
!

!

A Study of Slag/Metal Equilibrium and Inclusion 
Characteristics during Ladle Treatment and after 

Ingot Casting 

 

Hamid Doostmohammadi 

 

Doctoral Thesis 

 
Department of Materials Science and Engineering 

Division of Applied Process Metallurgy 
Royal Institute of Technology 

SE-100 44 Stockholm 
Sweden 

 
Akademisk avhandling som med tillstånd av Kungliga Tekniska Högskolan i 
Stockholm, framlägges för offentlig granskning för avläggande av Teknologie 
Doktorsexamen, torsdag den 17 december 2009, kl. 13.00 i F3, Lindstedtsvägen 
26, Kungliga Tekniska Högskolan, Stockholm.  
  

ISRN KTH/MSE- -09/66- -SE+APRMETU/AVH  
ISBN 978-91-7415-520-4 

 



 ii 

 

 

 

 

 

 

 

 

 

 

 

 

Hamid Doostmohammadi A Study of Slag/Metal Equilibrium and Inclusion 
Characteristics during Ladle Treatment and after Ingot Casting 

 

 

KTH School of Industrial Engineering and Management 
Division of Applied Process Metallurgy 
Royal Institute of Technology 
SE-100 44 Stockholm 
Sweden 
 
ISRN KTH/MSE- -09/66- -SE+APRMETU/AVH  
ISBN 978-91-7415-520-4 
 
 

© The Author 



 iii 

 

 

 

 

 

 

 

 

 

This work is dedicated to: 

 Aida 



 iv 

ABSTRACT 

Today, there is a high demand on clean steel for high performance material 
properties. Thus, steel producers try to deliver a steel product with the highest 
quality and cleanliness to the market. The number of parameters that affect the 
steel cleanliness may vary depending on the required material properties of the 
final product. However, the non-metallic inclusion characteristics represent one of 
the most important parameters. More specifically, the composition, size, number 
and morphology affect steel cleanliness. In this work, selected parameters affecting 
the inclusion characteristics were studied using the following methods: i) 
thermodynamic calculations (including computational thermodynamic 
calculations), ii) inclusion determinations using a cross sectional (CS) method (2D 
investigations) and iii) inclusion determinations using an electrolytic extraction 
(EE) method (3D investigations). 

The computational thermodynamic calculations of the slag-steel and inclusion-steel 
equilibriums were carried out using the Thermo-Calc software. With the help of 
these calculations, the influence of the slag carryover on the top slag, aluminum 
content in steel and sulfur distribution ratio as well as predictions of stable phases 
of inclusions were studied. In addition, inclusion determinations of tool steel grade 
samples collected during various stages of the ladle treatment in a scrap-based steel 
plant were carried out using both 2D and 3D methods. Furthermore, inclusion 
determinations of bearing steel grade samples from a runner system after ingot 
casting were performed using a 2D metallographic method (CS-method). Also, the 
INCAFeature software was used, when using cross sectional method, in order to 
collect more statistics of the inclusion characteristics.  

It was found that slag carryover has a large influence on the composition of the 
actual top slag as well as the aluminum content in the steel as well as the sulfur 
distribution ratio. In addition, steel and slag were found to be in “near”-equilibrium 
conditions, after the completion of the vacuum degassing operation. Furthermore, 
the composition of small-size inclusions in samples taken from tool steel was found 
to be very scattered. Moreover, the composition of the large-size inclusions was 
found to be less scattered. Furthermore, closer to the top slag composition in 
samples collected after vacuum degassing. Finally, the accuracy of the inclusion 
composition determinations of tool steel samples using the electrolytic extraction 
method was found to be better than for the cross sectional method. The worse 
accuracy of the CS-method is due to a considerable effect of matrix elements on 
inclusion composition. 
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CHAPTER 1 
 

INTRODUCTION 
 

Today, there is a high demand on a clean steel production. Thus, steel producers try 
to deliver a steel product with the highest quality and cleanliness to the market. 
Making clean steel requires that the amount of non-metallic inclusions and 
impurities in steel should be kept at the lowest possible level. In this regard, having 
a good understanding of inclusions characteristics in steel is necessary. Therefore, 
in order to make a clean-steel grade several process steps need to be optimized. 
More specifically, this depends on the steel grade and composition. However, for 
most steel grades the steelmaking route is quite similar. In order to exemplify a 
typical process route, a scrap-based steelmaking process is selected. In such a 
production process, four main steps are typically included: a) electric arc furnace 
(EAF) b) ladle furnace (LF) c) vacuum degassing d) casting. These steps are 
illustrated in Figure 1. 

 

 

  a) Electric arc furnace            b) Ladle furnace        c) Vacuum degassing      d) Up-hill casting 

Figure 1. Process of tool steel production at Uddeholm Tooling AB, Sweden [1] 

 

After selecting the appropriate scrap from the scrap yard the scrap basket is 
transported to the Electric Arc Furnace (EAF). The first basket is added to EAF 
and the scrap is melted by the electrodes. Thereafter, a second basket is added and 
melted. In this order, the rest of scrap is added to EAF and the scrap is converted to 
liquid steel. Thereafter, the steel melt is heated up to the aimed temperature. During 
this time usually some refining of the steel melt is done. For example, the liquid 
steel composition is adjusted by addition of few elements like silicon. In addition, 
other operations such as decarburization, dephosphorization and desulfurization 
can be carried out during the refining process. After reaching the desired tap 
temperature, the liquid steel is tapped into a ladle. During the tapping of liquid steel 
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to the ladle some EAF slag is carried over to the ladle, which should be raked off 
later. This furnace slag is called slag carryover.  

 

The first step in the ladle refining is the deslagging of the furnace slag. This 
operation should be done due to minimize the effect of the slag carryover on the 
steel refinement during the remaining ladle treatment. The EAF slag carryover 
usually contains high levels of FeO, MnO and SiO2, which lead to an increased 
oxygen potential of the ladle top slag. An increased level of oxygen in the ladle top 
slag, in turn, leads to formation of non-metallic inclusions. Furthermore, the EAF 
slag carryover can change the composition of top slag, too an extent which is 
dependent on the weight and composition of the slag carryover [2].  

 

After deslagging, the ladle is transported to the heating station at the ladle furnace 
(LF). The steel melt is heated up using high-power electrodes. Thereafter, 
deoxidizing elements such as aluminum is added to the liquid steel and the melt is 
deoxidized. The oxygen potential of steel melt decreases after the oxidation 
process. Addition of the synthetic slag and alloying elements are followed by 
heating the steel and the slag. In this step, the steel composition is adjusted 
according to the target composition. Thereafter, the ladle is moved to the vacuum 
degassing station for the further refining. In this dissertation, results of the effect of 
EAF slag carryover, deoxidation products and contributions to the top slag on the 
ladle refining are presented in supplement 1.  

 

In the vacuum degassing station, a lid is put on top of the ladle in order to carry out 
vacuum treatment. During the vacuum degassing detrimental gases like H2 and N2 
are removed from the liquid metal. Melt homogenization is usually done by both 
gas and induction stirring. The steel melt stirring is especially important for sulfur 
removal as well as floatation of the inclusions to the top slag. The stirring causes a 
turbulent fluid flow in the steel melt especially at the upper part of the steel melt. 
This leads to an increased contact surface of the slag-metal at the interface of the 
top slag and the steel melt. This is beneficial for the sulfur removal during the 
vacuum degassing process. After vacuum degassing, most steel plants use soft 
stirring to accomplish temperature adjustment as well as some inclusion removal 
from the steel melt. Supplements 2 and 3 are focused on studying the formation 
and characteristics of the inclusions in the steel melt during the vacuum degassing 
of the ladle. 

 

In the casting process, the steel melt is teemed from the ladle. For tool and bearing 
steel making in Sweden, which is the focus of this dissertation, ingot casting is 
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mostly used.  In ingot casting, the melt is poured into one or several molds. 
Thereafter, the melt solidifies in the molds [3]. The most important ingot casting 
method is the up-hill teeming method, where the steel melt is drained from the 
bottom of the ladle into a runner system. This, in turn, feeds the steel usually into 
four, six or eight molds. Figure 2 shows a schematic illustration of an uphill casting 
system including the ladle, sprue, runner system and mold [4]. The solidified steel 
ingots are transported for shaping in order to reach the final product shape and size. 
Supplement 4 focuses on the inclusions characteristics in a runner channel after the 
solidification of the steel.  

 

 

Figure 2. A schematic illustration of up-hill casting system [4] 

 

1.1 The scopes of the present work 
  

The main objective of this study is to provide new research results, which could 
lead to an improvement of the steel quality with focus on the inclusion cleanness. 
Therefore, an in-depth study of ladle treatment and non-metallic inclusions during 
various stages of steel production is the main objective of this work. More 
specifically, the characteristics of the inclusions as well as some process 
parameters affecting the formation and the development of inclusions are 
described. In addition, computational thermodynamic calculations are applied to i) 
predict the influence of slag carryover on the slag composition, ii) the aluminum 
content in steel, iii) the sulfur distribution ratio during the ladle treatment as well as 
iv) for the prediction of the inclusions phases in the steel solidified in a runner 
system. 
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Overall, this thesis is based on four supplements. Figure 3 demonstrates how the 
different supplements are related to each other as well as major studies in the 
supplements. In supplement 1, the effectiveness of the ladle refining process for 
tool steel production is studied based on computational thermodynamic predictions. 
In this supplement, the calculation of the slag-steel equilibrium during vacuum 
degassing was performed. More specifically, this was done both by excluding and 
including the slag carryover and the deoxidation products. Data for the calculations 
were taken from samplings done in a scrap-based steel plant. The results showed 
that the slag carryover and the deoxidation products have a considerable effect on 
the top slag composition as well as the final aluminum and sulfur contents of steel. 

