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In Situ Electrical Conductivity Measurement by Using
Confocal Scanning Laser Microscopy

LING ZHANG, ANNELIES MALFLIET, BART BLANPAIN, and MUXING GUO

The mineralogy of a particular slag can be modified by steering the slag cooling process to
valorise a particular slag in high added value applications. However, without online monitoring
of the crystallization degree and temperature, it is challenging to control slag crystallization
precisely. Since the electrical conductivity is sensitive to a minor change in the slag
microstructure, electrical conductivity may be used to monitor the change in the composition
of the liquid phase and the precipitation during slag solidification. In this work, an innovative
experimental setup was developed using a confocal scanning laser microscope (CSLM) to
measure the electrical conductivity of the slag while simultaneously observing slag solidification.
Two types of high-temperature electrical conductivity cells are designed to determine the
electrical conductivity of the slag. Each method’s advantages and disadvantages are identified,
and their potential applications are recommended. The techniques have been confirmed to be
accurate and reliable for the electrical conductivity measurement of slag during the in situ
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observation of slag solidification, providing a powerful tool for slag valorization.
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I. INTRODUCTION

STEEL slags are byproducts of the steelmaking
process and are annually generated in vast quantities
worldwide. The production of steel slag in Europe was
estimated to be approximately 23 million tons in 2018.["
After the liquid slag is separated from the steel, it is
cooled, crushed and processed to reclaim valuable and
hazardous metals,”” and then the residues can be used as
aggregates in road construction,”! additives or raw
materials in cement, fertilizers in agriculture! and
CO, mineralized products.!® Steering of the slag cooling
is an effective method to tailor the cold slag’s properties
for a targeted application and optimize slag valoriza-
tion.”) In general, the liquid slag is cooled to ambient
temperatures, either using water cooling (i.e., a rapid
process) or air-cooling (i.e., a slow process). Air-cooled
slag, a highly crystalline material, is commonly used as
aggregates for road construction, while water-cooled
slag, a highly amorphous material, can be used as a
binder in the cement industry.[® It is essential to obtain
the slag’s vital crystallization and temperature informa-
tion during solidification to manipulate the slag
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microstructure for a specific added-value application.
The solidified slag’s targeted microstructure with
designed crystal size, shape, and crystalline to amor-
phous fraction ratio can be achieved by steering the slag
cooling process. However, to date, no online technology
has been developed to monitor the slag crystallization
behavior in the slag yard of metallurgical plants in order
to obtain this information.

The crystallization behavior of slag has been investi-
gated experimentally by various techniques such as
quenching experiments and microstructural analysis,”
differential thermal analysis SDTA)[IO] or differential
scanning calorimetrel (DSC).!"" high-temperature X-ray
diffraction (XRD?, 12l confocal scanning laser micro-
scopy (CSLM),'"*! and double-hot thermocouple tech-
nique (DHTT)."" However, these techniques are either
unable to monitor crystallization in situ or to quantify
its crystallization behavior. The electrical conductivity
measurement technique is well developed and is char-
acterized by its low installation and operating cost,
efficiency and nondestructive nature. It has been applied
to estimate the liquid distribution and fraction in the
upper mantle!'> and monitor the microstructure evolu-
tion in cement-based materials.'® However, there are
limited reports on slags’ electrical conductivity during
solidification except for a few works for molten salts and
glasses.!'”-'® Since the electrical conductivity of materi-
als is sensitive to a minor change in their microstructure,
it may be used to monitor the change in the composition
of the liquid phase and the solid precipitation during
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slag solidification.!"”! 1t is crucial to accurately measure
the slag electrical conductivity during solidification for
this purpose and relate it to the slag microstructure.

