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Formation of Oxide-Inclusions by Ladle Glaze and a 
Preliminary Examination on the Possibility of Inclusion 

Separation by Bubble Floatation 
 

Licentiate Thesis 
by 

Nagendra Tripathi 
 

ABSTRACT 

The present work was to study the role of ladle glaze as a potential supplier of inclusions to 
the steel melt during the ladle refining process. In this study, the total number of inclusions at 
the beginning and at the end of the ladle treatment process was found to be increasing with 
ladle age, which is the number of heats, the ladle being used. A substantial increase in 
inclusion population was noticed after a certain ladle age. 

 
Totally four types of inclusions named as; type-1 (MgO), type-2 (spinel), type-3 (an oxide 

solution) and type-4 (spinel in the center surrounded by the oxide solution of type-3) were 
observed in the beginning of the ladle refining process. Thermodynamic calculation revealed 
that the type-3 and type-4 inclusions were generated by the reactions between EAF slag and 
ladle glaze. Even a part of inclusions of type-2 (spinel phase) could be formed by these 
reactions. Three types of inclusions were found before casting, viz. type-5 (oxide solution 
with low contents of MgO and SiO2), type-6  (small MgO islands embedded in an oxide 
solution) and type-7 (spinel in the center surrounded by the oxide solution of type-5). 
Inclusions of both type-5 and type-7 were the products of the reaction between inclusions of 
type-2 and the liquid metal. On the other hand, the occurrence of pieces of MgO having sharp 
edges in the oxide solution suggested that the type-6 inclusions were generated by the ladle 
glaze.  

 
A preliminary examination on the possibility of inclusion separation by bubble floatation, 

experiments using cold models were also carried out. De-ionised water and silicon oil were 
used as the bulk phase. Charcoal particles of different size ranges were employed as the 
dispersed phase. The examination of charcoal-water-gas system indicated that the positive 
floatation coefficient is not a sufficient condition for the inclusion separation. The 
experimental results were found to be in contradiction with the prediction of a typical model 
that considers interfacial energies. The omitting of the drag force was believed to be the 
reason causing the failure of the model prediction in the charcoal-water-gas system. The 
failure of the model prediction suggested a need of a new model taking into account 
interfacial energies, drag force, buoyancy force and gravity force. 
 
 
Key words: oxide inclusions, ladle metallurgy, ladle glaze, inclusion population, ladle age, 
interfacial tension, inclusion separation 
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CHAPTER 1. 
 

1. INTRODUCTION 

Inclusions not only influence the processing characteristics of steel but also the physical 
properties of the finished material. A detailed description of various harmful effects of 
inclusions is given in the references. [1-2] In general, inclusions are considered undesirable 
during steel processing. As the standard of steel cleanliness is continuously increasing with 
time and technological improvements, the control of non-metallic inclusion population has 
become a serious concern of the steel producers.  
 

Inclusions may arise from many sources, such as deoxidation, reoxidation, slag 
entrapment and chemical reactions. A number of studies [3-22] have been carried out to find the 
major suppliers of non-metallic inclusions. While many of these studies [7-22] have focused on 
the deoxidation process, the possible role of ladle glaze in supplying inclusions has also been 
proposed. [3-6]  

 
Ladle glaze is formed during the draining of a ladle. A film of slag is attached on the ladle 

walls when the top slag moves down following the steel during casting. The molten slag film 
adheres and penetrates into the pores of the refractory forming ladle glaze. The molten slag 
will be frozen when the ladle cools down. It has been suspected that the flushing-off of the 
glaze layer could contribute to the formation of non-metallic inclusions in the next heat. [23-27]  
 

One of the primary concerns of the ladle treatment process is to achieve high level of 
cleanliness by separating as many inclusions generated from various sources as possible.  
During ladle refining, the inclusions from the melt are reported to be removed by collision, 
agglomeration, flotation and bubble floatation. [28-29] Since the ladle treatment is very often 
the final step before casting, the formation of non-metallic inclusions and their separation 
during this process have a great impact on the quality of steel. In this direction, a deeper 
insight into the role of ladle glaze in the formation of inclusions would be of essence. The 
present research work aims at a basic understanding of the effect of ladle glaze on the 
formation of inclusions based on industrial trial experiments carried out at Uddeholm Tooling 
AB Hagfors, Sweden. It also involves a preliminary examination on the possibility of 
inclusion separation by bubble floatation.  
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CHAPTER 2. 
 

2. EXPERIMENTAL 

2.1 Industrial 

2.1.1 Process description 

The present work has been carried out at Uddeholm Tooling AB. Uddeholm Tooling AB has 
a steel melting shop which is dealing with recycled steel as a base component. Figure 1 
describes the steel making process before casting. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 

Figure 1: The steel making process at Uddeholm Tooling AB before uphill casting. 
        a tapping; b de-slagging; c ladle furnace treatment; d vacuum de-gassing; e uphill casting 

 
In an electric arc furnace, 35 to 65 tons of recycled steel are melted. After being treated for 

phosphorous and carbon, the molten steel is tapped into a ladle and transferred to the ladle 
furnace station. After de-slagging, the melt is de-oxidized using aluminium bars or wires and 
various alloys are added aiming at the chemical specification of the steel grade. While the slag 
formers (alumet, dolomet and lime) are added to form a synthetic slag, the melt is heated up 
to a temperature between 1853 and 1923 K depending upon steel grade and stirred to ensure 
homogeneity. Thereafter, the ladle is transferred to a degassing station where a lid is put on 
the ladle top whereafter the melt is subjected to vacuum pressure below 3mbar. Argon gas is 
introduced through the two porous plugs at the bottom of the ladle to ensure the removal of 
sulphur, nitrogen and hydrogen. This purging exercise is followed by a weak induction 
stirring to promote the separation of the inclusions from the steel into the slag. After the 
flotation period, the liquid steel is transferred to the casting station. 
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2.1.2 Sampling technique 

Steel and slag samples were taken from the heats of ORVAR 2M, STAVAX ESR, SVERKER 
21, DIEVAR and RAMAX-S steel grades. The samplings were carried out at following four 
steps of the ladle treatment process: 
 

• Before aluminium de-oxidation (B.D.) 
• Before vacuum de-gassing (B.Va.) 
• After vacuum de-gassing (A.Va.) 
• Before casting (B.C.) 
 
