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Lay Abstract
34 Generation Advanced High Strength steels (3G AHSS) are a promising

opportunity to produce steels with improvetechanical propertieIhese steels

are alloyed with up to 11wt% manganese; traditional alloy additions are added
ferroalloys whichmaynot be the moseconomical solution to achieve the required
concentrationsof manganeseReductive alloying is a potential method for
achieving high concentrations of manganese in the nigyahdding manganese
oxide toslag, and reductants like carbon or sitido the molten metal, manganese
can be reduced from slag metal. Thiswork hasdeterminedhe kinetics(rate of
reactior) during the silicthermicand carbothermic reduction of manganese oxide
from slag.The silicothermic reductionf manganese oxids fast and can achieve

high levels of manganese in the metal. The carbothermic reduction is much slower

with questionable viability.



Abstract
Fundamental research is required to support the commercializatiof of 3

Generation Advanced High Strength s$g@G AHSS). Midmanganes8G AHSS
steels can contain up to 11wt% manganasd are expensiveif traditional
ferroalloying practices are usa@ductive alloying is a promisirgternative.

This study has researchie fundamental science behpaksible processing
methods Silicothermic reduction of MnO from slag was studied. The reaction is
fast but can be blocked by a stagnant layer of SiO bubbles cutting the rate of
reaction by one order of magnitude. A theordtimodel for mixed mass transport
control was tested agairwiginalexperimental datacross nine datasets, the mass
transfer coefficient for metal specjé® , was2.340“m/s and the slag mass

transfer coefficienfQ , was6.7A0*m/s. In real industrial systemsgas blockage

should nothave areffect because stirring will dislodgleesebubbles.

Carbothermic reduction is dramatically differearid has been qualitatively
documented in this worK he reaction occurs in two stages: fingt approximately
three times faster than the second. The first stage is characterized by internal CO
nucleation and growth and is rdimited by the formation and growth of these CO
bubbles. The second stage occurs along the metal interface and lsiothe slag
and metal are essentially separated by an intermediary gas phase. This reaction is
controlled by decomposition of metal oxides at the -glag boundary,
decomposition of C@at the gasnetal boundary, and transport of £&xross the
gas bubblethis mechanism is nearly identical to the carbothermic reduction of
FeO.

Reductive alloying can be utilized with thécothermic reductiorprocess to
obtainhigh levels of manganese in stbeal the carbothermic reduction may be too

slowto be a viablgrocess
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Chapter 1
1. Introduction

1.1. Motivation for this Study
Manganeseés animportant alloying element iAdvancedHigh Strengthsteel

(AHSS) for its beneficial property contributions (improving both ductility and
strength characteristics through a variety of mechanisms). Twinning Induced
Plasticitysteels(TWIP) are proposed to contaiwer 20wt%manganesgl], while

values between-21wt% areof interest in3'® generation AHS$2]. Reduction of
manganese oxideomthe slag has been proposed as a method of adding manganese
to 2'4 and 3¢ generation steeldy diminating some of the losses otherwise
associated with the prefinement of manganeseeh alloys[3,4].

Steel manufacturers are under increasing pressure to develop advanced high
strength steels imesponseto client demandsAutomotive applicationsare of
greatest concernvheresteel producers are called to produce materidls lvetter
strength to weight ratip€orporate Average Fuel Economy (CAFE) standards are
a major driver of 3G AHSS research and produdtdn Current production
difficulties showthe need fonovel solutions to high manganese steel production
andmust be developed if industry is to take hold of the iBaluctive alloying is
proposed as one method of achieving these high manggmiese

Reductive alloying, or direct alloying, is a method by whiethuctants in the

metal can be utilized to reduce metal oxide in the slag. There are many benefits to
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this process, including better heat utilization, reduced reheat energy austs,
reduction in the cost per unit of mangangse
1.2. Objectives of this Study

This work was supportedvith funding from the National Science and
Research Council of Canada (NSERC, Grant: STPGP46B2k2and technical
support from ArcelorMittal Dofasco, Stelco, Praxair, and Hatch Ltd. The objective
of this projectwasto improve our current understandiaofmanganese reductive
alloying fortheprodudion of steels with higher manganese concentrations.

Goals of this work are to observe and document the kinetics and physical
phenomena that occur during the reaction of liquid iron and manganese oxide
bearingdiquid slag; silicon and carbon were studied as possible reducing agents due
to their abundant usage in current steelmaking processes. Specific objectives of the

study are summarized as follows:

1) Obtain reliable experimental kinetic data for a range oflitimms related to
the silicothermic reduction of manganese oxide.

2) Proposea reaction model for the silicothermic reduction to determine the
ratecontrollingstepand discuss physical phenomena.

3) Obtain reliable experimental kinetic data for a range of itiongd related to
the carbothermic reduction of manganese oxide.

4) Proposea reaction model for the carbothermic reduction to determine the
ratecontrolling step as a function of conditions and develop an

understanding of the importaphysical phenomena.
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5) Raionalize the discrepanciesported irthe literatureand propose solutien
for commercialization of dire@lloying processes.
1.3. Organization of this Thesis
This thesis is divided intseven majochaptersChapter 1 ishe introductory

chapter and explasnthe motivation, objectives, and structure of the th€%iapter
2 is ageneraliterature reviewestablishing context and providing insight into areas
notincluded in the literature reviews of the individual artiadle€hapters3 to 6.
Chapter 3 and Clapter 4 are inprint scholarly articles.Chapter 3presents
experimental data and rudimentary analysist o &inefics of Silicothermic
Reduction of Manganese Oxide for Advanced High Strength Steel Pro@essing
Chapter £ n t i Kinketie Modélling of theSilicothermic Reduction of Manganese
Oxide from Slag bui l ds a detailed Kkinetic model
Chapter 3 Chapter 5a submitted articlegonsiders another mode of reduction
presenting experimental data and rudimentary analysis lof&inefics of the
Carbothermic Reduction of Manganese Oxide from &l&hapter 6 to be
submitted brings together insights and data from the previous chapters along with
data from the literature amli s ¢ uvixedéMsass Tiransport Control and Visdysi
during Reduction of FeO and MnO from Sta@hapter7 concludes thehesis
summarizing findingsand stating the importance othe work, and offers
suggestiongor future work related to these findinggeferencesn Chapter 3 to 6
are as included withi the published or submitted articles (and are numbered

accordingly); referencesutside of these chapteare found at the end of this thesis
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Further, an appendix is included (Chapter 9) which provides the Energy Dispersive
Spectroscopy data which corarates that colour changes in the slag are associated
with concentration gradients in the slag.

1.3.1. Overlap within Scholarly Articles
This work is presented as a series of published articles. The standalone nature

of these articles requires some repetitiomafoductory and background material

as well as experimental methods.
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Chapter 2
2. Literature Review

The purpose of this section is to discuss togltat are important in
establishing the context of the current body of rese&@ehtionl.1 of this thesis
covers the commercial and industrial interest of this work as one of the motivators
for this study.Sections2.1 and2.2 will offer context for some of the motivations
of this work on the study of reductantbecause the published articles focus so
heavily on these subjects, the literature review only proddmEsdensed overview
of what is otherwise discussed in the following chaptBextion2.3 discusses
common slag propertiesportant inan industrial and scientificontext. The other
sections of this literature review are topics that may have some relevance to the
topic but have not been covered in datagubsequent chapters
2.1. Silicothermic Reduction Studies

Using silicon as a reductant is not a new concepteelmaking. There are
two primary wsesfor silicon or ferrosilicon in modern steelmaking: producing semi
killed low oxygen steel and recovery of chramifrom stainless steel slagehe
former is a common practice in ladle metallurgical processigon is added as a
ferroalloy[6] and deoxidizes the steptoducingsilica that is stirred to the slag
phaseThe latter is an important stage of the Argon Oxygen Decarburization (AOD)
procesg7,8]. AOD processeblave been proposed as a method of produuigig
or midmanganese steeldhus an improved understanding of silicothermic

reduction as it might apply toanganese oxide recovery is importdairther, the
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production of iron alloys high in manganese is not a novel cofit@&10] silicon

is both a reductant and -gooduct of many ferromanganese production processes.
The major problem associated with using ferromanganese altoyaige the
manganese concentration of the steel melt is one of economics: if relatively
inexpensive grades of ferromanganese are used a dirty steel will be produced which
is unacceptable for end use applicatiand if higher purity alloys are used thesto

of the manufacturegroductmaynot be viable for end usej].

2.1.1. Pidgeon Process
The most common application of silicothermic reduction is the Pigeon

Proces$11] used in the production of high purity magnesidrhis process relies
on the reaction of solickactantdo form gaseous Mg, at a temperature as low as
1100°C.Equation 2.1 showslaasic representation of theactionstoichiomety.

0 ¢ Q ¢0Q QYR (2.1)

Toguriet al.[12] studied theeductionmechanisnbetween the temperatures
of 11001440°C It was clear that the formation of prodwusyiecies chokethe
reaction[12]. An important finding of these authors was the identification of
condensate on various components of their system after reaktisrcondensate
was determined to Hdg2SiOs, a species with a low vapour pressuree authors
concluded tha&iO and Mg evolution was the cause of depositi@O could
escape as a gas and react in the presence of carbon, sulfur, or silicon carbide
ultimately producing some silicate compounith a brown tingg12]. Compared

to traditional steelmaking temperaturdse temperaturem this study were quite
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low; an implication of these findings is that SiO formation and subsequently silicon
loss may be higher with higher temperatures.

Further study by tree authors revealed Equation 2.2 as the most likely
scenario fosilicon loss; this also marks the global reduction reaction for the process
assuming SiO formation occurBhis explained the residukeposition procesas
SiO decomposed on thaffles to SiQandSi, which could react with Mg to form
Mg2SiOs and Sj the overall stoichiometry of these reactions is shown in Equation
2.2[12].

¢ pOL G p €°YQ
(2.2
EVQYQ0 p ¢ 0Q YQU

These findings indicate that in order to optimize the output of magnesium
twice the stoichiometric amount of silicon must bsed[12], supported by
industrial data from Morsi and Al[13]. This is interesting as it appears multiple
stable silicorproductscan form during the reduction; not only is p§O4 produced
as a soligproduct but Sigyasas well.

The partial pressure of Siin the ystem was 43.3Pa (or 418“*atm) at
1300°C; at this temperature SiO distillation (evaporation and condensation to other
compounds) becomes significaad evidenced ifrigure2.1. Higher temperatures
evolved SiO at faster rates and generated more of the distillate pfb2lucthis
work indicates that in reactions involving silicothermic reduction there is a high

likelihood of SiO formation at temperatures in excess of 1623K (13001&se
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results indicate that more than one product species can be simultaneously evolved

during a reaction process with silicon.
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Figure 2.1: Effect of temperature on wt%Si lossfor fixed reaction times reprinted with
permission from Canadian Science Publishing: Can. J. Chenil2] (1961)

Brewer and Edwardd4] carried outexperimentsto clarify the phase
stability of SiO. It was found that SiO was unstal#éolv 1450K (1177°C) in any
phase. Silica in contact with silicon will readily produc&iO gas SiO;
decompositiortanform SiO and @[14]. These observations are importantheesy
indicate the cusp of Sig stability is relatively low compared to
steelmaking/experimental temperatures, and that if silica and silicon are present
together the formation of silicon monoxide gas is lik@lgeir work indicates that
SiO is only stald as a gasThis may present issues in industrial steelmaking
systems where multiple gases are injected or evolved during the reaction process:

silicon monoxide could readily escape in-erasting gas bubbles causing some
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amount of silicon loss and undéhzation of any form of silicon used in the
reduction process.

2.1.2. Silicothermic Reduction of Manganese Oxide
Traditionally manganese has been added to dtgethe addition of

manganese ferroalloys; steelmaking alone consumes 90% of all manganese
produced6,9]. In-situ slicothermic rediction of manganese oxidéuring the
steelmakingprocesscarries the benefit of tight stoichiometric contanld what is
assumed to be a more economical production method of high manganese
steelqd3,4]; general process losses would be reduced and energy expenditures
associated with material reheating would be decreased. Fermosdiceven
ferromanganesean be added via a bin after the decarburization stage in the basic
oxygen furnace or during secondary steelmakihgse ferroalloys can be pre

pelletized with manganese ore to further increase the manganese yield in steel

2.1.2.1. Redudive Alloying Equivalents
There are two thermodynamicalljable pathways for metallic silicon to

reduce manganese oxide. These pathways are shown in Eq@a8iand2.4, taken
from FactSagé and the FTDemo databaldés], which takes data from the NIST
JANAF Tableq16]:

"YQ ¢c0€& 0z ¢0¢ YQUY J qouxoxomowsd (2.3
YQ 080z 0& YOO J pUoupeE o ysd (2.4

The kinetics of the silicothermic reduction of manganese oxide are not a well

researched topic with respect to fundamental research: almost all studied systems
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involved either carbon in the metal or a graphite crucible when silicon was used as
a reductantvithin liquid iron; a review of literature has revealed essentially two
fundament al |[%7,18] Painesadd Pehilsudied evisat was typically

4g of Siin 300g Fe (1.3wt%Si) and 10g MnO per 190g slag (5.3wt%MnO). Their
work showed that maagese mass transport in the metal was thdiritng step,

where Q was equal to A0®m/s. The system showed significant rate
enhancement with stirring, confirming mass transport control.

Heo et al.[18] perfamed experiments using metal with 29.9wt%Si and
56.5%Mn, with a slag containing 40wt%MnO; these conditions are closer to
ferroalloy processing than steelmaking. Slags were varied with and withopt CaF
In the Cak slag a stoichiometrically balanced amouwfit SiO, and Mn was
produced, whereas in its absence a greater than stoichiometric quantity of silicon
was consumed. These authors proposed SiO generation as the alternate manganese
reduction pathway. This is unsurprising given the well documented effestsad
amounts of Cafon reducing slag viscosifl9,20]. The authors concluded that
silica mass transport in the slags controllingthe manganese reduction process
However, they acknowledged the work of S@hral.[21] who suggested for high
viscosity slags mass transport of MnO would be the rate controlling step. The
reasons for concluding that mass transport of silica was controlling (as opposed to
MnO) werenot well justified, though this may be from the common understanding
that silicates are slower moving than metal cations in. $\ith a very similar

outcome to the findings of carbothermic reduction researchers, slag basicity appears

10
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to very stronglyinfluence the apparent rat controlling step. MnO activity
coefficients are highly dependent on slag bas|@® and must be carefully
incorporated into any rate model. The overall cohtrglstep may shit with
decreasingpasicityfor two reasonsa decrease in activity of MnO and an increase
in slag viscosity, both of whiclnaydecrease the rate of reaction.

Shibataet al.[23] performed a s#es of experiments involving multiple
simultaneous reactions. Experiments were performed with either 20% or 40%MnO,
silicon contents were approximately 0.2%, and carbon contents were around 3.8%.
The concentration of Calvas manipulated tdecreasaslagviscosity. MNnO was
reduced by silicon and carbon simultaneously; the authors concluded that MnO
reduction was more likely to be controlled by manganese mass transport in the
metal than the slag. They further noted that desiliconization egabéa finish
within the first 300 seconds of reactidrhese findings are important in the context
of reductants: desiliconization is fast but decarburization is slow even for the same
slag; it thus makes it unlikely that the system is limitednags trasferin the slag

for carbothermic reduction

2.1.2.2. Ferromanganese Production
Ferromanganese production is an extensively studied topic thanks to workers

like Ostrovskiet al.[24] and especially Olseet al.[9], but its relevance to
steelmaking is limited because the reduction processes awagfts use solid ore.
Silicothermic reduction is used in the production of low carbon ferromanganese

alloys[9]. Lime is usedto control slag basicity and enhance tMnO activity;

11
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typical basicity values are between-1.B (anacidic slag regimg In Figure2.2,

the datandicates that a substantial amount of silicon must remain in the metal in
orde to completely reduce MnO from the sldg.was further noted that large
additions of iron to the melt will help drive the reaction by lowering the activity of

manganese, thus driving the reaction towards manganese production.

40 L 1 " 1 1 1

Mn-8i0.5% C 1550°C
B=1.0
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40
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Figure 2.2: Calculated distribution equilibria for the metal systemMn-Si-0.5%C in
coexistencavith MnO -SiO2-CaO slag, reprinted with permission from Fagbokforlaget[9]

These findings may yield promise fohigh manganese steelmaking. Given
that a typical steelmakinglagcan have a basicity of[25], the obvious conclusion
is that attaining low silicon levels with low MnO loss could be possible with high
basicity steelmaking slags; admittedly there will be diminishing returns as the
activity coefficient is 0.9 near a basicity of 122]. Further, given that iron will be
in abundance during direct alloyinthe activity of metallic manganese should

remain lowuntil an appreciable concentration of [Mn] can be achieved

12
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2.2. Carbothermic Reduction Studies

The most welknown application of carbothermic reduction is in the blast
furnace during ironmaking. Using carbon in the form of coke and the heat of
reaction generatedhen forming CO and C£ron ore is reduced from E®s to
FexO4 to FeO, finally yielding high carbon iran the hearthof the blast furnace.
Blast furnaces are also used to produce high carbon ferromanganesaltimygh
their popularity has waned in favour of electric arc furnace techn¢gdgymany
authors have shown the importance of carbothermic reduction in controlling the
silicon content of blast furnace iron by producing silicon monoxide in the tuyere
zone of the blast furnace. Pomfret and Grievg26hsuggested that the reduction
of silica by carbon is carried out through intermediates, with emphasis on silicon
monoxide these mechanistic findings are clearly supported in systems where solids
are reating but their application to gdguid metallurgy may not be so
straightforward.Ozturk and Fruehaj27] studied the blast furnace reaction and
claimed that the reaction of coke with ash is the cause for gaseous SiO generation.
This gas later interacts with high carbon moitem and silicon is reduced into the
melt. The rate control was described as thepi@se transport of SiO to the gas
metal interface.

2.2.1. Carbothermic Reduction of Manganese Oxide
At temperatures above approximately 700°C carbon monoxide becomes a

more favairable reaction product than carbon dioxi@®© favourability increases
from this temperature as it approaches typical steelmaking temperatures. For the

carbothermic reduction of MnO, the principle reaction path can be found in

13
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Equation2.5. The thermodymaic datahas been determindcbm FactSagé and
the FTDemo databa$15], which draws its data from NIST JANAF tabld$].
6 Debz 08 6NY J cocoxpi®op4d (2.5

Tarby and Philbrook28] showed awo stage reaction involving manganese
oxide and carbon saturated iromithin a graphite crucible.Slag crucible
interactions were deemed negligiblie.the presence afon the system showed a
two stage reactiarthefirst stage savgignificant gas generation and the latter did
not. Two major slag types were tested: thoséhwiigh silica levels and those
without silica. Slags with high siliceeactedon average seven times slower than
those withouf28]. The justification is twofold: silica is a network form&hich
will slow the rate of mass transport in the slag, and silica will make the slag more
acidic whidh will lower the activity of nanganese oxide in the sld&@pmfret and
Grieveson characterized the activity changes in their later [28tk The
justification for differences in the rate of reaction was thaCitegenerated caused
a degree of stirring within the slag during stage 1, whereas in stage 2 the system
was left to natural convection onlhe mass transfer coefficients for stage two at
1575°C for high and low silica slags wereil®m/s and %i10°m/s respectively.
The authors were unable to quantify the mass transfer coefficient forllstageO
nucleation was not consistent during this stage.

Daines and Pehl29] performed similar experiments in graphite crucibles,
finding thatachemical reaction at the skagetal interface was the controlling step.

The rate constat was approximatel2il0®m/s. The slag composition for these

14
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experiments was similar that reported in the study dfrby and Philbrook28].
Both authors appear to have described the same hateever,the proposed
mechanisms are in conflict. Daines and Pehlkedraol¢ mass transport contrioy
mechanically stirrig the system; their findings indicate that the agitation did not
increase the rate constattitus they concludechemical reaction contrals the rate
limiting step

Pomfret and Grievesd2] attempted to explain this disagreemdnke
Tarby and Philbrook their findingshowed afast and slow reaction period.
Significant gradients of MnO were found in the slag indicative of slag mass
transport control. By raising the silica cortténslag the fast stage of reaction was
suppressed; citing the activity coefficient data of Bodsworth and B3|l Pomfret
and Grieveson calculated a decrease in activity coeffidientMnO from 0.9 to
0.14 moving from a 45% silica slag to a 64% silica §2&j. This finding is
important because it impbehe fast rate of reaction is limited by the availability of
easily reducibl®xygen within the slag-eO was generated early in the reaction but
was reduced to a low value by the time the system reached equilibherauthors
found thatchanging the atvient pressure of the system from latm to 0.25atm did
not affect the manganese reduction rate, however, the amount of FeO formed
increased with decreasing pressaseevidenced iRigure2.3; this implied iron and
carbon compete to reduce the MnO, when less CO is available more iron oxidation
occurs Pomfret and Grieveson concluded that the findings of Daines and Pehlke

were for the second slower reaction 423y, which may explain why there was
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little response to stirring as the system was already approaching equilibiium.

difference was found in reaction rates for either graphite or alumic#las.
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Figure 2.3: Effect of ambient pressureon MnO and FeOcontentsin slag 35g metal, 10g
45% SiOz slag 19mmdiameter graphite crucible; reprinted with permission from
Ironmaking & Steelmaking fttp://www.tandfonline.com) [22] (1973)

In order to better explain thivo-stagereaction Pomfret and Grieveson
plotted the manganese partition over time and showed that a critical ratio of
(Wt%MnO)/[wt%Mn] characterized thednsition from faster to slower ratésfast
rate of reaction occurs untie (Wt%MnQO)/[wt%Mn] ratio drops below3.3; the
slow rate occurs between this value gmeequilibrium (wt%MnO)/[wt%Mn]ratio
of 0.5.These rate distinctions are showrrigure2.4. It can be concluded that high
manganese partitions are at least partially responsible for promoting high reaction
rates.Clear evidence ddurface rougheningas fourd on quenched sampleadis
consistent with the presence of gas bubbles along the reaction intdrifese.
authors partially attributed the switch to the complete consumptiort abr3 in

the slag leading to much slower transport in highly networlegsg2].
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Figure 2.4: Plot of In(%MnO) i In(%Mn) vs. time; reprinted with permission from
Ironmaking & Steelmaking (http://www.tandfonline.com) [22] (1973)

One of the more interesting conclusions from this work was the proposed
reaction mechanism for MnO reduction. These authors et#imat thefast reaction
stage proceeds according to Equatiofisad2.7, visualized inFigure2.5. While
the overall rate of reaction during bubble generation was greater thesteskfrom
natural convection, it did not reach the level expected for bubble stirred mass
transport.This mechanism ishased ora thermodynamic calculatidd5], only

feasibke when theroductof [Mn] and (FeO) activities is less than 0.01.

