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The extent of mixed ionic and n-type electronic conduction in commercial-grade zirconia electrolyte
has been determined by employing coulometric titration and open-circuit e.m.f. measurements.
Impurities such as AlL,O,, TiO, and Fe,0, did not seriously affect the electronic conduction.

1. Introduction

Control of oxygen levels in molten steel is of
critical importance in steelmaking from the
stand point of proper deoxidation, steel cleanli-
ness, good recovery of alloy additives and final
product quality. In order to control the oxygen
levels in steel, a knowledge of the oxygen con-
centrations or activities at various stages in the
process is required. This can be most directly
achieved by using a solid-state galvanic sensor
equipped with a zirconia-based solid electrolyte
and an appropriate reference electrode. Solid-
electrolyte probes have been used extensively for
the instantaneous determination of oxygen in
steelmaking furnaces, ladles and tundishes.
Industrial application of electrochemical sen-
sors, however, has not been without problems.
For example, Thomas [1] has reported that dif-
ferent types of commercial sensors would indi-
cate different oxygen activities even though the
deoxidation condition of the steel was the same
for each measurement, In addition, Suitoh et al.
[2] have shown that even the same oxygen probes
can indicate different oxygen activities if the
measurements were made in different steel-
making vessels. The present authors [3—-6] have
analysed the factors influencing the measured
cell potentials of commercial oxygen sensors and
concluded that unsatisfactory performance of
the electrochemical cell can be due to the incon-
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sistent and unpredictable electrical properties of
the solid electrolyte.

Zirconia-based electrolytes show a significant
proportion of n-type electronic conduction at
low oxygen potentials and high temperatures. [n
such cases, the open-circuit voltage of the probe

is given b
1s given ;* ~ Eln P91/4 + P(/)zzl/zt 1
- F O \PF+ R 0

where E* is the cell potential, F the Faraday
constant, R the gas constant, T temperature and
P5, and Pg, are the oxygen partial pressures at
each electrode. The parameter P, is the oxygen
partial pressure at which the ionic conductivity
is equal to the n-type electronic conductivity [7).
It should be anticipated that this parameter will
vary from one commercial-grade zirconia elec-
trolyte to another. In order to correlate the
measured cell potentials of commercial oxygen
probes to the oxygen activities in the molten
steel, a knowledge of the parameters P, is
therefore essential. The present study is aimed at
determining this parameter for commercial-
grade zirconia tubes which have been used
practically for the instantaneous monitoring of
oxygen activity in liquid steel.

2. Experimental aspects

Two different experimental techniques were
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employed for the determination of the par-
ameter P,. These are open-circuit e.m.f. measure-
ments and coulometric titration.

2.1. Open-circuit e.m.f. measurements

The open-circuit voltages of the following cells
were measured at 1873 K.

(+)Mo/Mo + Mo0,/Zr0,(MgO)/

O(in Fe)/Mo(~) Cell 1
(+)Mo/Cr + Cr,0,/ZrO,(Mg0O)/
O(in Fe)/Mo(—) Cell 11

A schematic diagram of the experimental appar-
atus is illustrated in Fig. 1. The design of the

Cells I and 11 is essentially the same as that used-

in commercial oxygen probes. The details of
the experimental apparatus and procedure are
described elsewhere [8]. About 50kg of low-
carbon steel was melted in a high-frequency
induction furnace under a stream of purified
argon.

The oxygen probe consisted of a magnesia-
stabilized zirconia tube, a Mo + MoQO, or
Cr + Cr,0, reference electrode, and a molyb-
denum lead wire. The ZrO,(MgO) tube, closed
at one end, had an o.d. of 5.6mm, an i.d. of

Molybdenum —
rod

Zr0z(Mg0)
electrolyte
Alumina
cement
Mo +Mo0Q?2

reference
electrode

Cr+ Crp03
reference
electrode

Liquid steel —}———

Fig. 1. Experimental apparatus employed for the determi-
nation of the parameter P, by open-circuit e.m.f. measure-
ments at 1873 K.

