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ABSTRACT 
 
In this work, the metal and slag phase mixing in three steps of a ladle refining operation of 
steel melts and for an oxygen balance during cooling of cast iron melts have been studied at 
two Swedish steel plants and at two Swedish cast iron foundries, respectively. 
 
In order to predict the oxygen activity in the steel bulk in equilibrium with the top slag as well 
as in metal droplets in the top slag in equilibrium with the top slag, three slag models were 
used. In addition, the assumptions of a sulphur-oxygen equilibrium between steel and slag and 
the dilute solution model for the liquid steel phase were utilized in the calculations. Measured 
oxygen activities in steel bulk, which varied between 3.5-6 ppm, were compared to predicted 
oxygen activities. The differences between the predicted and measured oxygen activities were 
found to be significant (0-500%) and the reasons for the differences are discussed in the 
thesis. 
 
Slag samples have been evaluated to determine the distribution of the metal droplets. The 
evaluation was done using the Swedish classification standard SS111116. The results show 
that the relatively largest numbers of metal droplets are present in the slag samples taken 
before vacuum degassing. Also, the projected interfacial area between steel bulk and top slag 
has been compared to the interfacial area between the metal droplets and slag. The results 
show that the droplet-slag interfacial area is 3 to 14 times larger than the flat projected 
interfacial area between the steel and top slag. Furthermore, the effect of the reactions 
between top slag and steel and the slag viscosity on the metal droplet formation is discussed. 
In addition, the metal droplets’ chemical compositions in the top slag were studied as well as 
the most probable reactions between the slag and the metal droplets. The results show 
significant differences between the steel bulk and steel droplet compositions and the reasons 
for the differences are discussed in the thesis. 
 
The oxygen activity in different cast irons was studied. Plant trials were performed at three 
occasions for lamellar, compacted and nodular iron melts. The results show that at 
temperatures close to the liquidus temperature the oxygen activities were 0.03-0.1 ppm for 
LGI, around 0.02 ppm for CGI, and 0.001ppm for SGI. In addition, it was found that as the 
oxygen activities increased with time after an Mg treatment, the ability to form a compact 
graphite or a nodular graphite in Mg-treated iron melts was decreased. Also, extrapolated 
oxygen activity differences up to 0.07 ppm were found for different hypoeutectic iron 
compositions for lamellar graphite iron at the liquidus temperature. Overall, the observed 
differences in the dissolved oxygen levels were believed to influence how graphite particles 
are incorporated into the austenite matrix and how the graphite morphology will be in the cast 
product. 
 
Key words: austenite, oxygen activity, slag, distribution, primary dendrite, metal droplets, 
lamellar graphite, sulphur, compacted graphite, ladle, nodular graphite, refining 
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SAMMANFATTNING 
 
I denna avhandling har blandningen av metall- och slaggfas i tre steg av skänkraffinering för 
smältor av stål samt syrebalansen vid svalning av gjutjärn studerats vid två svenska stålverk 
och två svenska gjutjärnsgjuterier. 

För att beräkna syreaktiviteten i stålsmältan i jämvikt med toppslaggen liksom för 
metalldroppar i toppslaggen i jämvikt med toppslaggen har tre slaggmodeller använts. 
Dessutom har antagandet om en stål/slagg-jämvikt mellan svavel och syre och en modell för 
utspädda lösningar av stål använts i beräkningarna. Uppmätt syreaktivitet i stålsmältan, som 
varierar mellan 3,5-6 ppm, jämfördes med förväntad syreaktivitet beräknad utifrån ovan 
angivna modeller och antaganden. Skillnaderna mellan de beräknade och uppmätta 
syreaktiviteterna är betydande (0-500%) och orsaker till skillnaderna diskuteras i 
avhandlingen. 

Slaggprover har utvärderats för att bestämma fördelningen av metalldroppar i toppslaggen. 
Utvärderingen gjordes med hjälp av den svenska klassificeringsstandarden SS111116. 
Resultaten visar att det relativt största antalet metalldroppar finns i slaggprover tagna i prover 
före vakuumavgasning. Den projicerade gränsytan mellan stål och toppslagg i skänken har 
jämförts med gränsytan mellan metalldroppar och slagg. Resultaten visar att gränsytan mellan 
droppar och slagg är 3 till 14 gånger större än den projicerade gränsytan mellan stål och 
toppslagg. Effekten av reaktionerna mellan toppslagg och stål samt slaggviskositetens effekt 
på metalldroppbildning har diskuterats. Dessutom har den kemiska sammansättningen på  
metalldropparna i toppslaggen studerats liksom de mest troliga reaktionerna mellan 
toppslaggen och metalldropparna. Resultaten visar signifikanta skillnader mellan stålbulken 
och metalldropparna i toppslaggen, och anledningar till skillnaderna diskuteras i 
avhandlingen. 

Syreaktiviteten i olika typer av gjutjärn har också studerats. Fullskaleförsök utfördes vid tre 
tillfällen för lamellära, kompaktgrafit- och segjärnssmältor. Resultaten visar att vid 
temperaturer nära liquidustemperaturen varierade syreaktiviteten från 0,03 till 0,1 ppm för 
LGI, omkring 0,02 ppm för CGI, och 0,001 ppm för SGI. Dessutom visade det sig att när 
syreaktiviteten ökar med tiden efter en magnesiumbehandling avtar förmågan att bilda 
kompaktgrafit eller nodulär grafit i de Mg-behandlade gjutjärnsmältorna. Vidare skiljde sig de 
extrapolerade syreaktiviteterna upp till 0,07 ppm vid liquidustemperaturen för undereutektiska 
gjutjärnsmältor med olika kolhalt. Sammanfattningsvis tros de observerade skillnaderna i 
inlösta syrenivåer påverka hur grafiten växer i den austenitiska grundstrukturen och hur 
grafitmorfologi blir i den gjutna produkten. 

Nyckelord: austenit, syreaktivitet, slagg, fördelning, primär dendrit, metalldroppar, lamellär 
grafit, svavel, kompaktgrafit, skänk, nodulär grafit, raffinering 
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1. INTRODUCTION 
 
The demands from customers to iron and steel producers are becoming more and more 
demanding. Therefore, iron foundries and steelworks are enforced to develop an increased 
control of the inclusion amount and composition in the melt bath, to keep the accuracy of the 
chemical analyses when preparing the melt for casting of the products. In addition, the 
dissolved oxygen content is primarily used in the steel production to analyze the deoxidation 
status of the melt in order to take actions for refining the melt. In cast iron production, the 
dissolved oxygen content has recently been started to be used to predict the graphite growth 
type. For both iron and steel, the dissolved oxygen content in the melt therefore considerably 
influences the cast product quality. In the present work, the slag/steel interface 
characterization including the dissolved oxygen content, as well as predictions of the 
dissolved oxygen content for different cast iron melts close to the liquidus temperature have 
been studied using data from plant trials. In Figure 1 a schematic picture of the present work 
is shown.  
 

 
Figure 1. Schematic picture of the present work in the four supplements. 

