Electrical and Electronic Conductivity of CaO-SiO,-FeO,
Slags at Various Oxygen Potentials: Part |. Experimental

Results

MANSOOR BARATI and KENNETH S. COLEY

The oxygen potential dependences of total electrical and partial electronic/ionic conductivities for
‘FeO’-Ca0-Si0O, slags have been studied both experimentally and theoretically in the present work.
In the first part of this two-part article, the experimental results are presented for slags with 30 wt
pct ‘FeO’ and CaO/SiO, wt ratios of 0.5, 1.0, and 2.0. For each slag composition, measurements of
total electrical conductivity and electronic transference were made over a range of oxygen potentials
and temperatures. The results were used to calculate the partial conductivities. A maximum was
achieved in total and electronic conductances as a function of equilibrium CO,/CO. The CO,/CO cor-
responding to the maximum was shifted to lower values with increasing slag basicity (CaO/SiO, ratio).
The other effect of basicity was increasing total and partial conductivities, with a magnitude that
depends on oxygen potential and temperature. The activation energies for ionic and electronic con-
ductances were in similar ranges and decreased with the basicity.

I. INTRODUCTION

THE electrical and electrochemical properties of oxide-
containing melts have been the subject of a number of research
studies of both fundamental and practical interest. The earliest
of such studies were published in the middle of the twentieth
century,'# and increasing attention has been paid to the sub-
ject since then. The primary interest in studying the electrical
properties of metallurgical slags is their application in the
design and optimization of electric melting/smelting processes.

The electrical properties of metallurgical melts have also
been of particular interest in the electrolytic production of
metals. A large number of metals, including aluminum, mag-
nesium, and titanium, have been produced by the electrol-
ysis of molten slags and salts.>%!

In addition to their importance in industrial processes, the
investigations of the electrical properties of slags have played
a significant role in developing base knowledge about slags.
Such studies were among the primary work through which
insights into and an understanding of the structure of liquid
oxides were developed. For example, the earliest evidence
of the ionic structure of oxide melts resulted from electri-
cal conductance measurements.>’~!!}

Although oxide melts are regarded as ionic solutions, the
electrical current in many of theses melts is conducted by
both ionic and electronic charge carriers. The semiconduc-
tion behavior, or the contribution of electronic carriers in
the conductivity of liquid FeO,!*!3! FeO-SiO,,!'*15! FeO-
Ca0,"'%! FeO-Ca0-Si0,,'”" FeO-MnO-Si0,,!'¥! FeO-CaO-
MgO-Si0,,!"" TiO,-Ba0,?*2! PbO-Si0,,*?! and some molten
salts,?*?% has become evident in the last few decades. The
relatively high conductance of many transition metal oxide
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melts has also been related to the electronic conduction
mechanism in such melts.

The majority of the technological interest in understand-
ing the electronic properties of slags arises from the fact
that, for an efficient electrolysis, the melt must be predom-
inantly an ionic conductor. Knowledge of the electronic con-
duction in slags can help in the design or selection of the
proper slag for electrolysis,’?!*! or can be used in the opti-
mization of furnace operation.!>*!

From a more fundamental point of view, increasing atten-
tion has been paid to the electronic properties of molten
slags, due to their significance in some reactions between
gas or metal with slag. Some researchers have suggested
that the reactions between slag and molten alloys are elec-
trochemical in nature.”*-% These findings, along with the
evidence of the role of electrons in the mass transfer of oxy-
gen through slag,'3?! suggest that, for some reactions, the
kinetics can be controlled by electronic transport in slag.

The relationship between the catalytic reaction of gases
with solid oxides and the electronic structure of solids has
been established for many years.!**"! Several recent stud-
ies!*®*!! have discussed that the reaction of iron oxide in
liquid slag with CO-CO, gases involves the transfer of charge
between the slag and the adsorbed gas species. In order to
explore such reaction mechanisms, one needs to gain knowl-
edge of the reaction kinetics and electronic properties of slag
under similar conditions. The present authors have exam-
ined the oxidation-state dependence of the rate of CO, dis-
sociation on different slags.*®! However, a very limited
amount of data exist regarding the electronic properties of
FeO,-bearing slags. In particular, the dependence of the elec-
tronic properties, namely, the electronic conductivity, on the
oxidation state of iron in slag has not been studied at all.
The objective of this work was to study the dependence of
the electrical and electronic conductivity of FeO,-contain-
ing slags in order to (1) clarify any relationship between the
kinetics of iron oxide oxidation/reduction in slag and its
electronic properties and (2) stimulate similar studies for
both academic and applied interests. Thus, both an experimental
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and a theoretical analysis were undertaken on the equilib-
rium-oxygen-pressure dependence of electrical and electronic
conductivities. In the first part of this two-part series, the
experimental method and results are presented. In the sec-
ond part, the results will be analyzed quantitatively and a
model for electronic conduction will be presented, with an
emphasis on the mechanism of conduction.

