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Abstract

Low phosphorus content steels are essential for steel applications where high ductil-

ity is required, such as thin sheets, deep drawn, pipelines and automobile exteriors.

In the past, phosphorus control was not considered a big challenge in steel produc-

tion in the US because iron ores with low phosphorus contents were readily available

and considered cheap. However, in the last decade, the iron ore price has risen by

roughly 400% and lower cost iron sources generally have higher phosphorus content.

In integrated steel plants, phosphorus removal usually takes place during the oxygen

steelmaking process (OSM) but in Japan a intermediate step for hot metal dephos-

phorization is commonly used. There are various types of OSM furnaces but the most

widely used remains the top-blown Basic Oxygen Furnace (BOF). The BOF slag can

be recycled to a sinter plant or directly to the blast furnace, ultimately increasing

the phosphorus input in the process. In order to meet new demands for phosphorus

control, it is necessary to improve our understanding on the thermodynamics and

kinetics of the phosphorus partitioning reaction between slag and metal melts during

steelmaking. Therefore, the present work has been divided in three strongly cor-

related sections: phosphorus equilibrium between metal and slag; analysis of plant

data; and observations of the reaction kinetics.

Phosphorus equilibrium between liquid metal and slag has been extensively stud-

ied since the 1940’s. It is well known that CaO and FeO are the main slag con-

stituents that help promote dephosphorization. On the other hand, dephosphoriza-

tion decreases with temperature due to the endothermic nature of the reaction. Many

correlations have been developed to predict the phosphorus partition ratio as a func-

tion of metal and slag composition as well as temperature. Nevertheless, there are



still disagreements in the laboratory data and the equilibrium phosphorus partition

can be predicted with an uncertainty of a factor of up to 5. The first part of the

present work focuses on generating more reliable equilibrium data for BOF-type slags

by approaching equilibrium from both sides of the reaction. The experimental results

were combined with two other sets of data from different authors to produce a new

correlation that includes the effect of SiO2 on the phosphorus partition coefficient,

LP .

Although the quantification of phosphorus equilibrium is extremely important,

most industrial furnaces do not operate at equilibrium, usually due to liquid slag

formation, kinetics and time constraints. Thus, it is important to know how close to

equilibrium different furnaces operate in order to suggest optimal slag compositions

to promote dephosphorization. The present work analyzed four large sets of data

containing the chemical compositions of both slag and metal phase as well as the

tapping temperature of each heat. Each set of data corresponded to different furnaces:

one AOD (Argon Oxygen Decarburization), two top-blown BOFs and one Q-BOP or

OBM. It was found that the bulk slag composition can greatly “mask” the data due

to solid phases coexisting with the liquid slag. The author used the software package

FactSage to estimate the amount of solids in the slag and liquid slag composition. It

was found that the AOD is the reactor closest to equilibrium, followed by the Q-BOP

(OBM) and the two top-blown BOFs. It was noted that the stirring conditions and

slag composition are two key variables to enable optimum phosphorus removal. Also,

over saturating the slag with CaO and MgO does not seem to benefit the process to

any extent.

Lastly, interesting observations on the behavior of small metal droplets reacting

with slag are presented and discussed. It was found that dynamic interfacial phe-

nomena at the metal-slag interface is likely to play a significant role in the kinetic



behavior of the system, due to the exchange of surface active elements, such as oxygen,

which dramatically lowers the interfacial tension and cause spontaneous emulsifica-

tion. Although this phenomenon has been studied, actual quantification of changes

in interfacial area remain a challenge. The author developed an experimental method

to enable better quantification of spontaneous emulsification and two sets of experi-

ments were carried. One with an Fe containing 0.2 wt.% P and another in a P-free

system where pure iron was oxidized. It was found that phosphorus did not play

a role in spontaneous emulsification and it was rapidly removed before the onset of

dynamic interfacial phenomena. Emulsification was maybe caused by de-oxidation of

the metal after phosphorus removal took place and the metal became super saturated

with oxygen by an unknown reason. The estimated surface area rapidly increases

by over an order of magnitude during the beginning and intermediate periods of the

reaction. The metal drop breaks into hundreds of small droplets, effectively emulsi-

fying the metal into the slag. With time, the surface area decreases and the metal

droplets coalesce. Similar results were observed for an Fe droplet being oxidized.

Spontaneous emulsification takes place regardless of the direction of oxygen transfer

and the changes in surface area are similar for both cases.

The last chapter describes the industrial relevance of the present work, summarizes

the findings, revisits the hypotheses and presents potential future work where further

research is encouraged.
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Chapter 1

Introduction

1.1 The Oxygen Steelmaking Process

In integrated steel plants, the steelmaking process starts with cokemaking and sin-

tering followed by the Blast Furnace (BF). The BF is responsible for reducing the

iron bearing charge such as iron ore, pellets or sinter and producing hot metal. The

iron bearing raw materials, coke and fluxes are charged from the top of the reactor.

A blast of hot air, enriched with oxygen and often combined with pulverized coal or

natural gas is injected at the bottom of the furnace. The pulverized coal and coke

react with oxygen to form carbon monoxide gas, which promotes the reduction of the

iron oxides to metallic iron and provides energy. Due to the carbon rich environment

in the blast furnace, the metallic iron becomes saturated with carbon and contains

Si, Mn and P as impurities. The content of these impurities depends on the type of

ores and fuel used. A typical composition of hot metal in shown in Table 1.1. The

gangue from the ores, the ashes from coke and coal, and the charged fluxes, form a

mixture of molten oxides called slag. A typical composition of blast furnace slag in

shown in Table 1.2
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Table 1.1: Typical Hot Metal Composition.

Element Fe C Si Mn S P
(wt.%) 94.5 4.5 0.40 0.30 0.03 0.07

Table 1.2: Typical BF Slag Composition.

Species CaO SiO2 MgO Al2O3 Sulfur
(wt.%) 40 36 10 10 1

The residence time inside a Blast Furnace is of around 6 to 8 hours and, in the

case of phosphorus, more than 96% of the total P input ends up in the hot metal.

After the BF, the hot metal is separated from the slag by simple density difference

and normally is desulfurized in a separate process and later it proceeds to the Oxy-

gen Steelmaking Process (OSM). In some plants, dephosphorization can also happen

before the OSM, but this is generally not usual in Europe, North and South America.

One of the most used reactors for oxygen steelmaking in the Basic Oxygen Furnace

(BOF). The origin of the name BOF comes from the refractory lining and the addi-

tives made during furnace operation. In the BOF, hot metal and scrap are rapidly

refined by the use of oxygen. The main goals of the BOF and other OSM operations

are to lower the carbon, sulfur and phosphorus content in the metal bath, melt scrap

and raise the temperature of the steel to around 1620-1640◦C. [1]

During the beginning of the oxygen blow, fluxes are added to promote phosphorus,

sulfur and refractory erosion control. These fluxes are rich in CaO and MgO and the

two most used are burnt lime and dolomitic lime. CaO is mainly added to aid sulfur

and phosphorus control and MgO is responsible for saturating the slag in order to

minimize refractory erosion. [1] The dissolution of these fluxes, the oxidation of iron,

manganese, sulfur and phosphorus results in highly basic slag. After the blowing
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Figure 1.1: Overview of the steelmaking process. [3]

period, the slag floats on top of the metal bath and the steel is poured into a ladle

and the slag is subsequently removed from the furnace.

After the BOF, the resulting product is called steel and it usually undergoes a

secondary refining step. The goals of secondary refining are to fine-tune steel compo-

sition, temperature and inclusion content. This is achieved by flux injection, alloying,

argon stirring, magnetic stirring and vacuum degassing processes. [1]

The steel is then poured into a tundish that feeds a continuous caster where the

steel is cast. This concludes the steelmaking process and the subsequent operations

include rolling, heat-treating, coating, etc. Figure 1.1 (reproduced from [3])shows a

schematic drawing of the combined BF, BOF, Ladle Furnace and Casting.

1.1.1 Historic Review of Modern Steelmaking Processes

Modern steelmaking processes began development during the second half of the 19th

century with the Bessemer process and would evolve to a series of pneumatic steel-

making processes. The Bessemer process consisted of blowing air in a bottom-blown

vessel lined with acid (siliceous) refractories through a bath of molten pig iron. Suf-
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Figure 1.2: Diagram of Bessemer vessel. Reproduced from [1].

ficient heat was generated by the oxidation of impurities, such as silicon, manganese

and carbon, that no external heat source was needed. This process worked partic-

ularly well with pig iron that was low in phosphorus, high in manganese and with

adequate silicon. From 1870 to 1910, the majority of the steel in the world was

produced by the Bessemer process. [19]

In Europe, the Basic Bessemer process or the Thomas process was patented in

1879. The process involved a basic lined vessel and a basic flux which made possible

the refining of pig irons with high phosphorus content commonly found in various

parts of Europe. The process was never used in the United States and saw a decline in

production. By 1904, the open-hearth steelmaking process surpassed the production

of the Thomas process, which continued to decline at a steady pace. [19]

The Siemens process, known as open hearth in the United States, was successfully

demonstrated in 1868 and was initially known as the pig iron ore process. It was
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constituted by a covered rectangular hearth which contained the pig iron and scrap

charge. Combustion gas with excess oxygen would flow on top of the hearth and

provide most of the energy required for refining the metal and oxygen to promote the

oxidation of impurities in the bath. After passing the hearth, the gas was directed to

one of two gas checkers where it would exchange heat with bricks and checkerwork.

After 15 or 20 minutes the gas flow would switch directions and the checkers were

used to preheat the gas and air to relatively high temperatures. This operation was

repeated every fifteen to twenty minutes. Oxidation of impurities was promoted by

both the oxygen of the air in the furnace and the iron ore added to the bath. These

impurities were carbon, silicon and manganese. Obviously, a small amount of iron

oxide was formed and would be part of the slag. The lining of the vessel was initially

acid but later, due to the need of removing phosphorus, a basic lining of magnesite

brick and dolomite would permit the addition of limestone and the formation of a

basic slag. This was known as the basic process. The open hearth process became

dominant in the United States. [1]

After World War II, the use of gaseous oxygen in the pneumatic process became

commercially successful. This enabled steel to be produced at a fraction of the time

required by the open hearth process. This resulted in the decline of the open hearth

with the last facility US closed in 1991 in Utah. The first plants using top-blown

oxygen reactors were in operation since 1952-53 at Linz and Donawitz in Austria.

Bottom-blown basic vessels proved to be unsustainable due to the rapid deterioration

of the refractory tuyere caused by the high temperatures attained during the process.

On the other hand, blowing oxygen from the top was found to produce steel with

high chemical and thermal efficiency. [19]

The most used top-blown process is commonly called basic oxygen process or

BOP. Another common name refers to the reactor vessel as basic oxygen furnace or
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Figure 1.3: Diagram of a top-blown BOF. Reproduced from [1].

BOF. The process consists of a basic lined vessel where high purity oxygen is blown

from a water cooled vertical top lance as shown in Figure 1.3.

During the 1970s, a bottom-blown process was successfully developed in Canada

and Germany. The workaround to prevent the rapid deterioration of tuyere refractory

was achieved by surrounding the oxygen gas by a sheath of another gas, usually

propane or natural gas. This process is known as OBM in Europe and as Q-BOP in

the United States. However, most of the steel made from hot metal uses the BOF or

top-blown process which will be the major focus of this thesis.

Many other developments were made on oxygen steelmaking to better control the

process. Vessels can often have bottom stirring coupled with the top injection of

oxygen (combined blowing). The bottom gases are usually oxygen, argon or nitrogen

and help stir the bath to provide better control over the reactions taking place during

refining.
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Figure 1.4: Diagram of Open Hearth Process. Reproduced from [1].

Figure 1.5: Diagram of a bottom-blown BOF. Reproduced from [1].
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Chapter 2

Motivation

Low phosphorus content steels are essential for steel applications where high ductility

is required, such as thin sheets, deep drawn, pipelines and automobile exteriors.

Phosphorus’ ability to strengthen and embrittle ferrite imposes restrictions on the

maximum phosphorus content for the aforementioned applications. Many different

strategies have been industrially implemented to help control the final phosphorus

content in the steel but challenges in controlling phosphorus remain. [20]

The only source of phosphorus in steel is from the raw materials; thus, raw material

selection is a way to maintain the phosphorus content within the desirable range.

The iron ores available in the USA have phosphorus contents from 0.030wt.% to

0.060wt.%P. In South America, Brazilian ores have 0.035wt.% to 0.055wt.%P with

low P ores usually present in the south and higher P ores in the north of Brazil;

Venezuela and Peru both have contents around 0.090wt.%P. Australian ores have

0.025wt% to 0.1wt%P. Ores from Russia, Kasakistan and China have phosphorus

content varying from 0.040wt.% to 0.150wt.%P. [20, 21] In the past, phosphorus was

not considered a big challenge in steel production because low P ores were readily

available and considered cheap, since then, the price of iron ore has spiked. In the past
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Figure 2.1: Price history of dry metric ton of iron ore. [4]

decade, iron ore price has risen by roughly 400% as shown in Figure 2.1. [4] Given

this scenario, it is natural that companies start to look for less expensive iron ore

sources. These sources often have higher phosphorus content. Therefore the removal

of phosphorus in steelmaking demands greater efforts especially in plants where the

quality of the raw materials used in inevitably results in high phosphorus content in

the hot metal. [21, 22]

A pretreatment of the hot metal after the blast furnace and prior to decarbur-

ization in the Oxygen Steelmaking Process (OSM) can be employed. The goal of

the pretreatment is to remove sulfur and, sometimes, phosphorus and silicon. [20,23]

Hot metal dephosphorization is a common practice in Japan. In the United States

and Europe hot metal pretreatment (HMPT) is limited to desulfurization. Dephos-

phorization is not attractive because it requires desiliconization, causing temperature

loss, which reduces scrap melting in the OSM, and additional costs. [24]
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Figure 2.2: Different BF-OSM routes. In blue hot metal pretreatment is used. In
purple the OSM slag is recycled directly to the blast furnace. In green the OSM slag
is recycled to a sinter plant and then the sinter is charged on to the blast furnace.

Phosphorus can also be removed during the steel refining process. In fact, over

90% of the initial phosphorus in the melt can be removed in the BOF. The refining

capacity of the slag depends of many variables such as slag and metal compositions,

temperature, time and intensity of slag/metal stirring. [20]

In addition to P in the ores, phosphorous can enter the melt through recycled slag.

A common practice is to recycle some of the OSM slag to a sinter plant or directly

into the blast furnace. The sinter or the OSM slag is then fed to the blast furnace,

inevitably increasing the phosphorus input on the process. The goal is to retrieve the

iron and lime in the slag and to minimize slag disposal. [20, 23] Figure 2.2 compiles

these different steelmaking routes where these techniques are employed.

Therefore, considering the industry needs for cheaper iron sources and the desire

to recycle slag, it is necessary to improve our understanding on the thermodynamics
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and kinetics of the phosphorus partitioning reaction between slag and metal melts

during steelmaking. The available laboratory data does not correlate well with plant

data and kinetics data is very limited. The goal of this project is to address these

three topics using fundamentals to successfully predict equilibrium, model the kinetic

behavior of phosphorus removal and suggest optimal slag compositions during OSM

operation to maximize phosphorus removal.
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Chapter 3

Technical Background

3.1 The Phosphorus Reaction and Thermodynamic

Equilibrium

Balajiva et al. [25] and Winkler et al. [26] conducted the first comprehensive studies on

dephosphorization during the 1940s. Balajiva used an Electric Arc Furnace-like design

where an indirect arc heated the metal and, as soon as the slag was added, a direct

arc was applied to the slag. Balajiva’s apparatus however was not able to maintain

a constant temperature for more than 40 minutes, which is very low compared with

the equilibration time reported by other authors. [10, 13, 27] Regardless of whether

or not equilibrium was achieved, Balajiva et al. did observe that FeO and CaO

are necessary slag constituents when dephosphorizing steel. They also observed that

the dephosphorization reaction is exothermic and that the slag dephosphorization

capacity decreases with temperature. Winkler and Chipman [26] used an induction

furnace with two graphite electrodes placed above the bath to provide radiant heat to

keep the slag molten. The experiments were carried out for 30 minutes. Chipman then
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attempted to calculate an equilibrium constant for the desphosphorization reaction

described by equation 3.1.

2P + 5O + 4(CaO) = (4CaO.P2O5) (3.1)

Where the underline designates species in solution in the steel for the 1 wt%

standard state and curved brackets are species present in the slag. The equilibrium

constant for (3.1) was given by:

KP =
a4CaO.P2O5

[aP ]2[aO]5(aCaO)4
(3.2)

Winkler and Chipman [26] also observed that dephosphorization is enhanced by

a decrease in temperature and increase in FeO content and basicity of the slag.

In 1953, Turkdogan and Pearson [28] pointed out that the unsatisfactory nature

of the early studies were due to arbitrary methods employed to calculate the actual

concentration of the reactants (free lime, ferrous oxide, etc.). These methods were

merely empirical correlations and could be applied only to very narrow ranges of com-

position to describe equilibrium. In fact, they did not relate to the actual activities in

the system and did not hold when conditions were changed. Turkdogan and Pearson

proposed that it is satisfactory to consider the reaction taking place in its simplest

form.

2P + 5O = P2O5(liquid) (3.3)

They also evaluated the change in free energy using an estimate of the entropy of

fusion of P2O5, so that
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∆G
◦

T = −168000 + 133.0T (cal/mol) (3.4)

logKP =
36850

T
− 29.07 (3.5)

KP =
aP2O5

[%P ]2[%O]5
(3.6)

Turkdogan and Pearson also computed the activity coefficient of phosphorus pen-

toxide. The activity coefficient was increased by silica and decreased by basic oxides

such as CaO and MgO. [28]

During the 1980s Suito and coworkers [10,11,29,30] did an extensive investigation

on phosphorus partitioning in various slag systems. In 1981 Suito [10] studied the

CaO-SiO2-MgO-FeOx system using MgO crucibles in the temperature range of 1550-

1650◦C. Although the experiments were carried out in magnesia crucibles, the MgO

content in the slag did vary significantly pointing that the MgO dissolution from the

crucible to the slag is much slower than the equilibration time used. They concluded

that the phosphorus distribution ratio increased with increasing content of CaO in

the slag and with decreasing temperature.

In 1982, Suito and Inoue [29] published a paper on the effect of calcium fluoride on

phosphorus partition. The experiments were also carried out from 1550◦C to 1600◦C.

Suito concluded that the effect of CaF2 on dephosphorization is the same as CaO

without raising the melting point of the slag. In 1984 they [30] published a study on

the effects of barium and sodium oxides on phosphorus partitioning. They concluded

that the CaO equivalencies of Na2O and BaO are 1.2 and 0.9 on weight percent basis

respectively. Also in 1984 they [11] published an article about phosphorus distribution
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in MgO-saturated slags of the system CaO-FetO-SiO2-P2O5-MnO. The same article

proposed the last form of Suito’s correlation:

log
(%P )

[%P ](T.Fe)
5
2

=

0.0720
[
(%CaO) + 0.3(%MgO) + 0.6(%P2O5) + 0.6(%MnO)

]
+

11570

T
− 10.520

(3.7)

In 1985, Zhang et al. [31] proposed a different phosphorus partition correlation

that included an additional temperature term and the effect of SiO2. The derivation

used the formalism of Flood, Forland and Grjotheim (F.F.G.) [32] together with

experimental data.

The F.F.G. treatment is based on the idea that molten slags are fully ionized. For

a given anionic exchange reaction, the equilibrium constant can be defined as:

logKmix =
∑
i

NMe2+i
logKMe2+i

+ f(γ) (3.8)

where Kmix is the equilibrium constant for the complex anionic reaction, NMe2+i
is

the molar fraction of each cation present in the slag (Ca, Mn, Mg, Fe), KMe2+i
is the

equilibrium constant for the formation of pure phosphates in the form of Me3(PO4)2

and f(γ) corresponds to a logarithmic function of all activity coefficients. [33] The

final result from [31] is given by Equation 3.9.
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log
(%P2O5)

[%P ]
=

2.5 log (%FeO) +
1

T

[
162(%CaO) + 127.5(%MgO) + 28.5(%MnO)

]
− 6.28× 10−4(%SiO2)

2 +
11000

T
− 10.40 (3.9)

In 2000, Ide and Fruehan [27] revised Suito’s correlation; specifically the MgO

coefficient was found to be 0.15 instead of 0.30. These experiments were carried

in CaO crucibles so that the MgO content could be varied. The revised Suito’s

correlation is given by:

log
(%P )

[%P ](T.Fe)
5
2

=

0.0720
[
(%CaO) + 0.15(%MgO) + 0.6(%P2O5) + 0.6(%MnO)

]
+

11570

T
− 10.520

(3.10)

In 2005, Lee and Fruehan [34] looked at phosphorus equilibrium between hot metal

and low FeO containing slags relevant for new smelting processes, such as HIsmelt.

It was pointed out that phosphorus in the slag exists as a phosphate ion and that its

formation can be expressed as a gas-slag reaction by

1

2
P2(g) +

5

4
O2(g) +

3

2
O2−

(slag) = PO3−
4(slag) (3.11)

The results showed that the Log of the phosphorus partition increased with

2.5 log %FeO as predicted by the thermodynamics and that increasing slag basic-

ity also increases the partition coefficient as verified by other authors. [10–13, 25–27,
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29,30,34–36]

In 2007 Basu and coworkers published two articles [12, 13] where they studied

the phosphorus partition between liquid steel and CaO-SiO2-FeOx-P2O5-MgO slags

at 1600◦C and 1650◦C. A horizontal tube furnace with MoSi2 heating elements was

used to carry out the experiments. In the first article, the slag contained a FeO

content of up to 15 wt.% [13], it was concluded that increasing the slag basicity(
(wt.%CaO)/(wt.%SiO2)

)
up to 2.0 has a strong increasing effect on the phosphorus

partition. However, the increase is much less pronounced with basicities above 2.5.

It was also noticed that phosphorus partition ratio initially increased with increasing

FeO content but then decreases after a certain level is reached. It has been proposed

that this level is a function of slag basicity and temperature. The second article

studied slag within the same previous system but with FeO contents between 15

and 25 wt.%. [12] It was found that most of the conclusions presented in the previous

article hold. More specifically, the phosphorus partition was shown to be independent

of FeO contents above 19 wt.%. Additionally, the phosphorus partition appeared to

be lowered with an increase of MgO content at both temperatures.

In 2000, Turkdogan [35] revisited his assessment of P2O5 activity coefficients in

molten slags. It was found that for slags containing from 0.2 to 1.0wt.% of P2O5 the

activity coefficient, γP2O5 , was given by Equation (3.12).

log (γP2O5) = −9.84− 0.142
(

(%CaO) + 0.3(%MgO)
)

(3.12)

It is important to notice that log (γP2O5) is a linear function of CaO and MgO

content and that there is no temperature dependence on the above equation. For slag

containing P2O5 > 10wt.% it was found that log (γP2O5) was also a linear function of

CaO but it had a temperature dependence as shown in Equation (3.13).
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log (γP2O5) = −34950

T
+ 3.85− 0.058(%CaO) (3.13)

Basu et al. [22] also reviewed the activity coefficient of P2O5 in slags using data

from various authors and his own work. They found that expressing log (γP2O5) as a

function of ionic fractions of the slag oxides yielded a better agreement with the data.

In his correlation, the temperature dependence was very small, which agrees with the

findings of Turkdogan for slags with low P2O5 content. Basu’s correlation is shown

in Equation (3.14).

log (γP2O5) = −8.172XCa2+ − 7.169XFe2+

− 1.323XMg2+ + 1.858XSiO4−
4

+
340

T
+ 11.66 (3.14)

Where Xi corresponds to the ionic fraction of species i.

From the coefficients of Equation (3.14), it can be seen that increases in the

concentrations of Ca2+, Fe2+ and Mg2+ result in a decrease of the activity coefficient

of P2O5 whereas SiO4−
4 has the opposite effect.

Other approaches to model phosphorus partition between steel and slag have been

tried. In 2011, Yang et al. [37] proposed an exhaustive thermodynamic model based

on the ion and molecule coexistence theory (IMCT) to predict phosphorus distribution

ratio between CaO-SiO2-FeO-Fe2O3-MnO-Al2O3-P2O5 slags and molten steel. The

IMCT assumes that the slag is composed of simple ions, such as Ca2+, Fe2+, Mg2+ and

O2−; simple molecules, P2O5, SiO2 and Al2O3; silicates, aluminates and many others

as complex molecules. Every ionic species takes part in reactions to form complex

molecules from (Me2+ and O2−) ion couples and simple molecules and are under ther-

modynamic equilibrium. The possible phosphorus molecules taken into account were
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P2O5, 3FeO·P2O5, 4FeO·P2O5, 2CaO·P2O5, 3CaO·P2O5, 4CaO·P2O5, 2MgO·P2O5,

3MgO·P2O5 and 3MnO·P2O5. It was found that 3CaO·P2O5 and 4CaO·P2O5 had a

contribution to the measured phosphorus partition of 96% and 4% respectively. All

these studies have one major aspect in common: CaO and FeO play the major role

in promoting dephosphorization.

