
 

 

 

 

 

 

 

 

A Contribution to Modeling and Control of Dephosphorization in the 
Oxygen Steelmaking Process 

 
 
 
 
 

Von der Fakultät für Ingenieurwissenschaften,  

Abteilung Maschinenbau und Verfahrenstechnik  

der 

Universität Duisburg-Essen 

zur Erlangung des akademischen Grades 
 

einer 
 

Doktorin der Ingenieurwissenschaften 
 

Dr.-Ing. 
 
 

genehmigte Dissertation 
 
 
 

von 
 
 

Sabrine Khadhraoui 
aus 

Kairouan, Tunesien 
 
 
 
 

Gutachter: Univ.-Prof. Dr.-Ing. Rüdiger Deike 
      Univ.-Prof. Dr.-Ing. Karl-Heinz Spitzer 

 
 

Tag der mündlichen Prüfung: 16.02.2021 
 



 
 



ii 

Abstract  

Phosphorus has a detrimental effect on the quality of steel as it reduces its ductility 

and toughness. In order to ensure a good quality of the final product, the requirements 

for steel regarding the phosphorus content are very strict. Recently, it has been reported 

that the levels of phosphorus in iron ores are increasing due to a gradual shortage of low 

phosphorus iron ores. Thus, the phosphorus content of the hot metal charged into the 

BOF (Basic Oxygen Furnace) process will be increasing, which will sharpen the chal-

lenges associated with meeting the end phosphorus requirements. Steelmakers are 

therefore exploring the possibilities for refining high phosphorus iron ore and aim at de-

veloping solutions that ensure controlling the final phosphorus contents within the target 

range under those new circumstances. 

A detailed study of the thermodynamics of dephosphorization reaction at condi-

tions relevant for the BOF process is necessary in order to point out the potential as well 

as the limitations of phosphorus removal for different starting conditions and blowing strat-

egies. This is important for deriving the appropriate process solution, for example, in de-

ciding whether a single or a double slag treatment is required, or for the development of 

innovative process technologies and new control methods. 

Even though the quaternary system CaO-FeOx-SiO2-P2O5 is the fundamental 

oxide system for low and high phosphorus refining processes, its thermochemical 

behavior remains unclear. Instead, it is common practice to reduce this system to its ter-

nary sub-systems CaO-FeOx-SiO2 and CaO-FeOx-P2O5
 when studying the thermochem-

ical behavior of low and high phosphorus systems. However, the phase diagrams availa-

ble in the literature do not always cover the total temperature range of the industrial pro-

cess. In addition, the effect of the oxidation state of FeOx and that of minor oxides such 

as MgO or MnO on the phase boundaries of those ternary systems remains unclear. 

By means of carrying out extensive evaluations of the oxide systems relevant for 

both low and high phosphorus refining processes, this thesis aims at providing a deep 

understanding of the state of industrial slags in the composition, temperature, and p(O2) 

ranges relevant for the entire process. In addition, an assessment of the dephosphoriza-

tion potential of industrial slags under those conditions is provided. The extent of phos-

phorus removal from the metal phase is controlled by the dephosphorization potential of 

the slag phase, which is generally believed to be a strong function of the composition and 

temperature of the relevant oxide system.  
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A computational thermodynamics approach is used for the thermodynamic evalu-

ations carried out in the present work, which involves coupling the newly developed ther-

modynamic database BOFdePhos to the software package FactSage TM. The non-ideal 

associate solution model is used for the description of the Gibbs energy of the liquid 

phase and the Compound Energy Formalism (CEF) for the description of the Gibbs en-

ergy of the solid solution phases while the solid stoichiometric compounds are treated 

with simple temperature-dependent Gibbs energy functions. This approach has been se-

lected due to the fact that modeling approaches developed according to the CALPHAD 

(CALculation of PHAse Diagrams) method have a good capability for extrapolating from 

assessed binary and ternary sub-systems to higher-order systems. Thus, it is possible to 

generate new phase diagrams using experimental data from lower-order systems.  

The thermodynamic evaluation of the oxide system CaO-FeOx-SiO2-P2O5 and its 

ternary subsystems were carried out for the total composition, temperature, and p(O2) 

ranges relevant for the process. The results were used for the assessment of the state of 

industrial slags by means of the analysis of plant trial measurements. The assessments 

indicate that industrial slags are heterogeneous throughout the major part of the process 

and, in most cases, saturated with the solid C2S_C3P (2CaO.SiO2_3CaO.P2O5) phase. 

However, most phosphorus distribution approaches (Lp-approaches) reported in the lit-

erature were developed for purely liquid slags. Thus, a new Lp-approach has been de-

veloped in the present work, which considers the effect of the amount, type, and compo-

sition of the different slag phases. The type and amount of phases formed during the 

process are found to be highly sensitive to the composition, temperature, and oxidation 

state of FeOx. The risk involved with simplifying the oxide system to its main components, 

as well as with the non-consideration of the effect of p(O2) is underlined in this work.  

This work demonstrates how new methods and strategies for enhancing 

dephosphorization control can be developed based on a combination of thermodynamic, 

experimental, and industrial evaluations. Those methods include an implementation con-

cept for the thermodynamic database into dynamic models, the specification of a new 

target slag region for achieving optimal dephosphorization results, as well as the devel-

opment of a new BOF method for ensuring a flexible, yet accurate, control of the slag 

composition towards the target region.  
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Kurzfassung 

Phosphor wirkt sich nachteilig auf die Qualität des Stahls aus, da es seine Duktilität 

und Zähigkeit verringert. Um eine gute Qualität des Endprodukts zu gewährleisten, sind 

die Anforderungen an Stahl hinsichtlich des Phosphorgehalts sehr streng. In letzter Zeit 

wurde berichtet, dass die Phosphorgehalte in Eisenerzen aufgrund eines langsam wach-

senden Mangels an Eisenerzen mit niedrigem Phosphorgehalt zunehmen. Der P-Gehalt 

des in den BOF (Basic Oxygen Furnace) -Prozess eingefüllten Roheisens wird daher 

zunehmen, was die Herausforderung, die Anforderung an den Endphosphorgehalt zu er-

füllen, verschärfen wird. Die Stahlhersteller untersuchen daher die Möglichkeiten zur Raf-

fination von Eisenerz mit hohem P-Gehalt und sind bestrebt, Lösungen zu entwickeln, die 

unter diesen neuen Umständen einen Endphosphorgehalt innerhalb des Zielbereichs ge-

währleisten. 

Eine detaillierte Untersuchung der Thermodynamik der Entphosphorungsreaktion 

unter für den BOF-Prozess relevanten Bedingungen ist erforderlich, um das Potenzial 

und die Grenzen der Phosphorentfernung für verschiedene Startbedingungen und 

Blasstrategien aufzuzeigen. Dies ist wichtig, um die geeignete Prozesslösung abzuleiten, 

z.B. um zu entscheiden, ob eine Einzel- oder eine Doppelschlackenbehandlung erforder-

lich ist, oder um innovative Prozesstechnologien und neue Steuerungsmethoden zu ent-

wickeln. 

Obwohl das quaternäre Oxidsystem CaO-FeOx-SiO2-P2O5 das grundlegende 

Oxidsystem für den BOF-Prozess ist, bleibt sein thermochemisches Verhalten unklar. 

Daher ist es üblich, dieses System auf seine ternären Komponenten zu reduzieren. Diese 

Phasendiagramme decken jedoch nicht immer den gesamten Temperaturschwankungs-

bereich für den industriellen Prozess ab. Darüber hinaus bleibt die Auswirkung der Oxi-

dationsstufe von FeOx und der von Nebenoxiden auf die Phasengrenzen dieser ternären 

Systeme unklar. 

Ziel dieser Arbeit ist es, anhand umfassender Auswertungen der Oxidsysteme, die 

für Raffinationsprozesse mit niedrigem und hohem Phosphorgehalt relevant sind, ein tie-

fes Verständnis des Zustands industrieller Schlacken in den für den gesamten Prozess-

verlauf relevanten Bereichen von Zusammensetzung, Temperatur und Oxidationsstufe 

von FeOx zu vermitteln. Weiterhin wird eine Bewertung des Entphosphorungspotentials 

von Industrieschlacken unter diesen Bedingungen vorgenommen.  
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Für die in der vorliegenden Arbeit durchgeführten thermodynamischen Auswertun-

gen wird ein rechnergestützter Thermodynamikansatz verwendet, bei dem eine neu ent-

wickelte thermodynamische Datenbank mit dem Softwarepaket FactSageTM gekoppelt 

wird. Das nicht-ideale assoziierte Lösungsmodell wird zur Beschreibung der Gibbs-Ener-

gie der flüssigen Phase und der Compound Energy Formalism (CEF) zur Beschreibung 

der Gibbs-Energie der festen Phase verwendet. Dieser Ansatz wurde aufgrund der Tat-

sache ausgewählt, dass Modellierungsansätze, die nach der CALPHAD-Methode (CAL-

culation of PHAse Diagrams) entwickelt wurden, eine gute Fähigkeit zur Extrapolation 

von bewerteten binären Teilsystemen auf Systeme ternärer und höherer Ordnung auf-

weisen. Somit ist es möglich, mit experimentellen Daten aus Systemen niedrigerer Ord-

nung völlig neue Phasendiagramme zu erstellen. 

Die thermodynamische Bewertung des Oxidsystems CaO-FeOx-SiO2-P2O5 und 

seiner ternären Teilsysteme erfolgt über die für die gesamte Prozessdauer relevanten 

Bereiche von Gesamtzusammensetzung, Temperatur und Oxidationsstufe von FeOx. Die 

thermodynamischen Auswertungen werden zur Beurteilung des Zustands von Industrie-

schlacken mittels Analyse von Messungen aus Anlagenversuchen und industriellen Be-

obachtungen herangezogen. Die Ergebnisse zeigen, dass industrielle Schlacken wäh-

rend eines Großteils des Prozesses heterogen und in den meisten Fällen mit fester 

2CaO.SiO2-3CaO.P2O5 –Phase gesättigt sind. Die meisten in der Literatur beschriebenen 

Ansätze zur Ermittlung des P-Verschlackungsverhältnis (Lp-Ansätze) wurden jedoch für 

flüssige Schlacken entwickelt. In der vorliegenden Arbeit wird daher ein neuer Lp-Ansatz 

entwickelt, der die Auswirkung von Menge, Art und Zusammensetzung der verschiede-

nen Schlackenphasen berücksichtigt. Die Art und Menge der gebildeten Phasen reagiert 

sehr empfindlich auf Änderungen von Zusammensetzung, Temperatur und Oxidations-

stufe von FeOx.  

Diese Arbeit zeigt, wie neue Methoden und Strategien zur effizienteren Entphos-

phorung auf der Grundlage einer Kombination aus thermodynamischen, experimentellen 

und industriellen Bewertungen entwickelt werden können. Diese Methoden beinhalten 

ein Konzept für die Implementierung der thermodynamischen Datenbank in dynamische 

Modelle, die Spezifikation einer neuen Zielschlackenzone zur Erzielung optimaler Ent-

phosphorungsergebnisse sowie die Entwicklung einer neuen BOF-Methode zur Gewähr-

leistung einer flexiblen und dennoch genauen Steuerung der Schlackenzusammenset-

zung in Richtung der Zielregion. 
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1 Introduction 1 

 

 

1 Introduction 

Iron is considered as the most widely used, multi-functional and adaptable natural ma-

terial found on earth. Steel has historically been central to modern economies, synon-

ymous with growth and progress. The reconciliation of Europe after World War II was 

built on unified coal and steel industries. More recently, the fundamental link between 

steel and development has been manifested in the enormous increase in production 

capacity and output in China and, on a smaller scale, in other emerging markets, 

matching ambitious economic development goals.[1] 

The total production of crude steel worldwide has increased by about 35% within the 

last decade, reaching an amount of 1.808 million tonnes in 2018 [2]. The production of 

steel is dominated by two production routes: The electrical steelmaking route and the 

oxygen steelmaking route. Even though the share of the electrical steelmaking route 

has been increasing steadily for the last 30 years, the oxygen steelmaking route re-

mains the dominant production route, accounting for 70% of total worldwide steel pro-

duction in 2018.[2] 

1.1 Oxygen steelmaking route 

 “Oxygen steelmaking” is a generic name given to those processes in which gaseous 

oxygen is used as the primary agent for autothermic heat generation resulting from 

oxidation reactions.[3] The “electrical” steelmaking processes use electricity and, thus 

an external energy source as the main source of heat.  

Figure 1 shows the sequence of processes making up the oxygen steelmaking route, 

starting with the blast furnace where the iron ore is reduced to a carbon-rich liquid hot 

metal. In the majority of steel plants, sulfur is removed afterward in a “desulphurization” 

station, but it is also possible that the hot metal is sent directly to the “converter” station 

without prior desulphurization. In the “converter” station, the carbon-rich liquid hot 

metal is “converted” to a low-carbon liquid steel by means of oxygen blow, which ex-

plains why this process is known as the “converter” process. Further major purposes 

of this process are the reduction of the content of major elements such as silicon and 

manganese as well as that of impurities such as phosphorus, and to raise the final 

temperature of the liquid metal to a target value. 
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Figure 1: Overview of the sequence of processes during the Oxygen Steelmaking route. 

The first commercial operation of steelmaking with a “converter” occurred in the early 

1950s at Linz and Donawitz (Austria),[4] where oxygen was blown at supersonic speed 

onto the melt surface. This manner of steelmaking became known as the Linz-Dona-

witz or LD process. However, different names for this process are used in different 

regions:  

- In many European steel plants, the process is still called LD  

- in the UK, the process is called the BOS process (Basic Oxygen Steelmaking) 

- In the United States of America, Canada, and the Far East, the process is called 

BOF (Basic Oxygen Furnace). 

In practice, these annotations refer to the same process, which is the top blown variety 

of the converter process. A bottom blown variety of the process, noted as the OBM 

process (Oxygen Bottom Maxhütte), was successfully commercialized in the late 

1960s by Maxhütte (Germany). The present work focuses on the top blown converter, 
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which is the most widespread variety and will be further designated as the BOF pro-

cess. 

Today, the BOF process is typically provided with additional bottom stirring facilities, 

through which inert gas is blown in order to enhance the mixing conditions. In such a 

case, the process is called the “combined blowing” BOF process. A typical converter 

produces a 200-300 tonnes heat, the time of one blow is about 15-20 minutes and the 

tap-to-tap time (between 2 heats) is in the range of 30-40 minutes.[5] 

1.2 Importance, challenges, and potential of phosphorus removal 

1.2.1 The phosphorus problem in steel 

Phosphorus has a detrimental effect on the quality of steel as it reduces its ductility 

and toughness. This is because as steel solidifies from the outside in, phosphorus 

impurities are transported to the center and to grain boundaries, forming brittle cores 

of high phosphorus concentration in the product.[6] 

The requirements for steel regarding the phosphorus content are very strict. This is 

especially the case for products that require uniform deformability, such as thin 

sheets, automobile exteriors, and deep drawn components, pipelines for transporta-

tion of natural gas, and petroleum products.[6, 7] 

In the oxygen steelmaking route, phosphorus is introduced to the blast furnace through 

the charged coke, iron ore, and flux in the form of P2O5, 3CaO.P2O5, and 3FeO.P2O5.[8] 

In the blast furnace, P2O5 is released from the slag phase as gas. The P2O5 gas is 

then reduced by carbon when it passes through the coke layers. The reduction of P2O5 

is almost complete by the end of the blast furnace process, and the reduced phospho-

rus is almost entirely dissolved in the liquid iron. In summary, it can be said that more 

than 90% of the phosphorus that enters the blast furnace is found later in the hot metal, 

which is then charged into the BOF process (Figure 1). The rest (10%) is either lost to 

the slag or to the flue gas or is absorbed in the refractory linings.[9] 

 In general, a final phosphorus content in the range of 0.015-0.06 wt% is required.[10] 

in liquid steel. For some steel markets, such as those in Europe, Japan, and Korea, 

more than 50% of the steel sold requires a phosphorus content of less than 0.03 

wt%.[11] Figure 2 shows the phosphorus concentration ranges in iron ores mined in 
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different regions. In Europe, the majority of processed iron ores are imported from 

Brazil, Canada, and Australia, which results in a phosphorus content between 0.06 

and 0.09 wt% in the hot metal.[12] 

 

Figure 2:  Phosphorus concentration in iron ore in different geographical regions, reprinted 

with permission from Ref. [13] 

It can be seen that while iron ores originating from Russia and China may occasionally 

contain phosphorus with a content higher than 0.1 wt%, this is the standard case for 

Japanese iron ores. When the initial phosphorus content of the liquid hot metal is 

higher than 0.1 wt%, achieving the given phosphorus targets becomes very challeng-

ing during a standard BOF operation. This is why Japanese BOF practice is different 

from that in Europe: Since the 1980s, almost all Japanese steel plants have imple-

mented a double slag process[14, 15]. In Japanese steel plants (and also in some Chi-

nese and Korean plants) phosphorus removal is carried out in a separate step prior to 

the BOF process, (denoted as “hot metal dephosphorization”) as part of the “hot metal 

pre-treatment” process.[14, 16-19]This procedure is carried out either in a torpedo car or 

in a separate BOF vessel, and the phosphorus content of the tapped hot metal is within 

the typical range of that in the hot metal produced in European steelworks. Afterward, 

the low-phosphorus hot metal is charged into a typical BOF furnace and the refining 

procedure is carried out in a similar manner to the typical BOF operation. The second 

refining step is denoted as the “decarburization step”. More recently, methods to 
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dephosphorize and decarburize the hot metal continuously in the same BOF furnace 

were successfully implemented in many Japanese steelworks, but an intermediate de-

slagging following the dephosphorization step remains necessary.[18-20] 

1.2.2 On the expected increase in phosphorus content and its conse-

quences 

Based on the introduction of the phosphorus problem described in section 1.2.1, it can 

be concluded that the challenges with respect to using high phosphorus iron ores are 

limited to specific regions, especially Japan, which have accordingly adopted special 

refining technologies. Thus, it may seem that European steel plants are in a comfort-

able situation with respect to the initial phosphorus input in the converter. However, 

recently, a gradual shortage of high-grade raw materials has been reported, which has 

resulted in an increase in its price.[6] To cover the shortage of high-grade iron ores, 

low-grade iron ores, which are typically high in phosphorus, will have to be mined and 

used in the future.[17, 21] The reserves of high-phosphorus iron ores are plentiful all over 

the world. Some examples are listed below: 

- China has up to 7.45 billion tons of high phosphorus iron ore reserves, 

accounting for above 10% of the national iron ore resource reserves.[21] 

- More than 80% of Western Australian iron ore contains an average of 0.15 wt% 

P.[17] 

Steelworkers have responded to the shortage by exploring the possibilities of refining 

lower-priced high phosphorus iron ores. As a result, the levels of phosphorus in the 

BOF process are increasing gradually in many regions.[6, 11, 12, 22-25] This is well-illus-

trated in Figure 3, which shows the increasing trend for a higher phosphorus content 

in hot metal reported by HYUNDAISTEEL.[25] It can be seen that the average phos-

phorus content has increased by 24% over the last 8 years.  
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Figure 3:  Evolution of initial phosphorus content in hot metal in HYUNDAISTEEL plants 

within the last decade, reproduced based on the data of Lee et al. [25] 

Table 1 shows the mining trend for low and high phosphorus iron ore in a Brazilian 

mine, as reported by Kitamura et al. [17] It can be seen that the mining of the low-grade 

iron ore began in the year 2000. The high phosphorus iron ore has now replaced the 

low phosphorus iron ore as the major mining product. Therefore, the concentration of 

phosphorus in iron ore is expected to rise steadily, and European steel plants will have 

to deal with rising phosphorus content in the near future since they mainly import Bra-

zilian, Australian and Canadian iron ores. 

Table 1:  Mining trends of high and low phosphorus iron ore deposit in the Brockman mine 

in Brasil.[17, 26] 

 

Recently a large number of studies were carried out to assess the consequences of 

this new trend on the BOF operation. Kitamura et al.[17] suggested that it may become 
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necessary in some regions to replace the standard BOF operation by a double slag 

practice, which is typically applied in Japanese steelworks as a result of the increasing 

phosphorus levels.   

A further motivation to explore the possibility of using high phosphorus iron ores is the 

fact that the resulting slag, high in phosphorus, may be used as a source of phospho-

rus. Phosphorus is a problematic element for steelworks, but it is an essential and 

irreplaceable element for life [27]. Phosphorus plays a significant role, for example, as 

an important element in fertilizers.[28] So far, the growing production of phosphorus is 

mainly based on the processing of non-renewable phosphate ores, often extracted in 

regions of political instability.[27, 29] Thus, alternative phosphorus sources are being 

studied and explored.  

In addition, phosphate mining and refining have severe negative environmental side 

effects, which makes the recycling of phosphorus from every suitable phosphorus-

containing waste inevitable and desirable in the near future.[29] In this context, the sep-

aration of phosphorus from BOF slags is considered a potentially sustainable source 

of phosphate and has recently been subject to a large number of studies.[21, 30-35] Fur-

thermore, when a hot metal with a phosphorus content of about 0.15 wt% is refined, 

the resulting slag will contain a P2O5 content higher than 10 wt% and can thus be used 

directly as a fertilizer.[36-38] 

In conclusion, it can be stated that the successful refining of hot metal containing high 

phosphorus levels would be advantageous from both economic and ecological per-

spectives. At the same time, the restrictions on the final phosphorus content in steel 

should be maintained in order to ensure the high quality of the finished steel. Thus, it 

is necessary to derive efficient phosphorus control strategies for refining high phos-

phorus hot metal in the BOF process. For this purpose, the dephosphorization reaction 

in the high phosphorus range should be studied in detail at conditions relevant to the 

BOF process. 
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2 State of knowledge on the thermodynamics of dephosphorization 

reaction 

2.1 The BOF process: Overview of the main reaction zones and phases 

During the BOF process, oxygen gas is blown at supersonic speed onto the liquid 

metal surface. The resulting reactions between the supplied oxygen gas and the ele-

ments take place in several zones and involve a large number of phases. Those 

phases can be classified into 4 different categories: 

- A liquid metal phase: The high-carbon liquid metal charged into the furnace 

reacts with the blown oxygen gas, resulting in a modification of its composition 

and temperature throughout the blow: The content of carbon and impurities (Si, 

Mn, P,…) decrease while the temperature increases gradually due to the 

exothermic nature of the oxidation reactions. 

- A liquid oxide phase containing FeO, CaO, SiO2, MgO, MnO, and many other 

minor oxides: This phase is denoted as “liquid slag” in the present work. The 

formation of a liquid slag results mainly from the Fe-oxidation to FeO as well as 

from the oxidation of further elements dissolved in the metal, such as Si, Mn, 

and P. The addition of slag formers during the BOF operation, such as lime 

(CaO) and occasionally MgO as dolomite, is a general practice for steelworks 

and is essential for the formation of a reactive liquid slag. 

- A large number of solid oxides: The solid oxides precipitate out of the liquid slag 

when their saturation limit is exceeded. Examples are a variety of calcium 

silicates such as 2CaO.SiO2, 3CaO.SiO2. In addition, the charged CaO and 

MgO (slag formers) require a long dissolution time throughout the blow. Thus, 

parts of undissolved lime and magnesia are present during a major part of the 

blowing process and are considered as solid oxide phases in the present work. 

- A gas phase containing mainly CO and to a lesser extent CO2, which represents 

the products of the main refining reaction in the converter: The carbon oxidation 

reaction.  

In the present work, both types of oxide phases, that is the liquid and the solid oxide 

phases, are considered to form the so-called “slag phase”. The liquid oxide phase 
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constitutes the liquid slag part, and the solid oxides constitute the solid part of the slag 

phase.  

A schematic representation of the main reaction zones in the BOF process is provided 

in Figure 4. Once the oxygen blow starts, the slag phase is formed rapidly as the 

oxidation of the elements dissolved in the liquid metal proceeds at a high rate. This is 

especially the case for the formation of the FeO oxide. Once lime is charged into the 

furnace, which usually occurs within the first minutes after the blowing starts, the slag 

amount increases considerably. Due to its lower density, it floats above the metallic 

bath.  

The strong impact of the supersonic oxygen jet induces a depression on the surface 

of the liquid metallic bath, which takes the shape of a cavity. This zone is denoted as 

the “hot spot” as it is characterized by a very high temperature, which has been re-

ported to lie in the range of 2000-2500°C [39, 40]. The “hot spot” zone is considered as 

part of the primary reaction zone (I), because the oxygen reacts directly in the form of 

O2 gas with the elements dissolved in the liquid metal to form a FeO-rich slag phase, 

a liquid metal phase, and a gas phase. The “metal bath”, which is situated directly 

underneath the “hot spot”, is also considered as a further primary reaction zone (I) in 

the present work. In the metal bath zone, the oxygen reacts directly in elementary 

form, albeit as dissolved [O], with further elements dissolved in the liquid metal phase, 

which results in the formation of metal and oxide phases as reaction products and, 

when reacting with dissolved carbon, also in the formation of a gas phase. 

A further consequence of the high impact of the supersonic jet on the liquid metal 

surface is that a substantial number of metal droplets are torn from the cavity and are 

ejected to the above situated “slag zone” as a result of the shearing action of the gas 

flow from the impact region when the gases are deflected upwards. This phenomenon 

is known as “splashing”, and has been studied intensively in the literature from both a 

computational and an experimental perspective.[41-48] Splashing is largely believed to 

be responsible for the high amount of metallic droplets residing in the slag as well as 

for the ejection of materials from the vessel. The ejected metallic droplets, which end 

up in the slag react with the surrounding slag parts in a way that an oxygen exchange 

takes place, in the form of the oxidation or reduction of elements, depending on the 

dominant thermodynamic conditions. When decarburization of the metallic droplets 
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takes place, CO gas bubbles are generated. The mixture of the slag phase, the me-

tallic droplets residing in it and the entrained gas bubbles is designated as “the emul-

sion” zone.  

 

Figure 4: Schematic representation of the main reaction zones and the involved phases 

in a combined-blown BOF process 

The ejected metallic droplets fall back to the “Bath” zone after residing in the slag for 

a specific duration due to their higher density compared to the density of the entraining 

slag. The droplets are refined during their trajectory through the “Emulsion” zone, and 

the composition of the metallic bath changes accordingly upon their return. The resi-

dence time of the metallic droplets in the “Emulsion” was reported as high, especially 

when the slag is foamy, and is largely considered as sufficient for the achievement of 

chemical equilibrium prior to their return to the “Bath” [49-54]. The refining reactions be-

tween the metallic droplets and the slag occur at the interface, and the sum of all 

interfacial reaction areas is called the “metal-slag-interface (1)” which constitutes a 

major part of the secondary reaction zone (II). A schematic representation of this re-

action zone is shown in Figure 4. The contribution of the “metal-slag-interface (1)” to 
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the progress and extent of refining reactions in the BOF process has been subject to 

many studies in the literature [13, 50, 53, 55-59].All of those works agree that this reaction 

zone plays a major role in the refining reactions, especially with regard to phosphorus, 

carbon, and manganese removal. Some works considered this zone as the most im-

portant reaction zone during the BOF process.[50, 55] 

Finally, it can be seen from Figure 4 that parts of the surface of the metallic bath, 

especially those close to the refractory wall, are constantly in direct contact with the 

slag phase floating above it. Those sites constitute further reaction sites between the 

metal and the slag phase. This zone is denoted as the “metal-slag-interface (2)” in the 

present work. It is generally believed that the metal-slag interfacial area in this zone is 

much smaller than that between the metallic droplets and the slag, i.e., that of the 

“metal-slag-interface (2)”. Thus, it is generally considered that the contribution of the 

“metal-slag-interface (2)” to the refining reactions is very small or even insignificant.[52, 

53, 56, 60] In the present work, both zones, “metal-slag-interface (1) and “metal-slag-in-

terface (2), are considered to constitute the “metal-slag-interface” zone.  

2.2 Fundamentals of the phosphorus oxidation reaction 

Phosphorus is removed from liquid metal by oxidation. The state of equilibrium of the 

phosphorus reaction between slag and liquid iron has been described and formulated 

in a variety of ways since the 1940s. Early formulations assumed a molecular nature 

of phosphorus content in the slag:[4] 

 

 
2[𝑃]  +  5 [𝑂]  (𝑃2𝑂5) (1) 

 

The following description of the reaction constant of (1) was proposed by Turk-

dogan:[61] 

 

 

𝑙𝑜𝑔(𝐾𝑝1) =  
43480

𝑇
− 33.0 (2) 
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Examples of further molecular expressions which were used to describe the phospho-

rus reaction are given by equation (3), (4) and (5):[62] 

 

2 [𝑃] +  5 (𝐹𝑒𝑂) (𝑃2𝑂5) + 5[𝐹𝑒] 
(3) 

 

 
2 [𝑃] + 3 (𝐶𝑎𝑂) +  5 (𝐹𝑒𝑂)  3𝐶𝑎𝑂. 𝑃2𝑂5 + 5[𝐹𝑒] 

(4) 

 

 
2 [𝑃] + 4 (𝐶𝑎𝑂) +  5 (𝐹𝑒𝑂)  4𝐶𝑎𝑂. 𝑃2𝑂5 + 5[𝐹𝑒] 

(5) 

 

The following description of the equilibrium constant of equation (3) was proposed by 

Winkler et al. [63]: 

 

 
𝑙𝑜𝑔(𝐾𝑝3) =  

71667

𝑇
− 28.73 

(6) 

 

The correct formulation of the phosphorus reaction was first introduced in the late 

1960s, as it was realized that phosphorus exists in the slag as a phosphorus pentoxide 

ion. Phosphorus oxidation requires thus an ionic exchange between the metal and 

slag phases following the reaction:[60] 

 

 
[𝑃]  +

5

2
[𝑂] +

3

2
(𝑂2−) (𝑃𝑂4

3−) 
(7) 

 

It can be seen from the formulation in (7) that oxygen is required from both the metal 

and the slag phase in order to remove phosphorus from the metal phase, which implies 

the necessity of a metal-slag-interface for this reaction to occur. Thus, it is not possible 

for dephosphorization to take place in the “Bath” (primary reaction zone (I) in Figure 

4), contrary to the carbon, silicon, and manganese removal due to the absence of a 

metal-slag-interface in this zone. Dephosphorization takes place, however, in the 

“Emulsion” (secondary reaction zone (II) in Figure 4) at the interface between ejected 

metallic droplets and the slag (metal-slag-interface (1) in Figure 4) as well as at the 

interface between the bath surface and the slag phase floating above it (metal-slag-

interface (2) in Figure 4). 
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The reaction constant corresponding to (7) can be thus formulated as: 

 

 
𝐾𝑝7=

𝑎(𝑃𝑂4
3−)

[ 𝑎(𝑂2−)]
3
2∙𝑎[𝑂]

5
2∙𝑎[𝑃]

 (8) 

 

Based on the description of the phosphorus equilibrium reaction, given by (7) and the 

description of the reaction constant, given by (8), it can be concluded that dephospho-

rization is promoted by:  

1. A high oxygen activity a[O] in the metal phase, which is a strong function of the 

FeO-activity of the slag.[64] Alternatively, the term a[O] can be substituted by the 

partial pressure of oxygen in the gas phase p(O2), which is in equilibrium with 

the metal, termed largely as the “oxygen potential”. This explains the necessity 

of oxidizing conditions and, more specifically, the presence of FeO in the slag 

for dephosphorization to occur. 

2. A high activity of free oxygen ions, a(O2-), in the slag which is known to be a 

strong function of the slag basicity. For this purpose, CaO addition is a common 

practice in the BOF process in order to increase the basicity of the slag and 

promote phosphorus removal. The effect of basicity on the dephosphorization 

reaction is further included in the term a(PO4
3-), which denotes the activity 

coefficient of the phosphate ion in the slag: a(PO4
3-) decreases with an increase 

in basicity.[5] This explains the strong ability of highly basic slags to bind 

phosphorus. 

In addition, phosphorus oxidation is known to be highly sensitive to temperature as it 

is favored by a decrease in temperature. This can be explained by the high value of 

the coefficient for the 1/T term in equation (2) and equation (6). 

2.3 Characterization of the dephosphorization potential of BOF slags 

For the evaluation of the dephosphorization potential of BOF slags, the term phos-

phate capacity 𝐶𝑃𝑂4
3−, given by equation (10), has been developed based on the for-

mulation of the phosphorus oxidation reaction according to (9): 

 

 

1

2
𝑃2  +

5

4
𝑂2 +

3

2
(𝑂2−) (𝑃𝑂4

3−) (9) 
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𝐶𝑃𝑂4
3−=

𝑎(𝑃𝑂4
3−)

𝑝𝑃2

1
2⁄

∙ 𝑝𝑂2

5
4⁄

=  𝐾𝑝9 ∙ 𝑎(𝑂2−)
3

2⁄  (10) 

 

In equation (10), the terms pO2 and pP2 denote the partial pressure of oxygen and 

phosphorus respectively, while Kp9 denotes the reaction constant of the dephospho-

rization reaction according to the formulation presented by equation (9). 