 

 

 

Figure 3. Relationship of different supplements in the thesis 

 

In the second supplement, a detailed analysis of the inclusions present in a 
commercial tool steel grade is presented. The following methods were used for the 
inclusion determinations in steel samples collected during plant trials: a) a 2D 
investigation of inclusions by a cross sectional method b) a 3D investigation of 
inclusions on a film filter after electrolytic extraction. In addition, in the 2D 
method a program called “INCAFeature” was used to collect statistical data on 
characteristics of the inclusions. A comparison of the results using the 2D and the 
3D methods showed that for smaller inclusions the accuracy of the 2D method was 
less than the 3D method, due to the influence of the metal matrix on the results. In 
addition, based on the composition data collected by using the 3D method, a 
critical size of the inclusions could be determined. 
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In the third supplement, a detailed study of inclusions in tool steel formed during 
the vacuum degassing is presented. The inclusions determination was done for 
samples collected during plant trials. The compositions of the inclusions, smaller 
than a critical size of inclusions and determined in supplement 2, were found to be 
very scattered. Therefore, small size inclusions and large size inclusions were 
studied separately. Also, the relationship between the top slag and inclusions was 
investigated. Inclusions phases for both small-size and large size-inclusions were 
determined. Possible origins for inclusions were studied based on thermodynamic 
calculations of inclusion-steel equilibriums as well as top slag-steel equilibriums. 

 

In the fourth supplement, inclusions characteristics of bearing steel left in a runner 
system of ingot casting were studied. In this study, a quantitative evaluation of the 
inclusion size distribution in the runner steel samples was performed. The 
INCAFeature software was used to collect statistics of inclusions characteristics. In 
addition, thermodynamic predictions of inclusions phases using the Thermo-Calc 
software were performed. The inclusion characteristics in the runner were also 
compared to literature data of inclusions found in previous investigations of ladle 
and mold samples.  

 

The outline of the thesis is as follow: 1) Introduction including objectives of study 
2) Theoretical methods used in this study 3) Experimental methods used for 
collecting samples as well as analyzing the data 4) Results obtained from each 
supplement 5) Concluding discussion that illustrates the relation of the aim of the 
study and obtained results 6) Conclusions and 7) Future work.
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CHAPTER 2 
 

THEORETICAL METHODS 
 

Two theoretical methods have been used in this thesis, namely mass balance 
calculations and thermodynamic calculations including computational 
thermodynamic calculations. More specifically, the weight of slag carryover has 
been calculated by the mass balance method. In this method, by assuming a 
continuous steady-state process it can be expressed that subtraction of material 
input and material output is equal to zero [5]. In addition, computational 
thermodynamic calculations have been used for the calculation of the equilibriums 
of metal-slag and inclusion-metal, respectively. The obtained results from 
supplement 4 were evaluated with the thermodynamic predictions of inclusion 
phases using computational thermodynamic calculations. Details regarding each 
method are given below. 

 

2.1 Mass balance calculations (Supplement 1) 
 

The weight of slag carryover, WSCO, can be estimated by carrying out a mass 
balance calculation for the most stable components of the slag samples taken 
before deslagging (BD) and before vacuum degassing (BV). In doing this, the CaO 
content is considered as a tie compound in the slag. In this case, the equations of 
mass balance for every heat can be written as follows: 

 

! 

%CaOBD

100%
.WSCO +

%CaOsynth.slag

100%
.Wsynth.slag =

%CaOBV

100%
.WBV  (1) 

(WSCO + WDP) + WSynth.slag = WBV  (2) 

 

where %CaOBD, %CaOBV and %CaOSynth.slag are the contents of CaO expressed in 
weight percentage in the ladle slag before deslagging, before vacuum degassing 
and in the synthetic slag, respectively. The parameters WSynth.slag and WBV are the 
weights of the synthetic slag added in the ladle after deslagging and of the top slag 
in the ladle before vacuum degassing, respectively. The variable WDP is the weight 
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of deoxidation products after Al addition, which also results in a formation of top 
slag on the surface of the steel melt. 

 

The %CaOBD and %CaOBV values were obtained from the determinations of the 
chemical composition for the BD and the BV slag samples. Also, the %CaOSynth.slag 
value was estimated to an adequate accuracy level based on the known 
compositions and weights of all components of the synthetic slag formers that were 
added in the ladle after aluminum deoxidation. The value of WSynth.slag was 
calculated as the sum of all added components of the synthetic slag formers. The 
weight of deoxidation products, WDP, was estimated by calculating the weight of 
Al2O3 according to the Al addition to the steel melt. The Al yield after vacuum 
degassing was considered to be 50% of the added amount [8]. In summary, the 
combination of equations (1) and (2) resulted in a calculation of the weight of slag 
carryover and deoxidation products for each heat. 

 

2.2 Computational thermodynamic calculations 
 

In general, the equilibrium of a system is described by thermodynamics. 
Calculation of the equilibrium state using thermodynamic functions can be done by 
computational thermodynamics [6].  More specifically, predictions of the content 
of various phases, which are functions of temperature, pressure and composition 
can be done within the frames of computational thermodynamics. Here, the 
Calphad technique [6] was originally developed for calculations of phase diagrams. 
In this technique, phases are described by minimization of Gibbs free energy of the 
system. The Calphad technique can be used for thermodynamic description of a 
system. In addition, whenever the description of a multi-component system is 
required, the Calphad technique can be used. It should also be noted that in 
computational thermodynamics, the availability of appropriate thermodynamic 
databases are of great value.  

 

Today, there are number of softwares, which can calculate equilibrium of 
multicomponent system using the thermodynamic data. The choice of appropriate 
thermodynamic database in this type of calculation may have considerable effect 
on results. Thermo-Calc [7] is the software that was used for thermodynamic 
calculations in this work.  
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2.3 Thermodynamic calculations of slag-metal equilibrium (Supplement 1) 
 

In supplement 1, two types of calculation approaches were used for calculation of 
the equilibrium state between a slag and a metal. A schematic illustration of these 
approaches is shown in Figure 4. The first Case A, which is represented by 
continuous lines, calculates the equilibrium between steel and added synthetic slag 
after vacuum degassing process without consideration of slag carryover and 
deoxidation products. More specifically, the effects of slag carryover and 
deoxidation products are assumed to be negligibly small. In the second Case B, the 
additional effects of slag carryover and deoxidation products, which are shown in 
Figure 4 with dashed lines, have been taken into account. 

 

 

Figure 4. Schematic illustration of two calculation approaches, Cases A and B. 

 

The Thermo-Calc software was used for calculation of the equilibrium between 
molten metal and slag. More specifically, thermodynamic data were obtained from 
a combination of the TCFE6 and the SLAG2 databases for equilibrium calculations 
of the slag-metal system. In addition, the SLAG2 database was used for the slag 
phase calculations. It is based on the IRSID [9] model with respect to 
thermodynamic data [10]. The IRSID model, in turn, is based on the Kapoor-
Frohberg-Gaye Quasichemical Cell Model [11, 12]. In addition, the TCFE6 [13] 
database, which is a thermodynamic database for the steel with high contents of 
alloying elements and Fe-based alloys, was used for calculations of the liquid metal 
phase. 
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The slag-metal equilibrium calculations in Case A are based on input data for metal 
(weight and composition) and synthetic slag (weight and composition) before 
vacuum degassing as well as pressure and temperature data after vacuum 
degassing. In Case B, the effect of slag carryover and deoxidation products were 
added to the slag-metal equilibrium calculations. 

 

The steel melt in the ladle furnace was deoxidized by aluminum. According to 
previous plant results, the aluminum consumption yield during ladle treatment was 
considered to be 50% of the added amount [8]. Based on these data, the weight of 
deoxidation product (Al2O3) was calculated. The weight of the slag carryover, 
which was calculated by using equations (1) and (2) in section 2.1 as well as the 
weight of deoxidation products were added to the weight of synthetic slag. Then, 
the slag-metal equilibrium was calculated in Case B. 

 

2.4 Thermodynamic calculations of slag and inclusions components 
(Supplement 3) 
 

In supplement 3, the thermodynamics of the situation at the end of vacuum 
treatment was studied more in detail. More specifically, the oxide component 
activities for large-size inclusions of type 2 (Al-Ca-Mg-(Si) oxides), as well as the 
top slag, were computed using the commercial thermodynamic software Thermo-
Calc [7]. The database SLAG2 was mainly used to simulate the slag phase. In 
addition, thermodynamic data for SiO2 (cristobalite) was collected from the 
database TCFE6. In the calculations, it was assumed that the standard state for the 
activities was pure solid oxides. Furthermore, for SiO2 the reference state was 
assumed to be cristobalite. 

In addition, in supplement 3, thermodynamic calculations of activities of dissolved 
Al and Si in steel were carried out in the following way. The equilibrium of  
 

! 

4Al + 3SiO2(s) = 2Al2O3(s) + 3Si   (3) 
 
was considered. The equilibrium constant for reaction (3) is expressed by  
 

! 

K =
aSi
3 " aAl2O3

2

aAl
4 " aSiO2

3 =
fSi
3 " %Si[ ]3 " aAl2O3

2

fAl
4 " %Al[ ]4 " aSiO2

3
  (4) 

 
where fj is the activity coefficient for element j in molten steel. 
The equilibrium constant can be calculated by 
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! 

K = exp "
#Go

R$ T
% 

& 
' 

( 

) 
*   (5) 

 
where  !G0 is change in the standard Gibbs free energy, T is the absolute 
temperature and R is the gas constant. 

 
The activities of dissolved Al and Si in the molten steel can be estimated by 
extrapolation of Wagner’s equation to higher contents of the alloying elements 
 

! 

log f j = e j
i " %i[ ]#   (6) 

 
where fj  is the activity coefficient for element j in the molten steel, i represents the 
dissolved elements in the steel melt and  is the interaction parameter for 
element j. It should be mentioned that the Wagner’s equation for calculation of the 
activity coefficients of components at equilibrium between tool steel and top slag 
has been used previously [14].  

 
By using equation (4) and the interaction parameters given in literature [15] 
together with the steel composition, the activity coefficient of dissolved Si, fSi, as 
well as Al, fAl, was estimated (assuming a standard state 1% hypothetical solution).  