A unique experimental setup was developed to measure
the electrical conductivity of heterogeneous slags based
on the state-of-the-art electrical conductivity measure-
ment technique while simultancously observing slag
solidification in situ. In this way, the slag microstructure
correlation with its electrical conductivity can be quan-
titatively established during the slag solidification pro-
cess. Two types of high-temperature electrical
conductivity cells were developed to understand the
influence of the electrode configuration and the crucible
material. The reliability of the measurement was con-
firmed by measuring the electrical conductivity of a
standard KCI solution (HI 70031 conductivity solu-
tion-1413 uS/cm, Hanna Instruments, Inc.) at room
temperature and a CaO-Al,O5-Si0; slag at high temper-
ature. The advantages and disadvantages of each cell are
evaluated, and recommendations for application are
made.

II. STATE-OF-THE-ART ELECTRICAL
CONDUCTIVITY MEASUREMENTS

Electrical conductivity represents a material’s ability
to conduct an electric charge. It can be calculated from
the electrical resistance via the equation:

R=p(3) =G @ =2 [1]
where R is the electrical resistance, p is the electrical
resistivity, ¢ is the electrical conductivity, / is the
length of the current path, A4 is the cross-sectional area
of the current path, and G is the cell constant. Accord-
ing to Eq. !, G plays an important role in an accurate
measurement of electrical conductivity. For solids, the
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area and length are well defined, and the current path
can be determined from the solid’s geometry. For lig-
uid, since the current path is not well defined, it is dif-
ficult to obtain an accurate cell constant. Therefore,
calibration by a standard liquid is usually needed. Cal-
ibration can be accomplished by measuring the resis-
tance Ryq of a standard liquid and calculating the cell
constant G by equation.'! The electrical conductivity
of the liquid of interest, ojq, is then determined by
measuring its resistance Rjq and using the calculated
cell constant by the following equation:

_G
Olig = Ry, 2]

The measurement is valid only when the current path
is invariant. Due to different electrical properties
between the standard and the liquid of interest, the
current path is changed. The most widely used exper-
imental setup for the electrical conductivity measure-
ment of liquid at high temperature involves immersing
electrodes with different configurations into a molten
bath, applying a voltage, and measuring its resistance.
The common electrode setups are depicted schematically
in Figure 1. These include crucible, ring, two-wire and
four-wire techniques.””! The crucible technique (Fig-
ure 1(a)) involves a central rod immersed by a certain
depth in the crucible used as another electrode.”!! This
technique’s advantage is that it has a large surface area,
which is required for measuring highly conductive
materials.?? In the ring technique (Figure 1(b)), two
concentric cylinders are used as electrodes, so the
current path is well defined between the cylindrical
electrodes.””) However, there are still some fringe
currents above and below the gap between the elec-
trodes, which cannot be confined. The two-wire method
(Figure 1(c)) uses two parallel wires or plates as elec-
trodes.’* The four-wire technique applies a current
between two outer electrodes and measures the voltage
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Crucible
Sample
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Fig. 1—Electrode configurations typically used in conductivity measurements of liquid: (a) crucible, (b) ring, (¢) two-wire, and (d) four-wire.
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Fig. 2—Experimental setups used in conductivity measurements of pure solid or solid-liquid coexistence systems: (a) two-foil, () central, and (c)

coaxial cylinders.

between two inner electrodes to avoid interfacial resis-
tance.’>?®! However, since the current path cannot be
determined for these techniques, calibration is necessary
to obtain the cell constant G.

During the last several decades, new experimental
setups have been developed to measure the electrical
conductivity of pure solid and solid-liquid systems.
Typical setups can be seen in Figure 2 using the two-foil,
central electrode and coaxial cylinder arrangements.
Since the current path can be directly determined from
the geometrical information, they are calibration-free
techniques. The two-foil technique (Figure 2(a)) uses
two foils as electrodes, and the sample is encapsulated in
a ceramic crucible sleeve. G can be obtained by G = //4,
where A4 is the electrode’s surface area, and / is the
sample thickness.?”! The central technique (Figure 2(b))
uses a central rod and an outer cylinder as electrodes,
and alumina ceramics isolates the sample.”® In this
case, the cell constant G can be calculated from:

G = ln(;;;l{r,,,) [3]
where 1., and 1;, are the outer and inner radii of the
sample, respectively, and h is the sample’s height. In
the coaxial cylinder technique (Figure 2(c)), the sample
is placed between two metallic coaxial cylindrical elec-
trodes. The cell constant can be determined using
Eq. [3], where r,, and r;, are the radii of the outer
and inner cylinders, respectively, and h is the height of
the cylinder. Since the inner electrode has a shorter
length than the outer electrode, there is an additional
surface at its closed end. Maumus et al. introduced a
correction factor of ~25 pct into the final calculation
of the cell constant to consider this additional sur-
face.”” Although calibration-free techniques might
provide more accurate results by eliminating potential
calibration errors, the sample geometries and elec-
trodes need to be measured accurately.
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III. DEVELOPMENT OF THE EXPERIMENTAL
SETUP MEASURING THE ELECTRICAL
CONDUCTIVITY OF HETEROGENEOUS SLAGS
WHILE OBSERVING SLAG SOLIDIFICATION
IN SITU

A. Starting Materials

A synthetic slag was prepared by mixing reagent
grade chemicals (i.e., CaO, Al,O;, SiO, powders) and
then melting the mixture within a platinum crucible at
1600 °C in air for 2 h in a bottom loading furnace (BLF,
AGNI-ELT 160-02 Spring type). The fully melted slag
was poured onto a steel plate to obtain a premelted slag.
Table I shows the slag’s chemical composition, which
was determined by an electron probe microanalyser
(EPMA) with wavelength dispersive spectroscopy
(WDS). As expected, the premelted slag’s chemical
compositions are the same as that of the powder
mixture. The slag liquidus and solidus shown in
Table I are calculated using FactSage 7.3 with the
FTOxid database.

B. Experimental Setup and Slag Conductivity
Measurement

In the present study, a special setup was developed in
the CSLM equipment, which enables the measurement
of the slag’s electrical conductivity during the in situ
CSLM observation of the sample (Figure 3). The
electrical conductivity cell assembly was inserted at the
upper focal point of the CSLM chamber (the hot zone)
and placed on a Pt sample holder equipped with a
B-type thermocouple (PtRh). This thermocouple was
applied for temperature control of the conductivity cell
assembly. A detailed description of the CSLM technique
has been reported in previous papers.”%*! In this work,
two types of electrical conductivity cells (see the detailed
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Table I. Chemical Composition (Wt Pct) of the Slag as Determined With EPMA-WDS

CaO Si0, ALO, Liquidus (°C) Solidus (°C)
Powder mixtures 35 55 10 1398 1184
Pre-melted slag 34.76 + 0.16 55.10 £+ 0.34 10.12 + 0.04 1395 1184
Objective lens
Quartz window
Assisted /

gas inlet
Alumina tube \
Connected to Th |
LCR meter — = <« Thermocouple

Pt holder = |

Gold-coated
chamber

Vacuum unit
gas outlet

i

Halogenlamp __,
cooling air inlet

Fig. 3—Schematic diagram of the CSLM.

description in Sect. III.D) were developed for accurate
and reliable measurement of the slag’s electrical con-
ductivity. In the setup, an LCR (Inductance (L),
Capacitance (C), and Resistance (R)) metre (E4980AL
Precision LCR Metre, Keysight Co.) was connected
through conductive wires to the electrodes of the cell
assembly in the CSLM chamber. Temperature calibra-
tion was performed using standard pure nickel before
the measurement. Figure 4 presents the heating history
of the measurement. Before heating, the CSLM chamber
was evacuated and flushed with ultrapure argon three
times and then flushed continuously with ultrapure
argon during the experiments. The synthesized slag
sample with the composition shown in Table I was
melted at 1500 °C for 3 min to homogenize the chemical
composition. Then, electrical conductivity measure-
ments were carried out at 20 to 50 °C intervals during
cooling from 1500 °C. Electrical conductivity measure-
ments were conducted using impedance spectroscopy
with an LCR metre. Simultanecously, slag behaviour
(e.g., solid precipitation) was observed in situ at high
temperatures using the CSLM. The melt was kept at
each temperature for 3 min to ensure thermal
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Fig. 4—Temperature profile for electrical conductivity measurement.

equilibrium within the slag. The temperature profiles
were controlled by HiTOS software combined with a
REX-P300 controller. At the end of the experiments, the
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Fig. 5—The two electrical conductivity cell assemblies: (a) 2-electrode cell in BN crucible; (b) photo of the BN crucible cell assembly; (c)

2-electrode cell in Mo crucible; (d) photo of Mo crucible cell assembly.

sample was quenched by shutting off the infrared image
furnace’s electrical power (IIF) of the CSLM. The
quenching temperatures of the BN and Mo crucible cell
are 1340 °C and 1350 °C, respectively.