A manual LSHR (liquid solidification hot rolling) sampler and an automatic sampler were 

employed to take steel samples before aluminum de-oxidation and before casting, 
respectively. [30] The position of sampling was always near to the ladle wall. In the case of the 
manual sampling, the samples were taken at 10-15 cm depth from steel-slag interface and 
while for automatic sampling, the samples were taken at a depth of 35-40 cm from the steel-
slag interface. The argon gas was blown through the sampler while immersing through the top 
slag into the steel melt to prevent the contamination of the sample by dust and the entrainment 
of the top slag. On the arrival of the sampling position, the sampler was evacuated. Steel 
sample was then sucked into the sampler by the vacuum. The steel sample along with the 
sampler was taken out from the ladle and quenched in air. The solidification time of the 
sample was about a few seconds. 

2.1.3 Light optical microscopic analyses of inclusions 

A light optical microscope was used to count the number and size distribution of the 
inclusions. On each sample, inclusions were classified according to the Swedish standard 
SS111116 and assessed at 200 magnifications according to the Jernkontoret’s inclusions chart 
2. [31] The number of inclusions per mm2 was then calculated for each sample using the 
PCMIC software. [32] 

2.1.4 Inclusion composition analyses 

With a view to have an understanding on the formation of various types of non-metallic 
inclusions found in the steel melt, the chemical compositions of the inclusions were analysed 
by scanning electron microscope (SEM). A JEOL scanning electron microscope, Model JSM-
840 attached with an EDX X-ray analyser (Model: LINK-AN, 10,000) was employed to 
analyse the compositions of the inclusions in the steel samples. In view of the uncertainties 
involved in the analyses of the oxygen content using this technique, only the contents of the 
metallic elements were used to evaluate the compositions of the inclusions. On the other hand, 
the oxygen analysis is still useful to ascertain the phases present in the inclusions being oxide. 

2.1.5 Chemical compositions of steel samples 

The steel composition was determined by using an ARL 8680 S SIM/SEQ XRF system for 
the concentrations of Mn, S, Cr, Ni, and Mo, while the concentrations of Al, Ti, Ca, Mg and B 
were determined with the help of Optical Emission Spectrometer.  

2.1.6 Chemical compositions of slag samples 

To identify the source of an inclusion it is useful to have knowledge on the chemical 
composition of slag being practiced for that particular heat. Hence, the slag samples were 
taken at different stages of the ladle treatment process while sampling. The samples were first 
ground into powder and then pressed into discs of 3 cm in diameter. These discs were 
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analysed by an XRF system (Philips Perl X-2). The major oxide components were found to be 
CaO, Al2O3, SiO2, and MgO. 

2.1.7 Oxygen content measurement 

The dissolved oxygen content in the steel melt plays key role in the formation of oxide 
inclusions. Therefore, both the contents of the dissolved oxygen and the total oxygen in the 
steel melt were determined. The dissolved oxygen contents in the ladle were measured with 
the help of Celox sensor designed by Heraeus Electro-Nite. The Celox sensor contains 
‘Cr/Cr2O3 electrode’ as a reference electrode. The total oxygen contents in the steel samples 
were determined using a LECO unit, Model TC-436. In general, three measurements of total 
oxygen content were taken for each steel samples. 

2.2 Cold Model 

Vacuum degassing is a foremost step for the cleanliness of the steel melt. Therefore, it is 
helpful to generate a model predicting the behavior of inclusion removal by its attachment to 
the rising bubbles. To study the influence of various physical parameters on the separation of 
inclusion by bubble floatation, a series of simple experiments were carried out using the 
experimental setup shown in Figure 2.  It consisted of a glass container (27 cm in height and 6 
cm in diameter) to contain the bulk phase and a mass flow controlling system to measure the 
amount of air gas introduced into the system. A BRONKHOST el-flow meter (operating flow 
rate between 0.3 ml/min to 1250 l/min) was adopted for measuring the amount of the gas. The 
air gas was introduced into the liquid bath through the nozzle placed at the bottom of the glass 
container. 
 

 
Figure 2: Experimental setup. 

 
The de-ionized water and silicon oil were used as the bulk phase. Charcoal particles of 

different sizes were employed as dispersed phase. In order to get a uniform two-phase 
mixture, a magnetic stirrer was used. The two-phase mixture was stirred for 16 hours in a 
glass container with a speed of magnetic rotation of 600 rpm.  

 
In all runs of experiments, 0.8 litters of a two-phase mixture were poured into the glass 

container. One initial reading of the concentration of the disperse phase was taken to ensure 
that the two-phases had been well mixed. Air gas was then introduced at flow rate of 0.41 
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l/min from the bottom of the container. The concentration of the charcoal particles in a two-
phase mixture was obtained by sampling of the mixture at a fixed depth and analysing the 
sample. In the case of water-charcoal mixture, each sample having volume of 5 ml were taken 
and the charcoal powder was filtered out from the liquid. The filtered powder was first dried 
in an oven about one hour at 383 K and then weighed. The balance employed had a sensitivity 
of 10 µg. The examination of charcoal-silicon oil mixture showed that it was impossible to 
separate the charcoal particles from the silicon oil, even after a couple of days. It made the 
analysis very difficult. Hence, photographs were taken to illustrate the situation that the 
dispersed phase was not separated from the bulk liquid. These photographs would be helpful 
for the latter discussion. 
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CHAPTER 3. 
 

3. RESULTS 

3.1 Impact of Ladle Glaze on the Formation of Inclusions 

In the present work, the study was focused at the beginning (before de-oxidation) and at the 
end (before casting) of the ladle refining process. 