In conclusion, phosphorus equilibrium has been extensively studied and many

correlations have been developed. When slag species are considered, Equation 3.11

seems reasonable. The phosphorus partition ratio should be proportional to ao2−

(CaO) and oxygen potential as FeOt to the power of 2.5.

Correlations assuming the formation of P2O5, or P2O
4−
7 ionically, would require

the P partition ratio to be (%P2O5)
[%P ]2

and it has been found that polymerization of

phosphorus does not occur extensively in the slags commonly found in steelmaking.

The discussion so far involved the phosphorus equilibrium between liquid iron and

liquid slag. However, due to the multicomponent nature of slags, it is not uncommon

to have possible solid phases in equilibrium with the molten slag. An extensive

amount of work has been done on specific solid phases that are common in steelmaking

slags. More specifically, studies have focused on slags containing 2CaO·SiO2 and CaO

particles. [18, 38–42] These solid phases are commonly present in steelmaking slags

during OSM operation and can play a role for dephosphorization since phosphates

can be dissolved in them. This is further discussed in section 3.2.

3.2 Phosphorus Refining in BOF Operation

Previously in Chapter 1, OSM operation was explained superficially. This section

focusses in providing a more detailed overview of the reactor.
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3.2.1 Overview of Typical Top-Blown BOF Operation

The sequence of operations in the oxygen steelmaking process is heavily based on

plant design and can vary widely in basic layout. Smooth flow of materials plays

a key role in plant design and, therefore, the logistics of materials handling is very

important for BOF operation. This however falls outside the scope of the present

document and only a general overview of the main process operations are detailed in

this section.

The hot metal from the blast furnace is poured in a torpedo shaped, refractory

lined car commonly called torpedoes. Through railways each car arrives at the shop

and the hot metal is transferred to a ladle. At this stage some shops perform hot

metal treatment focussed on removing sulfur by usually adding lime and magnesium.

To charge the BOF the vessel is rotated and tilted so that a crane can charge scrap

metal before the hot metal is poured. Charging scrap before the hot metal avoids

splashing and is considered a safer practice. Hot metal from the ladle is then poured

into the furnace and this can take up to 5 minutes depending on the shop. The furnace

is then set in the upright position so that the oxygen blowing can begin. Blowing

usually takes between 15 to 25 minutes and oxygen is added in several batches that

differ in lance height and oxygen flow rate. An example of the oxygen batches and

its purpose is shown in Table 3.1. [1]

Flux additions are made soon after the oxygen blowing begins. These fluxes are

important to control the phosphorus and sulfur capacities of the slag. Fluxes are

rich in CaO and MgO usually from burnt lime and dolomitic lime respectively. CaO

plays a big role in phosphorus and sulfur removal and MgO is added to saturate

the slag with MgO and minimize corrosion on the refractory lining which is mostly

made of MgO. Fluorspar (CaF2) is sometimes used when low FeO slags are present.
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Table 3.1: Example of Oxygen Batches in a BOF. [1]

Batch N◦ Lance Height, in Oxygen Vol., Nm3 Purpose

1 150 850
Initiate oxidizing, heat gen-
erating reactions without
touching solid scrap charge

2 120 1700
Increase reaction rates and
control slag formation

3 90 11650
Promote optimum carbon
removal rate and proper
slag for the other reactions

FeO helps to dissolve CaO and low FeO levels make it hard to add lime and still

ensure proper slag viscosity. Adding fluorspar is sometimes used to help dissolve lime

without increasing the FeO content of the slag. Coolants such as iron ore and pellets

can be added with the fluxes to modulate temperature and provide initial iron oxide

to dissolve lime.

After the blow is finished, the vessel is rotated, samples are taken and sent for

chemical analysis. If corrections are needed, reblow or addition of coolants may be

required. When the heat is ready, the furnace rotates to the tapping side and the

steel is poured through a taphole into a ladle. The slag floats on top of the steel

and it is very important to minimize slag carryover. During tapping several alloy

additions are made to achieve the proper chemistry once secondary refining begins.

At this point the oxygen steelmaking process is complete and the ladle continues to

a ladle arc furnace or degasser.

3.2.2 Slag Formation Duration Oxygen Blow

‘A good steelmaker is a good slagmaker’ is a popular phrase in the steel community

and very relevant in the context of oxygen steelmaking. Having a good control over
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Figure 3.1: Change in metal composition during blowing. Reproduced from [1].

slag formation and composition enables optimum refining and minimizes the risk of

having to reblow oxygen or make extra additions at the end of the heat. Several

authors have studied the formation of slag during oxygen blow. [43–45]

During the beginning of the blow, the lance is kept high above the surface of

the metal. During the first 3-4 minutes silicon from the metal rapidly oxidizes to-

gether with iron forming a slag rich in FeO and SiO2. Significant amounts of lime

and dolomitic lime are added into the furnace. As the blow continues, solid lime

continuously dissolves into the liquid slag increasing the slag mass and basicity. As

decarburization continues, the slag starts to foam and the CO gas generated reduces

the FeO content in the slag. Close to the end of the blow, the decarburization rate de-

creases and iron oxidation becomes significant again. Throughout the blow the metal

temperature steadily increases from 1350◦C to 1650◦C and the slag temperature is

usually 50◦C higher than the metal at the end of the blow. [1,44] Figures 3.1 and 3.2

illustrate the aforementioned changes.

The mechanism of lime dissolution is very relevant to BOF operation and phos-
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Figure 3.2: Change in slag composition during blowing. Reproduced from [1].

phorus removal. Achieving fast dissolution of lime during the BOP provides great

opportunity to increase productivity, reduce process time and cost.

The dissolution mechanism of lime is a function of slag composition and the satu-

ration level of dicalcium silicate.In oxygen steelmaking, the initial slag is rich in FeO

and SiO2. When lime is first added and starts dissolving, a layer of dicalcium sili-

cate, 2CaO·SiO2, forms around the solid particles and slows down the lime dissolution

rate. [46] This solid layer can rupture and slag can further penetrate into the pores

of the lime particle and continue dissolution. The slag penetration is a function of

viscosity and pore size of the solid particle. [44]

Because in oxygen steelmaking there are often some solid oxide phases coexisting

with the slag, it is important to understand how solid particles can influence phos-

phorus removal. Several studies have looked at the phosphorus solubility in different

solid particles such as CaO, 2CaO·SiO2 and 3CaO·SiO2. [18, 38–42]

In 2006, Suito and Inoue published a series of three articles related to phosphorus
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partition between liquid slag and lime and dicalcium silicate particles. [18, 38, 40] In

the first article, they investigated the phosphorus equilibrium between the CaO-SiO2-

FetO and 2CaO·SiO2 system. It was found that the phosphorus partition between

the 2CaO·SiO2 particles and the slag varied between 2 to 70 as the FetO content

and basicity in the slag increased. The temperature dependence of P distribution

was found to be very weak and the 2CaO·SiO2 isolated particles showed complete

uniform transformation to 2CaO·SiO2-3CaO·P2O5 within 5 seconds.

Suito and Inoue looked at the phosphorus transfer from CaO-FetO-SiO2-P2O5 slag

to CaO particles. [40] They investigated the reaction mechanism immediately after

CaO particles contact P2O5 containing slags. It was found that upon contact with

the CaO-FetO-SiO2-P2O5 slag, the CaO particle was rapidly encapsulated by a layer

of 2CaO·SiO2-3CaO·P2O5 and a CaO-FetO slag without P2O5 being formed between

the CaO particle and the 2CaO·SiO2-3CaO·P2O5 solid solution.

In 2008, Kitamura et al. [42] proposed two possible routes for phosphorus trans-

fer from slag to dicalcium silicate. First, 2CaO·SiO2-3CaO·P2O5 would precipitate

from the liquid slag after phosphorus is transferred from the metal phase. In the

second proposed route, dicalcium silicate particles would already be present in the

slag before phosphorus is transferred from the metal. Phosphorus would then diffuse

into the precipitated, phosphorus-free, dicalcium silicate particle. It was found that

the phosphorus transfer rate by the precipitation route was much faster than by the

diffusion route. This points to the fact that having pre-existing dicalcium silicate

particles does not necessarily improve phosphorus removal.
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3.2.3 The Dephosphorization Mechanism in Oxygen Steel-

making

During the blow in oxygen steelmaking a very dynamic environment is created. As

the oxygen jet hits the surface of the slag and, subsequently, the molten metal, it

creates a three phase gas-slag-metal emulsion, which drastically increases the total

interfacial area available for several chemical reactions to occur between the phases.

Metal droplets are continuously ejected from the bulk metal bath into the slag-gas

mixture where they can react for a given amount of time. The generation of these

metal droplets is very important for the kinetics inside the furnace and several studies

have been published on the topic. [47–52]

The rate of refining, during oxygen steelmaking, is not only a function of the

chemical kinetics but also a function of the residence time that a given metal droplet

spends in the slag. [48] Brooks et al. [48] calculated the residence time of a metal

droplet being ejected from the bulk metal traveling in a ballistic trajectory across the

slag. The calculated residence time was less than 1 second which is too short for a

given droplet to react to a significant extent. However, when Min et al. [51] studied

the behavior of Fe-C droplets in slag, it was observed the formation of a gas“halo”

while decarburization was occurring, which kept the metal droplet suspended in the

slag for up to 200 seconds. Molloseau et al. [53] also observed the same behavior of

Fe-C-S droplets which were kept suspended in the slag for up to 50 seconds. Based

on these observations, Brooks et al. [48] modified the model to include the effect of

decarburization on the apparent density of a metal droplet and was able to predict

residence times consistent to the reported by various authors.

In 2011, Millman and coworkers [5] through the European Commission and the

Research Fund for Coal and Steel, published a report entitled “Imphos: Improving
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Phosphorus Refining”. This report looked at samples simultaneously taken from a

pilot 6 ton converter located at MEFOS in Lulea, Sweden. The report details the

sampling tool design and goes through analysis of samples to determine the mech-

anism of phosphorus removal in the BOF. The sampling system was designed by

Corus UK and consisted of individual stacked pots that were immersed in the pilot

scale BOF and opened simultaneously to allow the collection of samples at the same

time but at different heights inside the vessel. The report looked, among other top-

ics, at metal/slag ratio profiles, size distribution of metal droplets in the slag/metal

emulsion, phosphorus distribution at slag-metal interface and lime dissolution.

They defined five phosphorus removal profiles shown in Figure 3.3. For each of

these profiles, the amount of metal and its chemical composition was studied for the

slag/metal emulsion and for the bulk bath. It was found that the phosphorus content

of the metal drops in slag was usually lower than or equal to the bulk bath, pointing to

the fact that phosphorus removal was driven by dephosphorization of metal droplets

present in the slag/metal emulsion rather than in the bulk bath.

One interesting observation was that, during the early stages of the blow, phos-

phorus removal in the emulsified droplets happened a lot faster than decarburization.

Metal droplets were found to be extremely depleted in P (�100ppm) while still pre-

senting well over 1 wt% C. This could be potentially related with the gas “halo” and

emulsification observations by Min et al. [51] and Molloseau et al. [53], which could

increase the residence time of droplets during the early stages of the blow giving it

enough time to react with the highly oxidizing slag present, resulting in fast P removal

if the droplet size is appropriate.

Since P removal is strongly related to the generation of metal droplets, there

should be an ideal lance height during each stage of the blow to maximize droplet

generation and create a good slag/metal/gas emulsion. Millman and coworkers [5]
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(a) Near-Constant Phosphorus Profile (b) Phosphorus Reversion Profile

(c) High Phosphorus Removal Profile
(d) Phosphorus Reversion and Slowdown
Profile

(e) Reversion with Rapid Phosphorus Re-
moval Profile

Figure 3.3: Different phosphorus removal profiles observed by [5]. Reproduced from
[5].
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(a) Droplet Generation: Maximum Lance
Height

(b) Droplet Generation: Lance Lowered
by 30cm.

Figure 3.4: Changes in droplet generation at different lance heights. [5]. Reproduced
from [5].

also investigated this using a 1:25 scale BOF model using water and air to simulate

the metal bath and oxygen injection respectively. It was observed that as lance height

decreases, fewer metal droplets are generated as shown in Figure 3.4.

The dephosphorization mechanism in oxygen steelmaking can be summarized as:

1. During the beginning of the blow, where the oxygen lance is kept high, good

ejection of droplets is achieved and phosphorus removal happens fast.

2. As the blow continues and decarburization starts generating CO gas, FeO in

the slag is reduced and the slag can become not oxidizing enough. Which can

result in reversion of phosphorus into the melt as droplets are rephosphorized
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and return to the bulk metal. This is specially important if dissolution of lime

is not optimum.

3. Closer to the end of the blow, decarburization slows down and the FeO content

in the slag increases favoring dephosphorization once again. This however, may

not be enough to compensate for the possible reversion that occurred earlier.

4. Optimum results can be achieved by closely monitoring FeO and CaO in the

slag. Iron ore additions can be helpful to maintain ideal FeO content to continue

phosphorus oxidation in parallel with decarburization.

Overall, oxygen steelmaking is immensely complex with many factors playing

an important role in primary steel refining. Slag formation, droplet formation, mass

transfer, heat transfer and parallel chemical reactions are examples of key operational

factors in the BOF. We are incapable of addressing all of these topics. As will be

discussed later, this research is focussed on the reaction of a metal drop with liquid

slag.

3.3 Kinetics of Phosphorus Removal

While phosphorus equilibrium has been extensively studied as discussed in Section 3.1,

the kinetic behavior of phosphorus removal has not been studied to the same extent.

However, the same principles for other high temperature metallurgical reactions apply.

When P dissolved in iron contacts slag, there are several steps that take place

during the dephosphorization reaction. These steps provide a basic illustration of the

phenomenon and include:

1. Mass transfer in the metal phase of [P] and [O] towards the slag-metal interface;
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2. Mass transfer in the slag phase of (O2−) towards the slag-metal interface;

3. Chemical reaction at the slag-metal interface for the formation of (PO3−
4 );

4. Mass transfer in the slag phase of (PO3−
4 ) away from the reaction interface.

Given the high temperatures that dephosphorization occurs, it is reasonable to

assume that the chemical reaction at the interface is fast and at equilibrium. There-

fore, the possible rate limiting steps are mass transfer in the metal or slag phases or

both, if we assume there are not solid phases present in the slag capable of absorbing

phosphorus.

In 1998, Monaghan et al. [54] published a study on the kinetics of dephosphoriza-

tion of Fe-C(sat)-P hot metal by oxidizing slags. They noted that one of the main

challenges in studying dephosphorization of hot metal is to correctly quantify the

driving force for the reaction due to the non-equilibrium oxygen potential at the

slag/metal interface. This non-equilibrium occurs due to the decarburization of hot

metal which lowers the oxygen potential in the metal. In such cases, the slag is at a

high oxygen potential while the metal is at a low oxygen potential.

Monaghan et al. [54] used an induction furnace where five kilograms of carbon-

saturated iron were melted in a graphite crucible. Phosphorus was added to the

metal phase as ferrophosphorus prior to melting and 500 grams of slag was usually

used. The change in chemical composition of both slag and metal was monitored by

sampling both phases at given time intervals. The temperature difference between

both phases was kept under ±10◦C. It was found that dephosphorization reaction

followed a first order kinetic rate with respect to phosphorus concentration in the

metal. They also looked at the effect of iron oxide content in the slag and found

that higher FeO contents increase the mass transfer coefficient of the slag due to a

decrease in viscosity, even though FeO can also impact either positively or negatively
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the driving force of the reaction. They concluded that mass transport in the slag

phase was the rate limiting step. If that is the case, the phosphorus content in the

slag can be described by:

d(%P )

dt
=
ksρsA

Ws

(
(%P )i − (%P )b

)
(3.15)

Where Ws is the weight of the slag, A is the interfacial area, ρs is the density of

the slag, ks is the mass transfers coefficient in the slag and (%P )i and (%P )b are

the phosphorus contents at the interface and the bulk of the slag. Equation 3.15 is

related to the change in phosphorus content in the metal by a mass balance:

Q
d[%P ]

dt
= −ksρsA

Ws

(
(%P )i − (%P )b

)
(3.16)

where Q is the ratio of the weights of metal and slag. If the interface is at thermo-

dynamic equilibrium, Equation 3.16 can be rewritten using the phosphorus partition

coefficient, LP , in terms of the phosphorus concentration in the metal:

Q
d[%P ]

dt
= −ksρsA

Ws

(
[%P ]0
[%P ]e

)(
[%P ]b − [%P ]e

)
(3.17)

LP =
(%P )e
[%P ]e

(3.18)

where [%P] denotes phosphorus in the slag, Ws is the weight of the slag, A is the

interfacial area, ρs is the density of the slag, ks is the mass transfers coefficient in the

slag, t is the time and the subscripts e, b and 0 denote equilibrium, bulk and initial

values respectively. Integration of Equation 3.17 leads to the final equation used by
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Monaghan et al. [54]

(
[%P ]e
[%P ]0

)(
Ws

ρsA

)
ln

[
[%P ]b − [%P ]e
[%P ]0 − [%P ]e

]
= −kst (3.19)

More recently, Fruehan and Manning [6] looked at the rate of the phosphorus

reaction between liquid iron and slag. They assumed that the chemical reaction was

fast and at equilibrium and noted that the oxygen potential at the interface was

controlled by the slag phase due to its high FeO content. This is different from what

Monaghan et al. [54] assumed, since their is no decarburization occurring to deplete

the oxygen potential at the interface. Another important assumption was that the

metal/slag interfacial area was constant throughout the reaction. However, as will be

discussed later, this assumption appears not to be true.

If phosphorus is conserved in the system and there is no accumulation at the

interface, the flux out of the metal phase and into the slag are equal to each other

with opposing directions and can be expressed by

∂(%P )

∂t
Ws = −∂[%P ]

∂t
Wm (3.20)

where Ws and Wm are the weights of the slag and metal phases respectively. The flux

equations for each of the phases are:

∂(%P )

∂t
= −Aρsks

Ws

[
(%P )− (%P )i

]
(3.21)

∂[%P ]

∂t
= −Aρmkm

Wm

[
[%P ]− [%P ]i

]
(3.22)

where the subscripts s, m and i stand for slag, metal and interface respectively.

At the reaction interface, it is said that concentrations are the ones predicted by
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thermodynamic equilibrium and are related by the equilibrium phosphorus distribu-

tion ratio

LP =
(%P )i
[%P ]i

(3.23)

Combining equations 3.20 through 3.23 and solving for [%P ]i:

[%P ]i =
ρmkm[%P ] + ρsks(%P )

ρmkm + ρsksLp
(3.24)

substituting equation 3.24 into equation 3.22 and simplifying gives the following re-

sult:

∂[%P ]

∂t
= −Aρmkm

Wm

1
ρm

ksρsLp
+ 1

km

[
[%P ]− (%P )

Lp

]
(3.25)

From equation 3.25, one can define an overall mass transfer coefficient given by

k0 which has units of cm/s:

k0 =
1

ρm
ksρsLp

+ 1
km

(3.26)

From a mass balance, one can establish how the phosphorus contents in the slag

and metal are related:

[
(%P )− (%P )0

]
= −

[
[%P ]− [%P ]0

]Wm

Ws

(3.27)

By combining and integrating equations 3.25 through 3.27, one can obtain an

expression which computed [%P ] as a function of time.

−ATk0t =
Wm

ρm

1

1 + Wm

LpWs

ln

[(
1 +

Wm

LpWs

)
[%P ]

[%P ]0
− Wm

LpWs

]
(3.28)

Where AT corresponds to the total surface area including the area of any metal

droplets present due to possible emulsification of the metal phase.
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Figure 3.5: Dephosphorization data from experiment 18. Reproduced from [6].

Fruehan and Manning [6] used the aforementioned mathematical approach to

quantify the mass transfer of phosphorus between metal and slag. They used a 10kW

induction furnace to study the rate of transfer of phosphorus from metal to slag and

slag to metal as a function of temperature and slag composition. The temperature

range used was from 1550◦C to 1650◦C. Approximately 200g of iron was used and

inductively heated and stirred. The slag mass used was approximately 70g and a

molybdenum wire was wrapped around the magnesia crucible to act as a susceptor

to heat the slag. Several metal and slag samples were taken at different times with

sampling intervals ranging from 30 seconds to 10 minutes.

They used equation 3.28 to plot the right hand side (RHS) of the equation versus

time which should yield a straight line with a slope equals to ATk0 if their product

is constant. They found that the ATk0 parameter decreased as the reaction proceeds

suggesting that either AT , k0 or both are decreasing. This behavior is exemplified in

Figure 3.5.

They concluded that the apparent mass transfer coefficient seems to be a function
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of interfacial tension, which is affected by the mass flux of a surface active element,

such as oxygen, especially under rapid mass transfer conditions. The overall mass

transfer parameter (ATk0) was estimated to be on the order of 0.07 cm3/s at the

beginning of the reaction and it decreases to 0.007 cm3/s as the reaction approaches

an end. The changes in the mass transfer parameter is related to dynamic interfacial

phenomenon which enhances the mass transfer during periods of high flux of oxygen

across the interface. This high flux of oxygen is suggested to lower the interfacial

tension during the reaction which could lead to an increase in the interfacial area or

mass transfer coefficient or both. [6]

It has been shown by various authors that spontaneous emulsification can occur

during periods of intense mass transfer of surface active elements due to a very pro-

nounced reduction in the interfacial tension between two immiscible liquids. [7, 9,55]

In 1984, Gaye et al. [7] studied both equilibrium and dynamic properties of metal-

slag interfaces. He used two experimental methods to study the equilibrium interfacial

tension between several iron based alloys and slags. The first method consisted of

a slag drop resting on top of a liquid metal substrate. They used a furnace with

side openings to enable direct observation and various furnace atmospheres were used

depending on the system in question. The main advantage of this method was that

the slag drop could stay in place for long periods of time, thus achieving slag/metal

equilibrium. The second method consisted of a metal drop immersed in liquid slag.

This setup used a X-ray source operating at 120kV and 100mA was used to generate

images. Schematics for both of these setups are shown in Figure 3.6.

They concluded that, for the equilibrium interfacial tension, the oxygen and sul-

phur contents in the metal played a significant role on the observed equilibrium ten-

sion. Also, the effect of slag composition was shown to be small. Nonetheless, the

addition of CaF2 and Na2O raise the interfacial tension but MnO additions tend to
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(a) Experimental setup used by Gaye et al. [7] for the
observation of a slag drop resting on a liquid metal
substrate

(b) Experimental setup used by Gaye et al. [7] for the
observation of a metal drop immersed in slag.

Figure 3.6: Diagram of both experimental setups used by Gaye et al. [7]. Reproduced
from [7].
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lower it. Figure 3.7 summarizes the equilibrium interfacial tension results for the

studied systems.

For the the study of dynamic interfacial phenomenon, the same setup from Figure

3.6b was used. They observed a drastic decrease of dynamic interfacial tension for

all systems studied if the initial driving force for a given reaction was high enough.

Gaye [7] looked at several iron alloys and slags, including an Fe-P alloy in contact with

a CaO-Al2O3-Fe2O3 slag. The mechanism of the phenomenon was divided in three

different stages. First, the interfacial tension progressively decreases and the droplet

shape flattens. The reaction is said not to be at its maximum rate and interfacial

tension reaches an intermediate value. Second, interfacial forces “vanish” and reach

an extremely low value when the reaction rate is believed to be at its maximum.

Third, as the reaction slows down, interfacial tension recovers at a very fast rate and

droplets assume roughly a spherical shape.

Gaye et al. [7] concluded that when the oxygen flux becomes larger than about 0.1

g atom m−2 s−1, the interfacial tension approaches a value close to zero. When oxygen

flux becomes lower than 0.01 g atom m−2 s−1, interfacial tension rapidly increases to

a value close to the equilibrium tension. This is summarized in Figure 3.8.

In 1998, Jakobsson et al. [9] studied the interfacial characteristics of dephospho-

rization. They used a setup similar to Gaye et al. [7] to generate X-ray images. An

Fe-P alloy containing 0.1wt.% P was reacted with a 40 wt.% CaO, 30 wt.% SiO2, 30

wt.% Fe2O3 slag. They observed that after 10 seconds of contact between the metal

droplet and the slag, the drop flattened considerably pointing to a significant decrease

in interfacial tension between the two phases. As the reaction progressed, the contact

angles increased pointing that the interfacial tension was returning to its equilibrium

value as mass transfer slowed down as seen in Figure 3.9.

