2.71
-07 + 92.5 0.035 - 4,22 2.77
-08 + 75.0 0.046 - 4,12 2.79
-09 + 58.5 0.057 - 4,04 2.79
-10 + 58.0 0.063 - 4.03 2.83
-11 + 45.5 0.079 - 3.96 2.86
-12 + 31.5 0.095 - 3.89 2.87
~-13 + 25.0 0.097 - 3.85 2.84
[gNi] = 61.2

11-01 + 128.0 0.013 - 4,41 2.52
-02 + 123.0 0.016 - 4.38 2.58
-03 + 110.5 0.016 - 4,32 2.52
-04 + 98.5 0.0183 - 4,25 2.5
-05 + 84.5 0.022 - 4.1 2.53
-06 + 75.5 0.025 - 4,13 2.5
-07 + 70.0 0.027 - 4,10 2.53




TABLE 5 Experimental results for cell(IT) at
1873 K (Continued) .
No e.m.,f [%0] % log PO log K' (Fe-Ni
(mV) (atm)
[gNi] 61
9-10 + 40.0 0.053 - 3 94 2.65
-11 + 33.0 0.057 - 3.90 2.656
-12 + 16.0 0.072 - 3.81 2.66
-13 + 8.5 0.083 - 3.77 2.69
-14 + 14.0 0.074 - 3.80 2.67
[%Ni] 71.0
11-01 + 128.5 0.013 ~ 4,47 2,52
-02 + 123.0 0.016 - 4,38 2.58
-03 + 1190.5 0.016 - 4,32 2.52
-04 + 98.5 0.018 - 4.25 2.5
-05 + 84.5 0.022 - 4,18 2.53
~-06 + T75.5 0.025 - 4.13 2.53
-07 + 70.0 0.027 - 4.1 2.53
-08 + 50.0 0.036 - 3.99 2.54
-09 + 31.5 0.043 - 3.89 2.5
-10 + 14.5 0.052 - 3.80 2.52
-11 + 3.5 0.063 - 3.67 2.54
-12 - 10.0 0.C66 - 3.67 2.54
-13 - 22.0 0.090 - 3.560 2.5¢6
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TABLE 5 Experimental results for cell(II) at
1873 K (continued) .
No. e.m.f. [20] log PO log K' (Fe-Ni
(V) (atm)
[gNi] = 80

14-01 + 129.0 0.0086 - 4.42 2.35
-02 + 124.5 0.0093 - 4.39 2.36
-03 + 111.5 0.010 - 4.32 2.3
-04 + 95.0 0.012 - 4,23 2.31
-05 + 80.0 0.015 - 4,15 2.31
-G6 + 63.0 0.018 - 4,06 2.32
-07 + 53.5 0.023 - 4.01 2.36
-08 + 32.0 0.028 - 3.89 2.34
-09 + 14,0 0.036 - 3.80 2.36
-190 - 3.0 0.046 - 3.70 2.36
-11 - 19.5 0.054 - 3.61 2.34
-12 - 35.5 0.068 - 3.53 2.36
~13 - 46.5 0.078 - 3.47 2.36
~14 - 57.5 0.097 - 3.41 2.39
-15 - 50.5 0.087 - 3.45 2.39
-16 - 68.0 0.105 - 3.36 2.38
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TABLE 5 Experimental results for cell(II) at
1873 K (Continued).
No. e.m.f [20] 5 log P09 log X' (Fe-N
(mV) (atm)
[2Ni] = 90.4

10-01 - 51.0 0.012 - 3.39 2.07
-02 - 46.5 ¢.012 - 3.97 2.04
-03 - 6.5 0.021 - 3.75 2.07
-04 - 3.0 0.022 - 3.74 2.07
-05 - 8.5 0.027 - 3.67 2.10
-06 - 15.5 0.029 - 3.64 2.10
-07 - 51.0 0.047 - 3.44 2.12
-03 - 45,0 0.043 ~ 3.438 2.12
-09 - 55,5 0.051 - 3.42 2.13
-10 - 79.5 0.069 - 3.29 2.13
-11 - 87.0 0.079 - 3.25 2.15
-1 - 79.0 0.068 - 3.29 2.13
-13 - 107.0 0.107 - 3.14 2.17
-14 - 100.5 0.097 - 3.18 2.17
-15 - 115.0 0.157 - 3.10 2.30
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Thermodynamics Of Oxygen In Liguid Iron, Nickel

And Iron-Nickel Alloys

3.4.1 Iron-Oxygen System

The apparent eguilibrium constant, K' (Fe), and the

true eguilibrium constant, K(Fe), for the following

reaction [8] are given by egs.[9] and [107,

respectively.

1/2 0 _(g) = 0(% in Fe) (8]
2 - /
[20]
K'(Fe) = [9]
1/2
P (Fe) /
9,
a (0O-Fe)
K(Fe) = [10]
1/2
P (Fe)
02 .

The Henrian activity of oxygen in ligquid iron, a(O-Fe),

is defined by



where u°(0-Fe) is the chemical potential of oxygen

[oN
|_1
Ui
[£)}
Q
e
o
[4 (]
*.J
o]
jon
]
4o
@]
1
[
]
ct

ical (Fe + 1 wt pct 0) alloy, and

O in Fe) is the chemical potential of oxygen

dissolved in lgiuid iron.

The Henrian activity coefficient of oxygen, FO(Fa

£ (Fe) = a{C-Fe)/ [30]. [12]

It follows from these definitions

st

lim a(0-Fe) = [30] , [13]
[g0] —> 0
n £,(Fe) = 1 s [14]

As mentioned in

ct

he foregoing section, the

andard free energy of formation of MOO2 is given by

A G° (Mo0,) /kT mol-MoO, © = RT ln P,_(Mo-MoO,)

2 o) 2
= - 509.6 + 0.1297 (T/K) + 0.3 [15]

he oxygen partial pressure in equilibrium with oxygen

~
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dissolved in liquid iron, PO (Fa), can be calculatad
2
by combining egs.[5] and [153], and the results are
summarized in TABLE 3.
The effect of oxvgen concentration on log K' (Fe)

log X' (Fe) and [%0] were represented as
log XK' (Fe) = 3.30 + 0.2 [%0] at 1823 X, [15]
log K'{(Fe) = 3.23 + 0.2 [30] at 1873 XK. {[17]

9]

. . : 0 .
The interaction parameter, eO(Fe), is

eg(Fe) =

Therefore,

o
Fe =
eo( )

.Blog fo(Fe)

o [20] .

D [log K(Fe) -

log X' (Fe)]

3 [%0]

3 log K' (Fe)

\\
o [30]

—t
!—-J
O
[
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Combination of egs. [16], [17] ard [19] vields

eg(Fe) = - 0.2 at 1823 to 1873 K . [20]

change for the reaction [8] is

[ G°{0-Fe) = - RT 1ln K(Fe). [21]

ibrium constant, K(Fe), 1s .independent

of oxygen concentration, [30]. Therefore, one can

optain
log K(Fe) = 3.30 at 1823 K , [22]
log K(Fe) = 3.23 at 1873 X . [23]
Thereiore,
AG° (0-Fe)/kJ mol ~ = - (115.2 4+ 1.2) [24]
at 1823 X
dce (0-7Fe) /kT mol™T = - (115.8 + 1.2) [25]

at 1873 K

Combination of eq.[24] and [25] yields



AG® (0-Fe)/kJ mol™L = - 93.3 - 0.012 (T/K) + 1.2 [26]

FProm the standard deviations of E(I), T, and [%0], the

uncertainty of 4G°(0-Fe) was estimated to be + 1.2 kJ.

The present results for /AG° (0-Fe) are shown in
Fig.3.9 for the sake of comparison with those reported

in earlier literature. Values reported by Sakao and

(9) were based on H,

1

ii

Sano(g), and Floridis and Chipman

~

1

r_otnan

O-metal eguilibrium, and about 8.4 kJ lo

(D
ot
i)

W

<t

2

present values. 1In general, werrors in the H /H O-metal
equilibrium method can arise from thermal diffusion in

gas phase and hydrogen dissolved in liguid metal.

