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ABSTRACT 

Two industrial studies and one set of lab scale trials have been done. In addition, a 
theoretical study has been done. The main focus has been on non metallic inclusion 
composition during the ladle refining operation in industrial steel production. 
Sampling has been done together with careful inclusion determination. The 
inclusion composition is related to different variables. In the industrial trials 
samples have been taken at different steps during the ladle refining period. Steel 
and slag composition as well as temperature and oxygen activity have been 
determined. 
 

The thesis is based on five supplements with different major objectives, all related 
to the inclusion composition. The equilibrium top slag-steel bulk and inclusions-
steel bulk were investigated by comparison between calculated and measured 
oxygen activity values. The oxygen activity and relation to temperature has also 
been discussed as well as oxygen activity and temperature gradients. The effect of 
vacuum pressure on inclusion composition has been evaluated in a theoretical 
study as well as lab scale trials. The inclusion composition has been studied during 
the industrial ladle treatment process. The inclusion composition was related to top 
slag composition and other parameters during ladle treatment.  
 
The major findings in the thesis are the lack of equilibrium conditions with respect 
to top-slag and steel bulk before vacuum treatment. The inclusions have been 
found to be closer to equilibrium with the steel bulk. Al/Al2O3 equilibrium has 
been found to control the oxygen activity after Al-deoxidation. Evaluation of 
inclusion composition during the ladle refining has revealed that the majority of the 
inclusions showed a continuous composition change throughout the ladle refining 
process, from high Al2O3, via MgO-spinel to finally complex types rich in CaO and 
Al2O3. The final inclusion composition after vacuum treatment was found to be 
close to the top slag composition. Vacuum pressure has been found to have a 
theoretical effect on inclusion composition at very low pressures.  
 
Keywords: Ladle treatment, thermodynamics, inclusions, steel, slag, equilibrium, 

ladle treatment, vacuum, oxide activity, oxygen activity,  
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1. INTRODUCTION 

The main goal for the steel producer is to deliver profit, or even survive in a 
competitive global market. There are different strategies to reach these goals. Two 
main strategies are producing large quantities at low costs or smaller quantities with 
a higher quality and a higher prize. Swedish steel producers have mainly focused on 
the second strategy and are world leading in several chosen niche product areas.  
 
To produce the best possible steel in the absolute most efficient process is very 
complicated. There are several areas of science involved. Fundamental research, 
small scale trials, and full scale trials are all needed. Although steel have been 
produced for 1000 years and the steel quality has increased dramatically during the 
industrial revolution there is still much to do.  
 
In days of reports on effects of additional carbon dioxide on the climate, the high 
energy consuming steel producers must accept responsibility. There are two 
positive effects by improve the steel production process, primary by decreasing the 
emissions if the process is more efficient. Secondary, if the produced material has a 
higher capacity less material is needed. Producing high quality steels in an efficient 
process for the environmental aspects is in many cases in line with the economical 
aims of the steel producer.  
 
During the production process, where the steel is liquid, much of the potential steel 
quality is set. During this period the composition and cleanness of the steel are 
fixed. Later stages of treatment can not save solidified steel of bad quality and give 
a high quality steel. However, a poor treatment after solidification can destroy good 
steel. 
 
In several applications, the cleanness of the steel is essential. Impurities, such as 
non metallic inclusion in the steel, affect steel properties like ductility, toughness, 
fatigue, corrosion and polishability. The effects of inclusions on steel quality are set 
by inclusion composition, amount and size. The composition of the inclusions 
present in the steel are important since the composition of the inclusion decides the 
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properties of the inclusions i.e. hard, brittle or soft. The size is important since 
larger inclusions can be harmful, while a higher amount of smaller inclusion usually 
can be accepted. Most normal is to aim for few, small and soft inclusions evenly 
distributed in the steel matrix. The ladle refining process and the effects on steel 
properties related to inclusions have been summarised in detail elsewhere [1-5]. 
 
A schematic picture of the ladle used in an industrial process is shown in Figure 1. 
From the beginning, the ladle was just a container for transporting the steel from 
the melting furnace to a casting station. During the second half of the 20th century, 
several operations have been added while the steel melt is in the ladle. The 
advantage is higher production rate and steel quality [6]. Inclusions in the steel melt 
are influenced by several mechanisms in the ladle [5]. Interaction between steel-
refractory-slag and inclusion-steel are illustrated with arrows in Figure 1. To be able 
to control the inclusion morphology during the ladle refining process all these 
factors must be considered.  

 
Figure 1. The steel phase in the ladle interacts with top slag and refractory as well as the 
inclusions. 
 
A more detailed illustration of the complex relations important for inclusions 
during the ladle refining operation is shown in Figure 2. The relations are 
complicated and the figure is not aiming to give the complete picture. The top slag, 
for example, with variables such as amount, composition, temperature and flow 
conditions have been found affecting the inclusion characteristics much. Further, 
the top slag itself is affected by the steel, refractory and atmosphere. The top slag 
also affects the steel and refractory which in turn affects the inclusion properties. In 
addition to all the shown relations, come the time variable and the kinetic effects. 
The kinetics is set by the chemical reaction rates, transportation phenomena and 
diffusion.  
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Figure 2. The relations between different parameters important for inclusions during ladle 
refining.  

 

1.1 Present work – Project objectives 
 
The current work is done with the focus of increase the steel quality, but also to 
increase the efficiency in the production process. The aim is to give a better 
understanding of the ladle refining process with the respect to the interaction 
between steel-inclusions-slag. An improved knowledge will make it easier to control 
and hereby optimise the process in order to save time and lower the energy 
consumption. Also, a better understanding will facilitate reproducible production of 
steel with an even and high quality from one heat to another.  
 
In more detail, the present work is based on 5 supplements with different major 
objectives on the ladle refining operation. Such things as equilibrium conditions, 
oxygen activity and variation of different parameters are investigated. Figure 3 
illustrates how all supplements are related to aspects during the ladle refining 
operation. A summary of the different supplements is given in the present thesis.  
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Figure 3. How the supplements in the thesis are related.  

 
In the first supplement, top slag - steel bulk and inclusions - steel bulk equilibria 
were investigated by comparison between calculated and measured oxygen activity 
values. Sampling was done in the industrial process. The comparison was done by 
applying different oxide activity models for slags combined with thermodynamic 
calculations.  
 
In the second supplement the inclusion composition was studied during the 
industrial ladle refining process. The inclusion composition was studied in depth 
and related to a varied top slag composition and other parameters during ladle 
treatment.  
 
The main objective with the third supplement was to investigate the temperature 
dependence of oxygen activity. The gradients of temperature and oxygen were also 
studied. The third supplement was based on the same industrial sampling as the 
first supplement.  
 
The fourth supplement is a theoretical study of the effect of vacuum on inclusion 
composition. Software for thermodynamic simulation was used to predict the 
conditions in the steel bulk. The main focus was on inclusions of calcium aluminate 
type.  
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The fifth supplement is based on laboratory trials in a 10 kg scale. Vacuum pressure 
was applied on the melt. Inclusion evaluation was made on samples taken both 
before and during vacuum treatment. The results were related to pressure as well as 
refractory aspects.  
 
The outline of the thesis is as follows; the current introduction first, followed by a 
description of the different trials. Some theory used in the work is explained in the 
following section. In the results chapter, the main results from the trials are shown, 
the results are separated into different section for each supplement. In the 
discussion chapter the results from the different supplements are discussed 
together. In the end, the main conclusions from the present work are given. 
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2. EXPERIMENTAL 

During the present work two industrial campaigns at two different steel plants have 
been done. In addition to this a set of lab scale trials has been done. The plants as 
well as details of the sampling and evaluation procedures during the trials are 
described in the current chapter.  
 

2.1 Plant descriptions 
 
Industrial trials were carried out at two different steel plants, Ovako Steel AB in 
Hofors and Uddeholm Tooling AB in Hagfors. Ovako Steel is mainly a 
manufacturer of bearing steel, while Uddeholm Tooling produces tool steels for 
different applications. The production route is in general similar at the two steel 
plants. They are both scrap based and the process route of both plants can be 
illustrated by step 1-6 in Figure 4. After the scrap is melted in the Electric Arc 
Furnace, EAF, (1-2) the slag is removed prior to ladle treatment (3). The ladle is 
then moved to the ladle refining station, where a new synthetic slag is added and 
aluminium deoxidation is done (4). The alloying to reach the final composition is 
done before the vacuum degassing (5). After vacuum treatment the steel is cast into 
ingots (6).  
 

2.2 Plant trials 
 
The purposes with the two sets of plant trials were different, but at the same time 
there were a lot of similarities. During both trials samples were taken at different 
stages of the ladle refining. Samples were taken of steel and slag. In addition, the 
temperature was measured together with the oxygen activity. The sampling 
equipment was in general the same. The steel samples, taken for steel composition 
and inclusion analysis, were in all cases taken by argon shielded rapid solidification 
samplers to ensure high quality samples. Slag was collected by a scoop or a stick, 
while the temperature and oxygen activity were measured by Celox equipment [7]. 
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Figure 4. The process at Ovako Steel AB and Uddeholm Tooling AB 

 
Oxygen sensors have been discussed deeper elsewhere [8,9]. The Celox probe uses 
a solid ZrO2 as an electrolyte. A molybdenum wire in Cr+Cr2O3 inside the shell of 
ZrO2 constitutes the reference electrode and the steel melt the other one. The 
electrolytic cell can be described as:  
 
Mo/Cr+Cr2O3//ZrO2(MgO)//a(O)Fe/Fe  (1) 
 
The difference in oxygen activity between the two electrodes will cause an 
electromotive force, EMF, according to Nernst’s law. Under realistic conditions at 
1580oC a test has shown a standard deviation of 1.5-2 mV [7]. In addition to the 
EMF, the temperature was measured using a thermocouple. From the measured 
EMF and temperature the instrument calculates the oxygen activity in the steel 
melt. The lower measuring limit for the probes used was 1 ppm O.  
 