In summary, dephosphorization kinetics has been far less studied than phosphorus
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equilibrium between metal-slag. There are disagreements whether mass transfer in

the metal, slag or both control the rate of the reaction.

Due to the nature of the reaction, dynamic interface phenomena appears to have

a significant role on the overall rate of the reaction. Spontaneous emulsification seems

to occur when rapid mass transfer of oxygen takes place at the interface of metal-slag

systems. This results in a substantial decrease in interfacial tension, thus increasing

the reaction area and its overall rate. However, direct calculation of changes in

reaction area due to spontaneous emulsification remains very difficult.
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Figure 3.7: Effect of oxygen activity on the equilibrium interfacial tension of dif-
ferent Fe-based alloys and slags at 1600◦C. Dashed line for CaO-SiO2-FeO from [8].
Reproduced from [7].
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Figure 3.8: Interfacial tension as a function of time for Fe-Al alloy in CaO-Al2O3-SiO2

slag. Reproduced from [7].

Figure 3.9: Changes in droplet geometry as a reaction time proceeds for a iron drop
containing 0.1wt.%P reacting with a slag initially containing 40 wt.% CaO, 30 wt.%
SiO2, 30 wt.% Fe2O3. Reproduced from [9].
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Chapter 4

Objectives and Hypotheses

The overall objectives of this research project are to study the behavior of phospho-

rus partitioning between liquid iron and liquid slag as a function of slag chemistry;

evaluate the degree of non-equilibrium in several industrial vessels by analyzing ac-

tual plant data; and study the kinetic behavior of metal droplets suspended in liquid

slag as a function of reaction time. For each of these three topics, a corresponding

hypothesis has been formulated as follows:

1. The disagreements in the available data for phosphorus equilibrium can be

resolved by careful study including approaching equilibrium from both sides of

the system and ensuring liquid slags.

2. Phosphorus equilibrium is not achieved in regular plant operation and it is

limited by liquid phase mass transfer on both metal and slag phases.

3. The kinetics of dephosphorization is limited by liquid phase mass transfer in

both metal and slag phases. Due to spontaneous emulsification, the reaction

area greatly increases in the early stages of mass transfer. The previous studies

were only able to qualitatively analyze this effect.
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Chapter 5

Phosphorus Equilibrium Between

Liquid Iron and

CaO-MgO-SiO2-FeO-P2O5 Slags

5.1 Introduction

As previously discussed in Section 3.1, phosphorus equilibrium between liquid metal

and slag has been extensively studied since the 1940’s. In order to evaluate the

present state of phosphorus equilibrium partitioning prediction, this research utilized

the tabulated data provided in two of Suito’s papers [10, 11] as well as the more

recent data from Basu’s work [12, 13]. The form of a Suito’s type correlation can

be explained from thermodynamic fundamentals. It shows how the slag composition

affects the activity coefficients of O2−, PO−34 and Fe2+ based on the first interaction

type coefficients of a Taylor series. For simplicity purposes, only the data at 1600◦C

was compared. Figure 5.1 shows the plot of the data at 1600◦C using Suito’s revised

correlation proposed by Ide and Fruehan. [27] Although the experimental data seems
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Figure 5.1: Comparison between Suito’s [10,11] and Basu’s [12,13] data at 1600◦C

to fit well the line, it is important to remember that the plot is in logarithmic scale,

this means that a vertical scatter of 0.3 corresponds to a factor of 2 for the real y-axis

variable.

Two linear regression lines are shown in Figure 5.1. The dashed line corresponds

to a linear regression using only Suito’s data and extrapolated to cover Basu’s range

of data. The reported slope is 0.064, which is 11% lower than the original coefficient

of 0.072. This difference is most likely due to the fact that not all data from Suito

was included, but rather only the experimental data relevant to steelmaking. The

dotted line corresponds to a linear regression utilizing both sets of data. The slope in

this case is 0.068 which is in better agreement to the original coefficient of 0.072. The

r2 coefficients cannot be directly compared since one r2, i.e. 0.96, takes into account

only Suito’s data and the other, i.e. 0.95, considers both sets of data. Finally, the

y-axis intercepts are slightly different. Such a difference corresponds to a factor of
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approximately 1.12 if the log term is removed from the correlation.

Some disagreement is still present in Figure 5.1. In an attempt to resolve this

issue, a multiple linear regression was made combining both sets of data. This was

done using the software package Excel Mac 2011 and the statistical analysis plugin

StatPlus. The software utilizes the tabulated data from a Excel spreadsheet and

assigns a linear coefficient for each righthand side variable, i.e. CaO, MgO, etc., based

on the least square method. The result can be seen in Figure 5.2. The new value

of the r2 parameter is 0.97228 and the slope is the same as in Figure 5.1. However,

the x-axis coefficients and y-axis intercept have changed considerably. Specifically for

the y-axis intercept, has decreased from -4.25 to -4.29. Again, if we remove the log

term, this increase would correspond to a factor of 1.09 which is quite reasonable.

Nonetheless, the original constant term (10.520) from Suito’s correlation was also

revised to take into account this new y-axis intercept for a temperature of 1600◦C.

The revised correlation combining Suito’s and Basu’s data is given by:

log
(%P )

[%P ](T.Fe)
5
2

=

0.068
[
(%CaO) + 0.42(%MgO) + 1.16(%P2O5) + 0.2(%MnO)

]
+

11570

T
− 10.467

(5.1)

In the previous equation the temperature dependence is the same as presented

earlier in Section 3.1 but the intercept has been adjusted from 10.563 to 10.467

in order to meet the predicted intercept of -4.29 at 1600◦C. The MgO coefficient

increased by a factor of 2.77, the P2O5 coefficient has also increased by a factor of

1.93 but the MnO coefficient has decreased by a factor of 0.33. It should be noted

that the typical concentration of these three oxides are usually low with respect to

CaO, FeO and SiO2 and their overall effect on the partition ratio is relatively small.
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Figure 5.2: Revised Suito’s correlation including Basu’s data.

Although the new correlation represents some improvement over the previous ones,

some disagreement is still present in Figure 5.2. It is interesting to note that this

data represents the experiments made by Basu with high P2O5 content in the slag,

ranging from 3 wt.% to 7 wt.%.

Given these disagreements, a set of equilibrium experiments was carefully planned

and executed. The experimental approach, results and discussion are presented in the

following sections.

5.2 Technical Approach

In the present work, phosphorus equilibrium was approached from both metal and

slag sides. To do this, experiments were almost always run in pairs, with one sam-

ple transferring phosphorus from the metal to the slag, i.e. dephosphorization, and
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another sample transferring phosphorus from the slag to the metal, i.e. phosphorus

reversion. Therefore, a two-phase slag-metal equilibrium was established, which it is

faster than a three-phase equilibrium with gaseous species. Once equilibrium is set,

the phosphorus partition, that is, the ratio between the phosphorus content in the

slag and in the metal must be the same for the two samples. The slag system used

was CaO-SiO2-MgO-FeO-P2O5 and different slag and alloy compositions were tested.

The materials and experimental apparatus are described below.

5.2.1 Raw Materials

Master Fe-P Alloys

Two Fe-P master alloys were used for the equilibration experiments. For the most

part, an Fe-P alloy containing 0.043 wt.% phosphorus (designated MA1) was utilized.

The phosphorus content of MA1 is in the range of typical hot metal refining. A second

P rich alloy containing 0.2 wt.% P (designated MA2) was used for a secondary set

of equilibrium experiments when the phosphate capacity of the slag proved to be too

high and dephosphorization would occur to such an extent that the measurement of

phosphorus in the metal phase would be below the detection limits of the equipment

used for chemical analysis. This will be further explained in Sections 5.3 and 5.4.

MA1 was melted in an induction furnace under high purity argon atmosphere

using a magnesia crucible. Phosphorus was added in the form of iron phosphide in

conjunction with electrolytic iron. MA2 was kindly provided by United States Steel

Corporation in the form for a rectangular slab measuring roughly 14cm x 7cm x 20cm.

The complete chemical analysis for MA2 is shown in Table 5.1

Each of the master alloys were cut to smaller sizes, roughly 1-3 cm3 to facilitate

handling and weighing.
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Table 5.1: Chemical composition of the master alloy MA2.

%Mn %P %Ni %Cr %Mo %Va %Al %C %S %O %N
0.011 0.201 0.003 0.002 0.001 0.002 0.002 0.0008 0.0012 0.0737 0.0005

Master Slag

A pre-melted master slag was prepared with a composition in the lower range of

basicity (%CaO/%SiO2) found in steelmaking slags. Reagent grade CaO, MgO and

SiO2 were dried for 8 hours in air at 900◦C. The materials were then weighed, mixed,

placed in a carbon crucible and heated up to 1600◦C in a resistance box furnace.

High purity argon was used to set the atmosphere. A heating rate of 15◦C/min was

used and the slag was held at 1600◦C for 3 hours. The furnace was then opened and

the slag poured on a steel boat cooled in a water bath. After cooling, the slag was

crushed and pulverized into powder.

Decarburization of the slag was achieved by heating the pulverized slag to 1200◦C

and holding it for 10 hours in air. The slag was analyzed by West Penn Testing Group

using X-Ray Fluorescence (XRF) and LECO combustion analysis for carbon content.

Table 5.2 shows the target and final chemical composition for the master slag.

Table 5.2: Target and Final Master Slag Composition.

wt.%CaO wt.%SiO2 wt.%MgO wt.%C
Target 45.00 45.00 10.00 0.000
Final 44.67 44.72 9.98 0.035
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FeO

FeO was synthesized in two ways. A first batch was prepared by mixing reagent

grade Fe2O3 with a slight excess of electrolytic metallic iron and melted in a MgO

crucible under argon atmosphere. Upon cooling the crucible was cracked, the FeO-Fe

mixture was pulverized and any traces of magnetic material was removed by magnetic

separation. This FeO was used for the majority of equilibrium experiments except

for the last three experiments. The second batch of FeO was synthesized by heating

iron oxalate, FeC2O4·2H2O, to 1000◦C in an iron crucible exposed to an ultra-high

purity argon atmosphere for 1 hour according to the reaction:

FeC2O4 · 2H2O(s)
Ar−→ FeO(s) + CO(g) + CO2(g) + 2H2O(g) (5.2)

this batch was used for the last three equilibrium experiments. The X-ray diffraction

pattern for both batches is shown in Figures 5.3 and 5.4.

Ca2P2O7 and Other Materials

Phosphorus was added to the slag in the form of reagent grade calcium pyrophosphate

(Ca2P2O7). Other oxide additions such as reagent grade CaO, MgO and SiO2 were

also used to achieve the desired slag composition for each experiment.

5.2.2 Furnace

A horizontal resistance tube furnace was used for all equilibrium experiments. The

furnace was manufactured by CM Furnaces Inc., model name 1730-12 HTF containing

10 MoSi2 heating elements and a maximum operating temperature of 1700◦C. The

reaction tube was made of high density alumina tube, measuring 79.3mm ID x 88.9mm
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Figure 5.3: XRD of FeO synthesized from Fe2O3 + Fe reaction.

OD x 1066.8mm L, sealed from both sides using water cooled steel lids and Viton

fluoroelastometer gaskets. A schematic diagram of the experimental setup is shown

in Figure 5.5.

The crucibles containing the samples were placed onto a magnesia tray, which was

then placed inside the horizontal alumina tube at the hot zone. Both ends were sealed,

allowing only the ultra high purity argon stream to enter and leave the furnace from

opposite sides. The flow rate was controlled by a mass flow controller programmed

for 0.2 liters per minute of Argon (STP). MoSi2 heating elements provide the heat

from outside of the alumina tube and a type B thermocouple, placed on the outside

wall of the alumina tube, is connected to the temperature controller.

All equilibrium experiments were performed at 1600◦C with a heating rate of 2◦C

per minute.

The furnace was calibrated to 1600◦C by inserting a type B thermocouple from
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Figure 5.4: XRD of FeO synthesized from Iron Oxalate.

the right side end cap through an opening specially designed to maintain the thermo-

couple stable and its position roughly at the radial center of the tube. Temperature

was measured in intervals of 2cm from the beginning of the alumina tube until the

hot zone was reached. At the hot zone, the temperature was manually raised un-

til the thermocouple inside the furnace would read 1600◦C ± 2◦C. The temperature

calibration was periodically checked every time the alumina tube was replaced. On

average, the furnace would have to be set to 1645◦C± 5◦C in order to achieve 1600◦C

at the hot zone.

5.2.3 Crucible Selection

Crucible options were limited due to the nature of the slags used for the experiments.

As will be mentioned in Section 5.2.4, the slags were very close to MgO saturation.

In this case, the only reasonable crucible choice was high density MgO crucibles for
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Figure 5.5: Diagram of experimental setup.

all equilibrium experiments. Using MgO crucibles with a MgO saturated slag reduces

the risk of crucible dissolution and slag infiltration into the crucible, which would

increase the MgO content of the slag with time, both of which are not desirable. The

dimensions of the crucibles were 21.5mm ID x 25.5mm OD x 31.7mm H.

5.2.4 Experimental Procedure

Slag Design

The slag compositions were designed using the Equilib module of the software package

FactSage to ensure that a fully liquid slag would form at 1600◦C. The example below
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describes the FactSage protocol for designing a slag of (%CaO/%SiO2) ratio of about

3.0. A similar protocol was used for designing the vast majority of the slags used in

this study.

• FactSage setup:

– Databases: FactPS, FToxid and FSstel.

– Units: temperature - ◦C, pressure - atm, energy - J, mass - g, volume -

dm3.

• Initial species and quantities:

– For 100 grams of slag with binary basicity of 3.0:

∗ CaO = 56.25g

∗ SiO2 = 18.75g

∗ MgO = 10g (note that the initial MgO content is well above the ex-

pected saturation of about 3 to 6wt.%)

∗ FeO = 15g

∗ Fe = 100g

• Phases considered:

– Ideal gas

– Liquid steel (FSstel-LIQU)

– Liquid Slag (FToxid-SLAGA)

– Spinel (FToxid-SPINA)

– Monoxide (FToxid-MeO A)

– Dicalcium silicate (FToxid-bC2S and FToxid-aC2S)
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Figure 5.6: Liquid slag predicted by FactSage using initial values from the first at-
tempt to design a liquid slag with binary basicity of 3.0.

– Olivine (AOlivine)

• Temperature: 1600◦C

• Pressure: 1 atm

For the aforementioned inputs, the predicted liquid slag from FactSage would be

52.645 wt.% CaO, 19.005 wt.% SiO2, 23.942 wt.% FeO, 1.370 wt.% Fe2O3 and 3.038

wt.% MgO as shown in Figure 5.6. Note that the liquid slag has a binary basicity

of 2.77 instead of the desired value of 3.0. In these cases, iterative calculations were

performed incrementally adding FeO until the desired basicity for the liquid slag would

reach the target. For the example above, that is achieved by using the following initial

quantities.

• For 100 grams of slag with binary basicity of 3.0:

– CaO = 46.5g

53



Figure 5.7: Liquid slag predicted by FactSage with binary basicity of 3.0 using itera-
tive approach of adding more FeO as a slag flux.

– SiO2 = 15.5g

– MgO = 10g (note that the initial MgO content is well above the expected

saturation of about 3 to 6wt.%)

– FeO = 28g

– Fe = 100g

The resulting liquid slag would now be 51.265 wt.% CaO, 17.186 wt.% SiO2, 26.902

wt.% FeO, 1.5261 wt.% Fe2O3 and 3.1204 wt.% MgO as shown in Figure 5.7. Note

that this slag has a basicity of 2.98. This composition would then be used as the

initial target composition when weighing the materials for an experiment containing

a slag with basicity of 3.0.
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Laboratory Procedure

The same experimental procedure was used for all equilibrium experiments. The

procedure can be summarized in the steps as described below:

1. Weighing of the raw materials: 18 grams of metal and 8 grams of slag were

used for most experiments. In some cases, only 6 grams of slag were used. If

extra additions to achieve the desired initial slag composition were necessary

(like CaO, FeO or Ca2P2O7) a mixing step was added in order to homogenize

the powders prior to placing the slag into the crucible.

2. Loading of the crucible: The steel phase was added to the bottom of the crucible.

In order to ensure proper separation between steel and slag and to avoid initial

slag inclusions, a high purity iron disk was placed on the top of the Fe-P master

alloy to provide proper separation of phases. The mixed slag was then placed

on the top of the iron disk.

3. Loading of the furnace: The loaded crucible was placed into a magnesia tray,

which was then placed at the furnaces hot zone and the argon flow was started

at a rate of 0.2 liters per minute (STP).

4. Furnace cycle: The furnace was sealed and programmed for a heating rate of

2◦C/min until it reached 1600◦C. The temperature was then held for 10 hours

to ensure that equilibrium had been reached. The temperature then quickly

dropped to 1300◦C at a rate of around -35◦C/min to ensure rapid solidification

of the sample and held there for 10 minutes. The cooling rate was then resumed

to the same 2◦C/min experienced during heat up. Upon cooling, the furnace

was opened and the sample was removed.
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5. Sample preparation: In order to recover the slag and the metal phases, sand

paper #60 was used to grind off the crucible in a polishing machine with the

speed set between 200 to 300 rpm. For several samples, the slag and metal would

usually detach from each other without major difficulties after the crucible

would have been ground. Some samples would require the use of a hammer to

physically separate the slag and metal. After the separation, the metal phase

was sanded using #120 sand paper to remove any traces of slag on the surface.

6. Slag analysis: All slags were analyzed by Energy Dispersive X-Ray Fluorescence

(EDXRF). West Penn Testing was the laboratory the carried the analysis. A

phosphorus standard traceable to NIST at a level of 3.50 wt.% phosphorus was

used as well as Ausmon standard used to check the equipment daily.

7. Metal analysis: most of the metal samples were analyzed by Inductively Coupled

Plasma Mass Spectrometry (ICP-MS). Some metal samples were analyzed by

Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES) later

in the course of the project.

5.3 Results

Phosphorus transfer was approached from both sides, that is, from metal to slag and

slag to metal, whenever possible to ensure thermodynamic equilibrium was achieved.

For every furnace cycle, from 2 to 6 samples were placed at the hot zone following

the procedure described in Section 5.2.4.

Sample coding was designed to provide all the relevant information about the

sample at a glance. It consists of two capital letters followed by four or five numbers,

e.g. MS1105. Where M and S stand for metal and slag respectively. The first
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numerical digit refers to the only master slag used, where 1 corresponds to the master

slag shown in Table 5.2. The second digit refers to the master alloy used and can

have values of either 1 or 2 corresponding to MA1 or MA2 respectively as described

in Section 5.2.1. The next two digits refer to the number of the experiment in the

order it was performed. Therefore, MS1105 means that phosphorus was transferred

from the metal to the slag, i.e. dephosphorization; used the master slag from Table

5.2 plus whatever additions were necessary; used master alloy MA1 and it was the

fifth experiment performed. The initial calculated slag and metal compositions are

shown in Table 5.3.
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Table 5.3: Calculated initial slag and metal compositions.

Sample %CaO %MgO %P2O5 %SiO2 %FetO %P
MS1101 41.08 4.05 1.43 17.69 27.79 0.04
SM1101 40.97 4.02 1.66 17.56 27.82 0.00
MS1102 48.76 4.18 1.39 18.75 20.93 0.04
SM1102 48.66 4.17 1.60 18.69 20.89 0.00
MS1103 51.42 3.06 1.42 18.39 20.00 0.04
SM1103 51.30 3.06 1.63 18.32 19.97 0.00
MS1104 52.15 2.97 1.43 17.40 20.25 0.04
SM1104 52.05 2.97 1.63 17.29 20.25 0.00
MS1105 49.31 3.18 1.42 15.43 23.84 0.04
SM1105 49.19 3.18 1.64 15.35 23.82 0.00
SM1106 46.88 3.22 1.64 13.85 26.74 0.00
MS1107 46.71 3.10 1.40 12.98 27.84 0.04
SM1107 46.56 3.09 1.63 12.94 27.82 0.00
MS1108 42.39 4.50 1.43 16.95 26.99 0.04
SM1108 42.12 4.46 1.65 16.92 27.09 0.00
MS1109 46.93 3.65 1.46 17.09 24.00 0.04
SM1109 46.83 3.74 1.65 17.38 23.63 0.00
MS1110 50.36 3.17 1.42 17.30 21.58 0.04
SM1110 50.05 3.17 1.61 17.32 21.65 0.00
SM1111 48.22 3.27 1.65 15.79 24.16 0.00
MS1112 48.48 3.22 1.48 14.71 24.97 0.04
SM1112 48.28 3.21 1.63 14.53 25.16 0.00
MS1201 50.85 4.00 1.42 20.34 18.18 0.20
MS1202 51.36 3.70 1.42 19.80 18.44 0.20
MS1203 51.98 3.50 1.41 19.28 18.52 0.20
MS1204 52.48 3.30 1.44 18.76 18.67 0.20
MS1205 52.98 3.20 1.43 18.29 18.74 0.20
MS1206 53.34 3.10 1.43 17.78 18.93 0.20
MS1207 39.20 3.23 1.55 14.96 31.92 0.00
SM1207 34.42 3.59 2.18 17.06 33.24 0.20
SM1208 48.14 3.00 2.44 18.53 21.68 0.00
MS1209 49.46 4.99 1.44 17.86 20.41 0.20
MS1210 46.54 5.65 1.29 19.57 20.95 0.20
MS1211 42.41 4.51 1.42 16.97 26.97 0.20
SM1211 41.59 4.56 2.54 16.62 26.98 0.00
SM1212 45.56 4.51 2.53 16.58 23.95 0.00
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5.3.1 Visual Observations

After the experiment, a few samples were mounted in epoxy, cross-sectioned and

polished for visual examination of the metal and slag phases. Figure 5.8 shows the

cross-sectional area of a typical sample mounted in epoxy. It can be seen that the

metal/slag interface is well defined. The slag nicely wets the magnesia crucible while

the metal phase does not exhibit wetting behavior. Also, slag penetration and crucible

dissolution was usually small, indicating that, in fact, the slag was somewhat close to

the predicted MgO saturation.

5.3.2 Chemical Analysis Results

As previously mentioned in Section 5.2.4, the slag phase was analyzed by XRF and

the metal phase by ICP-MS. Table 5.4 shows the raw data obtained from the chemical

analysis for both metal and slag.
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Figure 5.8: Cross sectional area of a typical sample mounted in epoxy and polished.
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Table 5.4: Reported values from chemical analysis for slag and metal. Species marked
with“–” were not analyzed.

Sample %CaO %MgO %P2O5 %SiO2 %FetO %P
MS1101 – 6.05 1.51 – 29.48 0.0040
SM1101 – 5.82 1.52 – 29.68 0.0040
MS1102 – – 1.67 – 22.01 0.0010
SM1102 – 5.53 1.62 – 20.78 0.0010
MS1103 – 4.77 1.74 – 19.31 0.0016
SM1103 – 4.82 1.85 – – 0.0017
MS1104 – 6.83 1.34 – 37.90 0.0010
SM1104 – 6.23 1.54 – 32.16 0.0009
MS1105 – 5.99 1.35 – 40.88 0.0010
SM1105 – 4.57 1.81 – 27.06 0.0012
SM1106 43.60 5.66 1.67 12.69 32.23 0.0007
MS1107 43.64 5.02 1.69 12.35 33.17 0.0004
SM1107 44.10 4.98 1.75 12.51 32.58 0.0005
MS1108 43.63 5.59 2.20 18.02 27.23 0.0011
SM1108 – 5.38 1.82 – 29.21 0.0013
MS1109 47.28 4.54 1.91 19.54 23.69 0.0009
SM1109 – 4.50 1.97 – 22.90 0.0009
MS1110 51.26 4.15 2.01 19.08 20.91 0.0013
SM1110 – 4.70 1.82 – 21.84 0.0013
SM1111 – 4.60 1.66 – 25.77 0.0014
MS1112 47.87 5.05 1.68 15.58 26.62 0.0008
SM1112 – 5.51 1.65 – 25.10 0.0009
MS1201 48.62 4.98 2.70 21.08 19.92 0.0016
MS1202 48.55 4.37 2.63 21.33 19.66 0.0021
MS1203 49.87 4.36 2.66 20.32 20.20 0.0011
MS1204 50.24 4.16 2.71 19.99 20.30 0.0012
MS1205 50.09 4.24 2.67 19.04 21.28 0.0010
MS1206 50.63 4.15 2.60 18.61 21.35 0.0011
MS1207 37.17 7.10 2.86 13.98 34.56 0.0013
SM1207 35.86 9.00 2.54 17.30 31.34 0.0016
SM1208 43.66 6.09 2.42 16.60 27.74 0.0010
MS1209 48.04 7.45 2.91 20.26 18.86 0.0008
MS1210 50.10 6.68 3.07 18.40 19.23 0.0011
MS1211 43.79 6.52 3.02 17.34 25.99 0.0010
SM1211 46.68 7.24 2.96 17.27 22.93 0.0011
SM1212 42.46 6.65 2.80 16.70 27.84 0.0008
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The majority of the equilibrium slag samples were analyzed for CaO, SiO2, FetO,

MgO and P2O5. The species not analyzed of a certain sample are indicated with a

“–”.

