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Abstract 
 
In the present work the mixing between the metal and slag phase during the ladle refining 
process from tapping from the electric arc furnace to casting in two different Swedish 
steel plants has been studied. 
 
Three slag models and the sulphur-oxygen equilibrium between slag and steel was used 
together with the dilute solution model for the liquid steel phase to predict the 
equilibrium oxygen activity in steel bulk and metal droplets in top slag in equilibrium 
with the top slag. The predicted oxygen activities were compared with measured oxygen 
activities from the steel bulk. The results show significant discrepancies between the 
calculated and measured oxygen activities and the reasons for the differences are 
discussed. 
 
Metal droplet distribution in slag samples have also been determined using classification 
according to the Swedish standard SS111116. It was found that most metal droplets are 
found in the slag samples taken before vacuum degassing. The total area between steel 
droplets and slag has been determined to be 3 to 14 times larger than the projected flat 
interface area between top slag and steel. The effect of slag viscosity and reactions 
between steel and slag on the metal droplet formation in slags is also discussed.  
 
The chemical composition of the metal droplets in the top slag was determined and 
possible reactions taking place between the steel droplets and the slag was studied. 
Differences between steel droplet compositions and the bulk steel composition are 
discussed. The results show significant differences between steel droplet and bulk steel 
composition. 
 
Key words: oxygen activity, metal droplets, sulphur, slag, ladle, refining, distribution. 
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1. Introduction 
 
When producing steel with more and more specialized demands from the customers, steel 
producers have to control the amount of inclusions in the steel bath and keep accuracy of 
the steel analysis. In the ladle process this is even more emphasized than in other process 
steps, due to that the steel will be cast shortly after the ladle treatment. When analyzing 
the ladle process, previous research has shown that the interface between slag and steel 
play an important role in controlling the process. In this work, characterization of the 
interface between slag and steel has been done from based on plant data. In Figure 1 a 
schematic structure of the present work is shown. The main aim was to increase the 
understanding of the interactions between steel (bulk and droplets) and slag during ladle 
treatment and vacuum degassing.  
 
One of the main issues when investigating the slag/metal interface is that oxygen is of 
vital importance for the formation of non-metallic inclusions, and it was therefore 
important to study how the top slag can affect the behavior of oxygen in the liquid steel. 
This is the focus of Supplement 1. Previous research has studied the slag/metal 
equilibrium in the ladle, but the objective of this study was to use the latest developed 
available models to predict oxide activities in the top slag. In order to study the change of 
oxygen activity during ladle treatment and vacuum degassing, sampling was made on 
five heats each at two different steel plants in order to collect plant data. Predicted 
oxygen activity data using three slag models was compared to measured oxygen activities 
as well as oxygen activities calculated using the sulphur equilibrium between top slag and 
steel bulk. Since it is quite difficult to measure the oxygen activity in liquid steel melts, it 
was expected that a disagreement between measurements and calculations of the oxygen 
activity would exist. Part of the aim with this research was therefore to quantify the 
magnitude of this disagreement. 
 
It was found as an additional result to previous work [1] that the slag phase contains metal 
droplets during ladle treatment and vacuum degassing. The dispersion of metal in slag 
and vice versa would naturally affect the reaction rates during refining in the ladle. 
Supplements 2 and 3 of the present work are therefore dealing with dispersion of metal in 
the slag phase, e.g. metal droplets in ladle slag.  
 
To the author’s knowledge no previous publications have presented results of metal 
droplets in ladle production samples. Neither has a statistical determination of size 
distribution of metal droplets in ladle slag been presented in the open literature. Thus, the 
focus in the second part of this work was on providing data of the steel droplet 
distribution in top slag during ladle treatment and vacuum degassing.  
 
When estimating the interfacial area between top slag and steel in the ladle, this area is 
often underestimated as it is assumed to be a horizontal and flat interface area between 
the slag and metal. During stirring, the interface between slag and steel is often not flat, 
but rather folded or wave shaped. This will result in a larger contact area between slag 
and steel. In addition, stirring (gas primarily) can result in a dispersion of metal droplets 
in slag and vice versa. This will result in a larger contact area between the slag and the 
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steel. An estimation using the metal droplet distribution in the top slag was therefore 
done in order to quantify the magnitude of the possible interfacial area between metal 
droplets and top slag.  
 