By using solid-oxide galvanic cell technigue,
. ! ] o] ] )
Fischer and Janke(S), Fischer and Patei ky(6f and
Mathew et alflo) reported the same value of - 119.7 kJ

at 1873 K, which is about 3.7 kJ lowar than the present
values. This disagreement would be attributed to the
difference in reference electrode and the experimental

difficulties of e.m.£f. measurements at steelamking

temperature.
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3.4.2, Nickel-Oxygen-System

One can obtain the following egquations for tha

reaction [27]

1/2 0,(g) = 0(% in Ni), [27]
. [50]
P Ni) ’
o2 _

K (i) = [29]

where K'(Ni) and K(Ni) are the apparent and true

equilibri

th

m consgants

o

or the reaction [27] ,

respectively.

1

The definitions of several thermodynamic

guantities for oxygen in liguid nickel are as follows,

RT In a(0O-Ni) = P(O in Ni) - P°(O—Ni), [30]
£ (Ni) = a(0-Ni) / [301 , [31]



- 97 =

lim a(0-Ni) = [20] [32]
7

[20] — 0

1im fO(Ni) = 1 , [33]

[20]—> 0 .

where a(0-Ni) 1s the Henrian activity of oxygen in

liguid nickel, u°(0-Ni) is the chemical potential of

xXygen dissolved in hypothetical (Ni + 1 wt pct O)

solution, p(O in Ni) is the chemical potential of
oxygen in liguid nickel, fO(Ni) i1s the Henrian
activity coefficient of oxygen in liquid nickel, and
(N1) is the interaction parameter for oxygen in

liguid nickel, respectivels

,
P4

The effect of oxygen concentration, {%Cl}, on
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lecg K'(Ni) is shown in Fig.3.10. The

method was applied to determine the r

betweeen log K'(Ni) and [%0] at 1873

log K' (Ni) 1.84 +

C.6 [30]

The interaction par
were assumed to be
the experimental accura
1773 and 1823.K can not allow their
with this assumption, one can obtain

-

7 2

3

i

log K' (Ni) 1.97 + 0.6 [30

log K' (Ni)

The standard free energy change

[27] can Dbe calculated as

AG® (0-Ni) /kJ mol !

at 1773

K

least squares
elationship

X

calculation.

] at 1773 ¥, [37]

at 1823 X,[38]

for the reaction
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Fig.3.10 The effect of oxygen concentration
on the apparent equilibrium

constant, log K'(Ni).
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, . -1
AG? (0-Ni)/kJ mol == (66.3+1.2) [401]

at 1823 K

)
H
|.._l

° (0-Ni)/kJ mol T = - (65.0 + 1.2 ) [41]

at 1873 ¥,

-

and . G°(0-Ni)/kJ mol ® = - 82.8 + 0.009(T/K) + 1.2

L |
=N
XS]

—

ot
u

as temperature function a

n.

teelamking temperature
The assignad uncertainties in these equations were
calculated from the standard deviations of E(II), [%0]

and T, and the uncertainty of zﬁG°(MoOZ).

Figure 3.11 shows ths temperature dependence of
11G°(O—Ni) for the comparison of the present results
with those by other investigators. The experimental
results by H2/H20—metal equilibrium by Wriedt and

. ; . . 1 13)
Chlpman(ll), Tankins et alf 2), Belev et al£ ), and

14) -
Sakas and Sano show a spread of 10.6 kJ at 1873 K.
On the contrary, values obtained by means of solid-

. . . < 2 .
oxide galavnic cell by Fischer and Ackerman( ), Kemori
et al,L“” and the present author show a good agreement

) b 1, .y - : (16)
with each other. Values reported by Bowers by
means of CO/CO2—metal egquilibrium are shown in good
agreement with the present results. On the other hand,

S

values reported by Schank at al£l7) by means of the
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Fig.3.11 The temperature dependence of
the standard free energy change
for the reaction 1/2 Oz(g)=9(in Ni)‘
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1 1 '15
same method as that used by Bowers( ) are about 6 kJ

lower than the present wvalues..

It is well known that oxygen in liguid iron
does nct obey Henrv's law. The interaction
parameter for oxygen in liguid iron, eg(Fe), was
reported to be - 0.2(3) , and the present author

reported the same value at 1873 X as mentioned in the

foregoing section 3.4.1. For oxygen in liquid nickel,
o)
(

experimental values of el Ni) are not available

. 14y
except for thoese reported by Kemorl et al.( A

had been assumed that oxvgen in liguid nickel showed

. . . (o] .
an ideal behavior, 1.e. eo(Nl) = 0. In order to
. , . . o I oy
obtain the interaction parameter, eO(Nl), with a good

accuracy, it is desirable to measure the e.m.f. values
in a wide range of oxygen concentration because the

O s . . ,
values of eo(Nl) are determined by the slope of
log K'(Ni) against [30]. In reality, the values of

log K'(Ni) at 1773 and 1823 K did not show a clear

4

dependence on [%0], probably because of ths

3

aArrov

range of oxygen concnetration investigated.

;
Kemori et alf*4), by using the cell, Pt/LaCrOB/ZrO2

(Ca0) /0 (in Ni)/LaCrOB/Pt,at 1733 and 1783 XK, found

S . . o
that the interaction parameter, e,s  Was Zero.

Their investigated range of oxygen concnetration is



restricted below 0.22 wt% at 1733 K and 0.35 wt3 at

IM.]
-~
0
(%]
P

» respectively. If their e.m.f. measurements

\
P4

(0

were performed in a wide range of oxygen concnetration,

they may obtain a clear dependence of log K'{(Ni) on

G

In the present study, the alumina crucible was

<

significantly attacked by the melt and a bluish laver

of J1A12O4 was. always found on the inside of crucible
after experiments. Since the solubility of oxygen in
liguid nickel in eguilibrium with Ni Al 4 decreases

=
-3
i..l
t
-
o)

oxide added to the melt at lower temperature {1773 and

1783

ecreasing temperature, a large portion of nickel

1823 K) would react with the alumina crucible and form

. 3

NiAlzo - It was found that when the oxygen content

o)

exceed 0.3 wt% at 1773 and 1823 XK, and 0.5 wt% at

-

1873 K, the oxygen content decreased with time. -Thus

the e.m.f. measurements at oxygen content above the

5
i

o

es investigated at each temperature were

l._.J
V)]
=
RQ
UJ
[

<

U]

: el

impossible since the content of oxygen can not be

held constant above these largest values



- 104 -

3.4.3. Iron-Nickel-Oxygen

Let us consider the following reaction;
1/2 0,(g) = O(in Fe-Ni) _ [43]

The apparent equilibrium constant, K' (Fe-Ni), is

given by

I—:__'\ —
XK' (Fe~Ni) 1773 [44]

P (Fe-Ni)

The values of K' (Fe~Ni) for each alloy composition can
be experimentally determined by the chemical analysis
of oxygen and e.m.f. measurements. The true
equilibrium constant, K(Fe) and XK(Ni), for the

reaction [43] are given by

a(0-Fe)
K(Fe) = [45]

P (Fe-~Ni)l/2
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a {0-Ni)

K(Ni) = 173 [46]

P. (Fe-Ni)

Combination of egs.[44] and [45] yields

log fO(Fe) = log K(Fe) - 1log K'(Fe-Ni)_ [471
Similarly’
log fo(Ni) = leg K(Ni) - log K'(Fe-Ni) _ [48]
Therefore)
? log £_(Fe) ) 2 log £_(Ni)
2 [20] C ¥130]

p- log KXK' (Fe-~Ni)
= - [49]

B [20] -

(18)

Following to Lupis and Elliott ; the activity

coefficient can be expressed as a sereies expansion;



- 106 ~

log £_(Fe) = eJ(Fe) [30] + N (re) [aNi]

+ 1r2(Fe) [201% + N (Fe) [$Ni] 2

+ M (re) [aNi] [s0] ) [50]
or

log £_(Ni) = eJ(Ni) [s0] + er®(Ni) [¢Fe]

+ romi) f201° + riCi) [aFe]”

oFe

+ T (Ni) [&Fe] [20] . {51]