5.4 Discussion

From Table 5.4, it can be seen that some samples were not completely analyzed. This

is especially true for the set of experiments where only the concentration of the critical

species were analyzed. It was later decided that full slag analyses was to be carried

for the experiments that followed. For these samples, it was assumed constant weight

of the species not analyzed.

5.4.1 Chemical Analysis Estimate and Correction

CaO and SiO2

Several samples were not analyzed for the final CaO and SiO2 contents, especially

in the first half of experiments as it can be seen in Table 5.4. The assumption was

that, ideally, the initial and final CaO and SiO2 amounts of the slag should not change

during the phosphorus reaction. However, the CaO powder presented a small amount

of unexpected hydration. This was checked by heating the CaO powder above the

calcination temperature (1000◦C) for 10 hours and checking the delta in the measured

weight. The measured weight loss was around 2% of the initial CaO mass. It was

finally decided to correct the CaO and SiO2 contents in the slag by assuming 2%

weight loss of the original CaO amount and constant ratio between CaO and SiO2.
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MgO

Only one sample was not analyzed for MgO: MS1102. However, since MS1102 and

SM1102 have basically the same chemistry, it was assumed that the MgO content for

MS1102 was the same as that of SM1102.

FetO

The FetO content in the slags were usually directly taken from the chemical analysis

results. However, one can point out that the FetO contents for samples MS1104,

SM1104 and MS1105 are considerably higher than the initial values. If metallic iron

was suspended in the slag, it could result in much higher bulk FetO than expected.

On average, the wt.%FetO changes by -5.41wt.%. This average change was used to

correct the FetO concentrations using its initial weighted value plus the change of

-5.41wt.% for the aforementioned samples.

Table 5.5 presents the final corrected results that are used throughout the discus-

sion.
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Table 5.5: Corrected equilibrium chemical composition. Values with * are estimated
based on the assumptions discussed in the text.

Sample %CaO %MgO %P2O5 %SiO2 %FetO %P Lp
MS1101 41.57* 6.05 1.51 18.11* 29.48 0.0040 165
SM1101 41.64* 5.82 1.52 18.04* 29.68 0.0040 166
MS1102 49.20* 5.53* 1.67 19.15* 22.01 0.0010 729
SM1102 50.23* 5.53 1.62 19.53* 20.78 0.0010 707
MS1103 52.85* 4.77 1.74 19.18* 19.31 0.0016 475
SM1103 52.75* 4.82 1.85 19.12* 19.31* 0.0017 475
MS1104 51.30* 6.83 1.34 17.37* 20.84* 0.0010 585
SM1104 51.66* 6.23 1.54 17.42* 20.84* 0.0009 747
MS1105 48.87* 5.99 1.35 15.51* 25.47* 0.0010 587
SM1105 48.28* 4.57 1.81 15.28* 27.06 0.0012 656
SM1106 43.85 5.69 1.68 12.76 32.41 0.0007 1047
MS1107 43.84 5.04 1.70 12.41 33.31 0.0004 1852
SM1107 44.30 5.00 1.76 12.57 32.73 0.0005 1535
MS1108 43.76 5.61 2.21 18.07 27.32 0.0011 875
SM1108 42.71* 5.38 1.82 17.64* 29.21 0.0013 611
MS1109 47.47 4.56 1.92 19.62 23.79 0.0009 930
SM1109 48.18* 4.50 1.97 19.91* 22.90 0.0009 955
MS1110 51.40 4.16 2.02 19.13 20.96 0.0013 677
SM1110 50.44* 4.70 1.82 18.77* 21.84 0.0013 611
SM1111 49.05* 4.60 1.66 16.06* 25.77 0.0014 517
MS1112 47.99 5.06 1.68 15.62 26.69 0.0008 919
SM1112 49.00* 5.51 1.65 15.95* 25.10 0.0009 800
MS1201 48.86 5.00 2.71 21.18 20.02 0.0016 740
MS1202 49.18 4.43 2.66 21.61 19.91 0.0021 554
MS1203 50.05 4.38 2.67 20.39 20.27 0.0011 1059
MS1204 50.42 4.17 2.72 20.06 20.37 0.0012 989
MS1205 50.25 4.25 2.68 19.10 21.34 0.0010 1169
MS1206 50.78 4.16 2.61 18.66 21.41 0.0011 1035
MS1207 37.35 7.13 2.87 14.05 34.73 0.0013 965
SM1207 36.03 9.04 2.55 17.38 31.49 0.0016 696
SM1208 43.84 6.12 2.43 16.67 27.85 0.0010 1060
MS1209 48.23 7.48 2.92 20.34 18.93 0.0008 1594
MS1210 50.29 6.71 3.08 18.47 19.31 0.0011 1223
MS1211 43.99 6.55 3.03 17.42 26.11 0.0010 1324
SM1211 46.85 7.27 2.97 17.33 23.02 0.0011 1179
SM1212 42.66 6.68 2.81 16.78 27.97 0.0008 1535
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The Challenge of Analyzing Low Phosphorus in Iron

It was a challenge to reliably quantify the equilibrium phosphorus partition when the

phosphorus content in the metal was below 20ppm, which was the initial reported

reproducible limit for the ICP-MS used at West Penn Testing. Phosphorus contents

below 20ppm were not considered reproducible by the aforementioned lab.

In order to evaluate the uncertainty of the measurements, the raw ICP-MS and

ICP-OES data was successfully retrieved for all samples from MS1108 to SM1212. The

raw data from the older experiments was not available from West Penn Testing. Table

5.6 shows the average and standard deviation for all the aforementioned samples. For

some measurements, the uncertainty is quite high, even exceeding the average value

in some cases. This is specially true for samples MS1108 to SM1111.

Continuing with the effort to identify suitable techniques to analyze low phospho-

rus contents in iron, one metal sample was sent to three different labs for chemical

analysis using Glow Discharge Mass Spectrometry (GD-MS), ICP-MS and ICP-OES.

The results are shown in Table 5.7. This particular sample had a phosphorus content

above 20 ppm. The results show that, for phosphorus contents above 20ppm, the

measurements are consistent across the three different labs and techniques.
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Table 5.6: Average and standard deviation for P analysis in the metal.

Sample Average P (wt.%) Standard Deviation
MS1108 0.0011 0.0006
SM1108 0.0013 0.0005
MS1109 0.0009 0.0005
SM1109 0.0009 0.0003
MS1110 0.0013 0.0008
SM1110 0.0013 0.0019
SM1111 0.0014 0.0016
MS1112 0.0008 0.0000
SM1112 0.0009 0.0002
MS1201 0.0016 0.0001
MS1202 0.0021 0.0001
MS1203 0.0011 0.0001
MS1204 0.0012 0.0001
MS1205 0.0010 0.0001
MS1206 0.0011 0.0001
MS1207 0.0014 0.0001
SM1207 0.0016 0.0001
SM1208 0.0010 0.0001
MS1209 0.0008 0.0001
MS1210 0.0011 0.0000
MS1211 0.0010 0.0001
SM1211 0.0011 0.0001
SM1212 0.0008 0.0000

Table 5.7: Analysis results for an alloy containing more than 20ppm using ICP-MS,
ICP-OES and GD-MS.

Laboratory P (ppm) Technique
Clark Testing 36 ICP-OES

West Penn Testing 38 ICP-MS
Evans Analytical Group 32 GD-MS
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A second metal sample containing less than 20ppm P was sent to ICP-MS and

ICP-OES. The results for P contents below 20ppm show good agreement as shown

in Table 5.8. This part of the project was done in conjunction with Mr. Mohammed

Tayeb.

As previously mentioned, the earlier experiments from Table 5.6 had a much

greater uncertainty than the ones reported later. It is unclear to the author why this

behavior was observed. Finally, the author believes that the vast majority of values

reported by ICP-MS or ICP-OES are reasonable even for P contents below 20ppm.

Table 5.8: Analysis results for an alloy containing less than 20ppm using ICP-MS
and ICP-OES.

Laboratory P (ppm) Technique
Clark Testing 15 ICP-OES

West Penn Testing 12 ICP-MS

Based on the initial target values and the results from chemical analysis, mass

balances were conducted with respect to phosphorus to ensure to ensure the initial

compositions were consistent with the final compositions. The standard deviation

limits were calculated based on the observed mass balance errors for all experiments.

From Figure 5.9, most of the data is within one standard deviation and all the data,

expect for one experiment, is within two standard deviations. Considering that the

total amount of phosphorus is the experiments was about 0.5 grams and that very

low phosphorus levels in the metal was recurrently achieved, the author believes the

uncertainties in the mass balances are reasonable and all experiments are valid.
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Figure 5.9: Phosphorus mass balance uncertainty between initial target composition
and final composition.

5.4.2 Equilibrium Phosphorus Partition

Approaching equilibrium from both sides is a good way to ensure thermodynamic

equilibrium has been achieved. The phosphorus partition coefficient, LP , can be

defined as:

LP =
(wt.%P )

[wt.%P ]
(5.3)

where (wt.%P ) and [wt.%P ] correspond to the phosphorus content in the slag and

metal respectively. Once equilibrium is set, LP should be very similar for the two

cases, regardless of which direction phosphorus transfer took place.

Figure 5.10 shows the initial and equilibrium phosphorus partition coefficient for

some of the experiments. The dotted lines are only meant to connect the related

points for ease of understanding; they do not refer to the rate of the reaction. Most

of the experiments showed very good agreement on the final LP . This ensures that
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Figure 5.10: Initial and equilibrium phosphorus partition coefficient.

thermodynamic equilibrium is indeed achieved after 10 hours of equilibration time.

From Table 5.5 and Figure 5.10 it can be seen that usually the LP values are reason-

ably close, but samples with very low P in the metal can show significant scatter.

The tabulated data from Suito et al. [10, 11], Basu et al. [12, 13], Tayeb et al. [2]

and the present work was combined to generate a correlation to illustrate how each

set of data fits together. From Figure 5.11, it can be seen that Suito’s and Basu’s

data are consistently below the line while Tayeb’s data and the author’s data are

consistently above the line. This means that the LP ’s achieved by the author and

Tayeb’s study are higher than that of the previous authors. When looking only at

the range of slag compositions shown in Table 5.5, there are only four data points

from Basu’s work that fall into such a range and the observed phosphorus partition

averages at around 300. The present work, however, observes an average Lp close

to 800, meaning that the amount of phosphorus removed from the metal was much

greater than what other authors have observed.
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Figure 5.11: Comparison between present work, Tayeb’s [2], Suito’s [10,11] and Basu’s
[12,13] data.

In order to understand why the present work and Tayeb’s data [2] predict much

higher values for LP , one must first look at the differences in the experimental proce-

dure adopted by previous studies. The first significant difference is the equilibration

time used at a given temperature. In the case of Suito’s work, the equilibration time

used was between 3 to 6 hours. [10] Basu used a longer equilibration time of 8 hours.

On the other hand, the author and Tayeb have used a considerably longer equilibra-

tion time of 10 hours. This represents an increase of at least 25% on the reaction time.

Therefore, it is a possibility that the previous studies were near to thermodynamic

equilibrium but not as close as the more recent data.

Let us now look only at the range of slag compositions studied by the author
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and Tayeb. This range is defined in Table 5.9. The data within this range of slag

compositions is shown in Figure 5.12. It can be seen that there are a few data

points from Basu that are well aligned with the present study in the x-axis but differ

considerably in the y-axis as highlighted by the dashed elipses in Figure 5.12. A

scatter in the y-axis is explained by LP and/or the total iron in the slag. From Table

5.10, it can be seen that for similar (T.Fe) contents, the LP ’s observed by Basu are

considerably lower that the observed by the present work. Therefore, the scatter seen

on the y-axis is mostly attributed to higher LP ’s. This reinforces that equilibrium

might not have been achieved for all the data from Basu and even possibly from Suito.

Table 5.9: Range of Slag Compositions Studied by the author and Tayeb. [2]

Max Min
%CaO 54.01 24.78
%SiO2 30.28 12.88
%FetO 36.12 19.34
%MgO 17.45 4.26
%P2O5 3.15 0.59

If a Suito’s type correlation is derived using only the present work data, the result

is no better than the current correlation presented in Equation 5.1. The R2 parameter

drops to 0.84. The author believes that the composition range of the present study

is too narrow to be able to generate a better correlation. Another set of data using

Electric Arc Furnace (EAF) type slags should broaden the composition range enough

to enable a new evaluation of a Suito’s type correlation.

Even though a correlation derived only from the present study does not improve

the prediction of equilibrium phosphorus partition, it is interesting to note that, if

SiO2 is included in the independent variables (CaO, MgO and P2O5), the correlation

improves from having an R2 of 0.84 to 0.89 and the interaction coefficient of SiO2
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Figure 5.12: Comparison between present work, Tayeb’s [2], Suito’s [10,11] and Basu’s
[12,13] data within the slag composition range defined in Table 5.9.

shows as being negative. This means that SiO2 has a negative effect in the oxygen

ion activity or increases the activity coefficient of phosphorus in the slag.

log
(%P )

[%P ](T.Fe)
5
2

=

0.072
[
(%CaO) + 0.83(%MgO) + 5.20(%P2O5)− 0.58(%SiO2)

]
+

11570

T
− 10.520

(5.4)

Si is present in the slag in the form of SiO4−
4 tethahedra. [14, 43] Each Si atom

is surrounded by 4 oxygen atoms forming a tetrahedral structure. These tetrahedral
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Table 5.10: LP and (T.Fe) data for regions 1, 2 and 3 from Figure 5.12.

Region Author Lp (T.Fe) Log Lp -2.5 Log (T.Fe) Log Lp/(T.Fe)2.5
Basu 324 17.58 2.51 -3.11 -0.60
Assis 677 21.69 2.83 -3.34 -0.51

1 Assis 980 18.26 2.99 -3.15 -0.16
Assis 947 21.38 2.98 -3.33 -0.35
Assis 1210 18.36 3.08 -3.16 -0.08
Basu 309 15.13 2.49 -2.95 -0.46
Basu 311 16.26 2.49 -3.03 -0.53
Assis 747 17.54 2.87 -3.11 -0.24
Assis 604 20.37 2.78 -3.27 -0.49

2 Assis 533 20.62 2.73 -3.29 -0.56
Assis 823 20.07 2.92 -3.26 -0.34
Assis 757 15.91 2.88 -3.00 -0.13
Assis 566 15.83 2.75 -3.00 -0.25
Basu 273 15.24 2.44 -2.96 -0.52

3 Assis 724 16.54 2.86 -3.05 -0.19
Assis 626 17.40 2.80 -3.10 -0.30

form networks or chains by bridging oxygen anions to other tetrahedra, effectively

polymerizing the liquid slag. The degree of polymerization has been frequently asso-

ciated with slag viscosity. For highly basic slags, the cations present, such as Ca2+

and Mg2+, promote breakage of these chains to form non-bridging oxygens and free

oxygen anions. This should be related to the oxygen activity in the slag since by

breaking the silicate network more oxygen anions are available to react with phos-

phorus. The degree of depolymerization is usually expressed as the ratio between

non-bridging oxygen atoms and tetrahedrally coordinated atoms (NBO/T).

From [14], NBO/T can be computed as follows:

1. Compute the mole fraction of the slag components: XCaO, XMgO, XP2O5 , XSiO2 ,

XFeO and (XFe2O3 ∼ 0)

2. Multiply mole fraction of molecules that contain two metallic cations by 2:
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Figure 5.13: Schematic representation of two-dimensional structure of molten silicate
slag (a) and depolymerization of the network by dissolution of metal oxides (b).
Reproduced from [14]

2XP2O5 , 2XFe2O3

3. Sum the mole fractions of the network formers. This corresponds to T: XT =

XSiO2 + 2XP2O5 + F (2XFe2O3)

4. F is the fraction of Fe3+ in IV coordination and (1 - F) the fraction in VI

coordination. For steelmaking slags, F = 0

5. Compute the total charge of cations that are network breakers: yNB = 2(XCaO+

XMgO +XFeO) + 6(1− F )XFe2O3

6. Compute NBO/T = yNB/XT

Figure 5.14 shows that as the NBO/T increases, so does the phosphorus partition

ratio, Lp. Even though the agreement is not particularly good, it can be seen that

the higher the fraction of non-bridging oxygen, the higher is the observed Lp. This

work was done in parallel with Tayeb.
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Figure 5.14: NBO/T vs. Lp. FetO contents in the slag range from 19 to 36 wt.%.
Solid data from Tayeb et al. [2].

The notion of slag basicity has also been used to quantify the activity of oxygen

anions in the slag. From the acid-base theory of Lux-Flood [56, 57], an acid is a

receiver of oxygen anions such as SiO2 and a base is a donor of oxygen anions such as

CaO. Figure 5.15 shows Lp vs. the CaO/SiO2 ratio for different FeO contents. The

trend is similar to that of NBO/T, with Lp increasing with basicity. However, for

basicities higher than 2.5, it seems that there is no clear function of basicity and FeO

content.

Both of these methods are only estimates of how Lp is related to the oxygen

activity in the slag. The author believes they are equivalent and one is not better

than the other.
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Figure 5.15: Binary Basicity vs. Lp. FetO contents in the slag range from 19 to 36
wt.%. Solid black symbols from Tayeb et al. [2].

The phosphorus partition ratio should be related to the FetO content in the slag.

Therefore, there should be an optimum FetO content that provides the highest Lp.

However, as seen on Figure 5.16, there is no clear function of FeO for the basicity

range studied.

As previously mentioned, Basu et al. [12, 13], studied phosphorus equilibrium for

slags containing from 5 to 25wt.% FeO. They observed a positive effect of FeO on LP

for FeO contents from 5 to 15wt.%. However, for contents varying from 15 to 25wt.%

the effect of FeO is also unclear. The present work has FeO contents significantly

higher than those used by Basu et al. and it appears that up to 35wt.% LP is not

greatly influenced by FeO. It is expected that LP would eventually decrease with FeO
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Figure 5.16: FetO vs. Lp. CaO contents in the slag range from 40 to 52 wt.%. Solid
data from Tayeb et al. [2].

due to the dilution of CaO in the slag. Slags containing more than 35wt.% FeO are

not relevant for steelmaking and fall outside the scope of the present work.

The experiments presenting very high LP ’s correspond to slags with the highest

binary basicity and the highest FeO contents. From Table 5.5, these experiments

correspond to SM1106, MS1107 and SM1107. Since FeO and CaO are the most

important slag components for dephosphorization, these slags have greater phosphate

capacities which result in a very efficient phosphorus removal from the metal.

It should be pointed out that the aforementioned slags are special cases and un-

usual in common oxygen steelmaking. Normally, high FeO contents in OSM slags are

achieved at the expense of CaO and after a certain level of FeO, the LP decreases
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due to the CaO dilution. However, in the slags being discussed, both FeO and CaO

were kept high at the expense of SiO2 to maintain the desired high basicity.

For all practical purposes, BOF slags with binary basicities above 2.4 and FeO

contents of the order of 25 wt.% should promote enough dephosphorization to reach

very low P levels in the metal. Therefore, oversaturation of slag with CaO and MgO

should be closely monitored in order to maintain optimum bulk slag viscosity.

In summary, phosphorus equilibrium has been evaluated as a function of slag

composition. It was shown that for highly basic slags the equilibrium phosphorus

partition, LP , approaches very high values making chemical analysis in the metal

a challenge. Both NBO/T and binary basicities are suitable for semi-quantitative

analysis of oxygen ion activity and its impact on LP . Slags with FetO contents of

around 22 wt.% are at a local maximum regarding LP and, above 31 wt.% FetO with

basicities higher than 3.4, the LP ’s start reaching even higher values. These slags

however, are unusual in oxygen steelmaking.

Impact of FeO as a Reactant on LP

One can argue that because FeO is a reactant, the final slag composition would not

be the same for removing or adding phosphorus to the metal phase. To evaluate the

approximate impact on LP due to FeO being either consumed (dephosphorization)

or produced (rephosphorization), let us consider the case of a slag weighing 6 grams

and containing 25 wt.% FeO that reacts with 18 grams of Fe containing 0.043 wt.%

P (dephosphorization) or 0.0006 wt.% P (rephosphorization). The final P content in

the metal is 10ppm for both cases. The impact of FeO on LP can be evaluated by

rearranging Equation 5.1 as:

Lp = 10a(T.Fe)
5
2 (5.5)
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Where a is a function of slag composition and temperature such as:

a =

0.068
[
(%CaO) + 0.42(%MgO) + 1.16(%P2O5) + 0.2(%MnO)

]
+

11570

T
− 10.520

(5.6)

and is taken as a constant for a given slag and temperature.

From Table 5.11 the results show that the change on LP due to FeO being a

reactant would be of 6.85% for a slag initially containing 25 wt.% FeO and assuming

constant weight of the metal. The author believes this is a small difference and there

are bigger uncertainties on the experiments as will be discussed further in this chapter.

The final LP on both cases can still be considered very similar.
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Table 5.11: Example calculation of how FeO impacts LP for dephosphorization and
rephosphorization.

De-P Re-P
mmetal (g) 18.0 18.0
mslag (g) 6.0 6.0
%Pmetal 0.043 0.0006

mPmetal
(g) 0.0077 0.00011

%FeOslag 25 25
mFeOslag

(g) 1.5 1.5
%P2O5slag 1.44 1.66
mP2O5slag

(g) 0.0864 0.0996

%Pfinalmetal
0.001 0.001

mPfinalmetal
(g) 0.00018 0.00018

∆mPmetal
(g) -0.0077 0.00007

∆mFemetal
(g) 0.034 -0.00032

∆mFeOslag
(g) -0.044 0.00042

∆mP2O5slag
(g) 0.035 -0.00033

%FeOfinalslag 24.3 25.0066
%T.Fefinalslag 18.9 19.4

(%T.Fefinalslag)2.5 1552 1666
% Change on Lp 6.85
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Impact of Oxygen from UHP Argon on Fe Oxidation

Another potential issue worth discussion regards to the fact that UHP Argon or Argon

6.0 may carry gaseous oxygen into the furnace. If the oxygen available from the gas

reacts with liquid Fe, it can promote the formation of undesirable amounts of FeO.

Therefore, it is necessary to estimate the potential impact that the gas might have

on the two-phase metal-slag equilibrium.

As previously discussed in Section 5.2.2, an argon flow of 0.2 L/min was used for

all experiments. The typical oxygen partial pressure for UHP Argon or Argon 6.0 is

about 10−5 to 10−6 atmospheres respectively. Let us considered the amount of oxygen

from the gas during the course of 11 hours, which is approximately the amount of

time that a given experiment would be spend above the melting temperature of Fe,

assuming a oxygen partial pressure of 10−5 atmospheres. It follows that:

nO2 = 0.2
L

min
× 660 min× 10−5 atm× 1

22.4

mol

L atm
(5.7)

= 5.89× 10−5 mols (5.8)

nFeO = 2× nO2 (5.9)

= 1.18× 10−4 mols (5.10)

mFeO = nFeO × 55.845
g

mol
(5.11)

= 0.0066 g (5.12)

The maximum amount of FeO produced from oxygen available in the gas is about

0.007 grams. For a initial slag weighting 6 grams, this addition corresponds to

0.1wt.%. Therefore, the amount of oxygen from the gas is negligible and cannot

impact the slag chemistry significantly. This reinforces that only a two-phase equi-

librium is achieved between metal and slag.
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Impact of Furnace Cooling on LP

As previously mentioned in Section 5.2.4, the furnace was cooled from 1600◦C to

1300◦C at a approximate rate of -35◦C/min. This means that the samples would

experience a short period of time at lower temperatures before solidification occurred.

Since LP increases with lower temperatures, it is important to make sure this period

of time at lower temperatures did no influence the observed LP for 1600◦C.

Pure iron solidifies at 1538◦C. At a cooling rate of -35◦C/min, this temperature

would be achieved in less than two minutes. Let us now investigate how much phos-

phorus could be transferred during this short period of time.

Using equation 3.28, it is possible to see that higher LP would make the term Wm

LPWs

closer to zero. Therefore, one can simplify and rearrange equation 3.28 to compute

[%P] as a function of time:

[%P ] = [%P ]0

(
exp

(−ATk0ρm
Wm

t
)
− 1

)
(5.13)

Let us now assume two cooling scenarios, one where the samples experience the

same cooling rate as the furnace, i.e. -35◦C/min, and another where the samples cool

at one third of the rate of the furnace. The basic difference between the scenarios is

the time that the sample would spend at lower temperatures before solidification. In

the first case, the sample would spend less than two minutes at lower temperatures

while on the second case the time would be about six minutes. Tables 5.12 and 5.13

show the results assuming time averaged temperatures as shown in Figure 5.17. The

calculations assumed ATk0 = 0.001 cm3/s, Wm = 18 g, Ws = 6 g and ρm = 6.98

g/cm3.