 

2.5 Thermodynamic calculations of inclusion-metal equilibrium (Supplement 
4) 
 

Thermodynamic predictions of stable phases of the inclusions found in supplement 
4 were carried out in order to evaluate the determinations of the inclusion 
composition in this supplement. A system of inclusions and steel was selected. 
Thereafter, the inclusion-metal equilibrium calculations were carried out using the 
Thermo-Calc software [7]. A combination of two databases was applied to access 
appropriate thermodynamic data. The thermodynamic data was taken from the 
TCFE6 [13].  However, the CaS phase, was taken from SLAG2 database. In the 
inclusion-metal equilibrium calculations the effects of top slag and refractory 
materials was not considered. This was due to the fact that the predicted stable 
phases by Thermo-Calc in inclusions and top slag could not be identified. 
However, in real processes, top slag and refractory materials will have an influence 
on the inclusion characteristics in steel. In order to calculate the equilibrium, 100 
tons of steel was considered to be in equilibrium with an inclusion. The predicted 
stable phases were compared to the inclusions composition determined by the EDS 
analysis. 
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CHAPTER 3 
 

EXPERIMENTAL METHODS 
 

During the experimental procedure of this study, steel and slag samples were taken 
from liquid phases for further investigations. Plant trials were carried out at 
Uddeholm Tooling AB located in Hagfors, Sweden. The composition of metal and 
slag samples was determined mainly by the XRF method. The following methods 
were used for determinations of inclusions in metal samples: a) 2 dimensional (2D) 
investigations of inclusions on the cross sections of metal surfaces b) 3 dimensional 
(3D) investigations of inclusions on a film filter after electrolytic extraction. 
Scanning electron microscopy was carried out for inclusions determinations in both 
methods. 

The metal samples from solidified steel from a runner system of ingot casting were 
cut for inclusions determinations. More specifically, these samples were cut from 
the steel left in the runners casted in Ovako Steel AB in Hofors, Sweden. In the 
current chapter, details of experimental methods as well as where plant trials were 
carried out are described.   

 

3.1 Plant trials (Supplements 1, 2 and 3) 
 

Plant trials were performed at Uddeholm Tooling AB located in Hagfors, Sweden. 
The production of steel in this plant is scrap based. The conventional steel 
production process involves four main steps: Electric Arc Furnace (EAF), Ladle 
Furnace (LF), Vacuum Degassing (VD) and up-hill ingot casting. Scrap is melted 
in an Electric Arc Furnace with a nominal capacity of 65 t. The liquid steel is 
tapped into a ladle and transferred to the ladle station. The ladle treatment begins 
by raking off the EAF slag. Thereafter, the melt is deoxidized with aluminum 
followed by the addition of synthetic slag and alloying elements. The synthetic slag 
is formed by alumina based products, dolomite and lime. An inductive stirrer keeps 
the steel melt homogeneous during the ladle treatment. In the vacuum degassing 
station a lid covers the ladle. Both induction stirring and bottom gas purging by 
argon gas are used for homogenization of the melt during vacuum treatment. 
During the vacuum treatment, the pressure over the melt surface is kept below 0.4 
kPa. After vacuum treatment, the steel is cast using uphill teeming. During casting, 
the casting stream melt is protected from reoxidation with argon atmosphere. 
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3.2 Sampling 
 

3.2.1 Material  

 

The steel grade, which was selected for sampling and investigations in supplements 
1, 2 and 3 was a hot-working tool steel grade AISI H13 from Uddeholm Tooling, 
Hagfors, Sweden. The typical composition of this steel grade is 0.39% C, 1.0% Si, 
0.4% Mn, 5.3% Cr, 1.3% Mo, 0.9% V and 0.0005% S (percent denotes weight %, 
hereinafter). 

 

The steel grade chosen for investigations in supplement 4 was a bearing-steel grade 
from Ovako Steel AB, Hofors, Sweden. The typical composition of this steel grade 
is 0.97% C, 0.1% Si, 0.29% Mn, 0.015% P, 1.42% Cr, 0.13% Ni, 0.03% Mo, 
0.17% Cu, 0.004% V, 0.027% Al and 0.0008% S. 

 

3.2.2 Sampling occasions 

 

In supplement 1, samples were taken from nine different heats. The heats are 
marked by Exp. No. 1 to 9 in this supplement. Steel and slag samples and Celox® 
measurements of oxygen activity and temperature were taken from the following 
stages: i) before deslagging (BD) of the melt in the ladle by raking off the EAF 
slag, ii) before vacuum degassing (BV) and iii) after (AV) vacuum degassing of the 
liquid steel in the ladle. Lollipop-shaped samples with of a 12 mm thickness were 
used for sampling of the liquid steel.  At the same time, slag samples were 
collected using a slag spoon. 

 

In supplement 2, steel samples were taken from 5 heats during different steps of 
melt treatment in the ladle, by using an argon-protected sampling system. The 
sampler type was a lollipop sampler with a 6 mm thickness. After sampling, each 
sample was cut into two parts. One part of the sample was used for studies of non-
metallic inclusions on polished cross sections (CS) of the metal sample. The other 
part was divided into two equal pieces. The upper piece was used for electrolytic 
extraction (EE) of non-metallic inclusions from the metal samples. In a few cases, 
when the upper piece contained some defects such as shrinkage pores, the lower 
piece was used for electrolytic extraction. Figure 5 shows the cutting position of 
the metal specimens on a lollipop steel sample for analysis of inclusions on metal 
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cross section (part C) and on a surface of film filter after electrolytic extraction 
(part B or A).  

  

 

Figure 5. Schematic illustration of cutting position for metal specimens on Lollipop steel samples 
for analysis of inclusion characteristics by the CS (part C) and the EE (part B or A) methods. 

 

In supplement 3, samples were taken from four different heats. The heats are 
marked by Heat A, B, C and D. The sampling occasions were before and after 
vacuum degassing. Two steel samples and one slag sample were taken both before 
and after vacuum treatment. The steel sampler was of a lollipop-type with a 6mm 
thickness and the slag sampler was a scope. 

 

In supplement 4, four bearing steel runners containing residual steel in the ingot 
casting system were cut and prepared for microscopy studies.  In order to eliminate 
the solidification pores, all of the runners were rolled.  Therefore, the surface defect 
of the samples was reduced. The dimensional specifications of the runners before 
and after the rolling process are given in Table 1.  
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Table 1. Dimensional specification of investigated runners before and after rolling 

Before rolling (mm) After rolling (mm) 
Runner No. Sample mark 

Length Diameter Length Width Thickness 

1 1A, 1B 653 42-45 1600 74 8.5 

2 2A, 2B 666 42-45 1700 75 7.4 

3 3A, 3B 725 42-45 1900 79 7.3 

4 4A, 4B 684 42-45 1760 78 7.25 

 

Two samples were cut from both ends of each runner and marked with numerals, 
see Figure 6. These samples from beginning and end part of the runner in the 
rolling direction were marked with B and A indices, respectively. 

 

 

Figure 6. Location of the samples on the runner. Dimensions are given in Table 1 

 

3.3 Determination of the composition of the steel and slag samples 
 

The composition of slag and steel samples were analyzed using X-ray fluorescence 
(XRF). First, the slag samples were crushed into small particles. Thereafter, 
homogeneous discs were prepared by sintering and pressing of the crushed 
particles. Then, the chemical composition of the slag components was determined. 
Also, the content of main oxides (such as CaO, Al2O3, MgO, SiO2, CaF2, Cr2O3, 
MnO, P2O5, TiO2 and some other) in slag were analyzed by a Thermo ARL 
9800XP instrument. In addition, Sulphur in the slag was determined based on a 
combustion and Infra Red (IR) technology using a CS-444LS Leco equipment.  

 

The pin (with diameter of 6 mm) of each lollipop sample was used for the 
determination of the C and S contents in steel using the combustion method with a 
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Leco CS-600LS instrument. The body of the lollipop sample was used to determine 
the chemical composition of elements like Mg, Ca, Al, Ti, Sn and B using the 
Optical Emission Spectroscopy (OES) method. The remaining elements were 
analyzed using the XRF method.  

 

3.4 Determination of the inclusions characteristics 
 

3.4.1 Cross sectional method (2D investigations) 

 

In the cross sectional method (CS) of inclusion determination, the inclusions were 
analyzed on the polished cross section of metal. After preparation of the surface of 
the sample, the inclusions were analyzed by scanning electron microscope (SEM). 
In addition, the chemical composition of elements in inclusions was determined by 
energy dispersive spectroscopy (EDS). Quantitative and qualitative (element 
mapping) micro area analyses were performed by the EDS, for determination of the 
composition of the inclusions. In order to collect statistics of inclusions, software 
called “INCAFeature” was used [16]. More specifically, an SEM equipped with 
EDS as well as the INCAFeature software was used to determine the inclusion 
characteristics for a large number of inclusions. In the INCAFeature software, 
inclusions are detected by a difference in a gray level compared to the steel matrix. 
The detection range is set between two threshold values and thereafter the 
corresponding features will be detected. 

 

In supplements 2 and 3, a Zeiss EVO® 50 SEM equipped with EDS was used for 
inclusions determinations. In addition, the INCAFeature software was used to 
provide statistics of the inclusion characteristics. For each sample, a rectangular 
area was defined on the surface of each sample. Furthermore, the minimum circle 
equivalent diameter (da) of inclusions was defined to be 1 !m. Thereafter, all 
detected features in the defined area were analyzed by EDS. After the microscopy 
study, the non-metallic inclusions were separated from other detected features such 
as pores or scrap. The EDS analysis result of each inclusion when using 
INCAFeature shows the average composition of all elements existing on the 
surface of that inclusion.  

 

In supplement 4, the inclusions determinations were done using a JEOL JSM-
7000F Analytical Field Emission Gun SEM equipped with EDS. Also, for these 
samples the INCAFeature software was applied for analysis of the non-metallic 
inclusions in samples. The minimum circle equivalent diameter (da) of inclusions 
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was defined to be 1 !m. The scanned area of sample 1A was 102.1 mm2 and for all 
other samples this area was 103.9 mm2. With the help EDS, inclusions were 
detected and analyzed. In addition, the database created by INCAFeature was 
processed and criteria for every class of the inclusion were defined. Thereafter, an 
inclusion classification was performed. Furthermore, in some cases element 
mapping of inclusions was also carried out. 