3.1.1 Before de-oxidation 

With a view to gain knowledge of the number of inclusions flushed-off from the ladle glaze 
during ladle filling-up, the inclusion populations represented by inclusion number per unit 
area were analysed in the steel samples taken before de-oxidation. The number of inclusions 
per unit area is plotted as a function of ladle age (the number of times ladle being used) for 
one particular steel grade, ORVAR 2M in Figure 3. An increase of the number of inclusions 
with the increasing ladle age is observed in this figure. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3: Inclusion population (number/mm2) as a function of ladle age before aluminum de-oxidation for 
ORVAR 2M steel grade. 

 
 
Figures 4-6 present the photomicrographs of all types of inclusions found in the steel 

samples of ORVAR 2M before aluminium de-oxidation at ladle age 1, age 16 and age 24, 
respectively.  
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Figure 4: The photomicrographs of all types of inclusions found in ORVAR 2M steel melt before aluminum de-
oxidation at the ladle age 1. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5: The photomicrographs of all types of inclusions found in ORVAR 2M steel melt before aluminum de-
oxidation at the ladle age 16. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6: The photomicrographs of all types of inclusions found in ORVAR 2M steel melt before aluminum de-
oxidation at the ladle age 24. 
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The number of phases present in each type of inclusions and the compositions of these 
phases obtained by EDX analyses are given in Table 1. Totally four types of inclusions are 
observed in these samples and for easy discussion these inclusions are named as type-1, type-
2, type-3 and type-4.  

 
Table 1. The chemical compositions of different phases found in all types of inclusions in steel samples of 
ORVAR 2M taken before aluminum de-oxidation at different ladle ages. 
 

   Component (wt %) 
Ladle age Inclusion Type Phase MgO Al2O3 CaO SiO2 

Type 1 Phase I 81-89 7-11 0-2 1-6 Ladle age 1 Type 2 Phase II 20-40 60-75 0-3 2-5 
Type 2 Phase II 20-23 70-77 0-5 2-4 
Type 3 Phase III - 39-48 34-44 15-18 

Phase II 20-23 70-77 0-5 2-4 Ladle age 16 
Type 4 Phase III - 39-48 34-44 15-18 
Type 2 Phase II 19-22 72-77 0-5 2-5 

Phase II 22-24 73-75 0-2 2-3 Ladle age 24 Type 4 Phase III - 32-36 40-44 22-24 
 
 

The inclusion population in the steel samples of other steel grades was also studied. Figure 
7 presents the variation of the number of inclusions with ladle age before de-oxidation for all 
steel grades studied in the current work. Though the process parameters vary considerably 
with different steel grades, an increase of the number of inclusions with ladle age is well 
brought out in this figure. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7: Inclusion population (number/mm2) as a function of ladle age before aluminum de-oxidation for all 
steel grades. 
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3.1.2 Before casting 

It is particularly interesting to examine the effect of ladle glaze on inclusion population in the 
steel melt before it is sent for the casting. Hence, the inclusion population in all four size 
ranges (according to Swedish standard SS111116) were plotted against the ladle age for the 
steel grades of ORVAR 2M and DIEVAR in Figure 8. While the numbers of inclusions in all 
size-ranges show an increasing trend, the number of inclusions having smallest size increases 
greatly with the ladle age. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8: Variation of inclusion population (number/mm2) with ladle age in four different size ranges before 
casting for the steel grades of ORVAR 2M and DIEVAR. 
 
 

Figures 9-11 present the photomicrographs of all types of inclusions detected in the steel 
samples of ORVAR 2M and DIEVAR before casting at ladle age 1, age 8 and age 16, 
respectively.  
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Figure 9: The photomicrograph of the type of inclusion found in ORVAR 2M steel melt before casting at the 
ladle age 1. 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
Figure 10: The photomicrographs of all types of inclusions found in DIEVAR steel melt before casting at the 
ladle age 8. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 11: The photomicrographs of all types of inclusions found in ORVAR 2M steel melt before casting at the 
ladle age 16. 
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The number of phases present in each type of inclusions is listed in Table 2. The table also 
lists the chemical compositions of these phases obtained by EDX analyses. Totally, three 
types of inclusions were found in these steel samples. They are named as type-5, type-6 and 
type-7 for later discussion. 

 
Table 2.  The chemical compositions of different types of inclusions in the steel samples of ORVAR 2M and 
DIEVAR taken before casting at different ladle ages. 
 

   Component (wt %) 
Ladle age Inclusion Type Phase MgO Al2O3 CaO SiO2 

 ORVAR 2M 
Ladle age 1 Type 5 Phase IV 0-3 32-44 53-62 2-4 

 DIEVAR 
Type 5 Phase IV 0-5 35-45 50-60 0-4 

Phase IV 2-6 39-45 50-55 1-2 Ladle age 8 Type 6 Phase V >98.0 0.0 0.0 0.0 
 ORVAR 2M 

Type 5 Phase IV 0-3 41-49 47-52 3-4 
Phase IV 2-5 40-45 50-55 3-4 Type 6 
Phase V >98.0 0.0 0.0 0.0 
Phase II 18-40 56-71 3-9 1-3 

Ladle age 16 

Type 7 Phase IV 2-6 47-53 39-50 2-4 

 

3.1.3 Steel and slag compositions 

In order to study the effect of both the electric arc furnace (EAF) slag and the synthetic ladle 
slag on the formation of the inclusions, the slag compositions were analyzed. The 
compositions of the EAF-slag taken before de-slagging at ladle furnace station and the 
compositions of the ladle slag before casting are presented in Tables 3 and 4, respectively. 
 
Table 3. EAF slag compositions for ORVAR 2M steel melts.  
 