 
When studying slag/metal interactions, oxygen is an important element to consider, due to 



2 
 

that non-metallic oxidic inclusions are formed. Therefore, the influence of the top slag on the 
oxygen behavior in the liquid steel was an important factor to study. Supplement 1 deals with 
this matter. Here, the slag/metal equilibrium in the ladle has been studied by previous 
researchers, for example, with respect to the sulphur content by Andersson [1] and inclusion 
characteristics by Göransson [2]. In a work by Riyahimalayeri [3], the measured oxygen 
activity values after vacuum degassing in a ladle furnace were compared with calculated 
oxygen activity values calculated using both Wagner´s and Turkdogan´s [4] equations as well 
as by using the TCFE7 and SLAG3 databases in Thermo-Calc [5]. Regression analyses 
resulted in one expression to calculate the oxygen activity, based on the aluminium content in 
the bulk. Furthermore, another similar expression based on both the aluminium content in the 
bulk and the CaO content in the top slag was also retrieved. Generally, the calculated 
equilibrium oxygen activity values were lower than the measured ones. Also, Björklund [6] 
concluded that no equilibrium existed between top slag and steel bulk with respect to oxygen. 
The measured oxygen activity values were lower than the corresponding oxygen activity 
values calculated from the equilibrium between inclusions and steel, but considerably higher 
than the corresponding oxygen activity values calculated from the top slag/ steel bulk 
equilibrium.  
 
The objective of the present study was to predict top slag oxide activities using the Ohta-Suito 
model [7], ThermoSlag model [8] and Irsid model [9], [10]. These are all acknowledged 
calculation models for oxide activities in slag phases. The application of these models in order 
to estimate the theoretical oxygen activity was carried out together with a comparison 
between equilibrium and estimated oxygen activities based on the sulphur partition between 
slag and steel. One important ladle refining operation was the vigorous stirring and mixing 
between the slag and metal phases, which take place at a low pressure during vacuum 
degassing. It has been shown earlier by Andersson [11] and Fredriksson [12] that the kinetic 
conditions for sulphur refining during degassing are very good, since the final partition of 
sulphur between slag and metal bulk will be close to the equilibrium sulphur distribution 
value. Furthermore, the exchange of sulphur between the metal and slag is particularly closely 
linked to the oxygen activity in the steel phase through the use of Equation 1. 
 

   (1) 
 
where  is the sulphur content in the metal phase,  is the content of oxygen 
ions in the slag phase,  is the sulphur ion content in the slag phase and  is 
the dissolved oxygen content in the metal phase. 
 
If an equilibrium can be established with respect to the sulphur during the degassing 
operation, it would be reasonable to expect that the same could be true for oxygen. Therefore, 
plant trials were initiated to study this. Samples were taken from five melts each at two steel 
plants to study oxygen activities during the refining in a ladle and during vacuum degassing. 
Three slag models as well as the slag/steel sulphur equilibriums were used to predict the 
oxygen activities, which then were compared with measured oxygen activities. The 
measurements of the oxygen activity in steel melts can be difficult to perform according to 
Subbarao [13] and Fruehan [14]. Therefore, discrepancies between the measured and 
predicted oxygen activities were expected. A quantification of this disagreement was also one 
of the aims with the present work. 
 
As a spin-off to previous work by Andersson [15], it was found that during ladle treatment 
and vacuum degassing, metal droplets are present in the slag phase. The metal dispersion in 
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the slag and slag dispersion in steel should have an effect on the reaction rates during refining. 
This matter has been dealt with in Supplements 2 and 3 in this study. The focus has been on 
the metal dispersion in the slag phase. The metal droplets are important in the production of 
steel. Two examples are iron droplets during decarburization in a converter and in emulsion 
reactions. In the present work, the focus was on steel droplets in ladle slags. In earlier work, 
Reiter and Schwerdfeger [16], [17], Kobayashi [18], and Han and Holappa [19] have 
discussed the presence of steel droplets in ladle slags. In experimental setups with oils, 
mercury and water by Reiter and Schwerdfeger [16], [17] and also in steel/slag systems by 
Han and Holappa [19] it has been suggested that the metal droplets are formed because of a 
metal film rupture around a bubble that passes through a steel/slag interface. Alternatively, 
due to that the bubble causes a jet of metal behind it as it enters the slag phase from the steel 
bulk. 
 
Another explanation for the formation of steel droplets in ladle slags has been brought 
forward by Riboud and Lucas [20], showing that the oxygen transport through the steel/slag 
interface decreases the interfacial tension between steel and slag. This, in turn, increases the 
probability for a steel/slag mixing. Other authors like Chung and Cramb [21] suggest that the 
mixing between steel and slag increases with a lowering of the viscosity. In addition, Alexis 
[22] suggests that electrode heating during the ladle refining process create high velocities and 
shear forces at the metal/slag interface, which can influence the number of steel droplets that 
are present in the slag phase. 
 
The area between steel and top slag in the ladle is often calculated by assuming that it is a flat 
horizontal area. When calculating the reaction kinetics between two phases, the two-film 
theory can be used. The impurity element removal rate from the steel is expressed as shown in 
Equation 2 taken from Kawachi [23]: 
 

    (2) 
 
where A is the interfacial area between the slag and steel phases, k is the total mass transfer 
coefficient, ρ is the steel density and M is the steel mass. Furthermore, [%x] is the actual 
concentration of the element to be refined and [%x]e  is the hypothetical concentration of the 
refined element in the steel phase in equilibrium with the actual concentration in the refining 
phase. 
 
The interfacial area A in Eq. 2 is most likely underestimated, since the slag/steel interface area 
is assumed to be flat. During stirring, the slag/steel interface is folded or wave shaped.  
Therefore, the slag/steel contact area is much larger compared to a flat surface.  
Furthermore, stirring can also increase the metal droplet dispersion in the slag and the slag 
dispersion in steel. For this reason, the distribution of metal droplets is presented in 
Supplement 2. Furthermore, these values are used to estimate the droplet/slag interfacial area 
in the top slag during ladle treatment and vacuum degassing.  
  
In earlier publications Ekengård [24], [25] studied the oxygen equilibrium between the steel 
bulk and top slag together with the distribution of metal droplets in the top slag during ladle 
treatment and vacuum degassing. Therefore, the third supplement of the present work present 
results regarding chemical composition of metal droplets and also deals with the prediction of 
oxygen activities in the metal droplets. The difference in composition between the steel bulk 
and the droplets are presented together with predictions of the oxygen activity using steel 
droplet composition. Also, the data are compared with the measured oxygen activity values. 
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In the processing of steel, oxygen activity measurements and slag analyses are used as a tool 
to select suitable ways to refine the melt properties. The question is if this is also the way to 
produce cast irons with stable properties? Therefore, supplement 4 deals with oxygen 
activities in cast iron melts. One challenge is that industrial cast iron melts are more or less 
supersaturated with oxygen, due to a contact with the atmosphere. Therefore, during the 
process, the melt contains more oxygen than would otherwise be present at equilibrium 
conditions according to Marincek [26]. This is also confirmed by Ten [27], when 
investigating oxygen activity values in ladles with cast iron. The calculated equilibrium values 
of the oxygen activity for Equation 3 and Equation 4, that theoretically control the oxygen 
activity in the lamellar cast iron melt, were approximately five to ten times lower than the 
corresponding measured values [27]. 
 