2.2.1 Ovako Steel AB (Supplements 1 and 3) 
The steel examined was bearing steel of the Ovako 800 series with 1%C and 
1.4%Cr. One heat of a low carbon (0.2%) steel alloyed with chromium (0.2%) and 
manganese (1.6%) was also examined. The synthetic slag addition gave a slag 
consisting of mainly CaO (50-65%) and in addition to that: Al2O3 (25-30%) and 
lower amounts of SiO2 (7-11%) and MgO (3-8%). The slag composition varied 
only slightly during the later stages of ladle refining. 
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An overview of the sampling procedure of the six studied heats (A-F) is shown in 
Figure 5. The samples from Ovako Steel AB are in the present thesis named OS-1 
to OS-3. A slag sample was taken just after teeming from the EAF, but the 
corresponding steel sample could not be collected until the ladle had entered the 
ladle station. In normal production practice the major Al desoxidation are also 
done during tapping. However, in the present study it was of interest to study a 
steel during ladle refining with higher oxygen content. After addition and melting 
of synthetic slag formers the second sample was taken. Finally, one sample each 
was taken after both Al-deoxidation, alloying and vacuum treatment. The samples 
taken after Al-desoxidation and alloying were not used in supplement 1 and were 
here named OS-2.1 and OS-2.2, respectively.  

 

 
Figure 5. The sampling procedure at Ovako Steel AB 

 
The sampling of steel samples, temperature and oxygen activity was done 
simultaneously on two depths by two joined lances. In supplement 1 the average 
value was used. Each of the two lances was connected to a separate Celox 
instrument. Figure 6 shows the geometry of the lances and the measurement 
positions. It is seen that the upper lance measured the oxygen activity about 15 cm 
below the steel-slag interface and the lower 45 cm below the interface. The normal 
sampling depth is about 45 cm deep into the steel. 
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Figure 6. Geometries of lances as well as measurement positions.  
 

2.2.2 Uddeholm Tooling AB (Supplement 2)  
The steel grade chosen for this study was Orvar 2M (5.3%Cr-1.3%Mo-0.9%V); a 
low alloyed high temperature tool steel. The current sampling procedure is shown 
in Figure 7. The samples from Uddeholm Tooling AB were in the present thesis 
named UT-1 to UT-5. The first sample was taken just after arrival to the ladle 
station, while the second sample was taken just after deslagging. Sample 3 was 
taken after addition and melting of the synthetic slag formers. And finally, samples 
were taken before and after vacuum treatment.  
 

 
Figure 7. The sampling procedure at Uddeholm Tooling AB 

 
Two main synthetic slag compositions were achieved after addition of slag formers, 
one with low CaO (38%) in heats A and B, and one high CaO (49%) for heats C 
and D. In addition to that, the slag consisted of Al2O3 (30-40%), MgO(10-16%) 
and SiO2(6-16%). The high CaO slag was used in normal practice.  
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2.3 Lab scale trials (Supplement 5) 

2.3.1 Equipment  
The lab scale experiments were carried out at KTH in Stockholm. The furnace 
used was a Balzer vacuum induction furnace. A sketch of the used furnace is given 
in Figure 8. The steel temperature was controlled continuously by a thermocouple 
fitted into the crucible. The furnace was equipped with a mechanical device, which 
made it possible to take samples during vacuum treatment through an air lock. The 
sampler was made up of a small alumina crucible attached on a metal rod, which 
was submerged into the steel melt for sampling.  
 

 
 

Figure 8. A schematic illustration of the vacuum furnace used in the trials. 
 
The steel sample was allowed to solidify in the vacuum chamber and was therefore 
solidified under the same pressure or inert atmosphere as the melt. These steel 
samples were after sample preparation used for determination of the inclusion 
composition. The samplers used for determination of the steel composition were 
made of quartz tubes. Finally, it should be mentioned that the steel melt and 
sampling operations during the experiments could be observed through a window 
in the vacuum chamber lid.  
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2.3.2 Material  
Steel was provided by Ovako Steel AB and was of a ball bearing steel grade with 
main components of 1.47% Cr and 0.9% C and a sulphur level of 8 ppm. The slag 
was also supplied by Ovako; it was taken from the ladle during the industrial ladle 
refining process just before vacuum treatment. Slag was collected from four 
different heats of the actual steel grade and was grained and mixed into a fine 
powder. The aim was to obtain a homogeneous composition representing a typical 
average slag composition. The main elements in the slag were CaO (60%) and 
Al2O3 (27%). 
 
Both crucibles made of alumina (94%) and magnesia (97%) were used. The 
crucibles were made at KTH by mixing the coarse refractory powder and water and 
by letting them solidify in a mould. The dried crucible was preheated in the 
induction furnace to a temperature of 900oC for at least one hour before the trials 
were started. 
 
To facilitate formation of CaO-rich inclusions, Ca addition was also made at some 
stages of the trial. The addition was made by CaSi powder with Ca and Si contents 
of 30% and 60%, respectively.  
 
Argon with a purity of 99.999% was used in the trials in order to provide an inert 
atmosphere.  

2.3.3 Procedure 
In total, five trials were made; the main parameters are seen in Table 1. Four of 
these were carried out using MgO crucibles and one using an alumina crucible. 
Before the furnace was turned on, evacuation and refilling with argon was made 
twice to ensure an inert atmosphere during melting and prevent oxidation. In every 
trial, 11-12 kg of steel was used. In order to have similar weight ratio of slag as in 
full scale, 180-200 g of slag was added when the steel had reached the desired 
experimental temperature.  
 
Table 1. Experimental parameters 

Trial 
no. 

Crucible 
material 

Temp. 
(oC) 

Steel 
weight (kg)

Slag 
(g) 

Pressure 
cycle (no.) 

Added 
CaSi (g) 

Added Al 
(g) 

1A MgO 1570 10.8 200 2 2.0 9.8 
1B MgO 1570 10.8 200 3 5.9 20.6 
2 Al2O3 1570 11.8 200 2 1.3 11.3 
3 MgO 1590 10.8 180 2 2.2 11.3 
4 MgO 1530 10.8 200 2 2.5 11.3 
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The main sampling procedure was similar in the different trials. When the aimed 
temperature was reached a steel sample was taken for composition determination. 
The mixed slag powder was added and melted before the first sample for inclusion 
analysis was taken (BV). The pressure was then lowered to the lowest possible 
pressure, which was always below 5 torr and decreased as a function of time to 
about 0.1 torr. The samples were taken after a time of 10 min with constant 
pressure at the desired pressure (DV). After sampling at low pressure, the furnace 
was again filled with argon to obtain atmospheric pressure. During the trials two or 
three sampling cycles were done, the second or third was used for inclusion 
evaluation as seen in Table 1. 
 

2.4 Analysis and microscopic evaluations  
 
During the work of Supplement 1, 3 and 5, the chemical composition of the steel 
was analysed at Ovako in an ARL 3460 Optical Emission Spectrometer (OES) was 
used. The carbon and sulphur content in the steel and slag samples were 
determined using a Leco CS200 combustion equipment. The slag was remelted and 
cast into a disk and then analysed for chemical composition by x-ray fluorescence 
in a Siemens SRS 303 equipment. 
 
In supplement 2, at Uddeholm Tooling, the chemical composition of steel samples 
was determined by using the x-ray fluorescence analysis method (ARL 8680S 
SIM/SEQ XRF). The composition of the slag samples was determined in the same 
machine after the samples had been ground and cast into discs. The carbon and 
sulphur contents of the slag samples were determined separately in a Philips Perl X-
2. 
 
During the work three different scanning electron microscopes, SEM, have been 
used. In supplement 1 and 3 the chemical composition of the inclusions was 
determined using a Zeiss Supra 35 SEM at Ovako. It was equipped with a Gemini 
FEG-column and the Inca-feature software for the possibility of automatic 
detection of inclusions. A JEOL JSM-840 scanning electron microscope was used 
with a LINK-AN10000 system at Uddeholm Tooling. The inclusion evaluation in 
supplement 5 was done at KTH in a JEOL S-3000 equipped with EDS.  
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3. THEORY 

Oxygen is one of the most important elements to control during ladle refining. 
There are several sources of oxygen during the ladle treatment like atmosphere, top 
slag and refractory. It is important to lower the dissolved oxygen content as much 
as possible to prevent oxides or CO-gas formation during solidification. During the 
steel production process, the dissolved oxygen content is set by different equilibria, 
as illustrated in the schematic Figure 9.  

 

 
Figure 9. The oxygen content is lowered in steps set by different equilibria in the steel 
production process. 

 
As illustrated in Figure 9, the first equilibrium is: 
 

)(gCOOC ⇔+     (2) 

 
The carbon and oxygen dissolved in the steel melt reacts and forms CO-gas which 
leaves the melt. The corresponding free energy oGΔ  is:  
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[ ]MolJTG o ⋅−−=Δ 369.4118319 [10]  (3) 
 

It has to be mentioned that this equilibrium is primary of minor interest during the 
ladle refining process since deoxidation is normally done before arrival to the ladle 
refining station. However, when the pressure is decreased this reaction can be of 
interest during vacuum treatment. This will be discussed later.  
 
When the steel is deoxidised with silicon the reaction deciding the oxygen content 
is the Si/O/SiO2 equilibrium.  
 

22 SiOOSi ⇔+ (s)    (4) 
 
The free energy, oGΔ , of reaction (4) is: 
 

[ ]MolJTGo ⋅+−=Δ 655.220580541 [10]  (5) 

 
The dissolved oxygen decreases rapidly to an equilibrium level as illustrated in 
Figure 9. The total oxygen content, Otot, is decreasing more slowly as the formed 
oxide inclusions are separated.  
 
