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Abstract 

This thesis presents a fundamental study on some thermodynamic aspects 

regarding the silicon and ferrosilicon production. The purity requirements for 

silicon and ferrosilicon alloys are stringent. In order to achieve a successful and 

efficient refining of the silicon and ferrosilicon produced by carbothermic 

reduction, it is of great importance to know the phase relations in the system and 

to have reliable thermodynamic, kinetic and other physical data for the elements 

involved. 

The first part of the thesis includes a study of different phase relationships of the 

SrO-SiO2 and SiO2-SrO-Al2O3 systems. Experiments were performed to 

determine the phase relationships at temperatures between 1300 °C and 1625 °C 

in the binary system and at 1450 °C, 1500 °C and 1600 °C in the ternary system. 

The present result would be valuable when determining the compositions of the 

refining slags. A fully liquid slag would ensure favorable kinetic conditions in 

the refining process. 

The activities of some metallic elements in the silicon melt were determined in 

the second part of the thesis. The activities of Sr, Al, Zr and Ca in silicon were 

experimentally determined at temperatures that varied between 1450 °C and 

1600 °C. These activities would provide useful information regarding the 

process temperature and the design of refining slags. 

The third part of the thesis covers the study of the activities in a ferrosilicon alloy. 

The activity coefficients for Al and Ca in FeSi50 were experimentally 

determined by equilibrating SiO2-Al2O3-CaO slags with ferrosilicon at 1550 °C. 

The activities obtained would be very useful information for the optimization of 

the refining process. 
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Sammanfattning 

Den här avhandlingen redogör för en grundläggande studie av några 

termodynamiska aspekter avseende produktion av kisel och ferrokisel. Kraven 

på renhet är stränga vad gäller kisel och ferrokisellegeringar. För att uppnå en 

effektiv rening av kisel och ferrokisel framställda genom karbotermisk reduktion 

är det av stor vikt att ha kunskap om systemets fasförhållanden samt att ha 

tillgång till tillförlitliga data rörande termodynamik, kinetik och fysikaliska 

egenskaper för ingående ämnen. 

Avhandlingens första del innefattar en studie av fasförhållandena i systemen 

SrO-SiO2 och SiO2-SrO-Al2O3. Fasförhållandena studerades experimentellt vid 

temperaturer mellan 1300 °C och 1625 °C för det binära systemet samt vid 1450 

°C, 1500 °C och 1600 °C för det ternära systemet. Resultaten från studien är 

värdefulla för att kunna fastställa slaggsammansättningar i reningsprocessen. En 

flytande slagg är gynnsamt för att uppnå god kinetik i reningsprocessen. 

I avhandlingens andra del bestämdes aktiviteten av ett antal metalliska ämnen i 

flytande kisel. Aktiviteterna av Sr, Al och Zr i kisel bestämdes experimentellt 

vid temperaturer mellan 1450 °C och 1600 °C. Dessa aktiviteter bidrar med 

användbar information avseende processtemperatur och slaggsammansättning 

för reningsprocessen. 

Den tredje delen av avhandlingen omfattar en studie av aktiviteterna i en 

ferrokisellegering. Aktivitetskoefficienterna för Al och Ca i FeSi50 bestämdes 

experimentellt vid 1550 °C genom att ferrokisel sattes i kontakt med SiO2-Al2O3-

CaO-slagger till dess att jämvikt uppnåtts. De erhållna resultaten är av stor vikt 

för optimering av reningsprocessen. 
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Resumen 

Esta tesis presenta un estudio fundamental acerca de algunos aspectos 

termodinámicos relacionados con la producción del silicio y el ferrosilicio. Los 

requisitos de pureza que deben cumplir tanto el silicio como el ferrosilicio son 

estrictos. Para poder obtener un proceso de refinado efectivo y eficiente del 

silicio y ferrosilicio producidos por la reducción carbotérmica, es de gran 

importancia conocer las relaciones de fase del sistema y tener datos fiables de 

las propiedades termodinámicas, cinéticas y otras propiedades físicas de los 

elementos presentes en el sistema. 

La primera parte de esta tesis se centra en el estudio de las relaciones de fase de 

los sistemas SrO-SiO2 y SiO2-SrO-Al2O3. Se han realizado experimentos para 

determinar las relaciones de fase a temperaturas comprendidas entre los 1300 °C 

y los 1625 °C en el sistema binario y a 1450 °C, 1500 °C y 1600 °C en el sistema 

ternario. Estos resultados son útiles a la hora de determinar la composición de la 

escoria que se usará en el proceso de refino. Una escoria completamente líquida 

favorecerá cinéticamente el proceso. 

En la segunda parte de la tesis, se ha determinado la actividad de algunos 

elementos metálicos en el silicio. Las actividades del Sr, Al, Zr y Ca se 

determinaron experimentalmente a temperaturas comprendidas entre los 1450 

°C y los 1600 °C. Estas actividades proporcionan información útil acerca de las 

temperaturas del proceso y el diseño de las escorias usadas en el refinado. 

La tercera parte de la tesis trata del estudio de las actividades del Al y Ca en una 

aleación de ferrosilicio. Los coeficientes de actividad del Al y Ca en FeSi50 

fueron determinados experimentalmente a 1550°C a través del estudio del 

equilibrio entre el ferrosilicio y escorias compuestas por SiO2, Al2O3 y CaO. 

Estas actividades ayudarán a optimizar el proceso de refinado del ferrosilicio. 
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1. Introduction

Silicon and ferrosilicon are industrially produced by carbothermic reduction in 

submerged arc furnaces. A schematic simplification of the process for the silicon 

production is presented in Fig. 1. Note that the ferrosilicon process is the same, 

the only difference is that iron (usually as ore) is added as raw material. For both 

silicon and ferrosilicon production, quartz and quartzite are used as a SiO2 source 

and different C sources (coal, woodchips, and/ or charcoal and coke) can be used 

as reductants. The raw materials are charged into the crater and three electrodes 

submerged into the charge supply a current that can heat the charge to up to 2000 

°C. At this temperature the SiO2 and iron ore (for the ferrosilicon production) are 

Fig. 1: Schematic simplification of the silicon production process. Adapted from Kero 

et al.1. 
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reduced to produce silicon or ferrosilicon respectively. Once produced, the liquid 

metal is tapped into ladles where the correct chemistry is obtained by various 

refining techniques. Finally, the metal is casted, crushed and sized according to 

customer specifications2-3. 

Silicon is mainly used as an alloying agent (specially alloying of aluminium), as 

raw material in the chemical industry to produce silicones and as raw material 

for the semiconductor industry. The main application of the ferrosilicon is in 

steel and cast iron. In steel, the ferrosilicon removes oxygen and oxides, and, as 

an alloying element, silicon increases the elasticity and the tensile yield of certain 

steel qualities. Ferrosilicon is used as an inoculant in cast iron. Usually doped 

with some other elements, such as a combination of Ba, Sr, Ce, Ca, Al, Zr and 

Mg, it is used as a nodularizer to change graphite shape from flakes to spheres 

during solidification and therefore improve the cast iron properties2-5. 

The produced silicon and ferrosilicon contain some impurities, mainly Fe, Al, 

Ca, Ti, C and O and some other alkaline earth and transition metals, coming from 

the raw materials. The produced metallurgical grade silicon (MG-Si) has a purity 

of 98-99% and in order to be used for photovoltaic or electronic applications, a 

purity of 6N or 9N respectively is required. Due to the increasing demand on 

steel quality, the purity of the additives (e.g. ferrosilicon) is becoming an 

important matter in steelmaking. Therefore, controlling the content of these 

undesired impurities is of great importance for some possible applications, and 

a refining step is required to reduce the impurity level in the produced silicon 

and ferrosilicon3, 6-7. The concentration of the main elements present in the 

silicon and ferrosilicon alloy containing 75 wt% Si (FeSi75) in different stages 

is presented in Table 18. 
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Table 1: Composition of the main elements present in the Si and FeSi75 in different 

stages8. 