(s)     (3) 
 

     (4) 
 
Mampaey [28] measured oxygen activity values for cast iron melts, including both lamellar 
cast iron melts and Mg treated melts aimed for compacted and nodular cast iron. He explained 
that theoretically the oxygen activity should be controlled by Equation 4 at temperatures 
above the equilibrium temperature, where SiO2 is reduced by carbon. Furthermore, it is 
controlled by Equation 3 below this temperature. Mampaey showed that this is not the case, 
since the reduction of SiO2 by carbon is a very slow process. Therefore, silicon (Eq. 3) will 
practically control the oxygen activity even above the equilibrium temperature where carbon 
theoretically would reduce SiO2 according to the following reaction (Eq. 5): 
 

       (5) 
 
Oxygen in liquid cast iron, as in liquid steel, can exist as dissolved oxygen or in oxides. The 
sum of these two contributions gives the total oxygen content (Equation 6). 
  

     (6) 
 
During a temperature decrease, the dissolved oxygen is combined with alloying elements to 
form non-metallic or gaseous compounds according to Kusakawa [29]. The dissolved oxygen 
causes changes in the interfacial energy at the solid-liquid interface during solidification and 
therefore it also influences the graphite morphology, according to Mampaey [30]. Also, the 
oxygen combined as oxides is related to a heterogeneous nucleation and a slag formation 
according to Elmqvist [31]. This is both an advantage and a disadvantage, due to that oxides 
first assists in the nucleation of graphite during solidification. Thereafter, if the poured melt is 
not raked or filtered properly, the remaining oxides in the melt can cause surface or internal 
defects in the cast product.  

Lekakh [32] investigated the non-metallic inclusion formation in Mg-treated cast iron and 
compared the results to non-metallic inclusions in steel. They concluded that the formation of 
non-metallic inclusions in Mg-treated cast iron contribute to the good mechanical properties 
of the solidified cast iron through an impact on the nucleation and growth of the austenite and 
graphite.  
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The dissolved oxygen plays a decisive role in controlling the graphite morphology. According 
to Lux [33] and Källbom [34], oxygen atoms and other surface active elements are absorbed 
on the prism plan of the graphite lattice, which blocks growth in the c-direction, see Figure 2. 
The consequence is a preferred growth in the a-direction and a resulting lamellar morphology 
of the graphite. Therefore, a removal of dissolved oxygen and other surface active elements 
like sulphur would enable a graphite growth in the c-direction.  

 

Figure 2. Graphite crystal structure, from Elliott [35].  
From Holmgren [36] and Dioszégi [37] it is known that additions of small amounts of 
deoxidizing elements, namely amounts less than those necessary to form compacted graphite 
iron, causes a bended shape of the lamellar graphite to transform into a straight shape. 
Furthermore, these additions promote increased heat conductivity values in the flake graphite 
irons. 

It should also be mentioned that Yamane [38] showed, through laboratory experiments, that 
the Mg addition for compacted and nodular cast iron has a strong effect on a decreased 
liquidus temperature. 

In the present work, extrapolated data from the full scale trial results show that there exist 
differences up to 0.1 ppm in the level of the dissolved oxygen content before the start of 
solidification. Earlier research by Stefanescu [39] suggest an influence of the dissolved 
oxygen on the graphite shape, while the present work draws the attention on how the different 
shaped lamellar-, compacted- and nodular graphite is incorporated in the austenite matrix. 
This is done based on the differences in the dissolved oxygen content. The predictions show 
that differences in the dissolved oxygen also influence the growth mechanism of the eutectic 
colonies and the graphite morphologies in the lamellar cast irons. 
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2. THEORY 

2.1 Dissolved oxygen  
Two different approaches to handle the dissolved oxygen in iron and steel were chosen in this 
work. Regarding steel, the route was to calculate the equilibrium between dissolved 
aluminium in the metal phase and alumina in the slag phase by estimating the theoretical 
oxygen activity in the steel (see Equation 7). Also, the corresponding equilibrium between 
silicon and silica (see Equation 8) as well as the sulphur distribution according to Nzotta [40] 
and Andersson [41] (see Equation 9) between slag and metal was used to calculate the 
estimated oxygen activity in the metal bath. Here, the solid alumina and silica were chosen as 
the standard states for the calculations. 

    (7) 
 
where  and   is the dissolved aluminium and oxygen content in the metal 
phase respectively. Furthermore,   is the alumina content in the slag phase. 
 

    (8) 
 
where  is the dissolved silicon content in the metal phase and  is the silica 
content in the slag phase. 
 

  (9) 
 
where  is the sulphur content in the slag,   is the sulphur content in the 
metal phase, T is the temperature in K,  is the sulphur capacity of the slag according to 
Fincham [42],  is the activity coefficient of sulphur in the metal phase and  is the activity 
of oxygen in the metal phase. 

 
In order to estimate the slag component activities for alumina and silica, the Ohta-Suito [7], 
ThermoSlag [8] and Irsid [9], [10] slag models were used. The activities for the components 
in the metal bath were calculated by using the dilute solution model and by using Henry´s law 
(see example of Al in Equation 10) in combination with Wagner´s equation (Equation 11) to 
calculate the activity coefficients. 

     (10) 
 
where  is the aluminium activity in the metal phase,   is the activity coefficient of 
aluminium in the metal phase and  is the dissolved content of aluminium in the 
metal phase. 

 
     (11) 

 
where  is the activity coefficient of element i in the metal phase,  is the interaction 
parameter for element i in the metal phase and  is the content of element j in the metal 
phase. 
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Regarding cast iron, the temperature dependence of the oxygen activity (see Equation 12) was 
chosen as a way to extrapolate the oxygen activity values to the liquidus temperatures for the 
different cast irons: 

 21
1log C
T

CaO ��      (12) 

where C1 is proportional to the standard enthalpy change of the reduction or oxidation 
reaction taking place and C2 is dependent on the chemical composition according to Mampaey 
[30]. The liquidus temperatures were calculated for each of the iron compositions using a 
thermodynamic calculation software [5]. Due to that the oxygen activity is strongly 
temperature dependent, Mampaey [30] recalculated the measured oxygen activity values to a 
constant reference temperature of 1420 C. More specifically, this was done to be able to use 
the oxygen activity values to evaluate different process variables. In this work, the purpose of 
the recalculation was to study the oxygen behavior during fading of magnesium after a Mg 
treatment of the cast iron melt. The recalculated oxygen activity values were retrieved by 
using the coefficient C1 in Equation 12 at the measured temperatures and by calculating the 
hypothetical oxygen activity at 1420 C by using Equation 13:  
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where Tm is the measured temperature. 

In addition, Equation 3 and 4 were used to calculate and compare the theoretical equilibrium 
oxygen activity values with the measured ones using Equation 10 and 11 together with 
Equation 3 and 4 and using data from Mampaey [28]. 