When aluminium is added to the steel it reacts with dissolved oxygen, the result is 
solid alumina inclusions:  
 

3232 OAlOAl ⇔+ (s)    (6) 
 
and 
 

[ ]MolJTGo ⋅+−=Δ 714.3861205115 [10]  (7)  

 
The addition of aluminium rapidly decreases the dissolved oxygen content to a few 
ppm. The total oxygen decrease more slowly as the formed alumina inclusions are 
separated. When the steel solidifies, the solubility of oxygen approaches zero. The 
remaining oxygen in the melt will end up as oxide inclusions, therefore the total 
oxygen content can be used as an indicator of the inclusion amount in the solidified 
steel.  
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From reaction (4) and (6) it has been possible to derive expressions for the oxygen 
activity. The expressions were based on the assumption of equilibrium between 
oxide phase and steel bulk: 
 

RT
G

Si

SiO
O o

ea

a
a

Δ−

⋅

= 2     (8) 

3
2

32

RT
G

Al

OAl
O o

ea

a
a

Δ−

⋅

=     (9) 

 
In these expressions, the variables Sia  and Ala  were calculated by Wagner’s 
equation using Henry’s law and the dilute solution model (1wt% standard state). 
R is the molar gas constant and T is the temperature in Kelvin. The 

2SiOa  and 
32OAla  

were the activity of oxide components in the top slag or inclusions. The oxide 
activities can be calculated in different ways.  
 
In supplement 1, three different models for oxide activity calculation were applied 
to calculate 

2SiOa  and 
32OAla  in equations (8) and (9). The three different models 

were the IRSID model [11], the ThermoSlag model [12], and the Ohta-Suito 
model [13]. The calculation was based on the assumption of equilibrium conditions 
between the steel and the oxide phase (top slag or inclusion) in the system. If the 
calculation was correct and the assumption of equilibrium was right, a correlation 
would be expected between calculated and measured values. In supplement 1 this 
was done with both inclusion and top slag. 
  
The “SLAG2” database, based on the IRSID slag model was used together with 
the Thermo-Calc software [14] in the calculations. The ThermoSlag model is also 
known as the KTH-model. Like the IRSID model, it is semi-empirical and uses 
experimental information from binary subsystems to calculate multi component 
slag system. The Ohta-Suito slag model is an empirical model from experimental 
equilibrium steel-slag measurements. The result from regression analysis of the data 
was used to develop expressions for calculation of activities of alumina and silica 
based on the slag composition. The Ohta-Suito model can not take any contents of 
MnO and FeO into consideration in the calculations. 
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3.1 Temperature dependence  
 
In supplement 3 the temperature dependence of oxygen activity was studied in 
detail. It is obvious from equation (8) and (9) that the temperature is one variable 
that will have a large effect on the oxygen activity during the ladle refining 
operation. Two new expressions were developed by rearranging equation (8) and 
(9):  
 

2SiOOSi log
R303.2

1log2log a
T
Gaa +
°Δ

⋅=+     (10) 

 

32OAlOAl log
R303.2

1log3log2 a
T
Gaa +
°Δ

⋅=+    (11) 

This was done with the aim of eliminate the influence of aluminium and oxygen 
levels. If the left side of the equations is plotted against the reciprocal temperature a 
straight line is achieved.  
 

3.2 Pressure dependence  
 
The pressure dependence of the conditions in the ladle is not as clear as the other 
parameters. However, at low pressures formation of CO-gas can take place also at 
low oxygen activities as a result of reaction (2). An expression for oxygen activity 
can be derived from the equilibrium constant:  
 

C

CO
O aK

p
a

⋅
=      (12) 

 
where Ca  is the carbon activity and COp  is the partial pressure of carbon monoxide 
gas. It is obvious from equation (12) that a decreased CO-gas pressure will lower 
the oxygen activity, and of course inclusions present in the steel melt will be 
affected by this mechanism.  
 

The types of stable inclusion in the melt are set by the thermodynamics in the ladle. 
For example, sulphur is competing with oxygen for the reactive elements dissolved 
in the steel melt. The levels of sulphur and oxygen are deciding whether CaS or 
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CaO is the most stable phase. The general equilibrium between sulphur, oxygen 
and calcium can be written:  
 

CaSOCaOS +⇔+     (13) 
 
This is the most important reaction for sulphur refining. In that case the sulphur in 
the steel melt reacts with the high CaO containing top slag. This gives lower 
sulphur content, but also increased oxygen content in the steel. However reaction 
(13) is also directly important for inclusions since the CaS and CaO can be in the 
form of an inclusion trapped in the steel. To be able to relate this equation to 
pressure equation (2) and (13) can be combined to: 
 

CaSgCOCaOCS +⇔++ )(    (14) 
 
with the corresponding equilibrium equation:  
 

SCCaO

COCaS

aaa
pa

K
⋅⋅

⋅
=     (15) 

 
Assuming that the activities of carbon and sulphur are constant, it is easily 
concluded that a deceased partial pressure of CO, COP , (due to a decreased total 
pressure) will lead to an increased stability of CaS relative CaO.  
 
In the 4th supplement, the amount of precipitated phases in a steel melt as a 
function of varying pressure has been calculated with the Thermo-Calc 
software [14].  
 
Another possible effect of vacuum pressure is decomposition of the lining 
refractory material [15]. MgO is a commonly used refractory material in the ladle 
lining. Mg has a low vapour pressure in liquid metal and at low pressures the MgO 
can decompose, according to:  
 

OgMgMgO +⇔ )(     (16) 

 

TG ⋅+−=Δ 875.208615550 [10]   (17) 

 

If the activity of MgO is derived from reaction (16) at equilibrium, the expression 
will be:  
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a
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⋅
=     (18) 

 
It is from equation (18) possible to see that a lower MgP  need higher oxygen activity 
to keep the MgO stable 1=MgOa . At the low oxygen activities after aluminium 
deoxidation and low pressure during vacuum treatment this has shown to be a 
considerable mechanism. A decomposition of MgO will give an increase of oxygen 
in the melt, hereby changing the conditions for inclusions in the steel melt. A 
straightforward calculation using reaction (16) with GΔ  from equation (17) gives 
the relation between partial pressure and equilibrium oxygen activity in the steel 
melt. The relation can be seen in Figure 10 for two different temperatures.  
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Figure 10. Oxygen activity as a function of pMg.  
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4. RESULTS 

The results chapter are divided into five parts, one for each supplement. In every 
section the main results from each supplement are presented.  

 

4.1 Supplement 1 
 

4.1.1 Equilibrium with top slag after Si-deoxidation 
The Si/O/SiO2 equilibrium were used in the calculations after Si deoxidation (OS-
1, OS-2), while the Al/O/Al2O3 equilibrium were used in the later sampling after 
Al-deoxidation has been done (OS-3). 
 
The results from the comparisons from the calculations of the steel melt oxygen 
activity based on equilibrium (4) and equation (8) in the two of the compared 
models are shown in Figure 11 below. In Figure 11, the data for slag sample (OS-0) 
and steel sample (OS-1) were used to calculate the top slag/steel equilibrium 
oxygen activity.  
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Figure 11.  Calculated oxygen activity after Si-deoxidation for 6 heats with samples OS-0 and 
OS-1. 

 
From Figure 11 it was clear that the IRSID and ThermoSlag models give equivalent 
results in all heats before deslagging was carried out. In heat E the calculated 
oxygen activity was significantly higher than for the other heats, which can be 
explained by the higher silica content in the top slag. The Ohta-Suito model could 
not be used due to the high FeO contents in the top slag. 
 
In Figure 12, the situation for the next taken slag and steel samples (OS-2) is 
shown. The results in Figure 12 also show that differences exist between the 
different model predictions. However, the difference was not large in absolute 
numbers. When using the Ohta-Suito model, the calculated equilibrium oxygen 
activity was about 3 times larger than when using the ThermoSlag model. 
Furthermore, it can be observed that the trends were similar for the predictions 
using the three models to calculate oxygen activity in the steel melt.  
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Figure 12. Calculated oxygen activity after Si-deoxidation for 6 heats with sample OS-2. 

 
The calculated oxygen activities from the samples collected after Si-deoxidation in 
Figures 11 and 12, should be compared with the measured values in Table 2 below. 
It was obvious that the differences between calculated and measured values were 
much larger than expected. The agreement between predicted and measured 
oxygen activity data was better when using the EAF slag composition (slag sample 
OS-0) than when using the added synthetic slag (slag sample OS-2). If the data in 
Figure 11 were compared with the values from Table 2, it was possible to see that 
the equilibrium from EAF-slag (slag 0 and sample 1) had a magnitude of 10 lower 
than the measured oxygen activity data. The corresponding results for Figure 12 the 
equilibrium with the synthetic slag (slag and steel sample OS-2) show that the 
predictions were a magnitude of 100 times lower than the measurements. The 
reasons are discussed later. 
 
Table 2. The measured oxygen activity in the different heats of sample OS-1 and OS-2. 

Sample A B C D E F 
OS-1 87.3 135.9 78.7 69.2 117.3 63.6
OS-2 84.4 112.5 64.4 62.9 101.6 56.7
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4.1.2 Equilibrium with top slag after Al-deoxidation  
The same calculations that were done based on the data for sampling after Si-
deoxidation were also done based on the available information from sample OS-3. 
At this stage of the process, after both Al-deoxidation and vacuum treatment, 
aluminium was assumed to control the equilibrium with oxygen in the steel. 
Therefore, equation (6) was used in the equilibrium calculations. For the sake of 
comparison, the calculations have also been done using the Si/O/SiO2-equilibrium, 
reaction (4).  
 
It was believed that the results from sample OS-3, better represents a situation 
where the top slag is closer to equilibrium with steel. This should be due to slag-
metal reactions during the intense mixing for the period of vacuum, which is 
promoted by strong gas stirring as well as a lowered pressure above the melt.  
 
The oxide activities from the three models together with equations (8) and (9) 
respectively were again used to calculate the oxygen activity in the steel. The 
calculated oxygen activity is presented in Figure 13 together with measured values 
in the same diagram. Figure 13 shows that the calculations of oxygen activity from 
the different models were in all cases showing lower values compared to the 
measured oxygen activity data. However, the calculated oxygen activities show 
again the same trend as the measured data. It can be seen that after vacuum 
treatment the predicted oxygen activity data, based on an assumed equilibrium 
between the slag and steel, was approximately 3 to 10 times lower than the 
measured oxygen activity data. 
 