From the results above, it is seen that a couple extra ppms of phosphorus could

be transferred to the slag. However, the uncertainties of chemical analysis are bigger
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Table 5.12: Change in LP due to furnace cooling at -35◦C/min.

Time (min) Temp ◦C Avg Temp ◦C LP Equilib [%P] % Change LP Calculated
0 1600 1083 0.0011 1083
1 1565 1583 1162 0.0011 2% 1109
2 1530 1548 1538 0.0010 5% 1135
3 1495 1513 2058 0.0010 7% 1162

Table 5.13: Change in LP due to furnace cooling at -12◦C/min.

Time (min) Temp ◦C Avg Temp ◦C LP Equilib [%P] % Change LP Calculated
0 1600 1083 0.0011 1083
1 1588 1594 1061 0.0011 2% 1109
2 1577 1583 1162 0.0010 5% 1135
3 1565 1571 1274 0.0010 7% 1162
4 1553 1559 1399 0.0010 9% 1189
5 1542 1548 1538 0.0010 11% 1217
6 1530 1536 1693 0.0010 13% 1246

than the transfer that could occur in both scenarios. Thus, this is not thought to be

a significant effect.

5.4.3 MgO Saturation

As previously mentioned in Section 5.3, the software package FactSage was used to

determine the initial slag composition and the MgO content was that of the satura-

tion line for the given CaO-SiO2-FeO slag system. However, all of the analyzed slags

showed a higher final MgO content in the slag. The average MgO pickup is +1.96

wt.%. The average initial and final MgO contents are 3.6 wt.% and 5.6 wt.% respec-

tively. Such variation corresponds to an increase of 55% in the final MgO content in

the slag.

One could raise the question whether the higher MgO contents correspond to
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Figure 5.17: Example of time averaged temperature used for calculation of changes
in LP due to furnace cooling.

traces of the magnesia crucible used. While this is a valid point, all slag samples were

carefully and manually ground using 120 grade sand paper until any traces of visually

detectable crucible were removed. This was easily achieved due to the color difference

between the crucible and the bulk slag. From Figure 5.8 one can observe that the

transition from the crucible to the slag is well defined and there is a transition from

white (crucible) to brownish (crucible infiltrated by slag) to black (bulk slag).

It is possible that FactSage underestimates the MgO saturation by a few wt.%.

This seems to be the case as MgO pickup has occurred for all the experiments. Figure

5.18 shows the MgO solubility predicted by FactSage and the measured solubility

based on the chemical analysis results as a function of the binary basicity.
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Figure 5.18: MgO solubility as a function of binary basicity.

Figure 5.19: MgO solubility as a function of binary basicity and FeO content.
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Figure 5.20: MgO saturation as as magnesiowustite as a function of binary basicity
and FeO content at 1600◦C. Reproduced from [1].

The solubility of MgO in liquid slag is not only a function of basicity, but also

of FeO. As seen in Figure 5.19, the FeO content for the present work is in the range

of 20 to 40 wt.% FeO. The classical work done by Tromel et al. [58] in 1969 agrees

better with the MgO solubility observed in the present work than the ones predicted

by FactSage. Figure 5.20 (reproduced from [1]) shows the results from Tromel et al.

for MgO saturation, as magnesio-wustite, for FeO contents from 10 to 60 wt.% as

a function of basicity. The effect of FeO on the MgO saturation is larger at lower

basicities, but the solid curves converge quickly for basicities higher than 2.0. The

MgO saturations for basicities of 2, 3 and 4, according to Tromel et al. [58], are

approximately 9, 6 and 4 wt.%MgO respectively. This is in reasonable agreement

with the observations of the present work but differ considerably from the FactSage
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predictions.

In summary, the observed MgO solubility and saturation differ considerably from

the predictions by FactSage but are in reasonable agreement with the work done by

Tromel et al. [58]. It is not in the scope of this project to propose modifications to

the FactSage model.

5.4.4 Development of a New Correlation

The discussion so far has involved four main data sets: Suito’s data [10, 11], Basu’s

data [12,13], Tayeb’s data [2] and the present work. The differences in the experimen-

tal approach adopted by Suito and Basu have already been discussed in the beginning

of Section 5.4.2, particularly in regards to the equilibration time used in each study

and the possibility that thermodynamic equilibrium may not have been achieved.

Another possible issue would be the presence of solid phases in the slag which would

cause issues by “masking” the liquid slag composition, which will be further discussed

in Chapter 6. Therefore, it is necessary to estimate the amount of solid phases present

in the experiments conducted by previous authors. A FactSage macro was used to

automate the slag equilibrium calculations to retrieve the equilibrium liquid slag and

the solid oxide phases formed. The possible solid phases considered were MgO solid

solutions, CaO solid solutions and 2CaO·SiO2.

From Figure 5.21, it can be seen that Suito’s slags were mostly liquid, with a liquid

fraction varying between 0.8 to 1.0. On the other hand, Basu’s data is predicted to

have a large amount solid phases, with liquid fractions ranging from 0.3 to 0.92 as

shown in Figure 5.22. The presence of a large quantity of solid phases makes it very

difficult to evaluate the composition of the remaining liquid slag, as will be discussed

in the next chapter when looking at plant data.
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Figure 5.21: Liquid fraction of slag predicted by FactSage for Suito’s data.

Based on the aforementioned points, the author and co-workers have decided to

develop a new correlation combining only the present work data, Tayeb’s and Suito’s

data.

The steps for developing a new correlation are described below:

1. Use Ide’s MgO coefficient and fix its value as 0.072×0.15 = 0.0108 as originally

reported by Ide et al. [27].

2. Evaluate logKP − 0.0108(%MgO) as a function of wt.%CaO, wt.%SiO2 and

wt.%P2O5 utilizing Tayeb’s, Assis’ and Suito’s data at 1600◦C.

logKP−0.0108(%MgO) = 0.073(%CaO)+0.058(%P2O5)+0.008(%SiO2)−4.226

(5.14)
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Figure 5.22: Liquid fraction of slag predicted by FactSage for Basu’s data.

3. Adjust the original intercept of Suito’s equation to give -4.226 at 1600◦C.

11570

1600 + 273.15
+ b = −4.226 (5.15)

b = −4.226− 6.177 (5.16)

b = −10.403 (5.17)

Statistical correlations are only valid within the range in which they were originally

evaluated. This range was previously shown in Table 5.9. The final correlation is then:

89



log
(%P )

[%P ](T.Fe)
5
2

=

0.073
[
(%CaO) + 0.148(%MgO) + 0.8(%P2O5) + 0.113(%SiO2)

]
+

11570

T
− 10.403

(5.18)

Equation 5.18 has a few interesting features that are worth discussing. First,

the CaO coefficient is in very good agreement with the original coefficient reported

by Suito. Second, the P2O5 coefficient is higher than the original coefficient of 0.6

proposed by Suito et al. [11]. It is important to remember that this coefficient was

evaluated over a range of P2O5 contents, i.e. from 0.5 to 5.5 wt.%. For steelmaking

applications however, it is uncommon to have P2O5 contents above 3 wt.%, so this

higher coefficient should not be a problem as long as the phosphorus contents in the

slag are within the aforementioned range. Second, SiO2 has a small but positive

coefficient. A positive SiO2 coefficient, does not mean it aids dephosphorization, in

fact, the coefficient s a significantly smaller than the one for CaO by an order of

magnitude. Thus, lower LP ’s are predicted for acid slags This is exemplified in Table

5.14 where LP is predicted to decrease by a factor of 1.9 for a slag containing 19

and 24 wt% SiO2 respectively. Lastly, the constant changed from -10.520 to -10.403

which represents a difference of 25% on the phosphorus partition coefficient once the

log term is accounted for in Equation 5.18.

Table 5.14: Change in LP with 5 wt.% increase in SiO2 content.

wt.% CaO wt.% SiO2 wt.% P2O5 wt.% MgO wt.% FeO Total Equilib LP
51 19 3 7 20 100 801
48 24 3 6 19 100 425
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Figure 5.23: Comparison between present work, Tayeb’s [2] and Suito’s [10,11] using
the new correlation from Equation 5.18.

Figure 5.23 shows the plot of the new correlation. The agreement with Assis’ and

Tayeb’s data is very good throughout the whole range of EAF and BOF type slags.

Suito’s data also fits the equation quite well. The calculated R2 is 0.94. The diagonal

plot of measured LP vs. predicted LP (Figure 5.24) shows again very good agreement

and the new correlation predicts most of the data quite well. The prediction of the

present work data is within a factor of about 2. While this may seem like a big

discrepancy, it must be remembered that the equilibrium phosphorus content in the

metal for the present work is very low and the uncertainty can be significantly large

as discussed previously.

Equation 5.18 represents the final result within the scope of this chapter. The
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author firmly believes that it represents an improvement over previous correlations.

Its applicability is restricted to the range of compositions studied and it was developed

with focus on EAF- and BOF-type slags. This final correlation is used on the next

chapters whenever it is necessary to predict the equilibrium phosphorus partition.

In summary, this chapter provided a thorough discussion on phosphorus equilib-

rium between liquid iron and BOF type slags. It was concluded that 10 hours of

holding time is adequate to ensure thermodynamic equilibrium. The experimental

data from the present work showed phosphorus partitions considerably higher than

those from previous studies. The impact of FeO being a reactant as well as the possi-

ble oxidation of Fe from the argon gas were studied and found to have little impact on

LP . The author showed that the MgO saturation predicted by FactSage appears to be

lower than what was found experimentally. Finally, a new correlation was developed

using the present data, Tayeb et al. [2] and Ide’s data. This correlation was presented

in Equation 5.18. The author believes this is a suitable correlation for steelmaking

slags as long as the studied data falls within the range of composition of which the

correlation was evaluated.
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Figure 5.24: Measured LP vs. Predicted LP for present work, Tayeb’s [2] and Suito’s
[10,11] data using the new correlation from Equation 5.18.
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Chapter 6

Plant Data Analysis

6.1 Introduction

As previously discussed in Section 3.1, an extensive amount of work has been done

on the topic of phosphorus equilibrium partitioning between liquid metal and slag.

However, comparison between large amounts of plant data and laboratory equilib-

rium data still remains relatively small. One of the goals of the present work is to

evaluate how different designs of industrial furnaces perform from the point of view of

phosphorus removal by comparing how close these furnaces can get to the predicted

equilibrium.

6.2 Technical Approach

Data from three different furnaces were compared. The AOD (Argon Oxygen De-

carburization), which is a highly stirred reactor, usually used in the production of

stainless steels, a regular top-blown BOF and a Q-BOP or OBM.

The data sets from each reactor consisted of the steel and slag composition just
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Figure 6.1: Schematics diagram of AOD [15](a), Q-BOP or OBM [16](b) and top-
blown BOF [17](c)

before tapping, as well as the tapping temperature of each heat.

The slag compositions were normalized to the CaO-MnO-SiO2-MgO-FeOt-P2O5

system and the sets of data were plotted using the correlation given by Equation 5.1.

The other components, such as Al2O3, MnO and TiO2 were normally less than 5% in

total.

For the AOD, the author had access to over 230 heats. For the three BOFs, the

amount of data was in the order of thousands. Table 6.1 shows the exact number

of heats for each of the furnaces as well as the average, maximum and minimum

turndown temperature.

Since the amount of data for the Q-BOP, BOF 1 and BOF 2 is much larger than

that of the AOD, approximately 10% of the BOF heats were randomly selected and

used for the present work.

Because the chemical analysis data was that of the bulk slag, it is probable that

undissolved oxides such as solid solutions of CaO and MgO were present during

the operation of each vessel. This would “mask” the actual liquid slag composition

making it either more or less demanding with respect to dephosphorization. Because
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Table 6.1: Average, Minimum and Maximum Turndown Temperatures for AOD, Q-
BOP or OBM, BOF 1 and BOF 2.

Number of
Heats

Average Turn-
down Tempera-
ture (◦C)

Minimum Turn-
down Tempera-
ture (◦C)

Maximum Turn-
down Tempera-
ture (◦C)

AOD 233 1600 - -
Q-BOP 6328 1647 1569 1715
BOF 1 6574 1626 1559 1691
BOF 2 2428 1655 1584 1709

the author had no access to the physical samples, FactSage was used to predict the

amount of solid phases in equilibrium with the liquid slag which provided a better

estimate of the actual liquid slag composition. Assis et al. [59] recently emphasized

the importance of correcting the bulk slag analysis excluding undissolved oxides.

A FactSage macro was used to automate the slag equilibrium calculations to re-

trieve the equilibrium liquid slag and the solid oxide phases formed. The possible solid

phases considered were MgO solid solutions, CaO solid solutions and 2CaO·SiO2. As

a first approximation, it was assumed that all phosphorus from the bulk slag would

be dissolved only in the liquid portion of the slag and that there was no solubility of

phosphorus in the considered solid phases. This assumption is further discussed in

the next sections.

6.3 Results

A total of 1788 heats were run on FactSage to extract the equilibrium liquid slag com-

position. The most common solid phase predicted was MeO A, which corresponds to

a monoxide phase for CaO and MgO solid solutions. A total of 97.6% of the indus-

trial data had monoxides predicted by FactSage as shown in Table 6.2. Dicalcium
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silicate was predicted for 23.4% of the heats as shown in Table 6.3. All the data

where 2CaO.SiO2 was predicted also had monoxides according to FactSage. Also, all

the data containing CaO solid solution also contained MgO solid solution. The dis-

tribution of the fraction of monoxides (MgO and CaO) and 2CaO.SiO2 with respect

to the bulk slags is shown in the histograms in Figures 6.2, 6.3 and 6.4 respectively.

The aforementioned figures correspond to the distribution of the subsets of heats

containing MeO, i.e. 1745 heats, and 2CaO.SiO2, i.e. 418 heats, respectively.

Table 6.2: Number of heats for each reactor where CaO and MgO solid solutions
(S.S.) were predicted as solid phases by FactSage.

MgO S.S. CaO S.S Total MeO A
Reactor Number of Heats Number of Heats Number of Heats

AOD 205 0 205
Q-BOP 634 628 634
BOF1 663 112 663
BOF2 243 234 243

Total 1745
% of Total Data 97.6%

Table 6.3: Number of heats for each reactor where 2CaO.SiO2 was predicted as solid
phase by FactSage.

Reactor Number of Heats
AOD 1

Q-BOP 316
BOF1 101
Total 418

% of Total Data 23.4%
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Figure 6.2: Histogram of the fraction of total monoxide present in the bulk slag in
the form of MgO solid solution.

Figure 6.3: Histogram of the fraction of total monoxides present in the bulk slag in
the form of CaO solid solution.
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Figure 6.4: Histogram of the fraction of dicalcium silicate present in the bulk slag.
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Table 6.4 shows the average chemical composition for the slag and steel for the

each of the furnaces. The AOD has the lowest average binary basicity at around 1.5

and the highest FeOt content at 37.5 wt.%, it also has the lowest phosphorus content

in the steel and in the slag. The Q-BOP or OBM presents the highest phosphorus

partition, Lp, at 182 but it also has the highest P2O5 content in the bulk slag. The

BOF 1 has the second lowest basicity but the second best final phosphorus content

in the steel. BOF 2 has the highest average basicity at 3.9 and also the highest

phosphorus content in the steel.

Table 6.4: Average chemical composition data for the steel and the slag for AOD,
Q-BOP, BOF 1 and BOF 2.

Reactor CaO/SiO2 %MgO %FeOt %MnO %P2O5 [%P] Lp
AOD 1.54 9.3 37.53 2.02 0.19 0.0019 103.89
Q-BOP 3.26 13.71 17.87 4.23 1.34 0.0073 182.19
BOF 1 2.43 9.21 26.78 5.35 0.7 0.0071 97.98
BOF 2 3.9 9.75 26.26 4.83 1.19 0.0084 141.15

Figures 6.5 and 6.6 used the bulk slag composition to present the predicted equi-

librium phosphorus partition, Lp, calculated using Equation 5.18, against the actual

phosphorus partition for each of the furnaces. This plot is useful because it removes

the log effect on the data so we can study the true scatter for each reactor. Addition-

ally, contour plots are an easy way to visualize the density of the data and possible

multiple operating regimes a single reactor might have. In these plots, the thickness

of the lines is proportional to the density of the data. The dashed black line repre-

sents the diagonal of the plot, meaning that Lp predicted is equal to Lp actual. The

combination of all plots from Figures 6.5 and 6.6 is shown in Figure 6.7.

All the contour plots were generated using the Microsoft Excel add-in “Contour

Plot” by Office Expander. In order to generate such plots, the data for each reactor
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was divided in a 26 by 26 grid or matrix, resulting in a total of 676 “pixels”. The size

of the “pixels” was adjusted in order to fit the individual sets of data in the matrix.

Typical “pixel” sizes varied between 8x8 to 40x40. The amount of data in each “pixel”

was the counted to produce a “height” on the z-axis which correspond to the amount

of heats that fall into each “pixel”. The pixel with the highest peak height was then

used to normalize the data so that the relative frequencies for each reactor would be

between 0 to 1. Finally, contours corresponding to relative frequencies of 0.2, 0.4, 0.6

and 0.8 were used for all sets of data. These values were chosen to eliminate outliers

in the data which would typically appear with relative densities of 0.1 and below.

As previously mentioned in Section 6.2, each individual heat was corrected for

possible solid phases in equilibrium with the liquid slag. Figures 6.8 and 6.9 show

the results taking into account only the liquid portion of the bulk slag as predicted

by FactSage. The combination of all contour and scatter plots for the corrected slags

is shown in Figure 6.10.
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(a) (b)

(c) (d)

Figure 6.5: Contour and scatter plots for Actual Lp vs. Equilibrium LP for AOD
(6.5a and 6.5b) and Q-BOP (6.5c and 6.5d) for bulk slag compositions. Thickness of
the contour lines are proportional to relative density of data.
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(a) (b)

(c) (d)

Figure 6.6: Contour and scatter plots for Actual Lp vs. Equilibrium LP for BOF 1
(6.6a and 6.6b) and BOF 2 (6.6c and 6.6d) for bulk slag compositions. Thickness of
the contour lines are proportional to relative density of data.
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(a)

(b)

Figure 6.7: Contour and scatter plots for Actual Lp vs. Equilibrium LP for all
furnaces studied using bulk slag compositions.
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(a) (b)

(c) (d)

Figure 6.8: Contour plots for Actual Lp vs. Equilibrium LP for AOD (6.8a and 6.8b)
and Q-BOP (6.8c and 6.8d) for liquid slag compositions after FactSage correction.
Thickness of the contour lines are proportional to relative density of data.
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(a) (b)

(c) (d)

Figure 6.9: Contour plots for Actual Lp vs. Equilibrium LP for BOF 1 (6.9a and
6.9b) and BOF 2 (6.9c and 6.9d) for liquid slag compositions after FactSage correction.
Thickness of the contour lines are proportional to relative density of data.
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(a)

(b)

Figure 6.10: Contour and scatter plots for Actual Lp vs. Equilibrium LP for all
furnaces studied after FactSage correction.
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It is also interesting to look at the fraction of liquid slag predicted by FactSage in

order to understand its effects on the kinetics of dephosphorization in real industrial

operations. Figure 6.11 shows the normalized superimposed histograms for all four

furnaces and the percentage of slags that fall into each liquid fraction band of the

histograms.

6.4 Discussion

The vast majority of the data studied was predicted to have MgO S.S as a coexisting

phase with the liquid slag. From Figure 6.2 it can be seen that the AOD operates

with minimum amount of MgO S.S.. BOF 1 and BOF 2 operate in the same “mode”

with the fraction of MgO S.S. varying roughly between 0.05 to 0.015. The Q-BOP or

OBM operates in a higher “mode” with solid fractions in the range of 0.1 to 0.25.

Regarding the saturation with CaO S.S., all slags where CaO saturation was

predicted were also saturated with MgO. Therefore, these slags were actually double

saturated. The AOD was the only reactor that had no excess CaO. BOF 1 operates

within the lower “mode” followed by BOF 2 and the Q-BOP as seen in Figure 6.3.

In the case of the formation of dicalcium silicate, the AOD and BOF 2 were not

predicted to have dicalcium silicate present, except for one heat of the AOD. Only

BOF 1 and the Q-BOP had a quantifiable distribution of C2S present in the bulk

slag, with the Q-BOP having significantly more C2S than BOF 1.

Overall, the Q-BOP is by far the most saturated reactor, presenting significant

amounts of all three solid phases considered. On the other hand, the AOD is the least

saturated reactor with slags containing only minor amounts of MgO.

The amount of solids present in the bulk slag has a directed implication on the

rate of mass transfer for a given amount of stirring. The more solids present in the
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Figure 6.11: Superimposed Histograms of liquid slag fraction for each of the furnaces.

slag, the higher the bulk viscosity thus, the lower the mass transfer rate.

Looking at the bulk slags before the FactSage correction (Figure 6.7) the AOD

and the Q-BOP were the furnaces operating closest to equilibrium with the highest

density peak located, in terms of (x, y) coordinates, at around (40, 90) and (60, 180)

respectively. Next, BOF 1 operated in a vertical regime with most of its data farther

from equilibrium than the AOD and the Q-BOP with its highest peaks located at

around (30, 120) and (40, 170). Lastly, BOF 2 operated also quite far from equilibrium

with its strongest peak at around (40, 280).

From Figures 6.7 and 6.10, it can be seen that the behavior of the furnaces change

drastically after the correction for solid phases in the slag, except for the AOD which

continued to show a similar distribution since its slags were the closest to being fully

liquid and it has intense stirring.

It is interesting to see that BOF 1 has LP s of about 50 or so no matter what slag

was being used. This points to the fact that steel refining is being highly limited by

109



liquid phase mass transfer, most probably due to insufficient stirring since BOF 1

has slags that are mostly liquid as will be discussed. BOF 2 is in a slightly different

regime than BOF 1 but its slags are predicted to have a somewhat lower equilibrium

LP . The change is the most drastic for the Q-BOP as a results of having the highest

amount of solid phases predicted by FactSage, thus it also has the biggest change in

the liquid slag composition since so many solids were present. The Q-BOP now has

most of its heats away from equilibrium by a factor of 3 to 5. One must remember

that, in the aforementioned results, it was assumed that all phosphorus from the bulk

slag was present in the liquid slag, i.e. phosphorus has no solubility in CaO, MgO and

C2S. While this assumption is true for CaO and MgO, it is known that phosphorus

is significantly soluble in dicalcium silicate. The impact of this solubility is discussed

in detail in the next section and will be shown that it has big effects on the Q-BOP.

The AOD had slags closest to a fully liquid state with most of its slag compositions

falling in to the 90% range of liquid fraction. BOF 1 had most of its liquid fraction

in the 85% to 93% range. BOF 2 shows a flatter distribution falling in the 75% to

87% range. The Q-BOP is the reactor with the most solids with significant amounts

of data in the 50-70% liquid range. Most of its liquid fractions are in the 70% range

meaning that there is always a high amount of undissolved phases present during

its operation. It should be stressed that these are calculated results using FactSage,

which may underestimate the MgO solubility in the liquid slag.

It is important to roughly quantify the impact of the underestimation of MgO

solubility in the liquid slag. As previously discussed in Section 5.4.3, FactSage can

underestimate the MgO saturation by a factor of up to 2. Based on this value, it is

possible to qualitatively reevaluate the impact that a higher MgO saturation would

have on the equilibrium Lp. Clearly, by having more MgO in the liquid slag would

result in a dilution effect on the other components. This means that the concentration
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of all other components would decrease as a result of having more MgO present in

the liquid slag. By rearranging Equation 5.18 we get:

LP = 10
0.073

[
(%CaO)+0.148(%MgO)+0.8(%P2O5)+0.113(%SiO2)

]
+ 11570

T
−10.403

× (T.Fe)
5
2 (6.1)

From the equation above, it is possible to see the what would be the effect of

MgO on LP . The concentration of CaO, P2O5 and SiO2 would decrease. Taking into

account that the MgO coefficient is much smaller than CaO and P2O5, the composi-

tional term (%CaO) + 0.178(%MgO) + 0.8(%P2O5) + 0.113(%SiO2), would decrease.

Additionally, the FeO concentration would also decrease, resulting in a decrease of

the term (T.Fe)
5
2 . Therefore, the equilibrium LP would experience some decrease if

a higher MgO saturation is used. Figure 6.12 shows the calculated equilibrium LP

using the FactSage MgO saturation as well as if this saturation was multiplied by a

factor of 2 for the Q-BOP. The data used in these plots only contained monoxides

as possible solid phases (CaO and MgO), data containing dicalcium silicate was not

considered. Both scatter and contour plots are presented.