Supplement 3 deals with the chemical composition of the metal droplets and connects to 
the first part of the work dealing with predicted oxygen activities. Differences between 
steel droplet composition and steel bulk composition are evaluated as well as possible 
correlations between predicted oxygen activity using the steel droplets composition and 
the measured oxygen activity are studied. 
 

Supplement 1

- equilibrium between steel bulk and top slag
- oxide activity prediction models
        −> equilibrium oxygen activity
- predicted oxygen activity based on

sulphur-oxygen equilibrium
- measured oxygen activity
- comparison between predicted and

measured oxygen activities

Supplement 2

- metal droplet statistics
- apparent slag viscosities
- contact area between
   metal droplets and top slag

Supplement 3

- metal droplet composition
- difference droplet composition -

steel bulk composition
- equilibrium between metal droplets

and top slag - correspondning
calculations as in Supplement 1

- reactions between key components
in top slag, metal droplets and
steel bulk

Droplet formation
due to oxygen transfer
between slag and steel

Metal droplets in ladle slag

Equilibrium between
top slag and metal

+
Oxygen activity

evaluation

Interactions between steel and top slag
during ladle treatment and vacuum degassing

Figure 1. Structure of the present study. 
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2. Method 
 
The method used in this thesis was to evaluate oxygen activity, slag and steel 
composition data as well as metal droplet characteristics in top slag samples taken during 
ladle refining in a plant. 

2.1 Plant trials 
Plant trials were carried out at Scana Steel in Björneborg and Ovako Steel in Hofors. At 
both steel plants, steel and slag sampling as well as temperature measurements were 
carried out during the ladle treatment. At Scana Steel, the oxygen activity in the steel 
bulk was also measured using an oxygen probe.  

2.2 Microscope evaluations 
The slag samples were evaluated statistically regarding distribution of metal droplets, 
using light optical microscopy together with the Swedish standard SS111116 (JK Scale 
II) [2]. Additionally, the chemical composition of the metal droplets (diameter 4.7-
18.7µm) in the slag samples was determined using a microprobe analyzer. 

2.3 Equilibrium calculations 
Using the top slag, bulk steel and metal droplet compositions as well as the measured 
temperatures and equilibrium oxygen activities for the steel bulk and metal droplets, the 
equilibrium conditions with the top slag were predicted using three different slag models. 
Furthermore, the oxygen activity was predicted based on sulphur-oxygen equilibrium 
between the top slag and the steel. The predicted oxygen activities were compared with 
measured oxygen activities. 
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3. Results and discussion 
 
The three supplements considering oxygen activity, metal droplets distribution and metal 
droplet composition are reviewed shortly together with the main discussion.  

3.1 Oxygen activity 
Results from a study of the oxygen activity in the steel bulk in equilibrium with top slag 
are presented in Supplement 1. Data was predicted using three different slag models, 
Ohta-Suito [3], ThermoSlag [4] and Irsid [5] and the dilute solution model for steel. The 
predictions were compared with measured oxygen activity data as well as predicted 
oxygen activity data based on the sulphur-oxygen equilibrium between slag and steel. 
The predictions were made using both the Al/O/Al2O3 equilibrium and the Si/O/SiO2 
equilibrium. The same method was used for prediction of the oxygen activity in the 
droplets in equilibrium with the top slag in Supplement 3, but in this case only the two 
latter slag models [4, 5] were used, due to that the Ohta-Suito and ThermoSlag model 
results were very similar in the first comparison. The predicted values carried out in 
Supplement 1 and 3 were compared to the oxygen activities measured in the steel bulk. 
The results after degassing for the five evaluated heats at Scana Steel can be seen in 
Figure 2 and 3 for bulk steel and droplets, respectively. 
 

 
Figure 2. Oxygen activities for the bulk steel in equilibrium with the top slag after 
degassing. 
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Figure 3. Oxygen activities for the metal droplets in the top slag in equilibrium with the 
top slag after degassing. 
 
