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Abstract

The present work aims to elucidate the influence of the iron oxidation state on the electrical conductivity of iron silicate
slags through a combined approach of electrical conductivity measurements and iron redox state determination. Electrical
conductivity experiments were combined with stepped potential chronoamperometry measurements to distinguish between
the ionic and electronic conduction mechanism. Contrary to previous studies, the Fe>*/Fe?" ratio was also experimentally
determined via both Mossbauer spectroscopy and wet chemistry. A continuous decrease in Fe**/Fe,, ratio was found which
varies accordingly to the different atmospheres applied during each experiment which confirmed that the changes in the elec-
trical conductivity are attributed to a difference in the sample’s iron redox state. The ionic and electronic conductivity showed
a linear and parabolic dependency, respectively, as a function of Fe*>*/Fe,,. The experimental data were compared with two
models, namely, the structural ionic model of Thibodeau et al. and the electronic Diffusion-Assisted Charge Transfer (DACT)
model from Barati and Coley. Regarding the former, it is found that the model overestimates the ionic conductivity due to an
overestimation of the Fe?* diffusion coefficient. The latter model was unable to reproduce the experimental data using the
original model’s original r* parameter of 3.87 A, but adaptation of this parameter to 4.67 A provided a better fit. This sug-
gests that the DACT model also needs to consider a slag composition dependency to accurately reproduce experimental data.

The contributing editor for this article was Hongmin Zhu.
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Introduction

Electric furnaces are expected to become increasingly more
important in the metallurgy sector due to their potential of
reducing greenhouse gas emissions compared to traditional
fossil fuel-based furnaces if powered by less carbon inten-
sive and/or renewable energy sources such as nuclear, hydro,
wind, or solar power. Within the steelmaking sector, both
electric arc furnaces (EAF) and electric smelter furnaces
(ESF) will become necessary for refining direct reduced iron
(DRI) obtained via the reduction of iron ore or via natural
gas and/or hydrogen [1-5]. For the EAF technology though,
DRI produced from high-grade ore (Fe > 67 wt%) in com-
bination with steel scrap is needed as these furnaces are
not suitable to handle high slag volumes as this would sig-
nificantly increase electricity consumption and iron losses
[4, 5]. On the other hand, an ESF is able to handle DRI
produced from lower grade ores as slag formation is ben-
eficial for furnace heating [3-5]. However, the ESF is only
an intermediate furnace as it produces molten metal which
needs to be subsequently refined in a basic oxygen furnace
(BOF) [4, 5]. Nowadays, ESF technology is intensively used
within the ferroalloy sector [6—8] and non-ferro slag clean-
ing [9]. An ESF can be operated in different regimes, namely

submerged arc mode, brush arc mode, and shielded arc mode
[6]. For the submerged arc regime, heat is generated solely
via the conversion of electricity using the slag bath resist-
ance which is known as Joule heating. In brush arc mode,
heat is generated both via Joule heating within the slag as
well as from the generated electric arc, but with the majority
of the heat still being generated in the slag bath. In shielded
arc operation, the majority of the heat is generated from the
arc. However, the ability to form an arc has also been found
to rely on the slag bath resistance with a higher resistance
requiring higher voltages and thus making arc formation
more challenging to achieve [6, 7, 10]. As the slag resistance
is inversely proportional to the slag’s electrical conductiv-
ity, knowledge on this material property is essential for the
operation and design of an ESF.

The focus of this work is on iron silicate slags in which
conduction occurs both via the movement of metal cations
[11] as well as electron hopping between multivalent cations
such as Fe?* and Fe** [12]. Several previous works [13-23]

Table 1 Starting composition of the slag for electrical conductivity
measurements (in mol%)

Ca0 Sio, AlO, 5 “FeO’

Mol% 33.55 29.75 16.00 20.70
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Table 2 Summary of the experimental conditions in terms of applied pg, in the furnace and targeted Fe’*/Fe,, ratio of the slag according to
FactSage 7.3 UQPY database [25] for the slag compositions listed in Table 1

Experimental conditions

Log(pon) -0.68 —-2.00 —4.00
Fe™*/Fe,, 0.89 0.80 0.62

-5.01
0.51 0.46 0.41 0.31 0.20

-5.51 -5.96 - 6.87 -7.92

have studied the electrical conductivity and/or this mecha-
nism already. However, it should be noted that only a limited
number of these studies [17-20] performed an experimen-
tal technique, such as stepped potential chronoamperometry
(SPC), to separate the ionic and electronic contributions to
the total conductivity. In addition, of the abovementioned
studies, only Engel and Vygen [15], Hundermark [16], and
Zhao et al. [21] checked for the presence of solids and/or
changes in the slag composition due to Fe uptake or cru-
cible dissolution via post-experimental characterization
techniques. Even more, the iron redox state, Fe’*/Fe’,
was only experimentally verified by Hundermark [16], for
a limited number of samples, and by Engel and Vygen [15].
Thus, to the authors’ knowledge, no study exists which com-
bines the determination of the slag’s iron redox state with
an experimental technique to separate both the ionic and
electronic conductivity. The present work aims to combine
both electrical conductivity experiments and iron redox state
determination. Experiments were carried out on synthetic
Si0,~AlO, s'-CaO—‘FeO’ slags as a function of the iron
oxidation state using a previously described methodology
for electrical conductivity experiments [24], while the iron
redox state was measured via both Mossbauer spectroscopy
and wet chemistry.

Methodology
Electrical Conductivity Experiments

Synthetic slags were prepared to match the composi-
tion as shown in Table 1 and their preparation is similar
as described in our previous work [24]. The preparation
was done via a two-step process in which first a sinter of
Ca0-AlO, 5-Si0, (CAS) is prepared from mixing high-
purity powders of CaCO5 (99.9%), Al,05 (99.7%), and
crushed SiO, glass (99.999%), which are subsequently put
in an alumina crucible inside a muffle furnace at 1240 °C

! The authors prefer the use of AlO, s over Al,O, for the alumina
content in the slag system as this gives an easier visualization of the
amount of cations in the slag, which are the main contributors to the
ionic conductivity. Similarly, ‘FeO’ is used as the notation for both
FeO and FeO, 5 and indicates the total Fe cation content regardless of
the oxidation state.

