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Abstract

TiZir Titanium and Iron produces high purity pig iron and titania slag from ilmenite.
However, new ilmenite ores from “Grande Cote Mineral Sands Project” mine contain
high level of phosphorus, which will contaminate the final iron product produced at the
smelter in the future. As a result, a solution to remove the phosphorus from iron was
needed. This work focused on studying the dephosphorization process using slags by
compiling the existing information available in the literature and finding the best system
for the Tyssedal process.

For this purpose, an experimental protocol was developed which consisted of smelting
pure iron-phosphorus alloy and carrying out refining experiments on it using binary
Fe203-CaO and ternary slags Fe2O3-CaO-SiOzslags. The best performing slag was
chosen and another set of experiments was carried out on iron smelted at TiZir,
Tyssedal. In these experiments, the effects of refining temperature and time were also
investigated. However, when the same slag was tested on the iron from TiZir, results
were very different since the metal and slag were strongly mixed. Analysis on the iron,
as well as XRD and EPMA on the slag were carried.

Dephosphorization was successful on the pure Fe-P alloy and up to 99% of the
phosphorus was removed using a (50wt% FeO, 45wt% CaO, 5wt% SiO2) slag. On the
other hand, accurate conclusions concerning dephosphorization on the iron from TiZir
were not made due to the strong mixing between the slag and metal, which lead to
limitations in the analysis. The main explanation behind this observation is the diffe rent
amount of impurities in the two types of iron, especially carbon and silicon. Hence,
more work is need to study the effect of these impurities on the dephosphorization
process as well as refining temperature and time.
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1 Introduction

Iron is one of the most important elements in the history of human development. The discovery
of ron m the period we know as “The Iron Age” helped early humans to overcome many
challenges, which accompanied the use of bronze (copper alloy) in earlier stages. In modern
days, iron is employed in almost every application that impacts our life. It is even the most
important constituent of hemoglobin, a protein complex, which allows red blood cells to
transport oxygen in the body. The extensive use of iron was accompanied by a development in
the metallurgical and mining industry. As aresult old iron deposits, which contained the best
ore grades, are being depleted and newer deposits are being investigated. The problem that is
arising is related to the impurities in the recently discovered or excavated ores. The main
concern in this study revolves around ilmenite ores from “Grande Cote Mineral Sands Project”.
These ores contain high level of phosphorus, which will contaminate the final iron product
produced at the Tyssedal smelter. Phosphorus is one of the most important elements that can
improve the strength of steels [1]; however, its presence in large amounts (limit is 0.15wt%
and only found in special HSLA steels) can aggravate embrittlement [2].

The most widely employed industrial technique to remove phosphorus from iron and steel is
slag refining [3, 4]. In addition, acid leaching is discussed in the literature [5, 6] and a reference
to the concept of leaching using biological organisms like bacteria was also found [7]. On the
other hand, references to vacuum refining of P in steels/iron are scarce. However vacuum
degassing is widely used in the steel industry to remove volatile species (C, N, H)[8] and
vacuum refining is also employed when ultra-high purity metal is produced [9] and the
advantages of this technique is opening the way to new development and research in this field.

The slag refining process, although very successful, remains challenging. This is due to the
impurities that can be found in the iron and that might alter the slag composition. Two such
impurities are carbon and silicon, which can be simultaneously oxidized with phosphorus,
hence competing with the dephosphorization. In addition, silicon will enter the slag as SiO2
decreasing its basicity and consequently its phosphate capacity. Moreover, refining
temperature and time can vary from a system to another. The general guidelines for successful
dephosphorization are given in this thesis; however, each system should be studied thoroughly
to extract the best conditions.

The aim of this study was to investigate removal of phosphorus from the industrial iron smelted
at Tyssedal by Tizir Titanium and Iron AS, using slag refining. The effect of slag composition,
effect of impurities, refining time and temperature were all studied. This study will serve as a
guideline to compare the results obtained from the lab experiments to the industrial trials
carried out at Tyssedal. In addition, the study aimed to develop a systematic experimental
protocol, which can be used at later stages to further investigate the process. Kinetics were not
investigated due to limitation in the equipment and the complexity of the experimental setup



needed and should be the focus of a separate study. The remainder of this study is divided
according to the following:

e Background: a description of the Tyssedal process as well as the “Grande Cote
Mineral Sands Project” and the blast furnace is given. In addition, an overview of
the different reactions taking place during steelmaking is presented.

e Theory: discussion about activities, structure of slags and the thermodynamics of
dephosphorization is given. In addition, different slag systems are presented and a
short Kinetic discussion focusing mass transfer is provided in this section.

o Experimental: the details for the different experiments and how they were carried
out is given here. In addition, the different analysis techniques are also mentioned.

e Results: the results from the different experiments are presented.

e Discussion: the results are discussed here, based on the concepts described in the
theory section.

e Conclusion: asummary of the results obtained.

e Future work: suggestions are given to further investigate the process.

This study will also contain an appendix containing different tables and figures.



2 Background

2.1 The Tyssedal process

This section is based on the work of J. Solheim in “The Tyssedal Ilmenite Smelting Process”
[10]. The Tyssedal smelting process is used by TiZir Titanium and Iron AS to upgrade the
ilmenite ores and produce metallic iron and titania slag. It consists of two main steps. First, the
ilmenite concentrate is ball-milled under wet conditions to pelletizing size. The pulp then flow
to aslurry tank before reaching the filter station. The milled ilmenite is then dewatered to about
9% moisture and mixed with 0.8% bentonite (binder material) in a separate mixing machine.
This mixture is consequently transported to a pelletizing drum, which will produce raw pellets
ranging in size from 9-16mm. The pellets are then distributed over a roller type feeder screen
to help in the removal of residual fines and seeds, which are recycled to the classifier. The
feeder screen is located at the end of the grate Kkiln unit.

The length of the travelling grate is 21m and has a width of 2.8m, and the pellets are usually
retained for 20minutes. During this time, the pellets are subjected to gradual drying, preheating,
and hardening and oxidizing to about 750°C max, using the kiln gas.

Afterwards, the pellets are charged from the grate into the kiln with coal and recycled char
additions. The coal serves two main purposes: to provide enough heat for both the kiln and
grate, and to form areducing atmosphere which will reduce the pellets to 70-75% metallization.
This degree of metallization grants more adjustments flexibility in the final reduction step in
the electric smelting furnace.

The kiln is 72m in length and 5.8m in diameter and it is equipped with a startup oil burner and
a coal slinger at the outlet end. The coal is also charged from there. The kiln is loaded with
pellets and coal to about 25%, and rotates at 0.5rpm with a retention time of approximately
9hours. Air is injected into the kiln to ensure combustion of the reduction products and to help
maintain the temperature at 1150°C.

The gases from the Kiln are then fed to an afterburner and part of this gas is also utilized in the
grate. All the process gases are washed and cleaned before discharged into the atmosphere. The
reduced products (including coal and ashes) are then fed into a rotary steel drum cooler, 60m
in length and 4.7m in diameter, to cool down the material to about 60°C. The cooling process
revolves around spraying the outer shell of the drum with cold water.

The cooled pellets are than discharged into a pan conveyer, which will in turn transport them
to screening and magnetic separation stations. At this stage, the coke and non-magnetic coal
ashes are separated. Pellets with oversize of +25mm will go into the smelting furnace. The next
screening stage accepts pellets ranging from 3-25mm, and these pellets are fed later into the
furnace via buffer silos.



The smaller pellets are stored into separate silos and can be fed into the furnace. Nonmagnetic
products are charged into the kiln again.

The furnace itself is aconventional three-phase iron-smelting furnace having three self-baking
Saderberg electrodes. The load is 33MW, which is supplied by three one-phase transformers
of 17MVA capacity each. In the furnace, the pellets are melted into two phases. An iron layer
at the bottom of the furnace and a floating TiO2 slag on the top. These two phases are taped
through separate tap holes.

The slag is tapped into railway wagons where is its water-cooled until it is solidified, and it is
then lifted and dumped into intermediate concrete bins. The slag is stored for 6 days in those
bins for oxidation. It is then crushed and grinded to -12mm TiO2 slag in a separate plant.
Finally, the finished product is transported to four storage silos (6500t capacity each).

The iron follows a separate route; it is tapped into preheated ladles (60t capacity) which are
carried out by a crane into a wagon. This wagon is equipped with inductive stirring coils, to
help in the skimming process. After skimming, cover fluxes are added and then it is transported
to another furnace (13MVA) to increase the temperature to 1575°C. The iron is treated via
injection and additions of petrol coke, calcium carbide and ferrosilicon to give the right quality.
The resulting slag is then skimmed and the iron is cast into ingots, a water-cooled casting
machine, equipped with two belts with 340 molds each are used for this step. The ingots weigh
6-8kgs.
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Figure 2.1: Flowchart of Tyssedal process (adapted from [10])




2.2 The Grand Coéte mineral sands project

The following section is based on the information provided on the official site of TiZir limited
[11]. The Grand Cote mineral sands project is located in Senegal, West Africa and is operated
by Tizir. The project lies of a coastal, mobile dune system approximately about 50km north of
Dakar. It is 100km in length and 4km in width covering a massive 400Km? area. The mine is
expected to run for at least 20 years and the production is estimated around 575ktpa of ilmenite
and 85ktpa of zircon when it reaches its full working capacity. The probable and proved ore
reserve is estimated around 751million tons of 1.8% heavy mineral. The mine is planned to
start production in 2014.

Since the ore consists of sand dunes containing minor vegetation and no overburden, the
extraction process will be simple and will consist of dredging and processing.

Figure 2.2: Graphical representation of dredging operation (courtesy Tizir, Norway)

Utilizing the shallow water table in the area, the dredge will easily travel through the dunes.
Sand will be mined from the front of the dredge and a slurry will be than pumped to a floating
concentrator. The sand will pass through spirals, where it will be washed and the heavy
minerals will be separated from the lighter quartz sand. The sand is then dumped again into the
pond and hence the landscape will be restored. At this stage, the heavy minerals are moved to
the separation plant. Separation techniques consist of electrostatic, magnetic and gravity
process which will help concentrating the minerals into four classes: zircon, ilmenite,
leucoxene and rutile. The separation process is environmentally friendly since no chemicals
are used.

After processing, zircon will be shipped and sold to customers in Europe and North America,
whereas the ilmenite will be shipped to Norway where it will be processed atthe TiZir Tyssedal


http://www.tizir.co.uk/projects-operations/tyssedal-tio2

titanium smelter, which will produce titania slag and iron and then shipped to customers in
Europe and China. The ilmenite ore contains high level of phosphorus, which will end up
contaminating the produced iron.

Mauritania e

ria,) d'lvoire

Figure 2.3: Grand Céte mine location (courtesy Tizir, Norway)

2.3 The blast furnace

The following section is based on the work of T. Rosenqvist in Principles of Extractive
Metallurgy [12].The current blast furnace technology is the result of many centuries of
development. In the Iron Age, iron was smelted in primitive holes in the ground, and primitive
blast furnaces were used the first time during the late medieval period. Further development
led to the use of coke and hot blast in the 18t" century. The biggest development occurred in
the 20" century, where optimal practices were employed: higher blast temperatures, better
burden preparations and increased furnace pressure. Moreover, the capacity of these furnaces
was increased and coke consumption has been decreased from 1000kg to below 500kg per ton
of iron smelted. The main driving force behind these developments was a better understanding
of the reactions taking place in the furnace and their impact on the coke consumption and
smelting capacity.

The furnace is mainly a steel shaft of 20 to 30m high lined with refractory bricks. The charge
material is iron ore, coke and fluxes. Fluxes (lime, limestone and sometimes dolomite) are
added to obtain a slag of suitable composition. Hot air is introduced at the bottom of the furnace
through tuyeres. As a result, furnace gases are collected at the top of the shaft whereas the
molten metal, known as pig iron, and the slag are tapped out from the hearth located at the
bottom of the furnace. The part connecting the hearth and the stack is an inverted cone called
the bosh.
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Many reactions take place in the different parts of the furnace. At the tuyeres level, coke reacts
with air according to the following reaction:

Reaction 2.1

2C+0, =2C0

This reaction supplies the furnace with the necessary heat and reducing gas. In the upper part
of the stack, reduction of the ore takes place through a series of reactions:

Reaction 2.2
3Fe,0;+ CO = 2Fe;0,+CO,
Reaction 2.3
Fe;0,+ CO = 3Fe0+(CO,
Reaction 2.4

FeO+ CO=Fe+(CO,

These reactions start when the temperature is around few hundred degrees Celsius. In modern
practices, Fe203 and Fe3O4 are reduced to FeO before the start of the metallic iron reduction.
The main reason behind this practice is to obtain the most efficient use of the reducing gas
(CO) and it is ensured by the use of very reactive ores having small lump size (pellets). If the
ores are less reactive and coarser, than the above-mentioned reactions can overlap.

Then reduction of wustite to iron will occur when the ore has reached the stacks’ lower parts
with temperature above 1000°C. At this stage, the reaction taking place on coke surface is very
rapid, and as a result Boudouard reaction and wustite reduction will take place simultaneously.
Thus, the overall reaction can be written as:

Reaction 2.5

FeO+C =Fe+ CO

Although this reaction occurs through the gas phase, it is sometimes referred to as “direct
reduction” [12]. In addition, the reaction between CO and the iron ore in the stacks’ upper part
is referred to as “indirect reduction” [12], since the temperature is not enough for coke reaction.

In the lowest part of the furnace, molten products are present. As a result, the following
reactions take place to some extent:



Reaction 2.6

MnO +C =Mn+ CO
Reaction 2.7

Si0, +2C=Si+2C0

In this case, silicon and manganese will enter the iron melt and should be removed during the
refining step of steelmaking to obtain the desired steel grades.

It is important to note the effect of the CO2/CO ratio, which is determined by the equilibrium
between FeO-Fe. A higher ratio is the result of the ore being more reactive than the coke and
reduction takes place around 900°C. However if the ore is less reactive, higher temperature is
needed and this gives a lower CO2/CO ratio. So the highest efficiency is obtained with
unreactive coke. Moreover, the coke should have good mechanical properties in order to be
able to carry the weight of the burden.

One last reaction that can take place around 500-600°C is soot precipitation. This reaction has
little effect on the overall stoichiometry of the blast furnace and on coke consumption due to
the closed-circuit circulation. However, it can damage the refractory bricks and is regarded as
harmful.
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Inside the blast furnace

The blast furnace is charged
continuously from the top with

ore pellets, coke and additives.

Cleaned process gas

is an important energy
source for the in-house
processes at SSAB,
power generation and
district heating.

Inside the blast furnace, the
temperature reaches up to
2,200°C. In the smelting
reduction process, the oxygen
in the ore combines with the
carbon.

The blast air is delivered at
high pressure through large
nozzles known as tuyeres.

The hot blast air
meets the ore and
coke in the blast
furnace belly. The
process gas flows
up through the
charge, while mol-
teniron trickles
down.

bottom of the

the hearth.

The hot metal is
collected in the

blast furnace —

The gas from the
reduction process rises
through the charge. The
gas consists of carbon
monoxide and carbon
dioxide.