It can be seen in Figure 2, that when considering the Al/O/Al2O3 equilibrium, the 
measured oxygen activities are about four to five times higher than the predicted oxygen 
activities from the three models, and that the oxygen activities predicted by the sulphur-
oxygen equilibrium is closer to the model values than to the measured oxygen activities. 
A similar result is observed for the droplet-slag oxygen activity prediction in Figure 3, 
where the predicted oxygen activities are closer to the measured oxygen activity levels. 
When comparing the two different ways of predicting the oxygen activity from the three 
models, e.g. Al/O/Al2O3 and Si/O/SiO2, it can be seen for both the bulk-slag and droplet-
slag oxygen activity prediction that the silicon equilibrium based oxygen activities are 
higher than the aluminum based oxygen activities, and also that the silicon based values 
differ more between the heats.  
Why cannot agreement be reached between predicted and measured oxygen activity? One 
possible explanation could be the sampling technique. As an oxygen probe is introduced 
into the steel bath, oxygen will be drawn down into the steel and locally oxidize the main 
deoxidizer of the bath, e.g. aluminum. The oxygen activity will therefore most probably 
be in equilibrium with solid alumina at the probe tip. In order to investigate this, the 
prediction of oxygen activity was made using not an alumina activity predicted by the 
slag models, but the alumina activity taken as unity. The predicted oxygen activity using 
the alumina activity equal to one and the dilute solution model was plotted as function of 
measured oxygen activity in Figure 4. This shows that when assuming unity alumina 
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activity a fairly good agreement with the measured oxygen activities is achieved. 
Therefore the measured oxygen activities should be used with caution. 
 
 

 
Figure 4. Predicted oxygen activity using 1

32
=OAla  versus measured oxygen activity. 

      

3.2 Metal droplet distribution in slag matrix 
Supplement 2 focused on the metal droplet distribution in the slag matrix, which was 
determined for ten heats during the ladle process using the Swedish standard SS111116 
[2]. Note that this standard was originally developed for characterization of inclusions in 
steel. The main trends of the results are shown in Figure 5. During the degassing period 
(B) the decrease in number of metal droplets could be explained by any of the parameters 
vacuum pressure, gas stirring (Scana Steel) or combined gas and induction stirring 
(Ovako Steel), temperature loss or exchange reactions between slag and steel. The 
vigorous mixing during degassing could enhance the density difference effect between 
the phases so that droplets fall back into the steel. Another explanation could be that the 
temperature loss during degassing increases the viscosity in the slag and therefore the 
mixing between the steel and slag phase will decrease.  
During the two heating periods (A) and (C) the increase of droplets could be explained by 
either electrode heating, exchange reactions between slag and steel or gas stirring. During 
the last heating period (C), the increase of droplets is most probably due to electrode 
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heating together with electromagnetic stirring, while no exchange reactions take place 
during this period. 

 

 
Figure 5. Average number of droplets per mm2 for the five heats at each plant. The 
considered droplet size range was 4.7-18.7µm. 



 8

 
The contact area between metal droplets and slag, e.g. total droplet surface area, was 
estimated based on the droplet distribution data. Thereafter, and the ratio between the 
droplet/slag contact area and the flat slag/steel interfacial area was calculated and the 
result is shown in Figure 6 for the Scana Steel heats. It can be seen that the droplet-slag 
contact area is 7-14 times larger than the flat slag/steel interfacial area. If assumed that 
the metal droplets in the top slag are replaced with new metal droplets from the steel bulk 
continuously during the process, and the same is assumed for slag droplets in steel close 
to the slag-metal interface, the mass transfer rate data could be 14-28 times higher than 
when a flat interfacial area is used.   
 

 
Figure 6. Ratio between the metal droplet surface area and the flat slag/steel interfacial 
area for the five Scana Steel heats.  
      

3.3 Metal droplet composition 
Results from a determination of the metal droplet composition are shown in Supplement 
3 and were compared to the bulk steel composition. An example of the results is shown in 
Figure 7, where the manganese content in the droplets has been plotted as function of the 
manganese content in the steel bulk. It can be seen that manganese is alloyed between 
sample S1 and S2, and that the manganese content in the droplets is increasing slightly 
during degassing. But the main result from this figure was that the manganese content in 
the droplets in all but one sample was lower than the manganese content in the steel. This 
is the case also for aluminum and silicon. For carbon and sulphur the inverted situation 
was observed. The lower aluminum, silicon and manganese content in the droplets 
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compared to the steel bulk is most probably due to that these elements are oxidized by the 
easily reduced FeO and MnO components in the top slag. The reason for that carbon and 
sulphur contents are higher in the droplets than in the steel bulk is due to that the steel is 
alloyed with sulphur-containing carbon.     
 

