@NTNU

Norwegian University of
Science and Technology

Reduction of MnO and Si0 from
Assmang and Comilog based Slags

Trine Asklund Larssen

Chemical Engineering and Biotechnology
Submission date: June 2017
Supervisor: Merete Tangstad, IMA

Norwegian University of Science and Technology
Department of Materials Science and Engineering






Declaration

I hereby declare that the work has been carried out independently and in compliance with the

examination regulations of the Norwegian University of Science and Technology, NTNU.

Trondheim, June 2017

Trine Asklund Larssen






Preface

This report presents an investigation of kinetics and mechanisms in silicomanganese produc-
tion, where the focus has been on how different raw materials affect the reduction of MnO and
SiO,. It is the author’s master’s thesis and serves as the evaluation basis for the course TMT4900
at the Norwegian University of Science and Technology, NTNU. The majority of the work was
executed at the Department of Materials Science and Engineering at NTNU, whereas a small

part was performed at Mintek in Johannesburg, South-Africa.

The work performed at Mintek will not be presented as a part of the thesis as it is not directly
in line with what was done in Trondheim and due to experimental difficulties few results were
obtained. This thesis will hence focus on the work performed in Trondheim before and after the

stay in South-Africa.

I would like to thank my supervisor Professor Merete Tangstad for being very encouraging and
a great inspiration during the last year. Her interest in the field is very contagious, and her avail-
ability for questions and discussions is highly appreciated. I would also like to thank my su-
pervisor at Mintek, Dr. Joalet Steenkamp, for welcoming me with open arms during my stay at
Mintek and providing me with a very educational experience. In addition, I want to thank Senior

Engineer Morten Raanes for help with the EPMA analyses.

The work was funded by the research centre SFI Metal Production and is a part of Research Do-

main 2(RD2): Primary Metal Production, lead by Professor Merete Tangstad.

Trondheim, June 2017

Trine Asklund Larssen

ii






Summary

Silicomanganese(SiMn) and ferromanganese (FeMn) represent essential ingredients for the steel
producing industries due to enhancing effects on steel quality. While extensive efforts have been
made in investigating the kinetics of ferromanganese production, kinetic information on the sil-

icomanganese process is rather scarce.

The goal of this work was to investigate how different raw materials/charge compositions affect
the reduction rate of MnO and SiO; in SiMn production. The experimental work was carried out
in a thermogravimetric furnace in CO-gas at ambient pressure with coke as reducing agent. In-
vestigated charge compositions contained ore (Comilog or Assmang) and HC FeMn slagina 1:1
ratio, quartz and coke. Melting behaviour was investigated for the mentioned Comilog charge
at temperatures 1200-1400°C and compared to charge based on Comilog and quartz at corre-

sponding temperatures. Both mixing and layering of raw materials in crucible were evaluated.

The slag formation temperature was determined to be in the range of 1250-1300°C for all inves-
tigated charges. All materials had formed a slag phase at 1250°C when materials were prepared
by mixing in the crucible, whereas the quartz particles remained undissolved until 1300°C when

prepared by layering.

Assmang and Comilog in combination with HC FeMn slag and quartz show highly similar re-
duction behaviour, however the rapid reduction stage was initiated at a lower temperature for

Assmang, i.e 1535°C vs 1545°C for Comilog.

Charges based on Comilog ore, HC FeMn slag and quartz start to reduce at approximately 50°C
lower temperature compared to charges based on Comilog, quartz and coke (and limestone), in

spite of lower sulphur content, lower basicity and lower driving force.

There was no observed correlation between the total basicity/viscosity and the reduction rate.

However, it was shown that the rate constant increases with the sulphur content.

Foaming was observed at 1550°C for Assmang charges, whereas the first occurrence was at ap-
proximately 1560°C for Comilog. It was concluded that the foaming phenomena is a result of

initiation of the rapid reduction stage.
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Sammendrag/Summary in Norwegian

Silicomangan (SiMn) og ferromangan (FeMn) er essensielle ingredienser i stalindutrien pa grunn
av forsterkende effekt pa stélets egenskaper. Mens kinetikken i produksjon av ferromangan er

undersokt i stor grad er kinetisk informasjon om silicomanganprosessen fortsatt mangelfull.

Malet med dette arbeidet var & undersoke kinetikken i hey-temperatursonen i SiMn prosessen.
Hovedfokuset var pa hvordan ulike rdmaterialer/charge-sammensetninger pavirker reduksjon-
sraten til MnO og SiO,. Det eksperimentelle arbeidet ble utfort i en termogravimetrisk ovn
med CO-gass ved atmosferisk trykk og koks som reduseringsagent. To ulike blandinger ble
undersokt, hvorav begge inneholdt malm (Comilog eller Assmang) og HC FeMn slagg i 1:1 ra-
tio, kvarts og koks. Det undersokt ved hvilken temperatur rdmaterialene danner en slaggfase i
den forenevnte Comilog blandingen, som deretter ble sammenlignet med blanding basert pa

Comilog og kvarts. Bade lagvis og mixet preparering av rdmaterialer ble evaluert.

Smeltetemperaturen var i temperaturomradet 1250-1300°C for alle blandinger. Alle materialer
hadde dannet slaggfase ved 1250°C ved mixet preparering, mens kvartspartiklene forble us-

meltet til 1300°C ved lagvis plassering.

Assmang og Comilog i kombinasjon med HC FeMn slagg og kvarts viser sveert lik reduksjon-
soppforsel, hvorav den eneste forskjellen er at det hurtige reduksjonsintervallet initieres ved en

lavere temperatur i Assmang (1535°C vs 1545°C).

Det var ingen observert sammenheng mellom total basisitet/viskositet og reduksjonsrate. Deri-
mot er svovelinnhold den viktigste faktoren med hensyn til reduksjonsraten og det ble funnet at

ratekonstanten gker med okende svovelinnhold.

Blandinger basert pd Comilog-malm, HC FeMn slagg og kvarts reduseres ved temperatur tilneermet
50°Clavere enn blandinger basert pd Comilog og kvarts (og kalkstein), til tross for lavere svovelinnhold,

lavere basisitet og lavere drivkraft.

Skumming ble observert i Assmang blandingen ved 1550°C, mens det forste tilfellet var ved
tilneermet 1560°C for Comilog. Det ble konkludert at skummingen er et resultat av en allerede

hey reduksjonsrate.
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1 | Introduction

1.1 The silicomanganese process

Silicomanganese (SiMn) is one of the two main manganese alloys, the other being ferroman-
ganese, which is used as an ingredient in the steelmaking industry. Both silicon and manganese
can work as a deoxidizer due to the higher affinity towards oxygen compared to iron and have
shown to increase both strength, hardness and ductility when used as an alloying element. In
addition, manganese has the ability of working as a desulphurizer by forming manganese sul-
phide (MnS) with any potential sulphur in the metal[1]. Figure 1.1 shows the annual SiMn alloy
production over the last nine years. The output of SiMn alloys is a reflection of the global pro-

duction of high quality steel products, which is not expected to decrease in the foreseen future.

Annual production of SiMn
in million metric tonne

2008 2005 2010 2011 2012 2013 2014 2015 2016

Year

Figure 1.1: SiMn alloy production in million metric tonne[2].
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Standard produced SiMn-alloys contain 18-20 wt pct silicon and 68-70 wt pct manganese. In
addition, the alloy contains 1.5-2 wt pct carbon (saturated), iron and various trace elements.
The industrial production process involves simultaneous carbothermic reduction of MnO and
SiO; in a blend of manganese ore, quartz, coke and fluxes (usually dolomite or limestone). Nor-
wegian producers also uses Mn-rich slag from the FeMn-process as a source of manganese. The
mix of raw materials, called charge, is fed into an electrical submerged arc furnace (SAF), where
three Soderberg electrodes are located in a triangle orientation inside the furnace, each con-
nected to a separate electrical phase. The size of SiMn furnaces are usually in the range of 15-40
MW, giving 80-220 tons of alloy per day[3]. The charge passes through the furnace from initial
temperature 200-500°C at the top to a temperature of 1600-1650°C when being tapped from the

lower parts of the furnace.

Figure 1.2 shows an example of a SAF (48 MVA) used for SiMn production. The raw materials
are added at the top where they will start to descend down the furnace. Burden is where the
materials are still in solid form, often called the prereduction zone. Coke bed denotes the area

where the materials are in liquid form and the metal producing reactions are occurring.

Manganese ore
Carbonaceous reductant Off gas

(Juartz

Steel shell

SiC rapblock

Slag
Allay

Carbon ramming paste

Fireclay brick

Figure 1.2: Layout of a submerged arc furnace (48 MVA) producing silicomanganese, modified
from Steenkamp|[4].
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1.1.1 Reaction overview

The furnace can be divided into two regions according to temperature range, namely prereduc-
tion zone(low temperature) and coke bed zone(high temperature). Following is an overview of

the reactions occuring in the different furnace regions.

Prereduction zone
The charge mixture enters the furnace in the prereduction zone. The temperature at the top of

the charge will be between 200°C and 500°C. As a result, evaporation of water takes place.

H,O (1) = H,0 (g) AHjggoc = 44.0K] (1.1)

Fluxes may be added to the charge to alter the slag properties and optimize metal recovery.
Common fluxes are limestone and dolomite. These will decompose in temperature range 300°C

to 900°C and increase the amount of basic oxides MgO and CaO[1].

MgCO3 = MgO + CO, AHggec = 101.1kJ (1.2)
CaCO3 = CaO + CO, AHS g = 178.3K] (1.3)
CaCO3-MgCO3 = CaO + MgO AHggoc = 295.4K] (1.4)

The manganese in the Norwegian industrial SiMn-process comes from manganese ores and
Mn-rich slag from the HC FeMn-process, which in turn also originates from ores. The man-
ganese content of the ores is dominated by higher oxides MnO,, Mn,0O3 and Mn3O4. The ores
also contains other oxides, where the most important are Al,03, MgO, CaO and SiO,. In addi-
tion, iron is always present in manganese ores. Iron oxides will reduce completely to metallic

iron at high temperatures and go completely into the metallic phase[1].
1Fe03+3CO =Fe+3C0O,  AHjgg =—12.9K (1.5)

The oxides Al,03, MgO and CaO are considered unreducible and will enter the slag phase. They

3
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do however have an impact on the thermodynamics of the process. This will be covered later

on.

The higher oxides of manganese will easily be reduced to MnO in the prereduction zone by
CO gas ascending from the coke bed zone according to equations 1.6-1.8. These reactions are
highly exothermic and will hence heat the charge material. The extent of the gas reductions will

be reflected by the off-gas CO,/CO ratiol[1].

MnO; + 3CO = Mn,03 + 3 CO, AHjggoc = —99.9K (1.6)
IMn,03 + £CO = :Mn304 + £CO, AHjgg. = —31.3K] (1.7)
3Mn304 + 3CO = MnO + 3 CO, AH3gg. = —16.9K] (1.8)

The reduction degree of reaction 1.8 depends on the reactivity of the ore. If the reactivity is low,
reduction of Mn30, will continue simultaneously as the Boudouard reaction when the oxides
reach the surface of the coke bed. The Boudouard reaction, equation 1.9, is the formation of
CO gas from solid carbon in the coke bed reacting with the CO, gas produced in the Mn30,

reduction. As a result, Mn30Oy is reduced by solid carbon.
CO, = 2CO AHjggoc = 57.5K] (1.9)

IMn30, + 3C = MnO + £CO AHjggoc = 40.5k] (1.10)

The Boudouard reaction is highly endothermic, which in turn makes reaction 1.10 endothermic.

Hence, the reduction degree has large impact on the energy consumption.

High temperature zone

The prereduced oxide blend will start melting at approximately 1150-1300°C, depending on the
specific composition, and fuse together with the Mn-rich FeMn-slag. The dominating com-
ponents of the SiMn slags are MnO, SiO,, Al,O3, CaO and MgO. The metal phase will at this

temperature be composed of approximately 95% Fe and 5% C.

4
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The thermodynamic temperature for reduction of MnO to liquid manganese is 1370°C, however
research suggests that the reduction takes place in temperature range 1500 - 1600°C[5]. The re-
duction of MnO is highy endothermic and will consume about one third of the supplied electric

energy for SiMn production[1].

MnO()+C=Mn()+CO(g  AHjgg =252.3K] (1.11)

At temperatures approximately 1600°C, the MnO content in the slag phase will be up to 10% ac-
cording to equilibrium relations, depending on the amounts of other oxides in the slag[1]. Silica
is assumed to reduce to silicon metal at temperatures in the range 1550 to 1650°C according to
reaction 1.12(3]:

Si02() +2C = Si(l) +2CO AHjggec = 754.9K] (1.12)

Silicon carbide is the stable carbon phase at higher Si-contents, meaning that silicon metal is
formed according to reaction 1.13. This occurs when the Si content exceeds about 17% in Mn-
Si-Fe-Cgqq alloys[1].

SiO, (1) +2SiC =3Si() +2CO(g) (1.13)

Even though reaction 1.12 is used to express the silicon transfer, it is established that the re-
duction path from SiO; in slag to Si in metal involves the formation and reduction of SiO gas

through reactions 1.14-1.15[1].

Si0, +CO(g) = SiO (g) + CO2(g) (1.14)

Si0(g) + C = Si+CO(g) (1.15)

The driving force and kinetics for reaction 1.15 are determined by the SiO pressure generated in
reaction 1.14, which is assumed small. The reaction is therefore normally neglected in kinetic
considerations. The gas pressure is further mentioned in the theory chapter covering thermo-

dynamic relations.

The slag/metal equilibrium of the simultaneous reductions of MnO and SiO; needs to be taken
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into account and is presented in equation 1.16.

SiOa () +2Mn (1) =Si() +2MnO (1) (1.16)

Some of the manganese metal will evaporate according to reaction 1.17. In addition to iron,

silicon and manganese, carbon will dissolve in the metal up to carbon saturation.
Mn () = Mn(g) (1.17)
C(s)=CW (1.18)

The metal phase will be a Fe-Mn-Si-Cgq system, where the specific composition is determined

by reaction temperature and slag chemistry.

1.2 Objectives

This thesis presents work that is a part of a larger ongoing project at the research centre SFI that
aims to investigate how different charge compositions/raw materials affect the reduction rate

of MnO and SiO; in production of silicomanganese.

The investigations will be executed by examining three different sources of manganese, i.e.
Comilog and Assmang ore and waste slag from the high-carbon ferromanganese process. Ex-
periments will be carried out in a thermogravimetric graphite tube furnace (TGA) in a CO(g) at-
mosphere at temperatures 1530-1650°C. Results will be discussed in terms of weight loss curves
retrieved from the TGA and compositions analysed by EPMA. Kinetic parameters such as rate
constants and activation energies for reaction 1.10 and 1.11 will be presented and discussed. In
addition, the specific temperature at which the slag is homogeneous will be found for two dif-

ferent charges based on Comilog ore at different positions of raw materials (layering vs mixing).



2 | Theory

The silicomanganese process does normally not reach equilibrium, making information about
kinetics very important. Kinetics is partly determined by the distance the system has towards
equilibrium, hence it is also essential to know the thermodynamics of the system. The following
chapter presents the thermodynamics for SiMn production, as well as existing relevant research

on kinetics.

2.1 Thermodynamics

The main oxides represented in SiMn production are MnO, SiO, CaO, Al,03 and MgO. The ox-
ides CaO, Al,03 and MgO are considered unreducible during this process and will go to the slag
phase. Manganese and silicon are the only two components that will be distributed between

slag and Mn-Si-Fe-Cgy; alloy.

The distribution of manganese between slag and alloy in equilibrium with CO gas is defined by

the equilibrium constant at temperature T:

_amn-Pco

Kr 2.1)

apmno - ac

At high temperatures the pressure of CO is approximately 1 atm. With the activity of solid carbon

equal to unity, equation 2.1 takes the form of 2.2:

a %Mn
Ky = Mn_ _ Y Mn70 2.2)
amno  YmMno%MnO
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In a similar manner as for manganese, the equilibrium distribution of silicon is given by the
equilibrium contant at temperature T for reduction of silica according to reaction 1.12, and can

be expressed as:

P Pz, _ ¥si%Si 2.3
as;o, d% Ysi0,%Si 02

Hence, the equilibrium amounts of manganese and silicon is dependent on temperature through
the equilibrium constant, the partial pressure of CO and the slag composition influencing the

activity coefficients of MnO and SiOs.

The CO pressure will mainly be determined by the amount of CO, gas produced by the Boudouard
reaction. The left image in figure 2.1 shows that the gas will be approximately 100% CO at tem-
peratures exceeding 900°C. However, as mentioned in the introduction, formation of SiO(g) and

Mn(g) can occur at higher temperatures.

T I! T T
1 L : P e |
1.00E+00 ~ ) i T‘““
"E 8.00E-01 \\ // | graphite . B -SiC
5
=, ;
@ 6.00801 \V/ ‘é‘ 0-1 E
2 A = |
@ 4.00E-01 I
& /\
2.00E-01 /[ \ 0.01 ¢
/ \ E—P@o :
_/ \ = PCO2 '
0 200 400 600 800 | 1000 1200 - !
Temperature [°C] 1E-3 i L .

1
1500 1600 1700 1800

Temperature °C

Figure 2.1: Left graph shows pressure relations according to the Boudouard reaction: py =
Pco + Pco, = 1 atm. Graph on the right shows equilibrium pressure relations above a Mn-Si-Cqat
alloy and slag phase where ag;o, = 0.2.[6]

The graph to the right in figure 2.1 shows the equilibrium pressures of CO(g), SiO(g) and Mn(g)
above a Mn-Si-Cgy alloy and slag phase where agjo, = 0.2 at increasing temperatures. Normal
process temperature for SiMn production is between 1600 and 1650°C, where it is seen that the
partial pressure of SiO(g) is lower than 2% and Py, ~= 1%. This implies that it is reasonable

to neglect these gas components at normal process temperatures. While the partial pressure of



CHAPTER 2. THEORY

Mn(g) only increases slightly at increasing temperature, a larger temperature effect is seen for

SiO(g). At 1750°C, the partial pressure of SiO(g) is approximately 8%.

The slag is of ionic nature and the oxide components can be categorized as basic (forming
cations) or acidic (forming anions). MnO, CaO and MgO are basic oxides, whereas SiO, is the
most important acidic oxide. Al,O3 is an amphoteric oxide, which means that it behaves like
a basic oxide in an acidic environment and vice versa. Slag characteristics (such as viscosity)
are determined by the ratio between the two types of oxides. For ferromanganese(FeMn) the

basicity can be expressed according to equation 2.4.

_ Ca0+MgO

=— °- 2.4
SiO, + Aleg (24)

For calculations of basicity for SiMn production a ratio R is used. This is omitted the value for

Si0y, as it is reduced during the process.

_ Ca0+MgO

2.5
ALO; (2.5)

Similar oxides will enhance each other by increasing the chemical activity, whereas different ox-

ides will weaken each other by decreasing the chemical activity and lowering the melting point.

i L A -l A ¥ — -
1.0+ LY “/ph“ /, o :
094 .-"F f = 10 1=
'\_ / "._‘
0.8 o/ ,«/c. | o8 J.-“_‘-..h
0.7 - 330, \ 4 LE L]

e gop im0 - ' . “-4._.._ /
-/ 0.7 - =L}

g
(7]
€ 06 _ - <
@ - & W™ 0.6 S~
% 054 o Raa.., 1400°C [/} L Soos / ,
/ ) :
5 ga| © Reo.t1500C 71 E s _ .
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2 03 Caloulated A . / : \
< / I S a-CaO(s) : .
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Figure 2.2: Left: Activity of MnO and SiO; in the MnO-SiO, system at 1400-1600°C[1].
Right: Activity of MnO and CaO in the MnO-CaO system at 1600°CI[6].
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The activity of MnO and SiO, in the MnO-SiO, system is seen in the left part of figure 2.2,
whereas the right part show the activities of MnO and CaO in the MnO-CaO system. This shows
that increasing the basicity would imply an increase in the activity of MnO. However, it would
also cause a decrease in the relative amount of MnO. An increase in basicity will theoretically
retard the reduction of SiO, by reducing the activity of SiO,. When only considering metal yield,

an optimal value for basicity at 1.8 has been suggested|[7].

0 10 20 30 40 50 60 70 80 90
MnO [wt%)

Figure 2.3: Complete equilibrium relations for ternary MnO-SiO,-CaO slags with Mn-Si-Cgy¢
alloys at pco = 1 atm[3].

Figure 2.3 shows the effect of temperature and slag composition on MnO reduction in ternary
MnO-SiO,-CaO slags where pco = 1 atm([3]. The MnO content in the slag decreases with increas-

ing temperature and increasing CaO content in the slag.