2.2. Steel droplet statistics 
In order to find out the droplet/slag contact area, it was necessary to make some assumptions 
to estimate the slag volume for the two studied steel plant processes. First, the density ρslag 
was calculated by using Equation 14 based on the respective slag components´ molar volumes 
retrieved from the Slag Atlas [43]. 
 

     (14) 
 
where Mi , xi and Vi are the molar weight, molar fraction and molar volume of the respective 
slag component i (Al2O3, CaO, MgO and SiO2). 
 
In order to estimate the total drop surface area in the slag some assumptions were made. 
Therefore, the metal droplet data were divided in two classes based on the size, with an 
assigned average drop-diameter value. They were also assumed to be spherical and to be 
distributed evenly. The area data was recomputed to volume data by using the Modin and 
Modin model [44] (Equation 15): 
 

      (15) 
 
where NV is number of droplets/volume unit, NA is number of droplets/area unit and r is the 
average radius of the droplets. The number of droplets/volume unit in the slag samples was 
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multiplied by the calculated surface area of each droplet. Thereafter, the total droplet surface 
area per volume unit of slag was multiplied by the slag volume and compared to the flat 
contact area between the slag and steel in the ladle. 
To be able to study the effect of slag viscosity on the droplet statistics using apparent 
viscosities for slags with precipitated phases of slag components, the Roscoe model for 
apparent slag viscosity [45] was used. In this model, given in Equation 16, the apparent slag 
viscosity  was estimated using the liquid slag viscosity  calculated using the KTH slag 
model [8]. 
 
      (16) 
 
  



9 
 

3. EXPERIMENTAL 

3.1 Steel 
The method used in this thesis in supplements 1-3 was to assess the oxygen activity, steel and 
slag composition in the bulk melt together with the metal droplet characteristics in top slag 
samples from steel melts. 
 
Plant trials were executed at the steel plants Scana Steel in Björneborg, Sweden and Ovako 
Steel in Hofors, Sweden. Slag and steel samples together with temperature measurements 
were evaluated during ladle treatment. Additionally, at Scana Steel the oxygen activity in the 
steel bulk was measured with an oxygen probe. A schematic figure of the sampling can be 
seen in Fig. 3. 

 
Figure 3. Sampling procedure during the steel trials. 
The slag samples were statistically evaluated to determine the distribution of metal droplets. 
This was done using a light optical microscope and using a 200x magnification and using a 
field view of 1.32mm. Furthermore, the steel droplets in the slag were evaluated using the D-
type inclusion classification taken from the Swedish standard SS111116 [46] in combination 
with the WinPCMic software [47]. Moreover, the metal droplet chemical compositions in the 
top slag samples were evaluated by using a JXA-8900 Superprobe Electron Probe Micro 
Analyzer instrument from JEOL Ltd. Two analyses per metal droplet in ten droplets of each 
slag sample were performed. Both small (4.7μm-9.3μm) and larger (9.3μm-18.7μm) droplets 
were evaluated. The relative accuracy of the analysis was ±2%. Note, that the metal droplet 
composition evaluation was only done in Supplement 3. 
 
The oxygen activity in the bath was determined using an oxygen probe from Heraeus-
ElectroNite, which uses a solid electrolyte (Mo/Cr+Cr2O3//ZrO2(MgO)//a(O)Fe/Fe) with a 
known oxygen activity. The EMF difference between the reference electrode and the 
electrode in contact with the bath together with the bath temperature from a thermocouple in 
the same probe, makes it possible to determine the oxygen activity with a reading accuracy of 
±3%. 
 
The equilibrium conditions between slag and steel were predicted by using three slag models. 
Also, a prediction of the oxygen activity from the sulphur-oxygen equilibrium between the 
steel and top slag was computed. Thereafter, the predicted oxygen activities were compared to 
the corresponding measured data. 
 
3.2 Cast iron 
The cast iron experiments are described in Supplement 4. These cast iron trials were 
performed at three occasions. Two lamellar cast iron experiments were done at Volvo 
Powertrain´s production foundry in Skövde, Sweden. Furthermore, experiments with lamellar, 
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compacted and nodular iron melts were carried out at SKF Mekan AB in Katrineholm, 
Sweden. A schematic picture of the sampling procedure can be seen in Fig. 4.  
 

 
Figure 4. Sampling procedure during the cast iron trials. 
The grey iron melts with different carbon contents were prepared in a six-tonne medium 
frequency induction furnace at Volvo´s Foundry. Each trial started with molten iron, a turned 
off power, and a starting temperature of 1500 C. During the trials iron samples, top slag 
samples, oxygen activity measurements, and temperatures were all taken during 10 to 15 
sampling occasions. The oxygen activity measurements were performed with the same type of 
solid electrolyte probe as was used in the steel trials. The iron samples were sampled with a 
scoop and poured into a clean copper mould. Moreover, the top slag samples were sampled 
with a scoop and poured onto a clean steel plate. In addition, oxygen activity measurements 
were conducted with an oxygen probe equipped with probes calibrated for cast iron. Also, the 
temperature was measured with a temperature probe. When the temperature was below 1250 
to 1270 C the measurement was finished and the power was turned on again.  
At SKF foundry, a lamellar cast iron (LGI) melt was prepared in a six-tonne furnace. After a 
complete melting, the power was turned off. Thereafter, sampling was done in the same 
manner as in the Volvo foundry experiments. Furthermore, the sampling was conducted every 
10 minutes. Thereafter, the melt was reheated and used as a base iron for a Mg-treatment. In 
total, four Mg treatments were carried out. Two Mg treatments aiming to produce a nodular 
(SGI) iron grade and another two aiming to produce a compacted (CGI) iron grade. In 
addition, the same base iron melt was used for all four Mg treatments.  

Raw data from the cast iron trials were extrapolated towards the liquidus temperature for each 
iron composition using a least squares curve-fitting to Eq. 12. 
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It is also possible that the viscosity of the slag increases during vacuum degassing, as a result 
of the large temperature decrease. 
 
The results in Figure 8 also show that the number of droplets increase during the two heating 
periods (A) and (C). This is most likely due to any of the following reasons: i) an electrode 
heating that causes a mixing of metal and slag, ii) exchange reactions between slag and steel 
and iii) a gas stirring that causes a mixing of metal and slag. In addition, the increase of metal 
droplets during the last heating period (C), is most likely caused by a combination of an 
electrode heating and the use of electromagnetic stirring that causes the steel and slag to mix. 
However, during this final part of ladle refining no or very few exchange reactions occurs. 
Therefore, these will not influence the results. 
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Figure 8. Average number of droplets per mm2 for the five heats at each plant, namely 
Scana Steel and Ovako Steel. The considered droplet size range was 4.7-18.7μm. 

 
After receiving the droplet distribution data, the contact area between the metal droplets and 
slag was determined in order to get a measure of the total droplet surface area. This value, in 
turn, was used to calculate the ratio between the droplet/slag contact area and the flat 
slag/steel interfacial area. The calculated ratio values for the Scana heats are shown in Figure 
9. The results show that the values for the droplet-slag contact area are up to 14 times larger 
than the values for the flat slag/steel interfacial area. If it is assumed that the metal droplets in 
the top slag continuously are substituted with new metal droplets from the steel bulk during 
the ladle refining process and that the same is assumed for the slag droplets in a steel layer 
close to the slag-metal interface, the mass transfer rate data could be up to 28 times higher 
compared to when it is assumed that only a flat interfacial area is used. This can influence 
calculations of reactions between the steel and the slag. 
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Figure 9. Ratio between the metal droplet surface area and the flat slag/steel interfacial 
area for the five Scana Steel heats. 

