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Abstract

Magnesium aluminate spinel inclusions are a concern in the steelmaking
industry since these particles affect the processing and the properties of steel.
During the refining of low carbon aluminum killed steel in the ladle furnace; the
initial alumina inclusions shift their composition towards higher contents of MgO

and eventually they become magnesium aluminate spinel inclusions.

This research developed a kinetic model for the transformation of alumina
inclusions to spinel in liquid steel. The aspects of simultaneous deoxidation and of

solid state cation counterdiffusion were addressed in the model.

Coupling the model for spinel inclusions to a kinetic model for the
slag-steel reactions in the ladle furnace allowed verifying the modeled
concentrations in the inclusions with the plant data measurements of
ArcelorMittal Dofasco operations. Good agreement between the experimental and
calculated Mg contents in the inclusions was obtained for most of the industrial

heats analyzed.

Finally, a sensitivity analysis of the coupled kinetic model was performed
to compare the effect of the different processing conditions and mass transfer
rates on the amount of Mg and spinel in the inclusions. Several results from this
work indicate that the rate limiting step on the formation of magnesium aluminate
spinel inclusions is the supply rate of dissolved [Mg] from the slag-steel reaction;

the supply of [Mg] is in turn controlled by the changes at the slag-steel interface.
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But now he pays attention, he notices something about the
bush that he thinks he has missed those other times. How
tangled up in itself it is, how dense and secret. It’s not a
matter of one tree after another, it’s all the trees together,
aiding and abetting one another and weaving into one thing.
A transformation, behind your back.

— Alice Munro, Too Much Happiness

The aim of life is not to prosper, but to transform oneself.
When you launch yourself into the unknown is when you
are saved

— Elena Poniatowska, Leonora

Textbooks and Heaven only are Ideal;
Solidity is an imperfect state.

Within the cracked and dislocated Real
Nonstoichiometric crystals dominate.

— John Updike, The Dance of the Solids
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Chapter 1

Introduction

1.1 Background of the research

Non-metallic inclusions are always present in steel. These particles vary in
terms of amount, size, morphology, source and chemical composition. In this
aspect, the concept of clean steel refers to the steel for which the population and
type of non-metallic inclusions does not affect the properties and performance of

that steel in a specific application.

In the case of Low Carbon Aluminum Killed steels, most of the found
non-metallic inclusions are oxides. These oxide inclusions form during the
refining of liquid steel in the Ladle Metallurgy Furnace. At the beginning of the
process aluminum is used to deoxidize the liquid steel and the immediate products

of this reaction are solid alumina inclusions.

Reported industrial observations indicate a change in the inclusions
composition during ladle treatment of aluminum Killed steels. The alumina
inclusions increase their content of magnesium and transform into solid
magnesium aluminate spinel inclusions. This formation of magnesium aluminate
spinel inclusions represents a concern and issue that affects both the processing of

liquid steel and the properties of the solidified end products.
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Although several laboratory studies have been made on the formation of
spinel inclusions, there are just a few reported projects that consider the variations
in the industrial process. In general, steelmaking metallurgists agree on the strong

effect that the ladle slag composition has on the formation of spinel inclusions.

In this work a kinetic model for the slag-steel reactions in the ladle furnace
was extended to include the transformation of alumina inclusions to magnesium
aluminate spinel inclusions. The applicability of the model was then evaluated by
comparing the model results with industrial measurements. This research aims to
further understand the processing conditions and factors that promote the

formation of spinel inclusions during ladle treatment of liquid steel.

1.2 Objectives of the research

The objectives of this research project are:

- Develop a mathematical kinetic model for the transformation of alumina
inclusions to magnesium aluminate spinel inclusions in liquid steel.

- Couple the model for spinel inclusions to a kinetic model for the slag-steel
reactions during ladle treatment of steel.

- Use the processing parameters from the industrial operations at ArcelorMittal
Dofasco to verify the coupled kinetic model. This verification is made by
comparing the calculated composition of the inclusions with the respective

industrial analysis of the inclusions.
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- Perform a sensitivity analysis of the coupled kinetic model in order to
prioritize the impact of the different conditions and factors involved in the

formation of spinel inclusions during refining of steel in the ladle furnace.

1.3 Outline of the thesis

This thesis is divided in five chapters. The present Chapter 1 introduces
and describes the topic of this research and the main objectives of pursuing this

thesis work.

A literature review of the topics from Secondary steelmaking that are
involved in the refining of low carbon aluminum killed steel is part of Chapter 2.
The state of the art on the thermodynamics and kinetics of magnesium aluminate
inclusions formation is also in this chapter. The main concepts of the Kinetic
theory for the solid state formation of spinel type oxides are mentioned. Finally,
the literature review includes a general description of the previously developed

kinetic model for slag-steel reactions.

Chapter 3 explains the proposed kinetic model for the transformation of
alumina inclusions to spinel. This model considers only the thermodynamic and
kinetic interaction of the dissolved [Mg], [Al] and [O] in steel with the inclusions.
The detailed mathematical analysis for the calculations in the model are in

Appendices A and B.
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Chapter 4 describes the methodology to couple the model for the
inclusions to the kinetic model for slag-steel reactions in the ladle furnace.
The modeling of industrial refining heats in the ladle furnace and the further
comparison with the sampled compositions of the slag, steel and inclusions is
discussed. For the seven industrial heats analyzed, the details on their processing
conditions, model results and industrial measurements are in Appendix C.
Finally, Chapter 4 includes a sensitivity analysis of the coupled model for spinel
inclusions formation. The effects of several processing conditions and of the

diffusion and mass transfer parameters are compared.

Chapter 5 summarizes the main conclusions and results, suggestions for

future work are also included.
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Chapter 2

Literature Review

2.1 Secondary Steelmaking and Steel cleanliness
2.1.1 Process Metallurgy of Steelmaking

Modern Steel production is composed of several stages known as
ironmaking, steelmaking, casting, hot rolling and finishing. For steelmaking
metallurgy it is possible to differentiate the two main practices to obtain crude
steel: Oxygen Steelmaking and the Electric Arc Furnace (EAF). Both processing
routes vary on the raw materials used, the methods to transform them and the

production scales, Figure 2-21.

Integrated Steelmaking plants produce liquid hot metal by reducing iron
ore in the Blast Furnace. Afterwards, the hot metal and steel scrap are charged
into the Oxygen Converter in order to obtain low-carbon molten steel. In the case
of the Electric Arc Furnace route, the main function of the EAF is to melt the
charge to produce molten steel. Most of the EAF operations work only by
recycling steel scrap, however depending on the availability of the scrap some
plants may use other materials like direct reduced iron (DRI), solid pig iron or hot

metal in the charge.

Primary Steelmaking refers then to the production of molten steel from

either the Oxygen Converter or the EAF. Even though this crude steel is low in

5
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carbon, it contains high concentrations of dissolved impurities like sulphur and
oxygen that must be removed. Additionally, adjustments in the chemical
composition and temperature of the steel are required before it is teemed into the
Tundish for continuous casting and solidification.

Electric Arc Furnace Steel Refining
. ’ oo Produces molten steel Facility

Iron Ore

— — LB
B
Coal Injection F
t Continuous Casting
Direct Reduction I

Produces solid,
Coal metallic iron

-> from iron ore

Coke Oven

N [

Slabs Thin Slabs

Basic Oxygen Furnace
Produces molten steel > / / >

Blooms Billets

Recycled Steel

Coal
By-Products

Vi

Limestone

Pig Iron Casting
Produces molten pig iron from iron ore

Figure 2-1. Processing routes in modern Ironmaking and Steelmaking.
(AISI, Technology Roadmap Research Program for the Steel Industry,
Final Report, 2011.)

All the different processes applied to the liquid steel in the ladle before
casting it are known as Secondary Steelmaking or Ladle Metallurgy. The detailed

objectives of Secondary Steelmaking are (Lange, 1988) :

i.  Homogenization of the steel in terms of temperature and composition

ii.  Alloying and chemical compositional control within narrow limits
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iii.  Desulphurization, deoxidation, inclusions control, improvement of steel
cleanliness, dephosphorization.

iv.  Decarburization

v.  Degassing for hydrogen removal and nitrogen control

vi.  Attainment of prescribed teeming temperatures within narrow limits

vii.  Acting as a buffer between primary steelmaking and the casting unit.

Furthermore, the industrial installations where Secondary Metallurgy tasks
are performed can be divided into processes with and without application of

vacuum.

2.1.2 Treatment of steel in the Ladle Metallurgy Furnace

One of the most common processes in Secondary Metallurgy is the Ladle
Metallurgy Furnace (LMF); mostly because this unit is an excellent place to
desulphurize with the slag, carry out Ca - treatment, and to make other alloying

and trimming additions (Holappa, 2014).

After the liquid steel coming from primary steelmaking is tapped into the
ladle, a new non-oxidizing synthetic slag is formed; this top slag protects the steel
against the oxidizing atmosphere and participates in the refining operations.
Homogenization is obtained typically by injecting argon from the bottom of the
ladle; however some plants apply electromagnetic stirring instead. The processing
temperature is maintained by heating with graphite electrodes, Figure 2-2. The
LMF station is also used to incorporate alloying elements to the steel, basic

7
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alloying is performed during tapping of the steel and minor additions are then

made during the ladle treatment.

Current conducting arms K K
Electrodes

l

Inert gas stiming

Molten steel

\\\\‘:5‘\\‘\‘\\\
R (RS AR v =

Porous plug

s
3 OO

+°"~~ | Transportation car
. A—

Figure 2-2. Scheme of the Ladle Metallurgy Furnace (Kor & Glaws, 1998)

Most Ladle Metallurgy furnaces are equipped with devices for controlled
additions which are based on steel sampling. For small alloy additions, wire-

injection is generally used.

2.1.2.1 Deoxidation

After the Oxygen Converter or the EAF processes, the content of
dissolved oxygen in the liquid steel [O] goes from 200 to 800 ppm. However once
steel solidifies the solubility of oxygen drops drastically, for Austenite at 1773 K

it is 30 ppm or less. Therefore, during solidification the dissolved oxygen cannot
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stay in the solid phase and it diffuses to the remaining liquid where it increases its

concentration; oxygen then reacts with the dissolved carbon according to:

The steel that is not deoxidized is said to be ‘unkilled’, and contains
porosity because of the CO gas formed during solidification. Furthermore, most
steel production requires fully deoxidized grades; these are ‘killed’ steels without
CO porosity, which is a key requirement if the continuous casting process is used.
In order to lower the oxygen dissolved, strong deoxidizing elements are required.
The most common industrial practice is to use aluminum for the production of
killed steels; this is because aluminum is an efficient and low cost element to

attain values from 2 to 6 ppm of dissolved oxygen.

From a thermodynamic point of view when deoxidation is carried out by
addition of only one deoxidizer is referred to as ‘simple’ and when more than one
deoxidizer is used it becomes a process of ‘complex deoxidation” (Ghosh, 2000).

The reaction for the simple deoxidation is represented as:

x[M] +y[0] = (MxO,) (2-2)
Where [M] is the dissolved deoxidizer and (MXOy) is the deoxidation

product, the respective heterogeneous equilibrium is:

(aMxoy) (2_3)
o - WEBMI*[f - wt%0]”

Ku-o
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Values for the deoxidation constants Ky.o as a function of temperature
have been measured and reported, while in the case of a multicomponent alloy
such as liquid steel, the henrian activity coefficients fyy and fo can be calculated

from the Wagner formalism of interaction in dilute solutions (Hino & Ito, 2010).

While thermodynamics provides information about the lowest equilibrium
concentration of oxygen that can be obtained, the kinetics of the process are
important to know how the deoxidation products grow and are removed from the
melt. A practical indirect measurement to follow the kinetics of deoxidation is the
Total Oxygen, this value is the sum of the free dissolved oxygen and the oxygen
combined in the non-metallic inclusions; these inclusions are mostly the
deoxidation products. The general process of deoxidation, Figure 2-3, can be

divided in the following stages, (Holappa, 2014):

i. addition, melting, and dissolution of the deoxidizing element(s) into the steel
ii. chemical reaction with dissolved oxygen, nucleation of oxide inclusions
iii. diffusion growth of inclusions
iv. collision growth of inclusions

v. separation and removal of inclusions to the top slag and refractory walls

In practice, the dissolved oxygen decreases rapidly due to chemical
reaction and nucleation, the slowest and most critical step to reduce the total

oxygen content is the removal of inclusions from the liquid steel.

10
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Figure 2-3. Oxygen and inclusions content during
deoxidation(Ghosh,2000)

2.1.2.2 Desulphurization

Dissolved sulphur concentrations at the end of the EAF process ranges
from 150 to 400 ppm and 100 to 200 ppm if the steel comes from the Oxygen
Converter. Because of the detrimental effects of the sulphide inclusions on the
mechanical and corrosion properties of steel, sulphur contents below 20 ppm are
generally required. The mechanisms and technologies for desulphurization have
been extensively reviewed (Ghosh, 2000; Lehmann & Nadif, 2011). In the Ladle
Furnace, steel desulphurization with the top slag occurs as an electrochemical

exchange reaction at the slag-steel interface according to:

[S]+ (0%7) = (§*7) +[0] (2-4)

11
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The corresponding equilibrium is:

e ) We%S) [y _
K0 = Tr i %s] () &9

The equilibrium distribution of sulphur between the slag and the steel Lg is then:

_c s :
B

_ (Wt%S)* _ K4 (ap2-) fs
57 [wt%S]* (ys2-)[hy]

Where Cs is known as the modified sulphide capacity and it represents the
ability of the slag to absorb sulphur. The sulphide capacity is an intrinsic property
of the slag that at a given temperature depends only on the slag composition;
specifically, the sulphide capacity increases with a higher slag basicity. Higher
values of the sulphur distribution are beneficial for desulphurization; therefore
expression (2-6) demonstrates the importance of having a low oxygen potential at
the slag-steel interface, this is achieved with a well deoxidized steel and low
contents of easily reducible oxides in the slag, specifically FeO and MnO since

these components supply oxygen to the steel.

The kinetics of many reactions at steelmaking temperatures is mass
transfer controlled; this is because the chemical reactions are very fast. According
to the theory and concepts of desulphurization kinetics, the removal of [S] by
using a top slag in the ladle follows a first-order reversible process if the
processing conditions provide large values of the equilibrium partition coefficient
L, (Deo & Boom, 1993; Ghosh, 2000). Therefore, the equation for the change in

the bulk content of sulphur can be written as:

12
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dwt%S] k- A

dt |4

[[Wt%S] - [Wt%Sequilib]] (2-7)

The rate constant k,, is the mass transfer coefficient for sulphur in the
liquid metal [m/sec] and it is a function of the stirring intensity, A is the slag-steel
interfacial area [m2] and V is the volume of the steel [m3]. For interphase mass
transfer between the steel and the slag in ladles, it has been noted that in general

the k,,, - A value is a function of the stirring power &.

2.1.2.3 Gas stirring in the ladle furnace

Stirring  with argon bubbling in ladles has several purposes:
homogenization of the composition and temperature in the melt, steel cleanliness
improvement by removal of inclusions and it also promotes mass transfer for the
slag-steel reactions. The moderate argon flow rates in the LMF are obtained
using porous refractory plugs located in the bottom of the ladle. Homogenization

is caused by the dissipation of the buoyant energy of the injected gas, where the
effective stirring energy or effective stirring power € [W/tonne] can be calculated

for example with the expression derived by Pluschkell, (Pluschkell, 1981):

101330\ QT p-g-h)
— C=—). L — 2.
¢ ( 273 ) (M ) l"(l 101330 2-8)

M is the total mass of steel, Q is the Argon gas flow rate [Nm*/sec], T is the
temperature in Kelvin degrees, p is the steel density [kg/m®] and h is the depth

of gas injection [m].

13
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When gas stirring is used, the slag-steel interfacial area is affected by the
degree of agitation in the bath which is determined by the stirring power.
Additionally, it has been noted that in general, for interphase mass transfer

between the slag and steel, the capacity coefficient of mass transfer k,-A

increases with the gas flow rate Q, and since the stirring energy € is proportional
to Q, the expression is formulated as:

kAo g™ (2-9)

Several correlations for the k,, - A values between two liquids as a

function of € have been reported, the case of desulphurization with top slag has

also been analyzed. These correlations specify the conditions and flow rate ranges
to be used, however it is important to stress out that all these correlations are
empirical Furthermore, the mass transfer coefficients in the slag phase do not only

depend on the stirring energy but also on the properties of the slag.
2.1.3 Non-Metallic Inclusions and Clean steel
2.1.3.1 Origin and classification of inclusions

Non-metallic inclusions are particles that are present in steel and alloys.
By their composition, non-metallic inclusions are classified as oxides, sulfides,
oxy-sulfides, nitrides, carbides and carbonitrides. In terms of their origin, the
inclusions that form due to reaction of the dissolved species in the molten steel or

during solidification are called “indigenous”; if the particles form in solid steel

14
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then they are “precipitates”. Also, during the processing of liquid steel, particles
that come from external sources such as erosion of the refractories or slag
entrapment are known as ‘“exogenous”. In general, indigenous inclusions are
small, numerous, uniformly distributed and their composition depends on the
grade of steel processed, exogenous inclusions on the contrary are larger and

scarce (Ghosh, 2000).

The amount and type of non-metallic inclusions has great relevance
because it affects different properties in steel (Holappa & Wijk, 2014). In this
sense, inclusions have a direct influence on mechanical properties such as strength
and fatigue, ductile and brittle fracture, hot shortness and tearing, welding

properties, machinability, surface finishing and corrosion resistance.

During the refining of Low Carbon Aluminum-Killed (LCAK) liquid steel

the sources of non-metallic inclusions are, (Zhang & Thomas, 2003):

i. Deoxidation products, in this case Alumina inclusions are the majority of
indigenous inclusions in LCAK steel. Alumina inclusions are dendritic when
formed in a high oxygen environment, Figure 2-4a and 2-4b; these inclusions
also may form from the collision of smaller particles Figure 2-4c.

ii. Reoxidation products such as alumina are generated when the dissolved [Al]

in the liquid steel is oxidized by FeO, MnO, SiO, and other oxides in the slag

and refractory linings. Exposure of the steel to the atmosphere also produces

reoxidation.

15
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iii.  Slag entrapment during addition of fluxes forms exogenous liquid inclusions
which are usually spherical, Figure 2-4d.

iv. Exogenous inclusions from other sources including loose dirt, broken
refractory and ceramic lining. These are large particles with irregular shape
and might serve as sites for heterogeneous nucleation of alumina (central
particle in Figure 2-4c).

Chemical reactions, these are oxide inclusions that initially were alumina but
have been modified during the process by reaction with dissolved species in

the steel to form complex oxide inclusions.

Figure 2-4. Typical inclusions in LCAK steels, (Zhang & Thomas, 2003)
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2.1.3.2 Steel Cleanliness control

A definition of steel cleanliness is not the same for all the different steel
grades and their end applications. Even though the concept of “clean steel” is
closely linked to the amount of non-metallic inclusions in the steel and the
concentration of dissolved impurities like [O], [S] and [N]; the concept of clean
steel is also related to the type, size, shape and distribution of the non-metallic
inclusions, (Holappa & Wijk, 2014). Furthermore, adequate cleanliness implies
that the amount and characteristics of the inclusions formed do not affect

negatively the properties required for a given steel product.

The assessment of steel cleanliness can be made using direct methods that
are more accurate but more expensive or represent difficulties in the sample
preparation and indirect methods that are faster and inexpensive but work only as
indicators of the cleanliness condition, Figure 2-5. Literature reviews on the
characteristics of these methods have been published (Kaushik, et al, 2009; Zhang
& Thomas, 2003). A more recent review (Kaushik, Lehmann, & Nadif, 2012)
summarizes the tools for cleanliness analysis for use in research and industrial

plant studies in order to diagnose the root cause of industrial problems.
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Figure 2-5. Influence of different ladle treatments on the level of inclusions in the
cast slab. (Lange, 1988)

Direct methods are techniques based on the characterization of steel
samples and include metallographic examination by Scanning Electron
Microscope (SEM), Automated SEM microscopy, Optical Emission Spectrometry
with Pulse Discrimination Analysis (OES-PDA), Confocal Scanning Laser
Microscope, Remelt buttons, Ultrasonic testing and others. These techniques have
been more used in the past decade; however the selection of a direct method
depends on its applicability either as a test method or an inspection technique
during production, the requirements of time and the problem to be solved

(Kaushik et al., 2009).

Indirect methods are more commonly used since the information they
provide can be used to estimate the steel cleanliness of the heat (Zhang &
Thomas, 2003). These methods include total oxygen measurements (Ot) and the

18



M.A.Sc. Thesis - A. Galindo McMaster University - Materials Science and Engineering

analysis of process variables such as changes in the slag composition, nitrogen

pick-up and frequency of clogging of the casting nozzle.

As mentioned by Kaushik et al (2009), cleanliness control practices during
steel refining are critical for continuous improvement in the quality of the of the
finished products and casting operations. These authors further pointed out that in
practice steel cleanliness is measured using an index that can be monitored to
realize improvements for process control. Such index must be reliable, repetitive
and useful to evaluate the success or failure of a trial for the development and

modification of the secondary refining and casting practices.

2.1.3.3 Reoxidation and steel cleanliness in the ladle furnace

In LCAK steel most of the indigenous inclusions are alumina particles that
result from the deoxidation process applied after primary steelmaking. However,
there are several factors during the secondary refining processes and the casting
operations that cause reoxidation of the steel which in turn increases the amount
of oxide inclusions and affect the steel cleanliness. During ladle treatment, the
two main sources of reoxidation include reaction of the steel with the atmosphere

and an oxidized slag (Holappa & Wijk, 2014; Zhang & Thomas, 2003).

Reoxidation due to reaction with the atmosphere occurs when high
intensity argon gas stirring is applied and the ascending plume of bubbling gas
exposes an area of the liquid steel so the top slag does not cover it, this region is
called an ‘open eye’. The eye area has been extensively studied and analyzed in
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terms of the stirring parameters (Krishnapisharody & Irons, 2007). When the steel
IS in contact with the atmosphere, oxygen and nitrogen from the air can dissolve
in the steel as impurities, furthermore the extra dissolved [O] can form new oxide

inclusions which affect the steel cleanliness.

The top slag is considered to be oxidized when it contains high FeO and
MnO concentrations; this occurs if the ladle slag is contaminated with slag
carryover from the previous furnaces. These oxides can be easily reduced with the
dissolved aluminum [Al] in the steel and thus they generate aluminum loses and
produce additional alumina inclusions. Therefore, a higher FeO and MnO content

in the slag promotes reoxidation and affect the cleanliness, Figure 2-6.
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Figure 2-6. Relation between FeO+MnO content and Total Oxygen in the steel for
different ladle furnaces and in the casting mold (Zhang & Thomas, 2003).
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2.2 Magnesium Aluminate Spinel Inclusions

During the process of deoxidation and desulphurization in the Ladle
Metallurgy Furnace, the content of dissolved magnesium [Mg] in the liquid steel

increases, leading to a transformation of the initial indigenous inclusions of
alumina to Magnesium Aluminate Spinel inclusions MgAIl,O,4, Figure 2-7. For

ladle treatment of LCAK steel, this change in the inclusions composition has been
reported and reviewed by several authors (Graham & lIrons, 2010; Pretorius,

Oltmann, & Schart, 2013; Story, Smith, & Fruehan, 2004; Yang et al., 2013).
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Figure 2-7. Distribution of the inclusions composition. a) Just after Al-

deoxidation, b) After desulphurization of the steel. (Pretorius, et al, 2013)
2.2.1 Impact of Magnesium Aluminate Spinel Inclusions on the steel

Magnesium Aluminate Spinels (MA Spinel) as non-metallic inclusions,
have negative effects on the properties of the final steel products as well as in the
processing of those products (Park & Todoroki, 2010; Yang, Wang, Zhang, Li, &

Peaslee, 2012). Because MA spinel inclusions have a high hardness, they cannot
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be elongated when the steel is cold formed. Some examples of these defects
include a cold rolled 430 stainless steel deoxidized with aluminum; in Figure 2-8
the failure was initiated by oxide particles with the composition of MA spinel.
Additionally, the swollen defect appears in the case of deeply drawn products,

Figure 2-9, in this case the defect was caused by MA spinel inclusions.

Additionally, MA spinel inclusions affect the continuous casting
operations; this problem arises because spinel inclusions tend to adhere to the
inner wall of the submerged entry nozzle. The buildup of inclusions can form
accretions that reduce the flow of molten steel and even can lead to complete

shutdown of operations in the caster due to ‘clogging’ (Frank, 2001).

1 mm

Figure 2-8. a) Sliver defect on the strip surface of a cold rolled steel b) SEM
image inside the defect. Inclusions identified as MA spinel.
(Park & Todoroki, 2010)
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Figure 2-9. a) Swollen defect on a deep-drawn product, b) cross-sectional view,
c) element distribution of the inclusions. (Park & Todoroki, 2010)

2.2.2 Thermodynamics of Magnesium aluminate spinel inclusions

The formation of indigenous spinel inclusions can be predicted by the
equilibria among the dissolved species [Al], [Mg], [O] and the oxides Al,O3 and

MgO. The respective deoxidation reactions are:

2[Al] + 3[0] = (Al,05) (2-10)

[Mg] + [0] = (MgO) (2-11)

Values for the change in the standard Gibbs free energy of reaction as well

as the first and second order interaction parameters to calculate the henrian
coefficients fa), fmg and fo, have been reviewed thoroughly by the Japan Society

for the Promotion of Science (Hino & Ito, 2010), the calculated equilibrium at
1873 K is shown in Figures 2-10 and 2-11. The formalism used to calculate the

henrian activity coefficients is the Wagner-Lupis-Elliot formalism (Lupis, 1983).
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Figure 2-10. Comparison of values for equilibrium between [%Al] and [%O] in
Iron at 1873 K (Hino & Ito, 2010).

The phase diagram of the quasi binary system Al,O3-MgO shows that
magnesium aluminate spinel is the only intermediate compound, Figure 2-12.
Because spinel has a range of nonstoichiometry due to the solubility of Al,O3 and
MgO in this phase, it is commonly described as MgO - xAl,O3, where the molar

ratio x represents the degree of nonstoichiometry. At steelmaking temperatures

(1873 K), x ranges from 0.85 to 2.22.
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Figure 2-11. Comparison of values for equilibrium between [%Mg] and [%0] in
Iron at 1873 K (Hino & Ito, 2010).
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Figure 2-12. Calculated quasi binary system MgO-Al,O3 together with

experimental data (Zienert & Fabrichnaya, 2013).
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For the spinel solid solution, the activities of the components Al,O3; and

MgO as a function of composition can be obtained by using the different
thermodynamic assessments (Hallstedt, 1992; 1.-H. Jung, Decterov, & Pelton,
2004b; Zienert & Fabrichnaya, 2013). Experimental values for the change of the
component activities in spinel were reported by Fujii et al.(2000) at temperatures

of 1800 and 1873 K.

In order to analyze the simultaneous deoxidation equilibrium between MgO,
Al,O3 and spinel with the [Al], [Mg] and [O] in the steel, several researches have

calculated phase stability diagrams (Fujii et al., 2000; Itoh et al., 1997; Jung, et
al., 2004; Ohta & Suito, 1997; Seo & Kim, 2000) These phase diagrams are based
on thermodynamic evaluations of the {Fe}-[Al]-[Mg]-[O] system considering the
different reactions among the components. For the equilibrium between spinel
and MgO, two reactions have been proposed (ltoh et al., 1997; Todoroki &

Mizuno, 2004):

4MgO (s) + 2[Al] = MgO - Al, 05 (s) + 3[Mg] (2-12)

MgO (s) + 2[Al] + 3[0] = Mg0 - AL, 05 (s) (2-13)
For the Al,O3 and spinel equilibrium, two reactions have been mentioned:
4Al,05 (s) + 3[Mg] = 3Mg0 - Al,05 (s) + 2[Al] (2-14)

Al,05(s) + [Mg] + [0] = MgO - Al, 05 (s) (2-15)
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Itoh et al. (1997) calculated the stability region at 1873 K for spinel and the

equilibrium iso-oxygen concentration lines by assuming that the activities of MgO
and Al,O3 behave ideally in the spinel solid solution, Figure 2-13a. Fujii et al.
(2000) considered their experimental results in the calculation of the stability
diagram by including the non-ideal variation of the activities of MgO and Al,03

in spinel, Figure 2-13a. Jung et al. (2004) used the associate model formalism for
the dissolved species in steel and the FactSage software database  (Bale et al.,
2009) to produce the phase stability diagram, Figure 2-13b. Based on
thermodynamic calculations using the FactSage software Yang, et al., (2012)
reported that at the lower temperature of 1773 K the region of stability for spinel

increases and the MgO region shrinks.
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Figure 2-13. Inclusions phase stability diagrams for MgO, Al,O3 and spinel

formation in liquid steel at 1873 K. a) Fine dotted lines for spinel phase
boundaries: Itoh et al., 1997. Bold solid lines: Fujii et al., 2000.

b) FactSage group assessment and calculations: Jung et al., 2004.

27



M.A.Sc. Thesis - A. Galindo McMaster University - Materials Science and Engineering

Additional thermodynamic studies have been reported based on
measurements or calculations that aim to analyze the effect of other dissolved
species on the spinel formation, for example: high Cr steels (Jo, Song, & Kim,

2002), Ti additions (Ono, et al., 2010) and Ca treatment (Yang et al., 2013).

2.2.3 Sources of spinel inclusions during steelmaking

The transformation of the alumina inclusions to spinel in LCAK steel
requires a source of dissolved [Mg]; this is shown in reactions (2-14) and (2-15).
In this sense, spinel formation is unlikely to occur in the Oxygen Converter or the
EAF because the highly oxidizing conditions remove any trace of dissolved
magnesium (Story, et al., 2004). However, during the reducing conditions in the
ladle furnace the possible [Mg] sources include: 1) the top slag, 2) contamination
of Mg if an aluminum alloy is used for deoxidation and 3) the refractory lining.
Discarding the mistake of deoxidizing the steel using Al alloys with harmful Mg

contents the other two sources have been more studied (Yang et al., 2012).

The use of MgO-C bricks for refractory lining in the ladle is a common
practice. Brabie (1996) proposed that at steelmaking temperatures an internal

oxidation-reduction occurs within the brick:

MgO (s) + C(s) = Mg (g) + CO (g) (2-16)

Both the Mg and CO gases diffuse through the pores of the brick to the

steel where dissolution reactions occur at the brick-steel interface according to:
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Co(g) = [C] + [O] (2-17)

Mg (g) = [Mg] (2-18)

Afterwards, the dissolved [Mg], [O] and [Al] can form a thin layer of

MgO or Al,O3 at the brick-steel interface or, alternatively, [Mg] can diffuse into

the steel and react with alumina inclusions to produce spinel.

Regarding the mechanism of [Mg] supply from the top slag, known as

Al-reduction model, Nishi & Shinme (1998) performed laboratory experiments of

18%Cr - 5%Ni stainless steel deoxidized with aluminum using a CaO-Al,O3-
MgO-SiO; slag. They reported an increase in the MgO content of the inclusions

with longer processing times and for higher values of the CaO/SiO, ratio. These

researchers related the origin of the Mg in the inclusions to the reduction of MgO
from the slag and to the slag composition. For aluminum killed steels, the slag-

steel reaction to supply [Mg] is:

3(lv[t(:)ao)SIag + 2[Al] = (A1203)Slag + 3[Mg] (2-19)
A similar laboratory study was performed by Okuyama et al. (2000) by
using a 16%Cr ferritic aluminum killed stainless steel under a CaO-Al,03-SiO,-

MgO slag. They reported higher levels of [Si] and [Mg] concentrations with
longer processing times. Also, the rate of accumulation of MgO in the inclusions
increased as the basicity, CaO/SiO, and CaO/Al,O3, of the top slag increased.

This higher [Mg] supply was linked to changes on the activity of MgO in the slag.
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Furthermore, the mechanism for formation of spinel was claimed to be made of
two processes: 1) reaction between the metal and the slag according to reaction
(2-19) and 2) reaction between the steel and the alumina inclusions, Figure 2-14.
This study concluded that the rate controlling step for the spinel formation on the

whole system is the supply of [Mg] from the slag.

_j: ________ Slag
islag: Ca0-8i02-Al203-MgO .
Y (D) 3Mg0+2A1=A1203+3Mg
melal Metal
inclusion @ 4/3A1203+Mg=MgA1204+2/3 Al
Fe-169%Cr Inclusion
P Mg

Figure 2-14. Schemes of the reactions among slag, steel and inclusions and of the

Mg content in slag, metal and inclusions (Okuyama, et al., 2000).

Mizuno et al, (2001), showed that spinel inclusions increased in the case
of a 18%Cr-8%Ni stainless steel when the deoxidizer contains more aluminum.

Todoroki & Mizuno (2004) reported for laboratory experiments with an Al-killed
304 stainless steel, that higher contents of SiO, in the slag reduces the amount of

[Mg] and [Ca] supplied from the slag which in turn affects the composition of the

spinel inclusions.