3.6mm, and a length of 35mm. The oxygen
content of the molten steel was changed by the
addition of aluminium.

The open-circuit voltages of the Cells I and 11
are given by Equations 2 and 3, respectively.

E B R;T—l PJ* + Po,(MoO,)'* "
MoO, F P91/4 + PO (Fe)l/4 { )
£ B RT n Pj* + Py, (Cr,0,)'" 3
€205 F P+ P, (Fe)* )
2

where Py, (M00O,) and Py, (Cr,0;) are the oxy-
gen partial pressures of the reference electrodes,
Mo 4+ MoO, and Cr + Cr,0;, respectively [9],
and P, (Fe) is the oxygen potential of liquid
steel. From Equations 2 and 3, one obtains

ECr203 EMOOZ
L RT(B" 4 B (CraO)™
F U\PF ¥ Py (MoO,)™

@
Equation 4 can be used to determine the par-
ameter Fy; a plot of Ec, o, against Ey,o, should
be a straight line with the slope of unity and the
intercept of (RT/F) In[(P/* + Po,(Cr,0,)")/
(P + Po,(MoG,)")].

For e.m.f. measurements, the Cells I and II
were simultaneously dipped into the molten
steel, and the open-circuit voltages were recorded
on a strip-chart recorder of 2MQ internal
impedance for a period of 10 to 20s. All the
experiments were conducted at 1873 K. After the
present research project was initiated, however,
the authors recognized that this technique did
not have sufficient accuracy. Hence, open-circuit
em.f. measurements were conducted with the
specimen P9 only (see Table 1).

Table 1. Chemical compositions of zirconia specimens (wt % )

Sample  SiO, ALO,  Fe,0, Ti0, CaOQ MgQ
code

P2 0.07 0.36 0.07 0.14 024 3.0
P3 0.28 0.49 0.36 008 0.07 3.0
P4 0.20 0.50 0.10 0.08 0.07 33
P5 0.03 0.23 0.02 0.09 0.17 3.0
P6 <0.02 0.10 <0.02 0.03 003 3.0
pP7 0.06 0.97 0.02 0.15 016 3.0
P8 0.07 0.11 0.03 0.13 016 33
P9 0.69 0.61 0.05 0.05 041 3.0
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2.2. Coulometric titration

With the coulometric-titration technique, which
was first described by Swinkels [10], an external
current is applied to the cell;

Mo/Ag(0)/Zr0,(MgO0)/O,(P,, = 101300 Pa)/Pt
Cell TIT

Oxygen dissolved in liquid silver was electro-
chemically removed to the Pt/O,(101 300 Pa)
electrode, which was essentially non-polarized
[11]. The open-circuit cell voltage, E,, was
measured immediately after the circuit was
opened. If the oxygen potential at the liquid-
silver/electrolyte interface, P, (Ag), is lowered
sufficiently to satisfy the condition,

POZ(Ag) <P (5)

fe—————————— Mo wire

7

(=]

_=
Potent io-r
stat

Pt {| Pt +13°%Rh

then the open-circuit e.m.f. is given by Equation
6:

RT
4r

oc = 11'1 P, [ (6)
The details of the experimental apparatus and
procedure are described elsewhere [12). The
experimental apparatus is shown in Fig. 2. The
zirconia specimens used in these measurements
were in the form of one closed-end tube with an
o.d. of 12mm, an i.d. of 8mm and a length of
280mm. About 6g of pure silver was melted
inside the zirconia tube under a stream of puri-
fied Ar + 3% H, gas mixture with a flow rate of
2.5 x 107°to0 3.3 x 10 °m*s'. The electrical
contact to the liquid silver was accomplished
with a molybdenum rod of 3 mm diameter. The