As expected, the equilibrium LP is lower for a higher MgO saturation. In this

particular scenario, it appears that the equilibrium LP has decreased by 100 to 150

units. Although this difference is somewhat significant, these numbers should not be

taken as quantitative.

From all the aforementioned results one can conclude that the AOD has slags

very close to fully liquid, it is also the highest stirred reactor and is the closest to

equilibrium. Next, the Q-BOP has most of its data away from equilibrium but several

heats closer. It also has the highest amount of solids in the slag. BOF 1 operates

in a way that appears to be independent of slag composition since it is in a vertical
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(a) (b)

Figure 6.12: Scatter plot (6.12a) and contour plot (6.12b) of Actual Lp vs. Equi-
librium LP for the Q-BOP data containing monoxide phases predicted by FactSage
for two MgO saturation levels: original FactSage prediction and twice the FactSage
prediction; and bulk slag (6.12b).

regime as shown in Figure 6.10. BOF 2 has a slightly better performance than BOF

1, operating in a regime that is situated between BOF 1 and the Q-BOP.

The author believes that it is very important to keep the slag as liquid as possible

during throughout a heat. This may be achieved by, instead of making just one big

addition of CaO and MgO in the beginning of the heat, adding the fluxes in 2 to 4

batches in order to control the dissolution of CaO and MgO and keep the FeO in the

liquid slag at a level around 20-25 wt.% to help dilute the additions during the heat.

In summary, this review of plant data points out that there is an optimum balance

between slag composition and reactor stirring to ensure results close to equilibrium.

Having just the right slag or just enough stirring is not optimum. These two variables

have to be monitored closely to improve the performance of a given reactor regarding

phosphorus removal. Also, the author believes that correcting the bulk slag com-

position for solid phases provides a better picture of the reactor’s performance and
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this should be used to design optimum slags based on the individual needs of a given

plant.

6.4.1 Impact of Dicalcium Silicate on Lp

As previously mentioned on Section 3.2.2, phosphates are soluble in 2CaO.SiO2. This

means that, if dicalcium silicate is present as a co-existing phase in the bulk slag,

phosphorus can be removed from the liquid slag and precipitate in the 2CaO.SiO2

particles as 3CaO.P2O5. By removing phosphorus from the liquid slag, the phosphate

capacity of the liquid slag is kept high and metal dephosphorization can occur to a

greater extent. Therefore, it is useful to understand how the presence of 2CaO.SiO2

could impact Lp.

Inoue and Suito [18] studied the phosphorus partition between 2CaO.SiO2 parti-

cles and CaO-SiO2-FetO slags. From the data provided in their paper, it seems that

the phosphorus partition 2CaO.SiO2 and slags, L′P , can be reasonably predicted by

a logarithmic function of the binary basicity, as given by Equation 6.2 and shown in

Figure 6.13

L′P = 38.484 ln
(%CaO)

(%SiO2)
− 3.11 (6.2)

Where L′P is given by:

L′P =
(wt.%P(2CaO.SiO2))

(wt.%Pslag)
(6.3)

By a simple mass balance, the amount of phosphorus present in the liquid slag

and in the dicalcium silicate particles can be expressed as:

mC2S
P2O5

=
mtotal
P2O5
× L′P ×mC2S

mslag + (L′P ×mC2S)
(6.4)

mslag
P2O5

= mtotal
P2O5
−mC2S

P2O5
(6.5)
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Figure 6.13: L′P as a function of binary basicity. Data from [18].

Where mslag
P2O5

, mC2S
P2O5

and mtotal
P2O5

correspond to the mass of P2O5 present in the slag, in

dicalcium silicate and the total respectively. Additionally, mC2S and mslag correspond

to the mass of dicalcium silicate and liquid slag respectively.

Based on the previous equations, it is possible to evaluate how L′P would influence

LP . Figure 6.14 shows the impact on LP if we consider the effect of 2CaO.SiO2 on

the phosphorus distribution.
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(a)

(b)

Figure 6.14: Impact of L′P on LP for BOF1 (6.14a) and Q-BOP (6.14b).
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From Figure 6.14, it can be seen that, as expected, the presence of dicalcium

silicate in the bulk slag shifts the data away from the diagonal of the plots. This

behavior is congruent with the fact that, by removing phosphorus from the liquid slag,

the phosphorus capacity in the slag continues to be high and a more phosphorus could

be removed from the metal. Also, it is seen that shifts mostly leftwards. The leftward

shift is due to the fact that the measured or actual LP has changed since a considerable

amount of phosphorus has been removed from the liquid slag, which decreased the

measured LP values. The amount by which the data shifts is proportional to the

amount of C2S predicted by FactSage as well as the L′P value given by Equation 6.3.

In the case of the Q-BOP, the average value of L′P was around 33 and the bulk slag

contained an average of 9% dicalcium silicate. This means that the C2S particles are

capable of absorbing 33 times more phosphorus than the liquid slag. On the other

hand, the average value of L′P for BOF 1 was around 26 and the bulk slag contained

an average of 7% dicalcium silicate. Since the Q-BOP has higher values for both

L′P and fraction of C2S in the slag, its change on the equilibrium LP is a lot more

pronounced than what was observed for BOF 1.

Finally, we must now revisit the contour plots of Figure 6.9c now that we know

the maximum effect of dicalcium silicate on LP . The comparison of the before and

after for both Q-BOP and BOF 1 is shown in Figures 6.15 and 6.16.
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(a) (b)

(c) (d)

Figure 6.15: Scatter and contour plots for Actual Lp vs. Equilibrium LP for Q-BOP
corrected by FactSage (6.15a and 6.15c) and Q-BOP corrected by FactSage and with
C2S partition taken into account (6.15b and 6.15d)
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(a) (b)

(c) (d)

Figure 6.16: Scatter and contour plots for Actual Lp vs. Equilibrium LP for BOF 1
corrected by FactSage (6.16a and 6.16c) and BOF 1 corrected by FactSage and with
C2S partition taken into account (6.16b and 6.16d)
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From Figures 6.15 and 6.16 it can be seen that the impact of L′P on LP is more

pronounced for the Q-BOP than BOF 1. This is actually no surprise considering that

roughly 50% of all Q-BOP data had significant amounts of dicalcium silicate. On

the other hand, less than one third of the data from BOF 1 had C2S as a predicted

phase. Moreover, the BOF 1 has lesser amounts of C2S and its phosphorus solubility

is also less than the ones for the Q-BOP. Therefore, the impact of dicalcium silicate

on BOF 1 is much less pronounced. Nonetheless, after the consideration of C2S, both

furnaces became farther from equilibrium, specially for the Q-BOP, which was off by

a factor of 10.

Finally, it is important to understand the the previous discussion represents the

maximum possible effect of dicalcium silicate since it assumes thermodynamic equilib-

rium between the slag, the C2S particles and liquid steel. As we have seen, industrial

furnaces do not operate in two-phase equilibrium, let alone a three phase equilibrium

such as steel-slag-C2S, so the actual effect is somewhere in between the two cases

presented in this chapter.

6.4.2 Summary of this chapter

This chapter reviewed the slag and metal data from four furnaces, one AOD, two

BOFs and one Q-BOP or OBM. It was shown that the use of bulk slag composition

to study phosphorus partition can introduce uncertainties as a result of solid phases

coexisting in the slag. It should be noted that the presented results are for the

end of the steelmaking process. The slag chemistry is continuously changing and

does not reach its final value until late in the process. The present study took into

account three possible solid phases: CaO solid solutions, MgO solid solutions and

2CaO.SiO2. The bulk slags were then corrected by FactSage in order to examine
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something closer to the actual liquid slag composition. Two assumptions were studied

regarding how phosphorus could be distributed in the slag: no solubility of phosphorus

in the solid phases and phosphorus solubility in 2CaO.SiO2. A detailed evaluation on

how dicalcium silicate could impact phosphorus partition between liquid metal and

liquid slag was carried.

The major findings are as follows:

• None of the furnaces studied achieved equilibrium with respect to phosphorus.

The equilibrium value of LP was off by a factor of 2±1 for the AOD, 4±2 for

the Q-BOP, 8±3 for BOF 1 and 7±2 for BOF 2.

• The AOD is the furnace closest to equilibrium due to its intensive stirring and it

has a large fraction of liquid slag. Additionally, it has to transfer less phosphorus

to reach equilibrium than the other furnaces.

• The Q-BOP or OBM is farther from equilibrium than the AOD but it is the

second closest to equilibrium possibly due to intensive stirring and possibly

due to continuous injection of CaO. However, it would possibly achieve better

results if it had significantly a higher fraction of liquid slag.

• BOF 1 and BOF 2 operate the farthest from equilibrium and the phosphorus

partition is nearly independent from slag composition. Thus, it seems that these

furnaces do not have adequate stirring although their slags are relatively liquid.

• The possible underestimation of MgO saturation by FactSage was found not

to be very significant and did not alter the operational regime of the furnaces

significantly. The degree of non-equilibrium remained similar for both cases.

• The phosphorus content in solid dicalcium silicate could greatly impact the
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predictions for the Q-BOP or OBM. However, it is unlikely that thermodynamic

equilibrium between the slag, metal and C2S would be achieved.

Lastly, the author realizes the obvious limitations of the discussion presented in

this chapter. First, only the turndown slag composition was discussed and assumed to

be the slag responsible for dephosphorization. Ideally, the actual “slag path” should

be studied in order to identify at which point in time the slag becomes optimal for

dephosphorization and for how long this given composition is maintained during a

heat. Second, the author did not have access to the physical samples and was only

provided with the data, it would be interesting to study if different slag sampling

tools preferentially sample the liquid fraction or solid fraction. Third, it was as-

sumed thermodynamic equilibrium between the solid phases and the slag. However,

steelmaking furnaces rarely operate at equilibrium. Lastly, as previously discussed in

Section 5.4.3, FactSage appears to underestimate the MgO saturation by a consider-

able amount, this would have an effect on the amount of undissolved MgO coexisting

in the slag as well as some influence on the liquid slag composition and the predicted

equilibrium phosphorus partition. Further investigation of the above points is beyond

the scope of the present work and is suggested for future work.
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Chapter 7

Studies on Spontaneous

Emulsification

7.1 Introduction

An emulsion is a mixture of two fluids (liquid or gas) that are immiscible. If two im-

miscible liquids are at thermodynamic equilibrium, the interfacial area and the system

free energy are at a minimum. In this case, in order to promote emulsification, energy

has to be supplied to the system and the emulsified state is not thermodynamically

stable. However, if two immiscible liquids that are not initially at equilibrium are

brought into contact, dynamic interfacial phenomena caused by temporary interfacial

instabilities can promote the spontaneous emulsification of the system without ex-

ternal stirring. This phenomenon is often observed in organic and biological ternary

systems, with the first observation being recorded in 1879. [60] However, dynamic

interfacial phenomena also have important kinetic effects in steelmaking, where the

refining of steel relies on good mixing between gas-metal-slag phases.

In oxygen steelmaking (OSM), hot metal and scrap are rapidly refined by the use
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of oxygen. [1] The blow of oxygen creates a three phase gas-slag-metal emulsion, which

drastically increases the total interfacial area available for several chemical reactions

to occur between the phases. Metal droplets are continuously ejected from the bulk

metal bath into the slag-gas mixture where they can react for a given amount of time.

The generation and behavior of these metal droplets is important for refining processes

that are kinetically limited and several authors have studied different aspects of this

topic. [6, 43, 47–53]

Various researchers have shown that, during periods of intense mass transfer of

surface-active elements, such as oxygen, spontaneous emulsification can occur due to

a very pronounced reduction in the interfacial tension between metal-slag systems.

[7, 9, 55, 61–63]This behavior is kinetically important as it temporarily increases the

interfacial area between metal-slag, thus increasing the rate of a chemical reaction.

However, actual quantification of dynamic surface area changes remains scarce.

The work done by Rhamdhani et al. [61–63] is an example of the few studies that

have successfully documented how the interfacial area of a metal-slag system changes

as a given chemical reaction is allowed to occur between the two phases. They studied

the behavior of Fe-Al drops immersed in CaO-SiO2-Al2O3 slags. The interfacial area

of the recovered metal droplets was measured using different sizes of papers to cover

the droplets and then calculate the area of the papers. They observed that the total

interfacial area was a function of the initial reaction rate and could increase by over

a factor of 4.

Understanding the behavior of metal droplets immersed in slag is critical for better

understanding the kinetic conditions during steelmaking. Spontaneous emulsification

seems to occur when rapid mass transfer of oxygen takes place at the interface of

metal-slag systems. This results in a substantial decrease in interfacial tension, thus

increasing the reaction area and its overall rate. However, direct calculation of changes
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in reaction area due to spontaneous emulsification remains difficult.

The studies done so far used metal drops in the range of a few grams which

results in drop sizes of several millimetres. However, as reviewed by Koria et al. [52]

and from recent results by Millman et al. [5, 52], metal drops recovered from OSM

processes can be as small as a few tens or several hundreds of micrometers. As metal

drops get smaller, they can behave differently and changes in interfacial area can be

dramatically higher than what has been studied so far.

The experimental approach described in the following section was designed in

part to observe the interfacial phenomenon and to provide at least semi-quantitative

analysis of how the interfacial area of a metal droplet immersed in slag changes as a

function of time during dephosphorization. This would enable a better quantification

of the overall mass transfer coefficient k0 since it can be decoupled from the usual

mass transfer parameter (ATk0).

7.2 Technical Approach

As previously mentioned, Rhamdhani et al. [61–63] used a simple but effective method

to calculate interfacial area of metal drops by using papers to cover the surface of

the drops and then calculate the total area of the papers. However, as metal drops

get smaller in size and weight, it becomes unfeasible to try to physically recover and

measure the area all of the droplets. Additionally, the overall size of the experiments

has to be reduced to avoid the needle in a haystack problem. Furthermore, break up

of small droplets and re-combination may occur during shorter time periods than in

larger drops and therefore the temporal resolution needs to be finer.

To address these complications,the author used a Confocal Laser Scanning Micro-

scope (CSLM) with an integrated hot stage to run the high temperature experiments
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and X-Ray Computed Tomography (XCT) to quantify interfacial area in a consistent

manner.

Two separate sets of experiments were performed. First, phosphorus was trans-

ferred only from the metal to the slag. The slag system used was CaO-SiO2-MgO-

FeO-P2O5. Second, oxygen was transfer from the slag to the metal. In this case, the

slag system used was CaO-SiO2-MgO-FeO. The materials and experimental apparatus

are described below.

7.2.1 Raw Materials

Fe-P Master Alloy

The master alloy, MA2, was used for the kinetics experiments. As described in

Section 5.2.1, it consists of a Fe-0.2wt.% P alloy kindly provided by United States

Steel Corporation. The alloy was professionally machined to small iron cylinders

measuring 1.19mm in height and 1.49mm in diameter. Each iron button weighted

about 17mg.

De-P Master Slag

The De-P master slag was pre-melted using magnesia crucibles in a horizontal tube

furnace in an argon atmosphere to ensure a fully liquid slag would readily form once

its melting point was reached when running the actual CSLM experiments. After

the slag pre-melting, the crucible was ground using SiC grinding paper #60. The

recovered solid slag was pulverized on a puck mill to achieve a fine, homogeneous

powder. The designed master slag was analyzed by X-Ray Fluorescence (XRF) and

had the composition shown in Table 7.1.
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Table 7.1: Chemical Composition of the Master Slag Used for Kinetics Experiments.

%CaO %MgO %SiO2 %FeOt %P2O5 CaO/SiO2

38.2 7.38 17.7 34.98 2.73 2.16

Low Oxygen Master Alloy

Another master alloy containing 34ppm of oxygen and only traces of phosphorus was

used for the oxidation experiments. It was supplied by Alpha Aesar in the form a

2.0mm diameter wire. The wire was cut into discs using a low speed saw and a

diamond blade. The weight of the resulting discs was between 14 to 16mg. Table 7.2

shows the detailed chemical composition of this alloy reported by Alfa Aesar.

Table 7.2: Chemical composition of low oxygen master alloy.

%Mn %P %Ni %Cr %Al %C %S %O %N
0.0003 0.0004 0.0001 0.0003 0.0005 0.004 <0.001 0.0034 <0.001

Phosphorus-free Master Slag

The phosphorus-free master slag was prepared using the same procedure described

for the De-P master slag. The only difference being that no Ca2P2O7 was added. The

XRF analysis is shown in Table 7.3.

Table 7.3: Chemical Composition of the Phosphorus-free slag used in the oxidation
experiments.

%CaO %MgO %SiO2 %FeOt %P2O5 CaO/SiO2

38.15 10.26 16.89 34.70 0.01 2.26
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Crucible

For the same reasons already described in Section 5.2.3, MgO crucibles were used

for all kinetic experiments to prevent slag infiltration and crucible dissolution. Their

nominal dimensions are: 9mm OD, 8mm ID and 4mm high.

7.2.2 The Confocal Scanning Laser Microscope

For the present study, the Confocal Scanning Laser Microscope (CSLM) was used

solely as a furnace due to the fast heating and quenching capabilities of its integrated

hot stage. It consists of an ellipsoidal chamber plated with a highly reflective gold

coating. In one of the focal points of the ellipsoid sits a halogen lamp, which emits

infrared (IR) light. The sample sits on a small platinum holder at the second focal

point of the ellipsoid and is heated by the energy provided by the IR radiation from

the halogen lamp. A type B thermocouple is integrated into the platinum sample

holder and reads the temperature. Because this system uses a lamp, it can heat up

quickly, achieving temperatures up to 1700◦C in less than 3 minutes. This allows for

a short transient period upon heating and cooling of the samples. The atmosphere

of the chamber is controlled and argon (99.9999%) was used. A laser beam scans the

surface of the sample and its video signal is recorded on a computer using the HiTOS

software package. Figure 7.1 shows a schematic diagram of the CSLM and hot stage.

Platinum Pan and Alumina Spacer

Due to the high area/volume ratio of the magnesia crucibles used, there was the

possibility that the slag could climb the walls of the crucible and get in contact with

the platinum sample holder and thermocouple. In order to avoid costly repairs, the

MgO crucible was placed in a Pt pan acting as a secondary container in case any
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Figure 7.1: Diagram of CSLM experimental setup. (by Prof. Jingxi Wu)

spillage could occur. The platinum pan was made from platinum foil measuring

0.05mm thick.

In order to avoid direct contact between the previously mentioned platinum pan

and the platinum sample holder, a very thin Al2O3 disc spacer was placed between

the sample holder and the platinum pan.

CSLM Temperature Calibration

Temperature calibration of the system was performed using several pure metals and

observing the temperature displayed on the hot stage temperature controller when

they melted. Table 7.4 shows the pure metals used with their melting point from the
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literature and the observed melting point in the CSLM.

Table 7.4: Temperature calibration data for CSLM.

Material
Melting Temp
(◦C)

Observed Melting
Temp (◦C)

Copper 1084 1085
Cobalt 1495 1507

Iron 1538 1548

Using the data from Table 7.4, the following equation can be used to determine

the correct temperature to be used when programming the CSLM:

Controller Temperature = 1.023× (Desired Real Temperature)− 23.52 (7.1)

R2 = 0.9999

therefore, if 1600◦C is the desired temperature:

Controller Temperature = 1.023× (1600)− 23.52 = 1613◦C (7.2)

7.2.3 Experimental Procedure

The slag was loaded into the crucible and pre-melted at 1625◦C for 30 seconds in an

argon atmosphere and rapidly cooled at a nominal rate of -1000◦C/min.

The crucible was removed from the CSLM and the metal droplet was placed on

top of the pre- melted slag with a new addition of pulverized master slag to ensure

the droplet would be fully submerged in slag when in liquid state.

The sample was once again loaded into the CSLM and the hot stage is sealed.

Purging of the chamber was done as follows:
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1. Five minutes of vacuuming achieving a relative pressure of -98kPa;

2. Five minutes of argon gas flowing at 0.25 L/min;

3. Steps 1 and 2 were repeated three times to ensure absence of oxygen in the

chamber.

It was important to know the order of magnitude for the equilibration time of

the droplet used so one can determine the different holding times for the kinetic

experiments. A simple evaluation of Dt
l2

for diffusion in the metal, provides a estimate

of the equilibration time. It must be noted that considering the diffusivity of P only

in the metal and not the slag provides a rough initial estimate for the equilibration

time.

The Fe-P drops used weighed approximately 0.017g. Considering the density of

liquid iron as 6.98 g/cm3 and that the droplet assumes a spherical shape when in

liquid state, the calculated droplet radius is 0.08cm. For diffusion in a sphere, Dt
l2

to

achieve 98% equilibrium equals to 0.5. [64] The phosphorus diffusivity in the metal

was taken from [43] as 4.7 x 10−5 cm2/sec. It follows that:

Dt

l2
= 0.5 (7.3)

t =
0.5× 0.082

4.7× 10−5
= 74 seconds (7.4)

From Equation 7.4, it appears that the equilibration time would be in the order

of one or two minutes for mass transfer in the metal phase. With that information,

holding times of 0, 5, 10, 20, 30, 60, 90 and 120 seconds were used.

For the oxidation experiments, holding times of 10, 30, 60 and 90 seconds were

used.
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Figure 7.2: Heating profile used for each sample in the CSLM.

The heating profile consists of a preheating stage to ensure longevity of the halogen

lamp where temperature was brought up to 300◦C at a rate of 50◦C/min and held

for 45 seconds. The sample was then heated at a rate of 500◦C/min until 1613◦C and

was held for a given amount of time between 0 and 120 seconds. The sample was

then quenched using helium gas, flowing at 1.5 liters per minute, at an initial rate

of -1200◦C/min. The heating and cooling profiles for several samples are shown in

Figure 7.2

7.2.4 X-Ray Computed Tomography

XCT has long been used for medical purposes but in the last 25 years has found ap-

plication in industrial metrology for non-destructive testing and measurement. The

method allows full 3D evaluation of objects with no physical modification or destruc-
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Figure 7.3: Schematic representation of image formation in the XCT process.

tion of the original part.

The setup consists of an x-ray cone beam source and detector with a rotating

turntable between for positioning of the object as shown in Figure 7.3. X-rays are

produced at the source and pass through the object resulting in an image produced

on the detector screen. Where more x-rays have been attenuated by the object a

darker patch results on the screen. Images are taken at a variety of angles by rotation

of the turntable, and using a method of Feldkamp back projection [65] the object

is reconstructed as a series of volume elements known as voxels. Each voxel has an

associated grey scale value dependent on the number of attenuated X-rays at the

relative position in each projection image, with the calculated voxel size dependent

on the magnification of the object. The reconstruction can then be exported for

analysis.
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The optimal x-ray parameters are determined by the operator. First the magni-

fication is set while containing the entire object within the field of view. Particular

x-ray settings are selected to ensure the maximal use of the grey-scale range, while

preventing saturation of the signal. If the object contains metal components some

filtering at the source must be applied to “harden” the beam, removing lower energy

x-rays that would easily scatter and result in artifacts in the scan.

XCT scans for all CSLM samples were kindly performed at the The University of

Warwick WMG by Professor Mark Williams, Mr. Jason Warnett and Mr. Stephen

Spooner.

XCT Settings and Calibration

Samples were analyzed after quenching at discrete time steps by observing the entire

prepared crucible. A Nikon Metrology XT H 320 LC CT scanner was used to investi-

gate the internal characteristics of the prepared crucibles at discrete time-steps. The

x-ray source was a 225kV micro focus with a tungsten target. The detector panel

constant of 2000 pixels square each 200 microns in size. The parameters for each

scan were kept consist as detailed in Table III. Scans were then reconstructed and

dimensional evaluation was performed by using the software packages CT-Pro 3D and

VGStudio MAX respectively.

The result was a voxel size of 5.06 microns, but CT scanning has its own inherent

errors dependent on the given detector-source/source-object distance. This error can

be as much as 1% but can be reduced to < 0.1% by use of a reference workpiece [66,67].

In this case, a precision ball bar with a center to center distance of 5mm between

the two ruby spheres (shown in Figure 7.4) was used as the reference workpiece. The

center-to-center distance of the reconstructed model was found to be 5.08mm so all

voxels were scaled by a factor of 4.65% accordingly.
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Table 7.5: XCT scanning parameters.

Voltage (kV) 220
Power (W) 11
Gain (dB) 12

Exposure (s) 4
Projections 3142

Filter (mm, Cu) 0.5
Magnification x39.5

Voxel Size (microns) 5.06

Figure 7.4: - Ball bar used as reference work piece in CT scans for voxel scaling to
reduce measurement error.

