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Abstract 

The practise of slag foaming has become increasingly important within the scrap-based steelmaking, 

conducted in the electric arc furnace, due to its many advantages. In addition to increasing the 

efficiency in the furnace, the foaming protects the furnace equipment from wear and reduces noise 

pollution.  

The purpose of this project was to investigate the slag foaming generated through chemical reactions 

that occur at the addition of carbonaceous iron to the slag, as well as to evaluate the experimental 

method used. A slag composition of 25 wt% FeO, 40 wt% CaO and 35 wt% SiO2 was chosen. The 

experiments were conducted using an induction furnace, in a magnesium oxide crucible, placed in a 

graphite crucible. Iron particles with varying carbon content were added to the magnesium oxide 

crucible and the subsequent foaming was filmed and observed from above.  

The method enabled a division of foaming into four stages, which were studied and evaluated 

separately. The results indicate that the incubation time, referring to the time that passes from the 

addition of carbonaceous iron particles to the slag until the reactions occur, is dependent of size. A 

correlation can also be seen between carbon content and foaming time, where increased carbon 

content results in lengthier foaming. 



 

 

Sammanfattning  

Utövandet av slaggskumning har blivit allt viktigare inom den skrotbaserade ståltillverkningen som 

utförs i ljusbågsugen, på grund av dess många fördelar. Förutom att öka effektiviteten i ugnen så 

skyddar den skummande slaggen även ugnsutrustningen mot slitage och reducerar buller.  

Syftet med detta projekt var att undersöka slaggskumning genererad genom de kemiska reaktioner 

som inträffar vid tillsats av kolhaltigt järn till slaggen, samt att utvärdera den experimentella metoden 

som användes. En slaggsammansättning av 25 vikt% FeO, 40 vikt% CaO och 35 vikt% SiO2 valdes. 

Experiment genomfördes med hjälp av en induktionsugn, i en magnesiumoxiddegel, placerad i en 

grafitdegel. Järnpartiklar med varierande kolhalt tillsattes i magnesiumoxiddegeln och den 

efterföljande skumningen filmades och observerades från ovan.  

Metoden möjliggjorde en uppdelning av skumning i fyra stadier, vilka studerades och utvärderades 

separat. Resultaten visar på att inkubationstiden, alltså tiden som passerar från att järnpartiklar 

tillsätts till slaggen, till dess att reaktioner sker, har ett storleksberoende. Ett samband kan även ses 

mellan kolhalt och skumningstid, där en ökad skumningstid ges av en högre kolhalt. 
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1 Introduction 

The method of melting steel by the use of electric power has been in use for about 100 years. During 

this period, much advancement has been made, with regard to new technology as well as furnace 

equipment and products. The electric arc furnace (EAF) was invented at the beginning of the 20th 

century, at a time when new technology began to emerge. Having initially been a competitor to 

furnaces and converters widely used for refining at that time, the furnace was eventually developed 

into a melting-only unit, which is mainly the purpose it serves today [1].  

The EAF is versatile and can charge everything from scrap to pig iron, as well as produce different 

types of steel, and plays a central role in the scrap recycling process, since it is mostly charged solely 

with scrap metal [1]. In the furnace, the charged scrap is molten with electrical energy and slag formers 

are added, creating a synthetic slag, in which a foam is generated [2]. The practice of slag foaming has 

become an important factor in the EAF process, since it improves energy efficiency, simplifies 

dephosphorization, protects the furnace as well as the graphite electrodes and acts as a shield to the 

surrounding atmosphere, to mention a few things. The phenomenon is, however, rather complex and a 

range of different methods have been used in an attempt to better understand the concept [1, 3]. 

The purpose of this project is to investigate how varying carbon content in iron affects slag foaming 

and to evaluate the experimental method used, with regard to the ability to quantify the foam. A better 

understanding of the slag foaming phenomenon could contribute to more efficient industrial 

processes. This would, in turn, contribute to a decrease of the environmental impact due to emissions 

of greenhouse gases and excessive consumption of both material and energy. 
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2 Background 

2.1 Electric Arc Furnace  

The EAF has a cylindrical shape, with a spherically shaped bottom and a roof with a flattened spherical 

shape. The sidewalls in the furnace, above the slag line, as well as the furnace roof generally consist of 

water-cooled panels. The inside of the furnace is lined with refractory material to protect the furnace 

structure from strains caused by high temperature [4]. Interaction between the melt and the 

refractories in the furnace occur during the process, making the inert behaviour of the refractory 

material important, in order to ensure occurance of as little wear as possible. In the furnace, the 

refractory lining consists of basic materials like magnesium oxide  (MgO), in order to reduce wear in 

the slag zone [2]. Furthermore, the furnace is equipped with graphite electrodes. The electrodes enter 

the furnace through the roof, which is removable to enable scrap charging [4]. In Figure 1, a schematic 

cross section of the EAF is shown. 

 

 

Figure 1. Schematic cross section of the EAF. 

 

The EAF melts the charge by using electric arcs, which are formed between a cathode and one anode 

(electrode) for furnaces using direct current (DC). For furnaces using alternating current (AC), the arc 

is formed between one cathode and three anodes (electrodes) [2]. Difference in potential between the 

electrodes causes the system to discharge, which occurs through the generation of an electric current 

between the electrodes [5]. Equipment used for both the AC and the DC furnaces is essentially the 

same, but the DC furnace is claimed to have advantages such as reduced consumption of power and 

electrodes. It also contributes to a reduction in flicker [6].  