 

4.3 Metal droplet composition in steel 
Supplement 3 presents data on the metal droplet composition. In addition, data on the bulk 
steel composition are determined to enable a comparison of possible composition differences. 
Figure 10 illustrate an example where the manganese content in the droplets has been plotted 
as function of the manganese content in the steel bulk, for data from the Scana Steel trials. 
The results show that manganese is alloyed between sample S1 and S2, and that the 
manganese content in the droplets increases slightly during the vacuum degassing operation. 
Moreover, the most interesting results were that the manganese contents in the droplet 
samples were lower than the manganese contents in the steel bulk samples. This was true for 
all samples, except for one sample. In addition, similar results were obtained for aluminum 
and silicon. However, an opposite relationship of the elemental composition in the droplet and 
bulk samples was obtained for the elements carbon and sulphur. The lower contents of 
aluminum, silicon and manganese in the droplet samples compared to the steel bulk samples 
are believed to be due to that an oxidization of these elements through reactions with easily 
reducible oxides such as FeO and MnO that are present in the top slag. The most likely reason 
for that the higher carbon and sulphur contents in the droplet samples compared to the steel 
bulk samples is that the steel was alloyed with carbon, which contains sulphur that is 
dissolved into the steel. 
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Figure 10. Average manganese content in the droplets versus the manganese content in 
the steel bulk. 

 

4.4 Oxygen activities in cast iron melts 
In Figure 11 the measured oxygen activity, extrapolated towards each liquidus temperature, is 
shown as a function of the temperature. A clear difference in oxygen activity is predicted for 
the different liquid irons aimed at producing nodular, compacted and lamellar cast irons. For 
lamellar iron, the predicted oxygen activity values range from 0.03 to 0.1 ppm. For compacted 
graphite iron the level is around 0.02 and for nodular cast iron the predicted oxygen activity 
values are as low as around 0.001 ppm. 

The predicted oxygen activity values support the theories on the mechanism of a graphite 
shape formation, as is discussed in the introduction. Also, an increased oxygen activity 
contributes to a transition from a nodular to a compact and a lamellar graphite shape. 
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Figure 11. Measured oxygen activities as a function of the iron temperature. Note, that the 
oxygen activity data are extrapolated to the liquidus temperatures. 

 
The procedure of recalculating oxygen activity values to a reference temperature of 1420 C, 
as described above, was used in the present work. The results are shown in Figure 12. Both 
the measured and the recalculated (markers) values of the oxygen activity are given in the 
figure. For lamellar cast iron (LGI), the recalculation presents how the temperature influences 
the oxygen activity value. For compacted graphite iron (CGI) and nodular iron (SGI), the 
recalculation reveals that the oxygen activity increases towards equilibrium as a function of 
the holding time. At the same time the magnesium content decreases in the melt. The 
discrepancy between the equilibrium oxygen activity and the actual oxygen activity - created 
by Mg treatment - is the driving force for the re-oxidation, an increase of the local oxygen 
activity in spite of the decreasing bulk liquid temperature is observed. 
 
In the everyday foundry practice, this phenomena is called fading. After the time spent 
between the treatment and casting becomes too long, the oxygen content increase. Therefore, 
the obtained graphite morphology is different from the expected morphology. The speed of 
the oxygen recovery is highly dependent on the temperature, shape and size of the ladle and 
whether the top slag is removed or not. In the present work the recovery of oxygen activity is 
around 0.0071 ppm/min for CGI and around 0.0013 ppm/min for SGI, as graphically can be 
retrieved from Fig. 12.  
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Figure 12. Measured and recalculated oxygen activity values during cooling for lamellar 
(LGI), compacted (CGI, two series) and nodular (SGI, two series) cast iron melts. 

 

Oxygen is considered as a surface active element, which influences the solid-liquid interfacial 
energy between the austenite and the liquid according to Dioszégi [37]. Consequently, it is 
suggested by the authors that the oxygen activity influences not only the shape of the graphite 
but also how the graphite particles are incorporated in the eutectic austenite during the 
eutectic growth. Here, nodular graphite is completely incorporated in the austenite shell 
according to Rivera [48], while compacted and lamellar graphite is only partially 
incorporated. That results in a cooperative growth between graphite and austenite, where the 
graphite remains in contact with the liquid iron.  

This cooperative growth could be explained based on the oxygen activity in the solidification 
front, where there is a gradient of the surface active oxygen content in the solidification range. 
This is due to the diffusion of carbon in the mushy zone, as is explained in Figure 13. A 
higher carbon content results in lower surface active oxygen content at the solidification front. 
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Figure 13. Measured oxygen activity data. The oxygen activities are extrapolated to 
liquidus temperatures for the lamellar cast iron melts. 

 

4.5 Slag-metal interaction in cast iron 
In one of the conference papers included in this work, the slag compositions for lamellar cast 
iron melts were presented by Ekengård [49]. In Figure 14a-c, the composition of the main 
components in the top slag after furnace power off for lamellar, compacted and nodular cast 
iron melts can be seen. Note that these figures have been made based on the information given 
in Table 3 in Supplement 4. 

The results in Figure 14 a-c show the change in the slag composition as the oxygen balance 
changes after a power off and a situation when the temperature decreases. For the lamellar 
cast iron melts in Figure 14a, the trend is that the relative amount of the slag components SiO2 
and Al2O3 with a stronger affinity to oxygen are reduced as the relative amounts of FeO and 
MnO are increased. This could be explained by that there is an oxygen saturated melt and a 
good supply of oxygen from the atmosphere. Therefore, the oxygen that is picked up from the 
atmosphere will form FeO and MnO. 

 For the compacted and nodular cast iron melts in Figure 14b and c, the trend is that the level 
of the slag components with a stronger affinity to oxygen (MgO, Al2O3 and CaO) increase as 
the level of FeO and MnO are reduced. Since the melt is treated with magnesium, the 
explanation could be that the oxygen level in the melt is pushed far below the saturation value 
so that the oxygen picked up from the atmosphere will not form slag. Instead, the slag 
components with a higher affinity to oxygen will reduce the slag components with a lower 
oxygen affinity. After some time (42 minutes for compacted and 23 minutes for nodular), the 
opposite trend can be seen. However, it is not as clear as right after the power off period. 
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5. CONCLUDING DISCUSSION 
 
The slag-metal mixing and the dissolved oxygen content have been studied for both iron and 
steel melts in the present work. In the processing of steel, the oxygen activity measurements 
are used to control the deoxidation praxis and the inclusion types. The oxygen balances and 
slag-metal equilibriums have been studied for a number of steel melts. Moreover, an attempt 
has been made to investigate how the oxygen activity influences the start of solidification of 
some cast irons.  
 
In Figure 15 the main conclusions of the present work are summarized and the connections 
between the results are also illustrated.  
 