150°C

The ore melts at
1,400 - 1,800°C

The coke burns
at2,200°C

The hot metal is
tapped at 1,500°C

Tapping takes place for about 2
hours, and is interrupted for 40-50
minutes before the next tapping
procedure. The slag is skimmed off
the molten iron by a skimmer. The
temperature is just over 1,500°C.

Figure 2.4: Iron blast furnace (courtesy SSAB, Sweden)
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2.4 Overview of the different types of reactions occurring in
steelmaking

This section is based on the work of F. Oeters in Metallurgy of Steelmaking [13]. The iron
produced from the blast furnace, usually referred to as pig iron, contain high level of carbon
and other impurities. In order to obtain steel, the pig iron must be refined and the total amount
of impurities should be less than 1% by weight. Steels frequently contain <0.1%C, <0.04%P,
<0.03%S and <0.005%N. Moreover, the level of Si and Mn are adjusted in the metal according
to the different steel grades required. Carbon and phosphorus are usually removed by oxidizing
the hot metal. The oxidation of carbon and its subsequent removal is known as decarburization.
Simultaneous oxidization of Si and Mn, as well as some of the iron, usually accompany the
oxidation of the aforementioned impurities. The oxides formed upon refining produce a
separate phase (except for CO, which leaves the melt as a gas), known as slag. Refining
processes of reducing nature remove the rest of the impurities.

All the oxidizing refining processes will produce a steel melt with high oxygen content covered
with a layer of slag. The equilibrium between those two phases, metal and slag, will determine
the degree of refining of the impurities. The oxidation reaction is given by:

Reaction 2.8
x[Me]+ y[0] = (MeXOy)

Hence, the equilibrium between the metal-slag phases is given by:

Equation 2.1

(aMexOy)

Me, 0, - [aMe]x[aO]y

In Reaction 2.8, the brackets indicate that the elements are present in the iron phase whereas
the parentheses denote the oxides in the slag. After the oxidation processes, the hot metal
contain a high content of free oxygen, which will end up precipitating in the melt as oxides,
which have an adverse effect on the quality of the steel. As a result, oxidation of the metal is
usually followed by a deoxidation process to remove the oxygen from the metal, which is
usually carried in ladles and the process is known as ladle metallurgy.

Nitrogen is usually removed simultaneously in the decarburization process, where the carbon
monoxide bubbles flush it out. Sulfur and hydrogen are removed during ladle treatment, where

the first is removed by converting it into sulfides (S**) and the second by degassing treatment
either by vacuum or by argon purging.
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Reaction 2.9
[S] +2e~ = S%
Reaction 2.10
[Hlaissowea = 1/ ) H; gas
As a result, the refining processes can be divided into four categories:

Oxidizing reactions

Reducing reactions, especially desulphurization
Deoxidation reactions

Degassing reactions

e

Of particular interest for this thesis are oxidizing reactions, which will be discussed thoroughly
in the upcoming sections.

3 Theory

3.1 Activity discussion

This section is based on the work of F. Oeters in Metallurgy of Steelmaking [13]. In iron melts,
different impurities interact within themselves and with iron. These interactions are
thermodynamically expressed as activities. Consequently, a relationship exists between the
activity a of species x and its dissolved concentration c. In (Figure 3.1), the ideal behavior
follows Raoult’s law and is presented as a straight line. However, real behavior deviates from
the ideal one either positively or negatively. Moreover, the tangents to the ideal curves at ¢ =
0 are referred to as Henrian lines, since they folow Henry’s law, which apply at infinite
dilution. The relation between the activity and the concentration is given by:

Equation 3.1
ay =Y, lx]

At very low concentrations, this relationship follows Henrian line, and consequently one can
note that the activity coefficient is constant. By substituting for the expression of activity in
Equation 2.1, we obtain:

Equation 3.2

_ (Me,0,) y(Me,0,)
MexOy - [Me]x[o]y %

y
ime1Y{o)
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As it was already mentioned, at low concentrations, the activity coefficient is constant and
hence the product of the different activity coefficients can be incorporated in the equilibrium
constant and it will be possible to carry out numerical calculations directly by using the
concentrations. Measurements on the activities of various different elements in iron and steel
agree with the theoretical approach, since most of these elements occur in very low
concentrations. However, one exception is carbon, which shows deviation from Henry’s law

due to its presence in higher quantities.

Moreover, all the different elements exert a mutual influence on each other. This is taken into
account by incorporating the different interactions into the activity coefficient given by:

Equation 3.3
Ve =0y

Where yx(")refers to the activity coefficient in the binary Fe-X system and yx(y) is the interaction

coefficient which indicates the effect of x ony etc. These interactions can be either significant
or negligible depending on the quantity and the nature of each element.
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3.2 Structure of slags

As mentioned before, when different elements are present in a metallic melt, they are bound to
interact with each other. The same applies for different species in slags. However, these
interactions exhibit wide variations compared to metallic melts and can differ from their
respective concentrations by several order of magnitudes, and depend largely on slag
composition.

The main theory describing the behavior of slags is based on the assumption that they form an
jonic solution upon melting [14, 15, 16]. This assumption has been proven by different
experimental measurements especially by measuring the electrical conductivity and the ion
transport numbers when molten slags are subjected to electrical currents. In modern literature,
strong basic oxides are assumed to fully dissociate into ions (e.g. Na20O, CaO). Whereas less
basic oxides dissociates partially. Those include, but not limited to MnO, FeO, MgO and NiO.
These will occur as cations accompanied by anionic species especially O?2-. On the other hand,

acidic oxides form anionic species (e.g. SiOj, PO;", AlO3).

As a result, one can define the molar concentrations of the specific ions by using the concept
of ionic fraction, which is calculated for cations and anions separately.

Equation 3.4
X _ ni,cation
i,cation — 2 n
i "Mi,cation
Equation 3.5
X _ ni,anion
ianion — Z n
i "Yi,anion

Where X; denotes the ion fraction of the i-th ion and n; is the number of moles of the i-th ion.

The simplest approach to express the relation between the activities and the ion fractions is
given by the Tempkin’s equation:

Equation 3.6
Apeo = XMeZ+'X02_

However, the Tempkin’s equation is not always fulfilled. This is the case when silica is present
in the slag. Silicate anions are found as interlinked anions varying in both shape and size. As
the content of silica in the slag increases, the interlinking of these species increases. For
example, in pure silica, silicate anions exist in a three dimensional configuration. The addition
of basic oxides to the slag, will lead to the formation of the O2 ions, which will break the
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silicate linkage. This process can be seen in Reaction 3.1 where a single chain of silicate ions
is broken into two smaller ones.

Reaction 3.1
Si—-0-Si— 40> = -Si—-0—+ —0-Si —

As the basic content of the slag increases, more free oxygen ions become available and the
breaking of the silicate chains increases. This will affect a multitude of physical properties in
the slag, e.g. viscosity, electrical conductivity and diffusion coefficient. Moreover, it can affect
the chemistry of the slag such as the concentration of free oxygen ions. To better understand
these properties, it is important to explain the thermodynamics properties in relation to the
structure of silicates.

The starting point is to give the equilibrium reaction for the silicate dissociation reaction:
Reaction 3.2

2(n+2)"
3n+4

2(n+1)"
3n+1

Si, 4,0 + 0%~ =Si,0 + Si0;~
In addition, the equilibrium constant for Reaction 3.2 can be approximated by:
Equation 3.7

XOZ—X . 2(n+2)"
K = Stn+103n44

Xsiojf‘Xsiof‘

Itis important to note that this only an approximation of the equilibrium since the ion fractions
are used instead of the activities. The reason behind this approach is that ion activities cannot
be measured. As a result, using the ion fraction instead can be a practical solution. As a result,
the equilibrium constant will depend on the slag composition e.g., increasing basicity of the
slag will decrease the equilibrium constant.

However, silicate ions exist in a wider range than that described in Reaction 3.2. For a given
binary silicate melt, the concentration of the individual polyanions is dependent on their
respective equilibrium constants. Nevertheless, one can employ a simpler approach by
assuming that the dissociation equilibrium constant is the same independent of the position in
the polyanion. In other words, that all positions are thermodynamically equivalent and as a
result, only straight lined chains occur. Many theoretical models exist to calculate the
concentration of the silicate anions and free oxygen ions by using the activities of the basic
components of the system. One such model was developed by R. Masson [17], and led to the
formulation of the following expression:

Equation 3.8
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Where K, is the equilibrium constant for the following reaction:

Reaction 3.3
ZSiOff_ = Si20$_ + 0%~

As it was already mentioned, assuming all positions are thermodynamically equivalent, this
expression can be applied to reaction similar to the one given in Reaction 3.2. It can be seen
from Equation 3.8 that K,,can be calculated by knowing a,,., and X 50, Finally, by having
the value of K,,, the concentration distribution of the anionic complexes can be calculated.
This only applies for Xsio, = 0.5, since at higher concentrations three-dimensional chains are
formed.

In melts containing only one cation (X,,,2+ = 1), the Tempkin’s equation results in:
Equation 3.9
Apeo = Xp2-

Moreover, Equation 3.8 reflects the relationship between the silica content and free oxygen
jons concentration. In other words, the concentration of the free oxygen ions serve as an
indication of the melt basicity [18].

The equilibrium constant K, was calculated for different binary silicate melts, e.g. for CaO-
Si02 (K,,=0.0016), MnO-SiO2 (K,,;=0.25) and FeO-SiO2 (K,,=1) at 1600°C [17]. In
addition, the silicate ion distribution was also calculated (Figure 3.2) [17]. It was found that in
CaO-SiO2 systems, SiO; predominates and is found exclusively at Xsio, =0.33. For the other
systems, SiO; was also present in the highest proportion but ions with higher molar mass
started to be present in greater extents. Moreover, calculations showed that at Xg;, <0.33, the

ion fraction of all the different silicate ions decrease whereas on the other hand the
concentration of free oxygen ions increases. The sharpest variations were observed in the CaO-
SiO2 system.

The importance of the ion theory lies in the fact that it allows us to draw conclusions concerning
the effect of the slag constituents on different refining processes, e.g. desulphurization and
dephosphorization.

Reaction 3.4

[S]+(0%7) =(s*) +[0]
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Reaction 3.5
2[P] + 5(Fe?*) +8(0%7) = 2(P0O;™) + 5[Fe]

It can be seen from the above equations that the activity of the free oxygen ion plays a decisive
role in determining the extent of these refining processes. The conclusions that can be drawn
from the ion theory model are:

1. Free oxygen ions play an important role in dissociating silicate anion complexes and as
a result are consumed during this process. When all silicate complexes are present as
Si0; " ions the process stops. This behavior is observed at Ng;o, = 0.33 for divalent
cations, and at different SiO,molar fractions for other slags, becoming increasingly
pronounced for more basic oxides.

2. The activity of the free oxygen ion becomes larger following the sequence FeO —
MnO — CaO (at a given mole fraction). In addition, looking at the concentration
distribution of the different silicate ions, the proportion of the SiO;~monomer increases
in the same order above.

By taking into account these two conclusions, steel producers generally employ CaO as the
main basifier, and aim to have a CaO:SiO2 >2 (e.g.Ng,<0.33) to enhance the
dephosphorization and desulphurization efficiency of the industrial slags.
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3.3 Phosphorus oxidation

Slag refining is the main industrial process of P refining from iron/steels. In addition, literature
references are widely available discussing the fundamentals of this technique and possible
improvements. However when it comes to industrial practices producing low phosphorus steel
can be challenging especially when operating at high temperatures. Consequently, the main
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practice in the industry is to use a highly basic slag, which leads to increased cost of production
and have negative impact on the environment. The following section is based on the work of
Basu et al. [19].

The dephosphorization reaction can be written as:
Reaction 3.6
2[P] + 5(Fe0) = (P,0;) + 5Fe,

Equation 3.10

AG° = —95800 + 295,17T (L)
mol
And the equilibrium constant for this reaction is:

Equation 3.11

Kp_paos = exp <_£,f ) = [apy05- (Ape) 1/ [%P. fp. (Apep)°]

Where (a) is the activity and (f,) is the Henrian activity coefficient of P.

By investigating the two equations above, one can extract the thermodynamics condition
required for good dephosphorization, which are:

e Low temperature
e High activity of FeO
e Low activity of P20s

The activity of P20sis the product of its activity coefficient and its molar fraction. Hence, two
possible paths can be followed to lower it. Either by reducing the activity coefficient by adding

basic slag components (CaO) since P2Os itself is acidic. Alternatively, one can reduce the molar
fraction by diluting the solution, in other words increasing the slag volume.

The removal rate of P from the metal bath can be given as:
Equation 3.12

d[%P]
dt

= a,k, (%P — %P,,;)

Where (a,) is the slag-metal area and (k) is the mass transfer coefficient of P in the metal.
Consequently stirring will increase the rate of the reaction since it increases both (a,) and (k,,)
values. In addition, higher temperatures increase the (k) value. However higher temperatures,

will lead to higher PeqVvalues. Finally, this equation shows that the lower the phosphorus content
(%P), the more difficult it is to produce ultra-low P-steels.
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Now we move on to discuss the effect of iron oxide concentration. Since the activity of FeO is
the product of its activity coefficient and its molar fraction, it is commonly believed that higher
levels of FeO will lead to improved dephosphorization. However, investigations in the past few
decades showed that increasing the FeO concentration above certain levels is
counterproductive. This is presented in Figure 3.3 [20]. It can be seen that for a specific silicon

content, the highest dephosphorization is obtained for intermediate values of FeO in the
slag(about 17wt%).

In addition, another study [21] came up with similar conclusion and the results are presented
in Figure 3.4. In this case, highest dephosphorization is obtained when Fe content is with 15-
18wt%. The main reason behind these observations is that the activity coefficient of P20s
reaches its minimum around 15-18wt% FeO (Figure 3.5) [22].
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Figure 3.3: Nomogram correlating %Feyq, in slag (containing dicalcium silicate), %Si in hot metal, %P is steel
and specific lime consumption[20]
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It is also important to discuss the role of CaO. Usually, basic slags with excess CaO are used
in the industry. However, a recent study [22] shows that increasing the slag basicity beyond
2.5 does not lead to further increase in the phosphorus partition between slag and metal (Figure
3.6).The reason behind this observation is that at higher CaO content solid phases start to
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appear in the slag, limiting further increase in dephosphorization. The positive effect that is
seen in the industry is related to the larger volume of slags, which dilutes P20Os.

From these observations, one can conclude that the ideal slag chemistry is 15<%FeO<20 and
2.5<%Ca0/%Si02<3. However, operators in the industry will favor having higher FeO content
and basicity. This can be related to the following reasons:

e True slag basicity(calculated on the basis of dissolved lime) is often less than apparent
slag basicity due to the presence of large amount of free lime.

e Higher FeO content helps in digesting CaO( by forming calcium ferrites)

e Higher slag volume since extra lime is added

Consequently, each steel producer will use different parameters that best suit its operations.
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Figure 3.6: Equilibrium partitioning of Phosphorous between slag and metal [22]

In a recent study carried out by Hou et al. [3], ilmenite and high phosphorus iron ore smelting
using oxygen enriched top blown process was investigated. The following discussion is based
on their work. This is an important study since the process investigated in it is similar to the
one carried out at Tyssedal. The effect of the different parameters such as temperature, slag
basicity and ventilation time on the final product quality was studied.