 

 

As mentioned, the EAF is charged with scrap and slag formers. Consideration must be taken to both 

the amount of charged material and the order in which the furnace is charged. By doing this, it is 

possible to make use of both the electrical energy and the chemical energy generated through reactions 
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in the furnace. These reactions occur between melt and carbonaceous material added to the furnace, as 

well as in the interface between melt and slag [1, 7]. For the EAF slags, calcium oxide (CaO) and iron 

oxide (FeO) are the main compontens. Typically, they also include varying amounts of silica (SiO2), 

aluminium oxide (Al2O3)  and MgO as well as components included in the refractories in the furnace 

[1, 8]. Unlike other steelmaking processes, such as basic oxygen steelmaking, the slag composition in 

the EAF does not change significantly over time, due to the continuous injections throughout the 

process [9].  

The practice of foaming slag is commonly used in the EAF process. Generated through oxygen lancing 

and chemical reactions in the slag, the foaming is generally initiated once the charged scrap is molten. 

The advantages of slag foaming practice are numerous, among them the increased efficiency, with 

claims ranging from 60 to 90%, from approximately 40%. The process does, however, generate 

gaseous CO [4]. In addition to this, lack of control of the foaming can cause an overflow of foam in the 

furnace, which may result in loss of metal. To decrease or avoid the occurrence of this, a better 

understanding of the foaming phenomenon is of importance [10].  

 

2.2 Foaming slag 

A certain foamability of the slags used for the EAF process is desired, for a number of reasons. During 

the process, the foaming slag protects the graphite electrodes from wear and covers the arcs. This 

allows for a higher productivity in the furnace, since it increases the heat transfer between electrode 

and the molten metal. It also reduces radiation losses, since the slag isolates the light beams. This in 

turn protects the refractories from wear, which reduces the amount of downtime for maintenance 

work. The foaming slag also contributes to stabilization of the arc, ensuring a higher efficiency. In 

addition to this, the foam helps to reduce noise from the EAF, which provides a better working 

environment [5]. Another advantage with foaming slag is the reduction of power and voltage 

fluctuations [4]. 

The slag foaming phenomenon is dependent on the properties of the slag and the gas evolution rate, 

due to reactions in the slag. Thus, to obtain foam in a slag, a gas flow is needed. The gas flow is 

generated when carbon (C) and gaseous oxygen (O2) is added to the slag and the metal bath 

respectively [3, 5, 10]. This is illustrated in Figure 2.  
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Figure 2. Simplified illustration of the additions of C to the slag and O2 to the metal bath. 

 

An injection of O2 into the metal bath causes a reaction with dissolved C, which generates gaseous 

carbon monoxide (CO). This reaction is described in Equation (1). 

 𝐶 (𝑖𝑛 𝑚𝑒𝑡𝑎𝑙) + 
1

2
𝑂2(𝑔) = 𝐶𝑂 (g) (1) 

Through the same injection, iron (Fe) oxidizes to FeOx and enters the slag phase. In the slag phase, 

FeOx reacts with injected C and is reduced, causing CO to form. CO is also formed when FeOx in the 

slag reacts with injected C, or in the interface between slag and metal, when FeOx in the slag reacts 

with C dissolved in the metal phase [5, 9, 11]. These reactions can be described with Equations (2) and 

(3) respectively.  

 𝐶𝑖𝑛𝑗 + (𝐹𝑒𝑂)𝑠𝑙𝑎𝑔 = 𝐹𝑒 (𝑙) + 𝐶𝑂 (g) (2) 

   

 𝐶(𝑖𝑛 𝑚𝑒𝑡𝑎𝑙) + (𝐹𝑒𝑂)𝑠𝑙𝑎𝑔 = 𝐹𝑒 (𝑙) + 𝐶𝑂 (g) (3) 

                

Both the reactions in the slag and in the steel melt contribute to the gas generation. Results from 

previous research regarding which of these reactions create better and more stable foam are, however, 

very contradictory [11]. Generally, small bubbles are a result of the chemical reactions that occur, while 

the gas injections produce larger bubbles [9]. Furthermore, small bubbles ascend through the slag at a 

slower rate than large bubbles, meaning that the small bubbles give a lengthier contribution to the 

foaming [5]. Thus, the size of the bubbles affects the stability of the foam.  

In previous studies, foam index, Σ, has been used to quantify the ability of a slag to generate foam. This 

refers to both the gas generated in the melt and the injected gas.  It relates the height of the foam to the 

gas velocity, as described in Equation 4 [12]. 
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 𝛴 =  
ℎ

𝑉𝑔
𝑠
 (4) 

         

In Equation (4) h represents the height of the slag (cm), which is defined as the thickness of the foam 

layer; V is the velocity of the gas (cm/s). This means that foam index has the unit seconds, s, defined as 

the time it takes for the gas to pass through the slag. The foaming index has been found to decrease 

with a decrease in slag viscosity and an increase in surface tension. [12].  

Foam life has also been used to analyse the foaming phenomenon, focusing on the height of the slag. 

The foam life is generally described as the time required for a surface to fall down to a certain level 

after ceased gas injection. The foam life has in previous research shown a greater temperature 

dependency than the viscosity of the bulk of the slag  [10].  

