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ABSTRACT
Argon-oxygen decarburization (AOD) is the main process for refining stainless steel. During the AOD
process, the composition and properties of the slag undergo great changes owing to changes in composition
and temperature. Decarburization slag contains large amounts of solid phases, particularly chromiumcontaining oxide phases and sometimes undissolved lime particles. During the reduction stage, the metallic
oxides contained by the slag are reduced rapidly. However, there is a lack of information regarding the
dynamic evolution of the slag composition and its physical properties during the reduction stage. To this
end, a sampling trial was conducted to measure the dynamic changes in slag composition. To determine the
phase structure and viscosity of the slag, computational thermodynamics calculations were carried out using
the Thermo-Calc software. According to the results obtained using Thermo-Calc, the solid fraction of the
slag dropped from 17 25 wt-% before the reduction stage to 0 4 wt-% after the reduction stage. Moreover,
the decrease in solid fraction had a considerable effect on the effective viscosity of the slag. The solid
fractions calculated with Thermo-Calc were found to be reasonably in line with those calculated with
FactSage, but there were some discrepancies in the calculated viscosities. A comparison with previous
computational studies on the phase composition of AOD slags revealed significant differences between the
results obtained using different databases.
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1.

INTRODUCTION

Argon-oxygen decarburization (AOD) is the main process for refining stainless steel. The AOD process
consists of two main stages: decarburization and reduction of slag. In the decarburization stage, oxygen is
injected to remove dissolved carbon from the metal bath. The oxygen injection is diluted with nitrogen
and/or argon to avoid excessive oxidation of alloying elements such as chromium and manganese. Modern
combined blowing vessels feature both a top lance and nozzles on the sidewall of the vessel [1].
During the decarburization stage, the oxidation of silicon, chromium, and other alloying elements shifts the
composition of the slag from a fairly liquid calcium-silicate slag to a complex mixture of liquid slag and
solid oxides. Rubens [2] and Münchberg et al. [3] reported that the main solid phases found in their
decarburization slags were dicalcium silicate
2 ), calcium chromate
2 O), and spinel
O
)
[2,3].
Ternstedt
et
al.
[4]
reported
that
the
main
solid
phases
found
in
decarburization
slags
2 3
)
and
calcium
chromate.
It
is
also
common
to
find
undissolved
lime
2
particles [2,5 7], so, and metal droplets entrapped in the slag [2,6 11]. In the reduction
stage, reductants (e.g. FeSi or Al), slag formers, and fluxes are added in combination with vigorous argonstirring to promote the kinetics of slag reduction. In one-slag practice, desulfurization is conducted
simultaneously with the reduction of slag. According to computational thermodynamics calculations, the
slag is almost entirely liquid after the reduction stage [6,12], while its dynamic viscosity is approximately
0.04
at 1,650 °C [12]. The kinematic viscosity of the reduction slag is thus comparable to rapeseed oil
[13]. As for the main phases found in solidified samples from reduction slags, Rubens and Münchberg et
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al. [3] reported merwinite and dicalcium silicate, while Heikkinen et al. [14] reported periclase (MgO),
tricalcium silicate, and merwinite.
Computational methods have been applied in studying the phase composition of AOD slags at operating
temperatures [6,7,14,15]. While there is some information [15] on the evolution of the phase composition
during the decarburization stage, to the best of the authors knowledge, no information on the dynamic
changes in the phase structure of the AOD slag during the reduction stage is available in the open literature.
This study therefore aimed to determine the evolution of the AOD slag structure during the reduction stage.
To this end, a sampling campaign was conducted to measure the dynamic changes in metal and slag
composition. Thereafter, Thermo-Calc software was used to calculate the corresponding phase structure
and viscosity of the slag. Comparative calculations were carried out using FactSage software.
2.

