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ABSTRACT 

In the present thesis, the correlation between ladle glaze and non-metallic inclusions in the 

ladle treatment was studied. A number of industrial trials with full scale ladle and laboratory 

works were performed to investigate the inclusions in the ladle treatment. 

BaO was used as tracer in the ladle slag to investigate the effect of slag on inclusion 

composition and the formation of non-metallic inclusions by ladle glaze. BaO was detected in 

the inclusions of all followed heats. This observation showed strong evidence for the 

generation of non-metallic inclusions by the ladle glaze. The increase of the fractions of BaO 

containing inclusions and their average content of BaO in the first heat with tracer suggested 

that the effect of slag on the composition of inclusions was a very slow process. 

The detachment of ladle glaze and the chemical transformations of oxide solution in the MgO 

matrix were investigated. The experimental results evidently showed that the ladle glaze 

could be the source of inclusions continually during the ladle treatment. Samples of liquid 

oxide solution to simulate the liquid oxide inclusions carried over from EAF were 

equilibrated with molten steel under controlled atmosphere. The results along with 

thermodynamic calculation suggested that the SiO2 content of inclusions from EAF could be 

considerably reduced by dissolved aluminium in the steel. This would explain the vanishing 

of inclusions containing high SiO2 content after deoxidation. 

Due to the lack of experimental data, the viscosities of slags in the Al2O3-CaO-MgO-SiO2 

system were measured using the rotating cylinder method in the temperature range of 1720 to 

1910 K. Eight different slag compositions related to the secondary steel making operations 

were selected. Viscosities in this system and its sub-systems were expressed as a function of 

temperature and composition based on the viscosity model developed earlier at KTH. 

The activities of oxide components in the Al2O3-CaO-MgO-SiO2 systems at 1873 K were 

measured by equilibrating liquid slag and metal. Either silicon or copper was used as the 

metal phase and the oxygen partial pressure was controlled with different mixing rates of Ar 

and CO gas flow in equilibrium with graphite. Iso-activity lines were drawn from the 

measured activity values in the isothermal section of the slag systems. 

Nine series of industrial trials were carried out using the same ladle in each series to examine 

the effect of ladle slag on the number of non-metallic inclusions in the next heat. It was found 

that the number of inclusions increased with SiO2 content of the ladle slag in the previous 

heat. No clear trends were found for the effects of viscosity and MgO activity of the previous 

slag on the number of inclusions. Theoretical analysis based on the experimental results 

suggested that the formation of 2CaO∙SiO2 followed but the dusting of the compound made 

the refractory more porous, which was reasonable for the number of non-metallic inclusions. 

 

KEY WORDS: Non-metallic inclusion, Ladle treatment, Ladle glaze, Tracer, Tool steel, 

Viscosity measurement, Modelling, Activity measurement, Al2O3-CaO-MgO-SiO2 system 



ii 

 

ACKNOWLEDGEMENTS 

First of all, I would like to express my special gratitude to my main supervisor, Professor Du 

Sichen, for his advices and encouragements during these years of studies. His excellent 

guidance to see the mind of a researcher will always be in my heart. 

I am truly grateful to Dr. Mselly Nzotta for his constant support and valuable discussions 

throughout this work. His boundless energy and positive attitude were very impressive to me 

for staying abroad. 

I am thankful for the support from Alf Sandberg and all his help with the industrial trials. I 

also thanks to the researchers and operators at Uddeholms AB for their valuable help 

throughout all industrial studies. They have given me a great insight in both research and 

production process of world class quality tool steel. 

Financial supports for this work provided by Uddeholms AB, Hagfors, Sweden are gratefully 

acknowledged. 

I specially would like to thank Professor Min Dong Joon, for his encouraging advice and 

comments. I sincerely respect his passion for the study and research. 

Thanks to all my friends and colleagues at the Department of Material Science and 

Engineering for their friendship and kindness, particularly Jimmy Gran, my roommate. 

Finally, I would like to express my respect and gratitude to my parents and brother in Korea 

for their continuous trust and love. 

 

Stockholm, November 2010 

 

MinHo Song 

 

  



iii 

 

SUPPLEMENTS 

This thesis is based on the following supplements: 

Supplement 1: “Study of the formation of non-metallic inclusions by ladle glaze 

             and the effect of slag on inclusion composition using tracer experiments” 

MinHo Song, Mselly Nzotta and Du Sichen 

             Steel Research International, Vol. 80 (2009), 753-760 

Supplement 2: “Mechanism study on the formation and chemical changes of calcium 

             aluminate inclusions containing SiO2 in ladle treatment of tool steel” 

MinHo Song, Lars Ragnarsson, Mselly Nzotta and Du Sichen 

     Ironmaking and Steelmaking, in press, (2010) 

Supplement 3: “Viscosities of the quaternary Al2O3-CaO-MgO-SiO2 slags” 

MinHo Song, Qifeng Shu and Du Sichen 

             Steel Research International, in press, (2010) 

Supplement 4: “Activity measurements in Al2O3-CaO-SiO2(-5 mass% MgO) slag systems 

             at 1873 K” 

MinHo Song, Jesse White and Du Sichen 

             Sent to Metallurgical and Materials Transactions B for publication 

Supplement 5: “Effect of ladle slag of the previous heat on the number of non-metallic 

             inclusions in ladle treatment of tool steel” 

MinHo Song, Mselly Nzotta and Du Sichen 

             Sent to Ironmaking and Steelmaking for publication 

 

  



iv 

 

CONTENTS 

ABSTRACT ............................................................................................................................... i 

ACKNOWLEDGEMENTS .................................................................................................... ii 

SUPPLEMENTS ..................................................................................................................... iii 

1. INTRODUCTION................................................................................................................ 1 

2. EXPERIMENTAL ............................................................................................................... 2 

2. 1. Industrial Trials ........................................................................................................... 2 

2. 1. 1. Tracer experiments................................................................................................. 2 

2. 1. 2. Effect of the previous ladle slag on the number of non-metallic inclusions .......... 3 

2. 2. Laboratory Works ....................................................................................................... 4 

2. 2. 1. Detachment of ladle glaze in the molten steel ....................................................... 4 

2. 2. 2. Chemical reaction between SiO2 in slag and aluminium in steel .......................... 6 

2. 2. 3. Viscosity measurement of ladle slag...................................................................... 7 

2. 2. 4. Activity measurement of ladle slag...................................................................... 10 

3. RESULTS ........................................................................................................................... 14 

3. 1. Industrial Trials of Tracer Experiments ................................................................. 14 

3. 1. 1. Chemical compositions of steel and slag ............................................................. 14 

3. 1. 2. The different types of inclusions at different stages of the ladle treatment ......... 15 

3. 2. Detachment of Ladle Glaze in the Molten Steel ...................................................... 18 

3. 3. Chemical Reaction between SiO2 in Slag and Aluminium in Steel ....................... 21 

3. 4. Viscosity Measurement of Ladle Slag ...................................................................... 24 

3. 5. Activity Measurement of Ladle Slag ........................................................................ 25 

3. 5. 1. The AlO1.5-CaO-SiO2 system .............................................................................. 25 

3. 5. 2. The Al2O3-CaO-MgO-SiO2 system ..................................................................... 26 

3. 6. Effect of the Previous Ladle Slag on the Number of Non-Metallic Inclusions ..... 28 

3. 6. 1. Chemical composition of ladle slag of the previous heat .................................... 28 

3. 6 .2. Oxygen content of steel sample of the following heat ......................................... 28 

3. 6. 3. Number of non-metallic inclusions in the final product steel sample ................. 28 

3. 6. 4. Effect of the chemical composition of ladle slag on the next heat ...................... 29 

4. DISCUSSION ..................................................................................................................... 31 



v 

 

4. 1. The Generation and Chemical Developments of Non-Metallic Inclusions 
      in Ladle Treatment .................................................................................................... 31 

4. 1. 1. Transfer of BaO from slag to non-metallic inclusions......................................... 31 

4. 1. 2. Effect of ladle glaze on the generation of non-metallic inclusions ...................... 34 

4. 1. 3. Chemical development of liquid oxide inclusions formed from ladle glaze ....... 35 

4. 1. 4. Chemical development of liquid oxide inclusions carried over from EAF ......... 37 

4. 1. 4. 1. Formation of the spinel phase (MgO·Al2O3) ................................................ 37 

4. 1. 4. 2. Composition change of the remaining oxide solution.................................. 38 

4. 1. 5. Classification of the types of non-metallic inclusions ......................................... 39 

4. 2. Physical and Chemical Properties of Ladle Slag .................................................... 42 

4. 2. 1. Physical property of ladle slag: Viscosities ......................................................... 42 

4. 2. 1. 1. Modelling ..................................................................................................... 42 

4. 2. 1. 2. Model calculation and discussion ................................................................ 43 

4. 2. 2. Chemical property of ladle slag: Activities ......................................................... 47 

4. 2. 2. 1. The AlO1.5-CaO-SiO2 system ........................................................................ 47 

4. 2. 2. 2. The Al2O3-CaO-MgO-SiO2 system ............................................................... 49 

4. 3. The Correlation between the Properties of Ladle Slag of the Previous Heat 
     and the Number of Non-Metallic Inclusions ........................................................... 51 

4. 3. 1. Viscosity of ladle slag of the previous heat ......................................................... 51 

4. 3. 2. MgO activity of ladle slag of the previous heat ................................................... 52 

4. 3. 3. The solidification of adhered ladle slag ............................................................... 53 

5. SUMMARY ........................................................................................................................ 55 

6. REFERENCES ................................................................................................................... 57 

 



1 

 

1. INTRODUCTION 

In steelmaking industry, ladle is one of the most important reactors for the refining and the 

removal of impurities, such as sulphur, hydrogen and nitrogen. Another crucial function of 

the ladle treatment is the removal of non-metallic inclusions. 

The increasing demand on improved steel cleanness necessitates a great attention to the 

careful control of the inclusions. Since the ladle treatment is normally the final step before 

casting, the formation and chemical changes of non-metallic inclusions in different processes 

of ladle treatment have been one of the main focuses for steelmakers. 

Inclusions can be formed either endogenously, e.g. by deoxidation, or exogenously, e.g. from 

slag and refractory lining. Recently, more and more attention has been drawn to the role of 

ladle glaze as a source of non-metallic inclusions in molten steel 
[1-7]

. These studies suggest 

that ladle glaze is one of the major sources of inclusions during the ladle refining process. 

The effect of ladle slag on the inclusions has also been a topic of many research groups 
[8, 9]

. 

On the other hand, how fast the slag affect the inclusions and the detailed mechanism of the 

effect are still not fully understood. 

Al2O3-CaO-MgO-SiO2 slag systems are commonly used in the ironmaking and steelmaking 

processes. For the optimization of the refining process and the investigation of the non-

metallic inclusions in such processes, the accurate data of physical and thermodynamic 

properties of low SiO2 content slag are extremely important. 

In order to optimize the ladle treatment process with respect to the cleanness of the steel, a 

full understanding of the correlation between ladle glaze and non-metallic inclusions would 

be essential. 

The present work focuses on two aspects. Firstly, the generation and chemical development 

of non-metallic inclusions in the ladle treatment are to be investigated. The second aspect is 

the study about the relationship between the properties of ladle slag of the previous heat and 

the number of non-metallic inclusions. For these purposes, a number of industrial trials with 

full scale ladle and laboratory works were performed to study about the non-metallic 

inclusions in the ladle treatment. And the measurements of physical and chemical properties 

of ladle slag also were carried out for Al2O3-CaO-MgO-SiO2 slag systems. 
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2. EXPERIMENTAL 

2. 1. Industrial Trials 

Uddeholms AB, Hagfors, Sweden has scrap based melting shop. The steelmaking process is 

schematically shown in Figure 1. In an Electric Arc Furnace (EAF), 35 ~ 65 tons of scrap is 

melted. After the EAF treatment, the molten steel along with the slag is tapped into a ladle 

and transferred to the ladle furnace station for deslagging. After deslagging, the melt is 

deoxidized using aluminum bar or wire, and slag formers (dolomite, aluminate and lime) are 

added to form the synthetic slag. At the same station, various alloys are added depending on 

the specification of the steel grade. After target steel composition has been attained, the ladle 

is transferred to the degassing station and placed in the vacuum chamber. During the vacuum 

degassing, the molten steel is stirred by both inductive stirring and argon gas stirring to 

remove nitrogen, hydrogen and sulphur. The vacuum degassing is followed by a floatation 

period. In this period, only soft inductive stirring is applied to remove the inclusions. After 

the ladle treatment, the ladle is transferred to the casting station. Uddeholms AB uses uphill 

casting, wherein, the steel is tapped from the bottom of the ladle. 

 

Figure 1. The steel making process at Uddeholms AB, Hagfors, Sweden 

2. 1. 1. Tracer experiments 

The tracer experiments were conducted in the full scale ladle. BaCO3 was employed as the 

raw material of the tracer. At steelmaking temperature, the barium carbonate would 

decompose immediately into BaO and CO2 
[10]

. Two series of trials were carried out, one 

started with a ladle after 20 times of usage (ladle age 21), and the other started with a very 
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young ladle, only after 2 times of usage (ladle age 3). The BaCO3 powder was added along 

with the other slag formers only in the first heat of each series aiming at roughly 20 mass% of 

BaO content in synthetic slag. In the first series, steel samples and slag samples were taken in 

three consequent heats of the same ladle, namely ladle age 21, 22 and 23. In the case of the 

second series, only two consequent heats using the same ladle were studied. The two 

experimental series are summarized in Table 1. 