Other research has investigated the effect of various parameters on slag foaming, such as temperature, 

bubble size and slag volume. The bubbles were generated through argon (Ar) gas injection and the 

results were evaluated using foam index [13, 14]. In addition to this, investigations of parameters such 

as foam height, reduction rate and decarburization have been carried out [3, 15, 16]. When looking at 

the reduction, the experimental method evaluated both the ways in which foam can be generated. 

Results showed that the injections of gas, both CO and Ar, only resulted in bubble generation, while 

the use of a rotating graphite rod to provoke a reaction in the slag caused real foam to form [16].  

 

2.3 Slag properties 

As mentioned, the foaming of the slag is greatly affected by the gas flow into the furnace, but is also 

affected by the slag properties, the latter controlled by the viscosity, density and surface tension. These 

physical properties are, in turn, dependent of the temperature of the system and the slag composition 

[5].  

For the EAF process, the composition of the slag depends on steel grade as well as the refinement 

method being used [8]. When chosing a composition for the slag, a number of things have to be 

considered. The slag consists of various oxides, which can be divided into three categories, namely:  

baisc oxides (for example CaO, MgO and FeO), acidic oxides (for example SiO2) and amphoteric oxides 

(for example Al2O3) [2]. For basic slags, the content of FeO is generally considered optimal at 15-25 

wt% [5].  

In order to build up foam in a slag, the viscosity needs to be high enough to constitute a hindrance for 

the ascent of the bubbles. To obtain a suitable viscosity, it is important to have an appropriate basicity 

of the slag. The basicity can be defined in different ways but is generally referred to as the ratio of the 

basic components in the slag to the acid components. The basic components provide the O2—ions to the 

melt and the acid components bind them [2]. The viscosity can be altered through a change of 

composition, which causes a change in ratio of %CaO/%SiO2, thus lowering or increasing the basicity 

of the slag. A change of viscosity can also be achieved through an alteration of the content of FeO. 

When increasing the amount of FeO, the viscosity is reduced. Another way to modify the slag viscosity 

is to increase the amount of solid particles in the slag, for example by an addition of lime [5, 11]. It has 

been observed that slag viscosity decreases with an increase in basicity, but when it passes a critical 

value and a solid phase is precipitated, it increases once again. Thus, the presence of solid particles 

contributes to an increase of the apparent viscosity [17]. The solid particles also act as nucleation sites 

for the bubbles. However, an excessive amount of solid particles prevents the bubbles from ascending 

through the slag [11]. 
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In a system of liquids, a gradient in surface or interfacial tension can induce motion. This is called the 

Marangoni effect. In the interface between slags and liquid metals there is generally a large gradient in 

interfacial tension [10]. The concentration of FeO is considered to be lower than in the rest of the slag 

at the interface between slag and metal, where reactions that form CO occur. This enables bubbles to 

form, since less FeO content results in a lower surface tension, which gives rise to the Marangoni 

effect. Thus, the ability to create new surfaces, which occurs when bubbles are formed in the slag, is 

facilitated when the surface tension is low [5, 10]. The surface tension also affects the degradation of 

the foam, referring to the stability of the bubbles [5]. Previous research has shown that stability can be 

improved by the addition of a surface active component. It has also been observed in practical 

processes that the presence of surface active components promote foaming [10]. However, the 

Marangoni flow, which helps the removal of CO bubbles from the interface, can be generated without 

surface active elements [17]. 

 

The density of the slag affects the foam height. A low density means that there is less weight to uphold, 

which allows a greater height of the foam, compared to a slag with high density. In order to withstand 

load, the surface needs to have elastic properties. This can be achieved through addition of surface 

active elements, as mentioned above, which results in a variable surface tension [5].  

 

2.4 Circular economy within the steelmaking industry 

In a linear business model, products are manufactured using raw materials and disposed of at the end 

of their useful lives. Lack of efficient recycling methods causes the waste to end up in landfills, where 

important materials and elements are lost. In addition to this, primary production often consumes 

large quantities of natural resources and energy [18].  

The circular business model promotes the use of intelligent design to ensure that products can be 

reused, repaired and eventually recycled. By doing this, the value is maintained within the product 

until it is no longer useful and can thereafter be recycled and remanufactured to a new product. 

Disassembly and sorting of incoming scrap can also be facilitated through an improvement of the 

design of products, and would in turn contribute to a more streamlined recycling process [18].  

Steel is an advantageous material to reuse, since it is completely recyclable. It is also one of the most 

recycled industrial materials, with a recycling process that aims to produce new steel without 

significantly changing the inherent properties of recycled scrap [18, 19]. Due to this, the recycling 

process is regarded as a “closed material loop”. Difficulties do however arise, due to the long lifetime of 

steel products. As a consequence, scrap availability is growing at a slower rate than the global steel 

demand [18].  

When discussing recycling within the steelmaking industry, the production routes for the blast furnace 

(BF) or the basic oxygen furnace (BOF)  and the EAF are frequently compared, with regard to 

consumption of energy and material [19]. The differences between the processes do however make the 

comparison difficult, since other parameters such as flexibility and continuity of the process also factor 

in [20]. For example, production in the EAF can be adjusted to minimize energy costs, while in some 

cases, steel grades with high purity requirements are most cost-efficiently produced using primary 

sources [18]. In addition, the growing demand for steel cannot be met by the current availability of 

scrap and requires both the primary production and the scrap-based, secondary production to act as 

compliments to each other [20].  