@ Springer

overnight. This CAS sinter was then added to Fe,O; powder
(99.8%) and Fe powder (99.9%) to obtain the predicted Fe**/
Fe?* ratio for an experiment at a certain p, as obtained via
FactSage 7.3 UQPY database [25]. The quantity of Fe,O,
and Fe powder were determined from Eq. (1) assuming that
both react stoichiometrically.

Fe,O; + Fe — 3FeO (1)

All powders were thoroughly mixed in a pestle and mor-
tar before being pelletized using a stainless steel die and
manual press. For the high-temperature conductivity meas-
urements, a bath height of 25 mm was desired which corre-
sponds to +40 g. The amount of slag needed was calculated
based on the density/molar volume model of Thibodeau
et al. [26-28] using the slag’s chemical composition and
the experimental temperature. After pelletizing, the pellets
were brought into an alumina crucible (99.7% purity) and
put inside the electrical conductivity furnace. After this,
the furnace was completely sealed off from the surrounding
atmosphere, it was flushed with the desired gas composition
at a flow rate of 1 I/min for 9 h. The temperature was subse-
quently increased to 1310 °C at a rate of 5 °C/min and kept
for 6 h to allow melting of the powder and homogenization
of the bath. The targeted oxygen partial pressure and iron
oxidation state can be found in Table 2. From the works of
Goldman [29], Pommier et al. [30], and Vergote et al. [31],
it is known that the kinetics of Fe>*/Fe** changes in silicate
slags is slow as experiments are typically performed on sam-
ples with a limited mass (1 g-10 g) in combination with a
large driving force, e.g., placing an oxidized slag in a reduc-
ing atmosphere. In addition, measurement times between
6 h and 24 h are needed to observe changes in the Fe?*/Fe**
ratio. The current experiments were carried out for a signifi-
cantly larger sample mass in combination with an Fe**/Fe**
ratio close to the equilibrium for the applied gas atmosphere.
As such, it is expected that the slag’s Fe?*/Fe** ratio remains
constant throughout the experiment.

Electrical conductivity measurements commenced via
first determining the bath height and correcting for the for-
mation of a meniscus as described in our previous work [24].
The same procedure for determining the total electrical con-
ductivity and the electronic transference number as in the
previous work was done as well. After determination of the
bath surface, the electrodes were lowered to an immersion
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depth of 10 mm and a frequency sweep was carried out.
The real impedance was frequency-independent over a broad
range from 100 Hz to 50 kHz. To determine the electrical
conductivity, single frequency measurements were carried
out at 10 kHz at immersion depths of §, 9, 10, 11, and 12 mm
starting with the one at 10 mm. The electronic transference
number was determined via the SPC technique. The open
circuit potential of the system was then recorded for 10 min
after which SPC was executed. The system was held at the
open circuit potential (OCP) for 1 min prior to a voltage step
of — 10 mV (vs OCP) for 40 min during which the current
was measured at a scan rate of 100 Hz. After the SPC tech-
nique, single frequency measurements were done at the same
immersion depths as before to check whether the electrical
conductivity changed as a result of the SPC technique and/or
crucible dissolution. After the experiment, the crucible was
removed from the furnace into a bucket of water to quench
the slag which allows subsequent characterization via light
optical microscopy (LOM) to determine the presence and
location of solid crystals in the slag, investigation of the slag
composition via electron probe X-ray microanalysis (EPMA)
and X-ray fluorescence analysis (XRF) and the slag’s iron
redox state via MOssbauer spectroscopy and wet chemistry.

Composition and Iron Redox State Analysis
Composition Analysis

Slag pieces were embedded in Epofix resin and subsequently
ground and polished up to 1 pm abrasive size for LOM and
EPMA analysis. All elements were measured using the con-
ventional EPMA technique which was performed with an
acceleration voltage of 15 keV, a beam current of 20nA, and
a probe diameter ranging from 5 to 30 um depending on the
specific phase being analyzed. The following detectors and
spectral lines were employed for elemental measurement: Al
K,—TAP, Fe K, —LIF, Si K —PET J, and Ca K, —PET J.
For the measurement of Al, Ca, Fe, Si, and the correspond-
ing cations, pure (synthetic) Al,O5, Fe,0;3, SiO,, and CaSiO,
standards were used, respectively. All referenced materials
were provided by Charles M. Taylor. Raw measured data
underwent standard ZAF correction using the Armstrong/
Love Scott approach. For each sample, at least 15-20 dif-
ferent spots were chosen from which the average chemical
composition could be determined.

Mdossbauer Spectroscopy

Mossbauer spectroscopy is chosen as the principal technique
for the determination of the iron redox state in this work as
this technique is non-destructive and has the potential to
provide insights into both the iron oxidation state as well as
the coordination number [32-35]. Mossbauer spectroscopy

was carried out at the TU Delft Reactor Institute. For this
analysis, the slag was first pulverized to a fine powder and
about 150 mg was used for each experiment. Transmis-
sion >’Fe Mossbauer spectra were collected at 298 K with
constant-acceleration or sinusoidal velocity spectrometers,
using a 57Co(Rh) source. Several studies report, however,
that Mdssbauer spectroscopy can overestimate the Fe** in
glasses/melts by up to 15% if no correction is made for the
difference in temperature dependency between the recoilless
fraction of Fe** compared to Fe>* [36-38]. This is related to
the weaker bond strength of Fe** compared to Fe**, which
results in a lower Debye temperature 9}, (K), thereby affect-
ing the recoilless fraction of a component as a function of
temperature. To check the temperature dependency of the
Mossbauer spectra, additional measurements at 20 K and
50 K were carried out for the sample obtained using a pg,
of 107> atm. As the sample matrix, i.e., CaO, SiO,, and
AlO; s, is constant for each sample, it is assumed that the
temperature for each sample is similar. In the work of Berry
et al. [35], the temperature dependency of samples with the
same matrix composition, but different iron redox states
were indeed found to be similar which supports this assump-
tion. Velocity calibration was carried out using an a-Fe foil
at room temperature. The experimental Mossbauer spectra
were fitted with several doublets using the Mosswinn 4.0
program [39] to best match the experimental spectrum. As
each doublet has a characteristic isomer shift & and quadru-
pole split A, a doublet can be assigned to an iron atom in a
certain oxidation state and coordination number, i.e.,[Y/Fe**
in which Y is the coordination number and x the oxidation
state [33]. Thus, from the area of a doublet, the concentra-
tion of an iron atom with a certain oxidation state and coor-
dination number can be calculated.