. . . o
The first order interaction parameters, eg(Fe), eo(Ni),

eil(Fe), and eie(Ni), are defined by

3 log £ (Fe)
e (Fe) = = _ [52]
9 [20] [30]1=0, [2Ni]=0
/
. dlog £ _(Fe)
el (Fe) = ° [53]
© D [eNi] .
[501=0, [%Ni]=0
Ylog £ _(Ni)
eg(Ni) = o ! 4

ov

‘ [54]
Y 120] l[

$0]1=0, [%Fel=0
/

Dlog £ (Ni)
ege(Ni) = o [55]
o [3Fe] [20]=0, [$Fe]=0
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The second-order interaction parameters, rg(Fe), rgl(Fe)

rONl(Fe), 2 (Ni), rFe(Ni) and rOFe(Ni): are defined as
o o © ©
9 i i
o 2 > [201° § [201=0, [2Nil=0
® 3Ci=0, 3Ni]= ’
2 =
o (pe) = 55 105 folFe) : [57]
o (Fe 2 S Tenil2
51 [201=0, [%Ni]=0
N2 log £_(Fe) |
i °F ,te
T (g, - -z—d o } [58]
Q1201 g [3mi] | [301=0, [%$Ni]=0
/4 © /
%2 log £ (Ni) {
, o
rg(Nl) _ %— B O2 i [59]
[30] | [20]=0, [sFe}=0
2 £ J1
FO (N = 197 19 £, (i) [60]
a_o L P 2 a o 2
[sFe] [80]1=0, [¥Fe]=0
2
3 7 log f£_(Ni)
rgFe(Ni) _ % o [61]
D [20] J [3Fe]



since the accuracy of the experimental- dat

one can obtain eq.[62] from egs.[49

The third-order terms were assum

. . e}
t allow thHeir calculations.. Moreover ro(Fe)

(Ni) were assumed to be zero. With these assumptions,

~

Lann J
U
[aw]
rd
W
3
[oN)
—
wu
mad
ld

As mentioned in the foregoing sections of 3.4.1 and 3.4.2,

o L ,
eo(Fe) = 0.2 ' [63]
eg(Ni) = -~ 0.6 [64]

herefore’

ON1 ,_, _ _OFe _ -
o (Fe) =-r o (Ni1) = 0.004 , [65]

Introduction of egs.[62], [63], [64] and [65] in

eq.[50] yields'

log fo(Fe) = log K(Fe) - log KXK' (Fe-Ni)
. N ,
= - 0.2 [30] + egl(Fe) [3ni] + rgl(Le) [$34]

- 0.004 [30] [3Ni] [66]



I

l._l
o
0,

i

Eg. [66] indicates that plots of log XK' (Fe-Ni) against
[2C! at fixed alloy composition. should be straight

lines with the slope of (-0.2 - 0.004[2Nil) and the intercept of

[as]
-

N i ) N1 o
{lmg K(Fe) + e;l(Fe) [3Ni] + r;l(Fe) [1\'1]2}. Furthermore

Ni . Ni .2
log £ (Fe) = e_"(Fe) [sNi] =+ rgl(Fe) [eNi]“
at  [20] = 0 . (671
(—‘1 1}- r <7
ol ia lj’
log £ (Ni) = e S(wi) [sFe] + r S(ni) [3Fe]?
o o - - ’ o) °
at [30] = O [68]

Figure 3.12 shows the relaiton between log K' (Fe-Ni)
and [30]. The values of log K'(Fe-Ni) were well

linear functions of [20] as listed in

H
O

g
R
®
n
®
o
4y
{u
[oF
v
ul

TABLE 6, where the slope of log K'(Fe-Ni) at each

alloy composition was assumed to be —&9.2 + 0.004[%Niﬂ.

The activity coefficients, fo(Fe) and fO(Ni), were
calculdted by egs.[47] and [48], respectively, and are

ines in this figures were

1
.y
®

}—J

0]

shown in Fig.3.13.

obtained by the method of least sguares as
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Fig.3.12 The effect of oxygen concentration on
the apparent equilibrium constant,

log K' (Fe-Ni).
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TABLE 6 Variation of log K'(Fe-Ni) with the
oxygen concentration in liquid iron-nickel

alloys at 1873 K.

[2Ni] log KXK' {Fe-Ni)

0 3.23 + 0.20 [30]
10.5 3.17 + 0.24 [20]
20.8 2.98 + 0.28 [30]
31.1 2.93 + 0.32 [3%0]
38.4 2.86 + 0.35 [20]
51.2 2.76 + 0.40 [3%0]
61,2 2.63 + 0.44 [20]
71.0 2.51 + 0.48 [%0]
80.8 2.32 + 0.52 [%0]
90.4 2.08 + 0.56 [20]

100 1.84 + 0.60 [30]




bl

=112

*[®4%] I0 [IN%] pue

‘(TN) P73 BoT a0 0°24d)°g boTt usomieq uoT3eTay ¢€T1°¢ bta
[N |
00t - 08 09 07 4 0 0
0
_ 70
rwl | 90 p,uw...,
ot T 0=[0%1(4)0} Boy 80 2
z o
5 0=[0%I-(IN)o ¢l m
o [\ j bojy i
o > 7O
i I I i H { ] ] ] 9
0 0c 07 09 08 001

[24%]



= (0.006 + 0.002) [2Ni]
T [aNi] at [30]=0 , [69]

log £_(Ni) =
0] = 0 . 7701

e
%]
oY)
(1
op
(@]

+ (1 + 0.8 x 10

As mentioned in the foregoing sections of

log K(Fe) = 3.23 at 1873 ¥ , [71]
and log K(Ni) = 1.84 at 18373 K 1721
Therefore ,

log K(Fe) - log X(Ni) = 1,39 . [73]

On the other hand, the Zifference of egs.[62] and [70]

yields,

log fo(Fe) - log fo(Ni) =
= 1.40 + 0.002 [3Ni] - 3 x 1072 [eNil? | [74]

Therefore,

]{log K(Fe) - log K(Ni){- jlog f_(F 1
X

=30.01 + 0.002 [2Ni] - 3



[
ot
o

0, and the third-

e
®
I
H
oo
=
H.
1

order interacticn parameters are negligible, the

The maximum value of the terms on the right hand of eg.[75] is

0.11 at [sNi]=100. This value may be regarded to be

Comparison with the results obtained by other
investigators for log fo(Fe) at [%0]=0 are shown in

Fig.3.14. The present results show a fairly good

R 14
agreement yith values reported by Sakao and Sano( ),

(11) 7)

. . (1
Wriedt and Chipnam , Schenck et al, , and Matoba

- (19}
and Kuwana(l9 . All of these authors used the gas-

co s - 0 .
metal egquilibrium method. Goto et al(.2 ), by using
CO/COz—metal equilibruum method, xreported the

activities of carbon and oxygen in liquid iron-nickel

lloys. The values reported by them are somewhat

W]

n

maller - than the others in the range of high
nickel concnetration, and would be affected by the
dissolved carbon in liguid iron-nickel alloy probably

because of low oxygen pressure in their experiments.

The interaction parameters obtained in the

present study are listed in TABLE 7. The first-order

Ni
e

interaction parameter, o

(Fe), is- in good agreement
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TABLE 7 The first and seccond order interaction’
parameters for oxygen dissloved in liquid
iron-nickel allovs at 1873 -K.

Authors Ni Fe . Ni . Fe, .

e, (Fe) e O(hl) r (Fe) ry (Ni)

Present Study 0.006 - 0.024 (7 + 8) (1 +0.8)

- i
x 107 x 1074

Sakao and
Sano (14)

0.005 =~ 0.026 1.25% 1074 1.25 x 1074

Wriedt and 0.006 - - -

Chipman (11)

Matoba and 0.0053 - - -

Kuwana (19)

Goto et alle) 0.005 - - -
. {(17) -

Schenk et al 0.006 - -

Fischer and 0.006 - 0.025 - -

Ackermann (2)




with those by other investigators. No paper has been

)

. L Ni
reported the second-order interaction parameter, ry (Fe)

-
H . . . . .
o (N1) . Calculation of these parameters was
carried out by using the experimental data of Sakao an
(14)

and Sano , and the results show a fairly good

agreement with the present results.

3.5 Summary

An electrochemical method using solid-oxide
electrolyte has been used to determine the thermoc-
dynamic properties of oxygen in liquid iron, nickel

and iron-nickel alloys. The cells used are

Cell(I) Mo/Mo—MoOz/ZrOZ(CaO)/Q(in Fe)/Mo/
Cell(II) Mo/Mo—MoOz/ZrOZ(CaO)/Q(in Ni}/LaCrOB/Pt’

Cell () Mo/Mo—MoOZ/Zroz(CaO)/Q(in Fe-Ni) /Mo.