Table 1. The two series of trials for experiments with tracer element 

Heat Heat_S1_1 Heat_S1_2 Heat_S1_3 Heat_S2_1 Heat_S2_2 

Ladle age 21 22 23 3 4 

Adding BaO in slag Yes · · Yes · 

 

A Rapid Solidification (RS) method was employed to take steel samples. While the sampler 

was introduced into the steel, argon gas was blown through the sampler to prevent 

contamination of the sample by the dust and entrapment of the top slag. After the sampler 

was placed at the sampling position, steel was drawn up into the sampler by the vacuum. The 

steel sample was taken out of the ladle and quenched in air. Slag samples were taken using a 

scoop through a hatch in the lid of the ladle furnace. The steel temperature and the dissolved 

oxygen activities were measured using CELOX sensor designed by Heraeus Electro-Nite. 

The CELOX sensor contains a Cr / Cr2O3 electrode as the reference. The total sampling time 

of each step (steel, slag, CELOX) was always less than one minute. 

The slag samples were first ground into the powder and then made to discs of 3 cm in 

diameter. These discs were analyzed by X-Ray Fluorescence (XRF). The sulphur content of 

slag was analyzed using LECO CS444. The chemical compositions of steel samples were 

determined by X-Ray Fluorescence (XRF) and Optical Emission Spectrometry (OES). The 

carbon and sulphur contents of steel samples were analyzed by LECO CS600, and the oxygen 

contents were determined by LECO TC EF-500. Optical Microscope was used to determine 

the number and size of inclusions in each sample. The chemical composition of inclusions 

marked out by Optical Microscope analysis was determined using a Scanning Electron 

Microscope (SEM) with an Energy Dispersive X-ray (EDX) analyzer. In view of the 

uncertainties in the analysis of oxygen content, only the contents of metallic elements were 

used to determine the compositions of inclusions. But, the results of these oxygen 

determinations were still useful to identify the compositions of oxides on qualitative basis. 

2. 1. 2. Effect of the previous ladle slag on the number of non-metallic inclusions 

In view of the constraints of the industrial production, two grades of steel, grade A with 

higher silicon content and grade B with lower silicon content were studied to obtain different 

slag compositions. Typical compositions of these steel grades are shown in Table 2. The 

arrangements of the nine experimental series are summarized in Table 3. The slag 

composition ranges of these steel grades after vacuum treatment are given in Table 4. 
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Table 2. Typical compositions of steel grades 

[mass%] C Si Mn Cr Mo V Al 

Steel grade A 0.390 1.050 0.400 5.150 1.375 0.950 0.055 

Steel grade B 0.345 0.225 0.500 5.000 2.300 0.550 0.018 

 

Table 3. Experimental series of trials 

No. of series 1 2 3 4 5 

Previous Steel grade A Steel grade A Steel grade A Steel grade B Steel grade B 

Following Steel grade A Steel grade A Steel grade A Steel grade A Steel grade A 

 
No. of series 6 7 8 9 

 

Previous Steel grade A Steel grade A Steel grade A Steel grade A 
 

Following Steel grade A Steel grade A Steel grade A Steel grade A 
 

 

Table 4. Slag composition ranges of steel grades after vacuum treatment 

[mass%] CaO MgO Al2O3 SiO2 

Steel grade A 45 ~ 56 8 ~ 21 23 ~ 29 9 ~ 15 

Steel grade B 44 ~ 51 7 ~ 15 27 ~ 40 2 ~ 13 

 

In the previous heat of each series, the slag was collected after vacuum treatment and 

analyzed. The number of non-metallic inclusions was counted in final product steel sample of 

following heat. In order to compare the number of non-metallic inclusions, all following 

heats of series were selected with same steel grade, Steel grade A. Steel samples were taken 

at the same position of final products, and the size of samples was about 75 × 40 × 5 mm. 

The optical microscopic analysis was employed for detecting and classifying the inclusions in 

the steel samples of final products. With an optical microscope, the number and size 

distribution of inclusions were determined in each sample. Inclusions were classified into 

four groups by the Swedish standard SS111116 and measured according to inclusion chart 2 

suggested by Jernkontoret
 [11]

. The number of inclusions was then calculated using 

Morphologic Inclusion Classifier (MIC)
 [12]

. 

 

2. 2. Laboratory Works 

2. 2. 1. Detachment of ladle glaze in the molten steel 

In Uddeholms AB, the lining used in the ladles is Magnesite (carbon bearing MgO-lining). 

During the casting process, the top slag adheres to the ladle lining. As the level of steel goes 
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down, a thin coating of slag is formed on the walls of the ladle. The adhered slag penetrates 

into the pores of the decarburized refractory and reacts with MgO. Four layers are found in 

the wall of the magnesite-lined ladle, viz. the original carbon bearing magnesium oxide layer, 

a decarburized layer, a slag infiltrated layer and the outer slag layer. The lifetime of a ladle 

lining at Uddeholms AB is normally in the range of 25 ~ 30 times of usage. In this study, 

pieces of ladle lining covered with glaze were taken from used industrial ladle. For the 

experiments of detachment, the glazed refractory pieces were cut into bar shape (1.5 cm × 1.5 

cm × 5 cm). 

The experimental apparatus of the detachment of ladle glaze in the molten steel is shown in 

Figure 2. An electric resistance furnace with the Super Kanthal heating elements was used 

for present experiments. The temperature was controlled with a Proportional Integral 

Differential (PID) controller with Pt - 6% Rh / Pt - 30% Rh thermocouple. All experiments 

were carried out at 1873 K. 

 

Figure 2. Schematic apparatus for the detachment of ladle glaze in the molten steel 

A steel grade ORVAR2M supplied by Uddeholms AB was used in the experiments. The 

typical composition of the steel is shown in Table 5. About 250 g of steel pieces were first 

melted in an Al2O3 crucible (40 mm in diameter and 60 mm in depth) at 1873K. The glazed 
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refractory specimen was dipped into the molten steel for 5, 30, 45, 60 and 120 minutes. After 

the reaction, the refractory samples were pulled out from furnace and quenched in air. During 

the whole procedure, the furnace was kept under the atmosphere of argon gas. 

Table 5. Typical chemical compositions of steel ORVAR2M 

Element C Si Mn Cr Mo V Al 

[mass%] 0.39 1.0 0.4 5.3 1.3 0.9 0.04 

 

After the experiments, the glazed refractory samples were carefully collected. In order to 

analyze the chemical compositions, collected samples were polished without water and 

examined by Scanning Electron Microscope (SEM). A JEOL Microscope model JSM-840 

with Energy Dispersive X-ray (EDX) analyzer (model: INCA Energy, Oxford) was used in 

this investigation. The steel samples were analyzed by X-Ray Fluorescence (XRF) and 

Optical Emission Spectrometry (OES). 

2. 2. 2. Chemical reaction between SiO2 in slag and aluminium in steel 

The experimental setup is schematically shown in Figure 3. A graphite resistance furnace 

(the Laboratory Furnaces Group 1000) supplied by Thermal Technology Inc., was used. In 

order to put the sample at high temperature and achieve very fast quenching of the sample in 

controlled atmosphere, an elevating system was applied and a water cooling chamber was 

placed on the top of the furnace. The cooling chamber consisted of three brass tubes 

surrounded by water cooling copper pipes. The middle tube could be removed to put the 

sample into the furnace. 

The reaction tube made of alumina. The sample crucible, made of MgO or ZrO2, was placed 

in a graphite holder. The graphite holder was hung on a steel rod by molybdenum rod 

connections. The holder along with the sample could be moved up and down hydraulically in 

the vertical direction. It took less than 2 seconds to lift the sample from the even temperature 

zone of the furnace into the cooling chamber. The temperature in the furnace was measured 

by a Pt - 6% Rh / Pt - 30% Rh thermocouple, placed under the bottom of the graphite holder. 

Radiation shields of alumina were located below the holder. 

The MgO, SiO2, Al2O3 and CaO powder were all regent grades and supplied by Sigma-

Aldrich. The oxides were mixed in a ratio corresponding to the same compositions with the 

inclusions after tapping process 
[13]

, namely 25 mass% Al2O3 - 30 mass% CaO - 15 mass% 

MgO - 30 mass% SiO2. To make sure the homogeneity of composition, the mixture of oxides 

was pre-melted by induction furnace. 

A steel grade ORVAR2M supplied by Uddeholms AB was employed in these experiments. 

Aluminium granule (Aluminium shot, 1 ~ 2 mm diameter) supplied by Sigma-Aldrich was 

used for aluminium addition. About 200 g of steel pieces were placed in a crucible. To 

minimize the oxidation of aluminium and the reaction with moisture during the heating 
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period, several holes were drilled on a piece of the steel. About 0.2 ~ 0.4 g of aluminium 

granules was put in those holes and the holes were covered by another piece of steel. The pre-

melted slag pieces were placed on the top of all the steel pieces. 

The graphite holder along with the sample was then hung to a steel rod by molybdenum rod 

connections, before the reaction chamber was closed and sealed tightly with clamps. After the 

temperature reached at 1873 K, the sample was lowered down to the even temperature zone. 

During the entire procedure, the furnace was kept under the CO gas atmosphere. After 30 or 

60 minutes as reaction time at 1873 K, the samples were quenched by moving the holder 

quickly to the water cooling chamber. 

 

Figure 3. Schematic apparatus for the reaction between SiO2 in slag and aluminium in steel 

The liquid oxide solution samples were cautiously gathered after the reactions. In order to 

examine the chemical compositions of oxides, Scanning Electron Microscope (SEM) with 

Energy Dispersive X-ray (EDX) analyzer was employed. The steel samples were analyzed to 

ensure the dissolved aluminium. 

2. 2. 3. Viscosity measurement of ladle slag 

The composition range of the generally used basic ladle slag is given in Table 6. All slag 

samples were prepared using reagent-grade chemicals. The MgO, SiO2, Al2O3 and CaO 
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powders were first calcined at 1273 K for 24 hours in a muffle furnace to remove any 

carbonate or hydroxide. After careful mixing of the oxide components, each slag was pre-

melted in a graphite crucible using an induction furnace. The pre-melted slags were analyzed 

with X-Ray Fluorescence (XRF) to confirm the chemical composition. The amount of SiO2 in 

the pre-melted slag was found to be slightly lower than the weighed-in SiO2 (< 1 mass%). 

The loss of SiO2 could well be attributed to the reduction of SiO2 by carbon forming SiO gas. 

Table 7 shows the target chemical compositions of the pre-melted slags used in this study. 

Table 6. The composition range of the generally used basic ladle slag [mass%] 

CaO MgO Al2O3 SiO2 

44 ~ 57 7 ~ 13 22 ~ 40 2 ~ 15 

 

Table 7. Compositions of the different slags used in the viscosity measurements [mass%] 

Exp. No. Al2O3 CaO SiO2 MgO 

101 30 46 19 5 

102 30 49 16 5 

103 30 52 13 5 

104 30 55 10 5 

201 30 41 19 10 

202 30 44 16 10 

203 25 46 19 10 

204 25 43 22 10 

 

The rotating cylinder method was employed in the present study. A schematic diagram of the 

experimental apparatus is shown in Figure 4. A Brookfield digital viscometer (model: DV-

II+ Pro) controlled by a PC was used to measure the torque. The viscometer was placed in a 

vacuum tight Polymethyl methacrylate (PMMA) box, which was located on the top of the 

furnace setup. The torque value could be followed by the computer as a function of time. The 

viscosities were calculated from the torque on line using the software supplied by Brookfield. 

A graphite resistance furnace, the Laboratory Furnaces Group 1000, supplied by Thermal 

Technology Inc. was used for this investigation. The furnace was controlled by a Eurotherm 

controller (model: 900 EPC) using a noncontact infrared temperature sensor (Raytek, model: 

Thermalert ET2). The variation of the temperature in the even temperature zone of the 

furnace was less than ± 3 K throughout the experimental temperature range. The furnace 

could be moved along the vertical direction by a hydraulic moving system. The temperature 

of slag was measured by Pt - 6% Rh / Pt - 30% Rh thermocouple in a molybdenum rod, 

which was connected to the molybdenum platform holding the molybdenum crucible. To 
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avoid the direct contact between the thermocouple and the bottom of the molybdenum 

crucible, an alumina tube with closed upper end was employed. 

Molybdenum crucibles and spindles were employed in all the experiments. As shown in 

Figure 4, the spindle consisted of a bob and a shaft. The dimensions of the bob were 19 mm 

in diameter and 18 mm in height. The diameter of the shaft was 4 mm, and its length 50 mm. 

About 150 g of the prepared slag was put into a molybdenum crucible, which had dimensions 

of 42 mm in inner diameter and 153 mm in height. The wall and bottom thickness of the 

crucible were 2 and 5 mm, respectively. 

 

Figure 4. Schematic apparatus for the viscosity measurements 

To ensure the slag composition and prevent the oxidation of molybdenum components, all 

viscosity measurements were performed under an argon atmosphere. The traces of moisture 

in argon gas were removed by passing the gas sequentially through columns of silica gel, 

ascarite and Mg(ClO4)2. Even the CO2 impurity was absorbed by ascarite. The argon gas was 

further passed through a column of copper turnings at 773 K to remove traces of oxygen. 