Wet Chemistry

Wet chemistry methods were carried out by Australian Lab-
oratory Services (ALS) who determined the iron redox state
via a combination of direct titration to determine the slag’s
Fe?* content and XRF analysis to determine the total Fe con-
tent. Disks for XRF analysis were prepared via adding some
slag (0.66 g) in a platinum crucible together with Li,B,0O,
and LiNO; and putting them in a furnace at 1050 °C to be
fused. The direct titration method is based on the work of
Pratt [40]. 1 g of material is dissolved in an HF-H,SO, mix-
ture in order to release Fe*™ from the slag/glass matrix. After
the step dissolution, the mixture is complexed with H;BO;
and H;PO, and subsequently titrated with K,Cr,0O, to deter-
mine the amount of Fe?* within the slag. The correspond-
ing reactions are provided hereunder. Based on reference
samples, it was determined that the uncertainty of the Fe>*/
Fe** determination from wet chemistry lies around 1-3%.

@ Springer
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H,S0,~HF

= F*t @

2+
Fe sol

sample

6Fe* + Cry0,% + 14H" — 6Fe™ +2Cr°* + TH,0  (3)

Preparation of End-Member Standards

Two additional samples with the same target composition as
shown in Table 1 were prepared in a separate experimental
sequence using a smaller vertical tube furnace. The intent
of these experiments was to gain insight into the two iron
oxidation state extrema, and thus on the one hand, an atmos-
phere corresponding to pure oxygen p, =1 atm was chosen,
while on the other hand an atmosphere corresponding to Fe
saturation was chosen pg,= 107! atm. For the given slag,
this corresponded to an Fe**/Fe,, ratio of 0.92 and 0.05,
respectively. The idea of analyzing the redox ratio of these
samples is to verify whether Mossbauer spectroscopy and/
or wet chemistry could have a potential deviation to highly
oxidized/highly reduced samples. Samples were prepared
using the same approach as for the electrical conductiv-
ity experiments, i.e., the CAS sinter was combined with
Fe,0; powder (99.8%) and Fe powder (99.9%) to obtain the
abovementioned Fe**/Fe,, ratios. To have sufficient mate-
rial for both Mossbauer and titration, a total mass of 5 g was
prepared per experiment. The mixture was first pelletized
using a tool steel die and the resulting pellets were then
inserted in an alumina crucible (OD =10 mm, ID =8 mm,
height=15 mm). The alumina crucible was suspended in a
vertical (resistance) tube furnace via a Kanthal wire. The
furnace was first flushed (500 ml/min) for 30 min at 1310 °C
with a pure O, (py,=1 atm) or a CO,—~CO-Ar mixture
(Pop = 107! atm) after which the sample was brought up to
the hot zone of the furnace and held there for 24 h. At the
end, the samples were quenched in a CaCl, brine solution
(= 20 °C). The samples then underwent EPMA, Mossbauer
and wet chemistry analyses as described earlier.

Results and Discussion
LOM and Composition Analysis (EPMA and XRF)

Similar as to the previous work [24], the presence and loca-
tion of solid crystals was determined from LOM analysis. It
was found that only the samples with a pg, between 10~* atm
and 107° atm contained solid crystals, which were located at
the bottom the crucible. As already described in our previous
work [24], these crystals were inferred to be Fe;0,~10 mol%
AlQ, 5 particles which are likely formed due to the desired
Fe*/Fe,, content being close to the ideal ratio for these spi-
nels to form. The height of this layer as a function of pg, is

@ Springer

given in Table 3. If such a layer of spinel crystals was found
in a sample, the sample was cut with a diamond disk saw
above this layer and the abovementioned analysis techniques
were performed on the homogeneous slag.

The results of the EPMA and XRF slag composition anal-
ysis as a function of the applied atmosphere in the furnace
are found in Table 4. Regarding the slag’s SiO,, CaO, and
‘FeO’ content, a difference of about+1 mol% is observed
between both analysis techniques which lies within the range
of uncertainties of both methods [41, 42]. On the other hand,
for AlO s, the difference seems to be more significant as it
lies around 2-3 mol%. Comparison of the effective measured
values versus the target values also reveals that for most
atmospheres, the target value is well achieved for Si0,, CaO,
and ‘FeO’ (=1 mol%) and reasonably achieved for AlO;
(=2 mol%). The only exception is the slag prepared in a
pure oxygen atmosphere [log(pg,) =0] for which an exces-
sive amount of AlO, 5 is observed. This is likely related to
the absence of a spinel passivation layer at the slag/crucible
interface. However, samples in air and pg, = 1072 atm also
did not show any passivation layer, but their AlO, 5 content
is not substantially higher compared to experiments where
a layer was observed. Thus, a second explanation poten-
tially lies in the difference in scale between the experiment
prepared in pure oxygen and the conductivity experiments.
As already mentioned, the former experiment was carried
out with a mass of 5 g, whereas the latter were carried out
with approximately 40 g. As a result, it is likely that the
sample with a lower mass is more quickly enriched with
AlO, 5 across the entire sample. For all samples, it is found
that the ‘FeO’ content is below the target ratio, which could
stem from iron losses to the crucible through the formation
of a passivation layer and iron losses to the loose spinel
layer. It is (roughly) estimated (see the online supplementary
material) that these iron losses can lead to a decrease in the
slag’s ‘FeO’ content by 0.6—1.8 mol% which is similar to the
measured deviation from EPMA and XRF.