The transition to a circular business model will likely result in an increase of secondary steel 

production, where the EAF process is the main production route. A certain amount of primary 

production is however necessary to satisfy the growing demand for scrap. Furthermore, using only 
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steel scrap to produce new materials will not render a decrease in the overall environmental impact, if 

it is not compensated for through end-of-lite recycling [20].  

In order to achieve a circular economy, industries as a whole need to be optimized, as well as single 

unit operations. Advancing towards incorporating a circular business model is a complex process, 

where many aspects need to be taken into account. Both energy and material efficiency is crucial to 

maintain valuable resources within the loop.  
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3 Experimental  

3.1 Method 

To conduct the experiments, samples of Fe-C and slag had to be prepared. Prior to this, slag 

composition as well as carbon contents for the samples had to be chosen. In addition to this, both the 

Fe-C samples and the slag samples had to be analysed to ensure that all final compositions were 

known before the foaming experiments were conducted. 

Three different shapes and sizes of particles were used for the experiments. Spherical particles of two 

different sizes, with diameters of 2 mm and 7.1 mm respectively, were supplied by SSAB. Cuboid 

particles of the size 2 x 2 x 2 mm were used as well.   

The idea was to conduct the experiments in an induction furnace, using a graphite crucible. However, 

putting the slag directly in the crucible would result in the slag being reduced by the graphite. To avoid 

this and to protect the slag, a crucible made of MgO was used as well.  

 

3.1.1 Choice of slag composition 

In Figure 3 a phase diagram illustrating the impact of slag composition on foaming and reduction 

characteristics is shown. 

 

Figure 3. Phase diagram showing the impact of slag composition on reduction and foaming [5].  

 

A composition in area 1 gives good foaming characteristics, but bad reduction characteristics. The 

dashed line marking area 2 shows the effect of solid particles in the slag, which cause an expansion of 

area 3. In area 3, the composition is considered optimal. A slag with a composition in area 4 has very 

good reduction characteristics, but bad foamability. In area 5, the slag is saturated with basic oxides 

[5].  
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A basic slag was desired, with a low melting temperature and good foaming characteristics. Based on 

information found in the literature, a ternary system of CaO, SiO2 and FeO was chosen [1]. The phase 

diagram corresponding to this system is shown in Figure 4. 

 

 

 

 

Figure 4. Phase diagram of the CaO-FeOx-SiO2 system [21]. 

Taking melting temperature into consideration, a slag with a composition of 25 wt% FeO, 40 wt% CaO 

and 35 wt% SiO2 was chosen, thus obtaining a melting temperature at ~1400˚C, with a basicity of 

~1.14. The chosen composition is marked in the figure.  

 

3.1.2 Choice of carbon contents 

To ensure that C had been dissolved into the iron and to obtain as much variation as possible in the 

results, carbon contents between 0 and 4.3 wt% were examined.   

Calculations were made to investigate change in slag composition that may occur through the addition 

of the Fe-C alloys. Assuming that the C in the Fe-C alloys solely reacts with the FeO, the reduction of 

the slag looks as shown in Equation (5). 

 (𝐹𝑒𝑂)𝑠𝑙𝑎𝑔 + 𝐶 → 𝐹𝑒 + 𝐶𝑂 (5) 
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The molar ratio between FeO and CO is thus 1:1. It is well known that the relation between moles, n, 

mass, m, and molar mass, M, can be expressed as in Equation (6). 

 𝑛 =
𝑚

𝑀
 (6) 

Using the highest concentration of C, namely 4.3 wt%, the maximal amount of moles C used to reduce 

FeO can easily be calculated. Through this the remaining amount of FeO after the experiment is 

terminated can also be calculated.  The following result is obtained.  

𝑛𝐶 ≈ 0,0052 𝑚𝑜𝑙𝑒𝑠 

The corresponding change of FeO content is ~2%. Thus, no drastic change in slag composition occurs 

upon reaction between FeO and C, provided that the given conditions prevail.  

 

3.2 Sample preparation 

3.2.1 Preparation of Fe-C alloys 

Four different samples Fe-C were prepared, with varying composition with regard to carbon. The 

desired sample weight was 20 g. In Table 1, the target compositions for the samples are presented.  

 

Table 1. Target compositions for the Fe-C alloys. 

Fe-C sample Composition [wt% C] 

1 4.2 

2 2 

3 1 

4 0.5 

 

Powder of Fe (purity of 99+% (metal basis), supplied by Alfa Aesar) and C (purity of 99%, supplied by 

Alfa Aesar) was mixed in an agate mortar until a homogenous colour was observed. 15 g of the powder 

was pressed into pellets using a manual hydraulic pump from Nike Hydraulics, applying a pressure of 

12 MPa. The pellets were put in Al2O3 crucibles (OØ 20 mm; IØ 16 mm; H 30,5 mm), together with the 

remaining amounts of powder.  

A vertical resistance furnace, shown in Figure 5, was used to melt the samples, equipped with Kanthal 

heating elements and an alumina reaction tube (OØ 80 mm, IØ 70 mm, H 1000 mm). The samples 

were held in a graphite holder (OØ 54 mm, IØ 48 mm, H 120 mm), suspended from a steel rod, which 

was connected to a computer-controlled system. This allowed for the samples to be raised and lowered 

in the furnace in a controlled manner. The upper end of the reaction tube was connected to a water 

cooled aluminium chamber, which allowed a quick cooling of the samples, without withdrawing them 

from the furnace. The lower end of the reaction tube was connected to a smaller aluminium chamber. 