Slag composition (wt %) before aluminum de-oxidation 
Steel grade Ladle age CaO CaF2 MgO Al2O3 SiO2 FeO MnO Cr2O3 V2O5 TiO2

ORVAR 2M Ladle age 1 41.2 2.5 18.8 2.8 32.7 0.4 0.2 0.2 0.1 0.2 
ORVAR 2M Ladle age 16 39.47 3.24 19.61 7.89 27.42 0.82 0.31 0.50 0.37 0.16
ORVAR 2M Ladle age 24 38.09 4.84 20.59 8.23 25.75 0.85 0.18 0.39 0.12 0.16
 
 
Table 4. Chemical compositions of the synthetic ladle slags for ORVAR 2M and DIEVAR steel melts in ladle 
treatment before casting. 
 
Slag composition (wt %) before uphill casting 
Steel grade Ladle age CaO CaF2 MgO Al2O3 SiO2 FeO MnO Cr2O3 V2O5 TiO2

ORAVR 2M Ladle age 1 43.5 0.2 12.2 32.1 7.7 0.5 0.0 0.1 0.0 0.1 
DIEVAR Ladle age 8 49.59 0.21 6.63 38.42 1.87 0.15 0.01 0.02 0.0 0.06
ORVAR 2M Ladle age 16 45.44 0.21 12.13 30.16 8.42 0.2 0.02 0.05 0.01 0.08
 

The compositions of the steel samples taken before de-oxidation and before casting are 
listed in Tables 5 and 6, respectively. Even the contents of the dissolved oxygen, which were 
obtained by Celox oxygen sensor, are given in these tables. 
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Table 5. Steel compositions, dissolved oxygen contents and temperatures of ORVAR 2M steel melts before 
aluminum de-oxidation. 
 

Measurements of dissolved oxygen content (ppm) and temperature (oK) 
Steel grade Ladle age Dissolved oxygen (ppm) Temperature  (oK) 

ORVAR 2M Ladle age 1 12.5 1841 
ORVAR 2M Ladle age 16 - 1835 
ORVAR 2M Ladle age 24 - 1852 

Composition of steel samples (mass %) 
Steel grade Ladle age C Si Mn P S Cr Ni Mo 

ORVAR 2M Ladle age 1 0.37 0.58 0.38 0.01 0.001 5.08 0.10 1.16 
ORVAR 2M Ladle age 16 0.38 0.50 0.37 0.01 0.002 5.05 0.15 1.09 
ORVAR 2M Ladle age 24 0.39 0.49 0.37 0.02 0.001 5.35 0.11 1.05 

  Co V Cu W Al Ce B Ca 
ORVAR 2M Ladle age 1 0.019 0.72 0.078 0.008 0.001 0.002 0.0002 0.0006
ORVAR 2M Ladle age 16 0.019 0.65 0.072 0.02 0.001 0.001 0.0001 0.0007
ORVAR 2M Ladle age 24 0.018 0.69 0.071 0.004 0.001 0.001 0.0001 0.0006
 

 
Table 6. Steel compositions, dissolved oxygen contents and temperatures of ORVAR 2M and DIEVAR steel 
melts before casting. 
 

Measurements of dissolved oxygen content (ppm) and temperature (oK) 
Steel grade Ladle age Dissolved oxygen (ppm) Temperature  (oK) 

ORVAR 2M Ladle age 1 - - 
DIEVAR Ladle age 8 1.49 1791 

ORVAR 2M Ladle age 16 2.11 1843 
Composition of steel samples (mass %) 

Steel grade Ladle age C Si Mn P S Cr Ni Mo 
ORVAR 2M Ladle age 1 0.40 0.99 0.37 0.01 0.0003 5.22 0.10 1.26 

DIEVAR Ladle age 8 0.37 0.20 0.50 0.01 0.001 5.11 0.06 2.38 
ORVAR 2M Ladle age 16 0.39 0.96 0.36 0.01 <0.001 5.21 0.15 1.28 

  Co V Cu W Al Ce B Ca 
ORVAR 2M Ladle age 1 0.019 0.92 0.077 0.01 0.044 0.003 0.0001 <0.0006

DIEVAR Ladle age 8 0.017 0.53 0.046 0.001 0.018 0.001 0.0001 0.0007 
ORVAR 2M Ladle age 16 0.019 0.91 0.074 0.02 0.041 0.003 0.0001 0.0007 
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3.2 Possibility of Inclusion Separation by Bubble Floatation 

In order to study of effects of various physical parameters on the removal of suspended 
particles from the bulk phase by their attachment to the rising bubbles, a series of 
experimental studies were carried out. De-ionised water and silicon oil were used as the bulk 
phase. Charcoal particles of different size ranges were employed as dispersed phase. 

3.2.1 Charcoal dispersed in deionised water 

The concentrations of charcoal in the de-ionised water are plotted as functions of time for four 
experiments in Figure 12. An initial concentration of 1gm/dm3 of charcoal was employed for 
all cases. Two of the experiments, were carried out using the charcoal powder of the same 
size range, namely 10-30 µm. The reasonable agreement of the results of the two runs shows 
the reproducibility of the experiments. While the charcoal concentrations decrease with time 
in the case of the small particles in the ranges 10-30 and 30-50 µm, the concentration of the 
charcoal particles in the size range 120-150 µm is almost constant.  

 
 
 
Figure 12:  Concentrations of charcoal in the deionised water as functions of time for different four experiments. 
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3.2.3 Charcoal dispersed in silicon oil 

The initial concentration of charcoal powder in silicon oil was chosen to be 0.0009 g/cm3. 
Although the density of charcoal is much lower than the density of the silicon oil, it was 
almost impossible to remove the charcoal powder of any size from the two-phase mixtures. 
As an example, Figure 13 presents the photographs of the charcoal-oil B mixture at different 
times, namely 0, 10 and 24 hours. It is seen that even after blowing the air gas for 24 hours, 
the mixture looks the same as its initial appearance.  

 
 

 
 
              Figure 13: Photographs of the charcoal-oil B mixture at different times. 
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CHAPTER 4. 
 

