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ABSTRACT 

In the present thesis a study of the mechanisms of hydrogen pickup during ladle 

treatment was undertaken. Previous studies showed that the presence of hydroxyl 

ions in the ladle slag resulted in hydrogen transfer from the slag back into the steel 

bath. The main focus of the present work was therefore to gain deeper knowledge 

of the ladle slag, its properties and impact on hydrogen concentration in the liquid 

steel. For this purpose a number of slag compositions were examined in order to 

clarify whether these slags were single liquids at 1858 K. 14 out of 27 compositions 

in the Al2O3-CaO-MgO-SiO2 system were completely melted, while the rest had 

solid shape present These results were in disagreement with the existing phase 

diagram. 

 

Water solubility measurements were carried out by employing a thermo gravimetric 

technique. The temperature was found to have negligible effect in the water 

solubilities. The experimental results showed that the water capacity varied between 

1·103 and 2·103 in the majority of the composition range. However, for 

compositions close to CaO saturation the water capacity value could reach higher 

than 3·103. The experimental determined water capacity was further used to 

develop a water capacity model for the quaternary slag system Al2O3-CaO-MgO-

SiO2. The model was constructed by considering the effects of the binary 

interactions between the cations in the slag on the capacity of capturing hydroxyl 

ions. The model calculations agreed reasonably well with the experimental results as 

well as with the literature data. 

 

The water capacity model was used in the last part of the present thesis in order to 

determine the major source for hydrogen pick-up of the steel after vacuum 

degassing but before casting. For this purpose, samples of slag and metal were 

taken at different stages of ladle treatment at SSAB. Hydrogen increase after 

vacuum treatment was observed. Moisture contents of the industrial slag were 

analysed and the water capacities of the slags were calculated. It could be seen that 

the hydrogen increase was correlated to the amount of moisture in the slag and the 

water capacity. The study showed that the slag containing most water was also the 

heat having the largest hydrogen increase. The slag with most water had the highest 

water capacity. It could be concluded that the major source for hydrogen coming 

back into the steel was due to the slag-metal reaction.  
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A tentative process model to predict the final contents of hydrogen and nitrogen 

after tundish process was attempted. More work is needed to improve the model. 
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Chapter 1 

INTRODUCTION 

Steel is the worlds most produced metallic material and has been a very important 
construction material for a long period of time. It is relatively cheap to produce and 
the properties of the steel can easily be varied by the addition of alloys. From the 
beginning the ladle was used only as a transport vessel between the melting furnace 
and casting. The demands of cleaner steel led to development in steel refining. 
Today, ladle metallurgy has become more and more crucial for various kinds of 
refining operations.  
 
Hydrogen is a non-metallic element that causes embrittlement, pipes and reduction 
of mechanical properties in the final steel products. Even the presence of a few 
parts per million of hydrogen in molten steel can have serious effect upon the end 
material. A study has shown that a hydrogen concentration as low as 1-2 ppm 
would have detrimental impact on the mechanical properties of tool steels.1  
 
Although most hydrogen can be removed as vapour, low pressure is required to 
bring down the hydrogen concentrations below 1 ppm. An efficient 
dehydrogenation process is necessary in order to meet the demand of cleaner steel. 
The most common industrial process for dehydrogenation is the vacuum degassing 
treatment. In many industrial practices, synthetic ladle slags are based on the Al2O3-
CaO-MgO-SiO2 quaternary system. The slag composition plays an important role 
in ladle refining. The primary source of hydrogen pick-up has been discussed in a 
numerous publications.2-8  
 
While both the level of vacuum and argon flow rate are of great importance in 
determining the rate of hydrogen removal, the partition of hydrogen between slag 
and molten steel plays another crucial role. 
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1.1 Previous work 

Konolov et al. showed that a two-stage neutralization of the slag reduced the 
hydrogen content by 12% in the steel.9 Further Jauhiainen et al. investigated four 
different stirring methods concluding that combined gas and induction stirring with 
downwards stirring was beneficial for dehydrogenation.10 It was investigated in the 
literature whether the hydrogen control should be started from the BOF.11 These 
authors reported that ladle slag played an important role and it should be beneficial 
to have a slag with low basicity11 and high viscosity12 in order to reach a high 
dehydrogenation and low resupply of hydrogen from the slag to the liquid steel.  
Dor et. al. have reported that the water content in the slag after vacuum treatment 
could be 200 times higher than the value predicted from the metal-gas-slag 
equilibrium.12 This implies that the dehydrogenation kinetics in the steel is much 
faster than it is in the slag.13  
 
The hydrogen solubilities of binary, ternary and quaternary slag system have been 
carried out by different research groups.13-18 Researchers have found the solubility 
of water to be proportional to the square root of the water pressure.13,19-22 This 
finding supports that the water vapour is present as free hydroxyl ions in basic 
slags. By increasing the basicity, the solubility of water is increased.13-14,20,23 The 
temperature on the other hand has been found to have negligible effect on the 
solubility of water vapour in metallurgical slags.20-21,24 This can be attributed to low 
heat of solution of water vapour in metallurgical slags.21,25  
 
Some effort has been put forward to describe the hydrogen capacity as a function 
of temperature and slag composition. Sosinsky et al.20 relates hydroxyl activities in 
CaO-MgO-SiO2 melts to the activity of silica and I. D. Sommerville tries to relate 
hydroxyl capacities to basicities of slags.26 Ban-ya et al.27 used the regular solution 
model of Lumsden on binary and ternary slag systems in order to predict the 
hydroxyl capacities. Jo and Kim13 extended this model to the quaternary system 
Al2O3-CaO-MgO-SiO2.  
 
To the authors knowledge it has been limited number of publications describing 
the increase of hydrogen levels during the trimming step of the ladle treatment. 
However, Dor et al published an article describing the slag phase as a source for 
the scatter of hydrogen concentration during and after vacuum degassing.12 

 
Since hydrogen has a larger diffusion coefficient than nitrogen in molten steel, 
nitrogen refining is more complex and is limited to 10-30%.28 Some effort has 
therefore been put forward by different researches in order to find slag systems 
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that can remove nitrogen more effectively. Studies have shown that a slag with high 
nitride capacity have strong ability to reduce nitrides in molten steel. Several studies 
have shown that denitrogenation is promoted by high slag basicity and nitride 
forming agents as BaO, B2O3, TiO2 and Al2O3.

