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Comparison of the Electronic Conduction Mechanism in
MnOx-CaO-SiO2 and FeOx-CaO-SiO2 Slag Systems

Michael Pomeroy,1 Glendon Brown,1 Mansoor
Barati2 and Kenneth S. Coley1;�

1 Steel Research Centre, Department of Materials Sci-
ence and Engineering, McMaster University, Hamilton,
Canada

2 Department of Materials Science and Engineering, Uni-
versity of Toronto

Abstract. The electrical and electronic and ionic transfer-
ence numbers were measured for slags in the system MnO-
CaO-SiO2 using the stepped potential chronoamperometry
method. Transference numbers were measured over a range
of oxygen partial pressure to evaluate the effect of MnO-
CaO-SiO2. The data were compared with previously mea-
sured data for the FeO-CaO-SiO2 system. Data were found
to fit well, the Diffusion Assisted Hopping Model for elec-
tronic conduction previously develop in the authors’ labora-
tory. The only adjustable parameter employed in fitting the
data to this model, was, r�, the maximum spacing at which
hopping can occur. A single value for this parameter was
used for all manganese data. The value of r� obtained for
the MnO-CaO-SiO2 system was slightly smaller than that
for the FeO-CaO-SiO2 system which is in keeping with the
relative magnitude of the third ionization energies for Fe
and Mn.
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1 Introduction

Several studies have been carried out on various slag melts,
including: FeO-CaO-SiO2 [1], FeO-MnO-SiO2[2], and
PbO-SiO2[3]. The study of the electrical conductivites
of slags has certainly not been limited to these examples.
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Turkdogan [4] summarizes data from a number of studies
of liquid oxides, binary melts and tertiary melts.

In studying FeOx-SiO2 melts, Pastukhov et al. [5] sug-
gest that the ionic conductivity is independent of oxygen po-
tential and that the electronic conductivity can be expressed
in terms of oxygen potential:

�e D kp
m
O2
; (1)

with m being between 0.11 and 0.14.
Engell and Vygen [6] suggest that the ionic conductivity

is dependent upon the oxidation state of the slag:

�i D �0 � ay; (2)

where �0 and a are constants and y represents the ratio of
Fe3C to all iron species, Fetotal. The electronic conductivity
was found to vary according to Equation 3

�e D by.1 � y/: (3)

Fontana et al. [7] found that the ionic conductivity in FeO
containing melts could be expressed as:

�i D c1 ŒFe2C� ; (4)

and that the electronic conductivity could be expressed as

�e D c2 ŒFe3C� ; (5)

where c1 and c2 are adjustable coefficients.
Segers et al. cite8 determined the total conductivity of

CaO-SiO2-MnO slags for various compositions under inert
gas atmospheres. In that study, the total conductivity for the
system was found to follow an Arrhenius form for temper-
atures above the liquidus:

� D k exp

�
�Ea

RT

�
: (6)

Jiao and Themelis [9] provide an insightful summary of
previous work regarding total slag conductivity, including
for the system SiO2-CaO-MgO-MnO. Their work implies
that conductivity varies as a linear function of slag basicity
and follows an Arrhenius form as a function of temperature.
Based the work by Segers et al. [8], Jiao and Themelis de-
veloped the following expression for variation of conductiv-
ity with slag basicity in the CaO-MgO-MnO-SiO2 systems
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for results in ��1cm�1:

�i D �3:34C 6:64XCaO C 6:5XMgO C 8:06XMnO: (7)

Dukelow and Derge [2] provide results and discussion for
the current efficiency of slags found in the FeO-MnO-SiO2

system. It was found that current efficiency increases at
higher MnO compositions and increases with correspond-
ing increases in SiO2 compositions.

Fontana et al. [10] investigated the diffusion and conduc-
tion properties of CaO-SiO2-MnO melts for various compo-
sitions and temperatures. They found that that the transport
processes for the reaction

Mn2C ! Mn3C C 1e� (8)

are controlled by the migration of Mn2C as described by a
modified Sand’s Law solution to the Fick equations. They
also found that in ternary CaO-SiO2-MnO melts, the silica
has a more significant influence on both the diffusion coef-
ficient D and the conductivity.