A total of two gas inlets, one in the upper cooling chamber and one in the lower cooling chamber, were 

used. In order to increase the flow rate during cooling, the upper gas inlet was used during cooling of 

the samples.  
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The gas flow rates were controlled by the use of Bronkhorst flow meters. A thermocouple of type B 

((70%Pt/30%Rh – 94%Pt/6%Rh) was used to measure the temperature, its tip placed right under the 

sample holder.  

 

The samples were held in the furnace at 1600˚C for 30 minutes. After cooling, the samples were cut in 

pieces, in an approximate size of 2 x 2 x 2 mm, using a Struers Accutom-5 and then end cutting 

nippers. The samples were then stored in a desiccator until the experiments were conducted.  

 

 

 

Figure 5. Schematic picture of the furnace set-up used for melting of Fe-C. 

 

Combustion analysis was used to obtain information about the final compositions of the samples, 

which was needed in order to conduct the experiments. The principle of the combustion analysis is to 

place the sample in a high frequency furnace and flush it with oxygen. When the furnace is turned on, 

the C in the sample burns. Through this process, an amount of CO2 is formed, which is then measured 

in an infrared cell.  

The results from the combustion analysis showed a deviation in composition, ranging from 6% to 

almost 36%, from the target compositions of the Fe-C samples. The sample compositions before and 

after melting are presented in Table 2, along with the respective weights. 

Furnace

Reaction tube

Gas outlet

Water cooled 

aluminium chamber

Steel rod

Flow meter

Water cooled 

aluminium chamber

Thermocouple 

type B

Graphite 

extension

Fe-C 

alloy

Alumina 

crucible

Graphite outer 

crucible 

(see inset)
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Table 2. Compositions and weights of the Fe-C samples before and after melting. 

Fe-C sample Target composition 

[wt% C] 

Weight 1 

[g] 

Composition 

[wt% C] 

Weight 2 

[g] 

1 4.2 36.3 3.94 36.21 

2 2 34.48 1.86 34.44 

3 1 34.20 0.83 34.12 

4 0.5 34.50 0.318 34.43 

 

 

3.2.2 Preparation of FeO  

For the synthesizing of FeO, the desired sample weight was 127 g, with a ratio of 51 mol% O and 49 

mol% Fe. Powders of Fe (purity of 99+% (metal basis), supplied by Alfa Aesar) and Fe2O3 (purity of 

97%, supplied by Riedel-de Haën) were mixed in an agate mortar for 15 minutes, in order to obtain a 

homogenous mix. The powder was packed tightly into an iron crucible (OØ 39,5 mm; IØ 35,5 mm; H 

80 mm) and closed with a lid.  

A vertical resistance furnace was used to perform the synthesis, shown in Figure 6. The furnace used 

was equipped with an alumina reaction tube (OØ 62 mm, IØ 51 mm, H 780 mm) and sealed with 

rubber stoppers at each end of the tube. The ends of the tube were water cooled with brass cooling 

pipes. A gas inlet and outlet at the top and the bottom of the furnace, respectively, allowed for a 

continuous gas flow through the furnace. To measure the temperature of the sample, a thermocouple 

of type K (Chromel – Alumel) was used. Another, smaller alumina tube (OØ 39 mm, IØ 31 mm, H 340 

mm) was used to support the crucible and place it in the hot zone of the furnace.  

The crucible containing the sample was inserted into the furnace at the bottom, placed on the 

supporting tube, which was carefully placed in the centre of the reaction tube. The furnace was sealed, 

and the thermocouple was inserted through the upper rubber stopper, its tip placed between the 

reaction tube and the crucible. After sealing the furnace, it was flushed with argon gas. The sample was 

then heated to a temperature of 870˚C and held for 60 hours, allowing the reaction between the 

powders of Fe and Fe2O3 to take place. After the furnace had cooled down, the crucible was removed. 

The iron oxide pellet was crushed into a powder, with varying particle size. The sample was stored in a 

desiccator until the experiments were conducted.  
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Figure 6. Schematic picture of the furnace set-up used for synthesizing FeO. 

 

X-ray diffraction (XRD) was used to investigate which phases were obtained in the mixture of Fe and 

Fe2O3, prior to the foaming experiments.  A Bruker D8 Discover was used; analysis and identification 

of phases was made with software called EVA. The principle of XRD is to direct a beam of x-rays at a 

crystal, which will scatter the beam in different directions. The scattering pattern created is analysed 

and the results will give information about the positions of the atoms in the sample. Depending on the 

size, shape and structure of the unit cell, the diffraction pattern will look differently [22].  

Results from the XRD analysis of the synthesized FeO showed that the only solid phase present in the 

sample was wüstite, which is the mineral form of iron oxide. This is shown in Figure 7. 
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Figure 7. Results from the XRD analysis of the synthesized FeO. 

 

 

3.2.3 Preparation of slags 

A total amount of 10 slag samples were prepared. The composition of all the samples was fixed at 25% 

FeO, 35 wt% SiO2 and 40 wt% CaO, but the sample weight was varied. The synthesized FeO and a 

premelted slag, consisting of 54 wt% CaO and 46 wt%SiO2, were mixed. The mixing time required for 

each of the samples was approximated, based on the apparent homogeneity of the first sample, and 

thus varied from one sample to another.  Each of the slags was put in MgO crucibles (OØ 30 mm; IØ 

26 mm; H 130 mm). The crucibles were covered with Parafilm and put in a desiccator until the 

experiments were conducted.  