The phosphate capacity is considered as a measure of the dephosphorization ability 

of a slag under a given oxygen potential and is related to the activity of the oxygen ion 

in the slag.[62] The phosphate capacity has been subject to extensive experimental 

investigations and accordingly, a large number of formulations were developed for nu-

merous slags and at different temperatures.[65-68] However, due to its complex descrip-

tion, there is a preference for using simpler descriptions of the phosphate capacity in 

the literature, but they can all be shown to be related to equation (10).[62] The most 

widely used expressions for phosphate capacity in the literature are shown in equation 

(11) and equation (12). 

 

 
𝐾𝑃𝑂 =

(%𝑃)

[%𝑃]
[%𝑂] −5

2⁄  (11) 

 

 
𝐾𝑃𝑂 =

(%𝑃)

[%𝑃]
(%𝐹𝑒𝑂)

−5
2⁄  (12) 

 

It can be seen from (11) and (12) that the phosphorus capacity KPO is expressed as 

the product of the phosphorus distribution ratio between the slag and the metal, 

(%P)/[%P], further denoted as Lp, and a term that describes the oxygen potential at 

the metal-slag interface, which is given either by the oxygen potential of the metal (the 

term [O]) or the oxygen potential of the slag (the term (%FeO)).  

Since the 1930s, extensive experimental studies of metal-slag-equilibria relevant to 

dephosphorization reaction were made. The purpose was to quantify the phosphorus 

holding capacity of slags in the form of simplified empirical relations based on regres-

sion fitting of measured equilibrium data, which can be used directly for the assess-

ment, prediction, and control of the extent of dephosphorization in the industrial pro-

cess. As a result, a large number of formulations of the phosphorus capacity KPO 
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and/or Lp-relations were derived.[18, 63, 69-85] Some examples of the commonly used Lp-

equations in the literature are presented in Table 2. An overview of a large number of 

laboratory-based Lp-relations and their validity ranges can be found in the work of 

Chen et al.[86] 

Table 2:  Examples of commonly used Lp-relations, which were developed based on fitting 

experimentally established equilibrium data 

Authors Relations developed based on fitting experimental data 

Healy [74] 𝑙𝑜𝑔(𝐿𝑝) =
22350

𝑇
+ 2.5 𝑙𝑜𝑔(%𝐹𝑒𝑡) + 0.08(%𝐶𝑎𝑂) − 16 

Suito et al. [77] 
𝑙𝑜𝑔(𝐿𝑝) =

11570

𝑇
+ 2.5 𝑙𝑜𝑔(%𝐹𝑒𝑡)

+ 0.072[(%𝐶𝑎𝑂) +  0.3(%𝑀𝑔𝑂) + 0.6(%𝑃2𝑂5)

+ 0.6(%𝑀𝑛𝑂)] − 10.52 

Turkdogan [61] 
𝑙𝑜𝑔(𝐿𝑝) =

21740

𝑇
  –  9.87 +  0.071 ∗  ((%𝐶𝑎𝑂) +  0.3 (%𝑀𝑔𝑂))

+  2.5 𝑙𝑜𝑔(%𝐹𝑒𝑡) 

Ogawa [18] 𝑙𝑜𝑔(𝐿𝑝) = 2.5 𝑙𝑜𝑔(%𝐹𝑒𝑡) + 0.0715((%𝐶𝑎𝑂) + 0.25 (%𝑀𝑔𝑂)) +
7710.2

𝑇

+ ( 
105.1

𝑇
+ 0.0723) [%𝐶] − 8.55 

Schürmann et 
al. [81] 

𝑙𝑜𝑔(𝐿𝑝) =
23306

𝑇
+ 2.5 𝑙𝑜𝑔(%𝐹𝑒𝑡) + (0.06404 −

267.8

𝑇
) (%𝐹𝑒𝑡)

− (0.0005347 −
1.959

𝑇
) (%𝐹𝑒𝑡)2

+ (16.09 −
32941

𝑇
) [%𝑀𝑛] − 11.8 

It can be seen from Table 2 that there is general agreement that the dephosphorization 

potential of slags decreases with temperature but increases with the basicity in terms 

of (%CaO) and sometimes also of (%MgO), as well as with the FeO-content of the 

slag. Schürmann et al.[81] did not include the effect of CaO in their equation due to the 

fact that the experiments were conducted for lime saturated slags. Also, their results 

indicated that [%Mn] has a strong effect on Lp. This can be explained by the fact that 
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manganese distribution, defined as the ratio (%MnO)/[Mn], is a strong function of the 

FeO content of the slag as well as of the temperature.[56, 87-89] As a result, [Mn] can be 

considered to be strongly correlated with the dephosphorization potential of slags. 

The description of the equilibrium state of the dephosphorization reaction in the form 

of empirical KPO or Lp-relations has found a wide application in dephosphorization 

modeling and control of the BOF process. Even though the general trends have been 

in agreement with the experimental behavior, the direct application of laboratory-based 

Lp-relations to model the dephosphorization behavior in the industrial process gener-

ated poor results [24, 90-92]. It was found necessary to modify the laboratory relations by 

the introduction of regression fitting parameters. This is generally attributed to the fact 

that laboratory Lp-relations (see examples in Table 2) were developed using equilib-

rium data while in the industrial process, the equilibrium state for the dephosphoriza-

tion reaction is usually not achieved due to kinetic restrictions. Examples of industrial 

Lp-relations reported in the literature are presented in Table 3. 

Table 3: Examples of industrial Lp-relations developed based on fitting plant trials data 

Steel plant Developed relation based on fitting industrial data 

Chukwulebe [93] 
𝑙𝑜𝑔(𝐿𝑝) = −0.00218 ∙ 𝑇 +  0.00382 ∙ (%𝐹𝑒𝑂) +0.0228

(%𝐶𝑎𝑂)

(%𝑆𝑖𝑂2)
− 0.0029 ∗ (%𝑀𝑔𝑂) − 1.010[%𝐶] + 5.41 

Tata Steel, 2007 [12] 𝑙𝑜𝑔(𝐿𝑝) =
20254

𝑇
+ 0.3638 ∙ 𝑙𝑜𝑔 (%𝐹𝑒𝑂) − 0.0499(%𝑀𝑔𝑂) − 6.299 

A large number of 
data from different 
steelworks [24] 

𝑙𝑜𝑔(𝐿𝑝) =
13536.1

𝑇
− 0.009 ∙ log (%𝐹𝑒𝑡) + 0.242 ∙ 𝑙𝑜𝑔 [

(%𝐶𝑎𝑂)

(%𝑆𝑖𝑂2)
]

− 1.010[%𝐶] − 5.235 

Tata Steel, 2013 [91] 

𝑙𝑜𝑔(𝐿𝑝) =
7688

𝑇
+ 0.042 (%𝐶𝑎𝑂) + 1.405 ∙ 𝑙𝑜𝑔(%𝐹𝑒𝑡)

+ 0.0156(%𝑀𝑔𝑂) + 0.0092
(%𝑀𝑛𝑂)

[%𝑀𝑛]
− 6.2 

It can be seen from Table 3 that, in agreement with the experimentally established Lp-

behavior, the temperature, the oxygen potential (expressed in terms of (%FeO), [%O] 

or [%C]) and the CaO-content of the slag are the main factors controlling dephospho-
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rization. In many cases, it proved more suitable to describe Lp-behavior in the indus-

trial process using the term (%CaO)/(%SiO2), referred to as slag basicity, than using 

the (%CaO) content of the slag.[93] A major point of disagreement between laboratory- 

and industrial based Lp-observations is the effect of MgO: Apart from the work of Basu 

et al. [94], most laboratory-based Lp-investigations in the literature emphasize the pos-

itive effect of MgO on dephosphorization [4, 18, 75, 76, 85], but this is in strong contrast with 

industrial observations. On the contrary, the majority of industrial plant trial results in-

dicate that MgO has either a moderate or even a strongly negative effect on 

dephosphorization. [10, 12, 24, 95, 96] 

Some explanations for the controversial negative effect of MgO in the industrial pro-

cess are given in the literature, most of which attributed the negative effect of MgO 

on the kinetics of dephosphorization reaction, due to its effect on viscosity.[97] 

2.4 Effect of solid phases on dephosphorization potential of BOF slags 

A large number of studies, which investigated the effect of solid phase precipitation on 

the phosphorus equilibrium reaction and, more specifically, on the phosphorus capac-

ity of slags, are available in the literature.[10, 14, 17, 21, 28, 30-32, 34, 66, 98-120] It is, however, a 

notable fact that a large majority of those works were carried out at conditions relevant 

for hot metal dephosphorization processes: The investigated slags had a low basicity 

which varied in the range of 1-2, the experimental temperature was typically in the 

range of 1623 K-1673 K and the P2O5 content of the slag was higher than 5 wt%. 

Nevertheless, Lp-measurements in a solid phase containing slag at high temperatures 

in the range of 1833 K-1873 K, which are relevant for the conventional BOF process, 

were provided by Inoue and Suito,[113, 114]. In their work,[113, 114] the phosphorus content 

of the liquid iron phase in equilibrium with slag containing solid phases was measured 

and it was thus necessary to set the experimental temperature above the liquidus tem-

perature of iron. 

In contrast, very few works could be found which studied the effect of solid phases on 

the dephosphorization potential of BOF slags.[10, 118] 

All of those works [10, 14, 17, 21, 28, 30-32, 34, 66, 98-120] indicated that the solid phase di-calcium 

silicate, 2CaO.SiO2, further noted as C2S, plays an important role in phosphorus re-

moval from the metal phase due to its large solubility for phosphorus in its solid form. 
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Inoue and Suito [114] developed an Lp-relation for slags saturated on di-calcium silicate 

while Kitamura and co-workers [14, 17, 99] developed a kinetic dephosphorization model 

under consideration of the phosphorus removal potential of the solid C2S phase. 

2.4.1 Phosphorus distribution between a multi-phase-slag and liquid iron 

In a series of experiments, Inoue and Suito [113, 114] investigated the phosphorus distri-

bution in the temperature range of 1300-1600°C between the di-calcium silicate solid 

phase and liquid slag phase, termed Lp slag, which is defined as follows: 

 

 
𝐿𝑝𝑠𝑙𝑎𝑔 =

(%𝑃)𝐶2𝑆

(%𝑃)𝑙𝑖𝑞
 

(13) 

 

Their findings [114, 115] indicated that the maximum Lp slag, and thus the maximum en-

richment of the solid phase with phosphorus, was obtained at the nose of the C2S 

primary phase in the CaO–SiO2–FeO phase diagram (Figure 5-a). The relationship 

between Lp slag and the (%FeO)x content of the slag was linear and independent of the 

oxidation state of FeOx. Their results were in agreement with earlier findings of Ito and 

Sano,[121] who carried out their experiments in the temperature range of 1623K-1723 

K (Figure 5-b). The effect of temperature and basicity on Lp slag was found to be very 

small and could be considered as negligible in the temperature range of 1673K-

1873K.[114, 115] Later, Gao et al.[104, 105], as well as Kitamura et al. [100, 110] confirmed the 

positive correlation between Lp slag and (%FeO) content of the liquid slag. In addition, 

Gao et al. [104, 105] reported that (%CaO) had a strong negative effect. However, they 

reported that a temperature increase from 1350°C to 1400°C had a positive effect. 

Pahlevani et al.[110] carried out extensive experimental investigations on the activity 

coefficient of P2O5 in the solid phase over the temperature range of 1573 K-1673 K 

and concluded that (%CaO) is the ruling factor affecting the enrichment. Their results 

indicated that the activity coefficient of P2O5 in the solid phase increased significantly 

with an increase in (P2O5), an increase in (%FeO) and a decrease in (%CaO) content 

of the liquid phase. The effect of the oxidation state of FeOx could not be evaluated 

with certainty and depended on the slag composition. The addition of MgO, Al2O3 and 

MnO had a decreasing effect on the activity coefficient,[110] but their effect was very 

small compared to that of CaO and P2O5. 
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In a recent work, Xie et al. [119] reported that the phosphorus enrichment of the solid 

phase in the temperature range of 1573 K-1723 K was not affected by temperature. 

However, since lime dissolution is enhanced when the temperature increases, the 

overall effect of temperature on dephosphorization is positive. They further reported 

that the enrichment was enhanced by increasing the mass ratio of FeO/Fe2O3 in the 

liquid slag while basicity had the opposite effect.  

In summary, it can be said that there is general agreement among the experimental 

investigations that the phosphorus enrichment of the solid phase is a strong function 

of the composition of the liquid slag phase. 

 

Figure 5: Measured phosphorus distribution values between solid and liquid slag reported 

by Inoue and Suito [114] in C2S-saturated slags: a) represented in the ternary 

CaO-FeOx-SiO2 system at 1673 K (1400°C) for slag compositions A-G,                             

b) represented as a function of (%SiO2) + (%P2O5) content of the liquid slag to-

gether with the data of Ito and Sano [121]. Reprinted with permission from Ref. [114]  

Inoue and Suito [114, 115] measured the phosphorus distribution values between the total 

multi-phase slag (containing both solid and liquid phase) and the metal phase at a 

temperature of 1560°C and developed the following equation to describe Lp in a C2S-

saturated slag:[113] 

 

 
𝐿𝑝𝑡𝑜𝑡 = 𝐿𝑝𝑙𝑖𝑞 (1 + 𝐿𝑝𝑠𝑙𝑎𝑔 ∙

𝑤𝐶2𝑆

𝑤𝑠𝑙𝑎𝑔𝑙𝑖𝑞

) (1 +
𝑤𝐶2𝑆

𝑤𝑠𝑙𝑎𝑔𝑙𝑖𝑞

)⁄  (14) 
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with Lp liq denoting the phosphorus distribution between the liquid slag phase and the 

metal phase, which was introduced in section 2.3, and Lp slag denoting the phosphorus 

distribution between the C2S phase and the liquid slag phase, given by equation (13). 

The terms WC2S and Wslag liq denote the weight of C2S and the weight of liquid slag, in 

kg/ton of metal, respectively.  

2.4.2 The enrichment mechanism of the solid C2S_C3P phase with phos-

phorus 

The enrichment mechanism of the solid di-calcium silicate phase C2S with phosphorus 

has been studied intensively in the literature, and a large number of SEM observations 

with respect to the enrichment procedure are available. All of those works agree that 

C2S is capable of dissolving phosphorus by forming the silico-phosphate solid solution 

phase 2CaO.SiO2_3CaO.P2O5, C2S_C3P. This phase was found to be stable over the 

total composition and temperature range relevant to the hot metal dephosphorization 

process.[98, 105]. Kitamura et al. [98, 111] suggested that the enrichment of phosphorus in 

the solid phase is possible via 2 routes: 

1. The precipitation route: The solid solution of C2S_ C3P precipitates directly 

from the liquid slag. This route occurs when the solid phase precipitates after 

phosphorus is transferred from the liquid metal to the liquid slag phase. 

2. The diffusion route: In this route, phosphorus in the liquid slag phase is 

transferred to an already precipitated C2S solid phase, which results in the 

formation of the C2S_C3P phase.  

Kitamura et al.[98, 111] and Inoue et al. [114] carried out a series of experiments in which 

they investigated the mechanism of phosphorus enrichment via both routes. The pre-

cipitation route was investigated by cooling CaO-FeOx-SiO2-P2O5 based slags from 

1873 K to 1673 K in the experiments of Kitamura et al. [98] and from 1843 K to 1673 K 

in the experiments of Inoue et al.[114] In both works, the phosphorus enrichment oc-

curred very quickly. The enrichment grade in phosphorus was very high and did not 

depend on the holding time nor on the cooling rate. The P2O5 content in the solid 

C2S_C3P phase reached 30 wt% in the experiments of Kitamura et al.[98] and 18 wt% 

in the experiments of Inoue et al. [114]. It should be noted that the initial P2O5 content 

of the slag prior to cooling was in the range of 5 wt% in both works.[98, 114] 
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The enrichment via the diffusion route was investigated in a large number of experi-

mental works. Kitamura et al. [98, 111] and Yang et al. [102, 106, 107] immersed a C2S rod 

in a liquid CaO-FeOx-SiO2-P2O5 slag while Inoue et al.[114] immersed C2S particles with 

an original size of 20 to 50 µm in a liquid CaO-FeOx-SiO2-P2O5 slag as well as in liquid 

CaO-FeOx-P2O5 slag. In all of these experiments, the formation of the C2S_C3P phase 

occurred on the reaction layer between the C2S phase and the liquid slag. A further 

point of agreement between these works is that the enrichment occurred more slowly 

during the diffusion route and that the amount of phosphorus dissolved in C2S_C3P 

was significantly lower than that dissolved during the precipitation route. Yang et al. 

[102, 106, 107] indicated that the enrichment of the solid phase is enhanced by an increase 

in temperature while an increase in the total slag basicity (CaO/SiO2 ratio) has the 

opposite effect. The negative effect of a basicity increase was associated with the 

formation of a 3CaO.2SiO2 layer at the interface between the solid C2S_C3P phase 

and the reacting slag, which restrained the phosphorus condensation in the solid 

C2S_C3P phase.  

Kitamura et al. [98, 111] measured P2O5 contents in the range of 3-13 wt% in the 

C2S_C3P solid phase formed at the reaction layer between the C2S rod and the CaO-

FeOx-SiO2-P2O5 slag depending on the initial slag composition. Inoue et al.[114] could 

measure P2O5 values as high as 5-18 wt% depending on the original particle size. 

Inoue et al.[114] observed that the thickness of the C2S_C3P layer formed in the reac-

tion layer also depended on the particle size and their distribution: Isolated particles 

changed completely to uniform C2S_C3P particles within 5 seconds, however, when 

the particles formed a cluster, only an outside rim of 5 µm changed to C2S_C3P. In 

both cases, the enrichment occurred within 5 seconds. A further interesting observa-

tion made by Inoue et al.[114] is the peeling-off of the phosphorus-enriched C2S_C3P 

layer: The C2S_C3P grains, which had a size of 5 to 25 µm were peeled off from the 

surface of the C2S particle shortly after their formation. The peeling-off step was con-

sidered crucial for the continuation of the enrichment of the solid phase and was only 

observed when the C2S particles were in contact with a CaO–FeOx–P2O5 slag. How-

ever, this peeling-off was not observed when the C2S particles were in contact with a 

CaO–SiO2–FeOx–P2O5 slag. Finally, the authors proposed the following reaction steps 
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to describe the enrichment mechanism of the solid C2S_C3P phase on phosphorus 

via diffusion, as illustrated in Figure 6:  

 Step I: The dissolution of CaO and SiO2 from the surface of a 2CaO.SiO2 

particle occurs, thus resulting in the slag composition change from slag D to 

slag D’. 

 Step II: CaO and P2O5 in slag D’ dissolve into 2CaO·SiO2, leading to the 

formation of the C2S_C3P solid solution. The slag composition changes from 

slag D’ to slag D’’ with a lower P2O5 and CaO and a higher FeO content. 

 Step III: The C2S_C3P solid solution layer starts to peel off and the peeled 

grains separate from the surface.  

 

Figure 6: Schematic representation of the reaction sequence of a C2S particle after addi-

tion to a CaO-FeOx-SiO2 based slag containing 5 wt% P2O5 (slag-D) as illustrated 

by Inoue and Suito [114]. Reprinted with permission from Ref. [114] 

Interestingly, Suito et al. [113] and Hamano et al. [120] observed that the phosphorus-

enriched solid phase C2S_C3P is also formed via the diffusion route during the disso-

lution of CaO-particles in a CaO-FeOx-SiO2-P2O5 slag. A similar phenomenon was 

observed earlier by Ono et al. [122], as they reported that a solid phosphorus-containing 

phase, which they designated as (CaO-SiO2-P2O5), is formed at the reaction layer 

between solid CaO and the surrounding slag. Yang et al.[102] emphasized that the 

phosphorus content in the solid C2S_C3P phase, which is formed at the interface be-

tween CaO particles and reacting slag is much higher than the phosphorus content in 

the solid C2S_C3P phase when formed through the addition of C2S particles to the 

slag. 
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Suito and Inoue [113] further observed that the phosphorus partition between solid and 

liquid slag phase, i.e., Lp slag, increased drastically when stirring was applied. They 

concluded that stirring contributes to the removal of the C2S_C3P layer, which corre-

sponds to step III in Figure 6 and thus to the enhancement of phosphorus enrichment 

in the solid phase. Despite the importance of this phenomenon, no further measure-

ments under stirring were carried out in their work. This may be due to the fact that 

their investigations are relevant for the hot metal dephosphorization process, which is 

a process characterized by a low degree of stirring compared to the conventional BOF 

process. 
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3 Introducing the thermodynamic modeling approach  

3.1 Why adopting a CALPHAD-based approach for slag modeling? 

Even though there is general agreement concerning the importance of slags in con-

trolling the progress of reactions during the oxygen refining of molten iron, their be-

havior under various process conditions is still not completely understood. This is due 

to their complex nature, in addition to the fact that they undergo large variations during 

the process in terms of composition, temperature, and morphology, mainly as a result 

of the simultaneous oxidation and reduction processes during the blow. 

A deep understanding of the behavior of multi-component-steelmaking slags in terms 

of type, amount, structure, and composition of the phases formed, covering the rele-

vant composition and temperature ranges for the industrial process, provides the key 

for enhanced process control. For example, undesirable phenomena, such as refrac-

tory wear, slopping, spitting, and skulls formation on the BOF (Basic Oxygen Furnace) 

top lance in the process can become avoidable. Also, better control of the final steel 

composition, especially in terms of C and P end values, can be achieved. 

Considerable experimental efforts were made in order to establish the relevant phase 

diagrams with respect to basic binary and ternary oxide systems and, to some extent, 

also under the addition of some minor oxides and their combinations. However, due 

to the high costs associated with experimental investigations and at the same time, 

the limitations of the experimental techniques in covering the total temperature and 

composition range relevant to the industrial process, several thermodynamic modeling 

approaches were proposed to calculate the activities of the component oxides in the 

slag, and the distribution of elements between the metal and slag phases, such as 

manganese, phosphorus, and sulfur. The first slag models were structureless.[123-126] 

Later, structure related models were developed based on the polymer theory as ap-

plied to silicate melts.[127] Although they were successful for simple silicates, a great 

deal of further work was necessary for multi-component-slags.[128]  

The regular solution model,[129] based on the ionic theory of slags, has found a wide 

application in modeling the thermodynamic behavior of steelmaking slags in terms of 

the calculation of oxides activities as well as important metal-slag reactions such as 

P-distribution and Mn-distribution.[83, 130, 131] Recently, a new modeling approach, the 
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ionic and molecular coexisting theory (IMCT), which considers both ionic and molecu-

lar slag nature, was introduced. [107, 117, 132-134] 

The introduction of the CALPHAD (CALculation of PHAse Diagrams) methodology in 

the 1970s provided a consistent approach for thermodynamic modeling of complex 

multi-component-systems while considerably reducing the experimental effort.[135] This 

is due to the fact that modeling approaches developed according to the CALPHAD 

method have a good capability for extrapolating from assessed binary sub-systems to 

ternary and higher-order systems, which is necessary for application in industrial pro-

cesses.[136] The availability of commercial thermodynamic computing systems, [137-140] 

which combine Gibbs energy minimization routines with large databases of optimized 

thermodynamic data of solutions and compounds, further contributed to the wide-

spread use of the CALPHAD approach. This approach has been successfully used for 

the description of the state of complex multi-component-slags in general and, more 

particularly, for slags relevant to steelmaking applications.[141, 142] However, very few 

works could be found where a CALPHAD based approach was incorporated for equi-

librium and non-equilibrium modeling of important metal-slag-reactions in the BOF 

(Basic Oxygen Furnace) process, such as dephosphorization.[49, 86, 87, 143]  

The thermodynamic investigations presented in this work were carried out using a 

newly developed thermodynamic database. The database was developed in the scope 

of the European project BOF DePhos,[91] in order to investigate thermodynamic as-

pects of phosphorus-containing steelmaking slags in the composition, temperature, 

and oxygen partial pressure ranges relevant for the industrial process. The develop-

ment of the thermodynamic database, further noted as the BOFdePhos thermody-

namic database, was carried out by GTT technologies and Forschungszentrum Jülich 

[144] according to the CALPHAD-method using the thermodynamic software package 

FactSage TM.[137] An overview of the procedure adopted for the generation of new data-

sets is presented in Figure 7.[145]  
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Figure 7:  Generation of new thermodynamic datasets according to the CALPHAD method 

using FactSage. Reprinted with permission from Ref.[145] 

In section 3.2, the elements, compounds, and solution phases considered in the BOF-

dePhos thermodynamic database are presented. In section 3.3, the Gibbs energy 

modeling approach considered for the main solution phases is explained. The discus-

sions of the particular data assessments are given elsewhere. [146, 147] The database 

is suitable for integration in flowsheet modeling and can thus be used for non-equilib-

rium modeling of industrial processes.[49, 148, 149]  

3.2 Elements, compounds and solution phases  

A thermodynamic database suitable for the study of multi-component-steelmaking 

slags has to cover at least the elementary components Fe-Mn-Ca-Ar-S-P-Si-Al-Mg-O-

C. Those elements need, in turn, to be incorporated in a set of relevant phases: A gas 

phase, a liquid steel phase, a liquid slag phase, and a multitude of possible solids, 

both as solid solutions and as stoichiometric compounds. The vast majority of phases 

are solid solution oxides. However, since phosphorus is the most important elementary 

component in this work, it was important to incorporate the phosphorus-containing 
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solid phases. Those are the silicates, based on lime and silica, as well as the phos-

phates, based on lime and also containing silica. A concise summary of the major 

phases considered in the present thermodynamic database is given in Table 4. 

Table 4:  Overview of the major phases considered in the thermodynamic database and 

their phase constituents. 

Phases type Phase constituents 

Gas P, P2O5, N2, O2, CO, CO2, SO3. 

Liquid oxide P2O5 and 18 P2O5-containing associate species. 

P-containing solid solutions 7 phosphates: M3P (Mg3P2O8), C3P-alfa (Ca3P2O8), 

C3P-beta, C2P-MT (Ca2P2O7), M2P (Mg2P2O7), 

C3M3P2 (3CaO.3MgO.2P2O5), CMP 

(CaO.MgO.P2O5). 

1 silico-phosphate: C2S-C3P (Ca2SiO4-Ca3P2O8) de-

scribed as (Ca2+,Mg2+,Mn2+)3(Ca2+,Va)(P5+,Si4+)2(O2-)8 

1 silicate with limited P2O5 solubility: C2S-prime 

(Ca2SiO4). 

Examples of non-phospho-

rus-containing solid solu-

tions with end-members 

Monoxide (CaO, MgO, FeO,…), Corundum (Al2O3, 

Fe2O3,…), Spinel (Fe3O4, FeO.Al2O3, MgO.Al2O3,…), 

Wollastonite (CaSiO3). 

Stoichiometric compounds 

 

P, P2O5 and 56 phosphides, phosphates or silico-

phosphates. 

Liquid   Fe, P, Al, Si, Ca, Mg, Mn, S, O and C. 
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3.3 The Gibbs energy modeling approach 

3.3.1 Liquid state 

In order to answer the need for proper thermodynamic modeling of multi-component-

slags, it is essential that the thermodynamic model can, on the one hand, easily be 

extended to describe ternary and higher-order systems and on the other is suited to 

describe the phase internal structure of silicate melts.  

For melts containing silica, which is the case for steelmaking slags, experimental in-

formation shows that the silicate network is the basic structural feature to be consid-

ered. When adding further components into the system, this network is either strength-

ened (network formers) or modified (network modifiers). In addition, silicate-containing 

melts often exhibit miscibility gaps, which can only be described if the chosen model 

permits the treatment of concave parts of the Gibbs energy function. For such a situ-

ation, the Non-ideal Associate Solution Model,[150] using the Redlich-Kister polynomial 

for the contribution of the excess Gibbs energy is well suited.[151] For this, the Gibbs 

energy is calculated as:    

 

 

𝐺𝑚 = ∑ 𝑥𝑖𝐺𝑖
0 + 𝑅𝑇 ∑ 𝑥𝑖 𝑙𝑛 𝑥𝑖 + ∑ ∑ 𝑥𝑖𝑥𝑗 ∑ 𝐿𝑖𝑗

(𝑣)
𝑣=0𝑖<𝑗 (𝑥𝑖 − 𝑥𝑗)𝑣    (15) 

 

with xi being the mole fractions of the associate species i. These result from a phase 

internal equilibrium based on the overall compositions of the basic oxide components 

such as Al2O3, CaO, FeO, Fe2O3, MgO, and SiO2. The list of phase constituents in the 

present database comprises 73 species in total, such as the binary oxide species Ca-

SiO3 and Al6Si2O13 or the ternary Ca2Si4Al4O16. The descriptions of all P2O5-containing 

associate species considered in the liquid oxide phase are given in Table 5. These 

complex associates permit to include the phase internal structure, i.e., the short-range 

ordering, in the liquid. On the other hand, the repulsive interactions which lead in com-

position ranges near SiO2 to miscibility gaps can easily be incorporated in the total 

Gibbs energy by way of (positive) interaction terms, Lij
()(T), in the Redlich-Kister pol-

ynomial.[151] The terms Lij
()(T) relate to the interaction between associate species i and 

j and the integer power  in the polynomial term (xi-xj). Further models which can be 

found in the literature for modeling ternary and higher-order systems of slags are for 
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example the quasi-chemical model [152] as modified by Pelton and Blander [153] and the 

statistical thermodynamics approach from Kapoor and Frohberg [154] as modified by 

Gaye and Welfringer,[155] noted as the cell model.  

The description of the liquid metal phase was taken from the SGTE database,[156] 

where the liquid metal is treated as a substitutional solution, with the exception of the 

Fe-P system, which has been assessed in the present work.  

Table 5:  A list of all-P2O5 containing liquid species in the thermodynamic database 

System Associate species with P2O5 
Description 

MeOx:P2O5 

SiO2-P2O5  SiP2O7*2/3 1:1 

Me2O3-P2O5 with Me=Al, Fe, Mn AlPO4 , FePO4, MnPO4 1:1 

MeO-P2O5 with Me=Ca, Fe, Mg, 

Mn 

Me3P2O8*2/5, Me2P2O7*1/2, 

MeP2O6*2/3 
3:1, 2:1, 1:1 

Al2O3-MgO-P2O5  P2Al2Mg3O11*1/7 1:3:1 

3.3.2 Solid state 

For modeling the solid phases contained in the database, two cases are distinguished: 

The phase is stoichiometric, or the phase has a homogeneity range, i.e., is a solid 

solution. The former case (phase is stoichiometric) leads to Gibbs energies, which are 

solely temperature-dependent and can usually be treated with the following equation: 

 

 

𝐺°(𝑇) =  𝐴 +  𝐵 𝑇 +  𝐶 𝑇 𝑙𝑛(𝑇) +  𝐷𝑇2  +  𝐸 𝑇3  +  𝐹 𝑇−1    (16) 

 

The parameters C to F in (16) relate directly to the heat capacity of the compound. 

The parameter A contains a contribution from the enthalpy of formation and from the 

heat capacity while the parameter B contains in a similar form a contribution from the 

absolute entropy and from the heat capacity. 
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The latter case (phase has a homogeneity range) needs to take into account the spa-

tial distribution of the constituents of the phase. That can be achieved by using the 

multi-sublattice approach, which is also known by the name of Compound Energy For-

malism (CEF).[157] The name implies that the major contribution to the Gibbs energy 

comes from the end-members of the composition range, i.e., particular compounds, 

which result from the set of all combinations of constituents which are situated on the 

sublattices chosen for the model. This is demonstrated for a very important example 

in the present work, namely the phase 2CaO.SiO2-3CaO.P2O5 further noted as C2S-

C3P. This phase has been modeled as (Ca2+,Mg2+,Mn2+)3(Ca2+,Va)(P5+,Si4+)2(O2-)8. 

[146] This model results in 3*2*2*1=12 end-members, two of which are: 

- the dicalcium-silicate (Ca2+)3(Ca2+)(Si4+)2(O2-)8  

- the tricalcium-phosphate (Ca2+)3(Va)(P5+)2(O2-)8 

The others permit the inclusion of the known small amounts of Mg and Mn in the phase 

composition. The molar Gibbs energy of this phase was expressed using the com-

pound energy formalism generalized by Sundman et al. [157, 158] as follows:  

 

 
𝐺𝑚 = ∑ ∑ ∑ 𝑦𝑖

𝐼𝑦𝑗
𝐼𝐼𝑦𝑘
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𝐼
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𝐼𝐼 ln 𝑦𝑗
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𝑛

𝑗=1
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𝑛
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(17) 

 

The 𝐺𝑜
𝑖:𝑗:𝑘 – terms are the Gibbs energies of the real or hypothetical compounds 

where the first, second, and third sublattices are occupied by appropriate components 

i, j, and k as shown above. The oxygen anions are placed on the fourth sublattice 

(𝑦𝑂2−
𝐼𝑉 = 1). In (17), the variables yi

N are the so-called site fractions of the sublattice N 

constituents i. 