29-33 
 
Also the steel composition has an influence upon the efficiency of the nitrogen 
refining process. J. Fu et al34 have shown that the nitrogen removal is controlled by 
nitrogen transferring in the liquid diffusion layer when sulfur content is 0.005%. 
Further, it has been shown that the nitride distribution increases with decreasing 
aluminum content in the steel.35 Another research study argues that the kinetics of 
the interfacial reaction is affected by surface active elements like sulfur and 
oxygen.30  

 
1.2 The objective of the present work 

The major oxide components of a ladle slag are usually Al2O3, CaO, MgO and 
SiO2. The phase diagram information from slag Atlas36 of the Al2O3-CaO-MgO-
SiO2 quaternary system involves considerable uncertainties since many liquidus 
temperatures are given as dotted lines. Disagreements between the phase diagram 
and the reality have been found by both the present research laboratory and the 
steel industry37. One aim with this thesis is therefore to study a number of slag 
compositions to examine whether these slags are single liquids at 1858 K. 
  
Water vapour dissolves in liquid slag in a form of hydroxyl ion or hydroxyl radical. 
The presence of hydroxyl ions in the ladle slag will result in hydrogen transfer from 
the slag back into the steel bath.19 Hence, the initial concentration of hydroxyl ions 
in ladle slag would seriously affect the kinetics of the dehydrogenation process and 
therefore the hydrogen content in the final product. In order to optimize the 
dehydrogenation process, a good knowledge of the hydrogen solubility of the ladle 
slag is essential. The slags studied in the Al2O3-CaO-MgO-SiO2 system are mostly 
in the composition region having relatively higher SiO2 contents.13 On the other 
hand, many ladle processes operate with slags having less than 10 mass% SiO2 
nowadays. To meet the demand of process optimization of ladle treatment, the 
present work focuses on the determination of hydrogen solubilities of some Al2O3-
CaO-MgO-SiO2 quaternary slags having lower SiO2 concentrations. 
 
In order to produce cleaner steel, an efficient dehydrogenation process is required. 
In ladle refining, slag plays a crucial role in desulphurization, dephosphorization 
and inclusion removal. Optimization and the development of the ladle treatment 
necessitates good knowledge of the ladle slag with respect to, among other 
properties, its capacities of taking up sulphur, phosphorus and hydrogen. Very 
often, descriptions of these capacities as a function of temperature and slag 
composition are required, since the slag composition varies during refining. Jo and 
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Kim13 described the hydrogen capacity for the quaternary Al2O3-CaO-MgO-SiO2 
system as a function of temperature and slag composition. However, the model by 
Jo and Kim13 predicts much lower values when compared to the experimental data 
in the high basicity region. Therefore, this thesis aims at developing a water 
capacity model for quaternary ladle slags. 
 
For many steel producers a high basicity slag is of importance to reach low sulphur 
concentration and having to high viscosity in a slag creates practical problems 
during the production. Therefore, the increase of hydrogen after vacuum treatment 
is investigated trying to separate the slag contribution from other sources such as 
heating, alloying and refractory. For this purpose industrial sampling after vacuum 
treatment is made at SSAB in Oxelösund, Sweden. Also, numerous process data 
from the same industrial plant is used in order to investigate crucial relations for 
removing nitrogen and hydrogen during the degassing process. Further in order to 
be able to predict the concentration for hydrogen and nitrogen throughout the 
casting this thesis aims at describing the variation as a function of time in the 
tundish. 
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Chapter 2 

EXPERIMENTAL WORK 

2.1 Laboratory work 

Materials and sample preparation 

In many industrial practices, synthetic slags are based on the Al2O3-CaO-MgO-SiO2 
quaternary system. These four oxide compounds were therefore used in the present 
work. The oxides were calcined separately for 24 hours at 1073 K. After 
calcinations, the oxides were ground and thoroughly mixed in predetermined 
proportions.  The mixtures were pressed into pellets and platinum crucibles were 
used as sample container during the experiments. The pellets were kept in a sealed 
glass bottle that was kept in a desiccator before the experiment. 
 

Experimental set-up and procedure 

Characterization of melting of slags 

A number of ladle slag compositions were studied to examine whether these slags 
are single liquids or multiphase mixtures at 1858 K. For this purpose a quenching 
technique was employed.  
 
A horizontal furnace with an alumina reaction tube was employed for most of the 
experiments. The experimental setup is schematically shown in Figure 1. The 
furnace had KANTHAL SUPER 1800 heating elements controlled by a regulator 
using a Pt-30 pct Rh/Pt-6 pct Rh thermocouple. An alumina holder was used to 
support two crucibles containing the samples. In a typical run, the samples were 
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carefully introduced into the reaction chamber and placed in the even temperature 
zone. A constant argon gas flow was passed through the reaction tube at low flow 
rate. The samples were heated to 1858 K and kept for more than 5 hours. The 
sample holder was rapidly pulled out of the furnace. After a quick visual 
examination, to see if the sample was completely molten, the samples were 
quenched in liquid nitrogen. In order to confirm the reproducibility of the 
experimental method, each slag composition was investigated four times.  
 
 

1 12 3 4 5 6 7 8

 
 

Figure 1: Schematic figure of the horizontal furnace. 1. silicone rubber stopper; 2. alumina 
reaction tube; 3. furnace; 4. gas inlet; 5. thermocouple; 6. alumina crucible holder; 7. platinum 
crucible containing the sample; 8. gas outlet. 

 

In many ladle treatments, slags of high basicities are employed. In order to examine 
whether these high basicity slags were still single liquid at lower temperatures that 
might be encountered in ladle refining, these slags were quenched from 1793 K. To 
avoid the slight possibility of solidification of the sample during quenching, a 
vertical furnace was employed. The vertical furnace also had KANTHAL SUPER 
1800 heating elements. 
 
As shown in Figure 2, an alumina reaction tube was used as the reaction chamber. 
The slag sample was placed in a platinum crucible welded in both ends. The 
platinum crucible was hanged by a piece of platinum wire in the even temperature 
zone of the furnace. The sample was heated and kept at the experimental 
temperature, 1793 K for 7 hours. The platinum wire was cut off and the sample 
was quenched in liquid nitrogen. The samples were embedded in bakelite under 
vacuum for microscopic examination.  
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   1 

2 

4 

3 

5 

6 
7 
8  

Figure 2: Schematic figure of the vertical furnace. 1 gas outlet; 2 silicone rubber stopper; 3 
platinum wire; 4 samples; 5 alumina reaction tube; 6 silicone rubber stopper; 7 thermocouple; 8 
gas inlet. 