Fe3*/Fe?* Determination

The iron redox state was determined via both Mossbauer
spectroscopy and wet chemistry using titration. First, the
results of Mossbauer spectroscopy are discussed. These
results are dependent on assumptions regarding the spectrum
fitting procedure and potential corrections of the recoilless
fraction of Fe**/Fe’*. Two fitting approaches were used of

Table 3 The height of the solid layer at the bottom of the crucible for
the different oxygen partial pressures

Log(pgy) —4.00 -5.01 -5.51 —5.96

Byyyer (M) 3.4 1.6 1.6 0.8
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Table 4 Chemical composition Log(poy) Method Si0, (mol%) CaO (mol%) ‘FeO’ (mol%) AlO, 5 (mol%)
(mol%) rnt}asured by EPMA Log(atm)
and XREF for the electrical
conductivity samples as a Target - 29.75 33.55 20.70 16.00
function of the applied pg, 0 EPMA 27.4+0.2 31.1+0.2 18.9+0.2 22.5+0.7
XRF 28.6 31.4 19.1 20.9
—0.68 EPMA 29.8+0.2 33.3+0.1 19.5+0.1 17.5+0.2
XRF 30.5 33.7 20.2 15.7
-2 EPMA 29.8+0.5 332+0.3 19.3+0.3 17.7+1.0
XRF 30.9 33.8 20.4 14.9
-4 EPMA 30.1+0.3 33.7+0.3 19.5+0.3 16.6+0.5
XRF 31.2 34.5 19.8 14.6
-5.01 EPMA 29.9+0.3 332+0.3 19.7+0.3 17.0+0.5
XRF 31.0 34.2 20.1 14.6
—5.51 EPMA 30.2+0.2 33.8+0.2 19.5+0.2 16.4+0.2
XRF 31.2 34.5 19.8 14.5
—5.96 EPMA 29.9+0.5 33.5+0.5 19.8+0.7 16.8+0.3
XRF 31.1 34.1 19.6 15.1
- 6.87 EPMA 30.0+0.2 33.3+0.2 19.5+0.2 17.2+0.1
XRF 31.1 33.8 20.3 14.8
—17.92 EPMA 30.0+0.2 33.5+0.2 19.8+0.1 16.7+0.2
XRF 30.9 33.8 20.6 14.6
—11 EPMA 29.5+0.4 33.3+0.2 20.1+0.9 17.0+0.5
XRF 30.4 333 20.7 15.5

The target composition is also provided as a reference. For XRF, no standard deviations could be reported
as there was only sufficient material for one analysis

which the results can be found in Tables S-I and S-II. The
first approach, fit 1, was done via a free, independent fitting
procedure in which the isomer shift 6 and quadrupole split-
ting A are not fixed. For this procedure, 4 doublets were
needed per sample to obtain the best fit with the experimen-
tal absorption spectrum. As for the second approach, fit 2,
the isomer shift and quadrupole splitting were fixed based
on a doublet corresponding to ®/Fe?* in proximity to [*/Fe’*,
which appears in the Mossbauer spectrum as a doublet cor-
responding to an Fe cation with an oxidation state of 2.5,
i.e., [Fe?3* Such a doublet has been utilized for Moss-
bauer spectra of magnetite [43] and in the analysis of Mid
Ocean Ridge Basalt (MORB) glasses [35]. Physically, the
presence of neighboring Fe?™ and Fe’* cations in slags can
be expected due to the observed clustering behavior of Fe
cations as indicated from electron paramagnetic resonance
spectroscopy [44—46], optical absorption spectroscopy [47],
and neutron diffraction spectroscopy [48—50]. It should be
noticed though that the term ‘clustering’ is simply defined
as the presence of two or more ‘neighboring’ Fe cations, i.e.,
Fe**—O-Fe”* bonds (x, y=2 or 3), thus it does not necessar-
ily reflect to regions within the slag that are composed out
of solely iron cations. In the current work, the isomer shift
and quadrupole split of this doublet was determined based
on the sample obtained at a pg,= 107" atm. The isomer

shift 5=0.62 corresponded well with those found by Gorski
and Scherer [43] and Berry et al. [35]. In addition, two extra
doublets for other Fe** and Fe>* were necessary as well to
obtain a good fit with the experimental spectrum. For each
other doublet, the identification of the Fe species in terms of
oxidation state and coordination number(s) is made via the
work of Murad and Cashion [33]. The quality of the fit was
compared for both spectra based on the y* parameter. This
indicates that fit 1 corresponds better to the experimental
data, which may be related to the free fitting procedure in
which agreement with the experimental spectra was prior-
itized. In that aspect, it is found that the )(2 values of fit 2
still closely match those of fit 1 (apart from the measurement
in air) and thus, the assumption of the clustered doublet is
reasonable. From the spectral area of the individual doublets
and their assignment to a certain oxidation state of Fe, the
Fe3*/Fe?* ratio can be determined. However, the doublet
corresponding to [*JFe>>* can be interpreted in multiple
ways. According to the study of Berry et al. [35], this dou-
blet can be fully assigned to Fe**, whereas in the study of
Gorski and Scherer [43], the contribution of this doublet is
divided evenly between Fe>* and Fe>* as the electron hop-
ping between octahedral Fe cations happens faster than the
Madssbauer characteristic time. As electrons can jump from
one oxidation state to another in glasses, the assignment of

@ Springer
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this doublet to both Fe?* and Fe*" is also considered. There-
fore, in this work, the former approach is further referred
to as fit 2.a and the latter as fit 2.b. Besides the fitting pro-
cedure, another important aspect is to check for the tem-
perature dependence of the redox ratio. The Fe’*/Fe?* ratios
of the py,= 107> atm sample as well as the temperature
dependency parameter r, defined in Eq. (4), between the
Fe3*/Fe* ratio at temperature 7 and at room temperature
are provided in Table 5.