Element 
Si FeSi75 

MG-Si Refined Standard Refined 

Si (wt%) 97-99 >98.5 74-79

Al (wt%) <0.6 0.1-0.5 <2.0 0.05-0.5 

Ca (wt%) 0.2 0.03-0.07 0.2-0.8 0.05-0.1 

Fe (wt%) 0.3-0.5 0.3-0.5 Balance Balance 

C 0.03 0.02 0.05-0.15 0.02 

The metal is refined in its liquid state and the refining step takes place in the 

ladle. One of the options is to use oxidative refining, where oxygen is introduced 

in the ladle either as gas (in the form of oxygen or air), as an oxidizing agent or 

as oxide(s). No matter how the oxygen is introduced to the system, a slag will be 

formed containing mainly SiO2. Impurities with higher affinity to oxygen than 

silicon will also be oxidised and transferred to the slag phase. Sometimes, small 

amounts of inoculation-effective elements are added to the ferrosilicon. The 

dopant source can either be added in the arc furnace or in the ladle after tapping. 

When this alloying occurs, oxides coming from the added elements will also 

exist in the slag phase. In order to understand how a slag will behave in a refining 

and/ or alloying process, knowledge of the phase diagrams of the oxides 

involved, density and viscosity of the slag are needed2-4, 9-10. 

The most commonly found slag in this process is the ternary SiO2-Al2O3-CaO. 

This phase diagram has been extensively studied and the region in which the slag 

will be liquid, and thus the refining process will be kinetically favoured, is well-

defined. Still, knowledge of the phase relationships in the systems in which some 

other oxides coming from the dopants are present, are scarce. Strontium is a very 

potent nucleator and hence, one of the elements added to the ferrosilicon used as 

inoculant. The systems that would help to better understand the inoculant 

production process, such as the binary SrO-SiO2 and the ternary SiO2-SrO-
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Al2O3, have not been extensively studied at 1450 °C-1600 °C (temperatures of 

interest for this process). Parts of the binary SrO-SiO2 phase diagram have been 

experimentally studied by different authors11-21 and the phase relationships have 

been calculated using CALPHAD method22-24. The ternary SiO2-SrO-Al2O3 has 

also been experimentally investigated by a number of authors25-28 and it has been 

calculated with Factsage29. Although the above mentioned studies have provided 

important information in both systems, some data are still missing in the region 

of interest of the ferroalloy industry. 

The success and efficiency of the refining will also depend on the availability 

and reliability of thermodynamic, kinetic and other physical data for the elements 

involved. In order to gain a better control of the removal of impurities in the 

refining process, it is important to know the activities of the impurities in the 

liquid metal as well as the distribution of the impurities between the metal and 

slag phase3, 7, 9, 30. Nonetheless, the available thermodynamic data for some 

impurities, such as the Al, Ca, Sr and Zr are either unavailable or in poor 

agreement. With respect to pure silicon, some authors have experimentally 

determined the activities of Al31-37 and Ca31, 34-41 but no experimental values were 

found for the activity coefficients of Sr and Zr in Si. Some authors studied the 

activities of Al and Ca in different ferrosilicon alloys10, 35, 42-43 but then again, no 

experimental measurement has been done for FeSi50. In view of the importance 

of these data for the improvement of the refining process, some more 

experimental studies are desirable. 

The scope of this work is to cover some of the above-mentioned fundamental 

aspects of the slag refining and/or alloying of silicon and ferrosilicon. These 

aspects would help in the fulfilment of some of the global goals for sustainable 

development. For instance, by acquiring a deeper knowledge of the processes, it 

would be possible to have a more responsible consumption and production as the 
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process could be optimized. As one of the applications of the refined silicon is 

in photovoltaic cells, by improving the refining process the production price 

would decrease and in this way more affordable and clean energy could be 

provided to battle climate change and its impact. 

This work consists of both phase relationship studies and activity measurements 

and the scope of this work can be divided in the following parts: 

1. Phase relationship studies.

Prior to this investigation, a few researchers had studied the phase

relationships in both the SiO2-SrO and SiO2-SrO-Al2O3 systems at high

temperatures. The phase relationships in these two systems were

experimentally determined using the quenching technique to gain a

better understanding of the slag phase during the refining and alloying

process. In Supplement 1 the SiO2-SrO system was investigated at

temperatures between 1300 °C and 1625 °C and in Supplement 2 the

SiO2-SrO-Al2O3 system was investigated at 1450 °C, 1500 °C and 1600

°C.

2. Activities in the Si melt.

Some researchers had previously reported the activity of aluminium and

calcium in silicon, but there was poor agreement in the values. Little is

known about the activity of Zr and Sr in silicon. In Supplement 3, the

activities of Sr, Al and Zr in silicon were experimentally determined by

equilibrating silicon with different oxide mixtures at temperatures

between 1450 °C and 1600 °C. The activity of Ca in Si was determined

at 1500 °C by equilibration experiments in Supplement 4.

3. Activities in the ferrosilicon50 alloy.

Prior to this investigation, some researchers had reported

thermodynamic data for Al and Ca in liquid FeSi65 and FeSi75 but none
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in FeSi50. In Supplement 5, the activities of Al and Ca in FeSi50 were 

experimentally determined by equilibrating different SiO2-Al2O3-CaO 

slags with ferrosilicon at 1550 °C. 
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2. Experimental methods

2.1. Phase relationship studies 

2.1.1. Experimental setup 

The experimental setup is illustrated in Fig. 2. A vertical resistance furnace with 

an alumina tube, sealed on its ends by o-rings and water-cooled caps, was used. 

A 2408 Eurotherm controller was used to control the furnace temperature 

through a type B thermocouple mounted in the wall of the furnace. An additional 

type B thermocouple was used to measure the temperature of the samples. 

2.1.2. Sample preparation 

The raw materials used in this study were SiO2 powder (99.8%), SrCO3 powder 

(99.99%) and Al2O3 powder (99.9%). The SrO was produced by calcining the 

SrCO3 for 14 hours at 1500 °C in order to remove the CO2. The oxides were 

dried at 900 °C, thoroughly mixed and pressed into pellets. The pellets were 

placed inside a molybdenum crucible and covered with a Mo foil. 

2.1.3. Experimental procedure 

Up to six crucibles were held with a molybdenum basket and hung from a wire 

that was attached to a hook in the upper part of the furnace (see Fig. 2). The 

samples were kept at the same horizontal level in the hot zone of the furnace and 

the tip of the thermocouple used for measuring their temperature was located at 

the same height as the samples. 

The alumina tube was evacuated and filled with Ar gas before heating up the 

furnace. A low flow of Ar was kept throughout the experiment (to protect the 

molybdenum crucibles from oxidation). 



8 

For the case of the binary SrO-SiO2 system, the furnace was heated up until the 

samples reached a temperature that was 30 °C higher than the experimental 

temperature. Samples were kept at this temperature for 15 minutes before the 

temperature was lowered until it was 30 °C below the experimental temperature. 

After 15 minutes, the temperature was increased to the experimental temperature 

and the samples were kept at this temperature for 24 hours. For the case of the 

ternary SiO2-SrO-Al2O3 system, the samples were heated directly to the 

experimental temperature and kept at this constant temperature for 24 hours. 

After the holding time, the lower lid of the furnace was removed at the same time 

as the hook was pushed down through the upper lid. The samples fell into a 

Fig. 2: Experimental setup for the phase relationship studies, showing the constituent 

parts. 
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bucket filled with oil and the temperature of the samples dropped to room 

temperature in a few seconds. 

2.1.4. Phase identification 

The phases of the quenched samples were identified using light optical 

microscopy (LOM). If more than one phase was found, the sample was further 

analysed with scanning electron microscopy (SEM) and energy dispersive x-ray 

spectroscopy (EDS) to determine the composition of the different phases. Solid 

phases were confirmed using x-ray diffraction (XRD). 

2.2. Activities in the Si melt 

It was hard to determine the activities of the different elements (Sr, Al, Zr and 

Ca) in the silicon and therefore, two different experimental methods were used. 