The amount of silicon in the metal is dependent on the temperature and the activity of SiO,. The
relationship between the amount of silica in the slag and the produced silicon is displayed in
figure 2.4. Initially, the amount of silicon in the metal increases linearly with the amount of SiO»
in the slag. The change of slope at approximately 17-18 wt% Si is due to silicon carbide replacing
graphite as the stable phase, where a lower amount of Si at a specific amount of SiO5 in the slag
is observed. In addition, the temperature effect on the amount of silicon in the metal phase is
shown in the same figure. At 40 wt% SiO; in the slag, approximately 19 wt% Si is observed at
1600°C, whereas 27 wt% is observed at 1700°C. The presented relations are valid for the Mn-Fe-

Si-Cgqt alloy in equilibrium with a MnO-SiO»-Ca0-MgO-Al, O3 slag with characteristics Mn/Fe =

10
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7, Ca0/MgO = 2.5 and an R-ratio of 1.0.

30

28 [

20 £

Si (wit%)

18 [

16

14 Mn-Fe Si-C_, alloys, Mn/Fe=7.0
F MnO-510,-Ca0-MgO-AlLO, slags

Ca0/Mg0=2 5, (Ca0+MgOYALD,~1.0

12F

10:||\ I I T S S S S T S T R N S S
10 20 30 40 50 60

SI0, (Wt%)

Figure 2.4: Calculated distribution of Si between slag and Mn-Fe-Si-Cgy [1]

Figure 2.5 shows how the amount of Si in the metal phase varies with the R-ratio. It is clear that
the amount of Si decreases with increasing R-ratio, which is due to the increasing content of

basic oxides.

26
24
2
20
18 Si0z solubility
for slag with R=a
16
g
= 14
[+ 1
Ea 12
a_
ot 10
741
8
6
4
2
0
25 30 35 40 45 50 55 60 65

510, % in slag

Figure 2.5: Distribution of Si in metal phase as a function of SiO, in slag phase for different
R-ratios|[1].
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2.1.1 SlagPhase Relations

The slag phase will consist of components MnO-SiO,-Ca0-Al,03-MgO. The ternary phase dia-
grams for the systems MnO-SiO,-Al,03 and MnO-SiO;-Ca0 and the quaternary phase diagram
for the system MnO-Ca0O-SiO;-Al, 03 are presented in figure 2.6, 2.7 and 2.8, respectively.

Spessartite: Mn,AlLS5i;0,; Corundum: Al, Oy
Galaxite: MnAlO, 0 Mullite: AlSi, 0,5

Rhodonite: MnSiO, 3 Manganosite: MnO
A Olivine: (Mn,Al)Si0,

[-]
=,
Hhﬂdﬂnite‘f

- N
ﬁﬁf Corundum’, \ o -’A‘i 10
/’ =~y \\ \ !Manga;nomte %
=
100,.--.,.,_,.:}._, i .1_’ . r..e‘ r_/ - "-.u
0 10 20 30 40 50 60 T0 80 a0 100

MnO (wt%)

Figure 2.6: Calculated phase and liquidus relations for the MnO - SiO, — Al O3 system [1]

Comilog is considered an acidic ore due to its high content of SiO» and Al,0O3. Industrial SiMn
charges based on Comilog ore and quartz will have a typical composition inside the MnSiO3 area
(Rhodonite) or the Mn,SiO,4 area (Olivine) in phase diagram 2.6. These relations will also apply
for Assmang charges. The liquidus lines show that these compositions will be partially melted
at temperatures 1200-1300°C, where the amount of melted phase and melting temperature will

depend on the specific composition.

Figure 2.7 shows the calculated phase and liquidus relations for the MnO-SiO,-CaO system.
Charges for SiMn production could typically contain 50-70%MnO and ~30%SiO,, which means

that the total composition would lie in the lower part of the phase diagram, shifted to the right.
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These compositions are inside the 1300°C isothermal area and is fully liquid at temperatures
above 1300°C.
Wollastonite: (Ca,Mn)SiO, 0 100 Clivine: (Mn,Ca),SiO,

Rhodonite: (Mn,Ca)Si0, Pseudo-Wollastonite:
Monoxide: (Mn,Ca)0 (Ca,Mn)SiO,

Migreids
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Figure 2.7: Calculated phase and liquidus relations for the MnO-SiO, —CaO system [1]

Mullite: AlgSin013 0 100
Anorthite: CaAlaSigOg
Pseudowollastonite: CaSiOg 10
Mn-pyrope: MngAlzSis0q2
Galaxite: MnAlzO4
Clivine: (Ca Mn)2Si04
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Figure 2.8: Calculated phase and liquidus relations for the MnO-SiO, - CaO-Al,03 system
(weight ratio Al,03/SiO, = 0.425 [8]
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Generally, manganese ores have a relatively low content of MgO (applies for both Comilog and
Assmang ore), which means that the quaternary system MnO-SiO,-Ca0-Al,O3 presented in fig-
ure 2.8 gives a good representation of the phase and liquidus relations in the system. Mn and
Ca have great solubility in each other, which results in the large monoxide (Ca,Mn)O area at
the lower part of the phase diagram. Typical compositions will be in the area close to Olivine,

Galaxite, Monoxide and Mn-pyrope, which lies inside the isothermal areas of 1200-1400°C.

2.1.2 The Mn-Fe-Si-C system

Commercially important silicomanganese alloys are described by the Mn-Fe-Si-Cgq; system.
Isothermal phase relations for a Mn-Fe-Si-Cgy¢ with Mn/Fe = 7 at 1550°C are shown in figure
2.9. For this alloy, SiC replaces graphite as the stable phase when the silicon content exceeds

approximately 16.4% .

1550°C

04
0.6

Lig.+SiC+Graphite \ SiC

Lig.+Graphite 0.5 1C

Lig.+SiC

1.0
0.0

MnFe oo o1 02 03 04 05 06 07 08 08 10 g
Mole fraction Si

Figure 2.9: Calculated phase diagram showing an isothermal section of the Mn7Fe-Si-C system
at T = 1550°C[1].

The solubility of carbon in silicomanganese has previously been calculated at temperatures be-

tween 1500 and 1650°C. Results are printed by Olsen et. al[1] and reprinted here in figure 2.10.
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The separation line illustrates the shift from carbon as graphite to carbide. In addition, measure-
ments of carbon solubility by Tuset and Sandvik([9] at temperatures 1530 and 1630°C are illus-
trated in the same figure. Tuset and Sandvik found that the carbon content increases with tem-
perature and increasing Mn/Fe ratio. Further, it was found that the carbon content decreases

rapidly from 7% to 1.5% when the silicon content increases from 0% to 20%.

1 | [l
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Figure 2.10: Calculated carbon solubility in Mn-Fe-Si-C alloys with fixed Mn/Fe weight ratio =
5.1 at 1500-1650°C. Measured carbon solubility by Tuset and Sandvik(1970). Reprinted from
Olsen et al.[1].

2.2 Kinetics

A system that is not at equilibrium will move towards equilibrium at a rate given by a driving
force. The driving force can be defined as the distance the system has to equilibrium state in
terms of activity. Extensive research has been made on kinetics in the ferromanganese process,
however information on silicomanganese is rather scarce. In the FeMn process, the reduction
rate of MnO will be rapid when MnO is present in solid state, due to the high and constant
activity. The activity decreases rapidly when the liquidus composition is reached, causing the

reduction rate to slow down drastically. For SiMn, the reductions will occur when all raw mate-
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rials are in liquid state, implying that the activity of MnO and SiO, will already be relatively low.
Furthermore, SiMn has a higher content of silicon compared to FeMn, which leads to additional
considerations. Nonetheless, the two processes are highly similar and it is reasonable to assume

that the mechanisms will be as well.

Chinese investigators Xu et. al[10] studied the reduction of MnO from molten slag with carbon
saturated iron where the contents of both %MnO and %Mn were high. They found the reduction
of MnO to be limited by an interfacial reaction, and not MnO diffusion, as the variation of the
surface active agent sulphur affected the reaction rate. Their results are presented in figure 2.11
and it should be noted that the results show that the reduction ratio for MnO increases with
decreasing sulphur content in metal. The slag/metal interface was proven to be the essential

site for the formation of the reduction product CO(g).

o % [T
£ Run 021
g 40 /{ 1
b ‘Run 022
_g -—‘-"""a
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o 20 Run 0231
c
=
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Figure 2.11: Effect of initial %S on the reduction ratio of MnO[10]. Initial sulphur contents in
metal were 0.027, 0.048 and 0.079 wt% for run 21, 22 and 23, respectively.

The reduction rate of MnO being controlled by the chemical reaction at the interface has been
concluded by many other researchers. Daines and Pehlke[11] investigated MnO reduction from
basic slags by carbon dissolved in iron where it was observed that stirring had no effect on the
rate. Skjervheim and Olsen[12] investigated the reduction of MnO from silicate slags by vary-

ing different experimental parameters as composition, temperature and stirring rate. Both solid
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carbon and carbon saturated manganese were used as reducing agents. Based on the lack of im-
pact of stirring and the rates sensitivity to temperature, they concluded that the rate of reduction
is controlled by chemical reactions, and thereby not diffusion. The effect of temperature found

by Skjervheim and Olsen can be seen in figure 2.12a.

Skjervheim and Olsen further reported the effect of sulphur on the reduction of MnO from sil-
icate slags by comparing synthetic and industrial slags. They found that the industrial slags
reduces much faster compared to the synthetic, which can be seen in figure 2.12b. A similar

reduction rate with synthetic slag was obtained when sulphur was added to the Mn-Cgy; alloy.

Wt% MnO
50

40

20

10 L 1 y - A 1 1 ' i N L . 1
10
¢ R AN W NN NN N T 0O 200 400 600 800 1000 1200 1400
Time [min] Time [min]
(a) Effect of temperature (b) Industrial vs synthetic slag

Figure 2.12: Left: Effect of temperature on reduction of MnO from FeMn slag (27.5%SiO-
45%Mn0-27.5%Ca0). Exp. at 1450°C and 1500°C without initial metal, exp. at 1600°C with 1:1
ratio of slag and metal. Right: wt% MnO as a function of process time in synthetic and industrial
FeMn slag.[12]

Information on silica reduction from ferromanganese slags is rather scarce, whereas several in-
vestigations are performed in relation with iron making. Sun et al.[13] studied the reduction
of SiO, from Ca0-SiO;-Al,03 and Ca0-SiO,-Al,03-TiO, slags by carbon saturated iron. Their
results are presented in figure 2.13, where a) shows that the reduction of SiO; is strongly depen-
dent on temperature, which indicates that the chemical reaction at the slag-metal interface is
the rate-limiting step. In addition, it was found that the reaction rate decreased with increasing

basicity (CaO/SiO-), as shown in figure b).

SiO, reduction being controlled by a chemical reaction was supported by Futon and Chipman[14]

from the investigation of silica reduction by carbon saturated iron from SiO,-Ca0O-Al,O3 slag.
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They found that the reduction was nearly independent of stirring, which implies that a chemi-

cal reaction is rate determining, rather than diffusion.
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Figure 2.13: Experimental results presented by Sun et al[13]: reduction of SiO, increases with
temperature and decreasing ratio of CaO/SiOs.

Previous studies have shown that the reduction rate of MnO by solid carbon can be described
by equation 2.6[1, 15]. Assuming that the reduction of SiO, is also controlled by a chemical

reaction, a similar kinetic model for SiO, can be considered as equation 2.7.

gMnO AMn,eq
rMno = =——— = kyn - AlAyMno — @Mno,eq) = kmn - Alanmo — ) (2.6)
min Kr
rsi0, = m = ksi+ Alasio, — 4si0,,eq) = ksi - Alasio, — Xr ) 2.7)

Where 1 is the reduction rate (g/min), A is the interfacial area (cm?), apmo and asiop are the
activities of MnO and SiO; in the slag phase, ay, and ag; are the activities of Mn and Si in the
metal and Ky is the equilibrium constant at temperature T. k is the rate constant (g/min-cm?)
described by equation 2.8.

—Eq
k=koy-eRT (2.8)

Where k is the frequency factor, E, is the activation energy of species MnO or SiO; (kJ/mol), R
is the ideal gas constant (J/K- mol) and T is the temperature (K).
The activities defining the driving force in 2.6 and 2.7 were modelled during a recent study and
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expressed as equations 2.9-2.12[16]. Fitted temperatures were in the range 1500-1600°C

amno= Cwno - exp(0.0007576 T — 123.7Cp1n0 +30.14Csio, + 47.84Cpigo +49.54Cca0
—47.96Cp1,0, + 122.8Cyy, — 67.78C5;, —46.32Ciy00 — 47.68CC
+22.51C3, ¢, +78.32Cvin0 Ca0 + 77-56 Cain0 Chvigo + 176.6 Chino Cal,05 (2.9)
+101.2CvnoCsio, — 71.52Csi0, Ccao — 70.58Csi0, Caigo + 27-35Csi0, Cal,0,

+46Cg(, —92.97Cca0Cumgo +2.44C2, )

asio, = Csio, - €xp(—0.0003408T + 113.8Chr,10 — 22.79Csio, — 51.36Cp1g0 — 52.44Ccq0
+36.3Ca1,0, — 119.3Cyj +42.56C, +32.25C350 +30.12C5,0
—26.26Cy) . —82.725Cyvin0 Ca0 — 82.9Chn0 Cvigo — 155.2CMmn0 Cal,05 (2.10)
— 86.98Cnin0 Csio, +86.21Csi0, Ccao + 86.19Csi0, Chigo — 23.06Csio, Cal,0,

—31.26C;, +69.45Cca0 Cumgo +2.44C2, )

ayn=Cun-exp(0.0005382T —37.41Cpy, — 2.966Cs; — 0.6835Cr, +39.52Cy;,,
2.11)
— 1.453C5, — 0.556C, + 27.48Cp1, Cs;i + 38.69Cn1,,Cre +0.214Cs; Cr)

asi= Cs;-exp(0.002464T +10.3Cpr, — 1.081Cs; +27.52Cp, — 15.49C3,,, — 3.713C3;
(2.12)
—34.66C%, +1.324Cp1Csi — 47.01Cp1n Cre — 9.127Cs; Crre)

The activation energy of MnO has been reported to be 350-370 kJ/mol in the two-phase area of
synthetic ferromanganese slags of components MnO-SiO,-Ca0-Al, O3, where experiments were
conducted within temperatures 1450-1550°C[15, 17]. A few studies have recently been carried
out to find the kinetic parameters of the metal producing reactions in SiMn production[18, 19].
Activation energy of MnO in Assmang based charges were found to be 920 kJ/mol, whereas 304

kJ/mol for Comilog charges and 975 kJ/mol for synthetic slag. As for SiO, reduction, values of
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870 kJ/mol, 796 kJ/mol and 2313 kJ/mol were reported for the same charges, respectively. This

shows that the current studies are highly inconsistent.

Larssen [19, 20] recently investigated the reduction of MnO and SiO, from Comilog based charges
at temperatures in the range of 1500 to 1725°C. Two different charges of basicities 0.05 and 2.09
were heated in CO(g) atmosphere. The reduction of MnO (and SiO,) was relatively low in both
charges in spite of high driving forces, however a higher reduction was obtained in charge with
the lower basicity. Similar low reductions from SiMn slags where ore was the only source of
manganese has previously been observed. Holtan[21] investigated charges based on Comilog
ore, where the amount of MnO in the slag remained in range 30-50% at all investigated temper-
atures (up to 1700°C). No explanation for the lack of reduction was presented. From personal
communication with P. Kim, PhD student at the Department of Materials Science and Engineer-
ing at NTNU, similar low reduction was obtained from SiMn slags based on Assmang ore. An
increased reduction rate was observed when MnO-rich slag from the high-carbon FeMn pro-
cess was used as an additional source of manganese. A possible explanation is that when HC
FeMn slag is used as a partial source of manganese, one also obtaines a higher content of trace
elements, such as sulphur, which has a large impact on the reduction rates. This was also ob-
served by Larssen[19] and the results are reprinted in figure 2.14. The graph shows four different
charges, where charge Com.+Q and Com.+Q+S has the exact same composition, except for ad-

ditional sulphur in the latter. The same applies for charge Com.+Q+Lime and Com.+Q+Lime+S.
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 -10 + 4 1620 —
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Figure 2.14: Effect of additional sulphur in charge based on Comilog ore, with or without
limestone[19]. (Q=quartz, S = sulphur)
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Kim et al.[18] published an investigation of reduction of MnO and SiO; from industrial slags A
and B and synthetic SiMn slag under CO atmospheric pressure. The synthetic charge was pre-
pared according to the industrial slag A by adding the different oxide components in powder
form. It was shown that MnO was reduced faster from the corresponding industrial slag. As the
synthetic slag was not added any trace elements, this supports the fact that the lack of sulphur
abates the reduction. However, the lowest reduction rate was observed in industrial slag B. The
amount of sulphur in the two industrial charges were not presented, but as slag A was added
equal amounts of manganese ore and high-carbon FeMn slag, whereas slag B was only based
on ore, it would be reasonable to assume that slag A had a higher sulphur content. The syn-
thetic slag also showed a higher reduction of MnO compared to industrial slag B. This can not
be explained by trace elements, as this would favor the industrial slag. However, the synthetic
slag was prepared by mixing of powder compared to the industrial slag which was prepared by
layering of the raw materials. Previous research has shown that mixing can increase the interfa-

cial reaction area with a factor of 1.6, which implies that the rate is increased accordingly[17].

Another possible explanation for the increased reduction rate when adding slag from the FeMn
process is that the melting point of the slag is lowered and a homogeneous slag is formed at a
lower temperature. Brynjulfsen[22] found a clear relation between the melting temperature of
the slag and the reduction rate, where a lower melting point of the slag correlated to a lower
reduction temperature for MnO. The materials that melt at a lower temperature will also be

reduced at a lower temperature due to the availability of of liquid phase.

2.2.1 Viscosity

Viscosity represents an important parameter regarding the mass transfer phenomena in metal-
lurgical processes. Viscosity is a physical property of the system that is defined as a measure of
the ability of one layer of molecules to move over an adjacent layer of molecules. The viscosity
is a temperature and composition dependent property, where the composition is determined

by the amount of the different species in the slag. For manganese slags it is shown that the
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temperature dependency of viscosity can be represented by an Arrhenius-type relationship[23]:

*

1N ="nop-exp(—=) (2.13)

RT

where 1 is the pre-exponential factor, G* is the viscous activation energy, R is the ideal gas

constant (J/K-mol) and T is the thermodynamic temperature (K).

It was previously mentioned that the slag contains individual oxides, such as MnO and SiO,.
However, electrical conductivity studies has shown that the liquid slag must be of ionic nature[1].

The slag can be divided into network breaking oxides (also known as basic oxides) forming

cations:
MnO = Mn?* + 0%~ (2.14)
CaO = Ca®t + 0%~ (2.15)
MgO = Mg** + 0%~ (2.16)

SiO; is the strongest network forming oxide producing anions in manganese silicate slags:

Si0, +20%™ =Si0*~ (2.17)

Al,O3 is an amphoteric oxide, which means that is behaves basic in an acidic system and vice
versa.

AlL,O3+30% =2A105%" (2.18)

Al O3 = 2APBY +30%” (2.19)

If a network breaking oxide (MeO) is added to a silica network, the added oxygen anions will
connect with the silicate anion and break up the network, as shown in figure 2.15.

Basicity can provide an indication regarding the viscosity as it gives the ratio between the basic
and acidic oxides, where reducible oxides are omitted. Hence, for SiMn the ratio is R = [CaO

+ MgO]/Al,03. The viscosity decreases with increasing basicity at a constant MnO and SiO,
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content.
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Figure 2.15: Illustration of interaction between silica network and network breaking oxide
MeO[1].

Calculated iso-viscosity contours and experimental results for MnO-SiO,-CaO slags are shown
in figure 2.16 at 1500°C[23]. From this it appears that increased content of network forming
oxides, here SiO», increases the slag viscosity. It is also seen that substitution of CaO with MnO

will not change the viscosity considerably.
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Figure 2.16: Calculated iso-viscosity curves for the MnO-SiO,-Al, O3 system at 1500°C. Measured
experimental data at same temperature([6]

The slag viscosity has shown to affect the production of manganese alloys in many ways. For ex-
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ample, the slag and metal separation at given temperature will be better at lower viscosities and
the slag viscosity has a great impact on the flow pattern in the furnace. At constant composition,
the rates of mass transfer and thermal transfer by diffusion and convection are related inversely

to the viscosity of the melt.

Slag foaming is a physical phenomenon that is a result of gas evolution at the slag and coke in-
terface caused by chemical reaction and a viscous slag that may entrap these bubbles of gas[24].
The phenomenon is caused by two principial factors; (1) the rate of the gas evolution from
chemical reactions and (2) the stability of the foam[25]. The stability of the foam is controlled
by the viscosity and the movements of the gas bubbles through the slag. A review in relation
with steel-making processes showed that foaming slags are highly viscous and that the extent
of foaming increases with increasing silica content[26, 27]. Foaming in silicomanganese slags
were reported by Holtan[21] that observed foaming in charges based on Comilog ore, quartz and
coke (and limestone). The temperatures were 1650°C for charge with Comilog ore and quartz,
and 1600°C with addition of limestone. It is not concluded on whether foaming occurs due to a

fast reduction rate or if the reduction rate increases due to foaming.
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The reduction of MnO and SiO; by solid carbon as reducing agent was studied by evaluating
Comilog and Assmang ore in combination with HC FeMn slag and quartz. This chapter provides

the chemical compositions of utilized raw materials, equipment, procedure and calculations.