4. DISCUSSION 

4.1 Impact of Ladle Glaze on the Formation of Inclusions 
A comparison of the compositions of the inclusions listed in Tables 1 and 2 with the slag 
compositions in Tables 3 and 4 shows that the inclusions before de-oxidation and before 
casting are not introduced by slag entrainment. 
 

Ladle glaze has been suspected as a major contributor to the total inclusion population in 
the steel melt during ladle metallurgy. [4-5] A thin coating of slag is formed when the top slag 
is in contact with the ladle lining during the draining of a ladle. This molten slag layer adheres 
and penetrates into the pores of the refractory forming a layer called as ladle glaze. When 
another cast of steel is poured into the glazed ladle, the adhered glaze layer will be removed 
or partially removed and the frozen slag will be re-melted. Parts of this re-melted slag and the 
non-metallic particles originally kept in the glaze can be retained in the liquid metal as 
inclusions. [23-27] Figure 14 shows schematically the mechanism of the formation of ladle glaze 
on ladle wall and its entrainment as inclusions into the steel melt. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 14: Schematic representation of the mechanism of the formation of the glaze on the ladle walls. 
 
It is thermodynamically expected that the slag-refractory reaction would result in a multi-

layer structure, namely, 
 
1. An outer layer 
2. A slag infiltrated layer 
3. A de-carburised refractory layer 
4. A normal refractory brick structure 
 
These four layers have been observed by Riaz et al. [4] in their pilot plant experiments and 

Beskow et al. [3] in their lining samples taken from industrial ladles.  
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4.1.1 Before de-oxidation 

As seen in Figure 3, the number of inclusions in steel grade ORVAR 2M shows a clear 
increasing trend. The number of inclusions is reasonably low in the new ladle and increases to 
some extent after a few heats. The increase becomes even more drastic after ladle age 18. The 
number of inclusions in the melt of a ladle before de-oxidation depends on many factors, such 
as the tapping temperature of the steel, the slag composition, the steel grade, the extent of 
turbulence in the melt and the ladle age. For a particular steel grade the variation of these 
processing conditions is limited. So a plot of the number of inclusions as a function of ladle 
age would reveal the contribution of ladle glaze to the formation of inclusions. It is reasonable 
to expect that the intercept of the curve with the y-axis would stand for approximately the 
number of inclusions brought over from the EAF, while the increase would be due to the 
contribution of the ladle lining. 

 
Table 1 illustrates the occurrence of four types of inclusions namely; type-1, type-2, type-

3 and type-4 in the steel melt of ORVAR 2M before de-oxidation processed in the ladles of 
age 1, 16 and 24. An examination of Figures 4-6 and Table 1 strongly suggests that at least a 
part of inclusions of type-2 are brought over from the EAF and, type-3 and type-4 inclusions 
are introduced by the wearing of the ladle refractory. The present results also suggest that the 
inclusions of type-3 and type-4 are mostly responsible for the increasing number of inclusions 
when a ladle becomes old as represented in the results shown in Figure 3. The inclusions of 
type-1 are introduced into the melt by the breaking of lining of a fresh ladle as indicated by 
the absence of this type of inclusions in the samples taken from any used ladle. 

 
When the liquid metal is tapped into the ladle from EAF, the EAF-slag is also poured into 

the ladle at the same time. Hence, both the liquid metal and the EAF-slag have a good contact 
with the ladle glaze. Phase III in the inclusions of type-3 could be the product of the reaction 
between EAF-slag and the ladle glaze. The reaction product(s) would depend on the overall 
composition of the EAF slag-glaze system locally in contact (It might differ from one location 
to another). If the activities of MgO and Al2O3 are locally not high enough to form 

32OAlMgO ⋅ (a spinel phase), a liquid oxide solution would be formed. The composition of 
this solution would be dependent on the amounts of EAF-slag and glaze in contact. 

 
The inclusion of type-4 is found to contain two phases, namely phase II which is spinel 

phase ( 32OAlMgO ⋅ ) and phase III. At some locations, the amount of the 32OAlCaO3 ⋅  
phase (named as phase 2, see Figure 17) in the glaze is large enough in comparison with the 
EAF-slag. The reaction of 32OAlCaO3 ⋅  with the EAF-slag would lead to the formation of 

32OAlMgO ⋅ spinel. [33] The formation of the 32OAlMgO ⋅ phase would increase the silica 
content and consequently the activity of SiO2, 2SiOa in the remaining liquid to keep local mass 
balance. If the temperature is lower than 1863 K and the activity of SiO2 in the remaining 
liquid is high enough, even 232 SiOOAlCaO2 ⋅⋅  will be formed. Otherwise, the spinel phase 
would coexist with a liquid oxide solution. 

  
A thermodynamic analysis would throw some lights on the formation of type-4 inclusions. 

Since the composition of phase III is very close to that of 232 SiOOAlCaO2 ⋅⋅ , a reasonable 
approximation would be to assume phase III having similar thermodynamic properties as the 

232 SiOOAlCaO2 ⋅⋅ compound. The following two reactions are kinetically favorable, as they 
involve only slag and glaze contacts: 
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( ) ( )

( )slagCaOOAlMgOSiOOAlCaO2
slagOAlslagSiOOAlCaO3MgO

32232

32232

+⋅+⋅⋅
→++⋅+

                                       (1) 

 

        
( ) ( ) ( )

( )slagCaOOAlMgOSiO.OAlCaO2
slagOAlslagSiOOAlCaO3slagMgO

32232

32232

+⋅+⋅
→++⋅+

                               (2) 

 
 The Gibbs energies for the reactions (1) and (2) were calculated at this temperature. Both 

Gibbs energies are strongly negative, with 1G∆  being -75055 J and 2G∆  -68973 J, indicating 
thereby that both reactions (1) and (2) are thermodynamically favorable. At higher 
temperatures, the liquid corresponding to the composition of 32OAl3CaO ⋅  would have 
similar thermodynamic properties as the superheated compound. Therefore, the formation of 
spinel phase and phase III is still expected. The coexistence of phase II and phase III in the 
inclusions of type-4 is a strong evidence of the occurrence of either reaction (1) or reaction (2) 
or even both. 