3.4 Assessment of unary and binary phosphorus-containing systems  

Since phosphorus is the elementary component of major importance in the present 

work, it was necessary to establish the data for phosphorus itself and for P2O5, the 

major oxide containing phosphorus. The data for phosphorus are given in the SGTE 
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Pure Substance database.[156] However, until recently, the data for P2O5 have essen-

tially been taken from standard literature such as JANAF thermochemical tables with-

out further questioning.[159] In 2012, Jung and Hudon [160] have undertaken the work to 

compile all experimental information available [161-164] and to assess them into a self-

consistent set of data for all phases of P2O5. Their results indicate that three different 

solid phases (o and o’, both orthorhombic and h, hexagonal) need to be treated, two 

of which are meta-stable (o and h). In addition, they also found that the liquid state can 

form a meta-stable and a stable state. For the present database, only the values of 

the stable orthorhombic (o’) and the stable liquid phase (Lo’) were used. 

During the development of the database, a major emphasis was given to the various 

sub-systems, which contained phosphorus. The major role in this context plays the 

sub-system Fe-Ca-P-O. Thus, the corresponding unary, binary, and quasi-binary sub-

systems were critically assessed, and the relevant Gibbs energy parameters (Figure 

7) were optimized. Here, data are given in the literature concerning the Fe-P binary 

system (Figure 8), the CaO-P2O5 quasi-binary system (Figure 9), and the FeO-P2O5 

quasi-binary system (Figure 10). It can be seen that the most relevant binary sub-

systems of the Fe-Ca-P-O system calculated from the present database are in a very 

good agreement with available experimental data.  

 
Figure 8:  The binary system Fe-P calculated from the present database and compared to 

experimental data selected from the work of Massalski et al. [165] 
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Figure 9:  The assessment of the CaO-P2O5 binary subsystem based on experimental data 

of Hill et al.[166] and Trömel et al.[167] C denotes CaO, and P denotes P2O5. 

 
Figure 10: The assessment of the FeO-P2O5 pseudo-binary subsystem in equilibrium with 

metallic Fe based on data of Chang [168] and Trömel et al.[169] F denotes FeO, and 

P denotes P2O5. 
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3.5 Specification of the oxygen potential state of the slag in the present work 

As a result of the oxygen blowing process, considerable amounts of FeOx are gener-

ated by oxidation of Fe from the bath. Thus, the ternary oxide systems CaO-FeOx-

P2O5 and CaO-FeOx-SiO2 are the basic oxide systems both for high and low P refining 

processes. In order to study the equilibrium state of FeOx-containing systems, it is 

necessary to specify the oxidation state of FeOx, for example, by setting the ferric to 

ferrous ratio (Fe3+/Fe2+) or the oxygen partial pressure of the gas phase, further de-

noted as p(O2).  

During the BOF process, high purity oxygen gas is blown at supersonic speed at the 

liquid iron surface. A slag is formed above the liquid bath, and its bottom is then in 

contact with the liquid iron phase. According to Schürmann et al.,[170] the p(O2) set on 

the slag-gas-boundary can be considered as 1 atm while p(O2) on the slag-liquid Fe 

boundary can be approximated as 10-8 atm. As a result, the gradient of p(O2) through-

out the slag layer is expected to be very high. However, at the beginning of the blow, 

the liquid iron phase, denoted as hot metal, has a high carbon content up to the satu-

ration limit. The carbon is later removed by oxidation throughout the blow and a gas 

phase with a high CO/CO2 ratio, typically 90/10 vol% is formed. For a temperature of 

1873 K (1600°C), a p(O2) value of 10 -8.7 atm was calculated for a CO/CO2 gas con-

taining 90 vol% CO (Figure 11) by the „equilibrium module“ of the software FactSage 

TM 7.1,[137] using the BOFdePhos thermodynamic database. Thus, in case the gas 

phase in the BOF process has a CO-content of 90 vol%, the p(O2) value on top of slag 

(estimated as 10 -8.7 atm according to the calculations) would be in the same range as 

that at the bottom of the slag (equals 10-8 atm when the slag is in contact with liquid 

Fe according to Schürmann et al.[170]). In such a case, the p(O2) gradient throughout 

the slag will not be high.  
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Figure 11:  Calculated p(O2)-temperature curve in a CO-CO2 gas mixture with a CO-content 

of 90 vol%. 

Considering the above analysis of the state of p(O2) in BOF slags, it can be concluded 

that a p(O2) range as wide as [10-8- 1 atm] is relevant for the study of the state of BOF 

slags. Given the large p(O2) range, it becomes necessary to clarify the influence of 

p(O2) on the internal equilibrium of FeOx-containing systems. 

The p(O2) set in the experimental works which investigated the equilibrium state of 

oxide systems relevant to the BOF process ranged from equilibrium with metallic Fe 

to atmospheric pressure. A large majority of experimental works were carried out at a 

low p(O2), by equilibrating the system with metallic Fe. It can be seen from Figure 12 

that p(O2) values are lowest when the slag is in equilibrium with liquid or solid Fe, 

depending on temperature. From the diagram, it can be concluded that p(O2) ranges 

between 10 -10 atm and 10 -7 atm when the temperature is in the range of 1683 K 

(1400°C) to 1973 K (1700°C). The corresponding Fe2O3 content in such a case, which 

can be read based on the oxygen isobars in the FeO-Fe2O3-temperature system (Fig-

ure 13) is lower than 10 wt%. The case where the system is equilibrated with metallic 

Fe will be denoted further as the “reduced p(O2)” case. 
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Figure 12:   Fe-O2-temperature diagram calculated using the BOFdePhos thermodynamic 

database. 

 
Figure 13:   FeO-Fe2O3-temperature diagram with oxygen isobars (log(pO2), atm) calcu-

lated using the BOFdePhos thermodynamic database. 
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Further experimental works are available where an equilibration with a gas phase un-

der a given p(O2) was made. A large majority of those works were provided by the 

former IRSID institute, now Arcelor Mittal Maizières, where a p(O2) value of 10-5 atm 

was set in several experiments. In such a case, the oxidation state of FeOx will be 

higher than that in the case of equilibrium with metallic iron (Figure 12). The 

Fe2O3/FeO weight ratio corresponding to a p(O2) value of 10-5 atm and a temperature 

of 1873 K (1600°C) can be read as 34/66 (in wt%). The cases, where p(O2) was set 

as 10-5 atm, will be further on designated as the “elevated p(O2) case”. Riboud and co-

workers (within IRSID) justified this choice of p(O2) by the fact that the ferric to ferrous 

ratio measured in some industrial samples was in the same range of that measured in 

corresponding laboratory slags when they were in equilibrium with a gas phase at a 

p(O2) value of 10-5 atm and a temperature of 1873 K (1600°C).[171-173] Unfortunately, 

despite referring to those samples on several occasions, no details about the plant 

trials in terms of procedure and sample analysis were published, according to the au-

thor’s best knowledge.  

Further works are available where the oxide systems were investigated under air, that 

is, at a p(O2) value of 0.21 atm. This is generally the highest p(O2) that could be found 

in related laboratory experiments and will be further denoted as the “under air” case. 

It can be seen from Figure 12 and Figure 13 that under such conditions, the spinel 

phase (Fe3O4=FeO.Fe2O3) is stable below 1873 K (1600°C) for pure FeOx slags. It can 

be thus concluded that experimental works for FeOx containing slags which are carried 

out below or exactly at a temperature of 1873 K (1600°C) are associated with a high 

risk of spinel phase precipitation. The Fe2O3/FeO weight ratio corresponding to a p(O2) 

value of 0.21 atm and a temperature of 1873 K (1600°C) can be read as 73/27. 

An overview of the designation of the different p(O2) cases considered within the pre-

sent work is presented in Table 6. 
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Table 6: The designation considered for setting the oxidation state of FeOx-containing 

oxide systems in the present work.   

Designation p(O2)  Description Fe2O3/FeO 

(wt%) at 1873 K  

Reduced p(O2) <10-8 

atm  

Equilibration with liquid or solid iron. 3/97 

Elevated p(O2) 

 

≈10-5 

atm  

Equilibrium with a gas phase such as 

CO-CO2, H2-H2O or H2-CO2 mixtures 

occasionally containing Ar. 

34/66 

Under air  ≈0.21 

atm  

High oxidation state. If T < 1873 K, 

the spinel phase is formed. 

73/27 

Finally, it should be noted that the Fe2O3/FeO values given in Table 6 are only true for 

pure FeOx slags. Nevertheless, it can be safely considered that for a constant temper-

ature and system composition, the oxidation state of FeOx in a multi-component oxide 

will have a similar dependence on p(O2) as that for the pure Fe-O system. With an 

increase in p(O2), the Fe2O3/FeO ratio increases and the lowest oxidation state of 

FeOx in the system is set when the system is in equilibrium with metallic iron. 
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4 Study of the oxide systems relevant for high phosphorus slags 

The ternary oxide system CaO-FeOx-P2O5, as well as the quaternary CaO-FeOx-P2O5-

SiO2, are the key-systems for modeling the behavior of phosphorus during the refining 

of P-containing hot metal. Also, this is the basic system of the so-called “Thomas-

slags”, resulting from oxygen refining of high phosphorus hot metal (also labeled as 

Thomas-Hot-Metal) in the 1960s and 1970s, for which the so-called LD-AC or OLP 

processes were used.[53, 172-175] Since the initial phosphorus content of the hot metal in 

such processes was higher than 1 wt%, the final P2O5 contents in slags typically 

ranged between 10-20 wt%.  

Recently, increased attention has been drawn again to the high phosphorus system 

due to the expected increase in the phosphorus content of iron ores and, 

subsequently, in the P2O5 contents of the final slags.[17, 21] It was reported that when 

the phosphorus content of the hot metal is equal to 0.3 wt % or higher (which would 

be the case when high phosphorus iron ores are used [17]), the P2O5 content of the 

slag will be higher than 10 wt%.[21] For a proper evaluation of the state of high 

phosphorus industrial slags, it is thus important to study the state of the CaO-FeOx-

P2O5 oxide system as well as the state of the quaternary CaO-FeOx-P2O5-SiO2 oxide 

system in the composition, temperature, and p(O2) range relevant for the industrial 

process. 

4.1 Discussion of the quasi-ternary system CaO-FeOx-P2O5  

Comprehensive sets of experimental data for this system at reduced p(O2), that is, in 

contact with metallic iron (Table 6) and at a temperature of 1873 K (1600°C) were 

given by Trömel et al. and Knüppel et al.[176-178]. Figure 14 shows the calculated phase 

boundaries at 1873 K (1600°C) together with the experimental data. Since the 

experiments were carried out in equilibrium with liquid Fe, all phase regions in Figure 

14 contained liquid Fe. It should be noted that in the calculations, the liquid-Fe phase 

is treated as a solution, i.e., it contains the equilibrium amounts of Ca, P, and O 

dissolved in it.  
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Figure 14:  Calculated phase boundaries for the system CaO-FeOx-P2O5 at T = 1873 K 

(1600° C) and reduced p(O2) and comparison with available experimental works 

from the literature.[176-178] 

It can be seen from Figure 14 that the system exhibits a notable feature, which is the 

presence of a wide lens-shaped miscibility gap (region 2-a and region 2-b), which is 

cut-off by the precipitation region of the 3CaO.P2O5 solid compound, further noted as 

C3P (region 3). As a result, 2 parts of the miscibility gap region exist, a lower part, 

which is rich in CaO (region 2-b), and an upper part, which is low in CaO (region 2-a). 

In the industrial process, lime saturation of the slag is strived for, and thus, the final 

slags are high in CaO while their P2O5 contents are usually lower than 25 wt%. Thus, 

only the CaO-rich part of the system is relevant for industrial applications. 

Correspondingly, it can be seen that most experimental data available on this system 

focused on the evaluation of the CaO-rich part of the system, especially with regards 

to the characterization of the lime saturation line (phase boundary between region 1 

and region 4). This phase boundary is of utmost importance for the industrial process, 

and is generally considered as the target slag composition in order to achieve optimal 

dephosphorization results. Also, the lime saturation line defines the thermodynamic 

limit as well as the driving force for lime dissolution. It should be noted that the 
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designation “CaO-ss” indicates the small solubility of FeO in the CaO-based solid 

solution. 

Further important phase boundaries for which experimental data were available are:  

 Region 2-a: The boundary liquid slag-upper part of the miscibility gap. 

 Region 2-b: The boundary liquid slag- lower part of the miscibility gap. 

 Region 5: The (triangular) three-phase region between liquid slag-CaO-ss-C4P. 

The liquid slag composition in this region, at a constant temperature, remains 

invariant with respect to changes in the system composition, marked by “point 

A”. 

 Region 6: The boundary liquid slag-4CaO.P2O5 solid compound, further noted 

as C4P.  

In all cases, the agreement between the calculated phase boundaries and the 

experimental points can be considered as good. 

4.1.1 Effect of p(O2)  

Experimental data on the behavior of the system at elevated p(O2) were provided by 

Drewes and Olette,[179] while Schwerdtfeger and Turkdogan [180] provided data on the 

behavior of the system “under air”. Figure 15 shows the calculated phase boundaries 

at elevated p(O2) together with the aforementioned experimental data. [179, 180] For the 

sake of comparison, the calculated system boundaries at reduced p(O2) are included 

in the phase diagram where they are distinguished by a dashed line. 
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Figure 15: Effect of p(O2) on the phase boundaries of the CaO-FeOx-P2O5 system at a tem-

perature of 1873 K (1600°C): Full lines represent the elevated p(O2) case 

whereas the dashed lines represent the reduced p(O2) case and comparison with 

experimental data.[179, 180] The original publication of Schwerdfeger and Turk-

dogan [180] presented the lime saturation line with no specification of the experi-

mental data points: The data points presented in the phase diagram were se-

lected in the present work from the original lime saturation line.  

It can be seen from Figure 15 that an increase in p(O2) and thus in the ferric to ferrous 

ratio in the slag, results in a significant increase in lime solubility, noted by a shift of 

the lime saturation line (A-B) to higher CaO-contents compared to the reduced p(O2) 

case. The solubility of CaO in the slag increases by about 3-8 wt%, depending on its 

FeOx content. On the other hand, the effect of p(O2) on the lower part of the miscibility 

gap (region 2-b) is very small and can be considered as negligible. As a result, an 

overall expansion of the liquid slag region in the CaO-rich part of the system occurs. 

The increase in p(O2) results furthermore in a significant shrinkage of the upper part 

of the miscibility gap (region 2-a) in favor of more liquid slag (region 1). Also, the “nose” 

of the miscibility gap region marking the limiting point with the highest FeO content, 

shifted slightly away from the FeO-corner. Overall, the miscibility gap region becomes 

smaller in favor of more liquid slag. However, the experimental data on the upper 
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boundary of the miscibility gap at elevated p(O2) as well as under air are consistent 

with the system boundaries at reduced p(O2). [179, 180] This means that the experimental 

findings of Drewes and Olette,[179] and well as of Schwerdtfeger and Turkdogan [180] 

suggest that the miscibility gap is not sensitive to p(O2), which is in disagreement with 

the behavior calculated using the present thermodynamic database BOFdePhos. 

Since only the CaO-rich part of the system is relevant for the industrial process, no 

further work was undertaken to clarify the discrepancy between the calculations and 

the experimental data with respect to the upper boundary of the miscibility gap. 

However, for studies focusing on this part of the system, both the experimental data 

and the calculated behavior should be used with precaution. In such a situation, it is 

highly recommended to carry out further experimental evaluations under variations of 

p(O2) on this part of the system. 

4.1.2 Effect of temperature  

During oxygen refining of high phosphorus hot metal, the temperature of the melt has 

a large variation range, typically between 1573K (1300°C) and 1973 K (1700°C).[174, 

175, 181] It is thus necessary to study the effect of temperature on the system to evaluate 

the state of industrial slags during a large part of the blowing process. Figure 16-a) 

and -b) show the calculated lime saturation line at 3 different temperatures: 1773 K 

(1500°C), 1873 K (1600°C) and 1973 K (1700°C) at reduced and elevated p(O2) 

respectively. 

It can be seen from Figure 16 that the effect of temperature on the CaO-saturation line 

is very small and can be considered as negligible, especially at elevated p(O2) (Figure 

16-b). The effect of temperature on the 3-phase region, containing liquid slag, CaO-ss 

and C4P (region 5 in Figure 14), is however considerable: With an increase in 

temperature from 1773 K (1500°C) to 1973 K (1700°C), the point denoting the double 

saturation with CaO-ss and C4P for the reduced p(O2) case shifts from point A, with 

an FeOx-content of 25 wt% to point A”, with a FeOx-content of 2.5 wt%. As a result, 

the single-phase CaO-ss saturation region (region 4) expands considerably over the 

double saturation region with CaO-ss and C4P (region 5) when the temperature 

increases. This expansion is more pronounced in case of reduced p(O2) than in the 

case of elevated p(O2). 
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Figure 16:  Effect of temperature variation on the lime saturation line of the CaO-FeOx-P2O5 

oxide system at a) reduced p(O2)  b) elevated p(O2)  

Finally, equation (18) and equation (19) were derived for the determination of the CaO-

saturation values of the slag in case of a single-phase CaO-ss saturation or a double 

saturation with CaO-ss and C4P for the reduced and elevated p(O2) cases 

respectively: 

 

 

(%𝐶𝑎𝑂)𝑠𝑎𝑡.𝑟𝑒𝑑𝑢𝑐𝑒𝑑 𝑝(𝑂2),1873𝐾 =  −0.3746 (%𝐹𝑒𝑂𝑥) +  61.018 (18) 

 

 

(%𝐶𝑎𝑂)𝑠𝑎𝑡.𝑒𝑙𝑒𝑣𝑎𝑡𝑒𝑑 𝑝(𝑂2),1873𝐾 = −0.0046 (%𝐹𝑒𝑂𝑥)2  −  0.0401(%𝐹𝑒𝑂𝑥) 

                                                               + 59.674  

(19) 

 

Equation (18) and equation (19) correspond to the (%CaO)-content of slags situated 

along “line A-B” in Figure 14 and Figure 15, respectively. Since a temperature variation 

in the range of 1773K (1500°C) to 1973K (1700°C) has no considerable effect on the 

lime saturation line, equations (13) and (19) are applicable in this temperature range. 

However, the position of the 3 phase point (A, A’ and A’’ in Figure 16) is temperature-
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dependent and shifts to lower FeOx contents when the temperature increases. The 

(%FeO)x content of the system, corresponding to the 3 phase point (A, A’ and A’’ in 

Figure 9) above which the slag is saturated with single-phase CaO-ss, will be further 

noted as (%FeO) limit. The dependence of (%FeO) limit on the temperature in case of 

reduced and elevated p(O2) can be described by equation (20) and equation (21) 

respectively: 

 

4.1.3 Consequences for the industrial process 

The study of the effect of p(O2) on the CaO-FeOx-P2O5 system indicated that an 

increase in p(O2) results in a significant increase in lime solubility and an overall 

expansion of the liquid slag region in the CaO-rich part of the system. For the industrial 

process, this implies the following:  

 In case a purely liquid slag is the objective, an increase in p(O2) and thus in the 

ferric to ferrous ratio in the slag would provide more flexibility in terms of 

variation of slag composition while remaining within the liquid slag region. 

 If lime saturation is the objective, more lime addition would be required than in 

the case of reduced p(O2). At the same time, the driving force for lime 

dissolution increases, which will accelerate the dissolution process.  

As already mentioned, with increasing p(O2) and thus the ferric to ferrous ratio, the 

solubility of slag for CaO increases by about 3-8 wt%, while the temperature has a 

negligible effect. On the industrial scale, this means that for the same slag 

composition, increasing the ferric to ferrous ratio in the slag is more effective than 

increasing the slag temperature for enhancing lime dissolution. Another consequence 

of the increase in lime saturation limit is the avoidance of CaO-ss precipitations. 

Excessive CaO-ss precipitations increase the slag viscosity and reduce the interfacial 

area between the liquid and the solid phases of the slag. 

   

 

(%𝐹𝑒𝑂)𝑙𝑖𝑚𝑖𝑡,𝑟𝑒𝑑𝑢𝑐𝑒𝑑 𝑝(𝑜2) =  −0.113 𝑇 + 225.27  (20) 

 

 

(%𝐹𝑒𝑂)𝑙𝑖𝑚𝑖𝑡,𝑒𝑙𝑒𝑣𝑎𝑡𝑒𝑑 𝑝(𝑜2) = −0.0629 𝑇 +  125.97   (21) 
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4.2 Quaternary system CaO-FeOx-P2O5-SiO2*  

As already mentioned, the ternary system is the basic system for high phosphorus 

slags. However, the high phosphorus hot metal contains silicon with an initial content 

in the range of 0.1 - 0.7 wt%,[174] which oxidizes and forms SiO2 during the BOF pro-

cess. The SiO2 content of final slags is low and lies in the range of 4-10 wt%.[172, 178, 

182, 183] However, the SiO2 content of the slag during the process attains higher values 

and may reach a content of 15 wt%.[175, 183] Such a situation occurs during the main 

decarburization phase, where the rate of decarburization reaction is very high. The 

FeOx contained in the slag at this stage is reduced by carbon to its lowest levels, lead-

ing to an increase in the CaO- and SiO2-content of the slag. Thus, in order to assess 

the state of industrial high phosphorus slags during the entire process, it is necessary 

to study the effect of SiO2 addition on the system in the range of 5-15 wt%.  

In this section, the quaternary system CaO-FeOx-P2O5-SiO2* is investigated using the 

BOFdePhos thermodynamic database in the composition, temperature, and p(O2) 

range relevant for the industrial process. 

4.2.1 Effect of SiO2 

The calculated phase boundaries of the system CaO-FeOx-P2O5-SiO2* at 5 wt% SiO2 

are presented in Figure 17-b) while Figure 17-a) shows the phase boundaries of the 

SiO2-free system, which has been discussed in section 4.1. Both diagrams were cal-

culated at a temperature of 1873 K (1600°C) and for a reduced p(O2) state. 

It can be seen from Figure 17 that the addition of SiO2, with a content as low as 5 wt%, 

has a tremendous effect on the system in terms of a considerable modification in the 

phase boundaries as well as in the type of solid phase precipitates:  

 The regions which were saturated with phosphates (the 3CaO.P2O5 solid 

compound, further noted as C3P, and the 4CaO.P2O5 solid compound, further 

noted as C4P) in the SiO2-free system ((region 3) and (region 5) in Figure 17-

a) become saturated with the silico-phosphate solid phase, 2CaO.SiO2-

3CaO.P2O5, further noted as C2S_C3P. Only one region (region 5’) still 

contains a phosphate phase, the C4P phase.  
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 The single-phase CaO-ss saturation region (region (4) in the SiO2 free system), 

further noted as lime-only saturation region, is no longer present in the system. 

This region is now replaced by the double phase saturation with CaO-ss and 

C2S_C3P (region 4’). This means that when SiO2 is present with a content 

equals or higher than 5 wt%, a lime only saturation of the slag is no longer 

possible and is always coupled by additional precipitation of the C2S_C3P 

phase.  

 

 The lower part of the miscibility gap (region 2-b) in the SiO2-free system no 

longer exists. This is also the case for the liquid slag region, which was situated 

between the lower part of the miscibility gap (region 2-b) and the lime saturation 

region (region 4). This region is generally considered as the target slag zone 

for the industrial process.[174] It can be seen that the C2S_C3P saturation 

regions ((region 3’) and (region 4)) replace both regions when SiO2 is added to 

the system.  

 Another marking effect of SiO2 addition on the system is the fact that a purely 

liquid slag region is now stable only in the low CaO-part of the system, which is 

not relevant for the industrial process. Slags with CaO-content equal or higher 

than 40 wt% are thus expected to be in a heterogeneous state and with the 

C2S_C3P phase as the dominant solid phase. This is in accordance with 

observations of Koch and Fix, [184], who noted that a purely liquid slag could no 

longer be found in the CaO-rich part of the system when the SiO2 content 

reached a critical value, which ranged between 2 and 3.2 wt%. The liquid slag 

part of a heterogenous slag contained in (region 3’) or (region 4’) has a FeO 

content higher than 50 wt%, a CaO-content, and a P2O5 content lower than 5 

wt%. It should be noted that a high FeO activity, a high CaO-activity, and a low 

P2O5 activity in the slag are optimal thermodynamic conditions for hot metal and 

steel dephosphorization. 
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Figure 17:  Effect of SiO2 addition on the quaternary oxide system CaO-FeOx-P2O5-SiO2* at 

1873 K (1600°C) and for a reduced p(O2): a) SiO2 = 0 wt% b) SiO2 = 5 wt%  

The reduction of the miscibility gap region under the addition of SiO2 to the CaO-FeOx-

P2O5 system was reported in early investigations by Oelsen and Maetz.[185] Later, 

Drewes and Olette [179] as well as Fix et al.[176, 184] carried out detailed investigations 

on the effect of SiO2 on the CaO-FeOx-P2O5 system at an elevated and a reduced 

p(O2), respectively. Those works confirmed the strong reducing effect of SiO2 addition 

on the miscibility gap.[176, 179, 184, 185] This effect was explained by Turkdogan [186] by the 

fact that the miscibility gap in the CaO-FeOx-P2O5 system is presumably caused by 

preferential coordination of the Ca2+ cations with the non-bridging oxygen ions of the 

phosphate chains. With the addition of silica, the silicate anions enter the phosphate 

chains causing the so-called “branching”, which presumably reduce the concentration 

of free oxygen ions. With such a structural change, both the Ca2+ and Fe2+ cations 

would be coordinated with the non-bridging oxygen ions of the silico-phosphate ani-

ons, resulting in complete liquid miscibility. 
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The effect of SiO2 on the quaternary CaO-FeOx-P2O5-SiO2* system for higher SiO2-

contents is further investigated at a temperature of 1873 K (1600°C) and for a reduced 

p(O2). Figure 18-a), -b) and -c) show the calculated phase boundaries of the system 

at a SiO2 content of 10 wt%, 13 wt%, and 15 wt%, respectively. It can be seen that 

with an increase in SiO2, a shrinkage in the C4P saturation region (region 5’) occurs: 

At 10 wt% SiO2, this region can be reached only when the FeOx content of the system 

is below 5 wt%, and is no longer stable in the system when the SiO2-content reaches 

13 wt%. Trömel and Fix reported that C4P saturation could no longer be found in the 

CaO-FeOx-P2O5-SiO2* system at a SiO2
 content as low as 2 wt%.[176]  

Similar behavior was noted for regions containing a miscibility gap, that is (region 2) 

and (region 6‘). At 13 wt% SiO2, the triangle (region 6‘) containing 2 slags and 

C2S_C3P solid phase disappears completely. This is in agreement with the results of 

Koch and Fix,[184] who reported that the 3 phase region could no longer be found at 

12.5 wt% SiO2. Furthermore, the miscibility gap (region 2) disappeared completely 

when SiO2 reached 15 wt%, which is also in accordance with observations from sev-

eral experimental works, which were carried out at the same temperature and for both 

a reduced and an elevated p(O2) state.[176, 179, 184, 187] 

In conclusion, it can be said that when SiO2 is present with a content equals or higher 

than 5 wt%, the C2S_C3P phase region expands over the miscibility gap containing 

regions ((region 2) and (region 6’)) as well as the phosphates saturation regions ((re-

gion 3), (region 5) and (region 5’)). At 15 wt% SiO2, the miscibility gap regions ((region 

2) and (region 6’)) are no longer present while the C2S_C3P phase becomes present 

in all solid phase containing regions ((region 3’), (region 4’) and (region 5’)). Since the 

SiO2 content of industrial slags relevant to high phosphorus refining processes lies 

generally higher than 5 wt%, it can be concluded that a saturation of industrial slags 

with C2S_C3P is highly probable. It is thus important to model the thermochemical 

behavior of this phase for a proper assessment of the state of industrial slags. Thus, 

in section 4.3, the stability range of this phase has been investigated in detail. 
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Figure 18:  Effect of an increase in SiO2 on the quaternary CaO-FeOx-P2O5-SiO2* system at 

a temperature of 1873 K (1600°C) and for a reduced p(O2) at an SiO2 content of 

a) 10 wt%  b) 13 wt%  c) 15 wt%  

4.2.2 Effect of p(O2) 

The effect of the oxidation state of FeOx on the behavior of the quaternary system 

CaO-FeOx-P2O5-SiO2* at various SiO2 contents was investigated by means of super-

imposing the 1863 K (1600°C) isothermals at an elevated and reduced p(O2). Figure 

19-a, -b) and –c) show the calculated phase boundaries of the system at a SiO2-con-

tent of 5 wt%, 10 wt%, and 15 wt%, respectively.  
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Figure 19:  Effect of p(O2) on the system CaO-FeOx-SiO2*-P2O5 at a temperature of 1873 K 

(1600°C) and a SiO2 content of a) 5 wt%   b) 10 wt%  and c) 15 wt%. The 

solid lines represent the reduced p(O2) case, whereas the dashed lines represent 

the elevated p(O2) case. 

It can be seen from Figure 19 that an increase in p(O2) and thus in the ferric to ferrous 

ratio in the slag has a considerable effect on the phase boundaries of the system: 

- A strong reduction in the miscibility gap region (2’) (which was present at SiO2 

contents of 5 wt% and 10 wt%) is observed. For the elevated p(O2) case, the 

miscibility gap becomes very narrow when the SiO2 content of the system 
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reaches 10 wt% and disappears completely at 15 wt% SiO2. This means that 

under strong oxidizing conditions, the probability of the occurrence of a 

miscibility gap in the industrial process is very low when the SiO2 content of the 

slag reaches 10 wt%. For the reduced p(O2) case, the miscibility gap region 

was still pronounced at 10 wt% SiO2. A similar effect of p(O2) on the miscibility 

gap was observed earlier for the ternary CaO-FeOx-P2O5 oxide system (Figure 

15).  

- The reduction of the miscibility gap when p(O2) increases (region 2) results in 

an expansion of the liquid slag region. Also, it results further in a slight 

expansion of the C2S_C3P saturation region (region 3’) with the upper 

boundary shifting slightly in the direction of higher P2O5 contents.  

- The “nose” of the C2S_C3P saturation region (region 3’), marking the boundary 

between this region and the liquid slag (region S), shifts in the direction of lower 

FeO contents. Overall, an expansion of the liquid slag region is noted when 

p(O2) increases. 

- The lower boundary of the C2S_C3P saturation region (region 3’) shifts in the 

direction of higher CaO-contents, marking an increase in the lime solubility of 

the slag. The phase boundary between regions 3’ and region 4’, further noted 

as the lime saturation line, changes its shape from a linear to a curved line. This 

means that with an increase in p(O2), the CaO-ss content of slags situated in 

the 3 phase region (region 4’) will decrease in favor of more C2S_C3P 

precipitation and/or more liquid slag formation. 

- The saturation region in C4P (region 5’) becomes smaller with an increase in 

p(O2) in favor of an expansion of the 3 phase region (region 4’) containing liquid 

slag, C2S_C3P, and CaO-ss and it disappears completely at 10 wt% SiO2 for 

an elevated p(O2). It can be thus concluded that an increase in p(O2) stabilizes 

the formation of C2S_C3P solid solution over both the C4P and CaO-ss solid 

phases. 

4.2.3 Effect of temperature 

The effect of temperature variations on the phase boundaries of the CaO-FeOx-P2O5 

SiO2*- oxide system at a fixed SiO2 content was investigated in the temperature range 

of 1773 K (1500°C) – 1973 K (1700°C). Figure 20-a) and –b) show the calculated 
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isothermals (1773 K, 1873 K, and 1973 K) at 10 wt% SiO2 for the reduced and elevated 

p(O2) case, respectively. 

 

Figure 20:  Effect of temperature variation in the range of 1773 K (1500°C) to 1973 K 

(1700°C) on the CaO-FeOx-SiO2*-P2O5 at 10 wt% SiO2 at   

 a) reduced p(O2)  b) elevated p(O2) 

It can be seen from Figure 20 that the temperature does not have a considerable effect 

on the phase boundaries of the system for both the reduced and the elevated p(O2) 

case, especially in comparison to the effect of p(O2) and SiO2 content (Figure 19). An 

increase in temperature by 200 K (from 1773 K to 1973 K) increases lime saturation 

by 1-2 wt% for the reduced p(O2) case and by less than 1 wt% for the elevated p(O2) 

case. A temperature increase causes further a small shrinkage in both the miscibility 

gap region (region 2’) and the C2S_C3P saturation region (region 3’), which is similar 

to the effect of increasing p(O2) (Figure 19), albeit less significant. 
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4.2.4 Quantification of lime saturation line  

The study of the effect of p(O2) and temperature on the phase boundaries of the CaO-

FeOx- P2O5-SiO2* system, given in section 4.2.2 and section 4.2.3, indicates that the 

position of lime saturation line is very sensitive to a change in p(O2) and thus in the 

oxidation state of FeOx. 