Ty = —4 @)

It is observed that the apparent Fe**/Fe?" ratios at room
temperature are significantly higher than at cryogenic tem-
peratures (50 K, 20 K) for fit 1 and fit 2.b, which is related to
the difference in Debye temperature between Fe** and Fe?*
as explained before. However, as the temperature is progres-
sively decreased to cryogenic temperatures, it is found that
the ratio becomes nearly constant as little (to no) difference
is found between the Fe**/Fe?* ratios at 50 K and 20 K.
For fit 1 and fit 2.b, r values of 1.25 and 1.15 are found,
respectively, and as such, a correction procedure for this
temperature dependency is made for samples made at other
DPoo’s, which can be found in Eq. (5). The assumption behind
this correction procedure is that for each sample, a similar
ratio r should be found as a function of temperature as the
matrix composition, i.e., SiO,, CaO, and AlO, 5, between
the different samples is nearly identical as shown earlier (the
only exception being the sample at py, =1 atm).

3 1 3
Fe +/Fe2+ (Poz, 2OK) = m Fe +/F€2+ (p()Z’ 298 K)
®)

On the other hand, fit 2.a does not show a strong deviation
as a function of temperature with r ratios of 1.04 and 1.07.
This seems to agree with the observation of Berry et al. [35]
who found an r ratio of 1.03 +0.03, which is sufficiently low
to assume temperature independence. Therefore, no correc-
tion procedure was done for fit 2.a. The Fe>*/Fe,, ratios
determined from each Mdssbauer fitting procedure and those
obtained via titration are plotted as a function of the redox
ratios predicted by FactSage 7.3 in Fig. la. In addition, a
second comparison between both measurement methods is
done in Fig. 1b. In general, it is observed that the samples
are more oxidized, i.e., have a larger Fe**/Fe,, ratio, com-
pared to the predicted Fe“/FelO[ ratio, whereas good agree-
ment is found between the titration and Mdssbauer method.

In terms of the different fitting approaches, it is observed
that fit 1 predicts the highest Fe’*/Fe,, values, whereas fit
2.a predicts the lowest. In addition, it is observed that fit 2.a
more closely matches the titration values at more oxidizing
conditions, whereas fit 1 and 2.b more closely match those
at more reducing conditions (with the exception of 2.b at
Fe saturation). However, as the uncertainty on spectral con-
tributions of Mdssbauer is typically attributed to be +5%
[47] and xz-values between methods are rather similar, it is
considered that each fitting procedure falls within this uncer-
tainty range making it difficult to rank them. As a result,
from now on, the iron redox state will be reported as an
average value from those obtained via Mdssbauer and wet
chemistry. It was also observed that the Fe**/Fe** ratio did

Table 5 Fe’*/Fe’* and

Fit1 Fit2.a Fit2.b
temperature dependency
parameter obtained for the T (K) Fe*/Fe?* Fe*/Fe’* r Fe*/Fe’* r
sample at pg, = 1077 atm as a
function of the temperature and 298 1.57 0.88 - 1.27 -
fitting procedure 50 1.25 1.25 0.83 1.07 1.11 1.15
20 1.26 1.25 0.85 1.04 1.11 1.15
Fig.1 a Comparison of the 1 ‘ i 1
target Fe**/Fe,, ratio (mol/mol) e Titration | o Mfit1 |
ith measurements of titration S L| ¢ Mt y o ° Mfit2.a ¢
wi ! S 8085 o Mft2a 8085 o Mift2b
and the various Mdssbauer fits 2 o Mfit2.b %
(M fit). b Comparison of the o6 e é 06!
Fe**/Fe,, ratio obtained via 3 Vs ~
titration and Mossbauer ﬁf 04} : g‘ 04l .
“o H & ‘
L 0]
= 0.2 ) o
. a) w 0.2 . b)
0 : : : 0
0 0.2 0.4 0.8 1 0 0.2 0.4 0.6 0.8 1
3+ 3+
(Fe /Fetot)target (Fe /Fetot)titration
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not vary significantly across the bath height based on the
Maossbauer results of the sample taken at a log(pg,) =— 2.
From Table S-III, a difference of 1.3% on the Fe**/Fe,, ratio
is observed between the top and bottom of the sample which
is within the technique’s uncertainty. For the majority of
the samples, it is found that the measured Fe**/Fe,, ratio
is higher than the target ratio. A potential explanation is
that some iron cations from the slag, both FeX*/Fe**, end up
either in the spinel passivation layer or in the solid crystals
at the bottom. This seems to be consistent with the measured
‘FeO’ content which is slightly below the target value for
most samples as mentioned earlier. A rough estimation on
the impact of iron losses on the iron redox ratio (details see
the online supplementary material) showed that a deficit in
Fe”" is likely the result of an incomplete reaction of metallic
Fe and Fe,0;. The amount of Fe** obtained through reaction
in Eq. (1) was targeted to match the Fe?* content in the slag
and thus did not take into account any losses to the spinel
layer/solid crystals, which could explain the observed higher
Fe* content.

More importantly though, a continuous decrease in the
Fe3+/Fe[O[ ratio is found for progressively reducing atmos-
pheres. As the main target of this work is to further under-
stand the relationship between the electrical conductivity
and the iron redox state, this controlled decrease in iron
redox state is already a first validation that the used meth-
odology is a correct approach in terms of slag preparation
and experimental conditions to further test hypotheses on
electrical conductivity.

Electrical Conductivity Results
Total Conductivity and Electronic Transference Number

First, the total electrical conductivity is compared with
trends from literature and with any uncertainties on the

0.3 ' '
e 068 = -200 » -687 * -7.92
0.95 -4.00 -5.01 -5.51 -5.96
— 02;
E. H 4 ] ¢ 3
0 0.15-
§ - - - L]
& 014 . . .
0.05+ a)
0 L
8 9 10 " 12
h. (mm)

Fig.2 a Total conductivity (S/cm) for the different applied oxygen
partial pressures [log(pg,)] as a function of the immersion depth.
Grey datapoints indicate conditions for which a loose spinel layer was
found at the bottom, whereas black datapoints indicate the absence of

experimental data due to the followed procedure. Figure 2a
and b shows the total electrical conductivity as a function of
the immersion depth and iron redox state, respectively. From
Fig. 2a, it is seen that the total conductivity is independent of
the immersion depth. Moreover, this independence is found
both for samples where a loose spinel layer at the bottom
was observed via LOM and for those where this layer was
absent. As already mentioned in our previous work [24], it
is expected that this layer has a limited effect on the electri-
cal conductivity due to a limited amount of current reaching
this layer.