The free energy changes for the solution of

gaseous oxygen in = liquid iron and nickel are given

by,

- -1
AG°(0-Fe)/kJ mol = = - 93,3 - 0.0612 (T/K)



A G° (0-Ni) /kJT mol ™t

- 82.8 + 0.

2 [20] + (0.006
sNil]? 4+ 0.004 [3
6 [3

el”™ - 0.004

009

(T/K) + 1.2,

fO(Fe) and

+ 0.002) [3Ni]

[20]

30] + (0.024 + 0.002) [3Fe]

[3Fe]
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CHAPTER 4

OXYGEN PERMEABILITY OF CALCIA~-STABILIZED ZIRCONIA

4.1 Introductiocn

The uysefulness of the calcia-stabilized zirconia
as a so0lid electrolyte of galvanic cell has been
experimentally demonstrated in the foregoing chapters.
Oxygen, however, permeates through zirconia at high
temperature, consequently oxygen permeability may be a
main source of experimental errvecr in the electrochemical
measurement of oxygen in liquid iron as mentioned in

the foregoing chapter(3.3.1).

In order to confirm the path of transfer that
mainly contributes to oxygen permeability through
zirconia, it is decided to measure the permeability of
both oxygen and nitrogen. If the main causesof oxygen
transier were not due to the electronic conduction of
the zirconia electrolyte, both oxygen and nitrogen would
permeate through zirccnia. Oxygen permeation due to
Knudesn diffusion through pores  dJjiffusion through

grain boundaries and molecular diffusion through micro-



0
Al
W
(9]
7~
u
)
|t
’.._.I
}—J
o

e reduced by improving th cal

[

(0

phys
properties of zirconia, i.e. by making dense ceramics,.
Therefore, in the absence of these other effects, oxygen
transfer which may cause an experimental error during

the e.m.f. m

o

asurement of oxygen concentration cell

would be due to electronic conduction. The oxygen

I...-J

The permeability measurement cells in the presen

ol

study are represented schematically as

Cell (1)

02 Zr02 (Ca0) N2 - 02
(Pé = 1 atm) | i (Pa = 10—3 to 0.39 atm)

2 { 2 2
Cell(1II)
i
O2 ZrOz(CaO) CO/CO2
-7 -12

(Pé = 1 atm) (Ps = 107" to 1077 atm)
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4.2 Experimental

Experimental apparatus 1s shown in Fig.4.l1l for
cell(I) and in Fig.4.2 for cell(II), respectively. A
zirconia solid electrolyte tube,eabout 13 mm OD, 9 mm ID
and 500 mm long, stabilized by 11 mol % of CaO and
closed at one end, was used for the experiments. The
chemical composition and physical properties of the
zirconia tube, supplied by Nippon Kagaku Togyo Ceo. Ltd.,

are given in TABLE 1 of Chapter 2.

The omen end of the tube was connected to a
mercury manometer through glass tubing. The zirconia
tube was tested for its gas tightness at room
temperature by evacuating the inside of the tube. These
tubes wnich showed a pressure increase of less than
0.0026 to 0.0040 atm during 30 minutes after turning off
the stopcock connceted to the vacuum system, were
selected and used for these experiments. The tube was
heated very slowly to avoid thermal cracking in a SiC
resistance furnace from room temperature to experimental

temperature.

sas leakage resulting from open porosity or cracks

was evaluated by determining the ratio of 02 to N2 which



- 124 -

—y

Vacuum or
Oy inlet

Qutlet -

Brass cap ——¢ 3

Calcia-
stabilized |
zirconia tube -

SiC resistance
furnace -

Alumina tube

Mercury
manometer

Ny-0, inlet

—— T

Fig.4.1 Experimental apparatus for cell(I).
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permeated through zirconia tube at 1704 to 1873 K.*

The observed ratio was >500. The inside of the zirconia
tube was filled with pure oxygen at atmospheric pressure,
and the_outside was flushed with a stream of N2-O2 gas
mixture having the oxygen partial pressure of 0.39, 0.21,
0.056, 0.009 and 0.001 atm, for cell(Il}), or CO/CO2 gas
mixture for cell(II), respectively. The mass of pure
oxygen inside the tube was gradually decreased due to*
the permeation of oxygen from inside but no permeation
from outside. The mercury leveller was adjusted,
therefore, to keep the pressure of pure oxygen at a
constant atmospheric pressure, and the change of mercury
level was measured for every one to three minutes
ranging from 10 to 30 minutes. Since the oxygen
pressure gradient across the tube was kept constant
during these experiments, the oxygen permeability
through zirconia tube can be calculated as a steady-

state diffusion by eqg.[1l]

* The details of this preliminarv experiments for

determining the ratio of-OQ te I, at 1704 to 1873 K

will be described in APPENDIX-A.




fent
[\S)
~J

"rz P
. /L A
J- A = Ay = - =% [1]
2 R Tr
- -2 -1 . .
where J 1s oxygen flux (mol cm sec 7)), 1, is the
2

molecular number of oxygen diffused through zirconia per

1 . .
' . E - . E—
unit time (mol sec A is effective permeation area

39 em”, ¥ is the inner radius of the mercury mananeter {cm),

The details of calibration of effective permeation

area will be described in APPENDIX-B

P i3 the atmespheric vpressure, (atm), R is the gas

th

constant, Tr is the temperature of mercurv manometer(X),

and Ah{(<0) 1is the change of mercury level(cm) during

the time At(sec), respectively.

Temperature of the zirconia tube was measured by

Pt-PtRhl3 thermocouple, and the hot junction was

resistance furnace, and controlled within + 3 K. The

flow rate of gase was measured by capilary-type flow

eter which was previously calibrated by scap-film

=

(o

echnique. ~The fraction of CO/CO2 was determined by
Orsat gas-analysis apparatus, and the results showed

a fairly good agreement with those determined by flow



4.3 Results and Discussion

4,.3.1 Cell(I)

Representative results for cell(I) are shown in
Fig.4.3. Quite linear relationship between 4 and 4 £ was obtained.
Calculated values of oxygen permeability from eg.[l] are
shown in TABLE 1. The effect of the difference in
oxygen partial pressure on permeability is shown in Figqg,
4.4, The oxygen permeability in zirconia is
proportional to ( 1 - P¥ l/4)

O,

pressure from 1 to lO—3 atm. The results would be due

in the range of oxygen

to p-type electronic conduction in the solid

electrolyte. The oxygen pressure dependence is the same

(1)

)
as those reported by Smith et al.™’, Fischer(z’ and

(3)

Palguev et al.~; but not accord with that of Alcock and

(4)

Chan , who reported a relation proportional to the

1/2 power of the pressure difference. Results obtained

(5)

by Kitazawa and Coble did not show a clear dependence

of permeability on oxygen partial pressure.
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1

The apparent activation energy of oxygen

permeability can be obtained by plotting log 2 against

07
1/T as seen in Fig.4.5. The slope in Fig.4.5 gives the

apparent activiation energy as

This value is in gocd agreement with that reported by

1
Smith et a1 () (AQ = 241 kJ).

Tha transport of oxygen from the inside of the

2) to the outside(N2 - 02) during

these experiments involves a series of independent steps;

zirconia tube(pure O

1) transport of molecular oxygen from the bulk of pure

oxygen to gas/solid electrolyte interface,

2) absorption of molecular oxygen on the electrolyte surface,
3) transport of oxygen through the electrolyte,

4) descrption of oxyvgen on the electrolyte surface,

5) transfer of molecular oxygen from the gas/solid

electrolyte interface to the bulk of N2—02 gas

mixture.

Since the purpcse of the present study is to

investigate the diffusion mechanism of oxygen through

0

irconia due to the electronic conduction, experimental
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Fig.4.5 Temperature dependence of oxygen

permeability with cell(IX).
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conditions should be arranged so as to make the
transport of oxygen through zirconia the rate-
controlling step. According to Takahashi et al£6), the
rate of chemical reaction between gaseous oxygen and
ionic oxygen in the zirconia solid electrolyte at high
temperature is very rapid. Furthermore, the oxygen
pressure gradient in the laminar gas film of pure oxygen
is negligible, so that the most likely rate-controlling
step would be the mixed control of the transport of
oxygen through electrolyte and gaseous diffusion through
the boundary layer at the outer N2—O2 gas mixture. For
the conditions of the present study, the resistance of
molecular diffusion through the outer gas phase boundary
was estimated to be negligibly small in comparison with

the resistance of the oxygen transfer through

electrolyte as discussed in the APPENDIX-E.
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4.3.2. Theory of Oxygen Permeability

The reaction between lattice defects and electron
defects in the solid electrolyte,and the gaseous oxygen

may be formulated as

Oz(g) + 2V o= 20, * 4 h', 121
= - 4 e
2 OO Oz(g) + 2 Vo + 4, [3]
where Vé’ is an oxygen ion vacancy in normal site

occupation with "plus” two charge relative to the normal

lattics site, OO is an oxygen ion on an oxygen site,

(7)

h" is a positive hole, and e' is an excess electron .