At higher reduction temperatures, a higher Fe recovery rate was obtained relating to the higher
solubility of the undissolved elements in the slag at higher temperatures. This in turn leads to
a lower viscosity and enhanced kinetics. However, the dephosphorization rate decreases with
increasing temperature since the dephosphorization reaction is exothermic (Figure 3.7). Hence,
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to obtain low-P hot metal and high Fe recovery rate, temperatures around 1500°C should be
used.
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Figure 3.7: Relationship of Fe content in pig iron, iron recovery rate (a), P content in pig iron and
dephosphorization rate (b) to reduction temperature [3]

In addition, the effect of basicity (denoted R in their work) was also studied in a CaO, FeO and
SiO2slag. It was found that Fe recovery had its maximum value at basicity equal to 1.3. This
can be explained by the fact that combination between CaO and SiO2 increases the stability of
the slag and as a consequence the activity of FeO. However, at higher basicity Fe recovery rate
drops sharply caused by the increased viscosity of the slag due to excessive amounts of CaO,
which slows the kinetics down. On the other hand, dephosphorization rate increased at higher
basicity up to basicity equal 1.5 (Figure 3.8). The enhancement of basicity increases the number
of O2~in molten slag, hence improving the phosphate capacity. As a result, the optimal slag
basicity is around 1.3 in order to ensure both a good dephosphorization and Fe recovery ratio.
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Moreover, oxygen-blowing time was also studied. At longer blowing durations, Fe recovery
rates decrease slightly whereas dephosphorization rates show an increase (Figure 3.9). This
result is attributed to the fact that oxygen blowing induces stirring in the melt enhancing the
kinetics of the system. However, at very long periods, Fe can also be oxidized easily into
ferrous oxide, causing a decrease in the Fe recovery rate.
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Figure 3.9: Relationship of Fe content in pig iron, iron recovery rate (a), P content in pig iron and
dephosphorization rate (b) to blowing- oxygen time [3]
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The general problem with ilmenite smelting is the formation of foaming slag caused by the
formation of Ti(C, N) compounds. However, in top-blown smelting reduction with oxygen
enrichment, this is not a big concern since TiO2 content in the slag will be diluted. Moreover,
by using the right set of conditions both high Fe recovery and dephosphorization rates can be
obtained.

3.4 Slags for oxidation reactions

This section and the following subsections (3.4.1 to 3.4.6) are based on the work of F. Oeters
in Metallurgy of Steelmaking [13]. Many of the references he uses are in German. Hence, it
was impossible to read and comprehend them. However, when figures from those works were
used they were referenced. The main components of slags produced in the refining processes
of ion/steel are CaO, SiO2, FeOn, MnO and MgO. CaO is added to basify to slag and as a result
to remove both phosphate (PO;") and sulfate (S*) ions in the form of Ca, (PO,), and CaS.SiOx.
FeOnand MnO are the result of the oxidation of iron whereas MgO is the result of the reaction
between the melt and the refractory materials (either as pure MgO or dolomite, with the latter
being a mixture of MgO and CaO). To better understand the role of these components in
metallurgical processes, it is important to look at some of their phase diagrams. The focus will
be on systems of relevance to the thesis.

3.4.1 The iron-oxygen system

The phase diagram is shown in Figure 3.10 [23]. The most important region of the phase
diagram is the temperature range where liquid phases are present, which is directly related to
many applications in the steel industry. The liquid region of the phase diagram consist of 2
phases: liquid metal and liquid oxide. Moreover, a miscibility gap exists which contain these
two phases. Liquid iron is present in the far left of the diagram, and the melting point of pure
iron is 1536°C (point A). The dissolution of oxygen lowers the melting point of iron, reaching
a minimum of 1528°C at 0.16%0 (Point B). At this point, liquid iron is in equilibrium with
iron oxide melt containing 22.6%0 (Point C). At higher temperatures, oxygen containing iron
and oxide melt remain in equilibrium. However, with increasing temperature, the oxygen
content in the metal increases whereas it decreases in the oxide melt, and as a result, the
miscibility gaps becomes smaller. At 2046°C, the solubility of oxygen in the iron is 0.83%
(highest temperature where data exist [24]. At this temperature, the iron is in equilibrium with
an oxide melt containing 22.4% O, and the oxide melt can be referred to as FeO1.0045. The oxide
melt has a lower melting point than iron, and hence with decreasing temperature it becomes in
equilibrium with §-iron (1400°C -1528°C), then with Y-iron (1371°C -1400°C). At T<1371°C,
the oxide becomes solid. At this stage, three phase are in equilibrium: Y-iron, wustite and oxide
melt (points N and J). The melting point of the oxide increases with increasing oxygen content.
Along the line NI, we can see that equilibrium exists between the oxide melt and wustite, where
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the latter showing increasing oxygen content with that of the oxide (line JH), where at point H
wustite has its highest oxygen content. When the temperature reaches 1424°C, three phases are
in equilibrium: oxide melt, wustite and magnetite. The melting point of magnetite lies at
1597°C, which is a congruently melting oxide (point V). At higher oxygen contents, the oxide
melt is in equilibrium with magnetite and in this region, oxygen can be absorbed by magnetite
to form a solid solution. At the points R and R’ (T=1583°C), the oxide will be in equilibrium
with oxygen having partial pressure of one atmosphere.

The most important point in this description of the phase diagram is that the liquid oxide melt
region extends from equilibrium with iron melt when pO2=10-8bar to equilibrium with oxygen
with pO2=1bar. Hence, the higher the oxygen content of the oxide melt, the higher its content
of trivalent iron (Fe*).

The equilibrium can be written as:

Reaction 3.7
(Fe,0,) = (Fe0) +1/20,

And the equilibrium constant:
Equation 3.13

2 1/2
K = a(FeO)'poz

A(Fe,05)

Hence, it can be noted that a precise of value of trivalent and divalent iron is bonded to each
oxygen content in the oxide melt, which in turn are in equilibrium with the partial pressure of
oxygen in the gas phase.

In the refining processes, where the hot metal is treated to obtain steels, pure iron oxide melts
are not usually formed. Iron oxide is present usually with the oxides of other impurities (e.g.
P20s, SiO2) forming a slag phase. The same approach can be followed for the iron oxide content
of these slags in equilibrium with oxygen partial pressure of the gas phase. The most important
point is to note that when aslag is in contact with iron melt, divalent iron is the main dominant
species in the slag, whereas trivalent iron is dominant when in contact with air or oxygen. This
is of significant importance in refining processes since oxygen transport is enhanced by the
diffusion of divalent iron from the bottom part of the slag(in contact with the metal) to the top,
and vice versa trivalent iron is transported from the top region of the slag (in contact with air)
to the bot part of the slag. Moreover, the movement of the different species can stir the mek.

In the pure oxygen—iron system, the equilibrium between the iron oxide containing slag and
the iron lies on line NGCC’ in Figure 3.10. In addition, in multicomponent slag systems, the
equilibrium can be determined if the concentrations of all the other elements is already
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determined. Moreover, the ratio of divalent to trivalent iron, and as a consequence the oxygen
potential of the slag is fixed when equilibrium is reached with the iron melt. As a result, one
can find the oxidizing state of the slag by indicating the total iron content. However, in some
cases, FeOn amount is used instead, with n referring to the total amount of oxygen bound to
iron.
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Figure 3.10: Iron-oxygen phase diagram (adapted from [23])

When the slag and the metallic iron are in equilibrium, oxygen in the iron can react with the
iron oxide in the slag:

Reaction 3.8

(FeO) = [Fe] + [0]
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And the equilibrium constant:

Equation 3.14

[ao]

FeO (aFeO )

Equation 3.15

6320

One interesting condition worth mentioning is when the slag consist of pure iron oxide, hence
(areo,) = 1and [ao] = [ap]saruration- Equation 3.14 will lead to:

Equation 3.16

(t500) = 2
FeOn [ao]saturaﬁon

The main application of this equation is that the activity of the iron oxide can be determined

by knowing the oxygen content of the iron melt at equilibrium.

3.4.2 FeO-Fe;03-Ca0 system

The first important feature of this system is the fact that it should be regarded as a ternary
system. The reason is that the presence of lime leads to the formation of ferrite ions
(e.9. Fe, 0% or Fe,02~) from trivalent iron , even if the slag is in equilibrium with molten iron.
However, as mentioned the previous section, the ratio of divalent to trivalent iron is fixed by
knowing the total iron content under equilibrium condition. Hence, it is suitable to present this
system as a FeOn—CaO binary system. This system has two important applications:

1. When in equilibrium with the metallic phase to study the metal-slag reactions.
2. When in equilibrium with the air or oxygen to study the slag-gas reactions.

The phase diagram is shown in Figure 3.11 [26]. The main characteristic of this system is a
eutectic at 1130°C and high peripheral solubility in the solid state. As a result, iron oxide is a
very suitable flux for lime, playing abig role in its dissolution. The process of lime dissolution
is first by the formation of a lime rich solid solution in the peripheral region, which is dissolved
later. One feature, that validate the assumption that the system is ternary, is the presence of the
incongruently melting dicalcium ferrite (2CaO.Fe203). The peritectic reaction between this
compound and the melt leads to the precipitation ofiron and a change in the valency according
to the following reaction:
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Reaction 3.9

(ZCQO'F9203)solid + <Fe)solid = [Z(CCIO) + S(Feo)]melt
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Figure 3.11: FeO,-CaO phase diagram [26]

In this system, both lime and iron oxide show negative deviation from ideality when looking
at activity [26, 27]. This is an indication of compounds formation and explain the tendency of
iron oxide to combine with lime to form dicalcium ferrite.

The system in equilibrium with air is shown in Figure 3.12 [26]. Since hematite decomposes
at 1393°C (since pO2=0.21bar), only magnetite is stable at higher temperatures. Moreover, the
peripheral solubility is of little importance here since lime and iron (Ill) oxide have very
different crystal structures and solid solution is difficult to form. Moreover, two new
compounds exist in this system, CaO.Fe2O3 and CaO.2Fe20s3, which leads to the same
conclusion that iron oxide is a very good flux for lime.
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To better understand the effect that lime additions have on this system, it is a good idea to start
with the Fe-O-CaO system (Figure 3.13) [28]. The oxygen range is limited from zero to 40wt%
since Fe2Os3 is the compound containing the highest oxygen content of 30wt% O. Note that the
scales of the two triangles in Figure 3.13 are different. First, addition of lime will change the
line indicating saturation with wustite and magnetite in the Fe-O system to areas. These areas
will move toward lower temperatures with increasing lime content. Moreover, the different
areas present are denoted: Fes (iron saturation, W (wustite saturation), H (hematite saturation)
and M (magnetite saturation), the aforementioned regions are limited by areas of lime
containing solid phases at high CaO content. Also many features are presented in Figure 3.13,
e.g. point Ais the incongruent melting point of dicalcium ferrite whereas B is the eutectic point
between CaO and 2CaO.Fe203 and line AB separated the saturation area of calcium ferrite
from that of lime.
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Figure 3.13: Schematic representation of the Fe-O-CaO system [28]

This phase diagram was supported by measured values by R. Scheel [28] and in more recent
studies by E. Schirmann et. al. [29] and by S. Hara et. al. [30]. The two industrially important
slag systems are those, which are simultaneously saturated with iron and lime, or those
saturated with dicalcium ferrite and lime (Figure 3.14).
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3.4.3 The MgO-FeO-Fe,03 system

The importance of this system is related to the behavior of dolomite or magnesite bricks used
as refractory materials or lining in the metallurgical vessels in the steel industry. This system
is studied in equilibrium with iron or with air, and systems are exactly binary and they follow
the same aspects as in the case with lime (Figure 3.15) [26]. Since both FeO and MgO have a
rock salt structure and similar lattice properties, a constant miscibility gap exist between those
two compounds. This leads to the formation of magnesiowustite. Moreover, miscibility
between MgO and Fe2Os also occurs but to a limited extent due to the formation of
magnesioferrite, a spinel compound. In addition, another important feature of this system, is
the ability of magnesiowustite to dissolve Fe20s3, where trivalent iron Fe3* enters the lattice and
substitute for divalent ion hence simultaneously creating vacancies to achieve electro neutrality

[31].

One example, which pinpoints the importance of the behavior of magnesiowustite in magnesite
bricks, is its ability to absorb FeO from oxygen-containing iron melts (can absorb up to 75%
FeO at 1600°C), and then rereleasing it at later stages, i.e. in deoxidized melts.
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Figure 3.15: Phase diagrams of magnesium oxide—iron oxide system in equilibrium with metallic
iron (a) and in equilibrium with air (b).[26]

Finally, the MgO-Fe203system is the starting point for magnesite bricks manufacturing, where
Fe203 plays the role of a binder and a crystallizing agent, dissolved in magnesioferrite or
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magnesiowustite. This affects the temperature limit of effective wear resistance of these bricks,
which is determined by the iron oxide content, i.e. shown by the liquidus line.

3.4.4 The Ca0-SiO; and CaO-P,0s systems

Since the main role of lime is to act as a basifier, the CaO-SiO2 (Figure 3.16) [26] and CaO-
P20s (Figure 3.17) [26] systems are of importance to steel metallurgy. These two systems are
strictly binary. Lime rich regions of both diagrams are the most important, since in
metallurgical steel process achieving the highest lime content is a priority. As a result, these
type of slags contain primarily solid lime, but also the compounds Ca2SiO4 (dicalcium silicate),
CazP20s (tricalcium phosphate) and to a lesser extent the compounds CasSiOs (tricalcium
silicate) and CasP20g9 (tetracalcium phosphate).