DeED "OQ OQL U¢ (2.6
"OQ0 60 "OQ 00 (2.7
slag
(FeQ) +C0; Fe+CO;
gas
(MnO)«FeI [Mn]+(FeO) -5)
metal [C]+COz=2C0O

Figure 2.5: Proposedmechanismfor manganese oxide reductioprocess reprinted with
permission from Ironmaking & Steelmaking (http://www.tandfonline.com) [22] (1973)
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Further tests with nickel were performed to verify this theory, wheagmn
nickel alloy was used to replace the carbon saturated iron. Since nickel oxide is less
stable than iron oxide, it is unlikely to form in the slag and will not participate in an
exchange reaction; no fast reaction occurred in these experif@2htdhis
mechanism indicates that whi¥#nO reduction from slag using carbon or iron are
both possiblenucleation of CO is slower than the iraranganese exchangaus
iron oxidationwill be favoureduntil the driving force forthe exchangeeaction
falls below that of CO nucleationThe authors concluded that the mean mass
transfercoefficient was B.0®m/s; this value is very close to that determined by
Tarby and PhilbrookThis findng is interesting because Tarby and Philbrook stated
that the mass transfer coefficient applied to what tlesgribed athe second stage
of reaction, while Pomfret and Grieveson said that their value applied to the first
stage of reactiorgither therds an insignificant difference between the two stages
which caused the misidentification, or the real reaction path is three stages in length
(where Tarby and Philbrook studied stage 1 and 2 and Pomfret and Grieveson
studied stages 2 and. 3} is alsoplausible that because¢he slag of Pomfret and
Grieveson contained a large amount of siltbey documented a slower reaction
comparable to that of Tarby and Philbrook.

Ashizukaet al.[31] were able to demonstrate similar results to Daines and
Pehlke in carbon saturated iron with pep and silicon alloying elements. Their
findings indicate that higher silica content slags result in higher activation energies;

the data follows very closely with the activity coefficient conclusions made by
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Pomfret and Grievesd2]. Silicon contents were varied and increases in silicon
resulted in an increased rateection butlid not influence the rafer Si conteng
greater tharbwt%. Below 5wt%Si they claimed that CO éwtion was the rate
controlling step, while above 5wt% the conliray step became manganese mass
transport in the slag.

Xu et al.[32] used xray fluoroscopy techniques to observe nucleasiod
growthsites for carbon monoxide along the shagtal interface in a study related
to high carbon ferromanganese production. Several manganese concentrations in
the metal were tested ranging frob®100wt%Mn, and slags contained -40
50wt%MnO. Slags without any initial FeO were found to exhibit a rapid spike in

FeO content at the beginning of the reaction as showigiure2.6.
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Figure 2.6: The reduction ratio of (MnO) and the behaviour of (FeO)vs.time; reprinted
with permission from ISIJ International [32] (1993)

These findingsigreewith the reaction mechaniscataloguedyy Pomfret and
Grieveson andthey proposed aimilar exchangemechanismin order to test the
controling stepof the reaction the authossudiedthe poisoning effect of surface
active elements byarying sulfur contents the metal; their findings indicate that

the reaction rate drops with increasing sulfur content. This response is attributed to
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surface poisoning of reaction sif@2]. It was concluded that the rate of generation
of CO along the interface was the rate controlling step.

Separate doctoral research of SkjervhEB8] and Tangstaf{B4] was
reportedby Ostrovskiet al.[24]. Slag stirring did not benefit the reactioate so
slag mass transport could not be a rate controlling mechaHigmmsilica contents
were found to reduce the rate of reducfi®d]. Ostrovskiet al. analyzed the
conference work of Skjervheim and OI486], documenting a series of
carbothermic reductions of manganesetal and finding the two stage reaction
presented by many other authors. Highly acidic slags appeared to suppress the
appearance of the initial fagage of reactiomnd basic slags did na threshold
value for the fast stage of reaction was documented at a slag basicityhws2.
findings support the importance of slag properties for the overall reaction.

Ostrovskiet al.[24] used the data of several other authorsntmdel the
reduction of MnO fromliquid slag the reactants were different forms of solid
graphite The findings indicate that the greatest contributor to reaction rate is MnO
concentration and activif24]. Themodelsshowed thatlag basicity plays a major
role on equilibrium MnO contds the final extent of MnO reduction kEgherin
more basic slagdut the reaction rate is not modified by basicithis trend is

shown inFigure2.7.
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Figure 2.7: Effect of slag basicityon the MnO reduction at 1450°C ¢alculated resultg;
reprinted with permission from Canadian Metallurgical Quarterly [24] (2002)

A more recent publication by Kononoet al.[36] demonstrated the
importance of gaseous species in affecting the rate of manganese reduction. The
experiments were performed using pure gases and solid particles. Different
temperéures and different ratios of C/MnO were used in hydrogen, helium, and
argon environments. The results indicate increasing reaction rates with increasing
temperature. Further, the densest gas (argon) had the lowest CO diffusivity which
was reflected by loer MnO reduction rates. Helium had a higher CO diffusivity
than argon, resulting in a faster rate. Hydrogen participated in the reduction and had
a high CQdiffusivity thus it had the fastest rate of all.

Sun et al.[37] reacted a range of slags with a carbon substrate where it
generated a reduced metal prodEciergy Dispersive SpectroscosdS) analysis
revealed a manganese concentration gradient in therslaogg away from the
slagmetal interfacgshavn in Figure2.8); such a gradient may imply that MnO
transport contributes tihe reductionprocessTheir work did not find a detectable

reduction rate at 1723K (1450°C), though this became very noticeable at 1823K
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(1550°C). The final conclusion was that MnO mass transport controlled the

reaction[37].

Figure 2.8: Micrograph image of cross sectional viewof slag-carbon interface and metal
drop; reprinted with permission from ISIJ International [37] (2010)

2.3. Slag Basicity & Viscosity
Metallurgical slagsplay an important rolen steelmakingby controlling

residualsand protecting the melt from oxygen entry. Almost all slags are based on
the silicate anion, a Sication bound with four oxygen atoms, creating a standard
"YIQ tetrahedralnit[38]. In slags where silica is th@imary oxide,the acidic
conditions create a highly jymerized systenPure silica will take on a crystalline
form, where all oxygeatomsare shared between silicon cations; as a crystal this
structure has a continuous 3D shaps. basic oxides are adddbey occupy
octahedral sites in the lattice atite aystal structure is broken dowg@harged
oxygen ionsbecomeionically associated with the basic cations instead of
covalently bound within the silicate latticElassy slags retain sontegree of
orderingbut have much shorter chain lengths thus they mowmes easily through

the liquid slagAn example of théetrahedrabnd octahedral bonding that occurs in

22



Ph.D. Thesi§ B. Jamiesorn McMaster Univ.i Materials Science & Engineering

silicate slagss shown inFigure2.9; the former applies to th®i** structures and

the latter to M*.

Bridged oxygen (0% c Metal cation

Non-bridged oxygen (0°) . Si cation

o ¢*®
@®

Figure 2.9: Schematicillustration of the charge-balancing andstructural relationships of the
cation (M**), bridged oxygen(QP), and non-bridged oxygen(O°) in silicate melts reprinted
with permission from Steel Research InternationalJohn Wiley & Sons Publishing)[39]
(2012)

An understanding of the physical properties of silicate slag systems is
important as mass transport in a liquid is affected by viscosity. A simple mass

transport equation is demonstrated in BEmum2.8. Wi t h Hi gbi ebs Penetr

Theory shown in Equation 2.9, a proportionalityfo also exists

b, Q06 & 2.9
® 2.9

The Eyring equation relates diffusivity with temperaturé, viscosity — ,

and theinteratomic distance _ according to Equation P0[38]; Qis the
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Boltzmann constanErom these equations is clear thaa proportionality should

exist between calculadl slagmass transfer coefficients and the slag viscosity

’?'QUY

0 (2.10

In order to create strong conditions for desulphurization and
dephosphorization of steels, slags are made to be, ibasimg a high activity of
oxide aniong38]. There are manjynterpretationsto determine the effects of a
specific oxide componerg on slag basicity, but below are three common
interpretations. Equation 211 representst h e 0 V[B5], Eqaatidn 0212
represents h e 6 Hab], anchBquation 2.8 is used to determine optical
basicity; parameters for the latter calculatians welldocumented, both in general

terms and specific to steelmakipi 42].

P owol
o 2.1
VG (219
D..(?,(t)u p8:)3U7 fuzu 2.1
P YU 1P v U
B ®&Qq
—_— 2.1

As slags become more basic, the structure of the slag leaks Bridging
oxygen between silicon() reacts with basic metal oxidesitherd 0 or 0 U,
which break apart the silicate chaitise breakdown of a silicate dimer is shown in
Equation 2.1425]. Non-Bridging Oxygen (NBO) is formed as ; a completely
depolymerized silicate anion has four NB[38]. The point at which this occurs is

when there is a 2:1 molar ratio of CaO:5[@6].

24



Ph.D. Thesi§ B. Jamiesorn McMaster Univ.i Materials Science & Engineering

IOV VS G (VR (2.149
Transport processes improve as the silicate strubtesks dowrmand smaller
unit cells are available for transpofithe breakdown of the silicate network also
tends to reduce energy requirements associated with chemical reactions involving
oxygen[25]. An example isshown inFigure2.10; basic oxides break up the long

polymers, reducing viscosity and transport conditions.

Figure 2.10: A partially polymerized silicate slag structure black i silicon, white i oxygen
grey i basic oxides reprinted with permission from AIST [25] (1998)

The silicate anion is tetrahedrally coordinated within the slagninamay
join the tetrahedral structuas well wherit is incorporated into the structurslkali
metal cations are more effective than doubly charged cations as network modifying
(breaking) species because of their characteristically smaller ion radius and ability
to bond with only a singleharged oxygen speci§39]; an example is demonstrated
in Figure2.11. When alumina enteithe silicate networkthe 3+ charge must be
accommodated by cationic species; this is an important consideration for optical
basicity calculations as aspecies coordirieng with alumina foicharge balancing

purposes isio longer available for network modificatipf2].
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Figure 2.11: lon distributions of alkali and alkali-earth cationsand of aluminate anions
within the silicate polymer structure; reprinted with permission from Steel Research
International (John Wiley & Sons Publishing)[39] (2012)

2.4. Surface Tension & Dynamic Interfacial Phenomena

Free surface energy is the energy term associated with the difference between

an atonsurroundedy like neighbours in the bulk and the energy of an atom on the
surface with an exposed face; this term is used interchangeably with interfacial
energy, whichtypically refers to the energy of one phase coming into contact with
another. Free surface energy minimization is a-kmdwn phenomenon and, in
the absence of external influences, is responsible for shaping liquids into spheres.
A liquid suspension wilalmost always retain a spherical figure in the absence of
external energy; this surface energy @)/details the energy required to expand a
surface by a square neef43].

In athreephasesystem where liquid sits on a stikate there is an energy
balance that interrelates the three phases. The degree to vihichkands with a

solid is known as its wettability, as was first alluded by Yoj44. A phase that
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remains tightly bound to itself in a sphere has strong internal cohesion forces, while
a material that actively spreads across the surface of another has stronger adhesion
forces. The degree to which three phases interact within a system idlyypica

characterized through the contact anglthematically represented Bigure2.12.
Ymg

Gas

Metal 6
-~ -

Substrate '}'ms Ysg

Figure 2.12 Schematic of aliquid metal placedon anoxide substrate reprinted with
permission from M.A. Rhamdhani [45] (2005)

Thisr el ati onship i s k nwhiemntypiaadly represemtsy 6 s e qu a:
the relationship betweeng (the interfacial tension between substrate anl gago
(for metal and g3gs andoms (for metal and substrgteln threephase steelmaking,
except at reactoralls, a substrate does not exist in tyy@cal system. Instead the
system is better understoodiaterfacial tension at the metsllag contactdns), at
the slaggas contact%g), and at the metajas contactdng). This is shownin
Equation 2.5.

I rOED = m (2.15

The above can be modified by further factors including grg#&y and
droplet sizd47] depending upon the goal of the analysis. Has analysis,
understanding the relationship between contact angle and surface teasmungls

Ore issue #&ced by researchers in high temperature reactions is the
observability of this contact angle. The nature of the containment materials

traditional reactoand the materials under observation means it is often impossible
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to observe the contact angle maut the assistance of-Rays. The alternative
would be to quench the samples, which adds error associated with quench time and
the ability to get a true crosection; withX-Ray, observability can still be an issue
depending on the strength of the beamda any O0fuzzingdé that occ
edges of the dropl¢48]. The best method of contact angle measurement comes
from furnaces with optical windows. Lomee al.[49] determined the wettability of
graphite by a Si@Al.0z-CaOMNO synthetic slag, testing variations in MnO
content using a haontal tube furnace with quartz viewing windows.clear
depression in interfacial tension occurs over tasehe graphite substrate reacts
with the slag Samples with a high MnO fraction did not exhibit the same extent of
surface tension decreag®]. Along with the work of other0,51], these results
indicate that silica tends to decrease surface tension, while MnO increases it. This
may cause yhamic surface phenomena in a reacting system.

2.4.1. Surface Active Elements
Elements and compounds that preferentially segregate to the surface of a

material are known as surface active elemgs#g Four ofthe most surface active
elements in iron arexygen, sulfur, selenium, and telluriys8,54} other elements

can mpact the surface tension but typically to a much lesser dggipeOf these

four, oxygen and sulfur are the most important in the study of interfacial tension
high temperature ferrous systems. Sulfur has been shown to slow reactions
involving CQ formation by blocking potential reaction sites at the surfaég

This blockage is typically described as a fraction of the surface using the Langmuir

isotherm[57]. The isothermfor sulfur is shown in Equation 2.6; as the
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concentration of sulfur and equilibrium constant for sulfur adsorpbion ) riseso

to does the fraction of blocked sitgdsIn Equation 2.7, {i is theconcentration of
available sites for chemical adsorption to the interface dndis the total
concentratiorof reaction sites; as the fraction of blocked sites rises the fraction of

available sites falls.

+ P"Y (2.19
9 5+ pv
®w wp O (2.17)

Fora chemical reaction to occur, the chemical species do not simply meet at
theinterface and react, instead they must first adsorb onto the intekfaegample
is providedfor a chemical reaction formingO in Equation 2.8 throughEquation
2.20; ¢ represents one reaction site (a fractiofipfin this example thelectrons

would be collected by a cationic species joining the metal phase

5 & & (2.19
6 ¢ 0 cQ (2.19
5 0 60 cv (2.20

What this reaction shows is that a high concentration of carbon in the metal
or oxygen in the slag are not simply enough to drive the reaction: if interfacial sites
are blocked with adsorbed specieframatic decreases in the reaction rate can
occur. Themdustrial implications of this are obvious, but for research purpbses
gives workers the option of selectively poisoning the interface in order to test

whether a chemical reaction influences the reaction rate.
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The rate of oxygen transfer is believed ®the cause of surface tension
decrease during rapid reactidbg]. This means thahe appearance of dynamic
surface tension changes (or their absence) may directly correlate to rates of reaction.
Oginoet al.[58] produced a series of graphs comparing the change in surface
tension of iron with dissolved oxygen and sulfur corgehhe former is shown in
Figure213. I n t he case of o0 x\\haptlenbyeaearly@800! e v el

dyne per cm (equivalent to 0.6Fm
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Figure 2.13: Surfacetensionof the iron-oxygen systemreprinted with permission from ISI1J
International [58] (1984)

The effect of oxygen content on interfacial tension inagrgbn system is
shown inFigure2.14. The drop in this case is larger thidmatin the case of iron
only, which is attributed to the effects of slag components raerfacial
tension[50]. Certain slag species like silica have also been demonstrated to be

surface activé42].
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Figure 2.14: Effect of oxygen contentin molten iron on theinterfacial tension and the
surface tensionat 1580°C reprinted with permission from ISIJ International [58] (1984)

2.4.2. Dynamic Interfacial Phenomena
Dynamic Interfacial PhenomengDIP) areinteresting physical phenomena

that occur spontaneously (without external agitation) during intense periods of

some reactions The first observance and correct documentation of these
phenomena was on the surface of liquors by James Thomson5h) fit&

phenomenon would come to be known as Tears of Wine from the apparent streaking

caused by the pull of surface tension in alcohol/water emulf@hsSternling and

Scriven began an extensive documentation of the phenomena, first in attempts to

model the phenomena with water, ethanol, and tol{&®je These mixtures

showed spontaneous movement and area change when the latter two were brought

into gentle contact wih t he waterdéds surface. Whil e a
achieved, these authors recognized the importahspontaneous area change on

reaction rates for all systems. Their findings were that the Marangoni effect (where
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small changes in surface tension sauflow along an interface) may be
responsiblg60,61].

Ooi et al.[62] were able to show that liquid iron with greater than 2wt%
aluminum underwent a spontaneous interfacial tension decrease (to a value less
than 100dyn/cm) when reacted with silica slag. A similar reactising a sulfur
containing carbomsaturated iron droplet only decreased the surface tension to
500dyn/cm[62]. In the same year, Brimacombe and Weinlj8j used ahigh
speed camera withlaw velocity jet of oxygn (blown ontothe surface ofmolten
copper and tin sample® captureoxide undergoing interfacial phenomena during
the reaction. One such image is presenteéigare2.15. Marangoni flowcauses
high surface tension |liquid to O6mull 6
Figure2.15 the oxygen blow lowers surface tension in the middle of the bath, and
stringers of this surface are pulled outwaiSisnilar findings appeared when £u

was added to a molten copper bg).

Figure 2.15: Surface turbulence on liquid tin ; spot of oxide moving radially outwardsfrom
the center, reprinted by permission from Springer Nature: Met. Trans. [63] (1972)

Gaye and Riboufb5] performed a series of experiments between droplets of

FeC, FeC-P, and le-C-S with an oxidizing slag and found tHalP occurred and
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the system recovered in thaer stages of the reaction. Emulsified Gealroplets
recombined and recovered their original form whileG=8 droplets only partially
recombined leaving substantiaiaterial separated from the primary drop&&].
Since this work has been performed, the understanding of physical phenomena has
improved in carbothermic reduction systems, and it is unlikely that thé Fe
dropl ets experienced Atrueo DIP effects;
bloding is enough to break apart some droplets.

Riboud and Lucaf66] established three principals BiP: hydrodynamic
movement induced by interfacial changes, including eddies and convection cells;
lowering of the interfacial tension; and spontaneous emulsification by the
mechani sm onfd oddtirfdrudsiimgnd awher e materi al ej
became unable to retuf@6]. Using droplets of metal and afray imaging system
they were able to scan the reaction in situ, showing the apparent breakdown and
coalescence of the interface, as sedxignre2.16. Aluminum in themetal droplets
reduced silicdrom the slagand caugd a breakdown of the interface during the
reactionand wasso severe that the apparent interfacial tengiaa calculated to
have fallento zero(Figure2.17) [66]; it is important to note that this value is an

approximation based on visual quantification of the decrease in surface tension.
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Figure 2.16: Successive Xay pictures of the profile of ametal droplet immersedin a slag
(x4): (&) 7min; (b) 18min; (c) 40min reprinted with permission from Canadian
Metallurgical Quarterly [66] (1981)
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Figure 2.17: Interfacial tensionas afunction of time: metal initial composition 4.45%Al-
bal.Fe; slagCaO-Al203-SiOz; reprinted with permission from Canadian Metallurgical
Quarterly [66] (1981)

These authors documented a series of systems in which similar phenomena
had been observed, shownTiable2.1. They concluded that a critical oxygen flux

of 0.1molem?s was necessary in order to cause the interfacial breakdown to
occur[66]. An important conclusion was that a build of product near the
interface was able to significantly slow the reaction alwmtk emulsification,
showing that liquid systems can be slowed by the amount of product generated.

This system and others were further analyzed by @Gayd.[67] where similar
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results were foundhe importance of oxygen transfer in these reactions was once
more emphasized. It is clear from this comprehensive piece of work that dynamic
phenomena are not confined to specific systemsalmita function of reaction

severity; many examples are showable2.1.