From and industry perspective, it has been demonstrated that during ladle

treatment of LCAK steel, the Al-reduction mechanism promotes spinel formation
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if the highly fluid basic slag is well deoxidized (Figure 2-15) and during periods
of high stirring (Pretorius et al., 2013). The effect of the slag deoxidation level is
further reflected on the increase of dissolved [Si] during the progress of the heat

(Pretorius, et al, 2010), since no [Si] is added during the ladle treatment, the [Si]

pickup means that SiO, from the slag is reduced.
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Figure 2-15. Effect of deoxidation level of the ladle slag on the spinel inclusions
content. a) Spinel area fraction vs FeO in slag (Story et al., 2004), b) FeO+MnO
in the slag vs the MgO content in the inclusions (Mendez, et al , 2012)

Finally, Story et al (2004) reported the possibility that the application of
electrical arcing can increase the spinel inclusions by a reaction between the MgO

in the slag and the carbon graphite electrodes:

(MgO0)gjag + C = CO (g) + Mg (g) (2-20)

The produced Mg gas dissolves in the steel according to reaction (2-18)

where then it can react with the inclusions.

31



M.A.Sc. Thesis - A. Galindo McMaster University - Materials Science and Engineering

Among the different sources of [Mg] during ladle treatment of LCAK
steel, Pretorius et al. (2010) mentioned that the kinetics of slag-metal reactions is
typically much faster than the one of refractory-metal reactions, therefore it is
more likely for the Al-reduction mechanism to be the main source of spinel

inclusions.
2.2.4. Kinetics studies for the alumina to spinel transformation of inclusions

From their laboratory experiments, Okuyama et al (2000) analyzed the
kinetic effect of the top slag on the rate of spinel inclusions formation. For the
slag-metal reactions they implemented the kinetic model of Robertson et al (1984)
that considers multicomponent interphase mass transfer based on the double
boundary layer diffusion mechanism. With this approach, the [Mg] content in the
bulk of the steel is controlled by the slag-steel interfacial concentration [Mg*],
which in turn depends on the interfacial values of the MgO activity in the slag

aygo * , and the oxygen activity in the steel, hy, .

For the change in the oxide inclusions composition two different scenarios
were formulated. First, with a spherical geometry, a spinel product layer was
assumed to form on top of the unreacted alumina core, Figure 2-16a. The increase
of MgO concentration in the inclusions was calculated by using the following

diffusion equation for the spinel product layer:

M — bs i [rz MJ (2-21)

dt  r? dr dr
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In this model the MgO concentration at the spinel-alumina interface and at
the spinel-steel interface were kept constant. The second model assumed that
diffusion in the inclusions is much faster and the rate limiting step is the transport
of dissolved [Mg] across the boundary layer at the steel-inclusions interface, the

content of (Mg) in the inclusions is obtained from the mass balance:

d [4m Dy, " Pm

(Mg),
3 2

- (2-22)

\[Mg] -

In this case, L is the equilibrium partition ratio at the inclusions-steel interface.

a) inclusion
inclusion
A: Al2O3
Sp.: A203 -MgO Sp.: Al203-MgO
M: metal y A M: metal

A =
fi%

0 R Ro

(Mg)'
Mg)"
(Mg)

Figure 2-16. a) Mg distribution in the inclusions with a spinel product layer,

b) Rate limiting is step is in the steel boundary layer, (Okuyama et al., 2000)
Comparing both inclusion models and the times to reach saturation
Okuyama et al found that diffusion in the steel boundary layer is slower than in
the product layer. However, since the experimental and calculated contents of
[Mg] from the slag-steel reaction required more time to reach equilibrium, it was

concluded that the rate limiting step for spinel formation of the whole system is
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the slag-metal reaction. Using the same assumptions, a slightly different

mathematic method to solve equation (2-22) was proposed (Wu & Zhang, 2008).

For the heterogeneous reaction of solid particles with a fluid, the
assumption of a shell-core structure and the different assumptions for diffusion
models have been discussed (Szekely & Themelis, 1971; Wen, 1968).
Experimentally, there is evidence of the formation of a spinel product layer for the
transformation of alumina inclusions to spinel. Takata et al (2007) injected
magnesium vapor into aluminum Killed steel; from the EDS line analysis of the
inclusions they reported an increase of magnesium concentration in the periphery

of the inclusions, Figure 2-17.

Figure 2-17. EDS analyses of an Alumina-Spinel inclusion, (Takata et al, 2007).

Park and Kim (2005) obtained similar results by equilibrating Fe-16Cr
melts with different CaO-Al,03-MgO slags. The analysis of the inclusions formed
shows a gradient in the Mg and Al concentrations, Figure 2-18. This indicates that
the initial MgO inclusions reacted with [Al] in the steel to become MgAIl,O4

spinel. Based on these results, the authors suggested a mechanism for inclusions
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modification that involves cationic diffusion and ionic exchange reactions at the

core-product layer interface and at the product layer-steel interface.
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Figure 2-18. Morphology and element mapping of the spinel-type inclusions in

Fe-16Cr melts equilibrated with the CaO-Al,03-MgO slags, (Park & Kim, 2005).

2.3 Cation counterdiffusion mechanism for spinel formation
2.3.1 Solid state reaction mechanism for spinel

Spinels are a type of ionic compounds formed from strongly
electropositive metal ions and strongly electronegative nonmetals ions. These

compounds commonly exist as oxides, sulfides or iodides and are distinguished

by its crystallographic structure (Armijo, 1969). Aluminate oxides like ZnAl,O4

and NiAl,O4 belong to the spinels group. The solid state reaction mechanism to
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form spinel was first proposed by Koch and Wagner (Koch & Wagner, 1936) and
states that the formation of spinel occurs by counterdiffusion of cations through a

rigid and compact anion sublattice, Figure 2-19. This mechanism has been

verified for several spinel compounds, for example, ZnFe;04, ZNCry04, NiCrpO4,

Zn,Sn0,4 and ZnAl,0, (Bengtson & Jagitsch, 1947; Lindner & Akerstrom, 1956).

MgAl, O,

>

2A13*

3Mg2+

€

Figure 2-19. Schematic of the mechanism for the spinel solid state reaction

MgO Al,0,

For magnesium aluminate spinel, the counterdiffusion of Mg®* and AI**
was first demonstrated with experiments between solid Al,O3 and Mg gas (Carter,
1961; Navias, 1961). From these, it was concluded that spinel forms at the
alumina-spinel and spinel-Mg(gas) interfaces, also variations in composition

across the spinel rim were reported, this was attributed to the range of solubility

of alumina in spinel.

Solid state diffusion couples between Al,O3 and MgO have been analyzed

by several researchers and confirmed Wagner’s mechanism: (Rossi & Fulrath,
1963; Yamaguchi & Tokuda, 1967; Whitney & Stubican, 1971a, 1971b; Zhang,
Debroy, & Seetharaman, 1996; Watson & Price, 2002; Gotze et al., 2009). Based

on their results, the different authors stablished stoichiometries of the
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semireactions at each interface. For the studies that measured the concentration
profiles across the spinel layer, the results demonstrated that both spinel interfaces
have equilibrium compositions, Figure 2-20a. Also, in terms of diffusion, the
calculations of Zhang et al (1996) showed that the interdiffusion coefficient has a

negligible change as a function of composition in the spinel layer, Figure 2-20b.
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Figure 2-20. a) Concentration profiles in the spinel layer, b) Interdiffusion
coefficients across the spinel product layer (Zhang et al., 1996).

The study of Martinelli et al (1986) on the mobilities of Mg®" and AI®**,

concluded that Mg2+ is the predominant ionic current carrier during the formation
of spinel. Similarly, by using atomic scale computer simulations Murphy et al
(2009) concluded that Mg2+ ions are more mobile than AI** ions in MgAl,O4
Additionally, the self diffusion coefficient of Mg2+ was measured by Sheng et al

(1992) by placing single crystals of stoichiometric spinel in contact with oxide

melts 28Mg doped, made of CaO, MgO and SiO,.
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One of the main assumptions in Wagner’s mechanism is that the anion
sublattice of oxygen in spinel is immobile. To verify this, Nakano et al (1971)
measured the diffusivity of oxygen by using solid diffusion couples and MgO
enriched with the stable isotope 0. Ando and Oishi (1974) and Reddy and
Cooper (1981) measured the diffusivity of oxygen by using atmospheres enriched

with 20. In general, the reported diffusivities for oxygen in spinel are several

orders of magnitude smaller than the diffusivities of the cations. Reviews have
been published for the self-diffusion and interdiffusion coefficient values in
magnesium aluminate spinel (Benameur, et al, 2011; Reimanis & Kleebe, 2009;
Rubat Du Merac, et al, 2013; Van Orman & Crispin, 2010). Figure 2-21 is a

comparison of the different self-diffusivity values reported in the literature.
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Figure 2-21. Self-diffusion coefficients for OZ‘, Mg2+ and AP in spinel taken

from the literature. Dv is for volume/bulk diffusion and Db for grain-boundary
diffusion. The stoichiometry level (Al/Mg ratio) and the impurity content are

specified (Benameur et al., 2011).
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2.3.2 lonic transport in oxides

The chemical potential p; of species i in a phase is defined thermodynamically as
the work needed to bring a mole of that species into the bulk of that phase,
therefore dy; is the driving force that causes the flow of mass in a chemical

process. However, this definition is of limited validity for oxides since the
concept of chemical potential only applies to neutral species or uncharged media

(Barsoum, 2002). For ions in oxides the appropiate function to use is the molar

electrochemical potential n; , which is defined for a particle of net charge z;-e

by:

N = u +ziFo; (2-23)

Where p; is the chemical potential [J/mol], ¢; is the electrical potential

[J/C] and F is Faraday’s constant. From this definition, the driving force for
diffusion of charged species is the gradient in its electrochemical potential. In this
way, compositional equilibrium is reached when the gradient in electrochemical

potential for every species vanishes (Barsoum, 2002; Schmalzried, 1995) that is:

dn; =0 (2-24)

From a phenomenological and macroscopic point of view, the irreversible
processes of diffusion, electrical conduction and heat flow can be described with
the theory of non-equilibrium thermodynamics. As reviewed by Mehrer (2007)

the major assumptions of non-equilibrium thermodynamics are:
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1. The transport equations of atoms, heat, and electrons are linear relations
between the fluxes J; and the thermodynamic driving forces X;. The
phenomenological response for the complete set of n fluxes has a linear form,
Equation (2-25). L;; are the transport coefficients. The matrix of coefficients
is called the Onsager matrix:

Ji = z L;;X; (2-25)

=1

2. The Onsager matrix is composed in part of diagonal terms, L;; that connect
each driving force with its conjugate flux and it also contains off-diagonal

coefficients, L;; that determine the influence of a driving force on a non-

conjugate flux, this is known as a ‘cross effect’.
3. The central idea of non-equilibrium thermodynamics is that each of the

thermodynamics forces acting with its flux response dissipates free energy and

produces entropy. The rate of entropy production, g, can be written as:

To = Z]le + ]qu (2-26)

Where J; denotes the flux of atoms i and ], the flux of heat. For isothermal
diffusion in a closed, isobaric, magnetic field-free n-component system, it is
found that X; = —Vn; , (Schmalzried, 1995). Therefore the component

fluxes are given by:
n
Ji=— z LijVn; (2-27)
i=1
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Additionally, it is customary to omit the difficulties of the cross effects by

assuming that L;; = 0 for i # j. As mentioned by Pfeiffer and Schmalzried (1989)

this last assumption, although not quite correct, allows a quantitative treatment of
the problem. Also, since the flux of species i is the product of the concentration

times its velocity, the equation reads:

Ji=C -(vi—w) (2-28)
Where C; is the molar concentration [mole/m3], v; is the velocity vector of

particles i and w is the reference velocity frame. For the given velocity

framework the velocity of the particles can be expressed as:

v; = b; " K; (2-29)

Here b; represents the mobility of the species i and K is the force vector

that drives the movement of the particles. Considering that V/n; is the only force
for diffusion, it is concluded that the transport coefficient L;; actually correspond
to the product of the concentration C; times the mobility b; (Schmalzried, 1995).

In many cases of transport of solids, the atoms (ions) of one sublattice in the

crystal are almost immobile which sets the velocity reference frame, therefore:

Lii = bi ' Ci (2'30)
Considering the Nernst-Einstein equation, equation (2-30) becomes:

DiCi
Li =7

(2-31)
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In the case of binary ionic solids AX where A represents the cation and X
the anion, diffusion of ions and vacancies is possible by point defects jumps. If
the sublattice of anions is almost immobile, cross effects are neglected and there

is at low concentration of point defects, the flux of point defects is then:

Dy Gy
Jp = —LppVnp = — RT Vny (2-32)
The respective flux of A" cations is:
DA+CA+
Jat = — RT VN 4+ (2-33)

For electronic defects (excess of electrons and electron holes)

DerCet
Jer = = —pz VNer (2-34)

If anions are mobile, there is a flux of X in the lattice reference frame

Dy-Cx- (2-35)
Ix-=— RT Vnx-

As mentioned by Schmalzried (1995), in order to know the magnitude of
the fluxes it is necessary to set boundary conditions depending on the specific
transport situations. For the theory of cationic diffusion additional introductory
references include the textbook of Kofstad and Truls (2007) and reference books
for the diffusion in solids from the perspective of irreversible thermodynamics

(Mehrer, 2007; Rickert, 1982; Young, 2008).
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2.3.3 Wagner-Schmalzried model for spinel formation

The kinetics of spinel formation from the binary oxides AO and B,O3
(AO + B,0O3 = AB,04) was first explained quantitatively by Wagner (1938)
where A and B can represent a variety of different elements such as Mg, Fe, Ni,
Co and Al, Ga, Cr respectively; the formation of silicates, double sulfides and
double halides also belong to the spinel category. Later on Wagner’s mechanism
was expanded for different conditions of spinel formation (Pfeiffer &
Schmalzried, 1989; Schmalzried & Pfeiffer, 1986). As summarized by Armijo

(1969) the assumptions of the Wagner-Schmalzried model are:

1. The reaction layer is dense, and does not contain nonequilibrium defects such
as dislocations or grain boundaries.

2. Interface reactions are faster than the transport of ions through the spinel.

3. Diffusing species are coupled only by the requirements of local equilibrium
and electroneutrality, and otherwise move independently.

4. Thermodynamic equilibrium exists at the phase boundaries.

5. All the oxides involved are assumed to be semiconductors, that is: Dgj-Ce >>

Dion*Cion - The subscript ‘el’ denotes electronic carriers: electron and holes.

Pfeiffer and Schmalzried (1986) classified the different possible cases for
the formation of spinel from oxides, Figure 2-22. Three main limiting cases can

be evaluated; if A denotes the difference across the spinel product layer, the three
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scenarios are: 1) Apao # 0, Auo = 0, 2) Apao = 0, Apo # 0 and 3) Apao # 0,
Apo # 0. Also, the availability of AO, B,O3; and oxygen O, at the interfaces

determine the transport behaviour for a given process, that is, whether or not the

interfaces are open or closed for these constituents affects the spinel reaction rate.

AQO AB, 0, B203

(a) i

2B3*

2B%+LA0=AB,0, +3A2" 3A?%LB,0,=3AB,0,+2B*

AQO  AB,0, B0,

(b) 0y J& @ | O3
AQ =10, + A%+ 2¢ B203=30,+2B%+6e'
2B%+6e'+30,+A0=AB,0, AZ4+2¢'+10,+ B,0,=AB,0,
AB,0,
(el 0 [¥¥gre | 0%
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Figure 2-22. Scheme of fluxes and chemical potentials for different boundary
conditions for spinel formation. a) O is excluded from both interfaces, b) Oxygen
of a given potential has access to both interfaces, ¢) Only O, is available at both
interfaces, d) Oxygen is available at both interfaces, only one reactant AO is
present at both interfaces, e) O is available at one interface, also B,O3. AO is

available at the other interface, but no O, (Schmalzried & Pfeiffer,1986).
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If there is access of oxygen at the interfaces, lattice molecules (M) of

spinel can be added to or substracted from the spinel crystal (Pfeiffer &

Schmalzried, 1989). Therefore if & represents distance and & is the position of the
interface open to oxygen, the rate of addition or loss of spinel molecules Iy is:

Oy _ p 2-36
o M (&P, t) (2-36)

With the molar volume of spinel 1}, and the cross sectional area g, the

increase in spinel thickness with time due to uptake of oxygen, for a planar

geometry, becomes:

% - <V7m) (2-37)

The assumption that all the oxides involved are semiconductive

compounds implies that the electrochemical gradient of electrons or holes cannot

be mantained and eventually disappears, therefore for electric carriers Vne| =0,
then:

Vu.-=F-Veo (2-38)
Assuming that spinel forms by counterdiffusion of cations and neglecting

cross terms, the fluxes of the electrical charged species are formulated as:

DG o

= 2-39
Ji RT 9€ (2-39)

Where for one-dimensional conditions, & is the position coordinate

refering to the immobile oxygen lattice frame for spinel. If local thermodynamic
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equilibrium at the interfaces is assumed then it is possible to replace the

electrochemical potential of A and B¥ by the chemical potentials of the neutral

species A and B, considering:

A= A%t + 2e”
The variation in the chemical potential of A becomes:

Oy = Ofge+ + 20U,

The gradient in the electrochemical potential of A% s by definition:

9&  0¢ 0¢

From equations (2-38), (2-41) and (2-42)

0 d 0
N2+ #A2++2F 4

01 42+ _ Opa
0§ 0

(2-40)

(2-41)

(2-42)

(2-43)

Therefore the flux of cations, Equation (2-39), can be expressed using the

gradient of the neutral species across the spinel product layer, for A*" :

o i O
4 RT 0¢
Similarly for B>* :
o DaCo O
B RT 0¢

(2-44)

(2-45)

Furthermore, these fluxes can be expressed in terms of independent

thermodynamic chemical potentials (LAO, uB,O3 and uO) by considering the

individual formation reactions:
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A+0=A0 (2-46)
2B + 30 = B,04 (2-47)
The respective changes in chemical potential are:
Oua + 0up = Otgo (2-48)
20ug +30up = Oug,o, (2-49)

From equations (2-44) and (2-48):

_ DsCy Oltao o
Jp2+ = RT [ 3¢ 9% (2-50)
From equations (2-45) and (2-49):
_ DpCp 1 Ous,0, o
Jg3+ = RT 2 [ F 3 9% (2-51)

As mentioned by Schmalzried & Pfeiffer (1986), the driving forces for
cation diffusion in equations (2-50) and (2-51) are expressed in terms of neutral
chemical potentials and they are completely general, except for the
semiconduction assumption that there is not external electrical current in the
process. Therefore, these ecuations can be applied under the different boundary

conditions of spinel formation, Figure 2-22.

2.4 Kinetic models for ladle metallurgy furnace operations

A process model is a system of mathematical equations and parameters
that are solved computationally to make quantitative predictions about some
aspects of a real process. The different reasons to develop a process model include
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(Thomas & Brimacombe, 1997): increasing fundamental understanding of a
process, assisting in scale-up, design of experiments, evaluation of experimental
results, quantifying propetry measurements, On-line process control, optimization

and technology transfer.

In order to describe the compositional changes in the slag and steel phases
during liquid steel treatment in the LMF several kinetic models have been
proposed (Andersson et al, 2000; Brooks et al, 2009; Harada et al, 2013; Peter et
al, 2005). The model of Graham and Irons (2010) retrieves the processing
parameters in the LMF and calculates the compositional changes in the slag and
steel based on the model of Robertson et al (1984). Furthermore, the model of
Graham and Irons (Graham & Irons, 2010; Graham, 2008) was validated with
extensive sampling of the slag, steel and inclusions during the progress of the
heats, the study was conducted at ArcelorMittal Dofasco in order to model a 165t
LMF used for the refining of liquid steel coming from the EAF; this model will be
reviewed more in detail since it was used, adpated and extended for this thesis

project.

2.4.1 Thermodynamic formalisms in the kinetic model of Graham and Irons

For the activities of the different components in the multicomponent
molten slag Graham and Irons (2010) used the Cell Model. This model belongs to
the group of Quasichemical formalisms for liquid slags. The Cell Model was

initially formulated for binary and ternary silicate melts by Kapoor and Frohberg
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(Kapoor & Frohberg, 1973) and then was further extended and generalized for
multicomponent slags by the research group of ArcelorMittal Maizieres, formerly
IRSID (Gaye, et al, 1992; Gaye & Welfringer, 1984; Lehmann & Gaye, 1993).
As mentioned by Lehmann and Gaye (1992), the model considers two sublattices
in the slag: an anionic sublattice filled with divalent anions and a cationic
sublattice filled with the different cations in decreasing order of their charge. The
structure of the slag is then described in terms of symetric (i-A-i) and asymetric
cells (i-A-j), which consists in a central anion surrounded by two cations, the
mole number of cells i-k-j is Rijk . Two types of parameters are used and they are

binary parameters assumed temperature independent:

Formation parameters

- W, associated for each anion to the formation of asymmetric cells from the
corresponding symetric ones:
1 1
SA—A-D+ S(G-A-]) = (i-A-) (2-52)
- W, , represents the stability of the A-symmetric cell relative to the oxygen
symmetric cell:
i-0-i)+A=({(—-A-i)+0 (2-53)
Interaction parameters
- EijA , interaction between cells (i-A-i) and (i-A-j). In the liquid oxide model,
only one independent cell interaction parameter is used per binary system.
- E, in polyanionic systems it represents the interaction between (i-A-i) and

(i-B-i) cells.
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The Gibbs free energy of the system is obtained by calculating the mole
number of cells R;¥, this is achieved by maximization of the partition function
under mass balance constraints for the anions and cations. After calculating the
Gibbs free energy the chemical potential and activities of the different
components are calculated using classical thermodynamic expressions for

multicomponent systems.

The activities for the dissolved species in the steel are calculated with the
Unified Interaction Parameter Formalism, UIPF, which is a modification of the
Wagner interaction parameter formalism (Carl Wagner, 1952) that has been
frequently used for dilute solutions in iron-based alloys. Pelton and Bale (1986)
reviewed the shortcomings of Wagner’s formalism and its thermodynamic
inconsistency at higher solute concentrations. They proposed the UIPF which has

the following characteristics (Bale & Pelton, 1990; Pelton & Bale, 1986):

1. Is thermodynamically consistent at finite concentrations in binary, ternary,
and multicomponent systems.

2. Can be derived from general Margules-type polynomial expressions.

3. Reduces to the standard first-order Wagner’s interaction parameter formalism
at infinite dilution.

4. Reduces to the standard second-order interaction Lupis and Elliot parameter
formalism at infinite dilution (Lupis, 1983).

5. Reduces to the quadratic Darken’s formalism which is thermodynamically

consistent at finite concentrations.
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6. Can be employed with existing compilations of interaction parameters or

Gibbs energy expressions.

The modified activity coefficients for the components in an Fe-based solution are:

N N
Inf, = Z X + z &ijkXj Xy + In fre (2-54)
j=1 j k=1
N N
1 2
In fre = —3 2 EeXjX — 3 z it X; XX (2-55)
jk=1 jkl=1

The parameters &;; and ¢, of the UIPF can be calculated from the

reported first order si] , and second order pi” , interaction parameters of Wagner’s

formalism (Hino & Ito, 2010).
2.4.2 Coupled kinetic model of Graham and Irons for the LMF

The work of Graham and Irons (2010) has great relevance in the area of
process modeling for the LMF, particularly since it represents the first study that
demonstrated the coupled nature of the simultaneous slag-steel reactions during
ladle treatment at the industrial scale. For the kinetics of the process, Graham and
Irons implemented the model of Robertson et al (1984) which allows to predict
the Kkinetics of coupled multicomponent slag-steel reactions by relating the mass
transfer of the different species in both phases with the thermodynamic
equilibrium that is assumed at the slag-steel interface. As reviewed by Robertson

(1995) the model has been applied to the study of several processes including
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desulphurization of pig iron, refining of stainless steel, the fuming of zinc from

slags and the production of low carbon ferromanganese.

The model of Robertson et al (1984) assumes formation reactions between

oxides in the slag and the respective species in the steel according to:

x[M] +y[0] = (MyOy)glag (2-56)
These type of reactions were considered for the slag oxides FeO, MnO,

Ca0O, MgO, TiO,, SiO, and Al,O3 in the work of Graham and Irons. The

respective heterogeneous equilibrium that is assumed for all reactions at the slag-

(y’}k”xoy) . (X’T”xoy)

RN T AT @57)

steel interface is:

Where X;(,,xoy, Xy and X, are the equilibrium concentrations in molar

fraction. Assuming that the kinetics is controlled only by transport of the species
from the bulk of the phases to the interphase, the expression for the mass

diffusion considering the double boundary layer theory for each reaction is:

ke Copm (X — Xap) = kslx Cvg (XMxoy - Xzelxoy) (2-58)
Cv,, and Cvy; are the total molar concentrations of the metal and slag

xoy

. . M -
phase respectively while k¥ and k sl are the mass transfer coefficients for

convective transport in the metal and slag. The model of Robertson et al (1984)
couples all the reactions with the balance for oxygen:
n
KACom(XE = X5) = ) yiky ™ Cvg (Xinyo, = Xlio,)  (259)

=1
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This last equation allows to solve the nonlinear system of equations for the
15 unknown interfacial concentrations. At each time step the concentrations in the
bulk of the steel and slag are updated using first-order time integration of

equations (2-60) and (2-61) for each species:

dXu. o0 M0, [ A
7y o _ xYy [ 7 b _ *
=k (57) (Kho, = Xino, ) (2-60)
dX,; AN,
ek —kn (V_sz) (Xp — Xn) (2-61)

From the industrial measurements at ArcelorMittal Dofasco and assuming
metal transfer control for desulphurization, Graham and Irons (2010) reported an
empirical correlation for the mass transfer coefficient of [S] in the steel for a 165

tonnes industrial ladle:

ks - A =0.006 + 0.002 gl4+0.002 (2-62)

Where the effective stirring power & [Watt/tonne] is calculated with
Pluschkell’s correlation, equation (2-8). The mass transfer coefficients for all the
species in steel were assumed to be the same while the ones for the species in the

. . M, O . .
slag were obtained from ratios kX / ksl" ¥ that fitted the experimental results.

The reported mass transfer ratios ratios ranged between 7 to 20 for FeO, MnO,

and Al,Og3, and 50 to 100 for SiO, (Graham & Irons, 2010).

Desulphurization in the ladle is modeled with the respective balance for

the transfer of sulphur from the metal to the slag:

k;%CUm(Xb?’m - X;,m) = kgl Cvsl (X;,Sl - XSI},SZ) (2'63)
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The interfacial concentrations are related by means of the equilibrium

partition coefficient for desulphurization in molar fraction, Lj:

, Xsa G fs - K
S = * - * -
XS,m hO (2-64)

Where Cg is the slag sulphide capacity calculated with the empirical
expressions proposed by Young, et al, (1992) as a function of the optical basicity

in the slag, fs" is the interfacial activity coefficient for [S], K; is the equilibrium

constant for the desulphurization reaction (2-4) and hy, is the interfacial activity
for oxygen that satisfies the multicomponent equilibria for the coupled reactions
at the slag-steel interface. Graham and Irons (2010) pointed out the importance of
using the interfacial oxygen activity h;, for the calculation of L since other
oxygen activities cannot represent the simultaneous effect of the deoxidation level
in the slag and the steel. Figure 2-23 shows the diagram of the numerical routine

implemented for the multicomponent kinetic model.

An additional study in the work of Graham and Irons was focused on the
analysis of the oxide inclusions during the refining process. From the
compositional analysis of the inclusions using Automated SEM, the activities of
MgO and Al,O5 in the spinel inclusions were obtained with the Cell model; these
values were then compared with the respective activities at the slag-steel interface
considering the slag composition and the interfacial activity of oxygen using the

method of Kinetic coupled reactions, Figure 2-24. The thermodynamic parameters
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for the [Al]-[Mg]-[O] equilibrium were taken from the values of Nadif and

Gatellier (1986).
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Figure 2-23. Schematic of multicomponent kinetic model (Graham, 2008)

From their calculations of the slag-steel equilibrium the dissolved
magnesium contents in steel ranged between 50 to 200 ppm. Furthermore, the
authors pointed out that the overall system moves towards a state of slag-metal-

inclusion equilibrium during the refining process in the LMF; finally they also
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suggested that magnesium reduction from the ladle slag is the main source of

magnesium contamination to produce spinel inclusions.
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Figure 2-24. [Al]-[Mg]-[O] equilibrium diagram in liquid steel at 1873 K using
the thermodynamic data of Nadif & Gatellier (1986). Dissolved magnesium levels

were calculated on the basis of slag-metal (m), and metal-inclusion (a)

equilibrium (Graham & Irons, 2010)

Recently, a kinetic coupled model to describe industrial operations in the

ladle furnace was proposed by Harada et al (2013). This is a complex model that

considers: 1) reactions between steel and slag based on the multicomponent

kinetic model of Robertson et al (1984), 2) reactions between steel and inclusions

originating from slag entrapment, 3) deoxidation caused by the additions,

4) dissolution of the refractory into the slag phase and 5) formation, flotation and

agglomeration of inclusions. Rates for slag entrapment, agglomeration of
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inclusions and inclusions flotation are described with constant ratios, Figure 2-25.
At each time step the composition of the different phases is updated. The model

was validated with the reported results of Graham and Irons (2010).
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Deoxidation lrlnclusions orginating
Product ——— from slag
Agglomeration : y
Reaction Reaction Reaction

Alloying
Materials
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Figure 2-25. Schematic of the kinetic model proposed by Harada, et al., (2013)

Molten Steel

The activities of the components in the slag were obtained using the
software FactSage 6.3 (Bale et al., 2009) and ChemApp (Petersen & Hack, 2007).

The inclusions composition was calculated considering deoxidation reactions for
[Al], [Ca], [Mg] and [Si]. The possible deoxidation products were MnO-SiO»,
Al,O3, MgO-Al,03 and CaO-Al,O3. Also, the activities of the individual
components for a given oxide system of the inclusions were fixed, for example in
spinel MgO-Al,03, the activity of MgO was 0.5 and for Al,O3 was 0.08. After the

addition of a deoxidizer, the free energy of formation for each deoxidation
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reaction is calculated, an iterative procedure was used where the composition in
the steel and the inclusions is modified until all the AG of reaction become

positive.

With their developed model, Harada et al (2013b) compared the influence
of the different factors that affect the amount of spinel inclusions; sensitivity
analysis were made for different parameters including: ratio of slag entrapment,
flotation rate, rate of agglomeration of inclusions, amount of aluminum added for
deoxidation, MgO content in the slag and slag basicity. From this analysis the
authors suggested that spinel formation can be reduced with the control in

conjunction of the Al-deoxidation, MgO in slag and the slag basicity.
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Chapter 3

Kinetic model for the oxide inclusions

3.1 Chemical kinetics of particle-fluid systems

Solid-fluid reactions are present in several industrial operations and the
respective Kinetic analysis is of utmost importance in order to optimize
operations. As mentioned by Sohn (2014), heterogeneous reactions occur at phase
boundaries, unlike homogeneous reactions that take place over the entire volume
of a given phase. Therefore, heterogeneous reactions always involve the transfer
of mass and heat between the reaction interface and the bulk phase. The reaction

in a solid-fluid system consists of the following steps (Sohn, 2014; Wen, 1968):

1. Diffusion of the fluid reactants across the fluid film surrounding the solid

2. Diffusion of the fluid reactants within the pores of the solid, if the solid
contains open porosity.

3. Chemical reaction between the fluid reactant and the solid at the fluid—solid
interface.

4. Diffusion of the product away from the reaction surface through the porous
solid media and through the fluid film surrounding the solid.

5. Transfer of the reaction heat within the solid.

6. Transfer of heat between the external surface of the solid and the surroundings

by convection and radiation.
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7. Changes in the structure of the solid due to chemical reaction and heat.

There are several types of solid-fluid reactions of metallurgical interest;
gas-solid reactions have been reviewed by Szekely, et al., (1976), while processes
of extractive metallurgy have been reviewed by Sohn and Wadsworth (1979). As
mentioned by Sohn (2014) the most common case in metallurgical operations
occurs when an initially non-porous solid reacts with a fluid to form a product
layer (ash) around the unreacted portion of the solid and the reaction progresses
from the outer surface of the solid toward its interior, the chemical reaction takes
place then at the sharp interface between the reacted and the unreacted zone. This
topochemical reaction mechanism is modeled on the basis of a shrinking-core

structure, Figure 3-1.

Unreacted

Fluid film

Figure 3-1. Shrinking-core reaction mechanism (Sohn & Wadsworth, 1979)

The general rate equations for each Kinetic step of the shrinking-core
model and the different kinetic limiting cases have been reviewed by Levenspiel
(1998), Szekely & Themelis (1971) and Wen (1968). As mentioned by Levenspiel
(1998), a key assumption of the shrinking-core mechanism is that the reaction

occurs at a sharp interface between the product layer and the unreacted solid. The
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model has limited applicability for cases when the reactant solid is very porous
and when the solid is converted by the effect of heat even without the presence of

fluid.

3.2 Description of the model for oxide inclusions

In this thesis a kinetic model is proposed to describe the transformation of
the alumina inclusions to magnesium aluminate inclusions in liquid steel. The
model calculates the compositional changes in the oxide inclusions and in the
liquid steel. The formation of spinel is assumed to occur as a product layer in the

oxide particles.