 
Figure 7. Average manganese content in the droplets versus manganese content in the 
steel bulk. 
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4. Summary and conclusions 
 
Three models (Ohta-Suito, ThermoSlag and Irsid) for calculating activities of slag 
components were used to calculate 

32OAla and 
2SiOa in ladle slag samples from Scana Steel 

Björneborg, Sweden. The calculated slag component activities were then used to 
calculate the oxygen activities using the Al/O/Al2O3 and the Si/O/SiO2 equilibrium.  The 
results showed that the slag and bulk steel, as well as the slag and metal droplets in the 
slag, even after the vigorous stirring during the vacuum treatment were in a non-
equilibrium situation with respect to the above deoxidation reactions. The oxygen 
activities calculated from the two deoxidation reactions were compared with calculated 
oxygen activity data based on the sulphur partition between slag and metal after vacuum 
degassing. In most cases, the oxygen activity calculated from the Al/O/Al2O3 equilibrium 
had the best agreement with the corresponding oxygen activities based on the sulphur 
partition data. Regarding the estimated oxygen activities in the steel droplets, they 
showed rather good agreement with the measured oxygen activities in the steel bulk.   

  
Determination of the metal droplet distribution in slag samples from three steps of the 
ladle refining process at Ovako Steel and Scana Steel was also carried out. The samples 
taken before degassing were found to contain the largest amounts of metal droplets. The 
lower viscosities, higher temperatures, significant slag-metal interactions as well as 
strong shear forces at the steel/slag interface due to electrode heating are believed to 
contribute to this result. 
 
A large decrease in the amount of metal droplets was found in the samples taken after 
vacuum degassing for both plants. A reduction in temperature (and thereby an increase in 
viscosity) and decrease in reaction rates at the end of degassing are two possible 
explanations for the decrease. During final stirring at Ovako Steel, when only induction 
stirring is used and no reactions occur, the electrode heating is believed to be responsible 
for the large increase in the number of metal droplets dispersed in the slag. This is due to 
that the number of metal droplets in the slag increased when electrode heating was used, 
but decreased when no electrode heating was used.  
 
The total surface area of metal droplets is 3 to 14 times larger than the projected contact 
area between slag and steel in the slag samples taken before vacuum degassing. It is of 
interest to note that if one assumes that the interfacial area between slag droplets in steel 
is roughly the same as the interfacial area between steel droplets in slag, the total surface 
of metal droplets in slag and slag droplets in steel would be 6 to 28 times greater than the 
projected area. This would significantly improve the kinetics for refining of elements. 
 
Finally, the composition of metal droplets in top slag and the interaction between these 
droplets and the top slag as well as the steel bulk composition was investigated. The steel 
droplet composition was found to differ significantly from the steel bulk composition for 
all evaluated elements during both ladle treatment and vacuum degassing. Furthermore, it 
was shown that the steel droplets in the top slag are not in equilibrium with the top slag 
neither before nor after vacuum degassing. 
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5. Future work 
 
The results from this study should be seen as a first attempt to study interactions between 
steel and top slag based on plant samples taken during ladle refining. In order to increase 
the general knowledge of these interactions in plant situations the following future studies 
are suggested: 
 

 Use picture analysis of the slag samples to get more accurate statistics of the 
metal droplets as well as a continuous size distribution.    

 
 Oxygen activity sampling at different depths and positions in the ladle as well as 

with different stirring and heating conditions to investigate the effect of these 
parameters on the measured oxygen activities. 

 
 Modeling of the metal droplets’ transport in the slag phase during ladle treatment 

using CFD modeling, in order to understand how fast the droplets can be 
exchanged during the ladle refining process. 

 
 Use one of the dilute solution databases in ThermoCalc [6] to predict the activities 

of the dissolved elements in the metal phase, in order to get even more realistic 
model predictions of the oxygen activities. 
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