 
During the ladle filling, the system is subjected to violent stirring. The two phases formed 

by the slag-glaze reaction would sometimes be possibly separated by the strong stirring, 
forming inclusions of both type-2 and type-3. Therefore, a part of the inclusions of type-2 
could also be generated due to the reactions between EAF slag and ladle glaze. 

 
As a ladle becomes older, the ladle lining becomes more porous. The high porosity would 

in turn, enhance the penetration of slag and therefore the slag-refractory reaction. 
Furthermore, the porous structure of the ladle lining would accelerate the process of the 
growth of the glaze layer and the increase of the number of solid particles in the glaze in an 
old ladle. This would increase the probability of the occurrence of reactions (1) and (2). The 
increased probability of reactions (1) and (2), would lead to the drastic increase in the number 
of inclusions shown in Figures 3 and 7. 

4.1.2 Before casting 

The outer layer of the glaze would be removed shortly after the filling of the ladle, resulting in 
direct contact between the slag infiltrated layer and the liquid steel.  
 

As shown in Figures 9-11 and Table 2, the inclusions of type-5 are found in the samples of 
the steel melts processed in the ladles of all ages. Since ladle glaze does not exist in the ladle 
of age 1, the common appearance of type-5 inclusions would imply that the inclusions of this 
type or at least a part of them are not generated by the refractory. A thermodynamic study by 
Beskow et al. [33] on chemical development of spinel phase is found to be helpful in 
explaining the evolution of inclusion of type-5 during later stage of ladle refining process. 

  
Their analyses reveals that the spinel phase is thermodynamically not stable in the liquid 

steel after de-oxidation. The spinel inclusions either brought over from EAF or generated by 
slag-glaze reaction would start reacting with the liquid melt. The reaction between the spinel 
phase and the dissolved oxygen as well as calcium in the melt would result in an oxide 
solution according to reaction (3). 

 
                 3232 OAlCaOMgO(wt%)O(wt%)CaOAlMgO ++→++⋅                                 (3) 
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The standard Gibbs energy of reaction (3) at 1873 K is calculated to be –2.936*105 J. The 
thermodynamic calculation indicates that reaction (3) would definitely take place after de-
oxidation and thereafter, resulting in thereby the inclusions of type-5, which contains only 
phase IV.  

 
If the spinel inclusions are slightly bigger and the time for the reaction between the spinel 

inclusions and the steel melt is not long enough, one would expect an un-reacted core of 
spinel surrounded by the reaction product. The appearance of inclusions of type-7 in the 
sample taken from ladle of age 16 is a confirmation of the occurrence of reaction (3). As seen 
in the mappings shown in Figure 15, the spinel phase is situated in the center surrounded by 
phase IV, an oxide solution. 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 15: Mappings of inclusion type-7. 

  
Inclusions of type-6 were only detected in the old ladles but not in the ladle of age 1, 

which in turn suggests that the inclusion type-6 might be generated by the ladle glaze. The 
mapped results of the type-6 inclusions in Figure 16 illustrate clearly that small pure MgO 
islands are embedded in an oxide solution (phase IV).  

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 16: Mappings of inclusion type-6. 
 

 
 



 

19 
 
 
 

The photomicrographs of this type inclusions shown in Figure 10 share similarity with the 
photomicrograph of the glaze sample (see Figure 17) obtained by Beskow et al..[3] It is 
reasonable to expect that the slag infiltrated layer would not be easily removed because of the 
MgO matrix. A strong stirring by either argon gas or induction would be able to flush-off tiny 
portions of the MgO matrix along with the remaining slag, mostly the 32OAlCaO3 ⋅  phase 
(phase 2) with small amount of phase 3. Since the steel temperature is usually higher than the 
melting point of 32OAlCaO3 ⋅  and this compound would react with the remaining phase 3 
(see Figure 17), a liquid oxide solution would be formed, viz. phase IV.  To reduce the 
interfacial energy and the same time to meet the thermodynamic constrain, the inclusions 
would take a spherical shape embedding the MgO pieces inside the liquid phase. As a result, 
inclusions of type-6 would be generated.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 17: The photomicrograph of the glaze sample by Kristina Beskow et al.. [4] 
 

Even a certain fraction of the type-5 inclusions could be due to the flushing-off of the 
pieces of the slag infiltrated layer. In such case, only a tiny amount of the infiltrated slag is 
peeled off. However, more study is needed to get more evidence to support this reasoning. 

 
The increasing number of the inclusions with the increase of ladle age before casting 

shown in Figure 8 is a direct indication of this detachment and flushing off of slag infiltrated 
layer.  

4.2 Possibility of Inclusion Removal by Bubble Floatation 

4.2.1 Prediction using floatation coefficient 

Since the introduction of floatation coefficient [34], this concept has been used by many 
researchers to determine whether a type of solid particles or liquid drops can be captured by 
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the rising gas bubbles and separated from the liquid in a liquid-particle (or drop)-gas system. 
The floatation coefficient is defined as 
 

                                         plpglgF γ−γ−γ=                                                                         (4) 
 
where γlg, γpg and γpl stand for the surface tension of the liquid, surface tension of the 
dispersed phase and the interfacial tension between the dispersed phase and liquid, 
respectively. A necessary condition for the separation of the dispersed phase from the liquid 
by the gas bubbles would be a positive F. The floatation coefficients for both charcoal-silicon 
oil-air and charcoal-water-air systems were calculated. The calculated floatation coefficients 
for charcoal-silicon oil-air and charcoal-water-air systems were found to be –11.22 mN/m and 
108 mN/m, respectively.  
 