 
 

Figure 15. Main conclusions of the present work. 
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In the first and third supplement three different slag models were used together with the 
Al/Al2O3, Si/SiO2 and sulphur partition based equilibriums respectively to calculate the 
equilibrium oxygen activity values in the steel. It can be concluded from the results in figures 
5-7 that an equilibrium condition was not reached, with respect to the calculated equilibriums 
between the slag and steel bulk as well as between the slag and metal droplets, when 
considering the measured oxygen activity values. 
 
Based on the alumina based calculations, it was found that the oxygen activity values 
calculated based on the droplet/slag equilibrium were generally closest to the measured 
oxygen activity values (77±49% of the measured values). When considering all three 
sampling occasions, the oxygen activity values based on the unity alumina equilibrium had 
the best correlation to the measured oxygen activity values (71±6% of the measured values). 
One reason for this is probably that the sampling itself, through an immersion of the oxygen 
measurement probe into the steel bath, introduces more oxygen to the measurement spot. This 
will oxidize aluminium that is present at that location. 
 
In the second supplement, it was concluded that the slag samples taken before vacuum 
degassing contained the largest number of metal droplets compared to the other sampling 
occasions. The reason for this is probably a combination of a lower viscosity, interactions 
between slag/steel, and shear forces at the slag/steel interface from the electrode heating. Also 
the temperature is believed to have an effect on the number of droplets being created in a slag.  
In the samples taken after vacuum degassing, the number of droplets in the slag decreased at 
both studied plants. The temperature decrease during vacuum degassing as well as a decrease 
in reaction rates at the end of degassing are probable reasons for these decreased droplet 
numbers. 
 
In the second supplement, it was also concluded that the available interfacial area for 
reactions to take place between slag and steel is probably underestimated. When comparing 
the possible droplet surface area with the projected flat area between top slag and steel bulk, 
the former could be between 6 and 28 times larger than the latter. Thus, is of importance to 
consider this when calculating the minimum refining times. 
 
In supplement 3, the (from top slag samples) metal droplet compositions were presented and 
compared with the bulk steel composition. The droplet composition was significantly 
different from the bulk steel composition. Specifically, the droplet/bulk composition ratio was 
the following: carbon: 7.7±3.3, manganese: 0.49±0.33, sulphur: 3.9±3.0, aluminium: 
0.12±0.11 and silicon: 0.034±0.020).   
 
Concerning cast irons in Supplement 4, the evolution of the dissolved oxygen content during 
melting and preparation of the liquid cast iron was studied. Furthermore, the focus was also 
on how the dissolved oxygen content influenced the different graphite morphologies in the 
castings. Differences in oxygen activity values can be predicted for different cast iron melts at 
temperatures close to the liquidus temperature using extrapolations of measured oxygen 
activity values, ranging from 0.03-0.1 ppm for LGI, around 0.02 ppm for CGI, and 0.001ppm 
for SGI. A recalculation of the oxygen activity values indicate that the “relative” oxygen 
activity increases with time after an Mg treatment. This indicates a decreased ability of the 
Mg-treated irons to form a compacted or a nodular graphite. More specifically, the recovery 
of the oxygen activity is around 0.0071 ppm/min for CGI and around 0.0013 ppm/min for 
SGI for the conditions used in the present work. Considerable differences, of up to 0.07 ppm, 
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in the oxygen activity were predicted at the liquidus temperature for different hypoeutectic 
iron compositions aimed for a production of lamellar graphite iron. The predicted differences 
of the dissolved oxygen levels are suggested to be an influential factor for how graphite 
particles are incorporated in the austenite matrix. In the case of lamellar cast iron, the 
predicted differences in oxygen levels are supposed to influence the morphology of the 
graphite lamella. Hence, the material properties like heat conductivity will be influenced due 
to the effect of oxygen activity on the graphite shape. 

Concerning the top slag components in the cast iron melts, some trends could be observed. 
For the lamellar cast iron melts, the Al2O3 and SiO2 component levels decreased after power 
off as well as after a temperature decrease. The FeO and MnO component levels increased 
during the same period. For the compacted and nodular cast iron melts that were treated with 
magnesium, the MgO, Al2O3 and CaO levels increase after a power off period. During the 
same period, the levels of FeO and MnO decreased. In the processing of steel, the top slag 
composition is used to control the refining of the steel melt from unwanted elements like non-
metallic inclusions. In cast iron, the top slag composition could be used to determine the 
oxidation status of the melt. 

In this work, the steel/slag and iron/slag interface has been studied in a number of aspects. 
Since the theoretical predictions assume some sort of equilibrium it is of interest to conclude 
how close to certain equilibriums the studied systems are. 
 
Considering the studied steel trials, a number of equilibriums have been calculated, with the 
main differences being that they have been based on aluminum/alumina, silicon/silica and 
sulphur partition ratios. In general, it can be concluded from Fig.5 that the calculated 
bulk/slag equilibriums based on Al/Al2O3 are below the measured oxygen activity values 
(19±6% of the measured values) for all three sampling occasions. For the calculations based 
on an unity alumina activity, together with the calculations based on steel droplets in slag, the 
measured oxygen activity values are closer to equilibrium (calculated values 75±40% of the 
measured values) than for the equilibriums calculated based on the top slag/steel bulk 
equilibrium. In these cases, the measured values are well above equilibrium. (calculated 
values 19±6% of the measured values).  
 
From Fig.6 and Fig.7 it can be concluded that for the Si/SiO2 equilibrium as well as for the 
sulphur partition based equilibriums, the measured oxygen activity values are below the 
equilibrium values before ladle heating and before vacuum degassing (calculated values 
397±442% of measured values), but above the equilibrium values (calculated values 86±88% 
of measured values) after degassing. Also, the measured oxygen activity values are closer to 
the top slag/steel bulk based equilibriums (calculated values 134±126% of measured values) 
than to the slag/droplet based equilibriums (calculated values 477±512% of measured values). 
 
One interpretation of these results could be that the measured oxygen activity values show 
that the steel is saturated with oxygen during all process steps considering the Al/Al2O3 
equilibrium, but only for the samples after degassing considering the Si/SiO2 and sulphur 
partition based equilibriums. 
 
When analyzing the oxygen equilibrium for the studied cast iron melts, three different 
equilibria have been taken into consideration. For the lamellar cast iron melts, both the 
reaction between silicon and silica (Eq. 3) and the reaction between carbon and carbon oxide 
(Eq. 4) are assumed to control the oxygen activity in the melt. Here, each reaction should 
theoretically be valid for different temperature ranges according to Ten [27] and Mampaey 
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6. CONCLUSIONS 
The purpose of this thesis was to study the slag/metal mixing and the dissolved oxygen 
content for both steel and cast iron melts. The most important specific conclusions from the 
supplements can be summarized as follows. 

Supplement 1 
Due to that the three slag models used in this work show such large differences when 
calculating the oxide activities (10-600%), it is important to take into account the model 
limitations and boundary conditions when comparing them to each other as well as when 
using them for equilibrium calculations and predictions of oxygen activity values. 