 

Water vapour solubility experiments 

The thermo gravimetric technique was used for determination of the hydrogen 
solubilities of some CaO-SiO2 binary slags and Al2O3-CaO-MgO-SiO2 quaternary 
slags.   
 

 
Figure 3: Schematic diagram of the experimental setup. 

 

The experimental setup used in this study is schematically illustrated in Figure 3. 
The setup consists of three major components, the water column, the balance 
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chamber and the furnace. The water column has heating elements and is thereby 
acting as a boiler. Argon gas is introduced at the bottom of the water column. The 
whole column is filled with small glass balls in order to provide good contact 
between water and argon gas. By adjusting the temperature of the water column, 
the water pressure in the H2O-Ar mixture can be controlled on the basis of the 
thermodynamic data.  

 
The balance (METTLER TOLEDO AG285) is placed in an air tight box and it is 
connected to a computer, which follows the weight change in situ. An alumina 
transducer sitting on the balance is used to hold the sample in the even temperature 
zone of the furnace.  
 
The furnace is a high temperature furnace with an alumina tube employed as the 
reaction chamber. A pair of B type (Pt-30 pct Rh/Pt-6 pct Rh) thermocouple is 
used to control the furnace temperature. Another pair of B type thermocouple is 
placed just above the sample to measure the temperature. H2O-Ar gas mixture is 
introduced into the reaction chamber by a stainless steel tube connected to an 
alumina tube, the tip of which is about 5 cm below the sample. In order to prevent 
water condensation from the moist gas, the inlet stainless steel tube is always kept 
at 363 K.  
 
In a general run, a sample along with the platinum crucible was placed on the top 
of the alumina transducer before the reaction tube was sealed. An argon flow of 
0.072 Nl/min was introduced into the reaction chamber. The furnace was heated 
up to the experimental temperature at a heating rate of 5 K/min. After a period of 
stabilization, H2O-Ar gas mixture was introduced into the reaction chamber. In 
most of the experiments, the water column was kept at 327 K. Repetitions of 
measurements of some slag compositions were carried out at different water 
pressure. The reproducibility was also checked using higher flow rate of argon flow. 
Calibration was made by making experiment using platinum crucible containing a 
piece of pure re-crystallized alumina under exactly identical conditions.  
 
To confirm the reliability of the experimental data, two slag samples were 
equilibrated in a horizontal furnace using the same water column. After 
equilibrating the slag samples with the H2O-Ar mixture they were quenched in 
liquid nitrogen. The samples were weighed before the experiment and just after 
quenching. The weight change would give the solubility of H2O or hydroxyl ions of 
the slag at the experimental temperature.  
 

2.2 Industrial data 

Plant description 
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Process description 

Industrial trials were carried out in an ore based steel plant of SSAB in Oxelösund, 
Sweden. The main production route is presented schematically in Figure 4. The hot 
metal is converted to steel in a BOF converter. Crude steel is tapped into a ladle of 
200 tons. During tapping, main alloying is carried out. Thereafter, the steel is 
transferred to a TN station, where it is deoxidized and desulphurised. After TN 
treatment the slag is removed and the ladle is transferred to an integrated LMF-
VTD station. The ladle has two porous plugs at its bottom for introducing purging 
argon gas. After securing the function of the porous plugs, slag builders are added. 
The slag builders consist of lime and a mixture of mostly Al2O3 and MgO. The 
oxides are kept dry until they are put into the alloying bin. Samples are taken once a 
day to ensure low moisture content.  
 

BOF

VD 1

VD 2

LRFStirring station

CC1

CC2

Deslagging Deslagging

 
Figure 4: Schematic diagram of the production route. 

 

At the LMF position, fine adjustments of temperature and composition are carried 
out. The liquid steel is transferred to the vacuum tank degasser for vacuum 
treatment. During degassing, additional alloying can be performed depending on 
steel grade. The flow rate of the purging gas is controlled and also monitored using 
a camera placed in the LRF/VD roof. After the degassing process, if necessary, the 
ladle returns to the LMF station for trimming temperature and composition before 
departure to the continuous casting machine.  
 
Sampling 

The ladle treatment of the industrial trials was divided into three process steps, viz. 
before vacuum treatment, vacuum treatment and after vacuum treatment. The last 
possibility for sampling at the secondary metallurgy station was before departure of 
the steel to the casting. Steel and slag samples were taken along with hydrogen 
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measurements at different stages during the ladle treatment. The hydrogen content 
was measured manually with Hydris. Seven heats were studied, all from the same 
steel grade. Additional heats were also studied, where hydrogen analyses were taken 
immediately after vacuum degassing and before departure. 
 
In order to clarify whether the hydrogen pick up was from the slag, heating or 
additives, the hydrogen content was measured before vacuum degassing, [H]BV, 
directly after vacuum treatment, [H](AV-1) and again 5-10 minutes after the vacuum 
treatment and before any heating or additions had been made[H](AV-2). The final 
sampling was done just before the departure, after final adjustments of temperature 
and composition of the steel, to the caster, denoted as [H]BD. It was ensured that 
the stirring intensity was low without any open eye formation during this period. In 
this way, any other source of hydrogen except slag was minimized. These samples 
could also indicate how fast the transfer of hydrogen from the slag back into the 
metal took place after the degassing process.  
 
The steel samples and temperature measurements were taken with an automatic 
sampler. The slag sample was taken with a sampling scope. The slag was cooled 
down fast and sealed immediately in glass bottle. The moisture content in the slag 
was determined by a thermo gravimetric method. The slag sample was heated to 
873 K before holding it for 2 hours in an argon atmosphere. The weight loss was 
assumed to correspond to the moisture content in the slag. 
 