3.1 Raw materials

The analyses of the raw materials presented in this section were executed by SINTEF Molab
AS. The manganese ores used in the experiments are Comilog and Assmang. All elements were
determined by X-ray fluorescence (XRF), except for MnO, which was determined by titrimetric
analysis. A water content of 5% was assumed for the ores for calculations of weight loss. In
addition, all Mn which is not MnQO; is assumed to be MnO and all reported iron was assumed to

be Fe203.

The quartz composition was determined by inductively coupled plasma optical emission spec-
troscopy (ICP-OES), where the amount of SiO, was determined by subtracting all other elements

from 100%.

The composition of the polish coke is presented in table 3.2 and 3.3. Amount of volatiles, ash and
fixed carbon content were determined on dry basis according to procedures specified according
to the International Organization of Standardization (ISO). More specific, amount of volatiles
by ISO-562: 1998, amount of ash by ISO-1171: 1997 and amount of fixed carbon by ISO-17246:

2005. The composition of ash was determined by X-ray fluorescence (XRF).
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Table 3.1: Chemical composition of Comilog ore and quartz.

Comilog ore [wt%] Assmang ore [wt%] HC FeMn slag Quartz [wt%]

MnO 3.03 32.69 35.23 0.006
MnOs, 72.40 33.22 - -
SiO, 4.60 5.77 25.45 97.70
Fe, 03 6.73 15.06 - 0.17
CaO 0.07 6.26 18.45 0.068
MgO 0.05 1.10 7.53 0.038
Al O3 5.60 0.26 12.30 1.40
COy 0.10 3.52 - -

P 0.13 0.03 0.0095 -

S <0.004 0.16 0.46 0.0070
TiO, 0.14 - - 0.040
K>O 0.97 0.01 - 0.47
BaO 0.26 0.33 - -
Na,O - - - 0.082

Table 3.2: Chemical composition of polish coke.

wit%
Ash 9.80
Vol 1.20

Fix. C 89.00

Table 3.3: Chemical composition of ash in polish coke.

SiOg Fez 03 A1203 Pg 05 MnO CaO K20 MgO NaZO TiOg S

wt% 46.00 863 3040 130 150 500 210 1.70 1.50 1.20 0.44
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3.2 Equipment

3.2.1 Furnace

The furnace is a thermogravimetric graphite tube furnace that can handle temperatures up to
1700°C and which continuously measures the weight of the sample during the process. The fur-
nace is attached to two different types of thermocouples. The software that controls the power
supply to the furnace uses the S-type thermocouple that is located at the outer wall. At tempera-
tures in the range of 1000 to 1600°C, the temperature at the B-type thermocouple located inside
the furnace will be approximately 400°C higher than the S-type. A schematic of the furnace is

displayed in figure 3.1.
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Figure 3.1: Schematic of furnace setup(5]. Crucible is located 0.5-1 cm above thermocouple to
ensure no contact.
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The temperature gradient of the furnace is presented in figure 3.2. Previous experiments has
shown that a set point temperature of 1167°C for the S-type thermocouple corresponds to a
temperature of 1600°C inside the furnace. This set point temperature was therefore chosen to
evaluate the temperature profile. The furnace was kept constant at set point temperature and
the temperature inside the furnace was evaluated at every cm by moving the thermocouple.
This showed that the highest temperature observed in the furnace was when the thermocouple
was located at approximately 50-51 cm. The figure shows the placing of the crucible respective
of the thermocouple, at a separation of 0.5-1 cm to ensure that there is no contact between the

crucible and the thermocouple. The temperature variance over the charge will be less than 1 K.
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Figure 3.2: Temperature gradient of the TGA furnace found by evaluating the temperature at a
specific set point temperature by moving the thermocouple.

The furnace is heated by an electric power supply which can result in a fluctuating temperature
at certain temperature intervals. In order to show a clear representative curve for the recorded
weight loss as a function of temperature, the temperature is fitted to linearity at average at these
specific intervals. Figure 3.3 shows the original temperature as a function of time retrieved from
the furnace mass log (blue curve). It is seen that the temperature mainly fluctuates between 850
and 1200°C and slightly during dwell at 1200°C. At temperatures exceeding the dwell period,

the original curve show a relatively linear trend. The red curve shows the new temperature as
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a function of time, which has been corrected to average for temperatures 850 to 1200°C and

during dwell period.
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Figure 3.3: Temperature as a function of time retrieved from the mass log (blue curve) and tem-
perature calibrated for fluctuations at temperature range 850-1200°C (orange curve).

3.2.2 Crucibles

Graphite crucibles are used to contain the samples during the experiments. The crucibles are of
dimensions 36 mm outer diameter, 30 mm inner diameter, 70 mm high and 61 mm deep. They

have three holes in the lid that enables transportation of gas in and out of the crucible.

Holtan[21] tested the crucibles for weight loss during heating to ensure that any recorded weight
loss is from the raw materials and not the crucible itself. This was executed by heating an empty
crucible up to 1600°C. Recorded weight loss during heating was 0.02 g, which is insignificant

compared to loss of raw materials.

3.3 Procedure

Three different charge compositions were prepared, where two contained ore(Assmang or Comilog),
HC FeMn slag and quartz and the last one contained Comilog and quartz. In addition, coke was

added to all the charges. The composition(amounts of raw materials) for the mixtures were cal-
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culated to obtain 18% Si in the metal phase at 1600°C. In addition, 10% MnO and 40% SiO- in

the slag phase were assumed, which is expected according to thermodynamics at 1600°C.

Table 3.4: Amounts of raw materials in investigated charge mixtures. (C = Comilog, HC = HC
FeMn slag, Q = quartz, A = Assmang)

Comilog Assmang HCFeMnslag Coke Quartz | Total
C+HC+Q 4.00¢g - 4.00g 230g 159g | 11.89¢
C+Q 6g - - 200g 140g | 940¢g
A+HC+Q - 4.00g 4.00g 250g 1.69g | 12.19¢g

The raw materials are added layerwise in the crucible according to their respective melting tem-
perature for the majority of the experiments. Coke was added first, following quartz, Mn ore
and lastly HC FeMn slag. This was done to ensure a complete smelting, as previous experiments
with mixing of raw materials showed unmelted lumps of material after finished experiments.
Some experiments were also executed where the raw materials were thoroughly mixed before

heating to see if this had an impact on the smelting temperature of the slag.

3.3.1 Furnace operation

The raw materials are weighed and added separately into the crucible before being placed in the
furnace. The crucible hangs in a molybdenum wire and is not in contact with the furnace walls.
The thermocouple is located under the crucible at a separation distance of 0.5-1 cm, where no

contact is ensured.

The furnace is evacuated in three repeating steps to ensure that all air is removed. After evacua-
tion the furnace is filled with argon gas up to 1050 mbar. When the temperature reaches 500°C
the argon gas is replaced by a constant flow of CO gas at 0.5 1/min. Reverse procedure is executed
at cooling of the furnace. CO gas is not introduced at low temperatures as it could initiate a re-
verse Boudouard reaction, equation 1.9 in introduction, meaning that CO-gas could precipitate

into solid carbon and interfere with the weight balance.
The temperature profile is shown in figure 3.4. The heating to 1200°C is fast at rate 25°C/min, as
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the interest is in the high temperature zone. The temperature is held at 1200°C for 30 minutes
to ensure a complete prereduction. The heating rate is 4.5°C/min at higher temperatures. To
simulate the industrial process, an increased temperature was used in the experiments rather
than the more common high-temperature isothermal setups. As the reduction of MnO is highly
endothermic, an increasing temperature is beneficial in terms of obtaining the desired extent of

SiO, reduction.
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Figure 3.4: Temperature profile during experiments. Rate is 25°C/min up to 1200°C where the
temperature is dwelled for 30 minutes. Rate of 4.5°C/min is executed up to aimed temperature.

3.3.2 Overview of experiments

Table 3.5 shows an overview of the experiments conducted for investigation of the reduction
rate of MnO and SiO». Five different temperatures in the range of 1530-1650°C were evaluated
for the same charge composition containing Assmang ore, HC FeMn slag, quartz and coke. Sim-
ilarly, the charge containing Comilog ore, HC FeMn slag, quartz and coke were evaluated at five

temperatures in the range 1550-1650°C.

Table 3.6 shows the experiments conducted for investigation of slag formation temperature.
It can be seen that the first evaluated charge is identical to the Comilog charge in table 3.5.
The second charge (without HC FeMn slag) is identical to charge investigated by Larssen[19].
Four different temperatures were evaluated when the raw materials were layered in the crucible,

whereas two temperatures were evaluated when mixed. The aimed amount of the different raw
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materials have been presented, however potential deviations in order of +£0.1 g may have been

observed.

Table 3.5: Overview of experiments conducted for investigation of kinetics.

Temperature Assmang Comilog HCFeMnslag Quartz Coke Total

1530°C 4.00g - 4.00g 169g 25g 12.19g
1550°C 4.00g - 4.00g 169g 25g 12.19g
1570°C 4.00 g - 4.00 g 169g 25g 12.19¢g
1600°C 4.00g - 4.00g 1.69g 25g 12.19¢g
1650°C 4.00g - 4.00g 169g 25g 12.19g
1550°C - 4.00g 4.00g 159g 23g 11.89g
1580°C - 4.00g 4.00g 159g 23g 11.89g
1600°C - 4.00 g 4.00 g 159g 23g 11.89¢g
1630°C - 4.00g 4.00g 159g 23g 11.89g
1650°C - 4.00g 4.00g 159g 23g 11.89g

Table 3.6: Overview of experiments conducted for investigation of slag formation temperature.

Temperature Preparation Comilog HCFeMnslag Quartz Coke Total

1200°C Layered 4.00g 4.00g 1.59g 230g 11.89
1250°C Layered 4.00¢g 400¢g 1.59g 230g 11.89
1300°C Layered 4.00g 4.00g 1.59g 2.30g 11.89
1400°C Layered 4.00¢g 4.00¢g 1.59g 230g 11.89
1200°C Mixed 4.00g 4.00g 159g 230g 11.89
1250°C Mixed 4.00g 4.00g 1.59g 230g 11.89
1200°C Layered 6.00g - 1.59g 2.00g 9.40g
1250°C Layered 6.00 g - 1.59g 2.00g 9.40¢g
1300°C Layered 6.00g - 1.59g 2.00g 9.40¢g
1400°C Layered 6.00g - 1.59g 2.00g 940¢g
1200°C Mixed 6.00g - 1.59g 2.00g 940g
1250°C Mixed 6.00g - 1.59g 2.00g 9.40¢g
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3.3.3 Subsequent treatment of samples

After the crucibles are collected from the furnace, they are filled with epoxy. The crucibles are
cut with a diamond saw to expose the area of interest after solidification. The desired area is
mounted in epoxy and thereafter ground with SiC paper in repeating steps. The grinding papers
are numbered according to coarseness, where a higher number indicates a finer ground prod-
uct. The first paper is coarse (500 paper) and the last is 4000 paper. After this, the samples are
polished with diamond paste on a polishing apparatus. The last step is performed with 1 um
diamond particles. The sample is then coated with carbon to increase the conductivity before

EPMA analysis.

3.3.4 Analysis method

A JEOL JXA-8500F Electron Probe Micro Analyzer(EPMA) was used to execute the analyses. This
is a high performance thermal field emission electron probe micro analyzer which combines

high SEM resolution with high quality X-ray analysis of submicron areas.

= -

CP

(a) Glassy and fine crystalline slag. (Scale = 100 um) (b) Coarse crystalline slag. (Scale = 200 um)

Figure 3.5: Different types of slag structures that can be found in the analysed samples.

The slag phases will either be a homogeneous glassy structure or be a two-phase slag, as can
be seen in figure 3.5. 3.5a shows a glassy structure to the left and a fine crystalline structure to

the right, whereas 3.5b shows a more coarse crystalline structure. At least three separated areas,
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preferably far from each other, will be analysed in order to confirm that the slagis homogeneous.
The composition can either be given by spot-analysis or by defocused area analyses, which gives
the average composition within the selected area (usually 1 mm?). Glassy and fine crystalline
slag is analysed with defocused area analysis, whereas the different phases are analysed sepa-
rately in more coarse structures. An estimation of the distribution between the different phases

by visual observation of the structure is performed in order to determine the composition.

3.3.5 Calculations

Equation 3.1 shows how the initial mass of the different compounds are calculated, here by MnO
as example. The calculations are based on the chemical analyses of the raw materials executed
by SINTEF Molab AS presented in tables 3.1 and 3.2. Amounts of other chemical compounds

are calculated in similar manner.

MnOoye MnOcorke MnOQuartz

MMpo = MOre* —=~——— T Mcoke * + MQuartz:

3.1
Oreyor Coke;or (-1

Quartzsor

Where moy is feed of Comilog or Assmang ore (g), MnOgye is the weight percent of MnO in the

ore and Orey is the total weight percent of the ore given by the chemical analysis.

After calculating the amounts of the chemical components in the raw materials, the composi-

tion after prereduction can be found. To do this, the following assumptions are made:
¢ All MnOs is reduced to MnO
e All water is evaporated
e Alliron oxides are reduced to metallic iron
* All CO, has gone off from the carbonates

¢ All volatiles are evaporated from coke
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The increase in amount of MnO from reduction of MnO is calculated as follows:

MMnO,,in

-Mmpmo (3.2)
MmMnOz !

Mpno = Mpno,in +

Primary slag compositions for charge based on Comilog and Assmang, respectively, are pre-
sented in table 3.7.

Table 3.7: Calculated primary slag composition for the two different charges.

Charge MnO SiO, Al,O3 CaO MgO R-ratio

C+HC+Q 45.53 33.08 9.25 8.62 3.52 1.31
C+Q 63.58 29.13 6.94 0.23 0.11 0.05
A+HC+Q 43.56 34.39 6.71 11.37 3.96 2.29

The expressions used for calculating the mass of MnO and SiO; in the end slag are as shown in

equation 3.3 and 3.4.

mass _ wt%MnO - (mcao + myrgo + mAlzog) (3.3)
MnO = """100 = wt%BMnO — wt%Si0, '

S Sin wt%SiOy - (Mcqo + Mygo + May,0,) (3.4)
5102~ 100 — wt%BMnO — wt%SiO, ‘

Where mca0, mmgo and myy,o, are the initial amounts of the unreducable oxides (g), as their
amounts are constant throughout the process. The weight percent of MnO and SiO;, is from the

slag analysis of each sample.

The amount of manganese in the metal is simply calculated as the amount of manganese which
is not in the end slag phase. This is calculated by equation 3.5. Similar calculation for amount

of Si.

Muyn = (MMno,primary — "Mno,end) - MMym 3.5)

Where myy, is the amount of produced manganese (g), Nvno, primary is the amount of MnO from

primary slag composition (mol) and ny0,end is the amount of MnO from slag analysis (mol)
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and Mmyy, is the molar mass of manganese (g/mol).

The total weight loss due to the reduction of MnO and SiO, can be calculated accordingly:

WeightlosS,eq = Ny Mco + nsi-2-Mco (3.6)

Where ny, and ng; is the amount of produced manganese and silicon (mol), respectively and

Mco is the molar mass of CO gas (g/mol).

3.3.6 Computational model

A computational model was produced in Excel (2013) in order to simulate the data obtained
during the experiments. The model was constructed to calculate the reduction rates according
to the existing equations for MnO and SiO, reduction that were presented in equation 2.6 and
2.7, respectively. The frequency factor kg is the only fitting value. The activities giving the driving
force will be calculated by the formulas presented in theory section on kinetics, equations 2.9-
2.12, which were modeled by Olsen[16]. Temperature range for the developed model is 1200 to
1650°C in order to use the primary slag compositions at 1200°C as initial composition/starting

point.

The reaction area was assumed to be constant for temperatures lower than 1400°C and was at
higher temperatures estimated from the consumed amount of carbon correlating to the pro-
duced amount of metal. The density of the coke particles was approximated to 1 g/cm® and
the average coke diameter of 1.1 mm was used for the calculations. MnO and SiO, have three
available sources of carbon for reduction when graphite crucibles are used for the experiments,
i.e coke, carbon in metal and the graphite crucible, however in this case the reaction area was
estimated by assuming reduction only by coke. Equation 3.7 shows the relationship between the
reaction area and the produced amount of manganese and silicon for Comilog charge, whereas

3.8 show the same relationship for Assmang charge.

Alem?] = -13.17- (Mn(g] + Si[g]) + 126.73 3.7)
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Alem?] = —13.77- (Mn(gl+Silg]) +138.75 (3.8

The rate at a given composition was used to determine the new composition at increasing tem-
perature. The error of the fitted curve was estimated by using the standard error of estimate, as

presented in equation 3.9.

Y -Y')?
Error; = Z(T) (3.9

Where Y is the actual value, Y’ is the predicted value and N is the number of paired values. The
error was evaluated by comparing the calculated values for wt% MnO and wt% SiO, with the

experimental values.

The solver function in Excel was used to minimize the error value by adjusting ko ymn and ko,s;.

Example of calculation

The primary slag composition that was calculated in section 3.3.4 was used as the starting point
of the model. The composition in wt% was used to calculate the activities of MnO, SiO,, Mn and
Si at 1200°C from Olsen’s model. The composition and the corresponding activities for charge

containing Comilog, quartz and HC FeMn slag are shown in table 3.8

Table 3.8: Primary slag composition at 1200°C and the corresponding activities in slag and alloy.

MnO SiO, AlLOs CaO MgO | a(MnO) a(SiO, a(Mn) a(Si)

4553 33.08 9.25 8.62 3.52 0.179 0.121 0.00 0.00

The driving force (DF) is given by the distance the system has towards equilibrium in terms of
activity. As the system maintains CO at ambient pressure and the activity of carbon is unity
(solid state), the driving force of MnO can be calculated as follows when the rate constant is

retrieved from HSC Chemistry[28]:

apMn
K

DF = apno — aMn0O,eq = AMnO — (3.10)

r= g. :ko,Mno-A-e}*ET“-DF (3.11)
min
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According to the equation describing the rate of MnO, reprinted here in 3.11, all values are either

given or estimated:

A =138.75 cm? (estimated)

R =8.314 J/K-mol (ideal gas constant)

T=1200°C +273.15=1473.15K

DF=0.179-0.00/2.1 =0.179

Ea = activation energy of MnO. Needs to be given to the system. Ex: Ea = 360 kJ/mol as

presented by Tangstad[17]

Hence, the mass transfer coefficient is the only fitting value for the model. A qualified guess is

made in order to start the model.

If ko arno = 1.8 - 108 g/min-cm?, the rate becomes:

r=-% _ 1.8-10%g/min-cm?-138.75¢cm?-0.179
min

-e(=360kJmol'/(8.314JK 'mol~'-1473.15K)) (3.12)

=7.7-10"*g/min-cm?

Then the new composition (in grams as the rate was expressed in g/min), is calculated accord-

ingly:

g(Mn0,1210°C) = g(Mn0,1200°C) —7.7-10 4 - dt = 3.776g — 0.002g = 3.774g (3.13)

Similar calculations are performed on the amount of SiO,, whereas the amounts of CaO, MgO

and Al,O3 are assumed constant throughout the process.
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4.1 Comilogbased charges

Five experiments were conducted with the specific charge composition based on Comilog ore,
HC FeMn slag, quartz and coke. The R-ratio for all experiments in this section is 1.31 and the
investigated temperature range was 1550-1650°C. The raw materials were added in a specific

order of layers according to melting temperature, as mentioned in experimental.

The obtained weight loss at maximum temperatures is presented in table 4.1, in both grams and
mass percent. The values show an increasing weight loss at increasing temperature, where the
largest difference is between the two first evaluated temperatures, i.e. 1550 and 1580°C. Note
that the calculated weight loss at 18% Si in alloy and 6% MnO in slag was 4.18 grams, equal to
35.17 mass%. It is seen that this weight loss is obtained at a temperature in the range of 1630-

1650°C.

Table 4.1: Obtained weight loss at maximum temperature for the five different experiments with
the same Comilog based charge composition.

Weight loss [g] % mass loss

1550°C 1.64 13.50
1580°C 2.71 23.03
1600°C 3.16 26.18
1630°C 3.87 32.52
1650°C 4.29 37.19
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4.1.1 Temperature profiles and mass loss curves

The furnace used for the experiments logs temperature, time and weight at a five second in-
terval. The temperature as a function of time is presented in figure 4.1. The program starts
heating from room temperature, however it is seen that the software records approximately 95-
100°C as starting point. The temperature was calibrated to linearity at average at temperatures
850-1200°C and during dwell period. The temperature profile shows a heating rate of 25°C/min
from room temperature up to 1200°C, where the temperature is dwelled for 30 minutes to en-
sure a complete prereduction. Further, from 1200°C to maximum temperature a heating rate of
4.5°C/min was executed. The graph show that the same temperature program was successfully

performed in each of the experiments.
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Figure 4.1: Temperature as a function of time logged by the furnace in figure a). Figure b) shows
the temperature when the fluctuations at 900-1200°C has been fitted to linearity at average.