 

3.3 Setup 

The experiments were conducted using a graphite crucible (OØ 52 mm; IØ 32 mm; H 140 mm), which 

was coated in Y Aerosol, yttrium oxide paint from ZYP Coatings, in order to reduce oxidation. The 

MgO crucibles containing the slag were placed inside the graphite crucible.  

All the foaming experiments were conducted in an induction furnace. The principle of this type of 

furnace is to produce heat by electromagnetic induction.  Figure 8 shows the experimental set-up 

employed. Encircling the crucible was a copper coil, used to heat up the samples. The coil was hollow, 

which allowed cooling water to run through and lead off heat generated through the induction. The 

particles of Fe-C used in the experiments were added to the crucible from above, using a glass funnel.  
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Figure 8. The experimental set-up used. 

 

Since regular thermocouples are affected by the electromagnetic field, measurement results of this 

type are unreliable [23]. Instead, temperature measurements were made with an infrared temperature 

sensor of the model thermoMETER CTM-1SF75-C3, calibrated to the yttrium oxide paint. 

A Leica V-Lux 3 system camera was used to film the experiments. The camera was attached to a tripod 

and placed above the crucible, in order to obtain an overview of the whole furnace.  

 

3.4 Procedure 

The MgO crucible containing the slag, half-filled at the beginning of the experiment, was put in a 

graphite crucible. The graphite crucible was, in turn, put in the induction furnace. The temperature 

was gradually raised until the melting temperature of the slag was reached, at about 1400˚C. The 

remaining amount of slag was then added to the crucible and the temperature was further increased. 

When a temperature of 1600˚C was observed, with the furnace parameters set to 260 V and 25 A, the 

Fe-C alloy was added to the crucible. This is shown in Figure 9. 
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Figure 9. Fe-C alloys recently added to the crucible. 

 

 The foaming in the crucible was observed, via the camera screen as well as directly and the experiment 

was terminated when no more foaming or gas generation could be observed. The same procedure was 

repeated with all the samples. Listed in Table 3 is the total amount of experiments conducted, along 

with slag weights, carbon content and shape of the particles of Fe-C added to the slag.  

 

Table 3. List of experiments and their respective parameters. 

Sample Slag weight [g] C [wt%] Fe-C weight [g] Particle shape 

1 72 3.9 1.44 Spherical, small 

2 72 3.9 1.44 Spherical, small 

3 54 3.9 1.08 Spherical, small 

4 72 3.9 0.72 Spherical, small 

5 72 3.9 1.44 Spherical, 1 large 

6 72 3.94 1.44 Cuboid 

7 72 1.86 1.44 Cuboid 

8 72 0.83 1.44 Cuboid 

9 72 0.318 1.44 Cuboid 

10 72 1.86 2.88 Cuboid 
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The whole procedure, from the moment before the iron was added until foaming and gas generation 

had ceased, was filmed from above with a camera. The camera was placed in a manner that allowed an 

overview of the crucible throughout the whole process.  

Following the experiments, some slag samples were analysed using x-ray fluorescence, which is a 

method for elemental and chemical analysis. When conducting analysis with this method, a sample is 

irradiated by a primary x-ray beam. This excites the atoms and causes them to eject electrons. This, in 

turn, releases energy in the form of a photon, meaning that the material emits radiation, whose energy 

is characteristic of the individual atoms. This secondary emission is referred to as x-ray fluorescence 

and has a characteristic wavelength, which is measured.  Thus, the composition of the sample becomes 

obvious [24] [25] .  
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4 Results  

4.1 Slag analysis 

X-ray fluorescence (XRF) was used to investigate the composition of the slags used for experiments 1 

and 2. The results of the analysis showed that a large amount of MgO had been dissolved into the slags 

during the experiments. This is illustrated in Table 4. Note that components with contents below 1% 

have been excluded from the table.  

Table 4. Results from the XRF analysis of the slags from experiments 1 and 2. 

Slag sample CaO SiO2 FeO MgO 

1 37.6% 27.5% 21.4% 13.4% 

2 37.9% 27.3% 19.8% 14.8% 

 

4.2 Foam stages  

In order to better describe the foaming, the procedure has been divided into four different stages, 

namely: incubation, aggressive foaming, stable or homogenous foaming and bubble generation. The 

four stages are illustrated in Figures 10, 11, 12 and 13. 

In Figure 10, the first stage is shown, namely the incubation. The incubation is measured as the time 

that passes from the addition of the iron to when foam has formed. During this time, nothing but slag 

flux can be observed in the crucible. Thus, the reaction between slag and carbon has not yet occurred.  

 

 

 
Figure 10. Stage 1: incubation. 

 

In Figure 11, the second stage, aggressive foaming, is shown. The foaming is considered aggressive 

when the bubbles are generated at a varying rate and have an inhomogeneous size distribution. The 
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latter of these can clearly be seen in the figure. Drastic changes in foam height can also be observed in 

this stage.   

 

 
Figure 11. Stage 2: aggressive foaming. 

 

The third stage of the foaming, the homogeneous foaming, is shown in Figure 12. During the 

homogeneous foaming, the bubbles have a more homogeneous size distribution, in comparison with 

aggressive foaming. The generation rate is also more uniform in this stage. Generally, a much calmer 

foaming behaviour is observed.   