By looking into the phase diagrams, it can be seen that Ca2SiO4 and CasP20s melt at very high
temperatures (with a distinctive melting point maximum) and hence are thermodynamically
very stable. In solidified phosphate slags that contain silica, these two compounds occur in the
form of solid solutions. At 1600°C (typical temperature in liquid steel metallurgy),
silicophosphate and dicalcium silicate often occur as solid precipitates near the undissolved
lime particles. Inthe CaO-SiO2 and CaO-P20s binary system, the most important liquidus lines
are lime saturation, saturation with Ca2SiO4 and CasSiOs for the silicates, CasP20gand CasP209
for the phosphates. When iron oxide is added, forming ternary systems, these lines expand to
form saturation areas, which will determine both the composition and behavior of the lime-rich
slags in the steel industry.
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3.4.5 The Ca0O-FeO,-SiO, system

The CaO-FeOn-SiO2system is the most important system occurring in steel production from
low-phosphorus metal. The phase diagram is shown in Figure 3.18[26].It is a projection of the
three dimensional ternary diagram, containing all the singular points that occur in this system.
Continuous lines separate saturation areas of individual solid phases from each other and where
more than one phase is precipitated during cooling. On the other hand, broken lines represent
isotherms. Moreover, solid phases, which are in equilibrium with individual precipitate areas,
are also shown. The most important features in the lime rich region are the saturations areas of
lime, tricalcium silicate and dicalcium silicate, with the latter occupying a wide portion of the
diagram. As for equilibrium with tricalcium silicate, it is found in a very narrow region of
concentrations and for equilibrium with lime, it is only possible for silica content less than 10%
(not often present in steel industries).
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Since most metallurgical refining processes are carried out at 1600°C, it is appropriate to
discuss the phase diagram by taking an isothermal section at this temperature. Figure 3.19 [32]
shows the system, and it contains FeO iso-activity lines in equilibrium with metallic iron. The
areas outlined by line a-b-c-d and e-f represent the regions where the liquid slags exist at
1600°C. By looking at the saturation areas of both dicalcium and tricalcium silicates, we can
see that liquid slags are in equilibrium with the pure compounds and no solid solutions are
formed in this case. Moving down to the lime saturation region, it can be seen that the solid
phase consist of a solid solution of lime and iron(l)oxide rather than pure lime (already seen
in the FeO-Fe203-Ca0 system). At 1600°C, this solution can contain up to 6% FeO

By looking at the isoactivity lines, it can be seen that FeO in these slags does not follow ideal
behavior. In By starting in the FeO-SiO2 binary peripheral system, the activity deviates slightly
in the negative direction from the ideal behavior. Moreover, by moving through a line with
constant FeOn concentration of 50 % toward the CaO-FeOn system, the activity of FeO
increases with lime content to a maximum ag,, = 0.85 at the quasi-binary FeOn-2Ca0.S02.
However, by increasing the lime content even further, the activity of FeO decreases again.
Hence, in this quasi binary system, positive deviation from ideality is observed. This is
explained by the fact that the simultaneous presence of silica and lime in the slag, leads to a
stronger attraction between them, then from what they exert individually in respect of iron.
Therefore, iron oxide will not be able to combine with wither of them and hence will assume
higher activity.
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Figure 3.19: CaO-Fe0,-SiO, phase diagram with isoactivity lines for iron (11) oxide at 1600 “C. [32]
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As for CaO activity, it increases dramatically past the quasi-binary FeOn-2Ca0.SiO2 system.
This is explained by the fact that all silica in the system will be present in the form of Ca2SiOa4,
and any additional lime in the system will remain free and hence the activity of CaO increases.
This free lime will dissociate, supplying free oxygen ions to the system.

The components of the CaO-FeOn-SiO2 system make up for approximately 80% of the
composition of steelwork slags. Other components include MnO (=10%), MgO (=2-3%) and
P20s, Cr203, TiO2 and AkOg3 (together mounting up to ~5-7%). In the basic CaO-FeOn-SiO2
system, the saturation regions in the lime-rich regions are shifted by the content values of the
aforementioned oxides in the slag. One example is shown in Figure 3.20 [33], where the effect
of increasing MnO and MgO content is studied.

In these types of slags, the oxygen contents in iron melt move toward equilibrium with the slag,
which is determined by the activity of iron (II) oxide in the slag.
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Figure 3.20: MgO and MnO influence on the slag equilibria in the Fe- FeO,-CaO- SiO, system at
1600 4. [33]

3.4.6 The dephosphorization system CaO-FeO,-P,0s

The reaction describing dephosphorization in iron is given by:
Reaction 3.10
[P]+ 5/2(Fe0)+3/2(Ca0) =1/2(Cas(PO,),) +5/2[Fe]

The only possible pathway for phosphorus oxidation and its subsequent transfer to the slag is
by combining as phosphate ions. The main reason behind it is that the gaseous species P20s
does not have sufficient thermodynamic stability to be an oxidation product of phosphorus in
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iron melts. As a result, the first step in phosphorus removal is its oxidation at the metal-slag
interface. This requires the use of a slag with high oxidation potential to oxidize phosphorus,
and to be able to form and absorb the resulting phosphate ions by being sufficiently basic. The
two conditions mentioned above can be fulfilled by using slags with significant amounts of
iron oxide and lime. Moreover, it can be noted that phosphorus oxidation differs from that of
manganese and silicon, since the oxides of the latter two can be formed without the presence
of a slag, and are then capable of transfer into the slag.

The proportions of iron oxide and lime in the slag, required to ensure effective
dephosphorization, are determined by the equilibrium constant of Reaction 3.10. The
equilibrium constant is given by:

Equation 3.17

/
(aCa3 (Po,), )1 i

(aCa0)3/2 (aFeOn)S/Z [ap]

In addition, the activity of tricalcium phosphate is given by:

KP:

Aca,(Po,), = (P) (VCa3(Po4)2)

And that of iron oxide by Equation 3.14:

(aFeO )

FeOn

And by substituting these expressions into Equation 3.17, we obtain:

Equation 3.18

(P) Kp (aCa0)3/2 [ao]s/2

p K572 1/2
[ P] FeO (YCa3(P04) )

Moreover, by manipulating Equation 3.18, we can write:

Equation 3.19

c Kp (aCa0)3/2
(Poi~) = K572 1/2
FeO (VCa3(P04) )

Where C(po3-) is known as the phosphate capacity of the slag and depends only on temperature

and slag composition. The phosphate distribution between slag and metal phases can then be
written as:
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Equation 3.20

() (POI)

[ap]_ [ap] :C(POE_)[aO]S/Z

Furthermore, one can write the phosphate capacity as:

Equation 3.21

(aCa0)3/2

1/2

C(’POE‘) =Kp
(VCag(P 04)2)

As a result, the phosphorus distribution is then:

Equation 3.22

(P) _(P0I)

/ 5/2
a1~ Ta] ~ Clroi)(reo,)

As well, the relation between the two phosphate capacities can be given as:

Equation 3.23

Clroz) _ 52
Cleozy "

The phosphate capacities mentioned above, could be found by measuring the equilibrium
distribution of phosphorus between slag and metal, at a given oxygen level in the metal for
Equation 3.20 or by the activity of iron oxide in the slag for Equation 3.22.

In modern steel industry, the hot metal usually contains low phosphorus levels. As a result, the
main components of the slags formed during refining are CaO, SiO2 and FeOn with small
amounts of P2Os (approx. 1-2%). The phosphate capacity can be calculated from the properties
of the slag. Moreover, the phosphorus’ equilibria in these types of slags has been widely
investigated [34, 35]. In Figure 3.21 [34, 35], the phosphorus distribution lines are given for
the CaO-(Si02+P20s5)-(FeOn+MnO) system containing 6% MnO and 2%MgO. It can be noted
that these lines runs parallel to the lime saturation line. Furthermore, it has been found that
CaF2 and Na20 additions have a great positive impact on this distribution [36]. On the other
side, in phosphorus-rich pig iron (can contain up to 2% P) the slag formed upon refining will
be mainly composed of CaO, P20s and FeOn. SiO2 and other oxides are present but to a much
lesser degree. As a result, the CaO-P20s-FeOn system will be the dominant factor in
determining the phosphate capacity of these types of slags. The most widely encountered
phosphorus-rich pig iron usually contain between 1.6 and 2.2wt%P and 0.3wt% Si. Hence,
after dephosphorization, the slag will contain 18-25wt% P20Os and about 4wt% SiO2. For both
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low and high phosphorus hot metal, the main industrial practice is to add as much lime to the
slag to achieve either lime or calcium phosphate saturation and to produce asmall lime surplus.

Slag composition
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Figure 3.21: Line of equal phosphorus distribution in the system CaO-(SiO,+P,0s)-
(FeOn,+MnO). (adapted from [34, 35])

To better understand the CaO- P2Os -FeOn system, it is beneficial to start with the peripheral
Ca0- P20s subsystem. In the lime rich portion, three phases occur: lime, tricalcium phosphate
and tetracalcium phosphate. A eutectic exists between the latter two at 1580°C. When we move
from the binary to the ternary system by adding iron oxide, the liquidus lines are transformed
to liquidus areas which will fall away toward lower temperatures with increasing FeOn content
(since FeOn will help in lowering the melting point of the system). In Figure 3.22 [37], the
different phases present in the ternary CaO- P20s -FeOp system in equilibrium with liquid iron
can be seen. In the lime rich region, and at low FeOn content, the liquidus area of tetracalcium
phosphate is dominant. With increasing FeOn content, the liquidus area transfers into that of
calcium oxide. Moreover, at low FeOn content and higher P2Os contents, the liquidus are of
tricalcium phosphate can be seen. With increasing FeOn content, the aforementioned liquid us
area turns into an extended miscibility gap between the iron oxide and tricalcium phosphate.

At the borders of this miscibility gap, two liquid phases exist in equilibrium, with one phase
being rich in FeOn while the other is rich in 3Ca0.P20s. The points C1 and C2 present the
upper and lower critical de-mixing limit, respectively. In addition, at high FeOn and P20s
contents, liquidus area of 3FeO. P2Osexist. To get a deeper look into this system, an isothermal
section at 1600°C is shown in Figure 3.23 [38]. The line (5, 16) is the saturation isotherm of
tetracalcium phosphate, line 1-16 that of lime, and lines (6, 19) and (8, 20) those of tricalcium
phosphate. Between points 5 and 6, a FeOn free melt exist, with the eutectic lying at 1580°.
The (19, 23) and (20, 22) lines outline the miscibility gap. Between the points 22 and 23, solid
tricalcium phosphate is in equilibrium with CaO -FeOn rich melts.
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Further investigation of the miscibility gap, shows that the activities of the components in the
two coexistent phases, and especially those of FeOn, are approximately the same. The co-nodes
hence present isoactivity lines. As an example, iron oxide rich slags will have high FeOn
activity, which will also be the case in phosphate melts containing low iron oxide in equilibrium
with the aforementioned slag. If CaO-P20s-FeOn system is in in equilibrium with air, the
miscibility gap is slightly affected from when the system is in equilibrium with iron [39].

During dephosphorization of high phosphorus pig iron, the resulting slags usually occur in the
region delimited by the points (6, 9, 23) and (1, 16, 5), and are usually saturated with lime. In
addition, since these slags have high FeOn activities, they are wvery effective at
dephosphorization. Hence by using these, low iron phosphate slags, significant savings can be
made in steel production, by cutting the losses on iron slagging.

Iron oxide apatite
{Ap)
3 !IEUH‘Pzﬂs

7 7 7 7 7
0 10 20 30 2C00-Fez03 g 50 60 70
Felp a0 mass fraction in % —=

Figure 3.22: A section of the CaO- P,0s -FeOj, constitutional phase diagram, saturated in iron. [37]

As mentioned before, in the lime-rich region of the system, lime saturation line is dominant.
This in different from the case of the CaO-SiO2-FeOn system, where the dicalcium silicate
saturation line dominate the same region. This is because tricalcium phosphate has a much
lower melting point than dicalcium phosphate, and as a result, its saturation area cannot
penetrate too much into the lime saturation area. This is beneficial for the dephosphorization
process, since lime-saturated slags are easy to obtain. If silica is added to the system, the
miscibility gap will get narrower and lime saturation line will move toward the lime corner.
Moreover, saturation will occur with solid solutions of tri- and di- calcium silicates instead of
tricalcium phosphate.
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Figure 3.23: Isothermal section of the CaO- P,0s5 -FeQO,, constitutional phase diagram, in
equilibrium with iron at 1600 . [38]

To achieve significant dephosphorization effect of slags, a prerequisite is a high phosphate
activity. This can be achieved by high a.,, according to Equation 3.19, i.e. the slags should
be saturated with lime (a.,,=1). Other important factors can be extracted by looking at
Equation 3.20 or Equation 3.22. In Equation 3.22, the phosphorus content in the iron melt
at [ap] = [P].y(p, assuming y( to be constant, obeys the following relation:

Equation 3.24
(P) 1

[P] = -
, 72
Clpoz-)(@reo,)” " 1P

According to the equation above, we can see that the phosphorus content will be determined,
in addition to the phosphate capacity, by both iron oxide activity and phosphate content in the
slag. Hence, the phosphorus content in the metal is only determined by the slag composition
and each of the factors mentioned above have varying potential effects (e.g. the activity of iron
oxide is raised the power -5/2).

In Figure 3.24, phosphorus and oxygen contents of iron in equilibrium with lime saturated slags
of the CaO- P20s -FeOn system are plotted as a function of iron oxide content in the slag
(expressed as %Fe) [40, 41, 42,43, 44]. At wt% Fe >10, the equilibrium values of both oxygen
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and phosphorus are approximately constant. This is due to the constancy of both iron oxide
activity and that of calcium phosphate. The phosphorus content lie between 0.010 and
0.005wt%, and lower levels can be reached if P2Os content of the slag are less than 1% [35].
This has important applications in secondary dephosphorization processes. The
aforementioned process is used when extremely low-levels of phosphorus are required and is
achieved by the use of CaO -FeOn with the possibility of adding CaF..
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Figure 3.24: Oxygen and phosphorus contents in iron melts saturated with tetracalcium phosphates and
lime slags of the CaO- P,0s -FeO, system at 1600 4. (adapted from [40, 41, 42, 43, 44])

Figure 3.25 [36] shows the phosphorus distribution under different slags obtained from
equilibrium measurements plotted against iron oxide contents in these slags. The CaO-SiO2-
FeOn and CaO-AkLOs3-FeOn systems show similar pattern, and their phosphate capacities
coincide. However, the CaO- CaF2-FeOn system exhibits a much higher phosphate capacities
and as aresult lower phosphorus levels can be achieved by using this type of slag. For example,
the phosphorus distribution is equal to one at 20% FeOnin the CaO- CaF2-FeOn. This translates
to a phosphorus content in the metal [P] =5.6*10* wt% at 1wt% P>Os content in the slag.

The positive effect of CaF2 additions on the dephosphorization process is related to the fact
that it increases the activity of FeOn while at the same time reducing that of P2Os [45].
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Figure 3.25: Equilibrium ratio as a function of the iron oxide content in different types of slags.

[36]

3.5 The total mass transfer coefficient

This section and the following subsections (3.5.1, 3.5.2) are based on the work of T. Abel Engh
in Principles of Metal Refining [46]. Inthe interface between the metal and the slag, aresistance
to flow exist in the “films™ on both sides. These two resistance could be combined nto a total
resistance, k,. By taking on the electric circuit theory, the two resistances given as the inverse
of the mass transfer coefficients, (1/k)and (1/kg;,), can be easily combined. However, since
the driving forces (voltages) used in the rate equations for the two phases have different units,
a more complicated procedure should be followed.

In the metal phase, the molar flux of an impurity x, can be written as:
Equation 3.25

__ke
~ 100M,

n ([%x] = [%x];) [kmol/(m*s)]
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Where 1 is the molar flux, k mass transfer coefficient in the melts, p the density and M, the
molar weight of species x. Since the process is carried out at high temperatures, high reaction

rates are expected hence the metal and slag concentration at the interface, (%x); and
[%x] respectively, can be assumed to be at equilibrium:

Equation 3.26

(%x)i)/x

[%X] ifx

We can rewrite Equation 3.25 t0 give us the driving force, expressed as:

Equation 3.27

A100M,

[%x] — [%x]; = o

Same approach can be applied to the slag phase, giving:

Equation 3.28

-_kslagpslag 0 0
n= 100M, ((/ox)i (A)x))

It follows also for the driving force:

Equation 3.29

7100M,

(%x); — (%x) = k

slag pslag

The difference between the driving force in the metal and in the slag is the units, where the first
is given by mass percent metal and the second mass percent slag. However, by using the

partition coefficient,

Equation 3.29 becomes:

Equation 3.30

fo (%x)i

? B [%x];

Equation 3.31

(%x)y,  17100M,y,
fo kslagpslagfo

[%x]i -
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The molar flux can be written now as the sum of the driving force in the metal and slag phase.
So by adding Equation 3.27 and Equation 3.31 we obtain:

Equation 3.32

(%x)y, 1 Y
[%x] — X =n100M, | —+ —F——
fo * pk kslagpslag fo

In the end, by defining a total resistance equal to the sum of both the resistance in the metal
and in the slag Equation 3.32 becomes:

Equation 3.33

. pk.
n —

. (%),
- 100Mx<[/0x] - —>

Kf,

It can be noted that (%x)y, /Kf, is the hypothetical equilibrium concentration in the metal and
slag phase. The concentration profiles can be seen in Figure 3.26. The final equation has a very
important role in modeling refining processes.