2.2.1. Activities of Sr, Al and Zr in Si 

2.2.1.1. Experimental setup 

The experimental setup is presented in Fig. 3. A furnace with graphite heating 

elements was used. The furnace was sealed with a water-cooled cap on the top 

and a water-cooled quenching chamber on the bottom and a 2404 Eurotherm 

controller was used to control the furnace temperature through a pyrometer 

mounted in the wall of the furnace. The sample temperature was measured with 

a type B thermocouple. 

Argon gas entered through the bottom of the furnace and exited through the 

upper part of the furnace. An additional gas inlet in the quenching chamber 

introduced high argon flow for fast quenching of the sample. 

A molybdenum holder was used to hold the crucible in the hot zone of the 

furnace. This holder was attached to a water-cooled steel tube that could be 

moved in the longitudinal axis and enabled to rapidly move the sample from the 
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quenching chamber to the hot zone of the furnace and vice-versa. The zoomed 

area in Fig. 3 shows a more detailed view of the sample holder. The inner 

crucible (containing the silicon and oxide pellet) and the lid covering the inner 

crucible were made of graphite for the Sr in Si study, alumina for the Al in Si 

study and quartz for the Zr in Si study. 

2.2.1.2. Material preparation 

Solar grade silicon containing 15 ppm Al, 11 ppm Fe and 8.1 ppm Ca was used 

in this study. The raw materials used to produce the oxide pellets were SiO2 

Fig. 3: Experimental setup for the determination of the activities of Sr, Al and Zr in 

silicon, showing the constituent parts. 
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(99.9%), SrCO3 (99.99%), Al2O3 (99.9%) and ZrO2 (99.5%). The SrCO3 was 

calcined at 1500 °C for 14 hours to produce SrO by CO2 removal. 

The oxide powders were first dried at 900 °C and then mixed by pairs (SrO-SiO2, 

Al2O3-SiO2 and ZrO2-SiO2) in an agate mortar. Pellets were pressed and sintered 

for 72 hours at 1500 °C for the case of the SrO-SiO2 and Al2O3-SiO2 containing 

pellets and at 1600 °C for the case of the ZrO2-SiO2 containing pellets. The 

presence of the desired solid phases in the sintered pellets (Sr2SiO4 and SrSiO3 

for the Sr in Si study, mullite and Al2O3 for the Al in Si study and ZrSiO4 and 

SiO2 for the Zr in Si study) was confirmed by XRD analysis. 

2.2.1.3. Procedure 

The principle of the experiments was to equilibrate the silicon with different 

oxides in a closed system and have the Sr, Al and Zr activities uniquely defined 

for each temperature. For each run, 10 grams of silicon (15 grams for the Zr in 

Si study) were placed in the inner crucible together with the corresponding 

pellets. The silicon to pellet weight-ratio was 3.5. The inner crucible was then 

covered with a lid (of the same material) and placed inside the molybdenum 

crucible. The molybdenum crucible was sealed with a conical lid. The closed 

molybdenum crucible was then placed on the molybdenum holder that was 

attached to the molybdenum tube (see Fig. 3). 

After the whole system was sealed, the furnace was evacuated and filled with 

argon and a low Ar flow rate was maintained throughout the whole experiment. 

The furnace was heated up until the target temperature was reached. Note that 

for the study of Sr in Si, the sample was kept in the quenching chamber until the 

target temperature was reached. In this moment, the sample was pushed into the 

hot zone of the furnace to have a fast heating and therefore limit the SiC 

formation. For the other cases, the sample was placed in the hot zone of the 

furnace from the beginning and it was heated at the same speed as the furnace. 
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The sample was equilibrated for 72 or 96 hours. Thereafter, the Si was rapidly 

lowered to the quenching chamber and quenched. Once the furnace had cooled 

down, the sample was removed from the quenching chamber and the silicon and 

oxide pellets were carefully separated and cleaned. 

2.2.1.4. Analyses 

After each run, XRD analysis was used to confirm the presence of the two solid 

phases that were initially present in the pellet. The aluminum and strontium 

contents of the silicon were analyzed using atomic adsorption spectroscopy 

(AAS) while the Zr was analyzed using ICP-OES. 

2.2.2. Activity of Ca in Si 

2.2.2.1. Experimental setup 

The experimental setup is illustrated in Fig. 4. A vertical furnace with MoSi2 

heating elements sealed with a water-cooled cap on the bottom and a water-

cooled quenching chamber on the top was used. A 2404 Eurotherm controller 

was used to control the furnace temperature through a type B thermocouple 

mounted in the wall of the furnace. 

A type B and a type K thermocouple were used to measure the silicon and 

calcium temperature, respectively. The Ar was introduced through the bottom of 

the furnace and led out through the upper part of the furnace. An additional gas 

inlet was allocated in the quenching chamber to introduce Ar of high flow for 

fast quenching of the sample. 

A molybdenum container was used to hold the silicon and calcium (see zoomed 

area in Fig. 4). The container was attached to a molybdenum rod and a steel tube 

that was fastened to a computer-controlled lifting system. The lifting system 

enabled rapidly moving the sample from the hot zone of the furnace to the 

quenching chamber after equilibration. 
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The principle of the experiments was to equilibrate silicon and calcium vapour 

in a closed container. The calcium was contained in the conical plug and its 

temperature was measured with a type K thermocouple that could be moved 

within the channel so that its tip was placed at the same height as the calcium 

surface. The silicon was contained in a graphite crucible and kept in the higher 

part of the chamber. A type B thermocouple, with its tip located at the same 

height as the silicon, was used to measure the silicon temperature. Before each 

run, about 8 grams of silicon were first melted, following the procedure used in 

Fig. 4: Experimental setup used for the determination of the activity of Ca in silicon, 

showing the constituent parts. 
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the study of the activity of Sr in Si (2.2.1. Activities of Sr, Al and Zr in Si), in 

order to form a thin SiC layer and prevent climbing out of liquid Si. 

2.2.2.2. Procedure 

For each run, the graphite crucible containing the premelted solar grade silicon 

(ESS©) was inserted in the molybdenum container. The container was then 

sealed with the conical plug containing the calcium (99.5%) and secured with 

the molybdenum cup. The container was connected to the lifting system and the 

sample assembly was lowered until the silicon was placed in the hot zone of the 

furnace. The positions of the thermocouples measuring the Ca and Si 

temperatures were adjusted before sealing the furnace. The furnace was 

evacuated and refilled with argon and a low Ar flow was kept throughout the 

experiment. 

The furnace was heated until the silicon was at 1500 °C and the sample was held 

at this temperature for 48 or 96 hours. Thereafter, the container was rapidly 

raised into the water-cooled quenching chamber where a high Ar flow started to 

enhance the cooling. Once the furnace had cooled down, the sample was 

removed and the weight of the samples was measured to check if there was a 

considerable SiO and/or CaO formation. 

2.2.2.3. Analyses 

The calcium content in the silicon and the silicon content in the calcium after the 

equilibration time were analysed using AAS. 

2.3. Activities in the FeSi50 alloy 

2.3.1. Experimental setup 

The experimental setup used in these equilibration studies is illustrated in Fig. 5. 

A vertical furnace with Kanthal super heating elements (MoSi2) and an alumina 
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reaction tube were used. The alumina tube was sealed with a water-cooled cap 

on the bottom and a water-cooled quenching chamber on the top. A 2404 

Eurotherm controller was used to control the furnace temperature through a type 

B thermocouple mounted in the wall of the furnace and the sample temperature 

was measured with another type B thermocouple that had its tip located just 

below the sample holder. 

The reaction gas was introduced from the bottom part of the furnace and led out 

through the top part of the furnace. Two additional gas inlets were allocated in 

Fig. 5: Experimental setup used for the determination of the activities of Al and Ca in 

FeSi50 showing the constituent parts. 
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the quenching chamber to introduce high Ar flow and enhance the fast quenching 

of the sample. 