 

3.4.2 Electrolytic extraction method (3D investigations) 

 

In the electrolytic extraction (EE) method, inclusions after extraction from the 
metal sample are filtrated on a film filter. Figure 7 shows a schematic illustration of 
the electrolytic extraction apparatus. In the EE method, a metal sample is dissolved 
in an electrolyte using electric current. The solution goes through the filter with the 
help of an aspirator after dissolution of the metal in the electrolyte has been done. 
However, oxides and sulfides, which are not soluble in the electrolyte, remain in 
the solution and these are collected on the film filter after filtration has been done. 
The filter is removed for study of residue. Thereafter, inclusions are analyzed on 
the film filter using an SEM in combination with EDS. Point and micro-area 
analyses were performed to determine the composition of the inclusions. 

 

 

Figure 7. A schematic illustration of electrolytic extraction apparatus 

 

In supplements 2 and 3, the surface of each specimen was cleaned by fine grinding 
and washing by acetone and petroleum benzene in an ultrasonic bath, before 
electrolytic extraction. The specimens were dissolved using an electrolytic 
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extraction method. The following settings were used: voltage: 150 mV, electric 
current: 40-60 mA and electric charge: 300-500 coulombs. For extraction of 
inclusions from metal samples of tool steel, a 10% AA (10% acetylacetone – 1% 
tetramethylammounium chloride – methanol) solution was used as an electrolyte. 
The total weight of the dissolved metal during the electrolytic extraction was in the 
range of 0.08-0.10 g. After electrolytic extraction, the obtained solution containing 
inclusions was filtrated by using a polycarbonate membrane filter (PC) with an 
open-pore size of 0.4 µm. The extracted non-metallic inclusions on the surface of 
the film filter were analyzed by using an SEM equipped with EDS.
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CHAPTER 4 
 

RESULTS 
 

4.1 Results obtained from supplement 1 
 

The term “slag carryover” in supplement 1 is defined as the contribution to top 
slag, which includes i) the EAF slag carried into the ladle, ii) materials coming 
from ladle glaze and iii) refractory wear during tapping of the steel into the ladle. 
In this supplement, the composition of the defined slag carryover corresponds to 
the chemical composition of the BD slag sample, which was taken from the ladle 
before deslagging. The calculation method for the weight of slag carryover was 
described earlier in section 2.1. 

 

4.1.1 Influence of slag carryover on the top slag composition 

 

In the Case A, only the composition and weight of added synthetic slag were used 
for calculations of the final equilibrium state between the synthetic slag and the 
melt, which is obtained after the vacuum degassing process. The comparison of the 
equilibrium composition of the top slag composition calculated by using Case A 
(presented by open circles) with experimentally determined compositions of 
molten slag after vacuum degassing (presented by closed triangles) is shown in 
Figure 8. Data are given for three typical heats, with different weights of slag 
carryover in the ladle after raking of the EAF slag. The ternary diagrams were 
normalized based on three slag components. It can be seen that the discrepancy 
with respect to slag composition determined from Case A and from analysis of slag 
sample is very high. Furthermore, that it increases with an increased weight of slag 
carryover in the ladle. 
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*SCO: slag carryover  

Figure 8. Top slag compositions for two calculation Cases (A and B) and experimental data on 
slag composition. 

 

For an exact description of the melt desulphurization process in the ladle done by a 
synthetic slag, it is necessary to add a new set of equilibrium equations to the 
thermodynamic model. Here, it is necessary to take into account the effect of slag 
carryover and deoxidation products on the equilibrium calculations (Case B). In the 
new set of equilibrium calculations, the top slag in the ladle was described as the 
combination of slag carryover, added new synthetic slag formers and deoxidation 
products. The results of the calculations of the top slag composition by using Case 
B (represented by a filled circle) are given in Figure 8. As can be seen, these are in 
a very good agreement with the experimental data obtained from the 
determinations of the chemical compositions of the slag samples. The same 
tendency was observed in the ternary diagrams plotted for other heats. Also, it can 
be seen in Figure 8 that the consideration in the thermodynamic model of the effect 
of slag carryover and deoxidation products on the predicted slag composition shifts 
the results obtained by Case A to that by Case B in the plotted ternary diagrams.  

 

4.1.2 Influence of slag carryover on the aluminum content in steel 

 

Before the vacuum degassing operation in the ladle furnace, the steel melt was 
deoxidized with Al. Therefore, Al was the main element which controlled the 
oxygen activity in the steel melt, according to the following reaction: 

 

2Al + 3O = Al2O3   (7) 
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As mentioned above, the high levels of oxide components in the slag carryover 
such as FeO, MnO and SiO2, leads to an increased oxygen activity in the steel melt 
[17]. As is known, the deoxidation of the steel melt with a higher oxygen content 
requires more Al [18].  Consequently, the oxygen activity in the steel melt 
increases with an increasing weight of slag carryover. As a result, the final content 
of Al in the steel, at almost the same initial quantity of added Al, decreases with an 
increased weight of slag carryover in the ladle. This is due to the extra oxidation of 
soluble Al in the melt as well as the flotation of deoxidation products during ladle 
treatment, as shown in Figure 9. The final Al content in the steel predicted by using 
the Case B approach agree satisfactorily well with the results from the chemical 
composition determinations of the steel samples. It is apparent that the discrepancy 
between experimental data and results calculated by using Case A (without 
consideration of effects of slag carryover and deoxidation products) decreases with 
a decreasing weight of slag carryover in the ladle. Thus, this discrepancy can be 
decreased significantly if it is possible to practically rake all furnace slag before 
ladle treatment. 

 

 

Figure 9. Effect of slag carryover on the residual Al content in the steel. 

 

4.1.3 Influence of slag carryover on the sulfur distribution ratio 

 

The composition of top slag has a very important role in desulphurization operation 
of the steel process, since the sulfide capacity is dependent on the slag composition 
[19,20]. The effect of slag carryover and deoxidation products on the total 
composition of top slag was discussed previously in section 4.1.1. In addition, a 
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change of top slag composition leads to a change of slag basicity. Here, the slag 
basicity is defined as: 

! 

B =
%CaO
%SiO2

   (8) 

Where the %CaO is the CaO content in top slag and % SiO2 is the silica content in 
top slag both expressed in weight percentage. The relationship between the weight 
of the slag carryover and the obtained basicity of the top slag in the ladle before 
vacuum degassing process is shown in Figure 10. It can be seen that the slag 
basicity tends to decrease with an increased weight of slag carryover. This is due to 
the higher content of SiO2 and lower content of CaO in the slag carryover in 
comparison to the added synthetic slag. 

 

 

Figure 10. Slag basicity plotted as a function of slag carryover weight. 

 

By decreasing the slag basicity, the distribution ratio of sulphur between slag and 
metal can be decreased. Here, the experimental sulphur distribution ratio may be 
expressed as: 

! 

LS
exp =

%Sslag
%Smetal

    (9) 

The effect of slag carryover weight on LS and  values is shown in Figure 11. In 
this figure the results obtained from Case B also agrees better with experimentally 
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determined values  in comparison to the results from when using the Case A 
approach. It can be seen that an increase of the weight of slag carryover in the ladle 
decreases the LS value. This is due to the decreased slag basicity of the top slag, as 
shown in Figure 10. A deviation of the LS values calculated from Case B and those 
determined from analysis of slag and steel samples increases with a decreased 
weight of slag carryover in the ladle. 

 

 

Figure 11. Effect of slag carryover on LS and . 

 

4.2 Results obtained from supplement 2 
 

In supplement 2, inclusion characteristic data were determined and compared using 
both two-dimensional (2D) observations of inclusions on polished cross sections of 
metal samples (CS-method) as well as three-dimensional (3D) observations of 
inclusions on surfaces of film filters after electrolytic extraction of metal samples 
(EE-method). The critical inclusion size based on the obtained results from the EE 
method was also determined.  

 

4.2.1 Effect of the matrix 
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The content of Fe, Cr and O in the analysis results of the inclusion composition in 
the metal samples of tool steel by the CS-method is shown in Figure 12 as a 
function of inclusion size, dA. It can be seen in Figure 12a that the concentration of 
Fe decreases significantly with an increasing inclusion size. In addition, the content 
of Cr decreases with an increasing inclusion size. Moreover, the ratio between the 
concentrations for Fe and Cr in obtained results (on average 15~19) is close to that 
for the steel matrix. On the other hand, the content of total oxygen in the inclusions 
increases with an increased dA value, as shown in Figure 12b. It can be explained 
by a partial analysis of steel matrix during composition analysis of inclusions on 
cross sections of the metal sample. Therefore, the content of elements such as Fe, 
Cr, Mo and V, which concentrations in the metal matrix of tool steel are 
significant, are usually not considered during recalculations of the inclusion 
composition obtained from analysis of inclusions on the metal surface. In this case, 
the deviation with respect to the recalculated inclusion compositions in the same 
size range depends on the concentration of analyzed elements in the metal matrix 
and in inclusions. 

 

Figure 12. Contents of Fe, Cr and O obtained from composition analysis of inclusions with 
different size by the cross-sectional method. 

 

In the EE-method, the composition determination of inclusions infiltrated on a film 
filter is not affected by any elements in the steel matrix, since there are only 
inclusions present on the filter. However, it was found that the composition of the 
filter matrix also affects the results obtained by composition analysis of non-
metallic inclusions on the surface of the film filter after electrolytic extraction. 
Therefore, the contents of carbon and total oxygen obtained by a 3D composition 
determination of inclusions on film filter are plotted against the size of analyzed 
inclusions in Figure 13a and 13b, respectively. It can be seen that the carbon 
content in Figure 13a decreases significantly and the total oxygen content in Figure 
13b increases with an increasing inclusions size. This is due to a partial analysis of 
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the film filter material during the analysis of the inclusion composition, particularly 
for small size inclusions. However, the interfering effect of carbon from the 
polycarbonate material from the filter is not detrimental for the results due to the 
fact that in samples taken from liquid steel carbide inclusions were not observed in 
this study for tool steel. In addition, carbide inclusions have not been reported by 
other authors studying as-cast tool steel samples [21-24]. 