II. EXPERIMENTAL DETAILS

A. Principles of Measurements

Iron-oxide-containing slags can be regarded as mixed con-
ductors, since they exhibit both ionic and electronic con-
ductivity, as discussed in Section I. For these materials, the
transference numbers of different carriers are defined, to
quantify the relative significance of each type of charged
particle in the overall conduction. For a mixed conductor,
electronic (z,) and ionic (7;) transference numbers are defined
as

= 1
i+ -

1

= 2]
A

where i, and i; are the currents carried by the electronic and
ionic charge carriers, respectively.

In ohmic conduction through a mixed ionic-electronic
conductor, the applied voltage to all charge carriers is iden-
tical. Also, the current paths are similar for both the ionic
and electronic modes of conduction, provided that the
charged particles are distributed homogeneously, through-
out the material. Therefore, one can correlate transference
numbers to the partial ionic and electronic conductivities as

0-6‘
I, =— [3]
g,y
and
g;
= [4]
g,

where o, and o; represent electronic and ionic conductiv-
ity, respectively. Total conductivity is given by

o, =0t o (5]

Therefore, the correlation between ¢, and ¢; can be obtained
as

t,+16=1 [6]

As seen from these equations, the electronic and ionic con-
ductivities can be calculated if the both total conductance
and the electronic (or ionic) transference numbers are known.

The total electrical conductivity in this study was calcu-
lated by Eq., from the total resistance (R) of the slag layer
between the electrodes, using an alternating current (AC)
signal at proper frequency, as follows:

o, = GIR (7]
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The G in Eq. is the geometry factor (or cell constant); it is
related to the length (/) and cross-sectional area (A) of the
current path, as shown in Eq.:

G=1IA (8]

The stepped potential chronoamperometry (SPC) method
was employed in the present work for the measurement of
the transference numbers. The SPC technique was recently
introduced by Fried,?>?!! initially for the determination of
the transference number in TiO,-BaO melts; it was later also
used for FeO-CaO-MgO-Si0, slags.!'”! The method has
already been used for polymers,[“>**#4 solid electrolytes,*!
and mixed-oxide conductors. Basically, in this technique,
the current response upon applying a constant voltage
(stepped potential) is monitored as a function of time. The
electronic transference number can then be calculated from
the initial (i._,;) and long-time (i._,,)) values of the current,
using Eq.:

b
e =" [91
L0

For physical phenomena, when the potential is applied
to a mixed conducting material placed between two ion-
blocking electrodes, polarization occurs at the electrode/sam-
ple interfaces and ions become stationary at their positions,
after a sufficiently long time (r — o). After this time, fur-
ther conduction will be caused by the movement of more
mobile electronic carriers, and the decay of the current to a
fixed value indicates the variation in the conduction mode
from mixed to purely electronic. An example of such mea-
surements is shown in Figure 1.

B. Experimental Setup and Procedure

1. Experimental setup

A four-terminal technique was employed for the mea-
surements in the present study. The method requires the
immersion of four high-temperature-resistant, inert con-
ducting rods, which serve as electrodes, into the slag. The
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Fig. 1—A typical current decay curve created due to the application of a
stepped potential.
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Fig. 2—Schematic of experimental arrangement, including furnace and
electrode motion apparatus.

experimental arrangement is drawn schematically in Fig-
ure 2. A high-temperature-resistance heating furnace with
an 80-mm diameter alumina working tube was employed in
the experiments. The top construction of the furnace was
designed to accommodate the electrodes and their immer-
sion control apparatus.