To estimate the effect of the models on the calculations, the activity of Al2O3 was 
set to one (corresponding to Al2O3 saturation in the slag) and hereby the use of the 
slag models and slag composition was neglected. By doing so, the calculated values 
of oxygen activity show the best agreement with the measured values. However, 
the deviation from the measured values was not as systematic as for the cases when 
activity of alumina was calculated using the slag models.  
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Figure 13. Calculated and measured oxygen activities after Al-deoxidation OS-3. 

 

4.1.3 Equilibrium with inclusions after Si-deoxidation  
The detailed study of the chemical composition of a large amount of inclusions in 
steel samples was done to provide a sufficient amount of data. This made it 
possible to make a realistic calculation of an assumed equilibrium between the 
average composition of the inclusions and the steel bulk chemical composition. 
The inclusions were from sample OS-2, after Si-deoxidation, and mainly consisted 
of SiO2 (about 52-77%) and Al2O3 (about 10-32%). In addition, they were found to 
be totally homogenous. The CaO-content was very low (0.5–7 %). The inclusions 
also contained significant amounts of MnO (11-23 %).  
 
During the SEM study, the inclusions were divided into two groups, one group 
consisting of inclusions larger than 3 μm (magnification 500x), and one group 
representing inclusions larger than 12 μm (magnification 125x). The average size of 
studied inclusions was around 25 μm in the 125x run and 5 μm in the 500x run.  
 
The calculated oxygen activities using data of sample OS-2 were again compared 
with the measured values in Figure 14. Note, that it was not possible to use Ohta-
Suito’s model in this case when large amounts of MnO were present. The 
calculations were based on the Si/O/SiO2 equilibrium (4) and the corresponding 
equation (8). According to the results from calculation of the SiO2-activity with 
ThermoSlag the composition had reached SiO2-saturation, and the SiO2-activity has 
exceeded one. The results from the IRSID-model also show that the activity was 
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high, and it is believed that the composition was generally close to SiO2-saturation. 
This would lead to a SiO2-phase present in the inclusions, but this was not found 
during SEM mapping of the inclusions. In case of SiO2-saturation the activity was 
set to unity in the calculations of oxygen activity.  
 
From Figure 14 it is possible to compare calculated and measured values. It can be 
seen that the calculated oxygen activity values were higher than the measured ones. 
This was different compared to the calculations of the top slag equilibrium. The 
calculated oxygen activity was higher than the measured value as a result of the high 
silica content in the inclusions. This is explained by the fact that the inclusions were 
formed during silicon deoxidation in the steel creating inclusions with high silica 
content.  
 
Also, equilibrium calculations with respect to inclusion-steel bulk were found to be 
closer to the measured values compared to the corresponding calculations for the 
top slag-steel bulk equilibrium.  
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Figure 14. Calculated oxygen activity for inclusions after Si-deoxidation based on OS-2. 

 
It is also seen from Figure 14 that inclusions larger than 12 μm were closer to the 
measured oxygen activity compared to the data representing the smaller inclusions. 
It is clear that the predictions based on the data for the larger inclusions were closer 
to the measurements. It was a tendency that as the inclusions grew bigger, they 
were achieving a composition closer to the top slag. From the inclusion study it 
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was also found that the larger inclusions contained higher amounts of CaO and 
Al2O3.  
 

4.1.4 Equilibrium with inclusions after Al-deoxidation  
After Al-deoxidation and vacuum treatment (sampling occasion OS-3) it was not 
possible to do the same comparison between calculated and measured activity 
based on inclusion equilibrium. The majority of the inclusions found in the samples 
taken after the vacuum treatment were smaller than 2-3 μm. Due to the small size it 
was not possible to make an accurate determination of the inclusion chemical 
composition using the SEM. In addition to that, very few inclusions were found 
after vacuum degassing and those found were surrounded by a sulphide layer 
consisting of MnS. Therefore, it was not possible to make any reliable oxygen 
activity equilibrium calculation. 
 

4.1.5 Discussion of top slag-steel bulk equilibrium  
Vacuum degassing has earlier been found to move the inclusion-steel-slag system 
towards equilibrium [16,17]. In the present work no vacuum degassing had been 
done when the steel was only Si-deoxidised. This would explain why calculations 
based on an equilibrium assumption before vacuum showed less good agreement 
with the experimental data compared to the equilibrium calculations after vacuum. 
The main reason for the large difference between calculated and measured values is 
believed to be the assumption of equilibrium between top slag and steel bulk. The 
assumption of equilibrium was used in the calculation of the equilibrium 
constant, K.  
 
Also, the calculated aMeO and aMe was from the slag and steel bulk and may not be 
representative for the conditions in the steel-slag interface, where the actual 
reactions are taking place. It is believed that the conditions in the interface between 
slag and steel can be different and a local equilibrium may exist. However, it is not 
possible to measure the conditions in the interface, especially during vacuum 
treatment. These gradients in the slag-metal interface may largely affect the 
equilibrium conditions. 
 
The overall conclusion is that for the studied interaction between top slag and steel 
bulk no overall equilibrium exists between the bulk of the steel and the bulk of the 
slag. Thus, it is not possible to calculate the oxygen activity in the steel by assuming 
an equilibrium situation between slag and steel bulk, at least not before vacuum 
treatment.  
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4.1.6 Optimisation of calculated values  
In the industry it is important to have tools to predict the production parameters 
both during the standard process and during design and optimisation of the 
process. As shown earlier, the calculations have proven to give erroneous results 
compared to the measured data if a slag - steel equilibrium was assumed. However, 
since the deviation was systematic, it is possible to calculate a relationship between 
the measured and calculated oxygen activities. This was done for the Al/O/Al2O3 
equilibrium after vacuum (OS-3). The relationship was found to be close to a linear 
function in the present case and the R2 values were for all three models in the range 
of 0.57-0.65. This linear function can be used to recalculate the values to achieve 
optimised values of oxide activities. These have been optimised for each heat and 
model values were plotted in Figure 15 together with the measured values. As can 
be seen, the optimised predictions were much closer to the measurements. 
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Figure 15. Optimised calculated and measured oxygen activity from top slag and OS-2. 

 
The procedure was done for the six heats, with different but small changes in steel 
and slag composition. The maximum divergence of the oxygen activity by this 
method is in all these models about +/- 0.5·10-4 compared to the measured general 
deviation of 2·10-4. Thus, it is possible to use such a relationship in industry to 
follow trends regarding changes of oxygen activities. 
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4.2 Supplement 2 
 
In the study of the samples taken during ladle refining at Uddeholm Tooling AB 
two major types of inclusion were identified. The largest group consisted of 
inclusion of varying composition in the Al2O3-CaO-MgO-SiO2 system. The other 
group consisted of the Al2O3-MnO-SiO2 system. In the following text the first type 
of inclusion will be discussed and thereafter the second type will follow.  

 

4.2.1 Inclusions found in the Al2O3-CaO-MgO-SiO2 system 
The average composition of every individual inclusion has been plotted in ternary 
Al2O3-CaO-MgO-diagrams [18], which visualizes the inclusion composition in a 
pedagogic way. This was done for each sampling occasion and made it possible to 
follow the change in inclusion composition during the different process steps in the 
ladle furnace. The author has not been able to find appropriate phase diagrams of 
Al2O3-CaO-MgO-SiO2 to illustrate the effect of SiO2 in the slag in a proper way. 
To be able to visualize SiO2, the markers instead have different shapes for different 
SiO2 levels. It has to be mentioned that the present phase diagrams are, strictly 
speaking, only valid for inclusions with zero percent SiO2. In the study, inclusions 
were studied in samples UT-2 to UT-5, i.e. from deslagging to the end of vacuum 
treatment.  
 
Figure 16 shows an example of the average compositions in the Al2O3-CaO-MgO 
phase diagram of each found inclusion in the examined sample after deslagging 
(UT-2) in heat C. The inclusions consisted of mainly of alumina and those without 
SiO2 were only consisting of Al2O3-MgO, while those containing SiO2 also 
contained CaO. The inclusion size was in most cases 5-15µm. 
 
It is interesting to discuss the formation of these alumina rich inclusions which 
were found prior to the Al-deoxidation. The most probable reason for their 
formation was that the EAF-slag was reduced by adding Al-granules before the 
tapping. 
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Figure 16. The average composition of each inclusion found after deslagging (UT-2) in heat C. 

 
When deoxidation had been done and new slag formers were added and melted, 
the typical average composition of the inclusions was as illustrated in figure 17. 
Deoxidation was done by adding 80 kg of aluminium bars just after the previous 
sampling (UT-2). The time from deoxidation to this sample occasion (UT-3) was 
30 minutes. In figure 17 it was possible to see that the inclusion composition has 
moved from Al2O3-rich part of the phase diagram towards the stoichiometric 
Al2O3-MgO composition. Despite the aluminium deoxidation there were no pure 
alumina inclusions left. It was possible to see that the inclusions were a mixture 
between the spinel phase and calcium aluminate, CA or CA6. Beskow [19] showed 
that MgO·Al2O3 phase should be stable after aluminium deoxidation in tool steels 
of the same type studied in present work. This can explain the decrease of alumina 
and the increase of MgO in the inclusions. Also, Tripathi [20,21] suggested that the 
ladle glaze infiltrates and reacts with MgO refractory to form MgO·Al2O3 spinel. 
This phenomena could be a possible source of the observed MgO·Al2O3 rich 
inclusions. Tripathi also suggested that the MgO·Al2O3 spinel inclusions had been 
brought over from EAF. However, no MgO·Al2O3 spinel was found in the first 
sample evaluated (UT-2). Another explanation of the origin of spinel phase 
inclusion has been proposed by other studies [15,22]. The other suggestion would 
be that during low pressure carbon reduces MgO, forming dissolved magnesium 
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and magnesium vapour in the steel melt. The magnesium in the steel melt is then 
reducing Al2O3 and MgO·Al2O3 spinel phase is be formed.  
 

 
Figure 17. The average composition of each inclusion found after deslagging (UT-3) in heat C. 