outer surface of the zirconia tube was platinized

Rubber stopper

“— Ar+ 3°Hy inlet

~——Water cooling

—Ar+3% Ho outlet

E‘_ 05 intet

Alumina tube

Zirconia tube
Alumina tube

Liquid silver

Ther mocouple

[ Rubber stopper

Fig. 2. Experimental apparatus employed for
the determination of the parameter P, by coul-
ometric titration.
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by applying platinum paste and platinum gauze
and heating at 1273K for 50h. A Pt-PtRhI3
thermocouple was used to serve as a conducting
lead for establishing electrical contact with the
platinized electrode. Open-circuit e.m.f.s between
the platinum wire of the thermocouple and the
molybdenum rod were measured with a strip-
chart recorder of 2 MQ internal impedance. The
assembled cell was placed in a SiC resistance
furnace, and the outside of the zirconia tube was
flushed with pure oxygen at a rate of 5 X
10-m>s~". The thermo-e.m.f. between molyb-
denum and platinum was corrected by using the
authors’ previous results [13].

The zirconia tubes with eight different com-
positions were supplied by Sumitomo Alumi-
num Smelting Co. Ltd. The chemical com-
positions of these specimens are given in Table 1.
Two to three duplicate measurements were
made for each composition.

3. Experimental results
3.1. Open-circuit e.m.f. measurements

The experimental results obtained with the
open-circuit e.m.f. measurements are given in
Fig. 3, where the measured voltages of Cell II,
Ec,,0,, are plotted against those of Cell I, Eyyy0,-
As shown in Fig. 3, the slope is very close to

100

unity, which conforms to Equation 4. From the
intercept of the straight line drawn in this dia-
gram, the parameter P, was determined as
log,(Py/Pay = —9.0 + 0.7 at 1873K.

3.2. Coulometric titration

The values for the parameter P, determined for
the commercial-grade zirconia tubes with eight
different compositions are shown in Figs 4 to 6.
The limits of accuracy in the determination of
the parameter P, in the present study may be
estimated by the following equation,

4F 4FE,,

. _|4F
din £o) = |27 RT

[dE| +

dTt (7)

By using the average standard deviation for £,
which was less than + 0.01V, the uncertainty of
log P; was estimated to be approximately +0.1
to 0.2; better accuracy was obtainable with the
coulometric-titration technique.

It is known that the temperature dependence
of the parameter P, can be represented by the
formula {12];

logP, = a+ b/T )

This formula could be well applied to the present
results. In Table 2 the present values are expressed
analytically along with the correlation factor, r*.
As shown in this table, the P, value for the

1 I ]
° Experimental /c/,,’/
Calculated with Py =1079 Pa o/o
0 08'7 O,”/ m
1873 K
100 — —

E(Cr203) /mV

~200(- e Calculated with Pg= 0 =
o 7
68°% .-
/oo
s | 1 |
100 200 300 400

E(Mo0Dy,) / mV

Fig. 3. Relation between the measured
voltages of Cell T and those of Cell IT ar
1873K.
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Fig. 4. Values for P, as a function of reciprocal temperature
for the samples designated as P2, P3 and P4.
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Fig. 5. Values for P, as a function of reciprocal temperature
for the samples designated as P5, P6 and P7.
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Fig. 6. Values for P, as a function of reciprocal temperature
for the samples designated as P8 and P9 in comparison with
literature data.

specimen P9 at 1873 K determined by the
coulometric-titration technique (10~°2Pa) is in
very good agreement with that determined by
the open-circuit e.m.f. measurements. It is also
noted that the parameter P, did not show signifi-
cant dependence upon the impurity levels.

4. Discussion

The present P, values are compared with those
reporied by Iwase ef al. [12] in Fig. 6. The chemi-
cal composition of their specimen, ZrO,(MgO),
is given in Table 3. Their values are fairly close
to the present authors’, again indicating that P,
would not be seriously affected by the impurity
levels.