As expected from the earlier works [15-20], the total con-
ductivity first increases with decreasing Fe*™ content until
a maximum is reached after which the conductivity slowly
decreases but remains higher than at more oxidizing con-
ditions. Although the conductivity maximum is somewhat
subtle, from a qualitative perspective, the obtained results
agree already with the expected trend when going from an
oxidizing to reducing environment. The experimental repro-
ducibility of the high-temperature experiments was found to
vary between 3 and 21% as determined from two different
experiments. Similar to the previous study [24], additional
sources of uncertainty on the experimental data were identi-
fied: uncertainty on the thermocouple’s reading, changes in
slag chemistry due to crucible dissolution, and changes in
the Fe>*/Fe’* ratio due to the sample not being in equilib-
rium with the applied gas atmosphere during the measure-
ment and deviations in the cell geometry between calibration
and high-temperature experiments. The former two uncer-
tainties are described to the applied methodology, whereas
the latter is inherent to the need for a calibration procedure.
As a summary, the uncertainty of each contribution for each
condition can be found in Table S-VI. The impact of changes
in the slag composition on the electrical conductivity was
found to be limited as the difference in electrical conduc-
tivity before and after an SPC measurement step (40 min)

0.3

0.25+

0.2 s

N S
015+

ot (S/lcm)

0.1 R3

0.05" b)

0 0.2 0.4 0.6 0.8 1
Fe3+/FelDt (mol/mol)

such a spinel layer. b Total conductivity as a function of the average
Fe**/Fe,,, redox state obtained via titration and Mdssbauer spectros-
copy. The error bars on the iron redox state and electrical conductiv-
ity indicate 1 standard deviation (Color figure online)
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Fig. 3 Electronic transference 1 .

number as a function of the iron
redox state Fe**/Fe,, obtained
via Mdssbauer and titration
(present work) or predicted

via FactSage 7.3 (UQPY) [25,
51] using the experimental
conditions (temperature, py,) -
reported in literature [17-20]. =0 Lo
Error bars for the present work
indicate one standard devia- oy
tion. C/S indicates the CaO/ e
Si0, ratio in wt%, whereas C/A
indicates the CaO/Al,O; ratio °
in mol%

Barati CFS C/S 0.5 26 Fe
Barati CFS C/S 1 26 Fe
Liu 2016 26 Fe

Liu 2016 20 Fe

Liu 2018 25 Fe

Liu 2018 16 Fe

Liu 2015 C/A 2 18 Fe
Liu 2015 C/A 1.25 17 Fe
Liu 2015 C/A 0.8 17 Fe
Liu 2015 C/A 0.5 16 Fe
* Current work 19.5 Fe

> B & ® ¢ ® o+ o * @

0.4 0.6 0.8 1

3+
Fe /Fetot {mol/mol)

was about 1.2%—4.7%. In addition, as mentioned in section
“LOM and composition analysis (EPMA and XRF)”, the
total increase of the slag’s AlO, 5 content over the entire
experiment is only around +2 mol% (from EPMA results),
while from the section “Fe3+/Fe2+ determination” it is
likely that the difference in Fe**/Fe,, content across the bath
height is negligible. This indicates that the slag composition
is sufficiently stable within the timeframe of the measure-
ments and thus that the measured conductivity values are
representative for the slag composition as analyzed.

The electronic transference number as a function of the
iron redox state is provided in Fig. 3 for the obtained data in
this work and for several other literature studies [17-20]. For
the present data, the transference number was reproducible
within a 3% range. The iron redox ratio Fe**/Fe,, for the lit-
erature studies were estimated via FactSage 7.3 UQPY data-
base [25] using the provided slag compositions, temperature,
and p,. It was found by these studies [17-20] that electronic
transference numbers are independent of temperature” and
thus they provide an easy way of comparing experimental
data. For the investigated conditions in the present work, 7,
varies between 0.37 and 0.58 which implies that between
37 and 58% of the current is transported via the electron
hopping mechanism. As shown in Fig. 3, these orders of
magnitude are comparable with literature data which have
similar ‘FeO’ concentrations. From this observation, it can
already be concluded that the addition of ‘FeO’ to a silicate
melt can drastically increase the electrical conductivity.

2 Provided that the iron concentration is still sufficiently low such
that electronic conduction is still limited by Fe** diffusion.

@ Springer

lonic Conductivity

The ionic conductivity as a function of the iron redox state
Fe’*/Fe,,, is shown in Fig. 4 along with the predicted ionic
conductivity from the model from Thibodeau [52]. Similar
to results from literature [17-20], a linear dependency of
the ionic conductivity as a function of the iron redox state
is found. As expected, the ionic conductivity increases
with decreasing Fe3*/Fe,, ratio as the mobility of Fe’* is
considered significantly higher than that of Fe**. As a first
estimation of which cations contribute to the ionic conduc-
tivity, the effective diffusion coefficients of all cations are
calculated using the model of Thibodeau [52]. The diffu-
sion coefficients of Ca>* and Fe?* for the present system
are of an order 107® and 107> cm?/s, respectively, whereas

0.5¢ . ' i
g ® Present work
--—-Linear fit
047 --—-Model Thibodeau| |
5 o3}
5§02}
S
01 =~---- H_"--H%~-_.r—-oﬁ_ e r—t=(-:';“:-
0 A , . L
0 0.2 0.4 0.6 0.8 1

3+
Fe /Fetot (mol/mol)

Fig.4 Ionic conductivity as a function of the iron redox state Fe**/

Fe,,. Error bars indicate one standard deviation. As a comparison,
the ionic conductivity as predicted by the model of Thibodeau [52] is
included as well
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for AI** and Fe?*, the diffusion coefficient was of an order
1078 cm?%/s. Thus, the Nernst—Einstein expression for iron
silicate melts can be further simplified to Eq. (6). Within
this equation, o,,, (S/cm) is the ionic conductivity, ' (C/mol)
is Faraday’s constant, R (J mol~! K~!) is the universal gas
constant, 7' (K) is the temperature, D; (cm?/s) is the diffusion
coefficient of cation i, [i] (mol/cm?) is the concentration of
cation i, and y (-) is the Fe**/Fe,, ratio.
4F? 24+