 
Out of figure 18, it was possible to see how the compositions of the inclusions 
were in the sample taken before vacuum (UT-4). The SiO2 and CaO content had 
increased for the majority of the inclusions in all heats. The average compositions 
have changed from the stoichiometric spinel composition towards the composition 
range with lower liquidus temperature in the phase diagram. It was clear that the 
movement was linear, and consequently the component concentrations in the 
inclusions became functions of each other with fixed ratios.  



 

32 
 
 

 

 
Figure 18. The average composition of each inclusion found after deslagging (UT-4) in heat C. 

 
The inclusion structure consisted of an inner cubic stoichiometric spinel phase of 
MgO-Al2O3, which was surrounded by a darker slag phase. A typical micrograph of 
an inclusion can be seen in Figure 19. This darker slag phase was evaluated 
separately for inclusions in heat C and was found consisting of Al2O3 (55%), CaO 
(31%), MgO (12%) and SiO2 (2%).  
 

 
Figure 19. A typical Inclusion with inner structure MgO·Al2O3 spinel inside a Al2O3-CaO-MgO 
phase. Inclusion taken from heat D, sample UT-4, Ø 14µm. 
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It was also possible to observe a trend, where the inclusion compositions were 
closer to the top slag for the inclusions belonging to the size group DP (>22.4µm). 
The spread of composition was also lower for larger inclusions. The fact that larger 
inclusions have found to have a composition closer to the top slag compared to the 
smaller can be explained by dispersion of top slag into the steel melt.  
 
The average compositions of inclusions after vacuum treatment is exemplified by 
the plot of the phase diagram Al2O3-CaO-MgO in Figure 20, (UT-5). The inclusion 
composition has converged and became closer to the top slag composition 
compared to the previous sample, except for heat B. 

 
Figure 20. The average composition of each inclusion found after deslagging (UT-5) in heat C. 

 
In all heats, except B, the MgO·Al2O3 spinel phase has disappeared in the 
inclusions. Regarding heat B, it can clearly be seen in Figure 20 that the inclusion 
composition was still distributed towards the stoichiometric spinel composition. 
The inclusion magnesia content was highest in this heat (heat B 19%MgO and heat 
C 7%MgO) after vacuum. According to Thermo-Calc calculations, due to a high 
MgO content in the top slag, MgO·Al2O3 spinel was precipitated as the primary 
solid phase in the top slag of heat B at 1620oC. Thus, at the measured steel 
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temperature of 1568oC, the top slag was spinel saturated, which obviously 
influenced the inclusion composition in heat B (UT-5). 

 
Figure 21. The average composition of each inclusion found after deslagging (UT-5) in heat B. 

 
It was also possible to observe that the share of inclusion with a higher SiO2 
contents was higher in heat A and D, compared to B and C. In heat A the average 
SiO2 content in the inclusions was 10% while in heat D an average of 13%. 
Furthermore, the steel analysis showed that the aluminium content was lowest in 
heat A and D after vacuum. It is believed that this is a result from reoxidation 
during vacuum degassing from the top slag. The high SiO2 content in the top slag 
may lead to reaction between the top slag and steel melt. 
 

SiOAlAlSiO 3243 322 +⇒+    (19) 
 
According to reaction (19) SiO2 becomes more stable at lower Al content in the 
steel melt. This would be the explanation to the higher SiO2 content in the 
inclusions from heat A and D. The highest silica level of the slag throughout the 
whole process in heat D could possibly be a result from poor deslagging, where 
silica rich EAF-slag failed to be removed before the synthetic slag formers were 
added. 
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4.2.2 Inclusion found in the Al2O3-MnO-SiO2 system 
In some samples, inclusions with a composition of mainly Al2O3-MnO-SiO2 were 
found. The largest amount of MnO-rich inclusions was found after vacuum 
treatment (UT-5) in heats A and D. These heats also had Al2O3-CaO-MgO-SiO2 
inclusions with higher SiO2 contents, as earlier mentioned. The appearance of 
MnO-type inclusions was often slightly different from the Al2O3-CaO-MgO-SiO2 -
inclusions. They were not as spherical and did often appear in a group or along a 
line. However, there were also MnO-rich inclusions that were similar to the Al2O3-
CaO-MgO-SiO2 -inclusions when visually observed in the SEM. A typical view of 
one inclusion can be seen in Figure 22, together with composition mapping. 
Further, they occurred in large numbers in some samples, but were not found at all 
in others. Their presence could also be explained by occasional problems during 
sampling. To confirm the origin of the MnO-rich inclusions the Ellingham 
diagram [10] can be used to show that the most easily oxidised metallic 
components present in the steel was also to be found in significant amounts in the 
inclusions: Al, Ti, Si, Mn and Cr. The MnO-rich inclusions were then probably also 
a result of reoxidation, either from poor desoxidation conditions in the steel during 
vacuum degassing or occasional reoxidation during sampling. This has also been 
confirmed by thermodynamic calculations [23]. 
 

 
Figure 22. A view of an MnO-rich inclusion with map of selected elements. Average 
composition: 49% Al2O3, 33% SiO2, 18% MnO, Ø ~30 µm. 
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4.3 Supplement 3 
 
The results in supplement 3 were based on the same sampling as supplement 1. 
The most important difference was the consideration of the temperature and 
oxygen activity measurements for two depths in the steel. Also, in the present study 
two more samples were considered OS-2.1 and OS-2.2. These samples were taken 
after Al-desoxidation and alloying.  
 
During the trials it was essential to have reliable oxygen activity measurements. As 
mentioned earlier, Celox equipment was used [7]. One of the EMF curves from the 
measurements is seen in the instrument output in Figure 23. These were very stable 
during the whole measurement period of about 4-5 seconds. This indicates that the 
measurements were not suffering from varying conditions caused by problems 
during the sampling procedure.  

 

 
Figure 23. An example of the outputs of Emf and temperature curves from the Celox 
instrument.  

 

4.3.1 Inclusion composition 
It was not possible to find any regularity in composition difference between upper 
and lower steel sample for some elements.  
 
One heat was selected for a more in depth study of the inclusion composition. The 
results from SEM determinations of the samples taken before and after vacuum 
treatment are presented in Figures 24 and 25, respectively. The inclusions were 
sorted by decreasing analysed oxygen content in each inclusion. From Figure 24 it 
is possible to see that the majority of the inclusions before vacuum treatment were 
alumina with low amounts of sulphur. The sulphide inclusions were of MnS type. 
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The inclusions found in the sample taken after vacuum treatment (Figure 25) 
contain in general less pure alumina. Furthermore, the majority of the inclusions 
contain sulphur.  
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Figure 24. Inclusion composition in heat OS-D, before vacuum treatment. Inclusion sorted by 
analysed oxygen content. Evaluated area: 21 mm2. 
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Figure 25. Inclusion composition in heat OS-D, after vacuum treatment. Inclusion sorted by 
analysed oxygen content. Evaluated area: 85 mm2. 
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4.3.2 Temperature gradient 
The temperature difference between the lower and upper measurement 
position, TΔ , in figure 6, was defined as:  
 

UpperLower TTT −=Δ     (20) 
 
Where LowerT  was the measured temperature at the lower measuring position and 

UpperT  was the measured temperature at the upper measurement position 
respectively. TΔ  for the different measurements are illustrated in Figure 26. The 
temperature difference, TΔ ,was positive which indicates that the melt were less hot 
towards the top surface. The largest temperature difference was found in 
connection to the first measurement, i.e. after slag raking and before addition of the 
synthetic slag. In the later stages the difference was much smaller, but never the less 
obvious. Note that a zero temperature difference is due to that one measurement 
value was missing. 
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Figure 26. The temperature difference between lower and upper measuring level. A positive 
value indicates a higher temperature deeper in the steel.  
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4.3.3 Oxygen activity gradient 
The difference between the oxygen activity at the lower and upper measurement 
positions, illustrated in Figure 6, oaΔ , was defined as: 
 

( ) ( )UpperoLoweroo aaa −=Δ     (21) 
 
Where ( )Loweroa  was the measured oxygen activity at the lower measuring position 
and ( )Upperoa  was the measured oxygen activity at the upper measurement position 
respectively. oaΔ  for the different measurements are illustrated in Figure 27. The 
Al-desoxidation was done before sample OS-2.1, and the measured oxygen activity 
rapidly dropped from 60-120.10-4 to 3-7.10-4. Similar to what was found for the 
temperature in Figure 26, the largest differences were found for the first 
measurement occasion when no slag was present. The positive value of oaΔ  
indicates that the oxygen activity was higher deeper in the steel melt. The difference 
in oxygen activity thereafter decreases throughout the ladle refining. After vacuum 
treatment, there was a slight tendency that the oxygen activity was higher in the 
upper measurement position than in the lower.  
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Figure 27. Difference in oxygen activity between lower and upper level. A positive value 
indicates a higher oxygen activity deeper in the steel.  
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4.3.4 Discussion of temperature dependence 
From Figure 26 it is clear that the measured temperature was lower in the upper 
position and the largest temperature difference between the upper and lower 
measurement position exists before a new synthetic slag was added. This was 
expected since the heat loss from the steel surface is large when no slag is insulating 
the surface. It is also well known that deoxidation equilibria are strongly influenced 
by the temperature, which may explain the differences in measured oxygen activity. 
 
 
If Figure 26 is compared with Figure 27 it is possible to see a similarity. However, 
the oxygen activity differences between upper and lower position cannot be 
explained from the temperature data themselves. In order to explain this difference 
it was necessary to study how the temperature affects the equilibrium which 
controls the oxygen activity. If it was assumed that aluminium controls the oxygen 
activity in the steel after the aluminium deoxidation equilibrium (6) was relevant. In 
Figure 28 the oxygen activity is plotted as a function of the steel temperature. The 
activity of aluminium was calculated using the dilute solution model. The oxygen 
content was determined from oxygen activity measured by oxygen probe, 
concentration of components in steel, and suitable interaction coefficients [24]. The 
values were assumed to be zero for the missing interaction parameters. The 
predictions are shown as a solid curve and were calculated using the average Al 
activity in steel for samples OS-2.1 to OS-3, which was 0.0439, and assuming that 
the Al2O3 activity was 1. The dotted curves were calculated using the maximum and 
minimum Al activity for samples OS-2.1 to 3 which was 0.105 and 0.00911, 
respectively.  