For verification of the tundish prediction model steel samples and hydrogen 
content were measured at the caster. The steel samples and temperature 
measurements were taken manually. The hydrogen concentration was also 
measured manually with Hydris. 66 heats were sampled at different casting lengths. 
More frequent samples were taken at the first heat in the sequence and at ladle 
switch. The guide line for sampling at the caster was every 5-10 meters casting 
length and the measuring started once the tundish was filled with liquid steel. 
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Chapter 3 

MODELING WORK 

The existing model for the quaternary system Al2O3-CaO-MgO-SiO2 developed by 
Jo and Kim13 predicts much lower values when compared to the experimental data 
in the present study. This disagreement could be attributed to the fact that the 
experimental measurements made by Jo and Kim13 in the quaternary system are 
mostly in the high silica content region. The measurements in the present work are 
in the same system but mainly in the high basicity region. A hydroxyl capacity 
model for quaternary ladle slags has therefore been developed. 
 

3.1 Hydroxyl capacity model 

Construction of the model 

The hydroxyl capacity is introduced on the basis of the following slag-gas reaction, 
 

)slag(OH2)slag(O)gas(OH 2

2

      (1) 

 
The hydroxyl capacity of a slag can be expressed as: 
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where o

1G  is the standard Gibbs energy of reaction (1), R is the gas constant and T 

is the temperature in K. OH
f  and 2O

a  stand for the activity coefficient of OH- and 

the activity of O2- respectively.  

The exponential term in (2) is system independent, while 2O
a  and OH

f  depend on 

the slag composition and temperature. It should be mentioned that the standard 
states for ion activities are difficult to define. Hence, eq. (2) would have very little 

practical use. On the other hand, both 2O
a  and OH

f would relate to their partial 

Gibbs energies exponentially. It is reasonable to expect that  
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where ψ'  is a function of composition and temperature. Inserting eq. (3) into eq. (2) 

leads to 
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  in eq. (4) is a new function, which depends on the slag composition and 

temperature. 
 
In line with the activity model38 and sulphide capacity model39 developed in the 
present department, the slag could be considered to have two sub-groupings. A 
silicate melt containing m oxides, C1c1Oa1, C2c2Oa2,....CiciOai,....CcmOam can be 
expressed as: 
 

         q2

y

vm

y

vi

y

2v

y

1v OCm,,Ci,,2C,1C
cmci2c1c

                                     (5) 

 
where Cvi stands for cations, the superscript vi denotes the electrical charge. Even 
Si4+ ion is included in the cation group. q in eq. (5) are stoichiometric coefficient.  
 
The different ions would have effects on each other with respect to the capacity to 
accommodate the OH- ions. Hence,   in eq. (4) can be formulated as a function of 

the interactions between different cations in the presence of O2-. In a 
multi-component system,   is expressed by: 

 

  mix

m

1

iiX                                    (6) 
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where Xi is the mole fraction of the oxide component i.  i i
X   in (6) describes 

the linear variation of  from the pure components in the absence of the 
interaction between different species. 

mix  arises from the mutual interaction 

between the different cations in the presence of O2-. 
mix  can be described by: 

 







1m

1

m

1i

CCCCmix jiii
Dyy                                            (7) 

 

jiCCD  is the parameter for the binary interaction between cations Ci and Cj.  It is 

expressed as polynomials, 
 

     ...yyTDDTDDD CjC2

1

1

1

2

o

1

o

CC iji
                          (8) 

 
where yi  stands for the ionic fraction of cation within the cation grouping. Previous 
studies20-21,24 have shown that hydroxyl capacities of slags have very little 
dependence on temperature. Hence, the terms related to temperature can be 
omitted. The interaction parameters can be optimized by using the experimentally 
determined OH

C . 

 

Hydrogen capacity data 

The present hydroxyl capacity model is semi-empirical. The use of reliable 
experimental data in the optimization would be crucial for the validation of the 
model. Hence, a careful evaluation of the literature data is needed in order to 
optimize the model parameters. In the binary system CaO-SiO2 three publications 
was found.16-18 Unfortunately, considerable discrepancy is noticed. 
 
While SiO2 is a network former, CaO is a basic oxide. It is expected that the 
interaction between Ca2+ and Si4+ in the presence of oxygen would have strong 
effect on the hydroxyl capacity of the slag. New experimental measurements were 
made in order to decide if any of the documented data should be incorporated in 
the model.  
 
The literature data13-15,17-18,20,23 in the other systems were found to be in good 
agreement, and were therefore incorporated in the model calculation. Totally, 171 
documented data were used for the optimization. 
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3.2 Predicting nitrogen and hydrogen variation in the 
tundish 

A model to understand and predict the behavior of nitrogen and hydrogen in the 
tundish as a function of time has been developed with production data. The 
assumption made for the theoretical model is that tundish act as an ideal tank 
reactor and that the transient pickup of nitrogen and hydrogen only occur at the 
initiation of the casting process that is, until the tundish have been filled with liquid 
steel. The equation below describes behavior of an ideal tank reactor. 
 

0exp i

E

ii Ct
m

F
CC       (9) 

 

Where, Ci is the concentration of a given element [ppm], E

iC is the initial excess 

concentration of element “i” [ppm], F is the steel flow rate through the tundish 

[kg/s], m is the mass of the liquid steel in the tundish [kg], t is time [s] and 0

iC  is 

the concentration of element ”i” as the steel entering the tundish from the ladle 

[ppm]. Element “i” was either nitrogen or hydrogen. E

iC  and 0

iC  was calculated 

with least square fit adjusted to the measured data. In total data from 66 heats were 
used in order to verify the theoretical prediction of nitrogen and hydrogen 
concentration in the tundish during casting. 
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Chapter 4 

RESULTS 

4.1 Laboratory work 

Characterization of melting of slags 

The compositions of the investigated slags along with the results of the 
experiments are presented in Table I. 
 



Results 

16 
 

Table I: Compositions of the samples and the experimental  results 

 
As can be seen in Table I, 14 samples were completely melted. The four 
compositions that were investigated further with a fast quenching method were all 
found to be completely melted.  
 