MATERIALS AND METHODS

2.1 Sampling trial
The sampling trial aimed to determine the dynamic changes in slag composition by collecting samples at
different timepoints during the reduction stage (called stage 42 at Outokumpu). Temperature measurements
were conducted on the same occasions. The sampling trial was conducted at the 150-tonne AOD2 in
operation at Outokumpu Stainless Oy in Tornio, Finland. The steel grade was EN 1.4307 (AISI 304 L) in
all the studied heats. Because the AOD vessel must be tilted for the sampling position, sampling could start
only after all the materials had been fed to avoid disrupting the feeding of material additions. Based on the
typical amount of material additions and the feed rate of the conveyor system, it was estimated that the first
safe occasion to take samples would be three minutes after the start of the reduction stage. Consequently,
the sampling plan consisted of four sampling points:
Sample
Sample
Sample
Sample

14
20 3
20 4
20

initial sample
intermediate sample
intermediate sample
final sample

at time
at time
at time
at time

= 0,
= 3 min,
= 4 min, and
= 5 min.

Samples 14 and 20 were taken from every heat. To avoid disturbing the process too much, either one
intermediate sample (at 3 or 4 minutes) or no intermediate sample was taken from each heat. As Figure 1
illustrates, the executed sampling combinations were a) 0 min + 5 min, b) 0 min + 3 min + 5 min, and c) 0
min + 4 min + 5 min.

Figure 1. A schematic illustration of the execution of the sampling trial.

102

Only 18 out of 25 slag samples taken could be analyzed successfully, representing eight heats instead of
the nine heats conducted in the sampling trial. The composition of the slag samples was determined using
the X-Ray Fluorescence (XRF) method at the Tornio Research Center laboratory at Outokumpu Stainless
Oy. As the XRF method provides an oxide composition based on cations, the nominal slag composition
employed for the thermodynamic calculations was recalculated such that the effect of the non-oxide fluxes
on the oxide contents was subtracted employing mass balance calculations. In two heats, the temperature
measured after the decarburization stage exceeded the maximum limit of the measurement system, and no
temperature could be recorded.
2.2 Equilibrium calculations
The calculations regarding the slag properties were conducted using the Process Metallurgy Module of the
Thermo-Calc ver. 2021a software based on its TCOX10 database. Comparative calculations were
conducted using the FactSage ver. 7.2 software based on its FactPS and FTOxid databases. For all the cases
simulated, it was assumed that the temperature of the slag was equal to the temperature measured on the
same occasion, and that the system pressure was 1 atm. A temperature of 1,760 °C, which corresponded to
the temperature limit of the measurement system, was used as the basis of calculations for the two missing
temperatures from the end of the decarburization.
2.3 Viscosity calculations
According to Newton s law of viscosity, the shear stress for a fluid flow moving perpendicular to a plate
can be expressed as follows [16]:
,

(1)

where
denotes the dynamic viscosity,
is the velocity perpendicular to the place, and
is the
perpendicular distance from the plate. The term
is also known as the shear rate. Eq. 1 shows that
dynamic viscosity is the proportionality factor between shear stress and the shear rate
. Fluids that
exhibit shear stress that is independent of the shear rate (i.e. a constant dynamic viscosity) are said to be
Newtonian [16]. Fully molten steel slags are generally considered to be Newtonian [17]. This also applies
to stainless steel slags, although slags containing solid oxides exhibit non-Newtonian behavior [18]. In
silicate slags, non-Newtonian behavior is typically shear-thinning [19]. The dynamic viscosity of the slag
is affected primarily by the slag composition and temperature. The presence of solid particles complicates
the
rheological behavior. As solid material has no viscosity, the correct technical term to describe
the viscosity of liquid solid mixtures is effective viscosity, which can be defined as
,

(2)

where
is the relative viscosity, and
is the dynamic viscosity of the liquid phase. The shape of the
solid particles significantly affects the
effective viscosity [19]. The order of the effect of different
solid geometries on the effective viscosity of suspensions, from highest to lowest, is rod, disk, ellipsoidal,
and spherical [19].
In this study, the
dynamic viscosity was calculated using the viscosity calculation embedded in the
TCOX10 database. In Thermo-Calc, dynamic viscosity is derived from the structure of the slag calculated
using the TCOX10 database. The inner workings of the viscosity calculation are not reported in detail, but
it is expected that the calculation method is based on the structure of the slag coupled with established
viscosity models proposed in the literature. As for FactSage, the dynamic viscosities were calculated using
the viscosity model of FactSage ver. 7.2, based on the calculated composition of the liquid slag phase. The
compositions employed in the viscosity calculations using FactSage were normalized excluding Cr 2O3,
CrO, and other species not included in FactSage s viscosity model. The solid particles were assumed to be
spherical, as an abundance of correlations is available for the relative viscosity of liquid-solid sphere
mixtures [20]. As in the author previous study [21], the relative viscosity was calculated using the equation
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by Thomas [22], as this correlation is valid for solid fractions up to 0.6 (i.e. 60%). The Thomas equation
can be written as follows [22]:
,