 

 
Figure 28. Measured oxygen activity and at the same time measured temperature and 
theoretically calculated relation.  



41 
 
 

4.4 Supplement 4 
 
Formation of calcium aluminates and calcium sulphides are mainly depending on 
the oxygen and sulphur content, as well as the calcium and aluminium content [25- 
29]. However, the contents of the two latter elements were kept constant in the 
present study.  
 
The results in supplement 4 are all from thermodynamic calculations with the 
Thermo-Calc software [14]. The stabilities of different phases were calculated from 
the reference composition in Table 3. An oxygen level of 5 ppm that earlier have 
been found to be realistic during ladle treatment [30] was used. The results of the 
calculations are presented in Figures 29-32, where selected parameters were varied. 
The main parameters investigated were the pressure together with oxygen, sulphur 
and carbon. 
 
Table 3. The steel composition used in the calculations. 

C Si Mn Cr Ni Al Ca (ppm) O (ppm) 
0.98 0.24 0.28 1.38 0.18 0.1 1.8 5 

 
 
When varying pressure, the calculations shows that when the pressure was 
decreased the dissolved carbon and oxygen are no longer stable and carbon 
monoxide forms according to reaction (2). This lowers the oxygen activity as well 
as encourages sulphur to react with calcium. At the same time as the gas forming 
reaction (2) take place, the liquid calcium aluminate slag phase disappears and a 
new solid CaS -phase were formed. This is shown in Figure 29 where the amounts 
of each thermodynamically stable phase are shown as a function of a varying 
pressure. It was possible to see that two types of calcium aluminates were stable at 
pressures above ~40 torr. It was the stoichiometric CaO.2Al2O3 -phase together 
with a liquid calcium aluminate phase. The composition of the liquid calcium 
aluminate phase was 35wt% CaO and 65wt% Al2O3 which was close to a 
stoichiometric CaO.Al2O3 -phase. Below 40 torr, the formation of carbon 
monoxide gas took place and the solid CaO.2Al2O3 -phase was no longer be stable. 
Instead, the amount of liquid calcium aluminate phase increased. Below ~15 torr, 
CaS was stable instead of the oxide phases. The theoretical explanation is given in 
equation (14).  
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Figure 29. Amount of phases as a function of pressure. Conditions from Table 1 and 10 ppm 
sulphur, 5 ppm oxygen. 1570oC.  
 

The most important parameters for the formation and composition of the 
inclusion in the studied steel are the sulphur and oxygen contents. Therefore 
increased sulphur content was investigated. In the new calculation the system 
contains 100 ppm sulphur instead of 10 ppm. The result is shown in Figure 30 
presented in the similar way as in the previous figure. When the pressure was 
decreased CO-gas starts to form just above 40ppm like in the case with 10ppm 
sulphur. The difference was that CaS may be stable together with the gas phase 
already at ~30torr instead of 15torr. However, the higher amount of sulphur was 
not affecting the amounts of precipitated oxides above ~40 torr. 

0.0E+00

2.0E-04

4.0E-04

6.0E-04

8.0E-04

1.0E-03

1.2E-03

1.4E-03

1.6E-03

1.8E-03

2.0E-03

0 20 40 60 80
P Torr

W
t%

 o
f P

ha
se

Slag
CaS
Gas
CaO_Al4O6

 
Figure 30. Amount of phases as a function of pressure. 100 ppm sulphur and 5 ppm oxygen, 
1570oC. 
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The effect of increased oxygen is seen in Figure 31, where the oxygen content has 
been set to 10ppm instead of 5ppm as in Figure 29. The most obvious result was 
the amount of calcium aluminates that has increased. Also, the pressure where CO-
gas was thermodynamically stable below has increased from 40 to 50 torr. 
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Figure 31. Amount of phases as a function of pressure. 10 ppm sulphur and 10 ppm oxygen, 
1570oC.  
 

The effect of temperature is clear and the stability of different phases is very much 
depending on the temperature. At a decreased temperature a lower pressure is 
needed for the formation of CO-gas. A phase diagram with temperature and 
pressure as variables are shown in Figure 32. Again the lower oxygen (5ppm) and 
sulphur (10ppm) contents were used. From this figure it was for example possible 
to find the relation between temperature and pressure at which formation of CO-
gas can thermodynamically take place. A temperature of 1570oC gives a maximum 
pressure of just above 40 torr, in similarity with Figure 29. In addition to this it is 
possible to see that above about 30 torr the calcium aluminate are solid below 
1550oC.  
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Figure 32. A phase diagram of precipitated phases in a steel melt, based on temperature and 
pressure. 10ppm Sulphur, 5ppm Oxygen.  
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4.5 Supplement 5 
 
The samples taken during the lab trials were studied using SEM combined with 
EDS. The majority of the observed inclusions in the solidified samples were found 
to be sulphides containing manganese and chromium. In many cases it was also 
possible to see an oxide core surrounded by a sulphide phase, as illustrated in 
Figure 33. The ratio between the oxide and the sulphide phases was found to vary 
between the samples. In the microscopy study, some pure sulphides and pure 
oxides were also found. Also, the element calcium was found in both sulphide and 
oxide inclusions.  
 

 
Figure 33. Example of inclusion with alumina core and surrounding (Mn,Cr)-sulphide phase. 
 

Based on the results from the microscopy study, the elements in the inclusions 
were divided into three groups; Mn+Cr+S (sulphides), Al+Mg (oxides) and Ca. 
The majority of the inclusions were a combination of oxide and sulphide types, 
often divided in two visible phases as mentioned above. The inclusion composition 
is illustrated in Figure 34, where at%(Mn+Cr+S), at%(Al+Mg) and at%Ca are 
plotted as a function of at%S. It can be seen that at%(Mn+Cr+S) mainly follows a 
relationship with at%S corresponding to roughly a 2:1 relationship, which 
stoichiometrically should correspond to (Mn,Cr)S inclusions. However, in some 
cases the relationship was 1:1 and coincides with the results for at%Ca, which 
indicates that those inclusions contained CaS. Only a few inclusions had a 
composition close to 50 at%Ca and 50 at%S, which indicates that almost none of 
the inclusions could be considered as pure CaS inclusions.  
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Figure 34. Composition of all analysed inclusions in supplement 5. 
 

The oxide-phase inclusions were mainly consisting of alumina with various 
amounts of Mg and Ca. The type of oxide was investigated by plotting Mg against 
Al, as shown in Figure 35. From the results it was possible to observe the presence 
of a possible spinel phase. The spinel phase has an atomic Mg/Al ratio of 1:2 and is 
shown as a solid line in the figure. From Figure 35 it was also possible to observe 
an increase in Mg content with an increasing Al content, as expected. Inclusions 
from samples taken before and during vacuum in the MgO crucible were separated 
in the figure.  
 
From Figure 35 it is also possible to see that during the periods of vacuum 
treatment the Mg content in the inclusions was lower. The majority of the found 
inclusions during vacuum treatment had a Mg content below the spinel ratio, but 
before vacuum treatment there were several that had a higher Mg content. It is 
appropriate to assume that the oxide inclusions consisted of a combination of 
alumina, spinel and MgO before vacuum treatment. During vacuum the inclusions 
consisted of mainly alumina. The results from the trial where an alumina crucible 
was used instead of a MgO crucible are also shown separately in Figure 35. It was 
possible to observe that there was no Mg in the inclusions at all, either before or 
during vacuum, when the alumina crucible was used.  
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Figure 35. Ratio between Al and Mg of inclusions analysed before (BV) and during vacuum 
(DV).  
 

4.5.1 Average Compositions Before and During Vacuum 
Treatment 

To be able to compare the inclusion compositions in the crucible before and during 
vacuum treatment, the average inclusion composition was calculated from the 
results for each sample. The results are shown in Figure 36. When the amounts of 
Mn+Cr+S in the inclusions are compared in the samples taken before and during 
vacuum treatment, it was possible to see an increase in all trials but one. The 
increase was small in general; the average of the increases was 7at% units. In 
similarly to the increase of Mn+Cr+S during vacuum treatment, it was also possible 
to observe a decrease in Mg+Al. Furthermore, this decrease was valid for all 
pressure drops. The negative trend in both Mn+Cr+S and Al+Mg in trial 4 was 
due to an increasing Ca content in that particular sample. Otherwise the Ca content 
in the inclusions was almost constant with one exception, trial 1B. The difference 
from the other pressure drops was that a larger amount of Ca had been added to 
the steel in this trial in comparison to the other trials, see Table 1. The lowered Ca 
inclusion content can be due to separation of this type of inclusions during the 
treatment.  
 
The results in Figure 36 indicate that inclusions became more sulphide-like at low 
pressures. However, this can also be due to the sulphur in the crucible material. 
Thus, an increase in sulphur could be due to continuous mass transfer of sulphur 
into the steel. This phenomenon was studied more in-depth by taking two samples 
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at an interval of 40 minutes using a constant atmospheric pressure. The microscopy 
results showed that the inclusions had very high sulphide contents in both samples. 
However the lack of oxides makes it hard to evaluate a potential change in 
inclusion chemistry without vacuum.  
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Figure 36. The change in average inclusion composition (Difference=During-Before), for all 
trials.  
 
During the experiments it was possible to observe that the melt surface became 
agitated when the pressure was lowered below a certain value. The explanation 
could be CO-gas leaving the melt due to pressure-initiated super-saturation of 
dissolved carbon and oxygen. This was in agreement with equation (2). The 
phenomenon was observed at different pressures for different trials, but for the 
same pressure ranges (5-40 torr) as in the predictions. After the melt had been 
exposed to the low pressure for a while, the melt became less agitated. Another 
observation from the experiments was that the melt surface was more agitated in 
the alumina crucible compared to the experiments in the magnesia crucible.  
 