Melt Interface Slag
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Figure 3.26: Concentration profiles in the melt and the slag[46]

3.5.1 Continuous back mix reactor

Although continuous reactors are simpler than batch reactor, they are not widely employed on
industrial scale. The main use of this technology is in aluminum cast houses where gas purging
is carried out.
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To simplify the process, a good approximation will be to assume complete mixing in the melt.
Figure 3.27 shows that the concentration of the impurity,x, changes discontinuously from
[%x];,,when entering the reactor to a constant value [%x] throughout the melt. Hence, the mass
balance for x can be written as:

x (kmols/second), flowing into the reactor = x (kmols/second) flowing out from the reactor
+ x removed from the melt per unit time

Or

Equation 3.34

M[%x],, B M|[%x] L
100M,  100M, *

Where M is the flow of the metal into the reactor in kg/s and G, is the removal rate of impurity
x by different mechanisms, for example by gas purging.

[%X]in — :\
——0c [%X]
\Q 7 / "

I
[%x]

Figure 3.27: Mixing reactor [46]

Assuming that impurities are removed partly by evaporation from the top surface of the melt
and partly as gas in the bubbles (given by the gas law, G'= p/p;nere), We can write the
following equation:

Equation 3.35

GKf [%x]Z k. A,p[%x]
G, = +
Pinert 100Mx

k., total mass transfer coef ficent
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A, is the melt top surface area
Z is the ef ficency of removal technique

It can be noted that both terms in Equation 3.35 of G, are proportional to [%x]. Hence, we can
calculate the reductionratio [%x]/[%x],, for the process. By combining Equation 3.34 and
Equation 3.35, we obtain:

Equation 3.36

[%x] (1 , GKfZ100M, ktSAsp>_1

[%x]in - pinertM M

If the impurity has a low vapor pressure, the term expressing the removal as gas in the bubbles
is negligible compared to that of the removal from the top surface of the melt. In this case, the
role of gas purging is to stir the melt and hence give a higher value of the mass transfer
coefficient, k,,. Moreover, it can be noted that a higher metal flow M, leads to a less favorable
reduction.

Usually in industrial practices, many reactors are coupled in series to give a better reduction
ratio. This can be explained by the fact that instead of reducing the impurity content in one
single step from [%x];,, to [%x], and by this losing the driving force for refining , a different
approach is employed. In this case, the concentration is reduced in successive steps: from
[%x];,,t0 [%x],, from [%x],_, to [%x], and finaly from [%x], to [%x], where N is the
number of reactors. In addition, the flow of inert gas G will be distributed to N reactors and

the contact area will be 4s / w In each reactor. Equation becomes:

Equation 3.37

= +—+—
NM NM

[%x] _(,, aG DA -

[%x],,

In this case, [%x] is the output after passing through N" unit and
Equation 3.38

Kf,Z100M
a= M ’b ] ktSp

Pinert

Finally, assuming N increases to infinity, we can use the following mathematical
approximation:
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Equation 3.39

aG  bAN\ " aG  bA,
1+—+— -exp|l ————
NM NM M M

The main application of this approach is when reduction ratios [%x]/[%x];,, of less than 1/ 4

are required. Systems with N — oo reactors will give much better performance than a single
back-mix reactor, which can be seen in Figure 3.28. In addition, the large number of reactors
will give the same residence time for all elements of the fluid:

where M is the total melt mass across all N reactors.

As mentioned before, the main use of this process is in aluminum refining. Three reactors are

used to obtain low [%x]/[%x],, ratios and to ensure an equivalent approach to the “constant
residence time continuous reactor”.

09}

0.8

-X

0.7 ¢

[%ox] 06l N —& oo back-mix reactors
[%X]in
0.5
041 !
1+X
0.3F
one back-mix reactor
0.2
0.1
l =
1 2 3 4 5 6 7 8 9
e aG + bA
M M

Figure 3.28: [%x]/[%xX]in ratio versus X [46]
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3.5.2 Batch reactors

The most commonly used reactors for metal refining are the batch reactors. In steelmaking, all
industrial units handles batches of metal. The mass balances is given by:

Reduction of impurity, x (kmols/second), contained in the melt per unit time =
impurity, X (kmols/second), transferred from melt per unit time
Equivalent to:
Equation 3.40

M d[%x]

“loom, at

X

The removal rate of x, G,, can be written as:

Equation 3.41

[%ox]
G, = (aC + bAs)—(wO;‘W »

Hence, Equation 3.40 becomes:

Equation 3.42

d[%ox]
[%x]

: dt
= —(aG + bAy) 7

Then carrying the integration, taking [%x] = [%x]; at time ¢t = 0 to [%x] attime ¢t

Equation 3.43

[%x] d[ ] t 4
%x t
f —[%x] = —f(aG+bAs)M
[%x]; 0

Then if we assume constant operating conditions, i.e. (aG + bAS) is independent of time, the
integration gives us:

Equation 3.44

[%x] B t
In ox], (aG + bAS)M
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Or

Equation 3.45

[%x] — exp {—(aG ;1 bAS)t}

It can be noted that the reduction rate drops exponentially with time. By replacing, t in
Equation 3.45 by = M /M, we obtain Equation 3.39. Hence, it can be noted that by using a
batch reactor, one could obtain the best achievable results from a back-mix reactor. However,
the problem with batch process are that they are difficult to control due to their time
dependence, and are very labor consuming.

3.5.3 Slag metal refining in the ladle (batch reactor)

The main problem that accompanies the use of slag in the refining of metals is mixing in the
slag phase. The relatively high viscosity of slags leads to an uneven distribution of the impurity
in this phase. For this part, we also assume “complete mixing” in the slag phase. Equation 3.40
thus becomes:

Equation 3.46

d[%x]

-M
dt

= k. pA;([%x] — [%x],)

Where [%x], is the hypothetical concentration in the metal in equilibrium with the actual
concentration in the slag (%x), given as:

Equation 3.47

[%x] Kf, = v, (%x)

To be able to integrate Equation 3.46, [%x], must be replaced by a function of[%x]. This
operation can be carried out by noting that the impurities leaving the melt will enter the slag,
given by:

Equation 3.48
M([%x];, — [%x]) = M;(%x)

Where M, is the slag mass. Assuming that the slag did not contain any impurities at the start of
refining, Equation 3.47 and Equation 3.48 can be combined to give:

Equation 3.49
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Y

e (90l = [%2])

[%x], =

Hence, the driving force in Equation 3.46 becomes:

Equation 3.50

M M

0 —TJo — [o
[%x] — [%x], = [%x] (1 t ) R
The lowest value of [%x] is attained when the driving force reaches zero. This is expressed by:

Equation 3.51

M[%x]
T M+ Kf M/,

[%x] = [%x],,

It can be noted that [%x], is the value of [%x] when the thermodynamic equilibrium between
the melt and the slag is finally reached (whent — o). The driving force can be written as a

function of [%x].,:

Equation 3.52

e M
Kf,.M

[9%x] = [%x], = (1 + )([%x] — [%x]..)

Introducing Equation 3.52 into Equation 3.46 yields:

Equation 3.53

[%x] t
d [%x] A Y. M
f ° f P ) dt
[%x] — [%x] Kf, M,
[%x];, 0

Upon integrating and assuming k., ¥,, f, do not change with time, we obtain:

Equation 3.54

pripe el R (S Ak

We can see from Figure 3.29 that [%x] drops exponentially until it reaches [%x]., given by
the equilibrium between x in the two phases, metal and slag. At t = , we have the following:

Equation 3.55
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The difference between [%x] and the final value [%x]., is reduced to 1/e = 0.37 of the
difference at time t = 0. It can also be seen that T is inversely proportional to the total mass
transfer coefficient, k,. Hence, a bigger mass transfer coefficient leads to a faster refining
process.

However, it is important to note that this approach is only applicable if we have complete
mixing in the slag phase. If mixing is incomplete, [%x] will then remain higher than that given
by Equation 3.54.

[%x] |-
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Figure 3.29: Exponantial drop of the concetration in the melt [%x] versus time [46]
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4 Experimental

4.1 Materials

4.1.1 Crucible materials
Three types of crucible were used through the master thesis work:

1. Alumina (AkO3) crucibles: These crucibles were used to alloy the iron with
phosphorus, by mixing iron and iron phosphide in predetermined quantities.

2. Magnesia (MgO) crucibles: Dephosphorization experiments were carried in this type
of crucibles.

3. Graphite crucible: It acted as an additional safety measure, where the magnesia
crucibles where placed inside of it. In case the magnesia crucible cracked or spillage,
the molten slag and metal will be contained in the graphite crucible and damage to the
furnace will be prevented.

The use of basic oxides in the slag requires a suitable crucible material. It is generally known
that a crucible made from acidic oxide cannot be used in this case; hence, neither silica (SiO2)
nor alumina crucibles were used. As a result, two possible choices of materials were
investigated: magnesia or platinum (Pt). However, the presence of molten iron (Fe) will lead
to the corrosion of the Pt crucible due to the alloying of Fe and Pt. As a result, MgO was the
suitable crucible to carry out the refining experiments.

MgO crucibles show limited solubility in basic slags, have good mechanical strength and high
temperature stability, are widely available and are relatively cheap. The crucibles were
purchased from Aremco, a USA based company. They are flat-bottomed cylindrical crucibles
with the following dimensions (38.10mm OD X 50.80mm L X 3.81mm T).

The graphite and alumina crucibles were available at NTNU and were provided by the
department of materials science and engineering.

4.1.2 Iron

Two types of iron were used through the master thesis work:

1. Pure electrolytic iron: It had 99.99% purity and was in the form of iron granules. This
was used to smelt a pure Fe-P alloy.

2. lron from Tizir, Tyssedal: It is Fe-800 quality and it was in the form of small iron discs
weighing each =50g. The average chemical composition of this type of iron is given in
Table 4.1, the balance being Iron. This iron was used to smelt a second Fe-P alloy of
lower purity, to try to simulate industrial conditions, where dephosphorization will be
carried on this specific iron quality.
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Table 4.1: Chemical composition of Tizir iron, 800 quality

Element C Si S P Mn Ni Cr Mo V Cu Ti

Mass % 3.89 0.14 0.01 0.03 0.02 0.04 0.03 0.00 0.02 0.00 0.01

Std. Dev. 0.003 0.002 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

4.1.3 Iron phosphide

Two types of iron-phosphide were also used through the master thesis work:

1. Pure iron-phosphide (FesP): It was bought from Sigma-Aldrich as a fine powder and
has 99.5% purity. It was used to smelt the Fe-P of high purity.

Industrial grade iron-phosphide: It is in the form of small lumps (10*50mm) and was used to
smelt another, less pure, Fe-P alloy. The chemical analysis of this iron phosphide is given in
Table 4.2, the balance being Iron. The analysis was carried out by William Rowland Limited.

Table 4.2: Industrial iron-phosphide chemical composition

Element P Mn Ti Si C
Mass % 25.06 2.98 1.38 0.5 0.041
4.1.4 Oxides

Three types were used through the master thesis work:

1. Iron oxide (Fe203): It was bought from Sigma-Aldrich as a fine powder of 99% purity.
2. Silicon dioxide or silica (SiO2): It was available at NTNU as a fine powder of 99%
purity and was provided by the department of materials science and engineering.
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3. Calcium oxide or lime (CaO): It was also available at NTNU as a fine powder of 99%
purity and was provided by the department of materials science and engineering.

These oxides were used in order to obtain slags with different compositions. The slags were
prepared individually for each experiment, by mixing predetermined quantities of each oxide.
No pre-melting was carried out and the slags were melted simultaneously with the iron.

4.2 Experiments

4.2.1 Iron-Phosphorus alloys

Two different iron phosphorus alloys were smelted:

1. Alloy A: To eliminate the effect of impurities on the dephosphorization process, an
“impurity- free” Iron-Phosphorus alloy was smelted. For this purpose, 8509 of pure
electrolytic iron granules were alloyed with 15.5g of iron phosphide (99.5%pure),
which will theoretically lead to a relatively pure alloy containing about 0.3wt% P. This
process was carried out in an alumina crucible under argon atmosphere and once the
mixture was molten it was cast in a copper mold and left to cool down. However,
phosphorus segregation in the alloy was observed and hence a re-melting was carried
out in a graphite tube resistance furnace. The re-melting lead to a better phosphorus
distribution across the alloy.

2. Alloy B: To simulate the conditions in the industrial process, another iron-phosphorus
alloy was smelted. For this purpose, 420g of 800-quality iron were alloyed with 5.2g of
industrial grade iron-phosphide. This process was carried out in an alumina crucible but
this time in a graphite tube resistance furnace under argon atmosphere. The melt was
allowed to solidify and was re-melted a couple of times. The exact cycle is available in
the appendix. This one carried out to ensure proper phosphorus distribution in the alloy.

4.2.2 Refining experiments

All refining experiments were done in a graphite tube resistance furnace under argon
atmosphere. The specific furnace is called the Resina furnace (Figure 4.1). The oxides were
mixed together to give the desired initial composition and then added to the crucible. Moreover
the Fe2O3 amount added was calculated based on the fact that it will react with the iron melt
to give FeO, which is referred to as FeOx. The iron was placed on top of the oxides mix. The
experimental setup is shown in Figure 4.2. The temperature measurement in these experiments
is done by a thermocouple at T<1300°C and by a spectro-pyrometer at T>1300°C and both of
them measure the temperature of the heating element and not that of the sample.
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Figure 4.1: The Resina furnace
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Figure 4.2: Experimental setup used in Set A and B of experiments




It can be noted that the MgO crucible is placed in a bigger graphite crucible for added safety
in the case of thermal or mechanical failure of the MgO crucible. In this case, the melt will be
contained in the graphite crucible and damage to the furnace will be avoided. Fortunately, not
a single accident occurred during this work. In total, twelve experiments were carried odut.
These can be divided into two sets:

1. SetA: It consisted of nine experiments. In these experiments, 60-65g of Alloy A were
used. The experimental protocol consisted of three steps. First, the temperature was
increased to 1600°C during the first hour. Once this temperature was reached, it was
maintained during 30minutes, and this period is considered as the refining time. Lastly,
the heating was stopped and argon purging was performed for 1 hour in order to cool
down the sample and prevent oxidation of the melt. The main variable in these
experiments was slag composition. The specific composition in each experiment can
be found in Table 4.3. It is worth noting that duplicates were carried out for three of the
slags composition to test for reproducibility. Upon chemical analysis, duplicates
showed the same results, hence reproducibility was validated and further compositions
were tested only once. Moreover, experiment 1 was considered as a test run to study if
the metal-slag ratio used wsuitable for further experiments. The main reason why these
compositions were used was to study the effect of iron oxide and calcium oxide on the
dephosphorization and how silica additions could affect the system.