(3)

where
is the volume fraction of solids, while and are constants defined as = 0.00273 and = 16.6
respectively. For the sake of simplicity, it was assumed that there was no density difference between liquid
and solid parts, meaning that the volume fraction of solids equaled its weight-fraction ( = ).
3.

RESULTS AND DISCUSSION

3.1 Changes in nominal slag composition
Figure 2a shows the Cr2 O3 , CaO, and SiO 2 contents of the slag samples taken at 0, 3, 4, and 5 minutes of
gas injection, while Figure 2b shows the corresponding temperature measurements. Figures 2a and 2b each
show 18 measured values, representing eight different heats. The Cr2O3 content of the slag decreases rapidly
and is already close to its final value at around 0.5 1 wt-% after three minutes. Based on the samples taken,
it is impossible to say when the Cr2 O3 content had decreased to this level. As discussed earlier, the sampling
at 3 minutes was chosen as the earliest sampling point to avoid disturbing the material additions (slag
formers, fluxes, and reductants), and a more detailed study of the reduction rate of Cr 2 O3 therefore cannot
be executed by taking samples from a tilted AOD vessel. The increase in the SiO 2 content is mainly
associated with the reduction of Cr 2O3 and other oxides by the FeSi added as a reductant. Similarly, the
CaO content increases both due to the large decrease in Cr2 O3 content and the addition of CaO-containing
slag formers.
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Figure 2. Dynamic changes in a) slag composition and b) temperature of the metal bath.
3.2 Changes in the calculated phase composition and viscosity of the slag
As for the phase composition of the slag, one of the main events during the reduction stage is the
transformation of the partly solid decarburization slag to a completely liquid reduction slag. The increase
in the liquid fraction is driven mainly by changes in slag chemistry, while the effect of the decreasing
temperature, which itself would increase the solid fraction, is of secondary importance. Figure 3a shows
the results of the Thermo-Calc simulations for the solid fraction of slag. However, the first intermediate
samples collected at 3 minutes were already calculated to be fully liquid, and it was therefore impossible to
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pinpoint when exactly the slag became liquid. Figures 3b and 3c show the results of the Thermo-Calc
calculations for the dynamic viscosity and effective viscosity respectively. The dynamic viscosity of the
slag does not change much, as the decrease in Cr2 O3 content is compensated by the decrease in temperature.
The effective viscosity of the slag follows a similar trend to the solid fraction, and there is no significant
change after 3 minutes. As the solid fraction decreases to zero, the effective viscosity becomes equal to the
of its initial value. However, it needs to be remembered that the assumption of spherical solid particles
yields the lowest estimate of the effect of solid particles, and the decrease in effective viscosity is therefore
likely to be even higher than that shown in Figure 3c.
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Figure 3. Calculated slag properties (Thermo-Calc):
a) solid fraction, b) dynamic viscosity, and c) effective viscosity.
As shown by Odenthal et al. [23], when computational fluid dynamics simulations are used, the viscosity
of the slag has a considerable effect on fluid mechanics, e.g. the flow velocities and oscillation of the bath
surface. From this perspective, the decrease in the effective viscosity of the slag should increase the sloshing
of the bath surface and vibration of the vessel as the reduction stage progresses. This reasoning seems to be
in qualitative agreement with the results of the vibration measurements by Fabritius et al. [24].
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3.3 Comparison of simulation software
The solid fractions calculated with Thermo-Calc correlated very well with those calculated using FactSage,
although the relative errors were quite high (see Figure 4a). As for the calculated dynamic viscosity, the
absolute differences were quite small, but the statistical correlation was very poor (see Figure 4b). This
discrepancy is attributed to the fact that the compositions calculated with FactSage represent normalized
compositions without Cr2 O3. The discrepancy in the dynamic viscosity is directly reflected in the effective
viscosity (see Figure 4c). However, the correlation is better because of the underlying high correlation of
the predicted solid fractions.
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Figure 4. Comparison of simulation results using FactSage and Thermo-Calc:
a) solid fraction, b) dynamic viscosity, and c) effective viscosity.
3.4 Comparison with previous studies