The following discussion is based on the oxidation

(8)

theory of Wagner The transport rate of charge

carrier i through electrolyte is given by

[4]

where N, is molecular number of i transported per unit
L

time (mol sec—l) expressed as vector, Di is diffusion

- —_
coefficient(cm2 sec ), [i] is concentration(mol cm 3),



. . s q s -1 . -1 .
B. is absolute mcbility(cm sec dyne ), Z; 18
i i
electric valency, e is elementary electric charge{(C),
o ] A . -1 .
%? is electrical potential{dyne cm C ) and X is

distance(cm), respectively.

The Nernst—-Einstein equation interrelating

3

diffusion coefficient and absolute mobility is given by

D. = Lk T B, [51
i i !

where K i1s Boltzman constant and T isg temperature(X).

Substituting eg.[5] for eq;[4] vields

A i

a. Oxygen Permeability Due To Positive

Hole

Let us consider the specific case corresponding to
the change in oxygen pressure. When the oxygen pressure
surronuding the solid electrolyte is comparatively high,
main charge carriers in zirconia electrolyvte are oxvgen

ion and positive hole, i.e. oxygen permeability would be
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explained as fdollows

1) gaseous oxygen fills oxygen-ion vacancy, and oxygen
ion and positive hole are created,

2) oxygen ion and positive hole migrate from the
interface of high oxygen pressure to the another
interface o6f low oxvgen pressure,

3) reaction with oxvgen ion and positive hole yields
molecular oxygen and oxygen-ion vacancy on gas/
electrolyte interface of low oxygen pressure.

Eg.[6] can be rewritten for oxygen-ion vacancy and

positive hole as follows;

' arv: -1 2[v:'l ed @
°— = - Dy.. [—— 4 > 1, 171
A o da x kT 4dx
n, .
h™ _ dlh"] [h']le a®
A h Dy [dX RIS v 5 1 [8]

Condition of electrical nuetrality in the zirconia, which
is surrounded by considerablly high oxygen pressure, is

described as

2[Caé£] = [h'] + 2 [v_ "1 . [9]

Any volume element must remain electrically nuetral and
only equivalent amounts of oxygen-ion vacancy and

positive hole can migrate, because the cation diffusi-



vity in the calcia-stabilized zirconia is negligiblly

small, therefore,
n = - 2 N_,.. [10]
If there is no macro-segregation in its compositior

of zirconia; then

[ }
d [CaZr]

I X =0 . [11]

Differentiation of eq.[9] by dX and combination of eq.

[11] yield
d [h*] divgl
d X = -2 [12]
d X
From egs.[?],[10] and [12], eg.[9] becomes
ﬁv.. ﬁh.
% = - [13]
A 2 A
[} - .
o _1am] {2lcay!ll - [h'l}e ay
B Ve 2 dxXx k T dax-’
[14]

Elimination of (d¥/dX) from eq.[8] and eq.[14] yields
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D . [h] “h
3 - Py e ]
11 . St .l alh°]
= {f'Dh’ DVg [h*] + Dy - DVé‘ {Z[LaZr] [h']ﬂ——gg“—‘
[15]

Since, [Ca%é] > [h°]1, eq.[15] can be simplified to

h* _ d[h”]
A - " Ph Tax o [16]
= (Dh.7L){[h'](Pé y - [h'](P5 )} [17]
’
2 2
where L 1is the thickness of electrolyte(cm), [h'](P, )
02

and [h™] are the concentration of mpositive hole
) I

"
(PO2

at the designated oxygen partial pressures, P! and P!
2

Applying the law of mass action to reaction [2] vyields

Consequently,

J =n. /A =nhn. /2A =n1n,./4A = - A_.../2A
OZ(Q) 02 OO h VO
1 . 1 P! 1/4 _ P 1/4
X [v::1 % 0 0
_ 1 D K 4 [ o ]2 2 2 [19]
4 "h" “h [Oo] L ’
where JO (@) is the flux of gaseous oxygen (mol cm—2 sec—%

2
due to positive hole.



P-type electronic conductivity is defined by
G = 0] No e po [20]

where N, and are Avogadro'*s number and mobilit (C2cm
o Pe Yy

dyne_l sec—l), respectively.

Introduction of eq.[18] into [20] gives

/S
Op =%y 12 2
’ [0,]

(SIS

N, € o - [21]

Combination of the Nerst-Einstein equation and eq.[21]

with eq.[I9] yields

- RT
J = —_ - [O’ 1 - U’ " ] [22]
02(@) 4F2 L @(PO ) e(PO )
2 2
R T
4
= ——— g ey Mt - ey VY [22]"
477 L 2 72
where (T;(Péz) and Cxé(sz) are the p-type elec-

tronic conductivities at the designated oxygen partial
1 n ] ; —

pressures, P02 and P02 , and (j’$ is the p-type

electronic conductivity at Po = 1 atm. This is

2
analogus to the Hartung-Mobius equation(g).

b. Oxygen Permeability Due T» Excess Electron
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When the oxygen pressure surrounding the solid
electrolyte is very low, the oxygen permeability would
be explained by using eqg.[3] as follows;

1) gaseous oxygen and oxygen-ion vacancy react with
excess electron, and oxygen ion on an oxygen site
is created at the interface of higher oxygen
pressure,

2) oxygen ion migrates from the interface of higher
oxygen pressure to that of lower oxygen pressure,
while excess electron migrates to the opposite
direction,

3) reverse reaction described in 1) is occurred at the
interface of lower oxygen pressure.

In this case, the equation corresponding to eqg.[7] is

given by

[e'] - [e'] "

A T Yer'T 3% = Mt i

, [23]

where [e'](P, ) and [e'](P“ ) are the concentrations
o)) O

- 2, .
0f excess electron at the designated oxygen partial

pressures, Pé and PB . The equilibrium constant K
2 2 ©

for the reaction [3] 1is

I 14
[VO 17 [e'] PO2
XK = . [24]

2
[OO]




_1
4
1 P! -
e 4 [Oo] % o, 2
= De, Ke [ ]
A [v' "] L

element of electrolyte is given by

e' 2 I’lv’ -
o
Therefore,
Jo (ey = Do /A =1hg /2R = -1, /4A = - D ../2A
2 2 o o
_1 =
4 4
1 1 P! - po
_ 1 a [OO] 5 02 02
= 7 4 Del Kel [ ]
v "] L
[27]
The equation corresponding to eq.[22] is
RT
Yo, ) T~ ;
4 F

[ (j'é(Pé )
L 2

Condition of electrical nuetrality at any volume

[26]

[25]
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R T
_ T (P -1/4 po l/4y
2 © O2 O2 7

4 F7 L
where G ' and a Crem are the n-type

G(PO ) G(PO )
electronic conauctivities at the designated oxygen
partial pressures, P/ and P! , and (@ 2 is the
= = 02 02 s
n-tvpe electronic conductivity at PO = 1 atm.

2
C. Oxvgen Permeability Due To Positive

Hole And Excess Electron

Summation ©Of egs.[22] and [23] gives a total
oxygen permeability, if the reactions [2] and [3]

coexist at equilibrium,

J = J + J

total 02(@) 02(8)



RT
=y [ 1 D T [ ] O-' n ]
24 Tem: )~ Tagen ) Toryr ™ Terpy ) }
2 2 2 2
[29]
1 1 1 1
- taael - wgty - g ey o 1L
4F°L 2 2 2 2

The eq.[29] is general equation interrelating oxygen
permeability and partial conductivity of positive hole -

and excess electron.

A parameter of oxygen permeability, P@e,would
be convenient to discuss specific case which arise from

eq.[29],

- ) e O -2
Poo = ( T/ o8 2 [30]

where (7‘% and (j'é are p~type and n-type electronic
conductivities at P02= 1 atm, respectively. This
parameter shows the oxygen potential at which the p-type
ahd ﬂ—type electronic conductivities are equal. Figure
4.6 shows the partial conductivities of stabilized
zirconia as the functions of oxygen partial pressure.