Figure 4.2 and 4.3 shows the recorded weight (g) as a function of process time (min) and tem-
perature (°C), respectively, retrieved from the mass log of the TGA furnace. In addition, the the-
oretical weight losses of complete prereduction and 18% Si in alloy at 1600°C have been marked.
All raw materials, including coke, was evaluated when calculating the theoretical weight losses.
Red circles shows obtained weight for each of the samples weighed manually subsequent to ex-

periments, confirming that recorded weight from the furnace and physical weight loss is similar.
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The curves can be divided into two regions separated by the 30 minute dwell at 1200°C, namely
prereduction zone (low temperature zone) and coke bed zone (high temperature zone). During
prereduction, the charges will experience a weight loss due to evaporation of water, decompo-
sition of carbonates and reduction of higher manganese oxides to MnO, whereas in the high-

temperature zone the weight loss can be assumed to be due to the reduction of MnO and SiO».
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Figure 4.2: Mass loss [g] as a function of time [min] for Comilog based charges.

There is an observed weight loss from room temperature and up to 700°C at approximately 0.59
g for all charges. Evaporation of moisture from the raw materials takes place during this interval
starting at 100°C, however evaporation of water that is chemically bonded could require higher
temperatures. The theoretical weight loss from evaporation of moisture from all raw materials is
0.60 g, which is highly consistent. It is also expected that MnO; could start to reduce to Mn,03
at temperatures lower than 700°C, which could indicate that the moisture content of the raw

materials could be somewhat inaccurate.

Between 700 and 1200°C the charges suffers a weight loss of 0.52 g. MnO, will be reduced to
Mn,0s3, further to Mn30,4 and lastly to MnO. This reaction course will give a combined theo-
retical weight loss of 0.54 g, which fits quite accurately. After the complete dwell at 1200°C the
charges have obtained a total weight loss of 1.12-1.16 grams, whereas the theoretical weight loss
is 1.28 g. The deviation could be due to inaccuracy in moisture content. The theoretical weight

loss at complete prereduction is obtained at temperatures in the range of 1460-1490°C for the
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different experiments.

The calculated weight loss for the charges during the high temperature zone (after 30 minute
dwell at 1200°C) to obtain 18% Si in alloy at 1600°C is 2.89 g. This weight loss is only obtained

for charge heated to 1650°C, whereas charge heated to 1630°C is fairly close at 2.72 g.
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Figure 4.3: Mass loss [g] as a function of temperature [°C] for Comilog based charges.

4.1.2 Analysis of end product

Visual inspection of the crucibles after completed experiments revealed that foaming had oc-
curred for charges heated to temperatures including and exceeding 1580°C. Figure 4.4a shows
the interior of crucible heated to 1650°C, where the lower parts of the crucible shows coke (grey)
and slag (pale green). The inner surface of the crucible wall is covered in small metal particles
as a result of foaming, ranging approximately 2 cm from the bottom and up. The samples were
mounted in epoxy and ground to expose the bottom surface of the slag. These pictures are pre-

sented in figures 4.4b-4.4f.
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(a) 1650°C (b) 1550°C
(c) 1580°C (d) 1600°C

o

(e) 1630°C (f) 1650°C

Figure 4.4: Image a) shows the interior of crucible heated to 1650°C where foaming can be con-
firmed by the small metal particles covering the inside of the crucible surface. Image b)-f) shows
samples after mounting in epoxy displaying bottom surface of the slag.
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All slag phases were of amorphous/glassy structure, except for sample C.1, heated to 1550°C,
which had a fine crystalline structure. This means that the only sample without glassy structure
was also the only sample that did not experience foaming. The structure of C.1 is seen in figure

4.5a, whereas 4.5b shows a homogeneous glassy structure.

(@ (b)

Figure 4.5: Crystalline structure for sample heated to 1550°C in a) and glassy structure found at
all other temperatures in b). Scale bar reads 200 um.

Composition for slags of amorphous structure was determined by defocused area analysis, while
the composition for the crystalline sample was determined by analyzing the two phases sepa-
rately and estimating the distribution of the phases. According to structure shown in 4.5a, 55%
bright and 45% dark phase was estimated. Resulting slag compositions are presented in table
4.2. Only the five main oxides represented in the slag are included, hence giving a total of less
than 100% for the samples. The components making up the remaining amount of the composi-

tion can be seen in the raw data presented in appendix B.

As the oxides CaO, MgO and Al,Os3 are considered unreducable, their respective amounts should
stay constant throughout the process, giving a constant R-ratio. Table 4.3 shows the slag com-
position where the amounts of MnO and SiO, are from the EPMA analyses and the remaining
oxides are from their respective initial amounts. This composition is calculated under the as-
sumption that the slag consists only of these five oxides, which can be considered a fair approx-

imation.
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Table 4.2: Average analysed composition of slag phases from EPMA for charges based on
Comilog ore. All spot analyses are presented in table in appendix A.

Experiment Temperature MnO SiO, AlLO3 CaO MgO Total R-ratio

C.1 1550°C 43.14 33.87 7.40 897 3.62 97.00 1.70
C.2 1580°C 26.16 4129 11.76 13.03 4.37 96.62 1.48
C3 1600°C 18.98 4298 14.17 14.66 5.08 95.88 1.39
C4 1630°C 10.40 43.33 17.72 18.97 6.52 96.95 1.44
C.5 1650°C 5.70 40.89 20.55 22.18 7.62 96.95 1.45

Table 4.3: Average analysed composition from EPMA for MnO and SiO,, whereas CaO, MgO and
Al,Oj3 are from their initial amounts.

Experiment Temperature MnO SiO, AlLO3 CaO MgO R-ratio

C.1 1550°C 43.14 3387 994 926 3.78 1.31
C.2 1580°C 26.16 41.29 14.08 13.12 5.36 1.31
C3 1600°C 18.98 4298 16.45 1533 6.26 1.31
CA4 1630°C 10.40 43.33 20.00 18.64 7.62 1.31
C.5 1650°C 571 40.89 23.10 21.52 8.79 1.31

The metal composition will vary according to particle size, implying that metal analyses will
not be representative for the amount of metal produced. From the calibrated slag composition,
the metal composition can be calculated under the assumption that all MnO/SiO; that is not
recorded in the slag phase has been reduced to the metal phase. Resulting metal compositions
are presented in table 4.4. It is seen that the amounts of Mn and Si increases at increasing tem-

perature, where the largest increase is seen for the manganese content, as expected.

The amounts of MnO/Mn and SiO,/Si at increasing process time and temperature can be seen
in figure 4.6a and 4.6b, respectively. Second order polynomial regression lines are also added for

the increasing or decreasing amounts, however the relation for SiO,/Si is approximately linear.
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Table 4.4: Metal composition calculated from analysed slag composition. The initial amounts
of the unreducable oxides were used to determine the amounts of MnO and SiO; in grams.

Temperature Mn[g] Si[g] Felg] Clgl | Mn [wt%] Si[wt%] Fe [wt%] C [wt%]
1550 °C 0.36 0.06 0.20 0.02 55.66 9.80 31.74 2.81
1580 °C 1.88 0.24 0.20 0.07 78.67 9.98 8.55 2.80
1600°C 2.31 0.36 0.20 0.10 77.69 12.00 6.86 3.44
1630°C 2.70 0.52 0.20 0.11 76.46 14.79 5.78 2.97
1650°C 2.87 0.67 0.20 0.11 74.56 17.39 5.31 2.74
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Figure 4.6: The amounts of MnO/Mn and SiO,/Si at increasing process time in figure a and b,
respectively.

The amount of produced manganese (g) divided by the amount of produced silicon (g) at in-
creasing process time and temperature is presented in figure 4.7. The ratio increases for tem-
peratures up to 1580°C, as the reduction of MnO is more dominant than the reduction of SiO,.
At higher temperatures it can be seen that the ratio decreases, due to that the temperature is in

the main reduction area for SiO,, making the amount of Si more dominant.

As was shown in experimental section 3.3.5, the reaction area at increasing temperature can be
evaluated as a function of produced amount of manganese and silicon. Table 4.5 shows the
resulting reaction area in the case of Comilog, HC FeMn slag and quartz charge in both cm? and

as percent of initial area. It is seen that the reaction area is reduced by approximately 35% at

1650°C.
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Figure 4.7: Amount of Mn (g) divided by amount of Si (g).

Table 4.5: Reaction area at increasing temperature calculated according to procedure described
in experimental section 3.3.5. Column to the right shows reaction area as percent of initial area
(prior to any reduction).

Temperature [°C] Reaction area [cm?] Reaction area (%)

1400 126.16 100.00
1550 121.18 96.06
1580 98.85 78.36
1600 91.60 72.61
1630 84.32 66.83
1650 80.18 63.56

The models presented by Olsen (2016)[16] reprinted in equations 2.9 - 2.12 and thermodynamic
equilibrium data from HSC Chemistry[28] were used to estimate the driving forces for MnO and
SiO; reduction at different temperatures. These are presented in table 4.6 and it is seen that the
driving force for both MnO and SiO, decreases at increasing temperature, due to MnO and SiO,
content being reduced. The driving force for reduction of SiO, was negative at 1550°C, which

could indicate that the composition is close to equilibrium at this specific temperature.
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Table 4.6: Calculated activities and driving forces at different process times/temperatures.

Temperature [°C] a(MnO) a(SiO,) a(Mn)/Ky a(Si)/Kr DFMnO) DFE(SiO,)

1550 0.216 0.116 0.003 0.142 0.213 -

1580 0.074 0.231 0.004 0.061 0.070 0.170
1600 0.043 0.241 0.002 0.071 0.041 0.169
1630 0.012 0.209 0.001 0.067 0.016 0.142
1650 0.008 0.142 0.001 0.074 0.007 0.068

4.2 Slagformation temperature

12 experiments were executed to investigate the formation temperature of the slag for charges
based on Comilog ore. Two different charges were evaluated where one had Comilog ore as
the source of manganese and the other contained both Comilog ore and waste slag from the
HC FeMn process. In addition, both charges contained quartz and coke. The composition for
the charge containing FeMn slag is identical to the charge presented in the previous section,
whereas the charge based only on Comilog ore is identical to charge investigated by Larssen[19].
The charges were evaluated both for mixing of raw materials and layering at temperatures be-

tween 1200 and 1400°C.

4.2.1 Comilog, quartz and HC FeMn slag

The specific charge composition containing Comilog, quartz and HC FeMn slag was evaluated at
temperatures, 1200, 1250, 1300 and 1400°C with layered materials and at 1200 and 1250°C with
mixed materials. Figure 4.8 shows the recorded weight as a function of temperature retrieved
from the TGA mass log. It can be seen that all layered charges show highly similar behaviour
at the different experiments, confirming that the experimental procedure is successfully repro-
duced. Similarly, both charges with mixed materials show similar behaviour to one another.
However, the mixed and the layered charge show some dissimilarities. Generally, the mixed

charge experiences a faster reduction of the higher manganese oxides than the layered charge.
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Nonetheless, they have obtained the same weight loss at 1200°C.

Layered charge

——Mlixed charge

_12 ] ] ] | | I
200 400 600 800 1000 1200 1400 1600

Recorded weight [wi%)]

Temperature [°C]

Figure 4.8: Recorded weight [wt%] as a function of process temperature [°C] for layered and
mixed charges containing Comilog, quartz and HC FeMn slag.

The crucible contents after finished experiments for charge containing Comilog and HC FeMn
slag layerwise can be seen in figure 4.9. It is seen in 4.9a that the raw materials are unmelted
at 1200°C. At 1250°C, the ore and HC FeMn slag have melted, whereas white quartz particles
are observed unmelted throughout the slag surface. 4.9c shows the bottom surface of the slag at
1250°C, which confirms that the quartz has not melted into the slag. An apparent homogeneous

slag is observed at temperatures including and exceeding 1300°C.

(a) Layered at 1200°C (b) Layered at 1250°C
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(c) Bottom surface of layered at 1250°C (d) Layered at 1300°C

(e) Layered at 1400°C

Figure 4.9: Crucible contents after finished experiments for layered charges. Ore and HC FeMn
slag are melted at 1250°C. All materials have fused into the slag at 1300°C.

A cross section of the slag was evaluated by EPMA and the different phases of the structure were
analysed. The charge heated to 1200°C was not analysed, as a slag phase had not been formed
and none of the raw materials had melted. Figure 4.10 shows the parts of the structure found
in the cross section of layered sample heated to 1250°C, where 4.10b shows a cut of the same
structure at higher magnification. The slag is not homogeneous and several different structures
are observed. The dark particles in the upper part of figure a) are undissolved quartz particles
and it was seen in figure 4.9c that the majority of the quartz were unmelted at this temperature.
The different phases were analysed and the results are presented in table 4.7. Numbered phases

are according to the respective labeling in figure 4.10b.
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500 um

(a) Scalebar reads 500 um

Figure 4.10: Slag structure of layered charge based on Comilog ore and high-carbon ferroman-

ganese slag 1250°C.

The bright grey areas observed throughout the slag at magnification 500 um are clusters of
spheres, as confirmed by magnification at 100 um (phase 1). The analysis show that these
spheres consist of approximately 95.5 wt% MnO. The matrix surrounding these clusters can be
seen to be a two-phase structure. The bright phase has the main components MnO-SiO;-CaO-
MgO, whereas the dark phase is a MnO-SiO,-Ca0-Al,O3-compound. The brightest phase(phase
4) is a metal particle and the composition can be seen in table 4.8. An additional observed par-

ticle of significantly smaller size was also analysed. The metal consists mainly of iron, however

18% of manganese is recorded in the smallest particle.

Table 4.7: Average analysed composition for different phases found in sample heated to 1250°C.

All spot analyses are presented in table in appendix A.

(b) Scalebar reads 100 um

Phase MnO SiO, AlLO3 Ca0O MgO FeO K,O Total R-ratio
1 9545 035 022 033 4.02 043 0 100.81 19.44
2 53.73 31.63 041 8.00 6.67 0.26 0 100.71  35.53
3 27.00 3724 2570 12,67 0.51 0.17 2.85 96.13 0.51
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Table 4.8: Composition of metal particles (wt%) found in layered Comilog, quartz and HC FeMn
slag charge at 1250°C.

Mn Si Fe C Total

1 587 015 96.56 4.44 106.02
2 18.09 0.11 73.80 8.85 100.84

Figure 4.11 shows the slag structure for layered charges at 1300 and 1400°C, respectively. The
MnO clusters are now completely dissolved and a relatively homogeneous structure is observed.
Table 4.9 shows the composition of the two different phases observed in the slag. The structure
at 1300°C was sufficiently fine crystalline so that a defocused area analysis could be executed in

order to get the average composition. The two phases were also analysed separately.

500 um

(a) 1300°C. (Scale = 500 um) (b) 1400°C. (Scale = 100 um)

Figure 4.11: Slag structure of layered charge based on Comilog ore and high-carbon ferroman-
ganese slag at 1300°C and 1400°C.

Similarly as to phases at 1250°C, the bright phase at 1300°C has a negligible content of Al,O3,
whereas the dark phase has a negligible content of MgO. The same phases are observed at
1400°C. The defocused area analysis gives a composition that has a highly similar R-ratio to
theoretical, i.e recorded at 0.95 vs theoretical of 0.9. The composition is within 2% deviation of

the calculated primary slag composition respective to each oxide.
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Table 4.9: Analysed composition of slag structure at 1300 and 1400°C.

Temperature  Phase  MnO SiO, AlbO3 CaO MgO Total R-ratio

1300°C Bright 59.28 32.02 0.63 496 4.77 101.66 15.44
Dark 33.17 2896 21.40 11.62 0.49 95.64 0.57
Areaest. 47.11 30.73 11.31 834 236 99.86 0.95

1400°C Bright 58.77 31.58 0.61 498 4.45 100.38 1542
Dark 28.65 28.50 24.49 12,57 0.39 94.60 0.53

Metal particles were observed in the cross section in sample heated to 1300°C, whereas none
was seen at the exposed area in sample heated to 1400°C. The metal at 1300°C was analysed
by EPMA and the composition is given in 4.10. The manganese content was recorded to 23.5%,

which is an increase from 18% at 1250°C.

Table 4.10: Composition of metal particle (wt%) found in layered Comilog, quartz and HC FeMn
charge at 1300°C.

Mn Si Fe C Total

23.52 001 67.69 6.21 99.78

The charge was evaluated with mixed raw materials at temperatures 1200 and 1250°C. Figure
4.12 shows the crucible contents for these two experiments. It is seen that the materials are
unmelted at 1200°C, whereas a slag phase is observed at 1250°C. The charge heated to 1200°C
was not analysed, as a slag phase had not been formed. Slag structure at 1250°C can be seen
in figure 4.13. Several clusters of MnO spheres, similarly as to layered charge at 1250°C, can be
observed, in addition to several small metal particles. The slag matrix is a two-phase structure,
as seenin4.13b. In contrast to the layered charge, the majority of the quartz particles was melted

and had fused into the slag phase for the mixed charge at 1250°C.
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(a) Mixed at 1200°C. (b) Mixed at 1250°C.

Figure 4.12: Crucible contents after finished experiments for charge with mixed materials.

(@) 1250°C. (Scale = 500 um) (b) 1250°C. (Scale = 500 um)

Figure 4.13: Slag structure of mixed charge based on Comilog ore and high-carbon ferroman-
ganese slag at 1250°C.

The matrix has a bright phase with a negligible content of Al,O3 and a dark phase with a negligi-
ble content of MgO, which is consistent with the matrix phases observed in the layered charge.
A metal particle was analysed, presented in 4.12, which showed 64.6% of manganese and the

remaining iron.

54



CHAPTER 4. RESULTS

Table 4.11: Analysed composition of slag in charge with mixed raw materials.

Temperature MnO SiO, AlbO3 CaO MgO Total R-ratio

1250°C Bright 59.70 31.46 031 4.86 5.35 101.68 32.94
Dark 3094 30.12 2199 1232 0.47 95.84 0.58

Table 4.12: Analysed metal composition of mixed charge at 1250°C.

Mn Si Fe C Total

64.59 0.27 29.75 6.17 100.78

4.2.2 Comilogand quartz

The specific charge with Comilog and quartz was evaluated at temperatures 1200, 1250, 1300
and 1400°C with layered materials and at 1200 and 1250°C with mixed materials. Figure 4.14

shows the recorded weight as a function of time for both charge types.

Layered charge

Mixed charge

_2[} 1 ] 1 1 ] 1
200 400 600 800 1000 1200 1400 1600

Recorded weight [wt%]

Temperature [°C]

Figure 4.14: Recorded weight [wt%] as a function of process temperature [°C] for layered and
mixed charges containing Comilog, quartz and HC FeMn slag.

It is seen that the charges that are prepared in the same manner (layered vs mixed) show the

same weight loss behaviour. The reduction of the higher manganese oxides to MnO occurs at an
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earlier stage in the mixed charge compared to the layered charge, however both have obtained

the same weight loss at 1200°C.

Figure 4.15 shows the crucible contents for the experiments executed with layered raw materi-
als. It is seen that no materials have melted at 1200°C in 4.15a. Upper and bottom surface of
charge heated to 1250°C is shown in figure 4.15b and 4.15c, respectively. The ore has melted,
however a homogeneous slag is not formed at this temperature. The bottom surface shows that
the quartz particles remains unmelted. By visual inspection, the slag appears homogeneous at

temperature 1300 and 1400°C.

(a) Layered at 1200°C (b) Layered at 1250°C

(c) Layered at 1250°C (bottom surface) (d) Layered at 1300°C
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(e) Layered at 1400°C

Figure 4.15: Crucible contents after finished experiments. Image shows coke and large green
lump of slag, in addition to a few small quartz particles.

The cross section of the slags were analysed by EPMA in order to investigate the structure. The
sample heated to 1200°C was not analysed, as the raw materials had not melted. Figure 4.16
shows the slag structure found in the cross section of sample heated to 1250°C. The matrix of
the slag is a two-phase lamellar structure. The bright grey areas are clusters of MnO spheres as

observed previously and the dark grey particles in b) are undissolved quartz particles.

The composition of the different phases are presented in table 4.13 according to respective num-
bering in figure 4.16b. The analyses show that the spherical particles are approximately 100%
MnO. The bright matrix phase(phase 2) has 70% MnO and the remaining SiO», which corre-
lates to the compound Mn,SiO,4. Phase 3, the dark matrix phase, is a compound of components
MnO-SiO,-Al,03. Composition 4 is a defocused area analysis that gives the average composi-

tion of the fine crystalline structure observed below the undissolved quartz particles.