 

 

Figure 13. Contents of carbon (a) and oxygen (b) obtained from composition analysis of inclusions 
with different size by the electrolytic extraction method. 

 

In accordance with the obtained results, the accuracy of the composition 
determination for inclusions by the CS-method is less than the EE-method, except 
for carbides due to the considerable effect of matrix elements. The matrix effect is 
especially high during the investigation of small-size inclusions using the CS-
method. However, the EE-method provides more precise results for composition 
analysis of small inclusions. More specifically, it is seen from Figure 12a that the 
matrix will influence the inclusion composition determination for inclusions size 
smaller than approximately 15 microns in the CS-method. Furthermore, from 
Figure 13a that the carbon from the polycarbonate material will have an influence 
on the inclusion composition if the inclusion sizes are smaller than 6 microns in the 
EE-method. 

 

4.2.2 Inclusion composition and morphology 

 

In supplement 2, it was found that most of the inclusions in all analyzed metal 
samples have a “spherical” shape. Furthermore, that they usually contain Al-Ca-
Mg-Si and Al-Ca-Mg oxides. In addition, a few particles in some metal specimens 
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were found to have an “irregular” shape and to contain only Al-Mg oxides. The 
images of typical inclusions with different morphology, which were observed on 
cross sections of the metal samples and on surface of film filters after electrolytic 
extraction, are shown in Figure 14. 

 

Based on a cross sectional analysis assisted by an INCAFeature program, the 
observed inclusions were classified into oxides and oxysulfides. The oxide 
inclusions group named Type 1, which includes mostly Al-Mg oxides and some 
amount of Al-Si oxides, and Type 2 inclusions consisted of Al-Ca-Mg and Al-Ca-
Mg-Si oxides. The oxy-sulfides (Type 3) contained Al-Ca-Mg-O-S and Al-Ca-Mg-
Si-O-S. In the CS-method, the average composition of inclusion is determined 
using the INCAFeature option by analysis of the whole cross section area of this 
inclusion on the metal surface. 

 

 Figure 14. Typical inclusions observed by cross-sectional (a-Type 2, b-Type 1) and electrolytic 
extraction (c-Type 2, d-Type 3) methods. 

 

The content of basic Al2O3 and CaO oxides in Type 2 inclusions determined by the 
CS-method versus the size of inclusions are shown in Figure 15a and 15b. It can be 
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seen in both diagrams that the compositions of small-size inclusions are very 
scattered. However, the content of Al2O3 and CaO oxides in inclusions larger than 
approximately 6 !m is more stable. More specifically, the Al2O3 and CaO contents 
in inclusions larger than 6 !m are 38.61±2.32 wt% and 47.52±6.50 wt%, 
respectively. 

Figure 15. Contents of Al2O3 (a) and CaO (b) in Type 2 inclusions determined by the cross-
sectional method. 

 

The content of Al2O3 and CaO oxides in the typical Type 2 inclusions, were 
analyzed by the EE-method for five different experimental heats. The result is 
shown in Figure 16a and 16b as a function of the size of inclusions. It follows from 
both diagrams that the composition of inclusions with diameters smaller than 4 !m 
is scattered in a large range. However, the content of Al2O3 and CaO oxides in 
large-size inclusions (dV " 4 !m) are almost constant and varies in a less scattered 
interval. The Al2O3 and CaO contents in inclusions larger than 4 !m are 
36.61±2.66 and 49.14±1.33 respectively. These results are very similar to those 
based on a 2D analysis, shown in Figure 15. 

 

Figure 16. Contents of Al2O3 (a) and CaO (b) in Type 2 inclusions determined by the electrolytic 
extraction method. 
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4.2.3 Determination of critical size of inclusions 

 

In order to quantify a unique value of inclusion size that separates small inclusions 
from large inclusions, the average and standard deviation of oxide contents of 
inclusions were calculated, as shown in Table 2. This table represents values of 
MgO, Al2O3, SiO2 and CaO contents of inclusions for various size groups. It 
should be noted that the highest oxide content in the inclusions is CaO. 

Table 2. Average contents and standard deviations of basic oxide contents of inclusions determined by 
the CS and the EE methods. 

* Average 
** Standard deviation 
 

The data in for the CaO content in inclusions in Table 2 was also further studied, 
since CaO is the main inclusion component. More specifically, a critical inclusion 
size was determined in the following manner. The percentage of the standard 
deviation for the CaO content shown in equation (10) was plotted in relation to the 
inclusion size.  

! 

%STD =
STD

Averageof %CaO
"100   (10) 

This is illustrated in Figure 17, where the CaO content of inclusions smaller than 
3!m for both CS and EE methods is very scattered. In addition, that for inclusions 
larger than 4 !m determined using the EE method the scatter is very small. Thus, 
the separation value for small and large inclusions, a so-called ”critical inclusion 
size “ can be determined to be 4 !m. 

Method Inclusion 
size (!m) 

%MgO 
(AVG*,STD**) 

%Al2O3 
(AVG,STD) 

%SiO2 
(AVG,STD) 

%CaO 
(AVG,STD) 

" 3 7.85 6.70 39.56 5.56 7.15 7.73 45.07 9.07 

" 4 7.16 4.91 38.90 4.32 6.64 6.88 47.11 7.64 

" 5 6.30 2.84 38.04 3.00 5.94 0.80 49.58 4.68 

" 6 6.33 3.04 37.63 3.10 6.06 0.80 49.88 5.06 

CS 

" 10 5.47 1.10 36.26 2.91 6.09 1.00 52.18 2.78 

" 3 6.73 1.96 38.70 3.02 6.02 1.07 47.71 2.62 

" 4 7.68 1.88 36.61 2.66 5.96 0.96 49.14 1.33 

" 5 8.14 1.81 35.82 2.29 6.04 1.08 49.33 1.46 

" 6 8.14 1.81 35.82 2.29 6.04 1.08 49.33 1.46 

EE 

" 10 8.81 2.84 35.27 3.67 6.74 1.19 49.02 1.80 
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Figure 17. Percentage of the standard deviation in relation to the average CaO content in the 
inclusions. This, in turn, is plotted as a function of the inclusion size. Data are given for both the 

CS-method and the EE-method. 

 

The average content of Al2O3 and CaO in inclusions of Type 2 determined by CS- 
and EE-methods are compared in Figures 18 for four size groups of inclusions in 
metal samples from five experimental heats. In general, it is seen that a high oxide 
content as determined by the CS-method corresponds to a high oxide content 
determined by the EE-method. It can also be seen in both figures that the results 
from the composition determinations obtained by the EE- and the CS-methods 
agree much better for larger inclusions (dV > 4 mm) than that for smaller 
inclusions. 
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Figure 18. Comparison of Al2O3 and CaO contents in inclusions obtained from the cross-sectional 
(CS) and the electrolytic extraction (EE) methods. 

 

4.3 Results obtained from supplement 3 
 

In supplement 3, inclusion composition in samples taken before and after vacuum 
degassing was determined. Based on the critical size of the inclusions, which 
makes a boundary between small and large-size inclusions, a relationship between 
top slag and inclusions were studied. This was followed by thermodynamic 
calculations of the equilibriums for the slag and inclusions.  

 

4.3.1 Inclusion composition during ladle treatment 

 

There is a change in the composition of inclusions in tool steel during the different 
stages of ladle refining. Figures 19 and 20 illustrate the composition of small-size 
inclusions (Type 2) before and after vacuum degassing using ternary diagrams. In 
these figures, the inclusion compositions for Heat B and C are shown, due to that 
more inclusion data are available for these heats compared to Heat A and D. The 
composition of each inclusion was normalized based on three main components 
(Al2O3-CaO-MgO) of Type 2 inclusions. It should also be noted that the SiO2 
content of inclusions is not shown in Figures 19 and 20.  

 

Figure 19a shows the composition of small–size inclusions before vacuum 
degassing for Heat B. It can be seen in Figure 19a that the inclusions have different 
compositions. More specifically, calcium aluminates, complex inclusions (Al2O3-
CaO-MgO) and Al2O3-MgO can be seen in this figure. In the ternary diagram 
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shown in Figure 19b, small-size inclusions found in sample taken from Heat C are 
illustrated. It could be seen from Figure 19a and 19b that the number of small-size 
inclusions of the type Al2O3-MgO before vacuum degassing in Heat C is more than 
Heat B. 

 

 

Figure 19. Composition of the small-size inclusions in the sample taken before vacuum for Heat B 
(a) and Heat C (b) 

 

Figure 20a and 20b show that the composition of small-size inclusion after 
degassing are scattered for both heats B and C. more specifically, calcium-
aluminate inclusions as well as complex inclusions can be seen in Figure 20a and 
20b. However, spinel inclusions (Al2O3-MgO) are not presented in the samples 
taken after vacuum degassing. According to Kang et. al. Al2O3-MgO spinel reacts 
with dissolved Ca in steel at 1873 K and thereby calcium aluminate inclusions are 
formed [25]. It is clear from the data in Figure 20a and 20b that small-size 
inclusions have a scattered composition in the samples taken after degassing. 
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Figure 20. Composition of the small-size inclusions in the sample taken after vacuum for Heat B 
(a) and Heat C 

 

The compositions of large-size inclusions before and after vacuum degassing for 
two heats B and C are summarized in Figure 21. Here, the composition of 
inclusions is not very scattered like for the small-size inclusions. The composition 
of large-size inclusions in Heat B in samples taken before vacuum degassing are 
more complex compared to Heat C. In Heat B, the large-size inclusions contain 
Al2O3-CaO-MgO, while in heat C they contain more Al2O3-MgO with a smaller 
amount of CaO. However, a few complex large-size inclusions with Al2O3-CaO-
MgO oxides are also presented in heat C in the samples taken before vacuum 
degassing. 