Table 2.1: Reactions for whichdrastic decreaseof effective interfacial tensionhas been
observed adaptedwith permission from Canadian Metallurgical Quarterly [66] (1981)

Metal Slag Reaction
Fe-Al Ca0SIO, 2[Al] + 3/2(SIO) A (Al203) + 3/2[Si]
Fe-Al Ca0SiO-Al>03 2[Al] + 3/2(SIQ) A (Al203) + 3/2[Si]
Fe-Al CaOAl0s-FeO3 2[Al] + (Fex0O3) A (Al20s) + 2[Fe]
FeC-S Ca0SiO-Al>03 [S] + (O)A (S) +[O]
FeTi CaOSiO-Al203 [Ti] + (SIO2) A (TiO2) +[Si]
FeP CaOAl20z-FeOs 2[P] + 5/3(Fe03) A (P-0s) + 10/3[Fe]
FeB Ca0SiO-Al,0s-FeOs 2[B] + (Fe0s3) A (B203) + 2[Fe]
FeCr CaOSiO-FeO 2[ Cr ] +A &iCE) e Gfee]
Fe CwO [Fe] + (CuO)A 2[ Cu] +
Fe-Si CwO-Al>03 2[Si] + 2(CuypO) A (SiOp) + 4[Cu]

Sharan and Cran{b8] were able to identify the phenomena in a ferronickel
alloy with CaGSiO;-Al20s; based slags; titania had a significant impact on
lowering the interfacial tension, while alumina caused small increases. Jakobsson
et al.[69] studied the effects of phosphorus in iron with a €0,-Fe0s slag,
again documenting dynamic changes to the interfacial tension. Further work was
performed in a copper system baseouad the transfer of arsenic and antimony
from metal to NaCOzs; vigorous changes in the interfacial tensomeurred

Chung and Cramp18] were able to document emulsificatigia both xray
imaging during reaction and by scanning electron microscopy on quenched
samples Slag emulsion was identified within the metal phase in these quenched

samples an exampldrom their later wor70] is shown inFigure 2.18. It was
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found that iron with 0.25wt%Al underwent small changes in surface tension, but
did not result in emulsification like 3.28wt% did; this agrees with earlier reports by

Ooi et al.[62] who did not observe gificant changes for less than 2wt%Al.

(d) (e) ) |

Figure 2.18: (a) through (f) feature of initiation of emulsification at the slagalloy interface;
reprinted by permission from Springer Nature: Met. Trans. B[70] (2000)

A later paper by Chung and Craijm®] analyzed the effects of replacing
alumi num with titanium,; while emulsificati
11wt%Ti; a minimum of 2.2wt%Ti was required to experieasery slight change
in interfacial tensio70]. It is an interesting finding that triple the amount of
titanium is required compared to aluminum in order to achieve the same interfacial
destabilization; one would expecdly titani um
promote emulsification. A more interesting conclusion from their work was the
observation and analysis of waves that had formed along thensliad) interface.
The authos justified that during the interfacial exchange fluid flow along the

interfacelead to wave formatiodue to Marangoni effects. Naturally large waves
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or those that grow through constructive interference could hit a critical dimension
characterized by KelviatHelmholtz instability that results in the collapse of the
wave leads to emufstation behaviouf70]; a diagram of their proposed
breakdown mechanic is shown igure 2.19. Ultimately their calculations
disproved this theory (i.e. the waves generated wetref sufficient size to cause

breakdown under Kelvielmholtz criterion)

{a) e et ISPt

(<)

(d)

Figure 2.19: (a) through (d) formation of perturbation and emulsification by Kelvin-
Helmholtz instability ; reprinted by permission from Springer Nature: Met. Trans. B [70]
(2000)

This mechanism is aided by another proposed breakdown mechanism:
necking and strandin@0]. Stringers of metal pushed into the slag would face
stronger reactions on their leading edge, resulting in a idrdprward surface
tension that would pull material along the interface towards the rear of the stringer,
creating a sphere. The base of the stringer would have a diameter smaller than the
accumulated sphere, and the combination of an eddy in the slathenmbw

spherical metal having a higher surface tension than the neck would cause the

37



Ph.D. Thesi§ B. Jamiesorn McMaster Univ.i Materials Science & Engineering

fracture of the neck stranding the metal droplet in the slag. This mechanism is

shown schematically iRigure2.20.

Y(A) > (B)

‘\ A
X G/ N
\/qﬁj&’

Figure 2.20: Emulsification enhancedby Marangoni flow; reprinted by permission from
Springer Nature: Met. Trans. B [70] (2000)

Rhamdhanet al.[71] performed a series of experiments on the [Al}/($iO
system. Rhamdhani found an effective method of measuriracsusfea of reacted
droplets, using this analysis to generate a dynamic area change plot over time; it
was found that emulsification can lead to an over 400% increase in surface area of
the reaction. These area changes are interesting in the contexd ahafysis as
they require the utilization of a dynamic interfacial area term that must be integrated
across the length of the reactigi2]. Rhamdhani alsgerformed a detailed
evaluation on the effects of thermocapillarity, solutocapillarity, and
electrocapillarity on the systenelectrocapillarity (i.e. the interfacial tension
depression caused by differences of electrical charge around the interface)
contibuted 85% of thealculateddecrease in interfacial tension; solutocapillarity
(i.e. the effect of solute atom differences) contributed the remaining 15%, while

thermocapillary effects were negligijlg3]. However, tlese calculated
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contributions werenuch smaller than thetalchange in the systemhese indings
indicate that the charge flux of oxygen near the interface is the likely cause for
interfacial tension depression (not the static presence of oxygen atoms alone). The
gradient range for the solutocapillary affect was estimated to be between 1
2 ¢ [3]. The system was found to be rate controlled bgnalum mass transport

in the meta[72].

White and Sichefi74] performed arecent series of experiments where the
rates of mass transfer in a stirred system of Si and-&l@were investigated.
Rapid transfer of calcium across the interface dropped the interfacial tension to a
level low enough that mechanical agitation causedisfitation; this breakdown
was not experienced with a nosacting system that underwent stirring. Such
observations imply that reacting systems which do not normally exhibit
spontaneous emulsification may be induced to do so with stirring.

Recently, Asis et al.[75] and Spooneet al.[76] showed examples of
emulsification during reactions in confocal microscopes; it should be noted that
Spooner identified some issues related to the heating regime applied during the
second set of expenents.While this changed theeproducibilityof the work of
Assis, itdid not alter the fact that the reactied to emulsificationThese authors
concluded that the effectf surface tensionrointerfacial oxygen transfer rather
than that of phosphorous likely to be the dominant cause of emulsification. The

work was performed in a confocal microscope in order to prepare samples small
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enough to be used for 3Dray tomography; this analysis provides the best visual

evidence to date of the reaction pbemena, as shown Figure2.21.

b‘f\ ' ’ ‘/ V
,‘.\ \

(a) 0 sec Sample (b) 5 sec Sample (¢) 10 sec Sample (d) 20 sec Sample

o

i
(f) 60 sec Sample

(g) 90 sec Sample (h) 120 sec Sample

() 30 sec Sample

Figure 2.21: Evolution of metal droplet geometry immersedn slagas afunction of time at
1873K (1600°C) adapted by permission from Springer Nature: Met. Trans. B [75] (2015)

The latest work of Spoonet al.[77,78] shows evidence that theterfacial
breakdown occurs when the rate of free energy exchangedsthe interfacial
tension of the slag/metal system. Thus, as most observations indicatethehen
intensity of reaction rises the emulsification and DIP effects are calculated to
increase.

2.5. Bloated Droplets

The presence of slagetatgas foams during oxyen steelmaking is a well
known phenomenon. The kinetic energy of the oxygen jet produces metal droplets
that mix violently with the slag; carbon in the metal reacts ##0 inslag to form
CO that causes foaming of slag. Of interest to this study (npexafieally to the
study of carbothermic reduction of manganese oxide) is the possibility of droplet

bloating during reaction.
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During the initial contact of FE with slag it is expected that the surface
carbon will react with the slag to form CO; this rhanism is known as external
nucleation. Once the surface carbon has depleted, oxygen from the slag must diffuse
into the metal to continue the decarburizaf{ie®)]. At this point, COnhucleation and
growthwill occurwithin the metal causg the droplet to swell; this phenomenon
was termed bloating by Brooks$al.[79]. A schematic illustration of this behaviour
hasbeen created from the observations of Molloseau and Frji@dpand is shown
in Figure2.22. The figure details thstages of reaction: the metal falling into the
slag, the metal shell expanding with CO and forming foam, and the decrease in gas
generationinternal nucleation of CO has been determined to be a very fast reaction
in the systems studied and the CO reaslilgthe system improving mass transport

rates[81].

=10s t=40s

Figure 2.22: Schematicdiagram of the behaviour observedby X-Ray fluoroscopy of a FeC
drop in a slag containing 20wt%FeO; reprinted by permission from Springer Nature: Met.
Trans. B [80] (2002)
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Like emulsification, this phenomenon results in a dynamic interfacial area
and rapid mass transpavithin the droplet, both of which may dramatically change
the rate of reactiorlynlike emulsificationmetal that breaks off from the bloated
droplet likely left as a film on bubbles of CO instead of as spontaneously emulsified
material. While bubble filmsand spontaneous nucleation are very different,
undoubtedlythe reaction causes disruptions in the surface tension of the bloated

droplet, sssome ofthese arguments and distinctions may largely be semantic.

2.6. Summary & Gaps in the Literature
2.6.1. Summary & Gapsin Silicothermic Reduction Literature

With respect to liquid phase reaction kinefiesthe silicothermic reduction
of MnQ, there is very little fundamental research data availialeis not subject
to interference by other chemical speciéshe seath is widened to ferroalloys,
solid state reduction processes, or gas phase interactions the field is better studied.
Of the research that does eXst Fe-Si alloys and MnO reduction from slag, the
ratelimiting step has not been clarified and may batesl to transport processes
in either the metal or slag-he work of Daines and PehlkE7] and Shibataet
al. [23] both point towards rate control by manganese mass transport in the metal.
Ashizukaet al.[31] claimed that silicon contents above 5wt% would result in
control by MnO mass transport in the slag. Sehial.[21] claimed that, in low
silicon systems, rate control was dependent on the vigcokithe slag.High
manganese partition ratios\t) and high viscosity were responsible for slag being
the rate limiting phase, while a low partition and low viscosity shifted the control

to the metal phase. Hext al.[18] came to the conclusion of slag mass transport
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control by silica was responsible for the rate control. Sxlah and Hecet al.both

noted a similar inflance of Cafon the systems; additions of Gdtuidized the

slag and shifted control from the slag to the mdidJ21] Ferromanganese
production literature is also very clear on the effects of skgjclly on the
equilibrium partitions within the silicothermic reductif8j. This information
implies that the actual control for the silicothermic reduction (and carbothermic
reducton) is very complex and readily switches between metal and slag control;
SiO formation during the reactions could also mean chemical reaction rate control
at the interface becomes ratentrolling.Further research needs to be done to study
thereduction of liquid MnO from slags with liquid silicon dissolved in iron.

Two important findings come from the Pidgeon Process literature with
regards to manganese reductive alloying. The first is the stoichiometry of products
introduced by Toguriet al.[12], where multiple siton bearing products are
produced simultaneously. The second finding from this literature is the relative ease
at which silicon monoxide is produced at temperatures in excess of 1PR)°C
The present study seeksassesshe viability of silicothermic reduction processes
in a reductive alloying settinghus it is important to learn whether SiO is aonaj
product species in the reactidhtrue, the application of silicon as a reductant will
be less efficient because it does not completely react in the 2:1 molar ratio

demonstrated by Equation 2.3.
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There is also room for metal droplet and slag reactiatisn the literature,
as the majority of past researchers studied systems where the metal volume was
much greater than the slag volume.

2.6.2. Summary & Gaps of Carbothermic Research
The carbothermic reduction process has been extensively researched. Matters

of rate control and equilibrium conditions have been studied. Adesllmented
two-stage reaction occurs duritige carbothermiceductionof liquid MnO from

slag composed of a fast first staf2,28] and slow second staf@9]. The first

stage was best described by Pomfret and Grie@&pmas an exchange reaction of
(MnO) with [Fe] aided by rapid CO evoluti¢28]. Daines and Pehlkare believed

to haveonly documented a singidow stage[29], and claimed:hemical reaction
controlwas responsible becausti@ring did not result in rate increasBemfret and
Grieveson changed the ir@marbon system to a nickearbon system; where nickel
oxide, béng less stable than iron oxide, could not participate in the exchange
reaction; this system showed no initial fast stage of reaf@n Xu et al.[32]
demonstrated the same mechanism in their work on high carbon ferromanganese
research; slags containing no initial FeO rapidly generated a small amount of FeO
in the slag which then decreased over time (as seémgure 2.6) [32]. Many
authorg22,24,33 35] have documented the strong effects that slag basicity has on
the effectiveness of the reaction; a change in silica content from 64wt% to 45wt%
r esul tmsincrease feom 6.14 to 0[22,30] This may impact the reaction in

one of two ways: if the reaction is chemical reaction aiiel then the activity

increase of MnO will increase the rate of reaction, if the system is under slag mass
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transport control lowering the viscosity by decreasing the silica content will
decrease the resistance to mass transport in the slagt &ui37] documented the
reaction between an MnO containing slag and a graphite substrate, finding that
MnO gradients in the slag were a sign of slag mass transport cditeok may be
some disagreement betweerhether the reaction rate is controlled by mass
transport in the slag or chemical reactibonwever, what seems likely is that both
conditions are true in different reaction regimes; these regimes can exist serially
within the same reaction

The first stag of reaction appears to be related to MnO activity in the slag
(which is a function of concentration and basicity); the rate may be improved
through slag stirring causég CO nucleation. The second stage of reaction appears
to be solely related to a sloghemical reaction after the bulk of the reaction has
already occurred. What is lacking from the literature is a comprehensive evaluation
of the controlling steps for the carbothermic reduction of manganese oxide. Future
work should aim to amalgamate padata and observations, taking into
consideration the effects of slag basicity and MnO content across a range of metal
and slag concentrations. Further, most observations are focused on low
concentrations of carbon or manganese oxide or on high concerdrafithese
species, and these studies are conducted Mith slag/metal volume ratips
studyng concentrationm the middle of these valuasd studyindiigh slag/metal
ratioswill be a useful contribution to the literaturé seems probable that difeat

conditions control these systems based on the specific regime of study so studying
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intermediary values may help elucidate the points of transition from one rate
controlling mechanism to another

2.6.3. Summary & Gaps inOther Highlighted Topics
The kineticsof carbothermic and silicothermic reduction @ne primary

purpose of this researcWhile theenclosedstudies looked for DIP effects none
could be identified and so no gaps were filleDespite a hypothesis that the
silicothermic reduction could cause DIP effects, none were found.

Droplet bloating is related to the activity of oxygen and carbon in thalmet
in most instances the oxygen must also be transported from the slag into the metal.
Most of thestudies orbloated dropletdiave been limited to FeO in the sl4§§]
which shows very high reaction ratdf MnO is used insteadhe availability of
oxygenwill f a | | because of the oxideds stabi
formation and growtlof internal CO nucleation; the present study can identify if

reactions rates and the bloating phenomesre less favourahle
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Chapter 3

3. Kinetics of Silicothermic Reduction of Manganese
Oxide for Advanced High Strength Steel Processing
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Discussions wer shared between the primary author BhK.S. Coley.
This work sought to add a significant amount of experimental data to the

literature on the silicothermic reduction of manganese oxide process. Very little
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work existed in the literature specificallgrgeted towardtundamental research;
as far as a critical literature review was able to reveal there have only been two past
researchers, Daines & Pehlk&] and Hecet al.[18] who studied the silicothermic
reduction of manganese oxidathout carbon in the metal or a graphite crucible
Consideringsimultaneous carbon and silicon reactalows the inclusion ofhe
work of Ashizukaet al.[31], Shibateet al.[23], and Sohret al.[21]. Across these
five groups ofauthors, despite relatively similar reaction conditiongdtpotential
rate limiting steps wergentified transport of manganese in the metal, transport of
manganese oxide in the slag, and transport of silica in theFslether research is
needed to clarify the rate determining step

This work supportedhe conclusionof mass transport control by MnO in the
slag, howeverthe analysis was complicated by the effects of initial silicon content
which appeared to break the assumed transport model that worked for all other
conditions; a mass transfer coeffici@t was proposed at 1600°@.0i10°m/9).
SiO gas formed and had a blocking effect on the interface. The data in this article
is the subject of the kinetic modelling efforts presented in the subsequent chapter.
Within an industrial context, @ppears quite clear that silicon is a viable reductant
for manganese oxide reductidrowever, slag volumes may pose a concern in real
reactors Rates of reaction are fast and proceed to a high extéhtn 5 minutes
the final [Mn] contents can exceedv86 of the metal dropletsThe effect of gas
bubbles is an obstruction to the process and needs further asse&sieenork

(Chapter 4) indicates that SI@3 linked to the rate limiting stegs well
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Kinetics of Silicothermic Reduction of Manganese Oxie for

Advanced High Strength Steel Processing
B.J. Jamieson & K.S. Coley (coleyk@mcmaster.ca)
McMaster University, Hamilton, Canada L8S 4L8

Abstract

The kinetics of silicothermic reduction of manganese oxide from 18-
CaOAlOsslags reacting with F8i dropletswvere studied in the temperature range
of 18231923K (15501650°C). The effects of initial droplet mass, initial droplet
silicon content, and initial slag manganese oxide content were studied. Data
obtained for 15% silicon showed agreement wahtrol by mass transport of MnO
in the slag with a mass transfer coefficien) (¢ 4.0x10°m/s at 1873K (1600°C).
However, when this rate determining step was tested at different initial silicon
contents the agreement was lost, suggesting mixed cbetwéen silicon transport
in the metal and manganese oxide transport in the slag. Increasing temperature
resulted in a decrease in the rate of reaction because of an increase in the
favorability of SiO as a product. Significant gas generation was foundgdait
experiments, as a result of silicon monoxide production. The ratio of silicon
monoxide to silica formation was increased by factors favoring silicon transport
over that of manganese, further supporting the conclusion that the reaction is under
mixed control by transport of both silicon and manganese oxide.
3.1. Introduction

Manganese has become an important alloying element in advanced high
strength steels (AHSS) with over 20wt% being proposed for certain grades of

twinning induced plasticity (TWIP) steel, and values betwedii% being of
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interest in third generation AHY3$]. Reduction of manganese oxide dissolved in
the slag has been proposed as a possible method of adding mangaffesait®
generation steels in order to improve the economics of alloy ad{{i¢8]. The
present work seeks to advance the fundamemtaérstanding of the kinetics and
mechanism of silicothermic reduction of manganese oxide from slags.

The thermic reduction process promotes solute elements with high oxygen
affinities to reduce slag components into the metal. There are two
thermodynamially attainable pathways for metallic silicon to reduce manganese
oxide. The reduction of manganese in the slag requires the supply of electrons from
silicon, either by the formation of tetravalent silicon or, if the supply of*Ni
inadequate, divalesilicon; the former results in silicon being incorporated into the
slag as silicate while the latter requires the net transfer of ériendrom the slag
to form SiO gas with the divalent silicon. Whilst the authors do not make any claims
to the detaileanechanism, conceptually and stoichiometrically these reactions can
be written as Equatior&1and3.2. Bracket notation of [metal], (slag), and {gas}
is used in this work. The free energies for these reactions were taken from FactSage
Reaction Module antthe FTDemo databa$4], which take the following data from
the NIST JANAF Table$s]. At 1873K (1600°C) EquatioB.1 yields-103kJ/mol
while Equation3.2 yields-14.7kJ/mol; under standard conditions it is clear that

while SiG may be more favorable Si€an still form.

*
"YQ ¢0&0z ¢cO&  YQOY J C O U X OXO® 0 @ fr (3.1
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YQ 0&lbz D& YQW J pljJ(psz)ma((qufl*—.l.i (3.2

Some of the earliest quantitative work regarding the reduction of MnO using
Si in nonrgraphite cruciblesomes from Daines and Pehli&. Their work showed
that manganese mass transport in the metal was thinmabeg step, where the
mass transfer coefficient £k was equal to ¥10°m/s. The system showed
significant rate enhancement with stirring, comiing mass transport control. The
system underwent a twsiage reaction, the first stage faster than the second.

Shibataet al.[7] performed a series of experiments involving multiple
simultaneous reactions. MnO was reduced by silicon and carbon simukfneo
the authors concluded that MnO reduction was more likely to be controlled by mass
transport in the metal than the slag. They further noted that desiliconization
appeared to finish within the first 300 seconds of reaction.

The work of Hecet al.[8] shows interesting correlations with Gadeldition
to the slag; a ferromanganese slag reduced with metallic silicon was shown to
produce a stoichiometrically balanced amount of.&i@d Mn in the presence of
Cak, whereas in its absence a greater than stoichiometric quantity of silicon was
consuned. These authors proposed SiO generation as the alternate manganese
reduction pathway. Such a result would appear to indicate that mass transport in the
slag may play a role in rate control of the system. The authors concluded that silica
mass transpornithe slag was controlling. However, they acknowledged the work
of Sohnet al.[9] who suggested for high viscosity slags mass transport of MnO

would be the rate controlling step.
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Similar work can be found in the ferromanganese production literature;
howewer, most of this work is directed towards understanding carbothermic
reduction of manganese oxide. Early authors like Tarby and Philfit6pkvere
the first to show a twatage reaction of MnO with C, the first stage exhibiting
significant gas generatiand the second producing nearly no gas. The initial fast
stage of reaction was proposed to be controlled by manganese transport in the slag.
Daines and Pehlid 1] claimed that the reaction was under chemical reaction
control at the slagnetal interface.

Pomfret and Grievesdi2] claimed that the observations of Daines and
Pehlke were for the slower second stage of the reaction. Pomfret and Grieveson
plotted the manganese partition over time, defined in their case as the activity of
MnO in the slag (@o) divided by the activity of Mn (@) in the metal, and showed
that a critical ratio of mo/avn characterized the transition from faster to slower
rates. Ashizukat al.[13] were able to demonstrate similar results to Daines and
Pehlke. Xuet al.[14] usal X-ray fluoroscopic techniques to observe nucleation
sites for carbon monoxide along the stagtal interface. Here it was concluded
that the rate of generation of CO along the interface was the rate controlling step.

A more recent publication by Kononoet al.[15] demonstrates the
importance of gaseous species in affecting the rate of manganese reduction.
Different temperatures and different ratios of C/MnO were used in hydrogen,
helium, and argon environments. The results indicate increasing reatéenvth

increasing temperature. Further, the densest gas (argon) had the lowest CO
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diffusivity which was reflected in MnO reduction rates. Helium did not reduce
MnO but has a higher CO diffusivity than argon, resulting in a faster rate. Hydrogen
participated in the reduction and had a high CO diffusivity and so had the fastest
rate of all.