C. Characterization of the Slag Samples

After the electrical conductivity measurements, the
slag samples were mounted in epoxy resin, ground by
silicon carbide papers and polished with diamond paste
for microstructure analysis. The sample’s microstructure
was observed with a scanning electron microscope
(SEM, FEI XL-40 LaB6). The initial slag’s chemical
composition and the slag after conductivity measure-
ments were analysed by EPMA (JXA-8530F, JEOL Ltd,
Japan) equipped with WDS. The interactions between
the conductivity cells (i.e., the crucible, electrode or
other cell parts) and the slag were evaluated by SEM
and EPMA analysis.

METALLURGICAL AND MATERIALS TRANSACTIONS B

D. FElectrical Conductivity Cell and Determination
of Cell Constant

1. Electrical Conductivity Cell

We designed two electrical conductivity cell assem-
blies to measure the slag’s electrical conductivity (Fig-
ure 5). For the first cell (Figures 5(a) and (b)), two
parallel platinum foils serve as electrodes inside a
cubical BN crucible. Boron nitride is used as a crucible
material since it is electrically insulating at high tem-
peratures and can be easily machined to a cubical shape,
convenient to determine the cell constant (i.e., G in
Eq. [1]). Figures 5(c) and (d) shows the second cell
assembly, where a molybdenum wire is inserted into the
molybdenum crucible along its axial line and used as the
central electrode. Meanwhile, the crucible serves as the
other electrode. In this case, the conductivity is mea-
sured radially with the 2-electrode method. An alumina
plate that electrically isolates the central electrode from
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the crucible is placed on the crucible’s bottom. An inner
step with a smaller inner diameter of the lower part of
the crucible is made in the molybdenum crucible to keep
the liquid surface at a certain height. Before the
conductivity measurement, a small amount of slag was
melted in the Mo crucible several times until the liquid
level was consistent with the inner step, which can be
observed via CSLM. When the liquid level and internal
steps are both clear, they are at the same height.®? If
there is no inner step, the shape of the sample surface
becomes complicated, making it difficult to calculate the
cell constant. The second electrical conductivity cell with
a Mo crucible is designed to avoid reactions between the
slag and BN crucible, resulting in the first cell assembly.

BN Crucible -

Fig. 6—(a) BN crucible cell containing slag sample after the
conductivity measurement; (b) slag sample removed from the BN
crucible.

(b) Mo electrode\' \
”’,I \\\\
Slag dr
Al,O, ceramic 0 X
I
Mo Crucible [

2. Determination of the Cell Constant

According to Eq. [l], the determination of the cell
constant G is required to obtain the conductivity ¢ of the
slag through the cell’s measured electrical resistance.
For the cell with the cubical BN crucible (Figure 5(a)),
G can be calculated by dividing the distance between the
two electrodes / by the cross-sectional area of the current
path A. Since the two Pt plates are fixed in the crucible, /
is a known parameter that is 3.5 mm. The cross-sec-
tional area of the current path A is determined through
the geometry of the slag sample. The latter is obtained
by removing the slag sample from the BN crucible or
cutting the BN crucible along the plane parallel to the Pt
foils after the conductivity measurement. After remov-
ing the slag sample from the BN crucible, as shown in
Figure 6, the slag sample is not a perfect cube, causing
errors when measuring the cross-sectional area. Since
the thermal expansion of the CaO-Al,05-SiO, slag is
estimated to be less than 5 pct from 25 to 1500 °C based
on density measurements, it should not significantly
affect the cell geometry and is not considered in this
study.?**¥ For the cell with a cylindrical Mo crucible,
the slag sample together with the Mo crucible is cut
along an axial plane of the central electrode to obtain
the cross-sectional area of the current path A (Figure 7).
The cross-section of the sample is then subjected to
SEM observation, and its geometry is measured based
on SEM images, as shown in Figure 7(b). In this cell, the
charges go through the sample radially from the inner
(central) electrode to the outer electrode (Mo crucible).
If the sample is divided into concentric cylindrical shells
with infinitesimal thickness dr (Figure 7(a)), all the