In the study by Heikkinen et al. [14], the solidus and liquidus temperatures for the AOD slag were calculated
to be 1,440 °C and 1,780 °C using FactSage ver 5.1. The solidus temperature could not be determined
experimentally but was suggested to be below 1,500 °C, while the experimentally determined liquidus
temperature was 1,707 °C. MgO and 2CaO SiO2 were reported as the stable solid phases in a temperature
range of 1,500 1,750 °C. Ternstedt et al. [15] executed a one-way coupling of their AOD model
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(TimeAOD2) with Thermo-Calc to study the phase composition of the slag based on the predicted chemical
composition of the slag during the decarburization stage in a side-blowing AOD. Their calculations suggest
that after the decarburization stage, the decarburization slag may contain solid dicalcium silicate
2
2 ), calcium chroma
2 O3
2 O3)
phases, as well as free lime (CaO) [15]. The share of solids was approximately 91 wt-% in the reference
case [15], but was found to range from 76 to 97 wt-%, depending on the assumed initial simulation
conditions (see Figure 5). These results agree well with the results of image analysis of light optical
microscopy (LOM) images [4,9]. Ternstedt et al. [4] reported that the share of the amorphous phase ranged
from 4±2 to 11±4 area-%, depending on the specimen studied. In the study by Lindstrand et al. [9], the
share of the amorphous phase ranged from 4 to 13 area-% in the first sample, and from 2 to 8 area-% in the
second.
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Figure 5. The phase composition of the slag at the end of the decarburization stage as
calculated by Ternstedt et al. [15]. The initial conditions of the reference case were
0.15 wt-% Si, 1,570 °C, and 1,000 kg EAF slag.
A much lower share of solids (ranging from 0 to 44 wt-% ) was reported by Heikkinen et al. [6] based on
calculations using FactSage ver. 7.2, and its FactPS and FToxid databases for decarburization slag samples
from a combined side- and top-blowing AOD. The predicted share of solids after the reduction stage ranged
from 3 to 6 wt-% using FeSi reduction, and from 13 to 16 wt-% using Al reduction. Recently, Ternstedt et
al. [7] made equilibrium calculations using ThermoCalc and its SLAG4 database for a slag sample collected
from the end of the decarburization stage. For the studied slag composition, the calculated share of solids
was approximately 90% at 1,527 °C (1,800 K) and 57% at 1,827 °C (2,100 K); the calculated solid phases
2 O3
2
2 O3 .
As for the results of this study, the calculated solid fraction of the slag after the decarburization stage ranged
from 17 to 25 wt-% using Thermo-Calc, and from 20 to 33 wt-% using FactSage, while the average solid
fraction was approximately 20 wt-% using Thermo-Calc, and 28 wt-% using FactSage. These values are
much lower than the values reported by Ternstedt et al. [7,15] but within the range (0 44 wt-%) reported
by Heikkinen et al. [6]. The calculated stable solid phases in the decarburization slags were
2O3 and
2 O3 using Thermo-Calc, and
2 O3 ,
2 O3 , and
2 using FactSage. These
phases were also reported by Ternstedt et al. [7,15]. However, unlike in the studies by Ternstedt et al. [7,15],
the decarburization slags were not predicted to contain tricalcium silicate. The calculated average share of
solids after the reduction stage varied from 0 to 4 wt-% using Thermo-Calc (being 0.5 wt-% on average),
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and from 0 to 7 wt-% using FactSage (being 0.6 wt-% on average). These values are slightly lower than the
range (3 6 wt-%) reported by Heikkinen et al. [6] when FeSi was used as the reductant. In this study, the
only stable solid phase found in the reduction slags was
2 O3 , while the solid phases predicted by
Heikkinen et al. [14] were MgO and
.
This
discrepancy
is likely to be associated with the fact
2
that CaF2 was suspended from the calculations conducted by Heikkinen et al. [14]. Table 1 presents a
summary of the results of the aforementioned studies.
To study the discrepancies between the results of this study and that of Ternstedt et al. [7], their case (slag
B-1) was recalculated using Thermo-Calc. The calculated values for the share of solids at 1,527 °C and
1,827 °C were 100 wt-% (90 wt-% in [7]) and 22 wt-% (57 wt-% in [7]) respectively. This comparison
indicates that the discrepancies are attributable mainly to the differences in the thermodynamic descriptions
in the SLAG4 database employed by Ternstedt et al. [7] and the TCOX10 database employed in this study.
More specifically, the thermodynamic assessments of the SLAG4 database are based on the KapoorFrohberg-Gaye quasichemical cell model [25], while the TCOX10 database employs the ionic twosublattice liquid model for liquid slag, and compound energy formalism for the solid solution phases [26].
Table 1. A summary of the computational studies for AOD slags.
Slag