Equation (22) and equation (23) were derived for the determination of the CaO satu-

ration values of the slag at 10 wt% SiO2, in the temperature range of 1773 K (1500°C) 

to 1973 K (1700°C), for a reduced (Figure 20-a) and an elevated (Figure 20-b) p(O2) 

state, respectively:  

 

 

(%𝐶𝑎𝑂)𝑠𝑎𝑡−𝑟𝑒𝑑𝑢𝑐𝑒𝑑 (𝑂2)  =  − 0.465 (%𝐹𝑒𝑂𝑥) + 0.012 𝑇 +  43.361  (22) 

 

 

(%𝐶𝑎𝑂)𝑠𝑎𝑡−𝑒𝑙𝑒𝑣𝑎𝑡𝑒𝑑 (𝑂2) =  − 0.0046 (%𝐹𝑒𝑂𝑥)2 −  0.0401(%𝐹𝑒𝑂𝑥) 

                                                   + 59.674  

(23) 

 

Since the effect of temperature variation in the range of 1773 K (1500°C) to 1973 K 

(1700°C) on the position of lime saturation line was found very small for the elevated 

p(O2) case, equation (23) does not contain a temperature attribute. 

The effect of SiO2 content on the position of lime saturation line was further investi-

gated. Figure 21-a) and -b) show the superimposed phase boundaries of the solid 

CaO-ss phase at 4 different SiO2-contents (0 wt%, 5 wt%, 10 wt%, and 15 wt%), at a 

temperature of 1873 K (1600°C) and for a reduced and elevated p(O2) respectively.  

It can be seen from Figure 21 that an increase in the SiO2 content of the system results 

in a considerable increase of the lime solubility of the slag, marked by a shift in the 

lime saturation line to higher CaO-contents. This increase in lime was accompanied 

by an expansion of the single-phase C2S_C3P saturation region (zone 3’ in Figure 18, 

Figure 19, and Figure 20). The considerable increase in lime solubility occurs for both 

the reduced and the elevated p(O2) case. This is in agreement with the experiments 

of Fix and Koch,[176] where a considerable increase in lime solubility was observed 

when SiO2 was added to a CaO-FeOx-P2O5 slag with a content as low as 2.5 wt%.  
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Figure 21:  Position of lime saturation line in the quaternary CaO-FeOx-P2O5-SiO2* system 

at SiO2 contents of 0 wt%, 5 wt%, 10 wt% and 15 wt% for   

 a) reduced p(O2)  b) elevated p(O2) 

4.3 Stability range of the C2S_C3P solid solution 

Based on the analysis of the CaO-FeOx-P2O5-SiO2*-system, provided in section 4.2, 

it can be concluded that the C2S_C3P phase is expected as the dominant solid phase 

present in high phosphorus industrial slags. Also, it has been reported earlier (section 

2.4) that this solid phase plays a crucial role in phosphorus removal during hot metal 

dephosphorization processes [10, 14, 17, 21, 28, 30-32, 34, 66, 98-120] due to its solubility for phos-

phorus. Thus, special attention was given to modeling this phase during the develop-

ment of the BOFdePhos thermodynamic database. For proper modeling of the ther-

mochemical behavior of this phase, a critical assessment of the ternary system CaO-

SiO2-P2O5 is required. A detailed description of the particular data assessment for the 

CaO-SiO2-P2O5 oxide system is given in a separate publication.[146] 

The model used for describing the C2S_C3P solid phase reads: 

(Ca2+,Mg2+,Mn2+)3(Ca2+,Va)(P5+,Si4+)2(O2-)8. In this section, the stability range of the 
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C2S_C3P phase in the CaO-P2O5-SiO2 oxide system is investigated for the purpose 

of clarifying its behavior in the quaternary CaO-FeOx-P2O5-SiO2 oxide system. 

Figure 22 shows the isothermal section of the system, calculated at a temperature of 

1873 K (1600°C) and under atmospheric pressure. It can be seen that the calculated 

liquidus line of the C2S_C3P phase is in excellent agreement with the corresponding 

experimental data of Fix and Koch.[184]  

 

Figure 22:  Calculated phase boundaries of the CaO-P2O5-SiO2 oxide system at a 

temperature of 1873 K (1600°C), under atmospheric pressure, and com-

parison with experimental data of Koch and Fix.[184]  

It becomes obvious from Figure 22 that the stability range of both the phosphate phase 

C4P and the silicate phase 3CaO.SiO2, further noted as C3S, is very small in favor of 

a large stability range of the silico-phosphate phase, the C2S_C3P solid solution. The 

C2S_C3P replaces C4P gradually with the addition of SiO2 to the binary CaO-P2O5 

system and is the only solid phase present at an SiO2 value in the range of 3 to 11 

wt% (Position indicated by point B and C respectively) depending on its CaO or P2O5 

content. For SiO2 contents higher than 3 wt%, a single saturation of the slag on C4P 

is no longer possible without additional C2S_C3P saturation, which explains the 
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shrinkage of the C4P-saturation region in favor of an expansion of C2S_C3P satura-

tion region in the quaternary CaO-FeOx-P2O5-SiO2* system, observed earlier in sec-

tion 4.2.1 (Figure 18). Also, the C2S_C3P replaces C3S gradually with the addition of 

P2O5 to the binary CaO-SiO2 system and becomes the only stable solid phase present 

in the system when the P2O5 content exceeds 3 wt% (point A).  

The effect of temperature on the phase boundaries of the CaO-P2O5-SiO2 system was 

further investigated. Figure 23 shows the liquidus projection of the CaO-rich part of 

the system calculated for the temperature range of 1673 K (1400°C) to 3273 K 

(3000°C). It becomes obvious that the C2S-C3P phase has a very prominent thermal 

stability in the system. The azeotropic point of C2S_C3P phase dominates the entire 

composition range up to 60 wt% CaO as well as the entire temperature range of 1673 

K (1400°C) to 2473 K (2200°C). Riboud and Margot [172] carried out experimental in-

vestigations of the liquidus of the CaO-rich part of the CaO-P2O5-SiO2 system and 

found out that the lowest liquidus point at which C2S_C3P dissolves corresponds to 

the composition of point L where a liquidus temperature of 1913 K (1640°C) was meas-

ured in their experiments.  

Figure 24 shows the temperature-composition diagram of the C2S_C3P phase, 

calculated using the BOFdePhos thermodynamic database.  

It becomes clear from the diagram that there is a complete solubility of P2O5 in the 

C2S phase under the formation of C2S_C3P. The C2S_C3P is the dominant solid 

phase over the total composition range and in the temperature range of 1773 K 

(1500°C) to 2573 K (2200°C). There is a complete exchange between the silicate an-

ion [SiO4]4− and the phosphate anion [PO4]3− with the amount of CaO changing, in 

order to keep the electro-neutrality of the phase. This is in accordance with recent 

findings of Duée et al. [188], who observed that [PO4]3− units were incorporated into the 

dicalcium silicate structure by substituting [SiO4]4− groups, with the charge balance 

being maintained by creation of calcium vacancies.  
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Figure 23:  Liquidus projection of the CaO-rich part of the CaO-P2O5-SiO2 system in the tem-

perature range of 1673 K (1400°C) to 3273 K (3000°C). The CaO-content varies 

between 50-100 wt% while P2O5- and SiO2-content varies between 0-50 wt%.  

 

Figure 24:  Temperature-composition diagram for the C2S-C3P phase. A major emphasis 

was given to the reproduction of the solid-liquid equilibria. The sub-solidus range 

is still preliminary. C denotes CaO, P denotes P2O5, and S denotes SiO2. 
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4.4  Consequences for the industrial process 

The study of the high phosphorus system CaO-FeOx-P2O5-SiO2* showed that the 

C2S_C3P saturation regions dominate the CaO-rich part of the system and expand 

over C4P saturation, CaO-ss saturation, and miscibility gap regions when the SiO2 

content of the system equals or higher than 5 wt%. Due to the high phosphorus dis-

solving potential of this phase, it can be considered at this stage that the presence of 

SiO2 in the system is beneficial for P removal from the liquid metal phase from a ther-

mochemical perspective.  

It can be seen from Figure 17-Figure 20 that the liquid part of slags saturated with 

single-phase C2S_C3P (region 3’) is high in FeO and low in P2O5, which are optimal 

thermodynamic conditions for P removal from the liquid metal phase. This indicated 

that region 3’ is expected to have a high dephosphorization potential due to the high 

phosphorus dissolving potential of the solid C2S_C3P phase and also, due to a high 

dephosphorization potential of the liquid slag phase. The CaO-content of a liquid slag 

situated in the single-phase C2S_C3P saturation region is below lime saturation, 

which should promote lime dissolution.  

During the industrial process, it is a common practice to saturate the slag with lime, in 

order to achieve optimal dephosphorization results.[189] This is due to the well-estab-

lished increase of P-distribution between the slag and the metal phase with an in-

crease in the CaO-content of the slag (Table 2). Lime saturation of the slag is also 

advantageous in protecting the refractory lining from wearing.[189] Based on the study 

of the thermodynamic behavior of the quaternary CaO-FeOx-P2O5-SiO2* system, pro-

vided in the present work, it is found that single-phase CaO-ss saturation cannot be 

reached when the SiO2 content of the system equals or higher than 5 wt%. 

It should be noted that the equations developed for the description of Lp in the SiO2-

free system were mostly developed for CaO-saturated slags.[82, 83] It is found that the 

composition of lime saturated slags in the SiO2-free system (region 1 in Figure 17-a) 

differs strongly from the composition of lime saturated slags in the SiO2-containing 

system (point E in Figure 17-b). In fact, a study of the effect of liquid slag composition 

over a wide composition range on the dephosphorization potential of CaO-saturated 

slags in the CaO-FeOx-P2O5-SiO2* system is not possible since the liquid slag compo-

sition varies very little (point E in Figure 17-b). This means that Lp-relations developed 
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for the SiO2-free system,[82, 83] can only be applied with precaution for describing Lp-

behavior in the quaternary CaO-FeOx-P2O5-SiO2* system when the SiO2 content 

equals or higher than 5 wt%. In addition, it has been reported that the presence of 

C2S_C3P phase has a strong effect on the dephosphorization potential of the hetero-

geneous slag (see section 2.4).  

A further important observation for the industrial process is the absence of a purely 

liquid slag region in the CaO-rich part of the quaternary CaO-FeOx-P2O5-SiO2* system 

contrary to the SiO2-free ternary system CaO-FeOx-P2O5, where a purely liquid slag 

region is stable over the total FeO-variation range. The liquid slag region in the ternary 

system is generally considered as the target slag region for the industrial process. 

When SiO2 is present in the system, the purely liquid region changes to a single-phase 

C2S_C3P saturation region. 

The study of the effect of p(O2) and temperature variations on the CaO-FeOx-P2O5-

SiO2* system has shown that an increase in p(O2) increases lime saturation in the slag 

and reduces the miscibility gap region while variations in temperature are found to 

have a negligible effect on all phase boundaries of the CaO-rich part of the system.  

It can be thus concluded that increasing the oxidation state of FeOx and thus, the ferric 

to ferrous ratio in the slag represents an effective measure for increasing lime satura-

tion of the slag, which accelerates the dissolution procedure of lime. A further conse-

quence of increasing lime saturation is the avoidance of CaO-ss precipitations. Exces-

sive CaO-ss precipitations increase the slag viscosity and reduce the interfacial area 

between liquid slag and undissolved lime, which results in setting unfavorable kinetic 

conditions for lime dissolution. [190] An increase in temperature is not expected to favor 

lime dissolution from a thermodynamic perspective. 
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5 Study of the oxide systems relevant for low phosphorus slags 

5.1 Discussion of the quasi-ternary system CaO-FeOx-SiO2 

The oxide System CaO-FeOx-SiO2 is the basic ternary oxide system for slags formed 

during contemporary oxygen steelmaking (BOF process), and more specifically when 

a low phosphorus hot metal (P < 0.015 wt%) is used. Experimental data on the behav-

ior of this system in equilibrium with liquid Fe, i.e., at reduced p(O2) (Table 6) were 

provided by Görl et al. [191, 192] Drewes and Olette [179] provided experimental data on 

the system behavior at elevated p(O2). Muan et al. [193, 194], as well as Margot et al. [195] 

studied the behavior of the system under air.  

5.1.1 System behavior at reduced p(O2) 

Figure 25 shows the calculated isothermal section for the system CaO-FeOx-SiO2 for 

1873 K (1600°C) and reduced p(O2). It can be seen that the CaO-rich part of the sys-

tem, which is the region relevant for the industrial process, is dominated by the pres-

ence of silicates: A saturation region for the 2CaO.SiO2 solid phase (region 2), further 

denoted as C2S, a double saturation region for the solid phases 2CaO.SiO2 and 

3CaO.SiO2, further denoted as C3S (region 3) as well as a double saturation region 

with C3S and with a CaO-based monoxide solution, further denoted as CaO-ss (region 

4). The deflection point of the C2S-liquidus (the boundary between regions 1 and 2), 

marking the composition of a C2S-saturated slag with the highest FeO-content, will be 

further noted as the “C2S-nose”. It can be seen that the stability range of single-phase 

C3S saturation is very narrow. It will thus not be considered in the further discussion 

of this system.  

It becomes obvious from Figure 25 that the single-phase CaO-ss saturation (region 

5), further denoted as lime-only saturation region, has a small stability range in the 

system, especially in comparison with the double saturation region with both CaO-ss 

and C3S (region 4). The lime-only saturation region is generally considered as the 

target zone for the industrial process. 
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Figure 25:  Calculated isothermal section for the system CaO-FeOx-SiO2 at 1873 K (1600°C) 

and reduced p(O2). 

The aforementioned experimental data on the system focused mainly on the determi-

nation of the position of the liquidus lines of the CaO-rich part of the oxide system.[179, 

191-195] The slag liquidus will be further divided into 2 parts: The “C2S_liquidus” denoting 

the boundary between (region 1) and (region 2) and the “CaO-liquidus” denoting the 

boundary between (region 1) and (region 5). 

Figure 26 and Figure 27 show a comparison between the calculated liquidus lines in 

the present work at 1873 K (1600°C) and the corresponding data in the literature for 

an elevated and a reduced p(O2), respectively. It can be seen that in case of a reduced 

p(O2) (Figure 26), the calculated phase boundaries were in a very good agreement 

with the experimental data of Görl et al.,[191, 192] especially regarding the CaO-liquidus, 

whereas the “C2S-nose” in their experiments was slightly shifted to the FeOx corner 

by about 3 wt% compared to the calculated C2S-liquidus.  
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Figure 26: Comparison of the calculated phase boundaries of the system CaO-FeOx-SiO2 at 

1873 K (1600°C) and reduced p(O2) with the experimental findings of Görl et al. 

[191, 192] and estimated liquidus curves from the work of Trömel et al.[176]  

 
Figure 27: Comparison between the calculated phase boundaries of the system CaO-FeOx-

SiO2 at 1873 K (1600°C) and elevated p(O2) with the experimental findings of 

Drewes and Olette.[179] 

For the elevated p(O2) case (Figure 26-Figure 27), the agreement between the calcu-

lated liquidus and the experimental data of Drewes and Olette [179] can also be consid-

ered as very good, although a small shift in the CaO-liquidus by about 2 wt% to the 
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CaO-corner was noted for the experimental data in comparison with the calculated 

CaO-liquidus.  

Experimental data on the behavior of the system at the low temperature of 1673 K 

(1400°C) could be found in the work of Knüppel et al.[196] At this temperature, metallic 

iron is in a solid state. An equilibration of slag with solid iron is experimentally very 

difficult, and thus, the authors investigated the equilibrium state of the system under 

an inert gas atmosphere (N2-gas).[196] Their results are presented in Figure 28 together 

with the calculated phase boundaries of the system at 1673 K (1400°C) and reduced 

p(O2). Even though the calculations suggest a shift in the C2S-nose to lower FeO 

values by about 7 wt% compared to the experimental data, the general agreement can 

be considered as acceptable, especially in view of the missing information on the oxi-

dation state of FeOx in the experimental work. [196]  

 
Figure 28:  Calculated phase boundaries of the system CaO-FeOx-SiO2 at 1673K (1400°C) in 

equilibrium with solid Fe and comparison with experimental results of Knüppel et 

al.[196] under inert gas atmosphere (p(O2) = 0 atm).  
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5.1.2 System behavior for a high FeOx oxidation state 

Further investigations of the system under air (p(O2) = 0.21 atm) and thus under strong 

oxidizing conditions are also available. At such conditions, the ferric (Fe3+) to ferrous 

(Fe2+) ratio in the system is very high (Table 6). Margot and Riboud provided experi-

mental data at a temperature of 1873 K (1600°C) while Phillips and Muan provided a 

hypothetical estimation of the slag liquidus, also at a temperature of 1873 K 

(1600°C).[193, 195] When including their results, the effect of p(O2) on the system is ex-

pected to follow the scheme presented in Figure 29. In order to evaluate the effect of 

the oxidation state of FeOx on the phase boundaries of the system over a wide p(O2) 

range, the phase boundaries of the system at p(O2) values of 10-5 atm and 10-9 atm 

were calculated and included in Figure 29. 

It can be seen from Figure 29 that the oxidation state of FeOx has a considerable effect 

on the liquidus of the system, with its effect on the C2S-liquidus being much stronger 

than that on the CaO-liquidus. This means that in case the slag is saturated with C2S, 

which was occasionally reported as the final state of BOF slags in the industrial pro-

cess,[10, 118] an increase in p(O2) would lead to a decrease in C2S precipitations in favor 

of an increase in the amount of liquid slag. As already mentioned in section 3.1, the 

oxidation state of FeOx in industrial slags has not been clarified. In addition, the oxygen 

partial pressure in BOF slags may not be homogeneous, especially in view of it being 

a top blowing process: Slag regions surrounding the hot spot (where oxygen gas is in 

direct contact with the metal bath) may have a higher p(O2) than those in contact with 

a CO-containing gas phase (product of the decarburization reaction). Some works 

considered that the p(O2) in slag regions surrounding the hot spot may reach values 

as high as 1 atm.[56]  
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Figure 29: Estimated effect of p(O2) variation on the phase boundaries of the ternary CaO-

FeOx-SiO2 system at a temperature of 1873 K (1600°C) based on present calcu-

lations and results reported in the literature. [193, 195] 

In agreement with the calculated behavior, the hypothetical behavior of the system 

under air suggested by Phillips and Muan [193] predicted a larger C2S-saturation region 

than that in the experiments of Margot and Riboud.[195] Considering the analysis of the 

iron-oxygen-temperature system introduced previously in section 3.5 (Figure 12 and 

Figure 13), it becomes clear that for a temperature of 1873 K (1600°C), the system 

under air is very close to the spinel formation region. It is thus possible that in the 

experiments of Margot and Riboud, [195] some solid phase precipitation may have oc-

curred. This means that under strongly oxidizing conditions, for example, when p(O2) 

equals or higher than 0.21 atm, a considerable shrinkage of the C2S-saturation region 

is expected, and the liquidus of the system may behave similarly to that in the experi-

ments of Margot and Riboud. [195] On an industrial scale, the strong sensitivity of the 

C2S liquidus to p(O2) indicates that special attention should be given to preserving the 

oxidation state of industrial samples during sampling and quenching procedures in 

order to properly assess the morphology and phase amounts of C2S-saturated BOF 

slags.  
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5.1.3 Study of the effect of temperature 

During oxygen converting of low phosphorus hot metal, the hot metal temperature 

increases gradually from an initial temperature in the range of 1250°C-1400°C to a 

final temperature in the range of 1600°C-1700°C.[174, 197-200] It is thus important to study 

the effect of temperature on the behavior of the relevant oxide system. The effect of 

temperature variations on the CaO-FeOx-SiO2 system at reduced p(O2) is illustrated 

in Figure 30 by means of superimposing the isothermal sections for 1673 K (1400°C), 

1773 K (1500°C), 1873 K (1600°C) and 1973 K (1700°C).  

 
Figure 30:  Presentation of the estimated effect of temperature on the phase boundaries of 

the system CaO-FeOx-SiO2 at reduced p(O2) by means of superimposing the cal-

culated isothermal sections for 1673 K (1400°C), 1773 K (1500°C), 1873 K 

(1600°C) and 1973 K (1700°C). The positions of final industrial BOF slags in the 

ternary system, as reported in several works, are also presented.[73, 197-199]  

It can be seen from Figure 30 that the silicates saturation regions dominate the CaO-

rich part of the system in the entire temperature range of 1673 K (1400°C) to 1973 K 

(1700°C).  

The effect of temperature on the stability range of the C2S saturation region (region 

2) can be considered as moderate in the temperature range of 1773 K (1500°C) - 1873 

K (1600°C), especially in comparison with the effect of p(O2) (Figure 29). When the 

temperature increases from 1773 K (1500°C) to 1873 K (1600°C), the C2S “nose” 
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shifts away from the FeO corner by 3 wt%. This shift is more pronounced for the lower 

and the higher temperature regions: When the temperature increased from 1673 K 

(1400°C) to 1773 K (1500°C) or from 1873 K (1600°C) to 1973 K (1700°C), the C2S 

“nose” shifts away from the FeO corner by about 10-12 wt%. 

On the other hand, the effect of a change in temperature on lime saturation line is very 

small and can be neglected: An increase in slag temperature from 1773 K (1500°C) to 

1873 K (1600°C) increases lime saturation of the slag by less than 1 wt%. The effect 

is more significant with respect to the expansion of the single-phase CaO-ss saturation 

(region 5) and the shrinkage of the double saturation with CaO-ss and C3S (region 4). 

The points which denote the double saturation with CaO-ss and C3S (E1-E4) shift 

along the lime saturation line to lower FeO contents. At a temperature of 1673 K 

(1400°C) the single-phase CaO-ss saturation (region 5) can be reached only at FeO-

contents higher than 62 wt% (point E1) whereas, at a temperature of 1973 K (1700°C), 

it is reached at a FeO-value of 44 wt% (point E4). This means that region 5 becomes 

more “accessible” at lower FeO contents when the temperature increases. This is an 

important indication for the industrial process since lime saturation is strived for, and 

at the same time, high FeO contents of the slag are avoided in order to minimize iron 

losses to the slag as well as refractory wear. Similar observations were made earlier 

with respect to the effect of temperature on lime saturation with the ternary CaO-FeOx-

P2O5 system (section 4.2.2) when considering the C4P phase as the equivalent of the 

silicate phase C3S in the CaO-FeOx-SiO2 system. 

Finally, equation (24) was derived for the description of the lime saturation line in the 

CaO-FeOx-SiO2 oxide system at reduced p(O2) and in the temperature range 1823 K 

(1550°C) to 2023 K (1750°C): 

 

 
(%𝐶𝑎𝑂)𝑠𝑎𝑡.𝑟𝑒𝑑𝑢𝑐𝑒𝑑 𝑝(𝑂2) =  − 0.465 (%𝐹𝑒𝑂𝑥) + 0.012 𝑇 +  43.361 (24) 

 

It should be noted that equation (24) is only applicable when the FeO-content of the 

slag is higher than that of the 3 phase point (point E1-E4 in Figure 30), further noted as 

“FeOx limit”. The position of the 3 phase point (E1-E4) depends on temperature and can 
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be approximated by equation (25) when the temperature is within the range of 1673 K 

(1400°C) to 2023 K (1750°C) and for a reduced p(O2):  

 

 
(%𝐹𝑒𝑂𝑥)𝑙𝑖𝑚𝑖𝑡,𝑟𝑒𝑑𝑢𝑐𝑒𝑑 𝑝(𝑂2)  

 =  −0.0623 𝑇 +  166.72  (25) 

 

By using equation (24), it becomes possible to estimate the maximum solubility of CaO 

in a CaO-FeOx-SiO2 slag at a given temperature by inserting the corresponding 

(%FeOx)limit value (calculated by equation (25)) as the value of the (%FeOx) term in 

equation (24). 

5.1.4 Conclusions and industrial consequences  

The study of the state of CaO-FeOx-SiO2 slags given in the previous sections (3.3.1, 

3.3.2 and 3.3.3) for different oxidation states of FeOx as well as for different tempera-

tures showed that the silicate phases C2S and C3S dominate the CaO-rich part of the 

system, which is the relevant section for the industrial process. The saturation state of 

BOF slags on solid phases is thus expected as follows: 

- When the system is below lime saturation, the slag is situated within silicate 

saturation regions: A single-phase saturation with C2S (region 2) or a double 

phase saturation with both silicates C2S and C3S (region 3) is reached. It can 

be seen from Figure 30, that the industrial slags reported by Van Hoorn et al.[198] 

are not saturated with CaO-ss but rather in silicates: Depending on the 

temperature, the reported slags are either within the single-phase C2S 

saturation (region 2) or lie exactly at the double saturation line with both C2S 

and C3S (the boundary between region 2 and region 3). 

- When lime saturation is achieved, a double phase saturation with both C3S and 

CaO-ss. (region 4) is expected. This is because the single-phase CaO-ss 

saturation (region 5) has a small stability range in the system and high FeO 

contents are required to reach it: For a temperature of 1973 K (1700°C) and 

reduced p(O2), the required FeOx-content must be higher than 44 wt%, and this 

value is higher for lower temperatures. The slag analysis, reported in the plant 

trials of Cicutti et al.[197] as well as in that of Beunder et al. [199] (Figure 30) lie 

exactly along the lime saturation line and are saturated additionally with C3S 
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independent of temperature. The saturation state of the slag analysis reported 

by the plant trials of Bardenheuer et al.[73] depends however on the 

temperature: At temperatures equals or below 1873 K (1600°C), the slag is 

double saturated with C3S and CaO-ss, whereas at a higher temperature of 

1973 K (1700°C), the slag lies exactly at the double saturation line in C3S and 

CaO-ss (boundary between region 4 and region 5) and no C3S precipitations 

would occur in such a case. 

Similar to the CaO-FeOx-P2O5 system, the temperature did not have a significant effect 

on the lime saturation line for the CaO-FeOx-SiO2, system. However, it was observed 

that an increase in temperature resulted in an expansion of the single-phase CaO-ss 

saturation region over the double phase saturation region with CaO-ss and C3S. This 

was also observed for the CaO-FeOx-P2O5 system, with the solid phase being C4P 

instead of C3S. Thus, the same conclusions which were drawn for lime saturation in 

the CaO-FeOx-P2O5 system further hold for the CaO-FeOx-SiO2 system: Even though 

an increase in temperature does not increase lime solubility in the slag, it will indirectly 

result in promoting lime dissolution. This is due to the fact that less silicates precipita-

tions will occur in favor of an increase in liquid slag amount. As a result, the contact 

area between liquid slag and lime particles increases, which was reported as crucial 

for the continuation of lime dissolution, especially under foaming conditions.[201]  

The strong effect of p(O2) on the phase boundaries of the system, shown in Figure 29, 

indicates the importance of this aspect in modeling and assessment of the state of 

industrial slags. With an increase in p(O2) and thus, in the ferric to ferrous ratio, a 

shrinkage in the silicate saturation regions occurs, and the “C2S nose” shifts to lower 

FeO-contents. Also, a moderate increase in lime solubility in the slag is observed, 

which is, however, less significant than the increase noted for the CaO-FeOx-P2O5 

system (Figure 15). In section 4.3, it is found that the C2S solid phase has a large 

phosphorus solubility under the formation of the C2S_C3P phase. Thus, the C2S sat-

uration region is highly interesting for phosphorus removal in the BOF process. The 

estimation of the oxidation state of FeOx in the slag can be thus considered as im-

portant in the assessment of the dephosphorization potential of BOF slags due to its 

strong effect on the stability range of the C2S phase in the CaO-FeOx-SiO2 oxide sys-

tem. 
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It should be further clarified whether the effect of p(O2) on the system is temperature-

dependent. Figure 31-a) and –b) show the calculated phase boundaries, for both a 

reduced and an elevated p(O2), at a temperature of 1723 K (1450°C) and 1973 K 

(1700°C) respectively. It can be seen that the effect of p(O2) on the C2S-liquidus is 

very pronounced at a temperature of 1723 K (Figure 31-a) and diminishes completely 

at a temperature of 1973 K (Figure 31-b). 

  
Figure 31:  Effect of p(O2) on the a) 1723 K (1450°C)  b) 1973 K (1700°C) isothermal 

sections of the CaO-FeOx-SiO2 system: The solid lines represent the reduced 

p(O2) case whereas the dashed lines represent the elevated p(O2) case. 

A study of the morphology of industrial slags, carried out by Fix and Koch,[182] indicated 

that early slags, formed during the first 1/3 of the blowing time, were saturated with 

silico-phosphates. The morphology of the corresponding samples was investigated 

and showed an irregular structure with zones dominated by solid phases precipitations 

and others dominated by liquid slag. The authors attributed this to an irregular temper-

ature distribution in the slag.[182] Even though the observed solid phase was the silico-

phosphate phase, the C2S_C3P phase, it can be assumed that the thermochemical 
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behavior of this phase is similar to that of the phosphate-free C2S phase. Based on 

the discussion of the CaO-FeOx-SiO2 and CaO-FeOx-P2O5 systems given in the pre-

sent work regarding the effect of temperature and p(O2) on silicates and phosphates 

stability regions, it can be concluded that the irregular structure may have resulted 

from a non-homogeneous oxidation state of FeOx in the slag, and thus from p(O2) ir-

regularities: Regions with high p(O2) were liquid or had small precipitation amounts of 

solid phases while regions with lower p(O2) experienced excessive solid phase pre-

cipitations. This is supported by the fact that the C2S saturation region was found to 

be highly sensitive to a change in p(O2) (Figure 29), especially at low temperatures 

(Figure 31-a). The temperature of the bath during the first 1/3 of blowing time and thus, 

that of early slags in the BOF process was reported as lower than 1773 K (1500°C) in 

several works. [58, 175, 199] 

Inhomogeneities in p(O2) within the slag may exist on a microscopic level due to the 

dispersion of C-containing metallic droplets from the bath into the slag and their sub-

sequent decarburization by FeOx. This results in CO and, to a lesser extent, CO2-gas 

formation. As a result, p(O2) in slag regions in contact with CO/CO2 gas bubbles will 

be lower than in “bubble-free” regions.  

Even though it was found that the temperature also affects the C2S saturation region, 

temperature-caused irregularities in C2S precipitations will require high-temperature 

gradients, higher than 50 K, compared to the required p(O2) gradients, especially in 

the temperature range of 1500-1600°C (Figure 30). The difference between the tem-

perature measured in the metal bath (thus at the lower side of the slag) and the tem-

perature measured in the slag was reported to lie in the range of 30-100 K.[91] The 

observed irregularities occurred within very small specimen areas (with a dimension 

less than 0.2 * 0.2 mm2). Thus, it seems unlikely that the temperature gradient within 

such a small dimension was high enough to cause the observed irregularities in the 

slag structure. 

The authors further reported that the slags remained heterogeneous until the end of 

the blow; however, the irregularities in its structure diminished.[182] This can be ex-

plained by the high temperature reached for the final slags compared to the tempera-

ture of early slags: The C2S saturation region becomes less sensitive to changes in 
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the oxidation state of FeOx and thus, to p(O2) irregularities in the slag, at high temper-

atures (Figure 31-b). 

Recently, there has been increased interest in measuring the oxygen partial pressure, 

p(O2) in industrial slags at multiple sampling positions in the BOF converter in order to 

get online information about the extent of dephosphorization.[91] Such measurements, 

if successfully correlated with the ferric to ferrous ratio, would deliver the missing in-

formation about the state of oxidation of FeOx in BOF slags. The dependence of p(O2) 

on the sampling position would clarify the extent of p(O2) gradients in the slag. 

5.2 Quaternary CaO-FeO-SiO2-P2O5* system in the low P2O5 range 

5.2.1 Effect of P2O5 

The low P2O5 part of the quaternary CaO-FeO-SiO2-P2O5
* system is the relevant oxide 

system for the slags resulting from conventional BOF operation. During the BOF 

process, the initial P content of the hot metal is in the range of 0.07-0.15 wt%, and 

thus, low P2O5 contents in the final slags are obtained, which fall generally within the 

range of 1-5 wt%.[10, 35, 174] In European BOF plants, the initial phosphorus content is 

usually less than 0.09 wt%, while Japanese steel plants use hot metal with higher 

initial phosphorus contents.[12] Even though the slag composition in terms of its CaO, 

FeO and SiO2 contents undergoes a large variation during the refining process, the 

P2O5 content of the slag varies within a small range throughout the blow and usually 

remains below 5 wt%. This is due to the fact that during the main decarburization 

phase, the FeO content decreases considerably and may reach values as low as 5 

wt%.[199] The P2O5 content at those conditions does not increase in terms of 

concentration as in the case of CaO and SiO2 but decreases instead as a result of the 

phosphorus reversion from the slag to the metal phase, which occurs at such low FeO-

contents in the slag. 