A graphite sample holder attached to a steel tube was used to hold the crucible 

in the hot zone of the furnace. The steel tube was fastened to a motorized drive 

that could move in the longitudinal axis of the furnace and was used to rapidly 

move the graphite holder to the quenching chamber after the equilibration time. 

Mechanical stirring was used to reduce the time needed for the metal and slag 

phase to reach equilibrium. 

Fig. 6 shows a more detailed view of the graphite sample holder assembly used 

in the experiments. The assembly consisted of a holding crucible, a working 

crucible wherein the sample was contained, a support cap, a support ring and a 

support tube; and all parts were made of graphite. The working crucible was 

placed inside the holding crucible and the lower part of the impeller was placed 

5 mm above the base of the working crucible during stirring. 

2.3.2. Materials preparation 

The ferrosilicon used in this study was FeSi50 containing 0.57 wt% Al and 0.11 

wt% Ca as main impurities. The raw materials to prepare the slag were SiO2 

Fig. 6: Isometric view of the graphite assembly used for the determination of the 

activities of Al and Ca in FeSi50. 



17 

powder (99.5%), Al2O3 powder (99.7%) and CaO powder (98%). The oxides 

were dried at 900 °C, mixed in an agate mortar and pellets with the desired 

compositions were pressed. The pellets were molten in an induction furnace 

under air atmosphere at 1650 °C. The pre-molten slags were analysed with x-ray 

fluorescence (XRF) prior to the experiments. 

2.3.3. Procedure 

In a typical run, 90 grams of FeSi50 were placed inside the working crucible and 

the whole sample holder assembly was fastened to the steel tube. The alumina 

tube was sealed, evacuated and filled with the reaction gases (2% CO and 98% 

Ar) before a low gas flow was set and maintained throughout the experiment. 

The furnace was heated up to the target temperature. The sample holder assembly 

was kept in the quenching chamber until the target temperature was reached. The 

sample was lowered slowly to the resting position, at around 1150 °C, where the 

crucible was preheated. After 15 minutes, the sample was swiftly moved to the 

hot zone of the furnace where it was kept 10 minutes to melt the ferrosilicon. 

Thereafter, the FeSi was rapidly raised to the water-cooled quenching chamber 

where a high Ar flow initiated. 

Once the sample had cooled down, the crushed pre-molten slag was added to the 

working crucible, on top of the molten ferrosilicon. The slag-to-ferrosilicon mass 

ratio was 1:2. The crucible was lowered slowly to the resting position before it 

was rapidly lowered to the hot zone of the furnace. It took approximately 8 

minutes to melt the ferrosilicon and slag. Once the FeSi and slag were molten, 

the graphite impeller was lowered into the molten bath and stirring started. 

Stirring times varied from 90 seconds to 1 hour. After these times, the assembly 

was rapidly moved to the quenching chamber and quenched. Once the sample 

had cooled down, it was removed from the quenching chamber and the 

ferrosilicon and slag were carefully separated and cleaned. 
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2.3.4. Analyses 

The calcium, aluminium and iron contents of the ferrosilicon and the slag 

composition were analysed using AAS. The carbon content in the ferrosilicon 

was analysed with LECO combustion analysis. 
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3. Experimental results

3.1. Phase relationship studies 

3.1.1. Binary phase diagram 

A total of 115 samples were investigated for the binary SrO-SiO2 system. 

Samples were equilibrated at temperatures between 1300 °C and 1625 °C and 

Fig. 7: SEM micrographs of the samples belonging to the different regions: a) Sr2SiO4-

liquid, b) Sr2SiO4-SrSiO3, c) SrSiO3-liquid, d) SiO2-liquid and e) SrSiO3-SiO2. 
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either one or two phase equilibrium was found. The only exception were the 

samples located really close to the eutectic temperature between the strontium 

silicate, silica and liquid where three phases were detected. 

Examples of the different equilibriums found in the system are shown in the SEM 

micrographs in Fig. 7: Fig. 7a shows the Sr2SiO4-liquid equilibrium, Fig. 7b the 

Sr2SiO4-SrSiO3 equilibrium, Fig. 7c the SrSiO3-liquid equilibrium, Fig. 7d the 

SiO2-liquid equilibrium and Fig. 7e the SrSiO3-SiO2 equilibrium. The presence 

of the solid phases was confirmed with XRD. 

3.1.2. Ternary phase diagram 

A total of 91 samples were investigated for the ternary SiO2-SrO-Al2O3 system. 

Samples were equilibrated at 1450 °C, 1550 °C or 1600 °C and in all samples 

either one, two or three phases were found. 

Fig. 8: SEM micrographs of the samples belonging to the different regions: a) SiO2-

liquid, b) mullite-liquid and c) SiO2-mullite-liquid. 
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The SEM micrographs exemplifying the different equilibriums are shown in Fig. 

8: Fig. 8a exemplifies the SiO2-liquid equilibrium, Fig. 8b the mullite-liquid 

equilibrium and Fig. 8c the SiO2-mullite-liquid equilibrium. 

3.2. Activities in the Si melt 

3.2.1. Activity of Sr in Si 

Table 2 summarizes the experimental conditions and content of Sr in Si after the 

equilibration time. In order to know the required time for the system to reach 

equilibrium, some experiments were run at the kinetically less favored 

temperature (1450 °C) using different equilibration times. Results from tests 1 

and 2 reveal that equilibrium was reached after 72 hours and tests 4 and 5 

exemplify the reproducibility of the results. 

Table 2: Experimental conditions along with the Sr content in Si after the equilibration 

time. 

No. 
T 

(°C) 

Equilibration 

time (h) 

Crucible 

material 

Oxides in the 

pellet 

Sr in Si 

(wt%) 

1 1450 72 C SrSiO3-Sr2SiO4 2.64 

2 1450 96 C SrSiO3-Sr2SiO4 2.29 

3 1475 72 C SrSiO3-Sr2SiO4 2.72 

4 1500 72 C SrSiO3-Sr2SiO4 3.02 

5 1500 72 C SrSiO3-Sr2SiO4 2.84 

6 1525 72 C SrSiO3-Sr2SiO4 3.59 

3.2.2. Activity of Al in Si 

The experimental conditions together with the amount of dissolved aluminum in 

the silicon after the equilibration time are presented in Table 3. Tests 4 and 5 

reveal that equilibrium was reached after 72 hours at 1500 °C and it would be 

reasonable to assume that equilibrium was reached after 96 hours at 1450 °C. 

Tests 1 and 2 show that the results have good reproducibility. 
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Table 3: Experimental conditions along with the Al content in Si after equilibration. 

No. 
T 

(°C) 

Equilibration 

time (h) 

Crucible 

material 

Oxides in the 

pellet 

Al in Si 

(wt%) 

1 1450 72 Al2O3 Al2O3-mullite 1.26 

2 1450 72 Al2O3 Al2O3-mullite 1.24 

3 1450 96 Al2O3 Al2O3-mullite 2.03 

4 1500 72 Al2O3 Al2O3-mullite 2.13 

5 1500 96 Al2O3 Al2O3-mullite 2.12 

6 1550 72 Al2O3 Al2O3-mullite 2.67 

7 1575 72 Al2O3 Al2O3-mullite 3.29 

8 1600 72 Al2O3 Al2O3-mullite 4.50 

3.2.3. Activity of Zr in Si 

Table 4 displays the experimental conditions together with the Zr content in the 

molten silicon after the equilibration time. 

Table 4: Experimental conditions along with the Zr content in Si after equilibration. 

No. 
T 

(°C) 

Equilibration 

time (h) 

Crucible 

material 

Oxides in the 

pellet 

Zr in Si 

(wt%) 

1 1450 72 SiO2 ZrSiO4-SiO2 0.43 

2 1450 96 SiO2 ZrSiO4-SiO2 0.41 

3 1450 216 SiO2 ZrSiO4-SiO2 1.13 

4 1500 72 SiO2 ZrSiO4-SiO2 1.03 

5 1500 72 SiO2 ZrSiO4-SiO2 1.08 

6 1550 72 SiO2 ZrSiO4-SiO2 1.03 

7 1600 72 SiO2 ZrSiO4-SiO2 0.99 

Equilibrium was not reached after 96 hours at 1450 °C, thus an extremely long 

run of 216 hours (test 3) was done to ensure equilibrium was reached. From the 

experience from the other two systems (3.2.1. Activity of Sr in Si and 3.2.2. 