Water vapour solubility 

Three slag compositions in the binary CaO-SiO2 system were studied. These 
compositions are listed in Table II. The experimentally determined H2O pick-up 

Slag no. mass%Al2O3 mass%CaO mass%MgO mass%SiO2 
Result 

1858 K 1793 K 

1 30 50 13 7 
multi 
phase 

 

2 45 35 13 7 
multi 
phase 

 

3 25 55 13 7 
multi 
phase 

 

4 40 40 13 7 
multi 
phase 

 

5 35 45 13 7 
multi 
phase 

 

6 35 45 10 10 
multi 
phase 

 

7 40 40 10 10 liquid  

8 37 43 10 10 liquid  

9 30 54 7 9 liquid liquid 

10 10 40 10 40 liquid  

11 35 50 5 10 liquid  

12 20 30 5 45 liquid  

13 25 45 10 20 liquid  

14 30 45 10 15 liquid  

15 35 50 10 5 
multi 
phase 

 

16 40 45 10 5 
multi 
phase 

 

17 20 47 10 23 
multi 
phase 

 

18 38 47 10 5 liquid  

19 33 47 10 10 liquid  

20 30 55 5 10 liquid liquid 

21 35 55 5 5 
multi 
phase 

 

22 34 54 5 7 
multi 
phase 

 

23 35 52 7 6 
multi 
phase 

 

24 40 50 5 5 liquid liquid 

25 38 50 7 5 liquid liquid 

26 35 45 7 13 liquid  

27 25 45 13 17 
multi 
phase 
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along with the evaluated water capacities and hydroxyl capacities of the slags are 
also presented in the table. 
 

Table II: The experimental conditions along with the results and the calculated water 
and hydroxyl capacities. 

 
Slag no. CaO:SiO2 

(mass-%) 

Temperature  

(K) 

PH2O  

(kPa) 

ppm H2O 
 

Water capacity 

(mass-%/atm
1/2

) 

Hydroxyl capacity 

(mass-ppm/atm
1/2

) 

1a 38.05:61.95 1773 16.5 220 545 0.10 

1b 38.05:61.95 1823 16.5 240 595 0.11 

2 44.80:55.20 1853 16.5 290 720 0.14 

3a 55.51:44.49 1823 9.1 240 795 0.15 

3b 55.51:44.49 1823 12.3 285 815 0.15 

3c 55.51:44.49 1823 16.5 345 855 0.16 

 

 
In the CaO-Al2O3-MgO-SiO2 quaternary slag system, 12 slag compositions were 
investigated. The slag compositions along with the experimental conditions are 
presented in Table III. The mass percentages of H2O and the water and hydroxyl 
capacities in the slags evaluated from the gravimetric measurements are also listed 
in Table III.  
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Table III:  Water solubilities, water capacities and hydroxyl capacities obtained in the 

present study. 

 
 
Some of the experiments were carried out through both heating and cooling cycles. 
Table III shows that the water solubilities obtained in heating cycle and cooling 
cycle agree very well. In Tables II and III it can be seen that the reproducibility is 
good, irrespective of the argon flow rate or water pressure. 

 

Slag 
no. 

%Al2O3 %CaO %MgO %SiO2 TH2O (K) Tsample (K) CH2Ox10-

3 

COH %H2O  

1A 40 40 10 10 327 1747 1.9 0.36 0.07 Heating 

      1827 2.1 0.40 0.08 Heating 

1B     327 1843 2.0 0.38 0.08 Quenching 

2A 37 43 10 10 327 1747 2.6 0.49 0.10 Heating 

      1827 2.0 0.38 0.08 Heating 

2B      1747 2.1 0.40 0.08 Cooling 

3 30 54 7 9 327 1747 2.9 0.55 0.11 Heating 

4A 10 40 10 40 327 1747 1.4 0.26 0.05 Heating 

      1827 1.3 0.25 0.05 Heating 

4B      1843 1.0 0.19 0.04 Quenching 

5 35 50 5 10 327 1747 1.7 0.32 0.07 Heating 

      1827 2.0 0.38 0.08 Heating 

      1747 1.7 0.32 0.07 Cooling 

6 20 30 5 45 327 1747 1.1 0.21 0.04 Heating 

      1827 1.1 0.21 0.04 Heating 

7 25 45 10 20 327 1747 1.1 0.21 0.04 Heating 

8 30 45 10 15 327 1747 1.2 0.23 0.05 Heating 

      1827 1.2 0.23 0.05 Heating 

      1747 1.2 0.23 0.05 Cooling 

9A 38 47 10 5 327 1747 1.8 0.34 0.07 Heating 

      1827 1.9 0.36 0.07 Heating 

      1747 1.7 0.32 0.07 Cooling 

9B      1747 1.8 0.34 0.07 Heating 

      1827 1.8 0.34 0.07 Heating 

      1747 1.9 0.36 0.07 Cooling 

9C      1747 1.8 0.34 0.07 Heating 

      1827 1.8 0.34 0.07 Heating 

      1747 1.8 0.34 0.07 Cooling 

10 33 47 10 10 327 1747 2.2 0.42 0.08 Heating 

      1827 2.4 0.45 0.09 Heating 

      1747 2.4 0.45 0.09 Cooling 

11 30 55 5 10 327 1747 3.8 0.72 0.15 Heating 

      1827 4.6 0.87 0.18 Heating 

      1747 4.5 0.85 0.17 Cooling 

12 40 50 5 5 327 1747 3.6 0.68 0.14 Heating 

      1827 3.7 0.70 0.14 Heating 

      1747 3.3 0.62 0.13 Cooling 

     349 1747 2.9 0.55 0.11 Cooling 
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For slag compositions 1 and 4, the water solubilities were measured by both 
gravimetric technique and quenching technique. The good agreement of the 
experimental results using the two techniques shown in Table III indicates again 
the reliability of the gravimetric technique. 
 
It is seen in Table III that irrespective of the slag compositions, the effect of 
temperature on the water solubilities is negligible. This result is in accordance with 
the observation reported in the literature.20-21,24 

 

4.2 Industrial sampling 

In this study it was shown that the hydrogen increase was faster just after the 
vacuum degassing process. This is illustrated in Figure 5 where the hydrogen 
concentration is plotted as a function of time after vacuum degassing for heat A-F.  
 

 
Figure 5: Hydrogen concentration as a function of time after vacuum treatment. 

 
Even though the hydrogen values after vacuum treatment is varying, Figure 6 
shows that there is no clear correlation between the hydrogen concentration before 
vacuum degassing and the concentration after vacuum degassing. Although the 
importance of hydrogen control from BOF have been discussed in previous 
reports11 the results in this experimental study indicates that there are other more 
significant factors involved. 
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Figure 6: The hydrogen concentration [H]AV_1 as a function of the hydrogen concentration before vacuum 
treatment. 