(A) if the sequence of oxygen partial pressure is

Po* > P(')Z > sz > Peg (Fig.4.6(a)),
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J is nearly equal to J, which is given by

total &)

eq. [22].

(B) The condition

P => PFo. > Pgg > P50 Pt

2 2 -
(Fig.4.6 (b))
leads to
RT 1 1
— [} [ n~
Jtotal » — oz (T g P54 * T8 P54 ) [31]
4 F7 L 2 2 -
(C) In the case
Pog > P(')2 > sz > Py (Fig.4.6(c)),

Jiotal is approximately given by eq.[28].

* According to Schmalzried(lo’ll), the parameters,Pea

and Pe, show the oxygen potentials at which the p-
type and n-type electronic conductivities equal to

the 1onic conductivity.
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The partial conductivities of calcia-

Fig.4.6

stabilized zirceonia as the functions

oxXygen partial pressure
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4.3.3 Comparison With Other Data

The cell used for permeability measurement by Smith
(1)

et al is represented schematically as
O2 2 ZrOz(CaO) E Ultrahigh vacuum
(@, = 3.9 x 107°  solid . with carbon
2 -1 ' electrolyte  susceptor
to 1.3 x 10 ~ atm) |  tube '

(total pressure is
10_6 to 10--7 torr,
E % PO2 = unknown)

The oxvgen permeability was measured by omegatron mass

spectrometer connected to the high vacuum side of the
zirconia tube in the temperature range from 1373 to 2323 K.

In this case the sequence of oxygen partial’pressure may

be

SN, ' o> > " .
Pe = P02 > Py 2 P02 > Py

Consequently eqg.[31] should be used for the analysis of

their results.

One of the
(2)

permeability measurement cell used by

Fischer ‘at 1873 K 1is
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N, - O2 ZrOz(CaO) ) Ligquid Iron
(P, = 0.1 to 1 atm) | solid (constant oxygen
2 electrolyte content = 1000 pom)
tube (P5 — 10—9 atm)

2

Eq.[31] is preferable for this cell to calculate the p-
type electronic conductivities, while his calculation
was made by eq.[22], since the sequence of oxygen

partial pressure for his cell may be

] "
o = To, > Tee 3>Fo = Py
In summary, the values of p-type electronic
conductivities given in his TABLE 1 would be somewhat
inaccurate. On the other hand, his values obtained by

the following permeability measurement cell at the

temperature range from 1615 to 1900 K would be accurate

{
02 ZrOz(CaO) ; N2 - 02
(P, =1 atm) solid E(Pa =5.2 x 10! to
2 electrolyte 2 -4
tube 5.4 x 10 "atm)

The sequence of oxygen partial pressure for this cell

may be

] "
Po > o, > Fo, > Pge,



(4)

Alcock and Chan have used the following cell to

measure the permeability from 1674 to 1873 K;

ZrOz(CaO) CO/CO2

= 1 atm) solid (P% = 0.5 to 1077
2 electrolyte 2 atm)

tube

The inside of the zirconia tube was filléd with pure
oxygen at one atmospheric pressure and the pressure
drop inside the tube was recorded on a manometer
connected to the zirconia tube. They calculated the
total quantities of oxygen which was transmitted
through the tube from the inner volume and the change
in pressure. Consequently, the oxygen pressure
inside the tube had not been kept constant during the
permeability measurements. In other words, the steady-
state condition was not kept in their experiments,
though they used the steady-state equation.

The permeability measurement by Palguev et a1(3)
was carried out for the follecwing cell at the

temperature from 1173 to 1523 K



02 ZrOZ(CaO) " Vacuum
(Pé = 0.01 to solid electrolyte (Pa = unknown)
2 1 atm) tube 2

Their experimental technique was similar to that used

by Alcock and Chan(4) and their analysis was based on

(12)

3
ot

unsteady state condition hey reported the 1/4

on oxygen permeabili
2
-type electronic conductivities

'..A
rt

power dependence of P y. Though

1

0

their calculation of p
was macde by the following equation

G’°=4F2LJ/RT [32]

® ) 2

eq.[22] may be preferable for the calculation of p-type

electronic conductivity.

Quite the same kind of discussicn would be

applicable for the analysis of oxygen permeability
(7)

reported by Heynes and Beekman , and Kitazawa and

Coble(S).
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4,3.4. Cell(II)

The sequence of oxygen partial pressure for cell(II)

is

¥ ~3 ~. 11 N .
Po > Po2 = Pge > Po2 = Py

Representative experimental results for this cell are
shown in Fig.4.7. Quite linear behavior was observed.
Calculated values of oxygen flux from eq.[l] are

summarized in TABLE 2. The effect of oxygen partial

pressure, Pa , on the permeability is shown in Fig.4.8.
2

A good linear relationship between oxygen permeability

and P" -1/4
O2

is observed as predicted from eq.[31].

4,.3.5 Calculation Of P-type And N-type Electronic

Conductivities
The p-type electronic conductivity at PO = 1 atm,
2
g~“é, was calculated from eq.[22] for cell(I). For the

case of cell(II), the slope and intercept of the lines
in Tig.4.8 should give (RT (T3 / 4¥% 1) and (RT<r5/4F2L),

respectively.
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Fig.4.7a Experimental results ror ceil{(ii).
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Fi§.4.7C Experimental results for cell(II).
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Fig.4.7d Experimental results for cell(II).
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Fig.4.8 Oxygen partial pressure dependence

of oxygen permeability for ceil(II)
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The results for 0’5 are shown in Fig.4.9. Values

reported by Fischer (2), Friedman et alilB), and Hartung

(9)

and Mobius are for commercial zirconia tube, while

£l4) are for high-

the high values of Patterson et al
purity electrolyte. The present results obtained by
cells(I) and (II) are shown in good agreement with each
other. The temperature dependence of 0/5 was

calculated as

log g = 0.28 - 5100 (7/K) " [33]
from cell(I),
log (F° = 2.05 - 7600 (T/K) * | [34]

@
from cell(II).

The results for < are shown in Fig.4.10. The

13) (14)

[}
Q
i , and Patterson et al . ’

values of Friedman et al

for commercial ZrO2 + 3 to 4 wt pct CaO and high purity

Zr02 + 15 mol pct CaO, respectively were obtained by

(15). On the other

(16)

-

means of d-c polarization method

hand, the experiments by Scaife et al and Etsell
and Flengas(l/) were based on coulometric titration
‘! ¢

method("a)

and the conductivity measurements.
Temperature dependence of the n-type electronic

conductivity at PO2 = 1 atm, Q’é, obtained in the
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Zr(32'+ CaO

Fig.4.9.

+x 104K

The p-type electronic conductivity at
P02 = 1 atm, (y’é, as the functions of
reciprocal temperature.

1. Present study by cell(I).

2. Present study by cell(II).

3. Fischer

4. Friedman et al.

5. Patterson et al.

6. Hartung and Mobius.
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[ | 1 |
= ! —O0— Present study ]
- 2 —0o— Scaife et al. _
e 3 —0— Friedman et al.
' 5 2 4L —o— Etsell and Flengas ]

5 —o0— Patterson et al,

|

1ol | ! 1 1
5 7 ) 9 10

1 /T x104 (K

Fig.4.10 The n-type electronic conductivity
at Pg, = 1 atm, (j'g, as a function of
reciprocal temperature.



present study with cell(II) was represented as

log 73 =8.81 - 23600 (1/K) 1 [35]

4.3.6. Calculation Of The Parameters, Pe_ind Pe

For the practical application of solid electrolyte
in a solid-oxide galvanic cell as a device for
monitoring oxygen in liquid steel, the parameters, P@
and Pe, give more usefull information than the p-type
and n-type electronic conductivities, These parameters
can be calculated by combining available ionic

(19)

conductivity and the p-type and n-type electronic
conductivities obtained in the present study. The
results of calculation for P@ are shown in Fig.4.11.

The temperature dependence of P@ was calculated as

1

log Py = - 0.87 + 15400 (T/K) [36]
from cell(I),

_ _ -1 s

log P@ = 2.65 + 6500 (T/K) (37

from cell (II).
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A nh
Tx1O (K™)

Fig.4.11 The parameter, Pgr @s a function

of reciprocal temperature

kW
L N I )

pPresent study by cell(II)
Present study by cell(I)
Friedman et al,

Patterson .