The crucible containing the slag was placed in an alumina reaction tube mounted vertically 

inside the furnace. The spindle was connected to the viscometer by the suspending wire 

connections. These suspending wires were also made of molybdenum. To keep the spindle 
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always rotating in the centre of the crucible, 4 pieces of suspending wire (1.5 mm in diameter) 

were hooked together. The weight of the spindle would keep it in the centre of the crucible by 

this multi wire arrangement. On the other hand, single wire arrangement would make it 

impossible to keep the spindle rotating in the centre. 

In a general run, the pre-melted slag held by the molybdenum crucible was placed on the 

molybdenum platform and introduced into the even temperature zone of the furnace. The 

spindle was located about 10 cm above the slag. The whole system was sealed by O-ring 

connections. 

Before heating the furnace, the heating element chamber and reaction chamber of the furnace 

were flushed with argon gas for about 3 hours. Thereafter, a constant flow of argon was 

maintained during the experiment. The furnace was heated up to 1873 K with constant 

heating rate, viz. 3 K per minute. After the slag was kept at 1873 K for 2 hours to ensure 

complete melting and homogenization, the spindle was introduced into the molten slag by 

moving up the furnace using hydraulic power unit. The tip of the bob was placed about 12 

mm above the base of the crucible and the length of the shaft immersed in the melt was about 

10 mm. Measurements were carried out at different temperatures. The thermal equilibrium 

time was about 30 minutes at each temperature. Several rotating speeds were employed and 

the total rotation time was 8 minutes at each rotating speed. The equilibrium time for 

viscosity at each speed of rotation was 4 minutes. While most of the viscosity measurements 

were performed during the cooling cycles, some measurements were made during the heating 

cycles to ascertain the negligible effect of thermal history. 

Due to the lack of accurate phase diagram information, it is impossible to know the liquidus 

temperature of each slag. Hence, in the temperature range close to the liquidus temperature of 

the slag, the measuring time was kept considerably long. The precipitation of solid particles 

could usually noticed by the constant increase of the viscosity. The data obtained at the 

corresponding temperatures were not reported for the slag, while the information was used to 

determine the lower temperature limit of the measurements. 

The spindle was calibrated at 298 K with three different standard oils with viscosity of 9.4, 

50.4, 480 mPa∙s. After all measurements, the slag sample was quenched by moving down the 

crucible quickly to the water cooled chamber. No weight loss of the sample was found after 

the measurement. The slag samples were carefully collected and examined by Scanning 

Electron Microscope (SEM) with Energy Dispersive Spectrometer (EDS) analyzer (Bruker 

AXS, model: XFlash Detector 4010) to confirm the composition. Some slag samples were 

analyzed to check the molybdenum oxide contents. The results showed that the content of 

molybdenum oxide in the slag was negligible. 

2. 2. 4. Activity measurement of ladle slag 

All slag samples were prepared with reagent grade oxides. The oxide components were 

carefully mixed to attain the desired compositions and pelletized. Silicon and copper metal 
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were employed as the metal phase for the Al2O3-CaO-SiO2 ternary system and Al2O3-CaO-

MgO-SiO2 quaternary, respectively. 

The oxygen partial pressure of atmosphere was controlled with different mixing rates of Ar 

and CO gas flow using the C(s) / CO(g) equilibrium, which can be expressed as Equations (1) 

and (2). 

)()(
2

1
)( 2 gCOgOsC       (1) 

)/(772.851143901 moleJTG   
[14]

     (2) 

Two mass flow meters (EL-Flow, Bronkhorst High-Tech.) operated by a PC were employed 

to control the mixing flow rate of Ar and CO gas. 

An electric resistance furnace with Super Kanthal heating elements was used in this study. A 

schematic diagram of the experimental apparatus is shown in Figure 5. The temperature of 

the sample was measured by a Pt - 6% Rh / Pt - 30% Rh thermocouple, placed under the 

bottom of the crucible holder. All experiments were carried out at 1873 K, and the variation 

of the temperature in the even temperature zone was less than ± 3 K. 

 

Figure 5. Schematic apparatus for the activity measurements 
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In order to achieve a very fast quenching rate of the specimen in a controlled atmosphere, a 

lifting device and a sealed cooling chamber mounted on the top of the furnace were utilized. 

The carbon crucible containing slag and metal (either Si or Cu) was placed in a graphite 

holder. The graphite holder was suspended from a moveable steel rod with an end section and 

t-support made of molybdenum. 

Prior to heating the furnace, the reaction tube was evacuated and then repeatedly filled with 

argon gas three times. Thereafter the reaction chamber was flushed with argon gas for about 3 

hours. The furnace was heated up to 1873 K with a constant heating rate of 4 K per minute. 

The constant mixing flow rate of Ar and CO gas was maintained during the entire procedure. 

After a reaction time of 60 to 72 hours, the sample was quenched by quickly raising the 

holder into the water-cooled chamber using the lifting device. It took less than 2 seconds to 

move the sample from the even temperature zone of the furnace into the cooling chamber. 

Preliminary experiments revealed that it was impossible to determine the activities of the 

oxides in the Al2O3-CaO-MgO-SiO2 using slag-silicon equilibration, as almost all MgO was 

reduced to Mg gas and flushed away by the gas phase. For this reason, slag-copper 

equilibrium was employed to determine the oxide activities in the quaternary system. 

After taking the crucible out of the furnace, the metal and slag were carefully separated and 

analyzed for composition. A Varian AA280FS Atomic Absorption Spectrometer was used in 

this investigation. The relative uncertainties of the analysis are less than 2 % and 5 % for slag 

and metal, respectively. 

Using equations (3)-(10), the activities of Al2O3, CaO, MgO and SiO2 can be calculated from 

the activities of the elements in the metal phase and the predetermined oxygen partial 

pressures. 
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[15]
     (10) 

where metala  (metal stands for Al, Ca, Mg or Si) is the activity of metal relative to pure 

liquid, while oxidea  (the subscript oxide stands for Al2O3, CaO, MgO or SiO2) is the activity 

of the oxide relative to pure solid. 

Thermodynamic calculations for the activity values of metallic components were carried out 

using the commercial software THERMOCALC. Binary systems, metal-Si and metal-Cu 

were assumed for the calculation. The Solution 2 and Solution 4 databases were employed for 

calculation of the activities of the elements. 
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3. RESULTS 

3. 1. Industrial Trials of Tracer Experiments 

3. 1. 1. Chemical compositions of steel and slag 

The steel compositions do not differ substantially from heat to heat. Considering the interest 

of the company, only the main elements in the first heat of each series are presented in Table 

8. Even the oxygen activities determined by CELOX are included in the table. 

Table 8. Chemical compositions of steel samples in the first heat of each series [mass%] 

(AD : After Deslagging, BV : Before Vacuum, AV : After Vacuum) 

 
C Si Mn P S Cr Ni 

Heat_S1_1 

AD 0.37 0.83 0.43 0.023 0.0018 4.81 0.13 

BV 0.36 0.77 0.43 0.020 0.0010 4.81 0.13 

AV 0.38 1.06 0.43 0.019 0.0006 5.29 0.13 

Heat_S2_1 

AD 0.43 0.50 0.41 0.018 0.0070 7.06 0.14 

BV 0.50 0.91 0.41 0.019 0.0056 7.91 0.14 

AV 0.51 0.91 0.41 0.018 0.0024 7.93 0.14 

 
Co V Al N B Ca O 

Heat_S1_1 

AD 0.048 0.63 0.001 0.018 0.0001 0.0006 0.00140 

BV 0.049 0.64 0.080 0.018 0.0001 0.0004 0.00031 

AV 0.048 0.94 0.011 0.007 0.0001 0.0004 0.00028 

Heat_S2_1 

AD 0.019 0.30 0.001 0.037 0.0001 0.0005 0.00157 

BV 0.019 0.39 0.060 0.038 0.0001 0.0008 0.00100 

AV 0.019 0.39 0.009 0.011 0.0001 0.0005 0.00052 

 

Table 9. Slag compositions before and after vacuum treatment [mass%] 

Heat Stage MgO Al2O3 SiO2 CaO BaO Total 

Heat_S1_1 
Before Vacuum 9.7 24.8 12.5 34.5 17.2 98.4 

After Vacuum 10.3 28.4 10.8 34.0 13.2 98.6 

Heat_S1_2 
Before Vacuum 10.3 23.7 13.8 50.1 · 97.9 

After Vacuum 10.4 27.1 12.1 47.1 · 96.7 

Heat_S1_3 
Before Vacuum 12.6 26.7 10.0 48.9 · 98.2 

After Vacuum 12.9 30.6 8.2 47.1 · 98.8 

Heat_S2_1 
Before Vacuum 12.9 28.2 10.3 27.4 18.4 97.2 

After Vacuum 16.5 28.4 10.3 27.9 13.9 98.1 

Heat_S2_2 
Before Vacuum 9.7 14.2 10.8 60.9 · 95.6 

After Vacuum 8.1 16.1 14.4 60.1 · 98.7 
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The compositions of the slags before and after vacuum degassing process are listed in Table 

9. The values of the BaO content are only presented for the first heat of each series. 

3. 1. 2. The different types of inclusions at different stages of the ladle treatment 

The composition ranges of the oxide solution in the inclusions at different stages are listed in 

Table 10. The EDX results indicate clearly that no BaO is detected in Type 3 inclusions. 

Except spinel inclusions (Type 3), all the other types of inclusions contain a liquid oxide 

solution phase with high concentrations of CaO and Al2O3. While not all these inclusions 

contain BaO, barium oxide is detected in a certain fraction of the inclusions of each type. 

Hence, the main focus of this study is given to these types of inclusions. 

Table 10. The composition ranges of inclusions found at various stages [mass%] 

Type Characteristics MgO Al2O3 SiO2 CaO BaO 

2 Oxide solution having high SiO2 content 1 ~ 17 23 ~ 47 10 ~ 36 15 ~ 55 0 ~ 17 

3 Spinel (MgO·Al2O3) 21 ~ 28 56 ~ 70 0 ~ 2 0 ~ 3 0 ~ 1 

4 
Spinel + 

Oxide solution having high SiO2 content 

20 ~ 28 55 ~ 70 0 ~ 7 0 ~ 9 0 

1 ~ 15 21 ~ 50 9 ~ 30 20 ~ 31 0 ~ 2 

6 
Spinel + 

Oxide solution having low SiO2 content 

19 ~ 28 60 ~ 69 0 ~ 1 0 ~ 9 0 

2 ~ 12 51 ~ 58 0 ~ 3 16 ~ 33 0 ~ 16 

7 Oxide solution having low SiO2 content 3 ~ 9 45 ~ 56 1 ~ 2 24 ~ 43 0 ~ 15 

8 
MgO + 

Oxide solution having low SiO2 content 

60 ~ 75 8 ~ 18 1 ~ 5 9 ~ 21 0 

2 ~ 7 38 ~ 46 2 ~ 10 38 ~ 42 0 ~ 13 

 

Figure 6a presents a typical Type 7 inclusion found after vacuum treatment in the first heat 

of the first series (Heat_S1_1). The element mapping of this inclusion is also presented in the 

same figure. BaO presents uniformly in the whole inclusion. Similarly, the micrographs of a 

BaO containing inclusion (also Type 7) found in the second heat of the first series 

(Heat_S1_2) are presented in Figure 6b. While the BaO content is lower than the inclusion in 

Figure 6a, its presence in the inclusion is evidently seen. 

Figure 7a shows the SEM micrograph and element mappings of a Type 6 inclusion. The 

MgO·Al2O3 spinel phase is surrounded by the oxide solution, which contains BaO. In Figure 

7b, the SEM micrograph and the element mapping of a Type 8 inclusion are presented. The 

nature of MgO island(s) surrounded by the oxide solution is will brought out by the 

micrographs. Again, the presence of BaO in the solid oxide solution is evident. 

The BaO content in the oxide solution in the inclusion varies not only with the ladle, but also 

with the stage of the process. The ranges of the BaO contents at different stages of the 

process are presented in Figures 8a and 8b for trials series 1 and series 2, respectively. It is 

very interesting to notice that BaO can even been found in the inclusions detected 1 and 2 

heats after the tracer addition. 
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Figure 6. The SEM micrograph and element mappings of Type 7 inclusions 

 

Figure 7. The SEM micrograph and element mappings of inclusions (a. Type 6, b. Type 8) 
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Figure 8. BaO contents of BaO containing inclusions at various steps (a. Series 1, b. Series 2) 

Figures 9a and 9b present the fractions of the inclusions containing BaO over the total 

numbers of inclusions at different stages and in different heats in the two trial series, 

respectively. Note that spinel inclusions are excluded from the total number in the calculation 

of the fractions presented in Figures 9a and 9b. 