Sun et al.[16] reacted slag with a carbon substrate where it generated a
reduced metal product. Energy dispersive spectroscopy (EDS) revealed a
manganese concentration gradient in the slag near thenslad) boundary; such a
gradient may imply that MnO transport cobtries to reduction control. The rate
of reduction was said to increase with increasing MnO content in the slag. Their
final conclusion was that chemical or mixggbde control may exist in the system.

From an analysis of the above literature, it would apfies# there are two
control steps in the carbothermic reduction of manganese oxide. The initial, fast
step is controlled by MnO transport through the slag and the slower step appears to
be controlled by CO production at the interface. These conclusimmhspacifically
the effect of gas formation at the interface may also be relevant to silicothermic
reduction should Equatiah2 play a significant role.

Many reacting systems have been found to exhibit dynamic interfacial
phenomena influenced by the triersof elements across the interfdt@i 21]
where spontaneous increases in surface area can be observed; surface area recovers
as the reaction slows and nears equilibrium. Many explanations for these
observations have been provided, though none havesfiplgined the phenomena.

Most explanations incorporate an apparent decrease in surface {@8siij
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caused by one or more capillary effects: solutocapillarity based on surface active
elements, electrocapillarity from charge differences, and thermtarépilfrom
localized temperature gradients. Surface tension decreases can manifest as
dimpling, flattening, and in the most extreme case emulsification.

Previous authors have documented reaction rates associated with a wide
range of reaction coupl¢®2i 24], of particular interest is the work of Rhamdhani
and the aluminothermic reduction of siliCehis reaction (Al/SiQ) has a similar
Gibbs energy of reaction to the current system per mole of metal solute but can only
generate liquid product® h a md hveork w#&s shown to generate a medklg
emulsion that improved the reaction kinetics through interfacial area increase.

Possibly even more relevant to the current work, is the recent work of White
and Sicherj25] where the rates of mass transfer in aesti system of Si and CaO
SiO; were investigated. During the course of the reaction rapid transfer of calcium
across the interface dropped the interfacial tension to a level low enough that
mechanical agitation caused emulsification. Such observatiomg tingp systems
which do not normally express spontaneous emulsification may be induced to do
so with stirring.

Recently, Assiset al.[26] and Spooneet al.[27] showed examples of
emulsification during reactions in confocal microscopes; it should bedrtbat
Spooner identified some issues related to the heating regimen applied during the
second set of experimenWhile this changed the replicability of the work of Assis,

it still lead to emulsificationThese authors concluded that the effect on sarfa
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tension of interfacial oxygen transfer rather than that of phosphorous is likely to be
the dominant cause of emulsification. Given that reductive alloying will result in a
large transfer of oxygen across the interface it is reasonable to expect that
emusification or similar surface phenomena will occur.

There is considerable disagreement in the literature regarding silicothermic
reduction of manganese oxide from slag; there have been a number of different
conclusions about the rate control and reaati@chanism. As it stands, no model
exists to piece together the various findings. The current work is part of an ongoing
study to further the collective understanding of silicothermic reduction kinetics of
MnO from slag and to rationalize the apparentgpdrate findings in the published
literature. This will be addressed firstly by collecting experimental data in the
untested migange of silicon and manganese oxide concentrations, and secondly
by analyzing not only this experimental data but that ofrahéhors. By doing so
the mechanism can be detailed and a model developed to describe changes in the
rate controlling steps with changing reaction conditions. The current publication
presents the first step towards this goal. Experimental data is e saemnd
analysed for the midange concentrations and a tentative mechanism proposed. A
subsequent publication, currently in preparation, will offer a more detailed analysis
of this data on the basis of mixed control involving mass transport of silicbe in t

metal and manganese in the slag.
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3.2. Experimental Procedure
3.2.1. Materials Usage

All ceramic components used were 99.8% alumina refractory matealzle

3.1 below shows the composition of all raw materials used in the experiments.

Table 3.1: Chemical Composition of Six Melt Species

Component Primary | Carbon Sulfur Phosphorus
wt.% wt.% wt.% wt.%
Silicon 99.9999 -- -- --
Electrolytic Iron 99.9 <0.0067 | <0.00143 --
Silica Sand 99.8 0.00605 0.00560 0.0023

Alumina Powder | 99.5 | 0.00322 | 0.00025 -
Calcium Oxide 06 01862 | 0.00671 0.0063
Powder
Manganese Oxide
Powder

99 0.00371 0.00153 -

3.2.2. SamplePreparation
Slag samples were first prepared by pressing a 2:2:1 weight ratio of

Si0x:Ca0:AbOs3 into pellets, and melting them in a platinum crucible using a
resistance heated muffle furnace at 1873K (1600°C). Melts were quenched by
pouring onto a steetdeam. The shattered pieces of quenched slag were crushed
and remixed; the melting/quenching/crushing procedure was repeated twice. MnO
homogeneity with the prmixed slag was ensured in three ways: vigorous shaking

of the powdered slag and MnO mixture prio adding to the crucible, -Kay
observation of the molten slag once in the furnace, and allowing for a minimum of
30 minutes homogenizing time in a liquid state once in the furnace. Owing to the
X-ray opacity differences between the MnO and other slagponents, it was quite

clear when a slag was not homogenized; a lighter band of slag was observed on top

of a darker band of MnO rich slag. ICP analysis of a blank slag, where all steps in
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the experimental procedure were followed except for the addifian drvoplet,
indicates a maximum variation in composition of £0.5wt% MnO across the entire
slag. The total mass for all slag samples was fixed at 25g; no variations in slag mass
were tested during these experiments.

Metal droplets were produced by mixiagpropriate quantities of silicon and
iron and melting in a vacuum arc melter. The melting atmosphere contained less
than 4x10'° atmospheres of Hdroplets were melted-2 times for homogeneity; a
total oxygen content of less than 50p[#8] is expected.

3.2.3. Procedure
All reduction experiments were conducted using a vertical tube furnace

heated using molybdenum disilicide elements. Reaction temperatures up to 1923K
(1650°C) measured using a tyBeplatinumrhodium thermocouple could be held
constant within & (8°C). The 8.9cm diameter alumina furnace tube was sealed
using water cooled stainless steel caps at either end, fitted to allow either inert gas
to flow through the furnace or to evacuate the furnace using a vacuum pump. The
furnace was equipped for-bay imaging of the slag and metal inside the crucible

to allow observation of interfacial phenomena and gas bubble formation during the

experiment. A diagram of the furnace setup is providddgare 31.
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Figure 3.1: Schematic Diagram of the Vertical Tube Furnace, Not to Scale

The following paragraph uses names taken fragure 31 to better explain
the stepwise procedure. An alumina crucible containing slag was placed in the cold
zone of the furnace, load inside the quench collar at the base of the furnace and
supported by an alumina support rod; thei@ connections at the base were
sealed. The holding cap above the furnace was removed, and a metal droplet was
placed inside supported by an externaldynium magnet. The cap was attached
and sealed to the dropper tube such that the droplet can fall when the magnet is
removed (without unsealing the furnace). With all seals closed the system was
evacuated and backfilled with argon. Thereafter, the systas continuously
flushed with argon for the duration of the experiment. The crucible was raised from
the bottom of the furnace into the hot zone over the course of approximately one

hour to prevent thermal shock to the crucible. The hot zone temperatare wa
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uniform to approximately 1K (1°C) for 4cm, or +10K (10°C) for 10cm. The
experiment was started by removing the magnet from the exterior of the holding
cap, thus allowing the metal droplet to fall to the base of the dropper tube which
was situated neahé mouth of the crucible. This tube had a small hole drilled in
the end, too small for a solid metal droplet to fall through but large enough for liquid
metal to pass. This ensured that the metal was fully liquid prior to the start of the
reaction; the legth of melting was dependent on the size of the droplet. Fitag/ X
equipment was used to determine the precise time when the metal droplet melted,
moved through the hole, and entered the slag which established precise zero times
for each reaction. The lottian of the droplet at various times is demonstrated in
Figure 32. The crucible that contained both slag and metal could be quenched in
less than one second by removing the support tube, which allowed for accurate end
times to be established. In ordem@nerate a concentration versus time profile for

a specific set of initial conditions several of these experiments were conducted; the
collection of many discrete data points allowed for the fitting of the data to a

continuous curve for each initial reamti condition.
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t<< 0

Figure 3.2: Diagram of Droplet Location at Various Times within the Furnace Setup, Not to
Scale

Inductively Coupled Plasma Optical Emission Spectroscopy (IEPES)
was used to analyse tlguenched metal droplets for manganese and silicon.
Approximately 0.1g samples of metal were dissolved using a microwave digester
and a solution of 3mHCI, 2mL HNG;, and 2mL HBE. Samples from the digester
were then diluted to 100mL twice to get them imtmeasurable concentration range
for the elements of interest-dDppm). Experimental slags were not analyzed with
ICP as concentration gradients formed within the slag rendered bulk concentration

measurements meaningless.
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3.3. Results

Figure 33 through Figure 311 show the change in metallic silicon and
manganese contents as a function of time for the various reaction conditions. The
solid lines in these figures have been ddr
functions by the author. The dashed linevghohe predicted manganese value by
converting the change in wt%Si to wt%Mn using EquaBdn while the dotted
line shows the same conversion using Equadi@n During the initial seconds of
reaction the measured data appears to be almost entireljpddday Equatior3.1.

Beyond this time deviation can be found, where the amount of manganese reduced
to the metal is less than calculated from the stoichiometry from Equation
implying contribution from EquatioB.2. A depletion of MA* ions would impove
thefavorability of the SiO reaction, which may explain this behaviour. The time to
achieve equilibrium for these reactions was between 240 and 360 seconds. This

value is in agreement with the desiliconization data of Shidadh[7].
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Figure 3.3: Concentration vs. Time Plot for the 15wt%MnO, 5wt%Si, 1.5g Droplet, and
1873K (1600°C)
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Figure 3.4: Concentration vs. Time Plot for the15wt%MnO, 10wt%Si, 1.5g Droplet, and
1873K (1600°C)
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Figure 3.5: Concentration vs. Time Plot for the 10wt%MnO, 15wt%Si, 1.5g Droplet, and
1923K (1650°C)
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Figure 3.6: Concentration vs. Time Plot for the 15wt%MnO, 15wt%Si, 0.5g Droplet, and
1873K (1600°C)

354 .- =
7' 307 [wt%Mn] from [wi%si]
— Equation 1-Si0, .-
6 254 s [wt%Mn] Measured
= .
=, 204 [wt%Mn] from [wt%Si]
c - Equation2-8i0 ... e
g 155 @ ’
i)
o 104 <
= [wt%Si] Measured
D 51
@ f’,
= o

0 50 100 150 200 250 300

Time (Seconds)

Figure 3.7: Concentration vs. Time Plot for the 15wt%MnO, 15wt%Si, 1.0g Droplet, and
1873K (1600°C)
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Figure 3.8: Concentration vs. Time Plot for the 15wt%MnO, 15wt%Si, 1.5g Droplet, and
1823K (1550°C)
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Figure 3.9: Concentration vs. Time Plot for the 15wt%MnO, 15wt%Si, 1.5g Droplet, and
1873K (1600°C)
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Figure 3.10: Concentration vs. Time Plot for the 15wt%MnO, 15wt%Si, 1.5g Droplet, and
1923K (1650°C)
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Figure 3.11: Concentration vs. Time Plot for the 20wt%MnO, 15wt%Si, 1.5g Droplet, and
1923K (1650°C)

Visual observation of quenched slags, suckigare 312, shows a distinct
color gradient exists within the sample taken at around three minutes. Given that
MnO is theonly species to cause significant pigmentation of the slag, this gradient
appears to be related to manganese depletion of the slag and is nanfelays
near time zero or slags that are at equilibrium. Hence it is reasonable to assume that

transport ®manganese oxide in the slag contributes to control of the reaction for a
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large portion of the reaction tim&igure 313, taken after twenty seconds of
reaction, is consistently dark in both the interface and bulk slag, implying that no
significant gradent exists.Figure 314 taken at twenty minutes of reaction is
consistently lighter in color. In all cases gas bubbles can be observed forming along
the slagmetal boundary, though each image has a different bubble shape associated
with it. This is believd to be associated with how the gas bubbles evolve over time.
Note that these images have had small adjustments made to their color and
contrast in order to make the changes in the slag more apparent for readers. This
action has not changed the positidnttee MnO depleted zone. An overlay has
further been added to point out key areas of interest. While only three images have
been presented, similar observations by the author were found for nearly all

samples.

Figure 3.12: Colour Gradients Surrounding the Droplet (Lower Middle of the Image) and
Gas at 185 Seconds of Reaction; The Lightest Area is to the Left and Darkest to the Bottom
Right
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" *'Metal Droplet
‘- Location

Figure 3.13 Negligible Color Gradients Found Surrounding the Droplet at 20 Seconds of
Reaction; Note the Distinct Outline of Spherical Gas Bubbles Surrounding the Large
Central Droplet

Gas
Bubble

o

? ’ 'D‘roplet

Figure 3.14: Small Light to Dark Gradient from Left to Right across the Image at 20
Minutes of Reaction; Note the Destabilization of Bubbles Seen at Long Times Resulting in
Elongated Shapes

In order to quantify the correlation between color and (MnO) concentration,

EDS was performed atftierent distances from the slag/metal interface. The data

shows concentration increasing from approximately 4wt%Mn to 6wt%Mn over a

0.7mm distance in the direction perpendicular to the interface. Without a standard

to reference in the SEM these values cdrioe taken at face value, however their
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trend can, where the manganese content increases by 50%. This further reinforces
the idea that manganese transport in the slag controls the reaction rate.

Based on the above qualitative evidence for mass transport control in the slag,
Equation3.3 was used to plot the experimental data. The mass transfer coefficients
are represented asdnd k, for slag and metal respectively in units of m/s; similarly
volume is givenas Yor Vminm®. Time is represented as
interfacial area in M The number of moles of a particular species in either the slag
or metal are given assmr nm respectively (and can have the desired species
substituted) t he superscripts denote whether
at the initial composition 06060, and t
time. Masses of slag or metal are representedsas mm. Molar mass is given as
capital M. Euation3.3 was developed assuming control by mass transport in the
slag employing a molar balance such that the equation could be written in terms of
number of moles of the relevant species in the metal. Equatida Equatior8.3
where an appropriateonversion of moles to mass has been applied. Further, this
derivation includes the initial moles of manganese in the metal as part of the
expression; this is a negligible napro value that could be assumed away, but was

tracked in this expression regarsi.

[ (3.3
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Further, in order to verify that metal transport is not the rate control, Equation
3.5 for metal control is shown below. Note that the significant differences are the
use metal versus slag volume and thelpgarithmic term. The molar terms in
Equation3.5 have been converted to mass terms in Equatén
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If mass transport of manganese oxide in the slag is assumed to control the
reaction rate, the change in the manganese concentration in the metahwiih
given by Equatior8.4, whereas if mass transport in the metal controls Equaon

would apply. This information is displayed Table 32 for clarity.
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Table 3.2: Definition of Z, Y m, and Ys Used to Plot Rate Equations

Z1 Figures O0BOE?a OBOE 24
3.15t03.19 bepde 26  O&Oe za
- LDt za OPOED 24 LPOE 24
Y T Figure 316 | ¢ 0 0 ]
(mass transfer| g O®0: 2a O®DED 24
in metal) 0 0
Y i Figures , LPOE zd
3.15 and3.17 £ . v
t0 3.19 (Slag 0 LPOE za VPOED 246
Control) v v

In the current work different droplet sizes, different starting [Si], and different
starting (MnO) contents have been used to alter the value of Y. The effect of
temperature has also been studied. Fi@u® and Figure3.16 are plotted for
different dropet sizes below according to Equatid4 and Equation3.6
respectively. The data plotted according to control by MnO mass transport in the
slag can be fitted well to a single straight line whereas the data plotted according to
metal control does not fit as well. This suggests that manganese oxide reduction is
controlled by mass transport in the sl&igure 315 shows an excellent fit of the
data to a single straight line, with significant deviation only occurring following the
300 second mark. Meanwhikggure 316 shows that the equivalent plot for mass
transprt in the metal appears to diverge at a much earlier time. The mass transfer

coefficient k is approximately 4X1.0° m/s.
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Figure 3.15: [Mn] Concentration Data Plotted as a Function of Droplet Size and Tire, Using
Equation 3.4 for Mass Transport of MnO in the Slag; Initial Conditions 15wt%Si,
15wt%MnO, 1873K (1600°C), Variable Mass
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Figure 3.16: [Mn] Concentration Data Plotted as a Function of Droplet Size at Time, Using
Equation 3.6 for Mass Transport on Mn in the Metal; Initial Conditions 15wt%Si,
15wt%MnO, 1873K (1600°C), Variable Mass

This result does not agree with the work of Daines and Pehlke who stated that
mass transport of manganese in the metaltivasate controlling stejs]. Daines
and Pehlke used much lower amounts of [Si] and (MnQO) in their system, and made
the bulk of their observations at times greater than the five to seven minute mark;

this could explain the discrepancy. The more recenkvad Heo et al. is in
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agreement with slag control findings, even though their claim is a silica control
pathway and not manganese oXi@e

Carrying forward the conclusion that the system is under slag mass transport
control, the following figures showhé results of changing initial (MnO)
concentrations and initial [Si] concentratioRggure 317 shows that changing the
initial concentration of (MnQO) in the system does not change the rate constant of
reaction. This provides further evidence towardsdka of control by transport of
manganese oxide slag. Note that as expected dhalle here is near that

established ifrigure 315 (approximately a ten percent difference).
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Figure 3.17: [Mn] Concentration Data Plotted as a Function of Initial (MnO) and Time,
Using Equation 3.4 Control by Mass Transport of MnO in the Slag; Initial Conditions
15wt%Si, Variable MnO, 1923K (1650°C), 1.5g Droplet

Figure 318 shows that by increasing the initial concentration of silicon in the
metal an increase in the slope of the rate plot can be observed. This observation
appears to be in contradiction to the previous evidence of mass transport control by

manganese oxide in imé slag, as the pi#egarithmic term is not successfully
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normalizing the data with changes in silicon. This finding is contradictory to the

previous findings, and may imply mixed control is controlling this system.
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Figure 3.18 [Mn] Concentration Data Plotted as a Function of Initial [Si] and Time, Using
Equation 3.4 for Control by Mass Transport of MnO in the Slag; Initial Conditions Variable
Si, 15wt%MnO, 1873K (1600°C), 1.5g Droplet

Figure 319 compars changes in temperature among reactions. Strangely, it
appears as if increasing temperature may result in a decline in the rate constant.
This is atypical of most systems under mass transport control, as an increase in
temperature typically correspondsdn increase in the mass transfer coefficient.
This anomalous change in the apparent mass transfer coefficient could be because
of a shift in balance between two rate determining steps in a mixed control system
or because of different levels of bubble fatron on the metal surface. Further,
near time zero it appears as if the higher temperature starts from a lower YInZ than
that of the lower temperatures. This may imply that a reaction occurs near time
zero, without the presence of gas, correspondingtwélilk mass transfer and the

increased rate constant that temperature typically brings.
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Figure 3.19: [Mn] Concentration Data Plotted as a Function of Temperature and Time,
Using Equation 3.4 for Control by Mass Transport of MnO in the Slag; Initial Conditions
15wt%Si, 15wt%MnO, Variable Temperature, 1.5g Droplet

One final observation from this work st marks left by bubbles on the metal
surface Figure 320 shows a metal droplet that has been extracted from slag with
large flattened areas. These appear to be gas nucleation and growth sites, where the
pressure exerted by {SiO} manages to flatten therface. From thermodynamic
calculations silicon monoxide is the most likely gas present. This flattening is likely
to happen when gas generation is at a maximum and would exert the greatest
pressure on the interface. In some cases treyXquipment allved for the insitu
observation of large gas bubbles in the slag, apparently breaking away from the
metal. It is believed that these larger bubbles are the result of coalescence of many
small bubbles into a single large bubble that can break away frasurflage of the
metal droplet. Unfortunately the image quality is not sufficient to measure the

volume of the bubble film around the metal surface.
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Figure 3.20: Localized Flattening on a Dropletinterface at 4 Minutes of Reaction

Meanwhile Figure 321 shows marks left by bubbles attached to the metal
interface with a network of slag surrounding the sites. These circular areas of
apparently clean metal show how the gas sticks directly to the ametalisplaces
slag around the nucleation and growth sites. This observation provides credible
evidence to the theory that a dynamic volume/area term may exist over the course
of the reaction relating the ability of (MnO) to diffuse past the bubble layer an

react with the metal in the slag regions; this is discussed in more detail below.
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Slag
Deposit

Figure 3.21: Cleared Metal Surface Surrounded by Slag Deposits in a Webike Pattern at 2
Minutes of Reaction

It is worthnoting that none of the dynamic interfacial phenomena (flattening,
roughening, or emulsification) as identified by previous workg0ds22,26]were
found during the experiments. The localized flattening showhigare 320 is
likely attributed to bubble utleation and not surface tension breakdown. Despite
exceeding the 0.1molffs interfacial oxygen transfer rate criterion proposed by
Riboud and LucaR0], the system did not exhibit interfacial breakdown; the
formation of a stable bubble film around tdeoplet may inhibit spontaneous
emulsification. This hypothesis is purely speculative, although other workers in the
aut horsoé | aboratory studying iron carbon di

present the interface remains remarkably stable eveiglabxygen flux29].
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3.4. Discussion

The results presented above offer strong evidence for control by mass
transport of manganese oxide in the slag. A gradient in slag pigmentation
(indicative of depletion of manganese oxide close to the slag/metal iefecic
be observed by visual observation. Rate plots assuming control by mass transport
of MnO show remarkable consistency for a variety of droplet sizes and initial MnO
concentration. Contrary to these findings changing the starting metallic silicon
content of the metal disagrees with mass transport control by MnQ; silicon transport
in the metal may also impact the rate and control step for the reaction. The curves
from Figure 33 throughFigure 311show that the concentration change of metallic
manganesllows neitherEquation 31 nor3.2, falling somewhere in between, but
that conditions likely to cause a greater deficit in the transport &f knthe
interface relative to that of silicon will more closely follow the theoretical SiO
curve.