Small metal particles were observed in the exposed slag structure, of which a few were anal-
ysed by EPMA. Table 4.14 presents the composition of two different metal particles found at this
temperature. Negligible content of manganese and silicon in both particles, whereas up to 7%

phosphorous is reported.
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(b)

Figure 4.16: Structure of layered charge based on Comilog ore heated to 1250°C. Scalebar reads
500 um.

Table 4.13: Analysed composition of slag phase for charge with layered raw materials at 1250°C.

Phase MnO SiO, AlLO3 CaO MgO K,O Total R-ratio

1 99.34 031 0.15 0 0.06 0.01 99.88 0.41
2 70.56 30.18 0.62 0.18 0.18 0.05 101.77 0.60
3 43.70 2196 27.58 0.41 0 5,53 99.18 0.015
4 52.94 4220 466 032 0.26 0.54 100.92 0.13

Table 4.14: Analysed metal composition in layered charge at 1250°C.

Particle Mn Si Fe C P Total

1 1.80 0.01 85.51 3.28 6.69 97.29
2 055 0 9196 250 1.40 9641

Slag structure observed in cross section of sample heated to 1300 and 1400°C is seen in figure
4.17a and 4.17b, respectively. A few clusters of MnO spheres were observed throughout the slag

at 1300°C, which can be seen in the lower parts of the structure. A few small metal particles can
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also be observed. The matrix is a two-phase lamellar structure. No MnO clusters were observed

at 1400°C and the structure was relatively homogeneous.

50 um ESEN

(a) 1300°C (scalebar reads 50 um)

(b) 1400°C (scalebar reads 500 um)

Figure 4.17: Structure of layered charge based on Comilog ore heated to 1300 and 1400°C.

The composition of the different phases is presented in table 4.15. It can be seen that the com-

position of the bright phases versus the dark phases are highly similar at 1300 and 1400°C, i.e

high MnO content in bright phase and alumina rich dark phase. The bright phase contains ap-

proximately 70% MnO, where the remaining is SiO. This fits well with the compound Mn,SiO;,.

The composition of the dark phase was reported to 58% MnO, 19% SiO, and 21% Al,O3, how-

ever it can be seen that the dark phase is not completely homogeneous as some darker fields are

observed. This indicates that two different phases are coexisting in the dark matrix phase.

Table 4.15: Analysed composition of slag phase for charge with layered raw materials at 1300

and 1400°C.
Temperature Phase MnO SiO, AlLOs3 CaO MgO Total R-ratio
1300°C Spheres 99.66 0.67 0.25 0.05 0.14 100.76 0.75
Brightgrey 70.93 31.07 053 0.19 0.22 10293 0.76
Darkgrey 58.26 19.31 21.07 0.36 0.04 99.04 0.02
1400°C Brightgrey 69.65 30.78 0.60 0.27 0.26 101.55 0.88
Dark grey 58.85 20.34 21.32 0.58 0.06 101.14 0.03
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Crucible contents of mixed Comilog and quartz charges are presented in figure 4.18. It is seen
that the raw materials are still in their initial form (unmelted) at 1200°C, whereas a slag phase is
observed at 1250°C. The structure found in the cross section of the slag at 1250°C is presented in
figure 4.19. The structure shows clusters of MnO spheres are observed throughout the slag and

the matrix is a two-phase structure of varying coarseness.

(a) Mixed at 1200°C (b) Mixed at 1250°C

Figure 4.18: Crucible contents after finished experiments with mixed charge containing
Comilog and quartz.

Figure 4.19: Slag structure of mixed charge containing Comilog and quartz at 1250°C
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The composition of the two phases in the matrix is presented in table 4.16 where similar compo-
sition as for the layered charges are observed, i.e a MnO rich phase that correlates to Mn,SiO4
and an alumina rich phase. The large metal particle observed in figure 4.19 was analysed, re-
vealing that the composition consists mainly of iron, however 12% of manganese is recorded.

Table 4.16: Average analysed composition of slag phase for charge with mixed raw materials. All
spot analyses are presented in table in appendix A.

Area MnO SiO, AlL,O3 CaO MgO K,O Total R-ratio

Bright 71.17 3048 0.27 0.24 0.18 0.01 102.38 1.47
Dark 39.93 19.96 30.20 3.91 0 432 9831 0.13

Table 4.17: Analysed metal composition in layered charge at 1250°C.

Mn Si Fe C P Total

12.19 0.01 83.15 4.64 1.74 101.73

4.3 Assmang based charges

Five experiments were conducted with the specific charge composition based on Assmang ore,
HC FeMn slag, quartz and coke. The R-value for all experiments in this section is 2.29. The
temperature range was 1530-1650°C. The raw materials were added in a specific order of layers
according to melting temperature, as mentioned in experimental.

Table 4.18: Obtained weight loss at maximum temperature for the five different experiments
with the same charge composition

Weight loss [g] % mass loss

1530°C 1.23 10.45
1550°C 1.59 13.06
1570°C 2.34 19.60
1600°C 3.26 27.04
1650°C 4.18 34.36
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The obtained weight loss for the charges at maximum temperature is presented in table 4.18, in
both grams and mass percent. The values show an increasing weight loss at increasing temper-
ature. Note that the calculated weight loss at 18% Si in alloy and 6% MnO in slag was 4.00 grams,

equal to 32.88 mass%. This weight loss was reached at approximately 1650°C.

4.3.1 Temperature profiles and mass loss curves

The furnace used for the experiments logs temperature, time and weight at a five second inter-
val. The temperature as a function of time is presented in figure 4.20, where the fluctuations
at temperature interval 850-1200°C and dwell period are fitted to linearity at average. The pro-
gram starts heating from room temperature, however it is seen that the software records ap-
proximately 95-100°C as starting point. The temperature profile shows an approximate heating
rate of 25°C/min from room temperature up to 1200°C, where the temperature is dwelled for 30
minutes to ensure a complete prereduction. Further, from 1200°C to maximum temperature a

heating rate of 4.5°C/min was executed.
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1400
O
. 1200
L
5 1000 ——1650°C
g 800 1600°C
o
g 600 1570°C
@
& 400 ——1550°C
200 1530°C
D I | I I
0 30 60 90 120 150 180

Time [min]

Figure 4.20: Temperature as a function of time when the fluctuations at 900-1200°C has been
fitted to linearity at average.

It is seen that the temperature profile for the charge heated to 1650°C deviates from the other

temperature profiles. This is most likely due to that the heating element in the furnace was re-
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placed prior to this experiment, causing a slightly slower temperature rate at the specific furnace
program. This charge reach the dwell period approximately 5.5 minutes after the other charges,
whereas the deviation in the high temperature zone is approximately 12 minutes process time.
This should however not have an effect on the results, as the charge will have experienced the

same temperature as the remaining, only at delayed process time.

Figure 4.21 shows the weight recorded by the thermobalance as a function of time. The dotted
lines represents the calculated weight losses after complete prereduction, i.e. 1200°C, and at
1600°C assuming equilibrium amounts of 18% Si, 6% MnO and 40% SiO,. The weight change of
the crucible after the experiments is also noted in the figure, where it is seen that the measured
physical mass loss is consistent with the recorded weight from the thermobalance. The devia-
tion from the temperature profile for charge at 1650°C is well observed in figure 4.21. Nonethe-
less, the shape of the weight loss curve is highly similar for all charges. From figure 4.22, which
shows the recorded weight as a function of the recorded temperature, it is confirmed that the

deviation is only within the temperature rate, and not the weight loss behaviour itself.
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Figure 4.21: Mass loss [g] as a function of time [min] for Assmang based charges.

The curves can be divided into three different intervals at increasing time/temperature: prere-
duction zone, 30 minute dwell at 1200°C and high temperature zone. It is seen that the weight

loss remains insignificant at temperatures below 600°C, where the recorded weight is -0.075 g.
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Theoretical weight loss from evaporation of moisture from all raw materials gives a total the-
oretical weight loss of 0.49 g and 0.29 g when excluding coke. This could imply that the water
content from the analyses are inaccurate. From 600°C up to 1200°C, the recorded weight loss
is 0.68 g. Theoretical weight loss for reduction of MnO; to Mn,0s3, further to Mn30,4 and lastly
to MnO is 0.26 g. After completed dwell at 1200°C the charges have obtained a total weight loss
0f 0.85-0.86 g, which is 0.2 g off the calculated value of 1.07 g. The curve reaches the calculated

weight loss at complete prereduction at 1460°C.
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Figure 4.22: Mass loss [g] as a function of temperature [°C] for Assmang based charges.

The calculated weight loss for the charges during the high temperature zone (after 30 minute
dwell at 1200°C) to obtain 18% Si in alloy at 1600°C is 2.93 g. This weight loss is obtained at a

temperature slightly lower than 1650°C.

4.3.2 Analysis of end product

Visual inspection of the crucibles after finished experiments revealed that foaming had occurred
in charges heated to temperatures including and exceeding 1550°C. Figure 4.23a shows the in-
terior of crucible heated to 1600°C, where the lower parts of the crucible shows coke(grey) and
slag(pale green). The inner surface of the crucible wall is covered in small metal particles as a

result of foaming, ranging approximately 2 cm from bottom and up. The samples were mounted
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in epoxy and ground to expose the bottom surface of the slag. Images of the exposed area are

shown in figures 4.23b-4.23f.

All slag phases were of amorphous/glassy structure, except for sample A.1 which had a fine crys-
talline structure. Hence, the only sample with a crystalline structure is the only sample that did
not experience foaming. The structure of A.1 is seen in figure 4.24a, whereas 4.24b shows a ho-
mogeneous glassy structure. Composition for slags of amorphous structure was determined by
defocused area analysis, while the composition for the crystalline sample was determined by
analyzing the two phases separately and estimating the distribution of the phases, which was
determined to a 1:1 ratio in this case. Resulting slag compositions are presented in table 4.19.
Only the five main oxides represented in the slag are included, hence the a total is less than 100%
for the samples. The elements making up the remaining amount of the composition can be seen

in the raw data presented in appendix B.

(a) 1650°C (b) 1530°C

(c) 1550°C (d) 1570°C
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(e) 1600°C (f) 1650°C

Figure 4.23: Image a) shows the interior of crucible heated to 1650°C where foaming can be
confirmed by the small metal particles covering the inside of the crucible surface. Image b)-f)
shows samples after mounting in epoxy displaying bottom surface of the slag.

(b)

Figure 4.24: Crystalline structure for sample heated to 1530°C in a) and glassy structure found
at all other temperatures in b). Scale bar reads 200 um.

As the oxides CaO, MgO and Al,Os3 are considered unreducable, their respective amounts should
stay constant throughout the process, giving a constant R-ratio. Table 4.20 shows the slag com-
position where the amounts of MnO and SiO; are from the EPMA analyses and the initial amounts
were used for the remaining oxides. The composition is hence calculated under the assumption

that the slag consists only of these five oxides, which can be considered a fair approximation.

66



CHAPTER 4. RESULTS

Table 4.19: Average analysed composition of slag phases from EPMA for charges based on Ass-
mang ore. All spot analyses are presented in table in appendix A.

Experiment Temperature MnO SiO, AlbO3 CaO MgO Total R-ratio

A.l 1530°C 39.25 3525 5.67 11.03 4.01 9521 2.65
A2 1550°C 34.29 38.05 6.70 12,57 4.05 9565 2.48
A3 1570°C 2475 4497 831 1592 4.82 9877 2.50
A4 1600°C 12.25 44.22 11.67 20.79 6.82 9575 2.37
A5 1650°C 3.52 40.80 14.97 2696 8.28 94.53 2.35

Table 4.20: Average analysed composition of slag phases for Assmang based charges where
amount of MnO and SiO, are from EPMA. CaO, MgO and Al,O3 are from initial amounts in
raw materials.

Experiment Temperature MnO SiO, AlLO3 CaO MgO R-ratio

Al 1530°C 39.25 3525 7.76 13.15 4.58 2.29
A2 1550°C 34.29 38.05 8.42 14.27 4.97 2.29
A3 1570°C 2475 4497 9.22 1562 5.44 2.29
A4 1600°C 12.25 44.22 13.25 2246 7.83 2.29
A5 1650°C 3.52 4080 16.94 28.73 10.01 2.29

The metal composition will vary according to particle size, implying that metal analyses will
not be representative for the amount of metal produced. From the calibrated slag composition,
the metal composition can be calculated under the assumption that all MnO/SiO, that is not
recorded in the slag phase has been reduced to the metal phase. Resulting metal compositions

are presented in table 4.21.

Itis seen that the manganese content increases at increasing process temperature. As for silicon,
a negligible increase is seen between 1530 and 1550°C, whereas the reported silicon content at
1570°C is approximately zero. The amounts of MnO/Mn and SiO,/Si at increasing process time
and temperature is graphically presented in figure 4.25. The process time for charge heated
to 1650°C was corrected for the observed deviation in the temperature profile. A second order

polynomial regression is included for each respective specie.
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Table 4.21: Metal composition calculated from analysed slag composition. The initial amounts
of the unreducable oxides were used to determine the amounts of MnO and SiO; in grams.

Temperature Mn[g] Si[g] Felg] Clgl | Mn [wt%] Si[wt%] Fe [wt%] C [wt%]
1530°C 0.65 0.16 0.44 0.04 50.60 12.42 34.17 2.81
1550°C 1.09 0.17 0.44 0.05 62.65 9.48 25.07 2.80
1570°C 1.72 0.07 0.44 0.15 72.50 2.83 18.44 6.22
1600°C 2.51 049 0.44 0.10 70.94 13.75 12.34 2.97
1650°C 2.83 074 0.44 0.11 68.84 17.97 10.61 2.58
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Figure 4.25: The amounts of MnO/Mn and SiO»/Si at increasing process time in figure a and b,
respectively.

The amount of produced manganese (g) divided by the amount of produced silicon (g) at in-
creasing process time and temperature is presented in figure 4.26. Ratio at 1570°C was excluded,
as the silicon content was approximately zero. It is seen that the reduction of MnO is dominating
at lower temperatures as the ratio increases. The rapid increase in the ratio indicates that this is
the main reduction area of MnO, whereas the reduction of SiO; is insignificant in comparison.
At higher temperatures, i.e including and exceeding 1600°C, the ratio decreases, implying that

the reduction of SiO, is more dominant than the reduction of MnO.

As was shown in experimental section 3.3.5, the reaction area is estimated according to the pro-
duced amount of manganese and silicon. Table 4.22 shows the resulting reaction area at in-

creasing temperature for the Assmang, HC FeMn slag and quartz charge. Right column shows
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the area as percent of initial reaction area (prior to any reduction). The reaction area is reduced

by 37% at 1650°C.

7 1660

1640
—br (=)
S8 1620 &~
— 5 | . - E
f: P 1600 5
— P ]
2y L 1580 5
[ (=
s P 1560 E
3t - 2

7 { 1540

2 L ' L 1520

120 130 140 150 160

Time [min]

Figure 4.26: Ratio of produced amount of manganese and silicon at increasing process time and
temperature for Assmang charges.

Table 4.22: Reaction area calculated according to procedure described in section 3.3.5. Right
column shows area as percent of initial reaction area(prior to reduction).

Temperature [°C] Reaction area [cm?] Reaction area [%]

1400 136.36 100

1530 126.10 92.47
1550 122.18 89.60
1570 120.15 88.11
1600 98.54 72.27
1650 85.86 62.96

The models presented by Olsen (2016)[16] that were reprinted in equations 2.9 - 2.12 and ther-
modynamic equilibrium data from HSC Chemistry[28] were used to estimate the driving forces
for MnO and SiO, reduction at different temperatures. These are presented in table 4.23 and it
is seen that the driving force for MnO decreases at increasing temperature as MnO is being re-
duced. The driving force for reduction of SiO, was negative at 1530°C and 1650°C, which could

indicate that the composition is close to equilibrium at this specific temperature. The driving
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force at 1570°C is relatively high as a consequence of that the reported amount of SiO, in the

slag was close to initial value.

Table 4.23: Calculated activities and driving forces at different process times/temperatures.

Temperature [°C] a(MnO) a(SiO,) a(Mn)/Kr a(Si)/Kr DFMnO) DEFE(SiOy)

1530 0.204 0.109 0.002 0.437 0.201 -
1550 0.151 0.150 0.003 0.146 0.148 0.004
1570 0.071 0.304 0.003 0.011 0.069 0.294
1600 0.034 0.188 0.002 0.108 0.033 0.081
1650 0.010 0.085 0.001 0.090 0.010 -
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5 | Discussion

5.1 Comilog charges

Figure 5.1 shows the recorded weight as a function of process time and temperature during the
high-temperature zone. The charges were given a new starting point after completed dwell at
1200°C. The theoretical weight loss at 18% Si in alloy and 6% MnO and 40% SiO, in slag at 1600°C
is included. It is seen that the desired composition is reached at a temperature in the range of
1630-1650°C, which was also confirmed by the analyses presented under results. The repro-

ducibility of the experiments is high, as it can be seen that the curves overlap.
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Figure 5.1: Recorded weight with completed dwell at 1200°C as new starting point as a function
of process time and temperature.
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The charge heated to 1600°C deviates slightly (<5%) from the other charges when presented as a
function of time, however the deviation originates from the slower temperature increase directly
after the completed dwell in this specific charge. The weight curves are not completely smooth
during the reduction stage, which could be an indication of foaming. This will be discussed later

on.

The weight loss resulting from the metal producing reactions at high temperatures can be calcu-
lated according to the amount of CO-gas formed correlating to the reduced amount of MnO and
SiO,. The weight loss recorded by the TGA furnace at high temperatures, i.e after complete pre-
reduction, should be equal to the calculated weight loss, given that the reduction of MnO and
SiO; by solid carbon are the only reactions occurring. Table 5.1 shows the deviation between
weight loss from TGA and EPMA for the different experiments, where the weight loss from TGA
is after completed dwell at 1200°C. It can be seen that the TGA has recorded a higher weight
loss compared to calculated for all temperatures with a deviation ranging from 0.11 g to 0.33 g.
Three out of five charges have a deviation of approximately 0.3 g, whereas charge evaluated at

1550 and 1600°C have a deviation of 0.15 g and 0.11 g, respectively.

Table 5.1: Deviation between weight loss calculated from EPMA analyses and weight loss
recorded by TGA furnace. Weight loss from TGA is recorded weight after completed dwell at
1200°C.

Temperature Weightloss EPMA Weight loss TGA  Diff. [g]

1550°C 0.31 0.46 0.15
1580°C 1.43 1.76 0.33
1600°C 1.89 2.00 0.11
1630°C 2.42 2.74 0.32
1650°C 2.79 3.10 0.31

According to the values, the specific deviation (g) is not dependent on temperature, implying
that the relative deviation (%) decrease at increasing temperature. Deviations will always be ob-
served to an extent as several sources of error are available. The EPMA weight loss is calculated
from the raw material analyses, which are given as the average composition of the ores, implying

that small differences within the amounts used during experiments will occur. The theoretical
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weight loss was calculated by assuming that all off-gas was CO, however it is possible that small
amounts of CO, was produced. Tangstad also reported a better fit between observed and theo-

retical weight loss in Comilog charges when assuming that the off gas contained CO2[17].

Larssen[19] investigated different types of charges based on Comilog ore. All experimental con-
ditions, except for charge composition, were identical to this work. Four different charges were
evaluated, where one based on Comilog ore and quartz, one added limestone and two where
0.15-0.2% sulphur was added to the two former charges. Factors that may favour a fast and high
reduction are high content of MnO(to give a high driving force) and a high basicity[29]. In ad-
dition, a high sulphur content is favourable, as proved by both Larssen[19] and Skjervheim[12].
The wt% sulphur, basicity and initial content of MnO for the different charges are presented in
table 5.2. The charges’ weight loss curves are presented in figure 5.2 together with the charge
investigated in this work. All charges were given a new starting point after completed dwell at
1200°C and are presented for temperatures higher than 1500°C. The rate (dg/dt) at increasing
temperature for the same charges is presented in figure 5.3, where the weight change at every

minute interval was evaluated.

Table 5.2: Specifications for the different charges presented in figure 5.2. Charge Com+Q+HC is
the only charge not retrieved from Larssen’s work([19]. Values are valid at 1200°C. (Q = quartz, S
= sulphur, HC = HC FeMn slag)

Charge wt% sulphur R-ratio wt% MnO
Com.+Q+Lime 0.008 2.09 49.8
Com.+Q 0.005 0.05 63.6
Com.+Q+Lime+S 0.252 2.09 49.8
Com.+Q+S 0.316 0.05 63.6
Com.+Q+HC 0.214 1.31 45.5

The charge based on Comilog ore and quartz, with or without addition of lime, has a very low
reduction and it can be seen from figure 5.3 that the rate is constant and low at all tempera-
tures. There is no observed correlation between the basicity (R-ratio) and the reduction rate as
both the highest and lowest rate are observed in charges that have the same basicity. The most

substantial factor is observed to be the sulphur content.
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Figure 5.2: Recorded weight as a function of time for Comilog based charges, including charges
presented by Larssen[19]
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Figure 5.3: Weight loss rate as a function of time for Comilog based charges, including charges
presented by Larssen[19]. All charges contain quartz.