 

Figure 9. Fractions of the number of inclusions with BaO at various steps  

(a. Series 1, b. Series 2) 

Figures 10a and 10b show the diameters of BaO containing inclusions at different stages of 

the process. The sizes of BaO containing inclusions range from 7 µm to 116 µm, with the 

average diameter around 20 µm at all stages. 
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Figure 10. Diameters of BaO containing inclusions at various steps (a. Series 1, b. Series 2) 

 

3. 2. Detachment of Ladle Glaze in the Molten Steel 

 

Figure 11. Comparison of the glazed refractory samples  

(a. Before experiment, b. After experiment (5 minutes)) 
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Figure 12. SEM pictures of glazed refractory samples (a. Before exp., b. After exp. (5 

minutes), c. After exp. (120 minutes), d. After exp. (rotated in steel)) 
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Figure 13. SEM picture and mapping results of glazed refractory sample 

after 120 minutes as a reaction time with liquid steel 

The glazed refractory sample after reaction with steel for 5 minutes is compared with the 

sample without reaction in Figure 11. The liquid slag layer on the lining surface is usually 2 

~ 3 mm thick on the ladle walls. While a great portion of the outer slag layer is removed after 

5 minutes in contact with liquid metal, most of the infiltrated layer still remains in the 

refractory. Because of the low interfacial tension between slag and refractory in comparison 

with that between metal and refractory, the slag has clambered up along the fresh surface of 

the refractory (see Figure 11b). Figures 12a - 12c present the SEM microphotographs of the 

lining samples before reaction, after 5 minutes of reaction and after 120 minutes of reaction 

respectively. Note that the surface layer, which is covered by clambered slag, is removed to 

obtain the inner sections of the samples shown in Figures 12a - 12c. As shown in Figure 12b, 

the thickness of the remaining slag layer on the refractory surface is only about 200 µm after 
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5 minutes of reaction. The SEM microphotograph of the sample rotated in the steel is 

presented in Figure 12d. It shows that even the relative movement of the liquid steel has not 

removed the entire glaze layer. 

Figure 13 shows the SEM micrograph and element mappings of the surface area of the 

refractory sample after the reaction with liquid steel for 120 minutes. Although some parts of 

surface are still covered by very thin liquid layer, in most of the areas the outer slag layer was 

more or less removed. As indicated by the element mappings of Al and Ca, the infiltrated 

liquid oxide solution is still observed a few millimetres from the surface of the refractory 

even after in contact with metal for 120 minutes. 

 

Figure 14. The change of chemical composition of ladle glaze by the reaction time  

(a. plotted with mole fraction, b. plotted with mass%) 

The compositions of the liquid oxide phase in the glaze layer near the surface of the samples 

were analyzed by SEM / EDX. Figure 14 presents the chemical compositions of the liquid 

phase in the glaze layer as a function of reaction time. The points given in the figure are the 

average values over more than 10 analyses. While the contents of MgO and CaO are nearly 

constant, the contents of Al2O3 and SiO2 change considerably with reaction time. After 120 

minutes in contact with liquid metal, about 0.1 mole fraction of Al2O3 is increased and about 

0.07 mole fraction of SiO2 is decreased. The increasing of Al2O3 content and decreasing of 

SiO2 content take place after 30 minutes of reaction time. 

 

3. 3. Chemical Reaction between SiO2 in Slag and Aluminium in Steel 

For the examination of the phases after slag-metal reaction, the slag samples were analyzed 

using SEM / EDX. In all the samples after the reaction with aluminium in the liquid steel, 

two phases are identified, viz. a liquid oxide solution and spinel (MgO·Al2O3) phase. As an 

example, Figure 15 presents the SEM micrograph and the element mappings of a typical slag 
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piece after the experiment. The presence of MgO∙Al2O3 spinel and the super cooled oxide 

solution is well brought out by the figure. 

 

Figure 15. SEM picture and mapping results of a typical slag piece after the experiment 

The chemical compositions of the oxide solutions after the experiments listed in Table 11. 

Since spinel phase is found in all samples, this phase is not given in the table. The 

composition of the pre-melted oxide solution is taken as the general composition of the liquid 

inclusions after tapping into the ladle from EAF. The compositions presented in Table 11 are 

the average compositions of the liquid phase. The numbers of analysis points used to get the 

average values are also presented in the same table. 

Table 11. Chemical compositions of oxide solutions before and after the experiments 

Exp. No. Crucible 
Average composition of oxide solution [mass%] Analysis 

point MgO Al2O3 SiO2 CaO 

Pre-melted slag 
 

15 25 30 30 
 

3 MgO 1.34 36.91 24.65 37.11 26 

5 MgO 1.32 38.07 16.39 44.23 16 

7 ZrO2 1.36 36.67 20.55 41.42 54 

9 ZrO2 1.39 41.42 16.37 40.82 65 
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It should be pointed out that in the oxide solution studied in ZrO2 crucibles, about 5 ~ 15 

mass% ZrO2 were detected. The compositions for these samples listed in Table 11 are the 

normalized values considering only Al2O3, CaO, MgO and SiO2. Irrespective of the sample 

and crucible used, the compositions of the oxide solution reveal a decrease in the contents of 

MgO and SiO2 and an increase in the contents of Al2O3 and CaO from the composition of the 

pre-melted oxide solution. 

The aluminium contents in the steel samples after the experiments are analyzed by Optical 

Emission Spectrometry (OES). The analyzed results are included in Table 12. 

Table 12. Chemical compositions of steel samples before and after the experiments [mass%] 

Exp. No. C Si Mn Cr Mo V Al 

Exp.3_Before 0.4200 1.0500 0.4000 5.1600 1.3000 0.9300 0.2401 

Exp.3_After 0.5275 1.1925 0.3800 4.8675 1.1825 0.8250 0.0088 

Exp.5_Before 0.4200 1.0500 0.4000 5.1600 1.3000 0.9300 0.1004 

Exp.5_After 0.4600 1.1025 0.4075 5.1225 1.2650 0.8850 0.0143 

Exp.7_Before 0.3900 1.0300 0.3700 5.1500 1.2800 0.9300 0.1604 

Exp.7_After 0.4600 1.1425 0.3650 5.1325 1.2650 1.0025 0.0178 

Exp.9_Before 0.4000 1.0400 0.4100 5.2200 1.2900 0.9300 0.2398 

Exp.9_After 0.4600 1.2200 0.4025 5.2225 1.2875 1.0100 0.0168 
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3. 4. Viscosity Measurement of Ladle Slag 

Eight different slag compositions in the Al2O3-CaO-MgO-SiO2 system were studied. The 

measurements were made in the temperature range 1720 to 1910 K. The determined 

viscosities at each temperature are the average values over the experimental data for different 

rotation speeds. The viscosity of the slags deceases with the increasing temperature. Figures 

16a - 16c present the dependence of slag viscosity on the temperature at different SiO2 

contents. In all cases, the viscosity values increase with the increasing SiO2 content when the 

Al2O3 and MgO contents are kept constant. 

 

 

Figure 16. Viscosities of slags as a function of temperature at different SiO2 contents 

(a. 30 mass% Al2O3, 5 mass% MgO,  b. 30 mass% Al2O3, 10 mass% MgO, 

c. 25 mass% Al2O3, 10 mass% MgO) 
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3. 5. Activity Measurement of Ladle Slag 

3. 5. 1. The AlO1.5-CaO-SiO2 system 

The results of chemical analysis for the AlO1.5-CaO-SiO2 slags at 1873 K are summarized in 

Table 13. 

Activities of Al and Ca in silicon metal were determined using the commercial software 

THERMOCALC with the Solution 2 database. Equations (1)-(2) and (3)-(10) were employed 

to calculate the oxygen partial pressures and activities of slag components, respectively. The 

results are listed in Table 14. 

Table 13. Slag and metal compositions after equilibrium in the AlO1.5-CaO-SiO2 system 

Sample 

No. 

Slag composition (mole fraction) Metal composition [mass%] 

AlO1.5 CaO SiO2 Al Ca 

301 0.572 0.291 0.137 3.10 1.96 

302 0.521 0.316 0.163 2.64 2.44 

303 0.456 0.345 0.199 2.30 2.96 

304 0.398 0.378 0.224 2.00 4.82 

305 0.571 0.286 0.142 4.20 2.68 

306 0.519 0.309 0.172 2.94 2.18 

307 0.401 0.376 0.223 1.80 2.24 

308 0.367 0.402 0.231 1.82 3.72 

309 0.350 0.414 0.237 2.28 6.16 

310 0.303 0.450 0.247 1.44 7.10 

311 0.607 0.298 0.095 4.42 3.06 

312 0.552 0.318 0.130 3.58 3.08 

313 0.487 0.348 0.165 3.18 3.64 

314 0.392 0.404 0.204 2.84 7.38 

315 0.336 0.433 0.232 2.52 8.62 

316 0.392 0.381 0.227 2.22 3.80 

317 0.369 0.397 0.235 2.26 5.14 

318 0.362 0.425 0.213 1.56 7.28 

319 0.302 0.445 0.253 1.36 7.20 

320 0.234 0.476 0.290 1.61 9.26 

321 0.572 0.321 0.107 5.10 4.00 

322 0.538 0.351 0.111 5.00 4.70 

323 0.529 0.350 0.121 4.70 5.10 

324 0.502 0.391 0.107 4.60 9.60 

325 0.452 0.406 0.142 3.60 9.80 

326 0.439 0.440 0.121 3.40 12.00 
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Table 14. Activities of metal and oxide in the AlO1.5-CaO-SiO2 system at 1873 K 

Sample No. 
Activity of metal 

PO2 
Activity of oxide 

Al Ca AlO1.5 CaO SiO2 

301 2.60E-02 4.82E-05 1.15E-18 0.892 0.078 0.010 

302 2.29E-02 5.74E-05 1.15E-18 0.789 0.093 0.010 

303 2.06E-02 6.67E-05 1.15E-18 0.708 0.109 0.010 

304 1.86E-02 9.61E-05 1.15E-18 0.640 0.156 0.010 

305 3.29E-02 6.27E-05 1.15E-18 1.131 0.102 0.010 

306 2.49E-02 5.25E-05 1.15E-18 0.857 0.085 0.010 

307 1.67E-02 5.32E-05 1.15E-18 0.573 0.087 0.010 

308 1.70E-02 7.92E-05 1.15E-18 0.586 0.129 0.010 

309 2.10E-02 1.16E-04 1.15E-18 0.723 0.188 0.010 

310 1.44E-02 1.28E-04 1.15E-18 0.493 0.208 0.010 

311 3.42E-02 6.96E-05 5.73E-19 0.699 0.080 0.005 

312 2.93E-02 6.95E-05 5.73E-19 0.597 0.080 0.005 

313 2.68E-02 7.87E-05 5.73E-19 0.548 0.090 0.005 

314 2.53E-02 1.34E-04 5.73E-19 0.517 0.153 0.005 

315 2.33E-02 1.51E-04 5.73E-19 0.475 0.174 0.005 

316 2.02E-02 8.07E-05 5.73E-19 0.411 0.093 0.005 

317 2.07E-02 1.01E-04 5.73E-19 0.422 0.116 0.005 

318 1.54E-02 1.31E-04 5.73E-19 0.315 0.150 0.005 

319 1.37E-02 1.29E-04 5.73E-19 0.279 0.149 0.005 

320 1.61E-02 1.60E-04 5.73E-19 0.329 0.184 0.005 

321 3.82E-02 8.57E-05 1.15E-19 0.235 0.044 0.001 

322 3.79E-02 9.66E-05 1.15E-19 0.233 0.050 0.001 

323 3.64E-02 1.02E-04 1.15E-19 0.223 0.053 0.001 

324 3.71E-02 1.70E-04 1.15E-19 0.228 0.088 0.001 

325 3.10E-02 1.72E-04 1.15E-19 0.190 0.089 0.001 

326 3.03E-02 2.14E-04 1.15E-19 0.186 0.110 0.001 

 

3. 5. 2. The Al2O3-CaO-MgO-SiO2 system 

The results of chemical analysis for the Al2O3-CaO-MgO-SiO2 slags and corresponding 

compositions of the copper solutions after equilibrium at 1873 K are presented in Table 15. 

Most of the slag compositions are in the 5 mass% MgO region of the Al2O3-CaO-MgO-SiO2 

system. 

Activities of the respective components, Al, Ca, Mg and Si, in copper metal at 1873 K were 

evaluated using the commercial software THERMOCALC with the Solution 2 and Solution 4 
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databases. The activities of the metal solutes, oxygen partial pressures and the activities of 

slag components at 1873 K are summarized in Table 16. 

Table 15. Slag and metal compositions after equilibrium in the Al2O3-CaO-MgO-SiO2 

system 

Sample 

No. 

Slag composition [mass%] Metal composition [mass%] 

Al2O3 CaO MgO SiO2 Al Ca Mg Si 

401 33.0 41.3 7.1 18.7 0.160 0.0042 0.0320 1.620 

402 28.5 42.3 7.0 22.2 0.120 0.0040 0.0300 1.250 

403 23.4 45.5 6.7 24.4 0.110 0.0040 0.0320 1.190 

404 18.7 47.2 5.8 28.2 0.086 0.0056 0.0250 1.150 

405 38.2 40.2 5.0 16.6 0.180 0.0061 0.0250 1.240 

406 31.2 45.6 4.7 18.5 0.130 0.0046 0.0270 0.770 

407 25.2 47.1 5.2 22.5 0.120 0.0072 0.0390 0.700 

408 20.9 48.8 5.1 25.3 0.092 0.0210 0.0410 0.490 

409 34.4 45.7 4.1 15.8 0.140 0.0045 0.0270 0.510 

410 29.3 49.4 3.5 17.9 0.110 0.0082 0.0270 0.350 

411 24.5 52.9 3.6 19.0 0.091 0.0160 0.0330 0.210 

 

Table 16. Activities of metal and oxide in the Al2O3-CaO-MgO-SiO2 system at 1873 K 

Sample 

No. 