Taken in teir entirety the above observations imply some element of mixed
control between silicon in the metal and manganese oxide in the slag which may
explain the apparent discrepancies between different resed@iis Initial
concentrations are likely to implathe dominant reaction pathway.

These findings are best summarized able 33 below; all MnO changes are
matched with 15wt%Si droplets and all Si changes matched with 15wt%MnO slags.
FromFigure 33 throughFigure 311it is possible to compare the measured changes

in manganese concentration to the theoretical values that would be obtained through
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the SiQ or SiO pathways. At a minimum, one mole of silicon will reduce one mole

of manganese oxide accordingHEqguation X, and at a maximum one mole of

silicon will reduce two moles of manganese oxide accordiriggteation 31. One

can <calculate the O0sil i cbguatione3/,fwhere ency r at
0 & 0 € represents the measured concentration of mangane#gep &

represents the concentration of manganese assuming all silicon is converted to
manganese vi&quation R, andv ¢ 0 & represents the concentration of

manganese assuming all silicon becomes silica accordirigpwation 31; all

concentations are taken from the metal.

ok0eE OPOE
LeOE O0OE

"YO'Y p (3.7

Values of SER calculated usirtigquation 37 are shown iffable 33 and
follow the trend one would expect given the stated mechanism. High initial MnO
content results in a higher initial ratio indicating that?¥ftux is high and more
able to oxidize the available silicon. Low initial silicon similarly results in a slowe
demand for MA". With the noted exception of 10wt%MnO there appears to be a
slight downward trend in the efficiency with time, indicating as expected that
depletion of MA" near the interfaces results in more production of SiO. The other
data sets do nehow observable trends. From this analysis it appears that the early
stages of reaction are dominated by kinetic factors which eventually become
somewhat stable and approach a ratio close to the equilibrium of the system; despite
differences in the ratimear 300 seconds, eight of the nine systems (with the

exception of 10wt%MnQO) closely approach their expected equilibrium. The
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analysis shows that in order to meet the demands of the mass balance within the

system the ratio of [Mn] to [Si] reacted over timeist change.

Table 3.3: Silicon Efficiency Ratio for Different Starting Concentrations and Over Time

Initial wt% Time (S)

Slag/Metal 5 60 120 180 240 300
10%MnO 1.32 1.34 1.35 1.36 1.36 1.37
15%MnO 1.58 1.57 1.57 1.57 1.57 1.56
20%MnO 1.93 1.90 1.88 1.87 1.86 1.85
5wt%Si 1.94 1.90 1.87 1.85 1.84 1.84
10wWt%Si 1.79 1.76 1.74 1.73 1.72 1.71
15wt%Si 1.62 1.61 1.61 1.60 1.60 1.59
A gas layer has been found in almost every experiment carried out. This has

not been incorporated into the rate assumptions presented above and is likely also
to have complicated the picture, particularly in regard to the effect of temperature
on reactiorrate. This result implies that mass transport of manganese oxide in the
slag might not be the lone rate controlling step in this reaction. Given that all of the
data for MnO differences came from droplets with 15wt% starting silicon, it is
possible thattaower values of silicon the control shifts away from manganese to
silicon instead. Such a result may help explain the issues authors have had
explaining the reaction mechanism in the system, ranging from manganese in the
metal to manganese or silicontire slag. Given the apparent gas generation in the
system, and the favourability of SiO with temperature, it is possible that higher
temperatures result in more gas generation around the interface leading to blocking
of the reaction pathways; this is comeplted by diffusivity increases in slag with

increasing temperature.
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One area of concern surrounding the gas is how it affects the volume and area
terms employed in any rate equation. For example, assuming that the interfacial
area is the slagetal inteface is unlikely to be true if it is partially covered by gas
bubblesFigure 322 provides an illustration of how bubbles may impact the area
of the reaction interface and thereby rate of reaction. The extent of the bubble layer
and the volume of slag bve¢en the bubbles may change over time depending on a
number of factors, such as temperature and the balance between silicon and
manganese oxide transport. A gas layer would be expected to impact the interfacial
area in two possible ways: first by taking space along the interface and
preventing the reaction of slag and metal in those areas, as well as forcing all
transported material to funnel between the bubbles. Given the spherical geometry,
the point where the neck between bubbles is at its narrowestdsimpact the
transport more greatly than coverage of the-ghagal interface. If one considers
an imaginary sphere around the metal droplet, separated by one bubble radius from
theslagmet al i nterface this spherealentirelul d have
by slag. Upon the formation of a bubble layer the area occupied by slag would drop
reducing the crossectional area of the transport path. Assuming the spherical
bubbles pack tightly in a hexagonally close packed monolayer would reduce the

avalable transport path by 89%.
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Slag

Figure 3.22 Diagram lllustrating how Gas Generation may Affect the Diffusion Pathway
and Change both Volume and Area Terms in the Rate Equation

Such an assumption may help to explain what appears to be a dramatic
decrease in reaction rate after the first six seconds. Close examination of the plots
in Figure 33 throughFigure 311 shows that the-pxis intercept at time equal to
zero is always lesthan zero. This observation implies an early rate much faster
than that evident for times greater than 6 seconds may be present. Based on the data
available, it is not possible to determine the exact point at which the rate changes
but if for the sake ofliscussion one assumes six seconds we can estimate a slope
and therefore a mass transfer coefficient for this very early time period. This process
is illustrated inFigure 323a s s kpl ot t ed al ongwluedrem t he c al
Figure 315. The masdransfer coefficient calculated based on times greater than
six seconds is approximately 11% of the estimated initial slope. The authors are not
claiming that the predicted initial mass transfer coefficient can be determined
guantitatively but merely pra@se that it is of the correct order of magnitude to
support the idea of blockage of transport paths by a relatively stable bubble film.

The slope plotted for time less than six seconds is a very reasonable estimate; these
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first few seconds of reaction caccount for up to 10% of the total reaction (as is

the case withrigure 311).
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Figure 3.23: Zoomed Version ofFigure 3.15where the Initial Y-Axis Jump is Displayed

The above findings indicate that there are two major areas for future work:

derivation of a rate equation involving both manganese oxide transport from the

slag and silicon transport from the metal, as well asrtborporation of the change

in interfacial area with time. The interfacial area appears to change over a relatively

short period of time as the result of a relatively stable bubble film, and once formed

does not change much over the course of the r@actio

3.5. Conclusions

1. MnO mass transfer in the slag is the rate controlling step for experiments

with 15wt% silicon, the mass transfer coefficient isxa@m/s.

2. Decreasing the initial silicon content changes the rate control to mixed

control by mass transpaot silicon in the metal and mass transport of MnO

in the slag.
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3. Lowering the temperature appears to increase the reaction rate because of
the decreasing favorability of SiO formation at lower temperatures.
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Chapter 4

4. Kinetic Modelling of the Silicothermic Reduction of
Manganese Oxide from Slag
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Contributions & Context

This article is a follow ugo Chapter 3. The experimental data in the work
comes from the previous publicatif82]. Nearly 100% of the MatLab coding and
data analysis was performed by the primary author. Yousef Tabatabaei was
instrumentalin the MatLab learning process; if there was a major hurdle Yousef
Tabatabaei helped expedite theusioin. Discussion of modelling parameters was

shared between the primary author and Yousef Tabatabaei. Analysis of the data was
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shared betweelr. Coley,Dr. Barati, and the primary author. The manuscript was
completed entirely by the primary author.

Where the paper discussed in ChaptersBows the experimental data,
including observations and a crude analysis, this article is a mordufiad
analysis of the system. It was obvious from the previous work that gas bubbles
played a role obstructing the intece, and the rate determining step of the reaction
was not satisfactorily identified. The modstudied four transport conditions
(silicon and manganese, in either phase) and allowed the possibilityghthat
chemical reaction formingiO was apotential ate limit The model further
incorporated an instantaneous area change associated with the formation of a gas
halo into the calculation.

The model returned a result suggesting that all transporting species were
closelylinked, andtheir mass transfer coaffents were nearly identicad single
mass transfer coefficient was justified for sl&y, equal t06.7A0%m/s and a
single mass transfer coefficient in the mef@, equal t02.340%m/s These
findings were one order of magnitugieaterthan the value reported in the previous
chapter However, the area modifying parameter was not included in the previous
value, thus wheihis isconsidered the values in both studies are quite chose.
mechanism for the formation and stabilizatiorSo® gas along the interface was
proposed that is supported by qualitative observations from the experimental data.
Where previous conclusions suggested MnO mass transport as the rate limiting

step, this work suggests countenrent mass transport of ajpecies is necessary.
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Kinetic Modelling of the Silicothermic Reduction of Manganese

Oxide from Slag
B.J. JamiesdH, Y. Tabataba&l, M. Barati’!, and K.S. Coléy/
[LIMcMaster Steel Research Center, McMaster University, Hamilton, L8S 4L8,
Canada. Contact coleyk@mcmaster.ca
21 University of Toronto, Toronto, M5S 3H7, Canada.

Abstract

A model was developed to describe the mixed rate control kinetics in systems
with MnO-SiO,-CaO-Al 203 slagsandFe-Si metaldroplets During the reaction of
Fe-Si droplets and slag, Mhtransport was found to be part controlling the system
but could not sufficiently describe all initial conditions (chiefly, changes to initial
silicon content). The current model describes the kinetics of the stated system and
offers answers to the question of rate control; the model has been fitted to nine
datasets of varying initial conditions including initial [Si], initial (MnO), initial
droplet size, and reaction temperature. The fitted mass transfer coefficients for
metal andslag were2.3A0%m/s and 6.A0*m/s respectively;these values are
constant across nine datasets. Previous claims about the efficiency of silicon usage
in reducing manganese have been modified; it appears that the formation of silica
is favored throughat the reaction, but that the formation of a silicon monoxide gas
layer on the metal surface dramatically impacts the rate of reaction. As a measure
of overall fit of the model, the average of the root mean square errors for all datasets
is 14%. Mass tram®rt in slag is twice as influential to rate control as the metal
phase. The simultaneous transport of bottf*\md silicate dimers controls mass
transport in the slag. Both [Si] and [Mn] can control from the metal side but are

dependent on the initial oditions.
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4.1. Introduction

The drive to reduce vehicle fuel emissions has created a new era of materials
design, requiring stronger and lighter alloys. Light metals like aluminum and
magnesium have been investigated and commercialized for some vehicle
componats, but the steel industry remains competitive with three generations of
advanced high strength steels (AHSS). Thiegéneration of AHSS offers good
strength but relatively poor elongation properties, characteristic of low manganese
contents. ? generation AHSS has great strength and ductility but has not seen
mainstream success because achieving the alloying requirements (>17wt%Mn) is
expensive and causes difficulties with formability. The current focus™is 3
generation (3G) AHSS, which has bedefined to contain approximately 3
10wt%Mn[1]. This alloy content is more commercially viable while still offering
desirable mechanical properties.

Process improvements beyond traditional ferroalloying are required to
improve the economic viability ofG@ AHSS; currently only POSCO has managed
to commercially produce steel with appreciable quantities of [En] One
proposed method of manganese addition is through direct or reductive alloying;
manganese ore can be added to slegjtinand reduced with @eductant such as
silicon or coke instead of being added as a ferrodB0o§]. The current work seeks
to improve the fundamental understanding of the silicothermic reduction process of
manganese oxide in a synthetic slag, with anticipated applicatidime¢balloying.

Silicothermic reduction is widely used as the final stage of AW@rygen
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Decarburization (AOD) to reclaim chromium that has been oxidized from the slag.
As AOD is also a potential route for high manganese steels, the current work may
beof interest in that application.

Previous work by two of the current authffs showed evidence that the
reduction of (MnO) by [Si] was controlled by mass transport in the slag; however
this alone did not fully explain the rate control for the systenrmcHgit was
proposed that [Si] also had an impact on the reduction rate; the assumption that the
system was under mixed control will be explored in more detail in this paper.

The body of literature for carbon free silicothermic reduction of (MnO) is
small and the findings are somewhat disparate. Daines and H8hlkaind the
system to be controlled by diffusion of [Mn]. In a study of simultaneous reactions,
Shibataet al.[9] found that desiliconization and MnO reduction were controlled by
mass transporin the metal. Sohret al.[10], with some carbon present in the
system, showed the system can be controlled by slag or metal mass transport
depending on the partition ratio and slag fluidity. Hetoal.[11] extensively
reviewed [Si] oxidation and (MnO) dection and showed that a diverse array of
rate controlling steps had been proposed. These workers also included studies for
(FeO) containing slags. Their conclusion for [Si] and (MnO) was that mass
transport of (Si@ was the rate controlling stepurthe research exists using
carbon as the principal reductant, and similarly the verdict on rate control is mixed
though leaned towards chemical reaction control (from CO nucleation) and MnO

mass transpofi2i 16].
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The pr esent[7]auggesten thahé reagtoom rte was controlled
by a mix of [Si] transport in the metal and (Mntransport in the slag. These
conclusions are in line with past findings but are not definitive. Thus, the present
work seeks to model the system in a way that would adelgudsscribe the impact
of all transport steps on the overall reaction rate.
4.2. Experimental Procedure

The data analyzed in this paper were reported in a previous publiggtion
which also included a detailed description of the experimental procedurtheFor
convenience of the reader, a brief description of the experimental procedure is
presented here. A powdered Mi810,-CaOAl>Oz slag of the desired composition
was placed in an alumina crucible and raised into the hot zone of a vertical tube
furnace. Theslag was held for 30 minutes to allow it to melt and homogenize. A
Fe-Si metal droplet was held in place above the crucible by a magnet at the top of
the furnace, within the argon atmosphere of the furnace but outside the hot zone.
To start the experimettte droplet was released by removing the magnet. The metal
droplet was delivered to the slag containing crucible through an alumina tube with
a small hole in the end which protruded into the hot zone. The hole was sized to
ensure the droplet was fully nteh prior to dropping into the slag. The zero time
for each experiment, considered to be the time when the droplet entered the slag,

was determined by viewing the crucible througtiR&y fluoroscopy.
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The datasets obtained examined the effeeanfing the initial silicon content
(5-15wt%), initial MnO content (1:20wt%), initial droplet size (0-%.5g), and

reaction temperature from 182923K (15501650°C).

4.3. Numerical Modelling
4.3.1. Past Findings & Influences

Visual observation of quenched slags,saspresented ifrigure 41, shows
samples taken near three minutes of reaction exithigtinct color gradienh the
bulk slag surrounding the dropl@ote that the image has been contrast adjusted
for the benefit of the reader; these changes dochahge the location of the

depleted zone§ ' hi s figure i s duplicatdgr/fl from t he

Figure 4.1: Color gradients surrounding the droplet (lower middle of theimage) andgas at
185seconds ofreaction; the lightestarea is to theleft and darkest to thebottom right.
Reprinted from Ref. [7].

Given that MnO is the only species to cause significant pigmentation of the
slag, this gradient appears to be related to manganglstiole of the slagdjacent
to the droplet and not foundn slags near time zero or sldgs which the reaction
is close to completianThis was the premise of the qualitative conclusion that the

rate was controlled by transport of (Rnin the slagExploratory use of Energy
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Dispersive Spectroscopy (EDS) in a SEM confirmed that there were manganese
gradients near the interface in the slag; small silicon gradients were detected as well.
There are reports that silica transport is responsible for oatieot[11] thus the

mass transport of silica was also analyzed.

The previous analysig] of the impact of initial silicon content suggested
some contribution of [Si] transport in controlling the rate; past res¢@raiso
suggested [Mn] has a source of rate control. Hence the current work includes all
possible transport steps in developagnixed control model. The current model
will also attempt to determine the extent to which each step contributes to the
overall rate.

4.3.2. Outline of the Model
The goal of this model is to create an analysis tool to identify the mixed rate

controlmechanisminhe system. The model works i ndepe
collected data, only using this data to optimize the fitted parameters. Data for the

model comes from literature or reasonable assumptions about the system. As part

of the investigation, the traport of both metallic manganese and slag silica can

impact the systenkigure 42 demonstrates the anticipated gradients in the system.
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Boundary
Layer(s)
Bulk Metal : Bulk Slag
Si A— MnO

Figure 4.2: Proposed concentration gradients at the interface of thelag-metal couple

In addition to mass transport considerations, the rate of SiO formation must
be considered. This brings the total number of fluxes/reaction rate steps to five,
documented in Equatiodsl-4.5. These equations represent the change in aumb
of moles with respect to time for Mn, MnO, Si, and 5& well as SiOEquation
4.1 considers the mass transport of manganese in the Egtialtion4.2 considers
the mass transport of MnO in the slaguation 43 considers the mass transport of
silicon in the metalEquation 44 considers the mass transport of silica in the slag.
Finally, Equation 45 characterizes the forward and backward rate of reaction for

the formation of silicon monoxide.

For the following equations— is the change inumber of moles of species
j with respect to the timéQ is the mass transfer coefficient of spegies is the
interfacial area of the reacting specigsjs the interfacial concentration of species

j, ando is the bulk concentration of specjes
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Rsio is the rate of SiO formation (mol/s)mil is the rate constant for the
forward reaction, andok is the rate constant for the backwards reactions the
interfacial activity of specigsand the partial pressures of the speciesjare

Y N ;e 0 Q) (4.5

To simplify Equation 45, keck can be rewritten equal to the following, where

Ksiois the equilibrium constant for the formation of SiO according to the following

stoichiometry Equation 4.%. Ksio is calculated from NIST JANAF tabl¢$7].
"Y"Qgt') Y'Qo 4.6
The rewritten kcx looks as follows.
Q — 4.7

The five potential points of rate control must be related to one another via a
mass balance at any given time step. There are three principle relationships: the
manganese balance, silicon balance, and oxygen balance; these are shown in

Equations4.8, 4.9, and4.10 respectively.
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(03 (03

4.8
m Q0 Qo (4.8
= . 4.9
T 55 a5 4.9
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. 4.1
T 9% T (4.19

By the introduction of an appropriate activity coefficient the activity of silicon
in Equation 45 can be expressed in terms of mole fraction. Bulk concentration can

be rewritten as the bulk moles divided by slag volume at a given time. The
interfacial comentration can be rewritten &sjuation 411, where® is the mole

fraction of specieg at the interface ané is the molar volume of the phase
housing speciggwhich is a weighted average of the partial molar volumes of each
species inle phase) calculated at the interface.

5 =2 (4.11)
w

Equations4.8, 4.9, and4.10 present three independent equations with five
unknowns (four interfacial mole fractions and ). Assuming local equilibrium at
the interface allows for Equatios12 and4.13 to be included. The data for
Equation4l 2 was t aken f [18 datababeeThddata BrBatiane E

4.13 was taken from the NIST JANAF datab§kd.

0 B (4.12
0 5 (4.13
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With the two equilibrium equationsy and® can be rearranged for
and substituted into the system of Equatié8shrough4.10 with unknownsd
@ , andn . All other variables in the equations can be directly calculated or
reasonably assumed between timesteps.

To rewrite all speci in terms of manganese or silicon, it is necessary to
include the fraction of silicon that reacts to form SiO and the fraction that forms
SiOp. This is done using the Silicon Efficiency Ratio (SER)proposed in the
aut horso pr evi ouwsformatonthe SER equals? Gnd fér 16006l i
SiO the SER equals 1. The method used in the current work uses the instantaneous
rate of change in manganese and silicon to calculate SER. The relationship between

SER and the fluxes of silicon and manganesedasanted below dsquation 414.

0 is the flux of speciepequal to—. Given that for both silicon and manganese,

the flux 0 is calculated with the same timestep and aEemation 414 can be

rewritten a€Equation 415. The SER igess significant than previously thought.

T oYO® 0 (4.14)

"YO'Y 95@_ (4.19
The activity coefficients for this model have been taken from the work of Lee
& Downing[19], who created equations to describe #utivity coefficients in
guaternary metals composed of {8RC-Fe and slags of Mn@iO-CaO-Al20s.

As will later be shown, these values agree well with the equilibrium values

predicted by FactSageE (using FToxid,
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4.3.3. Solution Method
The system thus consists of three equations and three unknowns, which

require a simultaneous solution. An implementation of the NeR@whson
method[20] was used to solve for the mole fractions of each species) anat
every timestep. Using the mditions from the previous time step and the solved
unknowns, all values at the latter timestep could be updated.

Knowing the change in the number of moles of each species at each timestep,
the starting condition of the subsequent timestep can be prebigctadding the
change to the previous value. The new molar composition is used to recalculate the
total volume of each phase at every timestep.

For the metal droplet, knowing the mass yields the volume of the droplet,
which is assumed to be spherical. Tagsumption allows the calculation of the
changing droplet radius and subsequently the droplet surface area. Area modifiers
are multiplied into the interfacial area.

4.3.4. Fit Optimization
To select the appropriate mass transfer coefficients for the systerhféa bes

method was applied. The experimental data from previous Wbrkas employed.
Residuals comparing the experimental data with the model predictions were
determined for each data point and the optimum combination of mass transfer
coefficients was chesn based on minimizing the residuals for the entire dataset.
The residuals were calculated as the difference between the measured weight
fraction and modelled weight fraction. Since a best fit for all datasets was sought

simultaneously across all 9 datasetach with their own range of concentrations,
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relative residuals (RR) were employed as representeBgoyation 416 where
() denotes the measured weight fraction of a speciesandis the simulated

weight fraction for the same time of reaction.

vy 2@ 41
- (4.19

With the relative residuals determined, there were two primary error checking
modes for minimizing the residuals. The first is the Root Mean Square (RMS) error.
The RMS for this model is calculated according:tpuation 417 and is a standard
for checkingmodel predictions against collected ddthis the total number of
datapoints in the analyzed set. The sum of squares of each RR is taken fildm 1 to
The downside of this parameter is that the importance of outlying data is
overestimated which is parti@arly bothersome in high temperature experiments

whereN is small.