3.2.1 Assumptions of the model

The Kinetic steps, geometry and phase interfaces of the model are shown
in the diagram of Figure 3-2. The main assumptions of the kinetic model for the

oxide inclusions are:

1. The kinetics of the process is mass transfer controlled.

2. Transport of the dissolved species [Mg], [Al] and [O] from the bulk of the
liquid steel phase to the interface of each inclusion occurs across a respective
boundary layer.

3. A spherical geometry for the oxide inclusions is assumed during all the
process. A product layer of magnesium aluminate spinel is formed over the

unreacted alumina core; the shrinking core-model mechanism is assumed to
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prevail. The dimensions of the inclusions change due to the chemical reactions
and mass balance relationships.

4. A sharp interface divides the unreacted alumina core and the spinel layer. At
this interface the concentration of the spinel components Al,O3 and MgO
correspond to the thermodynamic equilibrium between alumina and spinel.

5. The activities of the spinel components Al,O3 and MgO are in local

thermodynamic equilibrium with the dissolved [Mg], [Al] and [O] at the

inclusion-steel interface.

e AN . Product layer
MA spinel

I Boundary layer
in the melt

Oxide Inclusion 1| Steel phase

Figure 3-2. Diagram of the kinetic model for the oxide inclusions.
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6. Mass transport at the boundary fluid layer and at the spinel product layer is

isothermal with the liquid steel temperature.
7. Solid state cationic counterdiffusion of Mg2+ and AI*" in the spinel product

layer is described based on the Wagner-Schmalzried theory for spinel
formation.

8. The alumina and spinel phases are dense.

The rate equation for each step of the model is solved considering the
boundary conditions of the system as well as the thermodynamic and kinetic

constraints.
3.2.2 Mass transfer of the species dissolved in liquid steel

As reviewed by Oeters (1994) and Szekely & Themelis (1971) during the
mass transfer between a fluid and a condensed phase, solid or liquid, there is a
region adjacent to the interface in which the concentration differs from that in the
bulk of the fluid; this region is known as the diffusion boundary layer and it is
analogous to the velocity and temperature boundary layers at interfaces for
momentum and heat transfer. If the fluid is in movement and well stirred the
transport resistance within the bulk in the fluid is negligible so that the
concentration of species is virtually uniform and the only resistance for mass

transfer exists in the boundary layer.

Szekely and Themelis (1971) also mention that in many mass transfer

problems it is not necessary to calculate the concentration profiles in the boundary
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layer, instead of that the knowledge of the mass transfer rate between a solid and a

fluid or between two fluids is more useful, Figure 3-3.

(3]
F
]

Cab

Concentration C, —>

Distance from the interface, X =——>

Figure 3-3. Scheme of the concentration profile in the boundary layer close to the

interface for mass transfer in the fluid.

The equation for the mass transfer rate through the boundary layer from

the bulk of the fluid to the surface of a spherical particle is:

Ny = 4mr°2 -k, € (X5 = X;) (3-1)

Where ka is the mass transfer coefficient across the boundary layer, r* is

the particle radius, C is the total molar concentration in the fluid phase, XX is the
mole fraction of the species A in the bulk of the fluid phase and X} is the mole
fraction of the species A at the surface of the particle. Since Equation 3-1 neglects

the effect of the bulk flow, the expression only applies to systems involving either

equimolar counterdiffusion or small concentrations of the diffusing species. The

mass transfer coefficient kp is related to the fluid flow conditions, the geometry of

the system and the properties of the system. From the dimensionless analysis, ka

is obtained with the Sherwood number that is defined as:
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k.d
Sh= 2= (3-2)
Dya)

Here d is the particle diameter and Dy, is the diffusivity of the species in
the fluid. Szekely & Themelis (1971) mention that in the limiting case of a
spherical particle in a motionless fluid the Sherwood number at steady state
conditions is equal to 2. Oeters (1994) further explained that for liquid steel if
there is flow of the melt, its effect on the Sherwood number does not need to be
considered if the particle diameter is smaller than 14 pum because for those
particle sizes the flow field no longer contributes to the mass transfer and Sh = 2.
In both scenarios, this assumption implies that at the boundary layer only mass

transport by diffusion is possible and that there is no convective contribution.

In the inclusion-steel model the oxide inclusions are assumed to be
spherical, Figure 3-2. Also, the model is designed to study indigenous inclusions
during ladle furnace treatment where the inclusions of more interest are smaller
than 10 um (Story, et al., 2008). The mass transfer coefficients are calculated
assuming that the Sherwood number is 2 and with the published diffusivities of
the species in liquid iron, the values used are: Dy g = 3 X 1072 m? - s™* (lrons,
et al, 1978), Dy =35x10""m?-s™' (Nagata, et al., 1988) and
Doy = 3.1x 1072 m?-s™* (Lu, 1992). Therefore, the equations for the mass
transfer rate through the boundary layer for [Mg], [Al] and [O] diffusing from the

bulk of the liquid steel phase to the inclusions surface are:

Nimg) = 41" - kg Cym (Xitg — Xing) (3-3)
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Niay = 4rr? - kAlCVm(X/ll)l — Xa1) (3-4)

Nig) = 4mr*? - ko Cym (X5 — X5) (3-5)
Cvm is the total molar concentration in the steel phase; Xpy,, X3, and X§

are the bulk mole fractions while Xy, Xj; and Xg are the mole fraction

concentrations at the interface between each inclusion and the steel.
3.2.3 Cationic diffusion in the spinel product layer

Mass transfer in the magnesium aluminate spinel product layer is assumed
to occur by counterdiffusion of Mg2+ and AI**. The diffusion equations are based

on the Wagner-Schmalzried theory for spinel formation. At a given point in the

spinel product layer and with the frame of reference of an immobile sublattice of
oxygen, the mass transfer rates of Mg2+ and AI** are driven by the gradient in the

electrochemical potential with respect to the radial position, therefore:

2. DMgCMg (anMg2+>

Ny g2+ = 4mr RT 3 (3-6)
Dy Cyy (0
N3+ = 4mr? - I;TAZ ( 776,4;3*') (3-7)

Where Dy, and Dy, are the chemical diffusivities of Mg2+ and A" in

magnesium aluminate spinel and Cy, and Cy4; are the molar concentration of the
cations. For the chemical diffusivities Wagner (1975) referred to them as
‘component diffusivities’; furthermore, it is mentioned that for cationic diffusion

in oxides and sulphides the diffusivity of a species as component is related to its
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self-diffusion coefficient D, also known as tracer diffusion coefficient according

to the relation:

Dy
DA(component) = f_ (3-8)
A

Here f4 is the correlation factor that depends on the crystalline structure of

the spinel and on the diffusion mechanism of the cations that can be either
interstitial or via vacancies. On the other hand, the correlation factor is of the
order of unity (Ganguly, 2002; C Wagner, 1975). For the inclusions model the
diffusivity values of Gotze et al., (2009) are used in equations (3-6) and (3-7),
these values were calculated from solid state spinel rim growth experiments at

1623 K and considering simultaneous diffusion of Mg2+ and AI** as well as the

coupling of fluxes to keep electroneutrality. Gotze et al., (2009) reported the
diffusion coefficients as effective component diffusivities since they include a
relative contribution of grain boundary diffusion and of volume diffusion to bulk
material transport, their values are: Dy componenty = 1.4 X 10715 m? - s~1 and
Dai(componenty = 3.7 X 1071 m? - s=1. Furthermore, because of the temperature
and experimental conditions to measure the diffusivities used for this model and
since the reported component diffusivities in magnesium aluminate are limited; a
sensitivity analysis of the different kinetic parameters was included in this thesis

project.
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Assuming that there is no resistance for the flow of electrons or electron
holes, the driving forces for cation diffusion become the gradients in the chemical

potential of the neutral components Mg and Al in the product layer:

DrpgCug (Opm

Npyge+ = Amr? - ;T g( arg (3-9)
, DaiCy Opar

NAl3+ = 4mre - T 7 (3-10)

Considering the formation reactions for MgO and Al,03, the chemical

potentials of Mg and Al and O are related by:

Hmg T Ho = Umgo (3-11)
200 + 3l = Haryo, (3-12)
With equations (3-11) and (3-12) the mass transfer rates of Mg2+ and AI**

become:

2 DrgCug [Otmgo allo]

Ny g2+ = 4mr RT - or (3-13)
DpCar [1 084150 30uo
N 3+ = 4mr? - = |3 67"2 2 - 23, (3-14)

For the spinel formation in the indigenous inclusions the inner interface of
the spinel product layer is in contact with the Al,O3 shrinking core, at that point

there is no additional access of oxygen. On the contrary, at the spinel-steel
interface there is access of the dissolved Mg, Al and Oxygen. Under those

conditions of the inner and external interfaces Schmalzried & Pfeiffer (1986)
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proposed that the variation in the chemical potential of oxygen can be obtained by
coupling the mass transfer rates of Ny 2+ and N3+ where electroneutrality is

maintained according to:
ZNMg2+ = _3NA13+ (3'15)

Using expressions (3-13) and (3-14) and relating them according to (3-15),

the gradient of the chemical potential for oxygen in the product layer becomes:

u 3 Ol
oo PugCug—57~ + FDuCu—57 (3-16)
a_T' = RT 9

DygCug + IDAZCAl
At steelmaking temperatures magnesium aluminate spinel has a range of
solubility with Al,O3 and its composition deviates from the stoichiometric spinel
MgAl,04. Several forms to express the nonstoichiometry in spinel have been used

in the literature, one of the most common formulae is MgO-nAl,O3 where n is the

molar ratio. With the same molar ratio n, an equivalent formula is

Mg 4+ Al sa V., O, where V represents the concentration of cation vacancies
3n+1  3n+1 3547

(Mitchell, 1999; Viertel & Seifert, 1979; Wei, et al., 1998). Watson & Price

(2002) used the formula Mg, _3.Al,,,.0,0, where O is a cation vacancy. For

this thesis, the spinel is described as MggsAl,,O4 where the indexes & and v are

related to the mole fraction of alumina Xy, o, assuming that spinel only varies in

the quasi-binary system Al,O3-MgO, therefore:
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4 —4X
5§ = — A0 (3-17)
1+ 2X,,0,
8Xa1,0, (3-18)

YT T 2%,

On the other hand, the molar volume of spinel V,,Slp slightly changes when

the solubility with Al,O3 increases (Ganesh, 2013), for this thesis the value
V5P = 41.419 [mm*/mmol] reported by Fiquet, et al., (1999) at T = 1889 K is

. 2+ 3+ . .
assumed constant; the molar concentrations of Mg~ and Al”" in spinel are:

8

Cug+ = —55 (3-19)
Vm
v

Coppt = —

At =5 (3-20)

From its definition, the variation of the chemical potential of a component

in a system is related to the change in the activity of the component:

du; = RT dln q; (3-21)
With the expressions for cationic concentration and the change in

chemical potential, equation (3-16) for the gradient in the chemical potential is:

dlIn Apmgo 3 dln Q504 -
ouy O Dug () + Fu- Dy () (3-22)
a— = RT 9
r 6 - DMg + Z‘U - DAl

With equation (3-22), the mass transfer rates of Mg2+ and AI*" at a given

point in the spinel product layer become:
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(3-23)

Sv-Dy,Dy 1 dlnay,o dlnay o

N =4 2 . 9 9 N 3 — 273
(3-24)

SU'DM DAl 1 alnaAl fs) alnaM 0
N+ = 4mr? - 2 2 =) -6 ——=
ALY r 46 - Dyg + 9v - Dy, (an”> [ < or or

Equations (3-23) and (3-24) express the coupled cationic mass transfer

rates at a point in the spinel product layer driven by the gradients in the activities

of the components of the Al,03-MgO system.

3.2.4 Calculation of the inclusion-steel interfacial equilibrium

Thermodynamic equilibrium at the inclusion-steel interface is calculated

based on the simultaneous deoxidation equilibria of [Mg] and [Al] in steel with
the components in spinel Al,O3 and MgO. The calculation is possible by coupling

the interfacial mass transfer rates of the different components involved. In order
to consider the change in the bulk concentration of the dissolved oxygen due to
the inclusions a special consideration is required. Because the anion sublattice of

oxygen is assumed to be immobile in the spinel product layer, it is not possible to
formulate an expression for oxygen diffusion as in the case of Mg2+ and A

However, since there is access of the dissolved oxygen [O] at the spinel-steel

interface then lattice molecules of spinel with composition Mgg-Al,-0, can be

added to or subtracted from the spinel product layer at a given molar rate 7;,.
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In this case, o* and v* indicate the composition of spinel in equilibrium with steel
at the radial position r*. Pfeiffer and Schmalzried (1989) defined the balance of
lattice molecules M at the interface as:

on
SE=n (0 329

In this way, the molar rate 1), at the interface is related to the mass

transfer of oxygen in the liquid steel boundary layer by:

1
2 Vo) (3-26)

Furthermore, the addition or subtraction rate of spinel with composition

TM=

Mgs+Al,-0, at the interface r* must be considered in the rates of consumption or

release of dissolved [Mg] and [Al] in the steel; for magnesium this is:

*

. + ZN[O] (3-27)

N[Mg] == NMg2+

The balance of the mass transfer rates for aluminum is:

*

1Y)
7 Nioy = = Nag+lr + Nag (3-28)

Where N Mg2+| and N,3+|,. are the mass transfer rates in the product
Tr*

layer at the inclusion-steel interface r*. Equations (3-27) and (3-28) are the most
important expressions for the calculation of the interfacial concentrations in the

formation of spinel. For example, with a source of dissolved [Mg] and if the mass
transfer of [O] is small then the change of Al,O3 inclusions to spinel will occur
mostly by consumption of [Mg] and release of some [Al] to the steel.
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Ny g2+ , and N3+, are calculated by considering the spinel

composition in equilibrium with steel and the activity gradients in the product

layer evaluated at the interface, therefore:

(3-29)
N -, _ 47-[7«*2 S*U* - DMgDAl ) 1 a ln aMgo _ 3 a ln aAlZO3
M= s 46" Dyg + 9Dy VP or - or |,
(3-30)
o'v* - Dy,D 1 dlna dlna
NAl3+|T‘* = 4‘77,-1'*2 " Mg :u - Sp [ 4205 - 6 Mgo ]
46*Dyg +9v' Dy vV, ar - or ra

Since the diffusion equations in the product layer are solved numerically,
the derivatives for the radial change of a0, and apgo in equations (3-29) and
(3-30) are discretized using spatially equidistant nodes and a fourth-order
backward finite difference approximation that takes only the local values at the

interface as shown in Figure 3-4:

| . |
I Sp|ne| Mga*Alv*04 I Steel
Alzos I product layer \ I
& 0 0 0 0 0 NN NNX
core | . 5y Ml
I v | [AI]
| Nodes used to calculate I
| dlin aMgg dln aA1203 | [0]
| ar r* and ar r«l
r’ r*

Radial position,r =3

Figure 3-4. Scheme of the spatial discretization in the product layer and location

of the nodes adjacent to the interface used for the equilibrium calculations.
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Considering the heterogeneous equilibrium for the deoxidation reactions

with [Mg] and with [Al] the interfacial activities are related according to:

K _ Apmgo *
M0 = [fe - wt%Mg1[fy - wt%0"] (3-3D)
Aal,05 *
K = -
Al 03 [f;l ] Wt%Al*]Z[fO* . Wt%O*]3 (3-32)

Where Kyg0 and Ky,o, are the equilibrium constants of deoxidation;
aal,0,* and aygo™ are the interfacial activities in spinel; wt%Mg*, wt%Al* and
wt%O™* are the interfacial concentrations of the species in steel and fy 4, f4;, and

fo are the henrian activity coefficients calculated at the inclusion-steel interface

calculated with the Unified Interaction Parameter Formalism.

The concentrations of the dissolved [Mg], [Al] and [O] can be expressed

in the respective mole fractions Xy 4, X4, and X, therefore:

Kugo = == SMgo * (3-33)
[ mgfug " rMwyg - 100] [X;; f5 neMw, - 100]
Stmass Stmass
Kar,0, = L0 7 (3-34)
273 [X;;l £ npMwy, - 100]2 [X;; £ npMw, - 100]3
Stmass Stmass

Where nt are the total number of moles in the steel phase; Mwy, 5, Mwy;,

and Mw, are the molar weights of the species and Sty,s is the total mass of the

steel phase. The set of thermodynamic data used to calculate the deoxidation
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equilibrium with [Mg] and [Al] were taken from the published values of Seo, et

al., (1998) and Seo & Kim (2000), therefore: Ky, = 12.32 — 47400/T and
Kugo = —7.21 at 1873 K. The first and second order interaction parameters are:
eq = —6.90, 1) =7.60, eyt =15.57 —36500/T, rg! = 2.67, ey, = —560,
r,gg = 145000, egl 9 =370, r(;w 9 = 5900. Additional interaction parameters

for the effect of other elements were taken from the review of the Japan Society
for the Promotion of Science (Hino & Ito, 2010). Although there are variations in
the literature values for deoxidation with [Mg]; the reported results of Seo and
Kim (2000) were used for this model since that thermodynamic study was
considered by Jung, et al., (2004) in their assessment for deoxidation. Jung, et al.,
(2004) preferred these values because of the experimental procedure used and

with their agreement with the results of Han, et al., (1997).

The variations of the activities a,j,o, and aygo in the Al;03-MgO system

were represented with sigmoidal functions empirically fitted to the measured
values at 1873 K of Fujii, et al. (2000), the respective functions are shown in

Figure 3.5. The function for the change in a,;, o, With the mole fraction X,y o, is:

Aa1,0, = A1 — (a; —by) -exp [—(k1 'XA1203)d1] (3-39)

Where the parameters are: a; = 1, by = 0.034, k; = 1.862 and

d1 = 15.131. The activity of MgO as a function of X,,¢, is calculated with:
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aMgO = [

b,
) @39

Xa1,04

The respective parameters are: b, = 1, ¢, = 0.462, h, = -143.245 and

sp = 0.127. Figure 3-5 shows how the fitted functions compare with the activities

calculated using the database of the software FactSage 6.4 (C. W. Bale et al.,

2009) that contains the thermodynamic assessment of Jung, et al., (2004b) for

the Al,03-MgO system.

/L 7/
1.0 A I I ' — 74
—
./\
Al 7 aAl,oO,
> FactSage database
2>
D 05 aMgO . aAl,o, ]
< Fitted function Fitted function
aMgO
FactSage database
0.0 :,/// 1 ~te o I F—
0.00 04 0.5 0.6 0.7 1.00

Mole fraction XAI203

Figure 3-5. Activities of the components in the system Al,03-MgO at 1873 K.

Experimental measurements from Fujii, et al., (2000): ®— a4, and

A—ay, o, Fitted functions from equations (3-35) and (3-36) and values

obtained with FactSage 6.4
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In order to find the equilibrium activities, concentrations and spinel
composition Mgg-Al,-0, at the inclusion-steel interface; equations (3-27) and
(3-28) for the interfacial mass balances are solved in conjunction with the
equilibrium conditions (3-33), (3-34) and the functions for the activities (3-35)
and (3-36). Appendix A outlines the procedure in which the non-linear system of

six equations is solved numerically for the six unknowns Xy, Xa;, X0, ai,o0,™

Amgo * and Xu,0, ™ that allow to calculate the interfacial mass transfer rates.

3.2.5 Unsteady state diffusion model for the spinel product layer

Diffusion across the product layer of magnesium aluminate spinel is

UMmg

a
driven by the gradient in the chemical potentials of the neutral components

0 : . .
and %. For this dynamic system the concentration and mass transfer rates of

2+

Mg~ and N change with position and time. The accumulation model for

cationic unsteady state diffusion in the product layer is described according to:

aCMg2+ d
2 Fra E(NMQH) r<r<r (3-37)

Here Cy 42+ is the molar concentration of Mg2+ in spinel. The domain of

4mtr

the diffusion equation goes from the inner interface at the radial position ' where
spinel is in contact with the alumina core to the interface r* where the product

layer is in contact with liquid steel. From the Wagner-Schmalzried theory the
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mass transfer rate Ny 2+ is defined with equation (3-9), therefore the model for

one-dimensional diffusion is:

aCMg2+ _ i i[rz DMgCMg <allMg>] (3-38)

ot  r2 or RT or

After expansion of the terms and assuming that the diffusivity Dy, is

constant the model becomes:

(3-39)

aCMgz"':DMg gC Olmg n aCMg a.UMg .UMg
ot RT |r M9\ or or?

r<r<r

Examination of the partial differential equation (3-39) shows that three
different effects are involved in the model and that these effects contain the
non-linear variation of the chemical potential p,, with composition in spinel.
Therefore the model in (3-39) is a non-linear second order PDE that requires two

boundary conditions to fully describe the process.

An efficient alternative to solve non-linear time dependent PDE equations
such as (3-39) is the numerical discretization using the Method of Lines. (Silebi &
Schiesser, 1992; Wouwer, et al., 2001). For the general time dependent PDE

problem in the form:

u, = f(u), x, <x<xp, t>0 (3-40)
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ou

In this case u; = a3t u is the vector of dependent variables,  is the initial

value independent variable, X are the boundary value independent variables,
f=f (x, t, U, Uy, U,,, ) is the spatial differential operator and u(t = 0)
is known. The Method of Lines (MOL) is a computational approach for solving
PDE problems of the form of equation (3-40) that proceeds in two separate steps
(Wouwer et al., 2001):
1. Spatial derivatives U,, U,,, *-+ are approximated using finite difference
(FD) or finite element (FE) techniques.
2. The resulting system of semi-discrete ordinary differential equations in the
initial value variable is integrated in time, t.
Therefore, by first discretizing with a spatial grid of N nodes, then a large
system of N initial value ODEs can be integrated with an ODE integrator. The
values of each node correspond to the solution u at a grid point as a function of

time, Figure 3-6.

As mentioned by Hundsdorfer and Verwer, (2007) the MOL approach is
very popular for its simplicity and flexibility as well as for the fact that is easy to
model various combined effects for advection and diffusion with reaction terms.
Another practical point in favor of this method is that many well developed ODE

solver methods are freely available.
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Up(t) Uq(t) Ua(?) Upp —1(%) Uppy1(2)

Io 1 T2 Im—1 Tm Tm+1
Figure 3-6. Method of lines interpretation. u;(t) is the solution along the line

forward in time at the grid point X;, (LeVeque, 2007).

For the diffusion model in the product layer the spatial domain is

discretized with equidistant nodes U; according to:

Cug(i,q) = U(r;, t,) (3-41)
The equidistant nodes U; = U(r;) are located across the product layer with

the expressions:

h = (3-42)

rn=1r"+{—-1h i=1,..,n (3-43)

Here n is the total number of nodes and h is the distance between each

node. The kinetic model assumes that the initial condition of the system is
Cyg(i,t=0)=C I\e,,qg for all the nodes; where C ,\e;,qg corresponds to the
equilibrium composition of Al,O3 with spinel in the Al,03-MgO binary system

located at X!, = 0.68. In order to simplify the model the initial nucleation
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process of spinel on the alumina inclusions is neglected. Therefore, the model
assumes that a small homogeneous shell of spinel is already formed at t = 0,

the total number of Mg2+ moles per inclusion particle is then:

n ot = 4m Seq ,rl3 r*3)
+ - "5 - -
mo =5 (3-44)

The total initial number of AI>" moles per inclusion must consider the

content in the homogeneous spinel product layer and the content in the alumina

core, therefore:

AT Vg . 5 3\ AT 4 2
=———(r"" =r)+—=—1r" | ——F 3-45
Ny 3+ 3 anp (r r ) 3 r V,:1203 ( )

Here 6,4and v, are the stoichiometric indices of the spinel composition

.. s . . Al,0
that is in equilibrium with alumina at X/, . VP and V2?9 are the molar
volumes of spinel and alumina respectively. Furthermore, the initial total atomic
percentage of Mg in the inclusions is related to the moles of Mg2+ and A’ per

inclusion with:

TlMg2+|

£=9 ) x 100 (3-46)
Ny g2+

0 + nA13+ |t=0

%Mgli=o :<

.-

If the initial atomic percentage of Mg in the inclusions %M g|;—, and the
diameter of the inclusions particles is known, then thickness of the initially
homogeneous spinel layer and the position of 7’ can be calculated with equations

(3-44), (3-45) and (3-46):

81



M.A.Sc. Thesis - A. Galindo McMaster University - Materials Science and Engineering

I I
l___|

*3 eq (%Mg) Ueqg | (%Mg) Seq 3
SP 100 anp 100 anp
(%Mg) veq N (%Mg) 2\ (%Mg) Oeq \|

100 V 100 V,:lzo3 100 Vﬂbl‘p J
Once the domain of the product layer and the nodes U; are specified at a

time step ¢, it is possible to calculate the activities ay, o, (i,t) and aygo (i, t) as

aMMg
or

azlng

ac
oz and Y91 for the PDE
it

it r ol

well as the value of the terms

(3-39) at each node. The detailed procedure based on finite differences

approximations is described in Appendix B of this thesis.

3.2.5.1 Interfacial boundary conditions for the cationic diffusion model

Since the diffusion model in equation (3-39) is described with a second
order PDE then two boundary conditions must be specified in addition to the
initial condition of the system. For the interaction of the spinel product layer with
the liquid steel the boundary condition imposed is known as an interfacial
boundary condition or boundary condition of the fourth type (Luikov, 1968; Taler

& Duda, 2006).

As mentioned by Luikov (1968), the boundary condition of the fourth kind
applies when there is heat transfer between a solid body and liquid through

convective transfer. For the mass transfer process of cationic diffusion the PDE
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model is expressed in terms of the change in molar concentration in spinel Cy, ,

therefore the two boundary conditions at the interface r* for a given time step are:

0C g2+ _ 0C g2+ (3-48)
or . or
t, r
Crge+ (r,t) = Cl‘j,‘gﬁfib (3-49)

ac *
Here ( ’;’f2+) is the gradient of Cy, in the spinel product layer at the

interface with steel; therefore it is a function of the cationic mass transfer

N g2+ . which is obtained from the simultaneous deoxidation equilibria and the
interfacial mass balance calculated at each time step. Additionally, C Iewflgiélflb

corresponds to the molar concentration of Mg in the product layer in equilibrium
with the steel. The calculation to obtain the values of the interfacial boundary
conditions from the results of the simultaneous equilibrium is described in
Appendix B of this thesis. Additionally, the procedure to enforce the boundary
conditions in the spatial discretization of the PDE model is described in

Appendix B.

3.2.5.2 Time integration of the diffusion model

After the diffusion equation (3-39) has been spatially discretized at a given
time step, each node is integrated in time from t, to t,.,. Since the model is
non-linear an explicit Runge-Kutta method was selected in order to simplify the

calculations. The general scheme of an explicit m-stage Runge-Kutta method for
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the ODE problem y = F(t,y) and initial condition y(0) =y, is described as

(Gustafsson, 1991; Hairer, et al., 2011) :

Y, = F(ty, ) (3-50.1)
i-1
Y,=F (tq + ¢ty v, + Aty Z al-]Y]> i=2..,m (3-50.2)
J=1
m
Vars = Yo + Bty ) byY, (3:503)
J=1
tg+1 = tq + At (3-50.4)

The real coefficients a;;, b; and c; depend on the specific Runge-Kutta

method while At,, is the time step used. For each time integration an estimation of
the error is necessary; as mentioned by Hairer et al., (2011) the error estimations
ensure that At; is chosen to be sufficiently small to maintain the required
precision and stability of the computed results; additionally, they ensure that the
step sizes are large enough to avoid unnecessary computational work. A practical
approach is to use embedded Runge-Kutta formulas that allow calculation of the
numerical approximation y; and a second approximation ¥, by sharing the results
of the stages in the step. In this way, the difference ||y; — ;|| provides an
estimate of the local error for the less accurate approximation which then can be

used for step size control.

For the diffusion model several embedded Runge-Kutta methods were

tested including the method of Fehlberg RKF45 (Hairer et al., 2011), the Strong
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Stability Preserving method SSPRK(9,3) (Gottlieb, et al., 2011) and the 8th order
method of Prince & Dormand DOP853 described in (Hairer et al., 2011) and
(Hairer & Wanner, 2002). From all these explicit integrators, the method DOP853
was chosen since it proved to be the best in terms of accuracy and number of
iterations per modeling case. The adaptive time step control strategy is based on
the modified Pl method proposed by Gustafsson (1991) and further described by
Sdderlind (2002) and (Hairer & Wanner, 2002). The specifics of the Runge-Kutta

time integration and the time step control are in Appendix B.

3.2.6 Displacement of boundaries in the spinel product layer
3.2.6.1 Movement of the interface between Al,O3 and the spinel product layer

Under the assumption of the shrinking core model it is necessary to
determine, at each time step, the location of the interface between the unreacted
alumina core and the spinel product layer. In this kinetic model the moving

boundary is denoted with the radial position r', Figure 3-2.

The progress of the Al,Os-spinel interface is determined based on the

assumption that there is a sharp interface where the two phases in contact reach
local thermodynamic equilibrium; this has been experimentally demonstrated for

solid state diffusion couples (Gotze et al., 2009; Navias, 1961; Zhang, et al.,

1996). Therefore, from the Al,03-MgO binary system the equilibrium

composition of Al,O3 with spinel C,Z?g at 1873 K corresponds to the mole
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fraction X', = 0.68 (Fujii, et al., 2000; Zienert & Fabrichnaya, 2013). A
scheme of the Mg concentration profile in the product layer obtained with the

PDE model and the displacement of the boundary is shown in Figure 3-7.

Defining the alumina-spinel equilibrium composition at r’ as Mgg AL,/ O,
the indexes &' and v’ are obtained with X/, . Considering that there is no

additional source of oxygen, the interfacial reaction at ' is:

4 8
(SIMg2+ + §A1203 == MgSIAlU’O‘l' + (§ - U’ )A13+ (3'51)

| |

= . Mgg Al3,04
s | product layer |
| |
S 4 |
o | |
qc) Ceq | |
2 Mg | | |
c - -~ -7 fF~-~-T~TTTT=T-=-==—°=-<% |
© |
8 Al03 |
= unreacted |
core I
I
0 l
/| m

r r
Radial distance

Figure 3-7. Concentration profile of Mg in the spinel product layer and position '

of the interfacial composition in equilibrium with alumina at a given time step.

A characteristic of the displacement of r'(t) with time is that this problem
belongs to the group of Stefan problems for heat or mass transfer (Crank, 1987).

The solution of the inner moving boundary of the spinel product layer is based on
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the stoichiometric mass balance and on the strategies proposed by Crank & Gupta
(1972) that include displacement of the discretization grid and interpolation using

cubic splines.

With the known concentrations and activities at each node it is possible to

calculate the mass transfer rate of Ny, 2+ at ' in the product layer at each time
step. Therefore, the number of moles of Mg2+ transferred at r’ during the lapse of

a time integration step is approximated with:

TLMgz+|tq = (NM92+|r, )-Atq (3-52)

. tq
From reaction (3-51) at ' and expression (3-52), the change in the number
of moles of the alumina core consumed during the time step per inclusion is:

4
Angi,o, tq = 35 : NMgz+|r,’ ‘e - At (3-53)

The respective volume of alumina core reacted per inclusion per time step

. . . . Al,0
is obtained with the molar volume of alumina 1,27 :

Al,0
AV410,] /it 'NMg2+|r,’ . At (3-54)

tg _ﬁ mn q
Simultaneously, the number of moles of non-stoichiometric spinel with

composition Mgs Al 0, that is produced at ' during the time step is:

_1
tq_6'

Anyg a1 0, Nygee| At (3-55)

q

The respective volume of the spinel produced at ' is:

1
Sp
= V -N 2+
tg 5’ m Mg r' tq

AVug a0, +At, (3-56)
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Due to the difference in the molar volumes, the transformation of alumina
to magnesium aluminate spinel implies a volumetric expansion; this effect has an
impact on the position of the discretizing nodes. For this model, such change is
considered as an increase on the distance Arg, that occurs from time t, to t . ;.
On solving a similar diffusion problem Crank & Gupta (1972) suggested to move
the complete discretizing grid and transfer the information of the concentration
values of each node to a new grid. Additionally, Wouwer et al., (2001) used
adaptive grids for the Method of lines (MOL) when the PDE models involve
moving boundaries. Wouwer et al., (2001) proposed the use of cubic splines as
the interpolation technique to transfer the data from the old to the new grid, the
information in the new nodes is the initial condition for the next time integration

of the system.