The electrodes were made from Pt-(30 wt pct) Rh. Each
electrode consisted of a tip (25 mm long and 0.81 mm in
diameter) welded to a thinner extension wire (of the same
material, but 0.25 mm in diameter and 800 mm long). The
electrodes were sheathed into two twin-bore alumina tubes,
so that the tips were extended about 20 mm outside the tubes.
The tubes were then passed down a support tube (13-mm
ID) and, using alumina cement, they were stabilized rigidly,
so that the two central electrodes were fixed 7 mm apart.
The support tube extended outside the furnace and attached
to the immersion control apparatus. Gas was passed down
a larger tube, co-centered with the support tube.

In order to accurately determine the cell factor (G), the
electrode immersion depth must be monitored carefully. For
this purpose, a special motion-control device was constructed
and installed on the top of the furnace. This device had a
50-mm stroke and could be moved up or down by rotating
a knob. A motion dial indicator was mounted on the sta-
tionary part of the stage, for measurement of the displace-
ment. Any vertical movement could be shown on the dial
face with the precision of 0.0254 mm. Figure 3 shows the
top arrangement of the furnace and the details of the motion
apparatus.

2. Cell calibration

Cell calibration for determination of G was performed at
low temperatures (16 °C to 20 °C), using standard aqueous
KCI solutions. Standard 0.01D, 0.1D, and 1.0D (Demal)
solutions were used for calibration, as their preparation!®+”!
and specific conductance! 343 were well documented.
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Fig. 3—Schematic drawing of the furnace top and motion apparatus con-
nected to the electrodes guide.

Table I. Initial Composition of Slag Samples

Slag (Wt Pct) ‘FeO’ CaO SiO, C/S
A 30 23.33 46.67 0.5
B 30 35.00 35.00 1.0
C 30 46.67 23.33 2.0

The measurement of electrical resistance was carried out
with the same equipment used for measuring the resistance of
slag. The resistance was essentially independent of frequency,
from 1 to 100 kHz. The total resistance was measured as a
function of the immersion depth of the electrodes and was used
in Eq. to determine G.

3. Experimental procedure

Three slag compositions, identified as A, B, and C, were
made by mixing laboratory reagent-grade CaO, SiO,, and
Fe,O; powders. The iron oxide content in the slags was
maintained at 30 wt pct and the CaO/SiO, ratio varied
between 0.5 and 2 (wt ratio). The initial slag compositions
are provided in Table 1.

Slag samples were made by melting each powder mix in
a platinum crucible in air, using a muffle furnace. The molten
slag was quenched on a thick steel plate and ground to fine
powder. A cylindrical crucible was used to maintain 8 to 10 g
of slag at high temperature. Zirconia was used as the mater-
ial of the crucible, since it has the dual advantage of having
both low conductivity (thus minimizing current leakage
through crucible walls) and a low level of dissolution in the
slag. The crucible was then placed at the proper position inside
the furnace, where the temperature variations were negligi-
ble, in a 4-cm height. The bottom end of the gas-conducting
tube was then positioned about 0.5 to 1 cm above the melt.
Before melting the slag, the tips of the electrodes were located

VOLUME 37B, FEBRUARY 2006—43



at about 2 cm above the surface. The furnace temperature was
then raised to the target temperature, with argon gas flowing
over slag during the heat-up. The furnace temperature was
automatically controlled by a programmable EUROTHERM
(Leesburg, VA) controller, and the temperature measure-
ment was carried out using a type B (Pt-6 pct Rh/Pt-30 pct
Rh) thermocouple in contact with the bottom of the crucible.
Once the final temperature was reached, 1 hour was allowed,
to ensure the melting and homogenization of the slag. The
electrodes were then lowered very slowly until they touched
the surface of the melt. The first contact of the electrodes with
the melt was noted with a sharp decrease in the resistance.
The electrodes were lowered further to reach to the desired
depth. In all experiments, the initial immersion depth of the
electrodes was 2.54 mm. The electrodes were left at the same
level for the duration of the experiment. This immersion depth,
as estimated from the calibration curve, yields a cell con-
stant of approximately 1.6 cm™ ..

After the immersion of the electrodes, the slag was exposed
to a gas mixture of Ar-CO-CO,, with a controlled flow rate
and CO,/CO ratio. The input gas composition varied from pure
CO, to CO,/CO = 0.5. The total flow rate of CO and CO, was
fixed at 600 N cm®/min. Argon was added at 200 to 300 N
cm®/min, to all gas mixtures except pure CO,. Each experiment
started at 1750 K and flowing pure CO,. The continuous mea-
surement of resistance allowed the determination of the equi-
librium time. This was defined as the time when the measured
resistance became stable. The equilibrium was achieved in about
1 to 2 hours, depending on the slag and the gas composition.
Once the slag and gas reached equilibrium, the electrical mea-
surements were carried out. Afterward, the gas atmosphere or
the temperature was changed and the steps were repeated.