In recent work conducted in our laboratory [11, 12], the
electrical conductivities of FeO-SiO2-CaO slags were ex-
amined as sums of ionic and electronic conductivities:

� D �i C �e : (9)

The ionic conductivity varied with oxygen potential due to
the reaction

2Fe2C C CO2 D 2Fe3C C COC O2�: (10)

By varying the ratio CO2/CO different oxidation states of
the ions were attained. It was assumed that the ionic con-
ductivity was negligibly affected by the higher oxidation
species, Fe3C due to the latter’s formation of covalent an-
ions (FeO5�

4 or Fe2O4�
5 )[13]. By this means, a model for

the ionic conductivity of the Fe2C species was obtained as
a function of Ca2C and Fe2C concentration and diffusivities

�i D
4F 2

RT
.CCa2CDCa2C C CFeDFe2C.1 � y// (11)

by application of the Nernst-Einstein equation, whereC de-
notes concentration,D denotes the diffusion coefficient and
y represents the ratio of Fe3C to all iron species, Fetotal. The
results from the study of Barati and Coley [11,12] for ionic
conductivity as a function of the Fe3C fraction, y are pre-
sented in Figure 1 and exhibit the expected linear variation.

The electronic conductivity was found to vary according
to �e D by.1�y/, and can be seen in Figure 2. The results
obtained showed a distinct departure from the mechanism
proposed by Mott [14], represented by in Equation 12:

�e D �ph
F 2

RTNar
exp.�2ar/ exp

�
�W

RT

�
y.1� y/; (12)

Figure 1. Variation of ionic conductivity at 1750K in the
FeO-SiO2-CaO system with 30 mass% FeO, C/S= CaO /
SiO2 (data as reported in [12]).

Figure 2. Variation of electronic conductivity at 1750K in
the FeO-SiO2-CaO system (30 mass% FeO) C/S= CaO /
SiO2 (data as reported in [12]).

(with �ph being the phonon frequency, F being Faraday’s
constant, R being the gas constant, Na being Avogadro’s
number, r being the mean hopping distance, W being the
activation energy for the process and ˛ being a quantum
term representing rate of wave function decay).

Of particular note, Barati and Coley [12] found that the
activation energy for electronic conduction was close to that
for ionic conduction and decreased, as the total iron con-
centration increased, to become closer to that expected for
small polaron hopping. They proposed that for hopping to
occur, the ions involved in the process must be within a cer-
tain proximity and that the chances of two ions being within
the required distance would increase with their concentra-
tion. Barati and Coley developed a ”diffusion assisted hop-
ping” model in an attempt to better describe the electronic
conduction. Full details may be found in the original pub-
lications [11, 12], but the development of the model will
be summarized here. First, the Fe2C and Fe3C species ap-
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proach in a diffusion step:

Fe2C
II C Fe3C

III

k1

K 01
Fe2C

II � � �Fe3C
II ; (13)

followed by the electron transfer:

Fe2C � � �Fe3C ! Fe2C
III C Fe3C

II : (14)

The result is

k1
�
Fe2C

II

� �
Fe3C

III

�
�
�
k01 C k2

� �
Fe2C C � � � C Fe3C

�
D 0

(15)
under steady-state conditions. For k2 � k01,

�T D
k1k2

k01

�
FeII

2C

� �
FeIII

3C

�
; (16)

where �T is the overall rate of charge transfer. The model
for rate of encounter between ions was obtained using
Fick’s first law and steady-state assumptions. Use of Boltz-
mann statistics gives

� D 1 � exp

�
�r�

EF

RT

�
� r�

EF

RT
(17)

for EF > RT , where � is the probability that a charge
transfer takes place upon the meeting of Fe2C and Fe3C

species. Ions must diffuse from an initial distance r0 from
the stationary 3C centre to the required distance for charge

A

B

r

r*

BC

0

CB

b

r*r

Figure 3. Model schematic for diffusion assisted electron
transfer as developed in the authors’ previous study[12].

transfer, r�. The schematic for the process is presented in
Figure 3 for diffusion of B to A (B would be Fe2C species
and A would be Fe3C species in this case).

The final result is the so-called diffusion-assisted charge
transfer model:

�e D 4�Na
r0 .r�/3

r0 � r�
DFe2CF 2

RT
y.1 � y/: (18)

Excellent agreement was found between the obtained re-
sults and Equation 18. for a range of slag basicities.