Table 4.3: Slag composition in first set of experiments (Set A)

Slag composition (mass%o)

Experiment metal-slag ratio
% FeOx % CaO % SiO>
1 5:1 100.0 0.0 0.0
2 25:1 82.7 17.3 0.0
3 25:1 82.7 17.3 0.0
4 25:1 74.5 255 0.0
5 25:1 74.4 25.6 0.0
6 2.5:1 65.6 344 0.0
7 25:1 65.6 344 0.0
8 25:1 50.2 30.6 19.2
9 25:1 504 447 4.9
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Set B: In these experiments, 60-65g of Alloy B were used. The same experimental
protocol as the one mentioned above was followed with some changes to the refining
temperature and the refining time. These changes are stated in Table 4.4.

The slag composition was the same across the three experiments in this set (50% FeO x,
45 %Ca0 and 5% SiO2, given as mass %). In addition, the metal-slag ratio is 2.5:1.

Table 4.4: Experimental conditions in second set of experiments (Set B)

Experiment number Temperature(°C) Refining time (min)
10 1600 30
11 1500 30
12 1600 15

4.3 Analysis tests

Analytical tests were performed on both the iron and the slag and as a result will be divided
into two categories.

1.

Iron analysis tests: These tests were carried out to obtain the chemical composition of
the metal. Two methods were used: LECO CS600 for carbon and sulfur. Spark analysis
for the rest of the elements done on Thermo ARL 3460/Metal analyzer. In addition,
these tests were carried out at TiZir Titanium and Iron AS.

Slag analysis tests: X-Ray Diffraction (XRD) were used to characterize the slag phase
and the analysis was carried out at the department of materials science and engineering,
NTNU. The equipment used was Bruker DAVINCI D8 and the database PDF -4+ 2013
RDB. The slags from the experiments were crushed and XRD was carried out to
determine the different crystal structures present in the slag and hence the possible
species/oxides in it.

Moreover, Electro Probe Micro Analysis (EPMA) was also carried on Set B of experiments,
since the obtained results were complex and need further investigation. This included structure
investigation, quantitative point analysis and quantitative mapping. These tests were carried
out using the Jeol JXA-8500F Electron probe microanalyzer at the department of materials
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science and engineering, NTNU. Table 4.5 shows the different tests carried out on the different
samples.

Table 4.5: Analysis tests performed on the different samples (+=done, /= not done)

Analytical tests

Experiment EPMA
Spark/Leco XRD
Structure Point analysis Mapping
Aoy + / / / /
B + / / / /
1 + + / / /
2 + + / / /
3 + + / / /
4 + + / / /
SA s + + / / /
6 + + / / /
7 + + / / /
8 + + / / /
9 + + / / /
10 / + + + +
SetB 11 + / + + /
12 / + + + +
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5 Results

5.1 Iron alloys

5.1.1 Alloy A

As was mentioned before, phosphorus segregation was observed after the primary melting. The
chemical composition was measured at two points one at the top and bottom of the alloy (Table
5.1).

Table 5.1: Initial Chemical composition of Alloy A

Element C Si S P Mn Ni Cr Mo \V Cu Ti

Top 032 <0.01 <0.001 0.83 0.001 0.007 0.004 0.005 <0.01 0.016 <0.01
Mass %

Bot 029 <0.01 <0.001 0.06 0.001 0.007 0.005 0.005 <0.01 0.016 <0.01

A re-melt was done and analysis were carried out on Alloy A. Nine different points in the alloy
were analyzed and the average composition is given in Table 5.2. A more detailed analysis of
all the different point is given in the appendix. It can be seen that phosphorus addition was
successful (wt% P=0.28) and the alloy was more homogenous.

Table 5.2:Final Chemical composition of Alloy A (After the re-melting)

Element C Si S P Mn Ni Cr Mo \Y Cu Ti

Mass%- 0.330 <0.001 0.005 0.285 <0.001 0.004 0.002 0.002 <0.001 0.004 <0.001

Std. Dev. 0.000 0.000 0.001 0.041 0.000 0.000 0.000 0.000 0.000 0.001 0.000
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5.1.2 Alloy B

To prevent the problem of phosphorus segregation this alloy went through couple of re-melting
steps as was mentioned in the experimental part. However, phosphorus segregation was still
observed and is expressed by the relatively large standard deviation. Five different points in
the alloy were analyzed and the average composition is given in Table 5.3. A more detailed
analysis of all the different point is given in the appendix. No further re-melting was done to
improve the distribution.

Table 5.3: Chemical composition of Alloy B

Element C Si S P Mn Ni Cr Mo Vv Cu Ti

Mass % 399 013 001 0.05 0.01 0.03 0.02 <0,001 0.02 0.00 0.01

Std. Dev. 0.030 0.006 0.000 0.018 0.001 0.001 0.003 0.000 0.005 0.001 0.003
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5.2 Refining experiments

5.2.1 Temperature measurements

We can see from Figure 5.1, the heating curves for the different experiments are quite similar
and consistent where the desired refining temperature is reached with one hour after the heating

starts.

It is then kept at that temperature for the predetermined refining time and later left to

cool. Experiment 11 and 12 show the only noticeable difference since in the former the refining
temperature was changed 1500°C whereas in the latter the refining time was changed to
15minutes. One important point to note is that when the refining period was done, the heating
element was turned off and the chamber was purged with argon.

Experiment 1 Experiment 2 Experiment 3 Experiment 4
Experiment 5 Experiment 6 = = = [Experiment 7 = = = [Experiment 8
Experiment 9 Experiment 10 eecececee Experiment 11 ~  eeccecee Experiment 12
1800
1600
1400
o 1200
.
£ 1000
2
o
g 800
5
~ 600
400
200
0 ;‘1‘:!..
0 20 40 60 80 100 120 140 160 18C
Time (min)
Figure 5.1: Temperature curves for all the refining experiments
5.2.2 Physical appearance

In this section, the physical appearance of the experiments in Set A and Set B will be presented.
It consists of different pictures taken after the refining process. A description of the most
important features will be also given.
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1. SetA

Figure 5.3 shows the appearance of the different samples in set A. it is worth noting that the
inner diameter of the crucibles (white color) is 3cm. These experiments have similar
appearance where the metal (silver color) and slag phase (dark gray color) form two separate
layers and the duplicates looks more or less the same. In addition, it can be seen from
experiment 1 that the volume of the slag was not sufficient to cover the whole surface of the
metal. As a result, the metal-slag ratio was changed from (5:1) to (2.5:1). Moreover, the color
of the slag sifted toward lighter shades of grey with increasing lime and silica contents. It can
also be seen that the slag wetted the crucible pretty well.

Upon further inspection of the samples, it was observed that in experiments 1-7, the slag was
tightly bound to the metal, and as a result, slag was difficult to remove from the surface from
the metal. On the other hand, in experiments 8 and 9, the slag could be easily removed from
the metal since it formed a glassy like phase. The surface of the metal and slag in experiment
8 can be seen in Figure 5.2. The grove on the metal surface is the result of the saw blade hitting
it while trying to remove parts of the crucible.

In addition, the total mass of the crucible, metal and slag was measured before and after the
refining process and mass loss was negligible.

Slag surface Metal surface

Figure 5.2: Pictures showing the slag and metal surfaces in Experiment 8
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Figure 5.3: Pictures showing the physical
appearance of the samplesin Set A

Experiment 1

Experiment 2 ) Experiment 3

Experiment 5

Experiment 7

Experiment 6

Experiment 8

2. SetB

In experiments 10-12, the appearance of the samples differs greatly from the one observed in
Set A. the main difference is that the metal and slag were intermixed and formed some sort of
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emulsification and it was impossible to separate the metal from the slag. In addition, small iron
droplets were observed on the walls of the crucible (Figure 5.4). However, after being left for
a couple of days in air, the slag disintegrated in experiments 10and 12, changing its color from
dark grey to brownish and at this stage it was easily removed from the metal (Figure 5.5). For
experiment 11, the sample kept its shape however at later stages, part of the slag started to be
brownish. Detailed images of the different samples can be found in the appendix.

In addition, the total mass of the crucible, metal and slag was measured before and after the
refining process. However i this set of experiments, mass loss was significant (=2.5% of initial
total mass) and was consistent through the different experiments.

Figure 5.4: The appearance of the different samples right after the completionof the experiments 10-11-12
(from left to right)
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Figure 5.5: The appearance of the different samples after being left couple of days in the air

5.2.3 Spark/carbon analysis

In this section, the iron analysis of the experiments in Set A and B will be presented. However,
due to the strong mixing between slag and metal in Set B, it was only possible to analyze the
iron sample from experiment 11. The composition of the elements carbon, phosphorus and
silicon will be the focus of this section and the detailed analysis for all the different elements
can be found in the appendix.

1. SetA:

In this set of experiment, analysis was done on four different points on the iron sample from
each experiment. The results are shown in Table 5.4. As a reminder, the composition of the
slags moves toward higher lime and lower iron oxide contents from experiment 1 to 7. In
experiments 8 and 9, silica was added in different amounts (20wt% and 5wt% respective ly)
while maintaining the iron oxide content 50wt%.
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Table 5.4: Chemical composition of the samples from set A of experiments after refining

Element
C P Si
Experiment
Mass % Std. Dev. Mass % Std. Dev. Mass % Std. Dev.
Initial (Alloy A) 0.330 0.000 0.285 0.039 <0.001 0.000
1 0.086 0.001 0.283 0.026 <0.001 0.000
2 0.317 0.002 0.010 0.001 <0.001 0.000
3 0.291 0.028 0.011 0.001 <0.001 0.000
4 0.301 0.003 0.006 0.000 <0.001 0.000
5 0.303 0.009 0.006 0.000 <0.001 0.000
6 0.308 0.011 0.004 0.001 <0.001 0.000
7 0.313 0.003 0.006 0.000 <0.001 0.000
8 0.029 0.022 0.017 0.001 <0.001 0.000
9 0.015 0.022 0.003 0.000 <0.001 0.000

In experiment 1, the only significant difference is in the carbon content where it decreased from
0.33wt% to 0.086wWt%.

Moving to experiments 2-7, we can see that the carbon content in these samples did not change
significantly. However, the phosphorus content decreased. The lowest level achieved was
achieved in experiment 6, where it reached 0.004wt%. In addition, it can be noted that the
duplicates yielded very similar results. The trend here is that more phosphorus is removed with
increasing CaO content.

In experiments 8 and 9, the silica content was 20wt% and 5wt% respectively. The carbon
levels in these experiments decreased largely compared to experiments 2-7 and reached
0.015wt% in experiment 9. In addition, phosphorus was also removed with experiment 9 being
much more successful (0.003wt% in experiment 9 compared to 0.017wt% in experiment 8).

Moreover, the silicon content in the metal remained negligible in all of the experiment. In
addition, even when silica was present in the slag (experiment 8-9), the oxide was not reduced
and no silicon was transferred to the metal.
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On the other hand, it was possible in Set A to weigh the iron sample at the end of the
experiments (as mentioned earlier the slag and iron can be separated from each other). As a
result, carbon and phosphorus removal as well as iron loss can be calculated and are given as
percentage of the initial amount in Table 5.5.

Table 5.5: Iron loss as well as phosphorus and carbon removal in Set A of experiments

Experiment % Fe %P % C
1 541 6.20 75.35
2 9.15 96.96 12.72
3 9.30 96.50 20.02
4 8.30 98.22 16.36
5 8.10 98.08 15.62
6 6.37 98.82 12.61
7 6.82 97.92 11.62
8 5.73 94.14 91.21
9 5.62 98.96 95.45

These results also translate what was already mentioned for phosphorus and carbon earlier in
this section. As for iron loss, we can see that it is the lowest in experiment 1. In addition, it is
the highest in experiment 3 (9.30%) shows a decreasing trend when moving toward experime nt
9 (5.62%).

2. SetB:

In this set, it was only possible to do this type of analysis on experiment 11 due to the strong
mixing between the metal and the slag and as a result the absence of a flat metal surface big
enough to meet the requirements of the analysis equipment. The chemical composition of the
metal in experiment 11 is given in Table 5.6. Moreover, the analysis was only possible on two
different points on the iron.

It can be seen that all three elements were removed to some extent from the metal. The amount
of carbon was nearly halved (=4wt% to ~2wt%) whereas silicon was completely removed. As
for phosphorus, its amount decreased from 0.05wt% to 0.011wt%. However, these
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observations are not absolutely accurate since the level of phosphorus in the alloy showed big
deviations across the different areas and the analysis in experiment 11 only covers two point
on the top surface of the metal.

Finally, since the slag and metal were intermixed, it was not possible to measure the final mass
of iron. As a result, carbon and phosphorus removal as well as iron loss cannot be presented as
in Table 5.5 in the previous section.

Table 5.6: Chemical composition of the iron in experiment 11 after refining compared to that of Alloy B

Element
C P Si
Experiment
Mass % Std. Dev. Mass % Std. Dev. Mass % Std. Dev.
Initial (Alloy B) 3.99 0.030 0.05 0.018 0.13 0.006
11 1.993 0.065 0.011 0.002 <0,001 0.000
5.2.4 XRD

The XRD analysis was performed on the powder from the crushed slags in most of the
experiments in Set A and Set B. It is important to note that the results from XRD are qualitative
where they can only point out the species present but not the exact slag composition. However,
the intensities of the peak can give an approximation of the quantities of the different species,
e.g. which one is more dominant. The XRD patterns of all the experiments are given in the
appendix.

1. SetA:

The XRD diffraction patterns are given in figures (5.6-5.10) and the different species present
are found in Table 5.7.
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Table 5.7 : Species present in the slag from the different experiments accorindg to XRD analysis

Experiment

Species

Calcium oxides

Metallic Iron oxides only Others
only
1 (Figure 5.6) wustite (FeosaO) dicalcium silicate
gure . 0.944 (Cax(Si0a))
. synthetic iron . srebrodolskite
2-5 (Figure 5.7) (Fe) wustite (Feo.9440) (CasFez0s)
. synthetic iron . . srebrodolskite
6-7 (Figure 5.8) (Fe) wustite (FeO) lime (CaO) (CasFez05)
. . kirschsteinite
8 (F 5.9 tite (FeO .
(Figure 5.9) wustite (FeO) (CaFe™2(Si0w))
srebrodolskite
) thetic i . ) (CazFe205)
9 (Figure 5.10) Syntheticiron wustite (FeooO) lime (CaO)
(Fe) kilchoanite

(Ca5.Si04.Si3010)
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Figure 5.6: XRD pattern of the slag powder in experiment 1
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Figure 5.7: XRD pattern of the slag powder in experiment 2 and 5
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Figure 5.8: XRD pattern of the slag powder in experiment 6 and 7
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Figure 5.9: XRD pattern of the slag powder in experiment 8
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Figure 5.10: XRD pattern of the slag powder in experiment 9

2. SetB:

The slag from experiment 10 and 12 were the only ones to be analyzed by XRD. In experiment
10, it was possible to carry out the analysis both on the dark grey and brownish slag.