 

After vacuum treatment, the large-size inclusions are agglomerated almost in a 
unique zone in Figure 21. This zone is close to the composition of top slag after 
vacuum treatment. As can be seen in the figure. The unique zone of inclusions for 
heats B and C after vacuum degassing indicates that these inclusions are formed 
during vacuum degassing. This is due to the observation that large inclusions in 
heat B and C showed different composition before vacuum degassing (see Figure 
21). The composition of large-size inclusions after vacuum treatment is complex 
and includes Al2O3-CaO-MgO or Al2O3-CaO-MgO-SiO2.  
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Figure 21. Composition of large-size inclusions before and after vacuum degassing for heats B and 
C. The ternary phase diagram is from the Slag Atlas [26]. 

 

4.3.2 Relationship between top slag and inclusions 

 

The composition of inclusions obtained by both the 2D and the 3D methods for 
small-size inclusions was very scattered. A possible reason for that could be 
different sources and times for formation of these inclusions. More specifically, 
during various stages of ladle treatment as well as during solidification of the steel 
samples, different sources might cause a formation of small size inclusions. In this 
study, possible sources for inclusions at various stages of ladle treatment includes: 
deoxidation products in the liquid metal, dispersion of furnace slag particles, top 
slag dispersion in steel melt, ladle glaze, reaction of dissolved aluminum in steel 
with refractory components and precipitation during the solidification. These 
sources, which occur during different times of ladle refining, could be the reasons 
for formation of small size inclusions. Furthermore, since these inclusions are very 
small, a separation of them from the steel melt to the top slag will take a very long 
time [27].  
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Figures 22-24 show the Al2O3, CaO and SiO2 oxide components of Type 2-
inclusions in samples taken from four heats. Indices a and b in these figures 
represent the results from the samples taken before and after vacuum degassing, 
respectively. In all of these figures, the composition of the small-size inclusions is 
very scattered. 

 

The content of Al2O3 in Type 2-inclusions is shown in Figure 22. The solid line in 
this figure represents the composition of the top slag determined from the slag 
samples taken during the plant trials. In Figure 22a, large-size inclusions are above 
the line plotted for the composition of top slag (slag line) with a small deviation in 
composition for four heats. This shows that the Al2O3 content of inclusions in the 
samples taken before vacuum degassing is higher than that of the top slag. 
However, in Figure 22b the Al2O3 content of inclusions is closer to the slag line in 
comparison to Figure 22a, but is still above the slag line. More precisely, the 
alumina content of inclusions before and after vacuum degassing is higher than that 
of the top slag composition. The calculated equilibrium values for Al2O3 in the top 
slag are also shown in this figure, identified by filled markers. It should be noted 
that the equilibrium values for oxides in the top slag are taken from supplement 1. 
As can be seen from the figure, the calculated equilibrium value for Al2O3 in top 
slag is very close to slag line. Therefore, these data indicate that the bulk 
composition of the top slag is very close to be in equilibrium with the steel 
composition. On the other hand, in Figure 22b the composition of the inclusions is 
situated above the slag line. Thus, these data demonstrates that the inclusion 
composition with respect to Al2O3 is not in equilibrium with the bulk of the top 
slag and steel melt. 

 

 

Figure 22. Content of Al2O3 in inclusions and the top slag before vacuum treatment (a) and after 
vacuum treatment (b) 
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A comparison of Figure 23a and 23b demonstrates that the composition of the 
large-size inclusions is close to equilibrium with the steel with respect to CaO after 
vacuum degassing. In addition, that the bulk of the top slag is also very close to be 
in equilibrium with the steel melt. However, small-size inclusions containing CaO 
have a very scattered composition. 

 

 

Figure 23. Content of CaO in inclusions and the top slag before vacuum treatment (a) and after 
vacuum treatment (b). 

 

The SiO2 content of Type 2 inclusions (Al-Ca-Mg-(Si) oxides) before and after 
vacuum degassing is shown Figure 24a and 24b respectively. A very scattered 
result for small-size inclusions is also seen in Figure 24. A non-equilibrium state 
with respect to SiO2 between top slag and small-size and large-size inclusions is 
clear in Figure 24a and 24b. In Figure 24b, large-size inclusions are closer to the 
top slag/steel equilibrium, since they are closer to the slag line. 
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Figure 24. Content of SiO2 in inclusions and the top slag before vacuum treatment (a) and after 
vacuum treatment (b). 

 

4.4 Results obtained from supplement 4 
 

In supplement 4, inclusion characteristics of the samples cut from steel left in the 
runner system was investigated. The major focus was on the inclusion composition, 
size and size distribution. Thermodynamic prediction of stable phases of inclusions 
was also carried out using the Thermo-Calc [7] software. 

  

4.4.1 Inclusion composition 

 

The chemical composition of non-metallic inclusions that were found in the 
samples was determined. The inclusions were classified into four types. The 
defined types were oxides, sulfides, carbonitrides and complex inclusion. The least 
criteria for each type of inclusion, which were applied was as follow: a) oxides are 
considered to be the group of inclusions, which contains oxygen but not sulfur 
carbon and nitrogen, b) sulfides contain sulfur but not oxygen, carbon and nitrogen, 
c) carbonitrides contain carbon and nitrogen, but not oxygen and sulfur, and d) 
complex inclusions are defined as the type, which contains at least two of the 
elements oxygen, sulfur and nitrogen. These four types are described in the 
following sections. Figure 25 shows the number of classified inclusions in the 
mentioned groups. Sulfide inclusions (~51%) are the most frequent inclusion types. 
Thereafter, the frequency of oxides (~30%) and complex (~16%) inclusions are in 
second and third place, respectively. 
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Figure 25. Number of main types of inclusions in runner samples 

 

 

a) Oxides 

Oxide inclusions found in the samples contained the following elements: Al, Ca, 
Mg, Si and O. They were classified into the following subgroups: Al2O3, CaO, 
Al2O3-CaO, Al2O3-MgO, MgO-SiO2, Al2O3-MgO-CaO, Al2O3-CaO-SiO2 and 
Al2O3- MgO-SiO2. The total number of detected oxide inclusions in 8 samples was 
10262. The total investigated area of 8 samples was equal to 829.4 mm2. Among 
all of the samples, sample 1A with 5038 oxide inclusions hosts the largest number 
and the smallest number belong to sample 3A with only 38 oxide inclusions. The 
SiO2-MgO inclusion-type was the most frequent oxide inclusion types. This was 
followed by Al2O3-SiO2-MgO, Al2O3 and Al2O3-MgO inclusion types. The 
recurrence rates of different types of oxide inclusions are summarized in Figure 26.  
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Figure 26. Number of oxide inclusions in runner samples 

 

b) Sulfides and Carbonitrides 

A presence of an enough amount of sulfur in the steel melt results in the formation 
of sulfide inclusions. During the microscopy studies, MnS and (Mn,Ca)S 
inclusions were found. The MnS inclusions were the most frequent among the 
sulfides as well as among all inclusions. These manganese sulfide inclusions are 
formed due to a reaction between dissolved Mn and S in liquid steel: 

[Mn]+[S]=MnS(S)   (11) 

 

The standard Gibbs free energy (#G0) for the reaction (11) is [28-29]: 

 

#G0=-168822+98.87T J mol-1  (12) 

 

in which the value of #G0 for the reaction (11) is equal to 16361 J mol-1at 1873K. 
Therefore, the driving force is not enough for the formation of MnS at steelmaking 
temperatures. However, as the temperature drops during solidification the driving 
force becomes stronger, which results in a formation of MnS inclusions [30]. 
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The second sulfide inclusion type found in the samples was (Mn,Ca)S. However, 
the amount of this type of sulfides was small (less than 3%). In addition, the 
manganese content of this type of inclusions was found to be higher than the 
calcium content. An in depth discussion regarding the formation of (Mn,Ca)S 
inclusions is out of the scope of the current thesis, but is discussed in details 
elsewhere [31]. Figure 27 shows an example of an MnS inclusion, which surrounds 
an oxide inclusion.  

 

 

Figure 27. An example of an MnS inclusion, which surrounds Al2O3-MgO spinel inclusions 

 

c) Complex Inclusions 

Complex non-metallic inclusions are considered to have at least a combination of 
oxide-sulfide or oxide-carbonitride or sulfide-carbonitride inclusions. Therefore, 
the detected complex inclusions in the samples were classified into the following 
five groups: Al2O3-CaO-S, Al2O3-MgO-(Mn,Ca)S, Al2O3-MgO-MnS, MnS-
(Ti,V)CN and Al2O3-(TiV)CN. In addition, it should be noted that the total number 
of Al2O3-MgO-MnS inclusions (~78%) was considerably higher than the other 
complex inclusions.  
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The total number of different types of complex inclusions is shown in Figure 28. In 
addition, Figure 29 shows some example of complex inclusions. Element mappings 
of the complex inclusions containing oxides-sulfides showed that the sulfide part of 
inclusion is formed like a shell around an oxide core. This particular type of 
complex inclusion is the most frequent type among the complex inclusions. An 
example of a complex inclusion, which contains alumina-magnesia surrounded by 
MnS is shown in Figure 29a. Examples of sulfide-nitride and oxide-nitride 
inclusions are shown in the Figure 29b and 29c, respectively. In addition a complex 
oxy-sulfide inclusion is shown in Figure 30. This inclusion represents a very clear 
example of an inclusion consisting of a separate oxide and sulfide phase. More 
specifically, Mn, Ca and S form a sulfide phase around the inclusion as well as side 
by side of the spinel phase. As it can be seen in Figure 30 calcium is not present in 
oxide phases. Instead, it forms a sulfide phase together with manganese, (Mn,Ca)S. 

 

 

Figure 28. Number of complex inclusions in runner samples 

!
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(a) Al-Mg-O-MnS                      (b) MnS-(Ti,V)CN                    (c)   Al2O3-(Ti,V)CN 

Figure 29. Some examples of complex inclusions in runner samples 

!

!