 

 
Figure 12. Stage 3: stable/homogenous foaming. 
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Figure 13 shows the last stage, where bubbles are generated, but no foaming occurs. The bubbles are 

found along the crucible wall, with an opening in the middle, where liquid slag can be observed. In 

addition to this, a decrease in generation rate and a less uniform size distribution of the bubbles is 

observed.  

 

 
Figure 13. Stage 4: bubble generation. 

 

 

4.3 Carbon contents 

In Table 5, the results from the experiments are presented. Stage 1 represents the incubation time, 

stage 2 the aggressive foaming time, stage 3 the stable or homogenous foaming time and stage 4 when 

bubbles, but no foam, is observed. The gas generation, abbreviated as gas gen., refers to the total time 

of the experiment when bubbles are observed in the crucible, lasting from the beginning of stage 2 

until no more bubbles are generated in the crucible, or when the experiment is terminated.  The use of 

the less-than sign denotes that the experiment was terminated before gas generation ceased. All values 

of the aforementioned parameters measured during the experiments are quantified in seconds, s. 
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Table 5. The parameters measured from the experiments. 

Exp. Composition 

[wt% C] 

Weight 

Fe [g] 

Weight 

slag [g] 

Stage 

1 [s] 

Stage 

2 [s] 

Stage 

 3 [s] 

Stage 

4 [s] 

Gas gen. 

[s] 

1 3.9 1,44 72 4 105 210 <360 <675 

2 3.9 1,44 72 4 50 85 550 685 

3 3.9 1,08 54 7 20 60 0 80 

4 3.9 0,72 72 5 40 50 <60 <150 

5 3.9 1,44 72 42 40 80 0 <720 

6 3.94 1,44 72 5 9 100 <480 <589 

7 1.86 1,44 72 3 6 0 <300 <306 

8 0.83 1,44 72 6 15 3 90 108 

9 0.318 1,44 72 8 12 10 30 52 

10 1.86 2,88 72 4 20 0 220 270 

 

From Table 5 it can be seen that experiment 3, with smaller amount of slag, as well as experiment 5, 

where one large particle was used, shows a deviation in behaviour, compared with the other 

experiments conducted. For these two experiments, no bubble or gas generation was observed 

following the homogeneous foaming. In addition to this, the results from experiment 5 also show a 

deviation in incubation time, along with a different foaming behaviour, namely a second and third 

foaming, lasting 16 and 11 seconds respectively. Results from experiment 10 also show a deviating 

behaviour, with a second foaming lasting for 30 seconds. The results from the second and third 

foaming have, however, been excluded from the table, since this behaviour is unique to these two 

samples and was not generally observed during the experiments.  

After the experiments were terminated, Fe particles were recovered from the slag. These were 

generally larger than those added during the experiments. Figure 14 shows iron particles found in the 

slags after experiments 1 and 5 respectively.  
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Figure 14. Iron particles from experiments 1 and 5 respectively, after terminated experiments. 
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5 Discussion  

5.1 Experimental method 

The purpose of this method was to study an important phenomenon in the EAF process, rather than to 

recreate the process itself. The method focuses only on the slag and the foaming generated solely 

through chemical reactions. Since the experiments were conducted in an open furnace, the 

opportunity to evaluate the foaming closely was introduced. Due to this, an overview of the entire 

process was obtained, from before the carbonaceous iron had been added to the crucible until after the 

gas generation had ceased. This, in turn, made it possible to look at the foaming from a different 

perspective and divide the foaming into stages and thus quantify the foaming in terms of time in 

relation to carbon contents. From an industrial point of view, this can be advantageous, since is 

indicates what kind of relation between slag and added carbon concentration that is required for a 

stable and homogeneous foam. The method also enabled a controlled initiation of the foaming. There 

are, however, considerable differences between the method used and the industrial EAF process, as 

well as the manner in which the foam is generated in both the cases [5, 9, 11]. The experimental 

method differs from the ones used in previous works as well [14, 17]. This makes comparison with 

results from previous research difficult.  

 

The foaming behaviour of experiments 1 and 2, which were performed under what was considered to 

be the same experimental conditions, may indicate that the experiments are hard to reproduce with 

the current setup. Despite the identical amounts of slag and Fe-C used, the results show a significant 

disparity. Conducting the experiments in a sealed environment would likely enable better control of 

the conditions and facilitate reproduction of the experiments.  

 

Looking at the analysis of the slags from experiments 1 and 2, an unexpectedly high amount of MgO 

had been dissolved into the slag. This caused a significant change in composition of the slag and 

therefore also its properties. Had the slag been saturated with MgO prior to the experiments, such a 

drastic change of composition would not have occurred. As is known, the composition of the slag in the 

EAF does not change significantly during the process [9]. The reason why this occurs in the crucible 

might be due to the lack of balance in injections, since the additions of C in form of Fe-C alloys was not 

compensated for through injections of O2.  

 

Some difficulties arose when the results were analysed, since the filter used for the camera resulted in 

colour shifting, making it difficult to detect when the transition to different foaming stages occurred. 

The same problem was encountered when trying to identify when the gas generation was terminated. 

Further difficulties of similar kind were encountered due to the autofocus in the camera, causing a 

blurry picture through parts of the experiments, especially when aggressive foaming suddenly 

occurred.  