If rt’q is the position of the inner boundary at the time step t, and rt’q+1 is

the new position at ¢, the volume change of the alumina core from (3-54) is

related according to:

AVyr0, = gn [(rt’q+1)3 - (rt,q)g] (3-57)

The volume of the spinel produced during the time step from equation

(3-56) is considered with:

AVig a0, = %n [(Té’i 1)3 B (n’q+1)3] (3-58)
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Sp

In this last expression 7; " allows to calculate the increase on the radial

distance Arg,, due to volumetric expansion, Figure 3-8:

_ 5P ’
ATsp = Tigen ~ Teg (3-59)

In the discretization of the product layer the first node U, is located at the

alumina-spinel interface. Therefore, its location at the next time step is:
Ultgey = g (3-60)

The position of the rest of the nodes U; is updated according to:
riltq+1 = riltq + Arg, i=2,..,n (3-61)

The displacement of nodes is illustrated in Figure 3-8.

o
= %
Q
=
=

Eﬁ
)
[= =

Molar Concentration of Mg

I

I

I

I

fo]

I

I

I

I

i

I

I

_____l________

I

I
[ — |
1
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I

3:; Tt:+1
Radial distance
Figure 3-8. Procedure to update the location of the inner boundary. The
equidistant nodes before displacement are indicated with O. All the nodes except

U, are shifted the distance Ary,, due to the volumetric change. The new position
of the nodes is indicated with m.
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Because of the change in the inner boundary, the discretizing mesh and the
position of the nodes become non-uniform. In order to have all the nodes
equidistant an interpolation is made in order to transfer the information of the
updated concentration profile to a new equidistant mesh for the next time
integration. The interpolation is made using cubic splines; the procedure is shown

in Figure 3-9.

Molar Concentration of Mg

*
q+1

Radial distance
Figure 3-9. Cubic splines interpolation calculated with the updated nodes m in

order to obtain a new mesh of equidistant nodes O.

As the thickness of the product layer increases the distance between the
nodes h increases as well. When h > 2h,,;, the total number of nodes changes
from (n) to (n + 1), this is shown in Figure 3-10. Here, h,,;, is the minimum

distance that can exist between two consecutive nodes. In this way, the location
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and the number of nodes adapts to the growth or reduction of the spinel product

layer depending on the conditions of the system.

T T T T T T
o 0.0160 |- -
= /“\
s o
S 2 ooissh /://: t, |
.5 = t3 /./0 :
S — oots0l \/:/0 ! .
T E /‘/ oq_t I
Q = [ J / 1
8 = i /‘/ O I i
§ = 00145 /‘/'o/ |
o) |
T E ' N 4 |
o 0.0140 |- // | 4
o ce? ® o [
= My S . |
I
00135 - 1 1 ,."t‘sl i
AL N | . ] . L N
242 2.44 2.46 248 2.50 2.52

Radial distance [microns]

Figure 3-10. Evolution of the concentration profile with adaptation of the
equidistant mesh. The distance between nodes increases from t; to t, using nine

nodes. At t; an extra node is added.

3.2.6.2 Movement of the external boundary of the spinel product layer

In the calculation of the thermodynamic equilibrium for the simultaneous
steel deoxidation with [Mg] and [Al], a mass balance at the spinel-steel interface
is considered. The result of such calculations at each time step is the concentration
of spinel in equilibrium with steel Mgs-Al,-0, , as well as the activities and
concentration of the species that satisfy the spinel-steel equilibrium. From these
values the mass transfer rate of dissolved oxygen in steel to each inclusion can be

easily calculated with equation (3-5). Therefore, the number of moles of spinel

91



M.A.Sc. Thesis - A. Galindo McMaster University - Materials Science and Engineering

that precipitate over the product layer during the lapse of the time integration step
At, is approximated with:

1
Mg et 0, tq =7 "Ny - At (3-62)

4
The respective volume of the formed deoxidation product per particle is:

_1os
AVMga*Alv*04|t = ZVm " Njoy - Atq (3-63)
q
This additional change in volume is considered with the displacement of

the interfacial node U,, located at the external boundary of the product layer rt*q,

Figure 3-10:

4 , 3 )3
AVMg(g*Alv*an = §7T [(rtq+1) - (rtq) ] (3-64)
The concentration value of the interfacial node Cy, is kept constant and

only its position is updated to rt*q+1 from (3-64). In order to have all nodes

equidistant the interpolation with cubic splines is repeated and a new mesh is

obtained.

3.3 Unsteady state kinetic model for the formation of spinel inclusions in steel

With assumption that the diffusion process of an individual inclusion is
the same for all the inclusions in a multiparticle system, it is possible to model the
compositional changes in the inclusions phase and the steel phase by updating the
concentration of [Mg], [Al] and [O] in steel as well as the concentration profile in

the spinel product layer. Here, the steel and the oxide inclusions are a closed
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system with defined initial composition. The initial size of the inclusions and the

number of inclusions is also known.

The initial number of inclusions is obtained from the total oxygen
concentration of the system O in ppm; this value comprises the parts per million
[ppm] of dissolved oxygen in steel [0] and the parts per million [ppm] of oxygen

bonded to the oxide inclusions O;;,cjys -

Or = [0] + Oincius (3-65)

With the assumed initial atomic percentage of Mg in the inclusions
%Mg|;—o and the initial diameter of the inclusions the thickness of the spinel
product layer is calculated using expression (3-47). Therefore, the number of

moles of oxygen bonded per inclusion is:

(3-66)
Noxygen = Err <%> ()} =03+ gn <VA12 ) (r")3 ] x 103

Al,0
The distances are in millimeters and the molar volumes V and |7 273

are in mmols per mm”. The initial number of particles is then:

1 1
0; x 1074 ( m"‘”) 103 ( ) ]
= (Oincius ) 100 (10°) Mw, Morygen (3-67)

The number of moles of Mg per inclusion at a given time step is quantified

with the concentration profile Cy 4 (r) across the spinel product layer:

[4n f (Cug™) dr] x 103 (3-68)
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Here, the molar concentration Cy, 4 (r) is in mmols per mm? and the radial

distance is in millimeters. The total moles of Al per inclusion at a given time step

considers the content in the product layer as well as the unreacted alumina core:
" 2 4 N3 2 3
na = | 4m | 12 (Cu()dr+ () oy | % 10 (3-69)
r m
The integrals in (3-68) and (3-69) are calculated with the concentration

values of Mg and Al at the equidistant nodes in the product layer and using

Simpson's 3/8 rule for the numerical integration.

The change in moles of dissolved magnesium in steel A[Mg] being
removed or added from the steel due to the oxide inclusions during a time step is

quantified according to:

AMg] = — (nMgltq+1 - nMg|tq) Np (3-70)

Here, nyg |t is the number of moles of Mg per inclusion before the time
q

integration of the diffusion model in the product layer and nyy . is the Mg
q+1

content per particle after the concentration profile and position of the boundaries
in the spinel product layer is updated. A similar expression is used for the change

in moles of dissolved aluminum in steel during a time step:

AAL = = (naleyy, — aile, ) NP (3-71)
The change in moles of dissolved oxygen in steel during a time step is:

Al0] = — N[0]|tq - Np - At (3-72)
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In expression (3-72) Nig; |t is the mass transfer rate of dissolved [O] in
a

moles per second per inclusion from the bulk of steel to the inclusion-steel

interface and At is the time step used for the integration of the diffusion equation

in the product layer.

The concentration in moles of the dissolved species in moles is updated

for the next time step using first order time integration:

[Mgl;,,, = [Mgl., + AlMg] (3-73)
[All,,, = [All,, + A[Al] (3-74)
[O]tq+1 = [O]tq + A[0] (3-75)

With the new concentrations in the steel the thermodynamic equilibrium
between the inclusions and the steel is recalculated which in turn provides the
value of the boundary conditions for the time integration of the diffusion model in

the spinel product layer. The atomic percentage of Mg in the inclusions %M gltq

is calculated at each time step from the values of expression (3-68) and (3-69)

according to:

nMgltq
X 100 (3-76)
nMg|tq + narle,

%Mgltq =

The stepping procedure for updating the concentration in both phases at
each time step is the basis of the kinetic model for the formation of spinel

inclusions in steel. An scheme of the algorithm is shown in Figure 3-11.
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Steel composition, total oxygen Of ,
Initial conditions ’— inclusions diameter, atomic %Mg in the
ty = 0 inclusions

*

Initial product layer thickness: r’, r*.
Initialization of Spatial discretization, equidistant nodes,
process parameters honin- Number of particles Np.
w Activity coefficients: fiyg), flag, fio)-
Equilibrium constants Ky, 0,, Kpgo

Inclusions composition: nM9|tq’ nAlltq

[ |
Inclusions-Steel interfacial equilibrium

* * * * * *
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Calculation of boundary conditions values: Cf,,g, ( aﬂ:g)
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I
Unsteady State Diffusion PDE model
Time step integration used: At

|

Inner boundary displacement r’ (spatial mesh readjustment)
| |

External boundary displacementr* (spatial mesh readjustment)
1

Updated inclusions composition: ny,|  , nale
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| |
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|
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I

ter1 =ty + Aty

tg = lg+1

Figure 3-11. Scheme of the time step procedure of the kinetic model for the

formation of magnesium aluminate spinel inclusions.
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3.4 Quasi-steady state approximation for diffusion in the inclusions

In the solution of the kinetic model an additional assumption can be made
for the changes in the spinel product layer. If the diffusion process in the product
layer is considered to occur much faster than other processes in the system, then
the product layer in each inclusion can reach a condition of steady state during a
given time step. Mathematically, this assumption is expressed based on the fact
that during steady state diffusion there is no change of concentration with time,

therefore for the cationic diffusion model:

aCMgz+
ot

r<r<r’ (3-77)

In this way, the concentration Cy,4 in the product layer varies only with
distance but not with time. Furthermore, if steady-state diffusion is reached, the
mass transfer rate Ny 2+ s constant across the product layer and its value

becomes steady as well:

aNMgz+
or

On the other hand, the kinetic model describes a dynamic system in which

=0 r<r<r’ (3-78)

the concentrations of the steel and the inclusions vary during the deoxidation
process with [Mg] and [Al]. Therefore, the mass transfer rate through the product
layer can be assumed constant and equal to the steady state value only during a
time step of the kinetic model. This modeling approach known as Pseudo-steady
state or Quasi-steady state approximation is a very good approximation of the

shrinking-core model for systems of solid particles reacting with a gas (Szekely &
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Themelis, 1971; Wen, 1968). In the case of solid particles reacting with liquids
the applicability of the Quasi-steady state assumption has been analyzed and

reviewed by Wen (1968) and Liddell (2005).

In order to find the steady state solution of the non-linear PDE diffusion
model (3-39), the method of false transients is used. The method of false
transients is based on the spatial and temporal discretization of the method of
lines (MOL). As described by Schiesser (1991) this numerical approximation
allows the PDE solution to proceed to essentially infinite time and converge if the

solution is stable.

For a given time in the kinetic model the interfacial equilibrium between
the steel and the inclusions is calculated. This allows the calculation of the
interfacial boundary conditions (3-48) and (3-49) as well as the mass transfer rates
of the different species for the balance at the external interface r*. All these
interfacial values are assumed constant during the Quasi-steady state step. The
inner displacement of the spinel product layer and the volumetric change in the
alumina core per inclusion is calculated using the mass transfer Ny 2+ at the
external interface r* , since this value must be the same all across the product
layer then:

4 Al,0
AVao,l,, = —35 Vm - Nuges

v (79)

In expression (3-79) At refers to the length of the Quasi-steady state time
step.
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The new position of the inner boundary rt’new is computed from:

4 3 3
Moyl = 57| () = ()| (3-80)
The Quasi-steady state solution to the PDE model is obtained by iterating
the MOL spatial and temporal discretization with as many false transient steps as

necessary to reach an steady concentration profile that also satisfies the

requirement of the new inner boundary position rt'new. The displacement and

adjustment of the discretizing mesh is applied at each iteration. A scheme of the

false transient steps is shown in Figure 3-12.

*
Cug

tnew

%)

Mg
Lol

Molar Concentration of Mg

Radial distance

Figure 3-12. False transient time step iterations between two Quasi-steady state

concentration profiles for diffusion in the spinel product layer.
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The convergence of the steady state solution is assured by evaluating the
relative difference in the concentration Cy, at each node between two consecutive

iterations:

Cug (i) tq)

Mo\ 4l g
Cug (i) tqe1)

max < Tol, i=1,..,n (3-81)

Additionally, the change in concentration with time at each node has to be

less than the accuracy of the steady state solution, therefore:

aCMgz+
dt ;

The displacement of the inner boundary continues until the value of r’

max <Tol, i=1..,n (3-82)

during the iterations is close enough with the final displacement for the Quasi-

steady state step in expression (3-80), this is measured with:

!

T:
Iq _1

rtTLEW

< Tol, (3-83)

When the conditions in (3-81), (3-82) and (3-83) are satisfied
simultaneously the iterations for the concentration profile stop and the procedure
for external growth of the product layer is applied with the Quasi-steady time step
At .

1 s
AVMgs*Alv*04 At = ZVm

PN - At (3-84)
Finally, the total number of moles of Mg and Al per inclusion are
calculated for the new concentration profile and the composition in the steel phase

is updated. An outline of the kinetic model with the Quasi-steady state assumption

for the inclusions is in Figure 3-13.

100



M.A.Sc. Thesis - A. Galindo McMaster University - Materials Science and Engineering

t

Steel composition, total oxygen Or ,
Initial conditions @)= inclusions diameter, atomic %Mg in

he inclusion, time step length At.

ty =0

Initialization of
process parameters

4

*

Initial product layer thickness: r', r*.
Spatial discretization, equidistant nodes,
Ronin- Number of particles Np.
Activity coefficients: fiyg), flay, fio)-
Equilibrium constants K4y, 0., Kngo

Inclusions composition: 1y

¢ nAlIt

Inclusions-Steel interfacial equilibrium
* * * * * *
XMg/ Xa, X0, a0, » Amgo™ » XA1203
|

Calculation of

" c
boundary conditions values Cy , (%)

*

T

Calculation of

] .
Ttpew With Npgg2+ - Ac and At

new inner boundary position

Quasi-steady state approximation

e Unste

Time step iteration using At,, for stability

ady State Diffusion PDE model

(s

Inner boundary displacementr’ during At,

patial mesh readjustment)

Convergence

| External boundary displacementr* (spatial mesh readjustment)

Updated Inclusions composition: nM9|t s Matle o
new

Atomic concentration in the inclusions %Mg|
tTlEW

| Activity coefficients: fiyg), flan, fio) at the steel-inclusioninterface
|

| Calculate A[Mg], A[Al], A[O]. Update steel composition |

Figure 3-13. Outline of the kinetic model with the Quasi-steady approximation for

diffusion in the spinel product layer.
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3.5 Results from the kinetic model for the oxide inclusions
3.5.1 Results from the model for unsteady state cationic diffusion

The performance of the kinetic model was evaluated in order to analyze
the compositional changes in the steel and the oxide inclusions. For simplification
of the system, the steel composition was assumed to contain only dissolved [Mg],
[Al] and [O]. In these calculations, the mass of the steel was 160000 kg, the
temperature was kept constant at 1873 K, the total oxygen of the system was 40
ppm, the initial diameter of the inclusions was 5 microns and the initial
concentration of magnesium in the inclusions was 1% atomic Mg. The only
dissolved species in steel considered were [Mg], [Al] and [O]; with the initial
concentrations of [Al] = 0.03 wt% and [Mg] = 3 ppm. The initial dissolved
oxygen in the bulk of steel was assumed to be the equilibrium concentration from

deoxidation with pure alumina a4, o, = 1, therefore [O]= 8.18 ppm.

The total concentration of the inclusions in atomic % of Mg shows that the
initial high rate of Mg pickup slows down with time and eventually reaches
equilibrium with the steel, Figure 3-14. In Figure 3-15, the mass transfer rates at
the spinel-steel interface r* for Ny, 2+ and N 43+ multiplied by the total number of
particles Np, indicate that the diffusion rate decreases with time until the system
reaches equilibrium, additionally the counterdiffusion process of cations
maintains electroneutrality during all the process by coupling the mass transfer

. 3
rates according to Nygz+ = —>Nya+ .
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Figure 3-14. Change in the overall content of Mg in the inclusions with time
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Figure 3-15. Total interface mass transfer of Mg®" and AI** with time.
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The change in the composition of spinel in equilibrium with steel is shown
in Figure 3-16 from the variation of the interfacial mole fraction Xj,;,0,* .
The rapid initial change occurs because magnesium is a stronger deoxidizer than
aluminum in steel and the assumed initial product layer with composition
Xai,0, = 0.68 has a lower activity of MgO than the one for deoxidation with
3 ppm [Mg], this represents a driving force for the rapid change at the interface.
The interfacial composition of spinel returns to the composition in equilibrium
with alumina since the inclusions are not completely transformed and the

dissolved [Mg] decreases with time.

070 ——— I T T T

068 =

0.66 —
064 ¢ —
062 | _
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Figure 3-16. Time variation in the composition of spinel in equilibrium with steel
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Figure 3-17. Mg concentration profile in the spinel product layer, time in minutes.

The evolution of the concentration profile in the spinel product layer in
Figure 3-17 shows the change of the concentration in equilibrium with steel at r*.
After 1.5 minutes of the process, the concentration profile has the equilibrium
concentration of spinel with the remaining alumina core. The calculated positions

of the inner and external boundaries of the product layer are in Figure 3-18.
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Figure 3-18. Calculated variation in the thickness of the spinel product layer

The different concentration profiles across the spinel product layer at time
t = 0.06 minutes of the simulation were plotted. Figure 3-19 shows the variations

in mole fraction Xy,0,; Figure 3-20 and 3-21 show the variation in the
stoichiometry indexes 0 and L of the non-stoichiometric spinel; Figure 3-22 and

3-23 illustrate the radial variation in the activities of the components ay 4o and
Qar,0, Tespectively. The calculated mass transfer rates of Ny 2+ and N 43+ across
the spinel product layer showing the ratio to maintain electroneutrality are plotted

in Figure 3-24.
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Figure 3-19. Variation of Xy, o, across the product layer at time t = 0.06 minutes
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Figure 3-20. Stoichiometric index O for magnesium aluminate spinel MgsAl,0,

at time t = 0.06 minutes
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Figure 3-21. Stoichiometric index L for magnesium aluminate spinel MgsAl,0,

at time t = 0.06 minutes
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Figure 3-22. Radial variation in the activity of the MgO component at time
t = 0.06 minutes
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Figure 3-23. Radial variation in the activity of the Al,O3 component at time
t = 0.06 minutes

N
o

L |
1

=
<
Q
7

—_
N

T T
|

oo
LI
1

[mol / sec] * 10~(-15)

Cationic mass transfer rate
&
—
1

NAZ3+ J
—\ // _

2.30 2.35 240 2.45 2.50 2.55

N
N
—T—

Radial distance [microns]

Figure 3-24. Cationic mass transfer rates across the boundary layer at time
t = 0.06 minutes
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The change in the bulk concentrations of the dissolved [Mg], [Al] and [O]
is compared with the equilibrium concentrations at the interface between the each

inclusion and steel in Figures 3-25 to 3-27.
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Figure 3-25. Variation in the concentration of dissolved [Mg] in steel
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Figure 3-26. Variation in the concentration of dissolved [O] in steel
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Figure 3-27. Variation in the concentration of dissolved [Al] in steel

The changes in the equilibrium activities in spinel at the interface with

steel are plotted in figures 3-28 and 3-29.
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Figure 3-28. Interfacial activity of Al;O3 in equilibrium with steel.
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Figure 3-29. Interfacial activity of MgO in equilibrium with steel.

Figures 3-16, 3-28 and 3-29 demonstrate the utility of the sigmoidal
functions used to describe the activities of the components in spinel since activity

values for ay,p, close to unity are in the vicinity of the mole fraction

Xa1,0, = 0.68 which is the composition of alumina in equilibrium with spinel at

1873 K.
3.5.2 Effect of initial size of the inclusions

An analysis of the effect of the initial diameter of the inclusions was
performed with the kinetic model using the unsteady state solution for diffusion in
the product layer. The initial content of [Mg] dissolved in steel is 1 ppm,
[Al] = 0.03 wt% and [O] was assumed in equilibrium with pure alumina. The

Total oxygen concentration was set to 40 ppm. The simulation was repeated with
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different values for the initial diameter of the inclusions, the values considered
were: 2 um, 5 um, 10 um and 15 um. Figure 3-30 shows the changes in the

content of Mg in the inclusions with time.
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Figure 3-30. Overall content of Mg in the inclusions with time for different initial

diameter of the inclusions.

The longer time required for the larger inclusions to reach the equilibrium
concentration in figure 3-30 is due to the differences in the number of particles Np
as well as due to the different mass transfer coefficients for diffusion in the
interface boundary layer in steel. Furthermore, in the calculation with smaller
inclusions the interfacial area of contact between the inclusions and the steel
increases which in turn accelerates the process. Figure 3-31 illustrates the change
in the content of dissolved [Mg] for the different particle sizes. Figure 3-32 shows

the change in the spinel composition at the interface in contact with steel.
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Figure 3-31. Effect of initial particle diameter on the content of [Mg] in steel
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Figure 3-32. Effect of initial particle diameter on the spinel in equilibrium with

steel, concentration in mole fraction X,;, 0. *.
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The dissolved magnesium in the steel is not enough to transform the
inclusions completely. Therefore, the end point steady state concentration is the
same for all the cases considering that the final spinel concentration is in
equilibrium with the remaining alumina core. Figure 3-33 shows the variations in

the activity of MgO at the interface between the spinel and steel.
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Figure 3-33. Interfacial activity of MgO in equilibrium with steel.

3.5.3 Results from the Quasi-steady state diffusion approximation

To compare the results of the Quasi-steady state approximation for
diffusion in the product layer the kinetic model was used considering different
initial concentrations of dissolved [Mg]. The initial diameter of the inclusions was
set to 5 microns. The number of particles was kept constant and based on a Total

Oxygen content of 40 ppm. In the calculations, the initial aluminum dissolved in

115



M.A.Sc. Thesis - A. Galindo McMaster University - Materials Science and Engineering

steel is 0.03 wt% and the content of oxygen is in equilibrium with pure alumina.

The initial concentrations of [Mg] are: 0.5, 1, 2, 5 and 10 ppm. The initial content

of Mg in the inclusions is 1% atomic Mg. Figure 3-34 and Figure 3-35 show the

different final concentrations of Mg in the inclusions calculated with the

Unsteady-state and Quasi-steady state models.

Mg in the inclusions [atom %]

Figure 3-34. Mg content in the inclusions from 0.5, 1 and 2 ppm initial

~

2 3 4 s
Time [min]

concentration of [Mg] in steel. Continuous lines calculated with the Unsteady-

state diffusion model. Dashed lines from the Quasi-steady state approximation.

The discrepancies between the Unsteady and Quasi-steady solutions are

due to the differences in the concentration profiles across the product layer and

the displacement of the boundaries as shown in Figure 3-36. Additionally, the

Unsteady state solution calculates the changes for the variation of Mg in the
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product layer to update the steel composition as well as the interface boundary
conditions a greater number of times than the Quasi-steady approximation, this
also improves the accuracy of the solution. Since the spinel product layers in both
models are not exactly the same, then the changes of [Mg] and [Al] in steel also
vary, Figure 3-37 and 3-38; this in turn affects the interfacial equilibrium and the

deoxidation rates, Figure 3-39.

Mg in the inclusions [atom %]

0 1 2 3 4 5 6 7 8
Time [min]

Figure 3-35. Mg content in the inclusions from 5 and 10 ppm of initial [Mg] in
steel. Continuous lines calculated with the Unsteady-state diffusion model.

Dashed lines from the Quasi-steady state approximation.
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Figure 3-36. Calculated thickness of the spinel product layer for 5 ppm of initial
[Mg] in the steel. Continuous lines from the Unsteady-state diffusion model.

Dashed lines from the Quasi-steady state approximation.
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Figure 3-37. Variation of [Mg] in steel for 0.5, 1 and 2 ppm initial [Mg].
Continuous lines from the Unsteady-state model. Dashed lines from the Quasi-

steady state approximation.
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Figure 3-38. Variation of [Mg] in steel for 5 and 10 ppm initial [Mg]. Continuous
lines from the Unsteady-state model. Dashed lines from the Quasi-steady state
approximation.
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Figure 3-39. Variation of [O] in steel for 5 and 10 ppm initial [Mg]. Continuous
lines from the Unsteady-state model. Dashed lines from the Quasi-steady state
approximation.
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Although the Unsteady-state model is more accurate, the computation of
the Quasi-steady state solution requires less iterations to complete the simulations.
In most of industrial applications, the Quasi-steady state assumption represents a
valid and useful approximation to analyze and optimize diffusional processes.
Additional discussion on the differences between these solutions is included in
chapter four of this thesis for the modeling of the oxide inclusions considering the

industrial operations in the ladle metallurgy furnace.
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Chapter 4

Coupled kinetic model for the oxide inclusions in the ladle

metallurgy furnace

4.1 Kinetic model for the slag-steel reactions

The transformation of indigenous alumina inclusions to magnesium
aluminate spinel during the refining of low carbon aluminum steel LCAK in the
ladle metallurgy furnace LMF is linked to the interaction between the top slag and
the steel. According to the Al-reduction mechanism, proposed by Nishi & Shinme
(1998), the source of [Mg] for the inclusions transformation is the MgO dissolved

in the slag.

The effect of the slag composition on the formation of spinel has been
analyzed in several laboratory experiments (Mizuno, et al., 2001; Okuyama, et al.,
2000; Todoroki & Mizuno, 2004). The kinetic study of Okuyama et al. (2000) for
the compositional changes in the slag, steel and the oxide inclusions was validated
with laboratory experiments; in that work slag-steel reactions were described with
the multicomponent kinetic model of Robertson, et al., (1984). A drawback from
the work of Okuyama et al. (2000) was that they did not have the model for the
inclusions coupled to the slag-steel calculations. However, from their comparison
between the experimental and the mathematical analysis they concluded that the
rate limiting step for spinel inclusions formation is the slag-steel reaction for the
release of [Mg]. In general, all the laboratory studies on spinel formation are
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characterized by the fact that the easily reducible oxides FeO and MnO were not

included in the slag compositions.

From an industrial perspective, the deoxidation level of the top slag and
the gas stirring rate strongly affect the rate of spinel formation during ladle
treatment of LCAK steel (Pretorius, et al., 2013; Story, et al.,, 2004). The
industrial sampling at ArcelorMittal Dofasco and its respective analysis made by
Graham & Irons (2010) showed that the oxide inclusions shift their concentration
towards higher Mg contents during the course of the refining heats, the inclusions
analysis of this study and thermodynamic calculations suggested that the main
source of [Mg] in steel is the slag. The kinetic model of Harada et al., (2013) also
uses the model of Robertson, et al., (1984) for slag-steel reactions while a method
of iterative variation in the composition is used for the changes in the oxide
inclusions. Harada et al., (2013) validated their model with the reported values of
Graham & Irons (2010). From a sensitivity analysis, this study proposed a
combined control of the deoxidation with aluminum, slag basicity and MgO in the
slag in order to reduce the amount of spinel inclusions (Harada, et al., 2013b).
Although Harada, et al., (2013b) made a detailed analysis of several important
parameters that influence spinel inclusions formation, they did not conclude on

what is the rate control mechanism for the process.

For this thesis project the supply of [Mg] to the steel from the slag during
ladle treatment is calculated with the kinetic model of Graham & Irons (2010)

described in greater detail by Graham (2008) and briefly described in chapter two.
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In this model, the kinetics of slag —steel reactions is based on the model of
Robertson, et al., (1984) that couples the oxidation-reduction reactions between
the species dissolved in the steel and the respective oxide components in the slag.
The activities of the components in the slag are calculated with the Cell model
formalism while for the species in steel the Unified Interaction Parameter
formalism is used. A scheme of the mass transport process for the slag-steel
reaction between (MnO), [Mn] and [O] is shown in Figure 4-1. The driving force
for mass transfer is the difference between the bulk concentrations and the
concentrations at the interface were local thermodynamic equilibrium is assumed.
Xlll)/InO X;InO

» Steel

*

XMn

S b
Slag XMn

Xo

&.Xg

Figure 4-1. Mass transfer of the species from the bulk of the slag and steel phases

to the slag-steel interface.

The slag-steel reactions considered in the kinetic model of Graham &

Irons (2010) that describe the compositional changes of the main components in
the slag and steel are:

(FeO) = {Fe} + [0] (4-1.1)

(MnO) = [Mn] + [0] (4-1.2)
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(Ca0) = [Ca] + [O] (4-1.3)
(MgO) = [Mg] + [O] (4-1.4)
(Si0,) = [Si] + 2[0] (4-1.5)
(Ti0,) = [Ti] + 2[0] (4-1.6)

(Al,03) = 2[Al] + 3[0] (4-1.7)

For sulphur, the equilibrium partition coefficient L for desulphurization

with the top slag is calculated with:

Iy _X_;‘k,sl_CS"f:S‘*'Ks
S - * - *
X n;

Sm

(4-2)

In expression (4-2) hg, is the activity of dissolved [O] in steel at the slag-
steel interface that satisfies the multicomponent thermodynamic equilibrium of all
the reactions (4-1.1) to (4-1.7), Cs is the modified sulphide capacity calculated
from the empirical correlation as a function of the optical basicity of the slag with
the parameters of Young, et al, (1992), K, is the equilibrium constant for
desulphurization with the top slag and fs* is the activity coefficient of dissolved

[S] at the slag-steel interface. The mass transfer balance for desulphurization is:
ki Cm(XSm = Xsm) = k31Cva (X550 — X351) (4-3)
With the equilibrium partition coefficient L and the bulk concentrations
of sulphur in steel Xsb’m and in slag X_é’, 51 for equation (4-3) the interfacial

concentrations X, and X g; are obtained. Once all the interfacial mole fraction

124



M.A.Sc. Thesis - A. Galindo McMaster University - Materials Science and Engineering

values are calculated at a time step ¢, the update of the slag and steel bulk

concentrations proceeds with a first order time integration:

M.0,| = Mx0y|tq + AMx0y|tq (4-4)

tg+1

Mltq+1 = Mltq + AMltq (4-5)

The values in equations (4-4) and (4-5) are in moles of the respective
species, the changes in moles for the composition during a time step At, are
calculated according to:

Mx0y,

AM,0y|, = ~ky™ 4 Cvy (X0, — Xino, ) Aty (46)

AM|,, = —kp - A Cvpn(Xgy — X3p) - At (4-7)
Cv,, and Cvg; are the total molar concentrations of the metal and slag

Mx0y,

“ . M X . . .
phase respectively while k;;, and k_, are the mass transfer coefficients in

m/sec for convective transport in the metal and slag. The mass balance update of
sulphur in the slag and steel includes an additional effect considering that [O] is

released to the steel mostly in accordance to:
(Ca0) + [S] = (CaS) + [O] (4-8)
Assuming that the oxygen released at the interface reacts with [Al], then:
3(Ca0) + 3[S] + 2[Al] = 3(CaS) + (Al,03) (4-9)
From (4-6), (4-7) and (4-9) the total amounts in moles for the change in

bulk concentration of (CaO), [Al] and (Al,O3) during a time step are:
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A(Ca0)l,, = A(Ca0) + A[S] (4-10)
AlAll,, = A[Al + gA[S] (4-11)
A(AL 03|, = A(AL03) + %A(CaS) (4-12)

4.1.1 Mass transfer coefficients in the slag and steel phases

The mass transfer coefficients kX for all the dissolved species in steel are
assumed to be equal since the diffusivities of the solutes in molten steel have the
same order of magnitude. The empirical correlation proposed by Graham & Irons

(2010) for the mass transfer coefficient of dissolved [S] as a function of the gas

stirring energy & in [W/tonne] is:

ky, * A =0.006 % 0.002 g'*+0.002 (4-13)
Correlation (4-13) is based on the industrial sampling of the operations in
a 165 tonnes ladle metallurgy furnace in ArcelorMittal Dofasco. The mass

y

.. . M0
transfer coefficients of the components in the slag kslx are calculated from

individual ratios with the mass transfer coefficient of the species in steel

k;vllxoy / kM this approach was proposed in the model of Robertson, et al., (1984)

and also used in the kinetic models of Kitamura et al., (1991), Okuyama et al.,

(2000) and Harada, et al., (2013).

As summarized by Szekely & Themelis (1971), the interphase mass

transfer between two immiscible liquids involves the addition of the mass transfer
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resistances in each phase. For the case of a molten slag and liquid steel, the

overall mass transfer rate of a diffusing species B can be expressed as:

Cg, sl _ Cb
Lg M (4-14)
Ne=7 1
N + —_
km LBksl

In expression (4-14) C g and C g ., represent the bulk concentrations in

, Sl
the slag and steel phases respectively; kg and k,, are the mass transfer
coefficients for the species A in the slag and steel while Lg is the equilibrium

partition coefficient at the slag-steel interphase:

Cg, 51
Ly === (4-15)
B,m

C; &, and C; ., are the concentrations for the equilibrium between the two

phases. The numerator in (4-14) represents the overall driving force, while the

denominator corresponds to the overall resistance to mass transfer, therefore:

1 _ 1 4 1
kov km LB'ksl

(4-16)

As explained by Szekely & Themelis (1971) equation (4-16) indicates that
for many cases the overall transfer between the slag and steel is controlled by
resistance in the steel phase; even though the diffusivities and mass transfer
coefficients in steel are greater than in the slag. This condition of metal control is

due to the large value of the partition coefficient L for the slag-steel reaction.
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In this kinetic model, the assumption of transport control in the steel side
is applied by equating the ratios of the mass transfer coefficients k20 / kS®

Al . : :
Mgo / kMg nd k 203 / kAL to unity. In this way, the resistance for transport of

the components CaO, MgO and Al,O3 is neglected because of the large value of

the partition coefficients for reactions (4-1.3), (4-1.4) and (4-1.7).