In experiment 10a (Figure 5.11), where the ‘a’ stands for grey slag, the main component is
synthetic iron. In addition, three other components are present Hatrurite (Cas(SiO4)O), Lime
(CaO) and Magnesium-Iron oxide (Mgi-xFexO). Lastly, some small quantity of Portlandite
(Ca(OH)2) also exist.

In experiment 10band 12b (Figure 5.11), where the ‘b’ stands for brown slag, the XRD patterns
are similar where only the intensities of the peaks is slightly different and they are also similar
to experiment 10a. However, in these two experiments, synthetic iron is no longer the dominant
species and all the different components exist in approximately equal amounts. And we can see
that the quantity of Portlandite (Ca(OH)2) increases drastically.
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Figure 5.11: XRD pattern of the slag powder in experiments 10a, 10b and 12b

5.25 EPMA

EPMA analysis was only carried on Set B of experiments. It can be divided into three parts:
imaging, quantitative point analysis and quantitative mapping. The images showing the most
important features will be presented in this section and the rest will be available in the appendix.

The different samples used for EPMA can be seen in Figure 5.12. It can be noted that two
different parts from experiment 10 were analyzed (named 10.1, 10.2).
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Figure 5.12: Different samples used for EPMA (from left to right: experiment 10.1, 10.2, 11, 12)

1. Imaging/quantitative point analysis:

All the figures below show that the metal and slag are intermixed and the mixture is very
porous. In addition, we can see that different phases in the slag exist by looking at the color,
shape or surface topology. In all the experiments, three slag phases exist: CaOrich phase, CaO -
SiO2 phase and MgO-FeO phase. However, the appearance of these phases is not identical
across all the figures, and it is important to refer to the quantitative point analysis. It is worth
noting that the total amount of all elements is more than 100wt%. This is due to the surface
topology, since it is not perfectly flat and due to the inaccuracy in measuring the carbon levels
due to interference from the carbon coating (part of the sample preparation).

One important observation that can be made is that the phosphorus levels tend to be higher in
the CaO containing phase than the levels of the metal. For example, by looking at Figure 5.13,
points 1-3 which are located in the metal contain P levels between (Owt%-0.042wt%) and then
by moving to points 7-9 which are located in the CaO containing phases these levels rises and
range between (0.759wt%-2.161wt%).

As for silicon, it can be seen across all the figures that silicon content in the metallic iron is
very small, which is in line with that observed in the spark analysis. In addition, it can also be
seen that the silicon levels are lower in the main body of the metal and relatively higher in the
iron droplets found in the slag phase. So if we take a look at Figure 5.13, looking at point 1-3
which are located in the main body of the metal the levels of silicon ranged between (0wt%-
0.048wt%) , and by moving to the iron droplets, depicted by points 4-6, the silicon levels rise
and range between (0.142wt%-0.184wt%).

Moreover, accurate observations related to carbon distribution cannot be made because the
carbon coating of the samples interfere with the analysis and might lead to false conclusions.
In addition, we can see that aluminum levels in both slag and metal are very low across all the
samples.
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The final point to be made here is that these observations might or might not be valid for the
whole metal-slag volume since the analysis in only carried on very small areas. However, since
results from imaging on wider areas have shown similar patterns, we can assume that these
results can describe the totality of the metal-slag volume.

80



Figure 5.13: Surface image and point analysis of experiment 10.1
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Figure 5.14: Surface image and point analysis of experiment 10.2
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Figure 5.15: Surface image and point analysis of experiment 11
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Figure 5.16: Surface image and point analysis of experiment 12
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1. Quantitative Mapping:

It was only carried out on the samples from experiment 10.1 and 12 due to time constraints. In
this section, results from experiment 10.1 will be presented since they offer a complete
overview of the situation in the different experiments. The results from the other experiment
are available in the appendix.
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Figure 5.17: Quantitative mapping of the sample in experiment 10.1

Figure 5.17 show the quantitative mapping of the same area presented in Figure 5.13. By
looking at O distribution, we can see it is exclusively present in the slag phase which also
exclusively contain the Ca, Si and Mg. As for iron, it is present in the biggest amount in the
bottom of the area (the metal) and in lower quantities in the slag most probably as FeO. For
phosphorus, we can see that it is present in the highest amounts in the slag phase (green color).
The interesting observation is related to carbon, where it can be seen that it is segregating in
the metal and is found in larger amounts in the interface between slag and metal (light blue
lines).
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6 Discussion

6.1 Iron alloys

6.1.1 Alloy A

As it can be seen from table 1 and 2, phosphorus levels were increased in the alloy A to the
desired levels and the re-melting assured homogenous composition. This is related to the fact
that upon re-melting the metal will be mixed. In addition, the use of pure iron phosphide kept
the alloy relatively pure where no significant impurities were introduced in the metal. As for
the relatively high carbon level, its main source might be the graphite crucible used as
protection. Since, at high temperature, some carbon dust might have been formed which later
contaminated the metal.

6.1.2 Alloy B

By comparing the composition of Fe-800 (Table 4.1) and that of alloy B (Table 5.3) it can be
seen that phosphorus level was not increased as was expected. In addition, segregation was
also observed even after a series of re-melts (high standard deviation). This can be attributed
to the fact that industrial iron phosphide was used which was in the form of small lumps. The
appearance of these lumps showed big variations with some showing shiny silver color, which
might be caused by high iron levels. Hence, the composition of the iron phosphide in single
lumps might not be the same as stated in Table 4.2. This discrepancy might introduce errors
when calculating the amount of iron phosphide needed and hence lead to the observed result.

6.2 Refining experiments

6.2.1 Physical appearance
1. SetA:

In experiment 1, the metal:slag ratio of 5:1 was deemed msufficient since it wasn’t covering
the whole surface of the metal and lead to the use of a 2.5:1 ratio in later experiments. In
addition, the presence of wustite in the slag (reaction between iron and iron (I1l) oxide gave it
the dark grey color (Figure 5.3). Moving to experiments 2-9, the slag color changed to lighter
shades of grey. This can be explained by the fact that calcium oxide and silica (only in
experiments 8-9) were present, which have white color.

The perfect separation between slag and metal might be related to the fact that pure iron was
used which have high melting temperature. As a result, upon cooling the metal solidified first
and due to its high density will have solidified at the bottom, which then was covered by the
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slag. In addition, when silica was added, the metal and slag were easily separated which can be
explained by the fact that silicate slags have higher viscosity and form glassy slags (figure).

Finally, the combined mass of crucible, metal and slag remained approximately constant which
can be explained by the fact that the experiments were carried out in argon atmosphere and as
a result what leaved the metal will have to enter the slag and no further oxidation into the
atmosphere could take place.

2. SetB:

The results in this set of experiments differ greatly from Set A. Although the slag composition
in these experiments is similar to that of experiment 9, strong mixing and even emulsification
between the metal and slag was observed in Set B (Figure 5.4). The only major difference is
the carbon content in the iron from Alloy B. The carbon level has been increased from 0.33wit%
to 3.99wt%. This affect will the properties of the iron melt directly and indirectly those of the
slag. First, the melting point of iron with 4wt% carbon is around 1200°C (from 1538°C for
pure iron) and the slag has a melting temperature around 1450°C. In this case, the slag will
solidify first and iron droplets can be trapped inside the slag. Secondly, the surface tension of
liquid iron is dramatically reduced at high carbon levels where it decreases from 1600 ergs/cm?
for pure iron to 1200 ergs/cm? at 4wt% carbon [47]. This will lead to an enhanced mixing
effect. Moreover, the viscosity of iron is also lowered from =~6.2¢p for pure iron to =~4.8cp for
iron with 4.4wt% carbon at 1600°C [47]. To summarize, it can be noted that the increased
carbon content in the metal will change its properties and might lead to a better mixing and
emulsification.

On the other hand, the carbon content was reduced at the end of these experiments to ~2wt%.
The carbon lost could have reduced some of the iron oxide in the slag and hence changing its
composition and moving the equilibrium to another area of the CaO-SiO2-FeO phase diagram.
In addition, if the carbon was removed as CO2 (an assumption since the outlet gas was not
analyzed during the refining experiments), it will enhance the stirring in the melt and might
lead to the observed physical appearance. In addition, this fact might also explain the presence
of the small iron droplets on the surface of the crucible.

As for the loss in the combined mass of crucible, metal and slag at the end of the experiments,
it can be explained by both the reduction in the carbon content and by the fact that the small
iron droplets imply that some iron might have been also lost from the crucible.

Finally, for the observed disintegration of the slag (Figure 5.5), where it changed color from
grey to brown, two possible explanations can be given. First, some of the slag components
were not stable and after being left in the air the slag composition was changed. The second
might be due to reaction with water since when the crucibles were cut, water was used to cool
the blade. However, the XRD analysis did not show any major difference in the components
of the two slags, the only difference was in the amount of each component.
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6.2.2 Spark analysis
1. SetA: (Table 5.4, Table 5.5)

In experiment 1, around 75% of the carbon content was lost. This was expected since in this
experiment iron and iron oxide were the only components of the system and carbon would have
reduced some of the iron oxide in the slag. On the other hand, phosphorus levels remained
constant which can be explained by the absence of lime since phosphorus can be only removed
from the iron as calcium phosphates in the slag according to Reaction 3.10. Lastly, iron loss in
this experiment was the smallest since the metal to slag ratio was the biggest, and hence only
asmall amount of iron reacted with iron (111) oxide.

Moving to experiments 2-7, the carbon loss was much smaller, ranging between (11.62%-
20.02%). The main reason behind this observation is that some of the iron oxide will be bound
to the lime forming stable compounds that could not be reduced by carbon. On the other hand,
dephosphorization was very successful and between 96%-99% of the phosphorus was removed
lowering its level in the metal to the desired levels (<0.03 wit%). The best dephosphorization
was observed with the highest lime contents (experiments 6-7) which is to be expected since
lime will lower the activity of P20s. In addition, the high slag volume will also enhance
dephosphorization by both diluting the P2Os and by increasing the oxygen potential in the slag.
Lastly, iron loss decreases by moving from experiment 2 to 7, which is explained by the
decreasing amount of Fe2Og in the slag reacting with iron according to the following equation:

Reaction 6.1
(Fe,03) + [Fe] = 3(FeO)

For experiments 8-9, carbon loss increased drastically to above 90%. The possible explanation
is first that silica addition to the slag will lead to the formation of calcium silicate compounds
instead of iron oxide and lime compounds. Hence, an increased quantity of free iron oxide
exists in the slag, which can be reduced by carbon. As for dephosphorization, it can be seen
that only big additions of silica (experiment 8) will affect the process. But still the slag was
effective in removing up to 95% of P. This can be explained by the fact that silica will bound
to lime, and as a result less free lime will be available in the slag and hence P2Os will slightly
increase. In addition, silica will consume some of the free oxygen in the slag melt (to form
silicates) hence reducing the oxygen potential. Moreover, the increased viscosity in silicate
melts can lower the mass transfer coefficient of the impurities in the slag. In experiment 9, the
effect of silica addition was masked by the increased lime content (45%), which in turn lead to
the best dephosphorization results observed (99% removal). Lastly, the iron loss in these
experiments was the lowest since the amount of Iron (111) oxide in these slags was the lowest.
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To sum up, all of these observations fall in line with those encountered in the literature and
discussed in an early part of the thesis where high CaO and FeO contents, low SiO2 contents
and large slag volume will lead to a better dephosphorization.

2. SetB: (Table 5.6)

As it was mentioned before, the iron from experiment 11 was the only sample to be analyzed
and data from only two points was possible to collect. In this experiment, the decrease in the
carbon level was high which is similar to what was observed in case of experiment 9 in Set A.
This can be related to the fact that the same slag composition was used in this experiment and
hence big quantity of free iron oxide exist in the slag, which can be reduced by carbon. As for
phosphorus, its amount has been decreased from 0.05% to 0.011%. As was mentioned before,
this is due to the fact that phosphorus will be oxidized to P2Os and then transferred to the slag
as calcium phosphates. Finally, silicon was completely removed. The main explanation
revolves around the oxidation of Si to SiO2 due to the high oxidation potential of the slag.
However, all of these observation can serve only as a qualitative reference since the analysis
was only done on two points and they only represent a small proportion of the metal and might
be as a result just a local distribution.

6.2.3 XRD

1. SetA:

In experiment 1, the main slag component is wustite (FeO). The main reason behind this
observation is the reducing conditions in the experiments since hematite (Fe203) is in
equilibrium with Fe under argon atmosphere. As aresult, the following reaction will take place:

As a result, hematite will be replaced by wustite in the molten slag. However, by looking at the
phase diagram (Figure 3.10) wustite should not be stable at low temperatures and will be
replaced by magnetite (Fes3Oa4). Nevertheless, the presence of wustite can be explained by the
fact that the sample was cooled fast enough for it to remain a stable phase and hence
thermodynamic equilibrium was not reached. As for the presence of dicalcium silicate, the only
possible explanation is that it was formed from the impurities either in the slag or in the metal
since it is found in very small quantities.

Moving to experiments 2-5, which showed the same XRD pattern but with varying intensities
for the different species, the two main components are wustite (FeO) and srebrodolskite
(CazFe20s) and synthetic iron is also present. By looking at the phase diagram in Figure 3.11
between 17-25wt% CaO, the stable phases, at high temperatures, are Fe, Ca2Fe2Os and
calciowustite. At lower temperatures, calciowustite will change to (CaO.FeO.Fe203).
However, this species was not detected in XRD analysis. The only reason which can help
explain this observation might be related to rapid cooling and its ability to stabilize these
phases.
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In experiments 6-7, the CaO content increases to ~35wt%, the XRD showed that the main
species are wustite (FeO) and srebrodolskite (CazFe20s). In addition, lime (CaO) and synthetic
iron are also present. The presence of Fe, FeO and CazFe2Os can be explained by referring to
the phase diagram (Figure 3.11) where it can be seen that these phases should be stable in this
region. However, the reason behind the presence of wustite is unclear.

In experiment 8, where silicate slag (50 wt% FeO, 30wt% CaO, 20wt% SiO2) was used, two
main components exist Kirschsteinite (CaFe*?(SiO4)) and wustite (FeO). Kirschsteinite is a
member of the olivine mineral group. By looking at the phase diagram (Figure 3.18), it can be
seen that it lies on the borders of the olivine and wustite region. This explains why the two
aforementioned components were obtained.

In experiment 9, three main components exist srebrodolskite (CazFe2Os), lime (CaO) and
wustite (Feo.9O). In addition, synthetic iron (Fe) and a very small quantity of Kilchoanite
(Cas.Si04.Si38010) also exist. According to the phase diagram in (Figure 3.18), it is seen that it
lies in the region of the subsystem 3Ca0O.SiO2, CaO and FeOn, however this is only true at high
temperatures. Upon cooling down, the system will change and other phases might be formed.
The presence of wustite (FeO) and srebrodolskite (CazFe20s), in addition to lime (CaO) and
synthetic iron agree with what was observed in experiment 6-7 where high amount of lime
were used. Moreover, since this is aternary system, the presence of all these species is justified.