4. Electrical measurements

The slag resistance was measured using a Model PM 6304
Fluke Programmable RCL meter. The resistance of the slag
layer between electrodes was automatically calculated by
the equipment, from the total measured impedance. In the
beginning of each experiment, the resistance was measured
at the frequencies ranging from 50 Hz to 100 kHz. The resis-
tance was found to be independent of the frequency, over
the range 1 to 100 kHz. All of the measurements were there-
fore carried out at 20 kHz.

The electronic transference number was measured by the
SPC method, using a direct current (DC) signal. A Model 273
potentiostat/galvanostat (Princeton Applied Research, Oak
Ridge, TN) was employed for the DC measurements. The
potentiostat was used to generate a square wave by turning
the applied voltage on and off at the desired times. The exper-
iment was started in the open circuit condition, followed by
an applied potential of 0.2 V for 3 to 4 minutes. Once the
current reached a steady-state value, the potentiostat was
switched back to the open circuit. The current was recorded
during the experiment at 0.1-second time intervals. A typical
current decay curve obtained from the DC measurements is
shown in Figure 1. The initial peak and final stable currents
were used to calculate the electronic transference numbers.

III. RESULTS

The electrical conductivity and electronic transference
numbers for the slags studied in this work were calculated
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from Eqgs. and , respectively. The value of the cell constant
(G) was determined by calibrating the cell with standard
solutions. The partial electronic and ionic conductivities were
calculated using Egs. and , respectively. The estimated errors
for total and partial conductivities were 3 and 6 pct, respec-
tively.

This article is Part I of a two-part series; it presents the
results of measurements and compares them with similar
studies. In Part IT of the series, the results will be analyzed
quantitatively, with an emphasis on the details of the mech-
anism of conduction.

A. Total Electrical Conductivity

1. Effect of equilibrium oxygen potential and slag
basicity

Figure 4 shows the electrical conductivity at 1750 K of
three slags as a function of equilibrium oxygen potential,
expressed as a CO,/CO ratio. As seen, for slags with
CaO0/SiO; ratios of 1.0 and 2.0, increasing the oxygen poten-
tial first increases and then decreases the electrical conduc-
tivity. For the slag with a C/S = 0.5, the curve did not reach
a maximum, as the imposed oxygen potential had probably
not been high enough. Similar trends in the variation of con-
ductivity with oxygen potential have been reported by other
authors.31-5

Increasing the slag basicity expressed as a C/S ratio reveals
two significant effects: (1) it increases the magnitude of
the electrical conductivity significantly and (2) the CO,/CO
ratio at which the electrical conductivity is at a maximum
value, (COZ/CO)UmaX, is shifted to lower values.

Figure 5 compares the electrical conductivity data from
this work and the results reported by Fontana et al.®¥ and
Hundermark et al.,” for slags with approximately similar
iron oxide content. The oxygen partial pressures in this fig-
ure were calculated from the equilibrium constant of reac-
tion CO, = CO + 1/20,. The iron oxide content in this
work is identical to the results reported by Hundermark et al.,
but their slag contained MgO and Al,Oj; in addition to CaO
and SiO,. A good agreement between the two sets of data
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Fig. 4—Total electrical conductivity, as a function of the equilibrium
CO,/CO ratio, at 1750 K.
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Fig. 6—Arrhenius plot of electrical conductivity for slags A through C, at
CO,/CO = 1.0.

for approximately equal (CaO + MgO)/(Si0, + Al,Oj) is
seen.

2. Effect of temperature on the electrical conductivity

The electrical conductivity was measured at unit CO,/CO
for three slags, as a function of temperature. Figure 6 shows
that at unit CO,/CO, basicity has a greater influence on the
total conductivity in the range of C/S = 0.5 to 1, compared
to that of C/S = 1.0 to 2.0. As seen in this figure, an Arrhe-
nius-type relation is followed, from which the apparent acti-
vation energy of total conduction can be calculated. The
apparent activation energy of total conductivity for slags
A, B, and C are 129, 113, and 108 kJ/mol, respectively.
These values are compared with some previous measure-
ments in Figure 7. A good agreement is observed for rela-
tively similar slag compositions. Iron oxide content, as shown
in this figure, has a significant effect on the lowering of the
activation energy.
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Fig. 7—Activation energy of total conductivity, as a function of iron oxide
content.
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Fig. 8—The dependence of electronic transference on equilibrium CO,/CO,
at 1750 K.