Due to the smaller partition coefficients for reactions (4-1.1), (4-1.2) and

(4-1.5) as well as the lower diffusivity of the SiO, species in the molten slag, the

ratios kif0/ kEe | kMmO / kMM and kSlO2 / k3E were fitted for each modelling
case in order to obtain agreement with the experimental values. Furthermore, a
sensitivity analysis for the effect of k5?0, kM™ and kjlloz is included in this

chapter.
4.1.2 Retrieving of processing parameters from the ladle furnace operations

The kinetic model of Graham & Irons (2010) was validated with the
industrial results for refining LCAK steel in the ladle metallurgy furnace at
ArcelorMittal Dofasco. As described by Graham (2008), the kinetic model
considers the processing parameters applied at each heat. The information
retrieved to reproduce the conditions in the ladle furnace include: initial mass of
steel in the ladle furnace, estimation of the slag volume based on slag depth
measurement, temperaure measurements, argon gas flow rate of the 2 bottom

porous plugs and energy applied for heating with electrical arcing.
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The chemical compositions of the slag, steel and the indigenous inclusions
at the beginning of the ladle treatment were also measured. During the course of
each heat additional samples of the slag, steel and inclusions were taken to

monitor the refining process.

4.1.2.1 Slag and steel additions and gas stirring flow rate

The mass of the fluxes for the slag and additions for the steel as well as the
time at which they are added is reported in the process data sheet of the ladle
metallurgy furnace, this information is included in the input values of the Kinetic

model for all the different materials listed in Figure 4-2.

Al (cones) l L 1
Al (briquettes) .
Al (wire) - & - -
FeMn |- L e
FeTi - - L.
KRK Ti - = .
FeCb - .
CaSi - .
C L i
CaO o R LR
FeSi - 4

0 10 20 30 40 50 60
Time after deoxidation [min]

Figure 4-2. Additions for the slag and steel during treatment of Heat 2 in the LMF

For all the industrial heats analyzed, the source of primary molten steel is
the EAF process. An initial deoxidation with aluminum is performed during

tapping of steel from the EAF to the ladle by using the agitation of steel to
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homogenize and to float out the deoxidation products to the new slag. Once the

ladle arrives to the treatment station a second deoxidation is carried out, this

aluminum addition is indicated in Figure 4-2 at t = 0 min and sets the initial time

of ladle treatment.

Argon gas stirring is applied with two bottom porous plugs. The variations

in the gas flow rate, Figure 4-3, are included in the kinetic model to calculate the

stirring power ¢ with the expression derived by Pluschkell, (Pluschkell, 1981).

_ (101330) (Q . T)l (1 N p-g- h)
E= 273 v )" 101330
g.) 20 I 1 T 1 T T T T |
£ i po o i
<
nE 15 | -
=
Q
©
= 10} .
ko)
L
[
S st i
2 | L \ \ \
0 N 1 " 1 I 1 2 1 1 1
0 10 20 30 40 50

Time after deoxidation [min]

60

Figure 4-3. Gas stirring during treatment of Heat 2

4.1.2.2 Temperature update due to electrical arcing

(4-17)

The periods of heating with electrical arcing are included for the update of

the temperature, Figure 4-4. From the analysis of 41 industrial heats for ladle

treatment of LCAK steel, Graham (2008) calculated the rate of bath temperature
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gain with electrical heating to be 3.35 °C / min. When electrical heating is not

applied the rate of temperature loss is 1.33 °C / min.

T T T T T T T T T

18 | ‘ ' -
6l m |
14 ; :
12[ ]

10 4

Electrical Arcing Power MW

0 I L L L L L 1
0 10 20 30 40 50 60

Time after deoxidation [min]

Figure 4-4. Electrical heating during treatment of Heat 2 in the LMF

4.1.2.3 Reoxidation due to electrical arcing

Application of the electric arc increases the content of dissolved [O] in
steel and the FeO in the slag due to oxidation of the metal. This effect was
mentioned in the analysis of the industrial heats made by Graham (2008); the
observed oxygen pick-up during arcing was proposed to explain the occurrence of
sulphur reversion when electrical heating is on. Similar evidence of reoxidation
due to electrical arcing has been reported. Paar et al., (2014) compared the
different types of electric current on experimental studies of Electro-Slag-
Remelting and its effect on oxygen pick-up and cleanliness level. Sheshukov et

al., (2014) performed laboratory experiments in order to evaluate the relation
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between the slag composition and the voltage of the arc applied, this study
concluded that higher levels of FeO in the slag and [O] in steel are obtained with

higher voltages.

From the study of Graham (2008), the rate of oxygen pick-up during
arcing was reported to be 0.1134 ppm of dissolved [O] per minute. Reoxidation
was not included in the model of Graham & Irons (2010), for this model the

stoichiometry of reoxidation during electrical heating is assumed as:

0, + {Fe} = (FeO) + [0] (4-18)

The stoichiometry in reaction (4-18) is a simplification to describe the
industrial experience and evidence that both [O] in steel and (FeO) in slag
increase during electrical arcing. In this case, the stoichiometry in reaction (4-18)
assumes a similar increase in moles for (FeO) and [O]. It is important to note that
this reoxidation of the bulk of steel and slag is a non equilibrium phenomenon
since the oxygen potential at the slag-steel interface is much lower given the

aluminum [Al] content in the steel.

From (4-18) the increase in moles of dissolved [O] in steel and (FeO) in

slag during a time step with arcing is:

St 1 1
A =(0.1134 x 10~* ( mass)( )(—)-A -
[0]re0x = (0.113 0~%) 100 ) \brwy ) 60 tq (4-19)

A(Fe0)reox = AlO]reox (4-20)
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The composition update in moles is the sum of the update from the

multicomponent kinetic model (4-6) and (4-7) and the reoxidation effect:

A[O]ltq = A[O] + A[O]reox (4-21)
A(FeO)Itq = A(FeO) + A(FeO0)eox (4-22)
If [wt% 0]|tq is the known concentration of dissolved oxygen at a given

time then it is possible to estimate the mass of steel oxidized due to arcing:

_ 1 1
Streox = (0-1134 x 10 4) ) Stmass (m) (a) . Atq (4-23)

The change in mols of [Mn] oxidized during a time step with arcing is also

considered:

oo Mnll,\ 1 (1
A[Mn]reox = _Streox 100 (MWMn) (@) ) Atq (4-24)

In (4-24) [wt% Mn]|,, is the concentration of dissolved [Mn] in steel.

The respective MnO increase in moles for the slag update is:

AMNO)yeox = —AIMN] eox (4-25)

4.1.3 Industrial sampling for validation of the kinetic model

The validation of the slag-steel model for the LMF operations at
ArcelorMittal Dofasco was made by taking simultaneous samples of the slag and
steel as well as measurements of the bath temperature and dissolved oxygen with
Celox oxygen probes. The sampling was made before and after any process
change; that is, argon strring, alloy or slag addition and electrical arcing.
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Additionally, an estimation of the amount of slag carryover from the EAF furnace
was perfomerd by using the AMEPA TDS (AMEPA, Wuerselen-Aachen,
Germany) slag detection system. The details on the sampling procedure, the
analytical techniques for chemical analysis and the slag carryover control are
described by Graham (2008). Figure 4-5 illustrates the timing of the different

samples taken during the course of Heat 2.

For the analysis of the indigenous inclusions, steel samples were sent to
the RJ Lee Group (Monroeville, PA) to be analyzed using an automated scanning
electron microscope known as the Automated Steel Cleanliness Analysis Tool
(ASCAT), Graham (2008). This and other automated SEM inclusions equipment
are direct methods to evaluate steel cleanliness, now in common use for inclusion
analysis (Kaushik et al., 2009). As summarized by Kaushik et al., (2009) and
Story et al., (2004), the computer controlled SEM is designed to rapidly analyse
steel samples by locating the inclusions on a polished steel surface, measure their
size and obtain their elemental analysis with the integrated energy-dispersive X-
ray spectroscopy (EDX). The compositional data results from the EDX chemical
analysis are presented as average values for all the inclusions found in the sample
independently of the size or type of inclusion.  Alternatively, the same EDX data
per inclusion analyzed are processed by a software system to classify and to

organize the found inclusions into categories of compositional phases or mixtures.
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Figure 4-5. Location of samples taken during treatment of Heat 2 in the LMF

4.2 Kinetic model for spinel inclusions formation in the ladle furnace

The coupling of the kinetic model for the slag-steel reactions in the ladle

furnace and the model for formation of spinel is made through the variation in the

bulk concentration of [Mg], [Al] and [O] in the steel during a time step At, with a

first order time update:

[Mg]tq+1 = [Mg]tq + A[Mg]tq, si-st T A[Mg]tq, St—Inclus (4-26)

[Al]tq+1 = [Al]tq + A[Al]tq, Sl-St, Desulph + A[Al]tq, St—Inclus (4'27)

[O]tq+1 = [O]tq + A[O]tq, Sl-St, arcing + A[O]tq,St—lnclus (4'28)
The update for [Mg] includes the variation due to the slag-steel reaction
and mass transfer to the inclusions. In the case of [Al] the update considers the
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balance for the slag-steel reactions and desulphurization from equation (4-11) as
well as the mass transfer to the inclusions. For dissolved [O] the model considers
the slag-steel reactions and reoxidation during electrical arcing from equation

(4-21) as well as mass transfer to the inclusions.

4.2.1 Coupled model with the unsteady state solution for spinel formation

The time step length At, in seconds for the progress of the slag-steel

reactions model depends on the scheme for diffusion in the spinel product layer,

i.e. Unsteady state solution or Quasi-steady state approximation. For unsteady

state diffusion in the inclusions, the adaptive time step strategy sets the Atqmdus

that maintains stability in the evolution of the concentration profile of Mg2+.

Therefore, the same step size for the inclusions must be used to update the bulk
concentrations of the slag-steel model. This implies that the time scales for the

slag-steel process and the inclusions-steel interaction are coupled.

On the other hand, it is important to mention that the retrieve of the
industrial processing conditions occurs every six seconds; this is due to the
characteristics of the process data sheet supplied by ArcelorMittal Dofasco that
registers the processing parameters every 0.1 minutes. A scheme with the

organization of the coupled kinetic model for the three phases is in Figure 4-6.
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Figure 4-6. Coupled kinetic model for the slag, steel and Unsteady state diffusion

in the oxide inclusions
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4.2.2 Coupled model with the Quasi-steady state solution for spinel formation

The application of the Quasi-steady state solution for diffusion in the
inclusions assumes that changes in the spinel product layer are much faster than

the compositional variations due to the slag-steel model. Under this condition, the

time step At in seconds used to proceed with the updates in the bulk of the slag

and steel is independent of the several internal and smaller time steps Atqlnclus

used to find convergence of the concentration profile of Mg2+ in the Quasi-steady

state scheme. Therefore, the time scales of both processes are separated,;

additional details on the implementation of this scheme are in Chapter 3.

Figure 4-7 outlines the organization of the kinetic model for the three

phases with the Quasi-steady state approximation.
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Figure 4-7. Coupled kinetic model for the slag, steel and Quasi-steady state

diffusion in the oxide inclusions

139



M.A.Sc. Thesis - A. Galindo McMaster University - Materials Science and Engineering

4.3 Results from the analysis of industrial heats

The coupled kinetic model for the slag-steel-inclusions was used
considering the industrial processing conditions of the refining heats without
calcium treatment. The initial mass of the oxide inclusions was assumed the same
for all the heats and was calculated based on 40 ppm of Total Oxygen O, which
comprises the oxygen bonded to the inclusions and the oxygen dissolved in steel
[O]. The 40 ppm O; value was chosen since it is within the range of
measurements of total oxygen from the industrial sampling of the Ladle Furnace

station in the study of Graham (2008).

The initial diameter of the inclusions was assumed to be 5 microns, this is
due to plant results from the Automated SEM inclusions analysis (Graham, 2008)
that indicate that most of indigenous inclusions are in the size range of 2.5 to 5
microns in diameter. Finally, the total number of inclusions N,, calculated at the

start of every modeled heat was kept constant throughout the process.

Results of the calculated concentrations and the industrial sampling for
Heat 7 are shown in figures 4-8 to 4-10. Additional results showing the validation
of the coupled kinetic model as well as the processing parameters for this and all

the heats analyzed are included in Appendix C of this thesis.
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Figure 4-8. Calculated and measured bulk concentrations of dissolved species in
the steel, Heat 7.
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Figure 4-9. Calculated and measured bulk concentrations of FeO, MnO and SiO,

in the slag, Heat 7.
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Figure 4-10. Calculated and measured content of Mg in the oxide inclusions,
Heat 7.

In Heat 7 there is good agreement of the calculations with the measured
values of the three phases: steel desulphurization, slag deoxidation, release of [Si]
and inclusions analysis. At t = 0 [min] the slag does not have a very high content
of FeO and MnO, this allows some reduction of MgO that in turn slightly
increases the %Mg of the inclusions. Afterwards, from t = 16 to t = 21 [min] a
higher flow rate of Ar gas is injected and aluminum cones are added for further
deoxidation and desulphurization; during this period of time, the rate of Mg
pickup in the inclusions increases but then it slows down during the subsequent

low stirring regime.
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Figure 4-11. Calculated total interfacial mass transfer rates of Mg2+ and AI*",

Heat 7. Np is the total number of particles.

The lapse of higher release of [Mg] from the slag to the steel increased the

chemical potential 4 for spinel formation; this can be detected in the calculated

mass transfer rates of Mg2+ and AI*" at the inclusions-steel interface, Figure 4-11.

Figure 4-10 compares the calculated atomic percentage of Mg in the
inclusions (%Mg) with the fraction of measured Mg respect to the contents of Al,
Mg, Ca and S in the inclusions; the minor contents of other elements as shown in
Figure 4-12 are discarded. The measured element concentrations in Figure 4-12
that were also used for the fraction of Mg in Figure 4-10 correspond to the
average element contents in all the inclusions found in each sample; this is

independent of the size or type of oxide inclusion.

Furthermore, the comparison in Figure 4-10 is adequate for this system;
this is due to the fact that the indigenous oxide inclusions during ladle refining of
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LCAK steel change its composition mainly along the different mixtures and solid

solutions of the oxides and oxisulphides with Al, Mg and Ca.
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Figure 4-12. Automated SEM analysis, measured average composition of the

indigenous inclusions during ladle treatment of Heat 7.
The calculated variation in the composition of spinel at the inclusion-steel
interface is shown in Figure 4-13. Although there are local differences in the
calculated equilibrium mole fraction X,,,,, * the average concentration of Mg in

the inclusions behave in a similar way for both the steady and Quasi-steady state

schemes as depicted in Figure 4-10.
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Figure 4-13. Calculated composition of spinel in the Al,03-MgO system.

Equilibrium mole fraction at the inclusions - steel interface, Heat 7.

The validation for the Mg content in the case of Heat 6 is in Figure 4-14.
As reported in Appendix C, Heat 6 was processed under very similar conditions to
Heat 7: steel mass, slag mass, contents of [Al] in the range of 0.03 to 0.06 wt%
and a period of high stirring with the addition of Aluminum cones and
Ferrotitanium. However, small differences in the behavior of the Mg pickup by
the inclusions can be explained with the changes in the contents of the easily

reduced oxides in the slag of Heat 6 shown in Figure 4-15.
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Figure 4-14. Calculated and measured content of Mg in the oxide inclusions,
Heat 6.
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Figure 4-15. Calculated and measured bulk concentrations of FeO, MnO and SiO;

in the slag, Heat 6.
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Before the high stirring period, the slag in Heat 6 contained more FeO and
MnO than Heat 7; this is reflected with a lower rate of Mg pickup in Heat 6 for
the calculated and measured results. On the contrary, after the high stirring period
Heat 6 is lower than Heat 7 in FeO and MnO, this explains the higher rate of Mg

pickup during the second half of the process for the inclusions in Heat 6.

The validation results of the coupled model for the steel phase, the easily
reduced oxides in the slag and the inclusions of Heat 15 are in figures 4-16 to
4-18. The respective processing conditions are shown in Figure 4-19.

= [S§] = [Si] = [Al] = [Ti] = [Mn]
——— 019

[Mn]

[AI], [S], [Ti], [Si] wt%
[Mn] wt%

Time [min]
Figure 4-16. Calculated and measured bulk concentrations of dissolved species in

the steel, Heat 15.
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Figure 4-17.
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Calculated and measured bulk concentrations of FeO, MnO and SiO,

in the slag, Heat 15.
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Figure 4-18. Calculated and measured content of Mg in the oxide inclusions,

Heat 15.
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Figure 4-19. Argon gas stirring and electrical heating during treatment in the
LMF, Heat 15.

Heat 15 had a higher content of FeO and MnO at the beginning that

initially provided more oxidizing conditions for the dissolved [Si] in steel which
caused an increase in the calculated and measured (SiO,) in slag. However, the

first period of high stirring from ¢t = 10.5 to t = 16.5 [min] included an addition

of [Al] which drastically reduced the FeO and MnO in slag and shifted the system

to favorable conditions to start the SiO, reduction.

Figure 4-18 illustrates that discrepancies between the calculated and
measured final Mg content in the inclusions for Heat 15 are more evident during
the first period of stirring. It is also important to notice for the first stirring period,
that the calculated sulphur in the steel is below the measured values. The higher
rate of steel desulphurization in the model from t = 10.5 to t = 16.5 [min] can
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be due to the calculation of an oxygen activity too low for the multicomponent

interfacial equilibria at the slag-steel interface.

After the first high stirring the agitation is reduced and the slag is well
deoxidized by the beginning of the second half of the refining heat. The second
[Al] addition and the increase on the gas flowrate further promoted the formation
of magnesium aluminate spinel in the inclusions. The more rapid release of [Mg]

from the slag had an impact on the calculated mass transfer rates of M92+ and

3

AI°" at the inclusions-steel interface, Figure 4-20, as well as at the interfacial

concentration of spinel in equilibrium with steel, Figure 4-21.
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Figure 4-20. Calculated total interfacial mass transfer rates of Mg2+ and AI*",

Heat 15. Np is the total number of particles.
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Figure 4-21. Calculated composition of spinel in the Al,03-MgO system.

Equilibrium mole fraction at the inclusions - steel interface, Heat 15.
The results from figures 4-18, 4-20 and 4-21 corroborate that the
differences in the interfacial mass transfer rates of Mg2+ and AI*" and the

equilibrium composition of spinel calculated with the unsteady and quasi-steady
state schemes are actually local differences. When the behavior of the total Mg
content in the oxide inclusions in the overall system is compared for both
schemes, Figure 4-18, very similar results are obtained. This supports and it is
consistent with the argument that the kinetics of alumina to spinel transformation
in the inclusions is controlled by the release of [Mg] from the slag and the

kinetically coupled slag-steel reactions.
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The validation results for Heat 18 are in figures 4-16 to 4-18. The
particularity of Heat 18 is the higher initial [Al] content of 0.068 wt% which

made unnecessary to add more [Al] during the process.

Despite the good agreement for the species in the slag and steel, the largest
discrepancy for the rate of Mg pickup by the inclusions occurs during the
application of a higher gas stirring flowrate. Simultaneously, another effect that
contributes for the disagreement of the measured (%Mg) in the inclusions is the
release of [Ca] due to the much lower oxygen potential at the slag- steel interface;
these few ppm of dissolved [Ca] are absorbed by the inclusions to form calcium
aluminates and mixtures of calcium and magnesium aluminates as shown in the

inclusions analysis of sample 6: Figure 4-25 and Figure 4-26.
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Figure 4-22. Calculated and measured bulk concentrations of dissolved species in
the steel, Heat 18.
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Figure 4-23. Calculated and measured bulk concentrations of FeO, MnO and SiO;

in the slag, Heat 18.
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Figure 4-24. Calculated and measured content of Mg in the oxide inclusions,
Heat 18.
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Figure 4-25. Measured results from the automated SEM inclusions analysis.

Number Distribution by average diameter (microns). Heat 18, sample 6.
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Figure 4-26. Measured results from the automated SEM inclusions analysis.

Ternary diagram for the Al-Mg-Ca percentage contents. Heat 18, sample 6.
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The composition displacement in Heat 18 towards phases and mixtures
with higher Ca contents in the inclusions cannot be modeled under the
thermodynamic and kinetic assumptions of the current kinetic model on the

formation of magnesium aluminate spinel. The present model can only describe

variations across the Al,03-MgO system for the inclusions.

In terms of a general analysis, introducing the effect of reoxidation due to
electrical arcing improved the description of FeO in the slag as shown in
Figure 4-15 for Heat 6, Figure 4-17 for Heat 15, and Figure 4-23 for Heat 18.
However, even with this effect in the model, the discrepancies between the
measured and modeled rates of Mg pickup by the inclusions prevailed during the
periods of high stirring. Similarly, discrepancies on the calculated rates of steel

desulphurization were mostly found during high stirring periods.

If the calculated oxygen activity at the slag-steel interface h;, is too low
then the equilibrium activity and equilibrium concentration of Xy, rises and
induces a higher rate for [Mg] release to the steel. Similarly, a lower calculated h;,
gives larger values of the equilibrium partition coefficient Lg which promotes
higher desulphurization rates. This in turn suggests the possibility of atmospheric
reoxidation of the steel when a high gas flowrate is used for stirring. Such
atmospheric reoxidation is favored when the steel exposes an ‘open eye’ which is
an area not covered by the top slag. The oxygen potential at the slag-steel

interface might then be affected by the partial pressure of oxygen in the
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atmosphere. The comparison between measured and calculated Mg content in the

inclusions for Heat 8, 10, and 17 is shown in figures 4-27 to 4-29.
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Figure 4-27. Calculated and measured content of Mg in the oxide inclusions,
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Figure 4-28. Calculated and measured content of Mg in the oxide inclusions,

Heat 10.
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Figure 4-29. Calculated and measured content of Mg in the oxide inclusions,
Heat 17.

Further sources of discrepancy between the measured and modeled

amounts of Mg in the inclusions that are important to be mentioned include:

Instrumental error and variation in the quantification of chemical elements

from the Automated SEM analysis. This has been reported by Kaushik,

Lehmann, & Nadif (2012) and Verma et al., (2012).

e Uncertainty in the thermodynamic parameters for steel deoxidation with
[Mg] and [Al].

e Thermodynamics of the activities a,;,o, and aygo in the inclusions and the

effect of other minor components in the Al,O3-MgO system.

e Changes in the amount of inclusions during the refining heats. This effect
impacts the content of spinel mainly during periods of high Ar stirring since
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a part of the formed spinel inclusions can be removed by flotation.
Furthermore, new alumina inclusions can be incorporated into the steel due
to reoxidation.
e Effect of atmospheric reoxidation
e The sampling procedure.
Some of these effects or parameters are further analyzed as part of the

sensitivity analysis in this thesis project.

4.4 Analysis of the industrial heats with variations in the kinetic model

The previous results for the validation of the kinetic model with the
industrial heats were obtained by specifying a constant number of particles N,
throughout the calculations of a given heat and assuming that the all particles
have the same size. This is a simplification to the variations in the size and
amount of oxide inclusions during ladle treatment; the implications of such
assumptions were analyzed by repeating the calculations with the kinetic model
and retrieving the industrial processing parameters but changing the number of
inclusions, that is the cleanliness level. Furthermore, the same industrial
conditions of certain heats were used but considering a distribution of particle

sizes for the inclusions.

Additionally, there is a strong interest from the present study on
magnesium aluminate spinel inclusions as well as from ArcelorMittal Dofasco on

finding strategies to minimize the spinel formation without a negative impact on
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the desulfurization efficiency. An alternative to this was analyzed by repeating the
kinetic modeling of industrial heats but with a lower content of MgO in the slag;
this is relevant since the slag is the only supplier of [Mg] in the current model for

the formation of spinel in the inclusions.

4.4.1 Analysis for the total number of inclusions in the model validation

The more realistic conditions for the number and size distribution of the
oxide inclusions during steel refining involve processes for the removal and the
return of inclusions to the steel during the different operations in the ladle furnace.
Because of the inclusions size, the liquid steel and the inclusions move as a unit.
In this way, inclusions can be removed from the steel by reaching the slag-steel
interface where they can be absorbed in the slag. Also, the number of inclusions

decreases if they become attached to the refractory walls, Holappa (2014).

As reviewed by Fruehan & Pistorius (2013), gas stirring of the melt
promotes inclusion removal simply by moving steel and the inclusions towards
the slag-steel interface. Furthermore, direct interaction of inclusions with gas
bubbles may also contribute to inclusion removal since inclusions tend to attach to
gas bubbles in the case they collide each other. On the other hand, the processes
which create new inclusions or return inclusions to the steel are reoxidation,
washing of inclusions resting at the steel-slag interface back into the bulk steel
and erosion of ladle walls. Unfortunately, both reoxidation and inclusion washing

occur at higher rates if gas stirring is stronger.
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The current kinetic model does not contain a model to quantify the
different removal and source terms for the inclusions during ladle furnace
operations. The measurements of Total Oxygen O, from the sampling made by

Graham (2008) of the industrial heats at ArcelorMittal Dofasco are shown in

Figure 4-30.
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Figure 4-30. Measurements of Total Oxygen after Al deoxidation for non-calcium

treated heats, values from Graham (2008).

The decrease in total oxygen for most of the heats indicates that the
number of inclusions reduces during the course of a heat although there are
differences and scatter in the removal rates for each heat. In the calculations with
the coupled kinetic model the number of inclusions N, is fixed. Furthermore, N,,
is obtained by specifying the initial total oxygen and the initial diameter of the

inclusions. During the calculations, both the total oxygen and the inclusions
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diameter change; this is due to the mass transfer of [O] between the slag and the
steel and between the steel and the inclusions. The sensitivity of the kinetic model
to the number of inclusions was analyzed for Heats 8 and 15 by repeating the
calculations but with the values of N, for 20 ppm and 50 ppm of initial total
oxygen. The initial diameter of the inclusions was the same as the previously used

of 5 microns; the results are in Figures 4-31 and 4-32.
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Figure 4-31. Mg content in the oxide inclusions for various initial O contents.
The solid and dotted lines are the unsteady state and quasi-steady state solutions,

respectively. The points are the data from SEM measurements, Heat 15.

As the number of inclusions decreases the [Mg] released from the slag is
distributed among fewer particles, this in turn increases the content of Mg

absorbed per particle and the amount of spinel formed in the inclusions. The
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similar behavior for the solution with the unsteady and quasi-steady scheme

supports again that the rate limiting step is the release of [Mg] from the slag.
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Figure 4-32. Mg content in the oxide inclusions for various initial O, contents.

The solid and dotted lines are the unsteady state and quasi-steady state solutions,

respectively. The points are the data from SEM measurements, Heat 8.

The calculations with 40 and 50 ppm of initial total oxygen for Heats 10
and 17 are shown in figures 4-33 and 4-34. The results indicate that even with a
higher number of particles, the disagreement for these heats during the period of
high stirring is not enough compensated. This in turn suggests that other effects
for the loss of [Mg] can be involved, including the possibility of atmospheric

reoxidation and the release of Mg vapour.
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Figure 4-33. Mg content in the oxide inclusions for 40 and 50 ppm of initial O;.

The solid and dotted lines are the unsteady state and quasi-steady state solutions,

respectively. The points are the data from SEM measurements, Heat 10.
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Figure 4-34. Mg content in the oxide inclusions for 40 and 50 ppm of initial O;.

The solid and dotted lines are the unsteady state and quasi-steady state solutions,

respectively. The points are the data from SEM measurements, Heat 17.
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4.4.2 Analysis for the size distribution of the inclusions

The measurements from the automated SEM analysis also include the
distribution of particle sizes for all the inclusions found in a sample. The results
specify the number of inclusions that belong to one of the four size ranges:
1-2.5 um, 2.5-5 pm, 5-10 um and 10-20 um. Additionally, the classification is
made by compositional phase. As shown in Figure 4-25 for Heat 6, most of
particles are in the range of 2.5 to 5 um. This condition is similar for all the heats
studied; given this situation the calculations with the kinetic model assumed that
the initial diameter was 5 um, afterwards in the model during the progress of a
heat the size of the calculated inclusions changes due to the volumetric variations

between alumina and spinel as well as due to the deoxidation of steel.

With the total number of particles for each sample it is possible to
calculate the fraction of particles in a given size range. Considering that
indigenous inclusions are in the range of 1 to 10 microns, three fractions of

particle sizes were identified according to:

1to 2.5 um inclusions
£ (4-29)

fr_a=

" Total number of inclusions

fT’_b _ 2.5to 5 uminclusions (4_30)

Total number of inclusions

fT_C _ 5to 10 um inclusions (4_31)

Total number of inclusions
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Figure 4-35. Measured results from the automated SEM inclusions analysis.

Number Distribution by average diameter (microns), Heat 6. Sample numbers

correspond to the sequence of process sampling as in Figure 4-14.
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The variations in the fractions of particle sizes for Heat 6 are shown in

Figure 4-36.
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Figure 4-36. Changes in the fractions of particle sizes during the course of Heat 6

In order to investigate the effect of considering three inclusions sizes for
the calculations with the current kinetic model, three initial diameters were
assumed: Diameter_a = 2 um, Diameter b =4um and Diameter c =
8 um. An initial linear concentration profile for the respective product layers
of each inclusion size was assumed. With the volume of each particle and the
thickness of the initial spinel product layer it is possible to know the number of
moles of oxygen per inclusion type, the procedure for these calculations is
described in Chapter 3. The moles of oxygen per individual particle type are then

identified as: npxygen_a, Noxygen_b AN Npyygen_C.
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For these calculations the Total Oxygen O, was assumed the same as in
the calculations with a single type of inclusions size, therefore 40 ppm O, was
used. By subtracting the ppm of dissolved oxygen [O] in steel, the moles of
oxygen bonded to the oxide inclusions are obtained and defined as

Noxygen—bondeda- 1€ NUumber of particles for each inclusion size is defined as:

N,_a, N,_b and N,,_c. Then, balance for the moles of oxygen in the total mass of

all inclusions is:
Noxygen_ @ X Np_@ + Noxygen_b X Ny_b
(4-32)
+ nOxygen_C X Np—C = nOxygen—bonded

From the previous definition of the fractions of particle sizes, the oxygen

balance in equation (4-32) can be expressed as:

Noxygen_@4 X fra ) Np + nOxygen_b X frb ’ Np (4-33)
+ nOxygen_C X frc ) Np = nOxygen—bonded
In equation (4-33) the total number of particles N, is:

N,_a +Np_b + N,_¢c = N

, (4-34)

To simplify the calculations, the average values of the variations in each

fraction size during the course of a heat were used. For Heat 6 in Figure 4-36, the
average values are: fr_a = 0.204, fr_b = 0.614 and fr_c = 0.181. The
balance for oxygen in the total mass of all the inclusions can be expressed then as:

Noxygen_@ X fT_a Ny + Noyygen_b X fr_b - N,

(4-35)

+ nOxygen_C X fT'_C ) Np = nOxygen—bonded
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The number of particles N,, was obtained from equation (4-35) and with
the known values of the moles of oxygen per individual particle, the average
values of the fractions size and the moles of oxygen bonded to the inclusions.
After N, was calculated, the total number of particles N,,_a, N,,_b and N,,_c was
obtained by using the average values of the fractions size. These initial
calculations set the values of N, _a, N,_b and N,_c that remain constant

throughout the modeling of an industrial heat.

The modification of considering three particle sizes makes necessary to
solve three interfacial calculations for the simultaneous deoxidation equilibria.
Furthermore, three concentration profiles must be integrated with time to describe
the growth of the product layers. In order to do so, first the time step to maintain
stability for each concentration profile was calculated, that is: At,_a, At,_b and
At,_c. Then the integration time step At, for the three inclusions sizes and for the
slag-steel model was set the same and equal to the minimum of the three
individual time steps. In this way, stability is preserved for all the concentrations
profiles and the progress for all the inclusions and the slag-steel model was at the
same pace. The results of the calculations with multiple particle sizes are in
Figure 4-37 by showing the %Mg in each particle size. With the known number
of moles of Mg and Al per inclusion size in the model, it was possible to calculate
the content of Mg in the total mass of the inclusions as it is reported in the
automated SEM analysis which is independent of the inclusions sizes. The

numbers of moles of Mg and Al per individual inclusion type were defined as:
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Nyg_a, Nyg_b, Nyg_c, ny_a, ny_b and ny_c. Therefore, with the number of
particles of each inclusion size, the total numbers of moles of Mg and Al in all the

inclusions being modeled are:
Totalnyg = nyg_a X Ny_a +nyg b XN, b +ny4s.cXN,_c (4-36)

Totalng =mny_a X Ny_a+mn,_b XN, b +ny_cXN,_c (4-37)

The respective %Mg in all the mass of the inclusions that can be used for
comparison with the automated SEM analysis is obtained with:

Totalny,

%M G inclusions = %X 100 (4-38)

Totalnyg + Total ny

The %Mg calculated with only one particle size and assuming 5 microns
of initial diameter is also presented in Figure 4-37. It is important to recall that for
the single particle calculation and for the multiple particle size calculation the
initial total mass of the inclusions is the same and is based on 40 ppm of Total

Oxygen Or.
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Figure 4-37. Calculated %Mg for each particle size in the simultaneous
multiparticle model. The dashed line is the respective %Myg in all the mass of
inclusions. The %Mg from the model with a single particle size is also included as
well as the fraction of Mg from the industrial measurements. Heat 6.