5
YO Y + (4.17)

The Mean Absolute Error (MAE) was also employed. This was calculated
usingEquation 418, which accomplishes the same goal as the RMS but places less
value on residuals from outlying data.

B o¥¥s (4.19
5

060
The calculated values for RMS and MAE are presented in the top left corner
of each of the datasets.

To further compare fit, the standard deviation of the sang)les (used to

calculate the standard error (SE) of the sample mean. These equations are shown in
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Equations4.19 and4.20 respectively. Once determined the standard error is
multiplied by the appropriate -dtatistic, the twdailed 95% confidence

interval[21], to compensate for the experimental count.
B
;B Y (4.19
YO — (4.20

4.4. Results
4.4.1. Dynamic Area Change

Past work by the authofg] discussed the impact of gas bubble formation
along the reaction interface as a possible obstruction to the overall reaction rate.
The bubbles form from the production of SiO gas rather than B&@ause of
oxygen starvation in the interfacial region. Tl@mation of SiO is well
documented in the literature for similar systdfis 22]

The current work indicates that almost all the silicon reacted to forab®iO
in the early stages SiO bubbles must have formed. Its formation has a greater impact
on the reaction rate by blocking the interface than it does on the overall
stoichiometry of the reaction. This process is described in the following figures.

Initially the droplet falls into the slag and reacts across the entire surface; the
area of the interfadeetween the droplet and slag is calculated by assuming that the
droplet is spherical. However, as is clear from images sugigae 41, the surface
does not remain unobstructed for long. The formation of bubbles, which are

observed by XRay fluoroscopyo remain attached to the droplet, obstructs contact
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between the slag and the metal. Uskigure 43 as a reference, the triangle
represents one unit of initial reaction area of the unobstructed interface. The
formation of closgpacked spherical bubblests this area by approximately 91%;

the remaining 9% of the original unit area is the triple point at the center of the

bubbles.

Figure 4.3: Diagram of ClosePacked Spherical Bubblebstructing 1 Unit Area of the
Interface Representing a 91% Decrease in Effective Mass Transfer Area

The assumption of spherical bubbles comes frogre 44, taken from the
aut horso previous wor k, where what appear s
similarly sized bubbles is seen across the surface close to the beginning of the

reaction. This figure is dup]licated from t

101



Ph.D. Thesi§ B. Jamiesorn McMaster Univ.i Materials Science & Engineering

Figure 4.4: Observance of closely sized and spherichubbles across the metal surface for a
sample quenched at 20 secondBeprinted from Ref. [7].

This relatively simple analysis of the area reduction offers excellent
agreement when viewed alongside a typical kinetic plot such as presehigare
4.5; which is similar to the work presented previously
In such plots Z is a normalizing driving force while Y normalizes for mass
balance and surface area and depends on the proposed rate determining step. As
was noted in the autthtdime sn&Guclpakeetic g@ois wor k t h
expected to cross through the origin or above zero time. If it crosses through zero
it means that there is no reaction at zero. If it crosses above zero it means that there
is an incubation time for the reactidfigure4.5 shows a line crossing below zero,
the implication being that the reaction is much faster during the first few seconds

of reaction then after.

102



Ph.D. Thesi§ B. Jamiesorn McMaster Univ.i Materials Science & Engineering

0.000+
‘\
‘I
-0.0014 \,
‘\
\
£ . — Single Line for 3 Data Sets
~=-0.0024 -
N
=
>
-0.003 -
k, = 4.0x10° m/s
-0.004

T T T T T T T T T T T T T T T T T T T 1
0 5 10 15 20 25 30 35 40 45 50
Time (Seconds)

Figure 4.5: Rate Plot Demonstrating the Fitted Data Crossig the y-Axis below Zero Time
(Derived Assuming that Manganese Oxide Mass Transport Control was Rate Controlling)

If a line is drawn from zero to near the beginning of the measured line
(marked by the dashed line Figure 45) a slope approximately one @rmdof
magnitude greater than the experimental data can be obtained. This agrees very well
with the theory that the initial reaction period occurs in the absence of gas bubbles
and that after a short period SiO bubbles form obstructing approximately 91% of
the interface. Thus the solid line of best fifFigure 45 is actually a measurement
of the apparentmass transfer coefficient associated with area. The relationship
between the unobstructed mass transfer coefficient and the apparent mass transfer

coefficient is shown ifEquation 421. Here the apparent mass transfer coefficient
of the slag,Q , equals the initial (and real) mass transfer coeffici&nt, ,

multiplied by the effective area because of bubble blockage,, divided by the

initial area,0J.

Q Q 0 (4.22)
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Based on the foregoing alysis,0 is 0.0935 ofo . To approximate the
time it takes for the bubbles to nucleate and grow sufficiently to obstruct the
interface, the intercept between the line plotted for the experimentally determined

apparent mass transfer coefficient, amther line plotted from zero usifgQ

equal toQ /0.0935 (the dashed line Bigure 45) was determined. The transition

time is approximately 4.58 he implications of these findings are that after the
transition time of 4.5 secads is reached the model will have an area modifier
applied that causes 90.65 percentreductionin effective reaction area (i.e.

0 M.0935) the area remains fixed at this reduced value for the remainder of the

reaction timelt is an important note th#te™Q  value, representing theal mass

transfer coefficient of the past work, is close to the values determined in the
following analysis.

The stagnancy of the bubbles along the reaction interface contrasts with past
workers who found that gas formed and was rapidly removed from the interface.
Turkdogaret al.[23] studiedthereaction of carbon, silicon, and manganese oxide
in systems whera metal droplet fell through slag. While the experimental count
was limited, they concluded that the fast reaction rates were a consequence of rapid
gas mass transport kinetics. They documented that no interfacial expansion was
required to achieve the stdlt reaction rateslwo majordifferences between the
work of Turkdogaret al.and the present woikre that the metal droplet is falling
through slag and that carbon is presévii et al.[24] studied the transfer of silicon

from slag to metal via carbotimic reduction when a metal droplet fell through a

104



Ph.D. Thesi§ B. Jamiesorn McMaster Univ.i Materials Science & Engineering

slag column. While the system is different because of the direction of flux of silicon,

it presents an interesting comparison as the CO bubbles formed do not inhibit mass
transport like SiO does in the gent studyThe movement of metal through slag,

and the highrate of gas generatiqgavhich must be much higher than in the current
work) lead to enhanced stirring of the slag phase as the bubbles escape and are
replenished thus ensuring continuous surfarewal. This is like sweeping SiO

from the surface of the metal droplet. Further, in the case of cadirdaining
droplets, CO gas may form internally which has been shown in recent work in the
aut hor s 6[23,28]cause veoyrapid mass transfehis raises interesting
considerations for stirred systems that can sweep the SiO away (such as stirred
ladles) where a faster reaction can occur.

4.4.2. Modelling Results
The following figures Figure 46 throughFigure 414) display the chosen

outputs of themodelling efforts. In effect, each plot represents two datasets as
silicon and manganese data were measured independently via ICP for metal
samples taken at the same time of reaction; there are nine plots and each plot
contains data points for silicon anthnganese.

Horizontal lines are included in each plot to represent the calculated
equilibrium composition from FactSageE;
kinetic model are used. The mass transfer coefficients are fixed for all nine plots,
where keta represents the mass transfer coefficient of both [Mn] and [Si] and k
representgSiO;) and (MnO) (though in reality both species exist as ions in the

melt). The error calculations are shown in the top left of each figure.
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All the following plots, intuding the analysis, were calculated with a 0.2
second timestep. Lowering the timestep further did not yield justifiable accuracy
improvements for the increase in computing time.
The Afbesto ma s s transfer coefficients
minimisaton of residuals. The chosen values avgskof 2.340%m/s and kjag Of
6.7A0“m/s. To reiterate, once fixed, these two parameters reproduce all 18 sets of
data within the relative errors presentedrable4.1. It is interesting to find that
Ksiagis so large relative tovta, however, there are similar systems that have been
reported to have large mass transfer coefficients in the slag (discussed below).
Efforts have been made to present values in systeitis similar ratios of
Ca0:SiO2 and temperature.
Several authors have documented mass transfer coefficients slower than the
present values. Ashizuket al.[14] determined that in an $ie and C saturated
system the rate of reaction was limited by manganesss transport in the slag
where kino was1.1A0’m/s, when the amount of silicon in the metal exceeded 5
weight percent. Tarby and Philbrof#?], studying the carbothermic reduction of
MnO, stated the rate contr onddamoasfrém he [ conc
bulk slag to the interfacedo when the syst
nucleation, reporting a mass transfer coefficlkesb o f  1°m&.Aviadasa and
Fruehan27], studying the effects of FeO and Si on desulfurization reported a
mixed mass transport controlled system, whererla s “BnA andkeowas 2 A10

m/s.
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Other workers have determined mass transfer coefficients more consistent
with the current work. Heet al.[11] reported on the silicothermic reduction of
MnO from ferronanganese slags and determined the rate controlling step to be
mass transport of silica, with a mass transfer coeffitlent e qu al tmos 1. 4A10
at 1873K (1600°C). Leet al.[28], while studying the aluminothermic reduction of
FeO, reported the rateniting step as mass transport of FeO in the slag with a mass
transfer coefficient o o f 4 mf At 1823K (1550°C). Naritat al.[29],
studying silicon oxidation in hot metal claimed that depending on the amount of
FeO in the slag the rate determigistep changed. When the amount of FeO in the
slag exceeded 40 weight percent the system was controlled by silicon transport in
the metal phase; below this value the system is under mixed mass transport control
by silicon in the metal and FeO in the sladiuthe amount of FeO falls below 10
weight percent, where control is fully limited by FeO mass transport. From their
data, the mass transfer coefficient of silicog)(ls expected to be approximately
6 . 5%/ but depends on the metal mass; no nrassfer coefficient for FeO
was listed.

The above is a small sample of the available literature surrounding work like
the present study. While the selected slag mass transfer coefficients are high with
respect to most literature, they are aotliers.

It should be noted that in some cases the model predicts a final concentration
of silicon below the value given by FactSa$eThis falls within the documented

RMS error for each case. For example,Figure 46 the difference between
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equilibrium and model data is 0.3wt%, which from the equilibrium value is a

relative difference of 12.5 percent, falling with the RMS error value of that dataset.
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Figure 4.6: Model vs. Dataset 1 for 5wt%Si, 15wt%MnO,1.5g Droplet, at 1873K (1600°C)
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Figure 4.7: Model vs. Dataset 2 for 10wt%Si, 15wt%MnO, 1.5g Droplet, at 1873K (1600°C)
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Figure 4.8: Model vs. Dataset 3 forl5wt%Si, 10wt%MnO, 1.5g Droplet, at 1923K (1650°C)
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Figure 4.9: Model vs. Dataset 4 for 15wt%Si, 15wt%MnO, 0.5g Droplet, at 1873K (1600°C)
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Figure 4.10: Model vs. Dataset 5 for 15wt%Si, 15wt%MnO, 1.0g Droplet, at 1873K (1600°C)
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Figure 4.11: Model vs. Dataset 6 for 15wt%Si, 15wt%MnO, 1.5g Droplet, at 1823K (1550°C)
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Figure 4.12 Model vs. Dataset 7 for 15wt%Si, 15wt%MnO, 1.5g Droplet, at 1873K (1600°C)
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Figure 4.13 Model vs. Dataset 8 for 15wt%Si, 15wt%MnO, 1.5g Droplet, at 1923K (1650°C)
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Figure 4.14: Model vs. Dataset 9 for 15wt%Si, 20wt%MnO, 1.5g Droplet, at 1923K (1650°C)
Table 41 summarizes the relative residuals associated with the above figures

and provides the average for each caleutatAs can be seen, while there are a few
significant discrepancies for the residual calculation (such as the RMS of silicon in
dataset 9), the average RMS is less than 14% and the MAE 11% for both elements.
This level of fit is calculated from 18 differe sets of data and the precision of

chemical analysis is approximately 3.3% for manganese and 2.5% for silicon.

Table 4.1: Residual Error Summary of the Modelled Laboratory Data

Dataset RMS Mn RMS Si | MAE Mn MAE Si
1 13% 13% 12% 11%
2 18% 16% 15% 14%
3 18% 9% 16% 7%
4 6% 15% 5% 11%
5 21% 6% 16% 5%
6 17% 9% 12% 7%
7 8% 18% 6% 15%
8 13% 10% 10% 8%
9 11% 26% 8% 21%

Avg. 14% 14% 11% 11%
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Except forFigure 48, all the datasets and models shextremely good
agreement with equilibrium near 7.5 minutes. By 300 seconds, most of the reaction
has been completed which agrees with past claims of approximate desiliconization
time[9].

The average standard error faveragehe model
error modi f i e ddistritution is 18.6%. Similady cameragessilicon
standard error is 5.3% andlistribution error is 12.6%. Like the residuals, these
values can be improved with the elimination of some of the outlying data, but
otherwise shows good agreement of model and experimental data.

4.5. Discussion & Sensitivity Analysis

The system shows good agreement with only two fitted mass transfer
coefficientslt is interesting to note that despite the rapid exchange of oxygen across
the interface nospontaneous emulsification dreakdown of the interface was
documented. According to Riboud & Lud@®] achieving an oxygen transfer rate
across the interface of 0.1mofinis sufficient tdower the interfacial tension and
triggerthe spontaneous breakdown of the interface, however this system had rates
calculated to be in excess of 2 nsie?/s before the area change occuraed
continued to exceed the cited value until almost 400 seconds. It is possible that the
appearance of stable bubbles may obstruct the mechanism of interfacial breakdown
in the system. However this could al so be ¢
laboratory where in the case of iron carbon droplets reacting with iron oxide slags,

very rapid oxygen transfer rates occurf26,31] but no emulsification was
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observed. The commonality of the work of Chen and ColeyetGal, and the
presentwork is bubble érmation; in the work of Ribou@t al. there were no
gaseous products.

Unfortunately, achieving fit with only two mass transfer coefficients does not
aid the identification of the rate controlling step. While it is possible to evaluate the
flux of each component independently, the premise of mixed control on which these
coeflicients were determined ensures that, normalized for stoichiometry, all steps
proceed at the same rate. To elucidate more information about the control step, the
following sensitivity analyses were performed to test parameter changes against the
overall fit change of the system. In theory, the more sensitive the system is to a
given change in mass transfer coefficient, the more likely the changed parameter is
responsible for controlling the system.

To best compare the sensitivity of the systems the ratbarfge of average
RMS error with respect to change in the multiplier was used. For example, an
arithmetic difference of the RMS error at a multiplier of 0.1 compared to a
multiplier of 1 may be 130%, which is divided by the multiplier step (i.e. 10) to
produce a yscale value of 13% at a multiplier of 0.1.

4.5.1. Metal vs. Slag Control
To test control by mass transport in the metal versus mass transport in the

slag, keta Was changed whileskgremainedfixed, and then the reverse exercise
was performed. Magsansfer coefficient multipliers were varied from one order of
magnitude | ess to one order of magnitude g

on the rate of change of RMS error when varying each mass transfer coefficient is
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shown inFigure 415. For agiven change in the mass transfer coefficient, the error
grows more rapidly when the slag mass transfer coefficient changes suggesting a
stronger influence of mass transport control in the slag in controlling the overall
rate. A similar analysis plottinthe RMS error against the multiplier yields an
identical conclusion but offers less distinction between the rate parameters under
comparison, therefore we have chosen the rate of change for analysis. The

dependent variable is plotted on a logarithmic sttakevoid an asymptotic plot.
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Figure 4.15. Change in RMS Error with Respect to Change in Multiplier Comparing ksiag &
kMetaI

Along with previous findings, this helps indicate that while the system is
under mixed control, mass transport in the slag is relatively more important.
Comparing the rate of change of error for the slag versus the metal shows that the
effect of a given multiplier when applied to the slag mass transfer coefficient is

twice that of thesame multiplier applied to the metal mass transfer coefficient.
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4.5.2. Individual Species Control
4521 kMetaI
To confirm whether transport of silicon or manganese was more significant

in controlling the rate, the mass transfer coefficients of either spegigantkksi)
were varied independently of one another, with a fixed IFigure 416 shows the

results of this, using the same axid=agure 415.
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Figure 4.16: Change in RMS Error with Respect to Change in Multiplier Comparing kvn &
Ksi

There are two findings fronfrigure 416. The first is that there is no
substantial difference when modifying eithes br ksi. The second is that relative

to Figure 415the clange in error is small.

4522 kSIag
Figure 417 presents the results of comparing the impact wfokand

E with a fixed metal mass transfer coefficient. Modifying the mass transfer
coefficient ko is more significant to the system than modifyig . Like

previous findingsFigure 417 indicates mass transport control by manganese in the
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slag is predominantly responsible for rate control of the system. It is also interesting
that most of the change ofidgin Figure 415 can be attributed to modifyingsko.

There is a significant error associated with changing the mass transfer
coefficient of SiQ. Specifically, the dotted line regions represambitrary
projections of the MnO and SidQines because when the mass transfer coefficient
of (SIQ) is lesqaround 0.25 times) than the mass transfer coefficient of (MnO) the

system does not return a solution.
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Figure 4.17: Change in RMS Error with Respect to Change in Multiplier Comparing kvno &
Ksio2

In Figure4.15there is no issue when both slag mass transfer coefficients are
modified, the lack of solutions only exists when is less than .o. Due to the
slagbés highly acidic natur e, it is plausib
slag. Compamtto iron oxide slags, where a balance ofBad Fé* exists which
allows for rapid electron transport, manganese almost entirely existadmhe
absence of another charge balancing mechanism, it is likely the transport‘of Mn

ions will require barge balancing by rearrangement of the silicate structure. Whilst
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this may be expected to be a slow process, the experimentally determined mass
transfer coefficient is at the higher end of similar measurements reported in the
literature. Equally, transpbof complex silicate ions in the slag will require similar
charge balancing.

Such an explanation helps to explain part of the historical discrepancies in the
literature[8i 11,14} not only is the system mix controlled between phases but also
between spees within each phase.

4.5.3. Bubble Layer Transition Time
The time at which the bubble layers grows sufficiently to block the rate of

reaction was tested. As a reminder, 4.5 seconds was the selected time for the model.

Figure 418 shows the impact of changing thme for the area change associated

with the bubbles presented as the arithmei
value. Except for times near zero (which are simply wrong as they would need an

overall slower mass transfer coefficient) these errorsedmévely small compared

to modified mass transfer coefficients.
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Figure 4.18 Impact of Bubble Blocking Effect on Arithmetic Difference of Average RMS
Error

Figure 419 shows what happens when the bubbles are not allowed to
generate. A reasonable fit can be achieved in the later stages of reaction but without
the initial critically fast rates of reaction the initial data points cannot be fitted well.
This fit was obtaing assuming that the mass transfer coefficient was the best fit
values multiplied by the area modifier for the entire length of reaction; the
corresponding area adjusted ploFigure 412. While good fit is achieved near the

end of the model the initialgints are poorly matched.
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Figure 4.19: Example Model without Including the Change in Area Associated with Bubble
Formation

4.5.4. Impact of the Rate Constant for SiO Formation, kvd
The above calculations were carried out with a rate constat @frbol/s.

Modifying this value by an order of magnitude or more appeared to have little effect
on the system. Further, calculations oR5s will be documented) did not support
the idea that much SiO was present.

This value is essentially insignificant but SiO formation must be considered
important because of its role in forming bubbles on the surface.

4.5.5. Findings on SER & Gas Stability
It was previously discussed how it seemed probable for the SiO to be part of

the stoichiometric balance in the system. The findings of the model, as well as the
findings on kud indicate that this hypothesis may be false. Within the documented
error, it is pasible to fit the system without gas formation becoming a significant
part of the equatiorRhysically the formation of gas bubbles is very important, but

the overall mole balance does not appear to be affected. The value can be manually
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adjusted for tegtg purposes, but at best improves the fit of only silicon by less than
one percent relative.

The stability of the gas phase along the interface may be partially attributable
to a rapid change in viscosity along the interface. The polymerization ofeslisa
generally well understood in slag systd®®,33] The initial values of the slag
indicate an optical basicity near 0.68 and V Ratio of approximately 1. Using
interfacial mole fraction data from the model to redo these calculations produces
values 6 0.64 and approximately 0.8. Further, comparing the moles of oxygen
present with respect to silicon at these two times indicates that the slag changes
from an O/Si ratio of 4 to near 2.5. This indicates that the slag transitions from a
monomer/dimer strdare to nearly all dimers close to the interface. The viscosity
may rise by a factor of five or more because of these composition changes. Since
all systems will have some variations in the initial chemistry and subsequently the
chemistry during reactiorthese viscosity changes may further influence mass
transport in the system. Higher viscosities should result in slower mass transfer
coefficients on an individual basis.

With this knowledge it is possible to formulate a qualitative argument for the
reaction mechanism by considering the ionic nature of slags; Equatiddt 4.24
describe the cation and anion balance for the critical species participating in the
reaction. At the beginning of the experiment, there is sufficient interfacial
concentration foEquations4.22 and4.23 to proceed in balance with each other.

When two Mi* ions reach the interface they can accommodate four electrons,
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which balances the decomposition of silicon int6*.SAs the reaction proceeds
reactants become depleted at theriisice; because mass transport of M# slow
relative to silicon the balance cannot be maintained and is accommodated by
Equation 424. This explains the formation of SiO, which while thermodynamically

less favorable than Sidorms to maintain the chaegbalance.

0e0 0& O (4.22
YO 10 (4.23
YQOYQ 6 (4.24)

The imbalance of Mii and silicon transport to the interface is sufficiently
small that only small molar quantities of SiO form over the course of the reaction.
However, the formation of SiO bubbles remains sufficient to inhibit the overall
reaction by blocking the surface.