The measured oxygen activity values are above the calculated equilibrium for all studied 
process steps based on the Al/Al2O3 equilibriums (calculated values 19±6% of the measured 
values) as well as for the Si/SiO2 equilibrium and the sulphur partition based equilibrium after 
degassing (calculated values 49±22 of the measured values). The measured oxygen activities 
were below the equilibrium values before heating (calculated values 260±153% of measured 
values) and before degassing (calculated values 115±56% of measured values), based on the 
Si/SiO2 equilibrium and the sulphur partition based equilibrium. 

Supplement 2 
The largest number of metal droplets in the top slag was found before vacuum degassing. 
Effects of electrode heating, higher temperatures and lower viscosities are believed to be part 
of the explanation. In the samples taken after degassing the number of droplets decreased to a 
large extent, which could be explained by decreasing temperature, higher viscosity and slower 
reactions. The electrode heating is concluded to increase the number of metal droplets in the 
top slag. 

The calculated surface area of the total number of metal droplets in slag and slag droplets in 
steel would be 6 to 28 times larger than the flat projected area between top slag and steel bulk. 
If there is a high exchange rate of these droplets, it would mean a considerably higher 
calculated reaction rate than by using the flat projected area. 

Supplement 3 
When comparing the steel droplet and steel bulk composition it was shown that there were 
clear differences throughout the whole ladle refining process. In addition, no equilibrium was 
found between the steel droplets and the top slag. The measured oxygen activity values were 
showed to be within 20-90% of the calculated oxygen activity values, based on the Al/Al2O3 
equilibrium. 

Supplement 4 
Differences in oxygen activity values can be predicted for different cast iron melts at 
temperatures close to the liquidus temperature using extrapolations of measured oxygen 
activity values, ranging from 0.03-0.1 ppm for LGI, around 0.02 ppm for CGI, and 0.001ppm 
for SGI.  

A recalculation of the oxygen activity values indicate that the “relative” oxygen activity 
increases with time after an Mg treatment. This indicates a decreased ability of the Mg-treated 
irons to form compacted or nodular graphite. More specifically, the recovery of the oxygen 
activity is around 0.0071 ppm/min for CGI and around 0.0013 ppm/min for SGI for the 
conditions used in the present work.  
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Considerable differences, of up to 0.07 ppm, in the oxygen activity were predicted at the 
liquidus temperature for different hypoeutectic iron compositions aimed for a production of 
lamellar graphite iron. The predicted differences of the dissolved oxygen levels are suggested 
to be an influential factor for how graphite particles are incorporated in the austenite matrix. 
In the case of lamellar cast iron, the predicted differences in oxygen levels are supposed to 
influence the morphology of the graphite lamella. Hence, the material properties like heat 
conductivity will be influenced due to the effect of oxygen activity on the graphite shape. 
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6. FUTURE WORK 
 
In the present work, the interactions between top slag and steel bulk in the ladle refining 
process have been studied. An attempt has also been made to use the knowledge about oxygen 
balance in steel for studies of cast iron processing. Some recommendations for future research 
efforts are suggested. 

o In order to increase the accuracy, a further considering of the number and size 
distribution of metal droplets in a slag picture analysis could be used to analyze the 
slag samples. 
 

o The influence of the sampling position and depth when measuring the oxygen activity 
should be studied. 
 

o It is useful to model the steel droplets´ transport in the top slag during treatment in the 
steel ladle for a better understanding of the role of the droplets regarding the reaction 
rates.  
 

o It would be of great advantage to understand more how the pre-pouring melt status of 
cast iron (inclusion characteristics, top slag composition, oxygen and sulphur content 
etc.) influences the solidification. 
 

o It should be studied if the information about the oxygen activity in liquid cast iron is 
enough to control the primary austenite and graphite morphology formation.  
 

o Studies should be made to determine how the oxygen content influence the surface 
energy (surface tension) of the solidifying phases in cast iron as well as how this 
influences the mass flow and feeding. 
 

o A validation of the oxygen distribution in the microstructure of cast iron is suggested. 
Such a mapping evaluation could reveal more information of the role of oxygen 
during solidification.  



32 
 

7. REFERENCES 
 
[1] M. Andersson, M. Hallberg, L. Jonsson, and P. Jönsson, “Slag-metal reactions during 

ladle treatment with focus on desulphurisation”, Ironmaking & Steelmaking, vol. 29, 
no. 3, pp. 224–232, 2002. 

[2] M.-K. Göransson, “Experiences and evaluation of the modified OES technique as a 
metallurgical tool for inclusion characterization of bearing steels”, Royal Institute of 
Techn., Stockholm, Sweden, 2001. 

[3] K. Riyahimalayeri, “Slag, Steel, Ladle and Non-metallic Inclusions Equilibria in an 
ASEA-SKF Ladle Furnace”, KTH Royal Institute of Technology, 2012. 

[4] E. T. Turkdogan, “Fundamentals of steelmaking”, Institute of Materials, UK, 1996. 

[5] Thermo-Calc software, ver. 4.01. 

[6] J. Björklund, M. Andersson, and P. Jönsson, “Equilibrium between slag, steel and 
inclusions during ladle treatment: comparison with production data” Ironmaking & 
Steelmaking, vol. 34, no. 4, pp. 312–324, 2007. 

[7] H. Ohta and H. Suito, “Activities of SiO2 and Al2O3 and activity coefficients of FeO 
and MnO in CaO-SiO2-Al2O3-MgO slags” Metall. Mater. Trans. B, vol. 29, no. 1, pp. 
119–129. 

[8] J. Björkvall, “Thermodynamic study of multicomponent slags: a model approach” 
Stockholm: Royal Institute of Technology, 2000. 

[9] M. G. Frohberg and M. L. Kapoor, “Thermodynamic Models of Slags”, in Proceedings 
of Physical Chemistry and Steelmaking, 1978, vol.2, pp. 3-7. 

[10] H.Gaye,D.Coulombet, PCM RE. 1064, CECA No 7210 – CF/301, Institut de 
Recherches de la Sidérurgie Française, March 1984. 

[11] M. Andersson, “Some Aspects of Oxygen and Sulphur Reactions Towards Clean Steel 
Production”, TRITA-MET 112, Royal Institute of Technology, Stockholm, Sweden, 
2000. 

[12] P. Fredriksson, “Thermodynamic Studies of the Fe-Pt System and ‘FeO’-Containing 
Slags for Application Towards Ladle Refining”, Materialvetenskap, Stockholm, 2003. 

[13] E. C. Subbarao, Solid Electrolytes and Their Applications, New York: Plenum Press, 
1980. 

[14] R. J. Fruehan and E. T. Turkdogan, “Review of Oxygen Sensors for Use in 
Steelmaking and of Deoxidation Equilibrium,” CIM Q., vol. II, pp. 371–379, 1972. 

[15] A. M. T. Andersson, L. T. I. Jonsson, and P. G. Jönsson, “A model of reoxidation from 
the top slag and the effect on sulphur refining during vacuum degassing,” Scand. J. 
Metall., vol. 32, no. 3, pp. 123–136, 2003. 