 

Figure 30. Element mapping of a complex oxy-sulfide inclusion 
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4.4.2 Inclusion size distribution 

 

The equivalent circle diameter (ECD) of an inclusion is considered to be an 
identified parameter, which represents the size of an inclusion. The study of size 
distribution of four types of inclusions shows that: a) oxides are more frequent than 
other types of inclusions for inclusion sizes of roughly 1!m, b) sulfides are most 
frequent among the inclusions in the size range 1 to 16!m, and c) the number of 
oxides, sulfides and complex inclusions bigger than 16!m are very few. Figure 31 
shows the size distribution of four types of inclusions. As can be seen, the majority 
of the carbo-nitride inclusions are less than 5!m in size and are very few in 
number. It should be mentioned that some inclusions might be deformed during the 
rolling of runners. This could happen especially to clusters or SiO2-based 
inclusions. Therefore, the measured size of inclusions might be the deformed size. 
In the following Figures 31-33 the word size is used instead of deformed size.   

 

Figure 31. Size distribution of main types of inclusions in runner samples 

 

a) Size distribution of oxides 

 A detailed analysis of size distribution of oxides is shown in Figure 32. In order to 
have clearer picture of the number of inclusions in this figure, the vertical axis 
plotted using a logarithmic scale. The number of Al2O3- MgO-SiO2 and MgO-SiO2 
inclusions in the size range between 1!m to 25!m is higher than for the other 
oxide types. In addition, the Al2O3-MgO (spinel) type is more frequent in the size 
range below 5!m. However, in a few cases the spinel type inclusion was found in 
the size range of 5 to 10 !m. Overall, it was very difficult to find spinel type 
inclusions larger than 10 !m. Finally, calcium oxide and calcium-aluminate 
inclusions in most cases were found to be smaller than 5!m.  
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Figure 32. Size distribution of oxide inclusions in runner samples 

 

b) Size distribution of complex inclusions 

The size distribution of complex inclusions is shown in Figure 33. Complex 
inclusions containing carbonitrides are very few in number and very small in size. 
The frequency of Al2O3-MgO-MnS is higher than for other complex inclusions. 
This can clearly be seen in Figure 33 especially for the size range smaller than 
12!m. The number of other types of complex inclusions is very few for the size 
range bigger than 5!m. 

 

 

Figure 33. Size distribution of complex inclusions in runner samples 
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4.4.3 Thermodynamic predictions 

 

Thermodynamic equilibrium calculations between the inclusion and the metal 
phases were carried out to predict the stable phases of inclusions. The typical 
composition of a bearing-steel grade, which was used in thermodynamic 
calculations, is given in section 3.2.1. The oxygen, sulfur, calcium and magnesium 
contents were considered to be 10, 10, 2 and 2 ppm respectively.  The temperature 
was varied between 1200 K to 1900 K in the calculations. The stable phases for the 
studied inclusions for the stated temperature range are shown in Figure 34. In this 
figure, the stable phases at 1900 K are CaO•Al2O3 (CA) and MgO•Al2O3 (spinel). 
When the temperature is lowered, the melt concentration of Ca in inclusions 
decreases. At the same time, the amount of CaO•Al4O6 (CA2) increases while the 
CA amount decreases. The MnS phase begins to precipitate at approximately 1650 
K and the amount of this phase increases when the temperature is decreased to its 
lowest value (1200 K).  

 

 

Figure 34. Thermodynamic prediction of stable phases in inclusions 

 

The concentration of Ca in inclusions decreases due to the formation of the 
CaO•Al12O18 (CA6) phase. This phase is stable within a small temperature range 
and after that the Al2O3 phase becomes stable. Thereafter, alumina continues to 
grow as the temperature is lowered. The predicted stable phases were also observed 
in the inclusion compositional determinations, except for the CaS phase. The 
calculations show the stable phases in equilibrium at a given temperature. A 
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condition for a stable phase in Thermo-Calc is to have an activity equal to unity. 
The activities of CaS and MnS in a binary system have been calculated before [31-
32]. In a system of sulfide inclusion including both Mn and Ca in a solid solution 
for higher XMnS the activity of CaS is less than unity [31]. Therefore, in the 
predicted results of Thermo-Calc the CaS phase is not present. In fact, this phase is 
in a solid solution together with MnS. This statement is based on the detected 
amount MnS phase in the sulfide inclusions, which was higher than CaS. Overall, 
these phase predictions give a reasonable idea regarding which inclusion phases 
that should be expected in the present steel grade. However, the effect of top slag 
and refractory materials are not considered in the calculations.  
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CHAPTER 5 
 

CONCLUDING DISCUSSION 
 

The number of parameters that affect the steel cleanliness may vary depending on 
the required properties of the final product. However, the non-metallic inclusion 
characteristics represent one of the most important parameters. More specifically, 
the composition, size, number and morphology affect steel cleanliness. In this 
thesis, the study of the parameters affecting the inclusion characteristics and the 
resulting properties of the final product were carried out using following methods: 
i) thermodynamic calculations (including computational thermodynamics), ii) cross 
sectional determinations of inclusions using INCAFeature (2D investigations) and 
iii) electrolytic extraction method for determinations of inclusion characteristics 
(3D investigations).  

Figure 35 shows an illustration of the studied parameters and their effect on the 
inclusion characteristics. Furthermore, this figure indicates the contribution of 
different supplements as well as type of investigations in providing new data 
regarding these parameters. More specifically, the effect of slag carryover on the 
top slag as well as effect of top slag on the inclusions is described. In addition, the 
effect of the aluminum and the sulfur content in steel on the inclusion 
characteristics is discussed.  

 

Figure 35. Effect of studied parameters on inclusion characteristics 
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5.1 Slag carryover (Supplements 1 and 3) 

!

The term slag carryover in this thesis is considered to be the contribution to top 
slag, which is a collection of i) the EAF slag carried into the ladle, ii) materials 
coming from ladle glaze and iii) refractory wear during tapping the steel in the 
ladle.  Computational thermodynamic calculation results described in chapter 4 
show that slag carryover has a considerable effect on the top slag composition. In 
addition, the increase in weight of slag carryover increases the discrepancy of the 
composition of the actual top slag and the synthetic slag. In supplement 3, it is also 
showed that the composition of large-size inclusions after vacuum degassing 
approaches the composition of the top slag. More specifically, the value for the 
content of CaO in the slag is close to that for the large-size inclusions. With respect 
to this, based on the obtained results in this study, it can be concluded that slag 
carryover has an indirect effect on the inclusion characteristics.  

 

5.2 Top slag (Supplements 1, 2 and 3) 

!

 In supplement 1, the thermodynamic calculations of the equilibrium of top slag 
and steel bulk during vacuum degassing showed that: a) the composition of top 
slag can be changed by slag carryover and deoxidation products and b) the 
assumption of the equilibrium of the bulk steel and the slag toward the end of 
vacuum degassing is reasonable, since top slag is in “near”-equilibrium condition 
with steel. A change in composition of the top slag leads to change in slag basicity. 
In addition, the sulfide capacity of slag is changed by a change in the slag basicity 
[33], which in turn will affect the desulfurization process. Therefore, a change in 
the top slag composition affect the sulfur content of steel, which is very important 
for the formation of the sulfide inclusions.  

Based on the critical size of inclusions (dcr), which was determined in supplement 
2, large-size inclusions were studied further in supplement 3. The relationship 
between the top slag composition and inclusions formed during vacuum degassing 
is shown in supplement 3. The composition of large-size inclusions approaches the 
composition of top slag. More specifically, the value for the content of CaO in slag 
is close to that for the large inclusions. In addition, the calculated activities of CaO 
in the slag and the large-size inclusions using Thermo-Calc are very similar, as 
illustrated in Figure 36. 
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Figure 36. Activity of CaO in top slag as function of activity of CaO in large size inclusions type 2 
after vacuum treatment. 

 

Besides the activities of CaO in inclusions, the activities Al2O3 and SiO2 were also 
calculated. Thermodynamic calculations in supplement 3 showed that during 
equilibrium conditions, the Al2O3 and SiO2 activities in the oxide phases (e.g. top 
slag or inclusion) should be controlled by the reaction 

! 

4Al + 3SiO2(s) = 2Al2O3(s) + 3Si   (13) 

 

The standard Gibbs free energy !Go for reaction (13) is given by  

! 

"G0 = #668607 +111.463$ T (J /mol)  (14) 

 

where T is the absolute temperature in Kelvin [5]. 

By calculation of the equilibrium constant for reaction (13), as well as by 
estimating the activities of dissolved aluminum and silicon by extrapolation 

Wagner’s equation to higher contents of alloying elements, the ratio of 

! 

aAl2O3
2

aSiO2
3  can 

be calculated. Figure 37 shows the relation between top slag, inclusions of type 2 
(Al-Ca-Mg-(Si) oxides) and reaction (13). The equilibrium for reaction (13) was 
calculated at 1578 OC, which is a typical temperature in the molten steel just after 
vacuum treatment. The figure shows that the top slag is closer to be in equilibrium 
with the steel, based on reaction (13), compared to the studied inclusions. More 
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specifically, it can be concluded that the inclusions are in a non-equilibrium state 
with the molten steel bulk with respect to reaction (13). 

 

 

Figure 37. The ratio 

! 

aAl2O3
2

aSiO2
3  plotted against the activity of Al at 1851 K. 

 

The reasons for the difference in equilibrium between top slag, inclusions and steel 
bulk could be due to several different factors. If it is assumed that the large-size 
inclusions of type 2 are originated from top slag particles that have been dispersed 
into the steel melt, two possible scenarios are suggested.  

 

One possibility is that the dispersed top slag particles initially have the same 
composition as the top slag bulk. The SiO2 and MgO could be reduced by the 
combined effect of dissolved aluminum and a low partial pressure of Mg(g) during 
the vacuum treatment. It should be pointed out that the dissolved aluminum content 
in the steel melt has to be high enough for this to occur. However, this is most 
likely probable during the first stage of vacuum degassing. This scenario would 
result in an increased Al2O3-content as well as decreased SiO2- and MgO-contents 
in the inclusions.   

 

A second plausible scenario is the existence of a thin boundary layer in the top slag 
phase at the slag/steel interface. This boundary layer could be enriched in Al2O3 
due to slag/metal reactions occurring at this interface, e.g. the sulphur-oxygen 
exchange reaction. Also, SiO2 and MgO could be reduced by reaction with 
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dissolved aluminum at an early stage of degassing and a lower partial pressure of 
Mg(g). In the second scenario, the large-size inclusions of type 2 could be 
dispersed into the steel melt from this boundary layer.  