Activity of metal 
PO2 

Activity of oxide 

Al Ca Mg Si Al2O3 CaO MgO SiO2 

401 4.77E-05 4.37E-06 6.00E-05 3.89E-02 4.56E-16 0.021 0.142 0.098 0.077 

402 3.52E-05 4.15E-06 5.59E-05 3.17E-02 4.56E-16 0.012 0.135 0.091 0.063 

403 3.22E-05 4.15E-06 5.97E-05 3.04E-02 4.56E-16 0.010 0.134 0.097 0.060 

404 2.50E-05 5.80E-06 4.63E-05 2.96E-02 4.56E-16 0.006 0.188 0.076 0.059 

405 5.38E-05 6.33E-06 4.64E-05 3.15E-02 4.56E-16 0.027 0.205 0.076 0.062 

406 3.81E-05 4.75E-06 4.99E-05 2.10E-02 4.56E-16 0.014 0.154 0.082 0.042 

407 3.50E-05 7.43E-06 7.27E-05 1.93E-02 4.56E-16 0.012 0.241 0.119 0.038 

408 2.66E-05 2.17E-05 7.64E-05 1.40E-02 4.56E-16 0.007 0.703 0.125 0.028 

409 4.10E-05 4.63E-06 4.98E-05 1.46E-02 4.56E-16 0.016 0.150 0.081 0.029 

410 3.19E-05 8.43E-06 4.97E-05 1.02E-02 4.56E-16 0.010 0.273 0.081 0.020 

411 2.62E-05 1.64E-05 6.09E-05 6.29E-03 4.56E-16 0.006 0.533 0.099 0.013 
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3. 6. Effect of the Previous Ladle Slag on the Number of Non-Metallic Inclusions 

3. 6. 1. Chemical composition of ladle slag of the previous heat 

Because of the generation mechanism of the ladle glaze, the chemical composition of ladle 

glaze is related to the slag composition of the previous heat. The ladle slag was taken from 

the previous heat of each experimental series after vacuum treatment and analyzed. The 

chemical compositions of these slags are listed in Table 17. 

Table 17. Chemical composition of ladle slag of the previous heat (after vacuum treatment) 

No. of series 
Chemical composition [mass%] 

CaO MgO Al2O3 SiO2 

1 50.3 13.4 25.1 11.2 

2 50.5 12.5 26.6 10.4 

3 51.4 9.8 27.2 11.5 

4 44.3 15.3 31.5 8.9 

5 44.0 14.8 27.9 13.4 

6 48.3 10.4 26.5 14.8 

7 48.7 14.9 26.0 10.4 

8 55.4 7.5 26.8 10.3 

9 46.0 16.7 25.9 11.4 

 

3. 6 .2. Oxygen content of steel sample of the following heat 

The dissolved oxygen content of molten steel was measured just after the steel sampling, 

after the vacuum treatment. The total oxygen content in the steel sample was analyzed by 

combustion technique using LECO. The difference between total oxygen content of steel 

sample and the dissolved oxygen content, (Otot-Odis) is indirectly related to the amount of 

oxide particles, namely the number of non-metallic inclusions. Table 18 shows the dissolved 

oxygen content, total oxygen content and chemical composition of steel sample which was 

taken from the following heat of each experimental series. 

3. 6. 3. Number of non-metallic inclusions in the final product steel sample 

Steel samples of final products were analyzed. Only inclusions bigger than 10 µm in diameter 

were considered. The size of inclusions generated in casting process is generally smaller than 

10 µm
 [18]

. The number of non-metallic inclusions per unit area is shown in Table 19. 

According to the Swedish standard SS111116, the inclusions were classified into four size 

ranges, namely 2.8-5.7, 5.7-11.3, 11.3-22.6 and >22.6 µm. Hence, the numbers of inclusions 

in the third and fourth groups are used for the comparison of number of non-metallic 

inclusions. 
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Table 18. Compositions of steel samples of the following heat (after vacuum treatment) 

No. of 

series 

Dissolved 

oxygen (ppm) 

Total oxygen 

(ppm) 

Chemical composition [mass%] 

C Si Mn Cr Mo V Al 

1 2.6 75 0.390 1.030 0.440 5.100 1.280 0.910 0.031 

2 2.6 21 0.390 1.030 0.400 5.170 1.280 0.910 0.020 

3 2.5 26 0.350 1.100 0.490 5.200 1.300 0.910 0.019 

4 2.2 15 0.390 1.040 0.480 5.140 1.290 0.920 0.045 

5 2.2 35 0.400 1.030 0.480 5.170 1.300 0.940 0.037 

6 2.8 41 0.380 1.050 0.500 5.220 1.320 0.940 0.025 

7 2.5 21 0.410 1.040 0.470 5.170 1.290 0.920 0.027 

8 1.5 21 0.400 1.020 0.470 5.140 1.290 0.930 0.037 

9 1.8 47 0.390 1.020 0.450 5.160 1.310 0.920 0.033 

 

Table 19. Number of inclusions of final product steel sample of the following heat 

No. of 

series 

Number of inclusions (classified by SS111116, /mm
2
) Total 

2.8 ~ 5.7 (µm) 5.7 ~ 11.3 (µm) 11.3 ~ 22.6 (µm) 22.6 ~ (µm) 11.3 ~ (µm) 

1 0.25365 0.08952 0.00366 0.00065 0.00431 

2 0.27852 0.03979 0.00405 0.00013 0.00418 

3 0.07460 0.01243 0.00174 0.00000 0.00174 

4 0.30836 0.09947 0.00200 0.00000 0.00200 

5 0.27852 0.03482 0.00432 0.00000 0.00432 

6 0.34815 0.09947 0.00758 0.00052 0.00810 

7 0.17408 0.08952 0.00654 0.00078 0.00732 

8 0.19894 0.04476 0.00392 0.00013 0.00405 

9 0.19894 0.02984 0.00353 0.00105 0.00458 

 

3. 6. 4. Effect of the chemical composition of ladle slag on the next heat 

Figure 17a presents the number of non-metallic inclusions per unit area as a function of SiO2 

content in the slag of the previous heat after vacuum step. The difference between total 

oxygen content and dissolved oxygen content of steel samples is plotted as a function of the 

SiO2 content of the previous heat in Figure 17b. These two figures evidently show that the 

number of inclusion bigger 11.3 µm increases with the SiO2 content in the previous ladle slag. 

It is worthwhile to point out that similar plots for Al2O3, CaO and MgO do not show the same 

trends as in Figures 17a and 17b. 
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Figure 17. The effect of SiO2 content of ladle slag on the next heat 

(a. Plot of the number of non-metallic inclusions per unit area, 

b. Plot of the difference between total oxygen and dissolved oxygen of steel sample) 
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4. DISCUSSION 

4. 1. The Generation and Chemical Developments of Non-Metallic Inclusions in Ladle 

Treatment 

4. 1. 1. Transfer of BaO from slag to non-metallic inclusions 

The entrainment of slag has been considered as an important source of the formation of 

inclusions. It could be expected that at least a few inclusions should have very similar 

composition with the slag composition, if this argument is true. A careful comparison of the 

results in Table 9 and Table 10 evidently shows that the compositions of the oxide phase in 

the inclusions considerably differ with the corresponding slag compositions at different 

stages. 

It is observed that the average BaO contents of the inclusions before vacuum degassing 

appears to be lower than that after vacuum degassing. Most of the inclusions before vacuum 

degassing have much lower BaO contents than the slag. The lower values of the BaO 

contents is definitely in contradiction with the argument of slag entrainment, which would 

result in rather uniform BaO content very near the concentration in the slag. It is also 

worthwhile to compare the average BaO contents in the BaO containing inclusions before 

and after vacuum treatment in „Heat_S1_1‟ and „Heat_S2_1‟. This comparison is presented 

in Figure 8. The figure shows that BaO contents in the inclusions increases considerably 

during vacuum degassing. The increase of BaO content is also against the suggestion that 

most of the inclusions are entrapped from the slag. Since the BaO content in the slag is higher, 

any entrapped inclusion (if any) would show a decrease in BaO content, but not increase with 

time. In order to get an insight into the mechanism, a semi-quantitative thermodynamic 

consideration is necessary. 

To the author‟s knowledge, no thermodynamic data for BaO in slag is available. As a first 

approximation, BaO is considered as a part of CaO and dissolved Ba is also considered as a 

part of dissolved Ca, in view of their similarities. In the deoxidation procedure, aluminium is 

added into the steel melt. The steel analysis indicates the Al concentration is about 0.07 

mass%. In fact, the local dissolved aluminium concentration close to the slag-metal interface 

could be much higher, since aluminium intends to float up due to its low density. Initially, the 

liquid metal contains almost zero dissolved Ba content. Even the concentration of Ca in the 

metal is very low. Hence, the following reaction at the slag-metal interface would take place. 

)()(32))((3 32 slagOAlorBaCaAlslagorBaOCaO       (11) 

The standard Gibbs energy of reaction (11) can be evaluated from the thermodynamic data 
[19, 

20]
 for the following reactions: 

OCasCaO )(      (12) 

OAlsOAl 32)(32       (13) 
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The underline denotes that the element is dissolved in liquid iron. The equilibrium constant 

for reaction (11) at the same temperature is thus calculated to be 

14

23

)(

2

)(

11 1003.232 





AlorBaOCaO

OAlBaorCa

aa

aa
K      (14) 

The activity of CaO (the sum of CaO and BaO) and Al2O3 can be evaluated using the slag 

model 
[21]

 based on the slag composition in Table 9. The activity of dissolved aluminium can 

be evaluated using the dilute solution model 
[22]

 based on the steel composition in Table 8, 

while the activity of dissolved oxygen is measured by CELOX. The activity of Ca (or Ba) can 

therefore be estimated by equation (14). The activities are presented in Table 20. 

Table 20. The activities of steel and slag compositions at 1873 K before vacuum treatment in 

the first heat of each series 

Heat_S1_1 

/ Before Vacuum 

 
MgO Al2O3 SiO2 CaO (BaO) 

[mass%] 9.5 22.6 11.7 56.2 

Activity [mass%] 3.84×10
-1

 8.94×10
-2

 4.10×10
-3

 6.37×10
-2

 

 
Al Ca (Ba) O 

 
Activity (ppm) 8.05×10

2
 7.24×10

-3
 3.10 

 

Heat_S2_1 

/ Before Vacuum 

 
MgO Al2O3 SiO2 CaO (BaO) 

[mass%] 13.3 29 10.6 47.1 

Activity [mass%] 5.88×10
-1

 4.08×10
-2

 2.90×10
-4

 1.63×10
-1

 

 
Al Ca (Ba) O 

 
Activity (ppm) 6.02×10

2
 1.98×10

-2
 5.20 

 
 

Note that the initial concentration of Ba in the liquid metal is nearly zero. Hence, reaction (11) 

will take place towards the right hand side, thereby resulting in locally higher Ba 

concentration near the slag-metal interface. This situation is schematically illustrated in 

Figure 18. 

The steel melt is stirred either by induction or gas and induction at the two stations. The steel 

velocity at the interface can be even higher than 0.5 m/s 
[23, 24]

 in both stirring modes. Hence, 

the dissolved Ba at the slag-metal interface will be transferred by convection to the other 

locations in the melt. It will take rather long time for the steel to have a uniform Ba 

concentration and in equilibrium with the slag. At the locations, wherein Ba activity is high 

enough and the BaO activity is low, dissolved Ba will reduce the other oxides in the 

inclusions according to reaction (15). 

BaOMMOBa       (15) 
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Where of MO can be SiO2, MgO and even CaO. This situation is very favourable at the early 

stages of the ladle treatment, since the inclusions have initially 0BaOa . 

 

Figure 18. Schematic diagram of the behaviour of Ba from slag to liquid steel and inclusions 

The above reasoning could well explain the lower average BaO content in the inclusions 

before vacuum treatment in the heat having BaO addition. At this stage, the Ba is still 

supplied by the slag to the metal through reaction (11), and there is still considerable 

concentration gradient with respect to dissolve Ba. Note that the equilibrium Ba activity is 

very low (see Table 20). The low driving force would lead to very slow mass transfer process. 

The inclusions having stayed in the region of high Ba concentration would have higher BaO 

content, while the inclusions having only stayed in the region of low Ba concentration would 

have lower BaO content. There are even some inclusions have negligible BaO concentration. 

As shown in Figures 9a and 9b, the fraction of BaO containing inclusions before vacuum 

treatment is only about 0.2 in „Heat_S1_1‟ and 0.3 in „Heat_S2_1‟. It shows that only a small 

fraction of inclusions contain BaO, even about 1 hour after the addition of BaO. On the other 

hand, almost all inclusions involving liquid oxide phase contain BaO after vacuum treatment 

in these two heats. The rate of Ba transfer from slag to the metal, which is similar as the 

desulphurization reaction, depends on the rate of slag-metal contact. The much faster 

desulphurization during vacuum degassing in comparison with the case of only induction 

stirring is explained by the good mixing of slag around the open-eye and metal introduced by 
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the metal-gas plum 
[25, 26]

. The same explanation seems also apply for the Ba transfer. The 

fact that almost all inclusions contain BaO is in accordance with the suggestion that gas 

stirring strongly enhances slag-metal reactions.
 

It is worthwhile to mention that the equilibrium activity of Ba is very low (see Table 20). 