In Fig. 6, comparison is also made with the P,
values reported by Janke and Richter [14] for
magnesia-stabilized zirconia. Their P, values are
an order of magnitude lower than those of the
present authors (Fig. 4), while the chemical com-
position of their specimen does not differ signifi-
cantly from that of the present authors (see
Table 4). Hence the difference cannot be
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Table 2. Py values for various zirconia electrolytes as a function of temperature for the equation;
log (Py/Pa) — log (1013200) = a + b/T
Sample a b'x 107* Correlation log (Py/Pa) — log (101 300)
code factor, 1
at 1873 K at 1273 K
P2 20.42 —6.534 0.991 —14.5 —30.9
P3 23.87 —7.085 0.999 —14.0 —31.8
P4 18.37 —6.161 0.999 —145 —30.0
P35 19.10 —6.233 0.997 —-142 —29.9
P6 20.25 —6.476 0.998 —14.3 —30.6
P7 19.16 —6.282 0.998 —14.4 —30.2
P8 22.71 —6.863 0.999 -13.9 —31.2
P9 19.43 —6.303 0.999 —14.2 —30.1

attributed to the impurity levels. From the brief
description of their experiments it appears that
the maximum voltage after complete coulo-
metric removal of oxygen from the liquid-
copper electrode to the stirred iron electrode
may be influenced by concentration polarization
at the iron/electrolyte interface. Mechanical stir-
ring may not have been sufficient to eliminate
the polarization. Hence their values might be
somewhat inaccurate.

In the initial stages of the present study, the
authors anticipted that P, values would be sig-
nificantly affected by the impurity content,
especially by impurities such as transition-metal
oxides. The Fe,0O, contents in the specimens PS5,
P6 and P7 were lowered to less than 0.02 wt % in
the hope that considerably lower P, values might
be obtained with these specimens. In general, a
zirconia electrolyte of lower P, value is highly
desirable in oxygen probes. The difference in
log (P,/Pa) between these specimens and the
relatively less pure material P3 is, however, only
0.2t0 0.4 at 1873 K. The authors confess that they
were fairly disappointed with the preseat results.
From an alternative point of view, however, the
present results provide an important piece of
information for the manufacture of zirconia

electrolytes, namely, it can now be said that,
with respect to the n-type electronic conduction,
impurities in zirconia such as AL,O,, TiO, and
Fe,0; do not have to be carefully controlled.
Such a statement could not have been made in
the past.

With respect to the effect of Si0, as an
impurity, a few words seem to be pertinent. The
electrolyte tubes used in this study are of ‘par-
tially stabilized zirconia’. When these zirconia
tubes are instantaneously dipped into liquid iron
from ambient temperature, then the transform-
ation of zirconia takes place. Yamada ef ai. [15]
have found that at very low oxygen potentials,
the em.f. values would be significantly influ-
enced by the rate of this transformation which
can be affected, in turn, by the concentration of
Si0, impurities. In addition, at very low oxygen
potentials, it is postulated that SiO, within the
electrolyte would dissociate into silicon and
oxygen, and this dissociation can change
the oxygen concentration or activity at the
electrolyte/liquid-stecl interface. Hence, in prac-
tice, open-circuit e.m.fs would be affected by the
SiO, content. As shown in Table 5, measured cell
potentials decreased with increase in the SiO,
content.

Table 3. Chemical composition (wt %) of the commercial-grade magnesia-stabilized zirconia electrolyte used by Iwase et al.

[12]
Sio, TiO, ALO, Fe,0, Ca0 Na,0 K,0 MgO
02 0.14 0.4 0.05 0.4 0.015 0.05 3.1
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Table 4. Chemical composition (wt % ) of magnesia-stabilized
zirconia used by Janke and Richter [14]

MgO CaO ALO, S0, Fe,0, Na0 K,0
2.40 020 0I5 0.30 <0.05 0.25 0.01
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Table 5. Measured cell potentials with various zirconia elec-
trolytes at 1873 K with aluminum-killed steel

Sample code

P3 PS5 Ps P7 P9

Measured cell 560 598 601 615 532
potentials (mV)
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