4.6. Conclusions

The silicothermic reduction of manganese oxide has been studied by
developing a balanced flux model considering the mass transport of manganese and
silicon in the metal, manganese oxide and silica mass transport in the slag, and the
rate of silcon monoxide formation. Data from the autléda® was tested such that
changes in initial silicon concentration, initial manganese oxide concentration,
metal droplet size, and reaction temperature were considered. The reaction occurred
in two stages, thdirst one order of magnitude faster than the second which
corresponded perfectly with the formation of a stable gas film on the reaction

interface that slowed the reaction. Mass transfer coefficients for the metal species,
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kwmeta, @nd for the slag specidgyag Were determined by minimization of residuals.
Even though silicon monoxide forms it does mopact the overall stoichiometry

of the reaction, as the model shows that within the established error the reduction
of manganese oxide has a 2:1 ratiohwstlicon oxidation. A sensitivity analysis

was performed to test for the rate controlling mechanism.

1) The mass transfer coefficient in the slagak was det er mi ned
4m/s. Manganese oxide mass transport is more influential sadbton (per
the sensitivity analysis) and is likely responsible for control in the slag.

2) The model cannot generate a solution when the mass transfer coefficient of
silica,E , becomes less than ¥4 the mass transfer coefficient of M@, k
While there is evidence that mass transport in the slag is controlled by
manganese oxide, charge neutrality requirements may mean that silica also
plays a role in controlling the overall rate of reaction.

3) The mass transfer coefficientinthe metakds was det er mi ned
“m/s. There does not appear to be a major difference in influence between
silicon and manganese in the metal; both species are responsible for mass
transport control in the metal.

4)  Changing kiagis twice as impactful on thé of the model as changingikar.

This indicates that findings regarding the slag being more responsible for the
overall rate control of the system are correct.

5) The rate of reaction is initially very fast when slag and metal are in complete

contact butis slowed by approximately one order of magnitude upon the
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formation of a stagnant bubble layer. Simple geometric calculations show that
the area blocked by the bubbles is exactly 90.35 percent corresponding with
the stated decrease in rate of reaction.

6) Past authors who noted bubble formation in systems where the metal droplet
fell through slag demonstrated that the bubbles were rapidly shed. The
obvious difference between studies is agitation of the bubbles by droplet
movement; in stirred or otherwise dymic systems the interface is unlikely
to be impacted by bubble blockage.
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Chapter 5

5. Kinetics of the Carbothermic Reduction of
Manganese Oxide from Slag

Copywrite & Bibliographic Information

This chapter contains the ppeu b | i c at i o nKineties ros the n of i
Carbothermic Reduction of Manganese Oxide from&lag The manuscri pt ha
submitted to Materials & Metallurgical Transactionsggrmissions will be sought
like those for Chapter 3d 4.Available bibliographic information is shown below.

Authors: Jamieson, B.J., Barati, M., Coley, K.S.
Journal:Metallurgical and Materials Transactions B
Manuscript NumberE-TP-19-153-B

Year: 2019

Contributions & Context

This article is like Chapter 2 and presents many qualitative findings found
during the experimental investigation of the carbothermic reduction of manganese
oxide from slag. All experimental data was collected by the primary author. All
data analysis and anuscript drafting was completed by the primary author.

Discussions were shared between the primary authioBarati, andDr. Coley.

Unlike the silicothermic reduction system, a library of past literature exists
studying the carbothermic reduction of rganese oxide from slag. Ultimately,
despite the strong documentation, a similar problem appears to exist within the
carbothermic literature as it does with silicon: despite apparently similar systems a

variety of rate controlling mechanisms have been mepoSome of the earliest
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work was performed by Tarby and Philbrd@8] as well as Pomfret &
Grievesori83] who both claimed that the system was rate limited by transport of
manganese oxide in the slag; despite a temperature difference of 125°C these
authors reported a mass transfer coefficient of approximately5i10%m/s An
alternate proposal was presented by Daines and P@®lkevho claimed the
systemwas chemical reaction rate limited whéfe was approximatehpil0
8mls

This work sought to find an explanation for these rate discrepancies. The
results are largely qualitative but may explain why so manyrdiffeauthors have
identified different reaction mechanisms as the rate controlling step. Three unique
stages of reaction have been presented through a combination of rate-Rata, X
fluoroscopy, and quenched sample imaging. Each stage has no less than two
potential rate controlling mechanisms. The system moves through stages and
appears to change its rate limiting step throughout the processis light, it

becomes clearer why many different authors have proposed a variety of mechanistic

rate limits inthese processes.
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Kinetics of the Carbothermic Reduction of Manganese Oxide

from Slag
B.J. JamiesdH, M. Barati?, and K.S. Coley!
[LIMcMaster Steel Research Center, McMaster University, Hamilton, L8S 4L8,
Canada. Contacbleyk@mcmaster.ca
21 University of Toronto, Toronto, M5S 3H7, Canada.

Abstract

Experiments were performed using a range of test conditions to elucidate the
rate controlling step during the reaction of liquid hzarbon droplets and slags
containing mangnese oxide. Four conditions were tested in the system: initial MnO
content in the slag (5, 10, and 15 wt pct), initial carbon content of the metal (1, 2.5,
4.3 wt pct), initial droplet mass (0.5, 1.0, and 1.5g), and reaction temperature
(1823K [1550°C], 873K [1600°C], and 1923K [1650°C]). Data was collected
using the Constant Volume Pressure Increase (CtéBtnique which tracked the
continuous pressure increase in the sealed furnace over time. Samples were
guenched at the end of each experiment and istigmvas checked using LECO
Carbon Analysis and ICP for manganese. The rate of reaction can be broken into a
faster initial period related to internal CO formation, and a slower second reaction
controlled by a complex mechanism involvitrgnsportof oxygen from slag to

metal via CQ and decomposition of the G@t the gasnetal interface.
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5.1. Introduction

Past studiefl,2] by the authors on the silicothermic reduction of MnO from
slag were condtied to better understand the reduction mechanism and provide data
to support direcor reductive alloying as a method for manganese additioff to 3
Generation Advanced High Strength steels (3G AHSS). Should direct alloying
processes prove feasible for material addjteonopportunity exists for significant
economic improvements related to the productiotheBG AHSS[3].

Direct or reductive alloyig is a proposed method of alloying element
addition to steel; in the current case manganese ore can be added tsslagnd
reduced with reductants such as silicon or cafdor]. Such additions avoid (or
offset) ferroalloy requirements saving produs the need to purchase finished
product to add in the ladle.

The current work addresses the fundamental reduction process of MnO by
high carbon iron. Previous work by two of the current autfigrshowed evidence
that the reduction of (MnO) by [Si] wamder mixed mass transport control in the
regime of study; the greatest contributor to transport resistance was MnO mass
transport in the slag however this alone did not fully explain the rate control for the
system. It was proposed that [Si] transporthi@ metal also had an impact on the
reduction rate.

Il n contrast to the authorsé past wor k,
much more widely studied topic than that of silicothermic reduction. However,

across a wide range of studies there is sigaifi variation in the described
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mechanism for the reaction. Some authors have concluded that chemical reaction
controls the ratg8i 11]. Others provided evidence of control by mass transport of
manganese ions in the sl 14]. Another group of authorsalyzed the systems
assuming mixed mass transport control of manganese in the metal and manganese
ions or oxygen in the sld@5i 17]. All authors ultimately provided evidence for

their assumed controlling step. All studies were conducted using expenmnemnes

a layer of slag rests atop a layer of metal, and with a greater metal volume than slag
volume.

The goal of the present study is to document the rate of reduction of MnO by
carbon dissolved in liquid iron droplets. Compared to past literature, Vidievath
experiments are more representative of reactions occurring directly between the
metal bath and slag layer of a reactor, the present study represents metal droplets
ejected into bulk slag and slag foam. Further, findings here will be comparast to p
work by the authors on the silicothermic reduction of MnO from slag in order to

make processing recommendations forghaductionof the 3G AHSS.

5.2. Experimental Procedure
5.2.1. Material & Preparation

Iron carbon dropletsvere prepared from high purity electrolytic iron and
electrode graphite. The electrolytic iron has been measurecaWHCO carbon
sulfur analyerandcontairs 0.0047+0.0010 wt pct carbon and 0.0032+0.0025 wt
pct sulfur. The iron also contains 0.016+0.0050att Mn and 0.072+0.022 wt pct
Si. The electrode graphite is 6N purity. The materials were weighed to achieve the

composition targets for the specific experiment and melted using a welding arc
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melter The partial pressure of oxygen within the arc melter wass s

atm and produced metal droplets with less than 50ppm oX$8&n

t'Han

Slag component puritys presentedn Table5.1. Slag sample were prepared

by weighing out an appropriateass of MnCand mixingwith a 2:2:1 weight ratio

of SiOx:CaQAlOg; total slag mass was 25g for all experime@sce combined,

the oxide powdersvere vigorously shaken until the solids were well mixgd.

validate this method, unreacted (but molten) slag samples were quenched and

broken apart. Shards of the samplere analyzed usingnductively Coupled

Plasma Optical Emission Spectroscopy HCBS) the tested slag pieces varied by

less thant0.5wt pctMnO.

5.2.2.
A standing vertical tube furnace with attached pressure transducer was used

Table 5.1: Chemical Composition of Slag Components

Component Primary wt pct Carbon wt pct
Silica Sand 99.8 0.00605
Aluminum Oxide 99.5 0.00322
Calcium Oxide >96 0.1862
Manganese Oxidg¢ 99 0.00371

Equipment

for the experiments; a schematic is provide#igure 51. All ceramics used were

99.8% alumina. The system is heated with molybdenum disilicide heating elements.

The base of thlurnace can be detached in order to load slag filled crucibles; these

4A10

crucibles must be raised up to the hot zone of the furnace over the course of one

hour to ensure that the crucible does not crack. The hot zone of the furnace is
between the Ray viewirg windows and is checked regularly to ensure there is no

drift; the hot zone has less than a £1K (1°C) temperature difference across a 3cm
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height and less than £10K (10°C) across 10cm. With “Byglkeermocouples, at
1600°C the error associated with the temapure readout is +8K (8°C); the
thermocouples are checked regularly with a calibrated thermocouple to account for
any drift.

At the base of the furnace, below the lower watasling cap and gas inlet,
is a cooling column wrapped in a copper coil cirtoz cool water. The
temperature within the cooling colunsapproximately 363K (90°C). This region
ensures that when quenching of the sample occurs a large temperature gradient is

achieved from hot zone to cool region.

P Metal Cap with

Magnet
Wa “ooli
\.‘ ater Cooling &
Gas Outlet
Pressure Transducer

- —+— Dropper Tube
Reaction Crucible

P X—Raiy Viewing
Window
Support Tube

Water Cooling &
Gas Inlet

« Cooling Column

Figure 5.1: Schematicdiagram of vertical tube furnace, not to scale
At the top of the furnace is a metal cap which holds the metal droplet outside

of the hot zone of the furnace until the experiment begins; the droplet shares the

sealed atmosphere of the furnace. Prior to raising the crucible, the system is
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vacuumed to reowve most of the gas, then backfilled with high purity (5N) argon.
While heating the systeiit is continually purged with argon to maintain a low
oxygen content in the furnace.

An X-Ray fluoroscope surrounds the furnace such that a video can be taken
of theexperimentX-Ray imagining shows densitlfferences between slag, metal,
and the surroundingmdallows for some degree of physical characterization of the
reaction over timeFurther,X-Rayimagingallows for accurateetermination of
the reaction statime.

The pressure transducer continually tracks pressure change within the sealed
furnace. Pressure change can be used to calculate the number of moles of gas
produced using a calibration conducted prior to each experiment. The conversion
method will ke discussed in the procedure.

5.2.3. Procedure
To begin the procedure, the supptube is removed by unscrewing the

fastener at the cooling column base. The slag safimsiele the reaction crucible)

is loaded onto the platform and suppoitteand the base is fastened back on. The
crucible is now within the cooling column kigure 51, just below the lower water
cooler). The metal cap above the furnace is unscrewed and a metal droplet is loaded
in, secured with a magnet. The cap can be screwed back onto the dropper tube thus
sealing the furnac&he furnace is vacuumeshd then the system is backfilled with
argon. Once the pressure is equalized the exhaust is opened allowing for a continual

argon flu$.

134



Ph.D. Thesi§ B. Jamiesorn McMaster Univ.i Materials Science & Engineering

Over the course of approximately 1 hour tmacibleis raised into the hot
zone of the furnace. Once the crucible is in position a timer is started to ensure that
the slag is well homogenized (approximately 30 minutes).

In final preparation for the exgpiment, the inlet argon and exhaust are closed
so that any CO gas generated during the reaction will register on the pressure
transducer. To start the experiment the magnet on the upper cap is removed and the
droplet falls to the base of the dropper tuliee base of the dropper tube has a hole
which is too small for the solid droplet to pass prior to melting; it takes
approximately 30 seconds for the droplet to melt and fall into the crucible.

Using X-Ray imaging, the zero time of the experimeaturswhen the metal
droplet contacts the slatihhe droplet immediately sinks to the bottom of the crucible
The reaction is observed and tracked with video and Constant Volume Pressure
Increase (CVPI) for approximately 20 minutes. After this time the supyosis
released from the furnace, quenching the reaction crucibleeandring the
chemistry at the time of quench is locked for LECO and ICP analysis.

Prior to vacuuming the system, while a cruciblatithe base of the cooling
column the system is calibrated to obtain the conversion factor for pressure to
moles. Threeknown volume of room temperature agre injected into the hot
furnace the air volume can be converted to moles which do not change with
temperatureThis conversioims used to convert continuously recorded pressure data
from each experiment into moles of gas produbéestal droplets are extracted from

the slag and used for carbon analysis with LECO or Mn/Si analysis using ICP.
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5.3. Results
5.3.1. Observations ofCO Evolution

Figure 52 shows how droplet composition changes with time, based on the
chemical analysis of quenched droplets; the conditions were 2.5 wt pct carbon in a
1.5g metal droplet, 15 wt pct MnO, and at 1823K (1550°C). The figure presents
data for metallic mangarse measured by ICP, metallic silicon measured by ICP,
CO calculated under the assumption that all Mn and Si added to the metal are a
result of carbon oxidation, and CO calculated from the measured change in carbon
(measured by LECOXurther, the gas evdion as monitored with the CVPT is

overlaid on the plot.
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Figure 5.2: Change in moles of [Mn], [Si], and CO gathered through individual quenching
experiments for a series of reactions with identical startingonditions (2.5 wt pct C, 15 wt
pct MnO, 1823K (1550°C), and 1.5g droplet)

The plot shows there is a fast reaction during the first 100 seconds and then a
significantly slower reaction followsthe system appears to reach complete
equilibriumbetween 1100 and 15@@condsThe most interesting finding in this
figure is the misalignment of the two CO calculations: before 700 seconds the

amount of CO required to form the measured amount of [Mn] and [Si] exceeds that

136



Ph.D. Thesi§ B. Jamiesorn McMaster Univ.i Materials Science & Engineering

of the measured CO evolved.i§tsupports the mechanism proposed by previous
researchers that the reaction involves a commeghange characterizeoly

Reaction$.1-5.3[11,14]

DEOD OQ "OQ0 VU ¢ (5.0
000 806 "0Q 60 (5.2)
86 6 B0 (5.3)

The exchange dfinO and Fe is fast and explains the rapid rise in [Mn]. While
not stated in the work of past researchers, it is safe to assume that silica reduction
is similar; the initially low valusof & andd support thigeaction

This rate interpretationorresponds well with XRay video evidencd-igure
5.3 demonstratethe physical phenomena occurring over tiaseseen througk-

Ray video. Nucleation of CO begins externally before rapidly transitioning over to
internal bloating. This period essentiatgpers off by 60 seconds, but periodic
bloating can still be observemtil approximately 100 secondEhis video evidence
further supports the distinction between stage 1 and stage FH@ted.the figures
showing XRay images, the upper leftmost ineaig overlaid with labels for the

metal and slag phases. In Figure 5.3 a scale is provided that applies to all images.

137



Ph.D. Thesi§ B. Jamiesorn McMaster Univ.i Materials Science & Engineering

31mm 1.5s]

Figure 5.3: X-Ray photos of a metal droplet from dataset Tinitial conditions 2.5wt pct C, 15
wt pct MnO, 1.5g droplet, 1873K [1600°C]. In order: (0s) reaction start, (1s) external
nucleation of CO, (1.5s) partial internal nucleation, (37s)majority internal nucleation and
small slag foam, (7s) CO production siwing [collection of metal at base of droplet], (15s)
droplet buoyancy lost, (30s) periodic CO release from droplet, (60s) observable reaction
essentially complete.

While the evolution of [Mn] and [Si] aftek00 second# Figure 52 appears
quite flat, the evolution of CO continues. This occurs because FeO transferred to
the slag during the initial stage of reactionrésluced inthe second period a
mechanism proposeahd measuretly previous workerfl1,14] During the fast
reaction, FeO has been showrrise above its final equilibrium value, reverting to
metal as the reaction slowg§til,14] By equilibrium the level of FeO in the slag
will have returned to a very low value.

After 700 seconds the story is different: there is an apparent imbalance in the
amount of CO generated with respect to metal reduced. The only scenario under
which this can occur is if metal oxides are being reduced but not making their way
to the metal being measured. This possibility will be discussed in greater detail as

part of he discussion.
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Most of the data was not generated using the quenching method demonstrated
in Figure 52. Insteadcontinuous CO evolutiodata was tracked using a pressure
transducer and the Constant Volume Pressure Increase (CVPI) techhigue.
pressure transducer outpptessurelataevery 0.1 seconds which can be analyzed.

In order to verify the accuracy of the continuous pressure curve the data is compared
to LECO and ICP data collected from the metal droplet representing each system
of interest; all curves were duplicated at least once to ensure that gas evolution
followed the same trend. It was determined that ICP data presented the most
consistent results thus was used to normalize the CO evolution curgesn &
Reaction.4and5.5 wereused to normalize the CO plot.
0 DELVL OO0 0¢ (5.9

) YR c¢60 YQ (5.5

Many past researchers have not considered the reduction of silica by carbon
as part of their experiments is unknown what the cumulative impact of ignoring

these values will be on their experimental data.

5.3.1.1. Effect of Initial Carbon Content
Figure 54 shows the CO generation cuneg®mparing cumulative CO

generation against timdét is immediately obvious that compared to past research
on carbothermic reduction with dropl¢1®9i 21] these reactions were very slow by
as much as two or three orders of magnitude. This differencerssting because,
using FactSad¥ to estimate the equilibrium constant, the ratio of equilibrium

constants in this temperature range for decarburization by FeO versus Mn® is 200
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300; this change in driving force accounts for much of the difference nathef
reaction.

It is important to draw attention to the rapid evolution of CO before 100
seconds and the slower increase following this time. This finding is in reasonable
agreement with the trend found Kigure 52. A fast reaction occurs prior to
approximately 100 seconds and cedes to a slower second reaction following this
time. Assessing the systems for an exact transition time does not yield valuable
information.For consistency throughout the remainder of this analysis, rate or stage
1 refers tathe time before 100 seconds and rate 2 encompasses all reaction times
afterwards.This split between stage one and two will be further justified with
evidence from XRay video. In order to standardize the rate determination process,
each of the curves belohas been fitted with a single straight line to obtain the rate
in mol/s. It is acknowledged that this simplification is not completely accurate as
the systems do show signs that they are approaching equilibrium by approximately
1200 seconds (necessitatina decrease in gas generation), however the
simplification holds for the majority of the CO generation plots and the fitting is

reasonably good.
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Figure 5.4: CO evolution versus time forvariations in the initial carbon content of the metal
droplet (normalized for manganese and silicon gains).

The rate of CO generation in the first stage of reaction incréagesably
with increasing initial carbon concentratidrnere is little change itihe rates of the
second stage. The change in rate with respect to carbon is pldtigdne 55. This

indicates that the rate determining step is dependent on carbon concentration.
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Figure 5.5: Plot of initial carbon content vs. rate of reaction.

When analyzing these plots two important equations must be considered: a
rearranged flux equatio(Equation5.6) and rearranged chemical reaction rate

equation(Equation5.7). Both equationsepresent the changa the number of
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moles of a species with respect to time- . Both rates are functions tie mass

transfer coefficient or reaction rate constaftdqr °Q ), and the interfacial area

(o] ). The mass transpagtjuation also relies on phase volume ( ), the
number of moles of reacting species in the bulk and at the reacting interface (
and¢ ), and the termwis a mass balancing term between phases that changes
depending on the spéic boundary conditions and rate controlling step. The

reaction rate equation considers the product of activities of reactants ( ),
the product of activities of producted ( ), and the equilibrium constant of

the reaction of interest(( ).

® _ 0
— Q —— O ¢ ; 5.6
Qo w “ & & (5.6

(05 -
S . ; - 5.
0 @ 0 @ . (5.7

These equations are useful, even without data, as trends can be predicted
between the rates and the parameter of stBaysing through zero is important
because, as Equati@rb and5.7 are definedwhen the difference between current
and equilibrium carbn content is the same there can be na rfateeference to
Figure 55 this condition is true for rate 1; the condition need not apply for rate two
because this rate does not start from zero.

Past work by the present authf2s shows the mass transfer coefficients of
slag species and metal species to be ra@id: equal t06.7A0*m/sandQ

equal t02.340%m/s Sain and Beltof22] have summarized the carbon mass
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transfer coefficieniQ as 35A0*m/sin inductively stirred melts. While the carbon
mass transfer coefficient is likely to be lower (asdhaplet will not be stirred until
bloating occurs) these mass transfer coefficients do not correspond well with the
rate of reaction (neithdfigure 52 nor Figure 54 show CO evolution rates fast
enough to accommodate these mass transfer coefficientd)eFFuwvhen compared

to similar research with metal droplets performed byeGal.[20,23] (where FeO

was the primary oxygen source in the slag), there is a pronounced difference in the
appearance of the bloated metal droplets. The bloated dropletstpdesethis

study are small and appear to have a relatively difficult time bloating.