Oion = ﬁ(DCa2+[Ca ] -}_DF62+[F6]X(1 _y)) (6)

Ionic conduction in slags occurs through an ion hopping
mechanism, which can be seen as one cation entering the
vacancy that was previously occupied by another cation
that is pushed out of its original position due to this motion
[53, 54]. Thus, ionic conduction is hindered either by an
increased degree of polymerization as less suitable hopping
spots are available, through immobilization of network
breaking cations as a result of charge compensation [55]
or via a mismatch in hopping spots from different cations,
i.e., the mixed-modifier effect [56, 57]. Therefore, in order
for Eq. (6) to be linear as a function of the ferric ratio, the
diffusion of Ca®* and Fe?* should be independent of the
Fe3* content, i.e., the presence of Fe3* should not hinder
the movement of other cations due to either an increase in
the degree of polymerization or via the immobilization of
network breaking cations through charge compensation. In
addition, any decrease in ionic conductivity due to mixed-
modifier effects because of differences in the local envi-
ronments of Ca** and Fe?* should be sufficiently small (or
non-existent).

First, it will be deduced that Fe3* is unlikely to hinder the
movement of more mobile cations such as Ca?* and Fe?*. In
slags, it is found that Fe* can act either as a (weak) network
former (Y'Fe*) or network modifier (I°'/Fe’*) depending on
whether it can be incorporated in the silicate network via
charge compensation [58]. In case of charge compensation,
Fe* keeps a Ca®" cation close in its environment to obtain
a 4+ oxidation state which allows a tetrahedral configuration
similar to the silicon cations Si**. As a result, Ca>* might be
more strongly bound in this charge compensation site, than
as if it were bound to oxygen anions as a network modi-
fier, thus its mobility could be decreased [55]. However, as
shown in Tables S-I and S-II, it is not possible to discern
between the Fe** coordination states from the fitted doublets
of Mossbauer spectroscopy, which may be expected given
that a slag is inherently unorganized. An estimation of the
likelihood that an Fe>* cation could be charge-compensated
by Ca** may be found from the viscosity model of Kim et al.
[59]. In their work, the Gibbs free energy AG 04 (J/mol)
of the charge compensation reaction, Eq. (7), is estimated via
predicting the experimentally observed viscosity maximum

as a function of the slag’s Fe,O5 content. In their work, they
assumed this Gibbs free energy to be a function of the slag’s
silica content, Xg;,, as shown in Eq. (8).

2Fe* 0, 5 + CaO 2 CaFe,0, (7

AGcupnos = 2092 — 5335X 00 ®)

For the present work, AG¢yz,504> 0 and thus, it is con-
sidered unlikely that Fe>* is charge compensated by Ca**,
under which circumstances it would restrict the movement
of Ca’" cations and increase the slag’s degree of polym-
erization. Therefore, as Fe’* is progressively replaced by
Fe?* within the slag at more reducing conditions, only the
amount of mobile cations and ion hopping sites increases,
while the ion hopping mechanism, i.e., diffusion of Ca®* and
Fe?+ throughout the matrix, remains unaffected.

As for the influence of a mixed-modifier effect between
Fe?* and Ca*, an indication for this effect may have been
observed by Wejnarth [60] as a non-linear decrease of the
electrical conductivity was observed when replacing Fe?*
with Ca®* for a constant amount of Si0,. However, this
decrease could also stem from a loss in electronic conduc-
tion, as no distinction was made between the two contribu-
tions. In the current dataset, although a slight decrease in
the ionic conductivity is observed between the measurement
in air (Fe**/Fe,,,=0.94) and the one in an atmosphere of
Pop= 1072 atm (Fe**/Fe,,, = 0.83), the overall observed trend
is considered to be linear. Therefore, it is believed that any
decrease in ionic conduction due to a mismatch between
Ca’*/Fe?* sites is negligible compared to the increase of
mobile cations and hopping sites.

As for the ionic contribution of Fe**, our experimental
data deviate strongly from the conductivity model of Thi-
bodeau as the latter predicts a much stronger increase with
increasing Fe’* content. This difference can be explained via
comparison of the Ca>* and Fe** diffusion coefficients of
the experimental data and of the model. The experimentally
derived diffusion coefficients are estimated via assuming a
linear fit of the measured data according to Eq. (6). The
dependency as a function of the Fe**/Fe,, ratio y is shown
in Eq. (9) (R>=0.88).

Oexp(¥) = 0.106 — 0.052y 9)

Combination of the above linear fit and Eq. (6) allows to
calculate the diffusion coefficients of Ca** and Fe?*, respec-
tively, as follows:

ey =1 RT

Depr = [Ca2+] ><4172

(10)
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Table6 Ca’*and Fe** diffusion coefficients derived from the
obtained experimental data and calculated from the model of Thibo-
deau [52]

Experimentally derived Thibodeau

D p(cm?s) 1.43.107° 1.79.107°

Dy2+(cm?/s) 1.53.107° 1.32.107°
4F% 5, RT 1

Dppv = <0exp(y =0-—= [Ca**| D ) x PTRe W

an

Both diffusion coefficients are shown in Table 6. It is
observed that both the experimentally derived and the mod-
el’s Ca?* diffusion coefficient D,, are nearly equal which
is consistent with the electrical conductivity data given
that both the experimental data and the model data seem to
(nearly) converge at Fe**/Fe,,= 1. On the other hand, the
experimentally derived Dy,,, differs by a factor 10 with the
one obtained by the model. Moreover, it is found from the
experimental data that the diffusion coefficients of Fe?* are
only slightly larger than that of Ca**. It is expected from
literature [55, 11] that a cation’s contribution to the ionic
conductivity increases as its ionic radius decreases, which is
consistent with the obtained diffusion coefficients for Ca2*
(114 pm) and Fe?* (92 pm) [61]. Moreover, Barati and Coley
[22] did a similar analysis of their ionic conductivity data
for a Si0,~CaO—FeO’ system and found that the Fe** dif-
fusion coefficient is about twice that of Ca®*. Therefore, it
is assumed that the diffusion coefficient predicted by the
model of Thibodeau is an overestimation. This overestima-
tion may stem from the author using binary SiO,—‘FeO’
electrical conductivity data, thus without separation of ionic
and electronic contributions, with relatively high ‘FeO’ con-
tent (> 55 mol%) at iron saturation for the estimation of the
model parameters for Dy,,,. From the study of Simnad et al.
[62], it is found that even at iron saturation, a significant
portion of the current will be conducted via electrons if the
‘FeO’ content in a SiO,—‘FeO’ is above 70 mol%, which may
lead to an overestimation of the ionic conduction attributed
to Fe?*. This reasoning is consistent with the observation
that their model overestimates the electrical conductivity of
iron containing melts of higher order systems.