Given the excellent accord obtained by the model for the
consideration of FeOx-SiO2-CaO slags with the experimen-
tal results, it is interesting to consider the transferability of
the model in general. Specifically, can the diffusion-assisted
charge transfer mechanism derived by Barati and Coley [12]
be applied to different systems with multi-valent ions, to ob-
tain reliable results? This question was the motivation for
the present study. Similar experiments to those described in
[11] were conducted in the MnOx-SiO2-CaO system and the
results analysed in terms of the diffusion assisted hopping
model.

2 Experimental Procedure

The experimental procedure followed closely the procedure
used in [11]. The central focus of the experimental proce-
dure was the attainment of the electronic transference num-
ber, the ratio of electronic to total conductivity in the slag,

te D
�e

�t
: (19)

Ionic conductivity is that resulting from the movement of
ions themselves, whereas electronic conductivity results
from a transfer of electrons between ions, rather than a di-
rect movement of ions.

For measurement of the transference number, as in [11],
the stepped potential chronoamperometry method was em-
ployed as introduced by Sadoway et al. [15] To determine
the ionic and electronic conduction behaviour in BaO-TiO2
melts, Sadoway et al. applied a potential (in their case 0.80
mV) and observed the current response. Typical behaviour
involves the immediate appearance of a peak, followed by
a relaxation to a constant value of current. The immedi-
ate spike in current (at t ! 0) represents the combined
ionic and electronic components. As t ! 1, the cur-
rent settles to a uniform value of, representing the contri-
bution from electronic conduction only. This behaviour is
to be expected, since ions become immobilized as t ! 1
once they have moved to their preferred lowest-energy po-
sition. The only remaining conductance mechanism is the
electronic component. This can be expressed in terms of
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currents as shown in Equation 20.

te D
ie

ie C ii
: (20)

A typical current distribution obtained with the application
of the potential can be seen in Figure 4, obtained during
the MnO-CaO-SiO2 experiments of this study. The current
and the time are presented in arbitrary units, because the
technique is only concerned with the ratio of the initial spike
to the steady state value, therefore units are irrelevant.

Figure 4. Typical response curve for SPC measurements.

Attempts were also made to measure the total conductiv-
ity using the procedure described in our previous work [11].
However dissolution of the electrode tips made these results
unreliable. For that reason no data obtained in this study
for total conductivities are presented. The measurement of
transference numbers was not affected by electrode dissolu-
tion because it employed a comparative measurement over a
very short timescale. For details of the experimental meth-
ods used to measure the total conductivity, the reader should
consult reference [11].

The electrodes were composed of a Pt-Rh alloy (30 wt%
Rh). This alloy was used, as described in [11] for its ten-
sile strength, a useful attribute when entering the melt At
the beginning of each experiment, resistances were taken at
several frequencies to ensure independence of resistance of
frequency (this was the case at each time). Measurements
were typically taken at 20 kHz.

DC measurements were performed using a Model 273
potentiostat/galvanostat from Princeton Applied Research.
Experiments were conducted at 0.2 V with the potential ap-
plied for several minutes. The device was controlled by
Corr software for setting parameters and exporting data.
Switching between the RCL meter and the potentiostat was
facilitated by use of a simple switch mechanism. A four-
electrode technique was used for the measurements.

A constant and controlled flow of gas over the slag sam-
ple was maintained throughout the course of the experi-
ments. For the low Mn3C experiments a constant gas flow

for the CO/CO2 system was maintained at 500 cm3/min for
the higher Mn3C range argon oxygen mixtures were em-
ployed. High purity argon was used overnight to ensure
all oxygen was rmoved from the system. Before an exper-
iment, the appropriate gas mixture was turned on and al-
lowed to flow over the slag. After approximately 3 hours,
an equilibrium was attained and the experiment could then
proceed. This allowed control of the oxidation state distri-
bution of the Mn ion species. Data reported by Sun and
Jahanshahi [16] were fitted to the relation recommended in
[17]. Gas flow was calibrated and controlled via mass con-
trollers connected to PC software.

The transference number was determined by the stepped
potential chronoamperometry method. Determination of
the level of the top of the slag was determined by the lo-
cation of a sudden and dramatic drop in resistance. The
level of this drop was noted and used as the reference for
depth measurements. The experiments were carried out at
1773 K, due to the wealth of diffusion and conductivity data
available in the literature at this temperature. Resistances
within the electrode probe were measured and subtracted
from the measured resistance values. Two slag composi-
tions were considered in this study, as shown in Table 1.