The results in Figure 4-37 indicate that the smaller particles reach a higher
concentration of magnesium while the larger particles have a lesser extent of
transformation to spinel. During the period of high stirring it is noticeable that the
rate of Mg pickup by the inclusions increases as the size of the inclusions
decreases. The calculated interfacial concentration of spinel for the three

inclusions sizes is shown in Figure 4-38.
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Figure 4-38. Calculated composition of spinel in the Al,03-MgO system.
Equilibrium mole fraction at the inclusions - steel interface. Simultaneous
multiparticle model, Heat 6.

The variations in particle size fractions for Heat 7 are in Figure 4-39, the
respective average values used for the kinetic model are: ]T_a = 0.195,
fr_b = 0.598 and fr_c = 0.206. The results of %Mg for each particle size, the
Mg concentration for all the inclusions and for the single particle size model as

well as the SEM measurements are in Figure 4-40. Similarly for Heat 15, the

particle size fractions are in Figure 4-41. The average values used for the model
are: fr_a = 0.187, fr_b = 0.597 and fr_c = 0.214. Finally, the results of

%Mg for each particle size, the Mg concentration for all the inclusions and for the

single particle size calculation are in Figure 4-42.
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Figure 4-39. Changes in the fractions of particle sizes during the course of Heat 7
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well as the fraction of Mg from the industrial measurements. Heat 7.
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Figure 4-41.Changes in the fractions of particle sizes during the course of Heat 15
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Figure 4-42. Calculated %Mg for each particle size in the simultaneous
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inclusions. The %Mg from the model with a single particle size is also included as
well as the fraction of Mg from the industrial measurements. Heat 15.
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An important conclusion from the results of these heats is the fact that the
calculated %Mg in all the mass of inclusions from the multiparticle model has
almost an identical behavior to the %Mg obtained with the model that assumes
that all inclusions have the same size. Also, assuming 5 um for initial diameter is
appropriate in the single particle size model. These conclusions imply that
considering a particle size distribution in the model does not impact the amount of
Mg pickup by the complete mass of inclusions. The results indicate that this is
true as far as the total mass of inclusions is the same, which in these scenarios it
was always based on 40 ppm of total oxygen. It is important to recall that these
kinetic models do not consider the changes due to flotation of inclusions. On the
contrary, the effect of the mass of inclusions in the system was previously
analyzed by varying the total oxygen O; and it was shown to have a greater

impact on the extent of spinel formation.

4.4.3 Analysis on the MgO content in the top slag

One of the purposes of this thesis project is to analyze feasible alternatives
to be industrially implemented that help to lower spinel formation in the
inclusions but without having a negative impact on the extent of desulphurization.
A possibility on this aspect is to reduce the (MgO) content in the slag. In order to
see the effect of this process parameter, the coupled kinetic model for the slag-

steel and inclusions with a single particle size was used.
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The calculations to describe the industrial heats were repeated with the

same initial amount of inclusions based on 40 ppm O; and assuming that all

inclusions have the same initial diameter of 5 microns. The only variation for this

analysis was the initial wt% of dissolved (MgO) in the slag from the industrial

content reported to a lower value of 3 wt %. This modification of the slag

chemistry is unlikely to have a drastic effect on the desulphurization process other

than a slight reduction on the sulphide capacity (Turkdogan, 1985). The

calculated %Mg results for Heat 6, 7, 8 and 15 are in Figures 4-43 to 4-46. The

respective measured fractions of Mg are also included.
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Figure 4-43. Calculated %Mg in the inclusions. The industrial value of MgQO in
the slag was 9.3 wt%. Continuous lines from the unsteady state scheme, dashed

lines are from the Quasi-steady state scheme for the inclusions, Heat 6.
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Figure 4-44. Calculated %Myg in the inclusions. The industrial value of MgO in
the slag was 9.3 wt%. Continuous lines from the unsteady state scheme, dashed

lines are from the Quasi-steady state scheme for the inclusions, Heat 7.
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Figure 4-45. Calculated %Mg in the inclusions. The industrial value of MgQO in
the slag was 9.3 wt%. Continuous lines from the unsteady state scheme, dashed

lines are from the Quasi-steady state scheme for the inclusions, Heat 8.

176



M.A.Sc. Thesis - A. Galindo McMaster University - Materials Science and Engineering

-
o
T

\( 100 - Mg )
\3 wt%
initial MgOl
o 5 10 15 20 25 30 35
Time [min]

Mg+ Al+Ca+S

o

Heat 15
X a0l _-
g 7.3 wt% ,
© 25F initial MgO .
£
§ 21 -
72} L
=
o 15}
£
0]
=
£
o)
=

Figure 4-46. Calculated %Myg in the inclusions. The industrial value of MgO in
the slag was 9.3 wt%. Continuous lines from the unsteady state scheme, dashed
lines are from the Quasi-steady state scheme for the inclusions, Heat 15.

The results indicate a decrease in the amount of spinel in all cases; this is
expected since the only source of [Mg] for spinel formation in the model is the
top slag. Furthermore, the measured MgO in slag of these industrial heats was in
the range of 7 to 10 wt%, for these concentrations the slag is saturated in MgO;
that is, the activity of MgO in the slag is very close to unity, awgo)in siag = 1-
However, from the thermodynamic calculations with the Cell Model, a content of
3 wt% MgO in these industrial multicomponent slags gives an activity closer to

A(mgo)in siag = 0.5. Although there is a reduction in the %Mg for the inclusions

IS not in the same proportion in which the MgO activity is lowered in the slag.
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Figure 4-47 shows that the desulphurization in steel in Heat 6 is not
significantly affected by this modification of the slag chemistry; similar results
were obtained for the other heats. This indicates that control over the MgO in the
slag can help to reduce spinel formation but it might require additional processing

modifications in order to get lower amounts of spinel in the inclusions.
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Figure 4-47. Calculated bulk content of [S] in the steel for the reported industrial
conditions and with a lower (MgQO) in the slag. The measured concentrations are

also included. Heat 6.

A similar analysis on the effect of MgO content in the slag for the
formation of spinel was made by Harada, et al., (2013b) with the kinetic model
that they proposed. These researchers arrived to similar conclusions on the
necessity of combining several aspects during the refining process in order to

reduce Mg pickup by the inclusions.
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4.5 Sensitivity analysis of the kinetic model

As elegantly reviewed by Saltelli, et al., (2012); models of reaction
systems are routinely created to understand reaction mechanisms, Kkinetic
properties and process yields under various operating conditions. From this
perspective, a model will hopefully help to corroborate or falsify a given
description of reality. However, as mentioned by Saltelli, et al., (2012) models are
built on the presence of uncertainties of various levels such as the kinetic and
thermodynamic values used for the calculations. Determining the strength of the
relation between a given uncertain input and the output in the model is the job of a

sensitivity analysis.

The present sensitivity analyses focused on two different types of
parameters in the kinetic model. The first group of calculations analyzed the
conditions during refining in the ladle furnace; this includes the initial
composition of the slag and steel, the size and amount of inclusions and the
intensity of argon stirring. The second group of analyses determined the effect of
the uncertainty in the rate constants for mass transfer and diffusion; specifically,
the mass transfer coefficients for convective transport in the slag, the mass
transfer coefficients of [Mg], [Al] and [O] in the boundary layer at the

inclusions-steel interface and the component diffusivities of the cations Mg2+ and

3

AI’"in the spinel product layer.
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The mass of steel in these calculations was set to be initially 160000 kg,

while the initial mass of slag was 3000 kg. Isothermal conditions were fixed at

1873 K. The initial composition of the steel is in Table 4-1. The initial bulk

oxygen concentration is equal to the equilibrium concentration for [Al]

deoxidation to form pure alumina, a,;,, = 1, therefore the initial oxygen bulk

concentration is [O] = 6.01 ppm.

Table 4-1. Initial bulk composition in the steel in wt%, base case.

[C] | Mn] | [P] | [S] | [Si] | [Cu] | [Ni] | [Cr] | [Sn] | [Mo]
0.05 | 0.15 | 0.006 | 0.035 | 0.007 | 0.1 | 0.03 | 0.06 | 0.005 | 0.012
[AIl | [N] | [Nb] | [Ca] | [B] | [Ti] | [Md]

0.04 | 0.0069 | 0.0002 | 0.0002 | 0.0001 | 0.0007 | 0.00001

The base case for the initial composition of the tops slag is in Table 4-2.

This base slag composition contains 2.5 wt% FeO and 1 wt% MnO; it is also

important to note that the slag is MgO saturated due to its initial 8 wt% MgO.

Table 4-2. Initial bulk composition in the slag in wt%, base case.

K20

P20s

TiO;

CaS

FeO

CaO

0.005

0.01

0.3

0.45

2.5

50

MnO

SiO,

MgO

A|203

Other

1

5

8

30

3.811

180




M.A.Sc. Thesis - A. Galindo McMaster University - Materials Science and Engineering

Unless otherwise specified, the mass transfer coefficients of the more
easily reduced oxides in the slag FeO, MnO and SiO, were obtained from the

ratios with the respective species in the steel. The base case values were:

FeO Mno Si02
sl kst ksl . L
—Fe =025 —pm=0.1and —-5—=1x1073. These ratios were maintained

constant during the course of each analysis.

The initial thickness of the spinel product layer was calculated to represent
1 Mg% in the oxide inclusions. The base case assumed 40 ppm of total oxygen Oy
and that all the inclusions have the same initial diameter of 5 microns. The

number of particles N, is held constant for each analysis.

4.5.1 Sensitivity analysis for the processing conditions in the ladle furnace
4.5.1.1 Effect of gas stirring in the ladle furnace

In this analysis the base case was used but with variations in the intensity
of argon stirring. The low and high gas stirring regimes were set based on the
reported conditions from ArcelorMittal Dofasco. The low gas flowrate was at 5
Nm®hr per plug while the high gas flow rate was at 20 Nm®hr per plug. The
kinetic model was modified to keep a constant bulk concentration of [Al] equal to
0.04 wt%. The results on the variations in %Mg for the inclusions is in

Figure 4-48.
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Figure 4-48. Calculated content of Mg in the oxide inclusions for two different

values in the gas stirring flowrate.

The inclusions under a low gas flowrate remain mostly as pure alumina.
On the contrary, with a high gas flowrate the transformation to spinel in the
particles is much closer to completion. The marked effect of high stirring on the
inclusions starts after 1.5 minutes; this can be explained with the variations in
FeO and MnO for each calculation, Figure 4-49. The high stirring case deoxidizes

the top slag faster than the low stirring regime. Once the slag is deoxidized
enough then the reduction of other oxides like SiO, and MgO proceeds, this is

also reflected in the behavior of [Si] in the bulk of steel, Figure 4-50. With a low
stirring regime the dissolved [Si] is sent to the slag. On the contrary, the reversion
of [Si] is more pronounced in the high stirring scenario once the slag and steel

system reach a higher deoxidation level. These results are consistent with the
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industrial evidence that the pickup of [Si] is linked to an increase in the formation

of spinel and the %Mg in the inclusions, (E. B. Pretorius et al., 2013).

Time [min]

Figure 4-49. Calculated (FeO) and (MnQ) levels in the slag. Continuous lines

from the high stirring case, dashed lines correspond to the low stirring regime.
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Figure 4-50. Calculated bulk concentration of [Si]. The dashed line is from the

low stirring regime.
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Figure 4-51. Calculated extent of steel desulphurization. The dashed line is from

the low stirring regime.

The differences on the calculated desulphurization extents when high
argon flowrates are applied are in Figure 4-51; these results highlight one of the
main reasons for the industrial practice of using high gas stirring rates in order to
provide further steel desulphurization. However, the much higher formation of
magnesium aluminate spinel, Figure 4-48, implies that gas stirring can have a

strong effect on the inclusions chemistry depending on the slag deoxidation level.

4.5.1.2 Deoxidation level in the top slag

In order to further analyze the slag deoxidation level on the formation of
spinel inclusions, the initial slag composition was modified from the base case as

listed in Table 4-3.

184



M.A.Sc. Thesis - A. Galindo McMaster University - Materials Science and Engineering

Table 4-3. Initial slag composition in wt% for several deoxidation levels

Slag FeO MnO | FeO + MnO
A 7.143 2.857 10
B 5.714 2.286 8
C 4.285 1.715 6
D 2.857 1.143 4
E 2.143 0.857 3
F 1.428 0.572 2
G 0.715 0.285 1

The compositions in Table 4-3 were chosen to maintain a initial ratio of
FeO/MnO ~ 2.5 this value is similar to the FeO/MnO ratio of the initial
conditions in the industrial heats analyzed. The balance of the initial composition

was made by adjustment of the CaO and Al,O3 in the slag.

The conditions of stirring with a high and low gas flowrate were used for
comparison. For all these calculations the bulk concentration of [Al] was kept at
constant at 0.04 wt%. The results on the %Mg for the inclusions when high gas
stirring is applied is in Figure 4-52, the respective slag deoxidation progress is in

Figure 4-53. The results for a low gas flowrate are in Figure 4-54 and Figure 4-55.
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Figure 4-52. Calculated content of Mg in the oxide inclusions for different initial

compositions of the slag, high gas stirring flowrate.
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Figure 4-54. Calculated content of Mg in the oxide inclusions for different initial

compositions of the slag, low gas stirring flowrate.
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Figure 4-55. Slag deoxidation progress. Continuous lines represent the FeO

content, dashed lines are the MnO content, low gas stirring flowrate.

187



M.A.Sc. Thesis - A. Galindo McMaster University - Materials Science and Engineering

The cases where high stirring was applied reached higher Mg contents in
the inclusions; this can be attributed mainly to the more rapid reduction of FeO
and MnO compared to the low stirring regime and also high stirring increases the
mass transfer process for the release of [Mg] to the steel. In the case of
Figure 4-52 for high stirring it is noticeable the delay in the start of Mg pick up by
the inclusions when slags A, B and C are used. This delay in the transformation of
the inclusions is explained with the more oxidizing conditions at the beginning of

the process.

Similar results are obtained for the low gas stirring scenarios. In the cases
of well deoxidized slags the low stirring regime slowed down the release of [Mg].
Slags A, B with the higher contents of FeO and MnO did not show Mg pick up by
the inclusions after 15 minutes of process; on the contrary, these cases had a
reduction in the %Mg since the oxidizing conditions in the system and the lack of

[Mg] in the steel make alumina inclusions more stable than spinel.
4.5.1.3 Amount of inclusions in the steel

A sensitivity analysis on the amount of inclusions was made by
considering 20, 40 and 60 ppm of initial total oxygen O+ in the calculations. The
initial content of FeO and MnO in the slag was equal to slag E in Table 4-3, that
is: FeO = 2.14 wt%, MnO= 0.86 wt%. A high gas flowrate for stirring was used.

The calculated number of particles N, for 20 ppm Or is in the order of
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1.9 x 1013, for 40 ppm Oy is 4.64 x 103 and for 60 ppm Oy is 7.37 x 1013,

The results on the %Mg for the inclusions are in Figure 4-56.
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Figure 4-56. Calculated Mg content in the oxide inclusions for three different

amounts of particles in the system.

As the number of particles decreases it implies that a similar amount of
[Mg] provided by the slag is distributed among the fewer inclusions in the system.
Therefore, steel with a smaller amount of inclusions induces a higher amount of

Mg pick up and spinel formation in the inclusions.

The results also indicate that an increase on the %Mg is not proportional
to the variations in the initial total oxygen content. This difference in

proportionality can be attributed to the calculated number of particles N,, for each

case as well as on the non-ideal behavior of the activities ay g0 and ay, o, in the
Al,03-MgO system for spinel. Figure 4-57 shows the time variation of the
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activity aygo at the inclusions-steel interface that satisfies the simultaneous

equilibrium deoxidation.
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Figure 4-57. Calculated variation in a4 for three different amounts of

inclusions in the system.

Furthermore, in order to achieve higher contents of Mg in the inclusions
the mass transfer of Mg2+ across the spinel product layer increased. Figure 4-58
illustrates the calculated mass transfer rates N, 2+ and N3+ at each individual

inclusion for the three amounts of particles.

190



M.A.Sc. Thesis - A. Galindo McMaster University - Materials Science and Engineering

v."c“nc_o_aucuv--

esrremee

Interfacial Mass Transfer rate
per particle [kmols/sec] x 10*(-18)

2% 7 _..' - 4
Sl '.... ) o — = N3+ ]
A W e
0 5 10 15 20 25
Time [min]

Figure 4-58. Calculated mass transfer rates N, 2+ and N 4;3+ at the individual

inclusion-steel interface for the three initial values of total oxygen.

4.5.1.4 Initial inclusions diameter

In terms of particle size, most of the indigenous inclusions detected by the
automated SEM analysis are in the range of 1 to 10 microns of diameter.
To verify the effect of the inclusions size in the kinetic model, four different
initial particle diameters were used: 2 um, 5 um, 10um and 15um. The initial
composition of slag D was used, that is: 2.86 wt% FeO and 1.14 wt% MnO.
The [AI] concentration was kept constant and equal to 0.04 wt% and a high gas
flowrate for stirring was considered. This analysis assumed the same initial total

oxygen of 40 ppm O for all the cases. The calculated Mg contents for the

different inclusions are in Figure 4-59.
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Figure 4-59. Calculated Mg content in the oxide inclusions for different values of

initial diameter, same initial total oxygen O and a high gas stirring flowrate.

The results indicate that the small inclusions transform faster to spinel
than the bigger ones. These differences on the rate of Mg pick up by the
inclusions can be attributed to the larger interfacial area between the inclusions
and the steel for the case of smaller inclusions. Because the surface area increases

with more inclusions, then the respective interfacial mass transfer rates N 2+

and N ,;3+ decrease, Figure 4-60.

Overall, the amounts of Mg pick up by the inclusions were very similar in
the range size of 2 to 10 microns. For these calculations the initial mass of the
inclusions was the same, but different numbers of particles were used. Therefore,

this sensitivity analysis for the overall inclusions composition indicates that the
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effect of a particle size is not as strong as in the previous analyses of varying the

total mass of inclusions.

Interfacial Mass Transfer rate
per particle [kmols/sec] x 10*(-18)

Time [min]

Figure 4-60. Calculated mass transfer rates N, 2+ and N 4;3+ at the individual

inclusion-steel interface for different particle diameters.

4.5.2 Sensitivity analysis of the rate constants for mass transfer and diffusion

4.5.2.1 Diffusivities of Mg2+ and AI** in the spinel product layer

The uncertainties on the diffusivities used for cationic diffusion of Mg2+

and AI** in the spinel product layer exist due to the scarcity of reported values

and the different techniques and methodologies to calculate these diffusivities.

The studies of Martinelli et al (1986) and Murphy et al (2009) concluded

that Mg2+ ions are more mobile than AI** ions in magnesium aluminate spinel.
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The temperature dependence of the diffusivity of Mg2+ in spinel has been

reported by Lindner & Akerstrom (1956) and Sheng et al., (1992); their reported

pre-exponential factors and activation energies are summarized in Table 4-4.

Table 4-4. Temperature dependencies of Dy, 2+ in magnesium aluminate spinel

2
Reference Dy in [mT] Q in % Temperature range

Lindner &

2%x107? 360 1173 -1573 K
Akerstrom (1956)

Sheng et al., (1992) | 7.46 x 1073 384 1534 — 1826 K

The diffusivities Dy 2+ and D43+ obtained by Gotze et al., (2009) are
based on measurements of solid state diffusion couples and calculations that
assume cation counterdiffusion in spinel. Although the measurements in the work
of Gotze et al., (2009) were at 1623 K, these values were used for all the
calculations in this kinetic model for spinel inclusions. In order to estimate the
diffusivity of Mg2+ at steelmaking temperatures of 1873 K, the correlations in
Table 4-4 were used and compared with the respective diffusivities at 1623 K, the

results are in Table 4-5.
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Table 4-5. Calculated and reported values for D, 2+ at two different temperatures

Temperature Dyjg2+ in [mTZ] Reference
1623 K 5.2x 10714 Lindner & Akerstrom (1956)
1623 K 3.2x 10715 Sheng et al., (1992)
1623 K 1.4 x 10715 Gotze et al., (2009)
1873 K 1.8 x 10712 Lindner & Akerstrom (1956)
1873 K 1.4 x 10713 Sheng et al., (1992)

These estimations for D, 2+ indicate a span of two to three orders of

magnitude. For the sensitivity analyses, two limiting values of D, .+ were

identified, namely: low temperature (1623 K) DM92+|1623K =1x 10" m?/sec

and high temperature diffusivity (1873 K) DMgz+|1873 (= 1% 10713 m?%sec.

For the diffusivity of AP* in spinel, Gotze et al., (2009) reported
D3+ = 3.7 x 10716 m?/sec which is an order of magnitude lower than their
value for Mgz+. In the sensitivity analyses, two cases for the diffusivity of N
were defined: D43+ one order of magnitude smaller than Dy 2+ and D 43+ two

orders of magnitude smaller than D, 2+. The nomenclature and values of the four

diffusivity pairs analyzed are in Table 4-6.
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Table 4-6. Estimated orders of magnitude for Dy, 42+ and D 4,3+ in spinel

Diffusivity pair

2

Dpygz+ in [mT] Dyp3+ in [mTZ]
Low Temp. estimation A 1x1071° 1x107Y
Low Temp. estimation B 1x 10715 1x 10716
High Temp. estimation A 1x10713 1x10715
High Temp. estimation B 1x10713 1x 10714

The base case scenario for slag composition, total oxygen and inclusions

diameter was used to see the variations in the Mg content of the inclusions. Low

and high gas stirring conditions were considered in the system, the respective

results for the inclusions composition are in Figure 4-61 and 4-62.
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Figure 4-61. Calculated Mg content in the oxide inclusions. Variations in the

cation diffusivities across the spinel product layer. Low stirring gas flowrate.
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Figure 4-62. Calculated Mg content in the oxide inclusions. Variations in the

cation diffusivities across the spinel product layer. High stirring gas flowrate.

Under the low gas stirring conditions, the supply of [Mg] from the slag is
more limited in comparison to the high stirring scenario. This restriction on the
supply of [Mg] controls the overall kinetics for the formation of spinel and
therefore varying the cation diffusivities across the spinel product layer does not

have a considerable impact on the inclusions composition.

The analysis for high gas stirring indicates that only for the lowest value
of D3+ the process of transformation from alumina to spinel is delayed. The

stronger effect of D,;3+ on the growth of the product layer is due to the reduced
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mobility of AP in spinel. The rest of the calculations provided similar rates of

Mg pick up by the inclusions.

The diffusivity values reported by Gétze et al., (2009) have the same order
of magnitude of the diffusivity pair in the low temperature estimation B.
Therefore, when the value of D43+ is reduced by one order of magnitude as in the
calculation with the low temperature estimation A, the inclusions composition
shows that the kinetics of the formation of spinel is affected by both the supply of
[Mg] and the cationic diffusion in the product layer. This indicates that a
condition of mixed control appears if high gas stirring is applied and using the

cationic diffusivity pair with the lowest value of D;s+.
Furthermore, the values of D2+ and D 4,2+ are required in the calculation
. . . dlo -
of the change in chemical potential of oxygen o that maintains
electroneutrality across the spinel product layer. Although this modifies the
Mg dual

and 9 this analysis

calculated driving forces for cationic diffusion

indicate that varying the diffusivities in the high temperature estimations (1873 K)

does not generate a different overall behavior in the inclusions chemistry.

4.5.2.2 Mass transfer in the boundary layer at the inclusions-steel interface

The kinetic step of mass transfer of the dissolved species [Mg], [Al] and

[O] through the interfacial boundary layer that surrounds each inclusion was also
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analyzed. The mass transfer rates Njy 41, Nja;; and Nig in steel are a function of

the concentrations in the bulk of steel, the concentrations at the inclusion-steel

interface, the particles diameter and the respective mass transfer coefficients ky,,

kAl and ko.

Given the range of sizes for the indigenous inclusions, the inclusions and
the steel move with virtually the same velocity. Therefore, this kinetic step
neglects the effect of convective transport. In this kinetic model mass transport in
the boundary layer considers only the diffusional term; therefore the mass transfer
coefficients are calculated assuming a Sherwood number equal to 2 (Oeters,
1994). The Sherwood number of a dissolved species [A] in a fluid and for

spherical particles of these sizes is (Szekely & Themelis, 1971):

Sh = M (4-39)
Dray

In expression 4-39 d is the diameter of the particle, k, is the mass transfer
coefficient and Dy, is the diffusivity of the species in liquid steel. As reviewed by
Nagata, et al., (1988) and Geiger & Poirier (1973), the diffusivities of most
species in liquid steel at steelmaking temperatures are in the range of 107° to
10~7 m’/sec. For all the previous calculations with the kinetic model, the
diffusivities ~ used  are: Doy =3.1x107°m?-s7'  (Lu,  1992),

Dipygy = 3 x 1072 m? - s~ (lrons, et al., 1978) and Dy = 3.5 X 1072 m? - s71

(Nagata, et al., 1988).
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In this sensitivity analysis, the diffusivities Dy g7, Dyagy and Djgy in liquid
steel were considered equal and were varied for three different values: D = 1 X
107°, D= 1x10~7 and D = 1 x 10~2 m*/sec. The base case scenario was
implemented for the slag composition, the initial total oxygen was 40 ppm, the
initial diameter of the inclusions was 5 um and the [Al] content was constant and
equal to 0.4 wt%. The calculations assumed both high and low gas stirring

flowrates. The results for the Mg content in the inclusions are in Figures

4-63 and 4-64.
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Figure 4-63. Calculated Mg content in the oxide inclusions. Base case scenario

but different diffusivities for [Mg], [Al] and [O]. Low stirring gas flowrate.

These results indicate that varying the diffusivities of the dissolved species
by three orders of magnitude does not have a significant effect on the overall
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composition of the inclusions. The total surface area of the inclusions in steel and
most important these results also support the argument that the rate limiting step
for the transformation of inclusions from alumina to spinel is the release of [Mg]

to the steel from the slag.

—_ —_ N N N
fo.] N [o2] o B (o0]

Mg in the inclusions [atom %]
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Figure 4-64. Calculated Mg content in the oxide inclusions. Base case scenario

but different diffusivities for [Mg], [Al] and [O]. High stirring gas flowrate.

4.5.2.3 Mass transfer coefficients for convective transport in the slag

For this kinetic model, the mass transfer of species between the slag and
steel is described by coupling the different slag-steel reactions in order to satisfy
the multicomponent equilibrium at the interface and to balance the mass transfer
rates in both phases. The model calculates the mass transfer coefficients of the

. MO g . . .
components in the slag kslx ” from individual ratios with the respective mass
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- . . MO
transfer coefficients of the species in the steel kslx Y/ kM . Due to the
importance of the slag deoxidation level on the transformation of alumina

inclusions to spinel, the effect of the ratios kIf0/kFe | kMnO/pMn and

5102

g kSt on the rate of Mg pickup by the inclusions was analyzed.

In most of the kinetic models for desulphurization or dephosphorization of
steel with the slag, the mass transfer coefficients of the species in steel kX are
assumed to be the same. The variation of kM with the stirring conditions is

obtained from experimental measurements and by using empirical correlations of

kM as a function of the stirring energy €.

The use of mass transfer coefficients ratios to calculate the values of

M0y,
sl

k was analyzed in the multicomponent kinetic model of Robertson et al.,

(1984). In this work, all the different kivllxoy values were assumed the same due

to the lack of knowledge on its behavior. Robertson et al., demonstrated based on
model calculations for desulphurization of hot metal, that mass transfer resistance
in the slag plays an important role only at the beginning of the process where the
equilibrium partition coefficient L is much smaller than the larger final L under

more reducing conditions. This sensitivity analysis was made by changing the
. My Oy M 1 .
ratio k,” 7 / ki from 1 to o this case, the value of 1 represents the lowest

mass transfer resistance for transport of the species in the slag.
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The work of Kitamura et al., (1991), implemented a similar kinetic model
to the one proposed by Robertson et al., (1984) in order to describe hot metal

dephosphorization. Laboratory experiments were made in a 70 kg induction
furnace with argon gas stirring. The correlation between the stirring energy € and
kM was obtained by following the desiliconization reaction. The mass transfer
coefficients kg; for all the slag components were assumed the same. The specific

value of kg; was selected in order to obtain agreement with the dephosphorization

progress and the FeO content in the slag. From this study, the ratio kg;/ k,, was

found in the range of % to % . On the other hand, Kitamura et al. could not

: . ) _
determine an obvious dependence of the ratio k" 7/ ki with the temperature

variations from 1623 to 1873 K or with variations in the stirring energy.

The laboratory study of Okuyama et al., (2000) analyzed different slags
from the system CaO-Al;03-MgO-SiO, and their effect on the inclusions

composition of aluminum killed steel. The experiments were performed in a 20 kg
vacuum induction furnace. Although this work did not propose a coupled kinetic

model for the slag-steel and inclusions, their model for the slag-steel reactions

was also based on the method of Robertson et al., (1984). The ratio k;vllxoy / kM

: ) 1
for all the components in the slag other than SiO, was 20 On the contrary, the

. j 1 , :
ratio kflloz /KM was o0 These values were obtained to agree with the

experimental results in the steel phase. This study indicated that there is a higher
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resistance for the mass transfer of SiO; in the slag. Also, they mentioned that for

their slag compositions reacting with low carbon aluminum killed steel, the

release of [Si] to the steel is kinetically controlled by mass transfer in the slag.

In the work of Graham (2008) and Graham & Irons (2010), their coupled
kinetic model for the slag-steel reactions was based on the model of Robertson et
al., (1984) but considering the industrial conditions of the ladle metallurgy
furnace and the refining of low carbon aluminum killed steel. Graham & Irons

(2010) proposed to use separate mass transfer ratios for the transport of species in

the slag, that is: kIfO/kLe kMmO fMn | Sloz/kS‘ , Tloz/k and

Al,0
k,72/ kAL The value of each ratio was selected in order to obtain agreement

with the measured industrial compositions in the slag and steel.

Graham (2008) indicated the case of SiO, where a higher mass transfer
resistance was observed in comparison with the resistances for FeO and MnO.

Furthermore, this analysis mentioned that for several industrial heats, the ratio
kEEO / kEe required to be reduced after the addition of [Al] in the ladle for
additional deoxidation. Also, the same k[f0/ kE¢ ratio used required to be

reduced during periods of electrical arcing in the case of slags with less than 1 wt

% FeO.

Harada et al., (2013a) proposed a kinetic model for the kinetics in the ladle

furnace and compared their calculations with the experimental measurements of
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Graham & Irons (2010). This work defined the ratio k$%°/ k,, to be 1—10 :

The mass transfer coefficient for the other components M, 0, in the slag were

D xoy
Dcao

obtained by multiplying ksclao with the ratio

) where DMxoy and Dcao

are the respective diffusivities in the slag. Variations in the mass transfer ratios

due to the slag composition, gas stirring or electrical arcing were not mentioned.

For the sensitivity analysis of current kinetic model, the effect of the mass

transfer ratios k20 kEe | kMmO / kM and kflioz / k3E on the pickup of Mg by

the inclusions was analyzed. Each ratio was varied from 1 which implies mass
. 1 :
transfer control in the metal phase, up to the value of 700 which represents a

higher mass transfer resistance in the slag; when an specific ratio was analyzed
the value for the other two was set equal to 1073, this implies an even further
restriction to mass transfer in the slag. In this way, the different mass transfer rates
can be compared. The initial slag composition was taken from the base case for
sensitivity analysis, the initial amount of inclusions was based on 40 ppm O, the
initial diameter of the inclusions was 5 microns. High stirring conditions were
considered. The [Al] concentration in the bulk of the steel was set constant
throughout the calculations and equal to 0.04 wt%. The loss of FeO in the slag
when k[0 / kE¢ is varied is in Figure 4-65. The respective contents of Mg in the

inclusions are in Figure 4-66.
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Figure 4-65. Reduction of FeO in the slag for different values of the mass transfer

coefficients ratio k520 / kFe .
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Figure 4-66. Content of Mg in the oxide inclusions for different values of the

mass transfer coefficients ratio k520 / kEe .
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These results indicate that for the higher rates of FeO reduction the
process of Mg pickup by the inclusions is delayed, this is due to the more
oxidizing conditions that are provided under a rapid FeO reduction process. That
is, [O] is sent from the slag to the steel more rapidly. On the other hand, if the
resistance for FeO transport in the slag is increased with a smaller mass transfer
coefficient, then the aluminum in steel controls the reduction of MgO in the slag

and the Mg pickup in the inclusions starts earlier.

The contents of MnO in the slag when kM"0/ kM™ is varied are in

Figure 4-67. The respective contents of Mg in the inclusions are in Figure 4-68.

Si0,
sl

The analysis for the ratio k2, 2/ k3! is shown in Figures 4-69 and 4-70.