Activity of Al in Si) it could be expected that equilibrium is reached after 72 

hours for temperatures ≥1500 °C. The good reproducibility of the results is 

exemplified by tests 4 and 5. 
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3.2.4. Activity of Ca in Si 

In these experiments, the silicon was always held at 1500 °C while the Ca 

temperature was varied in every run to generate different vapor pressures. The 

experimental conditions together with the calcium content in silicon after the 

equilibration time are displayed in Table 5. The good reproducibility of the 

results is shown by the results from tests 8 and 9. 

Table 5: Experimental conditions along with the Ca content in Si after equilibration. 

No. 
Equilibration 

time (h) 

TCa 

(°C) 

PCa 

(Pa) 

Ca in Si 

(wt%) 

1 48 721 22.6 0.008 

2 48 773 62.4 0.044 

3 48 797 96.3 0.42 

4 48 811 123 0.16 

5 48 831 174 0.76 

6 96 917 603 1.37 

7 96 934 754 2.28 

8 96 959 1035 2.48 

9 96 966 1129 2.62 

The calcium vapor pressure inside the container was calculated from the 

temperature at the one the calcium was held. The vapor pressure of calcium as a 

function of the temperature can be found in the references44 and the equation is 

different for temperatures in which the calcium is in solid state (443 °C<T<842 

°C) and in liquid state (842 °C<T<1501 °C). 

Ca (s)

9704
log P =12.080 1.99 log T 

T
   [1] 

Ca (l)

9103
log P =10.688 1.71 log T

T
   [2]
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In Eq. [1] and Eq. [2] the pressure, P, is expressed in bar and the temperature, T, 

in K. 

3.3. Activities in the FeSi50 alloy 

The first series of experiments were run to determine the time required for the 

slag and ferrosilicon to reach equilibrium. Therefore, the equilibration time was 

varied while the slag composition (49.8 wt% SiO2, 21.7 wt% Al2O3 and 28.5 

wt% CaO) and the metal-to-slag ratio (2:1) were kept constant. Fig. 9 shows the 

variation of Al and Ca in the FeSi and the variation of the Al2O3 and CaO content 

in the slag as a function of the stirring time at 1550 °C. 

As it can be seen from Fig. 9a, both the Al and Ca content in the metal decrease 

exponentially with increasing stirring time. After 45 minutes, no significant 

change is observed. No large variation in the CaO content in the slag is observed; 

however, the Al2O3 content in the slag slightly increases with stirring time until 

it becomes almost constant after 30 minutes (see Fig. 9b). Hence, a stirring time 

of 60 minutes was employed in the rest of experiments that focused in 

thermodynamic equilibrium. 

Fig. 9: Effect of stirring time for an initial slag composition of 49.8 wt% SiO2, 21.7 

wt% Al2O3 and 28.5 wt% CaO at 1550 °C on a) Al and Ca contents in the FeSi and b) 

Al2O3 and CaO contents in the slag. 
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The slag and metal compositions after the equilibration time together with the 

experimental conditions are presented in Table 6. The C content in the 

ferrosilicon and the FeO content in the slag were also analyzed but found to be 

very low. Thus, they are not presented in the table and they are not considered in 

any calculation. 

Table 6: Slag compositions before and after equilibration and Al, Ca and Si contents in 

FeSi50 after equilibration at 1550 °C. 

No. 

Initial slag 

composition 

Slag composition 

after equilibration 

Al, Ca and Si in FeSi 

after equilibration 

SiO2 

(wt

%) 

Al2O3 

(wt 

%) 

CaO 

(wt

%) 

SiO2 

(wt

%) 

Al2O3 

(wt 

%) 

CaO 

(wt

%) 

Al 

(wt

%) 

Ca 

(wt 

%) 

Si 

(wt

%) 

1 49.8 21.7 28.5 47.3 24.4 28.3 0.069 0.0067 51.2 

2 48.5 19.9 31.6 47.4 21.4 31.2 0.059 0.0088 51.5 

3 34.2 37.6 28.2 31.5 39.3 29.2 0.350 0.0125 52.1 

4 30.4 35.9 33.7 30.3 35.3 34.4 0.385 0.0320 52.9 

5 56.3 10.3 33.4 54.0 11.9 34.1 0.023 0.0088 52.9 

6 49.8 17.2 33.0 44.7 21.0 34.3 0.079 0.0125 52.1 

7 41.6 26.6 31.8 36.7 29.1 34.2 0.205 0.0180 53.3 
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4. Discussion

4.1. Phase relationship studies 

4.1.1. Binary phase diagram 

Fig. 10 presents the suggested phase diagram of the SrO-SiO2 pseudo binary 

system in the region between 35 and 90 mol% SiO2 together with the 

experimental data. The phase diagram is constructed based on the findings of the 

SEM images and XRD patterns. The different regions are marked with different 

symbols and colors;  stands for liquid (L),  stands for solid-liquid equilibrium 

(S-L),  stands for solid-solid-liquid equilibrium (S-S-L),  stands for solid-

solid equilibrium (S-S) and  represents one solid phase (S). The silica phase 

transformation from cristobalite to tridymite has been placed at 1470 °C based 

on the available information from another publication44. 

4.1.1.1. The SrSiO3-SiO2-liquid eutectic 

The experimental results shown in Fig. 10 reveal that the eutectic should be 

above 1300 °C and below 1350 °C. Samples equilibrated at 1340 °C and 1330 

Fig. 10: Suggested SrO-SiO2 phase diagram together with the experimental data 

expressed in mol%. 
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°C were kept for 144 hours to enhance the formation of the solid phases, still the 

presence of the liquid phase in the samples was evident. It is expected that the 

eutectic lies between these temperatures. The eutectic point is placed at 1335 °C 

and 67 mol% SiO2. While there is a considerable discrepancy in the temperature, 

the eutectic composition is in agreement with the available data11, 17. 

4.1.1.2. The congruent melting of the SrSiO3 

According to the experimental results from samples containing 50 mol% SiO2, 

only solid SrSiO3 is found when the sample is equilibrated at 1565 °C whereas 

the sample is fully liquid at 1570 °C. These results indicate that the melting 

temperature of the SrSiO3 is likely to be 1567 °C, a somewhat lower value than 

the previously reported one11, 17, 20-21. 

4.1.1.3. The Sr2SiO4-SrSiO3-liquid eutectic 

Samples containing between 44 and 48 mol% SiO2 and equilibrated at 1560 °C 

are Sr2SiO4-SrSiO3 solid mixtures while the sample containing 51 mol% SiO2 

and equilibrated at the same temperature contains SrSiO3 and liquid in 

equilibrium. This finding suggests that the Sr2SiO4-SrSiO3-liquid eutectic 

temperature should be higher than 1560 °C. Taking into consideration the 

temperature at the one the SrSiO3 melts congruently, the eutectic point suggested 

is at 46.5 mol% SiO2 and 1562 °C. 

The eutectic temperature is in agreement with the one proposed by Huntelaar et 

al.17, 1567±3 °C, although the reported eutectic composition is 49.3 mol% SiO2. 

The eutectic composition agrees with the one proposed by Eskola11 (48 mol% 

SiO2) although the eutectic temperature is lower (1545 °C). 
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4.1.1.4. The Sr2SiO4-liquid, SrSiO3-liquid and SiO2-liquid 

equilibrium 

The comparison between the different solid-liquid equilibriums obtained in the 

present work with the available experimental data11-13, 16-17 is presented in Fig. 