It is seen that the charcoal-silicon oil-air system reveals a negative floatation coefficient. 
This negative value would explain the difficulty of removing charcoal powder from the oil. 
As the possibility of the attachment of charcoal particles on the gas bubbles is ruled out by the 
unfavorable interfacial energy change, gas bubbles can not help in separating the charcoal 
particles from the silicon oil. In fact, the rising bubbles result in circulation of the liquid, 
going upward in the center of the bath and downwards near the sidewalls. This circulation 
would even slow down the floatation of the particles by buoyancy force. It should be 
mentioned that no charcoal layer was observed on the surface of the liquid even after 24 hours 
of gas stirring. This could be explained again by the state of energy of the system. As 
indicated by the floatation coefficient, the energy change of the system for a particle coming 
to the surface from the bulk would be positive. This unfavorable energy change would help 
the downward stream to drag the particles back to the bulk, although the density of charcoal is 
much lower than that of silicon oil. 

 
In the case of water-charcoal-gas system, the floatation coefficient is well above zero. The 

experimental results revealed that the separation of charcoal particles from water depends on 
the particle size. As shown in Figure 12, while the charcoal particles ranging between 10-30 
µm and 30-50 µm were found to be separated from the bulk, the concentration-time curve for 
the powder having a size range 120-150 µm showed no substantial separation even after about 
two hours. A flow rate of 0.4l l/min would pass 36.9 litres of gas in 1.5 hours through the 
water bath, which was only 0.8 litres. It is reasonable to believe that the charcoal particles had 
very high probability to meet the gas bubbles during such time period. If a positive floatation 
coefficient would ensure the attachment of the particles on the bubbles, most of the particles 
would have been removed from the bath. The controversy between the experimental 
observation and the floatation coefficient suggests that floatation coefficient is only a 
necessary but not a sufficient condition for separation of particles from the bulk liquid by gas 
bubbles.  

4.2.2 Prediction using model by Zhang and Taniguchi   

Inspired by the modelling studies [35-46] on mineral floatation, a mathematical model for the 
removal of silica inclusions from liquid steel by argon bubbles has been proposed by Zhang 
and Taniguchi [47]. To the knowledge of the present author, the model by Zhang and 
Taniguchi [47] is so far the most systematic effort trying to introduce the energy aspect into the 
prediction of inclusion removal by gas bubbles. In their models, the following assumptions 
have been made: 
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1. The bubbles are uniformly distributed in the liquid steel. They all have the identical 
size and, floating with constant terminal velocity. 

2. Turbulence of the system is ignored. 
3. Particles have a uniform size. The size is very small compared to bubble size to affect 

the bubble motion.   
4. Particles are only removed by attachment to the rising bubbles. Other modes of 

removal are ignored, such as collision, floatation and coagulation with other particles. 
5. The bubble size is independent on the gas flow rate. 
6. If stable attachment occurs between bubble and inclusion, the inclusion is considered 

to be removed from liquid steel because of high bubble rising velocity. 
 

According to the model, the probability of attachment is defined as: 
 
                                                  )P(1PPP DAC −=                                                                    (6) 
 

In equation (6), PC is the probability of collision, PA is the probability of adhesion and PD 

is the probability of detachment. Zhang and Taniguchi [47] assume that the possibility of 
detaching an inclusion from the bubble after the formation of three phase contact is 
negligible, i.e. PD = 0. Zhang and Taniguchi [47] employ the model by H. J. Schulze [36] to 
evaluate the collision probability. The present calculation uses the same approach. The model 
by Yoon and Luttrell [35] is employed to calculate the adhesion probability. According to 
Yoon and Luttrell [35], the adhesion probability is expressed as 

 
                                                   ( )2

AA θsinP =                                                                         (7) 
 
where θA is the maximum adhesion angle, beyond which no adhesion between particle and 
bubble takes place. The value of θA is evaluated by assuming the induction time being the 
sliding time. The sliding time equation proposed by Nguyen [46, 48-50] is used. 
 

The model was applied to the charcoal-oil-gas system and charcoal-water-gas system. The 
critical film thickness Hc, [50] film drainage time tF, [36], collision probability, adhesion 
probability and overall probability have been calculated. The calculated values are listed in 
Tables 7 and 8 for low Reynolds number, 1.5 and high Reynolds number, 400 respectively. In 
the calculation, the diameter of the gas bubbles was taken to be 1.32 cm, which was estimated 
by image analysis in the experiment. It is seen that higher Reynolds number leads to higher 
collision probability. 

 
Table 7. Calculated model parameters for creeping flow with Reynolds number being 1.5 . 
 
 Hc  mµ  

 
Tf sµ  
 

PC x106 PA 
 

P x106 
 

Particle size mµ  

Charcoal-water-air 0.05 60.2 4.18 ≈ 1 4.18 10 
Charcoal-water-air 0.05 1.50 x103 26.1 ≈ 1 26.1 25 
Charcoal-water-air 0.05 2.84 x103 37.6 ≈ 1 37.6 30 
Charcoal-water-air 0.05 3.70 x105 602 0.78 468 120 
Charcoal-oil-air i i 37.6 i i 30 
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Table 8. Calculated model parameters for creeping flow with Reynolds number being 400. 
 
 Hc  mµ  

 
Tf sµ  
 

PC x106 PA 
 

P x106 Particle size mµ  

Charcoal-water-air 0.05 60.2 35.19 ≈ 1 35.19 10 
Charcoal-water-air 0.05 1.50 x103 220.0 ≈ 1 220.0 25 
Charcoal-water-air 0.05 2.84 x103 316.7 ≈ 1 316.7 30 
Charcoal-water-air 0.05 3.70 x105 5068 0.04 198.7 120 
Charcoal-oil-air i i 316.7 i i 30 

 
A high PA implies that a large fraction of the collisions result in attachment of the particles 

on the bubble. In the case of charcoal-oil-gas system, the calculated value of critical film 
thickness Hc is imaginary thereby indicating that charcoal particles cannot be removed from 
silicon oil. This result is in accordance with the experimental observation and the prediction 
of floatation coefficient. 