Slag (Mass %) MnO CaO SiO2 C/S

A 30 23.3 46.7 0.5

B 30 33.8 36.2 0.93

Table 1. Slag compositions studied.

3 Results and Discussion

The results obtained for the transference numbers of the
MnO-CaO-SiO2 system are presented for the C/S ratio of
0.5 in Figure 5. Results for C/S of approximately 1.0 are
presented in Figure 6. In both figures, the results from the
FeO-CaO-SiO2 melts are superimposed for comparison. It

Figure 5. Transference number results at 1773 K for MnO-
CaO-SiO2 melts.
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Figure 6. Transference number results obtained at 1773 K,
for MnO-CaO-SiO2 melts.

should be noted that in the case of the “C/S D 1.0” system,
the MnO-CaO-SiO2 system C/S ratio was in fact 0.93. It
has been plotted with the FeO-CaO-SiO2 results for C/S D
1 for comparison.

It is seen that for low ratios of M3C=Mtotal, the elec-
tronic transference numbers in the MnO-CaO-SiO2 sys-
tem appear to be lower than those exhibited in the FeO-
CaO-SiO2 system, followed by a transition to higher val-
ues at higher ratios. Since measurements were taken at
the very low range of M3C=Mtotal and at values of around
M3C=Mtotal D 0.4–0.5, it is expected that measurements
would have to be taken in the intermediate range to confirm
this observation.

The applicability of the model derived by Barati and Co-
ley [12] was tested against the transference number results
by calculating �i and �e according to the model, followed
by determination of the corresponding transference num-
ber. Parameters from the literature were used as input to
the model. Values of D2C

Mn obtained from Fontana et al. [10]
were used, along with the value of D2C

Ca obtained for the
FeO-CaO-SiO2 system, which was directly relevant to the
system presently considered. With these inputs, only one
parameter, the value r� remained to be determined. This
was done by selecting the value that gave the best fit to the
current data. One value was assumed for the entire compo-
sition range. An excellent fit was obtained by selecting a
realistic value close to that seen in the FeO-CaO-SiO2 sys-
tem. A plot of the measured versus model results is pre-
sented in Figure 7. The model using the value of r� deter-
mined here shows excellent agreement when applied to to-
tal conductivity data measured by other workers. However
the data used for comparison [8] was measured at low oxy-
gen potentials where the electronic contribution would be
negligible. It proved difficult to locate conductivity data for
MnO-CaO-SiO2 melts in the literature at the oxygen poten-
tials required for any significant quantities of Mn3C to be
present. Consequently verification of the obtained results
across the entire range of oxidation states was not possible.

Figure 7. Model calculations plotted against measured re-
sults.

Figure 8. Calculated Total Conductivities as given by the
model.

The results obtained from the previous study [12] applied to
the FeO-CaO-SiO2 showed excellent fit between the model
and experimental results. Given the agreement at low oxy-
gen potentials for the MnO-CaO-SiO2 system, the excellent
agreement in transference numbers and the fit in the iron
system for all values of 3C=2C, the model can be consid-
ered reliable for manganese slags. The behaviour of the
calculated total conductivity for the system is given in Fig-
ure 8.

The value for the maximum distance between manganese
3C and 2C ions before charge transfer, r� used in the
model was 3.05 Angstrom for the MnO-CaO-SiO2 system,
whereas a value of 3.87 Angstrom for iron ions was found to

Fe Third Ionization
Energy [18]

Mn Third Ionization
Energy [18]

2957.3 kJ=mole 3248.3 kJ mol�1

Table 2. Third Ionization Energies of Iron and Manganese



236 M. Pomeroy, G. Brown, M. Barati and K. S. Coley

produce the excellent fit in the case of the : FeO-CaO-SiO2

system. This variation is to be expected when considering
the sizes of the third ionization energies (Table 2).

The higher third ionization energy of Mn requires a
closer approach for electron transfer to occur. This obser-
vation is strong support for the reliability of the model as
applied to this system.

4 Conclusions

(1) The diffusion assisted hopping model developed for
FeO-CaO-SiO2 has been shown to apply to the MnO-
CaO-SiO2 system, supporting the general applicability
of this model to electronic conductivity in slags con-
taining ions with multiple valence states.

(2) The maximum distance at which hopping can occur
was found to be smaller for manganese than for iron.
This is in keeping with the higher third ionization en-
ergies for manganese.
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