Despite the importance of phosphorus control in the BOF process, the thermochemical 

behavior of the quaternary system CaO-FeO-SiO2-P2O5
* at P2O5 contents in the range 

of 1- 5 wt% remains unclear. The composition of BOF slags is usually reduced to the 

ternary CaO-FeOx-SiO2 system during the evaluation of the thermodynamic state of 

the slag, especially when the P2O5 content of the system is less than 2 wt%. Apart 

from the work of Gao et al.,[104, 105] where the phase diagram of the system was 
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investigated at 5 wt% P2O5 and at a temperature of 1673 K (1400°C), no further 

experimental works focusing on studying the phase boundaries of the CaO-FeO-SiO2-

P2O5
* system in the low P2O5 range are available, to author’s best knowledge.  

Figure 32-a) and –b) show the calculated phase boundaries of the CaO-FeO-SiO2-

P2O5
* oxide system by the BOFdePhos thermodynamic database at a P2O5 content of 

1 wt% and 3 wt%, respectively, at a temperature of 1873 K (1600°C) and for a reduced 

p(O2). 

 

Figure 32:  Calculated phase boundaries of the quaternary CaO-FeOx-SiO2-P2O5
* system at 

a temperature of 1873 K (1600°C) and for a reduced p(O2) at a) 1 wt% P2O5 

 b) 3 wt% P2O5. The dashed lines represent the corresponding phase bounda-

ries of the P2O5-free system. 

It can be seen from Figure 32 that a P2O5 addition at values as low as 1 wt% has a 

tremendous effect on the system. It was reported in section 4.2.1 that the addition of 

SiO2 to the ternary CaO-FeOx-P2O5 oxide system results in the stabilization of the 

silico-phosphate phase C2S_C3P over the phosphates C3P and C4P phases. 

Similarly, the addition of P2O5 to the CaO-FeOx-SiO2 oxide system results in the 

stabilization of the silico-phosphate C2S_C3P over the silicates C3S and C2S. The 
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effect of P2O5 on the silicate saturation region (of the P2O5-free system) can be 

described as follows: 

 The C2S-phase, which dominated the P2O5 free system, is now replaced 

completely by the C2S_C3P phase (region 2). The C3S saturation regions 

shrink massively in favor of C2S_C3P saturation (region 3 and region 6) at 1 

wt% P2O5 and disappear completely at 3 wt% P2O5. The replacement of C3S 

phase by the C2S_C3P phase under P2O5 addition can be explained by the 

observed instability of C3S in the ternary CaO-SiO2-P2O5 system when P2O5 is 

added in the range of 2-3 wt% (Figure 22 and Figure 23). The study of the 

behavior of the quaternary system shows that the C2S_C3P saturation region 

expands over C3S saturation when the P2O5 content of the system is as low as 

1 wt%.  

 

 The “nose” of C2S_C3P phase expands in the direction of the FeO corner of 

the system in comparison to the position of the “C2S nose” in the P2O5 free 

system. At 3 wt%, P2O5, the liquid slag region situated between “C2S_C3P 

nose” and the FeO corner of the system diminishes almost completely in favor 

of an expansion of the single-phase C2S-C3P saturation region (region 2). 

 

  The single-phase CaO-saturation region (region 4) shrinks massively in favor 

of the double saturation with CaO-ss and C2S_C3P (region 3). At 1 wt% and 3 

wt% P2O5, this region can be reached only at SiO2 contents below 4 wt% and 

2 wt%, respectively. 

Experimental data on the behavior of the quaternary system were provided by Gao et 

al.[105] at a P2O5 content of 5 wt%, a p(O2) of 9.24* 10-11 atm and a temperature of 1673 

K. Such conditions are relevant for dephosphorization in Japanese steelworks, where 

the hot metal is usually dephosphorized in a separate step prior to decarburization.[18]  

Figure 33 shows the position of the C2S_C3P regions reported in these experiments 

within the corresponding system’s isothermal, which was calculated using the BOF- 

DePhos database. It can be seen that in accordance with the calculated phase bound-

aries, the experiments of Gao et al.[105] reported the presence of C2S_C3P phase in 
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both the low and the high FeO part of the system, up to a FeO content of 90 wt%. 

Furthermore, the authors reported that no traces of C3S phase could be found in the 

experimental samples [105], which is in agreement with the calculated phase diagram. 

It should be noted that similar observations with respect to the expansion of C2S_C3P 

saturation regions and the instability of C3S phase are observed for the higher tem-

perature (1873 K) and the lower P2O5 (1-3 wt%) case (see Figure 32) which fall within 

the conditions relevant for BOF operation in European steelworks. 

 

Figure 33:  Position of C2S_C3P saturated slags from the experiments of Gao et al. [105] in 

the calculated phase boundaries of the CaO-FeOx-SiO2-P2O5
* system at 5 wt % 

P2O5, a temperature of 1873 K (1600°C), and a p(O2) of 9.6 10-11 atm: CS de-

notes the CaO.SiO2 phase (Wollastonite). 

5.2.2 Effect of p(O2) 

It should be further clarified whether a change in the oxidation state of iron has a sig-

nificant effect on the phase boundaries of the CaO-FeOx-SiO2-P2O5
* system. Figure 

34-a) and -b) show the calculated phase boundaries at a P2O5 content of 1 wt% and 

3 wt% respectively, a temperature of 1873 K (1600°C) and for both a reduced (solid 

lines) and an elevated (dashed lines) p(O2) state. It can be seen that when p(O2) in-

creases, a significant shrinkage in the C2S_C3P containing regions in favor of an ex-

pansion of the liquid slag region occurs. A similar effect was observed previously for 

the ternary CaO-FeOx-SiO2 system with respect to the C2S saturation region. The 
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shrinkage of the C2S_C3P saturation region with an increase in p(O2) was observed 

for the quaternary CaO-FeOx-SiO2
*-P2O5

 system in the high P2O5 range (section 4.2.2). 

A further effect observed in association with an increase in p(O2) is the expansion in 

the single-phase CaO-ss saturation region (region 4) in the direction of higher SiO2 

contents as well as a shift in the lime saturation line in the direction of higher CaO-

contents, indicating an increase in the lime solubility of the slag. The increase in lime 

solubility following an increase in p(O2) was also observed for the CaO-FeOx-SiO2
*-

P2O5
 system in the high P2O5 range (section 4.2.2) as well as in the ternary system 

CaO-FeOx-P2O5 (Figure 15) and to a lesser extent, also in the ternary system CaO-

FeO-SiO2 (Figure 29). 

 

Figure 34:  Effect of p(O2) on the phase boundaries of the system CaO-FeOx-SiO2-P2O5
* at 

a temperature of 1873 K (1600°C) at a P2O5 content of  a) 1 wt% b) 3 wt%. 

The solid lines represent the reduced p(O2) case, whereas the dashed lines rep-

resent the elevated p(O2) case. 
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5.2.3 Effect of temperature 

The thermochemical behavior of the CaO-FeOx-SiO2-P2O5
* system in the temperature 

range 1773 K-1973 K was investigated by means of superimposing the 1773 K 

(1500°C), 1873 K (1600°C) and 1973 K (1700°C) isothermals, which were calculated 

using the BOF DePhos database. Figure 35-a) and –b) show the calculated phase 

boundaries of the CaO-rich part of the system at a P2O5 content of 3 wt%, for a reduced 

and an elevated p(O2), respectively.  

 

Figure 35:  Effect of a temperature variation in the range of 1773 K (1500°C) to 1973 K 

(1700°C) on the quaternary CaO-FeOx-SiO2-P2O5* system at 3 wt% P2O5, for a) 

reduced p(O2)  b) elevated p(O2)  

It can be seen from Figure 35 that the effect of the temperature on the phase bound-

aries of the system is very small. The effect of increasing the temperature is similar to 

that of increasing p(O2), albeit less significant: A shrinkage of C2S_C3P saturation 

region in favor of more liquid slag and an increase in lime solubility of the slag is ob-

served, which is more pronounced for the elevated p(O2) case (Figure 35-b). It can be 
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seen that at a high temperature of 1700°C and for an elevated p(O2), the single-phase 

C2S_C3P saturation region (region 2) no longer covers the total FeO-range, but takes 

rather a “nose” shape, similar to that of the single-phase C2S saturation region in the 

P2O5-free ternary system (Figure 32). 

5.2.4 Conclusion and industrial consequences 

Based on the study of the behavior of the quaternary CaO-FeOx-SiO2-P2O5
* system in 

the low P2O5 range of 1-5 wt%, for a temperature range of 1773 K-1973 K, and at 

different p(O2) conditions (Figure 32-Figure 35), it can be concluded that low phospho-

rus industrial BOF slags, which usually lie in the CaO-rich part of the system, are ex-

pected to be either saturated with silico-phosphates or double saturated with silico-

phosphates and CaO-ss. This means that lime-saturation, which is usually considered 

as the target slag region in the industrial process, cannot be reached without causing 

additional silicates precipitations. A single lime saturation can only be achieved at very 

low SiO2-contents, lower than 8 wt% (Figure 35), which are not within the typical SiO2 

range for the industrial BOF slags. For example, the maximum SiO2 content allowed 

in the slag in case single lime saturation region is the target, at a temperature of 1973 

K (1700°C) and for an elevated p(O2) (Figure 35-b), corresponds to a value of 7 wt% 

at a P2O5 content of 1 wt% and to 4 wt% at a P2O5 content of 3 wt%. The limiting SiO2 

value is even lower at lower temperatures and lower p(O2) values. With an increase in 

both the temperature and the oxidation state of FeOx in the slag, the possibility of 

achieving a purely liquid or single lime saturation region becomes more realistic from 

a thermodynamic point of view. During the BOF process operation, such conditions 

may be achieved during the last blowing stage (after 70-80% of the total oxygen is 

blown), when the main decarburization phase is completed, and the slag temperature 

and oxidation state increase considerably.  

It is also an interesting observation that the C2S_C3P saturation region dominates the 

CaO-rich part of the system and expands over both the C2S and C3S saturation region 

at P2O5 contents as low as 1 wt%. Due to the high phosphorus dissolving potential of 

this phase, [87, 91] its stability in the system is highly advantageous for dephosphoriza-

tion. However, at such low P2O5 contents, the formation of the C2S_C3P phase may 

be rather dominated by the diffusion route rather than by the precipitation route (sec-

tion 2.4.2). The precipitation of a large amount of solid phase, which is more probable 
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when the slag is situated in the double saturation region with C2S_C3P and CaO-ss, 

may inhibit the diffusive mass transfer of phosphorus between the liquid slag and the 

solid C2S_C3P phase resulting in a poor enrichment of phosphorus in C2S_C3P. 

Thus, it is recommended to avoid the double saturation region with C2S_C3P and 

CaO-ss, due to the associated risk of excessive solid phase precipitations. Based on 

the present findings. An optimal slag zone for dephosphorization is thus considered to 

lie within the single saturation region with C2S_C3P. At the same time, the amount of 

precipitated solid phase shall be controlled carefully in order to avoid excessive solid 

phase precipitations, and the associated kinetic withdraws for dephosphorization. The 

specification and the control of the target slag region for the achievement of optimal 

dephosphorization are discussed in detail in section 7.2. 

5.3 Effect of addition of minor oxides MgO, Al2O3, and MnO  

5.3.1 Effect of MgO and Al2O3 

The effect of MgO- and Al2O3-addition on the phase boundaries of the CaO-FeOx-SiO2 

system at 1873 K (1600°C) and reduced p(O2) is illustrated in Figure 36. The formation 

of C3S-phase was suppressed during the simulations for the sake of enhanced read-

ability of the diagrams. Thus, the C2S phase is considered representative of the sili-

cate phases of the system. It can be seen that the addition of Al2O3 or MgO up to a 

value of 7 wt% resulted in the shrinkage of the single-phase C2S saturation region 

(marked blue) in favor of an expansion of both liquid slag (marked green) and single 

lime saturation regions (marked purple) with the effect of Al2O3 being stronger than 

that of MgO. For MgO-content equal or higher than 4 wt%, a miscibility gap occurs in 

the monoxide phase, and two monoxide solutions, CaO-ss and MgO-ss, are formed. 

As a result, the single CaO-ss saturation (marked purple) shrinks at the lower SiO2 

part in favor of the formation of a new double saturation region with both CaO-ss and 

MgO-ss. Also, a new four-phase-region is formed, which contains a liquid slag and 

three solid phases, a silicate phase (C2S or C3S), CaO-ss and MgO-ss (marked grey). 

The formation of the four-phase-region results in the shrinkage of the single-phase 

C2S saturation region (marked blue). The area of the four-phase-region (marked grey) 

increases with an increase in MgO and covers a considerable part of the single-phase 

C2S saturation region (marked blue) in the low FeO part of this region at a MgO-con-

tent of 7 wt%. 
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Figure 36:  Effect of the addition of 4 wt% a) MgO  b) Al2O3, and of 7 wt% c) MgO  d) Al2O3 on 

the phase boundaries of the CaO-FeOx-SiO2 system at 1873 K (1600°C) and re-

duced p(O2). The dashed lines represent the phase boundaries of the ternary 

CaO-FeOx-SiO2 system. The formation of C3S-phase was suppressed during the 

simulations for the sake of simplification. 

5.3.2 Effect of MnO addition 

Figure 37-a) shows the effect of adding 7 wt% MnO to the CaO-FeOx-SiO2 system at 

1873 K (1600°C) and reduced p(O2) while Figure 37-b) shows the effect of the com-

bined addition of 7 wt% MnO and 7 wt% MgO. 

It can be seen from Figure 37-a) that the effect of MnO on the phase boundaries of 

the CaO-FeOx-SiO2 system at a content of up to 7 wt% is negligible. However, Figure 

37-b) shows that the effect of the addition of 7 wt% MnO to the CaO-FeOx-SiO2-7% 

MgO system (Figure 36-c)) is considerable: The single C2S saturation region (marked 

blue) shrinks massively in the low FeO part in favor of the formation of a three-phase-

region containing liquid slag, C2S and a monoxide phase, which contained mainly 

FeO, MgO, and MnO. 
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It can be thus concluded that for a proper evaluation of the state of CaO-FeOx-SiO2 

based slags, which is the case for BOF slags, it is crucial to include the effect of minor 

oxides addition. The effect of a minor oxide might be negligible at a single addition but 

may become considerable when added in a certain combination, as observed in the 

case of MnO addition. In this context, the usage of a consistent thermodynamic data-

base, developed according to the CALPHAD-approach, such as the present BOF-

dePhos thermodynamic database, is a powerful method to gain valuable insights on 

the behavior of a specific system under consideration of a large number of compo-

nents and possible phases. 

 

Figure 37:  Effect of MnO-addition at 7 wt% on a) CaO-FeOx-SiO2 system, and   

 b) CaO-FeOx-SiO2-7% MgO system, at 1873 K (1600°C) and reduced p(O2). 

The dashed lines represent the phase boundaries of the original CaO-FeOx-SiO2 

system. The formation of C3S-phase was suppressed during the simulations for 

the sake of simplification. 

5.4 Modeling of the phosphorus distribution in heterogeneous slags 

Based on the analysis of the oxides systems relevant for BOF slags in the previous 

sections (5.1-5.3), it can be concluded that BOF slags are heterogeneous and satu-

rated with different silicates and monoxides. However, most Lp-approaches available 

in the literature are developed for purely liquid CaO-FeOx-SiO2 based slags (Table 2). 

In this section, an attempt is made to develop an Lp-relation, which is applicable for 

heterogeneous slags in the total composition and temperature range relevant for the 

BOF process. Thus, a large number of Lp-calculations were carried out in the present 

work using the developed BOFdePhos thermodynamic database. In total, 550 calcu-

lation data were generated in the temperature range of 1673 K-2023 K. 
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It should be noted that for temperatures below 1811 K (1538°C), the formation of solid 

iron solution phases (α-Fe, γ-Fe, and δ-Fe) was suppressed in the simulations. Thus, 

an extrapolation to the case where a liquid-Fe solution is stable at such conditions is 

made. In the industrial process, the presence of carbon in the hot metal lowers the 

melting point of the liquid metal phase, and thus, the metal phase remains liquid 

throughout the entire process even though the initial temperature is lower than 1673 

K (1400°C). In the simulations, the addition of the element carbon to the liquid iron 

phase would lead to a reduction of FeOx and, thus, to a modification of the initial slag 

composition. This is also the reason behind the non-availability of experimentally es-

tablished Lp-relations below 1823 K (1550°C): A reduction of FeOx contained in the 

slag by the carbon contained in the metal phase and in some cases, also with the 

carbon contained in the gas phase occurred [97]. 

5.4.1 Phosphorus distribution in a liquid slag 

The following Lp-correlation was developed for purely liquid CaO-FeOx-SiO2 based 

slags by means of regression fitting of the calculation data with an R2 value of 0.83: 

 

 

𝐿𝑜𝑔(𝐿𝑝𝑙𝑖𝑞) = 0.09 ∗  (%𝐶𝑎𝑂)𝑙𝑖𝑞 +  0.07 ∗  (%𝐹𝑒𝑂)𝑙𝑖𝑞 −  6.05 ∗ 10−4

∗  (%𝐹𝑒𝑂)𝑙𝑖𝑞
2

+  16456.469 ∗  1/𝑇 −  12.336  
(26) 

 

It should be noted that the decimal logarithm is used in equation (26). The terms 

(%CaO)liq and (%FeO)liq denote the CaO- and the FeO-content of the liquid slag, re-

spectively.  

Equation (26) is also applicable for describing the phosphorus distribution in the liquid 

slag part of a heterogeneous slag. This will be described in detail in section 5.4.2. 

5.4.2 Phosphorus distribution in a C2S_saturated slag 

As discussed in the previous sections (5.1-5.3), BOF converter slags are saturated 

with silicates and monoxides for a large part of the blowing process. Thus, the 

investigation of the effect of the presence of these solid phases on the phosphorus 

distribution of heterogeneous slags is important for a proper assessment of the 

equilibrium state of the dephosphorization reaction during the industrial process. The 

results of the thermodynamic evaluations of the quaternary CaO-FeOx-SiO2-P2O5 
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system revealed that the presence of P2O5 oxide in the slag stabilized the C2S_C3P 

phase over the C2S and C3S phases. It is found that phosphorus dissolves in the solid 

C2S_C3P solution phase, by substituting some of the silicates with phosphates. As a 

result, P2O5 can be dissolved in the C2S_C3P phase up to its stoichiometric solubility 

limit of about 22 wt%. 

The calculations results for Lp between C2S-C3P saturated slags and liquid metal 

using the BOFdePhos thermodynamic database are presented in Figure 38 as a func-

tion of the mass ratio between C2S_C3P and liquid slag, further denoted as W. It can 

be seen that Lp-values in the range of 103 and higher were calculated when W was 

equal or higher than 0.3. Also, Lp increased with the basicity of the liquid slag part, 

termed basicity liq, which is defined as the CaO/SiO2 weight ratio in the liquid slag part.  

 

Figure 38:  Presentation of the results of the thermodynamic simulations for C2S_C3P sat-

urated slags in the system CaO-FeOx-SiO2-2 wt% P2O5, for a temperature range 

of 1823 K-1873 K, and comparison with the results of Suito and Inoue [113] at 1833 

K, [%P]= 0.5 wt% and a slag/metal ratio of 1/10. 

In a series of experiments, Inoue and Suito [113-115] investigated the phosphorus en-

richment in solid C2S_C3P phase via both the precipitation (by heating up and subse-

quently cooling a C2S-saturated slag) and the diffusion route (by adding C2S particles 
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to a liquid slag). In addition, they performed a variety of phosphorus distribution meas-

urements in C2S_C3P containing slags. The authors reported that by adding C2S par-

ticles to liquid slags, Lp increased drastically compared to the case of purely liquid 

slag, as a result of the formation of the C2S_C3P phase. Some of their results with 

respect to Lp-measurements and Lp-calculations, which were made using their own 

Lp-approach, [113] are presented in Figure 38. The results show that the calculated Lp-

values by Suito and Inoue [113] were in the same range as those resulting from the 

present thermodynamic simulations for the high basicity case, exceeding 103 when W 

was higher than 0.1. The experimental behavior was in agreement with the results of 

the thermodynamic simulations and showed an increasing trend when W increased. 

Even though the experimental results of Suito and Inoue [113] were generally below the 

calculation results, and attained a maximum of 103 at a W value of 0.45, they are still 

considerably higher than in the case of purely liquid slags (case W = 0). Thus, their 

results [113] confirm that the C2S_C3P phase has a strong potential in dissolving phos-

phorus. However, their results also suggest that the enrichment of solid C2S_C3P 

phase with phosphorus is associated with kinetic limitations and that a limiting W value 

exists, above which no further Lp increase occurs in the laboratory experiments. Inter-

estingly, the authors observed that Lp increased by about 80% when stirring was ap-

plied for a slag at a W of 0.2 (Figure 38). This may be an indication of a possible 

blocking layer removal phenomenon, probably similar to that observed during lime 

dissolution [202]. In recent work, Gu et al. [203] observed that the overall mass transfer 

coefficient for dephosphorization in a liquid slag increased by a 2 order of magnitude 

when carbon is present in the metal phase due to the stirring effect provided by the 

formation of CO. It is possible that the stirring effect of CO gas may additionally con-

tribute to Lp-enhancement in a heterogeneous slag in a similar manner to the ob-

served Lp-increase in the experiments of Suito and Inoue. At the same time, the pres-

ence of CO gas may decrease the interface between C2S_C3P and liquid slag, and 

thus, it may inhibit the mass transfer of phosphorus between liquid slag and solid 

C2S_C3P. Thus, additional experimental studies are required to clarify the behavior 

of Lp in C2S-saturated slags under foaming conditions.  
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Finally, the following Lp-equation was developed by means of multi-linear-regression 

fitting of the simulation results for C2S_C3P containing slags in the temperature range 

of 1673 K-2023 K with a regression coefficient of 0.922: 

 

 

𝐿𝑜𝑔(𝐿𝑝𝐶2𝑆−𝑠𝑎𝑡.) = 2.361𝑊 + 0.1071 𝑏𝑎𝑠𝑖𝑐𝑖𝑡𝑦𝑙𝑖𝑞 +  
14537.691

𝑇
− 5.938 (27) 

 

The industrial analysis of the morphology of BOF slags provided by Preßlinger et al. 

[118] from the Voestalpine plant and DeO et al. [10] from several European and Indian 

steel plants confirmed that the final slags were C2S-saturated and that a large part of 

P2O5 was present in this solid phase under formation of C2S_C3P phase. Thus, the 

contribution of C2S_C3P to phosphorus removal is not restricted to hot metal 

dephosphorization processes, which are part of the refining route in Japanese steel-

works, but is also confirmed for industrial slags taken during the standard BOF opera-

tion. However, the maximum P2O5-contents, which were measured in the C2S_C3P 

phase in those slags was in the range of 5 wt%, [10, 118] which is much lower than its 

solubility limit. In general, the Lp-values measured in the industrial process are much 

lower than those predicted by the present thermodynamic simulations (Figure 38) as 

well as those measured in a number of experimental investigations [113-115]. This can 

be explained by the fact that BOF slags have a low P2O5 content, usually lower than 

3 wt%, which implies that the diffusion route is the dominant route for phosphorus 

enrichment of the solid C2S_C3P phase. The enrichment grade of the solid phase with 

phosphorus through the diffusion route is reported to be much lower than that achieved 

through the precipitation route [98, 111, 113, 114] (see section 2.4.2).  

5.4.3 Description of phosphorus distribution in BOF slags 

Based on the findings introduced in the present work, it can be concluded that an 

adequate description of the P-distribution between a CaO-FeOx-SiO2 based heteroge-

neous slag and a liquid metal phase should consider the amount, type and composi-

tion of the different slag phases. However, most Lp-approaches reported in the litera-

ture were developed for purely liquid slags. At the same time, the direct application of 

the Lp-relation given by (27) would lead to an overestimation of Lp since no kinetic 
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limitations on the phosphorus enrichment of the solid phase can be considered in the 

thermodynamic simulations. 

Even though some industrial observations [10, 118] confirmed that the C2S_C3P phase 

made a considerable contribution to the removal of phosphorus, little attention was 

given to the incorporation of the role of this solid phase in phosphorus removal or 

prediction strategies during the conventional BOF operation. Apart from some few 

works, such as the work of Deo and al. [10], little effort has been made to incorporate 

the formation and dissolution of the C2S phase in the development of industrial-based 

Lp-relations. As a result, systematic industrial evaluations of the phosphorus distribu-

tion between the solid C2S phase and the liquid slag (Lp slag) are not available to the 

author’s best knowledge. On a laboratory scale, several investigations are available in 

the literature (see section 2.4). The maximum phosphorus distribution ratio measured 

between the C2S phase and CaO–SiO2–FetO slags reported in those works [114, 121] 

was obtained at the nose of the single-phase C2S saturation region (Figure 5-a). 

The results of experiments carried out by Ito and Sato [121] and later by Inoue and Suito 

[114] showed, that phosphorus distribution between the C2S_C3P phase and the liquid 

slag phase, termed Lp slag (see equation (13)), depended mainly on the liquid slag 

composition and had maximum values at the nose of C2S_saturation region (see Fig-

ure 5-a). The following relation was developed within the present work to fit the exper-

imental data of Suito and Inoue [114]:  

 

 

𝐿𝑜𝑔(𝐿𝑝𝑠𝑙𝑎𝑔) =  −0.0602 ∗ (%𝑆𝑖𝑂2)𝑙𝑖𝑞 +  2.1652  (28) 

 

In equation (28), (%SiO2)liq denotes the SiO2-content of the liquid slag part. 

The temperature dependence of the phosphorus distribution ratio between the C2S 

and the liquid slag phase is found to be very small, and no direct dependence on the 

slag basicity could be established in those works. [114, 121] 

Finally, equation (29) has been developed in the present work to describe the phos-

phorus distribution between a heterogeneous slag (containing C2S, and/or C3S and/or 

monoxide phases) and liquid metal phase based on the formulation provided by Inoue 

and Suito [114], given by equation (14): 
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 𝐿𝑝𝑡𝑜𝑡 =
𝐿𝑝𝑙𝑖𝑞(1 + 𝐿𝑝𝑠𝑙𝑎𝑔 ∗ 𝑊<𝑙𝑖𝑚)

1 + 𝑊
(1 − 𝑓𝑛𝑜𝑛−𝑃−𝑑𝑖𝑠𝑠𝑜𝑙𝑣𝑖𝑛𝑔 𝑝ℎ𝑎𝑠𝑒𝑠)  (29) 

 

The term W is defined as the ratio of the C2S_C3P and liquid slag phase fractions in 

the heterogeneous slag (W = C2S/slag liq), W<lim is this ratio with a maximum value of 

Wlim and f non-P-dissolving phases denotes the total fraction of the phases which do not dis-

solve phosphorus, such as C3S, CaO-ss, and MgO-ss in the heterogeneous slag. The 

term Lp liq corresponds to the phosphorus distribution between the liquid slag and the 

liquid metal, given by equation (26). In addition, a large number of formulations are 

available for Lp liq in the literature (Table 2). The results of the thermodynamic simula-

tions, carried out in the present work indicate that Lp liq is a strong function of temper-

ature, CaO- and FeO-content [2]. The limiting value W<lim has been introduced into 

equation (29) to limit the diffusive mass transfer from liquid slag to the solid phase 

when the C2S/slag liq ratio exceeds a certain value, which is estimated to lie in the 

range of 0.3-0.45 based on the experiments of Suito and Inoue [113-115].  

It can be seen from equation (29) that the determination of the type, amount and com-

position of the different slag phases (liquid and solid) of a heterogeneous BOF slag is 

essential for the evaluation of its dephosphorization potential. Here, the application of 

a CALPHAD-based approach presents a powerful method for the accurate determina-

tion of the type, amount and composition of a large number of oxide systems combi-

nation over the entire temperature, composition, and oxygen partial pressure range 

relevant for the BOF process. 

5.5 Effect of minor oxides on the dephosphorization potential of BOF slags 

Even though the Lp-approach developed in the present work (equation (29)) does not 

explicitly include the effect of minor oxides addition to CaO-FeOx-SiO2 based slags, 

their effect is indirectly incorporated through the consideration of the type and amount 

of the different phases in the slag. It is found that minor oxides such as MgO, Al2O3, 

and MnO have a considerable effect on the phase boundaries of CaO-FeOx-SiO2 

based slags (see section 5.3). The formulation of Lp tot, given by equation (29), takes 

into account the effect of temperature, oxygen partial pressure, and minor oxides on 

the phase boundaries of the CaO-FeOx-SiO2 based slags based on the following: 
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-  The type and the ratio of the different solid phases (C2S, C3S, CaO-ss, MgO-

ss,…) are included in the terms W = C2S/slag liq and f non-P-dissolving phases.  

- Changes in the phase boundaries of the system will result in a modification of 

the composition of the liquid slag phase. The terms Lp liq and Lp slag in equation 

(29) are a strong function of the liquid slag composition, as shown in equation 

(26) and (28), respectively.  

It was mentioned in section 2.3 that there is a large discrepancy between laboratory 

and industrial observations with respect to the effect of MgO on dephosphorization. 

Apart from the work of Basu et al. [94], Lp-relations developed based on fitting experi-

mentally established equilibrium data (see examples in Table 2) reported a positive 

effect of MgO on Lp, similar to that of CaO, while the majority of industrial plant trials 

reported either a moderate or a strong negative effect. [10, 12, 24, 92, 95, 96, 204] Chen et al. 

[92] reported that Lp measured in samples taken from an 80 tons BOF converter was 

reduced significantly from a value of 120.7 to 75.7 when the average MgO content in 

the final slag increased from 7 to 9.8%, respectively. 

Based on the study of the CaO-FeOx-SiO2 system provided in section 5.1, it was con-

cluded that industrial slags are heterogeneous and contain different types of solid 

phases (C2S, C3S, CaO-ss,…). Since laboratory-based studies were carried out in 

purely liquid slags, it is possible that the positive effect of MgO on Lp is only valid for 

purely liquid slags or in the liquid slag part of heterogeneous slags. It has been found 

that the presence of MgO has a decreasing effect on the stability range of the phos-

phorus dissolving C2S phase (Figure 36) and an increasing effect on the stability 

range of non-phosphorus dissolving monoxide type of phases (CaO-ss, MgO-ss,…), 

the resulting overall effect on Lp tot (given by equation (29)) is negative. A further pos-

sibility is that the presence of MgO inhibits the enrichment of solid phase C2S_C3P 

with phosphorus through the diffusion route, due to its increasing effect on the amount 

of solid phase precipitates. The diffusion route is considered as the significant enrich-

ment route for C2S_C3P phase with phosphorus during the BOF process.  

The effect of Al2O3 addition on CaO-FeOx-SiO2 based slags has been subject to sev-

eral investigations in the literature.[10, 24, 205, 206] Recently, Drain et al. [24] assessed more 

than 90 Lp-equations based on industrial data and concluded that Al2O3 had a weak 
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negative effect, except at low oxygen potential ranges, where a positive effect was 

observed. It was reported at TATA Steel’s Plant in IJmuiden (the Netherlands) [205, 206] 

that Al2O3-contents above 3.5 wt% had a negative effect on dephosphorization. DeO 

et al. [10] observed that the presence of Al2O3 decreased the amount of solid C2S phase 

in the slag as well as its phosphorus content and overall, a negative effect on 

dephosphorization was observed. Thus, it can be concluded that, so far, there is no 

agreement on the effect of Al2O3 on the dephosphorization potential of industrial slags, 

and that the majority of works reported a negative effect. 

Based on the analysis of the effect of Al2O3 addition on the phase boundaries of the 

CaO-FeOx-SiO2 system, provided in section 5.3, it was concluded that Al2O3 has a 

strong decreasing effect on the stability range of the phosphorus dissolving C2S phase 

in favor of more liquid slag formation (Figure 36). It is thus possible that the negative 

effect of Al2O3 addition on dephosphorization, observed during the industrial investi-

gations, is related to its decreasing effect of C2S phase amount, which results in de-

crease Lp tot. The positive effect of Al2O3 in the low oxygen potential range that is, in 

the low FeOx range, reported by Drain et al. [24], can be explained as follow: At low 

FeOx contents in the slag, excessive C2S precipitations are expected which may result 

in exceeding the optimal W = C2S/slag liq ratio, denoted as W lim in equation (29). At 

such conditions, the presence of Al2O3 in the slag may result in the setting of an ade-

quate C2S/liquid ratio by increasing the liquid slag amount without increasing monox-

ide precipitations, as in the case of MgO addition. This results in a positive effect of 

Al2O3 on Lp tot, which explains the observations of Drain et al. [24] for BOF slags in the 

low oxygen potential range. 
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6 Analysis and discussion of industrial plant trial results  

6.1 Morphology of high P slags 

6.1.1 Samples from an LD-AC process 

Fix and Koch [182] studied the morphology of a large number of industrial slags, result-

ing from the refining of high phosphorus hot metal in an LD-AC converter, which were 

taken from 4 different steel plants in Germany: Salzgitter, Dillingen, Peine and Maxi-

milianhütte. A representation of the measured composition of the slags in the quater-

nary system CaO-FeOx-P2O5-SiO2 was provided by the authors,[182] which is shown in 

Figure 39 for 2 steel plants. In both plants, the oxygen blow was carried out over 2 

blowing periods, with an intermediate slag tapping. The slag tapped after the first blow-

ing period is designated as “1 st slag” and the final slag tapped at the end of the second 

blowing period is designated as “2 nd slag”. It can be seen from Figure 39 that both 

slags have a high P2O5 content, which varied between 20 and 30 wt% for „1st 

slag“ type, and between 5 and 15 wt% for “2 nd slag” type. In addition to a lower P2O5 

content, slags of type “2 nd slag” had a lower SiO2 content ranging between 3-6 wt% 

compared to slags of type “1 st slag” which had a SiO2 content ranging between 6-12 

wt%.  