The average inclusion size was also determined for each sample in the microscopy 
study. From Figure 37 it is possible to see that the average inclusion size increased 
slightly with treatment time in all trials. More specifically, the size increased with 
approximately 0.5-1.0 microns, which was not much. In one of the trials, the 
inclusion size was slightly larger than in the others, but overall the inclusion sizes 
were comparable between the trials. From the microscopy results it was also 
studied whether a correlation between size and composition existed. It was found 
that there was no size dependence with respect to composition for the present 
experimental conditions. More specifically, this means that larger inclusions did not 
contain more or less oxide.  
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Figure 37. Inclusion size before (BV) and during vacuum (DV).  
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5. DISCUSSION  

The variables important for inclusion composition during ladle treatment are very 
much connected with each other. These complex relations were shown already in 
the introduction chapter in Figure 2. In the discussion chapter some of the 
different variables will be discussed and related to the inclusion composition.  
 
The results from the different supplements within the thesis are used jointly in the 
discussion. The input to the discussion from each supplement is shown in Table 4. 
As seen in the table, the inclusion-steel interaction and inclusion composition are 
considered in all supplements.  
 
Table 4. Different parameters of the supplements considered in the discussion. 

  Supplement  
  1 2 3 4 5 
Equilibrium conditions x x x   
Oxygen activity  x x x   
Slag-steel interaction x x x   
Refractory-steel interaction     x 
Inclusion-steel interaction x x x   
Vacuum pressure    x x 
Temperature    x   
Inclusion composition x x x x x 

 
 
The outline of the discussion is seen in Figure 38. First, equilibrium conditions and 
its effect on oxygen activity in the steel bulk are discussed. In the following section, 
5.2, gradients in the ladle are discussed with the perspective of inclusion 
composition. Finally, in section 5.3, the inclusion composition is related to the top 
slag and refractory compositions.  
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 Figure 38. The outline of the discussion.  
 

5.1 Equilibrium conditions and oxygen activity  
 
Controlling the oxygen activity in steel melts is essential for the control of non-
metallic inclusions in steel production. There are several mechanisms both 
increasing and decreasing the oxygen activity during the ladle treatment. In this, the 
first part of the discussion chapter, the equilibrium conditions important for 
oxygen activity will be discussed based on the results in current study. The aim is to 
conclude the grade of equilibrium from different aspects.  
 
The main parameter determining the oxygen activity is the content of reactive 
elements such as C, Si and Al in the steel. The oxygen activity is then set by the 
equilibrium with the corresponding oxide, as shown earlier in equations (8), (9) and 
(12). To be able to calculate the oxygen activity from equation (8) and (9) the 
activity of the oxide phase is needed. In addition to that, the assumption of 
equilibrium must be accurate. This was studied in supplement 1 and discussed 
further in supplement 3.  
 
As seen in the results from supplement 1, the calculated oxygen activity differs 
from the measured values. The main reason for the found divergence was believed 
to be the assumption of equilibrium between dissolved oxygen and the oxide phase. 
The divergence was most obvious when the top slag - steel melt was considered. 
Also, it was found that the conditions in the steel bulk and the top slag were closer 
to equilibrium conditions after vacuum treatment than before vacuum treatment. 
This is due to strong mixing between slag and steel during the period of vacuum 
treatment which promotes slag-metal reactions.  
 
 

Equilibrium Conditions 

Oxygen Activity 

Inclusion Composition 

Gradients 
Composition, Temperature, Pressure 
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When the inclusion-steel equilibrium was considered, the oxygen activity was found 
to be in better agreement than for the calculations of top-slag and steel equilibrium. 
The main reason is believed to be the large surface area related to the volume of 
the inclusion. This promotes rapid change of inclusion composition towards 
equilibrium. 
 
From the comparison of the different models for calculation of oxide activity it was 
not possible to conclude whether a particular model gives a better result than 
another. The models gave similar results. Furthermore, when the oxide activity data 
was used to predict the oxygen activity in steel, the agreement with measured data 
was less satisfactorily. However, even though there was a large difference between 
measured and calculated oxygen activities, the measurements and the predictions 
showed the same trends. This was studied more in-depth in the 3rd supplement.  
 
Even if it was found that there was no general equilibrium between top slag and 
steel melt in supplement 1, the equilibrium was further discussed in supplement 3. 
To be able to compare different trials after aluminium deoxidation, equation (11) 
was derived. The left hand side was plotted to the reciprocal temperature and the 
result is seen in Figure 39. The measured values come from the last three samples 
after Al-deoxidation in supplement 3. In addition, data from supplement 2 and two 
earlier studies were used [31,32]. It is possible to see that the majority of the 
measured values were on a straight line, close to the theoretical line with an alumina 
activity equal to unity. It can be said that the oxygen activity after Al deoxidation is 
strongly affected by the reaction shown in equation (6). It is very interesting to note 
that the results of different steel plants and steel grades were on the single line. This 
means that after Al addition for deoxidation, Al2O3 inclusion rapidly forms and the 
equilibrium between dissolved Al and O in steel melt and Al2O3 inclusion will be 
nearly attained regardless of steel plant and steel grade.  
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Figure 39. Relation between OAl log3log2 aa +  and reciprocal temperature for samples taken 
during ladle treatment in four different trials.  

 
If the results are studied more in detail it can be seen that the majority of the 
plotted values of OAl log3log2 aa +  in steel were slightly larger than the line 
calculated by assuming that the Al2O3 activity was 1. This deviation can have 
several explanations. The ones suggested are:  i) the measured temperature is always 
higher than the actual temperature, ii) the measured oxygen activity is always higher 
than the actual oxygen activity, iii) supersaturation of steel, iv) accuracy of Gibbs 
free energy change of 2Al+3O=Al2O3(s). The first two suggestions are believed to 
be less important than the last two explanations.  
 
Even though the majority of the plotted values in Figure 39 were higher than the 
theoretical line, a few values were lower than the line determined assuming that 
Al2O3 activity was 1. In supplement 2 it was found that Al2O3 saturated MgO-
Al2O3 inclusion forms after Al deoxidation. However, in some trials the 
composition of inclusion was close to that of top slag, not saturated with Al2O3, 
and the data for the same trial were lower than the line of Figure 39. Hence, it was 
assumed that in some of the samples in supplement 2 taken after vacuum treatment 
(sample OS-3), the composition of inclusion in steel has changed and it was not 
Al2O3 saturated. This was confirmed by the inclusion analysis of one heat where it 
was obvious that the majority of the inclusions before vacuum were of alumina 
type, as seen in Figure 24. After vacuum treatment only a few of the found 
inclusions contained alumina, as shown in Figure 25. There is no reason to believe 
this was not a general trend for all heats in supplements 1 and 3. 
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From the results and discussion above, the overall conclusion is that it is not 
possible to assume that the top slag and steel bulk are in equilibrium with respect to 
oxygen, at least not before vacuum treatment. If the inclusions were considered 
instead of the top slag, assumption of oxygen equilibrium between oxide phase and 
steel melt was found to be more relevant. After the steel had been Al-deoxidised it 
was the Al/Al2O3 equilibrium which set the oxygen activity and therefore the 
temperature was found to be of great importance.  
 

5.2 Gradients in the steel melt 
 
Throughout the study several aspects of varying thermodynamic conditions as a 
function of the position in the ladle has been found. Temperature and oxygen 
activity gradients were found during measurements in the ladle during the work in 
supplement 3. The effect of pressure was studied in supplements 4 and 5. In this 
section, the effect of these gradients will be discussed with respect to inclusion 
composition.  
 
From Figure 27 it was clear that during the majority of the ladle treatment the 
oxygen activity was higher in the lower measurement position than in the upper 
position. It therefore seems that an oxygen activity gradient exists before vacuum 
treatment, at least in the upper part of the ladle, where the oxygen activity decreases 
from the bulk towards the top. If oxygen diffuses from oxygen-rich atmosphere 
and oxygen-containing slag into steel, this might seem peculiar since the upper part 
of the steel is closer to the atmosphere and the slag. Although, the effect from 
temperature on the oxygen activity seems to have even larger effect in the majority 
of the sampling occasions. However, from Figure 27 it was also possible to see that 
at the last sampling occasion, OS-3, after vacuum treatment, the trend was the 
opposite compared to the earlier ones. Even if the measured oxygen activity 
difference was small it was clear that the oxygen activity was higher closer towards 
the top slag. This means that the oxygen rich atmosphere and top slag provides the 
steel with oxygen. This reoxidation might be an effect of the very low oxygen 
activity and the fact that the steel melt was no longer supersaturated with respect to 
alumina after vacuum treatment as seen in Figure 39.  
 
Normally the steel temperature is measured at a certain depth, approximately 40-50 
cm below the slag-steel interface in the steel. This is the temperature of the steel 
bulk and the temperature in the peripheral areas may be different. The temperature 
gradients are in general not considered in thermodynamic calculations, even if a 
considered reaction is taking place at the slag-steel interface. Temperature gradients 
do also exist towards the ladle walls affecting the conditions for steel-refractory 
interactions. The temperature gradients are minimised by stirring, although the 
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gradient was found in present study and are believed to have even larger effect in 
the boundaries close to refractory and top slag. The finding of a measurable 
temperature and oxygen activity gradient in the ladle, during industrial practice, 
emphasizes the importance of doing the measurements at the same point and 
depth every time.  
 
The effect of pressure on the conditions in the ladle has also been studied. The 
results show that it was possible to have an influence on decreased pressure on the 
inclusion composition. At low pressures, formation of CO-gas can lower the 
oxygen content in the melt. However, due to the ferrostatic pressure the total 
pressure in the steel melt rapidly increase by depth. The relation between depth and 
total pressure is seen in Figure 40. From a thermodynamic point of view the 
conditions in the ladle change by the depth, so that the solution limit of dissolved 
gases are higher at the bottom. It is not possible to break the laws of physics and 
avoid the ferrostatic pressure. However by applying stirring, the entire melt can be 
exposed to a lower pressure in the upper part of the ladle for a period of time.  
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Figure 40. The pressure in the steel as a function of the dept in the ladle for two different 
pressures above the steel melt (0 Torr and 760 Torr (1 atm)). 
 