 
It could be expected that the absorption of hydrogen should be higher when the 
concentration after degassing is low. Therefore, hydrogen resupply after vacuum 
degassing is plotted as a function of the hydrogen content measured directly after 
vacuum treatment in Figure 7. 
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Figure 7: The hydrogen pickup after vacuum treatment as a function of the hydrogen content just after 
vacuum treatment. 

 
The hydrogen resupply, denoted as ∆H1, is defined as the difference between the 
second and the first hydrogen sample taken after vacuum treatment according to 
eq. (10).  
 

    121   AVAV HHH  (10) 
 

Figure 7 shows no clear relationship between the hydrogen resupply and the 
hydrogen concentration after vacuum treatment. It had been expected that the 
hydrogen increase would be higher when   1AVH is low, since the driving force for 

the liquid steel to absorb hydrogen is larger. However, this expectation is ruled out 
by the results shown in Figure 7.  The hydrogen supply seems to have a superior 
relevance. 
 
The hydrogen resupply between the second sampling after degassing and steel 
departure is defined as 

    12  AVBD HHH                                                 (11) 
 

In Figures 8a-8d, 2H is plotted as functions of ladle life, heating time, alloy 

additions and time to departure, respectively.  
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Figure 8 a: The hydrogen increase as a function of ladle life. 

 

 
Figure 8 b: The hydrogen increase as a function of heating time after vacuum treatment. 
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Figure 8 c: The hydrogen increase as a function of amount of alloy addition after vacuum treatment. 

 
 

 
Figure 8 d: The hydrogen increase as a function of time from the end of vacuum treatment to departure. 

 
Note that the number of data points for alloying with more than 300 kg is limited. 
There is no clear trend in any of the figures. This has also been reported previously. 
Since the alloys are added as one batch, it is impossible to separate the contribution 
of each alloy. Nevertheless, it can be concluded that in total there is no significant 
correlation of hydrogen resupply because of alloy addition. 
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The moisture contents of the slags taken from the 7 heats are listed in Table IV 
along with the slag compositions. It can be seen that the moisture content in the 
slag varies considerably. 
 
Table IV: Slag compositions and moisture data of the sampled heats (mass%). 

Heat Al2O3 CaO MgO SiO2 H2O in slag 

A 40.9 49.8 6.9 2.4 0.28 

B 36.3 54.9 6.3 2.5 0.18 

C 37.5 53.7 6.5 2.3 0.05 

D 32.3 41.1 17.0 9.5 0.42 

E 33.5 47.6 9.2 9.7 0.05 

F 39.9 50.9 6.7 2.5 0.1 

G 39.5 50.6 7.2 2.6 0.34 

 
 
In order to investigate the correlation between the moisture content in the slag and 
the hydrogen absorption in the liquid steel the relative hydrogen resupply after 
vacuum treatment is plotted as a function of the moisture content in the slag in 
Figure 9. 
 

 
Figure 9: The relative hydrogen pickup of the steel after vacuum treatment as a function of the moisture 
content of the slag. 

 
 
The relative hydrogen increase, ∆H3R, is defined as: 
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A strong correlation between the hydrogen increase and the amount of moisture in 
the slag is brought out by the experimental observation shown in Figure 9. The 
hydrogen absorption increases with the moisture content of the slag. The slags 
containing most water are from the same heats that have the highest hydrogen 
increase. 
 
In the case of nitrogen solubility, a large number of production data were employed 
in order to have a better statistic. From this study it was shown that the nitrogen 
refining during vacuum is dependent on the nitrogen content when the vacuum 
treatment is initialized. A linear method of least square was used to predict the 
nitrogen refining during vacuum as function of the initial nitrogen content just 
before vacuum treatment. The “N-refining deviation” was defined as the difference 
between the actual nitrogen refining and the predicted refining. This factor is 
illustrated in Figure 10.  

 

Figure 10: Nitrogen refining during vacuum treatment shown as function of pre-vacuum nitrogen content. 

 
In the figure the variable y is predicted nitrogen refining and x is the initial nitrogen 
content. A positive refining indicates a nitrogen refining efficiency lower than 
average and if negative indicates a more efficient nitrogen refining than average. 
The refining deviation was evaluated versus several process variables for a large 
data set. However, the correlation between the variables and the refining was weak. 
Further and more detailed studies need to be performed in order to draw any 
conclusions. 
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4.3 Modeling work 

Hydroxyl capacity model 

Only binary interactions are considered for the model optimization. The optimized 
results are summarized in eq. (13). 
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The calculated iso-lines of water capacities at 1873 K in the sections of 5 mass% 
MgO and 10 mass% MgO are presented in Figure 11a and 11b, respectively. The 
experimental data available in these two sections are also included in the figures. 
Data of the slags containing 4 and 7 mass% MgO are also included in Figure 11a. It 
is seen that the model predictions are in reasonable agreement with most of the 
experimental data. Only a few values differ somewhat from the model predictions. 
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Figure 11a: Iso-lines of water capacity at 1873 K in the section of 5 mass% MgO. 

The experimental results available in the section are also included. 
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Figure 11b: Iso-lines of water capacity at 1873 K in the section of 10 mass% MgO. 

The experimental results available in the section are also included. 
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Chapter 5 

DISCUSSION 

5.1 Laboratory work 

Characterization of melting of slags 

In many industrial practices synthetic ladle slags are based on the Al2O3-CaO-
MgO-SiO2 quaternary system. Usually the compositions of the slags are targeted on 
the single liquid region of the phase diagram. A comparison of the present results 
with the phase diagrams suggested by Slag Atlas36 shows that there is considerable 
disagreement. As an example, Figure 12 compares the present results with the 
section having 10 % MgO reproduced from Slag Atlas.36 According to the phase 
diagram all of the investigated samples should have been melted at the 
experimental temperature. However, the quenched samples 5, 15, 16 and 17 are all 
multi-phase mixtures. Likewise, samples 2 and 21-23 should have been melted 
according to the phase diagram in Slag Atlas36, but according to the present 
investigation these samples consist of multi-phase mixtures. From an industrial 
point of view this is of importance for instance when evaluating the slag 
performance with respect to refining capacity and ladle wear also to consider the 
possibility of having a multi-phase slag. 
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Figure 12: Investigated compositions in the quaternary phase diagram Al2O3-CaO-MgO-SiO2 

with 10 mass% MgO. The closed squares represent compositions of single liquids and 
the open ones represent the compositions of multi-phase mixtures. 