Even with such low activity (and therefore low Ba concentration) at the slag-metal interface, 

the slag exerts its effect on the composition of inclusions, although it is a slow process. The 

present tracer experiments would provide semi-quantitative information regarding the rate of 

the effect of slag on the inclusions. It seems to suggest that the efficiency would not be 

satisfactory when using the slag to modify the inclusion composition in a limited time. This is 

especially true when the solubilities of the elements, e.g. Ca and Mg are very low. 

The present results along with the previous work carried in the same melting shop 
[3, 16]

 

strongly suggest that slag entrainment is, at least, not the main mechanism of inclusion 

formation. Based on their tracer experiments in the industry, Kawakami and his co-workers 
[27]

 have come to the same conclusion, though their concentration of tracer is very low. 

4. 1. 2. Effect of ladle glaze on the generation of non-metallic inclusions 

Figures 9a and 9b show that inclusions containing BaO are found in all steps of the second 

and third heats of both experimental series. The fractions are between 0.1 and 0.5. As shown 

in Figure 8, the BaO contents could be as high as 2 ~ 8 mass% in the second heats after BaO 

addition. Since the ladle is emptied after casting, the only source which brings BaO to the 

next heat is the ladle lining, viz. -ladle glaze. 

The outer layer of the ladle glaze would be removed during the filling of the ladle in the next 

heat, while the slag-infiltrated layer would not be easily removed because of the MgO matrix. 

The movement of the liquid steel near the wall would flush off pieces of the slag-infiltrated 

layer resulting in inclusions of Type 7 and Type 8 
[4, 17]

. On the other hand, the evidences of 

the function of ladle glaze were mostly indirect, namely the increase of the number of 

inclusions with ladle age and the existence of Type 8 inclusions after vacuum treatment 
[16]

. 

The results shown in Figures 8 and 9 provide very strong direct evidence of the impact of 

ladle glaze. 

It is somewhat surprising to see in Figure 9a that BaO is even found in the inclusions 2 heats 

after the addition of tracer. The results indicate that the slag can penetrate into the refractory 

matrix very deep. Some of the penetrating slag can even stay in the pores of the refractory 

without being removed throughout about 2 hours of the whole ladle treatment of the second 

heat. Although the numbers in Figure 9a and 9b could only be considered semi-quantitative 

due to the limited surface areas of the samples, the results in Figure 9 still show that the 

fractions of BaO containing inclusions are very high in the heat(s) without BaO addition. It is 

evident to conclude that a great fraction of inclusions are supplied by the refractory lining. 

One important observation is that the fractions of BaO containing inclusions do not show 

decreasing trend with time in the second heats (Heat_S1_2 and Heat_S2_2) and the third heat 

(Heat_S1_3). It implies that the supply of inclusions from the refractory lining is continuous. 
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Figure 8 shows decreasing trends of BaO contents with time in the inclusions found in the 

second heats (Heat_S1_2 and Heat_S2_2). This can be easily explained by reaction (11). The 

Ba activities in the steel in these two heats are almost zero. BaO in the inclusions or the oxide 

hold in the refractory pores in contact with metal would be reduced by Al in the melt, thereby 

resulting in the decrease of BaO content. 

Figure 8 also shows that the BaO content in the third heat (Heat_S1_3) is considerably lower 

than that in the second heat (Heat_S1_2). This can be attributed to two factors. The first 

factor would be the reaction (11), which reduces the BaO concentration in the oxide in the 

pores of the refractory matrix. The second factor would be the dilution of BaO in the oxide in 

the pores of refractory by the penetration of the new slag during the casting of the second 

heat.  

As shown in Figures 10a and 10b the average diameter of BaO containing inclusions is 

around 20 µm at all stages of both experimental series. Some of BaO containing inclusions 

are even bigger than 100 µm. It implies that most of the BaO containing inclusions are 

detrimental with regard to the mechanical properties of tool steel. The inclusions around 100 

µm are extremely harmful. Hence, to reduce the number of inclusions supplied by ladle glaze 

is a very necessary task. 

4. 1. 3. Chemical development of liquid oxide inclusions formed from ladle glaze 

As shown in Figure 13, the thin layer of oxide solution and infiltrated liquid oxide still 

remain in the lining sample, even after 120 minutes of immersion in the liquid steel. The 

remaining oxide in the surface region of the lining sample could be attributed to two main 

factors, (1) the MgO matrix trying to hold the liquid oxide, (2) the contact of MgO-oxide 

solution requiring lower interfacial energy in comparison with the MgO-metal contact. 

The results of chemical analysis in Figure 14 indicate that Al2O3 and SiO2 vary considerably 

with reaction time. The decrease of SiO2 content is compared with the increase of Al2O3 

content. At later stage, the changes of SiO2 and Al2O3 are about 0.1 and 0.07 mole fraction, 

respectively. It is likely that the following reaction has taken place. 

)(234)(3 322 sOAlSiAlsSiO       (16) 

The standard Gibbs energy of reaction (16) can be evaluated from reaction (17)
 
and reaction 

(18) 

OSisSiO 2)(2   
[28]

     (17) 

)(32 32 sOAlOAl   
[20]

    (18) 

It can be expressed as, 

)/(9.12170319016 moleJTGo       (19) 
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The activities of Al, Si in the liquid metal can be calculated using the dilute solution model
 [22]

 

based on the steel composition in Table 5. The activities of SiO2 and Al2O3 in the initial oxide 

solution can be calculated using the slag model
 [21]

 based on the oxide composition before the 

experiment (see Figure 14). On the basis of these activities and the value of 
oG16 , the Gibbs 

energy of reaction (16) at 2 ppm of oxygen activity is evaluated to be -17865.12 (J/mole) at 

1873 K. This very negative Gibbs energy would confirm the existence of reaction (16) in the 

experiment, and therefore explain the variations of the of SiO2 and Al2O3 contents. 

As shown in Figure 14, it takes about 60 minutes for the oxide solution in the MgO matrix to 

reach equilibrium with the metal. In an industrial ladle, the situation would differ from one 

place to another, especially when the steel bath is stirred by either gas or induction. 

Nevertheless, the inclusions formed by the detachment of ladle glaze would have the 

composition ranging between the initial composition of the liquid oxide in the glaze (39 mass% 

Al2O3 - 45 mass% CaO - 5 mass% MgO - 11 mass% SiO2) and that after equilibrating with 

metal (52 ~ 54 mass% Al2O3 - 38 ~ 40 mss% CaO - 7 ~ 9 mass% MgO - 0 ~ 2 mass% SiO2). 

A number of studies
 [1-7, 29]

 have revealed that a big fraction of inclusions are generated by the 

detachment of ladle glaze. It is reasonable to believe that the inclusions generated by the 

lining at the initial stages of the ladle treatment would have the composition around the initial 

composition of the liquid oxide in the glaze. Correspondingly, the SiO2 contents in these 

inclusions would be in the middle range (about 7 ~ 15 mass%). 

During deoxidation and vacuum degassing process, the dissolved aluminium in the liquid 

steel reduces the SiO2 in the oxide solution in the MgO matrix according reaction (16). Good 

kinetic conditions and longer exposure of the oxide solution to the steel would result in the 

equilibrium of the liquid oxide with the steel. Flushing-off of tiny pieces of the lining under 

such condition would generate inclusions having low SiO2 content. However, the situation in 

a ladle is very complicated. It is possible that the oxide solution in the matrix is in good 

contact with the steel in some parts of the lining, but is in less good contact with the steel in 

some other parts. Hence, the oxide solution in the MgO matrix would not have uniform 

composition even at the later stages of the ladle treatment. Consequently, the liquid 

inclusions generated by the lining in the later stage would not have uniform composition. On 

the other hand, considering the long process time, the liquid inclusions detached from the 

lining would very likely to have low SiO2 contents, e.g 0 ~ 2 SiO2 mass% as shown in Figure 

14. 

As evidently seen in Figure 12c, the liquid oxide still stays in the MgO matrix, even after 120 

minutes of immersion. Figure 12d shows that even the relative movement of the liquid steel is 

not able to remove the entire glaze layer. These results suggest that though the major part of 

the glaze is removed by the new steel in the second heat, the lining still hold a lot super 

cooled liquid oxide in its MgO matrix. Tiny pieces of the remaining liquid oxide would 

become liquid inclusions when flushed off from the matrix in the second heat and third heat. 

It is also possible that tiny pieces of the liquid oxide are flushed off along with small pieces 

of MgO solid forming multi phase inclusions, viz. inclusions with MgO islands existing in 
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the centre part of the liquid oxide. This type of inclusions has been evidently found in steel 

samples during ladle treatment 
[3, 5, 17, 30]

.
 

4. 1. 4. Chemical development of liquid oxide inclusions carried over from EAF 

As mentioned in the experimental part, the pre-melted oxide solution corresponds to the 

composition of liquid inclusions carried over from EAF process. In all the samples after 

reaction, two phases are detected, namely a super cooled liquid and MgO·Al2O3 spinel (see 

Figure 15). Table 11 indicates that the results obtained in MgO crucibles and ZrO2 crucibles 

are very similar. The amount of oxide is very small, which results in very thin layer of the 

oxide on the liquid bath. The contact area of the liquid oxide with the crucible is limited. It 

seems to explain why the MgO contents in the oxide solutions are almost the same in the two 

types of crucibles. 

4. 1. 4. 1. Formation of the spinel phase (MgO·Al2O3) 

The formation of the spinel phase is expected to be due to the following reaction. 

)(32)( 32 sOAlMgOOAlsMgO 
     

(20) 

The Standard Gibbs energy of reaction (20) can be obtained by the combination of Standard 

Gibbs energies for reaction (21) and reaction (22). 

)()()( 3232 sOAlMgOsOAlsMgO 
 

[31]
 
    

(21) 

)(32 32 sOAlOAl 
 

[20]

     
(22) 

It gives, 

)/(1.378124579020 moleJTGo 
     

(23) 

The activities of MgO can evaluated from the composition of the pre-melted oxide using the 

thermodynamic model
 [21]

. The activity of Al in the metal can be calculated using the dilute 

solution model
 [22]

 based on the analyzed Al content before the reaction (see Table 12). The 

use of graphite crucible and CO gas in the experiment would maintain a nearly constant 

oxygen partial pressure at the surface of the sample. The oxygen partial can be evaluated 

using the reaction (1). The reaction leads to an oxygen partial pressure of 4.55×10
-16

 atm at 

1873 K.  

The oxygen activity in the liquid metal can be calculated to be 5.60×10
-5

 on the basis of 

reaction (24). 

OgO )(
2

1
2

     
(24) 

)/(887.211730024 moleJTGo   
[32]

     (25) 
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At 1873K, the Gibbs energy values are calculated to be very negative. The big negative 

20G  would ensure reaction (20) going to the right hand side. Hence, the formation of spinel 

phase is inevitable. 

Note that (1) the present liquid oxide has very similar composition of the inclusions brought 

over from EAF for tool steel; (2) the initial steel composition is similar as the liquid steel in 

the ladle; (3) the aluminium contents listed in Table 12 are in the range of the ladle treatment; 

(4) the oxygen activity at the oxide-steel interface is 5.60×10
-5

 (0.6 ppm) which is slightly 

lower than the oxygen activity in the ladle (1 ~ 4 ppm). Since a very small amount of slag is 

used, the oxygen activity at the oxide-steel interface is expected to be close to this controlled 

oxygen potential. Hence, similar observation as in the laboratory experiment should be found 

in the case of ladle treatment. It means that the formation of spinel phase in liquid oxide 

inclusions brought over from EAF is very likely to take place during aluminium addition. As 

a matter of fact, many inclusions of this type are detected during and after aluminium 

deoxidation
 [3, 5, 17, 30]

.
 
It is worthwhile to mention that the oxygen activity in the present 

experiment is somewhat lower than in the ladle. However, as indicated by reaction (20), 

higher oxygen activity would favour the formation of spinel. Hence, the formation of spinel 

in the ladle is even more likely to take place.
 

4. 1. 4. 2. Composition change of the remaining oxide solution 

As shown in Table 11, the reaction leads to the decrease of the contents of MgO and SiO2 and 

the increase of the contents of Al2O3 and CaO in the remaining liquid solution. The decrease 

of MgO content is the direct results of reaction (20). The precipitation of the MgO·Al2O3 

spinel consumes the MgO in the liquid oxide. The formation of spinel should have also 

decreased the content of Al2O3 in the oxide solution. The clear increase of Al2O3 and 

decrease of SiO2 in the oxide solution indicate that reaction (16) has possibly taken place. 

Table 21. The activity values of oxide solutions at 1873 K 

Exp. No. MgO Al2O3 SiO2 CaO 

Pre-melted slag 3.75×10
-1

 2.70×10
-1

 5.53×10
-2

 8.76×10
-2

 

3 3.34×10
-2

 5.19×10
-1

 3.59×10
-2

 1.50×10
-2

 

5 4.08×10
-2

 2.48×10
-1

 4.11×10
-3

 5.91×10
-2

 

7 3.98×10
-2

 3.62×10
-1

 1.20×10
-2

 3.20×10
-2

 

9 3.96×10
-2

 3.22×10
-1

 7.16×10
-3

 4.24×10
-2

 

 

The activities of Al, Si in the liquid metal can be calculated using the dilute solution model
 [22]

 

based on the steel compositions before the reactions in Table 12. The activities of SiO2 and 

Al2O3 in the oxide solution can be calculated using the slag model
 [21]

. Using the activity 

values (see Table 21) and the Standard Gibbs energy of reaction (16), the Gibbs energy 

values for Exp. 3 and Exp. 7 are calculated. 16G  before and after experiments are very 
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negative values. This strong driving force would push reaction (16) going to the right side 

and therefore resulting in the increase of Al2O3 and decrease of SiO2 in the solution. 