To evaluate the volume and surface area of the iron pellet the volume was individ-

ually segmented by process of surface determination based on grey values by selection

of an appropriate isosurface. Dependening on reasonable isosurface selection, eval-

uation of volume could vary by up to 10% prior to voxel scaling [68]. To ensure

consistency, the selected isosurface was automatically determined by the program by

selection of sample voxels considered to be background (air) and then material (iron).

Strong contrast in grey values between the slag and the metal aided in a precise de-

termination. All measurements were subject only to a consistent error from the above

mechanisms.

7.2.5 Chemical Analysis

Previously, as discussed on Chapter 5, ICP-MS or ICP-OES were the techniques used

to analyze the metal phase for phosphorus. However, these techniques have spot sizes
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on the order of several millimeters and are not suitable to analyze a metal drop that

measures roughly 1.5mm in diameter. In order to evaluate the phosphorus content in

the metal before and during emulsification, other techniques had to be used. These

include Wavelength Dispersive Spectroscopy (WDS-SEM), Laser Ablation ICP-MS

(LA-ICPMS) and Secondary Ion Mass Spectroscopy (SIMS). Each of these techniques

have the advantage of having small spot sizes make possible to chemically analyze the

metal drop and emulsion. At the time of writing, the author has had limited exposure

to these techniques as they are not traditionally usually used for bulk analysis. The

use of these methods were more exploratory. The results of each of these methods is

discussed below.

7.3 De-P Results

7.3.1 3D Images

Figure 7.5 shows the evolution of the geometry of the metal droplet as a function of

time for all time steps. In each image the crucible and the slag phase are shown as

independent cross-sections and the metal droplet is shown in front of them.

The results show a dynamic sequence wherein drops break apart completely and

recombine within a time period of 120 seconds.

7.3.2 Surface Area and Volume Measurements

The surface area and volume were determined as previously described in Section 7.2.4

after the samples were quenched to room temperature. Table 7.6 and Table 7.7 show

the raw data for surface area and volume respectively. The minimum, maximum and

selected surface areas and volumes are based on the manually selected grey values.
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(a) 0 sec Sample (b) 5 sec Sample

(c) 10 sec Sample (d) 20 sec Sample

(e) 30 sec Sample (f) 60 sec Sample

(g) 90 sec Sample (h) 120 sec Sample

Figure 7.5: Evolution of metal droplet geometry immersed in slag as a function of
time for De-P experiments.
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Table 7.6: Raw data for surface area measurements.

Time (s)
Surface Area Se-
lected (mm2)

Surface Area
Max (mm2)

Surface Area
Min (mm2)

Ai/A0

0 8.12 8.15 7.93 1
5 8.06 8.11 8 0.99
10 8.84 8.92 8.8 1.09
20 10.56 11.03 10.13 1.3
30 52.95 58.44 44.73 6.52
60 86.85 89.97 77.34 10.7
90 71.03 74.02 61.54 8.75
120 14.32 14.4 14.15 1.76

Table 7.7: Raw data for volume measurements.

Time (s)
Volume Selected
(mm3)

Volume Max
(mm3)

Volume Min
(mm3)

Vi/V0

0 1.82 1.84 1.77 1
5 1.77 1.79 1.74 0.97
10 1.89 1.89 1.87 1.04
20 1.81 1.78 1.81 0.99
30 1.33 1.51 1.17 0.73
60 1.61 1.73 1.43 0.88
90 1.45 1.53 1.26 0.8
120 1.65 1.68 1.65 0.91

7.3.3 Chemical Analysis

As previously mentioned on Section 7.2.5, several different analytical techniques were

used quantify P and O in the metal. The original chemical composition of the alloy

was analyzed by ICP-MS and LECO and was shown in Table 5.1 back in Chapter 5.

Not all samples were analyzed and the summary of the results is shown in Table 7.8.

WDS-SEM was the initially selected tool to analyze the phosphorus content in the

metal drops. It is a nondestructive technique and relatively simple to use. WDS offers
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Table 7.8: Chemical analysis results for P and O using different techniques.

(wt.% P) (wt.% O)
Reaction
Times (s)

ICP-MS WDS-SEM LA-ICPMS LECO SIMS

Original
Alloy

0.201 0.170±0.032 0.0737

0 0.179±0.015
10 0.002±0.002
20 0.008±0.005 0.0019±0.0001 0.213±0.139
30 0.003±0.002

better peak resolution and separation than EDS and can potentially detect concen-

trations below 1wt.% with the usage of proper standards. Unlike EDS, the detector

reads and counts x-rays generated of a single wavelength at a time that are diffracted

by a crystal of proper lattice spacing. In the present study the standards used were

pure Fe and GaP for iron and phosphorus respectively. Each of the standards were

used to standardize accelerating beam voltages of 25 and 30kV with spot sizes of 6

and 7. The high accelerating voltages and bigger spot sizes were necessary in order

to achieve the highest beam current possible in the SEM, which helps in quantifying

low concentrations. Table 7.9 shows the individual settings used for each reading of

wt.% P.
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Table 7.9: WDS results and scan parameters.

Reaction
Time
(s)

Beam
Current
(nA)

wt.%
P

Area Mag. kV
Spot
Size

Fe
Scan
(s)

Fe
Bkgd
(s)

P
Scan
(s)

P
Bkdg
(s)

0 8.66 0.164 Bulk 6500 30 6 60 20 200 60
0 8.70 0.169 Bulk 6500 30 6 60 20 200 60
0 8.70 0.151 Bulk 6500 30 6 60 20 200 60
0 8.70 2.813 Particle 6500 30 6 60 20 200 60
0 7.78 3.147 Particle 6500 30 6 60 20 200 60
0 8.70 2.932 Particle 6500 30 6 60 20 200 60
0 7.78 1.726 Particle 6500 30 6 60 20 200 60
0 8.29 0.187 Bulk 6500 30 6 60 20 200 60
10 9.48 0.000 Bulk 6500 30 6 100 30 400 60
10 10.70 0.001 Bulk 6500 25 6 30 10 60 10
10 10.70 0.006 Bulk 6500 25 6 30 10 60 10
10 10.93 0.000 Bulk 6500 25 7 100 30 300 60
10 8.29 0.006 Bulk 6500 30 6 60 20 200 60
10 8.59 0.002 Bulk 6500 30 6 60 20 200 60
10 8.59 0.001 Bulk 6500 30 6 60 20 300 90
10 8.73 0.002 Bulk 6500 30 6 60 20 300 90
10 8.73 0.001 Bulk 6500 30 6 60 20 300 90
20 10.72 0.010 Bulk 6500 25 6 30 10 60 10
20 10.72 0.016 Bulk 6500 25 6 30 10 60 10
20 10.72 0.004 Bulk 6500 25 6 30 10 60 10
20 10.72 0.003 Bulk 6500 25 7 30 10 60 10
20 8.80 0.007 Bulk 6500 30 6 60 20 300 90
30 10.72 0.006 Bulk 6500 25 6 30 10 60 10
30 10.72 0.001 Bulk 6500 25 7 30 10 60 10
30 11.06 0.003 Bulk 6500 25 7 100 30 300 60
30 11.06 0.003 Bulk 6500 25 7 100 30 300 60
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LA-ICPMS is different than a regular ICP-MS in the sense that uses a focused laser

beam to ablate a small area of the sample. This technique was used to double check

the data acquired by WDS and only one sample was analyzed using this technique.

A total of four measurements were taken using ICP-MS across different regions of the

metal drop. Each ”shot” ablated roughly 5µm in depth with a spot size of 100µm in

diameter. The each individual reading is shown in Table 7.10.

Table 7.10: Phosphorus content results from LA-ICPMS for 20s sample.

LA-ICPMS - 20s Sample
Reading wt.% P

1 0.0018
2 0.0020
3 0.0019
4 0.0018

Average 0.0019

Table 7.11: Oxygen content results from SIMS for 20s sample.

SIMS - 20s Sample
Reading wt.% O

1 0.104
2 0.336
3 0.192
4 0.403
5 0.037

Average 0.214

SIMS was used for the analysis of oxygen for the 20s sample. SIMS uses a focused

ion beam to sputter the surface of the sample. As the ion beam ”mills” the surface,

secondary ions are generated and these ions are analyzed by a mass spectrometer.

Quantification was based on a stainless steel 302 standard. A total 5 ”shots” were
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Figure 7.6: Measured oxygen concentration as a function of depth for the 20s sample.

made close to the center of the metal drop. Each shot milled roughly 10µm in depth

with a spot size of 30µm. The individual measurements are shown in Table 7.11.

A sixth oxygen measurement was performed using SIMS to generate a depth profile

of the oxygen concentration. This is shown in Figure 7.6.

7.4 Oxidation Results

7.4.1 3D Images

Figure 7.7 shows the evolution of the geometry of the metal droplet as a function of

time for all time steps performed for the Oxidation experiments.

The results show a dynamic sequence wherein drops break apart completely at

around 90 seconds of reaction time.
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(a) 10 sec oxidation Sample (b) 30 sec oxidation Sample

(c) 60 sec oxidation Sample (d) 90 sec oxidation Sample

Figure 7.7: Evolution of metal droplet geometry immersed in slag as a function of
time for oxidation experiments.

7.4.2 Surface Area and Volume Measurements

Table 7.12 and Table 7.13 show the raw data for surface area and volume respectively

for the oxidation experiments. The minimum, maximum and selected surface areas

and volumes are based on the manually selected grey values.

Table 7.12: Surface area measurements for oxidation experiments.

Time (s)
Surface Area Se-
lected (mm2)

Surface Area
Max (mm2)

Surface Area
Min (mm2)

Ai/A0

10 6.60 6.60 N.A. 1.00
30 8.37 8.38 8.36 1.27
60 6.84 6.86 6.83 1.04
90 65.75 73.69 58.13 9.96
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Table 7.13: Volume measurements for oxidation experiments.

Time (s)
Volume Selected
(mm3)

Volume Max
(mm3)

Volume Min
(mm3)

Vi/V0

10 1.29 1.30 1.28 1.00
30 1.31 1.32 1.30 1.02
60 1.19 1.19 1.18 0.92
90 0.96 1.10 0.83 0.74

7.5 Discussion

7.5.1 Dynamic Changes in Surface Area

From Figure 7.5, it can be seen that there is a delay in the onset of significant

slag/metal reaction due to the time it takes for the sample to melt. Ideally, the

0 second sample would correspond to a fully liquid, spherical metal droplet, if the

response time with respect to furnace heating was zero. However, at 0 seconds, the

iron button is still in its original solid shape and heat conduction limits the melting

of the button. This means that even though the furnace has already achieved the

programmed temperature of 1613◦C, the temperature in the vicinity of the iron button

is still below its melting point. The same behavior is seen for the 5 seconds sample.

At 10 seconds the droplet is in fully liquid state and has acquired a spherical shape.

Additionally, the surface area has increased by roughly 9%. After 20 seconds the

surface of the droplet is considerably rougher and it is possible to see packets of

liquid metal almost breaking apart form the surface. At this stage the rate of mass

transfer should be increasing and surface tension starts to decrease.

A drastic change in droplet geometry occurs between 20 and 30 seconds suggesting

that the reaction is rapid and surface tension has decreased significantly. At this stage

spontaneous emulsification has taken place and the main drop has broken apart into
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Figure 7.8: Measured surface area of metal droplet for De-P experiments as a function
of time.

many small droplets. The surface area increases by a factor higher than 5, going from

10.56 mm2 to 52.95 mm2.

From 30 to 60 seconds, the droplets continue to break up and the calculated

surface area is over one order of magnitude higher than the original solid droplet.

This was the maximum area observed during the experiments. At this stage the

surface tension must be close to zero and the mass transfer rate is at its maximum.

At 90 seconds the surface area slightly decreases, indicating that mass transfer is

slowing down and, after 120 seconds, the droplets have mostly coalesced to a great

extent and the calculated surface area reaches a value close to the original liquid

droplet. This behavior is graphically shown in Figure 7.8.

The aforementioned results present a degree of emulsification considerably larger

than the observed by Rhamdhani et al. [63] where it was reported a maximum increase

in interfacial area by a factor of roughly 5. Rhamdhani et al. also studied the
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effect of initial droplet size on the amount of observed emulsification. The studied

droplet weights ranged from 1.75 to 3.5 grams. They observed that as the droplet size

decreased, the total relative change in interfacial area increased. As seen in Figure

7.9, the trend for emulsification does not follow a linear fashion and, as droplets get

considerably smaller, the maximum observed change in area drastically increases.

As previously mentioned in Section 3.3, Gaye et al. [7] studied both equilibrium

and dynamic properties of several metal-slag combinations. For the study of dynamic

interfacial phenomenon, they observed a drastic decrease of dynamic interfacial ten-

sion for all systems studied if the initial driving force for a given reaction was high

enough. Gaye et al. [7] proposed that, when the oxygen flux across the interface be-

comes larger than about 0.1g.atom m−2 s−1, the interfacial tension approaches a value

close to zero resulting in an interface of interfacial area. When oxygen flux becomes

lower than 0.01g.atom m−2 s−1, interfacial tension rapidly increases to a value close

to the equilibrium tension.

Chung and Cramb [55] studied the dynamic behavior of Fe-Ti alloys and explained

the potential mechanisms for spontaneous emulsification by means of fluid flow ef-

fects including natural convection and Marangoni flow. They realized that chemical

reactions appear to begin locally and would cause local thermal and concentrational

gradients that must arise solely due to the reaction since all the experiments were

initially isothermal. These local variations caused changes in interfacial tension giv-

ing rise to Marangoni flow. The fluid flow at the interface of two liquids of different

viscosities will eventually cause the interface to destabilize promoting an increase in

interfacial area. Based on the Kelvin-Helmholtz instability, they estimated that if the

difference between the velocities of the metal and slag exceeds 25 cm/s the interface

would be unstable and waves would form. A wavelength of 0.82cm and wave velocity

of 18.4cm/s would be generated at the interface when the velocity difference exceeds
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Figure 7.9: Initial droplet weight vs maximum observed change in area.

25cm/s. However, in their study, the majority of the observed wavelengths were less

than 1µm, pointing to the fact that the interfacial turbulences greatly exceeded the

estimated 25cm/s threshold.

Lopez-Montilla et al. [60] reviewed the various proposed mechanisms for emul-

sification of immiscible liquids. They include interfacial turbulence; diffusion and

stranding; negative interfacial tension; concentration or temperature gradients and

Rayleigh instability among other things. The real mechanism for spontaneous emul-

sification is likely a combination of all the aforementioned observations and some of

the proposed mechanisms could be applicable. Nonetheless, the mass transfer of a

surface-active element across the metal-slag interface causes local thermal, concentra-

tional and electric potential gradients, which result in local interfacial perturbations.

These perturbations give rise to waves at the interface. If mass-transfer is rapid

enough, these perturbations can continuously grow and eventually cause spontaneous
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emulsification. This would occur more easily if a surfactant is involved. From the

dephosphorization reaction, oxygen is involved in the dephosphorization reaction and

is a known surfactant. It is also possible that phosphorus itself is a surfactant.

It is important to note that the measured surface areas from Table 7.6 may not

correspond to the actual metal/slag interfacial area in the liquid state. Ideally, when

both phases are in the liquid state, the interfacial area should be equal to the surface

area of the droplets. However, during the quenching of the samples, there are a

few factors that can distort the surface area. The shrinkage of the droplets during

solidification, for example, could either increase or decrease the surface area depending

on the geometry the solidified droplets acquire. Voids can also form around the

solidified metal droplets due to this shrinkage. Cracks can also appear in the slag

due to the rapid solidification and pores are also commonly observed. These are all

factors that make a precise estimate of the true reaction interfacial area a lot more

complex. Nonetheless, these measurements provide at least relative area changes that

should be closely related to the real interfacial area.

7.5.2 The Theories

Section 7.5.1 discussed in detail the theory behind spontaneous emulsification and

how mass transfer of surface active elements are a basic requirement for the observed

phenomenon. This section focuses on utilizing the results obtained from Table 7.8 to

make better sense of the phenomenon. Several of these results were surprising to the

author. Consequently, for each unexpected result, the theory to describe the observed

emulsification had to be revised. The following subsections will present a series of

theories organized by relevance, each of the theories are critically assessed.

147



The Dephosphorization Theory

The experiments discussed in this chapter were originally designed to study the de-

phosphorization of a metal drop with slag for different reaction times. The starting

phosphorus content of the alloy was 0.2wt.% as previously detailed in Table 5.1. The

expected equilibrium phosphorus content was expected to be below 50ppm for the

slag described in Table 7.1.

It was initially hypothesized that the emulsification behavior discussed in Section

7.5.1 was due to the dephosphorization reaction since it involves the transfer of oxygen

across the metal-slag interface to promote the oxidation of phosphorus into phosphate

ions and the reduction of FeO into metallic Fe. Continuous emulsification would occur

as long as the rate of the reaction was fast. Coalescence would start to occur as the

reaction slowed down.

After the dynamic changes in surface area had been properly measured, the next

logical step was to quantify the phosphorus content in the metal for each individual

sample. As previously mentioned in Section 7.3.3, WDS was the first technique used.

Each of the samples were cross-sectioned, mirror polished using diamond suspensions

and coated with carbon. Platinum coating was avoided in order to prevent overlapping

with phosphorus peaks.

A schematic representation of what was expected from the phosphorus measure-

ments is shown is Figure 7.10. Assuming no phosphorus transfer in solid state, the

reaction would start as soon as the metal drop melted, at around 10 seconds, at

a fast enough rate to promote emulsification. From 60 to 90 seconds the reaction

would start to slow down and at 120 seconds the rate would be very slow as the

reaction approached thermodynamic equilibrium. However, this theory proved to be

questionable.
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Figure 7.10: Expected phosphorus concentration profile as a function of reaction time.
Dotted line is only schematic.

During the analysis of the 0s and 5s samples, SEM images revealed the presence of

phosphorus-rich particles all across the metal drop. WDS was used to analyze several

of these particles as well as the matrix of the drop. Examples of these particles

are shown in Figure 7.11. These particles had phosphorus contents in the range of

1 to 4wt.% as previously shown in Table 7.9. On the other hand, the phosphorus

concentration in the matrix of the metal drop was on the range of 0.15 to 0.19wt.%.

Based on these findings, several low magnification pictures were used to estimate

the area fraction of the particles. The software ImageJ was used to create binary

representations of the images and perform these calculations. An example of how a

binary image looks like is shown in Figure 7.12. The particles are identified based on

manual settings of threshold and gray values. The software then counts the particles

and calculates the individual area of each particle. This information is then used to
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Figure 7.11: Examples P-rich particles found in 0s sample. Secondary electron images
taken at 20kV and 8000x.
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(a) Low magnification SEM picture of P-rich
particles.

(b) Binary image used to calculate area frac-
tion of P-rich particles.

Figure 7.12: Example of image processing to estimate area fraction of particles present
in the metal matrix.

estimate the area fraction. Several of these images were used and the calculated area

fraction was 0.4%, which is quite small. The results for the 0 second sample, from

Table 7.9, were weighted averaged to give the final concentration of 0.179±0.015 wt.%

P as previously shown in Table 7.8. This concentration is in reasonable agreement

with the as cast concentration of the alloy of 0.2 wt.%.

The next samples analyzed by WDS corresponded to reaction times of 10, 20 and

30 seconds. Samples 10s and 20s correspond to spherical drops before emulsification

takes place. Sample 30s is the first emulsified sample observed. Surprisingly, all

three samples had very similar results: the phosphorus concentration was very low.
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Figure 7.13: Analyzed phosphorus concentration profile as a function of reaction time.

This means that phosphorus from the metal had been removed before the onset of

emulsification.

In order to confirm whether these measurements were correct, sample 20s was

analyzed by LA-ICPMS and the result was in agreement with the WDS measurement.

In face of these findings, it was clear that dephosphorization was not responsible for

the spontaneous emulsification. Figure 7.13 compiles the results discussed so far.

According to these results, phosphorus appears to have been removed as soon as

the metal drop melts. From the XCT images, this must occur somewhere in between

5 and 10 seconds of reaction time, which means phosphorus was removed in less than

5 seconds. Based on these numbers, the author calculated the diffusion coefficients

for both static diffusion and mass transfer necessary to promote dephosphorization

of a sphere for this time scale.

Using Manning’s [6] approach previously described on Section 3.3, Equation 7.5
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was used to estimate the ATk0 parameter for a reaction time of 5 seconds. Table 7.14

shows the values for the variables used and the resulting RHS of the equation.

−ATk0t =
Wm

ρm

1

1 + Wm

LPWs

ln

[(
1 +

Wm

LPWs

)
[%P ]

[%P ]0
− Wm

LPWs

]
(7.5)

Table 7.14: Results for RHS of Equation 7.5.

Reaction Time (s) RHS Wm (g) ρm (g/cm3) Ws (g) [%P0] [%P] Lp
0 0.000 0.017 6.98 0.39 0.179 0.179 370
5 0.011 0.017 6.98 0.39 0.179 0.002 370

It follows that:

ATk0 =
0.011− 0.000

5− 0
(7.6)

= 0.002
cm3

s
(7.7)

but AT = 0.088 cm2 (7.8)

∴ k0 = 0.025
cm

s
(7.9)

Here, k0 corresponds to the overall mass transfer coefficient and is defined as:

k0 =
1

ρm
ksρsLp

+ 1
km

(7.10)

If we neglect the resistance from the slag, k0 = km, which is related to a “effective”

diffusion coefficient in the metal by Equation 7.11

km =
Deff

δ
(7.11)

Where δ is the boundary layer thickness in the metal drop. The maximum thick-
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ness of the boundary layer in the spherical metal drop is its radius, i.e. 8.4 × 10−2

cm. Table 7.15 shows the estimated diffusion coefficients for different boundary layer

thicknesses.

Table 7.15: Diffusion coefficient based on mass transfer.

δ (cm) Deff (cm2/s)
8.4 × 10−2 2.1 × 10−3

4.2 × 10−2 1.0 × 10−3

2.1 × 10−2 5.2 × 10−4

1.1 × 10−2 2.6 × 10−4

5.3 × 10−3 1.3 × 10−4

2.6 × 10−3 6.5 × 10−5

1.3 × 10−3 3.3 × 10−5

6.6 × 10−4 1.6 × 10−5

3.3 × 10−4 8.1 × 10−6

Reasonable values for the diffusion coefficient are only achieved for boundary layer

thicknesses below 26 microns. This seems to be a rather small number, but such thin

boundary layers are possible if enough convection is present in the system. Convection

can occur not only because of pressure, temperature and chemical gradients, but it can

also arise from surface tension gradients. This is called Marangoni flow. Chung and

Cramb [55] studied the role of Marangoni flow on metal-slag reactions. They proposed

that local variations in temperature at the interface caused by a chemical reaction

would result in local variations in interfacial tension and Marangoni convection would

then take place. They have also proposed that Maragoni flow could be responsible

for drop flattening and emulsification. Nonetheless, it is a possibility that Marangoni

flow could play a significant role in the convection of the system, resulting in very

thin boundary layers ultimately causing rapid mass transfer.

It must be pointed out that the actual reaction time is unknown. However, it must

be in the range of 0 to 5 seconds. If, for example, the reaction time was 1 second, the
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calculated value of k0 would be five times larger than 0.025 cm/s, that is 0.125 cm/s.

This would require even smaller boundary layer thicknesses than previously discussed.

From the available data, the author can only provide a range of the possible mass

transfer coefficients, i.e. 10−1 to 10−2 cm/s.

The results for static diffusion in a sphere show unreasonable values for the diffu-

sion coefficient. [64] For a reaction time of 5 seconds, it follows that:

Deff × t
l2

= 0.5 (7.12)

Deff =
0.5l2

t
(7.13)

Deff =
0.5× 0.0842

5
(7.14)

Deff = 7× 10−4 cm2/s (7.15)

This is the lowest possible value of Deff for static diffusion but is still one or two

orders of magnitude higher than a typical diffusion coefficient for liquids. This points

to the fact that it is unlikely that phosphorus was removed due to static diffusion

but rather by mass transfer aided by strong convection arising from local gradients in

temperature, surface-tension and composition. Further modeling of the fluid dynamic

behavior of the system falls outside the scope of the present work, but is encouraged

by the author.

In summary, phosphorus removal occurred before the onset of emulsification and

thus, does not affect the emulsification behavior of the metal in this particular system.

Phosphorus was removed during a time window of 0 to 5 seconds, which corresponds

to overall mass transfer coefficients in the order of 10−1 to 10−2 cm/s. Even if we

neglect the resistance from the slag, the required boundary layer thickness in the
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metal drop is in the order of micrometers. This means that strong convection is

taking place within the metal drop and this convection is a result of temperature,

chemical and surface-tension gradients in the drop.

The Reoxidation Theory

From the previous section, phosphorus was removed from the metal drop before the

onset of emulsification. If face of these results, one question still remained: “What

was causing the emulsification?”.