The authors reported that the microscopic examination of the samples indicated the 

presence of solid C2S_C3P phase with a high content in the large majority of the sam-

ples. This is an interesting observation considering the fact that slags of type „2 nd 

slag“ had a low SiO2-content with an average value of 4 wt%. Those observations are 

in agreement with the thermodynamic evaluations of the quaternary CaO-FeOx-P2O5-

SiO2 oxide system (Figure 17) and confirm the stability of this solid phase in the indus-

trial process. 
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Figure 39:  Composition of industrial slag samples taken from 2 steel plants in Germany 

equipped with an LD-AC converter with a double slag operation, presented in the 

quaternary system FeO-CaO-P2O5-SiO2. The terms „1 st slag“ and „2 nd slag“ des-

ignate the slags tapped after the first blowing period and after the second blowing 

period, respectively. Adapted with permission from Ref.[182]  

In order to evaluate the lime saturation state of the industrial samples, the authors 

drew the lime saturation line, which they determined for the ternary CaO-FeOx-P2O5 

system at 1873 K (1600°C), in the quaternary system presentation in Figure 39. It can 

be seen that the large majority of the slag samples of type „1 st slag“ lie outside or very 

close to the considered lime saturation region. Accordingly, the authors found no evi-

dence of lime saturation in the samples. However, even though slag samples of type 

„2 nd slag“ lie exactly along or below the lime saturation line, no trace of lime saturation 

was found in the corresponding samples. The authors [182] concluded that the phase 

diagram presentation of the ternary CaO-FeOx-P2O5 system is not sufficient to evalu-

ate the lime saturation state of quaternary FeO-CaO-P2O5-SiO2* slags, and that the 

phase boundaries of the quaternary CaO-FeOx-P2O5-SiO2 system as well as of higher-

order systems should be determined for a proper evaluation of the state of industrial 

samples. 
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In order to verify this statement, the lime saturation line of the quaternary system is 

calculated using the BOFdePhos thermodynamic database for 4 different SiO2 con-

tents (0, 5, 10 and 15 wt%), for a temperature of 1873 K (1600°C), and for an elevated 

p(O2) state (Figure 40). When including the average composition of „1st slag“ and „2 

nd slag“ samples in Figure 40, which is determined using the data provided in Figure 

39, it becomes obvious that samples of type „ 2 nd slag“ are situated close or exactly 

underneath the lime saturation line for the SiO2-free system (dashed line in Figure 40). 

However, when considering an SiO2 content equal to or higher than 5 wt%, the sam-

ples of type „ 2 nd slag“ become situated outside of the lime saturation region. Since 

the average SiO2 content of the industrial slags of type “2 nd slag” was reported as 

higher than 4 wt%, it can be concluded that they will not be lime saturated (region 4’ 

Figure 17-b) but rather saturated with C2S_C3P (region 3’ Figure 17-b). This is in 

accordance with the results of the microscopic examination of the samples, which in-

dicated that the samples were C2S_C3P saturated and no evidence of lime saturation 

could be found.[182] It should be mentioned here that the evaluation of the effect of 

temperature on lime saturation showed that the temperature has a negligible effect in 

both the ternary and the quaternary system (Figure 20, Figure 30, Figure 35). Thus, a 

higher process temperature does not explain the absence of lime saturation in the 

industrial samples. It can be concluded that the observations of Fix and Koch [182] can 

be explained by the thermochemical behavior of the quaternary system CaO-FeOx-

P2O5-SiO2 and point to the limitations associated with using the ternary system CaO-

FeOx-P2O5 for the evaluation of industrial plant trials results. 

Furthermore, the authors reported that increasing lime consumption during the first 

blowing period of the process did not result in reaching lime saturation. The higher the 

amount of lime charged during the process, the higher the amount of undissolved lime, 

which was found later in the samples despite the absence of lime saturation. Based 

on the thermodynamic evaluations provided in section 4.2.1, those observations can 

be explained by the difficulty in accessing the lime saturation region in the quaternary 

FeO-CaO-P2O5-SiO2* system. This is due to the fact that a single-phase CaO-ss sat-

uration is not possible to achieve in this system without additional saturation with the 

C2S_C3P solid phase. An increase in the CaO amount of the slag will result in in-

creasing the amount of C2S_C3P precipitation. As a result, a significant decrease in 
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the slag liquid amount, an increase in the slag viscosity, as well as a decrease in the 

interface between liquid slag and undissolved lime, occurs. Those factors contribute 

to the inhibition of lime dissolution procedure in the slag. The fact that this behavior 

was reported as more typical of „1st slag“ than of „ 2 nd slag“ type can be attributed to 

the lower FeO-content of „1st slag“ and thus to the higher C2S_C3P precipitations. In 

summary, the presence of high amounts of solid C2S_C3P precipitations provides un-

favorable kinetic conditions for lime dissolution. As a result, the slag remains within 

the C2S_C3P saturation (region 3’) and does not enter lime saturation (region 4’) de-

spite the addition of high amounts of lime during the process. 

 
Figure 40:  Presentation of the average composition of „1 st slag“ and „2 nd slag“ sample types 

taken from the LD-AC process, which were reported by Fix and Koch [182] as well 

as those reported by Riboud and Margot [172], in the quaternary FeO-CaO-P2O5-

SiO2* system. The lime saturation lines were calculated using the BOFdePhos 

thermodynamic database, at a temperature of 1873 K (1600°C), for an elevated 

p(O2) state and for 4 different SiO2 contents: 0, 5, 10 and 15 wt%  

6.1.2 Samples from an OLP process 

A further investigation of the state of industrial high phosphorus slags was provided by 

Riboud and Margot,[172] where 43 slag samples of type „1 st slags“ and „2 nd slags“ were 

taken from a 30 tons OLP-converter, which is very similar to the LD-AC process. 

The estimated average compositions of the „1 st slags „ and „2 nd slags“ investigated 

by Riboud and Margot [172] are presented in the quaternary system FeO-CaO-P2O5-

SiO2 along with that of Koch and Fix [182] (Figure 40). The SiO2 content of „1 st slags „ 



6 Analysis and discussion of industrial plant trial results 94 

 

 

and „2 nd slags“ was in the range of 4-8 wt% and 2-3 wt%, respectively. The samples 

further contained small amounts of MnO, MgO, and Al2O3 with an average value of 

about 2, 1.5 and 0.4 wt%, respectively.[172] 

It can be seen from Figure 40 that the composition of „1 st slags” samples investigated 

by Riboud and Margot,[172] which had an SiO2 content in the range of 4-8 wt%, lies 

within the double saturation region with C2S_C3P and CaO-ss. However, contrary to 

the results of Fix and Koch,[182] the authors reported that the microscopic examination 

of the samples did not show any evidence of C2S_C3P saturation of the samples, 

apart from some few exceptions.[172] Interestingly, the authors reported that the micro-

scopic examination of synthetic laboratory slags, which had a similar composition to 

the industrial samples and which were investigated at an experimental temperature of 

1773 K (1500°C) showed that they were saturated with the C2S_C3P solid phase. The 

authors [172] attributed the discrepancy between the experimental and industrial obser-

vations to the fact that the process temperature is probably higher than 1773 K 

(1500°C), and that the C2S_C3P phase is not stable for this temperature range which 

explains the absence of C2S_C3P saturation of the industrial samples. However, the 

thermodynamic evaluations of the corresponding quaternary system, indicate that the 

temperature has a negligible effect on the phase boundaries of the system (Figure 20) 

and that the C2S_C3P phase dominates the CaO-rich part of the system for the entire 

temperature range of 1773 K (1500°C) to 1973 K (1700°C). 

Considering the discrepancy between the results of the microscopic examination of 

industrial high phosphorus slags between both works [172, 182] as well as the discrep-

ancy between laboratory and industrial investigations of Riboud and Margot [172] con-

cerning the presence of the C2S_C3P solid phase, it can be concluded that the struc-

ture of industrial slag samples investigated by Riboud and Margot [172] was possibly 

modified during the sampling and/or quenching procedure. Such a modification in the 

slag structure may have resulted from a change in the oxygen partial pressure, p(O2), 

of the system during the sampling and/or quenching procedure. This presumption is 

based on the evaluation of the effect of p(O2) on the phase boundaries of the relevant 

ternary and quaternary system, presented in section 4.1.1 and 4.2.2, respectively. It 

was shown that p(O2) has a strong effect on the boundaries of the C2S_C3P saturation 

regions (Figure 19). The description of the sampling and quenching procedure in both 
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works [172, 182] indicates that the samples were taken by a “slag spoon” from the surface 

of the slag. Strong oxidation of the sample may occur if the transport and quenching 

of the sample are not quick enough, which may have been the case for the plant trials 

of Riboud and Margot [172]. 

The results of the microscopic analysis of „2 nd slags“ samples reported by Riboud and 

Margot [172] showed that they were all saturated on CaO-ss. The SiO2 content of those 

slags was in the range of 2-3 wt% with an average value of 2.4 wt%. Thus, the system 

components can be reduced to the ternary CaO-FeOx-P2O5 system. It can be seen 

from Figure 40 that those samples fall within the single-phase CaO-ss saturation re-

gion (underneath the dashed line), which is in accordance with the findings of the au-

thors.[172] In the ternary CaO-FeOx-P2O5 system, lime saturation can be reached easily. 

However, when SiO2 is present with a content equals or higher than 5 wt%, the system 

is dominated by C2S_C3P saturation regions, and lime saturation cannot be reached 

without additional saturation on C2S_C3P. This further supports the assumption that 

excessive C2S_C3P precipitations have a negative effect on the kinetics of lime dis-

solution. 

6.1.3 Conclusion 

In this section, different sets of industrial samples from high phosphorus slags were 

investigated. The following conclusions were derived based on a comparison between 

the microscopic analysis of the samples reported in the literature, [172, 182] and the ther-

modynamic evaluations of the quaternary CaO-FeOx-P2O5-SiO2* system provided in 

the present work: 

 The presence of C2S_C3P in samples where SiO2 content equals or higher 

than 5 wt% is confirmed for a large number of industrial slags. This indicates 

the risk involved with reducing the system to its basic components as this phase 

in not present in the ternary CaO-FeOx-P2O5 system.  

 Riboud and Margot [172] did not find evidence of C2S_C3P presence in the in-

dustrial samples and referred to the fact that synthetic laboratory slags with a 

similar composition were C2S_C3P saturated at 1773 K. The authors [172] at-

tributed the discrepancy to a higher process temperature. However, based on 

the thermodynamic evaluations of the corresponding system presented in this 
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work, this explanation was considered as unrealistic. The present work sug-

gests that a modification of the slag structure may have occurred during the 

sampling procedure as a result of a change in p(O2) state, which was possibly 

caused by a long exposure time of the sample to air and/or by an inefficient 

quenching. This indicates the importance of preservation of p(O2) state of in-

dustrial samples during sampling and quenching for a proper evaluation of their 

structure. This is especially the case for C2S and C2S_C3P saturated slags 

due to the sensitivity of those solid phases to the oxidation state of the slag. 

 It is reported that lime saturation could not be reached in industrial slags with a 

SiO2 content equals or higher than 4 wt%, independently of the amount of lime 

added during the industrial process. This can be explained by the difficulty in 

accessing the lime saturation region in the quaternary CaO-FeOx-P2O5-SiO2* 

system: An increase in the CaO amount of the slag will result in increasing the 

amount of C2S_C3P precipitations. As a result, a significant decrease in the 

liquid slag amount, an increase in slag viscosity, as well as a decrease in the 

interface between liquid slag and undissolved lime, occurs. All of those factors 

contribute to the inhibition of lime dissolution. This explains the non-achieve-

ment of lime saturation despite adding high amounts of lime during the process. 

6.2 Morphology of low P slags 

The thermodynamic evaluations of the quaternary CaO-FeOx-SiO2-P2O5
* system pro-

vided in chapter 5 indicated that the C2S_C3P phase dominates the CaO-rich part of 

the system in the composition, temperature, and p(O2) range relevant for the BOF 

process. However, apart from some few works,[10, 35, 118] the presence of the silico-

phosphate phase C2S_C3P in industrial samples taken from conventional BOF con-

verter has rarely been reported in the literature. This may be due to the fact that, in 

most cases, elementary analysis and not mineralogical analysis of the slags are pro-

vided. Also, most investigations of the morphology of BOF slag samples focused in 

general on the clarification of the extent of lime dissolution in the samples and little 

attention was given to the identification of silicates. In many cases, the presence of 

the C2S phase, which is capable of dissolving phosphorus under the formation of the 

C2S_C3P phase, is reported in association with its negative effect on lime dissolution, 
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as it forms a blocking layer around the lime particles.[207, 208] For hot metal dephospho-

rization processes, where dephosphorization and decarburization are carried out as 2 

separate steps with an intermediate deslagging,[16, 18] the presence of the C2S_C3P 

phase has been evidenced in industrial samples taken during both decarburization 

and dephosphorization steps. [98] Dehosphorization slags are characterized by a low 

basicity, defined as the CaO to SiO2 ratio, as well as by a low temperature, usually 

lower than 1723 K (1450°C). Decarburization slags have a higher basicity, usually 

higher than 2, and a higher temperature, usually is in the range of 1900 K, which is the 

case for conventional BOF slags. 

Table 7 presents an overview of the results of several plant trials [10, 35, 118] carried out 

in a variety of BOF converters where the morphology of slag samples was investi-

gated, and which reported that phosphorus was found dissolved in solid phases. 

 

Table 7:  Overview of the results of several industrial plant trials carried out in a BOF con-

verter, where the presence of phosphorus-containing solid phases was reported. 

Authors Samples/ process characteristics Relevant observations 

Deo et al.[118] Samples taken from European 

and Indian steelworks with an in-

itial [%P] content of hot metal in 

the range of 0.067-0.25 wt%. 

No indication of C3S phase 

presence. C2S found in all 

samples and P was found 

dissolved in C2S.  

Preßlinger et 

al.[118] 

15 slag samples taken from the 

Voestalpine steel plant. 

P contained in both C2S and 

C3S solid phases by 4.9% 

and 2.3 wt%, respectively. 

Wu et al.[35] 3 different BOF samples taken 

from Chinese steelworks with a 

P2O5 content of 2.8-4.6 wt% 

P was found dissolved in 

C2S and C3S by 7.1 wt% 

and 3.1 wt%, respectively. 

 

It can be seen from Table 7 that all of those works agree that the industrial slags are 

heterogeneous and saturated with silicates: the C2S phase, and/or the C3S phase.[10, 

35, 118] Also, they indicate that P2O5 is found mainly dissolved in the C2S phase with a 
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content in the range of 5-7 wt%. Thus, the phosphorus-containing “C2S” phase, which 

is referred to in those works represents the silico-phosphate phase C2S_C3P. Those 

works further reported that the content of P2O5 measured in the solid phase was much 

higher than that measured in the liquid slag phase. [10, 35, 118] 

It is interesting that Wu et al.[35] and Preßlinger et al.[118] reported the presence of C3S 

phase in their samples while Deo et al.[10] did not find any evidence of C3S saturation, 

even though their slag samples [10] were taken during the refining of a hot metal with 

a large phosphorus variation range (Table 7). The analysis of the quaternary CaO-

FeOx-SiO2-P2O5
* system, given in section 5.2, showed that the C3S phase is no longer 

stable in the system when P2O5 is present with content equal or higher to 3 wt %. The 

C3S saturation regions shrink massively in favor of C2S_C3P saturation at 1 wt% P2O5 

and disappear completely at 3 wt% P2O5 (Figure 32). Furthermore, the experimental 

study of the quaternary system at 5 wt% P2O5 and a temperature of 1673 K, carried 

out by Gao et al.[105] indicated that the C3S phase is no longer present in the system 

in favor of an expansion of the C3S_C3P stability range. Margot and Riboud [173] stud-

ied the quaternary system CaO-FeO-SiO2-P2O5
 with either a fixed FeO or SiO2 con-

tent, over a temperature range of 1300-2000 K, and for the elevated pO2 case. They 

reported that when the P2O5 content of the system is below 10 wt%, the C3S phase is 

no longer found in the samples for all composition ranges as well over the total tem-

perature range of 1300-2000 K.  

Thus, it can be considered that the state of the slag samples of Deo et al. [10] was 

closer to the equilibrium state than that of Wu et al. and Preßlinger et al. [35, 118], which 

found C3S in their samples. The reported presence of C3S in those industrial samples 

[35, 118] can be considered as an indication that at low P2O5 values, probably lower than 

3-5 wt%, the C3S phase may not be entirely replaced by the C2S_C3P phase in the 

industrial process, contrary to the equilibrium state of the system. It can be further 

concluded that the C3S phase observed in the samples [35, 118] is thermodynamically 

unstable. Thus, in order to achieve optimal dephosphorization results, it is recom-

mended to avoid C3S saturation regions during the BOF process operation, as this 

phase may not be entirely replaced by C2S_C3P when phosphorus oxidizes, contrary 

to the thermodynamic equilibrium state. The thermodynamic evaluation of the low 

phosphorus system, provided in chapter 5, showed that reaching lime saturation in the 
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ternary CaO-FeOx-SiO2 oxide system is associated with additional precipitation of the 

C3S phase. Also, it is shown that the formation of the C3S phase has a negative effect 

on the dephosphorization potential in the slag (section 5.4). It is thus recommended to 

avoid C3S saturation of the slag during the BOF process operation. Alternatively, 

setting the single-phase C2S saturation region as the target zone may provide optimal 

dephosphorization results due to the high dephosphorization potential of C2S_C3P 

saturated slags. 

It is also an interesting fact that Wu et al.[35] and Preßlinger et al.[118] reported that P2O5 

was found dissolved in both C2S and C3S solid phases. The measured P2O5 content 

of the C2S and C3S phase was reported to lie in the range of 5-7 wt% and 2-3 wt%, 

respectively. While the phosphorus dissolving potential of the C2S phase is widely 

reported in the literature, [10, 14, 17, 21, 28, 30-32, 34, 66, 98-120], no evidence on the solubility of 

phosphorus in C3S phase could be found, to author's best knowledge. The C3S phase 

dissociates to free lime and C2S phases at room temperature, and thus, it is very 

difficult to investigate this phase during laboratory experiments. Wu et al. [35] noted that 

the C3S phase could be identified in the samples by the XRD analysis, but it could not 

be found by the SEM analysis, which is an indication of the challenges associated with 

the identification of this phase at room temperature. It is thus possible that the phos-

phorus was falsely attributed to C3S instead of C2S in those works [35, 118], as a result 

of the challenges associated with the identification of this phase. In addition, the anal-

ysis of the quaternary CaO-FeOx-SiO2-P2O5
 * system, given in section 5.2, showed 

that the C3S phase is no longer stable when P2O5 is present with a content equal or 

higher than 3 wt%, in favor of C2S_C3P formation. It is thus possible that some parts 

of the C3S-saturated slag samples have reached thermodynamic equilibrium state in 

terms of the formation of the phosphorus-containing solid phase C2S_C3P, which was 

then falsely identified as a phosphorus-containing C3S phase. A further possibility is 

that the C3S phase is indeed capable of dissolving phosphorus, but relevant experi-

mental assessments are lacking due to the aforementioned laboratory challenges as-

sociated with investigating the C3S phase at room temperature. In conclusion, it is 

highly recommended to carry out experimental works to clarify the controversial phos-

phorus solubility in the solid C3S phase reported by Wu et al.[35] and Preßlinger et 

al.[118] 
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6.3 Evaluation of the equilibrium state of phosphorus in the metal during the 

industrial process 

During the BOF process, dephosphorization reaction takes place mainly on the inter-

face between the slag and metallic droplets residing in the slag. Those reaction sites 

are designated as the “metal-slag-interface” (Figure 4). It is largely assumed in the 

literature that several refining reactions, including dephosphorization, attain chemical 

equilibrium at the metal-slag-interface.[13, 50, 53, 55-59] Thus, in order to assess the equi-

librium state of the dephosphorization reaction during the industrial process, the meas-

ured phosphorus content of the metallic droplets residing in the slag should be con-

sidered.  

In this section, several industrial measurements of the P-content of metallic droplets 

residing in the slag, which were provided in the literature, are evaluated. The aim is to 

clarify which measurements are representative of the equilibrium state of phosphorus 

in the metal phase and can thus be used for the evaluation of the extent of achieve-

ment of equilibrium with respect to dephosphorization reaction during the industrial 

process. In this section, an attempt is made to clarify whether the phosphorus equilib-

rium content is reached in all metallic droplets residing in the slag or only for a specific 

type of droplets.  

6.3.1 Analysis of the plant trials of Schoop and co-workers 

In a series of plant trials, carried out in an LD-AC converter, Schoop et al.[52, 53, 175]   

measured the evolution of the P-content in the metal bath as well as in a large number 

of metallic droplets during the total blowing process for 2 types of heats. The authors 

measured the amount, size, and P-content of a large number of metallic droplets, 

which were found embedded in a variety of slag samples, and divided them into sev-

eral size groups. The average P-content for each size group, as well as for all metallic 

droplets was determined. The details with respect to the sampling procedure adopted 

in their work, the process operation as well as the measured slag evolution is given in 

section 6.4. Figure 41 shows the measured evolution of phosphorus content of the 

metal bath as well as the evolution of average P-content in all metallic droplets for heat 

type 1. It can be seen from Figure 41 that the average P-content measured in the 

metallic droplets was at least one order of magnitude smaller than the corresponding 
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values measured in the bath for the entire blowing period. This supports the assump-

tion that phosphorus equilibrium is achieved only in the metallic droplets residing in 

the slag, while the extent of dephosphorization in the bath depends on major kinetic 

aspects such as the droplets generation rate from the bath to the slag [41-48] and their 

residence time [49-54] in the slag prior to returning to the metal bath. 

 

Figure 41:  Evolution of the [%P] content of the metallic bath as well as of the average [%P] 

content of the metallic droplets embedded in the corresponding slag samples, re-

produced based on the data of Schoop et al. [52, 53, 175]  

Schoop et al. [52, 53, 175] reported that the size of the metallic droplets investigated in 

their work showed a large variation range, as their diameter varied between 0.1 and 2 

mm while their phosphorus content was a strong function of their size. Figure 42-a) 

and –b) show the measured P evolution for 6 different size groups, and for type 1 and 

type 2 heats, respectively. 

It can be seen from Figure 42 that the P-content of size group 1, 2 and 3 which had a 

diameter higher than 0.8 mm, was above that of the smaller-sized groups, for most of 

the blowing time, albeit some few exceptions are noted. It is also notable that despite 

different P-contents, the evolution of phosphorus was similar for all metallic droplets 

of different sizes: During a large part of the blowing period, phosphorus reversion be-

havior, as well as a recovery in phosphorus removal, occurred simultaneously in all 

droplets size groups. 
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Figure 42:  P evolution in the metallic droplets of different size groups, which were found 

embedded in slag samples, reproduced based on the measurements of Schoop 

et al. [52, 53, 175] for  a) Type 1 heats b) Type 2 heats  

Based on the measurement of the P-content in different metallic droplets, carried out 

by Schoop et al. [52, 53, 175], it can be concluded that the equilibrium with respect to 

dephosphorization reaction is not achieved for all metallic droplets, and that it is a 

strong function of their size: The smaller the droplet size is, the closer the P-content 

will be to the equilibrium value. It can be assumed, based on those measurements, 

that small-sized metallic droplets, for example, those with a diameter smaller than 0.8 

mm, are closer to the equilibrium state than droplets with a larger size. A further con-

clusion which can be drawn from Figure 42 is that, even though the P content de-

pended strongly on the size of the droplets, the behavior of phosphorus in all size 

group is similar (increasing or decreasing behavior) and may thus indicate the behav-

ior of phosphorus at the equilibrium state. This means that an increase in the P content 

in one size group indicates an increase in the P equilibrium content in the metal phase 

and vice versa. 

6.3.2 Analysis of further plant trial results 

Further plant trial results, where the P-content in metallic droplets was measured, are 

available in the literature. Kozakevitch [50] examined samples taken by Hergat et al.[209] 
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from a 30 tons OLP converter, a process similar to the LD-AC converter, during the 

refining of a high phosphorus hot metal. More recently, plant trials carried out in the 

scope of the IMPHOS project [210] provided data on the dephosphorization behavior of 

a low phosphorus hot metal refined in a 7 tons pilot converter. 

In accordance with the results of Mahn et al.,[52, 53, 175] Kozakevitch [50] observed a 

strong correlation between the P-content of the metallic droplets and their size. Table 

8 presents some examples, selected from the work of Kozakevitch [50], where the 

measured P-content of metallic droplets for 4 different size ranges and the correspond-

ing P-content of the bath are given. It can be seen from Table 8 that the P-content of 

the metallic droplets with a larger size, specifically those with a diameter higher than 

2.5 mm, was at least twice as high as the P-content in smaller sized droplets. Also, 

the P content of the droplets decreased with the diameter of the droplet. Interestingly, 

the P-content in droplets with a diameter smaller than 0.6 mm was less than 0.01 wt%, 

which is in accordance with the results of Schoop et al. [52, 53, 175] for droplets with a 

similar diameter range (see P-content for size groups 4, 5 and 6 in Figure 42) during 

the last 2 minutes of the blow: During this blowing period, the corresponding P-content 

in the bath measured by Schoop et al. [52, 53, 175] was below 0.1 wt% (Figure 41), which 

is similar to the P-content in the bath reported by Kozakevitch [50], at the time the sam-

ples were taken (Heat 1 in Table 8). 

 

Table 8:  Measured P-content in the bath and in the metallic droplets taken from a 30 tons 

OLP converter by Hergat et al. [209], reproduced from the work of Kozakevitch [50]. 

Heat N° [%P] 

Bath 

[%P] Droplets (Emulsion) 

Droplet diameter [mm] 

>2.5 2.5 to 1.2 1.2 to 0.6 <0.6 

1 0.1 - 0.006 0.005 0.004 

2 0.136 0.028 0.011 0.008 0.007 
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In addition, the results of plant trials measurements carried out in a 7-tons-BOF con-

verter in the scope of the IMPHOS project [210] further confirmed the strong correlation 

between the P-content of metallic droplets and their size. This indicates that this cor-

relation is not a characteristic of the LD-AC or the OLP process and that it is also valid 

for the conventional oxygen top blowing process, regardless of the adopted blowing 

strategy and the initial P content of the hot metal. The sampling method used in those 

plant trials is different from the method used in the plant trials investigated earlier, [52, 

53, 175, 209] where samples were taken either during or after slag tapping [209]. Instead, a 

special sampling system was used where several samples can be taken simultane-

ously from bath and emulsion zones and at different locations. Figure 43-a) shows the 

measured P content of the droplets as a function of their approximated diameter, 

whereas Figure 43-b) shows the measurement results for manganese, for the purpose 

of comparison. It can be seen from Figure 43-a) that a large amount of droplets with a 

diameter equals or smaller than 0.6 mm had P contents less than 0.015 wt%, while 

droplets with a higher diameter had significantly higher P contents.  

 

Figure 43:  Measured  a) phosphorus  b) manganese content of metallic droplets 

as a function of their approximated diameter, which were embedded in slag sam-

ples taken from a 7 tons pilot BOF converter in the scope of the IMPHOS project 

[210]. Reprinted with permission from Ref. [210] 

The authors [210] emphasized on the reliability of the phosphorus measurements in the 

metallic droplets, especially in comparison to the quality of the measurements for other 

elements such as Mn, Si, and V. The measurements for phosphorus were reproducible 

with three accelerating voltages, indicating no adverse effect of secondary fluores-
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cence from surrounding slag. [210] Interestingly, a correlation between the element con-

tent and the droplet size was a characteristic of phosphorus and could not be reliably 

established for Mn, Si, and V. It can be seen from Figure 43-b), that such a correlation 

could not be established for manganese, especially for metallic droplets with a diam-

eter smaller than 0.6 mm. 

6.3.3 Conclusion 

Based on the examination of the phosphorus measurements in the metallic droplets, 

it can be concluded that the extent of achievement of equilibrium with respect to 

dephosphorization in metallic droplets depends mainly on their size. It is thus reason-

able to assume that only the smaller sized droplets and more specifically, the droplets 

with a diameter equal or less than 0.5 mm, are more likely to achieve equilibrium, or 

to behave closer to the equilibrium state than the droplets of a larger size. The corre-

lation between the P-content in a droplet and its size could be established for different 

types of converters: A 200 tons LD-AC converter, a 30 tons OLP converter as well as 

7 tons conventional top-blown BOF converter. Thus, this correlation can be considered 

as generally valid for top blown refining processes independently of the: 

 converter size, 

 lime type (lump, powdered), feeding rate, and addition strategy (single batch or 

several batches, continuous feeding, …), 

 blowing conditions: A hard blow or a soft blow. 

Figure 44-a) and b) present further measurement results reported by Shoop et al.[52, 

53, 175], which show the size distribution of metallic droplets, which were embedded in 

2 slag samples (sample x and sample y, taken at 2 different blowing intervals), for type 

1 and type 2 heats, respectively. It can be seen from Figure 44 that the percentage of 

metallic droplets with a diameter equals or smaller than 0.5 mm was in the range of 

20- 35 % for type 1 heats and 14-38 % for type 2 heats. It can be thus concluded that 

the average P-content of the metallic droplets, which is usually approximated using 

the P-measurement data for all metallic droplets independently of their diameter, is not 

representative of the equilibrium behavior of phosphorus in the metal phase. This is 

especially the case for samples where the presence of large size droplets was domi-

nant. Such a situation is depicted by the cumulative frequency curves of sample y in 
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type 1 and type 2 heats, where the percentage of droplets that had a diameter equals 

or smaller than 0.5 mm was less than 20% of the total amount of metallic droplets 

found in the slag sample. 

 

Figure 44:  Cumulative frequency of metallic droplets (in %), embedded in 2 different slag 

samples (x and y) as a function of their diameter (in mm), selected from the data 

of Shoop et al.[52, 53, 175] for  a) type 1 heats  b) type 2 heats 

In order to investigate the behavior of phosphorus equilibrium state in the metal phase 

during the industrial process, which is carried out in section 5.4, only the phosphorus 

evolution in metallic droplets with a diameter equals or less than 0.5 mm should be 

considered. Also, in order to study the factors affecting the evolution of phosphorus at 

equilibrium, only the phosphorus evolution for one single size group should be ob-

served instead of considering the evolution of the average phosphorus content for all 

droplets independently of their size. It can be deduced from Figure 44, that the average 

P-content of the metallic droplets for sample x and sample y will be different even 

when the P-content of each size group is the same in both samples. The difference in 

the behavior of the droplets size distribution between sample x and sample y may be 

caused by a modification in the blowing conditions (lance height, oxygen flow rate,…) 

or the decarburization rate (the onset of decarburization in the droplets may lead to a 

bloating and a subsequent explosion of large droplets to smaller-sized droplets, which 

will increase the number of smaller-sized droplets). If the evolution of the average P-

content in all droplets is considered as representative of the P equilibrium state, a 

modification in the average P-content of the droplets will be falsely attributed to a mod-

ification in the P-equilibrium state rather than to a modification in the blowing condi-

tions. Thus, in the following, the P-evolution in one size group and precisely, in size 
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group 6 with a diameter range of 0.1- 0.16 mm (Figure 42), will be considered as rep-

resentative of the behavior of phosphorus at equilibrium in the metal phase.  

Finally, it should be noted that in order to evaluate the state of dephosphorization in 

the metallic droplets residing in the emulsion zone, the deviation of the P-content of 

the metallic droplets from the equilibrium state, which is found to be a strong function 

of their size, should be considered. Since only the evaluation of the phosphorus equi-

librium state is of interest in the present work, the deviation from the equilibrium state 

will not be further assessed in the present work.  

6.4 Simulation of the evolution of slag phases and their composition 

In this section, the evolution of the slag phases and their composition will be simulated 

using the BOFdePhos thermodynamic database, based on the measurement results 

of Schoop et al.[52, 53, 175], which were introduced in section 6.3. 