Electronic Conductivity

As a final part of the analysis of the conduction mechanism,
the electronic conductivity is analyzed as a function of the
measured iron redox ratio Fe**/Fe,, as shown in Fig. 5. In
addition, the gathered experimental data are compared to
several models. When looking at the experimental data,
the electronic conductivity inclines toward a parabolic

@ Springer

dependency as a function of Fe**/Fe,, with a maximum
near an Fe**/Fe,, ratio of 0.5 as this signifies the ideal ratio
of an equal number of electron donating (Fe**) and electron
accepting (Fe>™) cations. This is consistent with the current
theories from literature [15, 22] and thus, as a first model,
a simple parabolic fit, Eq. (12), is proposed. For the present
data, the fitting parameter A was found to be equal to 0.41 S/
cm and an R*=0.89 was found.

Ol simple(y) = Ao y(1 =) (12)

Besides the simple parabolic model, an attempt was also
made to fit our data with the structural DACT model devel-
oped by Barati and Coley [22] for which the full expression
is given in Eq. (13).

P F2

2
o mpDre FePy(1 =y (13)

O'el,DACT(y) =4zN,

This model assumes that electronic conduction occurs
via a two-step process in which Fe’* cations first diffuse
toward Fe>* centers until they are at an optimum e~ hopping
distance r*. In the work of Barati and Coley, this parameter
r* was fitted with their experimental data and they found a
value of 3.87 A. A second assumption of the model is that
the Fe cations are distributed homogeneously within the melt
and are located at a distance r’ from each other, which is
calculated via the slag’s molar volume V,, the ‘FeO’ mole
fraction X, and Avogadro’s number N,, Eq. (14).

0.15 T T T T
e Owndata ----Modelr=3.87A
Parabolic fit ---- Model r = 4.67 A
—~ 01
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2] ’ - -
© 005+
K/ S\
O = S

0 0.2 0.4 0.6 0.8 1
Fe/Fe,_, (mol/mol)

Fig.5 Electronic conductivity as a function of the measured iron
redox ratio Fe**/Fe,, (error bars indicate one standard deviation). The
experimental data are modeled via a simple Parabolic fit (quadratic
dependency) and via the model proposed by Barati and Coley [22]
for their experimentally determined optimal e hopping distance r*
(3.87 A) and for the r* value for which the best agreement was found
for our data (4.67 A)
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. Vo /3
= (14)
N, Xp,

In the current work, the slag molar volume was estimated
via the molar volume model of Thibodeau et al. [26—28]
as a function of the iron redox ratio. As seen from Fig. 5,
the obtained experimental data are poorly predicted via the
DACT model with r*=3.87 A. Therefore, the parameter r*
was optimized to best value representing the current experi-
mental data and a value of 4.67 A was found with R2=0.70.
This would suggest though that the optimal e~ hopping dis-
tance r* varies (strongly) as a function of the slag composi-
tion. A potential reason for this variation in the r* parameter
may be related to the influence of the matrix components
(Si0,, Ca0, AlO; 5) on the Fe?*/Fe** environment/electron
charge density which could affect optimum e~ hopping dis-
tance r*. This hypothesis should be checked for more experi-
mental data though, but it was considered to be beyond the
scope of the current work.

Conclusion

Electric furnaces will play an important role in future
metal production techniques. In order to design and oper-
ate these furnaces properly, electrical conductivity data are
extremely important. The present work investigated the
electrical conductivity in combination with the SPC of an
Si0,—Ca0-AlO, s—FeO’ system at a constant temperature
as a function of the Fe**/Fe,, ratio. Contrary to previous
work, the iron redox state was experimentally determined
via combining Mdssbauer spectroscopy and wet chemistry.
A continuous decrease in Fe**/Fe,, ratio was found which
varies accordingly to the different atmospheres applied dur-
ing each experiment which confirmed that the changes in the
electrical conductivity are attributed to a difference in the
sample’s iron redox state. The total electrical conductivity
as a function of the iron oxidation state showed a (subtle)
maximum as a function of the iron redox state. In addition,
the obtained electronic transference numbers agreed with
those obtained from literature studies which investigated
slags with a similar iron content. For the ionic conductivity,
a linear increase was found with a decreasing Fe**/Fe,, ratio
due to the increased mobility of the Fe** cation compared
to the Fe3* cation. Moreover, it was deduced that Fe3* is
unlikely to hinder cation movement via the charge com-
pensation effect. The trends on the derived diffusion coef-
ficients for Ca’* and Fe** were found to be consistent with
the studies in literature. However, the current structural ionic
conductivity model is unable to reproduce our results. For
the electronic conduction, a parabolic trend as a function
of the iron redox state is found with a maximum near Fe**/

Fe,,=0.5. The DACT model was tested for the experimen-
tal data obtained in this work. It was found that the model
parameter r* needed to be adapted to 4.67 A instead of the
model’s original 3.87 A to estimate the order of magnitude
of the current results. This may imply that the r* parameter
is dependent on the slag’s composition as well. Therefore,
in order to optimize any electrical conductivity models of
iron silicate slags, further experimental studies are required
which combine electrical conductivity and SPC measure-
ments with analysis techniques to determine Fe**/Fe®*
ratios.
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