11. Green full symbols represent liquid samples (L), half full red symbols

represent samples containing solid and liquid mixtures (S-L), green empty 

symbols with a line dividing them represent liquidus samples and symbols with 

a cross inside represent solid-solid-liquid mixtures (S-S-L). 

The reported experimental data11, 16 for the Sr2SiO4-liquid equilibrium suggest a 

somewhat higher silica content for the Sr2SiO4 solubility in liquid. For the case 

of the SrSiO3-liquid equilibrium, the liquidus suggested by Eskola11 and by 

Ghanbari-Ahari & Brett16 are in good accordance with the one in this work for a 

temperature range that is about 50 °C above the SrSiO3-SiO2-liquid eutectic 

temperature and 50 °C below the Sr2SiO4-SrSiO3-liquid eutectic temperature. 

The data from Huntelaar et al.17 suggest slightly lower liquidus temperatures. 

Fig. 11: Comparison of the obtained liquidus lines with the available experimental 

data. 
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However, it is to be mentioned that the use of DTA techniques could involve 

supercooling of the liquid in the silicate melts with high silica contents. 

It would have been very difficult to suggest the liquidus lines for the SiO2 without 

the results from the present study as the previously available data are too few to 

draw a conclusion. Nonetheless, the data from both Eskola11 and Ghanbari-Ahari 

& Brett16 suggest lower silica content for the liquidus while the TGA results from 

Huntelaar et al.17 suggest higher silica contents. The experimental results from 

Greig 12 and from Kracek13 support the suggested liquidus line. 

4.1.2. Ternary phase diagram 

Fig. 12 presents the suggested phase diagrams together with the experimental 

data obtained at 1450 °C (Fig. 12a), 1550 °C (Fig. 12b) and 1600 °C (Fig. 12c). 

As for the binary system, the phase diagrams are constructed based on the 

findings of the SEM images and XRD patterns. The point at which the liquidus 

line cuts the SrO-SiO2 axis was taken from the experimentally determined SrO-

SiO2 phase diagram45 and the point(s) at which the boundary line or liquidus line 

cuts the SiO2-Al2O3 axis was (were) taken from the binary Al2O3-SiO2 calculated 

with Factsage29.The different regions in the phase diagram are marked with 

different symbols and colors:  stands for liquid (L),  stands for silica-liquid 

equilibrium (SiO2-L),  stands for mullite-silica-liquid equilibrium (Mullite-

SiO2-L) and  stands for mullite-liquid equilibrium (Mullite-L). 

As seen in Fig. 12a, when the Al2O3 content is increased a region where mullite, 

silica and liquid coexist is found. At 1550 °C, two different regions are found 

when the Al2O3 content is increased; one where mullite, silica and liquid are in 

equilibrium and another one, at lower silica concentrations, where a mullite-

liquid mixture is found. At the highest temperature, only the mullite-liquid region 

is present when the Al2O3 content is increased. This can be explained by looking 
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at the binary Al2O3-SiO2 system. These behaviors are also observed in other 

similar ternary phase diagrams containing SiO2, Al2O3 and an alkaline earth 

metal oxide. 

Samples that were reported by Abel et al.26 to be liquid at 1432 °C (67.4 wt% 

SiO2 and 14.5 wt% Al2O3) and at 1437 °C (67.5 wt% SiO2 and 16.0 wt% Al2O3) 

are found to be liquid in the present study at the three studied temperatures. Abel 

et al.26 also reported that the samples containing 70 wt% SiO2 and 14.9 wt% 

Al2O3 and 72.7 wt% SiO2 and 14.9 wt% Al2O3 had liquidus temperatures above 

1450 °C. This is again in agreement with the results found in this study. 

Fig. 12: Suggested SiO2 rich region of the SiO2-SrO-Al2O3 phase diagram together 

with the experimental data expressed in wt% a) at 1450 °C, b) at 1550 °C and c) at 

1600 °C. L stands for liquid. 
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To compare the present results with the model calculation, the experimental lines 

at the three temperatures are summarized in Fig. 13a while the lines calculated 

using FactSage29 are presented in Fig. 13b (the lines were extracted from the 

available liquidus projection and converted from mole fraction to wt%). The line 

at 1450 °C for SrO contents higher than 25 wt% is in accordance with the 

calculated result. The experimental lines of the silica-liquid equilibrium at 1550 

°C and 1600 °C are closer to the SrO-SiO2 join than those in the calculated phase 

diagram. All the experimentally determined lines show very different curvatures 

at lower SrO contents in comparison with the calculated results. However, it 

should be mentioned that several samples were run in this region to confirm the 

experimental results. As it can be seen from Fig. 13a and Fig. 13b, when the 

temperature is increased, the liquidus line moves towards higher silica 

concentrations. 

4.2. Activities in the Si melt 

4.2.1. Activity of Sr in Si 

The reaction describing the dissolution of strontium in silicon can be described 

as follows: 

Fig. 13: Liquidus lines at 1450 °C, 1550 °C and 1600 °C expressed in wt% a) based 

on the present experimental results and b) from the calculated phase diagram28. 
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2 4 33Sr SiO (s)+Si (l)=4SrSiO (s)+2Sr (l) [3] 

The standard states for Eq. [3] are pure solid for the silicates (SrSiO3 and 

Sr2SiO4) and pure liquid for strontium and silicon. 

The oxides are pure, so their activity can be taken as 1. Since the content of Sr 

in Si is low (see Table 2), the activity coefficient of silicon can also be taken as 

unity. The activity of strontium can be calculated from Eq. [4]: 

 Sr Sr 3a = 1 x k  [4] 

where xSr is the mole fraction of Sr in Si and k3 is the equilibrium constant of Eq. 

[3]. 

Considering that the temperature has a negligible effect on the activity 

coefficient of Sr in the studied temperature range, the activity coefficient of Sr 

in Si can be calculated from the slope of the fitting line of Fig. 14, where the 

activity of strontium (aSr) is plotted as a function of the mole fraction of strontium 

in silicon (xSr). From the experimental results, the activity coefficient of Sr in Si 

in the temperature and composition range studied is 
o -4 -5
Srγ =9.1 10 ±2 10  . 

Fig. 14: Activity of Sr as a function of the mole fraction of Sr in Si. 
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The results indicate that the activity of strontium has an intense negative 

deviation from ideality. Results from Li et al.46 also show a negative deviation 

from ideality, although their calculated values at 1493 °C are smaller. 

4.2.2. Activity of Al in Si 

According to the XRD results, only alumina and mullite were present in the 

pellet after the equilibration time. Therefore, the reaction between the silicon and 

the oxide pellet can be described as follows: 

2 3 6 2 13

13 3 3
Al O (s)+ Si (l)= Al Si O (s)+Al (l)

8 4 8
[5] 

In the present case, the mullite is saturated with Al2O3. The standard states for 

Eq. [5] are pure solid for Al2O3 and Al6Si2O13 and pure liquid for Al and Si. 

The oxides are pure solids, so their activity can be taken as unity. The silicon is 

almost pure, so γSi is taken as unity. The aAl can be calculated with Eq. [6]: 

 
3

4
Al Al 5a = 1 x k  [6] 

where xAl is the mole fraction of Al in Si and k5 is the equilibrium constant for 

Eq. [5]. 

Considering that the temperature has a negligible effect on the value of the 

activity coefficient of aluminum in silicon in this temperature and composition 

range, o

Alγ can be calculated from the slope of the fitting line when the activity 

of aluminum (aAl) is plotted as a function of the mole fraction of aluminum in 

silicon (xAl). As it can be seen in Fig. 15, the activity coefficient is 

o -2 -3
Alγ =5.71 10 ±3.2 10  . 
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The results obtained in this study are compared with the experimental values 

available in the references31-37 in Fig. 16. As it can be seen from the figure, all 

results show a negative deviation from ideality although there is a big 

discrepancy in the results. The results obtained in the present study are lower 

than the available ones. This difference can be due to two different factors: (1) 

the method used and (2) the reaction time. Some authors36-37 equilibrated silicon 

with liquid oxide slags and, in this case, the accuracy of the activity of Al 

strongly relies on the accuracy of the available activities of the oxides (this was 

also reported by Takano et al.37). Apart from this, the reaction time used by other 

authors31-35 was shorter than the one used in the present study. As it has been 

revealed by the present results, the equilibration time plays a crucial role in this 

kind of experiments and consequently, if shorter equilibration times are used, 

equilibrium might not be reached. The higher contents of Al in Si, and therefore 

smaller 
o
Alγ obtained in the present work, seem to support this reasoning. 