6.4.1 Setting input data for the thermodynamic simulations 

Schoop et al.[52, 53, 175] provided measurement data with respect to the evolution of 

several oxide contents in the slag for 2 types of heats. Figure 45-a) and -b) show the 

evolution of the CaO-, P2O5- and total FeO-content (originating from both FeO and 

Fe2O3) of the slag for type 1 and type 2 heats, respectively. 

 

Figure 45:  Evolution of the FeO, CaO and P2O5 contents of the slag during the blow meas-

ured by Schoop et al. [52, 53, 175] for  a) type 1 heats   b) type 2 heats  

The initial hot metal composition reported by Schoop et al. [52, 53, 175] contained 0.6 wt% 

Si and 0.6 wt% Mn. Thus, significant contents on SiO2 and MnOx are expected in the 
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slag. Also, it can be seen from Figure 45 that the sum of FeOx, P2O5, and CaO analysis 

is less than 100 wt% for all measurement points. However, only the analysis with re-

spect to CaO, FeOx, and P2O5 in the slag was provided by the authors [52, 53, 175]. In the 

work of Resch [175], graphs containing a large number of measurement data for each 

of the oxides FeOx, CaO, P2O5, SiO2 values as well as for the temperature of the me-

tallic bath could be found, however without indicating whether the data belong to sam-

ples taken from type 1 heats or type 2 heats. Figure 46 –a) and -b) shows the meas-

urement data of the SiO2 –content and the temperature of the metallic bath, respec-

tively, reproduced from the work of Resch [175].  

Due to the strong effect of SiO2 on the phase boundaries of the high phosphorus sys-

tem (Figure 17-Figure 19), it is necessary to estimate the evolution of the SiO2-content 

of the slag for a proper thermodynamic evaluation of the state of those industrial slags. 

The measurement data corresponding to the evolution of the SiO2-content of the slag 

and the temperature of the metallic bath were fitted with the curves presented in Figure 

46-a) and -b), respectively. Those fitting curves were then considered representative 

of the evolution of the SiO2-content and the temperature of the metallic bath as a func-

tion of the blowing fraction for type 1 and type 2 heats.  

 

Figure 46:  Measurements data for the evolution of a) SiO2  b) Temperature of the me-

tallic bath, reproduced from the work of Resch [175]. In the present work, fitting 

curves were developed to describe the behavior of the original data, which were 

used to describe the evolution of SiO2 (red fitting curve, left) and bath tempera-

ture (black straight line, right) in type1 and type 2 heats. 
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6.4.2 Description of the simulation method 

The thermodynamic simulations were carried out using the “Equilib”-module of the 

thermodynamic software FactSage 7.1 [137]. The thermodynamic models for all phases 

considered were taken from the BOFdePhos thermodynamic database, presented in 

chapter 3. The measurement data for the evolution of CaO, FeOx, P2O5, and SiO2 

contents of the slag as a function of the blowing fraction, presented in Figure 45 and 

Figure 46, were given as input into the calculations. The oxide system composition 

was set in equilibrium with the liquid-Fe solution phase. Thus, the oxidation state of 

FeOx in the slag set for the thermodynamic simulations corresponds to the reduced 

p(O2) state (Table 6). Figure 47 presents an overview of the input window of the 

“Equilib”-module of the software. 

i 

Figure 47: Overview of the input window of the “Equilib”-module of FactSage 7.1 TM  

In addition to specifying the oxide system composition, the slag temperature is also 

required as input into the thermodynamic simulations. However, only the evolution of 

the temperature of the metallic bath (Figure 46-b) was measured by Schoop et al. [52, 

53, 175]. It is reported in the literature that, in general, the slag temperature can be esti-

mated as approximately 50 °C higher than that of the metallic bath [62, 211]. Ishiguro [212] 

measured the temperature gradient between the slag and the metallic bath, and re-

ported that the slag temperature was always above that of the bath, with a temperature 

gradient in the range of 20°C-100°C. The initial P-content of the hot metal in the plant 
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trials of Schoop et al. [52, 53, 175] was considerably high, with an initial content of 1.6 wt%. 

Thus, based on the fact that the P oxidation reaction is highly exothermic and that it 

occurs within the slag (or within the “Emulsion”, presented in Figure 4), the tempera-

ture gradient between the metallic bath and the slag is expected to be very high. Thus, 

the temperature of the slag is set as 100°C above the bath temperature, that is, at the 

upper limit of the temperature gradient interval reported by Ishiguro [212]. 

6.4.3 Analysis and discussion of the simulation results 

The simulation results with respect to the evolution of the slag phases during the entire 

blowing period for type 1 and type 2 heats are presented in Figure 48 and Figure 49, 

respectively. The results with respect to the evolution of (%FeOx)-, (%CaO)-, (%SiO2)- 

and (%P2O5)-content of the purely liquid slag part for type 1 and type 2 heats are 

presented in Figure 50 and Figure 51, respectively. In order to investigate the effect 

of the evolution of the slag phases on the phosphorus equilibrium state in the metal 

phase, the evolution of the P-content in the metallic droplets, measured for Gr.6 drop-

lets (Figure 42), is drawn in Figure 48-Figure 51. Those metallic droplets are consid-

ered representative of the equilibrium state of phosphorus in the metal phase in the 

present work, due to their small size, as they have a diameter in the range of 0.1-0.16 

mm (detailed explanation is given in section 6.3). 

In order to analyze the factors affecting the behavior of P removal in the metallic drop-

lets, the entire blowing period was divided into several blowing intervals based on the 

behavior of P content in Gr.6 droplets. Those blowing intervals will be further described 

as the „dephosphorization stages“. The difference between 2 consecutive stages is 

the alternation in dephosphorization behavior from a phosphorus removal (decrease 

in [%P]) to a phosphorus reversion (increase in [%P]) and vice versa. Finally, five 

dephosphorization stages could be distinguished for type 1 heats (Figure 48 and Fig-

ure 50) as well as for type 2 heats (Figure 49 and Figure 51). 
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Figure 48: Evolution of the slag phases for type 1 heats, calculated in the present work in 

comparison with the evolution of phosphorus in Gr.6 droplets, measured by 

Schoop et al. [52, 53, 175] 

 

Figure 49:  Evolution of the slag phases for type 2 heats, calculated in the present work in 

comparison with the evolution of phosphorus in Gr.6 droplets, measured by 

Schoop et al. [52, 53, 175] 
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Figure 50:  Evolution of the liquid slag composition for type 1 heats, calculated in the present 

work in comparison with the evolution of phosphorus in Gr.6 droplets, measured 

by Schoop et al. [52, 53, 175] 

 

Figure 51:  Evolution of the liquid slag composition for type 2 heats, calculated in the present 

work in comparison with the evolution of phosphorus in Gr.6 droplets, measured 

by Schoop et al. [52, 53, 175] 
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The P-content of size group 6 droplets, which had a diameter in the range of 0.1-016 

mm, were considered representative of the equilibrium state of phosphorus in the 

metal phase, due to their small size (see section 6.3 for details). The behavior of phos-

phorus in the metal phase will be evaluated based on the analysis of the thermochem-

ical state of the corresponding slag, which is determined using the BOFdePhos ther-

modynamic database. Thus, factors affecting the kinetics of the dephosphorization 

reaction, such as the mass transfer in the metal or in the slag, are not considered 

during the analysis of the dephosphorization behavior of the metallic droplets. 

The evolution of slag phases for type 1 heats and type 2 heats, presented in Figure 

48 and Figure 49, respectively, show that the slag became heterogeneous within 2 

minutes after the start of blow and remained in such a state for the entire blowing 

period. The heterogeneous slag was always C2S_C3P saturated and occasionally, 

saturated on the monoxide phase, CaO-ss, too. 

An overview of the characteristics of the different dephosphorization stages for type 1 

and type 2 heats is provided in Table 9 and Table 10, respectively. Some stages were 

further divided into substages (a,b,c), in case a considerable modification in the re-

moval or reversion rate of phosphorus is observed within the same stage (a slow-

down, an increase, or a decrease).  

Table 9: Overview of the different dephosphorization stages and the corresponding slag 

state for type 1 heats. 

deP 

Stages 

Duration 

(mins) 

Description of 

[%P] behavior  

Description of the state of slag phases (based on 

the thermodynamic simulations) 

1 0-4.5 Removal C2S_C3P ↑ till 60 wt%, Liquid ↓,  

2 4.5-9 Reversion C2S_C3P ↑ till 80 wt%, Liquid ↓, 

3 9-14 Removal  C2S_C3P ↓ 55%, Liquid ↑, Monoxide < 10 wt% 

4 14-17.5 Reversion  C2S_C3P ↑ (slightly), Liquid ≈, Monoxide ↑ > 15 wt% 

5 17.5-21 Removal   C2S_C3P ↓ till 30 wt%, Liquid ↑, Monoxide ↓ to 3 wt% 
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Table 10: Overview of the different dephosphorization stages and the corresponding slag 

state for type 2 heats: (+) denotes a moderate removal rate, (+ +) denotes a 

strong removal rate. 

deP 

Stages 

Duration 

(mins) 

Description of 

[%P] behavior 

Description of the state of slag phases (based on 

the thermodynamic simulations) 

1 0-3 Removal (+) C2S_C3P ↑ till 60%, Liquid ↓, 

2 3-4.5 Reversion  C2S_C3P ↑ till 80%, Liquid ↓, Monoxide ↑ 

3.a 4.5-6 Removal (++) C2S_C3P ↓ till 65 wt% , Liquid ↑, Monoxide ↓  

3.b 6-7.5 Removal (+)  C2S_C3P ↑ (slightly) , Liquid ↑, Monoxide ↓ 

3.c 7.5-9 Removal (++) C2S_C3P ↓ till 60 wt%, Liquid ↑, Monoxide ↑  

4 9-11 Reversion  C2S_C3P ↑, Liquid ≈, Monoxide ↑> 20 wt% 

5 11-17.5 Removal (+) C2S_C3P ↓ 30%, Liquid ↑, Monoxide ↓ < 5% 

It can be seen from Table 9 and Table 10 that for both heat types, a phosphorus re-

moval behavior is observed in the metallic droplets during stage 1, stage 3, and stage 

5. Thus, stages 1, 3, and 5 can be considered as optimal dephosphorization stages 

for the industrial process. It is notable that for both heat types, those stages (1, 3, and 

5) were characterized by the presence of the C2S_C3P phase with content less than 

50-60 wt% and in some cases, additional monoxide phase (CaO-ss) precipitation oc-

curred, indicating reaching lime saturation. During stage 2 and stage 4, a rephospho-

rization was observed for both heat types, which was more pronounced in the case of 

stage 2. Stage 2 was characterized by the presence of C2S_C3P phase with amounts 

higher than 50-60 wt%. During stage 4, the slag was lime saturated, the content of the 

monoxide phase had an increasing behavior, and reached its highest value for the 

entire blowing duration.  

Based on the analysis of the evolution of the liquid, the C2S_C3P, and the monoxide 

phase during all dephosphorization stages, it can be concluded that while C2S_C3P 

precipitations have a positive effect on dephosphorization, a limiting value exists upon 
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which no further improvement in phosphorus removal is achieved, and a P reversion 

might occur. The limiting C2S_C3P content, further denoted as C2S_C3P limit, is 

reached at the end of stage 1 and stage 3, where the lowest phosphorus content was 

measured. It is estimated to lie in the range of 50-60 wt%. The strong P reversion 

observed during stage 2 can be attributed to excessive C2S_C3P precipitations, which 

exceeded C2S_C3P limit. However, a P reversion also occurred during stage 4, even 

though the C2S_C3P content remained lower than C2S_C3P limit. It should be noted 

that stage 4 is characterized by the highest amounts of monoxide phase CaO-ss for 

the entire blowing process: The monoxide content in the slag increased throughout 

stage 4, reaching 17 wt% for type 1 heats and 23 wt% for type 2 heats. It can be thus 

concluded that the presence of CaO-ss, which is an indication of reaching lime satu-

ration, has a strong negative effect on dephosphorization in a C2S_C3P saturated 

slag, even if the C2S_C3P amount is below C2S_C3P limit. However, when CaO-ss is 

present in limited amounts, which seem to lie in the range of 10-15 wt%, no indication 

of a negative effect on dephosphorization is found and in some cases, a P removal is 

observed (stage 3) which can be explained by the positive effect of lime saturation on 

the dephosphorization potential of the liquid slag. 

Figure 52 shows a presentation of the slag path of type 1 heats in the quaternary 

system CaO-FeOx-P2O5-10%SiO2 at a temperature of 1873 K (1600°C), and for a re-

duced (solid lines) and elevated (dashed lines) p(O2) state. It can be seen that under 

consideration of a reduced p(O2) state, the slag path for type 1 heats was either within 

the single-phase C2S_C3P saturation region or slightly below its boundary with the 

double saturation region in monoxide (CaO-ss phase) and C2S_C3P. In case of an 

elevated p(O2), the slag will be completely situated within the single-phase C2S_C3P 

saturation, albeit the transition point between stage 4 and stage 5 will be situated very 

close to the lime saturation line in such a case. 

In the following, the dephosphorization stages 1-5, will be analyzed and discussed in 

detail in order to evaluate the effect of the evolution of the different slag phases on the 

extent of dephosphorization in the metal phase during the industrial process. 
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Figure 52:  Presentation of the slag path for type 1 heats during the plant trials of Schoop et 

al.[52, 53, 175] in the quaternary system CaO-FeOx-P2O5-10%SiO2 at a temperature 

of 1873 K (1600°C) and for a reduced (solid lines) and elevated p(O2) (dashed 

lines) state. The numbers refer to the corresponding dephosphorization stage 

(Table 9), where either a removal (green colored path) or a reversion (red-col-

ored path) of phosphorus is observed in the metallic droplets.  

A. Dephosphorization stage 1 

The first dephosphorization stage, which had a duration of 4.5 mins for type 1 heats 

and 3 minutes for type 2 heats, represents the starting phase of the process. Within 

this short blowing period, a high P removal rate occurred, and the phosphorus content 

of Gr.6 droplets reached values below 0.02 wt%. It can be seen from Figure 41 that 

the corresponding phosphorus content of the metallic bath was very high and lay in 

the range of 1.3-1.6 wt% for type 1 heats. This stage is characterized by the early 

precipitation of C2S_C3P phase within 1 minute after the start of the blow.  

The high dephosphorization rate observed during this stage is an indication of the 

strong dephosphorization potential of the C2S_C3P saturated slags and that, under 

certain conditions, the enrichment of this phase with phosphorus may occur very 

quickly. This is in agreement with the experimental results of Inoue and Suito [114] which 

indicated that the enrichment of precipitated C2S_C3P with phosphorus occurs very 

fast. It can be seen from Figure 52 that the slag composition is situated far from the 

lime saturation line, while Figure 50 and Figure 51 show that the liquid slag part was 

low in CaO (less than 20 wt%), high in FeO (more than 60 wt%) and very low in P2O5 
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(less than 5 wt%) for both heat types. It can be thus concluded that such a liquid slag 

composition is highly favorable for the enrichment of the solid phase C2S_C3P with 

phosphorus. Interestingly, Inoue and Suito [114] came to a similar conclusion based on 

their experimental evaluations of the phosphorus distribution Lp slag (see equation(13)) 

between solid C2S_C3P phase and liquid CaO-FeO-SiO2 slags. The authors investi-

gated low P2O5 slags, [114] and observed that the maximum Lp slag values are obtained 

at the nose of C2S precipitation region (Figure 5-a) where the liquid slag is high in 

FeO, low in CaO, and very low in SiO2, which is very similar to the state of the liquid 

slag during stage 1. It can be seen from Figure 52 that the liquid slag composition at 

the end of stage 1 is also situated at the nose of the C2S_C3P saturation zone. It 

should be noted that CaO-FeO-SiO2 slags situated at the “nose” of C2S saturation 

region and CaO-FeO-P2O5-SiO2 slags situated at the „nose“ of C2S_C3P saturation 

region share the properties of having a very high FeO activity (highest in the corre-

sponding region). It can be thus concluded that a high FeO activity increases the P 

transfer in a C2S_C3P saturated slag between the liquid and the solid C2S_C3P 

phase. According to Inoue and Suito, [114] the low SiO2 content of liquid slags situated 

at the nose of C2S in the low P2O5 system has contributed to the enrichment of the 

C2S_C3P phase during their experiments. However, it is not clear what is behind the 

negative effect of SiO2 on Lp slag in their experiments. Some works reported that 

dephosphorization of metallic droplets is controlled by the mass transfer in the slag.[99, 

213-215] Thus, the negative effect of SiO2 on dephosphorization may be associated with 

its increasing effect on viscosity, which subsequently decreases the mass transfer in 

the slag and thus, the P removal from the metallic droplets as well as the phosphorus 

enrichment of the solid C2S_C3P phase. Inoue and Suito [114] noted that the peeling-

off of C2S_C3P layer, which was an essential condition for the continuation of P en-

richment of the C2S particles (which were added to the liquid slag in their experi-

ments), [114] was only observed in CaO-FeO-P2O5 slags and was not observed in CaO-

FeO-SiO2 slags. It is thus possible that an increase in liquid slag viscosity when SiO2 

is present inhibits the peeling-off of C2S_C3P phase after its enrichment, which results 

in inhibiting the continuation of the enrichment process. 

Another interesting possibility is that due to the surface-active nature of both SiO2 and 

P2O5, [216, 217] their presence with considerable contents in the liquid slag may lead to 
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the formation of a blocking layer on the surface of the liquid slag, which subsequently 

slows down or completely blocks the transfer of P2O5 to the solid phase. In such a 

case, the application of stirring may remove the blocking layer and lead to the contin-

uation of the enrichment procedure. This explains the strong increase in the phospho-

rus distribution between C2S_C3P saturated slag and liquid metal (Lp tot) in the exper-

iments of Inoue and Suito [114] when stirring was applied (Figure 38). It is thus highly 

recommended in the present work to carry out further experimental investigations to 

clarify whether those possibilities are realistic. 

Considering the high phosphorus removal rate observed during stage 1 for both types 

of heats, the composition range and the evolution of the slag during this stage is of 

great interest to the industrial process. The CaO-content of the slag lay considerably 

below the values required for reaching lime saturation, which indicates that optimal 

dephosphorization results can be achieved without lime saturation of the slag and, 

thus, at a low lime consumption and with less slag formation. 

B. Dephosphorization stage 2 

This stage is characterized by the occurrence of a strong phosphorus reversion in the 

droplets, as the phosphorus content of Gr. 6 droplets increased from 0.015 wt% to 

0.055 wt% for type 1 heats and from 0.017 wt% to 0.07 wt% for type 2 heats.  

For type 1 heats, the reversion rate started slowly as the C2S_C3P increased beyond 

65 wt% and reached a value of 80 wt%. Afterward, the C2S_C3P started dissolving in 

favor of liquid slag formation, and the corresponding reversion rate increased. The P 

reversion ended when the C2S_C3P phase amount decreased to 65 wt%.  

As for type 2 heats, the C2S_C3P phase content increased from 60 wt% to 80 wt%, 

and the monoxide phase precipitation occurred, reaching 20 wt% at the end of this 

stage.  

Based on those observations, it can be concluded that even though the formation of 

C2S_C3P phase enhances dephosphorization, it seems that a critical C2S_C3P 

phase amount exists, above which no further improvement in phosphorus removal can 

be attained, and a phosphorus reversion might occur. This is in accordance with the 

experimental observations of Inoue and Suito [114], which indicated that a C2S_C3P 
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content higher than 35-45 wt% no longer contributed to an increase in Lp total (Figure 

38). Based on the analysis of dephosphorization stages during the plant trials of 

Schoop et al. [52, 53, 175], the limiting value, C2S_C3Plim, is estimated to lie in the range 

of 50-60 wt%. The fact that C2S_C3Plim estimated based on plant trial results is higher 

than C2S_C3Plim estimated based on experimental data can be attributed to the fact 

that the industrial process is characterized by a high stirring. Another possibility is the 

difference in the composition of the oxide system investigated: The P2O5 content of 

the slags during the plant trials [52, 53, 175] ranged between 5-20 wt% while the P2O5 

content of the slags during the experiments [114] was less than 5 wt%. 

The existence of a limiting C2S_C3P content for the achievement of optimal 

dephosphorization results confirms that a large interface between the liquid slag and 

the solid C2S_C3P phase is crucial to ensure the transfer of phosphorus from the 

liquid to the solid phase. The increase of C2S_C3P amount beyond C2S_C3P lim in-

creases the viscosity of the heterogeneous slag, which may inhibit the peeling-off of 

the P-enriched C2S_C3P phase (Figure 6). Also, it can be seen that monoxide phase 

precipitation increased during this stage and reached 18% for type 2 heats. It can be 

concluded that the formation of the monoxide phase in C2S_C3P saturated slags 

when the C2S_C3P phase amount is higher than the limiting value C2S_C3Plim, fur-

ther contributes to the increase of the phosphorus content of the metal phase. This 

effect can be explained by the further decrease in the liquid slag amount and the sub-

sequent decrease in the interface between liquid slag and solid C2S_C3P phase as 

well as by the increase in the slag viscosity. 

C. Dephosphorization stage 3 

During stage 3, a recovery from rephosphorization is observed for both heat types. 

The phosphorus content of type 6 droplets dropped from a value of 0.05-0.07 wt% to 

0.006-0.007 wt% by the end of this stage, which are the lowest values achieved during 

the entire process. Thus, the state of the slag at the end of this stage represents an 

optimal composition for the achievement of low phosphorus contents in the metal 

phase during the industrial process. 

A decrease in both the C2S_C3P and in the monoxide phase amount in favor of an 

increase in liquid slag amount was observed for both heat types. The representation 
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of the slag path during stage 3 in the corresponding phase diagram, shown in Figure 

52, indicates that, for type 1 heats, the slag is situated slightly below lime saturation 

for reduced p(O2) case and slightly above lime saturation for the elevated p(O2) case. 

Thus, it can be stated that independently of the oxidation state of FeOx in the slag, the 

slag was very close to the lime saturation line. 

It is interesting that the variation range of the slag composition during this stage was 

very small, especially compared to the variations observed during stage 1 and stage 

2. However, the effect of those small variations on the extent of the evolution of P in 

the metallic droplets was very pronounced. Also, this stage is characterized by a long 

duration than all of the other stages and for both heat types as it has a duration of 5 

and 4.5 minutes for type 1 heats and type 2 heats, respectively. The increase in liquid 

slag amount and the long duration of this stage may have contributed to the enhance-

ment of the diffusive mass transfer of phosphorus between liquid slag and C2S_C3P 

phase and thus to an increase in Lp slag. The dephosphorization behavior of the me-

tallic droplets during this stage can be thus considered as an evidence of the im-

portance of the diffusion route (see section 2.4.2) in the enrichment of the C2S_C3P 

phase with phosphorus during the industrial process. 

The behavior of the P removal rate for type 2 heats can be divided into 3 parts: A high 

P removal rate during the first 1.5 minutes (stage 3.a), a slow-down or standstill after-

ward with a duration of 1.5 minutes (stage 3.b) and finally, a moderate removal rate 

for the last 1.5 minutes. It is not clear what is behind the slow-down in P removal during 

stage 3.b, but it may be associated with the slight increase in C2S_C3P by about 7 

wt%, and the considerable decrease in the monoxide phase amount. An increase in 

C2S_C3P content coupled with a decrease in monoxide content is expected to en-

hance P removal, but a slow-down is observed instead during stage 3.b. This can be 

explained by the fact that the C2S_C3P content during this substage is higher than 60 

wt% and thus, is already above C2S_C3Plim, which is estimated to lie in the range of 

50-60 wt% based on the analysis of stage 1 and stage 2. It seems that, under such 

conditions, only a decrease in C2S_C3P amount will enhance phosphorus removal. 

Another possibility is that the diffusive mass transfer of phosphorus from liquid slag to 

solid C2S_C3P phase is inhibited by an abrupt change in the evolution of the slag 
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phases, which is observed during stage 2.b. As the C2S_C3P phase amount is de-

creasing and the liquid slag amount is increasing during substages 3.a and 3.c, the P 

transfer between the liquid and solid slag phase is enhanced but may have been re-

strained during stage 2.b due to the abrupt formation of new C2S_C3P precipitations. 

It can be thus concluded that when the C2S_C3P content is above C2S_C3Plim, the 

diffusive route becomes the dominant enrichment route for P enrichment of the solid 

C2S_C3P phase. Under such conditions, a long duration together with a continuous 

and moderate increase in liquid slag amount is required in order for dephosphorization 

to continue. 

It should be further noted that the monoxide phase was present occasionally during 

this stage with a content less than 10 wt% for type 1 heats and less than 15 wt% for 

type 2 heats. The positive dephosphorization behavior observed in the metallic drop-

lets during this stage, indicates that when the monoxide phase is present in limited 

amounts, which is estimated to lie in the range of 10-15 wt%, no indication of a nega-

tive effect on dephosphorization is found and in some cases, a P removal can be ob-

served, which can be explained by the positive effect of lime saturation on the 

dephosphorization potential of the liquid slag. 

D. Dephosphorization stage 4  

During this stage, a moderate rephosphorization in the metallic droplets of Gr.6 oc-

curred for both heat types. This stage is characterized by an increase in the monoxide 

content of the heterogeneous slag, reaching its highest values for the entire process. 

The behavior of C2S_C3P phase during this stage was different for each heat type: 

For type 1 heats, the dissolution of C2S_C3P, which already started in stage 3, 

stopped completely and a slight increase by 5 wt% was observed, while for type 2 

heats, the dissolution of C2S_C3P has continued. 

The description of the lime addition profile provided by Schoop et al. [52, 53, 175] indicates 

that lump lime was added exceptionally at the start of this stage with an amount of 4 

tons for type 1 heat and 8.86 tons for type 2 heats. This explains the high amount of 

monoxide phase, formed exceptionally during this stage, which reached a content of 

16 wt% for type 1 heats and 23 wt% for type 2 heats. The lump lime requires a longer 

dissolution time than the lime powder, which has been blown continuously into the 
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melt during this process. [52, 53, 175] This indicates that possibly, 3 types of solid phase 

were present in the slag during this stage: The C2S_C3P phase, the monoxide phase 

and undissolved lime parts. The rephosphorization observed in the droplets confirms 

the negative effect of the monoxide phase on the dephosphorizing potential of 

C2S_C3P saturated slags.  

The negative effect of excessive monoxide precipitations on the dephosphorization 

potential of C2S_C3P saturated slags can be explained based on the description of 

phosphorus distribution in a heterogeneous slag given by equation (29). The formation 

of the monoxide phase, which does not dissolve phosphorus, decreases the amount 

of liquid slag and solid C2S_C3P, and, eventually, it counteracts the positive effect of 

lime saturation on the dephosphorization potential of the liquid slag. In addition, its 

presence decreases the interface between liquid slag and C2S_C3P phase as well as 

the fluidity of the heterogeneous slag, which are important factors for promoting P 

transfer from liquid to solid C2S_C3P via the diffusion route. Similarly, the presence 

of undissolved lime parts has a negative effect on the diffusive mass transfer of phos-

phorus, which may be more considerable than the effect of monoxide phase formation: 

The lump lime parts are expected to be larger in size than the monoxide particles 

(which are formed by precipitation) and are thus more likely to form large clusters and 

inhibit the diffusion process. 

E. Dephosphorization stage 5  

This stage corresponds to the last blowing stage during the plant trials [52, 53, 175]. A 

recovery from rephosphorization is observed in the metallic droplets during this stage.  

The representation of the slag path during stage 5 in the corresponding phase dia-

gram, shown in Figure 52, indicates that, for type 1 heats, the slag lay exactly along 

the lime saturation line when a reduced p(O2) state is considered. Accordingly, the 

simulation results show that the monoxide phase dissolved almost completely for both 

heat types, and its content was below 3 wt% at the end of this stage. The final phos-

phorus content achieved in the metallic droplets was in the range of 0.02 wt%. This 

stage was further characterized by an increase in the FeO content of the heterogene-

ous slag and by a strong increase in the liquid slag amount, while the C2S_C3P phase 

dissolved gradually, reaching a final content in the range of 30 wt% for both heat types. 
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It can be thus concluded that high amounts of C2S_C3P phase are not required to 

achieve low phosphorus contents in the metal phase and that values in the range of 

30-40 wt% are sufficient to achieve optimal dephosphorization results.  

6.5 Conclusion and consequences for the industrial process 

In section 6.4, the phosphorus evolution behavior measured by Schoop et al. [52, 53, 175] 

in Gr. 6 metallic droplets, which had a diameter of 0.1-0.16 mm, has been divided into 

five stages. Each stage corresponds to a specific blowing interval where either a phos-

phorus removal or reversion behavior was observed. Based on the analysis of the P 

equilibrium state, provided in section 6.3, it is assumed that droplets with a diameter 

smaller than 0.5 mm are representative of the equilibrium state of P in the metal phase. 

Each stage was analyzed by means of comparing the evolution of the P content in 

these metallic droplets with the evolution of slag phases, which is simulated using the 

thermodynamic BOF DePhos database, presented in chapter 3. 

The results indicate that the slag became heterogeneous within 2 minutes after the 

start of the blow and remained in such a state for the entire blowing process. The 

heterogeneous slag was always C2S_C3P saturated and occasionally also saturated 

with the monoxide phase CaO-ss. 

Optimal dephosphorization results could be observed when the C2S_C3P content at-

tained a specific value, which is estimated in the range of 50-60 wt% when no other 

solid phase is present. This value is designated as the C2S_C3Plimit and is defined as 

the C2S_C3P content at which optimal dephosphorization results are obtained. In 

many cases, a reversion and a subsequent recovery in phosphorus removal could be 

observed in conjunction with an increase followed by a decrease in the monoxide 

phase amount, respectively. The negative effect of the monoxide phase is observed 

when its content exceeds a certain critical value, which is estimated to lie in the range 

of 10-15 wt%. Below this range, the monoxide phase precipitation does not negatively 

affect dephosphorization, and in many cases, a positive effect on dephosphorization 

is observed. 

The negative effect of the monoxide phase on the dephosphorization potential of 

C2S_C3P saturated slags can be explained based on the description of the phospho-

rus distribution in equation (29), derived from the thermodynamic evaluations of the 



6 Analysis and discussion of industrial plant trial results 124 

 

 

low P2O5 system, presented in section 5.4. The formation of the monoxide phase indi-

cates reaching lime saturation and, thus, the achievement of a high phosphorus dis-

tribution in the liquid part of the slag (a high Lp liq, given by equation (26)). This explains 

the positive effect of the monoxide phase on dephosphorization, observed when its 

content remains below a certain value, which is estimated to lie in the range of 10-15 

wt%. However, the presence of the monoxide phase decreases the amount of liquid 

slag and solid C2S_C3P phase, which eventually counteracts its positive effect upon 

exceeding this limitation range, thus resulting in an overall decrease in Lp tot. It is fur-

ther concluded that the presence of the monoxide phase in high amounts decreases 

the phosphorus enrichment potential of the C2S_C3P phase via the diffusion route, 

mainly due to the following aspects: 

1. The monoxide precipitations may decrease the interface between the liquid 

slag and solid C2S_C3P where the transfer of P2O5 from liquid to solid slag 

phase takes place. 

2. During the analysis of stage 1, it is observed that an increase in the SiO2 

content of the liquid slag phase has a negative effect on dephosphorization, 

which is potentially linked to its increasing effect on viscosity. Similarly, the 

negative effect of monoxide precipitations may also be associated with a 

resulting increase of the apparent viscosity of the heterogeneous slag, which 

is a strong function of the fraction of solid phase [218]. Shiraishi et al.[219] 

investigated the viscosity of FexO-SiO2 slags containing solid particles, and 

observed a sharp viscosity increase when the solid fraction increased. Ono et 

al.[220] observed that the fluidity of C2S saturated slags at a temperature of 

1823 K (1550°C) decreased with an increase in their C2S content. This can be 

explained by the fact that an increased viscosity results in a decrease of the 

mass transfer coefficient in the slag, which will eventually affect the mass 

transfer of P2O5 from the liquid slag to the C2S_C3P solid phase. In their kinetic 

dephosphorization model, Kitamura and co-workers [99] introduced a factor 

accounting for the effect of the solid fraction on the mass transfer coefficient in 

the slag. 
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Similarly, the negative effect of excessive C2S_C3P precipitations, upon exceeding 

the value of the C2S_C3P limit, can be attributed to its decreasing effect on the slag 

fluidity as well as on the interface between liquid slag and solid C2S_C3P phase. 

It is further observed that the addition of bulk lime at the initial phase of stage 4 causes 

rephosphorization in the metallic droplets due to excessive monoxide precipitation. A 

recovery in phosphorus removal after bulk lime addition is possible, provided that a 

subsequent increase in the amount of liquid slag and a decrease in the amount of 

monoxide takes place over a sufficient duration. 