Mo electrode

Al,O; plate

Fig. 7—The molybdenum measurement cell: (¢) schematic top view and (b) schematic cross-section of the conductivity cell; (¢) cross-section

(obtained via SEM) of the quenched sample.
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Fig. 8—Electrical response in the Nyquist plane (Z’, Z”) for slag samples at («) 1000 °C and (b) 1500 °C.

shells’ resistances should be in series. As seen in
Figure 7(b), the slag sample’s geometry is approximately
symmetrical with respect to the axis of the central
electrode. Since the height of shell / can be expressed as
a function of the diameter of the cylindrical slag by
nonlinear regression (4 = ar’), where a and b are the
fitting parameters, the cell constant G can be calculated
by:

To —b_.—b
_ o _ ()
G= f 2n;~rar’7 — 2abrm [4]
ri
where r; and r, are the inner and outer radius of the
slag sample, respectively.

E. Impedance Spectra and Determination
of the Resistance of the Slag Sample

Electrical conductivity measurements were conducted
using impedance spectroscopy. The electrical conduc-
tivity cell was connected to the LCR metre for electrical
impedance measurements over the frequency range from
20 Hz to 300 kHz with an applied voltage of 1 V. The
measured complex impedance Z can be expressed by Z
= 7’ + jZ” (with j = v/—1), where the imaginary part
7" results from the capacitance or inductance of a
dielectric material. The real part corresponds to the
sample’s electrical resistance R, from which the corre-
sponding electrical conductivity value of the sample is
obtained by using Eq. [2] The frequency-dependent
electrical response of the sample can be directly depicted
in the Nyquist plane, where the shape of the impedance
spectra (i.e., shape of the Z’, Z” relation curve), in
general, is arc-like at high frequency with an additional
tail at low frequency, as shown in Figure 8(a). The arc at
high frequency represents the sample’s electrical
response, and the tail at low frequency reflects the effect
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Fig. 9—The measured conductivity of the 35 wt pct CaO-10 wt pct
Al,O5-55 wt pct SiO, slag as a function of temperature using the BN
crucible cell (Adapted from Refs. 31, 32).

of the interface between the sample and electrode.™ In
this context, the first arc is used to determine the sample
resistance, which is the impedance value Z’ at the point
closest to the real axis. An arc appears for the test at
1000 °C equivalent to a parallel resistance and capac-
itance circuit, as shown in Figure 8(a). For the test at
1500 °C, it is difficult to distinguish the arc (Figure 8(b))
because, at 1500 °C, the slag sample is an ionic liquid
that exhibits no capacitor response in the high-frequency
range. A quasi-linear part in the low-frequency range is
observed for this case, and the sample’s resistance R is

der[g\é]ed from its intersection with the axis of the real part
7.
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IV. RESULTS AND DISCUSSION

The electrical conductivity of a standard KCl solution
at room temperature and a CaO-Al,03-SiO; slag at high
temperature was measured to evaluate the measurement
cell’s accuracy. The KCl solution’s conductivity was not
measured with the BN crucible cell since the standard
KClI solution’s surface is not flat in the BN crucible cell.
CaO, MgO and Al,O5 are common oxides often found
in metallurgical slag, and numerous conductivity data
are available, so a composition of Ca0O-Al,05-SiO, slag
with suitable liquidus was selected to verify the mea-
surement at high temperature. After the measurements,
the advantages and disadvantages of each cell are
compared and evaluated.