Hartung and Mobious



o

The present results obtained by cell(I) and cell (II)

|_l.

n fair gocd agreement with each other. The

-

vy

are sinown

disagreement between the present results and those by

(9) would be attributed to the

(20)

Hartung and Mobicus
difference 1in impurities. Patterson has made a
comprehensive survey of literature concerning the
conduction properties of calcia-stabilized zirconia and
His analysis was based

5
S ‘L 1
on permeabllity measurement by Smith et alf ) for

has provided an estimate of P

commercial zirconia tube supplied from Zirconia
Corporation of America, and the conductivity measurement
by Patterson et al€l4) for high-purity zirconia. In
other word, he assumed that the ionic conductivity of
commercial zirconia tube was equal to that reported for
high purity materials; this assumption might not be
valid. ©No obvious reason except for the difference in
the ionic conductivity can be found for the disagree-
ment between the present results and those by Friedman
et al(lB). The extrapolation of their values to steel-
making temperature yields log Py = - 3.5 at 1873 K.
This value of - 3.5 means that the Pt/air reference

electrode 1s not suitable as the reference electrode

of oxygen sensor for steelmaking. This is contrary to
(21.22) (13)

*

The results by Friedman et al

the fact

would be inaccurate,



The results of calculation for P. are shown in

S
24 1
Fig.4.12. Janke and Fischer(ZB’L’), Scaife et al£*6),

(17)

and Etsell and Flengas utilized the coulometric

(18)

titration method ; Wwhich is rapid and should be

. - 1":'
accurate as pointed out by Etsell and Flengas ').

Disagreement between the present results and those by

Janke and Fischer(23’24)

would be attributed not only
to - the difference in impurities in the commercial

zirconia tubes but also to different experimental techniqu

(]

usad. Errors in the present study with cell(II) would
arise from the uncertainty of effective permeation area

and ionic conductivity (Appendix-C).
(17)

*

The low P8 values reported by Scaife et al

(25Y

Richards et al, ar

and

1ty

for high purity electrolyte. The

extrapolation of the values reported by Friedman et al,

(15) to steelmaking temperatures yields log P8 = - 9.0.

In their experiments, commercial ZrO2 + 3 to 4 wt pct
Ca0 solid electrolyte was used. Consequently, their high
values would be attributed to the presence of

significant amounts of monoclinic 2Zr0O. in the

2

. 26 .
electrolyte. According toc RKumar et alf ), monoclinic

ZrOZ(tetragonal above 1273 K) would be predominantly

electronic conductor.
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Fig. 4.12 The parameter, Pgyr @5 a function

of reciprocal temperature.



Temperature dependence of log Pe obtained in the

present study is represented as

log Py = 24.12 - 70500 (T/K) ™" [38]

The results for CT'%, 2, P@ and Pe in the

present study are summarized in TABLE 3.
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4.4 Summary

Oxygen permeability of commercial calcia-stabilized
zirconia has been measured from 1673 to 1823 K by the

following cells

cell(TI)
| ! _
0, | ZrOZ(CaO) | N2 O2
| . | -3
V- solid  (PSL = 0.39 to 10 atm)
(PO2 L atm) electrolyte | O2
tbe ; 5
cell(I1)
O2 ; ZrOZ(CaO) % CO/CO2
. ; . —_— -7 -12
(PO = 1 atm) ; solid ‘ (PO = 10 to 10 atm)
2 . electrolyte ! 2
| tube i .
The following conclusions can be drawn;
1) Oxygen permeability of calcia-stabilized zirconia

is proportional to (1 - P l/4) for cell(I) and to

o)
Pll _1/4 2
o)

for cell(11), respectively.

2
2) The temperature dependence of the p-type and n-%yre
electronic conductivities and the parameters, P

[67]
and Pe were obtained as



- 177 T

-1
log 07g = 0.28 - 5100 (TI/K) —,

log Py = - 0.87 + 15400 (T/K)_%

from cell(I)

¥

log J°g = 8.81 - 23600 (T/K) T,
log 3 = 2.05 - 7600 (T/K) 11
log Py = 2.65 + 6500 (T/K) ©
log Py = 24.12 - 70500 (T/K) "L,

from cell(II).

The total oxygen permeability due to the p-type

and n-type electronic conduction is given by

RT
i} ~ . 1/4 1/4
Total 5 L8 (2 - pr )
4 F L 2 2
-1/4 -1/4
- J/ o (P' - " ) ]
8 02 02

A new parameter, would be convenient to

P
@s’
discuss the specific case which arise from the
above equation. In permeability measurement, the
conditions for oxygen partial pressure at gas/

electrolyte interface which is characterized by the

parameter should be taken into account.
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APPENDIX-A Permeation of nitrogen through zirconia

tube used in the present study

Preliminaly experiments were done tc test the
selective permeation of the zirconia tube from 1703 to
1873 K. The inside of the tube was evacuated , and the
outside was flushed with a stream of nitrogen or oxygen.
Pressure increase in the tube was measured for about
20 minutes after turning off the stopcock. The results
o< these preliminary experiments are shown in Fig.A.l
As shown in this figure, permeation of nitrogen is
negligible in comparison with that of oxygen. These
results show that the oxygen permeability under the
present condition is not due to Knudsen diffusion
through pores, diffusion through grain boundaries and

molecular diffusion through cracks.
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—®— 1703K
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Fig.A-1 Pressure increase in the zirconia tube

evacuated.



APPENDIX-B Calibration of effective permeation area

for cell (1)

It is very difficult to measure the permeability
at constant temperature because both the zirconia tube
and the furnace have a temperature gradient in their
axial direction. The temperature distribution in the
SiC resistamce furnace is shown in Fig.B-1, which
indicates that the distribution was nearly the same
and homogeneous temperature zone of + 5 K was about
40 mm long at each temperature. The contribution of
homogeneous temperature zone to the total permeability

could be calculated by eq.[B-1].

X
ﬁo (h.t.z.) 2 . -
5 x, [exp (-AQ/RT) /exp (-4Q/RT,) ] dX
fi, (total) [B lexp (~£Q/RT) /exp (-4Q/RT,) ] dX
2
0

[B-1]

where ﬁo (h.t.z) is the permeability at homogenecus
2
temperature zone of + 5 K, ﬁO (total) is the total
2

permeability which can be calculated from eq.[1l] of
Chapter 4, B is the length of zirconia tube(cm), AQ

is the apparent activation energy which can be
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Fig.B-1 Temperature distribution in the SiC

resistance furnace and the zirconia tube.
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experimentally determined as described in 4.3.1....
and assumed to be constant for the calculation of eq.
[B-1}], T, is the highest temperature in the homogeneous
temperature zone and T is a function of distance X{cm).
The value of ﬁoz(h.t.z.)/hoz(total) was estimated to be
0.35 + 0.03 from the graphical ealculation by eq.[B-1].
So that the oxygen flux at homogeneous temperature zone
can be calculated from eq. [B-2],

1n (r2/rl)

JO = ﬁo x 0.35 x [B-2]
2 2 (r2 - rl) 21y ,

where Iyr 1y and Y are outer radius of the zirconia
tube, inner radius,and the length of homogeneous
temperature zone of + 5 K (cm) , respectively. The
effective permeation area, A, was calculated as

1 2MUr, - r Y

A = [B-3]
0.35 ln(r2/rl)
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APPENDIX-C

Effective permeation area for cell (IT)

The apparent activation energy of oxygen

permeability for cell(I) would be explained by using

eg.[22] of Chapter 4;
= e——— =4 L - 1]
Jo 2 GJ@ (Pg Fo ) [22]
Ed. [22] can be rewritten as follows

1/4 1/4
log Jg, log Cr$ + 1log (PO 2 )

2 2 9,
R T
+ log ( —p— ) (c-1]
4 F L

Temperature dependence of the p-type electronic

conductivity, G’é, would be represented as

CT’é = (const.) x exp(-AQ'/RT) [c-21

Therefore, in a narrow range of temperature, the

apparent activation energv of oxygen permeability for

cell(I) would be nearly equal o A4 Q' of eqg.[C-2].
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On the other hand, the logarithm cf eq.[31l] yields