 
 

 

 

Water vapour solubility 

Knowledge of the slag with respect to liquidus temperature is one of the 
fundamental properties when designing a ladle slag. Nevertheless, its capacities to 
pick up non-metallic elements, such as hydrogen, as a function of composition and 
temperature are also of great importance in order to produce clean steel. As 
described earlier water vapor solubility measurements was performed in order to 
verify literature data but also for complementary measurements to generate 
hydroxyl capacity data lacking in the literature. 
 
The experimental results for the binary CaO-SiO2 system are included in Figure 13 
for comparison with literature data. It is seen in the figure that the present results 
agree well with the data of Ende et. al.17 Note that even most of the data reported 
by Iguchi18 follow the same trends as that of Ende et. al.17 and the present study. 
On the other hand, the values by Wahlster et. al.16 is in controversy with the rest of 
the other researchers.17-18 Hence, the present experimental results along with values 
reported by Ende et. Al17 was employed in the optimization of the model 
parameters.  
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Figure 13: Experimental data for the CaO-SiO2 system. 

 
The only experimental data for the water solubilities of CaO-Al2O3-MgO-SiO2 
quaternary slags were reported by Jo and Kim13. They determined the water 
solubilities of a number of slags at 1873 K using an inert gas fusion technique with 
thermal conductivity detection. The slag compositions of these authors are mostly 
in the region of relatively high silica contents. Two of the slag compositions of the 
present work are comparable with the slags studied by Jo and Kim13.  
 
A comparison between the water capacities reported by Jo and Kim13 and the 
present work in the sections of 5 mass% MgO and 10 mass% MgO are presented 
in Figure 14a and 14b along with the present experimental values. Even the 
experimental results in the section of 7 mass% MgO are included in Figure 14a for 
comparison. The values obtained by the two research groups appear to follow the 
same trends. From the figures there is a larger increase when the slag composition 

approaches CaO saturation. A value of 33

OH 102to101C
2

  prevails in the majority 

of the composition range. On the other hand, OH2
C can reach a value higher than

3103  , when the slag compositions are close to CaO saturation. 
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Figure 14a: Comparison of the experimental results between the present study and the study 

carried out by Jo and Kim13 in the section of 5 mass% MgO. The values presented are 
the water capacities (10-3). 
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Figure 14b: Comparison of the experimental results between the present study and the study 

carried out by Jo and Kim13 in the section of 10 mass% MgO. The values presented 
are the water capacities (10-3). 

 
 

Hydroxyl capacity model 

Some of the experimental values differ somewhat from the model predictions. 
While the experimental uncertainty caused by the presence of small amount of solid 
phase could be the reason of the discrepancy, the limitation of the model when 
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applied to the region very close to CaO saturation could be another plausible 
explanation. Nevertheless, the model prediction could be considered satisfactory. 
 
The water capacity increases with the increase of the CaO content irrespective of 
the MgO concentration.  
 
The model would be a useful aid to the optimization of ladle slag. As an example of 
the application, Figure 15 presents the variation of water capacity at 1773 and 1873 
K when Al2O3 is replaced by SiO2 addition, assuming that the slag contains 50 
mass% CaO and 10 mass% MgO. The plot shows that the ability of the slag to pick 
up water increases as SiO2 is replaced by Al2O3. The figure also indicates that the 
temperature has little effect on the water capacity.  
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 Figure 15: Variation of water capacity at 1773 and 1873 K when Al2O3 is replaced 
by SiO2 with 50 mass% CaO and 10 mass% MgO. 

 

 

5.2 Industrial work 

The slag sampled from the industrial trials is assumed to be completely melted 
since the composition and temperature in the ladle corresponds well to the 
conditions during the laboratory experiments. Also the reduced pressure during 
vacuum degassing is beneficial for the melting of the slag. 
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It is possible to calculate the hydroxyl capacity of the slag based on its composition 
using the model developed in this study for the quaternary slag system Al2O3-CaO-
MgO-SiO2.  
 
The hydroxyl capacity or water capacity is defined based on reaction (14): 
 

  OH2OOH 2

2
   (14) 

 
Combining these reactions the water capacity can be defined as: 
 



 
OH

OH

OH

OH

OH
M

M
C

p

OppmH
C 2

2

2

104

2
2

   (15) 

 
where ppm H2O is the water content in the slag in ppm unite and pH2O is the partial 
pressure of water.  
 
The pick-up of hydrogen of the steel from the slag can be expressed by reaction 
(16).  
 

  OH2OOH2 2    (16) 

 
The underline in the above equation indicates that the element is dissolved in the 
liquid steel. Note that the reaction takes place in the revised direction, from right to 
left.  
 
The hydrogen exchange between slag and metal is controlled by the partition 
coefficient (L), equation (15), and the mixing fraction between slag and metal. Since 
the stirring intensity was kept minimal during the industrial trials, this mixing 
fraction can be assumed to be approximately the same in different heats and 
thereby it is the partition coefficient that differs between the melts. 
 

 Hwt

OHwt
L

%

)%(
     (17) 

 
In Figure 16, the relative hydrogen increase after vacuum,

RH3 , is plotted as 

function of the calculated water capacity. 
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Figure 16: The relative hydrogen pick-up of the steel after vacuum treatment as a function of the 
calculated water capacity for the sampled heats. 

 
It is seen that the hydrogen pick-up in the steel after vacuum treatment increases 
with the water capacity of the slag. The slag containing most water also is the slag 
with the highest water capacity. The heat with the highest increase of hydrogen 
concentration has the slag with the highest content of moisture and the highest 
water capacity. The heat that does not have any hydrogen increase having the slag 
with the lowest content of moisture and the lowest water capacity. This implies that 
the slag composition is a factor that has to be considered 
 
The result from this investigation shows that the supply of hydrogen from the slag 
is superior to the other investigated factors, viz. refractory, heating time after 
degassing as well as time from degassing to casting. The major hydrogen increase 
comes within 5-10 minutes which often is below the time for transportation to the 
caster station. Also the results from the industrial trials reveal that the hydrogen 
increases after vacuum correlates to the moisture content in the slag rather than to 
the absolute value after vacuum treatment.  
 