The results from the studies of temperature and oxygen activity gradients as well as 
pressure emphasizes that the conditions in the slag-metal interface can not be 
assumed to be the same as in the steel bulk. Temperature, oxygen activity and 
pressure are all affecting the chemical as well as physical properties [33,34] in the 
boundary layer. These properties are important both for inclusion formation and 
separation.  
 
Another variable that is important for the character of inclusions and is influenced 
by depth is the stability of the magnesia lining in the ladle. The stability of the MgO 
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lining is set by the oxygen activity and partial pressure of Mg(g) as seen in equation 
(18) and was calculated in Figure 10. The results show that when the pressure is 
decreased it was possible to have a decomposition of the refractory material.  
 
The MgO in the inclusions may also be affected by a decreased pressure. In 
supplement 2 the MgO.Al2O3 spinel and the MgO content was lower after the 
vacuum treatment. In supplement 5 it was found that the Mg content in the 
inclusion during vacuum was significantly lower than before. This was illustrated in 
Figure 35. This is assumed be a result of reaction (16), and the decreased stability of 
MgO in the inclusion as a result of decreased pressure.  
 
In summary, gradients have been evaluated in present work. It has been found that 
the effects of varying temperature, oxygen activity and pressure should not be 
disregarded when describing the conditions in the ladle important for inclusion 
composition. As a result of the gradients, the conditions in a boundary layer close 
to top slag or refractory are believed to vary much from the steel bulk.  
 

5.3 Inclusion Composition 
 
The inclusion composition is largely influenced by the oxygen activity and 
equilibrium conditions discussed above. The inclusion composition can also be 
related directly to different sources such as top slag [32,35,36] and ladle refractory 
[15,19,20,22] which have been investigated in several studies. During the present 
work some observations have been done in the different investigations and are 
further discussed in current part of the discussion chapter. The effect of top slag 
was in focus in supplement 2 while the effect of refractory material was mainly seen 
in the lab scale trials in the 5th supplement.  
 
The top slag is known to have a large influence on the inclusion composition. In 
supplement 2 a variation of top slag composition was used in the industrial process. 
It was possible to relate the inclusion composition to the slag composition. The 
most obvious species was the MgO. As seen in Figure 41, there was a straight 
relation between MgO content in the inclusions and in the top slag. The relation 
between other species in top slag and inclusions was not as obvious, even though a 
high SiO2 content in the top slag could be related to an increased SiO2 content in 
the inclusions. However, a separate study of another steel grade at the same steel 
plant also found a relation with respect to CaO [32].  
 
Normally the refractory is considered as the main supplier of Mg/MgO to the melt. 
This was confirmed in supplement 5 where a crucible of alumina was used in one 
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trial. In that trial, no MgO was found at all in the inclusions, as seen in Figure 35. A 
much lower MgO content has also been found in the inclusions during industrial 
practice when two studies of ladles with Al2O3 lining [37,38] were compared with 
one similar study where MgO lining [39] was used. It is clear that both refractory 
and top slag affect the amount of MgO in the inclusions. The major supplier of Mg 
to the melt is believed to be the refractory. This is an example of the complexity 
regarding different parameters influence on the inclusion characteristics shown in 
Figure 2.  

 
Figure 41. Relation of average MgO content and standard deviation in inclusions and MgO 
content in top slag in supplement 2. 

 
The results in Supplement 2 have shown that the inclusion composition change 
continuously during the ladle refining operation (Figures 16-21). During the period 
of vacuum treatment the inclusion composition became more close to top slag 
position. In supplement 1 it was shown that the top slag became closer to 
equilibrium with steel melt during the vacuum treatment. The effect of vacuum 
treatment was not the focus of the 3rd supplement. However, the study of the 
inclusion composition for one heat, Figures 24 and 25, makes it possible to 
compare the inclusion composition before and after vacuum treatment. It was 
possible to see that a few inclusions contain Ca after vacuum and no one before; 
this is taken as a sign of influence from the Ca-rich top slag on the inclusions.  
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Both supplements 1 and 2 show that the content of SiO2 in the inclusions was 
higher when Al was very low in the steel melt. In the case of supplement 1 it was 
not unexpected, since the steel was only Si-deoxidised. In supplement 2 the 
decrease of Al in the steel occurred during vacuum treatment. A probable reason 
could be the high SiO2 content in the top slag, which in turn is depending on the 
SiO2 rich slag brought over during EAF tapping. If the deslagging is not completed 
in a satisfactorily manner the SiO2 content in the ladle top slag will consequently be 
higher.  
 
In summary, both refractory and top slag have been found to influence the 
inclusion composition. The composition of the top slag is very important for the 
control of inclusions with respect to composition. This has been found to be of 
great importance after vacuum treatment.  
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6. SUMMARY AND CONCLUSIONS 

Two industrial studies and one set of lab scale trials have been carried out. In 
addition, a theoretical study has been done. The main focus has been on inclusion 
composition during the ladle refining operation. Sampling has been done together 
with careful evaluation of inclusion composition. The inclusion composition has 
been related to different variables. In the industrial trials, samples have been taken 
at different steps during the ladle refining period. Steel and slag composition as well 
as temperature and oxygen activity have been determined. 
 
During the present work several general and specific conclusions has been possible 
to make. The oxygen-oxide equilibrium is of great importance for inclusion 
conditions in the ladle. From the present work one conclusion is that it is not 
possible to assume that the top slag and steel bulk are in equilibrium with respect to 
oxygen before vacuum treatment. However, if the inclusions were considered 
instead of top slag, equilibrium is a much more realistic assumption.  
 
After vacuum treatment, the whole system has moved towards equilibrium with 
respect to oxygen. Assuming equilibrium between top-slag and steel bulk at this 
stage gives much better agreement between calculated oxygen activity data and 
measured values. Also, the inclusion composition has been found to change during 
ladle refining and move towards the top slag composition during the period of 
vacuum treatment.  
 
It has been concluded that after Al-deoxidation the oxygen activity is set by the 
Al/Al2O3 equilibrium. Since this relation has a strong temperature dependence, the 
oxygen activity is strongly related to the temperature. After vacuum treatment, 
when the inclusion has undergone a composition change, the influence of the 
Al/Al2O3 equilibrium on the oxygen activity was less important.  
 
It has been possible to measure a temperature gradient in an industrial ladle during 
ladle refining. Due to the strong temperature dependence, the oxygen activity was 
lower close (15 cm) to the steel-slag interface than in the more distant (45 cm) 
measurement level. However, after vacuum treatment the oxygen activity gradient 
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was reversed and the oxygen activity was slightly higher in the vicinity of the top 
slag, the conclusion would be that the steel melt was no longer supersaturated and 
that it suffers from reoxidation.  
 
In a steel grade with a high carbon content, the carbon monoxide forming reaction, 

)(gCOOC ⇔+ , becomes important when the pressure is decreased. In present 
work it has with the help of metallurgical simulation been shown that this 
theoretically affect the inclusion composition. The oxide inclusion should 
theoretically be reduced. However, a laboratory study has shown that the oxide 
inclusions are possible to find in samples taken during vacuum pressure. The 
conclusion was that the studied effect of a decreased pressure on the inclusion 
composition was small in the steel bulk. However, in the steel-slag boundary layer 
these effects are believed to have significance.  
 
The effect of top slag composition has been concluded to have a large effect on the 
inclusion composition throughout the whole ladle refining operation. Some of the 
parameters affecting the inclusion compositions in the later stages of the ladle 
treatment are set in the beginning of the process. Examples are the precision in Al-
addition for deoxidation and the deslagging success. Small process parameter 
changes and practical variations during ladle refining were proven to give rather 
large differences of the inclusion composition. 
 
The magnesia refractory material in the ladle has been found to have a major 
importance for the presence of magnesia in the inclusions. However, it has also 
been found that the magnesia content in the top slag was directly related to the 
magnesia in the inclusions. Decrease of magnesia in the inclusions also been 
observed and the conclusion is that a decreased pressure during vacuum treatment 
causes decomposition. 
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7. FUTURE WORK  

As mentioned in the introduction, the ladle refining process is undergoing a 
continuous development. The research area is not new, but there is still much 
effort needed to further understand and optimise the ladle refining process. The 
increase in computer performance and software development makes it possible to 
simulate more and more complex systems. A vision for the future would be to 
simulate the complete steel production process with such precision that the 
inclusion morphology could be simulated with a good accuracy. In this complete 
simulation, the thermodynamic and physical properties as well as reaction rates and 
flow conditions would be considered. To achieve this lots of work is needed, both 
collecting data in the process and fundamental research. However, as long as the 
steel production process is controlled by scientific rules and not witchcraft this will 
be possible in the future.  
 
Some other suggestions for work in a more near future in the area of understanding 
how the inclusion composition is affected by interaction from conditions in the 
ladle are:  
 

 Perform plant trials with the purpose to further understand how the 
inclusion composition is changing by time under non-varying conditions. A 
study with different top slag composition would give a clearer picture of the 
top slag on the inclusions. 

 
 Do laboratory studies of the interface between slag and steel, to see how the 

steel composition is varying towards the interface. Investigate the interface 
with possible local equilibria.  

 
 Further investigate factors of oxygen activity during industrial ladle refining. 

The goal would be a model based on easily measurable properties like slag 
and steel composition, and temperature.  

 
 Look into if it is possible to find a general “grade of equilibrium” during 

different stages of ladle refining. This would be useful to apply instead of 
assuming equilibrium between top slag and steel bulk 
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 Make in-depth studies how inclusion chemistry is affected by vacuum at 

various times. An addition, study how the inclusion composition is changed 
when the pressure is increased again.  

 
 Make laboratory scale trials with the aim of achieving conditions as close as 

possible to the conditions in the theoretical study of present work. The goal 
would be to validate the calculations.  
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