Fig. 15: Activity of Al as a function of the mole fraction of Al in Si. 
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4.2.3. Activity of Zr in Si 

Similar to the previous two sections, the zirconium transfer from the ZrSiO4 to 

the silicon can be described as follows: 

 o
4 2ZrSiO (s)+Si (l)=2SiO (s, cristobalite)+Zr (l) (T>1470 C) [7] 

o
4 2ZrSiO (s)+Si (l)=2SiO (s, tridymite)+Zr (l) (T 1470 C) [8] 

The standard states for Eq. [7] and Eq. [8] are pure solid for the zirconium silicate 

and pure liquid for the zirconium and silicon. The standard state for the silica is 

pure solid cristobalite in Eq. [7] and pure solid tridymite in Eq. [8]. 

Both oxides are pure, so their activities are taken as unity and, considering the 

low Zr content in the Si (see Table 4), the activity coefficient of silicon is also 

taken as 1. The activity of Zr can be calculated by the following expression: 

 Zr Zr 7 or 8a = 1 x k  [9] 

Fig. 16: Comparison of the present results with the available experimental values. 
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where xZr is the mole fraction of Zr in Si and k7 or 8 is the equilibrium constant for 

Eq. [7] or Eq. [8]. 

The temperature does not have a remarkable effect on the Zr content in silicon 

being the variation of dissolved Zr within the analyses uncertainty. The activity 

coefficient of Zr in Si as a function of the temperature is plotted in Fig. 17. In 

this case, the temperature does affect the value of the activity coefficient, 

increasing linearly with increasing temperature (
o -5
Zrγ = 0.0170 1.22 10 T    ). 

The results do not differ that much from the value calculated by Franke & 

Neuschütz47 at a higher temperature (2327 °C), 
o

Zr
γ =0.007 . Næss et al.48 reported 

an activity coefficient of Zr in Si of o -6

Zr
γ =6.7 10 at 1600 °C. According to the 

experimental results of this study, o -3

Zr
γ =2.45 10 at the same temperature. The 

large difference in the results could be due to the fact that the available value is 

purely calculated using Chemsheet software49. 

4.2.4. Activity of Ca in Si 

The amount of dissolved Ca in silicon at 1500 °C is plotted as a function of the 

temperature of calcium in the reservoir in Fig. 18. The amount of dissolved 

Fig. 17: Effect of the temperature on the activity of Zr in Si. 
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calcium in liquid silicon increases with the calcium temperature. Fig. 18 

confirms that the calcium potential was controlled by the vapor pressure of 

calcium. 

The activity of calcium can be calculated from the ratio of the vapor pressure of 

calcium in silicon at a certain temperature (PCa) to the saturated vapor pressure 

of pure calcium at the same temperature (
o
CaP ): 

Ca
Ca o

Ca

P
a =

P
[10] 

The silicon content in calcium was analyzed for some samples and in all cases 

the silicon content was at or below 0.05 wt%, meaning that the silicon does not 

have a significant effect on the generated calcium vapor pressure. As the data on 

the saturated vapor pressure of calcium above the boiling point are scarce, the 

saturated vapor pressure at 1500 °C has been calculated with Eq. [2]. 

The activity of Ca in Si is calculated from Eq. [10]. Fig. 19 shows the activity of 

Ca in Si as a function of the mole fraction of calcium in silicon and, from the 

slope of the fitting line of this plot, the activity coefficient of Ca in Si can be 

Fig. 18: Effect of the Ca temperature in the amount of Ca dissolved in liquid silicon. 
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calculated. Based on the experimental results, in the composition range studied 

the activity coefficient of calcium in silicon at 1500 °C is o

Ca
γ =0.56 0.03 .

Results show that aCa has a negative deviation from ideality. 

Fig. 20 presents the available experimental values in the references at 1500 °C 

and 1550 °C. As it can be seen from the figure, all values show a negative 

deviation from ideality although there is a considerable discrepancy in the 

results. This difference can be explained because the authors equilibrated the 

silicon melt with different slags, CaO-SiO2
31, 38-39 and Al2O3-SiO2-CaO37 slags, 

and in this case the value of the activity coefficient strongly depends on the 

reference used for the calculation of the activities of the oxides (as it was also 

reported by Takano et al.37). Another reason could be that the activity of CaO 

varies considerably with the CaO content in the slag for the binary CaO-SiO2 

slags containing 35-42 wt% CaO. This increase of the activity with the CaO 

content suggests that the calculated Ca activity in liquid Si would be affected by 

the use of the slag data. 

Fig. 19: Activity of calcium as a function of the mole fraction of calcium in liquid 

silicon. 
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The Ca contents in the silicon melt in this study are higher than the reported ones. 

As it can be seen from Fig. 19 and Fig. 20, the activity coefficient reported in 

this study (Fig. 19) is higher than the one reported for lower Ca contents (Fig. 

20) but in all cases results show a negative deviation from ideality.

4.3. Activities in the FeSi50 alloy 

4.3.1. Activity of Al in FeSi50 

The reaction between the aluminum and the slag can be described as: 

2 2 34Al+3SiO (s)=2Al O (s)+3Si [11] 

where underlined elements are dissolved in the metal phase. 

The standards states for Eq. [11] are pure solid for the oxides (Al2O3 and SiO2) 

and pure liquid for the Al and Si. The equilibrium constant for Eq. [11] can be 

expressed as: 

2 3

2

2 3

Al O Si

11 3 4

SiO Al

a a
k =

a a




[12] 

Fig. 20: Available experimental data for xCa<0.008 at 1500 °C and 1550 °C. 
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where 
2 3Al Oa and 

2SiOa are the activities of solid alumina and solid silica 

respectively and aAl and aSi are the activities of liquid aluminum and liquid 

silicon. 

The activities of the oxides and the activity of the silicon can be calculated using 

either FactSage29 or Thermo-Calc50. FToxid and FTlite databases were used in 

Factsage29 to calculate the oxide activities and silicon activity, respectively, 

while TCOX5 and TCFE8 databases were used in Thermo-Calc50 to calculate 

the oxide and silicon activities. Once the oxide and silicon activities are known, 

the aluminum activity can be calculated from Eq. [12]. 

Fig. 21a shows the activity of aluminum (aAl) as a function of the mole fraction 

of Al in FeSi50 (xAl) when the data from FactSage29 were used while in Fig. 21b 

the data from Thermo-Calc50 were used. The activity coefficient can be 

calculated from the slope of the fitting line. Based on the experimental results, 

the activity coefficient of Al in FeSi50 at 1550 °C is o
Alγ =0.62±0.02 with the 

data from FactSage29 and a slightly lower value, viz. o
Alγ =0.55±0.03, with the 

data from Thermo-Calc50. 

Fig. 21: Activity of Al as a function of the mole fraction of Al in FeSi50 at 1550 °C. 

a) Activities calculated with FactSage29 and b) activities calculated with Thermo-

Calc50.
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The results obtained in this work show good agreement with those obtained by 

Dumay & Allibert42 for FeSi65 ( o

Alγ =0.65±0.2 ). The results are also in

agreement with the expression proposed by Dumay et al.35 for different FeSi 

alloys:  o

Al Si
γ =0.45+1.03 1-x . For the FeSi used in this study, FeSi50, the activity 

coefficient of Al is o

Alγ =0.77±0.23 at 1450 °C. On the other hand, the results 

differ from the ones obtained by Tuset10 for FeSi75 at 1600 °C ( o

Alγ =0.45 ). The

difference in the activity coefficient value can be due to the different references 

used for the calculation of the activities. It should be noted that the above 

comparison should be used with precaution, since the alloys have different Si 

contents and the temperatures are somewhat different. 