A. Electrical Conductivity Measured Using the BN
Crucible Cell

Figure 9 shows the natural logarithm of the electrical
conductivity measured using the 2-electrode cell in the
BN crucible as a function of the reciprocal temperature
for the 35 wt pctCaO-10 wt pct Al,O3-55 wt pct SiO,
slag, which is compared with the electrical conductivit
data of the same slag measured by Winterhager er al.*”!
and Liu er al.®® In general, the electrical conductivity of
a material represents the ability to conduct electric
current, which is proportional to the product of mobility
and carrier concentration. It has been widely accepted
that the temperature dependence of electrical conduc-
tivity can be expressed by the Arrhenius relationship™”:

g = aoexp(—E,/RT) [5]

where o is the electrical conductivity (S/cm); oy is the
pre-exponential factor; E, is the activation energy
(Jmol “K™'):; R is the gas constant (8.314
Jmol "K™'); T is the absolute temperature (K). As
seen in Figure 9, when the temperature is higher than
the slag liquidus, the logarithm of the slag’s electrical
conductivity linearly decreases with the reciprocal of
the temperature for both the current measurement and

KU Leuven MTM

Fig. 10—Illustration of solid precipitation in the CSLM test with the
35 wt pct CaO-10 wt pct Al,O3-55 wt pet SiO, slag using the BN
crucible cell.
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the results of Winterhager et alP™ and Liu er al.P®

implying that the temperature dependence of the slag
conductivity follows the Arrhenius law.

Below the liquidus temperature, unlike the results of
Winterhager er al.B" this linear relationship does not
hold, suggesting heterogenecous slag with solid precipi-
tation. Under the same conditions as Winterhager
et al.B" due to the different crucible materials, solid
precipitates were formed. This is confirmed by the in situ
CSLM observation of the slag solidification behaviour
when measuring the slag’s electrical conductivity. As
seen in Figure 10, solid precipitates are observed at 1380
°C, below the slag’s liquidus temperature. The presence
of solid particles in the liquid slag decreases the number
of charge carriers, resulting in a sharper slope of the
In(0)-10*/T relationship for the slag conductivity. The
increasing difference in slag electrical conductivity
between the current measurement and the results of
Winterhager et al.®” with decreasing temperature sug-
gests that a more considerable amount of crystals
precipitated during cooling in the present experiment.
By combining the results of the in situ observation of
solid precipitation with the measured electrical conduc-
tivity data, a quantitative electrical conductivity-solid
fraction relationship can therefore be identified using
this 2-electrode BN crucible cell.

In the temperature region above the slag liquidus, the
present conductive data are very close to the results of
Liu er al.*¥ but systematically lower than the results of
Winterhager er al®” (see Figure 9). This difference is
probably due to the use of the ring electrode technique
(see Figure 1 (b)) at a fixed frequency of 50 kHz in the
measurement of Winterhager et al. B®"N where calibration
in a standard solution is required for the determination
of the cell constant, causing an extra error when the
standard and sample are not measured under precisely
the same conditions. Liu er al.®® used the four-wire
technique (see Figure 1 (d)) at a fixed frequency of 20
kHz, which also requires calibration but can eliminate
interfacial resistance. Moreover, their experimental data
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Fig. 11—The standard KCI solution’s measured conductivity as a
function of temperature using the Mo crucible cell.
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is more recent. The accuracy of the experimental results
is strongly influenced by the electrode configuration,
required calibration, and by the electric circuit desi%n,
frequency range, crucible, and electrode materials.[*"’
The current conductivity measurement is a calibra-
tion-free technique that provides more accurate results
by removing the potential errors in calibration. The
main error in this technique comes from the geometric
measurement of the slag sample used for cell constant
determination. A Mo crucible cell is developed, and the
measurement results are discussed in section 4.2 to
avoid possible reactions between the slag and the BN
crucible for some slag systems.