(MnO) wt%
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Time [min]
Figure 4-67. Reduction of MnO in the slag for different values of the mass

MnO/ k%n .

transfer coefficients ratio kg
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Figure 4-68. Content of Mg in the oxide inclusions for different values of the

MnO/ k%n .

mass transfer coefficients ratio k;

(Si0,) wt%

0 I 1 L 1 " 1 X 1 L 1 L 1 " 1 1
0 2 4 6 8 10 12 14 16
Time [min]

Figure 4-69. Reduction of SiO; in the slag for different values of the mass transfer

coefficients ratio k; “/ Ky .
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Figure 4-70. Content of Mg in the oxide inclusions for different values of the

. . 1 Si0 i
mass transfer coefficients ratio k; 2/ k;r .

The results on the inclusions composition for the variation of kévlmo / kMn

have a similar behavior to the variation in the rate of FeO reduction. The faster
MnO reduction provides more oxidizing conditions that delay the formation of
spinel in the inclusions. The effect of MnO is not as remarkable due to its lower

content in the initial top slag composition.

Sio,

a2/ k3t do not show a delay

The calculated results for the variation in k

in the pickup of Mg by the inclusions, even with the faster mass transfer rates.
The higher content of SiO; in the slag can reduce the amount of spinel formed
even if the supply of [O] from FeO and MnO is blocked; this also explains the

broader range of final Mg contents in the inclusions for the different reduction
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rates. Therefore, higher contents of SiO; in the slag reduce the amount of spinel in
the inclusions. On the other hand, adding SiO; to the slag can affect the viscosity
properties of the slag with subsequent impacts on the fluidity and different mass

transfer coefficients in the slag.

This sensitivity analysis further supports the argument that the time
variations in the content of FeO, MnO and SiO; in the slag strongly control the

release of [Mg] to the steel and the transformation of alumina to spinel inclusions.
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Chapter 5

Summary and conclusions

5.1 Summary

The main objectives of this thesis project were to develop a kinetic model
for the transformation of alumina inclusions to magnesium aluminate spinel
inclusions and the implementation of the inclusions model to a previous Kinetic
model for the slag-steel reactions in the Ladle Metallurgy Furnace. These two
objectives were achieved as demonstrated in Chapters 3 and 4. The important

outcomes of this work are:

= A kinetic model for the formation of magnesium aluminate spinel inclusions
in the liquid steel. The model is based on a solid state reaction mechanism of
cationic counterdiffusion.

= A methodology to calculate local equilibrium concentrations at the inclusions-
steel interface for the simultaneous steel deoxidation with [Mg] and [Al].

= The verification of the functionality of the coupled kinetic model for spinel
formation under industrial conditions where the changes in the slag and steel
are considered.

= A sensitivity analysis of the coupled kinetic model for the slag, steel and

inclusions. The analysis compared the effect of the different processing

211



M.A.Sc. Thesis - A. Galindo McMaster University - Materials Science and Engineering

conditions in the ladle furnace and the uncertainty in the kinetic rate constants

and parameters.

This work provides further understanding of the formation of magnesium
aluminate inclusions during the refining of steel in the Ladle Furnace. The results
of this study are expected to be useful for industrial steelmakers and for research
metallurgists in order to have a more complete understanding of the factors that
cause and promote the formation of spinel inclusions, more importantly this

analysis points out alternatives to mitigate the formation of these inclusions.

5.2 Conclusions
The conclusions from this research are:

1. The Wagner-Schmalzried theory for spinel formation in solid state allows the
formulation of kinetic expressions for the growth and concentration variations

of the product layer of magnesium aluminate spinel in the inclusions. The
driving forces for diffusion of Mg®" and AI** are expressed as a function of
the gradients in the activities of the spinel components a,; 4o and a,y, o, -

2. The mass transfer of dissolved oxygen [O] between the inclusions and steel is
linked to the external growth or consumption of the spinel product layer at the

steel-inclusion interface. This assumption aided on the coupling of the mass

transfer rates for Mgz+, AI3+, [Mg], [Al] and [O] at the steel-inclusion
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interface. This rigorous analysis for the transport and diffusion of the different
species between the steel and the inclusions has not been reported previously.
Also, the time variations of the local equilibrium concentrations Xy 4, X4;, Xo,
Aar,0, % Augo ™ and Xy, 0, * are obtained for the simultaneous [Mg] and [Al]
deoxidation process, but without artificially constraining any of the activities
and concentrations in the steel or in the inclusions.

3. The nonstoichiometric changes of magnesium aluminate spinel with the
respective variations in the activities of the components ay40 and ay,,o, are
calculated for the product layer in the inclusions. These composition

variations in distance and time are obtained by solving numerically the
diffusion equation for MgZ+.

4. The calculated Mg contents in the inclusions from the coupled kinetic model
for slag, steel and spinel inclusions had reasonable agreement with most of the
measurements from the automated SEM inclusions analysis of the industrial
heats. The agreement was achieved in terms of the timing, the amount and the
rates of Mg pick up by the oxide inclusions.

5. For the case of the transformation of alumina inclusions to spinel during ladle
refining of LCAK steel, there is little difference in the results of the Mg
content in the inclusions when the Unsteady state scheme or the Quasi-steady
state approximation are used in the spinel product layer. This considerable

similarity between the two solutions is significant since the Quasi-steady
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scheme separates mathematically the time scales for the slag-steel changes
and for the inclusions changes.

6. The coupled model for the slag-steel reactions and the formation of spinel
inclusions is one of the first kinetic models that describe changes in the oxide
inclusions with a rigorous and detailed approach for diffusion in the solid
inclusions.

7. The largest disagreement between the coupled kinetic model and the industrial
measurements on the amount of Mg in the inclusions was mostly found to
occur during periods of high gas stirring in the ladle furnace. This suggests the
possibility of atmospheric reoxidation of having an impact on the contents of
[Mg] in the steel and in the inclusions composition.

8. In most of the heats analyzed, the starting FeO and MnO contents in the slag
were already low. Therefore, the higher rates of Mg pick up by the inclusions
occurred during the periods of high gas stirring.

9. Varying the initial mass of inclusions and the number of particles in the range
of 25 to 40 ppm of initial total oxygen O, showed the influence of this
parameter when the industrial heats are modeled. For a given heat, the cases
with fewer particles had a higher Mg contents in the inclusions and further
transformation to spinel. This occurs because the fewer inclusions distribute

the same amount of [Mg] coming from the slag.
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10.

11.

For Heats 10 and 17, increasing the initial mass of inclusions to 50 ppm O
did not provide better agreement between the model and the measurements;
this indicates the possibility of other sources of [Mg] loss.

Considering a distribution of three particle sizes for the inclusions in the
coupled kinetic model indicates that the smaller inclusions reach higher Mg
concentrations than the bigger inclusions. The rates of transformation to spinel
also increase as the inclusion size is reduced. However, the total %Mg for all
the mass of inclusions of the three sizes showed a similar behavior to the
%Mg obtained when a reasonable single particle size is assumed in the model.
In both the multiparticle and single particle calculations, the initial mass of
inclusions was based on 40 ppm O;. Therefore, having a distribution of
particle sizes in the model does not significantly affect the Mg pick up by the
total mass of inclusions. This analysis is important since the total atom% of
Mg is the value reported by the automated SEM analysis independently of the
inclusion size.

The calculations for Heats 6, 7, 8 and 15 with a reduced starting MgO in the
slag (3 wt %) showed a reduction in the %Mg contents of the inclusions. This
variation did not affect the calculated extent of steel desulphurization with the
top slag. However, the decrease on the %Mg in the inclusions was not in the
same proportion to the decrease in the activity of MgO in the slag and the

formation of spinel inclusions was not suppressed.
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12.

13.

14.

15.

The similarities between the unsteady state scheme and the Quasi-steady state
approximation indicate that the rate limiting step for spinel inclusions
formation in the overall system is the rate of supply of dissolved [Mg] from
the slag-steel reaction. This supply of [Mg] is controlled by the changes at the
slag-steel interface.

The sensitivity analysis for the variation of the diffusivities of the dissolved
species in steel Dyy g1, Dpay and Dyg) and the diffusivities Dy, g2+ and D 3+
with the estimations at 1873 K did not have a significant influence on the
formation rate of spinel and the calculated %Mg in the inclusions. This was
observed for both the low and high gas stirring conditions. The analysis
indicates that the steps of mass transport through the interface boundary layer
in the steel and the cationic diffusion across the spinel product layer are not
the rate limiting steps. Therefore, the rate control in the formation of spinel
inclusions is the supply of [Mg] from the slag-steel reaction; this process is
controlled by the changes at the slag-steel interface.

Under high gas stirring application and if the value of D s+ is reduced to the
lowest estimation at low temperature, the system shows a condition of mixed
control in which the cationic diffusion across the product layer and the supply
of [Mg] from the slag have an influence on the formation of spinel in the
inclusions.

The sensitivity analysis of the coupled kinetic model demonstrated that the

formation of spinel inclusions is strongly dependent on the deoxidation level
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16.

of the top slag and on the stirring conditions in the ladle. For the slags with
higher initial contents of FeO and MnO but under high gas stirring conditions,
the inclusions remain as alumina until the slag is deoxidized enough to start
the release of [Mg]. In the cases of low gas stirring but high FeO and MnQO in
the slag, the inclusions did not transform to spinel after 15 minutes of
processing. These calculations further support that the alumina to spinel
transformation in the inclusions is controlled by the release of [Mg] from the
slag.

The sensitivity analysis of the kinetic constants and parameters for mass
transfer and diffusion indicates that the amount of spinel and Mg in the

inclusions is further affected by varying the mass transfer coefficient ratios
kEEO [ kEe | |MnO / |Mn and kflioz / k3t for transport of FeO, MnO and
SiO, in the slag than by the variation in the diffusivities of the species in steel

Dimgs Dray and Dyg or the cation diffusivities Dy, g2+ and D 42+ in the spinel

product layer. These results also support that the rate limiting kinetic step for
the transformation of alumina to spinel inclusions is the release of [Mg] from

the slag.
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5.3 Suggestions for future work

From this work, the suggested aspects for future analysis and research for

the inclusions model and the slag-steel model in the area of Ladle Metallurgy are:

1. Extend the kinetic model for the transformation of oxide inclusions in order to
consider the effect of dissolved [Ca] in the steel. Depending on the processing
conditions and calcium concentrations, the solid inclusions of alumina or
magnesium aluminate spinel inclusions change their composition and
transform into liquid inclusions, (Verma et al., 2012). The supply of [Ca] to
the steel can be direct or indirect as reviewed by Park & Todoroki, (2010).
The intentional calcium injection is applied in order to obtain liquid inclusions
to avoid clogging of the nozzle during continuous casting. The indirect supply
of [Ca] occurs from the reduction of CaO in the slag when the steel is
deoxidized with aluminum.

2. The possibility of modeling different inclusions sizes simultaneously can be
extended to calculate the simultaneous variation in the compositions for
different inclusions types during the refining of steel. This includes for
example oxide, sulphide and nitride indigenous inclusions.

3. A more recent thermodynamic formalism for the deoxidation of steel has been
proposed by Jung, Decterov, & Pelton (2004). This formalism called the
Associate Model provides a framework for the interaction between oxygen
and the dissolved deoxidizers in molten steel. The implementation of this

thermodynamic model for the slag-steel and steel-inclusions reactions may
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provide better agreement in the case of strong deoxidizers like [Mg] and [Ca].
Furthermore, the Associate Model can be implemented for less strong
deoxidizers such as [Al], [Ti], [Cr], [V], [Mn], [Si], [B], [C], [Ce], [Nb] and
[Zr], Jung (2010). The applicability of this formalism on several inclusions
systems for steelmaking has been reported (Jung, Decterov, & Pelton, 2004).

4. The thermodynamics of the magnesium aluminate spinel solid solution in the
quasi-binary system Al,O3-MgO can be described with the Compound Energy
Formalism, Hillert (2001) and with the assessments for the Al,03-MgO
system reported by Hallstedt (1992) and Zienert & Fabrichnaya (2013).
Implementing this formalism may provide a more accurate and simpler

opal
or

a
method to calculate the variation in the chemical potentials I;I:Ig

and for

counterdiffusion of Mngr and A" in the product layer of spinel. The current
model uses the chain rule for the variation in the activities @y g0 and ayy, 0, as

a function of the mole fraction X4, ¢, .

5. The numerical solution of the diffusion equation for the spinel product layer in
the inclusions is made with the Method of Lines. In this kinetic model, the
spatial discretization uses finite difference formulas for the first and second
derivatives with a truncation error of fourth order O(h*). Simplifying the
spatial derivatives with the formulas for a truncation error of second order
0(h?) may reduce the computation time for both the Unsteady and Quasi-

steady state schemes.
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6. Comparing the proposed kinetic model for the transformation of alumina
inclusions to spinel with kinetic calculations with the DICTRA program.
DICTRA is a software package for simulation of diffusion controlled
transformations in multicomponent alloys (Agren, 1992; Andersson, et al.,
2002). As reviewed by Saunders & Miodownik (1998), the DICTRA program
is based on a numerical solution of multicomponent diffusion equations that
assume local thermodynamic equilibrium at phase interfaces. The program is
divided into four modules which involve: (1) the solution of the diffusion
equations, (2) the calculation of thermodynamic equilibrium by using
Thermo-Calc, (3) the solution of flux-balance equations and (4) the
displacement of phase interface positions and adjustment of grid points.

Given the similarities between this kinetic model for spinel inclusions and
DICTRA it becomes relevant to compare them. This comparison depends on
the availability of databases for the solid oxide solutions and for liquid steel.

7. The modification of the slag-steel kinetic model in order to introduce the
effect of atmospheric reoxidation during the periods of high gas stirring when
the steel is exposed to the atmosphere. Experimental measurements of the
reoxidation effect would be required to develop such model.

8. Further research is required to provide a more complete description of the
changes in the mass transfer coefficients of FeO, MnO and SiO, in the slag.

The simultaneous industrial sampling and analysis of the slag, steel and

inclusions can provide additional information on this important topic.
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9. For the simulation of reaction kinetics in multicomponent multiphase systems
Koukkari & Pajarre (2006a), (2006b) have proposed a method of Gibss Free
energy minimization for multicomponent systems that is Kkinetically
constrained by the reaction rates or by mass transport of the species. The
method is directly applicable in the commonly used Gibbs energy
minimization routines, such as SOLGASMIX (Eriksson, 1975; Eriksson &
Hack, 1990; Weber, 1998) or ChemApp (C. W. Bale et al., 2009; Petersen &
Hack, 2007). According to Koukkari & Pajarre (2006b), this multicomponent
kinetic method is the based on the minimization method of Lagrangian
undetermined multipliers constrained with the reaction rates. The
implementation of this methodology for the current slag-steel kinetic model
can result of useful comparison with the kinetic model proposed by
Robertson, et al., (1984). Additionally, the concepts from this approach can be
used for the kinetic interaction of the inclusions with the different dissolved

species in the steel.
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Appendix A

Method to calculate the inclusion-steel interfacial equilibrium

With the assumption of local equilibrium at the inclusion-steel interface, a
methodology is proposed to calculate the interfacial activities and concentrations
of the components involved in the simultaneous deoxidation with [Mg] and [Al].
This procedure couples the mass transfer rates in the steel and inclusions phases

and satisfies the equilibrium constraints.
A.1 System of equations

From the analysis of cationic diffusion in the product layer based on the

Wagner- Schmalzried theory for spinel formation, the mass transfer rates of Mg2+

and AI®* at the inclusion-steel interface in the product layer are:

(A-1)
N o _ 47Tr*2 S*U* b DMgDAl ) 1 9 a ln aMgo _ 3 a ln aAlzo3
M= N 48*Dyg + 90" Dy VP or . or |,
(A-2)
Noosl.. = dmr? 6"v" * Dyg Dy . 1 5 dInay,o, i dInaygyo
AT 46*Dyg + 9Dy VP or |, or -

Where r* is the radius of the inclusions at the interface with steel, 8% and

v* are the indexes of the composition of spinel in equilibrium with steel
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Mgs:Al,<0,4, Dmg and Dy are the diffusivities of Mg2+ and A" in spinel as

Sp . :
components and V. is the molar volume of spinel.

In this model, the magnesium aluminate spinel is considered as a solid

solution between Al,O3 and MgO, therefore 6+ and v* can be defined:

. 4_4X;l203 (A 3)
1+ 2Xy,0,

v = 8X121203 A 4

1+2X; 0. (A-4)

This implies that the equilibrium composition of spinel corresponds to the
mole fraction Xy, o, in the Al;03 and MgO system. Substituting (A-3) and (A-4)

in expressions (A-1) and (A-2), the interfacial mass transfer rates are:

(A-5)

|

DMgDAl(32X21203 - 32X212032)
(72DMgX21203 - 16DMgXA*l203 + 16DM9)(1 + 2X21203)

_ *2
NMg2+ s - 4‘7'[7"

3 dInay,o,

ysP or

m

1 [ dInaygo
X
e or

(A-6)

*2

N3+ e = 4mr

X

1 ) dInay,o,
VSP or

m

e dInaygo ]
- or e
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In order to calculate the gradients in the activities of Al,O3 and MgO in
the product layer at r*, the derivatives are approximated using finite differences.
In this way, the region of the spinel product layer r’' <r <r* is spatially
discretized in n equidistant nodes located at distances r; according to:

h=""2 (A7)
n—1

rn=r"+{—-1Dh i=1,..,n (A-8)
If the function f(r) represents a physical property in the product layer its
values can be sampled at the nodes f; = f(r;). Then, the fourth order backward

approximation for the first the derivative at the interfacial node r,, = r* is

(Betts, 2009):

1

P A-9
fi = [25f, — 48f,y +36f, 0 —16fu 0+ 3] A9
An equivalent form is:
25
fn :ﬁ[fn_Afn—l_Bfn—Z_Cfn—S_Dfn—4] (A-lO)
Where 4 = ﬂ,B = —E, C = Eand D = —i. Therefore, the change
25 25 25 25
in the activities at the interface can be approximated according to:
dInaygo 25 . A1l
— . = Ton [ln aygo” —Aln Amgo, | ~ Bln Amgo,, _, ( )

- C ln aMgon_3 - D ln aMgon_4]
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dInay,o,
ar

25
" 12h
T*

(A-12)

*
lnaAlzo3 _AlnaAlzo3 _ _BlnaAlzos _
n-1 n-2

- C ln aA1203n_3 - D ln aAleSn_J

If the activities at the nodes adjacent to the interface are known values, the

derivatives can be expressed as:

dlnaygo 25

ar ” = m [ln aMgo* + CMgO] (A-13)
dlnay o 25 i
T“ = ﬁ [ln aA1203 + CA1203 ] (A'14)

T*

Where Cyg0 and Cyp,o, group the local available information of the

activities of MgO and Al,O; respectively:

(A-15)

CMgO =-A ln aMgon_l —B ln aMgOn_Z —C ln aMgon_3 —D ln aMgon_
(A-16)

CA1203 == _A 1n aAlZOSn_l —B ln aAlZOSn_Z - C ln aAlzo3n_3 —D ln aA1203n_4

Substituting the derivatives (A-13) and (A-14) in the expressions for the
mass transfer rates (A-5) and (A-6) and organizing terms we obtain:
(A-17)

%2 . DMgDAl(32XA*1203 - 32X212032)
(72DMgX21203 - 16DMgX21203 + 16DM9)(1 + 2X21203)

Ny g2+ = 4nr

1 /25
X ﬁ (m) [9 In aMgO -3 In aA1203 + aMg]
m
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(A-18)
* * 2
(72DMgXA*lzo3 — 16Dy Xy, 0, + 16Dy,)(1 + zxglzog)

*2

N 3+ |y = 4mr
1 ( 25

X _
anp 12h

) [2 In aA1203* —61n aMgo* + aAl]
Where the terms ay,zand ay,,; group the known values of Cy 40 and Cyy,0,

according to:
ayg = 9Cugo — 3Ca,0, (A-19)
Ay = 2C41,0, — 6Cygo (A-20)

Equations (A-17) and (A-18) express the cationic mass transfer rates at the
interface in terms of the activities in equilibrium with the species in steel a4, 0, *
and apgo™ , the equilibrium spinel composition defined with the mole fraction
Xai,0,* » the known values of activities at the nodes inside the product layer and

the kinetic coefficients.

Coupling of the interfacial mass transfer rates in the inclusions and steel

phase is proposed to occur according to:

*

e T 7N (A-21)

N[Mg] - NMg2+

*

v
ZN[O] = _NAl3+|r* + N[Al] (A'22)
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Where Njpyg], Niay and Npg) are the mass transfer rates across the interface

boundary layer of the [Mg], [Al] and [O] dissolved in liquid steel.

Nimg1 = 41r*? - Ky g Cym (X,\lfm - X1T/1.q) (A-23)
Niag = 4mr*? - kg Cym (X2 — Xa7) (A-24)
Nio) = 4112 - ko Cym (X8 — X5) (A-25)

Where Xy, 4, X4;, and X, are the interfacial mole fraction concentrations in
equilibrium with the spinel product layer; X A’f,g, X%, and X} are the concentrations
in the bulk of the steel; kyg4, ka;, and k, are the mass transfer coefficients for

diffusion in the boundary layer and Cy,, is the total molar concentration in the

steel.

Substituting the expression for each equation of mass transfer as well as
for 5+ and v , the interfacial mass balance for deoxidation with magnesium in the
spinel is obtained from equations (A-3), (A-17), (A-21), (A-23) and (A-25); after

some rearrangement it becomes:

(A-26)
knpo Crm (Xio — Xiyo) = DugDai(32X}1,0, — 32)(;12032)
Mg*™Vv Mg~ M = ” " -
gCvm\Xmg 97 (72DmgXi1 0, — 16Dy X5 o + 16Dy ) (1 + 2X5, 1)
1 (25

X —= () [91n ayg0” — 31 :
v <12h>[ N Guggo” = 310 a0, "+ g

*
1 - XAl203

+ koCym (X5 — X}

241



M.A.Sc. Thesis - A. Galindo McMaster University - Materials Science and Engineering

From equations (A-4), (A-18), (A-22), (A-24) and (A-25), the mass

balance at the interface for deoxidation with aluminum in spinel is:

*
2X41,0,

TXLZ% ko Com(X5 — X5) = kuCom (X2, — X)) (A-27)

~ DugDar(32XG1,0, — 32X51,0,”)
(72DMgXA*1203 - 16DMgX;1kl203 + 16DMg)(1 + 2XZ[203)

1 25
X —|—]1|21 *— 6] *
V"fp <12h) [ N a,o, Naygo + aAl]

Thermodynamic equilibrium is assessed at the inclusion-steel interface
from the equilibrium relationships. In the case of the deoxidation reaction with
magnesium is:

K _ aMgO *
M9 [ Xughug M- MWig - 100] [ngo* Ny Mwo 100]

Stmass

(A-28)

Stmass

Where Mwy,, and Mw,, are the molar weights of Mg and O, Ny is the total

number of moles in the steel phase and Sty.s is the total mass of steel in
kilograms. The activity coefficients at the interface fy,, fa; and fy are obtained
with the Unified Interaction Parameter formalism. Since the inclusions-steel
model steps in time with an explicit scheme the values of the activity coefficients
are calculated with the interfacial concentrations of the previous time step. Then,

the equilibrium relation in equation (A-28) can be formulated as:

_ aMgO *
Kugo = Xy X5 g (A-29)

242



M.A.Sc. Thesis - A. Galindo McMaster University - Materials Science and Engineering

Where the coefficient 0 is:

1
[fMg ng - MWMg 100] [fo Ny MWo 1()()]

mass

(A-30)

mass

For the deoxidation reaction with aluminum the equilibrium relation is:

QAat,05 * (A-31)
[X;lf;l Ny Mwy, - 100]2 [X[Sfo* Ny - Mwy - 100]3

Stmass

KAl203 =

Stmass

The equilibrium condition in (A-31) is expressed as:

a *
Kai,o0, = ﬁe (A-32)
Where the coefficient ¢ is:
_ 1
- far - Mwy, - 100] [fo ng - MWO 100] (A-33)
Stmass tmass

The activities of the oxide components ay;,o, and aygo in the binary

system Al,O3-MgO are represented using sigmoidal functions. Therefore, the

interfacial activity of Al,O3 must correspond to the equilibrium composition

Xa1,0, according to the function:

. d
Qa0 * = A1 — (a; — by) - exp [_(k1 'XA1203) 1] (A-34)
Where a; = 1, b; = 0.034, k; = 1.862 and d; = 15.131. In the case of the

interfacial activity of MgO the function that must be satisfied is:

b,

h,

c

14 [ w2
[ (XA1203> ]

Aygo *= - (A-35)
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Where the value of the parameters in function (A-35) are: b, = 1,

co =0.462, hy =-143.245 and s, = 0.127.

Equations (A-26), (A-27), (A-29), (A-32), (A-34) and (A-35) constitute a
non-linear system of six equations where the unknowns are: Xy,, Xz, Xo,

%k £ £
Aar,0, " Amgo ™ and Xyp,0, * .

In order to find a solution for the system of several variables all the

equations have to be equated to zero. Therefore, from equation (A-26):

F, = - - - (A-36)
(72DugX 1,0, = 16DugXir,0, + 16Dug) (1 + 2X5,0,)
1 /25 . .
X ﬁ (Fh) [9 Inayge™ —3Inay,e,"” + aMg]
1 - XleOg
——— 22 ko Cym (X5 — X}
1+ ZXA*lZOS 0] Vm( (0] 0)
~ knagCom(Xing = Xing)
From equation (A-27):
* * 2
DigDai(32X41,0, — 32X41,0,”) (A-37)

FZ = * * *
(72DwgXi1,0, = 16DugXar,0, + 16D1g) (1 + 2X51,0,)

1 /25
X ——==]|21 *—6l * 4+
Vn_jp (12h>[ naAle3 naMgO aAl]
2X21203
——25 ko Com(XE — X}
1+2X;lzo3 0 Vm( 0 0)

—kp Com (X2 — X))
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From equation (A-29):
F3; = Kugo 'XIT/Ig Xo— 0+ Apmgo * (A-38)
From equation (A-32)
Fy = Ky, 0, XatXeP—e Aa1,05 * (A-39)
From equation (A-34)
* dq
Fs =a; —(a; —by) -exp [_(k1 'XA1203) ] — Qyy,0, * (A-40)

From equation (A-35)

b, (A-41)

Solving the multivariable system of non-linear equations implies to find

the values that make equations Fq1, Fp, F3, F4, Fg and Fg equal to zero

simultaneously; in order to accomplish such task, an iterative numerical method is

used.

A.2 Numerical method to solve the system of equations

In order to approximate a solution for the system of non-linear equations
Newton’s Method for several variables is used. The system of six equations F as

function of the six variables X becomes:

245



M.A.Sc. Thesis - A. Galindo McMaster University - Materials Science and Engineering

F(X) =

F,(X)
F3(X)
F,(X)
Fs(X)

F; (X))

F, (X))

(A-42)

The vector of variables contains the unknown interfacial activities and

concentrations:

[ Xu
Xug
Xo

Aa1,05 *

Apmgo *

*
i XA1203 |

(A-43)

Newton’s Method approximates F(X) by using a local linearization at

each iteration k (Kelley, 1987), therefore the system evaluated at X

Here, F’(X ") is the Jacobian matrix of the system:

[0F, O0F, O0F, 0F;
00Xy 09Xy 0X, dayy,o, *
JdF, O0F, O0F, dF,
F'(X) = 8).(;{1 0Xyg 0Xp 0ayo, *
0F, O0F, O0F, d0F,
10X, ax;;,g 0X, 0ay,o, *

F(Xk+1) — F(Xk) + F’(xk)(xk+1 —Xk)

o0F; oF;
0aygo *  0Xyy,0,

oF, 0F,
dapgo * aXA*1203

0F 0F,
daygo *  0Xy,0,)

k+1 .
IS

(A-44)

(A-45)
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The elements of the Jacobian matrix for the first row are:

OF _ 0 (A-46.1)
0xX;, '
JF.
—— = kg Cym (A-46.2)
6F1 1- X21203

= — -k C (A-46.3)
ax; 1+2X5, °'m

(A-46.4)

dau,0, * (72DM9X21203 — 16Dy Xy, 0, + 160Mg)(1 + zxglzog)
1 ( 25 )( -3 >
X
anp 12h/ \auy,0, *

oF, DugDa(32X5,0, — 32X;1,0,%)
aaMgO * (72DMgX21203 - 16DMgX,leO3 + 16DMg)(1 + ZXA*1203)

o 1 (25) 9
VP \12h) \aygo *

(A-46.5)

(A-46.6)
OF, _ —4DugDu(Xjn0,” (274 — 2Dyg) + 4DugXit,0, — 2Dig)
Maioq (1+ ZX;zzog)Z(X,le% (9D4 — 2Dyg) + 2DMg)2
1 /25
X ﬁ (ﬁ) [9 Inaygo* —3Mag,o,* + aMg]

- . 2" kOCVm(Xg - XS)
(1 + ZXA1203)
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The elements of the Jacobian matrix for the second row are:

JF.
—2 =k Cym (A-47.1)
oF, A-47.2
X4 (A-472)
JF, _ 2X41,0, +kyCym (A-47.3)
X, 1+ 2X4,0,
(A-47.4)

dauy,0, * (72DMgX;1‘1203 — 16Dy X5, 0, + 16Dy,)(1 + zxg;lzog)
1 ( 25 )( 2 >
X
anp 12h/ \aay,0, *

oF, DugDa(32X},0, — 32X51,0,%)
aaMgO * (72DMgX,ZlZO3 - 16DMgX,Zl203 + 16DMg)(1 + 2X21203)

o 1 (25) —6
anp 12h) \apyg0 *

(A-47.5)

(A-47.6)
aFZ — _4DMgDAl(X212032 (27DAI - ZDMg) + 4DMgXA*l203 - ZDMg)
\ B * 2 * 2
0Xa1,0, (14 2X;,0,) (Xi1,0,(9Da; — 2Dyy) + 2Dyyy)
1 /25 . .
X W (m) [2 In aAZZOB —61n aMgo + aAl]
m

*
2XAl2 O3

“koCym (X5 — X}
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The elements of the Jacobian matrix for the third row are:

o _ 0 (A-48.1)
0xX;, :
0F; .
0X;g = Kugo * Xo (A-48.2)
d0F; .
ax: = Kugo " Xmg (A-48.3)
J0F;
P (A-48.4)
aaA1203 *
% -6 (A-48.5)
dapgo *
o 0 (A-48.6)
aXleos '
The elements of the Jacobian matrix for the fourth row are:
6F4' * *3
0X;, = 2Ka1,0, " Xa1 " Xo (A-49.1)
J0F,
=0 (A-49.2)
0X ,T,,g
J0F, . .
axz ~ >Kazos Xy® Xy’ (A-49.3)
J0F,
FY T (A-49.4)
a61,411203 *
J0F,
——=0 (A-49.5)
daygo *
onh 0 (A-49.6)
aX,Zlkle3 '
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The elements of the Jacobian matrix for the fifth row are:

oF,
=0

OFs
Xy

OFs _
X,

oF;

aaA1203 *

=-1

OF

— > -0
dapgo *

dF,
aXA*lz O3

The elements of the Jacobian matrix for the sixth row are:

OFs
0xX;,
OFs
X1 N

dF,
oxX;

oF,

a61,411203 *

=0

= (a; — by) [k1 ’ d1(k1 'X,leo3

(A-50.1)

(A-50.2)

(A-50.3)

(A-50.4)

(A-50.5)

(A-50.6)

exp [_(kl ’ X;lzo3)d1]

(A-51.1)

(A-51.2)

(A-51.3)

(A-51.4)

(A-51.5)
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(A-51.6)

dF, , ( 1 ) b, ( c, )"2‘1
" = S5MC, " w2 ] S, "
a)(A1203 XA1203 Cy i XAlZO3

h
1+ | =
(XAlz 03> ‘

By making F(X**1) = O in equation (A-41) the iteration procedure of

Newton’s Method becomes:

Xkl = xk 4 AXK (A-52)

Where AX¥ is the complete iteration step calculated according to:
AXF = —[F'(XO]F(X*) (A-53)
When non-linear systems are solved it is important to insure that the
functions and the elements of the Jacobian matrix are not evaluated at
discontinuities during the iterations. Shacham (1986) proposed a strategy to
prevent this to happen by considering the ‘absolute constraints’ of the system,
where the absolute constraints refers to cases when the functions f(x;) are

undefined for x; = 0 or for x; < 0 such as in 1/xi , In(x;) and others. The method

of Shacham (1986) involves to use a damping scalar parameter A* to restrict the

length of the complete iteration step according to:

XK1 = xk 4 2kpxk (A-54)

Considering that each variable is updated with:

Xt = xk + Ax; (A-55)
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The scalar step length A* is defined as:

(X'x]'

Ak = min

; (A-56)

ij

Where a=0.99 and j represents the index of all the variables for which
absolute constraints must to be preserved. In the solution of the Inclusion-Steel
interface these cautions are taken for a4y, 0, *, aygo ™ and Xy, o, * since during the

iterations these variables cannot be less or equal to zero.