4.3.2. Activity of Ca in FeSi50 

By analogy with the previous section, the reaction between the calcium dissolved 

in FeSi and the slag can be described as follows: 

22Ca+SiO (s)=2CaO(s)+Si [13] 

where underlined elements are dissolved in the metal phase. 

The standards states for Eq. [13] are pure solid for the oxides (CaO and SiO2) 

and pure liquid for the Ca and Si. The equilibrium constant for Eq. [13] can be 

expressed as: 

2

2

CaO Si
13 2

SiO Ca

a a
k =

a a




[14] 

where CaOa  and 
2SiOa  are the activities of solid calcium oxide and solid silica 

respectively and aCa and aSi are the activities of liquid calcium and liquid silicon.
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The activities of the CaO, SiO2 and Si can be calculated using FactSage29 or 

Thermo-Calc50. FToxid and FTlite databases were used in Factsage29 and 

TCOX5 and TCFE8 databases were used in Thermo-Calc50 to calculate the oxide 

activities and silicon activity, respectively. Once these activities are known, the 

calcium activity can be calculated from Eq. [14]. 

The activity of calcium at 1550 °C as a function of the Ca mole fraction in the 

ferrosilicon is plotted in Fig. 22a and Fig. 22b using the data from FactSage29 

and Thermo-Calc50. The activity coefficient can be calculated from the slope of 

the plot of aCa against xCa. 

There is an appreciable difference in the activity coefficient of Ca in Si when 

different software are used for the calculation of the oxide and silicon activities, 

being 
o

Caγ =0.0082±0.0008 when FactSage29 is used for the calculation and 

o

Caγ =0.0046±0.0006 when Thermo-Calc50 is used. The activity of silicon in the 

metal phase does not differ so much from one software to the other thus, the main 

reason would be the difference in the CaO activities (for more information see 

Table III in Supplement 5). 

Fig. 22: Activity of Ca as a function of the mole fraction of Ca in FeSi50 at 1550 °C. 

a) Activities calculated with FactSage29 and b) activities calculated with Thermo-

Calc50.
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The present experimental results are in good agreement with the expression 

proposed by Dumay et al.35 for different FeSi alloys at 1450 °C, 

o

Ca Siln γ =1.167 8.807 x  . For the particular case of the FeSi50, the value 

obtained from this expression is o

Caγ =0.008±0.002 . The results from this work, 

based on the activities calculated using FactSage29, slightly differ from the results 

obtained by Dumay & Allibert35 for FeSi65: o

Caγ =0.003±0.001 . Still, it should 

be mentioned that Dumay & Allibert35 had large scatter in their results. As for 

the Al activity, the present results do not agree with the activity coefficient 

reported by Tuset10, o

Caγ =0.0021 . Again, the disagreement could be due to the 

different references used for the calculation of the activities. As for the previous 

section, it should be noted that the above comparison should be used with 

precaution since the alloys have different Si contents and the temperatures are 

somewhat different. 

4.4. Application of the results 

These phase relationship studies give a better understanding about how the slag 

will behave in the refining and alloying process. These processes are kinetically 

favored when the slag is present in the liquid state. From the results of the binary 

SrO-SiO2 system, the region in which the slag will be liquid at the temperatures 

of interest, between 1450 °C and 1600 °C, has been defined. The information 

from this binary system will also help in the determination of ternary and 

quaternary diagrams containing both these oxides (SrO and SiO2). The 

determination of the liquidus lines at 1450 °C, 1550 °C and 1600 °C in the silica 

rich region of the ternary SiO2-SrO-Al2O3 phase diagram give information about 

the composition range in which the slag will be liquid at the studied 

temperatures. 
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Knowledge about the activities of some of the impurities contained in the silicon 

and ferrosilicon help gaining a better control of the removal of these impurities 

during the refining process. The obtained results will be valuable in the 

improvement of the available thermodynamic databases and the silicon and 

ferrosilicon refining processes. Moreover, these experimental results together 

with the previously available information for other ferroalloys (such as FeSi45, 

FeSi65 and FeSi75) and the pure metals (Fe and Si) will help in the improvement 

of the thermodynamic databases for ferroalloys containing from 0 to 100% Si. 
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5. Summary and conclusions 

To have a deeper knowledge of the refining and alloying processes for the silicon 

and ferrosilicon, an understanding of the slag behavior together with available 

and reliable thermodynamic, kinetic and other physical data of the main elements 

involved are necessary. 

In order to gain a better understanding of the slag behavior during the refining 

and alloying process, the binary SrO-SiO2 and ternary SiO2-SrO-Al2O3 phase 

diagrams were studied. The binary system was determined experimentally in the 

temperature range 1300 °C to 1625 °C and composition range 38 to 80 mol% 

SiO2. The liquidus and boundary lines in the SiO2 rich phase of the ternary 

system were determined at 1450 °C, 1550 °C and 1600 °C. This information will 

help the industry know the conditions under the ones the slag will be liquid and, 

hence, optimize their process. 

As the available thermodynamic data for some impurities for the silicon were 

either unavailable or in poor agreement, the activities of Sr, Al, Zr and Ca in Si 

were experimentally determined. The activity of Sr in Si was determined at a 

temperature range between 1450 °C and 1525 °C and the activity coefficient of 

Sr in Si was calculated to be o -4 -5

Srγ =9.1 10 ±2 10   in the studied temperature and 

composition range. The activity of Al in Si was determined in a temperature 

range between 1450 °C and 1600 °C and the activity coefficient of Al in Si was 

calculated to be o -2 -3

Alγ =5.71 10 ±3.2 10  . The activity of Zr in Si was determined 

between 1450 °C and 1600 °C and the activity coefficient of Zr in Si was found 

to vary with temperature: o -5

Zrγ = 0.0170±1.22 10 T   . The Ca activity in Si was 

determined at 1500 °C and the activity coefficient for the studied composition 

range was found to be 
o

Ca
γ =0.56 0.03 . 
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Thermodynamic data regarding Al and Ca in different ferroalloys were found in 

the bibliography, but data were unavailable for the FeSi50 alloy. Thus, the 

activity of Al and Ca in FeSi50 were experimentally determined at 1550 °C. The 

activity coefficients of Al and Ca were calculated based on the experimental data 

and the calculated activities of SiO2, Al2O3 and CaO using different software29, 

50. 

The obtained experimental data for both the silicon and the ferrosilicon alloy will 

help to gain a better control of the removal of different impurities in the refining 

process and optimize both the refining and alloying processes. The data will also 

be valuable in the improvement of the thermodynamic databases. 
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6. Suggestions for future work 

There are still some more areas that need further investigation. Below are some 

suggestions for continued research: 

- Phase diagrams relevant to the process. Data for the systems containing 

oxides involved in the refining/ alloying process would help to better 

understand and further improve the processes. For instance, the 

quaternary SiO2-SrO-Al2O3-CaO system would help to better 

understand the alloying process of the ferrosilicon. 

- Activities of different impurities in the silicon. Having reliable 

thermodynamic information of more elements that are present as 

impurities in the silicon would help to further improve the silicon 

refining process. 

- Activities of the main impurities in the ferrosilicon alloys. The study of 

the activities of the main impurities, e.g. Al and Ca, for different 

ferrosilicon alloys would be appreciated in order to be able to model the 

full ferroalloy composition range (from 0 to 100% Si) in a more accurate 

way. 

- Activities and distribution of doping elements in ferrosilicon. The 

alloying process could be further improved if more knowledge regarding 

the activities and distribution of doping elements, such as Zr and Sr, 

were available. 

- Improvement of the database of oxide activities. During the course of 

this research, it was found that the activities of some oxides differed 

depending on the reference used for their calculation. Experimental 

studies are required, especially for the CaO, in order to improve the 

database. 
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