B. Electrical Conductivity Measured Using a Mo
Crucible Cell

The current Mo crucible cell (Figure 5(b)) aims to
measure the slag’s electrical conductivity that may react
with the BN crucible. Before the high-temperature
experiments, this Mo crucible cell was applied to
measure the standard KCI solution’s electrical conduc-
tivity with known electrical conductivity to validate the
cell at room temperature. The measurement was
repeated three times at 21 °C and 23 °C, and the results
are shown in Figure 11. Moreover, the measurement
fluctuation is indicated by the error bars, and the known
electrical conductivity of the standard solution is also
plotted for comparison. The current result is in good
agreement with the standard conductivity value. The
mean absolute percentage deviation (MAPD) is used to
evaluate the accuracy of the present work. Specifically,

N
A =L x Sl 100pet [6]
=1

where ¢,, and o, are the measured conductivity, and
standard conductivity, respectively, and N represents
the number of measurements. The MAPD (A) between
the measured data and the standard value is only
2.4 pct. This further confirms the reliability of the pre-
sent Mo crucible setup for the measurement at room
temperature.

Figure 12 shows the natural logarithm of the electri-
cal conductivity measured using the 2-electrode cell in a
Mo crucible as a function of the reciprocal temperature
for the 35 wt pct CaO-10 wt pct Al,O3-55 wt pct SiO,
slag, which is also compared with the electrical conduc-
tivity data of the slag measured by Winterhager et al.®”
and Liu e al.*® Unlike the BN crucible cell (Figure 9),
the slag conductivity’s temperature dependence follows
the Arrhenius law in the temperature range both above
and below the slag liquidus, meaning the slag was still
fully liquid even though it was cooled below the
liquidus; consistent with the in situ CSLM observation,
as shown in Figure 13, where no solid precipitation was
observed during the measurement below the liquidus.
This is probably attributed to (1) the inner wall of the
Mo crucible is smoother than that of the BN crucible,
which is not conducive to heterogeneous nucleation; (2)
the Mo crucible has a higher thermal conductivity than
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Fig. 13—Illustration of liquid slag in the CSLM test with the 35
wt pct CaO-10 wt pct Al,O3-55 wt pct SiO, slag using the Mo
crucible cell.

the BN crucible, which results in a faster cooling of the
slag in the Mo crucible cell and therefore insufficient
time for nucleation and growth of the solid phase. The
measurement was repeated three times at each temper-
ature, and the MAPD was estimated by Equation ! to
be approximately 6 pct, while for the BN cell, it was
approximately 11 pct. The relatively higher deviation
for the BN cell is mainly attributed to the low wettability
of molten slag in the BN crucible. Therefore, a perfect
cubic geometry of the slag sample could not be
obtained, leading to an error in the cell constant
determination (see Figure 6(b)). In the case of the Mo
cell, the cell constant can be precisely determined by
using the well-established sample geometry after the
measurement (see Figure 7). In addition, the Mo cell can
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be applied to the slag system that chemically reacts with
BN crucible cells but not to highly oxidizing slags, such
as FeO/Fe,O3 and MnO.

V. CONCLUSIONS

In this work, a unique experimental setup was
developed using a confocal scanning laser microscope
(CSLM) to measure the electrical conductivity of
metallurgical slags while simultaneously observing the
slag solidification behaviour in situ during cooling. Two
types of electrical conductivity cells were developed to
determine the electrical conductivity of the slag. The
technique’s accuracy was evaluated by measuring the
electrical conductivity of a standard conductivity solu-
tion and the molten slag and comparing these data with
their reference values. The main conclusions are:

(1) By combining the results of the in situ observation of
the slag microstructure with the measured electrical
conductivity data, the relationship of the electrical
conductivity and slag microstructure can be deter-
mined using the developed 2-electrode BN crucible
cell and Mo crucible cell.

(2) The BN crucible cell can be applied to measure the
electrical conductivity of slags that do not react with
boron nitride, while the Mo crucible cell can be
applied to measure slags that chemically react with
the BN crucible but not to measure highly oxidizing
slags. The appropriate electrical conductivity cell
can be selected for the measurement depending on
the application conditions.

(3) The developed techniques are confirmed to be rea-
sonably accurate and reliable for the in situ obser-
vation of slag solidification and the simultancous
measurement of the slag’s electrical conductivity.
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