B. Electronic Transference Number

1. Effect of equilibrium oxygen potential and slag
basicity

The electronic transference number is shown as a func-
tion of CO,/CO, for different slags in Figure 8. It can be
seen that, depending on slag composition and equilibrium
CO,/CQ ratio, the fraction of current delivered by electronic
carriers varies from about 10 to 60 pct. At low CO,/CO,
for slags with C/S = 0.5, the 7, is smaller than for more
basic slags. However, increasing the oxygen potential gives
a marked increase in the #, for this slag. The increasing trend
is followed, up to the maximum CO,/CO ratio considered
in this study. The ¢, of the other two slags, on the other hand,
shows less variation with oxygen potential and exhibits a
maximum at a certain CO,/CO.

No data are available in the literature for the depen-
dence of the 7, on the oxidation state of slags. Therefore, a
direct comparison with the present results cannot be made.
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However, Figure 9 shows that, for the melts in equilib-
rium with iron, the 7, is higher in the more basic slags at
a given iron oxide content, which is consistent with the
current work.

2. Effect of temperature

The electronic transference number was measured under
conditions identical to those of the electrical conductivity
measurements. The results are provided in Figure 10. It is
evident from this figure that, at unit CO,/CO, basicity has
a marked effect on the 7,, particularly in the range of basic-
ity from 0.5 to 1.0. The data show that, in the range of
experimental conditions, the ¢, is essentially independent
of the temperature, for each slag. The negligible effect of
temperature on the transference number has also been
observed for FeO,-Si0,,!'"! CaO-FeO,,'®! and FeO-CaO-
SiO,!"" melts.
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Fig. 9—The electronic transference number of some FeO,-containing melts.
The results taken from Refs. through to were calculated from current effi-
ciency measurements. Slag compositions are reported in wt pct.
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Fig. 10—The electronic transference number as a function of temperature,
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Supposing that both ionic and electronic conductance cor-
relate with temperature through the equation

o = o°exp (—E/RT) [10]
one can combine this equation with Eq. to obtain

- oo.exp (—E,/RT)
° " o%exp (—E,/RT) + o%exp (—Ei/RT)

[11]

Based on Eq., the effect of temperature on the 7, becomes
negligible only if the activation energies of ionic and elec-
tronic conduction lie in a similar range. The reason for this
will be explored in Part II of the series.

Figures 11 and 12 and show the effect of temperature
on the electronic and ionic conductivity. Generally, both
partial conductivities follow an Arrhenius-type expression.
The values of the activation energy for ionic, electronic,
and total conductivity are given against a CaO/SiO, ratio
in Figure 13. As expected from the earlier discussion, and as
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Fig. 11—Arrhenius plot of electronic conductivity, at CO,/CO = 1.0.
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Fig. 12—Arrhenius plot of ionic conductivity, at CO,/CO = 1.0.
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Fig. 14—TIonic conductivity as a function of equilibrium CO,/CO, at 1750 K.

is also evident from Figure 13, both E, and E; are relatively
close to each other, and both decrease with the melt basicity.

C. Effect of Equilibrium Oxygen Potential and Slag
Basicity on Ionic Conductivity

Figure 14 shows the dependence of ionic conductivity
on the equilibrium oxygen potential, expressed as CO,/CO.
As seen, for slags A, B, and C, the ionic conductance declines
with increasing CO,/CO.

D. Effect of Equilibrium Oxygen Potential and Slag
Basicity on Electronic Conductivity

The values of electronic conductivity at 1750 K are plot-
ted against the CO,/CO ratio, in Figure 15. With a lower
magnitude, the variations follow similar trends to total con-
ductivity. The Po, corresponding to the maximum conduc-
tivity are 1.6 X 1073, 1.0 X 1075, and 4.0 X 10~7 atm, for
slags with CaO/SiO, ratios of 0.5, 1.0, and 2.0, respectively.
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Fig. 15—Electronic conductivity as a function of equilibrium CO,/CO, at
1750 K.