 

5.3 Aluminum and sulfur contents in steel (Supplement 1, 3 and 4) 

!

Before the vacuum degassing operation the steel melt was deoxidized by 
aluminum. Therefore, aluminum was the main element, which controlled the 
oxygen activity. In presence of a higher level of oxygen potential, the consumption 
of dissolved aluminum in the melt increases. In supplement 1, the effect of slag 
carryover on the aluminum content in steel is showed. Slag carryover contains high 
levels of SiO2, which increases the oxygen potential in the steel melt. 
Consequently, the oxygen activity in the steel melt increases with an increasing 
weight of slag carryover. As a result, the aluminum content of steel melt, when 
adding the same initial aluminum amount, decreases with an increased slag 
carryover weight. 

In supplement 1, it is showed that it is possible to use computational 
thermodynamic calculations to predict the aluminum content in steel after vacuum 
degassing. More specifically, the direct comparison of the final aluminum content 
obtained from thermodynamic calculations using Cases A and B and from 
experimental analysis of steel samples is shown in Figure 38. These results also 
show that the agreement between predictions using Case B and experimentally 
determined Al data is very good, for samples taken after vacuum degassing. 
However, the data points obtained by using Case A show a large deviation from the 
experimentally determined results. This is due to the fact that this case does not 
include the effect of slag carryover and deoxidation products. 

In supplement 3 and earlier in this thesis, it was discussed that dissolved aluminum 
together with a low partial pressure of Mg(g) during the vacuum degassing can 
reduce the SiO2 and MgO in large-size inclusions.  
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Figure 38. Evaluation of calculated aluminum in steel with sample analyses. 

!

As it was discussed earlier, the composition of top slag has a large influence on the 
sulfide capacity of top slag. Thus, one of the major factors in the efficiency of the 
desulfurization process is sulfide capacity. A good desulfurization process results 
in a very low amount of sulfur in steel, which, in turn, leads to the formation of 
fewer sulfide inclusions. The effect of slag carryover on the slag basicity as well as 
sulfur distribution ratio is described in supplement 1.  

In supplement 4, sulfide inclusions are the most frequent inclusions found in the 
runner samples, after the steel is solidified. Among them, manganese sulfide 
inclusions are the most common type. As it was discussed earlier, these manganese 
sulfide inclusions are products of a reaction between dissolved Mn in steel with S 
during the solidification of the steel in the runner.     

It should be mentioned that other parameters like the refractory of the runner 
material also have an influence on the inclusion composition. Since the refractory 
material of the runner channel contains SiO2, it is most likely that the refractory of 
the runner channel is the source of the SiO2 content of inclusions in the runner and 
mold samples, which are discussed in supplement 4.   

 

Overall, it should be mentioned that several studied parameters can have direct 
and/or indirect influence on the inclusion characteristics, namely top slag, slag 
carryover, dissolved aluminum and sulfur in steel and even refractory of the runner 
system.  
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5.4 Methods (Supplement 1, 2, 3 and 4) 

!

In supplement 1 and 4 computational thermodynamic calculations were carried out. 
In addition thermodynamic calculations including computational thermodynamic 
calculations were performed in supplement 3. Thermodynamic calculations of 
equilibrium between slag and steel, in supplement 1, showed that top slag is in 
“near”-equilibrium condition with the steel during the vacuum degassing operation. 
Furthermore, the top slag and steel with respect to reaction (13) is also near-
equilibrium conditions based on the thermodynamic calculations carried out in 
supplement 3. Inclusion stable phases at a temperature range between 1200-1900 K 
are predicted by computational thermodynamic calculations for evaluation of 
inclusion determinations in supplement 4. 

Inclusion determinations using cross sectional method have been preformed in 
supplements 2, 3 and 4. In addition, the electrolytic extraction method was used for 
determinations of inclusions in supplement 2 and 3. It was also found that the 
application of the INCAFeature (in the CS-method) gives good statistics of 
inclusion number and size, which is helpful for plotting the size distribution 
diagrams. However, plotting size distribution diagrams for the inclusions in 
samples taken from tool steel using electrolytic extraction method is not possible. 
This is due to the precipitation of Cr, Fe, V and Mo compound, which covers the 
inclusions. In addition, the accuracy of the cross sectional method is less than 
electrolytic extraction method due to a considerable effect of the matrix elements 
on the inclusion characteristics during inclusion determinations. Thus, when a 
critical size of the inclusions should be determined, which makes a boundary 
between small-size and large-size inclusions, the EE-method is better than the CS-
method. This is due to that the former provides less scattered inclusion composition 
around the boundary of small-size and large size inclusions. 
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CHAPTER 6 

CONCLUSIONS 
!

In this work, the influence of some selected parameters on the steel cleanliness 
during various stages of steel production, have been investigated. These are the 
slag carryover, the sulfur content in steel, the aluminum content in steel and the top 
slag composition. Computational thermodynamic calculations have been used to 
calculate slag/steel and inclusion/steel equilibriums. Furthermore, the possible 
inclusion compositions formed during solidification of steel have also been studied. 
In addition, mass balance calculations have been made to calculate the weight of 
slag carryover. Experimental techniques have also been used to study the influence 
of the selected parameters on the inclusion characteristics. More specifically, a 
study of the slag carryover influence on the top slag composition, aluminum and 
sulfur contents in steel as well as inclusion analysis before and after vacuum 
degassing and after casting in a runner have been the major parts of this work. The 
following important conclusions were made. 

 

From the computational thermodynamic equilibrium calculations of metal and slag 
the following is concluded: 

• When predicting a final top slag composition and an Al-content in steel 
melt for the studied process conditions, the assumption of reaching 
thermodynamic equilibrium between slag and steel melt towards the end 
of vacuum degassing is reasonable. 

• It is possible to calculate the final Al content in steel, including the extra 
amount of Al needed, for different amounts of slag carryover in the ladle. 

• It is possible to calculate the desulphurization potential of the top slag as 
well as the efficiency of the ladle refining process when using a synthetic 
slag. 

 

From the determination of the inclusion characteristics in the liquid state of the tool 
steel the following is concluded:  

• The accuracy of the composition determination for inclusions by the CS-
method is less than the EE-method, except for carbides due to the 
considerable effect of the matrix elements on inclusion characteristics. 
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• The percentage of the standard deviation of the CaO content in inclusions 
was determined in relation to the inclusion size. For the EE-method it was 
found that the scatter is very small for inclusions larger than 4 microns. 
Thus, a separation value for small and large inclusions, a so-called 
”critical inclusion size “ could be determined to have a value of 4 µm. 

• The composition of small-size size inclusions are very scattered both in 
samples taken before and after vacuum degassing. This is most likely due 
to that they origin from different sources during steelmaking as well as 
during sampling. 

• The composition of the large-sized inclusions in tool steel was found not 
to be very scattered and it approaches the top-slag composition during 
vacuum treatment. More specifically, the inclusion compositions were the 
following: Al2O3-CaO-MgO and Al2O3- CaO-MgO-SiO2. Furthermore, 
the composition of the main oxides of the top slag was the following: 
CaO: 46-52%, MgO: 9-15%, Al2O3: 20-24%, SiO2: 13-17 

• The alumina content of inclusions before and after vacuum degassing is 
higher than that of the top slag composition. Thus, the inclusion 
composition with respect to alumina is not in equilibrium with the bulk of 
the top slag and the steel melt. 

• An application of the INCAFeature program when using the CS-method 
provides good statistics based on a 2D analysis of a larger number of 
inclusions, which is helpful for plotting the size distributions of 
inclusions. 

• It is difficult to obtain the “exact” inclusion size distribution in tool steel 
by using the conventional EE-method due to a precipitation of Cr, Fe, V 
and Mo compounds, which covers non-metallic inclusions. Therefore, an 
improved 3D analysis of the size distribution of inclusions in tool steel 
requires a further improvement of electrolytic extraction technique. 

 

From the study of the inclusions in solidified bearing-steel grade in the runner the 
following is concluded:  

• Based on the composition of inclusions, four main types of inclusions in 
runner samples are classified: oxides, sulfides, complex and carbonitrides. 

• Sulfides are the most frequent inclusions in the runner samples. Oxides, 
complex and carbonitrides are afterwards respectively. 

• Calcium was found to coexist with Mn in the sulfide inclusions. 
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• Sulfide inclusions were found to in some cases be surrounded by oxide 
inclusions. The thickness of the sulfide layer around oxides in runner 
samples is larger than what is found in ladle samples, which most likely is 
the result of longer solidification times. 

• The composition of inclusions in runner samples is similar to those found 
in the ladle and the mold, but with an exception for those containing Si 
and which originate from the runner refractory material. 

• Oxides slightly bigger than 1 µm are most the frequent inclusion types. 
Thereafter, for all bigger sizes number of sulfides dominates other types 
of inclusions. 
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CHAPTER 7 
!

FUTURE WORK 
!

Making of clean steel is not a new area in steel production. However, more 
developments of the steelmaking processes in this regard, is still necessary in order 
to develop ultra-clean steel grades. In order to contribute to this development the 
following suggestions are made: 

• Studies of the effect of vacuum treatment conditions on the inclusions 
characteristics. 

• Interrupting the vacuum degassing treatment at a certain time in order to 
collect the statistics of the number, size and composition of the inclusions 
using the INCAFeature software. This will enable a better understanding 
of the inclusion behavior during this process step in which normally no 
samples can be taken. 

• To obtain reliable steel samples which enables sampling closer to a 
steel/slag interface. Thus, in order to better understand the conditions in 
the steel, inclusion and slag phases in this region. 

• Studies of the effect of top slag composition on the number and size of the 
inclusions. 

• Optimization of the electrolytic extraction method for commercial steel 
grades containing high carbon and chromium (e.g. tool steel) contents in 
order to obtain more reliable statistics of inclusion data. This provides 
data needed to plot the size distribution diagrams for inclusions by the 
separated from the steel matrix method.  
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