Nevertheless, it is seen that the charge investigated in this work, containing both Mn-ore and
slag from the HC FeMn process (charge C.HC), reduces at a lower temperature compared to the
other charges in spite of not having the highest sulphur content. It is also seen that this charge
would have the lowest driving force, as the MnO content is higher in all other charges. The lower

reduction temperature in charge containing HC FeMn slag could however be due to that the
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FeMn slag reduces at a lower temperature compared to the ore. If so, a potential explanation is
that the slag phase is not homogeneous and as such the sulphur content would be constrained
within the HC FeMn slag, causing it to reduce first. Consequently, the ore would reduce at a
higher temperature at which the sulphur content is distributed throughout the slag. Another
potential reason is that the HC FeMn slag has a lower melting temperature and hence reduces at
a lower temperature, in correlation with the results presented by Brynjulfsen[22]. Difference in
melting temperature for different charges based on Comilog ore and quartz is further discussed

in section 5.1.1.

5.1.1 Melting temperature of slag

The slag formation temperature and melting behaviour were investigated in two different charges
based on Comilog ore. Both contained ore and quartz, whereas HC FeMn slag was added to one
in a 1:1 ratio respective to the ore. The two charges will be discussed separately in relation with
existing thermodynamics. If not other specified, similar behaviour is observed for mixed and

layered charges.

Comilog, HC FeMn slag and quartz

The experiments showed that the raw materials were still in their initial form at 1200°C and had
not started to melt. The ore and HC FeMn slag had melted at 1250°C and formed a slag phase,
however the quartz particles remained undissolved for the layered charge. The microstructure
showed clusters of MnO-spheres distributed throughout the slag where the matrix was a two-
phase structure. Previous studies on FeMn and SiMn slags have shown that the spherical MnO
phase has been in solid form at these temperatures, whereas other observed MnO phases have
been precipitated during solidification[17, 21]. All raw materials, excluding coke, had formed a
homogeneous liquid slag at 1300°C. The analysed composition was highly consistent with com-
position observed at 1400°C. Two different phases co-existed throughout the slag in a lamellar
structure, in addition to a few clusters of MnO-spheres. The decreasing amount of MnO-spheres
at increasing temperature supports the assumption that recorded spheres have been in solid

form at maximum temperature. The bright phase in the matrix contained 58-59 wt% MnO, 31-
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32 wt% SiO,, 5 wt% CaO and 5 wt% MgO. The dark phase contained 28-33 wt% MnO, 29% SiO,
20-25wt% Al,O3 and 11-12 wt% CaO. The five main slag oxides constitutes approximately a total
of 95% of the dark phase, whereas the remainder is K, O, SO3 and BaO.

The charge based on Comilog, quartz and HC FeMn slag has primary slag composition of 46%
MnO, 33% SiO2, 9% CaO, 9% Al,O3 and 4% MgO. There is no available phase diagram covering
this specific combination of oxides, however the system may be approximated by combining
oxides that have are show miscibility. CaO, MnO and MgO are miscible both in solid and liquid
state, implying that the cooling path can be evaluated from the system MnO-SiO,-Al,03 that
was presented in figure 2.6 by adding the amounts of CaO and MgO to the MnO-axis as shown
in figure 5.4. The distribution between the precipitated phases will not be accurate, however it

will provide an indication.

/.--_____—u——-._
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MnO (wt%) +cao (wt%) + MgO (wt%%)

Figure 5.4: Phase and liquidus relations for the MnO-SiO»-Al,O3 system. Modified from Olsen
et. al[1]. Red lines represent the Alkemade triangle and solid black line the cooling path.

The primary slag composition is located in the Olivine area, and is marked with a blue circle. The
composition is within the alkemade triangle composed of Spessartite, Olivine and Rhodonite,
which means that the composition will move towards the eutectic point where the three phase
boundaries meet. The primary slag composition is fully liquid at approximately 1240°C and will

move towards the phase boundary of Olivine when the temperature decreases. Approximately
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25% Mn;,SiOy4 (calculated by the lever rule) will be precipitated before it reach the phase bound-
ary. The remaining 75% is still liquid and will move down the phase boundary between Spessar-
tite and Olivine until the eutectic composition is reached. The theoretical eutectic composition

is 48.3% Mn8103, 33% Mn3A12813012 and 19.9% Ml’lgSiO4.

This shows that the majority is precipitated as (Ca, Mg, Mn),SiO4, which is in good accordance
with the observed microstructure and analyses. Two phases are co-existing in the dark matrix

phase, where the majority is Mn3Al,Si3O,, and the remainder is (Mn, Mg, Ca, Al)SiOs.

Comilog and quartz

It was shown that neither the mixed nor the layered charge had melted and fused into a liquid
slag at 1200°C, however the ore was partially melted at this temperature when the materials were
mixed in the crucible. A liquid slag was seen at 1250°C, whereas most of the quartz particles re-
mained undissolved in layered charge. The structure showed several clusters of MnO-spheres
throughout a two-phase matrix. As mentioned in previous section, this phase has been found
to be in solid form at these temperatures, while other observed MnO-phases have been pre-
cipitated during solidification[17, 21]. All materials had dissolved into the slag phase at 1300°C
and the composition was highly similar to the one obtained at 1400°C. Two different phases co-
existed throughout the slag in addition to a few clusters of MnO-spheres, where the number of
clusters decreased at increasing temperature. The bright phase of the matrix was composed of
70% MnO and 30% SiO,, correlating to the compound Mn,SiO,4. The dark phase was seen to be
non-homogenous, implying that several different phases may have been analysed and reported
as one single phase. The analysed composition was 58% MnO, 20%SiO, and 19% Al,O3. The
precipitated phases can be determined from evaluation of the cooling path in a representative

phase diagram.

The Comilog based charge has a negligible content of both CaO and MgO, which means that the
system can be approximated by the ternary phase diagram MnO-SiO,-Al, O3 presented in figure
2.6 in the theory section covering thermodynamics. A modified version of the same phase dia-
gram is reprinted here in figure 5.5 where the primary slag composition of the charge is marked

by the blue circle. The primary slag composition of 64% MnO, 29% SiO, and 7% Al,Oj is inside
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the Olivine area (Mn,SiOy4), and is seen to be liquid at a temperature between 1270 and 1300°C.
In order to evaluate the different phases that will theoretically precipitate during cooling and

their respective distribution, the alkemade triangle has been added.

10

* 0
40 50 60 70 80 90 100

MnO (wt%) +cao (wt%) + MgO(wt%)

Figure 5.5: Phase and liquidus relations for the MnO-SiO»-Al,O3 system. Modified from Olsen
et. al[1]. Red line represents Alkemade triangle, whereas black solid line represents cooling path
for the Comilog and quartz charge.

The charge lies within the triangle made up from the three phases MnAl,0, (Galaxite), Mn,SiO4
(Olivine) and Mn3Al,SizO,» (Spessartite). During cooling, the composition will move towards
the boundary line between the Olivine and Spessartite area, away from the Mn,SiO4 compound.
By applying the lever rule, one can estimate that the amount of Mn,SiO4 being precipitated

during the first part of the crystallization path is approximately 47%:

0.75cm
1.60cm

%Mn,Si04 = -100% = 46.88 (5.1)

This implies that there is 53.13% liquid remaining when the composition reach the boundary
line. This liquid will solidify at the eutectic temperature, which can be seen to be at approxi-
mately 1190°C. The eutectic composition is roughly estimated to 49% Mn,SiOy, 41% Mn3Al,Si30;2

and 10% MnAlO,. Table 5.3 shows the estimated distribution of phases after complete solidifi-
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cation. This composition applies both for the layered and mixed charge. Approximately 73% of
the structure should theoretically be Mn,SiO4. This is consistent with structure observed in im-
age 4.15d which shows a majority of bright phase. The dark phase should theoretically consist
of Mn3Al,Si3012 and MnAl,O4 where the former has a distinct majority. This correlates with the

observed structure and analyses.

Table 5.3: Estimated distribution of phases after solidification.

Mn28104 Mn3A12813012 MIIA1204

72.99% 22.03% 5.25%

Difference in melting behaviour

The two evaluated charges displayed highly similar behaviour in terms of slag formation; ore
and HC FeMn slagliquid at 1250°C, whereas quartz particles remained undissolved when charges
were prepared by layering of raw materials. At temperatures including and exceeding 1300°C,
all raw materials had fused into the slag phase for all charges. No observations were made indi-
cating that difference in slag formation temperature/melting temperature could give the earlier

reduction in charge containing HC FeMn slag.

5.2 Assmang charges

Figure 5.6 shows the recorded weight as a function of time and temperature, where the charges
have been given a new starting point at completed dwell at 1200°C. The time and temperature
values for the experiment with maximum temperature 1650°C have been corrected for the devi-
ation that was observed in the original weight loss curve presented in section 4.3.1. The weight
loss behaviour is highly similar in all charges, confirming that the experiments were successfully
reproduced. The original curves presented under results showed that the theoretical weight loss
at complete prereduction was slightly higher compared to experimental results. The charges
had a total weight loss of 0.85-0.86 g after dwell at 1200°C, which correlates to a deviation of 0.2

g compared to calculated value. The dotted line added to figure 5.6 is the theoretical weightloss
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at 1600°C, where the deviation after complete prereduction has been taken into account.
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Figure 5.6: Recorded weight (wt%) as a function of time and temperature. Charges were given a
new starting point at completed prereduction.

Table 5.4 shows the weight loss calculated from the EPMA analyses and the weight loss recorded
by the TGA furnace mass balance during the high temperature zone. The weight loss from EPMA
was determined by assuming that the reduction gas product was 100% CO(g) and calculating the
amount of CO(g)-formation correlating to the reduced amount of MnO and SiO». The furnace
has recorded a lower weight loss compared to the calculated for temperatures 1530 and 1550°C,
whereas a higher weight loss is recorded by the furnace at remaining temperatures. As men-
tioned for Comilog charges, a certain deviation between calculated and recorded weight loss
is expected due to several available sources of error, e.g from inaccurate ore composition. In
the case of Comilog, the deviation was positive at all temperatures, which could indicate that a
certain amount of the furnace gas was CO,. The deviations observed for Assmang charges are
alternating positive and negative, meaning that it is not probable that the off gas contained any
CO,. The weight loss at 1570°C has the highest deviation, and it was seen from the analysed
composition that the amount of reduced SiO, was negligible and not consistent with the other
analyses. This gives a lower calculated weight loss compared to if the SiO, amount was in accor-
dance with lower an higher temperatures. If this deviation is not considered, it can be observed

that the calculated weight loss is increasing at a higher rate compared to the TGA weight loss.
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Table 5.4: Deviation between weight loss calculated from EPMA analyses and weight loss
recorded by TGA furnace.

Temperature Weightloss EPMA [g] Weightloss TGA [g] Diff. (EPMA - TGA)

1530°C 0.65 0.42 0.23
1550°C 0.86 0.73 0.16
1570°C 1.01 1.54 -0.53
1600°C 2.25 2.43 -0.18
1650°C 2.92 3.32 -0.40

Kim investigated kinetics in Assmang based charges using the same experimental conditions as
to this study, including charge composition[30]. The weight loss behaviour in charge evaluated
at 1650°Cis presented in figure 5.7 (blue curve). The obtained results from this study at the same
temperature are included in the figure (grey curve).The charges were given a new starting point
at completed dwell at 1200°C. The curves show approximately a complete overlap, confirming

that the experiments were a successful reproduction of Kim’s work.
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Figure 5.7: Recorded weight as a function of time for Assmang based charges, including results
from Kim[30]

The produced amounts of manganese and silicon at increasing process temperature are pre-

sented separately in figure 5.7 together with the results reported by Kim[18]. A steady increase in
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produced amount of manganese is observed at increasing process temperatures and the trend
is highly consistent with Kim’s. As for silicon, the amount was relatively stable and insignificant
at temperatures 1530-1570°C, whereas an increase was observed at 1600 and 1650°C. The same
trend is observed in Kim’s results, i.e negligible amount at temperatures lower than 1560°C. The
reduction of SiO, to Sirequires a higher process temperature compared to the reduction of MnO
and these results indicate that the reduction of SiO, becomes significant at temperatures ex-

ceeding 1560-1570°C.
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Figure 5.7: Produced amount of Mn and Si at increasing temperature. Values from experiments
conducted by Kim[18] are included.
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5.3 Choice of ore

Several factors should be taken into consideration when choosing the optimal ore for the pro-
duction process, including availability, energy consumption at lower temperatures and man-
ganese content. The focus of this work is the kinetics at higher temperatures, hence the ores
will therefore be discussed in these terms. The evaluated charges are Assmang or Comilog ore

in combination with HC FeMn slag, quartz and coke.
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Figure 5.8: Weight loss as a function of temperature for Assmang and Comilog charges, where
both charges contain HC FeMn slag and quartz. The charges were given a new starting point at
complete prereduction.

Figure 5.8 shows the weight loss curves retrieved from the TGA mass log for both Comilog and
Assmang charges with a complete prereduction as starting point. The curves represent the aver-
age recorded weight at average time and temperature. The Assmang charge reduces at a slightly
lower temperature (<10°C) where the difference decreases with increasing temperature. The
weight loss is highly similar for both charges at 1650°C and it can be seen that the two charges
reach the desired composition approximately at the same process time. The reduction degree
can be evaluated by examining the ratio between amount of produced manganese or silicon
and initial amounts of MnO and SiOy, respectively. The produced amount of metal components

were calculated from the slag analyses as was presented in table 4.4 and 4.21 for Comilog and
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Assmang, respectively. The obtained reduction degrees are presented in table 5.5.

My Mumno

RDpmo = (5.2)
" myno M
ms; Msg;
RDgipp = —2— . X2 (5.3)
msio2 Ms;i

Where myy, and myg; is the produced amount of Mn (g) and Si (g), respectively, mymo and mg;o,
is the initial amount of MnO and SiO» (g), Mmno and Msg;o, is the molar mass of MnO and SiO»
(g/mol) and My, and Mg; is the molar mass of Mn and Si (g/mol).

Table 5.5: Reduction of MnO and SiO» in charges based on Assmang ore and charge based on
Comilog ore

Temperature [°C] RDmno RDsio,
Al 1530 0.22 0.11
A2 1550 0.37 0.12
A3 1570 0.59 0.05
A4 1600 0.86 0.35
A5 1650 0.97 0.53
C.1 1550 0.12 0.05
C.2 1580 0.62 0.18
C.3 1600 0.77 0.27
C4 1630 0.89 0.40
C.5 1650 0.95 0.51

The calculated reduction degrees shows that MnO is reduced at a slightly lower temperature in
the Assmang charge compared to Comilog. At 1550°C, a reduction degree of 0.37 is obtained
for Assmang, whereas 0.12 is obtained for Comilog charges. Similarly, 0.86 vs 0.77 is observed at
1600°C. Similar behaviour can be seen for the reduction of SiO5, i.e reduction at lower tempera-
tures in Assmang charge. Nonetheless, the reduction degrees for both MnO and SiO, at 1650°C

are similar for the two charges. The faster reduction in Assmang can not be explained in terms
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of driving forces, as they are highly similar to the Comilog charge. However, it was observed
that the Assmang charge experienced foaming at a lower temperature, which may lead to an

increasing reduction rate.

Figure 5.9 shows the ratio between produced manganese and produced silicon at increasing
process temperature. Value at 1570°C for Assmang is excluded as the ratio was significantly
larger compared to others, due to a considerable reduction of MnO and an insignificant reduc-
tion of SiO,. It is seen that the ratio increases for temperatures 1530 to 1580°C, which implies
that the reduction of MnO to Mn is more significant than the reduction of SiO; at this tempera-
ture range. The ratio decreases for temperatures exceeding and including 1600°C, implying that
the reduction of SiO; to Si is more significant than the reduction of MnO. The ratios are highly

similar for both charges.
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Figure 5.9: Ratio between produced Mn (g) and produced Si (g) for Assmang and Comilog, re-
spectively.

5.3.1 Kinetics

As presented previously, the rate is given by the rate constant, the interfacial reaction area and a
driving force. The rate constant is given by the Arrhenius equation and the driving force is given
by distance towards equilibrium in terms of activity. In terms of reduction of MnO, the equation

takes the form of 5.10.
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Figure 5.10: Components describing the reduction rate of MnO.

The driving forces were calculated from the models presented by Olsen[16] and presented in ta-
ble 4.6 and 4.23 for Comilog and Assmang charges, respectively. Similarly, the reaction area was
presented in table 4.5 and 4.22 for Comilog and Assmang, respectively. The factors of interest
are the activation energy and the mass transfer coefficient (pre-exponential factor) in the rate

constant. There will be two different approaches available to estimate these kinetic values:
e Arrhenius plot

e Computational modeling

Arrhenius plot

Second order polynomial regression was performed on the decreasing amounts MnO and SiO»
in order to find an expression describing the reduction as a function of time. These curves were
shown in figure 4.6 and 4.25 for Comilog and Assmang, respectively. Differentiating the polyno-
mial gives an equation describing the reduction rate (g/min). The rate of reduction of MnO and

SiO; for the two different charges are presented in figure 5.11.

From 5.11a it is seen that the rate is relatively high for MnO in Comilog charges at 1550°C and
decreases at increasing process time. At 1650°C, the rate is negative, due to the very low activity
of MnO. Similar behaviour, i.e high initial rate that reduces at increasing process time, is ob-
served for Assmang charges, however at a lower initial rate. The rate is negative at 1650°C due to
a low activity of MnO. As for the rate of SiO, reduction, the rate is fairly constant at 0.06 g/min
for Comilog charges at all temperatures. For Assmang charges a consistent increasing rate is

observed, from 0.01 g/min at 1530°C to 0.09 g/min at 1650°C.
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Figure 5.11: The rate (g/min) of reduction of MnO and SiO; as a function of time (min).

Equation 5.4 is a rearrangement of the original equation shown in figure 5.10, where DF notes
the driving force. The specific arrangement gives a constant C equal to In(ky). A graphical repre-
sentation of In(r/DF) as a function of the inverse temperature gives a linear relationship where

the slope is given by (-Ea/R), i.e the negative activation energy divided by the ideal gas constant.

r

—FEa
In( DF)—ln(k)—ﬁ+C (5.4)

A-

Only data points with an existing driving force (non-negative) can be used for regression, imply-
ing that data points for SiO, reduction at 1530°C and 1650°C are excluded for Assmang, whereas
data point at 1550°C for SiO, reduction is omitted for Comilog. In addition, data point at 1650°C

is omitted for MnO for both charges as the rates were found to be negative.

Figure 5.12a shows the Arrhenius plot for MnO reduction for Comilog and Assmang charges,
whereas figure 5.12b shows for SiO» reduction. For MnO reduction it is seen that the relation-
ship is fairly linear for both Comilog and Assmang based charges in 5.12a. The empirical acit-
vation energy of MnO for Comilog was found to be 498 kj/mol, whereas 550 kJ/mol was found
for Assmang. Figure 5.12b shows the estimated activation energy of SiO, reduction in Comilog
charges at 447 kJ/mol. As for Assmang charges, a linear trend within the data points was not

observed, hence an activation energy could not be estimated.
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Figure 5.12: Arrhenius plot for MnO and SiO, where all datapoints with existing driving force are
included.

The empirical rate constants at increasing temperature for the two charges are presented in
table 5.6. The charges only have two temperatures in common, however it is seen that the rate
constants at these temperatures, i.e 1550 and 1600°C, are highly similar, however approximately
10% larger for Comilog. This is expected, as the charges showed similar weight loss behaviour.
The rate constants are presented graphically in figure 5.13. The values indicate that the rapid

reduction stage of MnO is initiated at approximately 1550°C.

Table 5.6: Rate constants, k [10~3 g/min-cm?], for MnO and SiO; in Comilog and Assmang
charges, respectively.

Comilog Assmang

kvno | ksio, | kmno | ksio,

1530°C - - 8.78 -
1550°C | 12.53 - 10.79 -
1570°C - - 19.27 -

1580°C | 32.36 | 3.64 - -
1600°C | 35.52 | 3.97 | 32.54 -
1630°C | 52.85 | 5.15 - -

1650°C - 11.43 - -
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Figure 5.13: Empirical rate constants calculated from estimated rate and driving force for
Comilog and Assmang charge, respectively.