IV. DISCUSSION

As all the measurements were carried out in equilibrium
conditions between the slag and the gas, the dependence of
both the ionic and the electronic conductivity can be related
to the change in oxidation state of iron ions, corresponding
to the following reaction:

FeO + CO, == FeO, 5 + CO, [12]

In Figure 14, it was shown that the ionic conductance of
all slags decreased, as a function of oxygen potential. The
equilibrium described earlier suggests that this can be related
to the replacement of ferrous with ferric ions, at the higher
CO,/CO ratios. It has been assumed by different authors™>*>
that Fe?* is the only iron ion that significantly contributes to
the ionic conduction in iron-oxide-containing melts. The
increase in the ionic conductivity from slags A through C can
be discussed in terms of two phenomena: (1) primarily, with
the increase in the CaO/SiO, ratio, the concentration of mobile
calcium cations is increased in the slag and (2) moreover,
the addition of CaO, decreases the viscosity of slag by the
depolymerization of the silicate network, which also brings
about the higher mobility of the ionic charge carriers.

The effect of the slag oxidation state on the electronic con-
ductivity is explained by considering the mechanism of semi-
conduction in solid iron oxide. The general agreement in the
literature is that both wustite and magnetite exhibit p-type
semiconductor behavior at high temperatures. (For a com-
prehensive review on the electrical and electronic properties
of iron oxides, refer to Gleitzer.'®”)) The mechanism of elec-
tronic conduction has been discussed as an activated charge
hopping between ferric and ferrous ions. In this mechanism,
an electron, provided with the thermal excitations, can jump
from the low-valence to the high-valence ion. This mecha-
nism of conduction, referred to as “small polaron hopping,”
has also been suggested for transition metal oxide glasses,®!!
and can be used to explain the results of the present study.
Electronic conduction via charge hopping requires neighbor-
ing divalent and trivalent iron ions to interact. Increasing the
oxygen potential increases the fraction of the electron accep-
tor sites (Fe*™), at the expense of decreasing the fraction of

VOLUME 37B, FEBRUARY 2006—47



the charge-donating sites (Fe*"). As a result, increasing the Po,
to a certain extent increases the number of adjacent Fe’* —
Fe?* couples and, hence, promotes the electronic conduction.
Further oxidation of the slag decreases this number and low-
ers the electronic conductivity. This explanation justifies
increasing and then decreasing the electronic conductivity vs
Po,, in Figure 15. The effect of the bulk composition of the
slag on electronic conductivity can also be interpreted in terms
of its influence on the distribution of iron between the triva-
lent and divalent states. For example, due to a higher Fe**/Fe**
ratio in the more basic slags, lower oxygen potentials are
required in order to reach maximum conductivity.

The positive effect of temperature on ionic conductivity
can be related to the increased mobility of cations at higher
temperature, due both to a greater diffusion coefficient and
to more depolymerization of the silicate structure. As was
shown in Figure 13, the activation energy of the electronic
conductivity is very close to that of the ionic conductivity.
The values are, however, much larger than the typical acti-
vation energies measured for electronic conduction in oxide
materials that are about 30 to 40 kJ/mol.[?! The differences
indicate that, if a small polaron, hopping as indicated earlier,
dominates the electronic conduction, its detailed mechanism
is different in the liquid slag and the solid materials. This
subject will be discussed in more detail in Part II of the series.

V. CONCLUSIONS

1. The measurement of electrical conductivity and electronic
transference numbers were made as a function of oxy-
gen potential, for slags with 30 wt pct FeO and a
Ca0/Si0, ratio between 0.5 and 2.0.

2. The electronic transference number exhibits a strong
dependence on both oxygen potential and slag basicity,
while it is essentially independent of temperature.

3. The ionic conductivity increased as a function the CaO/SiO,
ratio, presumably because of a higher concentration of
Ca’* cations and decreased slag viscosity.

4. The effect of oxygen potential on electronic conductiv-
ity is suggestive of a small polaron-hopping mechanism
between Fe?* and Fe®”; this suggests, in turn, that the
electronic conductivity will reach its maximum when both
cations present at approximately equal concentrations.
The magnitude of the activation energy, however, is larger
than the typical activation energies measured for this
mechanism of conduction in solid oxides.

5. The activation energies of the ionic and the electronic
conductivities are in similar ranges, and both are decreased
with increasing CaO/SiO, in the slag.
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