 

5.2 Impact on foaming  

5.2.1 Incubation time and dependency of size 

When looking at the results from the experiments and the measured parameters, it can be seen that 

the incubation time for all samples, excluding number 5 where one large spherical particle was used, 

varies between 4 and 8 seconds. It can also be seen in the results from experiments 7-9 that the 

incubation time increases with decreasing carbon content. These differences are, however, small.  

 

For experiment 5, the addition of one large particle resulted in an incubation time approximately ten 

times larger than for the other experiments with the same carbon content, where small particles were 

used. This can be seen in Figure 15, where the incubation time for samples of different shapes is 

plotted. Worth noting is that the wt% C varies in an interval of 3.9-3.94. The variation in incubation 
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time is most likely due to the difference in radius and surface area. The shape-dependency does 

however seem to be limited, for the small particles.   

 

0

5

10

15

20

25

30

35

40

45
In

cu
b

at
io

n
 t

im
e

 [
s]

Spherical, small Cuboid Spherical, large

 

Figure 15. Variation of incubation time for different shapes. 

 

Larger pieces take longer time to melt, which may result in large variations in bath chemistry in the 

industrial processes [7]. This might explain the deviating foaming behaviour of experiment 5, since the 

particle used is very large in relation to the scale of the experiment.   

 

5.2.2 Dissolution of MgO 

In the phase diagram of the FeO-SiO2-CaO-MgO system, shown in Figure 16, the composition of slag 1 

after the experiment is marked. Looking at the angled horizontal saturation lines for MgO, it can be 

seen that a slag with this composition can dissolve approximately 13 wt% MgO. Results from the XRF 

analysis show that 13.4 wt% MgO had been dissolved into the slag. Consequently, the slag should be 

saturated with MgO. For the composition of slag 2, the dissolved amount of MgO that results in 

saturation is 12 wt%. However, results from the analysis show that the actual amount of dissolved MgO 

is larger than this, namely 14.8%. Saturation can result in precipitation of solid particles, which in turn 

contributes to a better foaming behaviour [17]. However, a large saturation results in the precipitation 

of a larger fraction of solid particles. The occurrence of this hinders the foaming [11], which may 

explain the difference in foaming behaviour between slags 1 and 2.   
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Figure 16. Phase diagram of the FeO-SiO2-CaO-MgO system [15]. 

 

In accordance with Figure 3, the compositions obtained for both slags after the experiments are more 

advantageous for foaming. However, the dissolution rate of MgO during the experiments is still 

unknown and therefore also the composition of the slags during the experiments.  

 

5.2.3 Gas generation 

In Figure 17 the total gas generation time versus carbon content is plotted. Each of the samples has the 

same slag weight and amount of added Fe-C, but varying wt% C. Note that some of the experiments 

were terminated before the gas generation had ceased, as explained in Table 5.  Thus, some of the 

values plotted are the minimum values. Despite this, a trend can be seen in the plotted values.  
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Figure 17. Total gas generation time versus carbon content. 

 

 

The gas generation time increases with increasing carbon content, a behaviour which is in line with 

expectations, since higher carbon content means that there is more C available to reduce FeO. 

However, additional experiments with different carbon contents must be conducted to obtain a more 

quantitative perception of how gas generation varies with carbon content.  

Lack of characteristic behaviour causes difficulty in analysing the other results, making it difficult to 

draw any qualitative conclusions. 

 

5.3 Environmental aspects 

Results from the experiments indicate that the foaming passes through different stages, which can be 

distinguished from each other with regard to their behaviour. This information, combined with 

information about contents in the Fe particles, enables analysis of the concentrations which for 

example contribute to lengthy stable foaming. Applying this knowledge to real processes may 

contribute to a reduction of waste, by optimising the amount of material used to generate foaming. As 

mentioned, the applicability of the obtained results is limited, since the foaming in the experiments is 

generated in a way that differs from that in the real processes, where foaming is generated both 

through reactions that occur in the bath when C is added, and through the addition of gaseous O2. It 

has however been stated that the chemical reaction, referring to the one initiated at the addition of C, 

is of greater importance for the foam and its stability [9]. Provided that this statement is correct, the 

results can contribute to a greater understanding of the foaming in real processes.  

If the foaming process can be optimised in this way, positive consequences such as prolonged service 

life of both refractories and electrodes will follow. This in turn means that less natural resources will be 

consumed. Furthermore, improved methods for small-scale experiments, in combination with various 

types of modelling, leads to a reduced amount of waste generated in an experimental stage.  



27 

 

6 Conclusions 

The experimental method made it possible to study foaming from a different perspective. This, in turn, 

enabled a division of the foaming into four different stages. Through this division, the results from 

foaming experiments can be used to evaluate the relation required between slag and added C to obtain 

a certain type of foaming. The method does, however, only focus on the foam generated through 

chemical reactions, which makes comparisons with real processes difficult.  

 

Particle size was found to have a large impact on incubation time during the experiments. A 

correlation could also be seen between carbon content and foaming time, where an increase in carbon 

content results in a lengthier foaming. However, an unexpectedly large dissolution of MgO into the 

slag, which resulted in a change in slag composition, as well as insufficient data made it difficult to 

draw any qualitative conclusions about the foaming.  
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7 Future work  

Experiments using a slag that is saturated with MgO should be conducted, to obtain information about 

the effect of MgO on the foaming. In addition to this, more experiments for every composition, as well 

as experiments with different compositions, with regard to carbon contents, should be performed to 

obtain average results.  This would facilitate the subsequent analysis and make trends easier to detect. 
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