 
In the case of the charcoal-water system, the predicted probability of removal for 120-150 

µm size charcoal particles is much higher than low size particles at low Reynolds number. 
This is in controversy with the experimental evidence, which shows that 120-150 µm size 
particles are difficult to remove. In case of high Reynolds number, the over all probability of 
removal of 120-150 µm predicted is very high and even higher than the value predicted for 10 
µm size particle, which is again in controversy with experimental observation presented in 
Figure 12. The disagreement between the model prediction and the experimental results 
suggests that the model predicts too high probability of attachment for the charcoal-water-gas 
system. 

4.2.3 The need of a new model 

The above discussion has shown that while a positive floatation coefficient is a necessary 
condition for the separation of a dispersed phase from the bulk phase by gas bubbles, it is not 
a sufficient condition. The insufficiency of this condition has been demonstrated by the results 
of the charcoal-water-gas system. Similarly, the model by Zhang and Taniguchi [47] is able to 
predict the failure of separation in the case of charcoal-oil-gas system, but is unable to 
describe the curves for the charcoal-water-gas system shown in Figure 12. The discrepancy 
between the experimental results and the prediction of floatation coefficient as well as the 
model by Zhang and Taniguchi [47] could be well explained by the absence of the drag force in 
the model development. 
 

In the case of most non-metallic inclusions in steel, the floatation coefficients are positive 
due to the relatively high surface tension value of liquid steel. On the other hand, difficulties 
have been encountered in removing small inclusions in the secondary steel making processes. 
Since most of the available models do not consider the drag force, there would be difficulties 
in predicting the inclusion removal using these models. The probability model would not be 
able to predict precisely the removal of small inclusions, even though they try to incorporate 
the floatation coefficient as a criterion. Very often, the models would over estimate the 
attachment of the particles on the gas bubbles.  In order to predict the removal of inclusions 
having particle sizes at µm level from steel, new models taking into account interfacial 
energies, drag force, buoyancy force and gravity force are needed.  
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CHAPTER 5. 
 

5. SUMMARY 

The present study was carried out to gain deeper insight into the role of ladle glaze in the 
formation of inclusions during ladle treatment process.  
 

An industrial study was carried out at Uddeholm Tooling AB, Sweden. Steel samples were 
taken at different stages of ladle treatment and from ladles of different ages. The inclusion 
numbers were examined in the steel samples. Examination of the samples revealed that the 
number of inclusions increased with ladle age before aluminium de-oxidation and before 
casting. In order to identify the types of inclusions generated by ladle glaze, the steel samples 
from the ladles of different ages were analyzed by SEM/EDX before de-oxidation and before 
casting. The types of inclusions present were found to vary with ladle age. Four types of 
inclusions were detected before de-oxidation, namely type-1 (MgO), type-2 (spinel), type-3 
(an oxide solution) and type-4 (spinel in the center surrounded by the oxide solution of type-
3). Three types of inclusions were found before casting, viz. type-5 (oxide solution with low 
contents of MgO and SiO2), type-6 (small MgO islands embedded in an oxide solution) and 
type-7 (spinel in the center surrounded by the oxide solution of type-5). The results indicated 
that ladle glaze reacted with EAF slag during ladle filling leading to the formation of 
inclusions of type-3, type-4 and even a part of inclusions of type-2. While the inclusions of 
both type-5 and type-7 were found to be the products of the reaction between inclusions of 
type-2 and the liquid metal, the occurrence of type-6 inclusions only in the used ladle 
suggested that this type of inclusions were generated by the ladle glaze.  
 

In a preliminary examination on the possibility of inclusion separation, a series of simple 
cold model experiments were carried out. De-ionised water and silicon oil were used as the 
bulk liquid, while charcoal particles of different size ranges were employed as dispersed 
phase. The applicability of floatation coefficient was examined using the experimental results 
from cold models. Despite of high positive value of the floatation coefficient in the case of the 
charcoal-water-gas system, the separation of charcoal particles was found to be dependent on 
the particle size. The charcoal particles ranging between 10-30 µm and 30-50 µm were found 
to be separated from the bulk, while particles in a size range 120-150 µm showed no 
substantial separation even after about two hours. The experimental results indicated that the 
floatation coefficient was a necessary but not a sufficient condition for the particles removal 
by gas bubbles. The experimental results were also compared with the prediction of a model 
taking interfacial energies into consideration. The comparison showed that the model over 
predicts the probability of the particle attachment in the case of charcoal-water-gas system, 
plausibly due to the omission of the drag force in the model consideration. This finding was in 
accordance with the difficulties encountered in removing small inclusions in the secondary 
steel making processes, even though the floatation coefficients were almost always positive 
due to the relatively high surface tension value of liquid steel. The present examination 
suggested the need of a floatation model taking interfacial energy aspect, buoyancy force, 
gravity force and drag force into consideration. 
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CHAPTER 6. 
 

6. FUTURE WORK 

• Current research work has shown that the ladle glaze acts as a potential supplier of 
inclusions into the steel melt throughout the ladle refining process. It would be interesting 
to study the effect of ladle age on the finished materials. 

 
• A thermodynamic analysis has shown that the spinel phase is not a stable phase during the 

later stage of ladle treatment process. The analysis has also revealed that the spinel phase 
reacts with the dissolved Ca in the steel melt. In order to gain a deeper understanding, a 
laboratory experiment revealing the reaction between spinel phase with dissolved Ca in 
the steel would be helpful. 

 
• Inclusions of type-3 and type-5 are both oxide solutions. To clarify whether phase III in 

type-3 inclusions reacts with the liquid metal resulting in the phase IV in the inclusions of 
type-5, a further study is needed.  

 
• The real mechanism of inclusion separation from steel melt during ladle treatment process 

is quite complicated. Inclusions in the steel melt are reported to be removed by collision, 
agglomeration, floatation and bubble floatation. However, the exact mechanism(s) of 
inclusion removal is (are) still not clear. A further study should be devoted to finding out 
the main mechanism of inclusion separation and develop a model predicting the behaviour 
of inclusion removal from the steel melt. 
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