It should be pointed out that the compositions of the oxide solution listed in Table 11 are 

average values and subjected to uncertainties. Nevertheless, it is still certain that SiO2 content 

in the oxide solution has been considerably decreased. It ranges between 12 mass% and 25 

mass%. Note that strong concentration gradients are observed in each sample. 

When aluminium is added in the ladle for deoxidation, the aluminium concentration is 

expected to be very different in different regions of the ladle. The liquid steel could have 

extremely high content of aluminium near the location of aluminium addition, while much 

lower aluminium concentration could be expected a distance away from the location of 

addition. The big difference in the local aluminium activity would lead to different extents of 

reaction (16). As a consequence, the inclusions would have very different SiO2 contents. This 

difference is even noticed in the small crucible of the laboratory experiments as mention in 

the above paragraph. Despite of the difference in SiO2 content, all the liquid inclusions 

having high SiO2 content should be absence a while after aluminium addition, as indicated by 

the present thermodynamic calculation and laboratory experiments. Previous results of 

industrial trials
 [3-5, 17, 30]

 also show that the liquid inclusions having SiO2 as high as 30 mass% 

vanish after deoxidation. In the later stages of ladle treatment, only liquid inclusions bearing 

liquid oxide with lower than 15 mass% SiO2 are detected. In fact, the vanishing of the liquid 

inclusions having high SiO2 content (about 30 mass%) could not be well understood in the 

previous work
 [5]

. The authors only gave a plausible explanation for this vanishing, viz. they 

could float up to join the slag. The present results would provide a reasonable explanation. 

The SiO2 in the liquid oxide is too high for equilibrium with the steel when Al is added. 

Reaction (16) takes place spontaneously upon Al addition. As a result, all the inclusions 

having high SiO2 in the oxide solution are developed into inclusions having low and middle 

SiO2 content in its oxide solution. Holappa et al. 
[33]

 have also reported and discussed similar 

phenomenon of SiO2 reduction between tundish slag and steel. 

4. 1. 5. Classification of the types of non-metallic inclusions 

In the previous studies, inclusions found during ladle treatment for tool steels have been 

classified to 8 types
 [17]

. This classification was based on the limited information available by 

that time. On the basis of the present results, a better understanding can be achieved. 

To help the discussion, the table for the classification of inclusions and their existences from 

the previous work is reproduced in Table 22 
[3, 5, 17, 30]

.
 
Type 1 inclusions are pure MgO, 

which is only found in a new ladle in the first usage 
[17]

.
 
Inclusions of Type 5 are alumina 

clusters. They are product of aluminium deoxidation. Alumina clusters float up to join the 

slag in a very short time. The pure spinel inclusions (Type 3) are found in the liquid steel 

until to the former step of vacuum treatment. Spinel becomes unstable when the oxygen 

activity is decreased to a certain level (e.g. 2 ppm in the tool steel) 
[5, 29]

.
 
To meet the 

thermodynamic constraint, an oxide solution would form on the spinel surface. The 
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inclusions of Type 1, Type 3 and Type 5 have been discussed in detail in the earlier 

publications. The focus of the discussion is therefore give to the rest types of inclusions. 

Table 22. The different types of inclusions at different stages of ladle treatment
 [3, 5, 17, 30]

 

Characteristics Type 
Ladle 

Arrival 

Initial Al 

adding 

Later Al 

adding 

Before 

Vacuum 

After 

Vacuum 

Pure MgO 1 x x       

Liquid oxide solution with high 

SiO2 content 
2 x x       

Spinel (MgO·Al2O3) 3 x x x x   

Combination of 2 and 3 4 x x       

Pure Al2O3 5   x       

Spinel + oxide solution with low 

SiO2 content 
6     x x x 

Oxide solution with low SiO2 

content 
7       x x 

MgO + oxide solution with low 

SiO2 content 
8       x x 

 

Both inclusions of Type 2 and Type 4 consist of a liquid oxide solution phase, which has 

SiO2 content about 30 mass%. Type 6, Type 7 and Type 8 also consist of a liquid oxide phase. 

In contrast to Type 2 and Type 4, the oxide solution in these three types of inclusions has a 

SiO2 content below 15 mass%. In fact, the difference in SiO2 content was the main reason to 

distinguish the liquid oxide solutions as two different phase (Thermodynamically, they are 

the same phase). 

Difficulties were encountered in the explanation of the complete vanish of Type 2 and Type 4 

inclusions 
[5]

.
 
The vanishing was attributed to the floating up of the inclusions without any 

supporting evidence. The present experimental results along with the thermodynamic analysis 

can very well explain the vanishing of Type 2 and Type 4 inclusions. The addition of 

aluminium in the liquid metal would increase the aluminium activity, therefore leading to 

reaction (16) and reaction (20). Reaction (20) results in the precipitation of spinel phase, 

while reaction results in the decrease of SiO2 content in the remaining liquid oxide solution. 

Consequently, inclusion of Type 2 would develop into Type 6. Situation for Type 4 

inclusions is similar. In this type of inclusions, spinel phase is in the centre region of the 

sphere of the liquid oxide. Since the liquid oxide solution has the same composition as that in 

Type 2, both reaction (16) and reaction (20) are inevitable after aluminium addition. Hence, 

inclusions of Type 4 will also developed into Type 6. The above reasoning can well explain 

why only inclusions of Type 3 and Type 6 are found after aluminium addition. Type 6 

inclusions are quite stable to the end of the ladle treatment. 

Inclusions of Type 7 and Type 8 are only detected in the later stages of ladle refining. 

Previous studies
 [3, 5, 17, 30]

 have suggested strongly that they are at least partially supplied by 

the ladle lining. The present experimental results and thermodynamic consideration provide 
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strong evidence for this argument. As discussed earlier, the oxide solution held by the MgO 

matrix would react with the dissolved aluminium in the liquid metal. The oxide solution 

would have SiO2 content ranging between 1 ~ 15 mass%. This composition range matches 

exactly the composition of the oxide solution in Type 7 and Type 8 inclusions. The flushing-

off a tiny piece of the oxide solution in the matrix would form a Type 7 inclusion. On the 

other hand, the flushing-off of a tiny piece of MgO along with the oxide solution would form 

an inclusion of Type 8. 

It should be mentioned that the SiO2 content in the oxide solution of inclusions of Type 6, 

Type 7 and Type 8 could vary from 1 mass% to 15 mass%. Kang et al.
 [28]

 report on the basis 

of their experiment that though the SiO2 content varies between 3 and 15 mass%, the activity 

of SiO2 does not differ considerably. The local Al activity difference and slow mass transfer 

inside the inclusions could be the explanation for the observed variation of SiO2 content. 

The present results strongly suggest that the inclusions having very high SiO2 content, e.g. 30 

mass% can only come from the EAF. The inclusions generated by ladle glaze can only have 

SiO2 content below about 15 mass%. 
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4. 2. Physical and Chemical Properties of Ladle Slag 

4. 2. 1. Physical property of ladle slag: Viscosities 

4. 2. 1. 1. Modelling 

A number of mathematical models have been developed to estimate the viscosities of oxide 

slags. In the present work, the viscosity model developed by the KTH group 
[34-38]

 is adopted. 

To help the reader, a brief description of the model is presented below. 

The model is based on the absolute rate theory 
[39]

. The viscosity of slag can be expressed by 

Eyring equation 
[39]

: 








 


RT

G

M

Nh *

exp




     

(26) 

where N is Avogadro‟s number, h is Planck‟s constant,  is density, M is the molecular 

weight, 
*G is the viscous activation Gibbs energy which is a function of composition and 

temperature. 

The averaged molecular weight   ii MxM
 
is employed as the molecular weight of the 

slag, while the density of slag  is approximately calculated by   iix  . Here, ,ix
 

iM and i are the mole fraction, molecular weight and density of component i, respectively. 

By combining Temkin ionic theory 
[40]

 with Lumsden theory 
[41]

, the oxide melt is considered 

to consist of a matrix of oxygen ions with various cations (including Si
4+

) distributed in it. In 

a system containing m different oxides, cations and anions can be grouped in two separated 

subgroups: 

qp

mi OCmCiCC )(),,,2,1( 221  
     

(27) 

where p and q are stoichiometric numbers. Ci stands for cations, and the superscript vi 

represents the electrical charge number of Ci. 

The ionic fraction of cation defined as: 




Ci

Ci
Ci

N

N
y

     

(28) 

is used to describe the slag composition. In equation (28), CiN  denotes the number of cation 

i. 

The model can predict the viscosities of multi-component slag with reasonable satisfactory 

results 
[64]

. In order to improve the model predictions in the composition region of basic ladle 



43 

 

slag, the model parameters are re-optimized based on the present experimentally determined 

viscosities and the available literature data
 [35, 42-63]

. 

Only binary and ternary interaction parameters are employed. The optimized equation of 
*G  to estimate the viscosities of the Al2O3-CaO-MgO-SiO2 system and its sub-systems is 

given below. 
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4. 2. 1. 2. Model calculation and discussion 

The model is employed to calculate the viscosities of slags in the Al2O3-CaO-MgO-SiO2 

system and its sub-systems. The calculated viscosities are compared with the experimental 

data from both literature and the present work in Figure 19. It is seen in the figure that the 

calculated values are in good agreement with the experimental data for all systems, indicating 

thereby the reliability of the model predictions. 

In view of the importance of the viscosity values, the calculated iso-viscosity lines in the 

basic ladle slag region of the Al2O3-CaO-MgO-SiO2 system at 1823 K and 1873 K are 

determined. Figure 20 and Figure 21 present the iso-viscosity lines in the Al2O3-CaO-MgO-

SiO2 system at 1873 K for 5 mass% MgO and 10 mass% MgO, respectively. Figure 22 and 

Figure 23 present the iso-viscosity lines in the Al2O3-CaO-MgO-SiO2 system at 1823 K for 5 

mass% MgO and 10 mass% MgO, respectively. The boundaries of the single liquid regions 

shown in the figures are from Slag Atlas 
[66]

. In view of the uncertainties in the phase diagram 

information, the boundaries at 1823 K are given in dotted lines. The present experimental 

data are also given in the figures for comparison. Note that most of the data in these 

experiments are not obtained exactly at 1873 K or 1823 K, but very close to the temperature 

of the given section. Hence, the viscosity values given in the brackets are determined by 

interpolation from Figure 16. The comparisons between the experimental data and model 

calculation are very satisfactory. 
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The iso-viscosity lines in Figures 20 - 23 reveal that the viscosity decrease in general as the 

content CaO increases when the ratio of Al2O3 and SiO2 is kept constant. It is also interesting 

to see that the iso-viscosity lines are quite parallel to the Al2O3-SiO2 connection. This 

behaviour indicates that Al2O3 has similar effect on the slag viscosity as SiO2. Al2O3 could 

behave as a network-forming oxide in Al2O3-CaO-MgO-SiO2 system in the highly basic 

region. [AlO4] tetrahedral could form and have a good stability due to large content of 

charge-compensating cations (Ca
2+

). The formation of the [AlO4] tetrahedral would increase 

the resistance of the movement of the melt. 

 

Figure 19. Comparison between experimental and calculated viscosities in different systems 

It is worthwhile to mention that the viscosities of the slags estimated using the old model 

parameters are generally about 40 % lower than the experimental data. The fact that too few 

experimental data were available in the ladle slag region for the old model optimization 

would well explain this disagreement. 
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Figure 20. The iso-viscosity lines (dPa∙s) in Al2O3-CaO-MgO-SiO2 with 5%MgO at 1873K 

 

 

Figure 21. The iso-viscosity lines (dPa∙s) in Al2O3-CaO-MgO-SiO2 with 10%MgO at 1873K 
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Figure 22. The iso-viscosity lines (dPa∙s) in Al2O3-CaO-MgO-SiO2 with 5%MgO at 1823K 

 

 

Figure 23. The iso-viscosity lines (dPa∙s) in Al2O3-CaO-MgO-SiO2 with 10%MgO at 1823K 



47 

 

4. 2. 2. Chemical property of ladle slag: Activities 

4. 2. 2. 1. The AlO1.5-CaO-SiO2 system 

Iso-activity contour lines were constructed with the obtained values in the isothermal section 

of the AlO1.5-CaO-SiO2 system at 1873K. For comparison purposes, the iso-activity curves 

estimated by Rein and Chipman
 [67]

 are also reproduced in each figure. 

 

Figure 24. Iso-activity lines for AlO1.5 in the AlO1.5-CaO-SiO2 system at 1873K 

Iso-activity lines for AlO1.5 are shown in Figure 24. In comparison with the results of Rein 

and Chipman
 [67]

, the iso-activity lines obtained in the present study are considerably different. 

The iso-activity lines are closer together in the low SiO2 content region. The curvatures of the 

iso-activity gradually decrease with an increase in AlO1.5 content. 