The algorithm to calculate the next iteration step with restricted length is

then (Shacham, 1986):

1. Solve the linear approximation (A-53) for the complete iteration step AX*.
2. Calculate A* with equation (A-56).

3. Compute the next iterate with expression (A-54).

The convergence criteria of the method is based on the considerations of
Shacham (1986). In this way, each element of the vector of errors EX is calculated

as the relative difference between two iterations:

AT _ ok
Ef = ™" = ] l|x?<+1| i (A-57)
L

If one of the elements of the vector of variables X is zero, then the relative

error is calculated with:

l

Ef =[xt — xf (A-58)
The iteration stops when the calculated norms of the vector of functions

and errors satisfy |F(X*)|| < tol, and ||[E¥|| < tol, simultaneously.
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Appendix B

Numerical solution of the PDE model for cationic diffusion

The model for diffusion of Mgz+ in the spinel product layer assuming that

the driving force is the gradient in the chemical potential of Mg with constant

diffusivity Dy, is mathematically expressed as:
(B-1)
ac D 2 d aC d 02
Mg+ _ Pmg = Cus Hmg + Mg Hmg + Cug Hmg
ot RT |r or or or or?

!

r

IA

r<r*

The diffusion equation (B-1) is constrained by the interfacial boundary
conditions at r*, the equilibrium concentration at r’ and the non-linear variation of
the chemical potential with concentration in magnesium aluminate spinel. This
time-dependent non-linear partial differential equation is solved numerically using
the method of lines approach in which the first step is the spatial discretization of

the equation and the second step is the time integration of the system obtained.

B.1 Spatial discretization of the diffusion equation

Once the thickness and spatial domain in which equation (B-1) applies is
defined the location of the discretizing equidistant nodes U; = U(r;) is calculated

with:
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r*—r'
— (B-2)

h n—1
rn=r"+0{—-1h i=1,..,n (B-3)

Here n is the total number of nodes and h is the distance between each

node, r* is the radius of the inclusion at the interface with steel and 7’ is the
radius at the inner boundary where the product layer is in equilibrium with the

alumina unreacted core. In this way the molar Mg concentration in the product

layer is modeled at each node i and a time step q as:

Cug(,q) =U(r, t,) (B-4)

The purpose of the spatial discretization is to calculate the terms in the

aZP‘Mg

i,t aTZ

0 ac
PDE model g’:’g and =M

i,t or

at each node for a given time step.
it

Once the molar Mg concentration Cp4 at each node is known the respective mole

fraction concentration Xy, o, in the Al,03-MgO quasi-binary system is:

_ySp .
Xay0, = : V’”S Cug (B-5)
4 +2V," - Cyy

Here V,,fp, the molar volume of spinel, is assumed constant. Subsequently,
with the mole fraction X4;,0, and molar concentration Cy, , the respective

stoichiometric indices of spinel MggAl, O, are calculated:

§=Cyy V¥ (B-6)

m
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8X 41,0,

v = — 2273 (B-7)
1+ 2Xy ,05
The mole concentration of Al3+ 1S:
v
Cat = =55 (B-8)
Vm

Furthermore the activities of the components Al,O3 and MgO is calculated

at each node using the sigmoidal functions that were obtained by fitting the

reported activities of Fujii, et al., (2000) at 1873 K:

d
Qa0 = A1 — (a; — by) - exp [_(k1 'XAl203) 1] (B-9)
b,
_ B-10
ClMgO - . hyl52 ( )
[1+<X 2 ) ]

Al203
Where the parameters of the functions are: are: a; = 1, by = 0.034,
ki = 1.862, d; = 15.131, b, = 1, ¢, = 0.462, h, = -143.245 and s, = 0.127.

Therefore, for a given time step the values of X4 0., 6, v, Cyg, Cars Aygo and

Qa1,0, are known at each node.

From the definition of chemical potential and the formation reaction of

0
MgO, the variation in the chemical potential Hatg at each node i is:

0pm d1Inaygo dio

< p g) = RT (—g ~ (—) (B-11)

r ), or ; or /;
Therefore:

0? d0%Ilna 0%
Umg _ pr (2 %Mg0) _ Ho (B-12)
arz ). or? l_ ar? ).
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The variation in the chemical potential of oxygen is calculated by coupling
the mass transfer rates of Mgz+ and AI** to maintain electroneoutrality in spinel;

this method was suggested by Schmalzried and Pfeiffer (1986), from that

analysis:
(B-13)
dlna 3 d1nay,
Aty 8; - Dyg <—ango)' t Zvi Dy ( a: 203>.
(5), = &7 9 l
/i 6; " Dyg + zVi*Da
Equation (B-13) is equivalent to:
(B-14)
dlna 3 dlnay
ou Cug, D (—722), + 3 Pa (—52%)
(5), = i i
or /; 9
T Cmg;  Dug + 7 Car; " Dar

The second derivative for the chemical potential of oxygen from (B-14) is:

(#)
ar? J, (B-15)

9

0% Inaygo 0Cyg\ (0Inaygy 3 0%Inay,o,
' [CMgiDMg < or? )i + DM9< or )i ( or )i + ZCA”DAI ( or? )i

3 0Cy\ (01nay,,, dInaygyo 3 dlnay,o,
+ZD‘“<6r>i< ar )] T e\ T ) gtabal\ T )

0Cug\ 9. (0Cu 1
[DMg< or >i + ZDA1< or )l- % 9

CmgPug + 7 Car;Dai
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The different derivatives required for (B-11), (B-12), (B-14) and (B-15)

are calculated for each node based on the chain rule, therefore:
)G e
or amgo) \OXai,0,) \ 0Cug or
(6 In aA1203> _ < 1 ) (aaA1203> (aXA1203> <8CMg> (B'l?)
or QAs1,04 aXAleg aCMg or
2 2 2 2
0¢In Apmgo _ -1 aa'MgO a)(4‘11203 aCMg (B_18)
or? amgo®) \0Xa,o, 0Cyg ar
( 1 > (02(11\490 ) (aXA1203>2 <aCMg>2
+ 2
Apmgo aXAlgOg aCMg ar
( 1 ) (aaMgo ) <62xA1203> (acMg>2
+ 2
aMgO OXA1203 aCMg or
(o) ) (522) (5)
amgo/) \90Xai,0, 0Cug or?
<az In aA1203> _ ( )(aaA1203> (aXAzzos> (acMg> (B-19)
ar2 at,05°) \OXa,0, 0Cug
() G () (%)
Qat,0, aX,41203 0Chg
e )
Aai,04 aXAles acMg
( > <aaA1203> (aXA1203> (6 CMg)
Q41,05 aXAlzos aCMg or?
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For expressions (B-16), (B-17), (B-18) and (B-19) the following

derivatives are calculated analytically according to:

(B-20)
ho=1
aaMgO S h c ( 1 ) bz ( ) ) 2
aXAlzos ae XA12032 1 Cy hz]72 XA1203
+
Xa1,04
(B-21)
0%amg0 o
ax 7 = S2MC;
Aleg
_2 b2 C2 (h2+1)
X ¥ 3] \x + Cobyhy- (s +1)
Al, 05 Al;04

h,1 (S2+1)
c
1+ 2
(XAlzog) ]

o) G2 e )

. . . .Cz

XA[2034 XAI,zOg 1+ Cz hz %2 XA12034
Xat,0,

CZ )(hz _2) bZ

h;
C
1+
(XA1203) ]

'(hz_l)'(

+1
XA1203 (s2+1)

(B-22)

da (d1-1)
22% = (ay — by) [kl ~dy (k1 * Xar,0,) o ] $exp [_(kl 'X“”ZOB)dl]
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2 (B-23)
QAal,04 d
———==(ay;—by) (k;')-d
aXAlzogz 1 1 ( 1 ) 1

(dy-1) (dy-1)

X {((XAlzog) “t ) ' (—d1k1(k1 'XA1203) h )
" exp [_(k1 'XA1203)d1] + (d—1)
(d1-2)

’ (XA1203) “ exp [_(kl ) XAlzos)dl]}
0Xpo, _ —12VF ©24)
g (4+ 2V - Cy,)°
0% Xa1,0, 48 VP (B.25)

WCng" (44207 Cuy)

. Cmyg acCa 92Cpmg -
For the calculation of (_ar )i, ( . )i, and (_arz )i fourth order finite

differences approximations are used considering that the values of Cy, and Cy,

are known at each equidistant node. The respective formulas for the first

derivative are (Betts, 2009):

oU 1
|, = Ta 725U + 48U, — 36U; + 16U, — 3Us] (B-26.1)
1
U 1
—| =13 [—3U; — 10U, + 18U; — 6U, + Us] (B-26.2)
2
(B-26.3)
oU 1 .
arl. ~ 12h [—Uisz + 8Uiq — 8Ui—y + U] i=3,..,(n-2)
l
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U 1

= . =T [-U,_4 + 6U,_3 —18U,_, + 10U, _; + 3U,] (B-26.4)
n-1

U 1

= =T [+3U,_4 — 16U,,_3 + 36U,_, — 48U,_; + 25U,]  (B-26.5)
n

The formulas for the second derivative at each node are:

a2y ) (B-27.1)

orz|, ~ 12k
a2y . (B-27.2)
- [10U1 - 15U2 - 4’U3 + 14‘U4_ - 6U5 + U6]
2 2
or 5 12h
52y ) (B-27.3)
- [—U,_, + 16U;_, — 30U; + 16U;,, — U]
arz l 12h2 L L A l ' l
i=3..,(n—2)
2y (B-27.4)
— | =——[U,c—6U, ,+ 14U, 5 — 4U, , — 15U,_, + 10U,)]
2 2 n n n n n n
or| . 12h
(B-27.5)
o°U [—10U + 61U 156U + 214U
2 = 2 LT n->5 n—-4 n-3 n-2
or N 12h

— 154U,_, + 45U, ]

Once the different terms necessary to calculate the variation in chemical
potential of Mg are calculated according to (B-11) and (B-12) the spatial

discretization at a time step is complete.
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B.2 Boundary conditions of the PDE model

The two interfacial boundary conditions at the position r* express the
interaction of the diffusion process in the product layer with the changes of [Mg],

[Al] and [O] in the steel phase. The boundary conditions are:

aC 2+ aCM 2+ *
g“’ = ( ag ) (B-28)
r ot r
Crgz+ (', ) = C,ﬁ,‘;’é‘l"b (B-29)

B.2.1 Calculation of the interfacial boundary conditions values

The numerical values for both conditions are calculated at each time step.
From the calculation of the coupled deoxidation equilibria the activities and
concentrations obtained for the interface between the product layer and steel are:

; equilib .
Xug. Xai Xo. @a,0,% Amgo™ and Xyp,0,* . In this way the value of CM‘;H in

(B-29) is obtained from the knowledge of X,;,0,* On the other hand, the

different interfacial mass transfer rates and fluxes are easily calculated once the

6CM92+)*

equilibrium activities are known, this allows to obtain the value of (

With the definition of chemical potential and based on the formation reaction of

MgO the following relation holds at the interface of spinel with steel:

*

Otug = RT 91n dugo * _ (aﬂ) (B-30)
or or or
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From the Wagner-Schmalzried theory for spinel formation it has been

previously demonstrated that the flux of Mg”" at the spinel-steel interface 7* is

defined as:

Tmgz+

— DMgCMg* a.uMg (B-31)
r RT or

In the analysis for the numerical solution of the deoxidation equilibria and

interface mass balance the flux [y 2+ |r* in the product layer is expressed as:

(B-32)

]M 2+ = * * *
9" s (721)MgXA1203 — 16Dy Xy, 0, + 16Dy,)(1 + zxAlzos)
1 /25
X W (_12h> [9 Inayge* —3Inay,e,” + aMg]
m

The term a,,, contains information of the nodes adjacent to the interface

and is defined in Appendix A. Therefore, the variation in the chemical potential at

the interface is obtained from (B-31) and (B-32) with:

(a#Mg> _! ug+l,. X IfT (B-33)
Also from the coupling of the mass transfer rates for Mg2+ and AI3+, the

variation in the chemical potential of oxygen at ™ is:

a1 ‘ a1l . B39
* Naygo 3. . Nay,o
(0,110 * T Cvg Duyg (T) + ZCAZ Dy (T”)
0 ) B ‘ 9 . .
r CMg DMg + ZCAI DAl
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The variation in the component activities is obtained from the chain rule:
(a In aMgo> _ ( 1 ) (aaMgo ) <6XA1203> (acMg> ©.35)
ar Aumgo 0Xa1,0, 0Cuyyg ar
(6 In aA1203> _ ( 1 ) <6aA1203> <6XA1203> <6CMQ> (B-36)
or Aar,0,") \OXa1,0, 0Cuyyg or

. da * da * . . . .
To obtain (ﬂ) and (M) the respective analytical derivatives
Aly03 0X a1,04

aXAleg

as a function of X, o, * are used, while for ( ) the derivative is:

(axAlZ()g)* _ —12- VP
g ) (44 2Cy," V)’

(B-37)

From expression (B-30) and considering (B-34), (B-35) and (B-36) the
variation in chemical of Mg at the interface becomes:
(B-38)
g\ dCug\ 0Cug\ 0Cug\
( ar ) =R Fuoo\ T |~ RE|Bugo\75," | + Baos | 5,

The coefficients in expression (B-38) are:

g Amgo” aXAlzo3 aCMg
ey ( 1 *)<6aMgo)* <0XA1203)*
5 _ g 9\ amgo aXAle3 0Cuyyg (B-40)
Mgo . 9 .
CMg DMg+ ZCAZ DAl
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3 . . ( 1 ) (aaA1203>* (aXAl203)* }
2Ca*D . (B-41)
_ 4 AL A ag, 0, ) \0X 4,0, 0Cug
Ale3 - " 9 "
Cug Dug + ZCAI Dy

Finally, with the value of (%) from (B-33), the interfacial gradient of

the molar concentration is:

a.uMg ’
<0CMg> 3 ( or ) (B-42)
RT[Fyg0

ar — Bugo _BA1203]

B.2.2 Enforcement of the interfacial boundary conditions in the discretization
The spatial approximation of the boundary conditions is made by using
fictitious nodes. These nodes are outside the spatial domain and are used to
enforce the boundary conditions (Silebi & Schiesser, 1992). For the PDE model
(B-1) the spatial discretization uses fourth order finite difference formulas (B-26)
and (B-27) to approximate the first and second derivatives at each node. For the
nodes U; where i =3,..,(n—2) central differences formulas are applied.
However, for U,_; and the node at the interface with steel U, the central
differences formulas require two additional nodes, these fictitious nodes are U,

and Uy, .

If the initial concentration €y, of the system is known at every node then
the second order central difference formula for the first derivative at U,, becomes:

0Cug\ _ OU
or ) or

1
ﬁ [Un+1 - Un—l] (8-43)

n
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The fictituous node U, is then:

0Cua\"
Upsy = 2h - < a’f’) + U,y (B-44)

Similarly, the fourth order approximation for the first derivative using

central differences must satisfy the boundary condition at the interface:

(B-45)
aCy,\ U 1
( aT'g> = a_r = ﬁ[_ Unt2F 8Uny1— 8Up 1+ Uy _s]
n
Therefore the fictituous node U, is:
9Cyg\
Uyip = —12h - ( a’f") +8U,.1—8U,_1+ U,_, (B-46)

The fictituous nodes assure that boundary condition (B-28) holds at the

interface and allow to use central differences formulas at the node U,,_; .

To impose boundary condition (B-29) the equilibrium concentration

equilib
C q

Mg+ is assigned to the interfacial node U,, and that value is kept constant only

during the integration of the respective time step.
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B.3 Time integration of the diffusion equation
B.3.1 Implementation of the explicit Runge-Kutta method DOP853

For the time integration of the PDE equation, all the nodes except the ones
at the boundaries U, and U,, are integrated from time ¢, to t,,,. In order to do so,
the PDE is evaluated at a number of intermediate stages necessary for the explicit
Runge-Kutta method of Prince & Dormand DOP853 described in (Hairer,
Ngrsett, & Wanner, 2011) and (Hairer & Wanner, 2002). The evaluation of the

diffusion equation (B-1) at each node is then:

(B-47)
DMg 2 aAuMg ou aAuMg az.uMg
O =% ;Ui(ar i+<6_r)i or ) T\ )

The terms to evaluate F(U;) are obtained at every time integration stage

and for each node with the spatial discretization and boundary condition

enforcement previously described.

Defining y, as the known vector of values of the molar concentration Cy,

for the inner nodes at time ty
Yo = Cug @], i=2..,n—1 (B-48)

The time integration step involves twelve stages that use the integration

constants and the time step At, , the stages proceed according to:
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V1= Yq (B-49.1)
key = F(y1) (B-49.2)
Y2=Yq t (a2,1 . k1)Atq (B-49.3)
k, = F(y,) (B-49.4)
ys =Yg + (asy - ky + as, - ky) Aty (B-49.5)
ks = F(y3) (B-49.6)
Va =Yg+ (a4,1 kg tayse k3)Atq (B-49.7)
k, = F(y,) (B-49.8)
Vs =Yg T (a5,1 ki tasz kst+as,: k4)Atq (B-49.9)
ks = F(ys) (B-49.10)
Vo = Vg + (ag1 " k1 + aou " ks + ags - ks) Aty (B-49.11)
ke = F(ye) (B-49.12)
V7 =Yg+ (az1 ki + arq kg + azs ks + az6 - ko)A, (B-49.13)
k; = F(y;) (B-49.14)

(B-49.15)

Ys =Yg+ (a8,1 "kyt+agy kst ags-ks+age ket ag;- k7)Atq
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kg = F(ys) (B-49.16)

(B-49.17)
Yo =Yg t (‘19,1 kgt a9y kyt+ags kst age ket ag;k;

+ a9‘8 " kg) Atq

ko = F(ys) (B-49.18)

(B-49.19)
Yio =Yg t+ (a10,1 kit Qo4 ks + A105 ks + a0 " Ke

+ ay07 k7 + a108 " kg + ag09- k9)Atq

kio = F(¥10) (B-49.20)

(B-49.21)
Yii1=Yq t+ (a11,1 kg + Q11,4 ky + Q115" ks + Q116 ke + Aq1,7 " k;

+ a8 kgt a0 kot agqo- k10)Atq

ki = F(y11) (B-49.22)

(B-49.23)
Yiz2 =Yg t+ (012,1 Kyt o4t ks +aips ks + a6 ke + ar27 " ky

+ ayp8 kg + Q129 kg + Q1210 k10 + Q1211 k11)Atq
kiz = F(y12) (B-49.24)

Q4:bl'k1+b6'k6+b7'k7+b8'k8+b9'k9+b10'k10 (B-49.25)

+ b11 ’ k11 + b12 ’ k12
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The integration constants a; ; and b; are reported in the freely accessible

software codes (Hairer, n.d.).
The 8" order time step approximation is finally obtained with:
Qs =y, + Q4 Aty (B-49.25)

If the time step integration satisfies the accuracy and stability control

tolerances then the step is accepted and At increases to Aty for the next step

according to the time step control strategy, therefore:

Vg1 = Us (B-50)

If the step is rejected then At, is reduced with the time step control

strategy and the current time step is repeated until the step is accepted.

B.3.2 Adaptive time-step control strategy

To accept or reject a time step integration and adaptive time-step method

for At, is implemented. The method is based on the modified Pl control

algorithm proposed by Gustafsson (1991) where P stands for ‘proportional
feedback’ and I for ‘integral feedback’. In this way, if the PDE model is in a
region of few changes then the time step can be increased to save computational
efforts. On the contrary, if many diffusional changes occur in the product layer
the time step of the model is reduced to maintain stability and accuracy.
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In order to evaluate a given time step integration the Runge-Kutta method
DOP853 calculates two error estimations of 5™ and 3 order respectively (Hairer

& Wanner, 2002):
Errs = ||9; — yill = 0(At®) (B-51)
Errs = |5, — yill = 0(At*) (B-52)

The vectors of error estimations are calculated with:
Errs =E, ki +Eg-ke+E; k;+Eg-kg+Eg-ko (B-53)

+ E10 ) k10 + E11 ) k11 + E12 ’ k12
ET'T3 = Q4_ _— bfTT " kl — bg‘l"‘l" " k9 — bg‘l"‘l" " k12 (B'54)

The constants in E; and bf" for (B-53) and (B-54) are reported in the
available software codes (Hairer, n.d.). The “stretched” error estimator for
DOP853 was proposed by Hairer & Wanner (2002) and is calculated at each node
according to:

Err
Err = Errs - > = 0(At?®) (B-55)
\/(Errs)z + 0.01(Err;)?

The value of the error per step EPS is then:

EPS = max(Err) (B-56)
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To adjust the time step, Gustafsson (1991) described the outline of the
time-step control strategy that uses an standard control algorithm (B-57) and the

PI control algorithm (B-58):

If a time step is rejected, the standard algorithm shortens At, with:
1

tol \K
—(— (B-57)
Atq (EPS) Aty

If the step is accepted, At, increases with the PI algorithm:

0.8 - tol\"! /EPS,,;\*P
At,. ., = A
a+1 ( EPS ) (EPS ) q

In this case EPS,;4 is the value of the error esimation from the previous

(B-58)

time step integration and tol is the tolerance limit that assures accuracy and
stability. As mentioned by Soderlind (2002), the choice of K - K; and K - Kp is
based on theoretical considerations as well as computational performance. Since
the EPS value is used in (B-57) and (B-58) then K = P and in this case P = 7
because a local extrapolation of the 8" order error estimation is used for DOP853
(Hairer & Wanner, 2002). The values of K; and Kj refer to the proportional gain

and are related according to (Hairer & Wanner, 2002):

B =Kp (B-59.2)
Based on numerical studies for the Runge-Kutta method DOP853, Hairer

& Wanner (2002) proposed to use the values a = %and B =0.08.
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Appendix C

Comparison of the kinetic coupled model with the plant data

measurements

The validation of the kinetic coupled model for the slag, steel and oxide
inclusions was made by considering the processing conditions in the Ladle
Metallurgy Furnace station at ArcelorMittal Dofasco. This appendix includes the
comparison between the calculated and measured concentrations for the species in
the slag, steel and the %Mg concentration in the inclusions. The value of %Mg

represents the amount of magnesium aluminate spinel in the inclusions.

Plots with the specific processing conditions and additions of each heat are
also part of this appendix as well as the measurements and estimations that were
input to start the calculations with the model: initial steel mass, estimation of the
initial slag mass and steel temperature. The used ratios of the mass transfer

coefficients of the components in the slag with the mass transfer coefficient of the
species in steel k;vllxoy / kM are included for FeO, MnO and SiO,. The refining
heats are identified with the same nomenclature used in the previous kinetic

model implemented in the thesis of Graham (2008).

Finally, the results on the size, composition and class distribution from the

automated SEM inclusions analysis of the analyzed heats are also presented.
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Figure C-1. Measured and calculated bulk concentrations in the steel phase,
Heat 6.

(CaO) = (AL,O,) = (TiO,)
= (MgO) = (8)

52 T T T T T T T ]
(Ca0) 420
48
=416
44
—412

40

(Ca0), (AL,0,) wt%
(MgO), (TiO,), (S) wt%

Time [min]

Figure C-2. Measured and calculated bulk concentrations in the slag phase, Heat 6.
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Figure C-3. Measured and calculated bulk values for FeO, MnO and SiO, in the slag
phase, Heat 6.

—_ 25 T T T T I
X i 100 - Mg |
£ Mg+ Al+Ca+S .
S 20} n — A
5,
)
c
o 151 Unsteady .
é state scheme
©
.g 10 -
0]
<
c Quasi-steady
o P state scheme .
= | ___m=_B

O 1 1 1

0 10 20 30 40 50
Time [Min]

Figure C-4. Measured and calculated content of Mg in the oxide inclusions, Heat 6.
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Figure C-5. Ratios of the slag mass transfer coefficients with the respective mass

transfer coefficient of the species in steel, Heat 6.
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Figure C-6. Automated SEM analysis, average composition of the inclusions in

atomic percentaje. Sample numbers during the course of Heat 6.
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Figure C-7. Measured results from the automated SEM inclusions analysis. Number
Distribution by average diameter (microns), Heat 6. Sample numbers correspond to
Figure C-6.
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Figure C-8. Additions for the slag and steel during treatment in the LMF, Heat 6.
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Figure C-9. Argon gas stirring and electrical heating during treatment in the LMF,
Heat 6.
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Figure C-10. Measured and calculated bulk concentrations in the steel phase,

Heat 7.
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Figure C-11. Measured and calculated bulk concentrations in the slag phase, Heat 7.
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Figure C-12. Measured and calculated bulk values for FeO, MnO and SiO, in the

slag phase, Heat 7.
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Figure C-13. Measured and calculated content of Mg in the oxide inclusions, Heat 7.
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Figure C-14. Ratios of the slag mass transfer coefficients with the respective mass

transfer coefficient of the species in steel, Heat 7.

100 ——

Inclusions composition [atom %]

10 15 20 25 30
Time [min]

35 40

—a—A|
—e— Mg
—+—Ca
—eq— S
—v—Si
—e— Mn
——P
—=— Na
——Cl
—o—K
—e—Ti
——Cr
—*—Zr

Figure C-15. Automated SEM analysis, average composition of the inclusions in

atomic percentaje. Sample numbers during the course of Heat 7.

280



M.A.Sc. Thesis - A. Galindo McMaster University - Materials Science and Engineering

Number of inclusions

Number of inclusions

500

I
o
o

300

200

100

400

350

300

250

200

150

100

50

I Solid Alumina 1
' Solid Oxide - CaS
Solid CaOAI203
I Misc ]
B A1203 - MnS

1-25 25-5

Average Diameter [microns]

5-10 10-20

T T T T T
Sample 3 Wl Spinel - MnS
i I Spinel 1
— I ] Misc

Solid CaOAI203 |
Il Solid Alumina
I Cal Alum. - Spinel|
[ Solid Oxide - CasS| |

1-25 25-5

Average Diameter [microns]

5-10 10-20

Number of inclusions
- - ~n N w
o (%)) o o o
o o o o o

()]
o

o

[ Solid Oxide - CaS| |
Solid CaOAI203

1-25
Average Diameter [microns]

25-5 5-10 10 -20

}Sample 4 -

Solid CaOAI203
I Solid Alumina 1
Il Spinel - MnS ]
I Cal Alum. - Spinel |
[ Solid Oxide - CaS ||

T

1-25
Average Diameter [microns]

25-5 5-10 10-20

600 [

550 -
o 500 [
5 450
Lo f
gasof
5 200 [
5 250 [
£ 200
2 150

100

50

1-25
Average Diameter [microns]

25-5

5-

T
Spinel

Solid Oxide - CaS| ]
Cal.Alum. - Spinel
Mold Slag ]
Misc N

w
=
o
=
c
2
=]
o
1

Solid CaOAI203
Spinel - MnS

10 10-20

Figure C-16. Measured results from the automated SEM inclusions analysis.

Number Distribution by average diameter (microns), Heat 7. Sample numbers

correspond to Figure C-15.
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Figure C-17. Additions for the slag and steel during treatment in the LMF, Heat 7.
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Figure C-18. Argon gas stirring and electrical heating during treatment in the LMF,
Heat 7.
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Figure C-19. Measured and calculated bulk concentrations in the steel phase,
Heat 8.
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Figure C-20. Measured and calculated bulk concentrations in the slag phase, Heat 8.
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Figure C-21. Measured and calculated bulk values for FeO, MnO and SiO; in the
slag phase, Heat 8.

N
(&)
T

Unsteady -
state scheme

N
o
T

—_
()]
T

—_
o
T

Quasi-steady
state scheme

100- Mg i
Mg+ Al+ Ca+ S

Mg in the inclusions [atom %]

olb— v vy e e v )
o 5 10 15 20 25 30 35 40 45

Time [min]

Figure C-22. Measured and calculated content of Mg in the oxide inclusions, Heat 8.
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Figure C-23. Ratios of the slag mass transfer coefficients with the respective mass

transfer coefficient of the species in steel, Heat 8.
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Figure C-24. Automated SEM analysis, average composition of the inclusions in

atomic percentaje. Sample numbers during the course of Heat 8.
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Figure C-25. Measured results from the automated SEM inclusions analysis.

Number Distribution by average diameter (microns), Heat 8. Sample numbers

correspond to Figure C-24.
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Figure C-26. Additions for the slag and steel during treatment in the LMF, Heat 8.
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Figure C-27. Argon gas stirring and electrical heating during treatment in the LMF,
Heat 8.
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Figure C-28. Measured and calculated bulk concentrations in the steel phase,
Heat 10.
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Figure C-29. Measured and calculated bulk concentrations in the slag phase,
Heat 10.

288




M.A.Sc. Thesis - A. Galindo McMaster University - Materials Science and Engineering

X
—-—
2 i
&
Q
2 _
®)]
C
= 2t J
?
w 1 (MnO) -
— -

0 L 1 N 1 L 1 [ 1 A |

0 5 10 15 20 25 30

Time [min]

Figure C-30. Measured and calculated bulk values for FeO, MnO and SiO; in the
slag phase, Heat 10.
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Figure C-31. Measured and calculated content of Mg in the oxide inclusions,
Heat 10.
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Figure C-32. Ratios of the slag mass transfer coefficients with the respective mass

transfer coefficient of the species in steel, Heat 10.
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Figure C-33. Automated SEM analysis, average composition of the inclusions in

atomic percentaje. Sample numbers during the course of Heat 10.
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Figure C-34. Measured results from the automated SEM inclusions analysis.
Number Distribution by average diameter (microns), Heat 10. Sample numbers

correspond to Figure C-33.
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Figure C-35. Additions for the slag and steel during treatment in the LMF, Heat 10.
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Figure C-36. Argon gas stirring and electrical heating during treatment in the LMF,
Heat 10.
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Figure C-37. Measured and calculated bulk concentrations in the steel phase,
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Figure C-40. Measured and calculated content of Mg in the oxide inclusions,

w
o

N
&)

N
o

-
(&)

N
o
T

(&)}

o

slag phase, Heat 15.

Time [min]

Heat 15.

T T T T T T -
”
100 Mg
- Mg+ Al+Ca+ S .
[ ]
Quasi-steady -
state scheme p Unsteady i
\/ state scheme |
‘ 1 |1l 1 1 1 1
0 5 10 15 20 25 30 35

294



M.A.Sc. Thesis - A. Galindo McMaster University - Materials Science and Engineering

/ kmetal

slag

0.30

0.25

0.20

0.15

0.10

0.05

0.00

Kuno ! Kun  0.13

Time [min]

0.12 i
01 Sio2 / kSi J
0.05 1
x4 0.01
5. 19 R | AR | 09015 L1 L
5 10 15 20 25 30 35 40
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Figure C-42. Automated SEM analysis, average composition of the inclusions in

atomic percentaje. Sample numbers during the course of Heat 15.
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Figure C-43. Measured results from the automated SEM inclusions analysis.

Number Distribution by average diameter (microns), Heat 15. Sample numbers

correspond to Figure C-42.
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Figure C-44. Additions for the slag and steel during treatment in the LMF, Heat 15.
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Figure C-45. Argon gas stirring and electrical heating during treatment in the LMF,
Heat 15.
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Figure C-46. Measured and calculated bulk concentrations in the steel phase,

(Ca0), (ALO,) Wt%
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Figure C-47. Measured and calculated bulk concentrations in the slag phase,

Heat 17.
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Figure C-48. Measured and calculated bulk values for FeO, MnO and SiO, in the
slag phase, Heat 17.
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Figure C-49. Measured and calculated content of Mg in the oxide inclusions,
Heat 17.
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Figure C-50. Ratios of the slag mass transfer coefficients with the respective mass

transfer coefficient of the species in steel, Heat 17.
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Figure C-51. Automated SEM analysis, average composition of the inclusions in

atomic percentaje. Sample numbers during the course of Heat 17.
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Figure C-52. Measured results from the automated SEM inclusions analysis.

Number Distribution by average diameter (microns), Heat 17. Sample numbers

correspond to Figure C-51.
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Figure C-53. Additions for the slag and steel during treatment in the LMF, Heat 17.
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Figure C-54. Argon gas stirring and electrical heating during treatment in the LMF,
Heat 17.
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Figure C-55. Measured and calculated bulk concentrations in the steel phase,
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Figure C-56. Measured and calculated bulk concentrations in the slag phase,

Heat 18.
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Figure C-57. Measured and calculated bulk values for FeO, MnO and SiO; in the
slag phase, Heat 18.
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Figure C-58. Measured and calculated content of Mg in the oxide inclusions,
Heat 18.
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Figure C-59. Ratios of the slag mass transfer coefficients with the respective mass

transfer coefficient of the species in steel, Heat 18.

90 I 1 1 ' I 1 1 1 I I

= ]
S go |1 3 + 5 6 1 Al
E L 2 P 1 +Mg
St 1 —*Ca
©
= 1 —5
ST ] ——si
B0k J —=—Mn
o
2 ¢t { ——P
£ 40 - { —=—Na
8l 1 ——cl
2| K
S22+t 4 ——Ti
3 I ~ 1 ——Cr
gor 2 33 | —zr
= E—= ——— =

0 5 10 15 20 25 30 35 40 45 50

Time [min]

Figure C-60. Automated SEM analysis, average composition of the inclusions in

atomic percentaje. Sample numbers during the course of Heat 18.
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Figure C-61. Measured results from the automated SEM inclusions analysis.

Number Distribution by average diameter (microns), Heat 18. Sample numbers

correspond to Figure C-60.
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Figure C-62. Additions for the slag and steel during treatment in the LMF, Heat 18.
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Figure C-63. Argon gas stirring and electrical heating during treatment in the LMF,
Heat 18.

307