Finally, it should be pointed out that the absence of phosphate containing species in the
experiments where refining was successful (experiment 2-9) is likely due to the technical
limitations of the XRD analyzer where the limit for detection is 0.5wt%. Therefore, the
phosphate species theoretically should be present but in small quantities, which is to be
expected since the levels of P in the metal, are lower than 0.3wt%.

2. SetB:

All the experiments in this set showed the same XRD pattern but with carrying intensities. The
main components are synthetic iron, hatrurite (Cas(SiO4)0O), lime (CaO) and magnesium-iron
oxide (Mgi-xFexO). Lastly, portlandite (Ca(OH)2) also exist. The first thing to note here is the
presence of magnesium containing compounds which wasn’t detected before. However, this is
not unexpected since the crucible material is magnesia. One of the reasons that might have led
to this change is the reduction of Fe2Ozsin the slag by the high carbon content in the metal. This
might have shifted the equilibrium to a different region in the phase diagram where MgO can
substitute for CaO. The other interesting observation is the presence of portlandite (Ca(OH)2).
This helps explain why the slag has disintegrated by assuming that some of the calcium
containing species have reacted with water (used when the samples were cut) or with moisture
in the air. The reason why such reaction took place is the high porosity of the slag obtained in
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these experiments. All other species observed in the analysis can all be possibly formed in this
system.

In the end, 1 would like to point out that the phase diagrams predict the possible species that
might be present. However, And due to the small scale of my experiments, cooling is relatively
fast and the species that should be present at equilibrium under normal conditions, might not
be present in this work.

6.2.4 EPMA

As was mentioned before, the different figures shows the metal and slag are intermixed and the
mixture is very porous. In addition, different phases in the slag cab be seen by looking at the
color, shape or surface topology. Inall the experiments, three slag phases exist: CaO rich phase,
Ca0-SiO2 phase and MgO-FeO phase. For example by looking at Figure 5.13, the slag phase
and the metal phase show some sort of boundary layer and some small iron droplets can be
found in the slag. These small iron droplets are the reason why synthetic Fe was observed in
the XRD pattern. However, by looking at Figure 5.14, it can be seen that the iron is more
dispersed in the slag and different slag phases can be identified. By looking at the quantitative
point analysis, three slag phases exist: Ca-rich region, which might be either Lime (CaO) or
Portlandite (Ca(OH)2) based on the XRD analysis, Ca-Si-O phase which is the Hatrurite
(Ca3(Si04)0) species and an Mg-Fe-O phase which is the Magnesium-Iron oxide (Mgl-
xFexQ) species. Moreover, it is interesting to note that in different areas of the sample the
distribution of these species differs. For example, by looking at Figure 5.15, it can be seen that
only the iron and Ca-Si-O phase exist. In the oxide phase, high levels of phosphorus were
observed and strong intermixing is observed hence it can be concluded that dephosphorization
occur in this region and the Ca-Si-O phase is the main dephosphorizing agent. All of these
observations agree with the physical appearance of the samples, where in some areas the metal
and slag phases are well separated whereas in other parts of the samples small iron droplets can
be seen in the slag and these parts are especially porous.

Lastly by looking at the mapping (Figure 5.17), one can get a qualitative overview of what is
happening. The most interesting observation is the fact that phosphorus is mainly present in
the slag phase. This was expected since removal of the phosphates to the slag phase is the only
possible mechanism of refining in my experiments and this effect is enhanced by the presence
of big amounts of lime. Moreover, some sort of segregation of carbon was observed at the
interface between slag and metal (not totally accurate due to the carbon coating), and this kind
of explains the decrease in carbon content in the metal which is either by reaction with oxygen
or by reducing iron oxide in the slag to release CO.
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In the end, it is worth mentioning that these images only show small areas of the sample and
might be only representing the local distribution and hence general conclusions have not been
made.
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7 Conclusion

Two types of Fe-P alloy were smelted during the thesis work. The use of two different types
of iron-phosphide lead to different results, especially in the case of industrial iron-phosphide
where the levels of phosphorus was not increased as expected and segregation was observed.

e For future work, the use of pure iron phosphide is recommended since it leads to
predictable and consistent results.

In set A of experiments, different binary and ternary slag systems were studied on pure iron
alloy (alloy A). It was concluded that:

e The use of metalslag ratio of 2.5:1 was the best in this work, since the slag will cover
the whole area of the metal and will lead to more consistent results

e Higher Fe2Oscontent led to high Fe loss to the slag , an expected result of having a
reducing medium

e Higher CaO contents lead to a better dephosphorization by lowering the activity of P2Os

e Silica additions should be avoided since they adversely affect dephosphorization and
should be only used if slags with low melting temperatures are required. In addition,
when silicate slags were used carbon content in the metal was reduced.

e The best dephosphorization was observed in experiment 9 with a slag containing
50wt% FeO, 45wt% CaO and 5wit% SiO2. Up to 99% of the initial amount of
phosphorus was removed.

In set B, dephosphorization was studied in alloy B using the slag composition from experime nt
9. The results obtained were not expected and led to the following conclusions:

e Impurities in the iron, mainly carbon and silicon, will affect drastically the refining
process. However, the exact mechanism is still unclear and needs further investigation.

e Slag and metal were extremely mixed and porous. As a result, analysis on the iron was
difficult.

e The physical appearance of the samples changed after being left a couple of days in the
air, where the slag disintegrated.

e No decisive conclusion can be made on the extent of dephosphorization in these
experiments, nor on the effect of refining time and temperature.

The XRD and EPMA analysis agree with each other and with the observations from the
literature.

¢ Inthe case of binary CaO-FeO slags, the main species were wustite and calcium ferrites

e In case of ternary silicate slags, silicate compounds were observed, e.g. kirschsteinite
(CaFe*?(Si0O4)) and kilchoanite (Cas.Si04.SizO10)
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e The presence of portlandite (Ca(OH)2) due to the reaction between calcium containing
species and water/moisture can be the reason behind the disintegration of the slag
observed in Set B of experiments.

e EPMA quantitative imaging showed that the majority of the phosphorus will be present
in the slag phase.
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8 Future work

Even if this project work reached many important conclusion, complete understanding of the
dephosphorization process requires more investigation and experiments. The next step would
be a more in depth study on the effect of impurities. The following suggestions are a possible
start.

o Smelt new type of alloys, with different carbon levels and/or silicon, which will be used
in the refining experiments. The influence of carbon and silicon on the
dephosphorization process can then be unveiled.

e Carry out EPMA analysis on a larger set of samples, which will provide valuable input
for improvement in the refining process.

e Carry out more experiments to study the effect of refining time and temperature.

e Study rephosphirization reaction by using P2Os-containing slags, and hence shedding
light on the phosphate capacities of the different slags used in this study.

Lastly, it is very important to understand the Kkinetics of dephosphorization and hence a new
experimental protocol should be applied. One suggestion is to increase the samples size and
find a way to take out small amounts of metal and slag at fixed time intervals and analyzing
them.
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Figure A.1: Temperature curve for the smelting of alloy B
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B. Iron analysis

Table B.1: Detailed chemical composition of the different points in Alloy A

Chemical composition (Wt% )

Point

C Si S P Mn Ni Cr Mo \% Cu Ti
1 0.329 0.000 0.007 0357 0.000 0.005 0.002 0.002 0.001 0.004 0.000
2 0.330 0.000 0.004 0249 0.000 0.004 0.001 0.001 0.000 0.003 0.000
3 0.330 0.000 0.006 0.314 0.000 0.004 0.002 0.002 0.000 0.004 o0.000
4 0.330 0.000 0.006 0291 0.000 0.004 0.002 0.002 0.000 0.004 0.000
5 0.330 0.000 0.006 0297 0.000 0.004 0.002 0.002 0.000 0.003 0.000
6 0.330 0.000 0.004 0211 0.000 0.004 0.002 0.002 0.000 0.004 0.000
7 0.330 0.000 0.005 0301 0.000 0.004 0.002 0.002 0.000 0.005 0.000
8 0.330 0.000 0.004 0.265 0.000 0.004 0.002 0.002 0.000 0.005 0.000
9 0.330 0.000 0.005 0.278 0.000 0.005 0.002 0.002 0.000 0.006 0.000

Chemical composition (wt% )(continued)

Point

Co Pb B Al Sb Sn W Zn Bi Fe
1 0.002 0.002 0.000 0.002 0.003 0.001 0.000 0.000 0.003 99.280
2 0.002 0.000 0.000 0.001 0.001 0.000 0.000 0.000 0.001 99.400
3 0.002 0.002 0.000 0.002 0.003 0.001 0.000 0.000 0.004 99.330
4 0.002 0.001 0.000 0.002 0.003 0.001 0.000 0.000 0.003 99.350
5 0.002 0.001 0.000 0.002 0.002 0.001 0.000 0.000 0.003 99.350
6 0.002 0.001 0.000 0.002 0.003 0.001 0.000 0.000 0.003 99.430
7 0.002 0.002 0.000 0.002 0.003 0.001 0.000 0.000 0.005 99.340
8 0.002 0.001 0.000 0.002 0.003 0.001 0.000 0.000 0.004 99.380
9 0.002 0.002 0.000 0.002 0.003 0.001 0.000 0.000 0.005 99.360
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Table B.2: Detailed chemical composition of the different points in Alloy B

Chemical composition (W% )

Point
C Si S P Mn Ni Cr Mo \Y} Cu Ti

1 4.005 0.120 0.013 0.060 0.014 0.032 0.028 0.000 0.029 0.000 0.017

2 4017 0.123 0.013 0.066 0013 0.033 0.026 0.000 0.027 0.001 0.014

3 3960 0.130 0.013 0.024 0.011 0.034 0.020 0.000 0.017 0.000 0.008

4 0.134 0.036 0.013 0.034 0.023 0.000 0.020 0.002 0.010

5 0.129 0.039 0.012 0.034 0.023 0.000 0.022 0.000 0.013

Chemical composition (Wt% ) (continued)

Co Al

1 0.000 0.000

2 0.000 0.000

3 0.000 0.000

4 0.001 0.000

5 0.000 0.000
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Table B.3: Detailed chemical composition of the iron in experiments 1-7

Chemical composition (Wt%o)

Exp. Pt
C Si S P Mn Ni Cr Mo \% Cu Ti
1 | 0.087 0000 0.051 0.262 0.000 0.006 0.001 0.001 0.000 0.001 0.000
2 | 0.086 0.000 0.007 0267 0.000 0.007 0.003 0.004 0.001 0.006 0.000
. 3 0.000 0.009 0.281 0.000 0.007 0.003 0.004 0001 0.006 0.000
4 0.000 0.008 0.320 0.000 0.007 0.003 0.004 0.001 0.006 0.000
1 | 0316 0.000 0.007 0.010 0.000 0.008 0.003 0.004 0.001 0.007 0.000
2 | 0320 0.000 0.007 0.010 0.000 0.008 0.002 0.003 0.000 0.005 0.000
’ 3 | 0316 0.000 0.006 0.008 0.000 0.007 0.001 0.002 0.000 0.002 0.000
4 0.000 0.007 0.010 0.000 0.008 0.002 0.031 0.000 0.005 0.000
1 0.323 0.000 0.007 0.012 0.000 0.008 0.001 0.001 0.000 0.001 0.000
2 | 0279 0.000 0.006 0.009 0.000 0.007 0.001 0.001 0.000 0.001 0.000
’ 3 | 0271 0.000 0.007 0011 0.000 0.008 0.002 0.033 0.000 0.005 0.000
4 0.000 0.007 0.012 0.000 0.008 0.003 0.003 0.000 0.004 0.000
1 | 0304 0000 0.055 0.005 0.000 0.007 0.001 0.001 0.000 0.001 0.000
2 | 0.298 0.000 0.006 0.005 0.000 0.007 0.001 0.001 0.000 0.002 0.000
) 3 | 0.300 0.000 0.006 0.006 0.000 0.008 0.003 0.004 0.000 0.006 0.000
4 0.000 0.006 0.006 0.000 0.007 0.002 0.003 0.003 0.005 0.000
1 | 0308 0.000 0.007 0.006 0.002 0.008 0.003 0.004 0.001 0.022 0.000
2 | 0293 0.000 0.006 0.006 0000 0.007 0001 0.001 0.000 0.002 0.000
° 3 | 0309 0.000 0.007 0.006 0.000 0.008 0.003 0.004 0.005 0.006 0.000
4 0.000 0.006 0.006 0.002 0.008 0.003 0.004 0001 0.008 0.000
1 0.313 0.000 0.002 0.003 0.000 0.007 0.002 0.003 0.000 0.003 0.000
2 | 0295 0.000 0.003 0.003 0.000 0.006 0.001 0.002 0.000 0.001 0.000
° 3 0.315 0.000 0.004 0.004 0.000 0.007 0.002 0.003 0.000 0.004 0.000
4 0.000 0.004 0.004 0.000 0.006 0.002 0.002 0.000 0.003 0.000
1 | 0311 0.000 0.005 0.007 0.000 0.007 0.003 0.004 0.001 0.006 0.000
2 | 0315 0.000 0.005 0.006 0.000 0.007 0.001 0.001 0.000 0.001 0.000
! 3 0.000 0.005 0.006 0.000 0.007 0.001 0.001 0.000 0.002 0.000
4 0.000 0.005 0.007 0.000 0.007 0.002 0.003 0.000 0.005 0.000
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Table B.4: Detailed chemical composition of the iron in experiments 8-9

Chemical composition (Wt% )
Exp. Pt
C Si S P Mn Ni Cr Mo \Y% Cu Ti
1 |0.006 0.000 0.007 0016 0000 0.006 0.001 0.000 0.000 0.000 0.000
2 | 0.030 0.000 0.008 0.017 0.000 0.006 0.002 0.002 0.000 0.000 0.000
° 3 | 0050 0.000 0.009 0.018 0.000 0.006 0.001 0.000 0.000 0.000 0.000
4 0.000 0.008 0.016 0.000 0.006 0.002 0.001 0.000 0.000 0.000
1 | 0.003 0.000 0.004 0.003 0.000 0.005 0.000 0.000 0.000 0.000 0.000
2 | 0.002 0.000 0.003 0.002 0.000 0.005 0.000 0.000 0.000 0.000 0.000
’ 3 | 0040 0.000 0.004 0.003 0.000 0.005 0.001 0.001 0.000 0.000 0.000
4 0.000 0.004 0.003 0.000 0.005 0.001 0.001 0.000 0.000 0.000
Table B.5: Detailed chemical composition of the iron in experiment 11
' Chemical composition (Wt%)
Point

C Si S P Mn Ni Cr Mo \Y/ Cu Ti

1 2.060 0.000 0.012 0.018 0.011 0.037 0.021 0.000 0.010 0.000 0.000
2 1930 0.000 0.012 0.021 0.011 0.036 0.023 0.000 0.012 0.000 0.000

3 1.990 0.013
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Figure C.1: Physical appearance of the sample from experiment 10
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Figure C.2: Physical appearance of the sample from experiment 11

Figure C.3: Physical appearance of the sample from experiment 12
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D. XRD
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Figure E.1: First EPMA image of experiment 10.1
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Figure E.7: Second EPMA image of experiment 11
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Figure E.9: Fourth EPMA image of experiment 11
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Figure E.10: First EPMA image of experiment 12
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Figure E.11: Second EPMA image of experiment 12
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