After
decarburization

Study
Ternstedt
et al. [15]
Heikkinen
et al. [6]
Ternstedt
et al. [7]
This study

After the
reduction
of slag

Heikkinen
et al. [14]
Heikkinen
et al. [6]
This study

Notes: *) FeSi reduction,

Software
Databases
(version)
Thermo-Calc
Not
(NA)
mentioned
FactSage
FactPS
(ver. 7.2)
FTOxid
Thermo-Calc
SLAG4
(NA)
Thermo-Calc TCOX10
(2021a)
FactSage
FactPS
(ver. 7.2)
FTOxid
FactSage
Not
(ver. 5.1)
mentioned
FactSage
FactPS
(ver. 7.2)
FTOxid
Thermo-Calc TCOX10
(2021a)
FactSage
FactPS
(ver. 7.2)
FTOxid
**) Al reduction.

Solids
[wt-%]
76 97
0 44

Solid phases at
operating temperatures
2
2,
O3
2 O3 , CaO
Not mentioned
2

57 90

2

O3
2

17 25

2

20 33

2

2

O3

O3

2

O3

2

,

O3

O3 ,

2

Not
mentioned
3 6 *)
13 16 **)
0 4
0 7

2

Not mentioned
Not mentioned
2 O3
2

O3 , CaO, MgO

Finally, it needs to be remembered that a major methodological limitation of equilibrium calculations is
that the temperature of the slag is usually unknown. They are therefore typically calculated based on the
assumed temperature of the slag. If the temperature of the slag is assumed to correspond to the measured
temperature of the metal bath, an error may arise from the temperature difference between the metal and
slag phases. This temperature difference may vary during the heat, as well as between different heats and
operating practices.
4.

CONCLUSIONS

During the AOD process, the composition and properties of the slag undergo great changes owing to
changes in composition and temperature. In this study, a sampling campaign was conducted to measure the
dynamic changes in metal and slag composition. The samples taken were used as a basis for computational
thermodynamics calculations using Thermo-Calc to determine the phase structure and viscosity of the slag.
According to the computational results obtained using Thermo-Calc, the solid fraction of the slag dropped
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from 17 25 wt-% before the reduction stage to 0 4 wt-% after the reduction stage. While the dynamic
viscosity of the slag remained relatively constant, the decrease in solid fraction significantly affected the
effective viscosity. At the end of the reduction stage, the effective viscosity was therefore less than
half of the value at the beginning of the reduction stage. This has a considerable effect on the fluid
mechanical conditions in the metal bath. Finally, the calculations made using Thermo-Calc were compared
with those made using FactSage. The solid fractions calculated with Thermo-Calc were found to be in
reasonably good agreement with those calculated with FactSage, but there were some discrepancies in the
calculated dynamic viscosities. The results were then compared with previous computational studies on the
phase composition of AOD slags. It was found that there were significant differences between the results
obtained using different databases.
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