Figure 56 compares the time it takes for droplets of different initial carbon
content to demonstrate various physical phenomena. The images displayed
represent, left taight, the first signs of internal nucleation (low density region
appearing at the top of the droplet), the point of maximum expansion during the
bloat, and the first point at which the droplet loses buoyancy within the slag. Higher
carbon contents exhiltivo effects: droplets take longer to present signs of internal
nucleation and stay bloated long#nitial carbon concentration is listed for each
row of images, the other conditions are fixed across rows (15 wt pct MnO, 1.5¢g
metal, 1873K [1600°C]). Thecales in the leftmost image of each row apply only

to their respective row.
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Figure 5.6: Comparison of 3 different initial carbon concentration droplets. Droplets with
higher carbon content take longer to koat and stay bloated longer. The left image column
shows the time where internal nucleation first become visible, the center where the droplet is
maximally bloated, and the right column when droplet buoyancy is lost.

Based on the suggested mass trangdefficients, mass transport is not a
likely controlling phenomenon within this system. The findingsFigure 56
explain the initial few seconds of reaction. Per Equdii@nif a chemical reaction
is the rate limiting step there is an expectation theteiasing carbon content will
increase the driving force of the reaction and subsequently the rate; this is true for
Figure 54 and Figure 56. The transitioning period before the onset of droplet
bloatingmay becontrolled by a chemical reaction at theenface involving carbon.

If more carbon is present in the melt more oxygen is consumed at the interface; it
is obvious however that some oxygen passes through the interface as a precursor
condition to internal CO nucleation. This incubation period haas begorted by

past authorf24].

For a droplet to experience bloating, oxygen flux must exceed carbon flux to
the slagmetal interface; CO bubbles cannot form inside the metal droplet unless
there isanoxygen supply to the carbdmn.order for CO to nucktte gomust exceed

one atmospher®roplet buoyancy is a physical manifestation of the reaction rate:
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droplet bloating is a function of the rate of internal CO generation and rate at which
CO is lost through the metdtoplet surfaceln most cases the droplets triple their
surface area upon bloating (which is consistent across most tested conditions);
assiming CO loss through the interface is proportional to the surface area means
that the rate of CO loss is similar in all systems. Thus, the length of time a droplet
remains bloated is related to the rate of internal CO generation. Since high carbon
droples remain bloated longer, the rate limiting mechanism must be proportional
to carbon in the metal; this agrees well with the changes in reaction rate presented
in Figure 55.

The mole generation plot presented-igure 54 shows that the rate of gas
generdion is essentially linear in the first stage of reaction. Contrast tlgjtoe
5.3 and Figure 56 where an area change in the system obviously occurs. This
indicates that the rate of reaction for internal CO generation is independent of the
droplet suface area and the only reaction mechanism that the authors can imagine
independent of droplet surface area is internal CO nucleation.

Nucleation of new CO bubbles essentially cedmdsrethe end of stage 1
but growth of preexisting bubbles continuesh& growth of preexisting bubbles
and nucleation of fresh bubbles are both driven by chemistry within the metal
droplet. Nucleation is an energetically expensive reaction when compared to
growth, so the appearance of larger CO bubbles over time is nosswgpOnce
these bubbles form, any oxygen remaining inside of the mdiiedlg relegatedo

the task of bubble growth.
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5.3.1.2. Effect of Initial Manganese Oxide Content
Figure 57 shows the gas evolution associated with changes in initial

manganese oxide ctamt rates of each stage are listed in the figimterestingly,

the curves are in reverse order of what one might expect, where lower manganese
oxide contents produce faster rates of CO evolution. It is important to remember
that these curves are repatative of CO evolution fronboth SiO, and MnO
reduction. Previous work by the auth{@$ has shown that the mass transfer
coefficient for silica is essentially the same as for manganese oxide in this slag
system, however the concentration of silica in the slag is much higher than MnO.
Per Equatiorb 6, if the systemwaslimited by mass trangpt, the rate of reaction
would beproportional to the mass transfer coefficient times driving farcdor a

fixed mass transfer coefficient, one would expect systems with lower MnO to react
more quickly as more carbon is available to reduce sii¢hatis likely, since
internal nucleation is occurring, is that there is no impediment to oxygen transport
and the oxygen content of the metal droplet is determined from the equilibrium of
manganese and manganese oxide at the interface. This is further ateddig the
apparent simultaneous reduction of silica and the associated equilibrium associated
with silicon and silica at the interface. Ultimately the confounding effect of oxygen
sources makes isolating the effects of initial manganese oxide confemntlidib

interpret.
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Figure 5.7: CO evolution versus time for variations in the initial manganese oxide content in
slag (normalized for manganese and silicon gains).

Figure 58 compares bloated droplets stags ranging from 5 to 15 wt pct
MnO. There is apparently very little difference in reaction raktsveen reference
(15 wt pct) and the 10 wt pct MnO samplpsrFigure 58, butthe 5 wt pct trials
show interesting evidence for the influence of oxygarthe systembDespite the
fact that the quantified rate of decarburization is faster in the 5 wt pct MnO system
the rate of internal decarburization must be slower as evidenced by the degree of
bloating. This suggests that the rate of external decarbionzes faster than

internal decarburization.

15 wt pct MnQ 10 wt pet MnO S wt pet MnO
2.5wtpetC 2.5 wtpetC 2.5wtpetC
1.5g Metal 1.5g Metal 1.5g Metal

1873K (1600°C) 1873K (1600°C) 1873K (1600°C)

|31mm 31lmm I

Figure 5.8: Comparison of bloated droplets vs. initial MnO content; 5 wt pct MnO slags do
not leadto complete bloating of the metal droplets
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5.3.1.3. Effect of Reaction Temperature
Figure 59 shows the CO evolution as it relates to temperature incrédses.

rate data is quantified itme figure there is an apparent discrepancy in the initial

rate data, but the data for the second stage of reaction showsethabtlower
temperatures have the same rate of reaction and the higher temperature is faster.
Further, Figure 510 shows XRay observations from the droplets. The lower
temperature system does not bloat as completely as higher temperature droplets.
With respect to the initial rate of reaction, the lower temperature reaction is faster
because a greater degree of decarburization is performed along the interface. The
Gibbs energy exchange associated with the reaction of carbon and manganese oxide
is more favoable with increasing temperaty@5]; at lower temperatures this
interfacial chemical reaction may have more of an influence on the system. This
lower temperature reaction has similarities to the low MnO system. At higher

temperatures, CO nucleation is madavorable and the reaction proceeds quickly.
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Figure 5.9: CO evolution versus time for variations in reaction temperature (normalized for
manganese and silicon gains).

148



Ph.D. Thesi§ B. Jamiesorn McMaster Univ.i Materials Science & Engineering

1823K (1550°C) 1923K (1650°C)
15 wt pet MnO 15 wt pet MnO
25 wtpetC 25 wtpet C
1.5g Metal 1.5g Metal
I
3lmm 31mm

‘ N

Figure 5.10: Comparison of 1823K (1550°C) and 1923K (1650°C) maximally bloated
droplets; in all cases droplets at the lower temperature had a metal pool at their base
indicating slower reactions rates.

5.3.1.4. Effect of Metal Droplet Mass
Figure 511 shows the relationship between CO evolution and drompets

the rate data is included within the figulidnere isanincrease in the absolute rate

of reaction as the droplet mass rises for both the first and second stageiafireac
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Figure 5.11: CO evolution versus time for variations in metal droplet mass (normalized for
manganese and silicon gains).

It has already been established that a relationship does not exist betveeen are
and rate during the first stage of reactidiigure 512 shows the relationship

between the rate of reaction and metal volume. The smaller droplet is somewhat of
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an outlier, but the volumes can be reasonably fit through zero. Interestingly the

volume retionship for stage two has an even stronger relationship with the rate.
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Figure 5.12: Relationship betweenrate of CO generationand metal volume

An analysis ofX-Ray video evidence suggests tkataller droplets spend
less time bloated #m the larger droplets. If MNO mass transfer (and oxygen supply)
were rate controlling this should not have happened because no changes were made
to the oxygen supply.

There isan interesting observation regarding the switch from external to
internally nucleated CQrigure 513 shows the progression of a 1.0g metal droplet
in the early stages of reaction. At 2s the droplet is suspended in the slag by an
external cloud of CO. Ats3the droplet is seen to blur as it loses buoyancy and falls.
At 3.5s the droplet has lost density on its upper surface, characteristic of internal
CO formation. The droplet once again ascends by 5 seconds and is fully bloated.
This suggests that early the reaction, the supply of oxygen and carbon to the
droplet surface are sufficient to sustain an external halo of CO. After some time,

the external gas nucleatistows as carbon concentration at the interface felis
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is supported by the observatiof subsequent internal nucleation of CO. Once
internal nucleation starts it seems likely that the droplet will be well stirred and that
the reaction rate will be controlled by either supply of oxygen to the droplet or the
rate of nucleation and growth of CRubbles.The fact that the bubble loses
buoyancy in the transition step from external to internal nucleation supports a
conclusion that: the two decarburization stages are distinct and that there is an
incubation time associated with the internal CO gati@n. The two reactions may
occur in parallel, but if they do it is at significantly different rates such that one

appears to stop when the other begins.

Figure 5.13 Transition from primarily external to primarily internal CO nucleation in a

droplet from dataset 8(initial conditions 2.5wt pct C, 15 wt pct MnO,1.0g droplet 1873K

[1600°C)) showing clear evidence that the external CO nucleation slows dramatically and
that there is an incubation period for internal nucleation.

5.3.2. Formation of Metal in the Slag
An interesting phenomenon is found in the systems when compared to the

work of past athors who studied the carbothermic reduction of FeO using iron
carbon alloys. Sommervillet al.[9] discovered iron globules on the surface of

their quenchedlagsamples. Two alternatives were proposed: they were a product
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of the reduction reaction of Befrom slag or that they originated in the bulk
material and were carried to the top of the slag. The same phenomenon was
discovered when they analyzed nickel oxide reduction, where nickel was found on
the slag surface, leading them to believe that thectexh reaction was the primary
source of this material.

In the present work, there is evidence supporting both droplet dispersion and
oxide reduction as a possible mechaniBigure 514 comes from a sample where
the metal droplet had 4.3 wt pct carb®here is no obvious evidence that any metal
has broken away from the main droplet up to 10 seconds. Little happens until 60s
where a fragment of metal is detected in the bottom right of the crucible. The next
four images are important and demonstrate hagrientation of the bulk is at least
partially responsible for the metal scattered about the slag. At 61s the fragment
bloats internally and begins to rise into 61.5s. At 62s the bloated droplet pops and
the metal begins to fall reaching the bottom by 6216 these fragments were
composed of reduced metal oxide there should not be any carbon in the metal, thus

they could not bloat.

Figure 5.14: Appearance ofmetal fragmentin a high carbon sample.
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Comparatively Figure 515 shows a sample where the slag contained 5 wt
pct MnO; this system produces much more CO externally then the high carbon
sample. The release of externally generated CO bubbles is much less violent than
the release of internal C@oim the metalreducing the degree to which dispersion
would be a viable mechanism. At 30s a small droplet of metal can be detected along
the slag foambés surface. This met al moves
150s. A second piece of metal is dedecat 180s as well, immediately above the
main droplet. This sample may support the conclusion of Sommeasvdlleas the
secondary droplet appears to be growing with CO evolution and CO bubbles are
not | arge enough t o fAbtuThedaiststllthepmbssibildyat t er t h e
that the CO is forming in or along the metal side of the interface causing a metal

film to be pulled away with each CO bubble.

Figure 5.15: Growth of metal in the slag correspondingwith largely external CO evolution.

Amongst the other presented information, this supports the conclusions about
a transition in the rate limiting step of the reaction. When the decarburization is
primarily internal there is an explicit requiremt that oxygen (and charge
balancing metal ions) are reaching the interface of the metal and entering the metal

droplet, thus the only fragments of metal found in the slag away from the bulk
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droplet during the initial period are those caused by the efeofi a metal film.
When the reaction is primarily externand the metal interface is essentially
blocked by gas, there is a high likelihood that gas shuttling across the bubbles
occurs and thus metal oxides are reduced at thegakagnterface, becongn
trapped inside the slaghese findings coincide with the findingskigure 52, and

it seems possible that some degree of metal oxide reduction can occur in the slag.

5.3.3. Evidence of Slag Transport Control from Failed Experiments
With the experimental design and crucibles used in this work, it is possible

for the alumina crucible to crack as it is being elevated in the furnace. Upon
liquification of the slag the leak becomes obvious and the experiment must be
aborted. In a few outing cases, the crucibles may fail during the experiment as
well. These few experiments produced very interesting results as shéugure

5.16 below. Up until 1400s the experiment proceeds as normal, the rate curve can
be divided into an initial fast ped and a slower second period where pressure rise
decays over time. At 1400s the crucible fails, slag begins to leak, and a large rise in
moles of CO generation occurs. At 1600s the rise stops and holds (as the crucible
runs out of slag) until the systeis quenched (breaking the seal on the furnace

caused the pressure drop).
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Figure 5.16: Plot of CO evolution measured from the CVPT when a crucible failed after 23
minutes; at 1400s a sharp pressure increasan be seen in the plot.

The above trend is repeated in several failed experiments where the same
pressure rise can be documented. When a crucible fails, slag begins to flow from
the crucible (but the metal remains largely stagnant). Unintentionaiyniipslag
mimics some of the properties of stirred slag, thus, if the system were under
transport control in the slag one would expect an increase in the rate of réaction
the transport limitation were altered via slag stirring.

An alternate hypothesisf this sharp rise in pressure can be explained by the
wiping of gas bubbles from the metal surface by agitated slag. There is strong
evidence to support this claim in the absence of slag mass transport limitations.
5.4. Discussion

Several rate controlling meahisms have been supported with the preceding
data, and others have been dismissed. The first stage of reaction appears to involve
internal nucleation of CO: the reaction rate remains higher for longer with

increasing the carbon content, droplets reaatiitg low MnO slags do not bloat
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as fully as those with higher MnO concentration, and a relationship may exist
between the reaction rate and metal volume. For the second stage of reaction the
only identifier presented so far is that the system returnsdaciion occurring on
the surface of the metal droplet: there is a low likelihood that a reaction within the
metal controls this stage of reaction. In order to better understand the system, the
work of past authors will be analyzed in more detail.

The following section offers a summary of some of the past reported rate
limiting steps and rate constants. Tabl® summarizes these values. A brief

commentary on comparisons between the literature is provided afterwards.

Table 5.2: Summary of Mechanisms and Rate Constants from Literature

Authors Temperature Mechanism Rate(r(r:];)sr;stant
Tarby & o
Philbrook[12] 1848K (1575°C) MnO Transport Py p T
Tarby & °
Philbrook[12] 1773K (1500°C) MnO Transport o® pT
Yagi & 17731873K o
Ono[13] | (15001600°C) | Mn~ Transport roem
Daines & o . .
Pehlkel8] 1823K (1550°C), Chemical Reaction L pT
Pomfret & o
Grievesor{14] 1723K (1450°C) MnO Transport UV PpTT
*;"i“"[’fg?t 1873K (1600°C)  Mixed Mass’Q x& p T
*;"i“"[’fg?t 1873K (1600°C) Mixed Mass’Q p pT
Shz'irl‘o[ig;“et 1873K (1600°C) Mixed Mass™Q p& pT
Xuetal.[11] | 1823K (1550°C)| Chemical Reaction & pm
Zo*[‘f?e]t 1873K (1600°C)  Mixed Mass’Q 0B p T
i??f?e]t 1873K (1600°C) Mixed Mass™Q 8t pm
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Comparing the values of Tarby and Philborook and Pomfret and Grieveson is
interesting because despite large differences in temperature the reaction rates of the
latter authors are greater than the former. Slag viscosity does not account for these
differences. Similarly, Shinozaket al.and Sohret al.report similar mass transfer
coefficients in the slag, but the ratio of CaO/5i@ the former authors is 0.8 and
the latter authors is-3.

There are two groups of authors who deserve special attention in this study
and are detailed here. Weti al.[26] originally studied desiliconization from iron
containing carbon and with a slag containing FeO. The system was described to be
mixed transpdrcontrol, wheréQ wasv p m andQ waso p TT.

These authors also studied decarburization from the same g¢8fermheir
analysis is similar to work done Bpommervilleet al.[9] so their work is discussed
together here. Sommervilé al.[9] laid the foundation for the chemical reactions
occurring within the carbothermic reduction system, where ‘éteial.[10]
emphasized the significance of gas phase transpgperiments and modelling
showedthree likely mechanismbecome or share theatelimiting step of the
reaction.A primary assumption of this theory is that any contact between slag and
metal is obstructed by gas, thus the gas acts as an oxygen transport intermediary.

At the slaggas interfacé&quation5.8 occurs, subdivided intBquation5.8a
andEquation5.8b for a better physical understanding of the interfacend#
represent a vacant site and oxygen filled site on the interface, subseapticm

represent the gadag and gametal interfaces.
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"0Q6 6§06 66  "0Q (5.9
"0QG v "0Q v (5.89
80 v 80 (5.8b

Iron oxide dissociates to iron and oxygen along the interface; for this
condition to be true iron must be found in the slag as it is assumed it has no way of
travelling to the metal, the work of Sommervidieal. [9] substantiates this claim.

Wei et al.[10] have reported that the reaction has a relative independeneg,on p
thus reactiorb.8 is assumed limited by iron oxide dissociation. The oxygen is
retrieved by CO in the bubble and transported to thergdal interface by C9

where the reaction desbead by Equatiob.9, proceeds via Equatiob®a ands.9b.

86 6 B (5.9)
56 v 50 v (5.92)
5w 50 v (5.9b)

Wei et al.[10] had success when applying this mechanistic understanding of
the reacting system to their experimental dsi¥hen CO bubbles at the interface
are large the system shifts to €@ansport control across the bubbles. When the
slag oxygen supply is low (lessan 2.5 wt pct Fe(@®]), reaction5.9a is the rate
limiting step because there is an insufficient partial pressure of @3 is
supported by studies noting a drop in reaction rate with increasing [S]
content9,22]. When the oxygen content in the slag is high, the rate limiting step is
reaction’5.8a; 5.8b was eliminated because research shows that the system is

relatively independent of gas pressure above 0.5HinWeiet al.[10] also tested
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the effect of phospirus in the slag on the reaction rate and showed that the
decarburization slowed down with increasing phosphorus content, confirming that
the system can experience rate limitation along theslgasinterfaceThis model

can be applied to the second stafieeaction of the present study. This model is
very similar to findings of Min and Frueh@2¥] who studied decarburization with

iron droplets and FeO in the slag. This idea will be returned to when the second
stage of reaction of the current study icdssed.

5.4.1. First Contact of Slag and Metal
In the moments after the metal droplet contacts the slag, externally nucleated

CO is obvious and likely corresponds with a relative balance between carbon supply
from the metal and oxygen supply from the slag. Measster coefficients from

the literaturd2,22] are too fast for the documented rate of CO generation. In
comparison to past literature on FeO reducfin24], the equilibrium constant for

MnO reduction by carbon is 28D0 times less which correspondsliwith the
difference in reaction rate of this system. It seems likely that this brief stage of
reaction is related to the chemical reaction of MnO and C at the interface.

5.4.2. Internal Nucleation and Droplet Bloating
There is sufficient evidence to suggdsittthe rate of CO generation is the

ratelimiting step during this stage of reaction; this would be a combination of
nucleation and growth phenomena. Evidence to support this claim is listed below.
1 Every condition tested shows evidence of droplet bloaindenced by X

Ray video.

159



Ph.D. Thesi§ B. Jamiesorn McMaster Univ.i Materials Science & Engineering

1 The initial rate of reaction is linear despite changes in area; thus the rate of
reaction is independent of the interfacial area.

1 The rate of reaction is strongly linked to initial carbon content; the rate of
nucleation and growit would improve with increasing carbon activity.
Further, droplets take longer to bloat and remain bloated for longer as
carbon content rises; all of this suggests that the carbon supply is a rate
limitation to CO generation.

1 The rate of reaction is linkieto droplet volume; the rate of nucleation rises
with increasing nucleation sites explaining the voluslationship

1 When temperature is low or MnO content is low bloating is reduced; this
indicates a chemical reaction with oxygen dependence as pae odite
limiting step.

1 A rapid exchange of manganese and silicon with iron occurs here; this
reaction is believed to occur outside of the decarburization mechanism.

5.4.3. External CO Nucleation Post Bloating
Figure 517 helps describe the mechanism. Tdhiepletis from the dataset

with 2.5wt pct C, 15 wt pct MnO, 1.5g droplet, 1873K [1600°C]. The highly
facetted interface is covered in a halo of CO bubblbsh likely block any direct
contact of slag and metathis differs significantly from SiO formed in previous
work [1] which only blocks a fraction of the interface. This faceting is not present

in samples that are low in reactants (i.e. 1 wt pct C or 5 wt pct MnO) implying that
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these reactions have nearly reackqdilibrium by the time of quench, or that the

CO bubbles are leaving before they have a chance to facet the interface.

Figure 5.17: Quenched slag (near 22min) and droplet from dataset (initial conditions 2.5wt
pct C, 15 wt pct MnO, 1.5g droplet, 1873K [1600°Q] initial conditions 2.5 wt pct C in 1.5¢g
metal, 15 wt pct MnO, and 1873K [1600°C]

Under the assumption that the interface between slag and metal is blocked by
gas, the model anfihdings of Sommervilleet al.[9] and Weiet al.[10] can be
discussedThese authors described the stoichiometry at thelggsterface with
Equation5.8; for the present system EquatiélO or Equation5.11 are their
equivalents. Silicon transport could also occur by SiO transport in place f CO
metallic silicon is unlikely to remain in the slag when (MnO) is present.

0DEL OU 0¢& 00 (5.10
YR ¢60 YQ o0 (5.1)

For thesereactiors to occur there must be evidence of metal build up in the
slag, away from the primary metal droplBtgure 515 demonstrates how metal
builds up in the slag as the system reacts, and that this metal is not the result of

fragmentation of the maidroplet. Figure 518 below shows more faceting and
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