Iso-activity lines for CaO are drawn in Figure 25. These CaO iso-activity lines constructed 

with data from the present study have interesting shapes. The curvatures of the iso-activity 

lines follow the CaO and AlO1.5 saturation lines. Interestingly, the 0.1 iso-activity line has a 

„dip‟ in its middle, which when extrapolated fits well with the binary value of Hino et al.
 [68]

 

shown in Figure 25. Similarly, when extrapolated, the 0.2 and the 0.05 iso-activity lines are 

also well matched with the binary values shown in the figure. In contrast, the iso-activity 

lines calculated by Rein and Chipman
 [67]

 using Gibbs-Duhem integration do not match well 

with the binary data. These discrepancies could be due to the lack of experimental points in 

the low SiO2 content slag region in their evaluation. 
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Figure 25. Iso-activity lines for CaO in the AlO1.5-CaO-SiO2 system at 1873K 

 

Figure 26. Iso-activity lines for SiO2 in the AlO1.5-CaO-SiO2 system at 1873K 
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Iso-activity lines for SiO2 are shown in Figure 26. Activities of SiO2 were calculated on the 

assumption that the activity of Si is 1.0 in all experiments using silicon metal. Although the 

iso-activity lines generated by this study for SiO2 have a similar curvature, the present 

activity values of SiO2 are lower than the values suggested by Rein and Chipman
 [67]

. 

4. 2. 2. 2. The Al2O3-CaO-MgO-SiO2 system 

Iso-activity contours for Al2O3, CaO and SiO2 are drawn in the isothermal section of the 

Al2O3-CaO–SiO2 pseudo-ternary triangle at 1873K. Since there is some spread in the 

measured MgO contents, the chemical composition for each activity data was adjusted to 

those with 5 mass% MgO. 

Figure 27 shows the iso-activity lines for Al2O3. The activity of Al2O3 can be converted to 

the activity of AlO1.5 by the relationship of 2

5.132 AlOOAl aa  . In the comparison with the iso-

activity lines of the AlO1.5-CaO-SiO2 slag system, the Al2O3 activities in the quaternary 

system are lower, - about one third of those in the ternary system. It implies that the presence 

of MgO strongly decreases the activity of Al2O3. Iso-activity lines for CaO are given in 

Figure 28. The curvatures of the iso-activity lines for CaO are comparable with those in 

Figure 25 and also follow the liquidus line of CaO saturation. Iso-activity lines for SiO2 are 

drawn in Figure 29. The figure shows that the activity of SiO2 decreases as CaO content 

increases. 

 

Figure 27. Iso-activity lines for Al2O3 in the Al2O3-CaO-SiO2-5 mass% MgO system at 

1873K 
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Figure 28. Iso-activity lines for CaO in the Al2O3-CaO-SiO2-5 mass% MgO system at 1873K 

 

Figure 29. Iso-activity lines for SiO2 in the Al2O3-CaO-SiO2-5 mass% MgO system at 1873K 
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To the knowledge of the present author, the iso-activity lines calculated by Gibbs-Duhem 

integration are the only information available. The activity values presented here are the only 

experimentally determined thermodynamic data. It should be pointed out that the use of the 

activities of the metal elements in either Si or Cu would have great impact on the accuracy of 

the oxide activities. While the reliability of the element activities in Si and Cu might need 

further confirmation, these data are expected to be the best thermodynamic information. 

 

4. 3. The Correlation between the Properties of Ladle Slag of the Previous Heat and the 

Number of Non-Metallic Inclusions 

A number of parameters have effect on the number of non-metallic inclusions during the 

ladle treatment, such as the slag composition, the steel grade, the temperature of molten steel, 

the method of deoxidation, the condition of stirring and others. In the present study, all the 

conditions are kept almost constant. Only the steel grade and the slag composition in the 

previous heat are varying. As seen in Figure 17, SiO2 content has great impact on the number 

of inclusions in the next heat. It would be valuable to find out the cause for this impact. 

4. 3. 1. Viscosity of ladle slag of the previous heat 

Slag viscosity is one of the most important physical properties which have strong impact on 

the ladle treatment. The formation of the ladle glaze might have also strong dependence on 

the slag viscosity, as low viscosity would facilitate the penetration into the pores of ladle 

refractory. 

 

Figure 30. The effect of viscosity of ladle slag on the next heat 

(a. Plot of the number of non-metallic inclusions per unit area, 

b. Plot of the difference between total oxygen and dissolved oxygen of steel sample) 

On the basis of the chemical composition, the viscosities of the previous slags at different 

temperature can be evaluated using the viscosity model. Figures 30a and 30b present the 
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effect of viscosity of the previous ladle slag on the number of inclusions and (Otot-Odis), 

respectively. It is interesting to see in Figure 30 that the number of inclusions does not show a 

clear trend with the increase of viscosity of the previous ladle slag. Note that the viscosity 

values in Figure 30 are calculated based on the slag compositions and at 1873 K. At lower 

temperatures, the viscosities of the slags would increase. However, the plots are very similar 

as Figure 30. Figure 30 would somehow suggest that the viscosity of the previous slag has no 

profound effect on the glaze structure in the slag composition range studied. 

4. 3. 2. MgO activity of ladle slag of the previous heat 

At Uddeholms AB, the ladle refractory is carbon bearing magnesium oxide. During the 

generation of ladle glaze, the adhered slag penetrates into the pores of ladle wall and reacts 

with MgO. Since lower MgO activity in the slag would increase the driving force for the 

attack of slag to the MgO refractory and result in more inclusions in the next heat, it would be 

valuable to examine the relationship of the MgO activity in the previous slag and the number 

of inclusion in the following heat. 

The activities of MgO in the previous heat are evaluated using the slag model
 [21]

 based on the 

slag compositions in Table 17. While Figure 31a presents the number of inclusions as a 

function of the MgO activity in the previous slag, Figure 31b presents the (Otot-Odis) as a 

function of MgO activity in the previous slag. 

Both Figures 31a and 31b do not suggest any clear relationship between the number of 

inclusions and the MgO activity in the previous slag. It is reasonable to conclude that at least 

the activity of MgO in the previous slag is not the main reason causing the difference in the 

number of inclusions shown in Figure 17. 

 

Figure 31. The effect of MgO activity of ladle slag on the next heat 

(a. Plot of the number of non-metallic inclusions per unit area, 

b. Plot of the difference between total oxygen and dissolved oxygen of steel sample) 
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4. 3. 3. The solidification of adhered ladle slag 

Since both viscosity and MgO activity of the previous slag do not seem to have major impact 

on the glaze structure and consequently the number of inclusion in the next heat, the most 

possible explanation to the trend in Figure 17 would be the effect of SiO2 on the glaze 

structure during cooling of the ladle wall. During and after the teeming process, the adhered 

ladle slag solidifies slowly due to the radiant heat from the melts and the latent heat of ladle 

refractory. The slow solidification leads to the precipitations of some solid phases which have 

high melting point. The precipitation could also take place in the porous of the MgO matrix 

and therefore affect the porosity of the MgO and even the structure of the pores. 

 

Figure 32. The calculated results of solidification for slag composition, 

30 mass% Al2O3 - 55 mass% CaO - 7 mass% MgO - 8 mass% SiO2. 
[69]

 

In recent studies 
[69, 70]

, the solidification of ladle glaze and the precipitation of solid particles 

in the ladle slag system were investigated. Four phases were mainly detected in the glazed 

refractory which was in contact with slag. Some of the slags employed by these authors 
[69, 70]

 

had similar compositions as the present work. The detected phases were MgO, 2CaO∙SiO2, 

3CaO∙Al2O3 and super cooled liquid. In order to explain the solidification process and the 

precipitation of solid particles, thermodynamic calculations were carried out using the 

THERMOCALC software. Two different slag compositions were selected for these 

calculations with high and low SiO2 content according to the typical ladle slag compositions 

in the Swedish steel industries. The calculated results for slag compositions 
[69]

: 30 mass% 

Al2O3 - 55 mass% CaO - 7 mass% MgO - 8 mass% SiO2 and 30 mass% Al2O3 - 49 mass% 
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CaO - 9 mass% MgO - 12 mass% SiO2 are reproduced in Figure 32 and Figure 33, 

respectively. 

 

Figure 33. The calculated results of solidification for slag composition, 

30 mass% Al2O3 - 49 mass% CaO - 9 mass% MgO - 12 mass% SiO2. 
[69]

 

These figures clearly show that a large amount of solid phases with high melting point are 

generated from the adhered slag during the cooling of ladle. The fraction of 3CaO∙SiO2 is 

much bigger in the results with high SiO2 content slag system. 3CaO∙SiO2 is transformed into 

2CaO∙SiO2 + CaO at lower temperature. Further cooling would lead to dusting of the 

2CaO∙SiO2 compound due its phase transformation. The dusting of 2CaO∙SiO2 is likely to 

increase the size and even the number of pores of the MgO matrix. Consequently, ladle slag 

having higher SiO2 content could lead to higher porosity and bigger pore size. In the next 

heat, more number of non-metallic inclusions could be generated from accumulated slag 

being washed out from the ladle pores. In fact, based on their experimental study 
[70]

, the 

authors have evidently shown the formation of cracks and dusted slag with high SiO2 content 

slag, 12 or 15 mass% SiO2. In the case of lower SiO2 content, no dusting behaviour has been 

observed, no matter what cooling rate has been employed. Both the theoretical consideration 

(see Figure 32 and Figure 33) and the experimental results of slag-refractory reaction are in 

good agreement with the comparative analysis of Figure 17a and Figure 17b. Hence, it is 

reasonable to believe that the effect of SiO2 content in the previous heat on the number of 

inclusions in the next heat is to a great extent due to the formation of 2CaO∙SiO2 followed by 

its dusting during cooling. 
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5. SUMMARY 

In the present study, BaO was added as slag tracer to investigate the effect of slag on 

composition of inclusions and the formation of non-metallic inclusions by ladle glaze. The 

fractions of BaO containing inclusions and the variation of average BaO content in the first 

heat of each series indicated that the barium transfer from slag to inclusions was very slow 

process. The low solubility of barium in steel could be the reason for this slow process. While 

the modification of inclusion by ladle slag was found to be possible, it would take 

unreasonable long time to modify all the inclusions, when the solubility of the concerning 

element is low. The big fractions of inclusions contained BaO in the steel of the second and 

third heats after BaO addition showed evidently that ladle glaze was responsible for a great 

number of non-metallic inclusions generated during ladle treatment. On the other hand, no 

evidence was found for the entrainment of slag to form inclusions. 

Refractory samples covered by the ladle glaze had been taken and examined. The detachment 

of ladle glaze and the chemical changes of oxide solution in the MgO matrix were 

investigated. After 120 minutes of reaction with liquid steel, the infiltrated layer of ladle 

glaze still remained on the surface of refractory samples. This observation showed evidently 

that the ladle glaze could be the source of inclusions continually during the ladle treatment. 

The results also explained why the infiltrated liquid oxide could supply inclusion to the steel 

after two heats. 

Samples of liquid oxide solution based on the chemical composition of the liquid oxide 

inclusions carried over from EAF were reacted with liquid steel under controlled atmosphere 

at 1873 K. The experimental results along with thermodynamic calculations suggested that 

the difference between the SiO2 activity of inclusions and the SiO2 activity in equilibrium 

with liquid steel can change SiO2 content of the inclusions. The disappearing of the liquid 

inclusions containing 30 mass% SiO2 after deoxidation was found to be due to the reduction 

of SiO2 by dissolved aluminium. The effect of high activity of aluminium in the steel on the 

generation of spinel phase was also considered. Oxide solution inclusions with spinel phase 

can be formed by the reaction between the inclusions carried over from EAF process and the 

liquid steel with high content of aluminium. 

The viscosities of Al2O3-CaO-MgO-SiO2 slags relevant to secondary steelmaking were 

determined by the rotating cylinder method in the temperature range 1720 to 1910 K. The 

viscosity of slags was found to decrease with the increasing temperature and the decreasing 

SiO2 content of a given system. A new set of model parameters were optimized using the 

present experimental results and the literature data. The viscosities estimated using the new 

model were found to be in good agreement with the experimental values. A complete 

expression of the model was presented. 

The activities of Al2O3, CaO, MgO and SiO2 were determined in the Al2O3-CaO-SiO2, Al2O3-

CaO-MgO-SiO2 systems. The slag systems were equilibrated with metal phase in controlled 

oxygen partial pressures at 1873 K. The activities of metal components, Al, Ca, Mg and Si in 
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metal phase were evaluated using the commercial software THERMOCALC. Iso-activity 

lines were drawn with the obtained activities in the isothermal section of the slag system at 

1873K. 

The effect of ladle slag on the number of non-metallic inclusions in the next heat has been 

studied. Nine series of industrial trials have been carried out. Steel and slag samples have 

been taken after the vacuum treatment and analyzed. Steel samples of final products have 

been analyzed for the number of non-metallic inclusions using optical microscope. The 

results have revealed that the number of inclusions increases with SiO2 content in the 

previous slag. No trends regarding the correlation between the number of inclusions and 

viscosity as well as MgO activity of the previous slag have been found. Based on the results 

of the recent studies, it has been concluded that the formation of 2CaO∙SiO2 followed by its 

dusting during cooling of the ladle is responsible for increase of the number of inclusions 

with the increasing SiO2 content in the previous slag. The dusting of 2CaO∙SiO2 has been 

found only to take place with higher SiO2 containing slag, which leads to higher porosity and 

bigger size of the pores in the MgO lining. The present study indicates that the control of 

ladle slag composition is one of the most important factors to reduce the number of non-

metallic inclusions in the next heat. 

The results of these studies will be useful to discuss about the complicated slag systems 

which are very practically important in the steelmaking process and the control of non-

metallic inclusions in the ladle treatment. 
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