33 
 

[16] G. Reiter and K. Schwerdtfeger, “Observations of Physical Phenomena Occurring 
during Passage of Bubbles through Liquid/Liquid Interfaces,” ISIJ Int., vol. 32, no. 1, 
pp. 50–56, 1992. 

[17] G. Reiter and K. Schwerdtfeger, “Characteristics of Entrainment at Liquid/Liquid 
Interfaces due to Rising Bubbles,” ISIJ Int., vol. 32, no. 1, pp. 57–65, 1992. 

[18] S. Kobayashi, “Iron Droplet Formation Due to Bubbles Passing through Molten 
Iron/Slag Interface,” ISIJ Int., vol. 33, no. 5, pp. 577–582, 1993. 

[19] Z. Han and L. Holappa, “Mechanisms of Iron Entrainment into Slag due to Rising Gas 
Bubbles,” ISIJ Int., vol. 43, no. 3, pp. 292–297, 2003. 

[20] P. V Riboud and L. D. Lucas, “Influence of Mass Transfer Upon Surface Phenomena 
in Iron and Steelmaking,” Can. Metall. Q., vol. 20, no. 2, pp. 199–208, 1981. 

[21] Y. Chung and  a. W. Cramb, “Dynamic and equilibrium interfacial phenomena in 
liquid steel-slag systems,” Metall. Mater. Trans. B, vol. 31, no. 5, pp. 957–971, 2000. 

[22] J. Alexis, “Modeling of the ladle furnace with emphasis on electromagnetic 
phenomena”, TRITA-MET 072, Royal Institute of Technology, 2000. 

[23] S. Asai, I. Kawachi, M., Muchi, “Mass Transfer Rate in Ladle Refining Processes,” in 
SCANINJECT III, Int’l Conf. on Refining of Iron and Steel by Powder Injection, 1983. 

[24] J. Ekengård, “Aspects on slag/metal equilibrium calculations and metal droplet 
characteristics in ladle slags”, Materialvetenskap, 2004. 

[25] J. Ekengård, A. M. T. Andersson, and P. G. Jönsson, “Distribution of metal droplets in 
top slags during ladle treatment,” Ironmaking & Steelmaking, vol. 35, no. 8. pp. 575–
588, 2008. 

[26] B. Marincek, Proceedings of the Second International Symposium on the Metallurgy of 
Cast Iron, Geneva, Switzerland, 1974, pp. 81–95. 

[27] E. B. Ten, “Oxygen State Forms in Cast Iron and their Effect on Graphite 
Crystallization,” Key Eng. Mater., vol. 457, pp. 43–47, 2011. 

[28] F. Mampaey and K. Beghyn, “Oxygen Activity in Cast Iron Measured in Induction 
Furnace at Variable Temperature,” AFS Trans., no. 115, pp. 1–20, 2006. 

[29] T. Kusakawa, X. Xu, and S. Okimoto, “Effects of oxygen in cast iron during melting 
and solidification process”, Report no. 38, pp. 33-39, Cast. Res. Lab. Waseda Univ., 
Waseda, 1988. 

[30] F. Mampaey, D. Haberts, and F. Seutens, “The use of oxygen activity measurement to 
determine optimal properties of ductile iron during production,” Giessereiforschung, 
vol. 60, no. 1, pp. 2–19, 2008. 

[31] L. Elmquist, J. Orlenius, and A. Dioszegi, “Influence of Melting Process on Oxygen 
Content in Gray Iron,” AFS Trans., vol. 115, pp. 07–112(5), 2007. 



34 
 

[32] S. Lekakh, V. Richards, and K. Peaslee, “Thermo-chemistry of non-metallic inclusions 
in ductile iron”, International Journal of Metalcasting, 2009, vol. 3, no. 4, pp. 25–37. 

[33] B. Lux, “On The Theory Of Nodular Graphite Formation In Cast Iron,” AFS Cast Met. 
Res. J., pp. 25–38, 1972. 

[34] R. Källbom, “Chunky graphite in heavy section ductile iron castings”, Göteborg: 
Chalmers University of Technology, 2006. 

[35] R. Elliott, “Chapter 2 - Liquid metal preparation,” in Cast Iron Technology, R. Elliott, 
Ed. Butterworth-Heinemann, 1988, pp. 46–90. 

[36] D. M. Holmgren, A. Diószegi, and I. L. Svensson, “Effects of transition from lamellar 
to compacted graphite on thermal conductivity of cast iron,” Int. J. Cast Met. Res., vol. 
19, no. 6, pp. 303–313, 2006. 

[37] A. Diószegi, “On the microstructure formation and mechanical properties in grey cast 
iron”, Linköping Studies in Science and Technology, 2004. 

[38] K. Yamane, H. Yasuda, A. Sugiyama, T. Nagira, M. Yoshiya, K. Morishita, K. Uesugi, 
A. Takeuchi, and Y. Suzuki, “Influence of Mg on Solidification of Hypereutectic Cast 
Iron: X-ray Radiography Study,” Metall. Mater. Trans. A, vol. 46, no. 11, pp. 4937–
4946, 2015. 

[39] D. M. Stefanescu, Science and engineering of casting solidification, 2nd Ed., 2009. 

[40] M. M. Nzotta, D. Sichen, and S. Seetharaman, “A study of the sulfide capacities of 
iron-oxide containing slags,” Metall. Mater. Trans. B, vol. 30, no. 5, pp. 909–920. 

[41] M. A. T. Andersson, P. G. Jönsson, and M. M. Nzotta, “Application of the Sulphide 
Capacity Concept on High-basicity Ladle Slags Used in Bearing-Steel Production,” 
ISIJ Int., vol. 39, no. 11, pp. 1140–1149, 1999. 

[42] C. J. B. Fincham and F. D. Richardson, “The Behaviour of Sulphur in Silicate and 
Aluminate Melts,” Proc. R. Soc. London A Math. Phys. Eng. Sci., vol. 223, no. 1152, 
pp. 40–62, 1954. 

[43] Verein Deutscher Eisenhuttenleute, ”Slag Atlas”, 2nd Ed., Verlag Stahleissen Gmbh, 
1995. 

[44] H. Modin and S. Modin, ”Handbok i metallmikroskopering”, 1968. 

[45] R. Roscoe, “The viscosity of suspensions of rigid spheres”, Br. J. Appl. Phys., pp. 267–
269, 1952. 

[46] SS111116, Jernkontoret’s inclusion chart II for the assessment of non-metallic 
inclusions, 1987. 

[47] QuantMet AB, “WinPCMic” Software, ver.1.2.5, 2003. 

 



35 
 

[48] G. L. Rivera, R. Boeri, and J. Sikora, “Searching for a unified explanation of the 
solidification of cast irons”, in Proceedings of the Eight International Symposium on 
Science and Processing of Cast Irons, 2006. 

[49] J. Ekengård and A. Diószegi, “Oxygen activity and slag formation in cast irons”, in 
Proceedings of the Carl Loper Cast Iron Symposium, Madison, Wisconsin, US, 2009. 

[50] G. K. Sigworth and J. F. Elliott, “The Thermodynamics of Liquid Dilute Iron Alloys”, 
Metal Science, vol. 8, pp. 298–310, 1974. 

  