Figure 5.14 shows the estimated rate constants for reduction of SiO, in the charge containing
Comilog, quartz and HC FeMn slag. It can be seen that the rate constant is relatively stable
and non-increasing between 1580 and 1630°C, which implies that the rate is relatively constant
at these temperatures. This indicates that the rapid reduction stage of SiO, is at temperatures
exceeding 1630°C, however it was seen in figure 5.11b that the rate was relatively constant at all

temperatures as a result of the decreasing driving force.
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Figure 5.14: Empirical rate constant for SiO, calculated from estimated rate and driving force
for Comilog charge.
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Computational model

The amounts of MnO and SiO, in wt% were modeled by using the mass transfer coefficient,
ko, as the only fitting value. Specifics for the setup of the model was presented in the chapter
covering experimental work, section 3.3.5. When evaluating an Arrhenius plot, both the acti-
vation energy and the mass transfer coefficient can be extracted, whereas the model requires a

predetermined activation energy.
Three different combinations of activation energies were modeled for each charge:

e The activation energies estimated from the Arrhenius plots for the respective charges. As
an activation energy of SiO, was not found for Assmang, the one obtained for Comilog is
used for both charges. This is considered a fair approximation as it was shown that the

two charges have highly similar reduction behaviour.

* Previously reported activation energy of MnO from ferromanganese slags by Tangstad at
360 kJ/mol[17]. Ea(SiO,) = 850 kJ/mol were chosen, as this combination was used in the

models presented by Olsen[16].

* Reported activation energies from Kim for Assmang charges[18]: Ea(MnO) = 920 kJ/mol

and E(SiO,) = 870 kJ/mol.

The different parameters evaluated by the model are presented in table 5.7. The deviation be-
tween the model and the experimental values were calculated according to the standard error
of estimate and is also added for the different models.

Table 5.7: Modelling parameters presented together with the estimated pre-exponential factors
in the rate constant for Assmang and Comilog charge, respectively. Error value is calculated
according to the standard error of estimate.

Ea, Mno [KI/mol]  Ea sio, [KI/mol] ko mno [g/min-cm?] kg sio, [g/min-cm?]  Error
Comilog 1 498 447 1.61-10'2 1.14-10% 6.71
Comilog 2 360 850 2.09-108 1.12:10%° 9.13
Comilog 3 920 870 1.99-10%* 7.13-10% 5.23
Assmang 1 550 447 4.93-10'3 2.83-10'0 5.18
Assmang 2 360 850 1.57-10% 1.40-10%2 7.31
Assmang 3 920 870 2.72-10% 2.93-10%! 5.73
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According to the standard deviation of estimate, it can be seen that the activation energies es-
timated from the Arrhenius plots(combination 1) and the ones reported by Kim(combination
3) give a relatively similar fit for the both charges, whereas the values reported by Tangstad[17]
gives the highest inaccuracy. However, it is necessary to investigate the produced curves in order

to see the source of deviation.

Arrhenius activation energies

Figure 5.15a shows the produced curve from the model at the activation energies estimated from
the Arrhenius plots for charge containing Comilog, HC FeMn slag and quartz. Figure 5.15b
shows the deviation between the calculated and experimental values. It can be seen that the
model fits the experimental values well, however the deviation for the first data point at 1550°C
is high, giving approximately 84% of the total deviation. The distribution of the phases and
thereby the composition in the Comilog charge heated to 1550°C was determined by estima-
tion by visual observation. These results could be an indication that the content of bright phase
was estimated to be higher than the real distribution, hence giving a higher MnO content. The
distribution was estimated to 55% bright phase and 45% dark phase. In order for the experi-
mental value to fit the calculated curve, the distribution required is 70% dark phase, which is

not consistent with the observed microstructure that showed a majority of bright phase.
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Figure 5.15: Curves fitted for Comilog, HC FeMn slag and quartz charge to the activation ener-
gies from Arrhenius plots and the corresponding deviation.

Figure 5.16 shows the modeled curve and the corresponding deviation for the Assmang, HC

FeMn slag and quartz charge fitted to the Arrhenius activation energies. The SiO, content at
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1570°C was inconsistent with the remaining charges, indicating that the analysis may be inaccu-
rate. Deviation for this data point is thereby expected. It is seen that the deviation is fluctuating

positive and negative at a fairly acceptable size.
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Figure 5.16: Curves fitted Assmang, HC FeMn slag and quartz charge to the activation energies
from Arrhenius plots. b) shows the deviation between calculated and expeirmental values.

Activation energies presented by Tangstad
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Figure 5.17: Curves fitted for Comilog to activation energies from Tangstad[17] and the corre-
sponding deviation.

Figure 5.17 shows the produced curves utilizing the activation energies presented by Tangstad
for charge containing Comilog, HC FeMn slag and quartz. Figure 5.17b shows the corresponding
deviation betweeen calculated and experimental values. It is seen that the fit for MnO is fairly

acceptable, however deviation at 1550°C is high. As for the SiO, curve, it does not correlate with
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the experimental values, implying that the specific combination of activation energies does not

describe the system.

Figure 5.18 shows the modeled system for charge containing Assmang, HC FeMn slag and quartz

at the activation energies presented by Tangstad[17]. The curve shows that the model does not

describe the SiO, amounts and that the deviation is generally high.
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Figure 5.18: Curves fitted for Assmang to activation energies from Tangstad[17] and the corre-
sponding deviation.
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Figure 5.19: Curves fitted for Comilog, HC FeMn slag and quartz charge to activation energies
from Kim[18].

Figure 5.19 shows the results when the activation energies presented by Kim[18] were used as

parameters for charge containing Comilog, HC FeMn slag and quartz. It can be observed that
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the model and the experimental values correlate well, including data point at 1550°C which had

the highest deviation for the other models.

Figure 5.20 shows the produced curve for the Assmang, HC FeMn slag and quartz charge at
the activation energies presented by Kim[18]. The model and the experimental values correlate
for the Assmang charge for the amount of MnO, whereas the SiO, reduction is not successfully

described by the model. The deviation is largest for values at 1600 and 1650°C.
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Figure 5.20: Curves fitted for Assmang, HC FeMn slag and quartz charge to activation energies
from literature([18].

The activation energies presented from Kim gives the best fit for charges containing Comilog,
quartz and HC FeMn slag, however the fit by utilizing the Arrhenius activation energies is con-
sidered acceptable. In the case of Assmang, the best fit was obtained for the activation energies
described from the Arrhenius plot. As such, the activation energies estimated from the Arrhe-

nius plots will be further discussed for both charges.

Values for the pre-exponential factors ko mno and ko, sio, will depend on the activation ener-
gies of MnO and SiO,, whereas the rate constants kyvno and ksio, will describe the rate of the
reductions. Table 5.8 shows the rate constants estimated from the Arrhenius plots and the cor-
responding rate constants determined from the model at the same activation energies. The
rate constants for the reduction of MnO are fairly similar in the case of Comilog and Assmang
for both the model and the polynomial estimations. At 1530°C, the rate constant for MnO is ap-
proximately 3% larger for the Comilog charge according to the computational model. As the rate

constant is exponentially dependent on temperature, the deviation becomes more significant at
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higher temperatures. On the contrary, the rate constant for SiO, reduction is significantly larger
for Assmang compared to Comilog. In general, it can be observed that the rate constants from
the Arrhenius plot are larger than the calculated, for both MnO and SiO,. The rate constants are

graphically presented in figure 5.21 and 5.22 for MnO and SiO, respectively.

Table 5.8: Rate constants determined by the computational model utilizing activation energies
estimated from the Arrhenius plots and rate constants extracted directly from the Arrhenius
plots [1073 g/min-cm?].

Model 2. degree polynomial

Comilog Assmang Comilog Assmang

kvno  ksio, | kvno  ksio, | kvno  ksio, | kvno  ksio,

1530°C | 5.92 1.25 | 5.74 3.10 8.78
1550°C | 8.52 1.73 | 8.59 4.30 | 12.53 10.79
1570°C | 12.17 2.38 | 12.73 5.92 19.27

1580°C | 14.50 2.79 | 1545 6.93 | 32.36 3.64
1600°C | 20.49 3.81 | 22.62 9.44 | 35.52 3.97 | 32.54
1630°C | 33.93 5.99 | 39.47 14.86 | 52.85 5.15

1650°C | 47.08 8.03 | 56.67 19.94 11.43
60
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Figure 5.21: Rate constants for MnO for Assmang and Comilog determined from 2. degree poly-
nomial and computational model. Utilized activation energies were determined from Arrhenius

plot.
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Figure 5.22: Rate constants for SiO, for Assmang and Comilog determined from 2. degree poly-
nomial and computational model. Utilized activation energies were determined from Arrhenius
plot.

Factors affecting the reduction rate that are not described by the reaction area or the driving
force, will give their contribution to the rate constant. Potential factors are viscosity, impact of
trace elements or diffusivity. It was shown in section 5.1 that there was no observed correlation
between the reduction rate and the lime basicity (R-ratio). The R-ratio is constant throughout
the process, whereas the total basicity changes according to the extent of the reduction of MnO
and SiO,. The total bacisity and the viscosity of the charge is hence closely related. To evaluate
whether the viscosity (or total basicity) affects the offset of the rapid reduction stage, the tem-
perature at which the initiation of the rapid reduction stage is observed is presented in table 5.9
together with the corresponding viscosities for the different charges, including the charges pre-
sented by Larssen[19]. The two charges investigated by Larssen containing additional sulphur
were not analysed at 1600°C, however as the reductions are at the initiation of the rapid reduc-
tion stage, the new composition can be estimated by assuming that the ratio between reduced
MnO and SiO;, is similar to the ratio obtained by the other charges at the same reduction stage.
Two of the charges did not experience a rapid reduction stage at the evaluated temperatures

1500-1725°C. The viscosities at 1650°C are presented for these two charges.

The table shows the charges from lowest to highest temperature at which the rapid reduction
stage starts and it can be seen that there is no apparent correlation with the viscosity. The charge

with the lowest viscosity did not experience a rapid reduction stage, whereas the charge that
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reduces at the lowest temperature has the highest viscosity, larger by a factor 1.8. These results

indicate that the viscosity has insignificant or no effect on the reduction rate.

Table 5.9: Temperature at reduction start and the corresponding viscosities for the different
charges. (A = Assmang, C = Comilog, Q = quartz, HC = HC FeMn slag, L = Lime, S = sulphur)

Charge Temperature at reduction start Viscosity [poise]

A.Q.HC 1530°C 1.286
C.Q.HC 1550°C 0.934
C.QS 1600°C 0.818
C.QLS 1600°C 1.115
C.Q >1650°C 0.936
C.QL >1650°C 0.717

The rate constants at 1600°C, which is within the rapid reduction stage for all charges, were plot-
ted against the sulphur content at the specific temperature to evaluate any potential correlation.
The results are presented in figure 5.23. The graph indicates that there is a relationship between
the rate constant and the sulphur content, as it can be observed that higher sulphur content

correlates to a higher rate constant.
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Figure 5.23: Rate constant at 1600°C as a function of the sulphur content at the specific temper-
ature.
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5.3.2 Evaluation of kinetic model

This section will evaluate the assumptions, approximations and validity of the computational
model that was utilized in the previous section. The model’s deviation at each evaluated tem-
perature is presented in figure 5.24 where the activation energies from the Arrhenius plot were
utilized, which were determined to have the best fit. These are the same curves as were pre-
sented in 5.17 and 5.18. The curves show that the deviation of MnO and SiO, are related in
terms that a positive deviation for MnO correlates to a negative deviation of SiO,. The size of
the deviation indicates that not all factors that are affecting the reduction rates are described by

the model, or that some of the the parameters are inaccurately estimated.
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Figure 5.24: Deviation between calculated and experimental values for MnO and SiO, [wt%]
for Comilog and Assmang, respectively, in combination with HC FeMn slag and quartz. Model
utilizes activation energies determined from Arrhenius plot for the respective charges.

The only value that was estimated prior to the execution of the calculations was the reaction
area. The reaction area was estimated by assuming that coke was the only carbon source uti-
lized during the reductions of MnO and SiO,. The reaction area was reduced by approximately
35% at 1650°C for both evaluated charge compositions, as was shown in table 4.5 and 4.22 for
Comilog and Assmang, respectively, in combination with HC FeMn slag and quartz. Foaming
was observed at higher temperatures for both charges, confirmed by metal particles covering
the inner crucible wall. This implies that the slag also utilized carbon from the graphite crucible
during the reduction course, meaning that the coke consumption is lower than what was calcu-

lated. To correct for the amount of carbon that was utilized from the graphite walls, the available
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crucible reaction area can be calculated from the dimensions of the graphite crucible. The ex-
tent of foaming increased as a function of temperature, implying that the ratio between carbon
consumption from coke and crucible is not constant. The surface area of the crucible walls can
be given as A = 2-7-1.5 cm-[Height of foaming in cm]. The total depth of the crucible is 61 mm,
whereas foaming at maximum temperature was observed at a roughly estimated height of 2-3
cm from the bottom. The extent of foaming at increasing temperature, expressed by the height,
can be roughly approximated by a linear relationship from 0 cm foaming at lowest temperature
to 2.5 cm foaming at maximum. Combination of the available crucible area to the available coke
area, results in the reaction area being reduced by 20% at 1650°C, compared to 35% when only
assuming coke consumption. The resulting effect on the estimated activation energy is pre-
sented in figure 5.25 in the case of MnO reduction in the Comilog charge. The change of slope
appears insignificant, however the estimated activation energy is changed from 498 kJ/mol to
428 kJ/mol. This shows that either the foaming phenomena should be taken into consideration

or the experiment should be executed with a considerable excess of carbon.

y =-5,9936x + 28,66
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Figure 5.25: Arrhenius plot for MnO reduction in charge based on Comilog, quartz and HC FeMn
slag. Blue: reaction area is estimated by assuming coke is the only carbon source utilizied.
Orange: the available crucible surface area is included in the reaction area.

The activity of MnO depends on the activity of SiO, and vice versa, which means that the fitting
of the curves will need to be executed simultaneously. As the model is constructed to minimize
the combined deviation for MnO and SiO», this could result in an optimal fit for MnO and an

inaccurate fit for SiO,. Similar activation energies for SiO, have been used in 5.26a and 5.26b,
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whereas significantly different activation energies have been used for MnO. It can be seen that
the deviations for MnO is quite similar for both cases, however the fit is very dissimilar in the

case of SiO», in spite of the similar activation energy being utilized.
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Figure 5.26: Curves showing different accuracy for calculated amount of SiO, at similar activa-
tion energies.

5.3.3 Foaming

Foaming was observed in the charge containing Comilog, quartz and HC FeMn slag at temper-
atures 1580°C and higher, whereas the Assmang charge experienced foaming for temperatures
including and exceeding 1550°C. As presented in theory section 2.2.1, foaming is a result of a vis-
cous slag and the CO-gas production rate. Hence, the viscosity was calculated via FACTSage 7.1
and the results are presented in figure 5.27 as a function of temperature for the charge based on
Comilog, quartz and HC FeMn slag. In addition, the total basicity B = (MnO+CaO+MgO)/(SiO2+

Al,O3) is presented.

It is seen that the viscosity is approximately 1 poise at 1550°C and shows a steady increase up to
1630°C, where 3.79 poise was calculated by FACTSage. MnO is a network breaking oxide which
implies that the viscosity should increase as MnO is being reduced to Mn. The viscosity does
also depend on temperature by means that liquid viscosity tends to decrease with increasing
temperature. Hence, the effect of the reduced amount of MnO is larger than the temperature

effect at this temperature range.
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Figure 5.27: Viscosity as a function of temperature for Comilog, HC FeMn slag and quartz charge
calculated by FACTSage 7.1.

There is an observed decrease in viscosity at temperature range 1630-1650°C, which could be
due to that the amount of the network forming oxide SiO, is being reduced to Si, the effect of
increased temperature or a combination of both. In addition, the relationship between the total
basicity and viscosity is easily observed in the figure. The basicity decreases as the viscosity
increases and vice versa. Foaming was observed in the charge at 1580°C, meaning that the first
occurrence of foaming is within temperature range 1550-1580°C. The viscosity increases from
0.93 to 2.42 poise during this range and the amount of CO-formation increases from 0.31 g to

1.43g.

The calculated viscosity for the charge containing Assmang, quartz and HC FeMn slag is pre-
sented in figure 5.28. It is seen that the viscosity is approximately 1 poise at 1530°C and appears
relatively constant up to 1550°C. The viscosity increases to a large extent between 1530 and
1570°C, implying that the network breaking oxide MnO is being reduced to Mn at this interval.
The following decrease between 1570 and 1600°C can be due to the reduction of the network
forming oxide SiO», the increase in temperature or a combination of both. The relationship
between the basicity and the viscosity is easily observed from the figure, where the basicity de-
creases when the viscosity increases and vice versa. The temperature’s effect on the viscosity
can be seen for temperatures exceeding 1560°C as the viscosity decreases to a larger extent than
the basicity increases. The viscosity has not increased significantly in the Assmang charge from

1530°C to 1550°C, i.e from 1.03 to 1.29 poise, however the foaming phenomena is initiated dur-
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ing this temperature range. Approximately 0.64 g of CO-gas was formed at the slag and coke

interface at 1530°C, whereas 0.88 g was calculated at 1550°C.
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Figure 5.28: Viscosity as a function of temperature for Assmang, HC FeMn slag and quartz based
charge calculated by FACTSage 7.1.

The viscosity at increasing temperature will change according to the extent CO(g) formation,
implying that the foaming phenomena may be evaluated from the initial viscosity (prior to any
reduction) and the reduction rate at relatively low process temperature. The charge investigated
by Larssen containing Comilog and quartz (and limestone) did not experience foaming, how-
ever a small extent of foaming was observed when 1% sulphur was added to the charges. Figure
5.29 shows the viscosity at increasing temperature for the two charges investigated in this study
together with the charges evaluated by Larssen. The temperature at which foaming was first ob-
served has been marked. Itis seen that the two charges that did not contain HC FeMn slag have a
relatively stable viscosity at all temperatures, implying that the temperature effect balances out
the viscosity increase that should be observed by the decreasing amount of MnO. However, the
reduction was also significantly lower, causing less changes in composition. The viscosity at low
temperatures(prior to reduction of MnO) will be similar for charges with and without sulphur

addition in Larssen’s charges.

As foaming was observed at 1550°C for the Ass+Q+HC charge, it is reasonable to assume that
foaming was initiated at approximately 1560°C for Com+Q+HC. At 1560°C, the Com+Q+HC
charge will have approximately the same viscosity and produced amount of CO(g) as Assmang

at 1550°C.
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Figure 5.29: Viscosity as a function of temperature charges investigated in this study, as well as
charges presented by Larssen[19] calculated by FACTSage 7.1.

The rapid reduction stage was initiated prior to the foaming phenomena in both charges that
contained HC FeMn slag. This implies that foaming occurs as a result of high reduction rate,
rather than vice versa, i.e foaming causing a high reduction rate. This is supported by the fact
that the charges investigated by Larssen containing Comilog and quartz (and limestone) did not
experience foaming, whereas foaming was observed when sulphur was added, in spite of having

the same initial viscosity.

103






6 | Conclusions

The effect of different raw materials on the reduction of MnO and SiO, in the SiMn process was
investigated, where evaluated raw materials included Assmang and Comilog ore, HC FeMn slag

and quartz.
The following conclusions were made:

e The slag formation temperature was observed to be in the range of 1250-1300°C for charge
containing Comilog and quartz and charge containing Comilog, HC FeMn slag and quartz.
All materials had melted into a slag phase at 1250°C when prepared by mixing, whereas
the quartz particles remained undissolved until 1300°C when charge was prepared by lay-

ering.

* The rapid reduction stage was initiated at a lower temperature in the Assmang charge, i.e

1535°C vs 1545°C for Comilog.

* Charges based on ore(Comilog or Assmang) and HC FeMn slag starts to reduce at approx-
imately 50°C lower than charges based on Comilog, quartz and coke (and limestone), in

spite of lower sulphur content, lower basicity and lower driving force.

* No correlation between the basicity, neither total(B) nor lime(R), and the reduction rates

were observed, implying that the viscosity has insignificant or no effect.
e The rate constants, and hence reduction rate, increased with sulphur content.

e Foaming was observed at 1550°C for the Assmang charge, whereas the first occurrence
was at approximately 1560°C for Comilog. It was concluded that the foaming phenomena

is a result of a high reduction rate, rather than vice versa.
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A | Investigation of static corrosion by SiMn

slag on tap-hole clay

This chapter presents the development of a method that aims to investigate static corrosion
by SiMn slag and/or alloy on tap-hole clay. The work was performed at Mintek, Johannesburg

during the spring semester of 2017.

One of the steps in production of silicomanganese is the tapping of slag and alloy from the fur-
nace. This is an important part of the process regarding yield, energy consumption and safety.
The materials used in the tap-hole must properly keep the tap-hole closed in-between tapping

and optimally be chemically inert towards the slag and alloy that will pass through during tap-

ping.
The following research questions have been asked:
» Will slag and/or alloy interact with tap-hole clay during tapping?

e And if so, to an extent that specific types of clay should be used in the tap-hole depending

on the furnace process?