The initial phosphorus content of the hot metal, reported by Schoop et al.[52, 53, 175] was 

higher than 1 wt%. As a result, the P2O5 content of the corresponding slag was higher 

than 10 wt% during the entire blowing period. Under such conditions, it is expected 

that the precipitation route would be dominant over the diffusion route for C2S_C3P 

enrichment on phosphorus (see section 2.4.2). The phosphorus enrichment grade in 

the solid phase via the precipitation route was reported as very high [98, 111, 114], which 

explains the high phosphorus distribution values established during the process. How-

ever, the strong correlation between an increase in the liquid or apparent viscosity of 

the slag and the occurrence of a phosphorus reversion in the metallic droplets is evi-

dence of the significance of the diffusion route for the enrichment of the solid phase 

during this process. 
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7 Exploitation and impact of the results for dephosphorization 

modeling and control 

7.1 Application of computational thermodynamics to online process control 

Based on the analysis of the dephosphorization stages presented in section 6.4, it can 

be concluded that the dephosphorization potential of C2S_C3P saturated slags is 

mainly controlled by the evolution of the different slag phases (liquid, C2S_C3P, and 

monoxide). This is supported by the fact that the correlation between the measured P 

evolution in the small-sized droplets of Gr.6, which have been considered representa-

tive of the P equilibrium state in the metal phase (see section 6.3), and the simulated 

evolution of the slag phases did not depend directly on the temperature or on the 

blowing conditions. It is observed, based on the analysis of 2 different types of heats 

(type 1 and type 2 heats), that when the evolution of slag phases was similar for a 

specific dephosphorization stage, the corresponding phosphorus evolution in the me-

tallic droplets was also similar independently of the heat type. It should be noted that 

type 1 and type 2 heats had very distinguished blowing profiles in terms of oxygen 

blowing rate and the lance height profile. The results indicate that a successful simu-

lation of the evolution of slag phases and their composition is essential for the accurate 

prediction of the evolution of phosphorus in the metal phase. In this context, the appli-

cation of a CALPHAD-based approach presents a powerful method for the accurate 

determination of the type, amount and composition of a large number of oxide systems 

over the entire temperature, composition, and oxygen partial pressure range relevant 

for the industrial process. However, the evolution of the oxide content and the temper-

ature of the slag is required as input data for the thermodynamic simulations. For this 

purpose, dynamic models based on the principle of conservation of mass and energy 

can be used.[221] Such models are capable of calculating the amount and total compo-

sition of the metal and slag during the blow based on online process data, such as the 

oxygen blowing rate, the lance height profile, the input time and the input amount of 

additions.[49, 91, 222] 

An implementation concept of the BOFdePhos thermodynamic database into a com-

prehensive “dynamic BOF process model” is presented in Figure 53. The “BOF Pro-

cess Model” determines the evolution of metal and slag temperature as well as the 
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evolution of the main slag components, such as CaO, FeO, MnO, SiO2, MgO, mainly 

on the basis of mass and energy balance equations.[91] Further information from kinetic 

functions or models is required for these calculations, such as the amount of lime or 

scrap dissolved during the process, which are determined based on lime dissolution 

[223, 224] and scrap melting models [225] respectively. The slag composition and temper-

ature, calculated using the “BOF Process Model”, can be given as input data into the 

thermodynamic database, which in turn calculates the amount and composition of the 

involved slag phases. The calculation output of the thermodynamic database can be 

used for the following: 

 Determination of the equilibrium phosphorus content in the metal [%𝑃]𝑒𝑞
𝑡 , by 

using a phosphorus distribution equation suitable for heterogeneous slags 

such as equation (29), which has been developed based on the 

thermodynamic calculations for the low phosphorus system presented in this 

work. 

 The phosphorus equilibrium value [%𝑃]𝑒𝑞
𝑡  , is then used as input to the “Kinetic 

dephosphorization model” as it defines the driving force for the 

dephosphorization reaction. 

 Determination of the lime saturation value of the slag, (%CaO)sat, which is a 

strong function of the slag composition and temperature.[226] For CaO-FeOx-

P2O5 and CaO-FeOx-SiO2 based slags with a low content of further oxides, 

equations (18)-(19) and equations (24)-(25) can be used for example to 

calculate lime saturation values, respectively. The difference between the 

actual lime content of the slag and its saturation value, (%CaO)sat, defines the 

thermodynamic driving force for lime dissolution.[227] 

 Characterization of the transport properties of the slag: The mass transfer 

coefficient of the slag is known to be a strong function of the slag composition 

[228] and the solid phase fraction [99], both of which can be determined accurately 

by the BOFdePhos thermodynamic database. The mass transfer coefficient of 

the slag is an important parameter for the determination of the 

dephosphorization rate [99] as well as for estimating the dissolution rate of CaO 

and MgO [224, 227]. 
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Figure 53:  Implementation concept for the thermodynamic database in a comprehensive 

dynamic model for the purpose of modeling and control of the dephosphorization 

reaction. 

The implementation of the thermodynamic database contributes to the enhancement 

of the accuracy of dynamic BOF process models. In general, dynamic process models 

are used for the continuous monitoring of the actual heat state in the BOF converter, 

as well as for the prediction of its further evolution until the end of the blow. Such 

information can be assessed by dynamic control functions for adaption of the amount 

of oxygen to be blown, lime to be charged, and heating or cooling materials to be 

added in order to adjust the targets for temperature, carbon, and phosphorus content. 

Thus, the enhancement of the accuracy of such models will subsequently lead to bet-

ter attainment of the target values and therefore, to significant economic benefits for 

the industrial process. When the target composition is not met, a reblow is required, 

which consists of further blowing oxygen and charging additions. A reblow is associ-

ated with a considerable loss of production time, a decrease in the iron yield as well 
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as with an increase in refractory wear and deoxidant amount. Thus, a better adjust-

ment and control of the process leads to cost savings and improves the liquid steel 

quality in terms of lower phosphorus content. 

Furthermore, the thermodynamic database is suitable for integration in flowsheet mod-

eling of industrial processes, which is based on the principle of inter-linked local equi-

libria [148, 149], also widely designated as the effective equilibrium method [143, 229] in the 

literature. In the scope of the BOFdePhos project,[91] a flowsheet model, denoted as 

LD-Sage, has been developed and the BOFdePhos thermodynamic database was 

used for the determination of the metal-slag-gas equilibrium state in the different equi-

librium zones. Details about the model concept and results can be found in separate 

publications.[49, 91, 230, 231] 

7.2 Specification of the target slag composition for optimal dephosphoriza-

tion results 

Based on the thermodynamic evaluation of low P2O5-systems presented in section 

5.2, it can be concluded that the single-phase CaO-ss saturation region is not acces-

sible under the conditions relevant to the standard BOF process operation (SiO2 con-

tent in the slag higher than 10 wt%, temperatures lower than 1973 K (1700°C), MgO 

is usually present in the slag, …). When MgO is present in the system with a content 

equal to or higher than 7 wt%, a monoxide phase, MgO-ss, becomes stable over a 

large part of the lime saturation region. It is concluded based on the analysis of a large 

number of industrial data in section 6, that the presence of monoxide phase CaO-ss 

with a content higher than 10-15 wt% has a strong negative effect on dephosphoriza-

tion. The low phosphorus system is characterized by the presence of the same mon-

oxide phase, CaO-ss, when lime saturation is reached. In the presence of MgO, a 

second monoxide phase, the MgO-ss phase is formed additionally. Furthermore, it is 

found that reaching lime saturation is always associated with an additional saturation 

with the C3S solid phase. All of those solid phases, which are stable at lime saturation 

(CaO-ss, MgO-ss, and C3S) do not dissolve phosphorus and their effect on 

dephosphorization in the low P2O5 system is estimated to be similar to the effect of the 

monoxide phase in the high P2O5 system: 
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 From a thermodynamic perspective: The precipitation of CaO-ss, MgO-ss, and 

C3S leads to a decrease in the amount of liquid slag and in some cases, also 

in the C2S phase. This means that non-P-dissolving phases are formed at the 

cost of P-dissolving phases (the liquid slag and the C2S phase). As a result, 

the phosphorus distribution between the heterogeneous slag and liquid metal 

decreases considerably, following the Lp-formulation in a heterogeneous slag 

given by equation (29). 

 From a kinetic perspective: The formation of the monoxide phases CaO-ss and 

MgO-ss as well as the formation of the C3S phase result in a decrease of the 

liquid slag amount and subsequently, of the interface between liquid slag and 

solid C2S-C3P phase, as well as of the interface between liquid slag and 

undissolved lime. In addition, the viscosity of the slag increases drastically 

when the solid phase fraction increases.[99, 219] Eventually, the formation of large 

precipitations of those solid phases inhibits the enrichment of the solid phase 

C2S_C3P through the diffusion route and slows down lime dissolution, which 

leads to poor dephosphorization results. 

Based on the present findings, it is highly recommended to aim at the C2S-saturation 

region in order to ensure the establishment of a high phosphorus distribution while 

avoiding the risk of excessive solid phase precipitation, associated with reaching lime 

saturation. In low phosphorus slags, which is mostly the case for European BOF slags, 

it is expected that the enrichment of the C2S_C3P phase on phosphorus would be 

dominated by the diffusion route (see section 2.4.2) due to the low P2O5 content in the 

slag. It is thus important to provide suitable conditions for the enhancement of the 

mass transfer of phosphorus between the liquid slag and the solid C2S_C3P phase in 

order to exploit the phosphorus removal potential of the C2S_C3P phase. Based on 

the analysis of the industrial plant trials of Schoop et al.[52, 53, 175], it is concluded that 

the optimal amount of C2S_C3P precipitation, denoted as C2S_C3Plim is estimated to 

lie in the range of 50-60 wt%. It is possible that the presence of the C3S phase, which 

has a large stability range in the low phosphorus system, has also a negative effect 

on the dephosphorization potential of BOF slags, similar to that of the monoxide 

phase.  
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Based on the present findings, a new slag region considered as the optimal region for 

dephosphorization during the BOF process is determined, which is indicated by “zone 

A” in Figure 54, where the calculated phase boundaries of the CaO-FeOx-SiO2 system 

are presented at a temperature of 1973 K (1700°C) and for a reduced p(O2) state. This 

target region A has been selected based on the following four criteria: 

1- The dephosphorization potential of the slag is found highest when the slag is satu-

rated with C2S_C3P. This means that the slag composition should be situated within 

the C2S saturation region (region 2). The enrichment of the C2S_C3P phase in BOF 

slags is expected to be dominated by the diffusion route due to the low P2O5 content 

of BOF slags (usually lower than 5 wt%). In such a case, the C2S phase is precipitated 

first without phosphorus, and P2O5 is transferred afterward from the liquid slag to the 

solid C2S phase (see section 2.4.2). 

2- It is important that the C2S precipitations remain below a limiting value, which is 

estimated to lie in the range of 50-60 wt%, based on the analysis of industrial plant 

trials of Schoop et al. [52, 53, 175] (see section 6.4). In addition, it is crucial that the pre-

cipitation of non-phosphorus dissolving phases (monoxide and C3S) is avoided or at 

least restricted to values lower than 10-15 wt%. This is due to the fact that the mass 

transfer of phosphorus from the liquid to the solid C2S_C3P phase is inhibited by the 

presence of an excessive amount of solid phases, especially with regard to the non-

phosphorus dissolving phases CaO-ss, MgO-ss, and C3S. The negative effect of ex-

cessive solid phase precipitation is attributed to the resulting decrease in the phos-

phorus distribution in the heterogeneous slag (equation (29)), the reduction of the in-

terface between liquid slag and C2S_C3P phase, the reduction in the interface be-

tween liquid slag and undissolved lime as well as to its increasing effect on viscosity 

which decreases the mass transfer coefficient in the slag.  

3- Inoue and Suito [114] reported that the maximum phosphorus distribution values be-

tween the C2S_C3P phase and the liquid slag (Lp slag) were measured when the liquid 

slag was situated at the “nose” of the C2S-saturation region (Figure 5-a). The liquid 

part of slag situated in zone A is situated very close to the C2S “nose,” and the corre-

sponding Lp slag values are expected to be higher than 10, according to the measure-

ments of Inoue and Suito [114]. 
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4- Small fluctuations in the slag composition, for example, in the direction of lower or 

higher CaO-contents, may shift the composition from zone A to zone A’ or A”, respec-

tively. In such a case, the slag will either remain C2S-saturated (zone A’) with a liquid 

part situated close to the C2S “nose” (Thus further satisfying criteria 2- and 3-), or the 

slag will enter the double saturation region with C3S and CaO-ss (zone A’’). In the 

second case, the slag would no longer be saturated with C2S. However, the liquid part 

of the slag is lime saturated, and at the same time, the amount of CaO-ss and C3S 

precipitations is small, due to the fact that zone A’’ is situated far from the C3S and 

CaO corners. Thus, the dephosphorization potential of the slag in both cases (zone A’ 

and zone A’’) remains high, albeit lower than that of zone A. 

It should be noted that zone “B”, shown in Figure 54, also satisfies criteria 1-3 and, at 

the same time, is highly interesting for the industrial process: A slag situated within 

zone B has a low FeO content (In the range of 15-23 wt%) which has considerable 

economic benefits, such as achieving a high iron yield and less refractory wear during 

the process. Also, the CaO content required for achieving zone B is slightly lower than 

that required for zone A, which implies less lime consumption and less slag formation. 

However, zone B is not recommended as an optimal target region for dephosphoriza-

tion due to the fact that small fluctuations in the slag composition, for example in the 

direction of lower or higher CaO contents, may shift the composition from zone B to 

zone B’ or zone B’’ respectively, which may induce a negative effect on dephospho-

rization due to the following: 

- Even though zone B’ is situated within the single saturation zone regarding C2S, the 

liquid part of the slag is now situated far from the C2S “nose”. Thus, criterion 3- is no 

longer satisfied. According to the measurements of Inoue and Suito [114], the resulting 

Lp slag values will be low (Figure 5-a), and eventually, a low Lp tot will be established in 

the slag according to equation (29). 

- Zone B’’ is situated in the double saturation region with C2S and C3S. The amount 

of C3S precipitation will be high, especially compared to that in the case of zone A’’. 

The resulting dephosphorization potential of the slag is low, since excessive C3S pre-

cipitations are estimated to have a negative effect on Lp tot, similar to the effect of 

excessive monoxide precipitations.  
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Thus, zone B is recommended for dephosphorization in processes where the slag 

composition can be controlled very accurately in a way that such small fluctuations 

can be avoided. For the standard BOF process, where changes in slag composition 

are a strong function of the carbon removal rate, zone A is recommended as the opti-

mal target slag zone. 

It can be seen from Figure 54 that the CaO-content of the total slag required for reach-

ing zone A is about 5-12 wt% lower than the values required for reaching lime satura-

tion. This means that the lime amounts which should be charged during the process 

are lower, which brings considerable economic benefits to steelmakers, such as de-

creased lime consumption, less final slag amounts, and decreased refractory wear. 

 

Figure 54:  Position of the alternative target slag regions A and B, suggested in the present 

work for optimal dephosphorization results in the CaO-FeOx-SiO2 system, at 

1973 K (1700°C), and for a reduced p(O2) state.  

Finally, it should be mentioned that the phase boundaries of the CaO-FeOx-SiO2 oxide 

system are found to be a strong function of the process temperature (Figure 30), the 

p(O2) state (Figure 29), as well as of the minor oxide contents (Figure 36-Figure 37) 

in the present work. This implies that the composition of the target slag region A should 
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be adjusted to take into account the changes in temperature, p(O2) state or minor 

oxide content of the system, in order to continue satisfying criteria 1-4. 

Figure 55-a), –b), –c) and -d) present some examples for setting the position of the 

target region at different temperatures and minor oxide contents for the reduced p(O2) 

state, as calculated using the BOFdePhos thermodynamic database. It becomes ob-

vious that the determination of the dynamic evolution of the slag composition and tem-

perature, as well as the accurate simulation of the corresponding phase boundaries 

under these specific conditions, is crucial for setting the optimal target slag region. 

This can be achieved, for example, by the implementation of a consistent CALPHAD-

based thermodynamic approach suitable for multi-component and multi-phase sys-

tems, such as the BOFdePhos thermodynamic database, in a dynamic process model, 

for example by following the scheme presented in Figure 53.  

 

Figure 55: Examples of the adjustment of the position of the optimal target slag region (green 

circle) in the CaO-FeOx-SiO2 oxide system at reduced p(O2) state as a function of 

temperature: a) 1673 K (1400°C), b) 2023 K (1750°C), and depending on the mi-

nor oxide content of the system: c) 7 wt% MgO at 1873 K (1600°C), d) 4 wt% Al2O3 

at 1873 K (1600°C). The dashed lines represent the phase boundaries of the ter-

nary system at 1873 K. 
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7.3 Development of a new BOF method for controlling dephosphorization 

Apart from the necessity of an accurate determination of the optimal slag composition, 

explained in section 7.2, an accurate slag control during the BOF process in a way 

that the target composition can be set under specific conditions is also required. For 

this purpose, a method has been developed to provide the required flexibility in con-

trolling the slag composition during the BOF process. This method is presented in 

Figure 56, and consists of the injection of fluxes, mainly lime powder, directly into the 

slag through sidewall nozzles.[232] The purpose of the method is ensuring a flexible 

control of the slag composition in order to achieve a high dephosphorization potential 

of the corresponding slag based on the following mechanisms: 

- By injecting CaO particles into a C2S-saturated slag, a high phosphorus 

enrichment of the solid phase is expected. Suito et al.[113] and Hamano et al. 

[120] reported that the enrichment grade of C2S_C3P was high when this phase 

is formed at the rim of CaO particles during their dissolution into the slag. Yang, 

Matsuura et al.[102] emphasized that the amount of C2S_C3P phase formed at 

the interface between the CaO particles and the reacting slag was much higher 

than in the case when C2S particles were added. 

- By continuously injecting small lime particles, the CaO-content of the slag will 

gradually increase. Thus, the C2S phase is expected to precipitate gradually 

in small amounts. In such a case, the C2S precipitates are more likely to be 

distributed as isolated particles and the formation of C2S clusters is avoided, 

which is necessary for the establishment of a high phosphorus enrichment (see 

section 2.4.2). In addition, the enrichment of the solid phase by the diffusion 

route is enhanced when the interface between the liquid slag and the C2S 

precipitates is large and the slag viscosity is low, which can be maintained by 

a continuous injection of lime powder. On the contrary, when bulk lime is added 

in high amounts, the CaO content may increase rapidly. This may result in 

excessive C2S precipitations, thus increasing the risk of the formation of C2S 

clusters. Under such conditions, a low enrichment of the solid phase C2S_C3P 

on phosphorus is expected.  
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By using the sidewall nozzles for lime injection, the following disadvantages associ-

ated with alternative lime blowing methods (For example, through top oxygen lance or 

bottom tuyeres) are avoided: 

- The top oxygen lance is a laval nozzle of convergent-divergent type, which 

produces supersonic gas velocities approximately at twice the speed of sound. 

When lime is injected through this type of nozzle, the particles are accelerated 

up to a high speed by the supersonic gas. The particles will be grinding against 

the nozzle walls, which will induce a rapid wear on those walls. Since the top 

lance is water-cooled, an unforeseen water leakage might occur if the wall 

thickness becomes too thin, with hazardous consequences. 

- It is considered that restricting the powder injection to the bottom nozzles is not 

sufficient to achieve the total lime amounts required for achieving optimal 

dephosphorization. The mass transfer of phosphorus in the bath is generally 

considered as a rate-limiting step for the dephosphorization reaction [13], and 

in the case of bottom lime injection, it is expected to be also the rate-limiting 

step for lime dissolution. This is especially the case when an oxygen-free gas 

is used for the bottom injection. Also, due to the relatively small outlet area, the 

injection of lime powder solely through the bottom nozzles is limited, and the 

required powder injection rates will not be achieved. The powder injection will 

further limit the inert gas-flow rates through the bottom nozzles and decrease 

their life span. 
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Figure 56:  Method for dephosphorization control in the BOF process developed in the pre-

sent work [232] 

Furthermore, the method presented in Figure 56 has been optimized to provide addi-

tional flexibility in the control of the decarburization rate. It is found that lime injection 

in the slag may initiate a kinetically impeded CO-nucleation, which is found to be re-

sponsible for slopping occurrence.[230] By optimizing the position, number, blowing an-

gle and carrier gas flowing rate of the sidewall nozzles, the mixing intensity in the slag 

(or emulsion) zone can be controlled independently of the mixing intensity in the bath 

(which is usually controlled by modifying the position of the top oxygen lance). In Fig-

ure 57-a) and –b), two examples of possible arrangements of the sidewall nozzles, 

which have been developed in the scope of the present work, are shown. 
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Figure 57:  Arrangement of sidewall nozzles for optimal dephosphorization and decarburiza-

tion control, which is suggested in the present work: a) case of a conventional 

top oxygen lance, b) case of a special top oxygen lance equipped with tangential 

outlets. 

In Figure 57-a), the mixing (carrier) gas is blown through the pairwise sidewall nozzles 

in a direction tangential to the furnace circumference. The nozzles are arranged in 

such a way that opposing jets act on the slag at the points of impact. This ensures that 

the slag layer does not rotate uniformly but that a stirring effect is obtained through the 

induced shear stress to ensure that only the slag and not the melt is stirred. Blowing 

must be as flat as possible so that the mass exchange between the bath and the slag 

is not affected.  

Figure 57-b) presents another possibility of enhancing mixing in the slag without af-

fecting mixing in the bath. According to this method, the top oxygen lance is addition-

ally equipped with nozzles, which are tangentially aligned. The gas is blown through 

those additional lances parallel but in the opposite direction to that of the gas blown 

through the sidewall nozzles. Thus, a shear stress results in the slag layer without 

affecting the mass exchange between the bath and the slag. 

The developed methods can be used to avoid slopping and excessive foaming in the 

first place and thus to serve as a preventive measure. In addition, the method incor-

porates the possibility of quick intervention by initiating the decarburization reaction at 

a controlled rate if slopping risk is detected. Further details about the presented 

method are provided in separate publications.[87, 230] 
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8 Potential, limitations and future aspects of the present work 

The work undertaken in the scope of this thesis revealed major findings with respect 

to the thermodynamics of the dephosphorization reaction and the important role of the 

solid phase C2S_C3P during the dephosphorization in the industrial process. It is 

found that dephosphorization in the BOF process has not reached its full thermody-

namic potential and that dephosphorization control strategies have focused solely on 

enhancing the dephosphorization potential of liquid slags, while the role of the solid 

phase C2S_C3P in the industrial process has not been given the attention it deserves. 

The exploitation of the great potential of the solid phase in removing phosphorus is 

lacking, and thus highly recommended as it provides new possibilities for the success-

ful refining of high phosphorus hot metal in a standard BOF furnace. In this work, the 

phase diagrams required for the identification of the stability range of this solid phase 

over the total variation range of temperature, oxygen partial pressure, and P2O5 con-

tent are provided. In addition, the effect of minor oxides such as MgO, MnO, and Al2O3 

on several ternary systems is discussed. 

In this context, a large emphasis is put on providing a simplified, yet powerful visuali-

zation of the phase diagrams relevant for the industrial process without losing infor-

mation on the behavior of the system in the relevant composition, temperature, and 

p(O2) ranges. For this purpose, the phase diagrams were presented in most cases as 

a superposition of different system’s isothermals, calculated at different p(O2) states 

and temperature values in order to clarify how the phase boundaries are affected by 

a modification in the process conditions. Those diagrams were then used for the inter-

pretation of experimental and industrial observations. Similarly, steelmakers can use 

the diagrams generated in this work to interpret plant trial results, define target com-

positions, derive new control strategies, or design completely new processes with eco-

nomic and/or ecological advantages. 

Based on the findings presented in the current work, new methods and strategies for 

enhancing dephosphorization control are developed and presented. This includes an 

implementation concept of the BOFdePhos thermodynamic database into a dynamic 

BOF process model, the specification of a new target slag zone for achieving optimal 

dephosphorization results, and a new BOF method for ensuring accurate control of 
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the slag composition towards the specified target region. The new methods and strat-

egies were derived based on the thermodynamic evaluations of relevant slag systems, 

together with the analysis of a large number of laboratory and industrial data. 

It is found that, although several experimental works investigating the enrichment be-

havior of phosphorus in the solid C2S_C3P phase are available in the literature, the 

majority of those works were related to the hot metal dephosphorization process, 

which is part of the double slag strategy adopted in Japanese steelworks. Even though 

the results are very useful, a transfer of the results to the standard BOF practice 

adopted in European steelworks can only be made with precaution.  

The majority of the industrial slag samples investigated in the present work were high 

in phosphorus. In such a case, the enrichment of the solid C2S_C3P with phosphorus 

is expected to be dominated by the precipitation route (section 2.4). Still, the diffusion 

route is found to play a significant role. The analysis of the industrial plant trials of 

Schoop et al. [52, 53, 175], provided in section 6.4, indicated that the enrichment was 

inhibited by excessive solid phase formation. It seems that the enrichment via the dif-

fusion route is strongly affected by the viscosity of the slag. In the low phosphorus part 

of the quaternary CaO-FeOx-SiO2-P2O5 system, which is the relevant part for the 

standard BOF practice, the diffusion route is expected to be the dominant route for the 

phosphorus enrichment of the C2S_C3P phase and should be thus investigated in 

more detail. In addition, this part of the system is characterized by a large stability 

range of the C3S phase, which is expected to have a similar effect, if not more critical, 

as that of the monoxide phases (CaO-ss and MgO-ss) in decreasing the phosphorus 

enrichment of the solid C2S_C3P phase. It is thus highly recommended to carry out 

further work to clarify the phosphorus enrichment mechanism of the solid C2S_C3P 

phase in the low phosphorus part of the system, and how it is affected by process 

conditions. Thus, rigorous experimental and industrial investigations are needed. In 

this context, the phase diagrams and the thermodynamic evaluations presented in this 

work provide a firm basis for setting the experimental conditions or planning the plant 

trials. 

The heterogeneous nature of high and low phosphorus BOF slags throughout the en-

tire blowing process is underlined in this work. In general, BOF slag sampling is carried 

out with a steel bar, which is immersed in the slag. After taking out, a layer of slag is 
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sticking on the bar, which mainly originates from the liquid slag part. Thus, it is sus-

pected that the slag sampling techniques currently available in the market provide in-

formation about the liquid slag part only and do not necessarily represent the state of 

the heterogeneous slag. Thus, it is highly recommended to develop alternative sam-

pling techniques, which ensure that the samples are representative of the total slag 

state and not only the liquid part. The availability of representative slag samples is an 

important pre-requisite for the success of industrial-based investigations of the enrich-

ment procedure of the C2S_C3P phase with phosphorus. The present work aims at 

motivating steelworks as well as suppliers of process and sampling technologies into 

carrying out further research and developments on this matter through pointing out the 

importance of determining the evolution of the solid phases in modeling and control of 

dephosphorization in the BOF process. The great potential of the C2S_C3P solid 

phase in removing phosphorus opens promising opportunities for steelworks in over-

coming the challenges associated with phosphorus removal. 

Furthermore, the effect of the oxidation state of FeOx, which is set mainly by the oxy-

gen partial pressure p(O2), on the phase boundaries of the CaO-FeOx-SiO2-P2O5 oxide 

system is underlined in this work. It is found that increasing the ferric to ferrous ratio 

is more effective for enhancing lime dissolution and lowering solid phase precipitation 

than increasing the slag temperature. The effect of the oxidation state of FeOx is pro-

nounced for both the high and the low P2O5 parts of the system, especially compared 

to the effect of temperature. However, neither is there a general conclusion about the 

dominant ferric to ferrous ratio in industrial slags, nor are there correlations with the 

slag composition available. While measurements of the oxygen potential in the metal 

phase are a general practice for steelworks, little effort has been made to measure the 

oxygen potential in the slag. The availability of such p(O2) measurements in the slag, 

together with a successful correlation with the ferric to ferrous ratio, would deliver the 

missing information about the oxidation state of FeOx in BOF slags. 
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9 Conclusion 

In the present work, the quaternary oxide system CaO-FeOx-SiO2-P2O5 and its 

ternary subsystems were intensively investigated in the total composition, oxygen par-

tial pressure and temperature ranges relevant for low and high phosphorus refining 

processes. A computational thermodynamics approach is used for those evaluations, 

which involves coupling a newly developed thermodynamic database, which is devel-

oped according to the CALPHAD method in the scope of the European project BOF-

dePhos, to the thermodynamic software package FactSage TM. 

The results indicate that the liquidus of the C2S phase and the liquidus of the 

C2S_C3P phase are highly sensitive to changes in temperature: An increase in tem-

perature results in a considerable decrease of the C2S-saturation region in the CaO-

FeOx-SiO2 system and a moderate decrease of the C2S_C3P saturation region in the 

quaternary CaO-FeOx-SiO2-P2O5 system. On the other hand, temperature variations 

have a small effect on the lime saturation line for all oxide systems considered. 

 The effect of the oxidation state of FeOx, which is set by the oxygen partial 

pressure p(O2), on the phase boundaries of those systems is investigated. It is found 

that an increase in the oxidation state of FeOx results in a considerable increase in the 

lime solubility of the slag in all systems considered, in a significant decrease of the 

C2S saturation region for the CaO-FeOx-SiO2 system, as well as in a moderate de-

crease of the C2S-C3P saturation region for the quaternary system. It is thus con-

cluded that increasing the ferric to ferrous ratio in the slag is more effective than in-

creasing the temperature in promoting lime dissolution and, subsequently, 

dephosphorization. It is further found that the effect of p(O2) on the oxide systems is 

temperature-dependent and was more pronounced at higher than at lower tempera-

tures. Thus, the inhomogeneities reported in slag samples taken early in the blow are, 

contrary to the general belief, attributed to irregularities in p(O2) rather than in temper-

ature. The effect of p(O2) on the phase boundaries of the relevant systems and its 

significance for the dephosphorization reaction is presented for the first time in the 

present work. Mathematical descriptions of the dependency of lime saturation in dif-

ferent systems on the temperature and the oxidation state of FeOx are provided. 
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The widely observed agreement between the calculated phase boundaries and 

the experimental data at different temperature and p(O2) conditions confirms the ca-

pability of the adopted computational thermodynamics approach in predicting the ther-

modynamic behavior of chemical sub-systems in composition ranges and for thermo-

dynamic conditions where no experimental or industrial data are available. This is an 

important characteristic given the high costs and the strong limitations associated with 

experimental measurements and industrial plant trials. 

The results of the thermodynamic evaluations presented in this work were fur-

ther used to analyze the state of industrial slags, for which industrial data are provided 

in the literature. The industrial slags, investigated in the present work, are found to be 

heterogeneous and, in most cases, saturated with solid C2S_C3P phase. However, 

most Lp-approaches reported in the literature were developed for liquid slags. Thus, 

a new Lp-approach is developed in the present work, which considers the effect of the 

amount, type, and composition of the different phases on the dephosphorization po-

tential of industrial slags. The type and amount of phases formed are found to be highly 

sensitive to the system’s composition, temperature, and p(O2) state. In addition, the 

presence of minor oxides such as MgO, MnO, and Al2O3 is found to have a consider-

able effect on the type and amount of phases formed and, subsequently, on 

dephosphorization. Several controversies between experimental and industrial obser-

vations, such as the effect of MgO on dephosphorization, could be explained based 

on the new Lp-approach. 

Furthermore, the evolution of the slag phases is simulated for two industrial 

heats during the refining of a high phosphorus hot metal. The simulation results indi-

cate that the slag becomes saturated with C2S_C3P phase within 2 minutes after the 

start of the blow. When comparing the simulated evolution of the slag phases with the 

measured evolution of the phosphorus content of the metallic droplets, the negative 

effect of the monoxide phase on dephosphorization, which is indicated by the new Lp-

approach, could be confirmed. However, the positive effect of the C2S_C3P phase is 

observed only up to a certain limit, which is estimated to lie in the range of 50-60 wt%. 

The negative effect of monoxide precipitation as well as of excessive C2S_C3P pre-

cipitation is explained by the resulting decrease in the slag fluidity as well as by the 
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reduction of the interface between the liquid slag and the C2S_C3P phase, which in-

hibits the enrichment of the C2S_C3P phase with phosphorus via the diffusion route. 

Finally, it is concluded that the exploitation of the thermodynamic potential of 

the solid phase C2S_C3P in dissolving phosphorus opens promising opportunities for 

steelworks in overcoming the challenges associated with phosphorus removal. This 

work demonstrates how new methods and process control strategies for enhancing 

dephosphorization in the BOF process can be developed under consideration of the 

phosphorus removal potential of the C2S_C3P phase. This includes an implementa-

tion concept of the BOFdePhos thermodynamic database into a dynamic process 

model, the specification of a new target slag region, as well as the development of a 

new BOF method for ensuring the accurate control of the slag composition towards 

the specified target region. However, further work is needed to understand the phos-

phorus enrichment behavior of the solid C2S_C3P phase under industrial conditions 

and its inhibiting factors. 
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