Phosphorus and oxygen should go hand-in-hand in the dephosphorization reac-

tion. If phosphorus was quickly removed from the metal drop, then the dissolved

oxygen content in the droplet should also decrease to a low value. This new oxygen

content was expected to be well below the Fe-FeO equilibrium and, therefore, oxygen

transfer from the slag back into the metal should occur to reestablish the equilib-

rium oxygen content for the particular slag used in the experiments. This mechanism

would follow the following chemical reactions:

P +
5

2
O +

3

2
O2− = PO3−

4 (7.16)

FeO = Fe+O (7.17)

Equation 7.16 consumed dissolved oxygen, resulting in a oxygen depleted metal

drop that would not be in thermodynamic equilibrium with the oxygen rich slag.

At this point, Equation 7.17 would take place in order to re-oxidize the metal drop.

Since Equation 7.17 involves the transfer of oxygen across the slag-metal interface, it

is also a potential candidate to promote emulsification.

The Fe-FeO equilibrium based on the activity of FeO on the master slag used
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Figure 7.14: Expected oxygen concentration profile as a function of reaction time.

(Table 7.1) was predicted using FactSage. The equilibrium oxygen content in the

metal was predicted to be of about 1000ppm.

Based on all the aforementioned points, it was plausible that reoxidation was the

root cause for emulsification. Figure 7.14 shows a schematic representation of what

was expected.

Surprisingly, the SIMS analysis showed oxygen levels with a wide variation as seen

in Table 7.11 and Figure 7.6. Based on these results, the average oxygen content was

reported to be 0.213±0.139 wt.%. This concentration is significantly higher than the

predicted equilibrium oxygen content.

Figure 7.6 also corroborates how heterogeneous the oxygen distribution is across

the sample, with values ranging from below equilibrium, i.e. 0.047wt.%, to very

high concentrations, i.e. 0.79wt.%. While SIMS is not commonly used for absolute

quantification, it should give values within a factor of 2 with the use of a standard.
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Another possibility would be that FeO particles were trapped in the drop. If the

ion beam hit a FeO particle, the oxygen concentration would increase and the iron

concentration would decrease since FeO has roughly 22wt.% oxygen.

The spot size used for the SIMS analysis had a diameter of 30µm. Based on

this information, one can roughly estimate the diameter that a spherical FeO particle

must have to cause the peak seen in Figure 7.6. It follows that:

πd2spot
4
× 0.79 =

πd2particle
4

× 22.3 (7.18)

dparticle =

√
d2spot × 0.79

22.3
(7.19)

dparticle =

√
302 × 0.79

22.3
(7.20)

dparticle ∼ 5.6µm (7.21)

However, no particles were seen when the sample was observed on the SEM. Also,

it appears that the counts per second of iron ions stayed relatively constant across the

depth profile as shown in Figure 7.15. If a FeO particle was present, it was expected

that the counts for iron ion would decrease and coincide with the peak in oxygen

concentration. The explanation for the wide variation on the oxygen concentration

escapes the author. Figure 7.16 graphically shows the combination of the results

discussed so far.

In a last effort to understand if oxygen transfer alone could be responsible for

emulsification, the author performed a few oxidation experiments consisting of a low-

oxygen drop and a phosphorus-free slag as previously mentioned on Section 7.4.

From Figure 7.7 it is clear that oxygen mass-transfer alone is responsible for the

break up of the metal drop. The series of images show that emulsification takes place
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Figure 7.15: Oxygen concentration and iron count rate as a function of depth

between 60 to 90 seconds, which represents a significant delay on the previous series

of experiments where emulsification was observed between 20 and 30 seconds. From

Table 7.12 it can be seen that the surface area of the drop stays relatively constant

for the first 60 seconds of the reaction between 6 to 8 mm2. At 90 seconds, the

surface area increased by one order of magnitude reaching 65.75 mm2. This behavior

is graphically shown in Figure 7.17. The relative increase in area is very similar to

the one achieved for the 60 seconds sample in the first set of experiments, however,

the time on which it occurs differs by up to 30 seconds. This is clear seen if the two

normalized area curves are plotted together as shown in Figure 7.18.

In summary, the emulsification seen in the first set of experiments was not caused

by reoxidation since the oxygen content analyzed by SIMS was well above the equi-

librium oxygen for the slag used. It is unclear what caused the metal drop to become

over saturated with oxygen however, after it becomes over saturated, it must go

159



Figure 7.16: Area, phosphorus and oxygen content as a function of reaction time.

through de-oxidation to restore the oxygen equilibrium. In this case, oxygen would

be transferred from the metal to the slag and emulsification would occur. The second

set of experiments transferred oxygen on the opposite direction, i.e., from slag to

metal. However, it did validate that oxygen transfer across the metal-slag interface

is responsible for spontaneous emulsification. This behavior should occur regardless

of the direction of oxygen transfer. Deeper study of de-oxidation or reoxidation of

metal falls outside the scope of this project and would take considerable more work.

This is again encouraged by the author.

The Mechanical Removal and Self Dephosphorization Theory

If de-oxidation caused the break up and emulsification of the metal drop for the Fe-P

alloy, how was phosphorus removed so readily from the metal?.

As previously mentioned, phosphorus rich particles were found in the matrix of
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Figure 7.17: Measured surface area of metal droplet as a function of time for oxidation
experiments.

the 0 and 5 second samples. These particles had phosphorus contents of up to 3

wt.%. It was also observed that, as soon as the metal drop melts (at 10 seconds)

these particles are not present anymore and the phosphorus content had decreased

to a value close to equilibrium. If these particles are some form of phosphates, they

could be removed from the metal matrix by simple mechanical flotation and buoyancy

as soon as the metal drop melts. This flotation would likely occur a lot faster than

mass transfer.

However, just the mechanical removal of the P-rich particles cannot explain the

total amount of phosphorus that was removed from the drop. The estimated area

fraction of the particles is 0.4% and the average phosphorus content in them is 2.65

wt.%. This would account for a decrease in the phosphorus content of the bulk metal

of only 0.012 wt.%. The resulting phosphorus content after the mechanical removal

of the particles would be 0.168 wt.%
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Figure 7.18: Normalized surface area of metal droplet as a function of time for both
sets of experiments.

In addition to the mechanical removal of the particles, it was hypothesized that

during the heating up of the sample in the CSLM, a film of iron oxide would also

form around the solid metal. This ”shell” would act as a slag so that, as soon as

the drop melts, phosphorus would be chemically removed by reacting with the self-

created oxide film, or slag. If this is true, the metal drop could go through ”self

dephosphorization” by two separate mechanisms as summarized below:

• CSLM Heating ramp:

– During the heating ramp in the CSLM, FeO would form around the solid

metal drop.

– At the same time, the phosphorus rich particles would grow in the metal

matrix as some form of a complex phosphate.

• Melting of the metal drop:
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– The FeO film around the drop would melt at roughly the same time as the

drop melts and would act as a slag to remove dephosphorize the metal.

– In parallel, the particles (possibly in liquid form) would simply float out

of the metal drop into the slag and rapidly dissolve.

If the aforementioned mechanism is true, then the metal drop would not need a

pre melted slag to undergo dephosphorization. To verify this assumption, an extra

experiment was carried by submitting two Fe-P drops to the exact same experimental

procedure as before, the only difference being the absence of the powdered, pre melted

slag. The holding time used was 20 seconds which is in agreement with the reaction

time before emulsification took place and after phosphorus had been removed from

the metal. The sample was then mounted in epoxy, cross sectioned, mirror polished,

coated with carbon and finally analyzed by WDS.

Interestingly enough, both drops had a significant amounts of particles entrapped

in the matrix in a very similar fashion than what had been previously observed

as shown in Figure 7.19. Moreover, the matrix still had considerable amounts of

phosphorus. The WDS results are summarized in Table 7.16.

Based on these results, it is clear that phosphorus cannot be removed just due to

mechanical removal and ”self-dephosphorization” without the presence of a continu-

ous slag phase. Therefore, phosphorus must have been removed due to mass transfer

before the onset of emulsification.

Summary of Theories and Likely Mechanism

Three theories to explain the observed results for the Fe-P experiments were discussed.

The first theory explained why dephosphorization was thought to cause emulsifica-

tion but was debunked as phosphorus had already been transferred to the slag before
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Figure 7.19: Secondary electron images of Fe-P alloy heated in the absence of slag to
evaluate the ”Self-Dephosphorization” theory.
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Table 7.16: WDS results for Self De-P experiments

Sample wt.% P Area kV Spot
Size

Fe
Scan
(s)

Fe
Bkgd
(s)

P
Scan
(s)

P
Bkdg
(s)

Drop 1 0.153 Bulk 25 6 60 40 100 80
Drop 1 0.139 Bulk 25 6 60 40 100 80
Drop 1 0.113 Bulk 25 6 60 40 100 80
Drop 1 0.157 Bulk 25 6 60 40 100 80
Drop 1 0.194 Bulk 25 6 60 40 100 80
Drop 1 0.786 Particle 25 6 60 40 100 80
Drop 1 2.548 Particle 25 6 60 40 100 80
Drop 1 1.433 Particle 25 6 60 40 100 80
Drop 1 3.321 Particle 25 6 60 40 100 80

Drop 2 0.120 Bulk 25 6 60 40 100 80
Drop 2 0.138 Bulk 25 6 60 40 100 80
Drop 2 0.170 Bulk 25 6 60 40 100 80
Drop 2 0.152 Bulk 25 6 60 40 100 80

emulsification. Phosphorus was removed in less than 5 seconds and based on the cal-

culated interfacial area, it was possible to evaluate the lowest possible mass transfer

coefficient of 0.025 cm/s. This value was then used to iteratively calculate the bound-

ary layer thickness that would result in a reasonable “overall” diffusion coefficient. It

was found that the boundary layer needed is less than 26 microns. The author then

hypothesized how Marangoni flow can aid the other common convection mechanisms

in order to achieve small boundary layers and rapid mass transfer.

The second theory examined why emulsification occurred after dephosphorization

had already been completed. It was hypothesized that the early removal of phosphorus

would also deplete the metal from oxygen. Thus, oxygen dissolution back into the

metal would have to occur to restore the oxygen equilibrium between the metal and

the slag. However, the SIMS measurements showed that the metal was actually

over-saturated with oxygen right after dephosphorization took place. It remains a
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mystery why this over saturation occurred in the first place. Nonetheless, this excess

oxygen would now diffuse back into the slag which would then cause emulsification.

Therefore, emulsification was not caused by reoxidation but rather by de-oxidation.

The third theory hypothesized that phosphorus was actually removed due to the

flotation of the P-rich particles as well as by self-dephosphorization by the iron oxide

film formed around the solid metal drop during heating in the CSLM. This FeO film

would act as a slag and remove chemically remove phosphorus by means of oxidation.

To test this theory the author studies two metal drops that were heated in the absence

of slag. It was found that the drops did not “self-dephosphorize” neither the particles

were removed by flotation. Thus, this theory was not consistent with the experimental

results.

In summary, the author believes that the actual mechanism of the studied phe-

nomenon is a combination of the first two theories as follows:

• Dephosphorization occurs rapidly by liquid phase mass transfer. Strong con-

vection caused by a combination of several fluid flow mechanisms yields a very

thin boundary that facilitates the phosphorus transport across the interface. It

is plausible that Marangoni flow significantly aids the convection of the system

in addition to the classic mechanisms of temperature, pressure and composition

gradients.

• For an unknown reason, the metal becomes over saturated with oxygen after

dephosphorization has happened. Thus, the metal phase de-oxidizes, transfer-

ring oxygen back to the slag in order to restore the oxygen equilibrium in the

system. During this continuous transfer of oxygen, emulsification takes place.

It is unclear why the time scales for De-P and De-O are considerably different.
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7.5.3 Volume Measurements

The data from Table 7.7 and Figure 7.20 show that there is a total decrease of up to

27% in the initial droplet volume. This is expected, from de-oxidation reaction:

O + Fe = FeO (7.22)

There should be a slight decrease in volume provided that for each atom of oxygen

removed from the metal phase, 1 atom of metallic Fe is also removed. However, this

decrease in volume is likely being exaggerated by the XCT method and its resolution

may be the reason for this. As previously mentioned, the resulting voxel size for the

XCT scans was about 5 microns this means that particles below this size will not be

detected by XCT. Also, the grey value threshold was carried out on the cautious side.

From Figure 7.21, it is possible to see that the iso-surface selected for the surface area

and volume calculations cannot identify all small droplets present in the slag, specially

when the contrast is not very good and the grey values that define the droplets and

the slag are very close to each other. This is especially true for the highly emulsified

samples corresponding to holding times of 30, 60 and 90 seconds. For these samples,

the total volume is likely being significantly underestimated.

A similar behavior is seen for the oxidation experiments as shown in Figure 7.22,

where a very similar volume decrease of 26% was observed. However, in the case of

oxidation, it was expected a slight volume increase since both oxygen and iron are

entering the metal. It is interesting to notice that the error bars are quite significant

for the emulsified samples. Also interesting is that the volume measurements seem

to be a lot more sensitive to the manually chosen grey values than the area measure-

ments. This is easy so see just by looking at the size of the error bars for the area

and volume measurements.
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Figure 7.20: Measured droplet volume as a function of time.

In summary, it seems that volume quantification for emulsified samples is not very

reliable. The measured values are a lot more sensitive to the grey thresholds chosen.

On the other hand, the area quantification showed error bars a lot more reasonable

for the same grey values. The author believes that better volume measurements can

be made with further optimization of the XCT parameters. This is encouraged in

future studies using XCT.

7.5.4 Coalescence of Emulsion

It is seen that from 60 seconds the dispersed droplets begin to recombine. With a

reduction of near 20 mm2 in cumulative surface area between 60 90 seconds, and a

further reduction of near 60 mm2 between 90 120 seconds (as seen in Figure 7.8).

This points to the fact that after 60 seconds, the rate of the de-oxidation reaction is

continuously decreasing. As the rate decreases, the transport of oxygen across the
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(a) 30 Seconds Sample Isosurface

(b) 90 Seconds Sample Isosurface

Figure 7.21: Selected Isosurfaces for (a) 30 seconds sample and (b) 90 seconds sample.
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Figure 7.22: Measured droplet volume as a function of time for oxidation experiments.

metal-slag interface slows down and interfacial instabilities become less strong. The

interfacial tension of the system gradually starts to increase providing the driving

force for the recombination of droplets and minimization of interfacial area.

The surface area change is a clear nonlinear relation with respect to time. Firstly,

the reason for this may that de-oxidation is still occurring while recombination be-

gins to take place, thus inhibiting some amount of coalescence. As well as this, a

further contributing factor would be that of smaller droplets having less of an effect

on the reduction of surface area than larger droplets when combining, thus as time

progresses and larger droplets are present (due to several small droplets coming to-

gether), when these large droplets coalesce there will be a bigger change in surface

area reduction. This behavioral trend is accounted for by film draining barriers and

similarities to DVLO (Derjaguin-Landau-Verwey-Overbeek), which, in simple terms,

states the electrostatic forces of smaller droplets force larger droplets to recombine
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first. [69]

Similar to the error/gray scale thresholding being a possible explanation for the

metal phase volume changes seen in Figure 7.20. This could also be accounted for

by random coalescence of sub 5 micron droplets, that would be unable to coalesce

before complete equilibrium of oxygen. This would be a purely statistical recombina-

tion, assuming this volume change is due to droplets operating under semi colloidal

conditions (below the effects of gravity).

The branching recombination seen in Figure 7.5h is at this point thought to be

due to local convection caused by coalescence draining, creating a favored and less

dense area for the pathway of macro recombination. The discussion of the coalescence

behavior of the droplets was made possible by Stephen Spooner.
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Chapter 8

Industrial Relevance, Conclusions

and Potential Future Work

This final chapter provides a brief discussion on the industrial relevance of the present

work and proceeds to review and summarize of the main findings of Chapters 5, 6

and 7 and their respective hypothesis is revisited. The author then proposes potential

future work that would help further develop the understanding of the phenomena

studied.

8.1 Industrial Relevance of the Present Work

Steel cleanliness is usually thought in terms of oxide inclusions, but the term can

also be used when referring to impurities that can exist in solution. As new steel

grades continue to be developed, the tolerance limits for impurities will become tighter

and tighter. Iron sources containing low phosphorus are becoming less common and

more expensive as older mines get used up. The recycling of steelmaking slags is

also an attractive practice. In order to keep competitive prices and improve quality,
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steelmakers will have to promote dephosphorization in a challenging environment

where the process inputs have higher phosphorus but the final product must have

even lower phosphorus than usual.

The findings of the present work have enabled better quantification of phosphorus

equilibrium partition by the use of a rather simple equation (5.18). This is a valuable

tool for the steelmaker in order to evaluate the performance of a furnace and iden-

tify possible strategies to enhance phosphorus removal. Additionally, the framework

proposed on Chapter 6 can be easily applied to any steelmaking furnace to evalu-

ate the degree of non-equilibrium as well as the influence of solid phases on furnace

performance.

The major findings to aid steelmakers in removing phosphorus are as follows:

• Optimize slag compositions to increase the liquid fraction and reduce solid

phases.

• Do not rely on simple measurements such as basicity to predict phosphorus

removal, i.e. CaO has the largest effect on the predicted LP .

• Beware that MgO solubility is higher than predicted by solution models.

The summary of findings, conclusions, hypothesis revisited and potential future

work is discussed in the next sections.
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8.2 Summary and Conclusions

8.2.1 Phosphorus Equilibrium Between Liquid Iron and CaO-

MgO-SiO2-FeO-P2O5 Slags

Chapter 5 provided an in-depth look at phosphorus equilibrium between liquid iron

and steelmaking slags. The experimental apparatus was described in detail and the

considerably longer equilibration time of 10 hours was highlighted. The software

FactSage was used to help design the slags and two Fe-P master alloys containing

different phosphorus contents were used. Phosphorus was transferred from both sides,

i.e. from metal to slag and slag to metal, for most of the compositions studied. The

conclusions are as follows:

• The new proposed correlation combining Tayeb’s [2], the present work data and

Suito’s data is believed to be a significant improvement over previous correla-

tions.

• The highly basic liquid slags studied are capable of promoting extensive dephos-

phorization of liquid iron.

• LP does not appear to be a clear function of binary basicity for ratios above

2.5.

• The effect of P2O5 maybe being overestimated as it was evaluated over a rela-

tively narrow compositional range.

• The impact of FeO as a reactant on LP in the present work was found to be

relatively small compared to other experimental uncertainties.
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• The MgO saturation predicted by FactSage appears to be considerably lower

than the ones observed in the present work by up to a factor of 2.

8.2.2 Plan Data Analysis

Chapter 6 studied four individual furnaces: one AOD, two BOF’s and one Q-BOP or

OBM. The data consisted of the turndown metal and slag composition and turndown

temperature. FactSage was used to correct the bulk slag compositions for possible

solid phases including, CaO and MgO solid solutions and 2CaO.SiO2. In total, close

to 1800 heats were studied. The highlights and conclusion are as follows:

• None of the studied furnaces achieved thermodynamic equilibrium with respect

to phosphorus.

• The AOD is the reactor closest to equilibrium followed by the Q-BOP, BOF 1

and BOF 2.

• The underestimation of MgO saturation by FactSage was found to be less sig-

nificant and did not alter the analysis of the results significantly.

• The two extreme cases of the impact of dicalcium silicate showed that, in theory,

C2S could have significant impact on LP if thermodynamic equilibrium between

the slag and C2S is achieved. However, it is unlikely that equilibrium is achieved.

8.2.3 Studies on Spontaneous Emulsification

Chapter 7 provided some detailed information on a phenomenon that is still not fully

understood: spontaneous emulsification. The experimental setup was described and

the used of the CSLM as a fast-heating/fast-cooling furnace was explained. Two sets

of experiments were carried out: one with a Fe-P alloy and another with a P-free
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alloy containing low oxygen. The use of XCT to study the dynamic area changes was

proposed and justified based on its excellent resolution and nondestructive character-

istics. The highlights and conclusions are as follows:

• Phosphorus was removed from the metal drop before the onset of emulsification;

within a period of 0 to 5 seconds.

• Fast phosphorus removal is likely related to strong convection inside the metal

droplet as a combination of several fluid flow mechanisms that result in a very

thin boundary layer.

• Liquid phase mass transfer of oxygen alone appears to be responsible for spon-

taneous emulsification in the systems studied, independently of the direction of

transfer, i.e. de-oxidation or re-oxidation.

• XCT is a suitable technique to quantify surface area in quenched metal-slag

samples as long as sufficient difference in contrast between the phases exist.

• Volume measurements from XCT seem to be less relevant than initially thought

due to large uncertainties for the emulsified samples.

• The coalescence behavior of the droplets is likely to occur while oxygen transfer

is still taking place but at a slower rate.

8.3 Hypotheses Revisited

8.3.1 Phosphorus Equilibrium

The hypothesis for the equilibrium studies, quoted from Chapter 4, was the following:
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“The disagreements in the available data for phosphorus equilibrium can be resolved

by careful study including approaching equilibrium from both sides of the system and

ensuring liquid slags.”

The hypothesis was proven to be mostly correct. Approaching equilibrium from

both sides of the reaction is a very good way to analyze whether thermodynamic

equilibrium is achieved or not. Good agreement was found for most of the samples

as seen in Figure 5.10 and 10 hours of holding time seems to ensure thermodynamic

equilibrium. However, the analyzes of very low phosphorus contents in the metal

proved to be a challenge and at extreme low concentrations the uncertainty can

be larger than the measurement. The phosphorus partition for both directions of

phosphorus transfer is not exactly the same but reasonably close due to FeO being

a reactant. The combination of the present work data, Tayeb’s and Suito’s data

has yielded a new correlation designed specifically for EAF- and BOF-type slags

and is believed to be a significant improvement on the prediction of the equilibrium

phosphorus partition between liquid iron and slags.

8.3.2 Plant Data

The hypothesis for the analysis of plant data, quoted from Chapter 4, was the follow-

ing:

“Phosphorus equilibrium is not achieved in regular plant operation and it is limited

by liquid phase mass transfer.”

From Figure 6.10, it can be seen that most of the data does not correspond to

thermodynamic equilibrium. Liquid phase mass transfer definitely plays a significant

role and it is closely linked with the slag composition and the possible undissolved

oxides present in the slag. A major factor is they the final liquid slag composition is
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not achieved until late in the process. Close monitoring of these two variables should

be used for process optimization following the guidelines provided in Section 6.4.

8.3.3 Emulsification

From Chapter 4, the hypothesis for the metal droplet behavior portion of the present

work was:

“The kinetics of dephosphorization is limited by liquid phase mass transfer of both

metal and slag phases. Due to spontaneous emulsification, the reaction area greatly

increases in the early stages of mass transfer.”

This hypothesis was proved to be inadequate for the experimental observations

described in Chapter 7. Phosphorus was removed from the metal before the onset of

emulsification and did not play a role in the dynamic interfacial behavior observed

in the experiments by XCT. The emulsification behavior was probably the result of

oxygen transfer alone due to de-oxidation after the metal drop became over saturated

with oxygen by an unknown reason. This was further confirmed by the second set

of experiments where re-oxidation was studied in a phosphorus-free system. Thus,

phosphorus kinetics was not studied as originally intended, but rather whether oxygen

transfer alone could cause spontaneous emulsification.

8.3.4 Potential Future Work

The author believes there is a lot of room for further development on understanding

the topics discussed in this manuscript. Ideas for future work are only limited by

one’s imagination. However, here are a few suggestions for future research projects

related to the present work.

• Study of the phosphorus partition between slag and dicalcium silicate in indus-
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trial furnaces. As previously discussed in Chapter 6, the effect of C2S was shown

for the extreme cases, i.e. no effect at all and full thermodynamic equilibrium.

The real effect on industrial furnaces must be within these two scenarios and is

currently unknown.

• Study of slag-path, slag formation and the degree of non-equilibrium with re-

spect to phosphorus in industrial furnaces as a function of time.

• Spontaneous emulsification of in systems without oxygen transfer.

• Spontaneous emulsification as a function of oxygen activity in the slag.

• Effect of alumina on phosphorus equilibrium partition for BOF-type slags.

• Further study on the effect of MgO on phosphorus equilibrium partition similar

to what was done by Ide et al. [27]. This would enable better quantification of

the MgO coefficient on the correlation proposed in Chapter 5.

• Spontaneous emulsification in Fe-O-S systems to study how the presence of

another surface active element could be used to control spontaneous emulsifica-

tion.

• Study the De-P behavior of a metal drop in smaller time scales. The use of

second-by-second experiments would help understand how phosphorus was re-

moved so readily from the metal as previously shown in Chapter 7.

• Spontaneous emulsification as a function of oxygen activity in the slag.

The proposed studies are just a few of many that could evolve from the present

work. The author encourages future researches to consider these topics to help further

understand high temperature processing and the fundamentals of steelmaking.
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