Information on slag (or alloy) interaction with refractory type materials that are utilized as tap-
hole clay is rather scarce, whereas extensive research has been done on refractories used as
tap-blocks or lining of the inner surface. The main difference between these types of refracto-
ries and tap-hole clay is the strength, as tap-hole clay needs to be sufficiently soft to be pushed
by the mudgun into the tap-hole. Nonetheless, the components of the materials are in general

similar. Refractory tests have been developed in order to investigate the environment the re-
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fractories are exposed to during process operation. Several different tests have been developed,
of which both static(sessile, dipping, crucible) and dynamic(rotating finger, rotating slag). The
crucible tests, also known as the cup, cavity or brick test[31], will be the focus of this work. A
crucible is made out of the refractory material that is to be tested and slag/alloy will be filled
in the cavity. The crucible will be exposed to desired temperature and dwell time before be-
ing cooled and cut to be investigated. Chemical attack by the slag/alloy can be evaluated from
changes in refractory crucible diameter and/or by analysing the composition near the interface.
The method is very popular due to its simplicity, and many tests can be conducted in a short
amount of time. Drawbacks with the method, as similar for all static tests, are that the temper-
ature gradient experienced in industrial practice is not simulated in the test, rapid saturation of
slag composition and lack of slag flow([32]. The test can thereby not be used for thermal spalling
investigations, as it has been determined that a temperature gradient is responsible for this type

of wear. Nonetheless, chemical wear and structural spalling can be investigated.

A.1 Equipment and materials

Raw materials

The slag that was used in the experiments conducted in this study was retrieved from smelting
plant Transalloys in Johannesburg, South-Africa. The chemical composition was determined
by electron microprobe analysis and is presented in table A.1. Two different types of clay were
utilized: Intocast and Elkem. The Intocast is already utilized as tap-hole clay, whereas Elkem is a
newly developed clay that producers hope to be applicable. As this work focus on the validity of
the method, the specific chemical interactions between slag and clay are not discussed. Hence,

the composition of the clays are not presented.

Table A.1: Chemical composition of slag.

MnO CaO Si0; Al,O3 FepyO3 MgO Cr,03 C  Total

Slag [wt%] 18.90 26.95 3843 3.93 1.01 6.54 0.10 - 95.85

110



APPENDIX A. INVESTIGATION OF STATIC CORROSION BY SIMN SLAG ON TAP-HOLE CLAY

Crucible preparation

Graphite crucibles of dimensions 10 cm outer diameter, 8.5 cm inner diameter and 14 cm height
were used as the outer surface of the clay-crucibles. To simulate the industrial practice in best
possible manner, the clay was mounted in the graphite crucible by a mud gun. The graphite
crucible was placed in a steel cylinder, as shown in figure A.1a, before being bolted to the open-
ing of the mud gun, as shown in figure A.1b. The mud gun utilizes a pressure of approximately
10 bar to fill the graphite crucibles with clay. When the crucible is detached from the mud gun,
it is completely filled as shown in A.1c. The crucible is then drilled, giving a diameter of 5 cm.

The final result is shown in A.1d.

(a) Graphite crucible inside metal cast (b) Metal cast connected to mudgun

(c) Graphite crucible filled with clay (d) Crucible after drilling

Figure A.1: Image a)-d) shows crucible preparation procedure in chronological order.
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The crucibles are then baked in a muffle furnace to ensure that all volatiles and moisture has

gone off. The specific procedure is described below.

Baking of crucibles in muffle furnace

The crucible is placed inside the furnace before it is tightly sealed. Argon is used at ambient
pressure throughout the process. The temperature profile was programmed in the furnace and
is presented in figure A.2. The crucible was heated to a rate of 5°C/min up to 950°C, where it

was dwelled for 1 hour before the power supply is disconnected, leaving the furnace to cool.
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Figure A.2: Temperature profile for baking of crucibles.

A.2 Corrosion experiments

A.2.1 Trial 1l

100 grams of slag was added to a Intocast crucible. The crucible lid was drilled to give three cen-
tered holes for thermocouple, gas inlet and outlet, respectively. The thermocouple was placed
ranging 4 cm from the top of the crucible, 6 cm including the lid. This gave a distance between

thermocouple and slag of approximately 1 cm.

A small induction furnace where power input is manually controlled was used for the first trial.

The crucible was placed inside the coil and the remaining space between the crucible and the
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coil-box walls was filled with alumina bubbles to enhance the heat isolation. Three layers of

Fibrofax was placed on top, covering both the coil-box and the crucible.

The power was 2.5% initially and was increased to 5% when the thermocouple read 700°C.
Further, the power was increased with 2.5% every 30 minute interval. When the temperature
reached 1600°C, the power was manually increased and decreased systematically in order to

maintain a dwell of 60 minutes according to the temperature read from the Pt-thermocouple.

Remarks/visual observations

Figure A.3 shows the crucible and lid after finished experiment. The different colours observed
at the bottom surface of the lid and also the upper surface of the crucible could imply that the

baking of the crucibles did not successfully remove all volatiles from the clay.

(b) Crucible.

(a) Crucible lid.

Figure A.3: Crucible and lid after finished experiment.

As the furnace is relatively small in size, small adjustments in the power supply caused large
effects, hence making it extremely hard to dwell the temperature at 1600°C. In fact, the temper-
ature recorded during the dwell ranged from 1560°C to 1680°C. It was also observed that the
thermocouple was located in the slag, either due to that the thermocouple had moved from it’s

initial position or as a result of slag foaming. In spite of this being the most accurate position
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of measuring the temperature, i.e in slag, this would imply that the thermocouple itself could

interact with slag/clay and compromise the results.

Conclusion: Specific setup can not be used as thermocouple would contaminate the sample

and the temperature is too sensitive to be controlled when located in slag.

A.2.2 Trial 2

A second experiment with an Intocast crucible was performed in the small induction furnace.
The amount of slag was adjusted to 80 g to ensure that the thermocouple would not be in contact
with the thermocouple, as was observed in trial 1. A lid was placed on top of the crucible giving
entrance for thermocouple and gas inlet and outlet. Layers of fibrofax was placed to cover the
top surface of the furnace to isolate the heat. The thermocouple was placed approximately 1 cm

over the slag, to ensure no contact.

The same temperature program as trial 1 was executed by increasing the power with 2.5% every

30 minute interval after 700°C was read by the thermocouple.

Remarks/visual observations

It was observed that slag and thermocouple were not in contact during this trial. The same tem-
perature program as in trial 1 was executed, however the observed temperature increase was
highly inconsistent. Trial 1 reached 1600°C after 4 hours and 20 minutes, whereas in trial 2 the
temperature was only 1330°C at this point. The power was further increased every 30 minutes
and the temperature showed a very slow increase. After 6 hours the power was at 65% giving
a temperature of 1540°C. Flames were observed at the lower parts of the furnace. Continued
increase caused the furnace to shut down due to malfunction. This could indicate that the tem-

perature in the furnace was significantly higher than measured by the thermocouple.

After cooling, the crucible was impossible to remove from the coil-box seemingly due to melted
alumina bubbles. Figure A.4 shows the lid and the crucible after furnace and crucible had

cooled to room temperature. No slag could be observed in the crucible and parts of the clay
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was eaten away in the lower parts. This also supports the fact that the temperature was higher

than recorded by the thermocouple.

(a) Crucible lid

Figure A.4: Crucible and lid after finished experiment.

Conclusion: The different temperature readings from trial 1 and trial 2 indicates that the tem-
perature in the slag and the air directly above slag differs by several hundred degrees, making

accurate measurements impossible. Another potential explanation is furnace malfunction.

A.2.3 Trial 3

When proven that it was impossible to control the temperature using the small induction fur-
nace without contaminating the sample, the decision was made to try a larger induction fur-

nace.

An Elkem clay crucible containing 100 g of slag was placed inside the furnace. The thermocou-
ple was placed outside the crucible, inside the alumina bubbles, so that the lower parts of the
thermocouple was at the same height as the slag in the crucible. The power was initially set to

2.5% and was increased with 1% every 30 minute interval.
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Remarks/visual observations

Temperature program was successfully run and the temperature was relatively stable at 1600°C
+/-10°C during the dwell. No detrimental observations were made during this trial, indicating

that this setup could be used for investigating static corrosion of tap-hole clay by slag/alloy.

(@) (b)

Figure A.5: Crucible after finished experiment.

A.2.4 Trial4and>5

To confirm the repeatibility of previous trial it was decided to run two additional tests of the
exact same setup. The power input was changed slightly during dwell to see if the temperature

could potentially be more stable compared to trial 3.

Remarks/visual observations

Both trial 4 and 5 were highly consistent with trial 3, indicating that the method can be used with
confidence in terms of temperature measurements. As the thermocouple was located outside
the crucible within the alumina bubbles, it is necessary to determine the temperature difference

between the specific location of the thermocouple and the temperature in the slag.
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Validation of temperature

One experiment was done with the Elkem crucible in the large induction furnace, where the
only difference from trial 3-5 was the position of the thermocouple, which now was submerged
in the slag. Identical heating program as previous trials, i.e increase of 1% every 30 minutes from
2.5% initial power. Figure A.6 shows that the temperature in the slag and in the alumina bubbles

show similar behaviour at increasing temperature.
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Figure A.6: Temperature measured in slag and alumina bubbbles, respectively, as a function of
time.

The specific deviation between the two thermocouples can be seen in figure A.7a for all temper-
atures. The values are calculated from average deviation within a minute interval, as excessive
fluctuation was observed. Although an average is presented, it is still seen that the deviation
between the two temperature readings are inconsistent. A deviation of minimum 25°C at lower
temperatures is observed and the deviation increases at increasing temperature in the high tem-

perature zone.

Figure A.7b shows the average deviation within a minute interval during the dwell period at
1600°C. The start of the dwell is at the first reading of a temperature at 1600°C by the thermo-
couple in the alumina bubbles. It can be seen that the deviation at this point is approximately
65°C. The temperature difference increases within the dwell period and a maximum difference

of 85°C is recorded.
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Figure A.7: Temperature difference between thermocouple in slag and alumina bubbles.

A.3 Discussion/conclusion

A method for investigating and evaluating static corrosion of tap-hole clay by SiMn slag was not
successfully developed. The temperature control was substantially increased when the larger
induction furnace was used, however the deviation in temperature between the slag and alu-

mina bubbles is high and inconsistent during the trials. Hence, temperature control and repro-

ducibility will be low.

Further work needs to be executed in order to obtain a valid method. It is likely that the tem-

perature control would be better if the thermocouple is located within the crucible wall, rather

then outside in the alumina bubbles.

118



B | Raw data from EPMA analyses

B.1 For kinetic investigations

Table B.1 shows the raw data from EPMA for the charges based on Comilog ore, HC FeMn slag
and quartz. Similarly, table B.2 shows for charges based on Assmang ore, HC FeMn slag and

quartz.

Table B.1: All spot analyses from Comilog based slag phases given by EPMA. Notation x.y corre-
sponds to point x at experiment with maximum temperature y.

Point MnO SiO, AlLO3 CaO MgO SO3 BaO K;O Total R-ratio

1.1550 28.20 36.29 15.95 1445 0.86 1.50 1.13 0.79 99.17 0.96
2.1550 28.14 36.15 16.05 1426 0.84 1.44 1.21 0.75 9883 0.94
3.1550 28.09 36.48 16.27 1458 0.76 1.55 1.13 0.81 99.66 0.94

4.1550 55.10 31.85 031 432 639 0.00 0.00 0.01 9798 34.42
5.1550 55.60 32.07 0.27 458 5.79 0.00 0.00 0.02 98.33 38.39
5.1550 55.53 31.73 0.27 464 551 000 0.13 0.03 97.84 37.61

1.1580 26.25 41.35 11.68 1294 439 1.19 0.71 0.00 99.21 1.49
2.1580 26.53 41.03 11.66 13.07 436 1.07 0.72 0.70 99.14 1.50
3.1580 25.90 41.18 11.87 13.17 4.44 1.06 0.68 0.65 98.95 1.48
4.1580 25.84 4135 1196 13.05 4.40 1.13 0.68 0.63 99.03 1.36
5.1580 26.12 4150 11.68 13.05 435 1.20 0.83 0.69 99.42 1.49
6.1580 26.32 41.34 11.72 1291 431 1.14 089 0.66 99.27 147
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1.1600 19.28 43.10 14.08 14.29 5.09 133 0.89 081 98.88 1.38
2.1600 18.74 4287 14.19 14.82 5.08 135 0.70 0.76 9852 1.40
3.1600 18.90 43.11 14.03 14.63 5.11 1.46 097 079 9899 141
4.1600 18.98 4286 14.25 14.74 5.04 131 094 0.78 98.88 1.39
5.1600 18.71 4291 14.26 1495 5.17 133 081 079 9893 141
6.1600 19.26 43.02 14.21 14.55 5.02 1.28 095 0.75 99.03 1.38

1.1630 11.35 42.70 17.82 1881 6.46 1.12 1.12 091 10030 1.42
2.1630 10.41 4337 17.69 19.13 6.58 1.17 1.22 0.87 10044 1.45
3.1630 10.31 43.59 17.70 1876 6.55 0.96 130 0.92 100.07 1.43
4.1630 10.40 4299 17.61 1890 6.44 1.27 099 092 9950 1.44
5.1630 9.76 43.62 17.70 19.12 6.58 1.19 1.16 0.95 100.07 1.45
6.1630 10.19 43.73 17.85 19.11 6.50 1.11 1.12 0.97 100.58 1.44

1.1650 5.85 41.10 20.52 2242 7.72 1.08 136 0.69 100.75 1.47
2.1650 5.75 40.74 20.60 2230 7.57 078 136 080 9991 1.45
3.1650 5.68 40.65 20.40 22.03 7.66 091 132 081 99.46 1.46
4.1650 5.76 40.77 20.57 22.03 7.62 1.18 1.29 0.79 100.00 1.44
5.1650 5.70 40.96 2045 2227 7.68 092 121 0.75 9995 147
6.1650 5.49 41.09 20.80 22.00 7.51 0.86 1.53 0.77 100.04 1.42

Table B.2: All spot analyses from Assmang based slag phases given by EPMA. Notation x.y corre-
sponds to point x at experiment with maximum temperature y.

Point MnO SiO, AlLO3 CaO0O MgO SO3 BaO KO Total R-ratio

1.1530 23.33 39.07 12.39 16.68 0.83 1.82 1.36 0.42 9592 1.41
2.1530 25.55 3884 11.15 16.05 1.09 1.70 1.13 0.39 95.90 1.54
3.1530 28.28 38.62 10.09 16.00 1.30 1.54 1.12 030 9726 1.72

4.1530 52,51 31.51 0.15 578 7.16 0.01 0.00 0.00 97.12 86.85
5.1530 53.18 31.68 0.11 592 6.60 0.00 0.00 0.01 9749 114.82
6.1530 52.68 31.77 0.14 574 7.08 0.00 0.00 0.00 9740 94.99
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1.1550
2.1550
3.1550
4.1550
5.1550
6.1550

33.91
34.35
34.49
34.04
34.49
34.43

37.94
38.24
38.27
38.14
37.98
37.72

6.63
6.78
6.73
6.77
6.60
6.70

12.66
12.53
12.75
12.52
12.58
12.39

4.08
4.06
4.11
4.06
4.04
3.96

0.95
0.98
1.05
1.01
1.00
1.04

0.85
0.81
0.76
0.76
0.86
0.76

0.36
0.29
0.29
0.24
0.30
0.27

97.38
98.03
98.45
97.56
97.83
97.25

2.52
2.45
2.51
2.45
2.52
2.44

1.1570
2.1570
3.1570
4.1570
5.1570
6.1570

17.52
17.48
17.03
17.52
15.63
17.52

49.95
47.39
47.30
47.28
49.00
47.09

11.54
11.51
11.37
11.35
11.59
11.62

14.30
14.27
14.54
13.95
14.55
14.01

6.13
6.22
6.19
6.33
6.08
6.24

0.92
0.93
0.90
0.94
0.95
0.99

1.07
1.07
0.91
0.87
0.98
0.88

0.96
0.95
0.92
0.89
1.07
0.91

99.38
99.81
99.17
99.12
99.84
99.26

1.77
1.78
1.82
1.79
1.78
1.74

1.1600
2.1600
3.1600
4.1600
5.1600
6.1600

12.30
12.12
12.22
12.08
12.32
12.43

44.15
43.96
44.09
42.20
44.45
44.47

11.65
11.62
11.61
11.62
11.78
11.72

21.09
20.65
20.52
20.78
20.59
21.15

6.82
6.89
6.77
6.80
6.77
6.86

1.69
1.68
1.70
1.46
1.74
1.56

1.15
1.09
1.31
1.09
1.10
1.22

0.42
0.49
0.40
0.50
0.46
0.47

99.24
98.50
98.63
98.53
99.20
99.88

2.40
2.37
2.35
2.37
2.32
2.39

1.1650
2.1650
3.1650

3.31
3.61
3.64

40.24
40.20
41.95

14.87
14.78
15.27

26.94
26.74
27.20

8.35
8.19
8.31

1.39
1.44
1.49

1.54
1.56
1.68

0.19
0.18
0.17

96.83
96.70
99.71

2.37
2.36
2.33
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B.2 Investigation of slag formation

Table B.3 shows the EPMA raw data for charge containing Comilog, quartz and HC FeMn slag.
Similarly, table B.4 shows raw data for charge containing Comilog and quartz.
Table B.3: All spot analyses from slag formation investigation for charge containing Comilog,

quartz and HC FeMn slag. Notation x.y corresponds to point x at experiment with maximum
temperaturey.

Point MnO SiO, AlLO3 CaO MgO SO3 BaO K,O FeO Total R-ratio

1.1250 758 031 0.03 0.00 0.00 005 020 0.00 124.22 13238 0.00
2.1250 9545 035 022 033 4.02 0.04 0.01 0.00 043 10087 19.44
3.1250 53.73 31.63 041 8.00 6.67 0.02 0.04 0.00 026 100.77 35.53
5.1250  27.00 27.24 25.70 12.67 0.51 198 186 285 0.17 99.97 0.51
6.1250  35.15 3743 994 1141 346 086 059 0.62 0.14 99.59 1.50
7.1250  53.67 3245 226 5.16 8.10 0.09 0.10 0.15 0.19 102.15 5.87

1.1300 47.11 30.73 11.31 834 236 0.83 076 085 0.15 10244 0.95
2.1300 59.28 32.02 063 496 477 0.01 0.00 0.02 0.14 101.82 15.45
3.1300 33.17 28.96 21.40 1162 049 1.79 123 162 0.08 10034 0.57

1.1400 58.77 31.58 061 498 445 0.06 0.02 0.02 0.14 100.62 15.42
2.1400  28.65 28.50 24.49 1257 039 2.01 1.41 1.47 0.10 99.60 0.53

1.1250-M 59.70 31.46 031 486 535 0.00 0.05 004 0.14 101.91 33.47
2.1250-M 3094 30.12 21.99 1232 047 1.86 1.41 1.19 0.05 10034 0.58

* M = Mixed materials

122



APPENDIX B. RAW DATA FROM EPMA ANALYSES

Table B.4: All spot analyses from slag formation investigation for charge containing Comilog and
quartz. Notation x.y corresponds to point x at experiment with maximum temperature y.

Point MnO SiO, AlLO3 CaO MgO SOs3 BaO KO FeO Total R-ratio

1.1250 1.25  0.10 0.12 0.00 0.00 0.08 0.00 0.01 13441 135.97 0.00
2.1250 99.34 0.31 0.15 0.00 0.06 0.00 0.00 0.01 216 102.03 0.41
3.1250 70.56 30.18 062 0.18 0.18 0.00 0.05 0.05 0.80 102.62 0.60
4.1250 43.70 2196 2758 041 0.00 0.03 1.19 5.53 0.78 101.19 0.02
5.1250 52.94 4220 466 032 026 0.12 007 054 0.62 101.74 0.13

1.1300 99.66 0.67 0.25 0.05 0.14 0.02 0.06 0.01 1.17 102.02 0.75
2.1300 7093 31.07 053 0.19 022 0.02 000 0.00 0.49 103.44 0.76
3.1300 70.66 30.50 068 0.17 024 0.00 000 0.04 0.48 102.78 0.60
4.1300 58.26 1931 21.07 036 0.04 0.03 021 0.10 0.68 100.05 0.02

1.1400 99.30 0.33 0.40 0.04 0.03 0.06 000 0.08 041 100.64 0.19
2.1400 69.65 30.78 060 0.27 0.26 0.00 0.03 0.00 0.19 101.77 0.88
3.1400 58.85 20.34 2132 058 0.06 0.10 025 034 0.23 102.06 0.03

1.1250-M 102.1 0.03 0.24 0.11 0.05 0.00 0.06 0.03 0.68 103.29 0.65
2.1250-M 71.17 3048 029 024 0.18 0.00 0.09 0.01 0.26 102.73 1.47
3.1250-M 3993 19.96 30.20 391 0.00 050 1.41 432 0.16 100.38 0.13
4.1250-M 52.04 16.36 28.83 2.07 0.00 0.09 093 236 0.18 102.84 0.07

* M = Mixed materials
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