After vacuum treatment, the total pressure in the ladle is increased and the argon 
flow is considerably decreased. In this period, there is no longer a driving force for 
dehydrogenation. Instead, as long as OH- ions is present in the ladle slag, hydrogen 
is transferred from the slag back into the steel bath.19 
Many ladle slags operates using synthetic slags close to CaO saturation.40-41 Jha et 
al.11 indicated that the slag basicity should be kept low in order to decrease 
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hydrogen increase. To examine this aspect, the 
RH3 is plotted as function of 

basicity in Figure 17.  
 

 
Figure 17: The relative hydrogen pick up of the steel after vacuum treatment as a function of the 
basicity. 

 
 
For the slag compositions studied in the trials, there is a week correlation between 
the hydrogen pick-up and basicity. While the variation of the basicity is small, the 
water capacity of the slag is significant. This implies that good sulphur refining slag 
that has high basicity does not have strong impact on hydrogen pick-up. Dor et al. 
have reported that the water content in the slag after vacuum treatment could be 
200 times higher than the predicted value from the metal-slag equilibrium.12 The 
reason for this is that the dehydrogenation kinetics in the steel is much faster than 
it is in the slag.19 This study supports their conclusions. Hence, the concentration 
of hydroxyl ions in the ladle slag can be the major source for hydrogen transferring 
back into the liquid steel after vacuum degassing.  
 
During vacuum degassing, the hydrogen content in the steel is decreased due to 
high argon flow combined with low pressure. The good contact between the rising 
argon bubbles and the steel greatly enhances the removal of hydrogen from the 
liquid steel to the gas bubbles. In this period, an open-eye is formed. Since most of 
the gas escapes from the bath to the gas phase through the open-eye, the contact 
between gas and slag is limited. While hydrogen would be transferred from the slag 
to the liquid metal due to the low hydrogen content in liquid steel, the efficient 
removal of hydrogen by gas bubbles would still reduce the hydrogen content in the 
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metal. Previous studies have shown that the slag phase does not affect the 
hydrogen removal kinetics during vacuum degassing treatment. Since both steel 
and slag is protected from the surrounding atmosphere during vacuum degassing, 
there is no water transferring from the atmosphere to the slag.42 However, after 
vacuum degassing the slag is not more protected from the surrounding atmosphere. 
There is a constant supply of hydrogen from the moisture in the air to the steel 
through the slag layer. If slag having high water capacity is employed, a greater 
gradient of OH- through the slag would be expected. The big gradient of OH- 
associated with high water capacity slag would in turn enhance the hydrogen 
transfer from the surrounding to the steel bath, thereby increasing the hydrogen 
pick-up of the steel. Further, it can be assumed that the hydrogen increase directly 
from atmosphere is limited but the basic slag layer acting as transferring agent.  
 
It seems that the increase is not substantial when CH2O < 1650. Above this water 
capacity, the increase becomes dramatic. Since the hydrogen increase after vacuum 
treatment indicates low correlation to slag basicity, it is possible to have slag 
beneficial for sulphur refining and still minimize hydrogen increase. When 
designing the slag composition water capacity should also be considered. 
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Chapter 6 

SUMMARY 

The main focus of this work was to clarify the importance of hydroxyl ions in ladle 
slags. For this purpose a number of slag compositions in the quaternary Al2O3-
CaO-MgO-SiO2 slag system were examined in order to investigate whether these 
slags are single liquids or multiphase mixtures at 1858 K. The investigated 
compositions should all have been liquid according to the phase diagram. Even so 
it was found that 8 out of 27 compositions consisted of multi-phase mixtures at 
1858 K. The majority of the liquid slag compositions were used to experimentally 
determine the water solubility. It was concluded that the water vapor dissolves as 
free hydroxyl ions in basic slags. Further it was concluded that temperature have 
negligible effect on water solubility. Many ladle slags operates using synthetic slags 
close to CaO saturation. It was found in this work that the water solubility in that 
composition range increases up to 200 % compared to lower CaO concentrations.  
 
The experimental result together with literature data was used to develop a water 
capacity model. The model was constructed by considering the effects of the binary 
interactions between the cations in the slag on the capacity of capturing hydroxyl 
ions. The model was applied on slag samples taken during ladle treatment. During 
the same industrial trials, steel samples were taken at different stages during the 
ladle treatment. Further, the water capacity was correlated to moisture content of 
ladle slag. The slag with the highest concentration of water also had the highest 
water capacity and associated with the highest hydrogen increase of the steel after 
vacuum degassing treatment.  From these samples, it was found that the increase of 
hydrogen in liquid steel was dependent on the moisture content in the slag phase. 
After vacuum degassing there is a constant supply of water to the slag layer. If a 
slag with high water capacity is used, it could raise the rate of hydrogen transferring 
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back into the liquid steel. It is possible to design a slag with high basicity and low 
hydrogen capacity.  
   
The industrial trials showed a week correlation between the initial hydrogen 
concentration and the concentration after vacuum degassing. On the other hand it 
seems that the end concentration of nitrogen is correlated to the initial nitrogen 
concentration. In this respect, hydrogen and nitrogen behave differently during 
vacuum degassing. 
 
 

6.1 Proposal for future work 

 Investigate nitrogen capacity for ladle slags. 

 Developing a model for nitrogen capacity and sample industrial heats similar 

as in this investigation but for nitrogen instead of hydrogen. Also sample the 

tundish slag/mould and investigate the correlation between the hydrogen 

increases in the steel to the water capacity of the tundish slag. 

 Find a optimal slag compositionwith sufficient sulphur refining capacity and 

low water capacity and repeat the industrial trials. This can also be carried 

out for nitrogen. In order to verify the results similar trials should be carried 

out at other plants. 

 Expand the water capacity model to include other oxides. This means that 

more experimental data must be measured on slags with more oxides such as 

BaO, B2O3, TiO2 that has in literature reported to have beneficial effect 

upon nitrogen refining. This also should be verified with industrial trials with 

a special designed slag for maximizing sulphur and nitrogen refining as well 

as minimizing hydrogen increase after degassing. 

 Investigate different alloying elements on hydrogen degassing and hydrogen 

increase after vacuum degassing.  
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