R T
log J. = log (— )
° 4 70 L
+ log (g o+ ag ey VY
2 2 -
[C-3]

Therefore, apparent activation energy of oxygen
permeebility for cell(II) can not be obtained.
Consequently, similar calculation . for the estimate
of effective permeation area for cell(II) as that used
for cell{I) would not be available. For convenience,
the effective permeation area for cell(II) was assumed
to be the same as that for cell(I). If the effective
permeation area for cell(II) included an uncertainty of

and log P, would

+ 30 %, the uncertainty of log P 5

D



APPENDIX-D Calculation of oxygen permeability by using

Kirchhoff's law

The equilvalent electric curcuit for sclid-oxide
galvanic cell under open curcuit condiiton is shown in
Fig.D-1. The solid-oxide galvanic cell can be
considered to be short-curcuited by electronic resistance
Re' The theoretical e.m.f. of this cell can be

expressed by

RT Péz %
E= -— 1ln ( ) [D-1]
F PN .
O2
A 1) big >
When Py > P02 > P§, >> Py
the measured e,m.f. of this cell can be expressed by
. 1/4 1/4 e 1/4 1/4
RT Fo, t P Fo, " * P
X = E
E o Lo 1/1 g toIn 178 1/4]
P" + P P’ + P
02 S} O2 e .
[D-2]
From Kirchhoff's law, it can be easily deribed
- * = -
E-E I AR, [D-3]

where I is leakage current density, A is cross-sectional

area of electrolyte.
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[ A %'r :
Rion
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it AYA o

Fig.D-1 Eguivalent electrical curcuit
for solid-oxide galvanic cell
involving solid electrolyte that
exhibits mixed ionic and electronic

conduction.
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Thereforey

1
I = (E - E* )
A R,
i0n
_ CTan ( E - E*) . [D-4]
L

The leakage current density is related to the oxygen

permeability, JO ;

4 F J = T, [D-5]

Introduction of eqg.[DP-5] into eqg.[D-4] vields

Crlon
J = —— ( E - E* ) [D-6]
2 4 F L N

Let us simplify the eq.[D-6] as follows

E - E*
1 1
P = P T )
= BT in[l + (_ﬁ_ 4 ] - In [ 1 + (——e——-)4 ]}
F n ' J
PO Pl
2 e
1 ' "
RT Poz L Poz %
+ 7 In [ 1 + (—]_?—)4 ] - In [ 1 + (‘P—) 1 . [D-7]

' o )
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Eg. [D~7] becomes

E - E*
P! 1 P" 1 PO, _1 pr 1
RT |{ 1 2,41 1 ry
e R R e B e R S ¢ J
L Po Po s o .

Sunstituting eq.[D-8] for eq.[D-6] vields

1 1 1
e P [] - P noo= P 1 -
RT 7, 0., 4 Z 0. 4
3, = e R G e B
™
2 4 F L P@ P@ PG
R T
= [ ( G'd - 5 )
1721 #(25,) Cr®(Po )
2
- T 4.0 U aon
e(p 5) e(PO2)
R T 1 1 1
— ° ' _ Ty o 177
= ) [ Cf'e(PO 4 Py 4) (j‘e(PO 4
4 F2 L 2 2 2
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APPENDIX~E Rate controlling step of permeability

measurements for cell (I)

If the transport of oxygen from the inside of the
zirconia tube to the outside for cell(I) was controlled
by the rate of ionic diffusion through electrolyte and
molecular diffusion through the outer gas phase, then
the total transport rate of oxygen at a steady—étate

would be given by

R T
1/4 1/4
J = —  J 2 (P! - P ) [E-1]
total 4 F2 L ® 5 02
= (D/& RT) (P, - PGz) [E-2]
where D is interdiffusivity of oxygen in N, - O gas

2 2
mixture, § is the thickness of the laminar gas film,

Pi is the oxygen partial pressure attheelectrolyte/Nz—C
interface, respectively. By using the diffusion theory
of Hirschfelder et al , the interdiffusivity of oxygen

was estimated to be 4.08 cm2 sec"1 at 1823 K.

* R. B. Bird, W. E. Steward and E. N. Lightfoot;

Transport Phenomena, p.511, John Willey and Sons

Inc., New York, 1960




The value of S-can not exceed 0.35 cm(distance between
the zirconia tube and the surrounding alumina tube).

Therefore, the lowest value of (D/& ) is
-«
D/§ = 4.08/0.35 = 11.66 cm sec T.

The calculated value of Pi from [E-2] with (D/S) =

11.6 cm sec”t, T = 1823 K, J = 6.93 x 10”2 mol
total
-2 -1 3

cm sec and P! =1 x lO_3 atm is 1.09 x 10 ~.

02
Precisely, the transport of oxygen from the inside of
the zirconia tube to the outside is controlled by the

solid-state diffusion in the present studv.
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(83}

CHRPTER 5

GENERAL CONCULSION

1. The electromotive force measurements were
performed for the determination of the standard free
energies of formation of NiO, CoO and MoO, by using the

following cells

cell(I) Pt/air/zr0,(Ca0)/Ni-Nio/Pt,

cell(II) Pt/Ni—NiO/Zr02(CaO)/Zr02(CaO)powder/co—CoO/Pt,
cell (IO) Pt/Co—CoO/Zr02(CaO)powder/Zr02(CaO)/Mo—MoOz/Pt,
cell (IV) Pt/air/Zr02(CaO)/Mo—MoOz/Mo.

The results are represented as

AG® (NiO) /kJ mol-Nio 1= - 230.7 + 0.08489 (T/K) + 0.4
from 973 to 1723 K,
AG® (Co0) /kT mol-Co0 b = = 229.0 + 0.06832 (T/K) + 0.4

from 1473 to 1723 K,

AG® (M00,) /kT mol-Mo0, " = - 576.1 + 0.1692 (T/K) + 0.15
from 1273 to 1723 K,
A G° (M00,) /kT mol-Mo0, " = - 509.6 + 0.1297 (T/K) + 0.3

from 1723 to 19232 K.
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2. The activities of ocxygen in liguid iron, nickel and
iron-nickel alloys were determined from 1773 to 1873 K by

using the following cells

cell (I) Mo/Mo—MoOz/Zroz(CaO)/Q(in Fe) /Mo,
cell (I1) Mo/Mo—MoOz/Zroz(CaO)/Q(in Ni)/LaCrO3/Pt,

cell (IO) Mo/Mo—MoOz/Zroz(CaO)/g(in Fe-Ni) /Mo.

The standard free energy changes for the solution
of gaseous oxygen inteo liugid iron and nickel were
determined as

AG° (0-Fe) /kJ mol T = - 84.5 - 0.0017 (T/K) + 1.2

from 1823 to 1873 K,
AG° (0-Ni)/kJd le“l = - 81.8 + 0.0084 (T/K) + 1.2
from 1773 to 1873 K ,
The activity coefficient for oxygen in liugid iron-
nickel alloys were determined as
iog fo(Fe) = - 0.2[30] + (0.006 + 0.002) [2Ni]

+ (7 +8) x 1077 [3Nil? + 0.004[%0] [2Ni]

or



log fQ(Ni) = - 0.6[30] + (0.024 + 0.002) [%Fe]

4[%Fe]2

+ (1 £ 0.8) x 10~
- 0.004[%0] [sFel.

at 1873 K.

3. The oxygen permeability of solid-oxide electrolyte
that exhibits mixed ionic and electronic conduction is
given by

RT

o =~ R
O, 4 F L &0,

1/4 1/4

2

— P"

o )

-1/4 D —1/4)]
e

- O’O(Pl
S 02 5 .

The new parameter, was introduced to discuss

Pee’
the oxygen permeability for specific case. This
parameter shows the specific oxygen pressure at which
the p-type and n-type electronic conductivities are
equal. The oxygen permeability measurements can be

used for the determination of the p-type and n-type

electronic conductivities.



calcia-stabilized

Fh

4, The conduction properties o

zirconia used in the present study were determined as

the functions of temperature as follows

log 0 § = 0.28 - 5100 (T/K)*

log Py = -0.87 + 15400 (T/K) T )
from cell(II)

log g7g = 8.81 - 23600 (T/K) T,

log g g = 2.05 - 7600 (T/K) "'

log Py = 2.65 + 6500 (T/K) "L

log P = 24.12 - 70500 (T/K) 7.

8
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